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The utilization of hybrid plasmonic metal/semiconductor materials for surface-enhanced Raman
scattering (SERS) has emerged as a promising approach towards the development of advanced SERS
substrates in terms of sensitivity, uniformity, stability, and reusability, based on the synergy of the
powerful electromagnetic mechanism with the chemical amplification and functionality of
semiconductor supports. In this work, co-assembled WOs3/TiO, inverse opal films were utilized as
photonic crystal scaffolds of plasmonic Ag nanoparticles in order to optimally combine plasmonic,
charge transfer and slow photon effects for ultrasensitive, recyclable SERS sensing. Compositional and
photonic band gap engineering of the Ag-decorated WOs3/TiO, photonic crystal substrates provided
insight to the interplay of plasmonic enhancement assisted by slow light propagation in the inverse opal
structure and charge transfer between the analyte and the heterostructured substrate. Highly sensitive
detection of 4-mercaptobenzoic acid as a non-resonant analyte was achieved down to 107 M for the
optimal Ag—WOs3/TiO, substrate with good uniformity and excellent recyclability due to its enhanced
photocatalytic self-cleaning capacity. Comparative performance tests along with photoelectrochemical
evaluation showed a significant contribution of cascade electron transfer from plasmonic Ag to the stag-
gered WO3/TiO, heterojunctions and the analyte, providing an additional charge transfer pathway to
promote the substrate-to-molecule interaction for the design of efficient and versatile metal/metal oxide

rsc.li/materials-advances SERS platforms.

1. Introduction

Fueled by the progress of nanotechnology, surface-enhanced
Raman scattering (SERS) has evolved from a niche spectro-
scopic technique to a highly sensitive analytical method offer-
ing unparalleled resolution in identifying minute quantities of
analytes with great prospects in fundamental research’ and
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sensing applications in various fields ranging from food
safety®® and environmental monitoring,”” to bioanalysis and
disease diagnosis.*” Ultrasensitive SERS detection relies pri-
marily on the marked electromagnetic (EM) enhancement of
the inherently weak Raman (inelastic) scattering cross-section
of target molecules by the enormous near-field enhancement
caused by the excitation of localized surface plasmon resonance
(LSPR) modes on nanostructured metallic substrates, especially
at asperities or nanoscale gaps (hot spots) between metallic
nanoparticles (NPs) along with the concomitant amplification
of the emitted radiation.® The corresponding enhancement
factors (Eps) can reach approximately 10° in the proximity of
an individual plasmonic NP and 10'°-10"" in the nanometer-
sized gap between adjacent NPs (hot spot).” The prominent
EM amplification is further assisted by a minor contribution
(Er ~ 10%) arising from the analyte-dependent chemical (CM)
enhancement via the modification of the molecule’s polariz-
ability upon adsorption to the substrate surface, enabling
molecular-level detection.'® This unique sensitivity on the
identification of target analytes by their Raman spectroscopic
fingerprint, which underpinned SERS’s application potential,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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simultaneously poses a significant challenge in the reproduci-
bility of metallic SERS substrates with uniform hot spot spatial
distributions.”* The strongly intensified local fields are also
responsible for the perturbative nature of the technique, which
may induce adverse photochemical, thermal or photothermal
reactions in the molecule-substrate system."”

Semiconductor-based enhanced Raman scattering has recently
emerged as a promising alternative and/or complementary approach
to metal-based SERS detection, providing distinct advantages such
as low invasiveness, enhanced chemical stability and reproducibility,
versatility, and recyclability.""™"* An upsurge of research has been
witnessed in recent years on the development of plasmon-free,
semiconductor SERS substrates, where the amplification of Raman
scattering has been primarily associated with the CM mechanism,
involving interfacial electron transfer between the analyte and the
semiconducting substrate, which, in conjunction with exciton and
molecular resonances, may lead to Egs up to 10° under optimal
conditions.™*"® Semiconductor SERS can be greatly assisted by the
formation of molecular charge transfer complexes that enhance the
molecule-substrate vibronic coupling.’® Charge transfer in mole-
cule-semiconductor SERS systems can be enhanced via defect
engineering as reported for non-stoichiometric WO3,"'® Cu,0,"
Zn0* and TiO,*' metal oxide substrates, while the formation of type
I semiconductor heterojunctions has been recently pursued for
MoO,/WO,** and ZnO/TiO,* as an advanced approach to improve
SERS performance via charge transfer. Although significantly high
Exs have been achieved, the inherent specificity of charge transfer-
based SERS that depends on the coupling between the excitation
laser wavelength and the energy levels of the molecule-substrate
system? limits the applicability of semiconductor SERS substrates in
comparison to the universal plasmonic enhancement catered by
conventional metal SERS sensors.

Given the limitations of single-enhancement SERS mechan-
isms, implementation of cooperative resonance effects was
recently set forth as a potent approach to improve the perfor-
mance of semiconductor substrates. Highly sensitive SERS
detection of dye molecules has been reported for Cu,O spheres
of tunable concavity based on the synergy of CM mechanism
with the enhanced light trapping in the spherical cavities,*
while the synergy of Mie resonances and charge transfer was
achieved by adjusting the diameter of spherical ZnO super-
structures for the SERS detection of non-resonant analyte
molecules.”® The combination of multiple resonances was
further shown by tuning the dye analyte’s molecular resonance
to the photo-induced charge transfer and EM enhancement in
band-gap-engineered Ta,O5 nanorods®’ as well as double-shell
hollow spherical V,05 microstructures®® corroborating that
judicious shape engineering may drastically increase the opti-
cal path length and sensitivity in semiconductor SERS sub-
strates. Among different morphologies, photonic crystals (PCs)
in the form of bottom-up assembled inverse opals have
attracted particular attention as an advanced platform to
enable spectrally selective EM enhancement in semiconductor
SERS by slow photon effects, i.e., light propagation at reduced
group velocity near the edges of the photonic band gap (PBG),
which may extend the path length of incident light at the
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corresponding wavelengths within the periodically structured
network.”® Tuning the slow photon region to the laser excita-
tion has been shown to significantly enhance SERS detection of
dye molecules in PBG-engineered TiO, inverse opal subs-
trates,*® especially after combination with the CM enhance-
ment provided by the high adsorption capacity and surface
reactivity of graphene oxide nanosheets grafted on the nano-
crystalline walls of TiO, inverse opals.*’ Furthermore, inverse
opal SERS substrates can be exploited as ideal scaffolds to load
plasmonic NPs at high densities leading to hybrid plasmonic
metal/semiconductor SERS platforms that combine the powerful
EM-enhanced sensitivity of noble metal LSPR with the CM ampli-
fication and functionality of semiconductor supports.®*>?

In this work, heterostructured PBG engineered Ag-WO;/TiO,
inverse opal films are demonstrated as ultrasensitive, recyclable
SERS sensors based on the optimal combination of plasmonic,
charge transfer, and slow photon effects. Bottom-up three-phase
co-assembly has been applied for the concurrent crystallization of
WO; and TiO, into a single interconnected PC structure compris-
ing a broad distribution of nanoscale heterojunctions between the
two metal oxides, which was post-decorated by plasmonic Ag NPs.
Compositional WO,/TiO, alloying along with the variation of the
templating sphere diameter allowed investigating the interplay of
EM enhancement from the Ag LSPR with slow photon tuning and
the CM mechanism via the interfacial charge transfer between the
probe molecules and the plasmonic-metal oxide substrate. Ultra-
sensitive detection of 4-mercaptobenzoic acid (4-MBA) as non-
resonant analyte has been achieved down to 10" M for the
optimal hybrid plasmonic-photonic Ag-WO,/TiO, substrate with
very good uniformity and excellent self-cleaning performance and
reusability. A significant CM contribution was concluded via
cascade electron transfer from the plasmonic NPs to the metal
oxide substrate and the 4-MBA molecules, where heterojunction
WO;/TiO, formation was crucial to the markedly enhanced
SERS performance by offering an efficient charge transfer route
to enhance charge separation and the substrate-to-molecule
interaction.

2. Experimental
2.1 Ag-WO;/TiO, inverse opal substrate fabrication

Single and composite WO;/TiO, inverse opal films were depos-
ited on glass substrates using the convective evaporative co-
assembly method of polymer templating spheres of different
diameters in the form of aqueous colloidal dispersions with the
corresponding hydrolyzed metal oxide precursors.>* Specifi-
cally, monodisperse polystyrene (PS) spheres with mean dia-
meters of 287, 300 and 340 nm and poly(methyl methacrylate)
(PMMA) ones of 406 nm diameter, which were obtained from
Microparticles GmbH in the form of colloidal dispersions of 5%
solids (w/v) in deionized water (6-10 nm standard deviation
and 2.4-3.5% CV), were used as hard templates. The WO;
precursor was prepared by dissolving 0.2 g ammonium meta-
tungstate hydrate (AMT) (NH,)sW1,039-xH,0 (Alfa Aesar) pow-
der in 1 mL H,0, 0.12 mL of 0.1 M citric acid (>99.5%, Alfa
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Aesar) and 0.6 mL EtOH (absolute >99.8%, Honeywell Riedel-
de Haén), while the TiO, precursor was prepared by mixing
0.25 mL of 50 wt% aqueous solution of Ti(v) bis(ammonium
lactato) dihydroxide (TiBALDH) from Alfa Aesar with 0.5 mL of
0.1 M HCI (fuming, >37%) and 1 mL EtOH. Typically, a glass
slide, cleaned by Hellmanex™ III (Sigma Aldrich) and ultra-
sound sonication in acetone and EtOH, was almost vertically
suspended in a beaker containing 8 mL of 0.125 wt% polymer
sphere suspension and 0.05 mL of single or mixed AMT/
TiBALDH precursor at nominal molar W/Ti ratios of 4:1 and
1:2. After solvent evaporation at 55 °C, the co-assembled films
were calcined in air at 450 °C for 2 h at 1 °C min~" heating rate
to remove the polymer spheres and crystallize the metal oxides
in the inverse opal structure. The inverse opal films were then
surface modified with Ag NPs (Thermo Scientific, 10 nm mean
diameter, 0.02 mg mL~ "' suspension, supplied in 2 mM sodium
citrate, 4 x 10'> NP mL™") by dropping 40 pL of the suspension
on the substrates’ surface (0.5 cm?®), followed by drying and
washing with DI water and ethanol (Scheme 1). The PC films
were labelled as Ag-PCXXX Y: Y, with XXX being the templating
sphere diameter (287, 300, 340 and 406 nm) and Y:Y the W/Ti
ratio (4:1 or 1:2).

2.2 Materials characterization

The films morphology and phase composition were studied
using a FEI Quanta Inspect scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray analyzer
(EDX) and a FEI Talos F200i scanning transmission electron
microscope (TEM) operating at 200 keV, equipped with a window-
less energy-dispersive spectroscopy microanalyzer (6 T/100 Bruker).
The optical properties were investigated by specular (R%) and
diffuse (DR%) reflectance measurements on a Cary 60 UV-vis
spectrometer equipped with a 15° specular reflectance accessory
and fiber-optic diffuse reflectance, using a UV-enhanced Al mirror
and a Halon reference for background determination, respectively.
Electrochemical impedance spectroscopy (EIS) was carried out in a
standard three-electrode configuration on a CS350 potentiostat/
galvanostat (Corrtest Instruments) using the Ag-WO;/TiO, PC films

Solvent

\ Lt
evaporation

Polymeric
matrix
removal &

Scheme 1 Schematic of the co-assembly fabrication of Ag—WO3/TiO,
inverse opals.
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deposited on fluorine-doped tin oxide (FTO, thickness 2.2 mm,
surface resistivity 7 Q sq ') glass substrates as working electro-
des, Ag/AgCl as reference and a Pt foil as counter electrodes in
aqueous 0.1 M NaHCO; electrolyte under UV-vis illumination
provided by a 300 W Xe lamp (100 mW cm™?). Nyquist plots
were performed in the frequency range of 10°-10~> Hz with ac
amplitude of 10 mV, while Mott-Schottky curves were derived
from the electrochemical impedance at 500 Hz. The applied
potential vs. reference electrode was converted to the reversible
hydrogen electrode (RHE) scale using Nernst equation: Viyg =
Vagiagal + 0.059 pH + 0.205.

2.3 SERS performance evaluation

The SERS performance of the PC substrates was evaluated on
the detection of 4-mercaptobenzoic acid (4-MBA) as a model,
non-resonant analyte,*®> which shows absorption in UV range
(Fig. S1, ESIt) avoiding resonant excitation under visible light
lasers. Additional validation tests were performed on rhoda-
mine 6G (R6G) and methylene blue (MB) dye analytes and
glutathione (GSH). 4-MBA (99%, Sigma Aldrich), R6G (99%,
Sigma Aldrich) and MB (>96.0 to <104.0%, Thermo Scientific)
powders were dissolved in EtOH to prepare solutions of vari-
able concentrations in the range of 10~ * to 10~ ** M, while GSH
(=98.0%, Sigma-Aldrich) was dissolved in DI water. These
solutions were dropped onto the inverse opal substrates and
dried at room temperature. Micro-Raman spectra were col-
lected on a EnSpectr RamMics M532 Raman spectrometer
coupled with a BX43 Olympus microscope using a 532 nm laser
diode as excitation source, focused on the film surface by a
40x (NA = 0.65) objective. The Raman spectra were averaged
over at least five different spots for each film with accumulation
time of 2 s, while frequency shifts were calibrated by a Si
reference.

Raman maps were acquired using a LabRAM Soleil Horiba
Raman microscope with 532 nm laser excitation, focused by a
100x (NA = 0.9) objective, while a laser diode emitting at
785 nm was used as excitation for the GSH SERS spectra.

3. Results and discussion
3.1 Structural and compositional properties

The PC substrates display the characteristic inverse opal struc-
ture consisting of hexagonally ordered macropores, as shown
by the top-view and cross-section SEM images in Fig. 1 and
Fig. S2 (ESIf). Co-assembly of the AMT and TiBALDH precur-
sors with templating spheres of different diameters resulted in
well-ordered periodic structures with thickness of circa 4.7(1)
pm, independent of the W/Ti molar ratio and the Ag NPs
surface modification. Smaller pores were present in the walls
of every macropore derived from the contact points between the
polymer spheres, verifying the formation of uniformly inter-
connected networks that provide ideal platforms for post-
modification by Ag NPs and enhanced adsorption of analytes.
The mean diameter of the spherical voids and thus the lattice
constant of the close-packed structure was determined by both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Top-view SEM images for PC287 (a) WOs3, (b) 4:1, (c) 1: 2, (d) TiO, as well as (e) Ag-PC287 4:1, and (f) Ag-PC287 1: 2 substrates. Cross-section

SEM images for PC287 (g) 4:1 and (h) 1: 2 films.

the size of the sacrificial polymer spheres and the W/Ti com-
position (Table S1, ESIT). Increase of the W/Ti ratio led to the
increase of macropore size for the same templating sphere
diameter, stemming from the relatively faster crystallization of
WO; NPs by the AMT precursor®® compared to that of TiO,
nanocrystallites by TIBALDH co-assembly in the inverse opal
skeleton.?” Compositional alloying of the inverse opal concur-
rently with PBG engineering could be accordingly performed
allowing the investigation of interfacial charge transfer effects
for PC substrates of similar periodicity.

TEM images of the Ag-PC287 4:1 PC film and the corres-
ponding W, Ti, O and Ag EDX elemental maps revealed the
uniform distribution of the two metal oxides throughout the
inverse opal skeleton and dense coverage by Ag NPs, as shown

in Fig. 2a-e. High-resolution TEM (HRTEM) images of the
skeletal walls confirmed the presence of spherical NPs
(Fig. 2g) with lattice fringes corresponding to about 2.36 A
interplanar spacing assigned to the (111) crystal planes of Ag
fce lattice.

The phase composition of the WO;/TiO, PCs was investi-
gated by Raman spectroscopy and high-resolution TEM, as
shown in Fig. 3. Raman spectra of the plain TiO, PC films
showed the characteristic vibrations of the anatase TiO, phase,
namely the E, modes at 152, 199, and 641 cm ™! and the B,z and
Ayg + By ones at 398 and 517 cm™ ', respectively, independent
of the macropore diameter (Fig. 3a and b). The anatase Raman
modes showed appreciable broadening and frequency shifts
compared to the bulk values, indicative of the breakdown of the

(f) Cheticters
o specrum
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20 Element Family
2 (%) (%)
s o K 69.11 1.87 18.73 146
é 151 il K 635 1.02 5.15 0.92
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= onl w L 24.29 1.90 75.66 1.99
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Fig. 2

(a) TEM image of Ag-PC287 4: 1 film and the (b) Ti, (c) W, (d) O and (e) Ag elemental maps obtained from the corresponding (f) EDX spectrum (g)

high-resolution TEM image and the corresponding FFT pattern for the squared area over a relatively isolated NP identifying the (111) planes of Ag (fcc)

with 2.36 A interplanar spacing.
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Fig. 3 Raman spectra for the (a) PC287 and (b) PC300 WO3/TiO, sub-
strates at 532 nm. High resolution TEM images for (c) the plain PC287 WOs3
and (d) PC287 1: 2 films and the corresponding FFT patterns for the whole
TEM image in (c) and the squared area in (d).

g = 0 selection rule for Raman scattering due to size effects.®
This complies with previous results for co-assembled TiO,
inverse opals using the TiBALDH precursor that hinders parti-
cle growth within the interstitial space between templating
spheres.*® The correlation curves of frequency vs. full-width at
half-maximum (FWHM) of the most intense E, mode®® indicate
the formation of ca. 6 nm anatase NPs. Co-assembly of
TiBALDH with the AMT precursor resulted in the marked
attenuation and further broadening of the anatase Raman
bands for 1:2 molar W/Ti ratio, while they could not be
detected for the 4:1 mixed composition. For the plain WO,
PC films, the characteristic modes of the monoclinic WO;
phase (ms-WOj3) were observed at 805, 709 (W-O-W stretching),
325, 264 (W-O-W bending), and 131 (lattice modes) cm *,*
along with a band at about 950 cm ™" and a broad shoulder at
about 640 cm™ " related to the W=1O0 stretching vibration mode
in tungsten trioxide hydrates.*" Significant broadening of the
WO; Raman bands was observed for the 4:1 WO;3/TiO, PCs
indicating the decrease of crystallite size along with the
increase of W* defect concentration.*

This behaviour was corroborated by high-resolution TEM
analysis, as shown in Fig. 3c and d. Clear lattice fringes were
observed for the plain PC287 WO; (Fig. 3c) leading to strong
diffraction spots in the corresponding FFT pattern, supporting
the growth of well-developed WO, crystallites. Specifically, the
derived interplanar spacings of 0.26 and 0.38 nm could be
identified with the closely spaced (002), (020), (200) and (202),
(202), (022) groups of crystal planes of the ms-WO; phase
(JCPDS 43-1035), while the 0.32 and 0.63 nm spacings resulted
from the (220), (040) and (020) planes of the hydrated WO;-
0.33H,0 orthorhombic phase (JCPDS 35-0270). On the other
hand, sub-10 nm NPs were detected for the PC287 1:2 films
(Fig. 3c), the most common being those exhibiting diffraction
from the (101) planes of anatase NPs with 0.35 nm interplanar
spacing (JCPDS 21-1272). The competition of TiBALDH and
AMT precursors can be accordingly considered to impede the
growth of the metal oxide NPs, which along with the

392 | Mater. Adv, 2025, 6, 388-399
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accompanying defect formation can be beneficial to the SERS
performance via charge transfer effects.

3.2 Optical properties

Specular reflectance spectra (R%) of the TiO,, WO; and com-
posite WO3/TiO, PC films at 15° incident angle showed a
distinct peak due to Bragg reflection, characteristic of the
incomplete PBG (stop band) formation along the [111] direction
in the inverse opals,*” as shown in Fig. 4a-c. The stop band
position shifted to longer wavelengths as either the templating
sphere diameter or the W/Ti molar ratio increase following the
corresponding macropore size variation. Applying modified
Bragg’s law for first-order diffraction from the (111) planes of
the fcc lattice and using the experimental stop band wave-
lengths and the measured macropore diameter D, the PBG
position at normal incidence (0°) and the values of the effective
refractive index ner were estimated for the PC films (Table S1,
ESIt). The derived solid filling fractions (1 — f) were smaller
than the theoretical value of 0.26 for complete filling of the fcc
interstitial space and decreased with the increase of polymer
sphere diameter and the decrease of the compositional W/Ti
ratio. This can be related with the enhanced mesoporosity of
the skeletal walls by increasing the number of interfaces for
smaller macropores and the formation of sub-10 nm NPs in the
inverse opal frame, especially for the TiO, PCs.*’
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= = =Ag-PC406 TiO,

——Pc287Ti0,
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—PC406 TiO,
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121 ——PC287 4:1 ——PC287 4:1
—PC287 1:2 —PC287 1:2
10 40
~8 <
2 <30
x ¢ o«
4 204 g
- = -Ag-PC287 WO, .
29 10 - = -Ag-PC267 4:1
= = +Ag-PC287 1:2
200 300 400 500 600 200 300 400 500 600 700
(C) Wavelength (nm) £ Wavelength (nm)
(f)
14 T T T T T
——PC300 WO, 60 =—PC300 WO,

= PC300 4:1
—PC300 1:2

124 —=——PC300 4:1

——PC300 1:2

- - -AgPC300 WO, 1
- = -Ag-PC300 4:1
- = -Ag-PC300 1:2

200 300 400 500 600 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
Fig. 4 (a)-(c) Specular reflectance R% spectra showing the Bragg reflec-
tion for the WO=/TiO, PC films. (d)-(f) Diffuse reflectance DR% spectra for
the WO=/TiO, (solid lines) and Ag—WOs3/TiO, (dashed lines) PC substrates.
The cyan band delineates the spectral region of plasmonic Ag NP absorp-
tion on the metal oxide films.
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The diffuse reflectance (DR%) spectra of the single WO; and
TiO, PC films (Fig. 4d-f) were mainly determined by the
absorption edges of the metal oxides, which were estimated
at 450 and 370 nm from the corresponding absorbance spectra
obtained by the Kubelka-Munk remission function F(DR)
(Fig. S3, ESIT). Rather broad Bragg reflections could be identi-
fied in the DR % spectra, red-shifted from the corresponding
R% peaks due to the increased scattering at the low energy (red)
stop band edges,*® only for the larger diameter-PCs, where
spectral overlap of the stop band and the semiconductor
electronic bandgap was marginal, evading absorption losses.
The superposition of the metal oxide absorption edges could be
distinguished in the case of the WO;/TiO, PC 4:1 films,
whereas the contribution of TiO, prevailed in the DR% spectra
of the WO3/TiO, PC 1:2. Surface modification of the WO3/TiO,
PC films with plasmonic Ag NPs resulted in the marked drop of
DR%, which extended up to ca. 550 nm, beyond the much
narrower LSPR of the Ag NPs dispersion (Fig. S4, ESIt). This can
be associated with the red-shift of the Ag NP LSPR absorption
due to near-field coupling between closely spaced plasmonic
NPs leading to hot spots and marked enhancement of the local
field.**** The extent of DR% reduction after Ag NP deposition
was most pronounced for the smaller diameter PCs, such as the
Ag-modified PC287 and PC300 TiO, (Fig. 4d), PC287 1:2
(Fig. 4e) and PC300 1:2 (Fig. 4f), where higher amounts of Ag
NP aggregates and enhanced hot spot formation can be
expected.

3.3 SERS evaluation

The SERS activity of the inverse opal substrates was evaluated
on 4-MBA detection as a non-resonant probe molecule, whose
absorbance at the UV range (Fig. S1, ESIT) precludes resonance
Raman excitation at 532 nm. Fig. 5 and 6 show SERS spectra of
4-MBA adsorbed on Ag-TiO, as well as Ag-WO; and Ag-WO;/
TiO, PC substrates of different void diameters as a function of
the analyte concentration to the lowest detectable level. The
characteristic 4-MBA vibrations were readily detected on
Ag-WO,/TiO, PC films though considerably shifted compared
to the corresponding powder Raman spectrum (Fig. S5, ESIT),
as a result of the bonding of 4-MBA molecules to the metal
oxides and Ag NPs via the thiol and/or carboxyl groups."®*> The
dominant 4-MBA bands were observed at 1079 (vi,, a;) and
1585 (Voq, a1) cm™ ', arising from the aromatic ring vibrations,
while those at 1140 (vys, b,) and 1182 (ve, a;) cm™ " correspond
to the C-H deformation modes (Table 1)."® Monitoring of
4-MBA down to the lowest detectable concentration has been
accordingly carried out using the strongest Raman bands at
1079 and 1585 cm ', whose relative intensity remained
approximately constant.

In the case of PBG engineered Ag-TiO, PCs, 4-MBA could be
traced down to very low concentrations with the Ag-TiO, PC287
substrates of the smallest macropore size presenting the lowest
detectable level of 10> M (Fig. 5a). As the corresponding PBG
at 375 nm (Table S1, ESIt) is well below the Raman excitation
wavelength (532 nm), this high sensitivity in 4-MBA detection
can be largely related to the EM enhancement afforded by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SERS spectra of 4-MBA of variable concentrations (10~*-10""* M)
on Ag-TiO, (a) PC287, (b) PC300, (c) PC340 and (d) PC406 inverse opal
substrates of different macropore diameter and PBG.

Ag NPs LSPR.” The latter can be combined with the CM
amplification at the 4-MBA/Ag-TiO, interface, which proceeds
by the photoinduced TiO,-to-4-MBA charge transfer via surface
states, further assisted by hot-electron transfer to the anatase
conduction band over the corresponding Schottky barrier at the
metal-semiconductor heterojunction.*” The LSPR amplification
is expected to be most prominent for the Ag-TiO, PC287
substrates that exhibit the higher solid filling faction of its
nanocrystalline anatase skeleton (Table S1, ESIf) and thus
enables higher loading of Ag NPs and the possibility of the
formation of more hot spots, in accordance with the highest
and more extended visible light absorption due to Ag LSPR
among the Ag-TiO, PCs (Fig. 4d and Fig. S3a, ESIt). Charge
transfer can be also promoted in the case of co-assembled
Ag-TiO, PCs using the TiBALDH precursor by the growth of
very small, sub-10 nm, anatase NPs in the inverse opal skeleton,
which are most susceptible to the formation of surface states
that mediate electron transfer from TiO, to the lowest unoccu-
pied molecular orbital (LUMO) of the adsorbed 4-MBA
molecules.*®*® The increase of macropore size for Ag-TiO,
PC300 leads to significant drop of SERS performance (the
lowest detectable concentration of 4-MBA is 10~ ° M) (Fig. 5b)
that can be associated with the decrease of Ag plasmonic
absorption (Fig. S3a, ESIT) due to the lower Ag NP loading that
follows the decrease of the corresponding filling fraction
(Table S1, ESIt). This could be further related to the enhance-
ment of the anatase Raman mode intensity for the Ag-TiO,
PC287 films (Fig. S6, ESIt), which arise from SERS effects at the
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Fig. 6 SERS spectra of 4-MBA as a function of concentration (10~%-10"% M)
on (a) Ag-PC287 WOs, (b) Ag-PC287 4:1, (c) Ag-PC287 1:2, (d) Ag-PC300
WOs3, (e) Ag-PC300 4:1 and (f) Ag-PC300 1:2 inverse opal substrates of
variable macropore size and composition.

Table1 Vibrational frequencies of selected 4-MBA Raman modes on Ag—
WO3/TiO, PC substrates compared to solid powder and band
assignments*®

4-MBA powder (cm™')  Ag-WO,/TiO, PCs (em™')  Band assignment

1095 1079 Ring breathing
1133 1140 CH bending
1179 1182 CH bending
1450 1420 COO" stretching
1592 1585 Ring breathing

semiconductor-plasmonic NP interface, especially near hot
spots, as reported for TiO,/Au films*® and very recently for
MoS,/Ag NP hybrids.’® The enhancement of TiO, Raman
intensity was also observed for the Ag-TiO, PC300, though
weaker than the corresponding PC287 films, corroborating the
decrease of Ag NP loading in the inverse opal skeleton for larger
macropores.

Furthermore, significant improvement of 4-MBA SERS
detection reaching 10™'" M was observed for the Ag-TiO,
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PC340 substrates (Fig. 5c), which show smaller 1 — f values
and similar plasmonic absorption compared to Ag-TiO, PC300
(Fig. S3a, ESIt). This performance recovery can be related to the
contribution of slow light propagation as the incident laser
excitation approaches the low-energy (red) edge of the PC340
stop band. Assuming that the PBG spectral width corresponds
to the corresponding FWHM of about 60 nm of the Bragg R%
reflection (Fig. 4a), the stop band for Ag-TiO, PC340 is expected
at 483 + 30 nm (Table S1, ESIY). The corresponding red-edge
slow photons, which extend over a narrower spectral range of
ca. 20 nm,*" will be then expected at 513-533 nm, approaching
the laser wavelength that leads to enhanced light scattering
within the inverse opal skeleton and assists 4-MBA detection.
Further shift of the PBG at 503 nm for Ag-TiO, PC406 (Table S1,
ESIt) could also lead to photonic amplification of Raman
scattering via red slow photons anticipated at approximately
533-553 nm. However, the larger macropore diameter of PC406
leads to appreciable decrease of the filling fraction (Table S1,
ESIt) and the lowest plasmonic absorption (Fig. S3a, ESIf)
among the Ag-TiO, PCs that impede LSPR enhancement by
Ag NPs and finally lead to the decrease of SERS sensitivity to
107 '° M (Fig. 5d).

For the plain Ag-WO; PC substrates the SERS performance
was considerably moderated in comparison to the Ag-TiO, PCs
(Fig. 6a and d), despite the relatively higher filling fractions of
the WO; inverse opal skeleton (Table S1, ESIt). The LSPR-
induced plasmonic absorption for the Ag-WO; PCs was also
weaker (Fig. S3b and c, ESIt) indicating that the larger
1 — fvalues resulted mainly from the growth of larger crystal-
lites and the reduced wall mesoporosity of the WO; inverse
opals. Still, the Ag-WO; PC287 substrates (Fig. 6a) outper-
formed Ag-WO; PC300 (Fig. 6d), reaching 10~° M as the lowest
4-MBA detectable concentration, indicative of the contribution
of photonic amplification in the overall SERS enhancement. In
fact, the stop band for the Ag-WO; PC287 occurs at
504 + 30 nm (Table S1, ESIt), whose low energy (red) edge
may extend roughly at 534-554 nm, close to the laser excitation
wavelength that may enhance Raman scattering and SERS
performance. On the other hand, the stop band of the larger
diameter Ag-WO; PC300 is expected in the spectral range 495-
555 nm, matching the laser excitation that could lead to
detrimental Bragg reflection and partially inhibit light propa-
gation in the inverse opal structure. However, compositing WO;
PCs with TiO, resulted in marked amplification of SERS
performance, in agreement with preliminary SERS results on
the WO,/TiO, PC287 substrates.’” The SERS sensitivity reached
the lowest 4-MBA detectable levels of 10~ and 10~ "> M for the
Ag-PC287 4:1 (Fig. 6b) and Ag-PC300 4:1 (Fig. 6e) substrates,
respectively. This variation indicates a major contribution of
the CM mechanism via interfacial charge transfer between the
two metal oxide semiconductors by the formation of type II
heterojunctions.>*>* The PBG positions of the two composite
Ag-WO;/TiO, PC287 and PC300 substrates were at 485 and
498 nm (Table S1, ESIT). This enabled spectral matching of red
slow photons with the laser wavelength, similar to the plain
Ag-PC340 substrate, which, however, showed considerably

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lower sensitivity (10~ M) (Fig. 5¢), corroborating the contribu-
tion of enhanced charge transfer in the heterostructured sub-
strate. Further decrease of the W/Ti ratio to 1:2 resulted in the
deterioration of SERS performance (Fig. 6¢ and f), especially for
the larger diameter Ag-PC300 1: 2 that presented similar 4-MBA
detection levels as the parent Ag-PC300, indicative of a non-
optimal composition.

In order to investigate interfacial charge transfer in the Ag-
WO;/TiO, system, comparative EIS measurements were per-
formed on the best-performing PC287 TiO, and PC287 4:1
substrates, before and after Ag NPs deposition, under UV-Vis
illumination (Fig. 7). Nyquist plots for the unmodified PC287
films showed significant decrease of the capacitive arc radius
(Fig. 7a), which represents the charge transfer resistance at the
semiconductor-electrolyte, for the composite PC287 4:1 sub-
strate. This verifies the enhanced separation of photo-induced
charge carriers via the formation of nanoscale WO;-TiO, het-
erojunctions and the ensuing electron transfer from WO; to the
TiO, NPs, recently established for co-assembled WO,/TiO,
PCs.** Moreover, Ag deposition resulted in further reduction
of charge transfer resistance for both Ag-PC287 TiO, and Ag-
PC287 4:1 films, indicative of additional contributions by
plasmonic NPs in the underlying charge transfer process. The
corresponding Mott-Schottky (MS) plots, i.e. 1/C* vs. applied
potential with C being the space-charge capacitance, showed
positive slopes confirming the n-type semiconducting of both
WO; and TiO, metal oxides (Fig. 7b). The slope of the linear
part of the MS plot was markedly smaller for PC287 4:1
indicating higher donor density compared to the plain PC287
TiO,. Further increase of donor density was derived after
deposition of the plasmonic Ag NPs on the metal oxide PCs,
supporting the role of Ag NPs in assisting charge transfer at the
metal-semiconductor interface.

The contribution of the molecule-substrate charge transfer
to the SERS mechanism was further explored using the selective
enhancement of non-totally symmetric modes of the probe
molecules over symmetric ones by the Herzberg-Teller vibronic
coupling.” The intensity ratio of the non-totally (1140 cm™*, b,)
to the totally (1182 em ™', a,) symmetric mode of 4-MBA was
accordingly selected to monitor the variation of charge transfer
contribution to SERS enhancement for the Ag-PC287 substrates
(Fig. S7a, ESIt). The values of the I(b,)/I(a;) ratio showed a clear
enhancement of the non-totally symmetric b, mode for the

o PC287 4:1
o PC287TiO,

o Ag-PC287 411 124
o Ag-PC287 TiO,

PC287 4:1
PC287 TiO,
Ag-PC287 4:1
Ag-PC287 TiO,

K]

1 2 3 4 5 6 1.0 05 0.0 05 10 15
Z' (kQ) Potential (V vs Ag/AgCl)

Fig. 7 Comparative (a) Nyquist and (b) Mott—Schottky plots for PC287
4:1 and TiO, substrates before and after Ag deposition at 500 Hz.
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single Ag-TiO, and Ag-WO; PCs, which was further amplified
for the composite Ag-WO;/TiO, PCs. This variation points to
the close combination of CM enhancement via charge transfer
between the molecule and the metal-semiconductor substrate
with the plasmonic EM mechanism for the heterostructured
Ag-WO;/TiO, PC substrates. A quantitative estimate of the
relative CT contribution to the overall SERS intensity was made
by calculating the corresponding quantity pcr for the b, and a,
modes, whose values of 0 and 1 indicate the limits of zero and
dominant CT contributions, respectively.’ The obtained values
of 0.28(2), 0.33(3), 0.43(2), 0.42(2) for the Ag-modified TiO,,
WO3;, 4:1 and 2:1 PC287 substrates, respectively (Fig. S7b,
ESIt), indicate an increase of the degree of CT for the compo-
site PC substrates, for which comparable contribution of CT to
the EM plasmonic amplification is reached.

According to these results, ultrasensitive detection of 4-MBA
down to 10~"* M can be reached on hybrid Ag-WO3/TiO, PC
substrates via the synergy of plasmonic, charge transfer and
slow photon effects. Specifically, EM enhancement proceeds via
the LSPR of Ag NPs that can be amply loaded on the skeletal
walls of metal oxide inverse opals, especially when composed of
sub-10 nm NPs as for the co-assembled Ag-TiO, PCs. In
addition, the plasmonic SERS amplification can be further
improved by slow light propagation in the PC skeleton, as
evidenced for the PBG engineered Ag-TiO, PCs. Although the
enhanced SERS performance can be largely attributed to the
amplified EM field at the interface of Ag and the metal oxide
inverse opal skeleton, interfacial charge transfer plays also a
crucial role in the Ag-WO;/TiO,-4-MBA system. When the two
semiconductors come into contact, their Fermi energy (Eg)
levels equilibrate according to the staggered type II band
alignment of the WO,/TiO, heterojunction,*® as shown in
Fig. 8. The highest occupied molecular orbital (HOMO) and
the LUMO levels of 4-MBA are expected at —8.84 and
—3.85 eV,”® respectively, while the Ep of Ag is located at
4.84 eV (absolute vacuum scale).’® The laser excitation at
532 nm corresponds to 2.33 eV photon energy, which is

Qsaz nm
®

Vacuum
N
-3 ] hot electrons
| (-]
® e LUMO
-4~ LSPR -3.85eV
< 4
& 5] E -4.84 eV
o)
2 4
3 64
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3
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-8 < ——
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Fig. 8 Proposed charge transfer pathways in the Ag—WO3/TiO, system
for 4-MBA SERS detection.
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inadequate to excite electrons either from the HOMO to the
LUMO of 4-MBA or from the valence band (VB) maximum to the
conduction band (CB) minimum in TiO, and WOj3;, whose Ecp
and Eyg band edges in the WO;/TiO, heterojunction (4 : 1 molar
ratio) are estimated at —4.73 and —7.93 eV for TiO, and —4.52
and —7.19 eV for WOj;, respectively.>® Three possible charge
transfer processes are accordingly proposed at 532 nm excita-
tion (Fig. 8): (A) When 4-MBA molecules directly contact
Ag NPs, hot electrons excited by LSPR can be excited from Ag
to the LUMO of 4-MBA. (B) Hot electrons from the Ag NPs may
be injected to the semiconductors CB over the corresponding
Schottky barrier and then transfer to the LUMO of 4-MBA
molecules adsorbed on the metal oxides. (C) Electrons excited
from the semiconductors VBs by the 532 nm laser beam to
surface-states (Ess), which commonly arise from defects such as
oxygen vacancies and reduced metal ions at about 0.3-1.0 eV
below the CB minimum for TiO,”> and WO;>® NPs, can be
transferred to the LUMO of 4-MBA. The interfacial electron
transfer between the co-assembled WO; and TiO, NPs can
thereby provide an additional pathway to reduce charge recom-
bination and enhance the substrate-to-molecule interaction,
enabling ultrasensitive 4-MBA detection.

3.4 Benchmarking, selectivity, uniformity and reusability

According to the SERS intensity variation (Fig. 5 and 6), the
lowest 4-MBA concentrations that could be detected were 10"
and 10" M for the single Ag-PC287 TiO, and the composite
Ag-PC287 4:1 substrate, respectively. In the latter case, the
intensities of the dominant Raman peaks at 1079 and 1585
cm ' and the 4-MBA concentrations showed very good linearity
in log-log scales (adjusted R* coefficients of 0.9696 and 0.9815)
over a wide concentration range of 10 *~10~"* M (Fig. S8, ESI{).
The lowest detected 4-MBA concentrations are lower than those
reported for 4-MBA detection by plasmon-free as well as
Ag-modified nanostructured metal oxide SERS substrates
(Table 2), indicative of the ultrasensitive SERS efficiency of
the hybrid Ag-WO;/TiO, PC substrates. The average SERS
enhancement factor (Eg) was estimated using the most intense
4-MBA vibration at 1585 cm™ " for the best performing Ag-PC287
4:1 substrates to reach 1.4 x 10°, for 4-MBA concentration of
107" M (Fig. S5, ESIY).
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In order to assess the universality/selectivity of the compo-
site Ag-WO;/TiO, PC films, the best performing Ag-PC287 4:1
film was tested in the SERS detection of R6G and MB cationic
dyes (Fig. S9a, ESIT), which are commonly used analytes for
evaluating new substrates as well as Raman reporter molecules
for SERS sensors because of their high Raman cross-sections.*”
Highly sensitive detection of both R6G and MB dye molecules
was obtained down to 10~ and 10~° M, respectively (Fig. 9).

These results validate the high SERS performance of
Ag-WO;/TiO, PC substrates under both resonant (R6G) and
non-resonant (MB) excitation conditions, which can be further
exploited in the fabrication of metal/metal oxide SERS-based
immunosensors considering their limited selectivity to mole-
cules containing thiol groups. The latter was explored by the
direct SERS detection of GSH, which is the most abundant
antioxidant in living organisms that contains non-protein thiol
groups. As shown in Fig. S9b (ESIT), the GSH detection sensi-
tivity of Ag-PC287 4:1 was limited to 1 mM, which stems from
the very low Raman cross section of GSH that inhibits the label-
free GSH detection by highly efficient SERS metal oxide®® and
plasmonic SERS substrates.®” In this case, indirect detection of
GSH can be pursued down to the nM level by replacing Raman
labels, like R6G or 4-MBA, adsorbed onto the SERS substrate
with GSH molecules, due to the stronger affinity between thiol
groups and Ag NPs.*

To investigate the uniformity of the PC substrates, SERS
spectra of 10~> M 4-MBA were collected over 30 spots on the Ag-
PC287 4:1 substrate, as shown in Fig. 10a and b. The Raman
intensity of the 1585 cm ™" peak over the selected spots showed
relatively small standard deviation equal to 13.8%. More impor-
tantly, the regeneration and reusability of the Ag-WO,/TiO, PC
substrates was also evaluated based on their inherent photo-
catalytic activity that can non-selectively degrade adsorbed
analyte molecules."® Fig. 10c shows the SERS spectra obtained
for 10~ ® M of 4-MBA using the Ag-PC287 4: 1 substrate over four
successive UV-vis cleaning cycles. For each cycle, the SERS
spectrum was first recorded on the PC substrate, which was
then immersed in deionized water under UV-vis irradiation
provided by a 300 W Xe lamp (100 mw c¢cm~?) for 30 min and
then re-evaluated. The 4-MBA Raman bands disappeared com-
pletely after each UV-vis treatment, while the corresponding
SERS signal could be recovered for every cycle verifying the

Table 2 SERS performance comparison for 4-MBA detection by TiO,-based and Ag—-TiO,-based substrates (NPs: nanoparticles; NS: nanosheets; NFs:

nanofibers; NR: nanorod; QDs: quantum dots)

Substrate Morphology Excitation wavelength (nm) Lowest concentration (M) Ref.
TiO, Mesoporous TiO, NPs 532 1078 48
TiO,/rGO TiO, NPs on reduced-GO NS 532 1077 57
TiO,/ZnO TiO, and ZnO NPs 633 1078 23
rGO/TiO,/Fe;0, Reduced-GO NS and TiO, NPs on Fe;0, 633 1071 58
Ni-TiO, Ni doped TiO, NPs 633 10 59
Ag/TiO, TiO, NFs decorated with Ag NPs 532 1077 60
Ag-TiO, Hybrid Ag-TiO, NPs 633 107° 32
Ag/TiO, Core-shell NPs 785 1.2 x 107" 61
BP/Ag/TiO, Black phosphorus QDs and Ag NPs on TiO, NR arrays 532 1072 62
Ag-WO5/TiO, Ag NPs on WO5/TiO, inverse opals 532 1071 This work
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Fig. 9 SERS spectra of (a) R6G and (b) MB dye solutions of variable
concentrations on the Ag-PC287 4:1 inverse opal substrates at 532 nm.
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Fig. 10 (a) SERS spectra collected from 30 points for 107> M 4-MBA
detection on the Ag-PC287 4 :1 substrate along the yellow line shown in
the (b) image of the selected area. (c) SERS spectra of 107° M 4-MBA on
Ag-PC287 4 :1 substrate for 4 cycles with intermediate UV-vis treatments.

excellent substrate recyclability that stems from the photocata-
lytic self-cleaning functionality of the Ag-WO;/TiO, PC films.

4. Conclusions

In conclusion, single and heterostructured WO,/TiO, inverse
opal films can be efficiently utilized as PC supports of plasmo-
nic Ag NPs for the fabrication of ultrasensitive, recyclable
metal/semiconductor SERS substrates relying on the synergy
of plasmonic amplification with slow photons and significantly
improved CM enhancement via interfacial charge transfer.
Composition and PBG tuning of the Ag-decorated WO;/TiO,
PCs resulted in ultrasensitive detection of 4-MBA as a non-
resonant analyte down to 10> M for the optimal substrate
with good uniformity and excellent recyclability stemming from
its enhanced photocatalytic self-cleaning ability. Besides the
dominant EM enhancement mechanism arising from the Ag
LSPR, further assisted by spectral matching of the laser excita-
tion with the PC slow photon regions, a major contribution to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the SERS performance was concluded from the CM mechanism
by means of cascade electron transfer from the plasmonic NPs
to the metal oxide substrate and to the analyte molecules. This
was most prominent for the best performing Ag-WO;/TiO, PC
substrates, which comprised a broad distribution of nanoscale
type II heterojunctions in the metal oxide inverse opal walls and
thus provided an additional charge transfer route to enhance
the Ag-WO;/TiO, - 4-MBA interaction. Semiconductor heterojunc-
tion formation along with PC structuring are accordingly proposed
as a versatile approach to boost SERS performance by cooperative
plasmonic/photonic/chemical enhancement mechanisms in hybrid
metal/metal oxide SERS platforms.
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