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Plasmonic photocatalysis based on metal-semiconductor heterojunctions is considered a key strategy to
evade the inherent limitations of poor light harvesting and charge separation of semiconductor photoca-
talysts. It can be profitably combined with three-dimensional photonic crystals (PCs) that offer an ideal
scaffold for loading plasmonic nanoparticles and a unique architecture to intensify photon capture. In this
work, Mo-doped BiVO, inverse opals were applied as visible light-responsive photonic hosts of Ag and/or
Au plasmonic nanoparticles in order to exploit the synergy of plasmonic and photonic amplification
effects with interfacial charge transfer for the photoelectrocatalytic degradation of recalcitrant pharma-
ceutical contaminants under visible light. Photoelectrochemical evaluation indicated a major contribution
from hot spot-assisted local field enhancement, most pronounced for Ag/Mo-BiVO, PCs due to the
spectral overlap of the localized surface plasmon resonance with the electronic absorption and blue-
edge slow photon region of Mo-BiVO, PCs, in contrast to weak plasmonic sensitization effects for the
Au-modified PCs. The diverse band alignment at the metal-semiconductor interfaces resulted in the
enhanced photoelectrocatalytic degradation of tetracycline broad spectrum antibiotic by Ag/Mo-BiVO,4
and the refractory ibuprofen drug by (Ag,Au)/Mo-BiVOy,, attributed to the enhanced charge separation by
electron transfer toward Ag nanoparticles. Combination of visible light activated semiconductor PCs and
plasmonic nanoparticles with suitable band alignment and photonic band gap may provide a versatile
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approach for the rational design of efficient plasmonic—photonic photoeletrocatalysts.

Introduction

Plasmonic  metal-semiconductor  heterostructures  have
emerged as highly promising materials to alleviate the major
limitations of weak visible light harvesting as well as poor
charge carrier separation and transport that compromise the
efficiency of semiconductor photocatalysts."* Radiative and
non-radiative decay of the localized surface plasmon resonance
(LSPR) of subwavelength metallic nanoparticles (NPs), the
most common being Au and Ag, provides distinct interaction
mechanisms for improving photocatalytic performance via the
size-dependent local electromagnetic field enhancement and
scattering®* as well as electron transfer, mostly by means of
indirect hot electron injection,”” plasmon-induced resonant
energy transfer® and plasmonic heating” to adjacent semi-
conductor substrates. These effects have been intensely investi-
gated and established for wide band gap metal oxide photoca-
talysts coupled with plasmonic NPs, the most prominent
system being Au-TiO,, whose photocatalytic response can be
extended to the visible range via hot-electron injection primar-
ily over the Schottky barrier at the Au-TiO, interface.”"°
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However, relatively fewer efforts have been devoted to hetero-
junctions between plasmonic NPs and narrow band gap
semiconductors' "> where bi-directional electron flow between
metallic and semiconductor NPs may occur depending on the
interfacial band-alignment and Schottky barrier height,"
resulting in enhanced charge separation and plasmon res-
onant energy transfer.®'*

An advanced approach to enhance photochemical reactions
was introduced by the seminal works of Ozin’s group'>'® to
synergistically amplify the performance of TiO, photocatalysts,
based on the utilization of photonic crystals (PCs) loaded with
metallic NPs. In that case, fine tuning of PCs structural period-
icity can selectively increase light harvesting at frequencies of
weak materials’ electronic absorption by means of slow light
propagation at the edges of the photonic bandgap (PBG).'”"*®
Apart from extending the optical path of incident photons,
PCs’ periodic refractive index modulation on the scale of
visible light’s wavelength provides an interconnected macro-
porous structure for molecular adsorption and transport
during photocatalytic reactions, especially in the form of
bottom-up assembled inverse opals.'® The open inverse opal
architecture also offers an excellent scaffold for loading plas-
monic NPs with a high density of hot spots that may intensify
electromagnetic field enhancement at the metal-semi-
conductor interface.?® Besides TiO, PC photocatalysts incor-
porating Au and Ag NPs,*'>® the synergy of plasmonic and
photonic amplification has been pursued for visible light acti-
vated (VLA) photonic photocatalysts by spectral matching the
slow-photon high/low frequency regions to the LSPR absorp-
tion of metallic NPs.>® Surface modification of VLA photocata-
lysts by noble metal NPs has been mainly investigated on
bismuth vanadate (BiVO,), the benchmark metal oxide photo-
anode for photoelectrochemical (PEC) water splitting,>” where
significant activity improvements have been reported for PBG
engineered BiVO, inverse opals related to the slow-photon
enhanced LSPR excitation and hot-electron injection to the
BiVO, conduction band.*®*> Moreover, spectral overlap of the
electronic band gap with the LSPR of Au NPs and the incident
light wavelength resulted in markedly enhanced performance
on 4-nitrophenol reduction for Au-V,0s inverse opals over
homologous Au-TiO, PC films,** where electron transfer from
the V,05 conduction band to the Au NPs was favoured under
simultaneous visible light excitation of the semiconductor
band gap and LSPR.

In this work, PBG engineered molybdenum (Mo)-doped
BiVO, inverse opal photoelectrodes were selected as VLA
photonic hosts for grafting plasmonic Ag and Au NPs both as
single and dual co-catalysts aiming to the development of plas-
monic-photonic photoelectrocatalysts for pharmaceuticals
degradation. Aside from enhanced PEC activity due to
improved visible light harvesting, electron transport and
charge separation by Mo-doping, the selection of Mo-BiVO,
PCs as semiconductor photonic substrate, which has a work
function straddling those of the two noble metal NPs, allowed
investigating the variation of the metal-semiconductor band
alignment and thus the interplay of different plasmonic
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enhancement mechanisms in the metal-semiconductor
heterostructure performance. Comparative evaluation of the
(Ag,Au)/Mo-BivVO, PC films was carried out by PEC measure-
ments and visible light photoelectrocatalytic degradation of
two pharmaceutical emerging contaminants in water bodies,
namely tetracycline (TC) broad spectrum antibiotic>* and the
highly refractory ibuprofen (IBU) nonsteroidal anti-inflamma-
tory drug,?® whose removal by immobilized photocatalysts is
currently the focus of significant research efforts for water
remediation.’®*” Although a major contribution from local
field enhanced electron-hole generation was inferred from the
PEC response of the metal-decorated Mo-BivO, PC photoelec-
trodes, different degradation mechanisms for the two pharma-
ceutical contaminants probed by scavenger tests, indicate
additional contributions from interfacial electron transfer
especially for the Ag-Au co-decorated plasmonic-photonic
photoelectrocatalysts.

Experimental methods
Ag,Au modified Mo-BiVO, inverse opal film fabrication

Inverse opal films were fabricated by the liquid infiltration of
self-assembled colloidal templates prepared by the horizontal
deposition method (Fig. 1) using monodisperse polystyrene
(PS) spheres of 239, 287, 340 and 418 nm diameter
(Microparticles GmbH, standard deviation SD = 6-11 nm,
2.6-3.0% CV), in the form of 5% solids (w/v) colloidal disper-
sions in deionized (DI) water. Fluorine-doped tin oxide (FTO,
thickness 2.2 mm, surface resistivity 7 Q sq~", Sigma Aldrich)
glass were cleaned by ultrasound sonication in Hellmanex™
III (Helma Analytics) and propanol-2 (HPLC, 99.8%) followed
by dipping in water and blowing with nitrogen gas. The films
hydrophilicity was enhanced by dipping in H,O: HNO; (5:1)
for several minutes. The sacrificial PS sphere opal templates
were prepared by the material-saving convective evaporation-
induced self-assembly of PS spheres on horizontal sub-
strates.*® To this aim, 100 pl of 1.25 wt% PS sphere suspension
were spread on a horizontal FTO glass slide followed by drying
at 20 °C. Then, liquid infiltration of the opal films was carried
out by dip-coating in a complex metal salt precursor based on

ammonium vanadate (NH,VO;) (ACS, 99.0% min) and
Horizontal self- Liquid phase infiltration
assembly
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Metal salt precursor

Calcination
Mo-BiVO, %%%‘?’é??é;
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Fig. 1 Schematic illustration of the fabrication of (Ag,Au)/Mo-BiVO,4
inverse opal films.
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bismuth(m) nitrate pentahydrate, Bi(NO;);-5H,O (99.999%
trace metals basis) with the addition of ammonium molybdate
tetrahydrate (NH4)sM0,0,,4-4H,0 (BioUltra, >99.0%) as source
of molybdenum (Mo) dopants at Mo : V molar ratios of 3%, fol-
lowed by drying for 1 h at 70 °C.>° After repeating the dip-
coating process for three times, calcination was performed at
400 °C to remove the PS opal template and crystallize the
amorphous precursor in the Mo-BiVO, inverse opal structure.
The fabricated PC films were labelled as Mo-BiVO, PCXXX
with XXX being the templating sphere diameter.

The Mo-BivO, PCs were decorated with 10 nm Ag NPs
(Thermo Scientific, 0.02 mg ml™" suspension, supplied in
2 mM sodium citrate, 4 x 10'> NP per ml) or 5 nm Au NPs
(Sigma Aldrich, stabilized suspension in citrate buffer, 5.5 x
10" NPs per ml) by dropping 15 pL of suspension on the
films’ surface, which were kept at 50 °C for 60 min, followed
by washing with DI water and ethanol, yielding the Ag/Mo-
BiVO, and Au/Mo-BiVO, inverse opals, respectively (Fig. 1).

This process was also applied for the fabrication of co-deco-
rated (Ag,Au)/Mo-BiVO, films using a mixture of 15 pL with
equal amounts of the plasmonic NP suspensions.

Materials characterization and photocatalytic evaluation

The (Ag,Au)/Mo-BiVO, PCs were characterized by scanning and
transmission electron microscopies (SEM-TEM) coupled with
energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction
(XRD) micro-Raman, diffuse and specular reflectance, X-ray
photoelectron (XPS) and photoluminescence (PL) spectrosco-
pies (detailed description in S1, ESIt). Electrochemical impe-
dance spectroscopy (EIS) and PEC evaluation were carried out
in a three-electrode configuration using the PC photoanodes,
whose performance was evaluated on the photoelectrocatalytic
degradation of TC and IBU pharmaceuticals under visible
light, as detailed in S2, ESL.f
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Results and discussion
Structural and optical properties

SEM images (Fig. 2a-d) indicate that crystallization of the
metal salt precursor in the interstices of the PS colloidal tem-
plate after calcination, resulted in well-ordered, interconnected
inverse opal structures with macropore void diameter (D)
determined from that of the PS templating spheres and
approximately 1.2 pm film thickness (Fig. 2e). XRD measure-
ments on the Mo-BiVO, PC films before and after surface
modification with the metallic NPs (Fig. 2f), showed that the
PC films crystallize in the monoclinic scheelite (ms) BiVO,
phase (space group I2/a, JCPDS 014-0688), identified by the
splitting of the (002)/(200) diffraction peaks at 34.5° and 35.2°
as well as the (240)/(042) ones at about 46.9° and 47.3°.
However, the observed splitting was considerably moderated
and less resolved for all Mo-BiVO, films, indicating that the
introduction of molybdenum dopants substituting for
vanadium in the BiVO, lattice, leads to the averaging of the ms
low-symmetry toward the tetragonal scheelite structure.®® In
addition, no sign of metallic Au and Ag NPs could be traced in
the XRD patterns of the Ag,Au-modified PC films, indicative of
their relatively low loading amount.

Micro-Raman spectra for the Ag,Au-modified Mo-BiVO,
films at 785 nm, displayed in all cases the characteristic
vibrational modes of single-phase monoclinic scheelite (ms)
BiVO, with no sign of the tetragonal scheelite or zircon poly-
morphic phases.*® Specifically, the strong symmetric (vs) along
with the weak antisymmetric (v,s) V-O stretching modes were
identified at 824 and 712 cm ™", respectively.*' The monoclinic
distortion of the scheelite structure was identified by the
observation of two separate modes at 366 and 331 cm™*
(Fig. S1, ESI}) arising from the symmetric (§;) and antisym-
metric (6,5) bending modes of the VO, tetrahedra, as well as
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Fig. 2 Plan view SEM images for (a) PC239, (b) PC287, (c) PC340, (d) PC418, and cross section for (e) PC340 inverse opal films. (f) XRD patterns and
(g) Raman spectra of Ag,Au-modified Mo-BiVO, PC340 films compared to the pristine Mo-doped and undoped BiVO,4. The XRD patterns of the FTO
substrate and the ms phase (JCPDS 014-0688) are also displayed, while the right panels in (f) depict in detail the shaded areas of the XRD patterns.
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the two intense external (rotation/translation) lattice modes at
210 and 124 cm™".*° The presence of Mo®" dopants substitut-
ing for V°* cations in BiVO,,** was traced by the observation of
an additional weak shoulder at about 882 cm™" related to the
corresponding MoOy, stretching vibration,** as well as the shift
of the Raman peaks in comparison to the characteristic
vibrational modes of pristine BivO, PCs (Fig. 2c). Both the
symmetric v5 and antisymmetric v,¢ stretching bands as well
as the &; and &,s bending modes of the VO, tetrahedra
approached each other for the Mo-doped PCs, indicating the
reduction of the ms lattice distortion towards the tetragonal
phase. Using the exponential function v = 21349 *17%%
which relates the V-O stretching frequencies (cm™) to V-O
bond lengths (A) in vanadium oxides,** the values of 1.697 and
1.773 A, were derived for the two V-O tetrahedral bond lengths
in Mo-BiVO, in comparison to 1.694 and 1.775 A, for the pris-
tine BiVO, PCs, corroborating the averaging of the VO, tetra-
hedral deformation after Mo-doping. On the other hand,
surface decoration of Mo-BiVO, inverse opals by Ag and/or Au
NPs had no influence on the Raman frequencies apart from a
weak intensity variation, most likely due to the reflectance of
the metallic NPs.

The chemical composition of the PC films consisting of Bi,
V, O and Mo elements, and their surface modification by Au
and Ag NPs was investigated by EDX elemental maps of scan-

Fig. 3
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ning TEM (STEM) images. The uniform coverage and infiltra-
tion of the inverse opal skeleton by metallic NPs was thereby
verified for the co-deposited (Ag,Au)/Mo-BiVO, (Fig. 3a-d) as
well as the singly-decorated Ag/Mo-BivO, (Fig. S2, ESI{) and
Au/Mo-BivO, (Fig. S3, ESIf) PC340 films. The formation of
high surface density of metallic NPs on the Mo-BiVO, walls
with numerous clusters was directly observed in higher magni-
fication TEM images (Fig. 3e). The individual Ag and Au NPs
of different sizes could be identified in the fast Fourier trans-
form (FFT) patterns of high-resolution TEM images on the (Ag,
Au)/Mo-BiVO, PC walls (Fig. 3f and g), where the d-spacing of
2.05 A from the (200) fcc planes of ~10.5 nm Ag NPs was
derived in contrast to the 2.36 A interplanar spacing of (111)
fce planes for ~6 nm Au NPs.

The surface elemental composition of the plasmonic NP-
modified Mo-BiVO, PCs films was determined by XPS (Fig. 4).
The Bi 4f core level spectra for the Mo-BiVO, photonic sub-
strate showed two distinct peaks at binding energies (BEs) of
159.3 and 164.5 eV (splitting A4 = 5.2 eV), which correspond to
the 4f,,-4fs, spin-orbit doublet of Bi** ions.*> The V 2p
spectra presented the characteristic V 2p;,, peak of V°* ions at
516.9 eV, while the O 1s spectra showed an asymmetric broad
peak at 530.1 eV arising from lattice oxygen and adsorbed
oxygen species.*® In addition, the presence of Mo®* dopants
was confirmed by the 3ds/,,~3d3/, spin-orbit doublet at BEs of

- (c)

[l Spectra from Avea 21

Spectrum

Intensity (kCounts)

0
Energy (keV)

10 nm*!

(@) and (b) TEM images of (Ag,Au)/Mo-BiVO, PC340 films and (c) the corresponding local EDX spectrum and (d) Bi, V, O, Mo, Ag and Au

elemental maps obtained from (e and f) higher magnification TEM images of (Ag,Au)/Mo-BiVO, and (g) the FFT patterns of the encircled areas in (f),

where individual Ag and Au NPs can be identified.
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Fig. 4 Bi 4f, V 2p, O 1s, Mo 3d, Au 4f and Ag 3d core level XP spectra
for (1) Mo-BiVO,, (2) Ag/Mo-BiVO,, (3) Au/Mo-BiVO,, and (4) (Ag,Au)/
Mo-BiVO, PC340 films.

232.4 and 235.6 eV (splitting A = 3.2 eV) in the Mo 3d core
level region.*” The deposition of metallic NPs at the Mo-BiVO,
inverse opal walls was identified in the respective Au 4f and Ag
3d core level spectra. The observed peaks at BEs of 368.1 and
374.2 eV (splitting A = 6.1 eV) correspond to the 3ds;,-3ds/»
spin-orbit doublet of metallic Ag,*” while the peaks at 87.3
and 83.6 eV (splitting A = 3.7 eV) correspond to the 4f;,, and
Au 4f,, spin-orbit components of metallic Au.*® Moreover, the
Bi 4f, V 2p and O 1s peaks for the plasmonic modified PC
films shifted to lower BE’s by about 0.2-0.4 eV compared to
the unmodified ones, implying different Fermi level shifts
toward Mo-BiVO, valence band maximum, especially for the
(Ag,Au)/Mo-BiVO, PCs.

Specular reflectance (R%) measurements at 15° angle of
incidence showed the characteristic Bragg reflections due to
the incomplete PBG (stop band) formation along the [111]
direction in the Mo-BiVO, inverse opal films (Fig. 5a)."”"® The
stop band positions shifted to higher wavelengths with the
increase of the inverse opal void diameter allowing PBG engin-
eering with respect to the Ag and Au NPs LSPR absorption
peaks, which were determined from the extinction spectra of
the corresponding NP dispersions at 406 and 520 nm, respect-
ively (Fig. 5b). The R% Bragg intensities decreased with the
decrease of PC macrospore size because of absorption losses
that arise from the inherent electronic band gap absorption of
Mo-BiVO, (vide infra). Applying modified Bragg’s law for the
obtained stop band wavelengths at 15°,"”'® which were not
modified by the Ag and Au NP deposition (Fig. S4, ESIf),
together with the values of the PC macropore diameters D
determined from SEM and the refractive indices of BiVO,
(nBivo, = 2.4) and air (n,;, = 1.0),>* provided an estimate for the
variation of the effective refractive index n.s and the solid
filling fraction 1 — f of the inverse opals. The obtained 1 — f
values (Table S1t) were smaller than the theoretical value of
0.26 for complete filling of the inverse fcc lattice indicative of
the formation of nanocrystalline walls. Moreover, using the
values for 1 — fand ny o = 1.33, the stop band positions were
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Fig. 5 (a) Specular reflectance (R%) at 15° incidence (R%) for the Mo-

BiVO, PC films and (b) LSPR absorbance of Ag and Au NP suspensions
(c) diffuse reflectance (DR%) and the corresponding (d) Kubelka—Munk
transforms F(DR) for the Ag,Au-modified PC340 films.

estimated after PC infiltration with water, where the photo-
catalytic reaction takes place.

Diffuse reflectance (DR%) spectra showed a nearly constant
edge for the Ag,Au-modified PC340 films (Fig. 5c¢), indepen-
dent of the plasmonic NPs presence with no evident contri-
bution of the Bragg reflection, which appears in the DR%
spectra only for higher PC diameters where the spectral
overlap of the stop band positions with the materials’ elec-
tronic absorption is reduced (Fig. S5, ESIT).>* An absorption
edge of about 477 nm was accordingly derived from the
Kubelka-Munk transforms F(DR) of the DR% spectra (Fig. 5d),
while the electronic band gap E, of 2.57 eV was estimated from
the corresponding indirect band gap Tauc plots for the pris-
tine and Ag,Au-modified Mo-BiVO, PC films (Fig. S6, ESI{), in
agreement with previous works on BiVO, inverse opals.*®*°
Nevertheless, the DR% of the plasmonic NP-modified PCs
decreased appreciably above the electronic absorption edge of
Mo-BiVO,, especially after surface modification by Au NPs
(Fig. 5¢), showing the appearance of visible light absorption
extending beyond the narrow band LSPR bands of dispersed
Ag and Au NPs (Fig. 5b). This indicates the excitation of
higher-order plasmonic modes at longer wavelengths due to
interparticle coupling effects in clusters consisting of closely

spaced or touching metallic NPs on the BiVO, surface.’*>"

Photoelectrocatalytic evaluation

The Ag,Au-modified PC films were comparatively evaluated on
the photoelectrocatalytic degradation of TC and IBU pharma-
ceutical contaminants in 0.1 M NaHCOj; supporting electrolyte
at applied potential +1.0 V vs. Ag/AgCl under visible light.
Fig. 6a and b compare the corresponding degradation kinetics
for the Ag,Au-modified PC340 films. Dark adsorption of TC
molecules on the PC films reached approximately 12% after
30 min, while IBU adsorption was negligible. Blank tests

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 TC (a—c), IBU (d—f), absorbance spectra evolution, photodegradation kinetics, and reaction rates for the plasmonic modified Mo-BiVO,

PC340 photoelectrodes at +1.0 V vs. Ag/AgCl under visible light irradiation.

without PC films, showed negligible TC or IBU degradation
under visible light, whereas illumination in their presence led
to continuous temporal decrease of their concentration (C),
monitored spectrophotometrically by the TC and IBU absorp-
tion bands at 370 and 225 nm, respectively (Fig. S7, ESIt). The
In(C/C,) vs. t plots, where C, is the initial TC or IBU concen-
tration after dark adsorption, varied linearly with time (Fig. 6b
and e), indicating pseudo first-order kinetics, with kinetic con-
stants k (min~") derived from the corresponding linear slopes.
The reaction rates r,;; were calculated as r,;s = kC,, indepen-
dent of concentration variations arising from dark adsorption.
In the case of TC degradation, Ag/Mo-BivO, showed the
highest performance (Fig. 6¢), while Au NPs deposition
resulted in slight deterioration of photoelectocatalytic activity
toward TC degradation. The obtained kinetic constant k of
0.0271 min~" exceeded that (0.01901 min™") of pristine Mo-
BiVO, PC340 photoelectrodes by about 43%, and it is among
the highest reported for TC photoelectrocatalytic degradation
by BiVO,-based photoanodes.>*>” In the case of IBU degra-
dation, plasmonic NPs deposition on Mo-BiVO, photonic films
resulted in enhanced photoelectocatalytic performance with
the kinetic constants increasing from 1.2471 min™" for Mo-
BiVO, to 1.7686 and 1.7918 min™" for Ag/Mo-BiVO, and Au/
Mo-BiVO,, while it reached an almost two-fold increase of
2.466 min~" in the case of dual-deposited (Ag,Au)/Mo-BiVO,
PC photoelectrodes.

The reaction mechanisms for the best-performing PC films
on pharmaceuticals TC and IBU degradation were investigated
in comparison to the pristine Mo-BiVO, PCs by trapping
experiments of superoxide radical anions ("O,7), holes (h*) and
hydroxyl radicals ("OH), by the addition of 1 mM 1,4 benzo-
quinone (Bq), 5 mM formic acid (FA) and 5 mM isopropanol
(IPA) radical scavengers in the reaction solution, respectively.

This journal is © The Royal Society of Chemistry 2024

In the case of TC degradation by Mo-BiVO, PCs, ry;s was con-
siderably reduced by the addition of Bq and FA (r,;s reduction
by approximately 46% in both cases), whereas weaker decrease
of r,s (by about 21%) was observed in the presence of IPA
(Fig. S8a and b, ESI{).

This indicates that h" and "O,” radicals are the major
species involved in the VLA TC degradation, whereas ‘OH rad-
icals play a minor role. In the case though of Ag/Mo-BivO, PCs
that presented the highest r;s for TC degradation (Fig. 6¢), the
addition of both FA and IPA resulted in significant inhibition
of the photoelectrocatalytic reaction (ry;s decreased by 57%
and 54% for FA and IPA, respectively), whereas the influence
of Bq was significantly moderated (r,;s decreased by about
25%) (Fig. S8c and d, ESIf). This indicates a change of the
nature of reactive species underlying TC degradation upon Ag
NPs deposition, which caused an increased contribution of
‘OH against 'O,  radicals to the photocatalytic reaction,
besides direct TC oxidation by photogenerated h'. In the case
of IBU degradation, FA’s addition caused a drastic ryg
reduction by 57% for the unmodified Mo-BivO, PC films
(Fig. S9, ESIf), whereas Bq and IPA scavengers had much
effects in the photocatalytic performance (ryis
decreased by about 15%), indicating that h* are the major reac-
tive species.>®>* Similar behavior was observed for the dual-
modified (Ag,Au)/Mo-BiVO, PCs showing the highest perform-
ance on IBU degradation, where FA produced the most signifi-
cant inhibitory effect (r,;; decrease by 63%), indicating that
photogenerated h' remain the dominant reactive species.

The combination of LSPR with photonic amplification was
explored by comparative photoelectrocatalytic tests on TC
degradation for the Ag- and Au-modified Mo-BiVO, PC films in
0.1 M NaHCO; at +1.0 V vs. Ag/AgCl under visible light
(Fig. S10, ESIf). The TC degradation rates showed a distinct
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size-dependence with respect to the PC periodicity with Ag/
Mo-BiVO, PC340 presenting the highest r,;5 value, followed by
the PC239 films, whereas the PC418 and PC287 films showed
much weaker activity (Fig. S10c, ESIt). This variation can be
related to the optimal spectral overlap of the Ag NP LSPR and
the Mo-BiVO, electronic absorption edge with the slow
photons of the supporting PC340 scaffold, whose stop band is
expected at ~#540 nm in water (Table S1}). Assuming that the
stop band spectral width is about 60 nm, i.e. the full width at
half-maximum of the corresponding Bragg reflection (Fig. 5a),
the narrower blue-edge slow photon region will be roughly
expected below 510 nm, approaching both the Mo-BivO,
absorption edge (~480 nm) and the extended LSPR absorption
of the Ag NP aggregates, observed in the DR% spectra (Fig. 5¢).
On the other hand, the detrimental matching of the PC287
Bragg reflection in water at #480 nm (Table S1}) with the Mo-
BiVO, band gap complies with the lowest ryi; value, while
PC418’s stop band is expected at relatively high wavelengths
(~646 nm) to trigger slow photon effects. Significant overlap of
red-edge slow photons with Ag LSPR and the semiconductor
absorption edge is also expected for the ~440 nm stop band
(in water) of Ag/Mo-BiVO, PC239 (Table S1t), whose perform-
ance may be compromised by absorption losses in the Mo-
BiVO, band gap in comparison to the best performing PC340
films. Similar size-selective activity was observed for the Au-
modified Mo-BiVO, PCs (Fig. S10d-f, ESIT) but with less pro-
nounced variations of the r,;s values compared to the Ag-modi-
fied PCs, which can be associated with the extended electronic
absorbance of the Au NPs that moderate photonic effects.

Furthermore, considering the modest uniformity of metal
oxide inverse opals fabricated by wet chemical methods,>”
compared to more robust plasmonic-photonic structures,’®®’
the activity of Ag- and Au-modified Mo-BivVO, PC340 on TC
degradation was investigated for films of the same compo-
sition but higher thickness of ~2.3 pm (Fig. S11, ESIf). The
obtained results reproduced closely the relative variation of ry;g
for the thin Ag- and Au-modified Mo-BiVO, PCs but with
overall weaker photoelectrocatalytic performance, indicative of
higher recombination losses for the thicker films.”®

PEC performance

The PEC response of the plasmonic modified Mo-BiVO, PC340
photoelectrodes was comparatively evaluated by using linear
sweep voltammetry at a potential scan rate of 10 mV s both
in the dark and under back-side visible and UV-Vis illumina-
tion in a 0.5 M NaHCO; aqueous electrolyte (Fig. 7a and b).
Hlumination from the back-side led to much higher photo-
current density compared to front-side illumination (Fig. S12a,
ESIT), indicative of the slow transport of electrons photogene-
rated at the semiconductor/electrolyte interface across the film
thickness to reach the FTO back contact.’®”° Significant photo-
current enhancement was also observed for the Mo-BiVO, PCs
compared to approximately 500 nm thick-planar films de-
posited by dip-coating on FTO substrates without the colloidal
template (Fig. S12b, ESIT),*® which confirms the advantage of
the inverse opal photonic structure. Decoration of plasmonic
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Ag and Au NPs on the inverse opal skeleton resulted in
marked improvements of the photocurrent densities by about
44% (53%) and 94% (90%) at 1.23 V vs. RHE potential under
visible (UV-Vis) back-side illumination for the Au/Mo-BiVO,
and Ag/Mo-BiVO, PCs, respectively, while a relatively weaker
increase of approximately 20% (28%) was observed for the co-
deposited (Ag,Au)/Mo-BiVO, PCs, verifying the presence of
plasmonic amplification effects.

The enhanced PEC activity of the Ag and Au modified Mo-
BiVO, PC photoelectrodes was spectrally analyzed through
measurements of incident photon-to-current efficiency (IPCE)
in 0.5 M NaHCO; aqueous electrolyte under back-side illumi-
nation at 1.23 V vs. RHE potential (Fig. 7c). Consistently with
the LSV results, plasmonic NPs grafting on Mo-BiVO, PCs
resulted in significant enhancement of the IPCE spectra. The
highest value was obtained for Ag/Mo-BiVO, followed by Au/
Mo-BiVO, PCs, while the co-modified (Ag,Au)/Mo-BiVO,
showed relatively weaker increase compared to the bare Mo-
BiVO, photoelectrode. Moreover, the rise of IPCE was mainly
observed below the absorption edge of Mo-BiVO, (<490 nm),
as evidenced in the corresponding enhancement factors calcu-
lated with respect to the unmodified Mo-BiVO, PC (inset of
Fig. 7c). In particular, a rapid decrease of ICPE was observed
above 490 nm for Ag/Mo-BiVO,, whereas the relatively lower
ICPE values for Au/Mo-BiVO, and (Ag,Au)/Mo-BiVO, PCs
extended spectrally up to longer wavelengths of about 530 nm.
Considering the weak light scattering efficiency of 10 nm Ag
and 5 nm Au NPs,”"® the enhanced PEC response within the
absorption range of Mo-BiVO, points to a major amplification
by the local electromagnetic field enhancement from the
metallic NPs that promotes electron-hole generation at the
interface with the BiVO, inverse opal skeleton. The near-field
enhanced photocarrier production is more pronounced for Ag
than Au NPs (Fig. 7c), as the Ag LSPR absorption overlaps
entirely with the BiVO, electronic absorption, while it can be
further intensified by the hot spots between the metallic NP
aggregates. On the other hand, the relatively small ICPE
enhancement above the absorption edge of BiVO, up to
530 nm for the Au/Mo-BiVO, and (Ag,Au)/Mo-BiVO, PCs,
implies a weak plasmonic “sensitization” effect by hot-electron
injection from Au NPs to the conduction band of Mo-BivVO,.*°

In order to investigate charge separation at the photoelec-
trode/electrolyte interface for the Ag and Au modified Mo-
BivO, PCs, EIS measurements were performed under visible
(Fig. 7d) and UV-vis (Fig. 7e) light as well in the dark (Fig. S13,
ESIt). The obtained Nyquist plots were fitted to a Randles
equivalent circuit consisting of series resistance Rg, the charge-
transfer resistance Rcr and a constant phase element CPE
(Table S271). Light irradiation caused the reduction of the
capacitive arc radius in the EIS plane, i.e. the charge transfer
resistance, resulting in enhanced separation of photo-induced
charge carriers. Moreover, infiltration of the Mo-BiVO, PC
films with plasmonic NPs resulted in significant reduction of
Rcr, with (Ag,Au)/Mo-BiVO, presenting the smallest value and
consequently the lowest electron-hole recombination,
especially under UV-Vis light. This was supported by PL

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Current density—potential curves under (a) visible and (b) UV-Vis light back-side illumination (solid lines) for the Ag and Au modified Mo-
BiVO, PC340 photoelectrodes. Dashed lines display the corresponding dark response. (c) IPCE spectra at 1.23 V vs. RHE potential (the inset shows
the IPCE enhancement factors with respect to the unmodified Mo-BiVO, PC340). EIS Nyquist plots under (d) visible and (e) UV-Vis light, and (f) PL
spectra. Solid lines depict the best fit curves to the modified Randles equivalent circuit. All PEC measurements were performed in 0.5 M NaHCO5

aqueous electrolyte.

measurements (Fig. 7f). A broad emission peak around
585 nm (approximately 2.12 eV) was observed, which is well
above Mo-BiVO, PC’s absorption edge, confirming the pres-
ence of indirect band gap. The PL intensity was reduced when
metallic NPs were decorated on Mo-BiVO,, indicating a
decrease in electron-hole recombination with (Ag,Au)/Mo-
BivO, PCs presenting the weakest PL signal in agreement with
the EIS analysis.

Depending on the difference between the metal work func-
tion ¢y and the semiconductor ¢s, the formation (¢y — ¢s >
0) or not (¢pm — ¢s < 0) of a Schottky barrier ¢g = Py — s,
where ys is the semiconductor electron affinity, is essential to
the electron transfer path at the metal-semiconductor inter-
face.®’ Using the ¢y values of 4.26 and 5.1 eV (absolute
vacuum scale) for the Ag and Au NPs,** the E, value of 2.57 eV
(Fig. 5d) and ys of 4.68 eV recently determined for Mo-BivO,
PCs,*® the energy band diagrams can be derived for Au/Mo-
BiVO, (Fig. 8a), Ag/Mo-BivVO, (Fig. 8b) and (Ag,Au)/Mo-BiVO,
(Fig. 8c) heterojunctions. In the case of Ag NPs, the metal
work function is lower than that of Mo-BivVO, (¢s = 5.01 eV)
precluding Schottky barrier formation (¢ = —0.42 eV < 0) and
favoring electron flow from the semiconductor to the Ag NPs
under visible light excitation. The scavenging of photogene-
rated electrons by the metallic NPs may accordingly rationalize
the suppression of "O,” radicals from the observed reactive
species in TC degradation for Ag/Mo-BiVO, (Fig. S8, ESI{). On
the other hand, the work function ¢, for Au NPs is higher
than ¢g of Mo-BiVO, leading to a Schottky barrier height ¢g =

This journal is © The Royal Society of Chemistry 2024

0.42 eV, which is considerably lower than the corresponding
¢p ~ 1.1 eV for Au-TiO,.° Hot electron flow from Au NPs to the
semiconductor will be accordingly favored, which, however,
according to the IPCE results produces a relatively weak PEC
response at longer wavelengths compared to the Mo-BivVO,
absorption edge (Fig. 7c¢). In the case of dual-decorated Mo-
BiVO, nanocrystals by both Ag and Au NPs, the injection of a
relatively small fraction energetic hot electrons from Au NPs to
the conduction band of Mo-BivO, will be followed by intensi-
fied electron flow to the Ag NPs, leading to cascade charge
transfer in the corresponding heterojunctions for (Ag,Au)/Mo-
BiVO, PCs under visible light and UV-Vis excitation (Fig. 8c).
This can greatly reduce electron-hole recombination and
promote IBU degradation beyond the light concentration
effects of plasmonic NPs.

In order to explore plasmonic size effects, comparative
photoelectrocatalytic experiments were carried out for Au-
modified Mo-BivO, PC340 films using 10, 50 and 80 nm Au
NP citrate stabilized dispersions (Sigma Aldrich) on TC degra-
dation at +1.0 V vs. Ag/AgCl under visible light (Fig. 9 and
Fig. S14, ESIT). The obtained results show that Mo-BivO, PC
films decorated by 10 nm Au NPs (Fig. S15, ESIf) present
similar, slightly higher, r,s rates to that of 5 nm Au NPs.
Conversely, the TC degradation rates decreased for the surface
modified BiVO, PCs with larger Au NPs, especially for the
50 nm diameter. This variation can be related to the dominant
local field enhancement for the smaller Au NPs characterized
by large absorption cross sections,’"°*®? along with the conco-
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and (b) 80 nm diameters. (c) Size dependent TC degradation rates at
+1.0 V vs. Ag/AgCl under visible light and (d) DR (%) spectra for the Au/
Mo-BiVO,4 PC340 photoelectrodes with Au NPs of different diameters.

mitant high surface coverage of the BiVvO, PC walls that favors
NP aggregation and hot spot formation, leading to enhanced
electron-hole generation and electron transfer at the abundant
metal-semiconductor interfaces. On the other hand, the

10374 | Nanoscale, 2024, 16, 10366-10376

enhanced scattering cross section of larger diameter Au NPs
leads to appreciably higher extinction,*>®* which underlies the
decrease of DR% above the absorption edge of Mo-BiVO, with
increasing NP size (Fig. 9d), most pronounced for the 80 nm
Au/Mo-BiVO,. The preferential light scattering toward BiVO, by
the large Au NPs is, though, not sufficient to promote the
photocatalytic activity for the successively lower surface cover-
age of the PC skeleton by 50 nm (Fig. S16, ESIT) and 80 nm
(Fig. S17, ESIt) Au NPs that also reduces the number of plas-
monic metal-semiconductor heterojunctions.

Conclusions

In conclusion, surface decoration of Mo-BiVO, inverse opal
photoelectrodes by single and dual plasmonic Ag and/or Au
NPs is shown as a competent approach for the photoelectroca-
talytic degradation of TC and IBU pharmaceutical contami-
nants. A major contribution from local field enhancement was
concluded from the PEC response of the metal-decorated Mo-
BivO, PCs. This was most prominent for Ag/Mo-BiVO, due to
the optimal spectral overlap of the LSPR absorption of Ag NPs
with the semiconductor band gap. It was further assisted by
slow photon propagation in the inverse opal structure and the
formation of hot spots by the NP aggregates, whereas a weak
sensitization effect by hot electrons was derived for the Au-
modified PCs. More importantly, the variable band alignment

This journal is © The Royal Society of Chemistry 2024
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at the metal-semiconductor interfaces resulted in different
electron transfer pathways from Mo-BiVO, to Ag NPs and from
Au NPs to Mo-BiVO,, which in the case of co-decorated (Ag,
Au)/Mo-BiVO, PCs may lead to cascade charge transfer in the
corresponding heterojunctions. The former was found to
intensify TC degradation for Ag/Mo-BiVO,, while the latter
underlined the enhanced IBU degradation via photogenerated
holes for the (Ag,Au)/Mo-BiVO, PCs. Judicious combination of
VLA semiconductor inverse opals and metallic NPs with
favourable band alignment and PBG engineering is accord-
ingly proposed as a versatile route for the rational design of
efficient plasmonic-photonic photoelectrocatalysts.
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