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Plasmonic hot carriers with a nonthermal distribution of kinetic
energies have opened up new avenues in photovoltaics, photode-
tection and photocatalysis. While several articles have reported
ultrafast hot electron injection from coinage metals into n-type
semiconductors across Schottky barriers and efficient subsequent
utilization of injected hot electrons, reports of hot hole harvesting
are comparatively rare due to the difficulty in forming Schottky
junctions between p-type semiconductors and high work function
metals. In this work, we report the fabrication, characterization and
theoretical calculations of a novel integrated multiferroic-
plasmonic system comprising YMn,Os nanowires decorated on
their surface with Ag nanoparticles (NPs). A Schottky barrier for
holes exists at the YMn,Os—Ag hetero-interface and hot holes are
injected from Ag across this barrier. The synthesized hybrid along
with bare Ag NPs were tested for Raman surface photocatalytic
reduction of 4-NBT (4-nitrobenzenethioll to DMAB (p,p’-
dimercaptoazobenzene) where the composite demonstrated
superior activity compared to the bare metal. Ultraviolet photo-
electron spectroscopy (UPS) revealed a significantly reduced work
function of the composite compared to the pristine Ag, indicative of
more energetic hot electrons on the surface of the composite
required for efficient photoreduction. Density functional theory
(DFT)-based calculations revealed localization of molecular orbitals
supportive of a possible hole transfer from YMn,Os to Ag and a
reorganization of electronic states, which promotes increased
phonon-mediated sp-intraband damping of the plasmon. DFT
results also indicated a purely electronic contribution to the ferro-
electric polarization of YMn,Os5 over and above the ionic contribu-
tion, which originated from the magnetic polarization of O2p
states.
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1. Introduction

Multiferroics belong to a fundamentally distinct class of mate-
rials within the condensed matter family, where two or more
ferroic orders simultaneously exist.' In general, these two
ferroic orders refer to magnetism and ferroelectricity, which
are two chemically contraindicated or mutually exclusive
phenomena.>? These systems hold great potential for multi-
functional devices, primarily due to the tunability of their
electronic and magnetic properties by external magnetic and
electric fields, respectively, as a consequence of complex cou-
pling between the two ferroic orders.””> While the majority of
current state-of-the-art research studies are devoted to unravel-
ling the fundamental science, these materials have found some
intriguing technological applications mostly in the microelec-
tronics area, such as memory and logic devices."®” The highly
unusual physical properties and combination of chemistry
needed for achieving multiferroicity in these systems are also
beneficial in other areas such as biomedical engineering,
photovoltaics, photocatalysis, cosmology and high energy
physics.” To date, bismuth ferrite (BiFeQ;) is arguably the most
studied multiferroic material in the current literature, primarily
due to its highest ferroelectric polarization and room tempera-
ture multiferroic properties.”*'° It is also the most sought after
multiferroic material to explore photocatalytic applications.”"*
BiFeO; belongs to type-I multiferroics as the ferroelectricity is
independent of magnetic ordering.'? On the other hand, type-II
materials, where ferroelectricity emerges due to some specific
magnetic orders such as perovskite oxide YMn,Os, have rarely
been explored in catalytic applications.>™*>
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Coupling plasmonic metals with semiconductors offers a viable
route to realize enhanced activity in photovoltaics, photodetectors
and photocatalysts due to synergistic effects.'®*® When the semi-
conductor is a ferroelectric material, some additional advantageous
features can be achieved. Surface ferroelectric polarization can be
tuned to manipulate the interfacial barrier heights in order to
facilitate efficient charge separation and extend the hot electron
lifetime, thus, adding an extra degree of freedom to realize tunable
systems for solar energy harvesting applications.'>'*?* Coupling
ferroelectric materials with plasmonic metals offers many other
opportunities, such as, realization of 2D plasmonic arrays through
the exploitation of ferroelectric domain walls,> hybrid ferroelectric-
plasmonic waveguides for all-optical logic gates,”® and plasmon-
assisted solid state nanolasers and nonlinear radiation sources.””
Enhanced ferromagnetism and spin-dependent transport in Ag
coupled multiferroic Bi,Fe,O9 was identified for improved electro-
catalytic performance compared to pristine Bi,Fe;00.”® A synergistic
effect of localized surface plasmonic resonance (LSPR) of Au
particles and ferroelectric polarization of BiFeO; resulted in
enhanced photoelectrochemical water splitting.>> A plasmonic mul-
tiferroic system comprising Ag nanoparticle decorated BiFeOj; is
reported to outperform the pristine multiferroic in photocatalytic
activity.’® Integrating multiferroics with plasmonic metals is
attempted for other applications as well. For example, the LuFe,O,
multiferroic has been used as a substrate to tune the plasmonic
response of Au nanoparticles to achieve tunability of surface-
enhanced-Raman scattering (SERS), primarily through modulation
of the substrate’s dielectric properties.®" A theoretical study of metal-
multiferroic systems revealed that a variation of the effective
dielectric response of the metal resulted from magnetoelectric
interaction.>* However, from the perspective of solar energy harvest-
ing, the current knowledge of plasmon-induced hot -carrier
dynamics at the ferroelectric-plasmonic interfaces still remains in
its infancy, while multiferroic-plasmonic systems are even more
rare. In this study, we have studied the interactions between multi-
ferroic YMn,Os nanowires and plasmonic Ag nanoparticles (NPs)
through a combination of Stokes anti-Stokes Raman thermometry,
Raman surface catalytic reduction of 4-NBT to DMAB and ultraviolet
photoemission spectroscopy (UPS), which agrees well with DFT-
based calculations.

The harvesting of hot holes in such plasmon-semiconductor
heterojunctions is relatively rare***® in comparison to the large
number of reports on successful hot electron harvesting in
junctions between n-type semiconductors and coinage metals.
One major engineering problem is the difficulty in achieving high
performance Schottky barriers between p-type semiconductors and
high work function coinage metals. In this study, we demonstrate a
potential barrier for holes at the YMn,Os-Ag interface.

2. Results and discussion

2.1 Physicochemical characterization of YMn,O5-Ag
nanocomposites

The hydrothermal route was employed to synthesize the
YMn,Os nanowires using yttrium nitrate hexahydrate as the
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Y precursor and manganese acetate tetrahydrate and potassium
permanganate as the Mn precursors. The details of the synth-
esis steps can be found in the ESI.{ The morphology and fine
structural features were analyzed by transmission electron
microscopy (TEM). Fig. 1a shows the TEM image of mullite
YMn,O5 nanowire bundles, while Fig. 1b and c show the high-
resolution TEM images of bare YMn,Os and YMn,Os-Ag hybrid
nanowires, respectively. The average diameter and length of
these hydrothermally grown nanowires are ~7 and 150 nm,
respectively. It is worth mentioning that one recent study
reported the growth of rod-like YMn,Os nanostructures having
a larger average dimeter (50-70 nm) using a similar hydrother-
mal route.*® Unlike our synthesis protocol, they have used
manganese chloride tetrahydrate as the Mn precursor. The
hydrothermal process has also been pursued by a few other
research groups in the past, which all reported the synthesis of
much larger particles.’”*® Selected regions of Fig. 1c are shown
in Fig. 1d-g, which revealed the lattice planes of orthorhombic
YMn,O;5 and face-centered-cubic Ag discussed later. Fig. 1h
shows a bundle of hybrid nanowires and Fig. 1i-l1 show the
elemental mappings of the constituent elements. The chemical
valence states and surface chemical compositions of the mate-
rials were investigated by X-ray photoelectron spectroscopy
(XPS). The XPS survey scans of pristine YMn,O5 and YMn,Os-
Ag nanowires displayed all the core level (Y3d, Mn2p, O1s and
Ag3d) and sub-core-level (OKLL, MnLLM, Y3p, Y3s, Y4p, Y4s,
and O2s) peaks confirming the presence of all the constituent
elements (Fig. 2a). The deconvoluted core-level high-resolution
XPS (HR-XPS) spectra of pristine YMn,O5 nanowires in the Y3d
region show two well-resolved peaks at 156.9 and 158.9 eV
assigned to Y3ds,, and Y3d;/, peak components of Y present in
the 2+ oxidation state (Fig. 2b and f).*° The YMn,05-Ag samples
also displayed two peaks in the Y3d region at binding energy
(BE) values of 157.3 and 159.3 eV. In contrast to the pristine
sample, the peak separation was less prominent in the compo-
site sample, which might be a consequence of the coverage of
the YMn,Os surface with Ag, resulting in interruption of the
signal gains of Y3d. The HR-XPS spectra of both the samples in
the Mn2p region were composed of two well-separated peaks
that originated from Mn2p;, and Mn2p,,, peak components
(Fig. 2c and g). Two deconvoluted peaks of Mn2p;, located at
641.5 and 643.4 eV along with Mn2p,,, peaks at 652.6 and
655.3 eV were assigned to Mn present in 3+ and 4+ oxidation
states.">” The separation between Mn** and Mn*" peak com-
ponents was found to be 1.9 eV suggesting the presence of Mn
in the mullite system. The Mn**/Mn** ratio values for pristine
YMn,O5 nanowires and YMn,O5s-Ag samples were calculated by
integration of the peak areas and were found to be 2.33/1 and
2.22/1, respectively, demonstrating deviation from the ideal
ratio of 1:1 in the mullite phases. This suggests the presence
of plenty of oxygen vacancies in the samples, which are bene-
ficial for hole conduction and oxidation reactions.'* It should
be noted that the deconvolution of Mn2p;,, and Mn2p,,, peaks
can result in multiple fits with different Mn*" and Mn*" ratios.
Thus, we opted to rely on software (CasaXPS) to determine the
best combination of these peaks giving rise to the envelope

J. Mater. Chem. C, 2022,10, 4128-4139 | 4129


https://doi.org/10.1039/d1tc06106b

Published on 22 February 2022. Downloaded by University of Calgary on 4/7/2022 4:38:33 PM.

Journal of Materials Chemistry C

View Article Online

Communication

Fig.1 (a) Low-resolution TEM image showing the pristine YMn,Os nanowires in a bundled form. High-resolution TEM images of (b) pristine YMn,Os
nanowires and (c) YMn,Os—Ag hybrid nanowires showing spherical Ag nanoparticles attached to YMn,Os nanowires. (d—g) Selected magnified regions,
showing different lattice planes of YMn,Os and face-centered cubic Ag for regions corresponding to the (1)—(4) marked regions of (c), respectively.
(h) Scanning TEM (STEM) image of a bundle of YMn,Os—Ag hybrid nanowires. STEM elemental mappings for (i) Y, (j) Mn, (k) O and (1) Ag.

function that fits the experimentally generated data points. Two
peak components in O1s HR-XPS of the pristine YMn,O5 and
YMn,Os-Ag sample at BE ~ 529.3 and 531.2 eV were attributed
to lattice oxygens (Oja) of YMn,O5 and non-lattice surface
adsorbed adventitious oxygens (O1Sqon.1att.)/~OH), respectively
(Fig. 2d and h)." The peaks at 368.0 and 374.0 eV in the Ag3d
region of the YMn,0Os-Ag sample originated from Ag3ds,, and
Ag3d;, peak components of Ag present in the zerovalent
metallic state (Fig. 2e).*

Electron energy loss spectroscopy (EELS) spectra of pristine
YMn,Os and YMn,Os-Ag hybrid for the O-K and Mn-L edges
are shown in Fig. 3a.*'™*® A shift towards higher energy loss in
the composite for all these edges was observed with respect to
those of pristine YMn,Os, which implies strong interaction
between them. UV-Vis absorption spectra collected in diffuse
reflectance mode (Fig. 3b) also showed this strong interaction
as evidenced by enhanced absorption of the composite in the
entire visible spectrum.’?® However, the LSPR peak of Ag
(inset of Fig. 3b) was not identifiable due to an overlap with
one absorption peak of bare YMn,Os. The X-ray diffraction
(XRD) pattern of pristine YMn,Os is shown in Fig. 3¢, which
confirms the orthorhombic phase of YMn,Os (JCPDS Card No.
34-0667)."*'®> The XRD pattern of the YMn,O5-AgYMn,O5-Ag
composite reproduced all these peaks with additional Ag peaks
in the fcc phase.* Fig. 3d and e show the Stokes and anti-
Stokes Raman spectra of pristine YMn,Os and the YMn,O5-Ag
hybrid, respectively. The vibrational modes at 628 cm ™' and
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702 cm ' can be attributed to A, symmetry that involves

stretching vibrations of oxygen atoms of Mn-O polydedra.*
While the Stokes Raman signal strength is proportional to
the rate of transition of a molecule from ground state to the
first vibrational state, the anti-Stokes signal intensity is a
manifestation of the reverse transition rate.*” In these Stokes
and anti-Stokes Raman thermometry experiments, a charge-
coupled device (CCD) detector was used, which works on the
photon counting principle. The lattice temperatures of the
pristine YMn,Os and YMn,0s-Ag composite were calculated
according to the following equation that is derived from the
Boltzmann population distribution of the ground and the first
excited states.*®

Ls M+ W) <fhvv)
=D ex 1
I~ (- vy Pk ®

In the above expression, I,s and I are the Stokes and anti-
Stokes Raman signal intensities, respectively, V; and V, are the
frequencies of the Raman laser and the specific Raman vibra-
tional mode of the probed material, respectively, k is the
Boltzmann constant, 4 is the Planck’s constant and T is the
absolute temperature of the probed material. The lattice tem-
perature was determined using the vibrational modes at
628 cm~ " and 702 cm™". The calculated average lattice tem-
peratures of pristine YMn,Os and YMn,Os-Ag hybrid were

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) XPS elemental survey scans of pristine YMn,Os and YMn,Os-Ag hybrid. High resolution XPS spectra of pristine YMn,Os in the (b) Y3d region,
(c) Mn2p region and (d) O1s region. High resolution XPS spectra of the YMn,Os—Ag hybrid in the (e) Ag3d region, (f) Y3d region, (g) Mn2p region and

(h) O1s region.

~338 K and 355 K, respectively. Localized surface plasmons in
coinage metals can undergo damping either radiatively or
nonradiatively, where the latter plasmon relaxation route
results in the generation of energetic hot carriers.*’*° Plasmon
induced hot carrier injection from the metal to the coupled
adsorbate system can be probed by monitoring the enhanced
anti-Stokes scattering rate in comparison to the thermodyna-
mically equilibrated system.’® The slight rise of temperature in
the hybrid, compared to bare YMn,Os indicates significant
backscattering of plasmonic hot electrons from YMn,Os to
Ag, possibly as a result of the absence of a barrier that can
keep them confined in YMn,Os. This observation is typical
for the coupled plasmonic metal-excitonic system comprising a
semiconductor that has a higher work function than
the attached metal, which results in downward band-bending
at the metal-semiconductor interface.">®"  Ultraviolet

This journal is © The Royal Society of Chemistry 2022

photoelectron spectroscopic results, discussed later in this
report, confirmed this downward band bending. Carrier back-
scattering is a much faster process than thermal cooling. Thus,
we surmise that the observed temperature rise of 40-50 °C over
room temperature might be a result of some hot hole (but no
hot electron) injection from Ag into adjacent YMn,Os. More
details of the possible mechanism are discussed later in this
report.
Raman surface photocatalytic reduction of 4-NBT
(4-nitrobenzenethiol) to DMAB (p,p’-dimercaptoazobenzene)
was conducted on the bare Ag and YMn,O5-Ag hybrid. Fig. 4a
shows the Raman spectra of 4-NBT and DMAB (bottom and top
panels, respectively), while Fig. 4b shows the chemical struc-
tures of 4-NBT and DMAB. The Raman peaks at 1101, 1332 and
1576 cm™ " of 4-NBT are assigned to S-C stretching vibration,

NO, vibration and C—C stretching vibration of the benzyl ring,

J. Mater. Chem. C, 2022, 10, 4128-4139 | 4131
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Fig. 3 (a) EELS spectra for O—K and Mn-L edges of the pristine YMn,Os and YMn,Os—Ag hybrid. (b) Diffuse reflectance absorption spectra of the pristine
YMn,Os5 and YMn,Os—Ag hybrid; the inset shows the spectrum for the bare Ag nanoparticles on a glass substrate. (c) XRD plots of pristine YMn,Os and
YMn,Os-Ag hybrid; the EELS and XRD plots are vertically separated for better visibility. (d) Stokes and (e) anti-Stokes Raman spectra of the pristine

YMn,Os5 and YMn,Os—-Ag hybrid.

respectively.’>>> DMAB Raman peaks are identified at 1142,
1392 and 1439 cm™'. The band at 1142 cm ™' is attributed to
C-N stretching vibration, and the N=N stretching-related
peaks at 1392 and 1439 cm ' arise due to ag;s and ag;,
vibrational modes of DMAB, respectively.’>>* Fig. 4a shows
the comparative catalytic efficiencies at a constant laser power
of 1 mW, while Fig. 4c and d show the gradual increase of the
product peaks with a simultaneous reduction of reactant peaks

4132 | J Mater. Chem. C, 2022, 10, 4128-4139

as a function of laser power. It is extraordinary that the product-
specific peaks of DMAB at 1142, 1392 and 1439 cm ' are
strongly evident in the Raman spectrum of the YMn,Os-Ag
hybrid even at a low laser power of 0.1 mW, while contrastingly,
these same DMAB peaks are quite weak in the Raman spectrum
of pristine Ag at 0.1 mW laser power, unambiguously indicating
the dramatically enhanced photocatalytic ability of the hybrid.
The Raman peak intensity ratios (Ixpr/Ipmas) Of the reactant

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Surface catalytic conversion of 4-NBT (nitrobenzenethiol) to DMAB (p,p’-dimercaptoazobenzene) monitored by Raman spectroscopy.
(a) Comparative performance of surface catalytic conversion of 4-NBT to DMAB at 1 mW laser power; from the top, Raman spectra of pristine DMAB,
4-NBT on the YMn,Os-Ag hybrid, 4-NBT on pristine Ag, and pristine 4-NBT. (b) Chemical structures of 4-NBT and DMAB. Laser power-dependent
spectral evolution of the reactant (4-NBT) and product (DMAB) for (c) 4-NBT on pristine Ag and (d) 4-NBT on the YMn,Os-Ag hybrid.

(4-NBT) and product (DMAB) on pristine Ag and on the YMn,O5-Ag
hybrid as a function of laser power have been calculated from Fig. 4c
and d and plotted (Fig. S1 in the ESIY). Iy was estimated from the
4-NBT peak at ~1332 cm ' and Ipyss Was estimated from the
DMAB peak at ~1439 cm™ . Clearly, at any laser power the Iygr/
Ipmag value is much lower in the case of the YMn,0s-Ag hybrid
compared to pristine Ag, which indicates superior catalytic perfor-
mance of the former due to the 4-NBT to DMAB reaction proceeding
to completion. Surface plasmon relaxation-induced energetic hot

This journal is © The Royal Society of Chemistry 2022

electrons in plasmonic Ag are injected into 4-NBT to perform this
reduction.”>”

Fig. 4 clearly shows the superior catalytic activity of the hybrid
compared to pristine Ag, which we attribute to the superior hot
carrier pair separation in the YMn,Os-Ag hybrid due to hot hole
injection from Ag into YMn,Os enabling the more efficient
reduction of 4-NBT by hot electrons in Ag. The possible routes of
this reaction in both stand-alone Ag and its composite with YMn,Os
are discussed in detail later in this report.
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Fig. 5 (a) Atomic arrangement of YMn,Os showing pyramidal and octa-
hedral Mn atoms. (b) Side views showing different isosurfaces of DFT
optimized pristine YMn,0O5(201); from the top, electron density difference
where the transparent blue and yellow surfaces represent charge deple-
tion and accumulation regions, respectively (the isosurface value is set to
0.012 eV A™3), spin density difference where the transparent olive and
orange surfaces represent spin-up and spin-down electron dominated
regions, respectively (the isosurface value is set to 0.03 eV A~%) and spatial
distributions of molecular orbitals where the transparent cyan and gold
surfaces represent HOMO and LUMO, respectively; the HOMO and LUMO
surfaces of YMn,0Os(201)-Ag heterosystems for the (c) far configuration
and (d) close configuration. Pink, purple, lime and silver colours are for Y,
Mn, O and Ag atoms, respectively.

2.2 Density functional theory computations

Density functional theory (DFT) based quantum chemical cal-
culations were employed to extract and analyze the electronic
properties of the pristine YMn,O5s and YMn,0s-Ag composite
systems. The details for the construction of the structures prior
to computation and modeling parameters have been described
in the ESL{ Fig. 5a shows the atomic arrangement of perovskite
YMn,Os with an octahedrally coordinated Mn atom (Mn**) and
pyramidally coordinated Mn atom (Mn*"). Fig. 5b and Fig. S2 in
the ESIT show electron density difference isosurfaces of bare
YMn,O5(201) where charge depletion and accumulation
regions are found in accordance with the constituent atoms’
electronegativity order. Spin density isosurfaces that graphi-
cally represent the differences between the densities of up-spin
and down-spin electrons®® are visible in these figures, consis-
tent with the paramagnetic nature of the Mn atoms. Fig. 5b and
Fig. S2 in the ESIf also show the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of bare YMn,05(201), which are spatially separated.
Fig. 5¢ and d show the molecular orbital positions for
YMn,O5(201) and Ag(111) systems in distant (far) and proximal
(close) configurations, respectively. These figures reveal the
clear HOMO and LUMO localization on YMn,Os and Ag,

4134 | J Mater. Chem. C, 2022, 10, 4128-4139
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respectively, for both cases. Such a spatial distribution of
frontier orbitals predicts the photoexcited charge carrier trans-
port direction from YMn,Os to Ag in the hybrids as follows -
lower energy states for holes exist in YMn,Os, while lower
energy states for electrons exist in Ag.

The total wave function is projected onto the orthogonalized
atomic wave functions to obtain the projected energy density of
states (PDOS). Fig. S3 in the ESIt and Fig. 6 show the PDOS of
selected Y, Mn and O atoms of pristine YMn,Os (201) and the
corresponding orbital-resolved PDOS. PDOS of selected Y, Mn
and O atoms of DFT optimized YMn,Os(201)-Ag heterosystems
in the far and close configurations are shown in Fig. 7a and b.
As expected, the spin-up Mn atom shows more up-spin states
than down-spin states while the spin-down Mn atom shows
more down-spin states than up-spin states. This is specifically
manifested in the occupied region. According to these figures,
nonmagnetic O2p states are not perfectly spin-symmetric. Such
spin-dependent asymmetry in the O2p states originates from
the nature of covalency between the Mn and O atoms in
YMn,0s. Multiferroicity or magnetically driven ferroelectricity
emerges from the spin-dependent Mn-O hybridization.>” Reso-
nant soft X-ray scattering results at the O-K edge and DFT
calculations revealed this magnetic polarization of the O2p
states as a consequence of strong spin-dependent hybridization
of O2p and Mn3d states, resulting in a purely electronic
contribution to the ferroelectric polarization.>”>° Therefore,
in addition to the ionic contribution, ferroelectric polarization
in YMn,Os has an electronic contribution.’® Orbital-resolved
PDOS spectra of Ag atoms in the far and close configurations
are shown in Fig. 7c and d, respectively. Compared to those in
the far configuration, in the close geometry, the occupied and
unoccupied states of Ag are more localized in the immediate
vicinity of the Fermi level with enhanced intensity. Such strong
interaction-induced electronic reorganization of plasmonic
metal states is suggestive of an increased phonon-mediated
sp-intraband transition probability under illumination condi-
tions, necessary for energetic hot electron generation. It is
worth mentioning that in Ag, this sp-intraband transition is
the dominant mechanism of ultrafast Landau damping-
mediated hot carrier generation.®”®' Note that the size of the
Ag cluster of atoms in these DFT calculations is much smaller
than the actual particle size revealed by TEM discussed earlier.
Thus, the sp-intraband transition is expected to have a
geometry-assisted contribution apart from the phonon-assisted
route.®* Nevertheless, the strong-interaction induced reorgani-
zation of electronic states in the close configuration of the
YMn,Os-Ag system is what stands out in this analysis, as the
additional geometry-assisted intraband contribution is present
in both the far and close configurations, where the size of the
Ag clusters remains the same.

2.3 Band alignment at the YMn,05-Ag hetero-interface

Ultraviolet photoelectron spectroscopy (UPS) was used to deter-
mine the work function (¢) of the materials. The details of the
work function calculation method can be found in the ESI.f
Work function values of 4.38, 4.15 and 3.11 eV were found for

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Orbital-resolved PDOS of pristine YMn,Os5(201) corresponding to Fig. S3 in the ESI; (a) Y, (b) Mn (majority of spins are up), (c) Mn (majority of spins

are down) and (d) O. The red dotted line indicates the Fermi level.

pristine YMn,Os, pristine Ag and the YMn,0s-Ag composite,
respectively (Fig. S4 in the ESIt). From these plots, we see the
appearance of an additional shoulder in both the bare YMn,O5
and YMn,Os-Ag spectra, which we speculate to be the signature
of the typical out-of-plane ferroelectric polarization in YMn,Os.
UPS is a surface-sensitive probe and thus any surface-polarized
state is expected to be manifested in the collected spectra. It is
worth mentioning that ferroelectric polarization can facilitate
secondary electron production by making it easier for electrons
to escape the sample and reach the photodetector.®® A suppres-
sion of this shoulder peak in the hybrid (Fig. S4c in the ESIt)
compared to pristine YMn,Os (Fig. S4a in the ESIt) was found,
which we believe to be related to the modified surface ferro-
electric polarization state resulting from strong interactions
between the two systems. Thus, the longest starlight line out-
side this shoulder region was considered for the determination
of the cut-off energy of secondary electrons. The obtained work
function values suggest a downward band-bending at the
metal-semiconductor interface (Fig. 8). This is indicative of
ultrafast hot electron back-scattering following injection into
YMn,O; from plasmonic Ag, as there is no Schottky barrier to
trap them. However, the Schottky barrier for hot holes may trap
some injected holes in YMn,Os. Thus, the reason for the minor
temperature rise observed in Raman thermometry discussed
earlier, could be a consequence of the above-mentioned

This journal is © The Royal Society of Chemistry 2022

phenomena coupled with ultrafast cooling of injected hot
holes. It is worth mentioning that a possible interfacial ferro-
electric polarization will establish an additional interface
potential and the equilibration of the work function will modify
this polarization over time.'® The significantly reduced work
function of the YMn,0s-Ag hybrid compared to those of the
pristine metals indicates a much shallower Fermi level of the
former. Thus, hot electrons on the surface of the composite are
expected to possess higher energy and would be more efficient
in photoreduction than hot electrons on the surface of bare Ag.
Fig. 8 schematically depicts the possible mechanism of charge
carrier dynamics and the Raman surface photocatalytic
reduction of 4-NBT to DMAB on pristine Ag and the YMn,O5-
Ag hybrid. YMn,Os has a narrow bandgap of ~1.5 eV and
photoexcitation of YMn,O5 generates excitons. Biswas and Jain
computed an exciton binding energy of 0.21 eV in the related
compound YMnO;.%* Excitonic electron transfer from YMn,Os
to Ag is likely to take place according to the HOMO-LUMO
analysis discussed earlier. Indeed, plasmonic Ag nanoparticles
are likely to increase exciton generation and dissociation in
YMn,O5 through proximity effects, such as local electromag-
netic field enhancement and light scattering/trapping.*”-°®
PDOS analysis showed an electronic reorganization of states
beneficial for enhanced sp-intraband transition needed for hot
carrier generation following Landau damping of plasmons.
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Fig. 7 Projected density of states (PDOS) of Y, Mn, O and Ag atoms of DFT optimized YMn,0Os5(201)-Ag(111) heterosystems. Y, Mn and O atoms in the
(a) far configuration and (b) close configuration. The red arrows indicate two opposite spin dominated Mn atoms. Orbital-resolved PDOS of the Ag atom
in the (c) far configuration and (d) close configuration. The red dotted line shows the position of the Fermi level.

Raman thermometry implied no plasmonic hot electron injec-
tion into YMn,Os from Ag due to the possibility of significant
backscattering, resulting from interfacial downward band-
bending. Hence, the remarkable photocatalytic performance
of the YMn,0s-Ag hybrid in reducing 4-NBT to DMAB com-
pared to stand-alone Ag can be rationalized by the capability of
generating a higher population of energetic hot carriers, hot
hole transfer from Ag to YMn,Os, a possible transfer of photo-
excited electrons from YMn,Os to Ag and finally a favorable
electronic reorganization of the density of states in Ag due to
strong interactions with YMn,Os. YMn,Os exhibits broad
absorption over the visible and near-infrared spectral range
as shown in Fig. 3b. Therefore, the intriguing possibility exists
of pumping the Ag plasmon using the YMn,O; absorption,
which requires a thorough and separate investigation in a
subsequent study. The hot electron-mediated photoreduction
of 4-NBT to DMAB can take place either through indirect or
direct routes on both bare Ag and the hybrid (Fig. 8). In the
indirect mechanism, Landau damping of plasmons generates
hot electrons in metallic particles, which enter into the
LUMO of the adsorbate molecule (4-NBT), while in the
direct mechanism the plasmon relaxation occurs at
the metal-adsorbate interfacial hybridized orbitals followed by
generation of energetic electrons in the adsorbate molecule’s
LUMO.*7*®
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3. Conclusions

A novel multiferroic-plasmonic hybrid nanowire system was
synthesized using a combined hydrothermal and wet-chemical
reduction protocol. The TEM and HRTEM images revealed the
successful synthesis of YMn,Os nanowires. EELS, XRD, DRS
and XPS showed strong interaction between YMn,Os and Ag.
XPS analysis revealed plenty of oxygen vacancies in the nano-
wires. UPS work function calculation results predicted superior
reducing power of plasmonic hot electrons generated on the
composite’s surface. The hybrid system demonstrated superior
performance in photoreducing 4-NBT into DMAB compared to
stand-alone Ag. The higher photocatalytic performance was
also attributable to reduced hot carrier pair recombination
due to hot hole injection from Ag into YMn,Os. The molecular
orbital plots calculated from DFT were supportive of hole
injection from YMn,Os5 to Ag. DFT results indicated two addi-
tional noteworthy features - the first being an electronic con-
tribution to the ferroelectric polarization in YMn,O5 over and
above any ionic contributions, and the second being enhanced
hot carrier generation in Ag-YMn,O; hybrids. PDOS analysis
revealed a redistribution of the electronic density of states of Ag
atoms upon interaction with YMn,Os, supportive of a more
favourable sp-intraband transition, involved in plasmon
relaxation-mediated hot carrier generation in silver. Stokes

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc06106b

Published on 22 February 2022. Downloaded by University of Calgary on 4/7/2022 4:38:33 PM.

Communication

View Article Online

Journal of Materials Chemistry C

Fig. 8 Mechanisms for surface photocatalytic reduction of 4-NBT to DMAB on pristine Ag and YMn,Os—Ag hybrid. (a) Indirect hot electron transfer from
pristine Ag into the LUMO of 4-NBT. (b) Direct hot electron transfer from pristine Ag into the LUMO of 4-NBT. (c) Indirect hot electron transfer from the
YMn,Os-Ag hybrid into the LUMO of 4-NBT. (d) Direct hot electron transfer from the YMn,Os—Ag hybrid into the LUMO of 4-NBT. In the molecular
structures - red, grey, blue, yellow and silver colours represent O, C, N, S and H atoms, respectively.

anti-Stokes Raman thermometry data coupled with DFT calcu-
lations provided useful information in the elucidation of
charge carrier and plasmon relaxation dynamics. This study
shows the potential of coupled multiferroic-plasmonic systems
in the solar energy harvesting arena.
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