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Coupling visible light with Pd-based hybrid plasmonic nanostructures has effectively enhanced formic acid
(FA) dehydrogenation at room temperature. Unlike conventional heating to achieve higher product yield,
the plasmonic effect supplies a unique surface environment through the local electromagnetic field and
hot charge carriers, avoiding unfavorable energy consumption and attenuated selectivity. In this
minireview, we summarized the latest advances in plasmon-enhanced FA dehydrogenation, including
geometry/size-dependent dehydrogenation activities, and further catalytic enhancement by coupling
local surface plasmon resonance (LSPR) with Fermi level engineering or alloying effect. Furthermore,
some representative cases were taken to interpret the mechanisms of hot charge carriers and the local
electromagnetic field on molecular adsorption/activation. Finally, a summary of current limitations and
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Introduction

The global environmental problems and energy crises caused by
the exhaustion of fossil fuels have forced us to search for
feasible alternatives. As green and efficient energy, hydrogen
(H,) is the most promising alternative to traditional fossil fuels
because of its high calorific value and non-toxic emission."
However, the storage and transportation of hydrogen is the
biggest challenge for large-scale hydrogen energy utilisation.
Organic liquid hydrogen carriers provide an effective guide for
hydrogen storage and transportation. Formic acid (FA, HCOOH)
is considered as a promising hydrogen carrier owing to its
nontoxicity, wide availability from biomass raw materials, and
considerable hydrogen capacity (4.4 wt%).*® H, release from FA
is thermodynamically feasible, while the kinetics is extremely
slow. Pd is viewed as the most efficient heterogeneous catalyst
for FA dehydrogenation (HCOOH — H, + CO,).”*'® However, its
catalytic performance is still not satisfying.

During the past decades, much effort has been devoted to
utilizing light energy to boost the catalytic dehydrogenation of
Pd catalysts."** In particular, when coupled with plasmonic
noble metals such as Au or Ag, the Pd-based plasmonic hybrid
mechanism demonstrated a greatly improved catalytic selec-
tivity, activity, and toxicity resistance for catalytic FA
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plasmon-enhanced FA decomposition.

decomposition under light illumination in a mild environ-
ment.*"***® This hybrid plasmonic system simultaneously acts
as a light absorber and a catalytically active site. Such an
enhancement mechanism originates from the plasmonic effect.

Upon illumination, plasmonic nanoparticles (i.e., Au, Ag, Cu,
Al) support localized surface plasmon resonance (LSPR)-collective
oscillations of electrons at the surface when the natural frequency
of the electron coincides with the incident wavelength.?** A key
LSPR feature is the large extinction associated with the surface
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Fig.1 (a) Surface enhanced electromagnetic field caused by collective
electron oscillations.”” Reproduced with permission from ref. Copy-
right 2018 American Chemical Society. (b) Decay sequence and
approximate time scale of metal nanoparticles after light excitation.*®
Reproduced with permission from ref. Copyright 2011 American
Chemical Society. (c) Extinction spectra of Ag (gray) and Au (yellow)
nanoparticles with different sizes, shapes, and dielectric environments
(with/without a white silica shell).** Reproduced with permission from
ref. Copyright 2023 Wiley-VCH.
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Table 1 The FA dehydrogenation rate of over various Pd-based heterogeneous catalysts

H, evolution rate

[mmolg ' h ']

Light intensity Temperature

No. Catalysts Dark Light [mW cm 2] [eC] Reference
1 Pd-covered Au NRs 0.4 5.3 100 5 16
2 1.8 6.7 25
3 7.5 22 40
4 Pd-tipped Au NRs 0.6 8.7 5
5 2.7 10.5 25
6 10 32.5 40
7 Pd-covered Ag@Au HNPs ~0 3 500 15 14
8 3 7.5 25
9 12 15 50
10 Pd-dotted Ag@Au HNPs 2 29 15
11 10 35 25
12 25 105 50
13 Au@Pd shell 0.5 1 125 40 38
14 Au@AuPd shell 1 5
15 Au-Pd satellites 35 90
16 Au-AuPd core-satellites 70 191
17 Au,Pd;/GO 8.2 16.4 100 25 13
18 Au,Pd,/GO 11.7 22.2
19 Au,Pd,;/GO 7 16.6
20 Au,Pd,/GO 3.7 9.4
21 Au,Pd,;/GO 1.2 3.5
22 Pd/GO 0.9 1.6
23 Au@Pd/UiO-66(ZrgsTi;s) 1517 1875 320 30 39
24 PdAg@g-C;N, 6.1 9.8 — 25 40
25 — 27.6 50
26 AgPd/CN-3% 2.1 5.9 — 30 41
27 NiAuPd 29 69 121 5 12
28 183 341 25
29 441 641 45
30 Aul@Pd 15.9 58.5 121 25 11
31 Au2@Pd 14.6 42.1
32 Au3@Pd 8.4 14.7
33 Au4@Pd 5.3 12.9

oscillating electromagnetic field (Fig. 1a),"” which is closely related
to the size, composition and geometry of plasmonic
particles.*****%7 As shown in Fig. 1b, a decay of electron collective
oscillations generates radiative scattering of photons or non-
thermal energetic carriers (hot electrons and hot holes) at the
femtosecond scale, which then redistributed to form thermal hot
carriers through electron-electron scattering.'® Finally, the elec-
tron-hole pair relaxation occurs via electron-phonon and
phonon-phonon scattering, and the energy dissipates into the
environment over a longer time horizon, resulting in localized
heating effects. For pure Au and Ag nanoparticles, their extinction
ranges concentrate in the visible region and are widely used as
platforms for light absorption (Fig. 1c).*® The FA dehydrogenation
rate can be significantly enhanced through the LSPR-induced
electromagnetic field and hot charge carriers by rationally
combining a plasmonic metal with Pd. Examples of plasmon-
enhanced FA dehydrogenation are summarized in Table 1.
Nevertheless, the mechanism of LSPR effect on FA dehydrogena-
tion is still undefined. It is significant to reveal the fundamentals
of the electromagnetic field and hot charge carriers on molecular
adsorption/activation to deepen the understanding of this
growing research field.

6820 | Nanoscale Adv, 2023, 5, 6819-6829

In this review, we introduce the recent progress in plasmon-
enhanced FA dehydrogenation, summarize the influence of the
size/geometry on plasmon catalysis, and discuss the impact of
electronic structure from the perspective of Fermi-level engi-
neering and alloying. Then, we summarize the mechanisms of
hot charge carriers and local field work in FA dehydrogenation.
Some representative cases are covered to discuss the plasmonic
energy dispersion in space and the unique advantages of LSPR
in reactant adsorption/activation, which may inspire exploring
and understanding the plasmon-enhanced FA dehydrogena-
tion. Finally, we present an outlook and propose some sugges-
tions applicable, but not limited to, obtaining higher FA
dehydrogenation activity via hybrid plasmonic metal
nanostructures.

Plasmon-enhanced activity

Au and Ag are the most popular plasmonic metals for plasmonic
catalysis, and their LSPR properties are heavily dependent upon
their morphology, size and composition.*>** For plasmon-
enhanced FA dehydrogenation, the core-shell heterostructure
is the most commonly reported nanostructure, and the typical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fabrication is the reduction of a Pd-containing salt precursor on
previously synthesized colloid plasmonic seeds, i.e., the seed-
mediated method.**** Generally, pre-synthesized plasmonic
nanoparticles of different shapes/sizes are selected as cores,
which can coarsely determine the overall LSPR properties.
Then, by adjusting the relevant thermodynamic and kinetic
factors, the growth mode of the shell metal can be precisely
controlled. Therefore, geometric control engineering can be
well achieved in terms of the core and shell in principle. This
section focuses on the effects of geometry-determined optical
properties on FA decomposition performance.

Size effect

The extinction spectra of Au nanostructures show a strong
dependence on their size when exceeding the quasi-static
limit.**** For spherical Au nanoparticles with a size larger
than 5 nm, strong plasmon resonances occur in the visible
region (about 520-600 nm). When the diameter is less than
5 nm, the LSPR is dramatically suppressed, which significantly
blue shifts and eventually disappears once the particle size <
2 nm. The particle size dramatically affects the optical proper-
ties of plasmonic nanostructures, such as absorption and
scattering efficiencies, and the intensity of near-field enhance-
ments, all of which make great contributions to catalytic
performance in plasmonic catalysis. A spherical metal with
a diameter smaller than the incident wavelength can be
approximated as a dipole. The following formula (1) can express
the corresponding particle polarizability « under excitation,>*>*

e—¢
o = 4me,r’ P 2::“ (1)

where ¢, is the dielectric constant of the surrounding medium
(non-absorbing), r is the particle radius, and ¢ is the wavelength-
dependent complex dielectric function, including the real part
(Re) and imaginary part (Im). And it can be found that the
polarizability increases with the increase in diameter. Further
derivations can be made to obtain far field extinction, absorp-
tion, and scattering cross-sections (2)-(4),**

3
2422 Tmle
Oabs = i [ } 5 (2)
A e + 2em|
220 e — e
Ogca = ) 5] (3)
A le 4+ 2em|
Oext = Oabs T Osca (4)

It can be found that the absorption is proportional to 7°,
while the scattering is proportional to r°. When r is much
smaller than the incident wavelength, extinction is essentially
dominated by absorption. The scattering ratio in extinction
increases significantly with the increase of the size.

The influence of the size effect may be different in different
reaction systems, since different rate-determining steps are
involved, and the size-dependent near and far field properties

© 2023 The Author(s). Published by the Royal Society of Chemistry
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may not contribute constantly in different plasmon-enhanced
processes. For example, Christopher et al studied the
plasmon-enhanced O, dissociation on Ag nanostructures with
various sizes and found that the quantum efficiency was
consistent with the near-field enhancement rather than the hot
carrier density in different photon wavelength tests (Fig. 2a),
which clearly proved that O, dissociation was related to the
strong LSPR local electromagnetic field.>” However, as reported
by Li and co-workers in 2017, Ag nanoparticles with interme-
diate sizes (25 and 50 nm), which balanced the light absorption
and local electromagnetic field, exhibited the best photo-
catalytic rates (Fig. 2b).”® In our previous work, we synthesized
different-sized Au@Pd nanospheres with narrow size distribu-
tions to clarify the role of size effect in FA dehydrogenation over
Pd-based hybrid plasmonic catalysts."* The Au core size varied
from 56 to 121 nm to ensure visible light range absorption,
while the thickness of the shell comprising Pd nanodots was
kept consistent. The optical properties of Au@Pd core-satellite
nanospheres were dominated by the Au core, including the
LSPR position, absorption, and scattering. With the increase of
the Au diameter, the absorption ratio of the hybrid plasmonic
catalyst decreases, while the far-field scattering and near-field
intensity increase instead. The smallest Au@Pd nanospheres,
exhibiting the highest absorption/extinction ratio, demon-
strated the best catalytic performance (Fig. 2¢ and d). Interest-
ingly, large, relatively high scattering nanospheres
demonstrated a higher-than-expected catalytic enhancement
factor, approaching the same value as the smallest ones (Fig. 2e)
by moderately raising the reaction temperature or shortening
the interparticle distance by increasing the catalyst concentra-
tion, which was ascribed to the reduced interparticle spacing
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Fig. 2 (a) Correlation between the wavelength dependent O, disso-
ciation quantum yield and LSPR effects including field enhancement
and carrier density.>” Reproduced with permission from ref. Copyright
2019 American Chemical Society. (b) The photocatalytic rates, field
enhancements, and fractions of photons absorbed in the catalyst bed
for four Ag@SiO,/Pt heterostructures with different Ag NP sizes.®®
Reproduced with permission from ref. Copyright 2017 American
Chemical Society. (c) TEM image of an individual Aul@Pd NP. The
correlation of H, evolution rate and enhancement f with the particle
concentration, (d) Aul@Pd and (e) Au2@Pd samples, respectively. N
represents the original particle numbers.** Reproduced with permis-
sion from ref. Copyright 2022 American Chemical Society.
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that promotes the secondary absorption of scattered photons
(multiple scattering effects) and drastic near-field enhancement
between the neighbouring particle region.>*** Therefore, in the
case of FA dehydrogenation on Pd-based hybrid plasmon metal,
both hot charge carriers and the near-field were involved in
accelerating dehydrogenation.

Morphology effect

Unlike Au nanospheres, Au nanorods (NRs) exhibit more special
plasmon resonances due to their anisotropic structure.’”*6364
The electron oscillates along the short axis and resonates with
the light in the 510-530 nm wavelength range, named trans-
verse surface plasmon resonance absorption (TSPR); mean-
while, another vital LSPR along the long axis is attributed to the
longitudinal LSPR, which typically distributes in the visible to
near-infrared region. Considering its strong oscillation, the
longitudinal LSPR exhibits a more significant impact on optical
properties and sequential catalytic activity. For example, Zheng
synthesized two kinds of anisotropic Au-Pd nanorods, Pd-
covered Au NRs with a thin Pd layer completely covering the
Au NRs (Fig. 3a) and Pd-tipped Au NRs with Pd nanocrystals
selectively deposited at the Au NR tips (Fig. 3b).'® Such struc-
tural difference results in different photochemical conversion
efficiencies; Pd-tipped Au-NRs exhibit better plasmon-enhanced
activity for FA dehydrogenation, while a comparable light-
driven enhancement factor was observed for both samples.
Single-particle photoluminescence (PL) spectroscopy was
applied to reveal the plasmon-induced pathway, especially the
interfacial interaction between Au and Pd. The results in Fig. 3c
and d show that the quenching efficiency of longitudinal LSPR
reached 87-95%, while TSPR exhibited a similar intensity with
pure Au NRs for both samples. According to the accepted PL
mechanism, the quenching results from the effective charge
separation, which avoids the recombination of the hot charge
carriers; the luminescence mainly originates from the LSPR
radiative decay of Au NRs, and PL damping indicates that the
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Fig.3 The TEMimages of (a) Pd-tipped Au NRs and (b) Pd-covered Au
NRs. (c) The relationship between PL intensities and diameter in
different plasmon modes of single Au NRs and Pd-tipped Au NRs. (d)
The PL quenching efficiency of single Pd-tipped (red dots) and Pd-
covered (blue dots) Au NRs with different diameters.*®* Reproduced
with permission from ref. Copyright 2015 American Chemical Society.
(e) The TEM image of Pd-dotted Ag@Au. (f) The PL intensity of indi-
vidual Ag@Au and Pd-dotted Ag@Au.** Reproduced with permission
from ref. Copyright 2020 Elsevier.

6822 | Nanoscale Adv,, 2023, 5, 6819-6829

View Article Online

Minireview

radiation tunnelling becomes suppressed and more plasmon
energy disperses through the electron transfer from Au to Pd.
The finite-difference time-domain (FDTD) method was also
carried out to investigate the effect of the plasmon resonance
energy transfer (PRET) process to further confirm the interac-
tion of Pd with the Au NR, which showed that the enhancement
of electric field intensity around the tips was much stronger
than that around the sides, revealing that the plasmon energy
can be effectively utilized by locating the active metal at the sites
with the intense field.

Such a selective deposition of active species at the field-
enhanced sites has also been applied in other plasmonic hybrid
catalysts. For instance, Xiao et al. prepared Pt end-deposited
bimetallic nanostructures (ePt-Au NBPs) over Au nano-
bipyramids (Au NBPs), which have a similar LSPR property to Au
NRs.* Compared to the all-deposited aPt-Au NBPs, the main-
tained strong field at the sharp tips can promote the generation
and migration of the carriers and then boost the spontaneous
reconstruction of the Pt surface to produce more active sites.

This design strategy has also been validated in theoretical
studies. Linic et al. studied the absorption/scattering of Au@Pt
NRs through the finite element method (FEM).®® The absorption
intensity of longitudinal LSPR becomes much higher than that
of pure Au NRs, while no significant changes appear in the TSPR
region, which is attributed to the ratio of the dielectric function
imaginary part for Pt to Au being much higher at low energy
than in high plasmon mode, resulting in the plasmon energy
being preferentially dissipated in the Pt shell at the longitudinal
LSPR position rather than TSPR.

By switching nanorods to nanoplates, Huang et al. reported
that Pd-dotted Ag@Au nanoplates exhibited an improved catalytic
activity normalized to Pd mass under identical reaction condi-
tions.* They selectively deposited Pd nanodots on the surface of
Ag@Au nanoplates and obtained a two-shell geometry (Fig. 3e),
including continuous Pd coverage (Pd-covered Ag@Au) and
discrete Pd decoration (Pd-dotted Ag@Au), in which Pd-dotted
Ag@Au manifested a higher FA dehydrogenation rate and plas-
mon enhancement factor. As shown in Fig. 3f, single-particle PL
intensity experiments revealed significant quenching in Pd-dotted
Ag@Au compared to Ag@Au, verifying a transfer of hot electrons
from Ag@Au to Pd dots and leading to surface charge heteroge-
neity. Such structure-activity difference results from the
combined effect of the optical absorption and the local field.
Compared to a fully covered Pd shell, discrete Pd dots do not
completely block the absorption of photons by Ag@Au. The FDTD
further confirmed that the uplifted Pd dots exhibit a steep
gradient field. However, unlike the selective deposition
mentioned above, such Pd dots did not intentionally couple with
the field sites but affected the electromagnetic spatial distribution
through their non-plasmonic geometry and thus enhanced
chemisorption and bond activation.

Coupling LSPR with Fermi level engineering

In conventional thermal FA dehydrogenation, a mature strategy
is to promote surface charge heterogeneity (increase the elec-
tron density on the Pd surface) to obtain a higher

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00663h

Open Access Atrticle. Published on 09 névember 2023. Downloaded on 16.10.2025 15:58:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

1Y

Vacuum
Plasmor

b vacuum
ot

5.47 eV eeele' -5.47 eV’ eeele.)

hot e

725
 @a
~M

NiAuPd under illumination

seeWe_

NAP Fermi

N NAP Fermi
-5.60 eV: -5.60 eV:
Ni Au Ni

0 a0 20 300 40 s00 600 ) 3
Time / min — NiAuPd in dark

Volume of gas / mL —=

(2]

O-H bending vibration

5(CH) in Formgte,]

Formate, |0.005 abs
e S0

//\ NAP

1350 1400 1450

Absorbance
z
3

-30 20 10 0 10 20 30
Wavenumber/cm- xtnm} x fnm]

30 20 10 0 10 20 30

Fig. 4 (a) Real-time gas volume production diagram in the presence
of (i) COQ30AUQ_35PdQ_35/C, (i) Co/C, (iii) Au/C, (iv) COQ_30AUO_70/C, (v)
Pd/C, (vi) Cog30Pdo70/C, and (vii) AugsoPdg50/C at room tempera-
ture.®® Reproduced with permission from ref. Copyright 2013 Wiley-
VCH. (b) Schematic diagram illustrates the charge transfer within
NiAuPd under darkness (left) or under radiation (right). (c) ATR-FTIR
spectra of HCOOH and formate-related intermediate co-adsorption
over various catalysts. The distribution of the electromagnetic field of
(d) AuPd, and (e) trimetallic NiAuPd in space.!? Reproduced with
permission from ref. Copyright 2022 Wiley-VCH.

dehydrogenation rate.®”*® For example, Tsang and co-workers
prepared a series of core-shell nanostructures in which the
shell is a thin Pd layer, while the cores are composed of various
metals (M) with different work functions.” A simple linear
relationship between the HCOOH decompose rates, and the
work function of M fec (111) can be obtained, indicating that the
electron redistribution forced by Fermi level equilibrium plays
a vital role in promoting FA dehydrogenation. Moreover, as
shown in Fig. 4a, Jiang et al. utilized the difference in work
functions between Co, Au, and Pd to prepare an efficient
CoAuPd/C catalyst, which effectively regulated the electron
density of Pd sites and exhibited the best FA dehydrogenation
activity at room temperature.®

Inspired by this, we reported a trimetallic NiAuPd hetero-
geneous catalyst, which synergistically combines Fermi level
engineering and plasmon effect of promoting the surface
charge heterogeneity, resulting in an enhanced intermediate
chemisorption and ultimately promoted plasmonic catalysis
(Fig. 4b).*> Under darkness, electrons transfer from Ni (high
Fermi level) to Au and Pd due to the work function differences,
and Au acts as an electron-mediated channel to promote charge
migration. Such intrinsic electronic structure enables NiAuPd
to exhibit a significant O-H cleavage and formate-related
intermediate chemisorption (Fig. 4c). Under irradiation,
compared with the AuPd or NiO-AuPd, a higher Fermi level in
NiAuPd allows hot electrons to upshift into a more energetic
state after absorbing a photon. Furthermore, the FDTD in
Fig. 4d and e demonstrates that the narrow gaps between Au-Pd
and Ni plate create a fierce field; such hot spots can boost C-H
activation through a direct energy flow.

Combination of alloying and support

Different from the core/shell heterostructure discussed above,
Pd-based alloys have also been well studied in FA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dehydrogenation due to the alloying effect, which can delicately
modify the electronic structure of the catalytically active metal
via d-orbital overlap or metal surface segregation.”®”* Various
alloyed nanocatalysts have demonstrated improved catalytic
behaviors via strain/ligand effect and/or ensemble effect in
traditional thermal catalysis.”>”® During the past decades, Pd-
based plasmon alloys have also been explored to combine
plasmonic enhancement with intrinsic alloy effect, while most
reports involve semiconductor supports, because the photon/
plasmon response can lead to dramatic changes in the elec-
tronic structure and thus the overall reactivity of the complex
catalyst through the electronic interaction between the plas-
monic metal and semiconductor resulting from the Mott-
Schottky effect. It has been well demonstrated that the charge
kinetics of photocatalytic reactions could be able to accelerate
photocatalytic FA decomposition by integration of plasmonic-
based alloys (AgPd and AuPd) and semiconductors to make
Mott-Schottky photocatalysts. Carbon nitride (g-C3;N,), one of
the most important semiconductors,”*** has been widely used
as a semiconductor support in hydrogen generation due to its
efficient handover of photogenerated electrons to plasmonic
hybrid nanoparticles. For example, a monodisperse alloy of
AgPd on a graphite carbon nitride semiconductor (AgPd/CN)
was used for photocatalytic evolution of hydrogen from formic
acid.*"* Stucky et al. prepared the AgPd alloy shown in Fig. 5a-d
on the surface of CN.*! The electron transfer from CN and AgPd
leads to an electron-enrichment of Pd and thus affords more
catalytic activity and stability for the H, evolution under visible
light. In another example, small (3 nm) AuPd nanoparticles
were loaded on carbon nitride nanospheres (AuPd/CNS) for the
design of Mott-Schottky catalysts, Liu et al. found that Mott-
Schottky, alloying and plasmonic effects can be used in
conjunction with each other to efficiently accelerate the electron
transfer from photoresponsive super small carbon nitride
nanospheres to plasmonic alloys (Fig. 5e), which eventually
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Fig. 5 The (a) TEM and (b) HR-TEM images of AgPd/CN. (c) The
qualitative line scan of an individual AgPd nanoparticle over CN. (d) The
XRD patterns of different samples prepared by the same method.*
Reproduced with permission from ref. Copyright 2017 Royal Society of
Chemistry. (e) The mechanism diagram of photocatalytic hydrogen
evolution from formic acid for AuPd/CNS with/without irradiation.*®
Reproduced with permission from ref. Copyright 2019 Elsevier. (f)
Possible mechanism for plasmon-enhanced H, production by Au@Pd/
UiO-66.3° Reproduced with permission from ref. Copyright 2017
American Chemical Society.
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leads to a remarkable photocatalytic activity for the photo-
catalytic hydrogen evolution from formic acid.*

In addition to building the Mott-Schottky effect, some other
materials such as metal organic frameworks (MOFs),* carbon-
based materials,”** and wide-bandgap oxides (e.g., ZrO,)***
are often employed. For example, Yamashita et al. loaded
Au@Pd nanoparticles on the surface of an amine-modified MOF
(Ui0-66(Zr100_4Tiy)) for boosting FA dehydrogenation under
light.** More importantly, the amine functionality in the MOF
and the electron-rich state of Pd upon plasmon excitation
synergistically promote FA decomposition. As shown in Fig. 5f,
weakly alkaline -NH, acts as a proton scavenger to positively
promote O-H dissociation and form -"HNH,. After photon
absorption, the electron-rich state on the Pd surface helps the
chemisorbed formate intermediates break C-H. Thus, the
weakly basic synergistic combination of amine groups and
LSPR effects accounts for its high catalytic activity.

Mechanism insight

Strong LSPRs enable plasmonic metals to convert incident
photons to hot carriers, strong electromagnetic fields, or
thermal heat for directing and improving chemical reactions.
By combining plasmonically active metals with traditionally
catalytic metals, plasmonic hybrid nanostructures could
simultaneously promote light conversion and molecular solid
adsorption. Some efforts have been devoted to the plasmon-
induced contribution, while the mechanism is more complex.
This section will discuss plasmon enhancement from the
perspective of hot carriers and local electromagnetic fields.

Hot charge carriers

In plasmonic catalysis, a hot charge carrier is widely regarded as
one of the main mechanisms in promoting bond activa-
tion.>****” For a simple hybrid system composed of a plasmonic
metal and an adsorbed molecule, there are two recognized
charge transfer pathways, indirect and direct charge trans-
fer.?**>8%% In an indirect path, hot carriers are generated within
the metal through Landau damping, and then injected into
neighbouring chemisorbed molecules before fundamentally
thermalizing into a low-energy carrier or recombination.
However, in a direct charge transfer, plasmonic nanoparticles
and adsorbed molecules are not treated as two individual
electronic states, but a new hybrid electronic state formed at the
metal-molecule interface, which can participate in LSPR exci-
tation, energy decay, and distribution, and this process is also
known as chemical interface damping (CID).*>** More impor-
tantly, this direct route is believed to be more efficient because
it is momentum conserved without involving energy loss
induced by electron-electron and electron-phonon scattering
within metal body.

Experiments and theoretical simulations have also verified
that direct charge transfer can take place in solid-state hybrid
plasmonic systems. For example, Linic's group deposited a thin
Pt layer (1 nm) on the surface of Ag nanocubes (75 nm edge
length).*> It is found that absorption is the main decay route for
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Ag-Pt, and the ratio of absorption is larger for a Pt shell (Ag-Pt)
compared to the Ag shell (pure) for identical Ag nanocubes,
while the radiative decay occupied a larger proportion in
extinction for pure Ag nanocubes. That is, almost all the elec-
tromagnetic field energy of Ag is dissipated through the Pt shell
(forming e -h" pair), which is attributed to the fact that the
imaginary part of Pt is larger than that of Ag in the visible range,
and the plasmonic local field further enhances this absorption
channel.

After summarizing the current views on the spatial disper-
sion of LSPR energy in the metal-metal system, we still need to
know the role of hot charge carriers in promoting FA dehydro-
genation. Generally speaking, upon light irradiation, the
adsorbed state could be excited by LSPR, and the hot carrier
injection (or direct excitation within the molecule/interfacial
metal-adsorbent) makes the complex reach a charged (or
excited) state, thus obtaining nuclear kinetic energy and
chemical bond activation. Specifically, Zheng et al. studied the
PL spectra of the single particles of Au-Pd impregnated with FA
solution (Fig. 6a), and the results showed that the PL intensity
was significantly quenched, indicating that the hot electrons
were injected into the FA molecule.” When the surface of Au-Pd
was covered with Al,O; to isolate the charge transfer channel,
the PL quenching was not observed, which further confirms
that the hot electron is an essential factor in enhancing FA
dehydrogenation. In addition, density functional theory (DFT)
calculations revealed that adding an electron on the surface of
Pd atoms can effectively reduce the Gibbs free energy of the
adsorbed state of FA molecules and intermediates (Fig. 6b),
illustrating that optimizing the interfacial electronic properties
can facilitate the dehydrogenation.® In addition to hot elec-
trons, hot holes are also believed to promote FA dehydrogena-
tion. As shown in Fig. 6¢, Moskovits et al. proposed that hot
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Fig. 6 (a) The PL intensities of individual Pd-tipped Au NRs and the
signal after immersing in FA aqueous (1 M).°* Reproduced with
permission from ref. Copyright 2021 American Chemical Society. (b)
Gibbs free energy reaction profiles (eV) for FA dehydrogenation over
Pd (111) via the formate (left) and carboxyl (right) pathway. The slab
surface is modified by various methods: no promoter, HCOONa
(HCOO™ and Na%), and 1le.** Reproduced with permission from ref.
Copyright 2017 American Chemical Society. (c) Illustrations of the
mechanism in plasmon accelerating FA decomposition.?® Reproduced
with permission from ref. Copyright 2016 Wiley-VCH.
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electrons/holes boost the neutralization rate cooperatively to
reduce the activation energy, in which holes are injected into
negatively charged formates to accelerate C-H fracture, while
hot electrons neutralize -H" to accelerate H, desorption.®

Local electromagnetic field

For surface-chemisorbed molecules, the local electromagnetic
field can significantly modify their bond length, configuration,
etc, which can flatten the potential energy surface (PES) and
reduce the activation energy barrier, although the molecules
cannot be excited to the excited state within the femtosecond scale
lifetime range.”® Beyond that, the selective effect of local electro-
magnetic fields on adsorption configurations has been discovered
in recent years. Compared with nonpolar or weak-polar reactants,
the plasmon force can more easily influence molecules with large
dipole moments, thus changing the diffusion and adsorption
behavior. For instance, Zhu and co-workers observed a photo-
switching product selectivity in the alkyne-hydroamination reac-
tion, where the product selectivity depends on the ratio of surface
chemisorbed reactants.* Alkynes and anilines exhibit different
chemisorption types with/without irradiation. In the dark,
numerous alkynes are adsorbed on the surface sites and produce
Diyne. Upon illumination, the alkynes are released from the
surface, while the light-polarizable aniline is preferentially
adsorbed and driven by plasmon forces to obtain Imine.
Considering the large dipole moment of HCOOH and some
additives (e.g., HCOONa), such plasmon force can also optimize
the interfacial adsorption configuration in FA dehydrogenation.

The local field-assisted FA activation was judged by the Au-
Pd core-shell and core-satellite nanostructures. Emiliano and
collaborators prepared the Au@Pd shell and Au@AuPd shell,
and assembled the Au-Pd satellite and Au-AuPd satellite to
study FA dehydrogenation under darkness and light.*®* The
results in Fig. 7a and b show that the geometric structure can
profoundly influence the dehydrogenation activity. Among
these, the Au-AuPd satellite has the highest dehydrogenation
rate and enhancement factor due to the gap between the reactor
and the plasmon antenna, allowing the electromagnetic field to
climb up to almost 30 times larger than the surface of the
Au@Pd core-shell (Fig. 7c). Meanwhile, the higher dielectric
function imaginary enables the e "-h" to almost form in Pd after
the plasmon decay (Fig. 7d).

Beyond FA dehydrogenation, hot spots located at interpar-
ticle gaps were extensively studied in the antenna-reactor
geometry. In this typical system, no obvious interfacial hybrid
state was created between the antenna and reactor, which are
usually physically separated or isolated by insulators (such as
Si0,).#°71°t According to Sytwu's work, an antenna-reactor
system where Au-Pd is physically mixed, the B phase Pd nano-
cubes exhibit a faster transition rate to the a phase under illu-
mination.’>'* And the Pd closer to the plasmon antenna
always transitions faster than those far away from the antenna.
Hot spots contribute to the nucleation at Pd nanocube edges
rather than the corners (low-coordination sites), implying that
the electromagnetic field assists in creating new sites, even
though these sites are energetically unfavorable.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The H, production of various bimetallic nanocatalysts under
dark conditions and upon illumination, and (b) their corresponding
enhancement factors (the ratio between light and dark performances).
(c) Electric field distribution for various bimetallic nanocatalysts, (i)
Au@Pd core-shell, (i) Au—Pd core-satellite, (iii) a Pd satellite and (iv)
Au@Pd satellite placed 1 nm away from an antenna, and (d) corre-
sponding absorption maps of (v) Au@Pd core-shell, (vi) Au—Pd core—
satellite, (vii) a Pd satellite and (viii) Au@Pd satellite.*® Open Access ref.
from 2022 Wiley-VCH.

As a powerful tool, DFT calculation can well investigate the
influence of electromagnetic fields on reaction thermody-
namics, intermediates, hybrid electronic states, and so
on.**'**1% The hybridized orbitals at the interface are redis-
tributed under the action of electromagnetic fields, which may
contribute to the direct dissipation of plasmon energy in these
metal-molecular states. Such momentum conservation excita-
tion avoids the metallic electron-electron and electron-phonon
relaxation, resulting in some selective activation scenarios, and
some unexpected phenomena. In a recent study, the projected
density of states (PDOS) was used to analyze interfacial
hybridization states when CuPd was employed as an adsorption
site for CO,."” When an electric field was introduced to simu-
late the LSPR collective electron oscillation, the hybridized O1
2P and O2 2P shifted away from the Fermi level and became
more overlapped, further stabilizing the interfacial adsorption
configuration. More impressive, new quasi-isolated states are
generated near the Fermi level, contributing to the oscillation of
more electronic states and the extension of hot carrier lifetimes.

Perspective and outlook

Although great progress has been made during the past decades
in the field of light-enhancing FA dehydrogenation, to move
forward, further improvement complemented by both theoretical
and experimental advances is essential to establish a more
quantitative understanding of hybrid plasmonic metal nano-
structures. This section focuses on major limitations and further
development for plasmon-enhanced FA dehydrogenation.

(1) Mechanism investigation. Compared with thermal
catalysis, the physicochemical understanding of plasmon-
involved chemical reactions is still far from clear, such as
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plasmon-induced configuration transformation and specific
contributions of hot carriers and electromagnetic fields. In
addition, some additives (e.g., HCOONa) are widely employed to
boost H, evolution in traditional thermal catalysis, while the
role of additives in plasmonic catalysis still needs to be deter-
mined. Advanced characterization and theoretical simulations
provide promising approaches to explore the underlying
mechanism in plasmon-enhanced FA dehydrogenation.
Advanced techniques with fine temporal, spatial, and energy
resolution, such as tip-enhanced Raman scattering (TERS),'*7**
surface-enhanced Raman scattering (SERS),""*** and synchro-
tron infrared nanospectroscopy (SINS),"**** efc., can be used to
obtain molecular vibrations, intermediate conversion, and
energy dissipation at a picosecond level or in a specific nano-
scale region, which is helpful to determine multiple effects.
Theoretical simulation provides another convenience for
obtaining high-quality information, including chemisorbed
structure, hybrid electronic density of states, intermediates, and
so on, which can deepen the understanding of plasmon energy
conversion and guide the rational design of catalyst systems.*®

(2) Plasmonic catalyst design principles. The ability of light
absorption is essential for plasmonic catalysis. Within the mean
free path, the optical absorption is positively correlated with the
square of field strength and the dielectric function imaginary
part but inversely correlated with the metal size. Therefore, high
field intensity, large imaginary parts, and small size are
required for strong optical absorption. However, there is an
intrinsic dilemma between absorption and the local field.**®
Typically, a small imaginary part can bring an intense field but
minimize plasmon decay to form energetic hot carriers;
meanwhile, nanoparticles with large size have a strong elec-
tromagnetic field, but most LSPR energy decays through photon
radiation. Fortunately, absorption-local fields can be balanced
through geometric construction (e.g., protruding tips), coupling
with high imaginary part metals (Pd, Pt), assembling interpar-
ticle hotspots, and tuning the particle size.

Except the LSPR properties, the critical role of catalytic
electronic states has been gradually unraveled, which largely
determines the adsorption/desorption of molecules on the
catalyst surface.?”’” Considering that the surface plasmon
energy distribution is non-homogeneous, local fields or hot
carriers can greatly influence interfacial states, such as molec-
ular polarities, electronic states, adsorption, etc., in the regions
with significant LSPR features. However, over the sites with poor
plasmon energy, there are some blank spots where LSPR does
not effectively affect the sites, and a thermal-driven process may
not be negligible. Therefore, from the perspective of obtaining
higher catalytic efficiency, optimizing the intrinsic ground
electronic states may be one of the vital strategies. In addition to
Fermi level engineering and metallic alloying we mentioned
above, there exist some other approaches such as geometry or
faceting control of activity metals, and intermetallic tuning (i.e.,
ligand, ensemble, and strain effect) which have been success-
fully established for modifying electronic states. For example, it
has been demonstrated that Pd-Au interface sites exhibit high
activity and selectivity for FA decomposition by optimization of
the arrangement of Pd and Au atoms through an ensemble
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effect."”® The Pd-PdO interface could decompose FA at a high
rate with overcoming CO toxicity due to a special electronic
state."™ Therefore, to further improve catalytic performances,
much attention should be paid to rationally designing efficient
catalysts by considering both solar energy utilization and
intrinsic electronic properties.

In addition, cheaper and more abundant Cu and Al elements
can be developed as substitutes for precious metals, but the
potential effects of easily oxidized surfaces on optical properties
and catalytic rates must be recognized.

(3) Integrating local heat. The local surface plasmon decays in
a non-radiative way, finally causing local heat. For FA dehydro-
genation, a thermodynamically favorable process, heating should
facilitate a higher yield. Most reported plasmon-involved systems
apply a water bath to eliminate the heating effect induced by
irradiation. From the point of view of energy utilization efficiency,
this is wasteful because most energy is lost through heat transfer.
However, attention should be paid to the quantitative distinction
between thermal and non-thermal effects. Although the decou-
pling of these effects is greatly limited by the extended timescales
and highly confined space, some studies and reviews have
focused on this key question.’*®”****** The contribution of hot
carriers, local field, and local heat was distinguished through
accurate temperature detection, optimized catalytic system
design, or the application of in situ spectroscopy. In addition,
excessive heating may also lead to poor product selectivity,
generating carbon monoxide during HCOOH decomposi-
tion.'***1*>123 Therefore, the local thermal effect induced by LSPR
is a double-edged sword. How to well balance photothermal and
selectivity is one of the critical issues that must be addressed to
make full use of plasmon energy.

With increasing attention and ongoing efforts on plasmonic
catalysis, we look forward to more exciting discoveries, such as
further improvements in selectivity/activity in this area, and
predict that plasmonic catalysts probably will become the next
generation of photocatalysts.
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