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ABSTRACT

Metallic nanocrystals have gained growing interest in photocatalysis applications due
to their robust nature for multicycle operation, strong light absorption, and relatively new
catalytic mechanisms. Historically, photocatalysis induced by localized surface plasmon
resonance (plasmon resonance for short) of these particles has been studied widely for more
than a decade, but photocatalysis originating from interband transitions is still
underexplored. In order to build a comprehensive map from photon utilization to hot-
carrier harvesting, and related photocatalysis, the systematic comparison between plasmon
resonance and interband transition needs to be conducted in light of hot carriers-mediated
reaction. The energy levels, population, dynamics, and heating effect of those hot carriers,
and as followed, the charge transfer, reaction pathway, and Kinetics are all necessary to be
discussed. In this dissertation, the physical picture and related properties of interband
transition and plasmon resonance are reviewed, then some systematic approaches to
evaluate these two excitations are demonstrated. As follows, the porous Palladium
nanoparticles as the model catalysts with dominant spectra features corresponding to the
interband transitions were employed for mechanistic insights. We have demonstrated that
under shorter wavelengths, deeper holes in the d-band can catalyze the oxidative addition
of aryl halide R-X onto Pd° at the nanoparticles’ surface to form R-Pd'-X complex, thus
accelerating the rate-determining step of the catalytic cycle, eventually increase the
quantum yield of photocatalyzed Suzuki-Miyaura reactions. In the meantime, we have
proved and quantified the effect of photocharging towards nanoparticle photocatalysis, as
an underlying and often overlooked mechanism. We have built a proportional relation
between accumulated charge and separate catalytic performance, which should deserve
more attention in the future.

Furthermore, we have been exploring the possibility of using earth-abundant metals for
sustainable photocatalysis and utilizing the intrinsic interband transitions in these metals to
search for new catalytic properties. Combined with the electronic and band structure of Au,
Pd, and Co metals, we have rationalized the interband transitions in the metal-adsorbate
hybridized states of those three metals and confirmed the contribution of both interaction
strength between metal and adsorbates and energy states of hot carriers from interband
transitions to photocatalysis. And the cobalt-based metallic nanoparticle photocatalysts
were proved to be a good candidate for designing better energy alignment between the d-
band structure and interband transition than Au and Pd nanoparticles, which leads us to
shift from noble to non-noble metallic nanoparticle photocatalyst and a sustainable future.
Eventually, we have provided some future perspectives towards the design for non-noble-
metal-based nanoparticle photocatalysts and related mechanistic insights of the hot-carrier
behavior from interband transitions.

xiii



Chapter 1 Photocatalysis of Metallic Nanoparticles: Interband
vs. Plasmon

(This chapter covers similar materials as in a submitted manuscript to Nanoscale as an
invited Review article. Reproduced with permission, copyright © 2023 Authors and Royal
Society of Chemistry.)

1.1 Introduction
1.1.1 Historical view of plasmon

Light-matter interaction has been always a tremendously attractive and fascinating
topic in lots of different areas, including modern spectroscopy, lasers, X-ray sources, light-
emitting diodes, photodiodes, solar cells, high-energy particle detectors and advanced
microscopy methods.! Tracing back to 1902, R.W. Wood discovered a pattern of unusual
thin dark bands in the diffraction spectrum by an optical metallic diffraction grating and
could not provide any interpretation at that time, so-called “singular anomalies”.2 This led
to the discovery of surface plasmon polariton and RW. Wood was regarded as the initiator
of plasmonics. After systematic study of plasma by Irving Langmuir in the 1920s,® the
concept of plasmon, defined as the collective electron oscillations or plasma oscillation
(the nature of charge density wave), was initially proposed in 1952 by David Pines and
David Bohm .* Only a few years later, surface plasmon was first predicted by Rufus Ritchie
in 1957,° and extensively developed theoretically and experimentally by many other
scientists including T. Turbadar, E. N. Economou, Heinz Raether, E. Kretschmann, and A.
Otto.® Surface plasmon, coherent non-propagating collective oscillations of electrons at the
surfaces of bulk metals, was further studied under the framework of light-mater interaction,
giving two new phenomena: surface plasmon polariton at the planar interface and localized
surface plasmon at nanoparticle surface.” From the 1980s, the localized surface plasmon
resonance, coherently oscillating of the driving electric field and conduction electrons in a
sub-wavelength metallic nanoparticle, was brought to the stage and various kinds of areas
were exploited including plasmonics, photonics and electronics.® The timeline of plasmon
development was listed in Figure 1.1.

Experii Ity for the excitati
of surface plasmon resonances,
Plasma, first systematically Surface Plasmons, f b:fkrelfchmann—Rae!her
studied by Irving Langmuir, First predicted by Rufus Ritchie, configuration, Zeitschrift fir
Proc. Natl. Acad. Sci. 1928, 14, 628 Physical Review. 1957, 106{5), 874 Naturfors:hung’ 1968, 23, 2135
1902 ] 1952 ] 1960s 1983 .
I 19205 I 1957 l 1968 l
Wood's anomalies, thin dark bands Plasmon, initially proposed by Other foremost scientists: Localized Surface Plasmon
in the diffracted spectrum, by RW. David Pines and David Bohm, T. Turbadar, E. N. Economou Resonance (LSPR), by W. R.
Wood, Philos. Mag. 1902, 4, 396 Physical Review. 1952, 85, 338. Heinz Raether, E. Kretschmann, Holland and D. G. Hall,
and A. Otto Phys. Rev. B 27, 7765

Figure 1.1 Milestones of plasmon research.

1.1.2 Overview of metallic nanoparticles for catalysis

Metals, as excellent electron reservoirs, are capable of donating or accepting electrons
for facilitating chemical transformations. They have been used as heterogeneous catalysts



for decades, and their nanocrystals have recently gained more attention for improving the
catalytic properties of the bulk or molecular versions.® ° In general, metallic nanocrystals
offer better catalytic activities and selectivities than the bulk versions due to their higher
active sites per volume and more well-defined crystal facets. On the other hand, the
nanocrystals are more robust than molecular catalysts and suitable for multicycle operation
or integrating with other supporting substrates. Metallic nanocrystals were initially used in
photocatalysis when they were loaded on TiO, as co-catalysts.! Since then,
heterojunctions of metal and semiconductor nanocrystals have been used extensively for
photocatalysis.'?> These heterojunctions have been mostly prepared by precipitation or
impregnation of metal nanocrystals on supporting metal oxide nanocrystals. As a result,
the metal nanocrystals have poor uniformities of size and shape, and consequently ill-
defined catalytic sites. These factors create challenge on quantifying the relationship
between the structure and the catalytic properties.™® Recently, the development of colloidal
synthesis has allowed us to create high quality metallic nanocrystals with high levels of
controlling size, shape, crystal facet, uniformity, and surface functionalization.'**® This
advancement in preparing nanocrystals now provides us an unprecedented opportunity to
study and tune their catalytic properties with greater accuracy and reliability.

Map to photocatalysis @

/
\D Interband

Transition
o Hot carrier dynamics
" - o Charge transfer ~ Photocatalysis
- W J ) o e/h" mediated-reactions
Photons incoming! Plasmon
Resonance

Scattering or Photons

A

\_/

Scheme 1.1 Overview of photocatalysis by metallic nanoparticles. From photon adsorption
(interband transition or plasmon resonance) to hot-carrier-mediated photocatalytic
reactions, different pathways may provide different physical pictures and mechanistic
interpretations.

When studying photocatalytic mechanism of metallic nanocrystals, we have been relied
on the well-known photo-physics of bulk metals and metal surfaces.!”*° This is largely
because we treat the nanocrystals as solids, and their electronic states are considered as
continuous and metal-liked as long as their size is larger than few nanometers.?% 2> As we
will discuss in this review, the photo-physics of bulk metals cannot always be transferred
to metallic nanocrystals due to many influenced factors evolving size, dimension, and
shape of the nanocrystals. Among them, the most distinct properties of metallic
nanocrystals form their bulk versions are the optical turnability and the corresponding
photogenerated hot carriers. The two common optical regimes are localized surface



plasmon resonance (plasmon resonance for short) and interband transitions, and they
generally can be selected by choosing suitable wavelengths of the absorbed photons. The
application of the plasmon resonance for photocatalysis have been demonstrated for more
than a decade and reviewed thoroughly in recent literature.?>2” However, recent attention
on utilizing interband transitions for photocatalyst has brought some promising results.?
32 In fact, interband transitions has demonstrated better catalysis than plasmon resonance
in many reactions.?8-3% 323 The purpose of this review is having a comprehensive
understanding of fundamental steps in photocatalysis induced by these two optical regimes.
The energy levels, populations, dynamics, and heating effect of the corresponding hot
carriers, as well as the following charge transfer, catalytic pathway, and reaction kinetics
will be discussed (see Scheme 1). We hope that these considerations will help to develop
better metal-nanocrystal based photocatalysts.

1.1.3 Metallic nanocrystal photocatalysts: Pros and Cons

For decades, metallic nanocrystals have demonstrated their potential for
photocatalyzing various chemical reactions.®> ®3" Regardless of the advantages and
disadvantages as compared the well-known molecular®®* and semiconductor
photocatalysts**#’, metallic nanocrystals have contributed significantly to the
photocatalysis toolbox, and their photocatalytic properties are still relative new for further
exploration. Their merits and demerits as compared to other common photocatalysts are
presented in Table 1.1. It is important to note that each kind of photocatalysts has its own
advantages and disadvantages. There is no champion among them. For example, the
metallic nanocrystals have a higher recyclability than the molecular catalysts, but their
most interior atoms do not participate in the photocatalysis, making the nanocrystals still
less economical than the molecular catalysts in term of utilizing materials down to atomic
levels. On the other note, metallic nanocrystals have no band gap, and the energy levels of
photogenerated hot carriers can be tuned, eventually the catalytic activities can be tuned by
light. The semiconductor photocatalysts, however, have band gaps. Thus, the energy levels
of the electron and holes are confined to the conduction and valence bend and cannot be
turned by light.

Table 1.1 Compared photocatalytic properties of metallic nanoparticles to other
common photocatalysts.

Metallic NP Molecule Semiconductor NP

*  Tunable light absorption .
. . *  Better quantum yield .
»  Continuous electronic *  Adjustable energy
*  Metal-atom economy .
states . band alignment to
_ *  Clear active site and .
*  Hot carrier-induced . - reaction
Pros . catalytic mechanisms -
catalysis P * Long lifetime
R *  Tunable selectivity .
* Nearfield-induced o . excitons
. *  Longer lifetime for excited
catalysis Easy to recycle

+  High recyclability states



o Low quantum yield
o Capping ligands hinder
Cons catalytic activity
o Interior atoms were not
used efficiently

o Band-gap limitation
o High recyclability for photon
o Poor stability absorption

o Low quantum yield

1.1.4 Interband vs. Plasmon driven mechanisms: Concerns and opportunities

Once the photon is adsorbed by the metallic nanoparticles, the first and most important
step towards further catalysis is the photoexcitation pathway including plasmon resonance
and interband transition. Currently, photocatalysis induced by plasmon resonance of
metallic nanoparticles has proven to be able to catalyze a wide range of chemical
transformations and the mechanisms involved have been profoundly studied.?® 4852 |n
contrast, much less has been reported for interband transition-based photocatalysis.3? 3453
% This lack of attention should be addressed considering that many common noble metallic
nanoparticles have spectral overlap between interband transitions and plasmon resonance.
Since these two regimes of photoexcitation generate hot carriers with different energy and
dynamics, it is important to take a careful investigation of these two processes in the
corresponding photocatalysis.

In this review, we will systematically compare the plasmon resonance and interband
transition of metallic nanoparticles in terms of photoexcitation, hot carrier-mediated
reactions and mechanisms, with emphasis on the interband transitions that have less been
reviewed in the photocatalysis community. We will start on the physical pictures of
interband transition and plasmon resonance, focus on the properties of hot carriers
generated from these two excitations and build a clear link of charge transfer in metallic
nanoparticles for chemical reactions. Next, we will summarize the photocatalyzed
reactions driven by hot electrons and hot holes separately, with a slight touch upon the
descriptors for photocatalysis efficiency. Then, we will dig into different photocatalytic
mechanisms involved in metallic nanoparticles’ catalysis and build a comprehensive view
of the interband transition and plasmon resonance. Finally, we will provide some future
perspectives on how to utilize our understanding of those two excitations to improve the
photocatalysis of metallic nanoparticles fundamentally and practically.

1.2 Photoexcitation of metallic nanoparticles
1.2.1 Physical picture of photoexcitation

In a nutshell, the plasmon resonance can be described by a classical picture as a
collective oscillation of the nanoparticles’ electrons in response to the electric field of
exciting photons or a quantum mechanical picture as electron transitions from some sp-
band states to other sp-band states (i.e. intraband transitions), while the interband
transitions are given to electron transitions from the respective d to sp bands (Figures 1.2A
and 1.2B).*? Due to these origins, the plasmon resonance of metal nanoparticles offers
strong optical absorption and tunable spectral shift depending on the particle morphology,
but the interband transitions always provide a significant absorption within a defined
spectral region. Moreover, plasmon resonance can promote the hot electrons to a higher
energy state and leave the hot holes near the Fermi level (EF), while the interband
transitions only promote the hot electrons near the Er and leave the hot holes deep in the



d-band states. This fundamental difference plays a pivotal role in the following charge
transfer and photocatalytic reactions.

Specifically, the interband transitions produce the non-equilibrium excited carriers with
uniform angular distribution and the holes in the d-shell with large effective mass thus high
potential energy but small kinetic energy and short mean free path (Figure 1.2C).1% % In
this case, the hot holes may afford a better chance of traveling and participating in the
chemical reactions, compared to the hot electrons merge into the Fermi level. On the other
hand, three different mechanisms are involved in the intraband excitation within the
conduction s-band, such as phonon (or impurity)-assisted transition, EE Umklapp
scattering-assisted transition, and Landau damping or surface collision-assisted “tilted”
transition.'® ° The first and third ones are far more likely to generate sufficient high-energy
electrons to overcome the surface (Schottky) barrier to be injected into adjacent absorbates
or semiconductors. In this case, the hot electrons may take the lead for further reactions.
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Figure 1.2 Physical pictures and comparisons of plasmon resonance and interband
transition. (A) A classical picture of collective electrons oscillation driven by plasmon
resonance (represented as LSPR here). The plasmon decay into hot carriers follows a
Fermi-Dirac distribution at different energies, in which the highest energy of hot electrons
(red area) can reach one absorbed energy higher than the Fermi level (Er) but the hot holes
(blue) reside near the Er in sp band. A quantum mechanical picture describes the LSPR as
a superposition of multiple isoenergetic, single-electron transitions when one photon is
absorbed. This excitation is also regarded as the intraband transition since the hot electrons
and holes are both in the sp bands. (B) Interband transition directly generates a pair of
electron-hole (e™-h™) from adsorption of a higher energy photon, in which the hot electrons
(red) are promoted to just above Er and hot holes reside deep in the d band. (C) Comparison
of interband transition and plasmon resonance (represented as intraband here) includes hot
carrier (abbreviated as HC)’s generation intensity, lifetime, and energy states. A and B
were adapted with permission from ref. 32, Open Access and Copyright © 2017 American
Chemical Society and C from ref 55, Open Access and Copyright © 2015, The Author(s)
and Springer Nature.

1.2.2 Photo-generated hot carriers and their properties

The optical excitations in the plasmon resonance or interband transition regime are
expected to generate hot carriers with different energy states, populations, and dynamics,



in which different relaxation (or decay) processes are involved. Govorov and co-workers
provided a theoretical perspective on the generation rates and the energy distributions of
hot electrons in nanocrystals with various geometries in both quantum and classical
mechanisms (Figures 1.3A and 1.3B).%® In their theory, three main channels including
classical Drude friction-like dissipation, interband transitions, and hot electrons’
generation contribute to the plasmonic decay (Figure 1.3A). The rate of these processes
along with scattering events of the hot electrons are well discussed numerically and
analytically by Atwater,>” Nordlander,>® Khurgin®®, and their co-workers. As for the
energy distribution (Figure 1.3B), plasmon resonance would produce energetic hot carriers
falling into the range between Ert+/i® (for hot electrons) and Er-/io (for hot holes),
following the Fermi-Dirac distribution via electron-electron scattering.®® In contrast,
interband transition only produces hot electrons near the Fermi level (lower energy
compared to the plasmon resonance) but energetic hot holes down to Er-7 (similar energy
to the maximum from plasmon resonance but with larger distribution). The energy
distribution of hot carriers from interband transitions depends on the intrinsic electronic
and band structure of different metals, as predicted by Atwater and co-workers.®* Those
properties will play decisive roles in the following catalytic process and will be discussed
in later sections.
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Figure 1.3 Hot carriers’ generation and properties from interband transition and plasmon
resonance. (A) Plasmon decay into hot or thermalized electron-hole pairs or other
scattering and relaxation processes. The symbol “y" represents the rate of each relaxation
process. (B) Typical spectrum for the rate of carrier generation (Re(€)). Two different types
of excited carriers including energetic (hot) and drude electron/holes are observed from
plasmon resonance. One type of carrier is from the interband transition in blue regions. (C)
Timescale demonstration of plasmon excitation, absorption or scattering, and relaxation
for plasmon resonance and interband transition. A and B were adapted with permission
from ref. 56, Copyright © 2017 American Chemical Society. Part of C was adapted with
permission from ref. 50, Copyright © 2021, Springer Nature Limited.

After the generation of hot carriers, the dynamics of hot carriers including lifetime and
mean free path are also critical before considering the utilization of these hot carriers. Once
excited via plasmon resonance (Figure 1.3C), the metallic nanoparticles would undergo
either non-radiative absorption to generate e-h* pairs or radiative scattering to re-emit the
photons in the timescale of around 10 fs.>% 2 The generation of hot carriers may last from
1-100 fs from different photon-electron interactions, in most case the Landau damping.
This process is dependent on the size and shape of the nanoparticles as well as the
wavelength of light (photon energy). ¢ And the mean free path of these hot carriers varies
from 10 to 20 nm for Au and 700 nm excitation depending on the relaxation pathways.*°
After that, the relaxation through e™-e” scattering typically occurs around 500 fs and the e
/phonon collisions lead to releasing thermal energy in a relatively long timescale up to a
few hundreds of ps.82 84 On the other hand, for interband transition, the lifetime would be
much shorter than the plasmon resonance since it is a direct momentum conserved
transition and no other assistance needed.

For interband transitions, the mechanisms generating hot carriers and their initial
energy states, and lifetimes vary to some degree from SPR intraband transitions. Excitation
energies greater than the interband threshold of gold and copper (~ 1.8 eV) produce
interband transitions dominated by d band hot holes with energies equal to or greater than
the interband threshold.®! % These transitions are instantaneous with far fewer hot carrier
pairs from a single excitation. Therefore, the photon energy is distributed amongst fewer
pairs of hot carriers, so the average energy per pair of hot carriers is greater energy than
their SPR counterparts, most of it carried by the hole. The electron relaxation dynamics are
similar to intraband transitions with hot carrier relaxations lifetimes of 1.7 ps for e-phonon,
~100 fs for e-e", and 90 ps for phonon-phonon scattering.%® Keep in mind that these
relaxation processes overlap, and these time constants vary depending on the excitation
wavelength, where relaxation lifetimes are shorter when higher energy photons are used.®®
67

The time scale of these measurements, relying on the multiple-photon absorption under
laser conditions rather than the single-photon event under photocatalytic reactions with
continuous LED irradiation.

1.2.3 Charge transfer for catalysis
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Figure 1.4 Pathways and dynamics of charge transfer from metallic nanoparticles to
adsorbates for photocatalysis. (A) Hot carriers transfer to the adsorbates and bring the
adsorbates to charged or electronically excited potential energy surface (PES). The
chemical bonds dissociate after the relaxation to a low-lying PES. (B) Hot carrier’s
dynamics for adsorbates on metallic nanoparticles including timescales and key quantities
involved in each process. ¥ represents for wavefunction or degrees of freedom of
nanoparticles (NP) or molecules (mol), el for electronic and nuc for nuclear. (C)
Photoexcitation pathways to induce chemical reactions including direct intramolecular
excitation, direct excitation of hybridized meta-adsorbate states, and charge transfer to
corresponding molecular orbitals of absorbates. B was adapted with permission from ref.
71, Copyright © 2020, The Materials Research Society and C from ref. 72, Copyright ©
2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Hot carriers generated from plasmon resonance or interband transitions may undergo
different dynamics in a very short time scale inside metallic nanoparticles themselves,
however when adsorbates are involved, an energy or charge transfer process may occur
and drive chemical transformations at the surface. Several energy and charge transfer
mechanisms have been proposed, for example, the hot carriers generated from optical
excitations can transfer from nanoparticles to adsorbates (or reactants) and promote the
adsorbates to charged or electronically excited potential energy surface (PES). The
adsorbates then can relax to the low-lying potential energy surfaces in which chemical
bonds can be dissociated later (Figure 1.4A). These energetic hot carriers may offer a new
pathway to lower the activation energy barrier (Ea) as described in the conventional
thermally-driven reactions and the experimental features of these comparisons were well
discussed.® Noting that this mechanism of desorption induced by electronic transitions



(DIET) for bond activation was initially stimulated by irradiating a solid surface®® and
expanded to the plasmon community.®® ¢ 7© However, it remains unclear whether the
interband transitions would follow the exact same pathway, which requires more attention
in this field to push it forward.

As for the comparison of hot carriers’ dynamics on metallic nanoparticles or at the
metal-adsorbate interface, a lightly longer timescale of the dynamic on adsorbate was
observed through theoretical simulation and experimental characterizations (Figure
1.4B).”™ And those timescales are also closely related to specific photoexcitation pathways
including direct intramolecular excitation, direct excitation of hybridized metal-adsorbate
states, and charge transfer directly or indirectly to corresponding molecular orbitals of
absorbates (Figure 1.4C).”> 73 Typically, direct excitation either intramolecularly or via
hybridized metal-adsorbate states requires a suitable orbital overlap with strong interaction
between metal and adsorbate, which may achieve higher energy efficiency but normally
needs delicate systematic design of the interface.” On the other hand, the direct hot-carrier
transfer via chemical interface damping (CID) or indirect hot-carrier transfer via chemical
interface scattering (C1S) through an inelastic tunnelling process, are broadly demonstrated
in various reaction conditions but suffer a significant energy loss due to scattering in the
indirect pathway.™ It is worth noting that most of these mechanisms start from the plasmon
resonance and focus on the hot-electron transfer process, and multiple excitation pathways
may occur in the same system, and some other effects including electromagnetic field
enhancement and photo-thermal effect may complicate the system. Besides, few reports
have mentioned the hot-hole transfer and the role of these holes in catalysis,”® ’” which is
essentially critical in interband transition related photocatalysis.

1.3 Photocatalyzed reactions driven by hot carriers

Despite there being continuing debates about whether and how the hot carriers are
involved in the catalytic process’®8 and very little concrete experimental evidence can
prove various mechanisms directly®, lots of practical chemical reactions have been
demonstrated feasible by hot carriers generated from metallic nanoparticles. In this section,
we will focus on presenting different types of photocatalytic reactions with metallic
nanoparticles, mainly driven by hot electrons or hot holes.

1.3.1 Hot electron-mediated reactions

Hot electrons generated from plasmon resonance decay with higher energy above the
Fermi level can be transferred to the unoccupied electronic states of the adsorbates to
facilitate the bond activation before they are all dissipated with hot holes or phonons into
heat. On the other hand, the hot electrons from interband transition remain near the Fermi
level with lower energy, which still has the chance for electron transfer but with limited
efficiency and under specific conditions. Thus, in this part, we will briefly summarize some
of the hot-electron-mediated photocatalytic reactions mainly from plasmon resonance of
metallic nanoparticles, since this topic has already been thoroughly reviewed by Wei’s
group,® Moores’s group,?® Moskovits’ and Tian’s group,®® Xu’ and Nam’s group®.
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Figure 1.5 Hot electron-mediated photocatalytic reactions. (A) H2 dissociation on Au NP:
d-band electron-hole pair generated after plasmon decay, Fermi-Dirac distribution of hot
electrons transferring into the antibonding state of H, and proposed mechanism. (B) O
dissociation on Ag(100): Molecular density of states projected on adsorbed O2. (C) H20
splitting on Au nanosphere. (D) CO: reduction and N> fixation by plasmon-enhanced
photocatalysis. (E) CO- reduction to hydrocarbons by the multielectron and multiphoton
process. A was adapted with permission from ref. 85, Copyright © 2013, American
Chemical Society, B from ref. 69, Copyright © 2011, Nature Publishing Group, C from ref.
86, Copyright © 2016, American Chemical Society, D from ref. 90, © 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim and E from ref. 91, Copyright © 2018, American
Chemical Society.

In early reports, proof-of-concept experiments about hot electron-mediated reactions
were demonstrated by small-molecule activation on metallic nanoparticles, including
H2/O; dissociation, H20 splitting, and CO2/CH4/N; activation. Nordlander’s and Halas’s
groups reported the Room-temperature dissociation of H2 on gold nanoparticles, which was
triggered by hot electrons from plasmon resonance and detected by the formation of HD
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molecules from H; and D2 (Figure 1.5A).8° Combined with DFT calculation, they proposed
the mechanism that hot electron transferred from Au NP to the antibonding 16,* state of
an adsorbed H2 molecule and then reduced the dissociation energy barrier (Figure 1.5A).
Similarly, Linic’s group demonstrated energetic hot electrons could transfer to antibonding
orbitals of the O> molecule and then form a transient negative-ion state, followed by
facilitating the rate-limiting O»-dissociation reaction (ethylene epoxidation) (Figure
1.5B).% Also, theoretical simulations suggested that with manipulation of the energy level
of plasmon-induced hot carriers and adsorbates’ unpopulated states, H»O splitting could be
achieved on gold nanoparticles (Figure 1.5C).% This concept was then realized in different
experimental setups®’:® and expanded to other plasmonic metallic nanoparticles or hybrid
nanostructures®. Furthermore, the hot electron-mediated process was applied to more
sophisticated reactions, including CO- reduction and N> fixation into high-value products,
which was already discussed thoroughly by Jiang’s and Wang’s group (Figure 1.5D).%°
Due to the highly-stable nature of these molecules, much more effect needs to be done
including designing better adsorption and active sites for those molecules, energy
alignment of different metallic nanoparticles or hybrid structures, and selectivity toward
specific products. Recently, Jain’s group reported the plasmonic control of different
hydrocarbon products (methane or ethane) by changing the light excitation characteristics
such as interband transition or plasmon resonance pathways (Figure 1.5E).°' And they
further developed a rich catalog of different CO, photocatalytic reduction products with
plasmonic Ag nanoparticles.® Another large portion of the reactions mediated by hot
electrons are organic transformations on metallic nanoparticles, which is thoroughly
reviewed by previous reports.?® 8 The general idea is to integrate the hot electrons
generated from metallic nanoparticles into the traditional catalytic cycle and find the
critical role of these hot electrons, in which the specific mechanisms in different reactions
may vary from each other. The ideal goal is to enhance the reaction rates or lower the
reaction temperature from photon energy and improve the selectivity by controlling the
reaction pathway with hot electrons.

Overall, the hot electrons generated from plasmon resonance in metallic nanoparticles
are proved to be useful in various reduction reactions, however in different systems,
specific designs or conditions may be needed to fulfill the best performance. It will cost
much more effort to investigate the photocatalytic mechanism behind each reaction, which
will be discussed in Section 4. Another issue here is that the underestimation or oversight
of interband transitions (intrinsic and not dependent on size or shape) in these reactions
may lead to an incomplete picture of the whole reaction process, which deserves more
attention now.

1.3.2 Hot hole-mediated reactions

Hot carriers generated either from plasmon resonance or interband transition after
decay are normally in a pair from including hot electrons and hot holes. While the hot
electrons have been proved useful in those reduction reactions above, the hot hole-mediated
reaction emerges into our sight just recently and deserves more attention.* & 77
Traditionally, hot holes generated from plasmon resonance can participate in the metal
etching,®® organic transformations,®-*° polymerization,® and oxygen evolution reactions®’.
On the other hand, the deep holes generated from interband transitions should be better

11



candidates for oxidation reactions in theory, which has been overlooked and just been
picked up and proved by our group.3*°%>4 In this part, we will focus on hot-hole mediated
reactions, especially those deep holes from interband transitions, which will provide us
with a different perspective and help us complete the whole picture of hot holes.
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Figure 1.6 Hot hole-mediated photocatalytic reactions. (A) Metal dissolution: enhance the
rate of gold oxidation and subsequent electrodissolution. (B) Organic transformation: 4-
mercaptobenzoic acid (MBA) decarboxylation to benzenethiol (BT) by plasmon-induced
hole transfer. (C) Organic oxidation: benzylamine oxidation via a reactive iminium
intermediate. (D) Organic coupling reaction: deeper holes from shorter-wavelength
excitation in interband transitions producing a higher quantum yield of Suzuki-Miyaura
reaction. (E) Organic oxidation: benzylamine oxidation to N-benzylidenebenzylamine
(imine) by hot carriers. A was adapted with permission from ref. 33, Copyright © 2019,
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American Chemical Society, B from ref. 93, Copyright © 2020, American Chemical
Society, C from ref. 94, Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, D from ref. 54, Copyright © 2022 The Authors (Open Access) and E from ref.
95, Copyright © 2021 Wiley-VCH GmbH.

Starting with the hot holes generated from plasmon resonance, Link’s and Landes’s
groups demonstrated oxidative dissolution rate of individual Au nanorods was enhanced
by plasmonic hot holes from photoexcitation and observed the process with millisecond
resolution by snapshot hyperspectral imaging (Figure 1.6A).3 Interestingly, they also
compared the rate under plasmon resonance and interband transition and conclude that the
d-band holes from interband transition were more efficiently than those holes from
plasmon resonance for this dissolution,® which was consistent with previous reports by
Alivisatos’s and Somorjai’s groups,®? and Jain’s group®>. Later on, Yoon’s group found out
that both electron- and hole- transfer channels were critical for the reduction of 4-
nitrobenzenethiol at the nanogaps between Au NPs and Au films, in which the hot hole
promoted the decarboxylation of 4-mercaptobenzoic acid as the plasmonic switch (Figure
1.6B).”® In the meantime, Zhang’s and Li’s groups revealed that during the glucose
oxidation to glucose acid, the hot holes could assist the refreshing or reactivating the Au
NPs’ surface by favoring the oxidation and desorption of catalytic intermediates by DFT
theoretical calculation and X-ray absorption spectrum analysis, while the hot electrons
were responsible for the activation of oxygen molecules (Figure 1.6C).% Similar concept
was also reported by Rao’s group in the oxidative coupling of benzylamine into imine by
photo-excited Au nanoparticles (Figure 1.6E).%

However, in above research, there are a few parameters that are missing (which are
essential!) including the spectral overlap between plasmon resonance and interband
transition, accurate evaluation of photocatalysis efficiency (see more in the next section),
and quantitative analysis of the role of hot holes in reaction. For example, the spectra
overlap would cause different energy distributions and temporal or spatial scales of hot
carriers, which makes it hard to distinguish the contribution to catalysis between plasmon
resonance and interband transitions. With those careful details in mind, our group has
developed some rigorous model reactions to evaluate the size-dependent photocatalytic
activity of gold nanoparticles®* and tune the redox potential of these nanoparticles through
photo-excitation®. Furthermore, we introduced the mesoporous structure into metallic
nanoparticles to disentangle the spectral overlap and assigned interband transitions
exclusively to the contribution of hot holes to photocatalytic activities (Figure 1.6D).>* It
was found that the deeper holes from shorter wavelength’s excitation with stronger
oxidation power could catalyze oxidation addition of aryl halide onto the Pd surface (the
rate-determining step) of Suzuki-Miyaura reaction better, thus offering a higher quantum
yield.>* Indeed, this insight helps us complete the picture of hot hole-mediated reaction by
either photo-excitations and guides us better design the catalytic reaction based on specific
system. Still, the direct observation or evidence of hot holes-mediated reaction is not fully
ripened out and further ultrafast and ultrafine techniques are needed to be utilized for this
direction, especially in interband transition region.

1.3.3 Descriptors of photocatalysis efficiency
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With the development of numerous photocatalyzed reactions mediated by hot carriers,
there are still ongoing debates and an urgent need for the community to find a decent or
standardized method to compare the efficiency of different photocatalysts. In traditional
thermal catalysis, the TOF (turnover frequency) value has been well-recognized as a good
descriptor for the catalytic activity, but still with a hard time finding the exact active sites,
especially in heterogeneous catalysis.®® When it comes to photocatalysis, it becomes even
harder to define the specific active sites for the photo-excited process and the addition of
photon adsorption for hot carriers is not only simply added on top of the traditional catalytic
cycle. As discussed and recommended by the International Union of Pure and Applied
Chemistry (IUPAC),* the quantum yield (QY), defined as the ratio of the number of
product molecules to the number of absorbed photons, should be a better descriptor than
the turnover frequency or apparent quantum efficiency (AQE) (Figure 1.7A). The AQE is
a less accurate but still appropriate descriptor when the adsorbed photons are hard to
quantify due to the unknown scattering-to-adsorption ratio of some solid catalysts, and the
incident power can be accurately measured across different conditions.!® Another
perspective is to introduce the rate constants for the comparison, however, it only applies
to some certain reaction systems with identical irradiation conditions, which is difficult to
achieve.’®® Overall, the quantum yield has been demonstrated as a better descriptor for
comparing photon utilization efficiency across different photocatalysts and systems, but
still with lots of experimental details to be considered.
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quantum vyield (QY). (B, C) Representative scheme for factors that would affect the
quantum yield of the photocatalysts, including reaction time and photon flux.

Taking a closer look at the definition of quantum yield above, two critical parameters
should be addressed including the reaction time and photon flux, which essentially affects
how the photons are involved in the reaction in a timely manner.>* An important note is
that up to this point, the traditional factors that may affect the catalytic performance have
already been controlled as the same when talking about those two effects, such as the size
and shape of the catalysts, amount of catalysts in the system and so on. The simplified
scheme of how reaction time and photon flux impact on the quantum yield is shown in
Figures 1.7B and 1.7C respectively, which was demonstrated experimentally in our
previous publication.>* As the photon flux is fixed at the same level (meaning the adsorbed
photons per second by the photocatalysts are the same), as the reaction time increases the
reactants adsorbed on the nanoparticles’ surface would be decreased, thus it makes the
quantum yield decreases along with the reaction time (Figure 1.7B). The trend is indeed
similar to the case of TOF under non-irradiation conditions.%: 1% On the other hand, within
the same reaction time, a higher photon flux could create more photo-excited nanoparticles
thus more hot carries involved in the reaction, then more reactants consumed and products
formed and eventually the quantum yield decreased (Figure 1.7C). In short, keeping the
same reaction time and photon flux is critical for evaluating the photocatalysis efficiency
of metallic nanoparticles except for the same experimental conditions.

1.4 Photocatalysis mechanism in metallic nanoparticles

As more and more photocatalytic reactions are being developed and various
photocatalysts are involved in these reactions, it is of much importance and necessity to
figure out the fundamental catalytic mechanism behind them, thus design better
photocatalytic systems with higher photon utilization efficiency across the solar spectrum,
especially in the visible range. In terms of metallic nanoparticles, plasmon resonance and
interband transitions are the major optical responses in that range and related mechanisms
will be discussed in this section, including some other mechanisms like field enhancement,
photo-charging, and photo-thermal effects. We want to mention that in a real photocatalytic
system, there may be more than one of these mechanisms or effects involved, and in this
section, we will only try to clarify each effect in a specific model system and not distinguish
or disentangle these in one system, and hopefully through these insights, we can achieve a
comprehensive view of these mechanisms and use these to guide us understanding the
complicated systems.

1.4.1 Plasmon Resonance

As mentioned earlier, plasmon resonance can generate hot electrons much higher than
the Fermi level and these energetic electrons can participate in the chemical reactions.
When the metal surface and adsorbates interact with each other, the hybrid metal-adsorbate
states are formed, and this process is very intuitive and helpful for our interpretation on a
molecular level, however, is still without inconclusive experimental evidence to prove it.
In a typical electron transfer process (Figures 1.8A and 1.8B), the hot electron can be either
excited to empty states of metals and then transfer to the LUMO (lowest unoccupied
molecular orbital) of metal-adsorbate hybrid states, which is called indirect electron
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transfer. Or directly excited to the LUMO if the adsorbate has a strong interaction with the
metal states via CID (chemical interface damping) named as direct electron transfer, which
is reviewed by Christopher’s group’® and recently by Link’s group'®. Basically, these two
electron transfer processes were well-studied both in the experimental and theoretical
perspectives,®? but in a specific system, the mismatch between the hot carriers’ lifetime (up
to nanosecond)* and the timescale of chemical reactions (in milliseconds)'** indicates
there may be other mechanism involved. Therefore, Christopher’s group demonstrated the
direct photoexcitation of targeted adsorbate-metal bonds of CO oxidation in a rich H:
stream due to strong chemisorption hybridized bond formed between metal d-states and
molecular adsorbate states (Figure 1.8C).1% This concept was further developed in some
other research,%® 197 however this process may need an exact match between photon energy
and electronic transition energy of metal-adsorbate states which is hard to manipulate in
different systems with different photocatalysts. Overall, since the plasmon resonance
generates the energetic hot electrons, most catalytic mechanisms are involved in the
electron transfer to some kind, which is in an approachable condition with current
characterization techniques®® and is within good interpretation with the experimental
results.
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pathlength. A and B were adapted with permission from ref. 82, Copyright © 2017,
American Chemical Society, C from ref. 105, Copyright © 2014, American Chemical
Society, D from ref. 109, Copyright © 2015, Science China Press and Springer-Verlag
Berlin Heidelberg and E from ref. 22, Copyright © 2011, Nature Publishing Group, a
division of Macmillan Publishers Limited. All Rights Reserved.

Moreover, some other mechanisms in plasmon resonance are reported, which are still
ongoing and will expand our knowledge of photocatalytic processes. For example, the hot
holes left from the electron transfer process could also participate in the chemical reactions
by transferring into the HOMO (highest occupied molecular orbital) of the metal-adsorbate
states, thus promoting some oxidation reactions (Figure 1.8D).1% 110 Recapping here that
the hot holes generated from plasmon resonance reside near the Fermi level, which
intrinsically are less energetic than the hot holes from interband transitions (see more in
the next section) but still can catalyze the reactions. Another important category of plasmon
resonance mechanism is the plasmon-induced resonance energy transfer (PIRET) from
plasmonic metals to the adsorbates or mostly to semiconductors (Figure 1.8E).*! This
mechanism is similar to the Forster resonance energy transfer (FRET) in which the energy
accumulated from localized surface plasmon resonance could transfer to the adsorbate,
analogous to energy transfer between two chromophores via dipole-dipole coupling.?
Noting that because this energy transfer mostly happens in the near field, thus there are
very few reports covering the metal-adsorbate system and still in debates about how it
contributes to the catalytic reactions.!!® 14 [ast but not the least, with specifical structure
design, optically excited metallic nanoparticles by plasmon resonance can increase the
average photon path length from the scattering multiple times of these adsorbed photons,
eventually achieve higher photon utilization efficiency (Figure 1.8F).?? This mechanism is
critical when evaluating the quantum yield of the photocatalysts and provides a method for
recycling or multiplying photons for better photocatalytic performance.

To be concluded, the plasmon resonance can generate energetic hot electrons through
optical adsorption, thus the electron transfer mechanism dominates the photocatalytic
mechanisms involved, eventually making it more suitable for the reduction reactions. Up
to this point, we have made a comprehensive review of physical properties, mechanistic
interpretation, and related photocatalytic reactions of plasmon resonance in metallic
nanoparticles.

1.4.2 Interband Transitions

In some other cases, the intrinsic interband transitions of metallic nanoparticles under
photo-excitation are also involved in the catalytic reactions but are often overlooked in the
mechanistic interpretation. As mentioned earlier, the physical pictures of plasmon
resonance and interband transitions are completely different, and related hot carriers’
behaviours play a decisive role in how the photocatalytic reaction proceeds. The most
prominent one is that the plasmon resonance favors the reduction reaction driven by
energetic hot electrons and interband transitions favor the oxidation reaction driven by deep
holes with strong oxidizing power. One thing to mention here is that this preference is not
absolutely contrary and for some specific reactions both hot electrons and hot holes are
responsible for the catalysis cycle regardless of the photo-excitation mechanism. For
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example, our previous report demonstrated that the deeper holes generated from shorter
wavelengths with stronger oxidizing power could promote the rate-determining step of the
Suzuki-Miyaura reaction thus offering a higher quantum yield, while the hot electron’s
contribution remained the same to that process due to the same energy level of these
electrons from intrinsic interband transitions (Figure 1.9A).>* Another case of utilizing hot
electrons from interband transitions for the reaction was applying Au or Ag NPs as the
plasmonic antennas to drive the reduction of Ni(ll) complex for reductive cleavage of C—
O bond and holes scavengers for quenching the holes and providing protons for the reaction
from Zhu’s group (Figure 1.9B).1% In this case, the hot holes were sacrificed as many other
researchers did, which is not economically efficient. On the other hand, the solely use of
hot holes from interband transitions was also proved to be good electron “trappers” to
catalyze oxidation reactions (Figure 1.9C) including citrate oxidation!'® and nanoelectrode
dissolution,®® which provided better catalytic performance than plasmon resonance.
Overall, the photocatalysis mechanism by interband transitions is still under the way of
exploring and many unsolved mysteries like hot carriers’ dynamics and their contribution
to the reaction kinetics are still awaiting.
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Figure 1.9 Photocatalysis mechanisms from interband transitions. (A) Deeper holes from
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or by photogenerated holes created by intraband transitions and interband transitions. A
was adapted with permission from ref. 54, Copyright © 2022 The Authors (Open Access),
B from ref. 115, Copyright © 2019 Elsevier Inc., and C from ref. 33, Copyright © 2019,
American Chemical Society.

1.4.3 Other mechanisms

Apart from the plasmon resonance and interband transitions as the major mechanisms
for hot carriers’ generation for photocatalysis, there are also some other processes involved
during the photo-excitation responsible for the enhancement of photocatalysis. As
mentioned earlier, in this section, we will briefly introduce a few of those processes and
their effect on catalysis, and will not go through all the details since it’s not our focus in
this review, and those topics have been already reviewed thoroughly before.
1.4.3.1 Near-field enhancement

As a result of the collective oscillations of conduction electrons from plasmon
resonance, the electric field near the nanoparticle’s surface would be enhanced, thus
causing strong optical adsorption and better photocatalytic activity. Since this enhancement
is directly and highly dependent on the distance between the substance and the surface of
the nanoparticles, only a few nanometers outside the particles could experience this
enchantment and that’s the reason why normally it’s called near-field enhancement (Figure
1.10A).17 This enhancement of electromagnetic field was reported about 10-100 times
larger than the incident EM field intensity by simulation based on Maxwell’s classic
electromagnetism theory,'® and the enhancement factor varies based on the geometry and
arrangement of those nanoparticles.'*® Furthermore, this enhancement factor can be
amplified at the “hot spots” between two adjacent nanoparticles, or sharp tips/corners of
some specific shape (Figure 1.10A), which is commonly utilized for the surface-enhanced

Raman spectroscopy (SERS) and up to around 10° enhancement of the Raman signal .12
121
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In terms of catalysis, within this near-field, the probability of electronic transitions of
the adsorbates is significantly enhanced, thus improving the photocatalytic efficiency.
Christopher’s group reported that near-field enhancement has to be balanced with
adsorption and scattering effects in the antenna—reactor system to achieve the optimal
photocatalytic performance of Pt nanoparticles and Ag nanoparticle antenna (Figure
1.10B).*?? Another important topic when dealing with field enhancement is the plasmon
coupling between nanoparticles that would induce the changes in optical absorption, carrier
dynamics, and field enhancements, which has been reviewed by Nordlander’s group.?
Noting that most current claims about near-field enhancements come from plasmon
resonance, and it remains an unsolved question whether interband transitions would induce
the same effect or not.

1.4.3.2 Photo-charging effect

The photo-charging effect on metallic nanoparticle photocatalysts is often overlooked
in the mechanistic interpretation but critical in evaluating the actual catalytic performance
of those nanoparticles, especially in those experiments with sacrificial reagents for
quenching the hot electrons or hot holes. Typically, if one of the hot carriers was scavenged
during the photo-excitation process, the other part of the hot carrier could accumulate
inside the nanoparticles and thus change the Fermi level of the nanoparticles, proved by
our previous report.> This change in the Fermi level also brings the distinct difference in
the redox potential of these nanoparticles, which could potentially change the reactivity of
those nanoparticles.

The photo-charging effect was initially proposed by Brus’s group as a photovoltage
mechanism for explaining the photo-induced nanoparticle growth.** Furthermore,
Kamat’s group and Jain’s group demonstrated this voltage mechanism as electron charging
effect of metallic nanoparticles in dye-sensitized solar cells,*?® and light-induced potential
lowering the activation barrier under photoexcitation of metallic nanoparticles (Figure
1.10E).*?6 However, none of these experiments separated the charging process and catalytic
step, which made it harder to evaluate the contribution of the photo-charging effect to the
catalytic activity. Until recently, our group proposed a two-step experiment to photo-charge
the nanoparticle first with hole scavengers and evaluate the catalytic performance right
after, thus building a quantitative relationship between the accumulated charge and reaction
rate constant (Figure 1.10C).12" As following up, the in-situ evaluation of the photo-
charging effect during the photocatalysis still remains an unsolved problem, but we believe
with delicate design, it should be address in the near future.

1.4.3.3 Photothermal effects

The photothermal effect is a result of the final nonradiative events that occur after
photoexcitation of the metal nanoparticle. During this process, the vibrational coupling
between the hot carriers and low-frequency phonons causes a rise in the temperature of the
metal nanoparticles. Under the right optical conditions, the temperature of the metal
nanoparticle can be elevated, enough to initiate chemical transformations on the metal
nanoparticle (Figure 1.10D).*?8 The temperature arising from the local heating effect may
go up from a few to hundreds of K depending on the experimental setup and illumination
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conditions. Some experimental procedures were already proposed and reviewed by
Baffou’s group to examine the photothermal effect on hot-carrier photocatalysis including
reaction condition survey, activation barrier calculation, reaction rate comparison, accurate
temperature measurements on single or collective heating and so on.1?® Still, no conclusive
arguments haven been achieved, and the take-home-message here is that the photothermal
effect is an unavoidable component whenever dealing with photocatalysis by metallic
nanoparticles and worth some considerations in the future research.

On the other hand, there is still a constantly ongoing debate about quantifying the hot
carrier and thermal effects in plasmonic photocatalysts in the plasmonic community
(Figure 1.10F),13%134 and our point of view of this is that depending on the specific reaction
system, the photothermal effects may play different roles in the catalysis. Typically, in the
colloidal system with careful experimental design including the concentration of
nanoparticles, continuous light source, or temperature control setup, the photothermal
effect can be minimized to the point that it will not be a dominant contribution to the
photocatalysis.

1.5 Summary and future perspectives

Throughout this review, a comprehensive understanding of photocatalysis by metallic
nanoparticles with detailed physical and chemical pictures about how the light-induced hot
carriers involved in the catalysis is expected to be built. Two major photo-excitation
mechanisms of plasmon resonance and interband transitions are thoroughly discussed, with
regard to their difference in the hot-carriers generation, charge transfer, and related
photocatalyzed reactions. As it turns out, the plasmon resonance favors the reduction
reaction with hot electrons and the interband transition favors the oxidation reaction with
hot holes, but it is not contradictory and sometimes can be mutually exchanged for specific
reactions. Noteworthy that interband transition is an intrinsic transition across all the
metallic nanoparticles not restricted to the size and shape effect, while the plasmon
resonance is the collective oscillation of conduction electrons highly dependent on the
geometry and composite of these nanoparticles. In an experimental catalytic system, this
consideration and other mechanisms like photo-charging and photothermal effects should
be addressed before jumping to the final conclusion.

As the field of photocatalysis of metallic nanoparticles moves forward, the shift from
noble metallic nanoparticles such as Au and Ag to non-noble metallic nanoparticles like
Al and Co is emerging very recently, as reviewed by Yu’s, Liu’s, and Jaroniec’s groups.*®
As we can anticipate, this shift may cause a very critical impact on plasmon resonance due
to the change in the filling state of conduction electrons and Fermi level, however, it should
not deteriorate the influence of interband transitions of metallic nanoparticles. Then the
future perspective about this direction will be developing more and more non-noble
metallic nanoparticles for photocatalysis in terms of interband transition and expanding the
territory into more catalytic systems. On the other side, an integrated system between
different metallic nanoparticles or emerging into heterojunctions has always been a hot
topic in the community to achieve high efficiency in harvesting the hot carriers. And those
hybrid structures are very promising in terms of overall catalysis efficiency and re-
considering the interband transitions in this structure is another important factor for
improvement. Even further, the plasmonic coupling with interband transitions to generate
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hot electrons and hot holes simultaneously, and utilizing those hot carriers to catalyze redox
reactions separately or together could be another approach to improve the photocatalysis
by metallic nanoparticles.
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Chapter 2 Mechanistic Insight into Deep Holes from Interband
Transitions in Palladium Nanoparticle Photocatalysts

(This chapter covers similar materials as in Pin Lyu, Randy Espinoza, Md. Imran Khan,
William C. Spaller, Sayantani Ghosh, Son C. Nguyen*., Mechanistic insight into deep
holes from interband transitions in Palladium nanoparticle
photocatalysts. iScience, 2022, 25, 2, 103737.

Reproduced with permission, copyright 2022 Authors and Elsevier. This article is available
under the Creative Commons CC-BY-NC-ND license and permits non-commercial use of
the work as published, without adaptation or alteration provided the work is fully attributed.)

Abstract

Utilizing hot electrons generated from localized surface plasmon resonance is of
widespread interest in the photocatalysis of metallic nanoparticles. However, hot holes,
especially generated from interband transitions, have not been fully explored for
photocatalysis yet. In this study, a photocatalyzed Suzuki-Miyaura reaction using
mesoporous Pd nanoparticle photocatalyst served as a model to study the role of hot holes.
Quantum yields of the photocatalyst increase under shorter wavelength excitations and
correlate to “deeper” energy of the holes from the Fermi level. This work suggests that
deeper holes in the d-band catalyze the oxidative addition of aryl halide R-X onto Pd° at
the nanoparticles’ surface to form R-Pd'-X complex, thus accelerate the rate-determining
step of the catalytic cycle. The hot electrons do not play a decisive role. In the future,
catalytic mechanism induced by deep holes should deserve as much attention as the well-
known hot electron transfer mechanism.

2.1 Introduction

Metallic nanoparticles have gained a growing interest for applications in
photocatalysis.!"¥” The strong light absorption, high surface-area-to-volume ratio, and
robust nature of these nanoparticles make them great potential candidates for exploring
better photocatalytic activities and high recyclability. Historically, photocatalysis induced
by localized surface plasmon resonance (plasmon resonance for short) of these particles
has been studied widely for more than a decade,'® 6 1821 pyt photocatalysis originating
from interband excitations is still underexplored.” 1122223 |n short, the plasmon resonance
can be described by a classical picture as a collective oscillation of the nanoparticles’
electrons in response to electric field of exciting photons or a quantum mechanical picture
as electron transitions from some sp-band states to other sp-band states (i.e. intraband
transitions), while the interband transitions are given to electron transitions from the
respective d to sp bands. Due to these origins, the plasmon resonance of metal nanoparticles
offers strong optical absorption and tunable spectral shift depending on the particle
morphology, but the interband transitions always provide a significant absorption within a
defined spectral region. The optical excitations in these two regimes are expected to exhibit
different catalytic outcomes because the generated hot carriers have different energy states,
population and dynamics for each regime.?*2® With the generation of hot electrons above
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the Fermi level (EF) and hot holes near Er by the plasmon resonance, the extraction of the
hot electrons is more favorable than that of the hot holes, and electron transfer from the
nanoparticle photocatalysts to reactants (reductive pathway) is generally preferred. This
catalytic mechanism has been demonstrated in many reductive reactions, such as reduction
of CO2 or nitro compounds.**> " Recently, the hot holes could also be utilized for some
oxidative reactions, such as alcohol oxidation.?’-3® On the other hand, interband transitions,
generating “deeper” holes below Er and electrons near Er, are more suitable for the
oxidative pathway where the nanoparticle photocatalysts are better used for hole-mediated
oxidation reactions. This suggested mechanism will provide a new perspective in
understanding the photocatalysis of metal nanoparticles and designing better
photocatalyzed reactions.

In order to shed light on the catalytic mechanisms in previous experiments, many
research groups have compared the catalytic efficiencies under these two excitations, but
it has been difficult to disentangle the origin of the observed efficiencies due to the strong
spectral overlap of these two excitations.*? 63133 For example, the plasmon resonance of
spherical gold nanoparticle catalysts in the region around 480 to 650 nm is spectrally
overlapped with the intrinsic d-to-sp interband transitions. These interband transitions have
strong absorption in the ultraviolet region and extend to the visible region with an
absorption tailed up to about 600 nm.** Thus it is desirable to tune the plasmon resonance
absorption away from the interband absorption to resolve the catalytic mechanism. This
approach is demonstrated in this paper by using mesoporous structure.

In this study, mesoporous Pd nanoparticles were employed due to their spectral shift of
plasmon resonance from visible to near-infrared regions and the dominant contribution of
interband transitions in the optical region that we surveyed (i.e., 400-600 nm). Usually, the
non-porous Pd nanoparticles have a plasmon resonance associated with a very broad
spectral feature in the ultraviolet-visible region, and this plasmonic peak appears on top of
the entire spectral region of the interband transitions (Figure 2.1A).%> % In contrast, the
porous version shows a featureless absorption with no peak of plasmon resonance in the
400-600 nm region (Figure 2.1A), therefore the observed photocatalytic activities could be
attributed mainly to interband transitions. Another advantage of the mesoporous structure
is the shorter travel distance for hot carriers diffusing to particles’ surface, thus the
efficiency of harvesting them is expected to be improved.!!

The Suzuki-Miyaura reaction between bromobenzene and phenylboronic acid in water
was used as a prototype reaction to evaluate the catalytic activities induced by interband
transitions of porous Pd nanoparticles. Generally, the rate-determining step of this reaction
is the oxidative addition of the aryl halide, which was proposed to be accelerated by hot
electrons generated from the photocatalysts.®™> 3" 3 The performance of these
photocatalysts was evaluated by their quantum yields; monitoring the quantum yields under
photoirradiation at different wavelengths provided more mechanistic insight. As
demonstrated in this work, keeping the same photon flux and reaction time (besides of
preparing the same chemical concentration and temperature) was a critical experimental
condition to make a fair comparison of the quantum vyields across different excitation
wavelengths. It was found that leaching of Pd from the mesoporous Pd nanoparticles was
not a major contribution to the observed catalytic activities. Eventually, the observed
wavelength dependence of quantum yields was correlated with the wavelength dependence
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of the energy state of hot carriers, and a possible mechanism was proposed. This
mechanism was overlooked in some previous studies®“!, and it deserves more attention in
utilizing hot carriers for catalysis.

2.2 Experimental section
2.2.1 Synthesis of porous Pd nanoparticles

Mesoporous Pd nanoparticles were synthesized by following the method from the
Yamauchi’s group. In a 7-mL glass vial, 200 pL THF (containing 8 mg PSso00)-b-PEO2200),
Polymer Source Co.), 160 pL HCI (2 M), 500 puL H2PdCl4 (76.8 mM), 1140 pL H>O and
2000 pL ascorbic acid (0.1 M) were added and under stirring. The glass vial was then put
in a water bath set at 50 °C for 10 h reduction reaction to form a dark grey solution, followed
by centrifuging at 14,100 g-force and washing with THF and water (3:1 volume ratio) for
three times. Eventually, the final product was calcinated in a muffle furnace at 200 °C for
one hour to remove the solvent and most of the polymer.

2.2.2 Characterizations

The mesoporous Pd nanoparticle photocatalyst was characterized by UV-Vis
spectroscopy (USB4000, Ocean Optics), DLS (Zetasizer Pro, Malvern Panalytical), SEM
(Quanta 200, 5.0 kV, FEI), TEM (Talos F200C G2, 200 kV, Thermo Fisher Scientific),
FTIR spectroscopy (Nicolet iS50R, Thermo Fisher Scientific) and TGA (TA Q2000, argon
flow at 100 mL/min, heating rate of 10 °C/min, TA Instruments). The biphenyl product
was extracted from the reaction solution by dichloromethane, then the solvent was
evaporated, and the product was dissolved in deuterated chloroform (CDCls) and
quantified by *H-NMR (Varian-INOVA 400 MHz, Agilent Technologies) with mesitylene
used as the internal standard. There was no signal of any other side products. The amount
of leached Pd was determined by ICP-OES (Optima 5300 DV Inductively Coupled Plasma
Optical Emission Spectrometer, PerkinElmer). The analyzed samples were prepared by
collecting the supernatants after centrifuging the reaction solutions, followed by 800 °C
calcination to remove all the organics, digestion with aqua regia, dilution to a final 1-5 %
HNO3 v/v concentration solution, and filtration with 0.2 um filter. Standard solutions were
prepared with trace-metal-free nitric acid from a commercial standard solution (ICP
Precious Metal Std, Inorganic Ventures Co.) The surface oxidation state of porous Pd
nanoparticles before and after reactions was detected by x-ray photoelectron spectrometer
(Nexsa, Thermo Fisher Scientific) with monochromated, micro-focused, low power Al Ka
X-ray source. The possible by-products generated from parallel processes were determined
by GC-MS (7890A GC system and 5975C inert MSD, Agilent Technologies).

2.2.3 Typical photocatalyzed Suzuki-Miyaura reaction condition

In a 1x1 cm quartz cuvette (R-3010-T, Spectrocell), 21 pL bromobenzene (0.2 mmol,
1 equiv.), 36 mg phenylboronic acid (1.5 equiv.), 495 uL CTAC (cetyltrimethylammonium
chloride, 400 mM), 600 uL NaOH (sodium hydroxide, 1 M) and 884 pL porous Pd
nanoparticles stock solution were added under stirring. The stock porous Pd nanoparticle
solution was prepared by dispersing the dry particles in water to have the final ratio of 0.78 %
of [Pdatom] to [bromobenzene] (0.0078 equiv.) in the reaction solution. Then, the cuvette
was sealed by a screw cap with rubber septa, then stirred under 1000 rpm and purged with
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N2 for 20 minutes to get rid of oxygen before being irradiated under different LEDs
(Mounted type, Thorlabs). The photocatalyzed reactions were under constant stirring at
1000 rpm and controlled at room temperature by using cooling fans. The optical powers
before and after the cuvette were recorded by power meters (PM100D console with S170C
sensor, Thorlabs) for following calculation of absorbed photon flux. After a certain reaction
time, the biphenyl product was extracted from the reaction solution by dichloromethane,
then the solvent was evaporated at 50 °C in a vacuum oven for 20 minutes, and the product
was dissolved in CDCls and quantified by *H-NMR with mesitylene used as the internal
standard. The NMR spectra and product yield calculation were listed in Note S8.
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Figure 2.1 Optical and morphological characterization of mesoporous Pd
nanoparticles.

(A) UV-Vis spectra of colloidal mesoporous Pd nanoparticles (solid line) in water and non-
porous 50 nm Pd nanoparticles solution (dotted line) for comparison.

(B) Size distribution based on analyzing 500 nanoparticles from SEM image in Figure 2.4.
(C, D) Representative TEM images of mesoporous Pd nanoparticles.

2.2.4 Quantum yield calculation
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Using the same calculation in our previous work!!, the quantum yield is defined as the
ratio of the number of biphenyl molecules produced per second (ANypheny/At) to number
of photons absorbed per second (N,s/s).

. ANbiphenyl
fum Vield (%) = Pwhenylproduced/s) oo " A 100
Quan ™ “#(photons absorbed]/s) ’ Ngps ’
s
In which:

ANpiphenyr = 0.2 mmol X Product Yield X 6.022 X 10%* mol™" (*)

At: reaction time in second

Naps — Pabsorbed (**)
S - hc

A
(*) The product yield of the photocatalyzed reaction was determined by H-NMR
spectroscopy and further corrected by subtracting the background product yield of the non-
irradiated reaction within the same reaction time.
(**) (Ngps/s) were quantified by measuring the optical power at positions before and after
the cuvette having the reaction solution during the photoreactions.

N P
Photon Flux (photons - s~ - cm™2) = abs _ _"absorbed
sxA hc ®.,
7 X7()

In which: ¢ is the beam size of the LED light that passes through the cuvette having the
reaction solution. The beam size was 0.95 cm, which is smaller than the 1cm width of the
cuvette.

2.3 Optical property of mesoporous Pd nanoparticles

Mesoporous Pd nanoparticles were prepared by a typical hard-template wet-chemical
method, in which polystyrene-block-poly(ethylene oxide) and ascorbic acid acted as the
template and the reductant, respectively.*?> The as-synthesized particles were cleaned by
tetrahydrofuran (THF) and calcinated at 200 °C for one hour to remove the solvent and
most of the polymer, and the porous structure was still preserved.*? The dry particles were
further characterized and used as the catalyst. Fourier-transform infrared spectroscopy
(FTIR) did not detect any vibrational signal of organic compounds on the dry particles,
indicating that the catalyst does not have much polymer left (Figure 2.2).
Thermogravimetric analysis (TGA) confirmed that 22 % of the dry particles’ weight is the
leftover polymer (Figure 2.3).
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Figure 2.2 FTIR spectra of mesoporous Pd nanoparticles and PS-b-PEO for comparison.
Mesoporous Pd nanoparticle powder (0.9 % w/w to KBr) and PS-b-PEO polymer (3.3 %
w/w to KBr) samples were prepared in KBr matrix for FTIR measurements. The high
background of the Pd nanoparticle sample is due to the light scattering of the aggregated
microstructure of the nanoparticles. Considering a large amount of Pd nanoparticles in the
beam path, the undetected vibration signal of any organic compound indicates that the
catalyst does not have much polymer left.
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Figure 2.3 TGA of porous Pd nanoparticles under argon atmosphere. The remained
polymer in the porous Pd nanoparticles is about 22 % of the overall weight. The assignment
of the weight lost was based on the TGA of similar polymers.*3 44

The particles have an average hydrodynamic diameter of 79.9 + 5.9 nm and a zeta
potential of 0.6 mV when dispersed in water and measured by dynamic light scattering
(DLYS), a narrow size distribution of 63.3 + 3.9 nm as determined by scanning electron
microscopy (SEM) (Figure 2.1B and Figure 2.4A), and an average pore size of 11.3 + 3.3
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nm (analyzed 100 pores in Figure 2.1C). The porous Pd nanoparticles had a large specific
Brunauer, Emmett and Teller (BET) surface area of 57.1 m?/g and average pore size of 5.6
nm, determined by N2 adsorption-desorption isotherms (See details in Figure 2.5). The
particles have polycrystalline structures with grain sizes that are larger than the pore wall
thickness*?, and the pores form open channels throughout the particles as shown in a series
of tilt transmission electron microscopy (TEM) images (Figure 2.6).
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Figure 2.4 SEM images porous and non-porous Pd NPs. (A) Porous Pd nanoparticles
prepared by following the method developed by Yamauchi and coworkers*? and (B) Non-
porous Pd nanoparticles synthesized by following the method published by Wenxin Nie et
a|.36

A B

- —~

a 0.0040

: =

D 200 + i) -
=2 —a— Adsorption w® 0.0035} "

e —e— Desorption LE) _/ -\

=150 00030} |

g E N

— _ 2 — L ™

S 100 Sger=57.1m/g S 0.0025 \

=]

< S 00020 = AN

o Ll
g‘ 50 a \.,_,.\
§ T 0.0015 .
o 0 : : - > . . .
0.0 0.2 0.4 0.6 0.8 10 © 0 20 20 60 30
Relative Pressure (p/p ) Pore Radius (A)

Figure 2.5 Surface area and pore size analysis of porous Pd NPs. (A) N2 adsorption-
desorption isotherms and (B) pore radius distribution of porous Pd nanoparticles.

The specific Brunauer, Emmett and Teller (BET) surface area of the porous Pd
nanoparticles was 57.1 m?/g, which was around 7 times larger than that of the non-porous
Pd nanoparticles with a silimar diameter (see calculations below). The pore volume of the
porous Pd nanoparticles was 0.30 cm®/g from the above measurement. The pore radius
distribution acquired from Barrett, Joyner, and Halenda (BJH) desorption showed an
average pore radius of 2.8 nm, or a pore size of 5.6 nm. The difference of pore size from
BJH (5.6 nm) and TEM (11.3 nm) data came from different perspectives of the two
measurements and non-uniformity of pore structures.
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Estimated surface area of 1g spherical nonporous Pd nanoparticles with an average
size of 60 nm :
Mass of one nanoparticle (ms):

4
my =p-V=p-(§m”3)
, kg
p:density of Pd,12.023 x 103 3

V:volume of one nanoparticle

r:radius of one nanoparticle,30 X 107° m
So, m1=1.360 x 108 kg= 1.360x10° g
Then, the number of nanoparticles in 1 g Pd (#):

1
g — 7.354 x 1014

"= 1360 x 1015 g
Surface area for one nanoparticle (S1):
S, =4nr? = 1.131 x 107 m?
Thus, the estimated total surface area of the nonporous Pd nanoparticles (Sg) will be
Sg=#-5, =832m?%/g

Figure 2.6 A series of tilt TEM images of a typical mesoporous Pd nanoparticle with
various tilt angles of the sample holder. The grey area around the nanoparticle is the carbon
deposition induced by the long exposure of the sample to the electron beam. The fact that
the particle still preserves its 3D structure perfectly under a long exposure time (see insets
A and H) indicates that the porous structure is constructed by the inter-connections of small
parts of the particles rather than the aggregation (induced by Van der Waals force) of small
individual nanoparticles.

The mesoporous Pd nanoparticle solution has a broad UV-Vis spectrum as compared

to that of non-porous forms (Figure 2.1A).%% % For example, the non-porous 50 nm Pd
nanoparticles (see a SEM image in Figure 2.4B) with a comparable mass to our catalyst
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have a broad absorption peak at 370 nm due to both plasmon resonance and interband
transitions, but the absorption drops significantly in the red-photon and longer wavelength
regions.® 4 In contrast, the porous particles’ plasmon resonance absorption shifted
significantly to these low energy regions, but the interband transitions stayed in the UV-
Vis region due to the unchanged electronic structure of Pd (Figure 2.1A). Similarly, the
mesoporous form of gold or platinum nanoparticles also shows significant red-shifts of
plasmon resonances to the near IR regions.*® 4’ The plasmonic coupling between adjacent
crystal domains or pore walls within proximity may be responsible for these red-shifts.*>
8 Thus, the optical absorbance of porous Pd nanoparticles in the 400-600 nm region
focused in this study can only be assigned to interband transitions. On a drop-cast sample,
the scattering intensity measured by an integrating sphere and a tunable laser follows
approximately a 1/A* dependence, resembling Rayleigh scattering (Figure 2.7).
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Figure 2.7 Normalized scattering cross section of porous Pd nanoparticles drop-casted on
a glass slide and a plot of y=1/A% function for comparison. See experimental details in Note
S1.

Further measurement by a home-built setup for determining optical scattering and
extinction on the colloidal solution in a 1x1cm quartz cuvette showed that the total light
scattering in the range of 400 to 800 nm of the colloidal solution was almost neglectable.
Less than 3 % of the incident photons were scattered from the photocatalyst and more than
97 % were absorbed (Figure 2.8 and Note S1). From these results, it was concluded that
the porous Pd nanoparticles had strong absorbance in the 400-600 nm region, and the
dominant contribution to this absorbance is the interband transitions but not the plasmon
resonance.
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Figure 2.8 Extinction, total scattering (integrating over all scattering angles) and
absorption spectra. The ratio of total scattering to extinction was less than 3 %, thus the
scattered photons can be neglected in quantum yield calculation. Note that the extinction
curve does not look flat as compared to the spectrum in Figure 2.7 due to the low quality
of our neutral density filters. See experimental details in Note S1.

2.4 Photocatalyzed condition of mesoporous Pd nanoparticles

Catalyst, hv
QBr + QB(OH)Z HZO NaoH

BSD 3.0 C 60

7] Product Yield (%)
~ -m- - Quantum Yield (%)} 42.5

U727 Product Yield (%) 43.0

- - - Quantum Yield (%)] [

+a
<
T
w
=1
T
]

L
(=1

Product Yield (%)
=
!‘S
Quantum Yield (%)

[
=
T

Product Yield (%)
S

Quantum Yield (%)

=
T

- g 40.5

ARNTOANNNNN .
W
I
=

0 0.0

Reaction Time (h) ' 0Ph°t°2“ Flux4{10” ShOIOH:'S_I'CI’Inqz)
Figure 2.9 Suzuki-Miyaura C-C coupling reaction for evaluating photocatalytic
performance of porous Pd nanoparticles. (A) Typical reaction process. (B and C) Measured
product yields (left axis) and quantum yields of the catalyst (right axis) under 405 nm LED
irradiation with: (B) different reaction times under the same photon flux (around 2.4x10%’
photons-s*-cm), and (C) different photon fluxes under the same 6-hour reaction. Small
background product yields of the non-irradiated reactions with the catalyst were subtracted
from the observed product yields when calculating the quantum yields.

0

Suzuki—Miyaura reactions have been employed to evaluate the photocatalytic
performance of Au-Pd alloy nanoparticles or Pd nanoparticles loaded on metal oxides or
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WS,.38 4851 Besides the versatile applications of this reaction in creating C-C bonds and
the transparent solutions of reactants and products for convenient photocatalysis study, the
oxidative addition of aryl halides (i.e., the rate-determining step of the catalytic cycle)®
could be catalyzed by hot electrons generated from photo-exciting the Pd nanoparticle
catalyst. In our typical reaction condition at room temperature with different light-emitting
diode (LED) light sources, bromobenzene and phenylboronic acid served as the coupling
partners, sodium hydroxide as a base, and cetyltrimethylammonium chloride (CTAC) as a
solubilizer to facilitate the dissolution of organic reactant and product into the aqueous
solution (Figure 2.9A).4% % The zeta potential of the porous Pd nanoparticle photocatalyst
is around 60 mV in the reaction solution, which suggests some degree of adsorption of
CTAC on the particles and explains for their high stability during the reaction. This DLS
analysis also confirmed that the particles did not aggregate in the solution, and they
maintained in colloidal form during the reaction. The biphenyl product was extracted from
the reaction solution by dichloromethane and analyzed by proton nuclear magnetic
resonance (*H-NMR). The reaction time was purposely kept short enough to get a
reasonable conversion range for reliable kinetic comparison®, though a higher conversion
was achieved with a longer reaction time.

The photothermal effect on the catalysis is neglectable in our experiment as local
heating is minimal under continuous-wave irradiation and stirring (see detailed explanation
in Note S2).* % When considering the following processes after a colloidal metal
nanoparticle in a stirring solution absorbs a single photon: i) electron thermalization due to
electron-electron and electron-phonon couplings (within few picoseconds®® %), ii) heat
transfer from the particle to the local solvent (within 3 nanoseconds®*), iii) time gap for
absorbing the second photon (about hundreds of nanoseconds, see Note S2), then it is
obvious that the nanoparticle dissipates all the heat to the surrounding environment long
before it absorbs the second photon. Since the hot carriers are well thermalized before the
nanoparticle can transfer heat to the environment, it is reasonable to estimate the average
temperature rise of the particle based on the energy of an absorbed photon, specific heat of
Pd and the particle’s mass. This temperature rise is about 0.001°C under our experimental
condition (Note S2), which should have no photothermal effect on our studied reaction.
Under the constant stirring at high speed of the reaction solution, the transient heat in the
LED beam path should be distributed evenly in the entire solution.®® The macroscopic
temperature of reaction solutions rose only 1-2 °C as cooling fans were used.
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Figure 2.10 (A) UV-Vis spectra of reaction solutions with and without porous Pd
nanoparticles. (B) UV-Vis spectra of [PdCls]*> complex in the reaction solution and in
water.

A UV-Vis spectrum of reaction solution without the catalyst showed no obvious
absorption at any wavelengths longer than 400 nm (Figure 2.10A). Blank tests on the
reaction without the catalyst under different excitation wavelengths did not show any
detectable product yield (Table 2.1). These control experiments confirmed that the light
absorption of reactants could be ignored in our experiments, and the reaction under
irradiation almost does not happen without the photocatalyst. It is worth noting that the
reaction with the catalyst under the dark condition in 6 hours gave a background product
yield of 5 %. This background yield was subtracted from the product yields that were used
to calculate quantum yields for the photocatalyzed reactions with 6-hour irradiation. For
photocatalyzed reactions with shorter irradiation times, the corresponding background
yields were extrapolated from the ratios between the actual reaction times and 6 hours. This
extrapolation is reasonable for a very low conversion range where the reaction rate is
assumed to be unchanged.*®

Table 2.1 Product yield (without catalyst) under different excitation wavelengths.

Entry Catalyst Wavelength  Incident Light Absorbed Product Yield
(nm) (mW) Light (mW) (%)
1 none 405 201 14 Not detected
2 none 450 143 2 Not detected
3 none 470 210 11 Not detected
4 none 490 124 12 Not detected
5 none 530 105 5 Not detected
6 none 595 213 4 Not detected

Reaction conditions: See typical condition details in experimental section. There was no
catalyst used and the reaction time was 6 hours.
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2.5 Establishing the same reaction time and photon flux for comparing of quantum
yields of photocatalyst under various excitation wavelengths

Quantifying the efficiency of photocatalysts is an important criterion for practical
application. This efficiency, here defined as the quantum yield of the catalyst, is calculated
as the ratio of the number of product molecules to the number of absorbed photons. This
quantity has two important benefits: it helps us understand the photocatalysis mechanism,
and it establishes the effective cost of using photons for catalyzed chemical reactions. In
practice, when monitoring a photocatalyzed reaction, the quantum vyield of the
photocatalyst is calculated as the number of product molecules produced per a specific time
divided by the number of photons absorbed during that time. These two quantities can be
extracted from the measured reaction rate and optical power absorbed by the photocatalyst.
It is obvious that the reaction rate decreases as the reaction proceeds. Since the photon
absorption rate is unchanged at any given time, the measured quantum yield, as defined
above, is expected to be lower when the reaction happens for a longer time.

Table 2.2 Calculated quantum yield under 490 nm LED irradiation when changing
reaction time.

AbsorbedPhot .

Entr Catalys Wavelengt 'Z‘blf_orﬁe on Flux (10%7 Re_IZ_i_ctlo P$)dll,lg ngntllé

y t h (nm) Ight photons- nTime tYield mYie

(mWw) st.cm?) (h) (%) (%)
Porous

1 panps DAk NA NA 6 5 NA
Porous

3 PdNPs 490 67 2.3 1 7 1.6
Porous

4 panps 490 65 2.3 2 13 11
Porous

> PdNPs 490 67 2.3 4 17 0.94
Porous

6 pynps 490 70 2.4 6 29 0.86

Reaction conditions: See typical condition details in experimental section. The incident
light was kept at around 123 mW and all the absorbed photon fluxes were kept as close
together as possible.

NPs for nanoparticles, NA for not applicable.

To demonstrate this reasoning, the interval reaction rates were measured (i.e., total
product molecules formed/total reaction time in seconds) when the reaction times were
varied from 1 to 6 hours under the same absorbed photon flux of a 405 nm LED. The
quantum vyields reduced from 2.3 % to 1.3 % (Figure 2.9B). The same trend was also
observed under 490 nm LED irradiation (Table 2.2). This time-dependent behavior is
similar to the case of using turn over frequency (TOF) to quantify the efficiency of catalysts
under non-irradiated conditions. The measured TOF value always reduces as the catalyzed
reaction proceeds, regardless of using homogeneous or heterogeneous catalysts.%® © The

42



TOF does not entirely reflect the kinetics of a catalyzed reaction, and the rate law should
be the better description.®® In our study, since we wanted to compare quantum yields of the
photocatalyst under various excitation wavelengths, we did not need to derive a rate law of
our photocatalyzed reaction under each excitation wavelength. However, we did need to
have the photocatalyzed reactions run for the same time interval when comparing quantum
yields of the catalyst under different excitations.

Table 2.3 Calculated quantum yield under 470 nm LED irradiation when changing
photon flux.

Absorbed
En- Wavelength 'ncident  Absorbed  Photon Flux  Product  Quantum
v Catalyst (nm)g Light  Light (1017 Yield  Yield
y (mW)  (mw) photons: (%) (%)
st.cm?)
Porous
1 Pd NPs Dark NA NA NA 5 NA
Porous
2 Pd NPs 470 100 70 2.3 37 1.1
Porous
3 Pd NPs 470 207 143 4.7 40 0.66
Porous
4 Pd NPs 470 502 282 9.4 42 0.31

Reaction conditions: See typical condition details in experimental section and the
reaction time was 6 hours.

Using a similar argument based on chemical kinetics as mentioned above, a higher
photon flux condition creates more photo-excited nanoparticles, and effectively causes
higher product yield and lower reactant concentration. As the reaction proceeds, each
nanoparticle catalyst encounters a decreasing concentration of reactants, and the efficiency
of extracting hot carriers is reduced, hence the quantum yield will be effectively reduced.
Using the same reaction condition with 405 nm LED irradiation and 6 hour reaction time
for comparison, when the photon flux increases from 0.9x10%" to 9.8x10%’ photons-s*.cm’
2, the measured quantum yield decreases from 2.7 % to 0.4 % (Figure 2.9C). A similar
trend was observed with 470 nm LED irradiation (Table 2.3).

To recap, when comparing the quantum yields of the photocatalyst under different
irradiation condition, we should keep not only the same starting experimental condition but
also the exact same reaction time and photon flux. This prerequisite is critical for revealing
the photocatalytic mechanism in the next section.

2.6 Wavelength dependence of photocatalytic activities

Table 2.4 Product yield from the control Experiment I, 11 and 111 in Note S3.
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Product Yield Product Yield Product Yield

Entry Catalyst Wavelength fr(_)m fr_om f(om
(nm) Experiment | Experiment Il Experiment 111

(%) (%0) (%)
g PorousPd 405 34 9 7
2 PorousPd 450 35 11 6
3 PorousPd 470 37 9 4
4 Poroushd 490 29 6 3
5 Porﬁgz Pd 530 17 9 3
6 Porﬁgz Pd 595 11 7 3

Reaction conditions: See typical condition details in experimental section and the
reaction design in Note S3. The absorbed optical power was the same in all experiments.

Before moving into the comparison of quantum vyields at different excitation
wavelengths, we want to examine any catalytic mechanism other than the hot carriers
induced photocatalysis mechanism. It is known that leaching of Pd atoms from
nanostructures into the reaction solution may complicate the catalytic mechanism3® 3 6%
62 In our hot filtration tests (see details in Note S3), the photocatalyzed reactions were
allowed to proceed for one hour followed by the removal of nanoparticles from the reaction
solution via centrifugation, then the reactions were allowed to continue for another 5 hours
before determining the product yields. These product yields were much lower than those
of full reactions with 6-hour irradiation (Table 2.4) but were higher than the yields of
control experiments in which the photocatalyzed reactions were only let to react for one
hour and the product yield was determined immediately.
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Figure 2.11 (A) UV-Vis spectra of the supernatants after 1 h reaction in of the leaching
test in Experiment Il under various excitation conditions. (B) Enlarged part from 300-500
nm of a. See Experiment Il details in Note S3.

UV-Vis spectra of the supernatants after 1 h reaction (Figure 2.11) did not exhibit any
noticeable features of [PdCls;]> complex (Figure 2.10B) or the mesoporous Pd
nanoparticles. These results indicate that the supernatants from hot filtration have little
leached Pd that can also catalyze the reaction, and the contribution of leached Pd to the
observed catalysis is small. Also, the above result is also consistent with other studies under
similar reaction conditions using Au—Pd alloy nanoparticle photocatalyst loaded on ZrO,.%®
63 More importantly, this contribution did not exhibit a clear wavelength dependence in our
experiments (2.4).

Furthermore, inductively coupled plasma optical emission spectroscopic (ICP-OES)
analysis for Pd in the supernatants of the 6-hour reactions under either dark or irradiation
conditions showed that the amount of Pd was under detection limit, thus the utmost Pd
leached based on the detection limit was estimated to be about 1.2 % of the total Pd in the
nanoparticle photocatalyst (See details in Note S4).
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Figure 2.12 PdCl> was used as a pre-catalyst (the source of generating Pd(0) for the
catalytic cycle) for the Suzuki—Miyaura reaction. (A) UV-Vis spectra of PdClI; in H2O and
reaction solution. (B) Product yield (right axis) under different excitation wavelengths and
a UV-Vis spectrum of PdCl. in reaction solution (left axis) for reference. The red-dot line
represents the product yield of a non-irradiated reaction. The reaction conditions were
similar to a typical procedure in experimental section, but the reaction time was reduced to
0.5 h due to the high activities of the homogeneous Pd?* pre-catalyst. The amount of PdCl
was used with a ratio of 1 % of [Pdatwm] to [bromobenzene].

While the chemical structure or formula of this leached Pd species is still unknown and
not the focus of this study, another control reaction using PdCl. as the pre-catalyst (the
source of generating Pd(0) for the catalytic cycle) showed no wavelength dependence of
the product yields (Figure 2.12). This test indicates that the complete catalytic cycle of the
molecular Pd catalyst does not depend on any tested wavelengths. Lastly, X-ray
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photoelectron spectroscopy (XPS) showed no distinct changes of the oxidation state of
Pd(0) in porous Pd nanoparticles before and after reactions in the dark and photocatalyzed
conditions (Note S5).

Overall, it is clear that the photo-excited Pd nanoparticles, hence the hot electrons and
holes generated in the particles, are the key catalysts of the studied reaction, and the
wavelength dependence of quantum yields must be attributed to the different states of hot
carriers generated by different excitation wavelengths.

In experiments determining the wavelength dependence of quantum yields of the
catalyst, the same absorbed photon flux (around 2.4x10% photons-s*-cm™) and reaction
time (6 hours) were maintained for each excitation wavelength. Interestingly, the quantum
yields do not track the extinction spectrum of porous Pd nanoparticles (Table 2.5 and
Figure 2.13). Indeed, the quantum yields are much higher in the shorter wavelength region.

Table 2.5 Calculated quantum yield under various excitation wavelengths and same
photon flux.

Absorbed
En- Wave- Incident Absorbed Photon Flux Product Quantum
T Catalyst length  Light Light (10Y Yield Yield
y (hm)  (MW)  (mW)  photons- (%) (%)
st.cm?)
1 PorousPd ook NA NA NA 5 NA
NPs
p PorousPd 00 g5y 81 23 34 13
NPs
g PorousPd o0 g9 74 2.4 35 1.2
NPs
g PorousPd o0 00 70 2.3 37 11
NPs
g  PorousPd g, 123 70 24 29 0.86
NPs
g PorousPd o 100 61 24 17 0.26
NPs
7 PorousPd  oor g0 55 2.4 11 0.18
NPs

Reaction conditions: See typical condition details in experimental section and the
reaction time was 6 hours. All the absorbed photon fluxes were kept as close together as
possible. The data is plotted in Figure 2.13 below.

46



Photon Energy (eV)
3.1 . 2.8 ' 2.5 . 2.3 . 2.1

0.6 —= :
. 11.5
1 o
=05) 1[ % 112
O o
= e
o |
Soa4f ki >~
5 z
3= 10.6 2
LE 03k Extinction (OD) S
= QY (%) % % 103 <&
0.2 0.0

400 450 500 550 600
Wavelength (nm)

Figure 2.13 Photocatalysis of porous Pd nanoparticles for Suzuki—Miyaura C-C coupling

reaction. Wavelength dependence of quantum yields (right axis) and the optical spectrum

of reaction solution with porous Pd nanoparticles (left axis) for comparison. Each error bar

is one standard deviation of the mean.

2.7 Proposed catalytic mechanism and related control experiments

In order to explain this observation, it is important to correlate this wavelength-
dependent trend with the state of hot holes and electrons generated in the porous Pd
nanoparticles at different excitation wavelengths. It is known that each interband transition
in d-block metals generates a pair of hot electron and hole, in which the hot electron resides
near the Fermi level, and the hot hole resides in the d-band. When shorter wavelength
photons are absorbed, the holes reside at much lower energy states or “deeper” in the d-
band, but the electrons remain almost the same energy just above the Fermi level 4 26.64
Thus, a possible photocatalytic mechanism was proposed in Figure 2.14, emphasizing on
the role of deeper hot holes with stronger oxidizing power for accelerating the oxidative
addition step of aryl halide, a rate determining step in the C-C coupling catalytic cycle.>
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Figure 2.14 Proposed mechanism. Proposed photocatalytic mechanism of hot holes in
accelerating the oxidative addition, a rate-determining step of the catalytic cycle.

In other words, deeper holes have much lower energy than Fermi level, and the lowest
possible energy (as compared to vacuum level) is EnF.(eV) = ENY? — hv. The reduction
potential of Pd(I1)/Pd(0) for the nanoparticle photocatalyst under the influence of these

holes, Epginobac) (Vvs SHE) , can be determined by this relationship: Ejj, =

—4.44 eV + eEp i\ buc > ® Thus, deeper holes lower the reduction potential of
Pd(I1)/Pd(0) and favor the oxidation of Pd on the nanoparticle catalyst. Thus, more R-Pd''-
X intermediates are produced, and eventually the reaction yields and the quantum yields
increase. Direct detection of R-Pd'-X intermediates is still a challenge,®® however, the
deeper hot holes have been observed to catalyze the oxidation of metal nanoparticles
better.2% 1367 Thys, the oxidative addition step in this study must be catalyzed by the hot
holes.

Figure 2.13 shows that the quantum yield starts to pick up at around 530 nm region and
increases drastically around 490 nm region, resembling a step-function-like dependence of
the quantum vyields to the excitation wavelengths. This behavior suggests a threshold of
photon energy is needed to overcome the barrier of the oxidative addition reaction.

Table 2.6 Product yield of the reaction with and without isopropanol.
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Product Yield

Product Yield

Entry Catalyst Wa\(/r?:ﬁ;] gth without isopropanol with isopropanol
(%) (%)
1 Porﬁg‘z Pd Dark 5 5
2 Porﬁg‘z Pd 405 34 4
3 Porﬁgs; Pd 490 29 4
4 PorousPd 595 11 7

Reaction conditions: See typical condition details in experimental section and the reaction
time was 6 hours. The absorbed optical power was the same in all experiments.

Isopropanol (0.3 mmol, 1.5 equiv.) was used as a hole scavenger.

The crucial role of hot holes involved in the oxidative addition step was further
confirmed by adding a hole scavenger, isopropanol, to the reaction. Under different
excitation wavelengths, the product yields were quite close to that of a non-irradiated
reaction (Table 2.6). This result can be explained by the fact that isopropanol is a stronger
reducing agent (E° of acetone/isopropanol is around 0.76 V vs SHE)® than Pd (E° of
Pd(11)/Pd(0) is around 0.92 V vs SHE)®® and that the holes are quenched by isopropanol
before they can catalyze the formation of R-Pd"-X intermediate.

Table 2.7 Product yield of control reaction with only one reactant used.

Entry Catalyst Reactant Wavelength (nm) Product Yield (%)

1 Porous Pd Phenylboronic Dark Not detected
NPs acid

5 Porous Pd Phenylboronic 405 Not detected
NPs acid

3 Porous Pd Phenylboronic 490 Not detected
NPs acid

4 Porous Pd  Phenylboronic 595 Not detected
NPs acid

5 Porlggsé Pd Bromobenzene Dark Not detected

6 Porﬁgs; Pd Bromobenzene 405 Not detected

7 Porﬁgz Pd Bromobenzene 490 Not detected

8 Porﬁgz Pd Bromobenzene 595 Not detected

Reaction conditions: See typical condition details in experimental section and the
reaction time was 6 hours. The absorbed optical power was the same in all experiments.
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To address the concern of homocoupling of phenylboronic acid” that could be
catalyzed by the hot holes'® or bromobenzene to the biphenyl, a series of control
experiments using only either reactant showed non-detected product under various
irradiation conditions (Table 2.7). Other control experiments with 4-bromoanisole and
phenylboronic acid under the dark and 405 nm irradiation conditions confirmed that hetero-
coupled 4-methoxy-1,1'-biphenyl was the only product (see details in Note S6).

In addition, some other possible side reactions including deborylation, debromination
or, substitution by hydroxyl group of the reactants were neglectable as compared to the
formation of the biphenyl product as confirmed by gas chromatography—mass spectrometry
(GC-MS, see details in Note S7).

Moreover, as we mentioned in our hot filtration tests, the leaching of Pd atoms (in the
form of molecular Pd species) has a very small contribution to the observed product yield,
thus the R-Pd'"-X intermediate catalyzed by hot holes is likely to stay on the nanoparticle
surface, and the consequent catalytic steps (e.g., transmetallation, reductive elimination)
may happen on this surface, as suggested by other studies.> "

Our proposed mechanism provides another insight into the role of deep holes in the
photocatalysis of Pd nanoparticles. A previous work using non-porous Pd nanoparticles on
ZrO» powder concluded that hot electrons played a decisive role in the oxidation addition
step. It was proposed that the shorter excitation wavelengths generated higher energy
electrons due to interband transitions, and the hotter electrons catalyzed the oxidative
addition step better.> In fact, as we discussed above, the general physical picture of shorter
wavelength excitation in the interband transition regime is the hot electrons reside near the
Fermi level, and hot holes reside deeper in the d-band.'* 26 ® Thus, the observed
wavelength dependence of the quantum yields in that experiment could be explained by
the stronger oxidizing power of the hot holes in the deeper d-band, as suggested in Figure
2.14. The hot electrons near the Fermi level may activate the aryl halide by promoting
electron transfer from the metal to the LUMO of the aryl halide, but this step should not
show a strong wavelength dependence in the interband transition regime.

2.8 Discussion on photocatalytic efficiency compared with other photocatalysts

The wavelength dependence of quantum yield or reaction yield of similar C-C coupling
reactions was also observed in other photocatalysts,® such as Au-Pd alloy nanoparticles
supported on ZrO,*® or Pd nanoparticles decorated on gold nanorods*®. However, the role
of hot holes generated from interband transitions was not fully explored yet. It is important
to mention that our porous Pd nanoparticle photocatalyst has several advantages of reveling
the photocatalytic mechanism, such as the suppression of plasmon resonance and the
dominant contribution of interband transitions in the optical region studied, a very low light
scattering for determining quantum yield with high accuracy, and no interference of
supporting materials to the photocatalytic interpretation. Furthermore, our catalyst does
show a higher photocatalytic efficiency as compared to the non-porous Pd nanoparticles
and some other catalysts under similar experimental conditions (see comparison in Table
2.8), probably because the porous structure increases the probability of hot carrier diffusion
to the catalyst’s surface.!> 72 ™® It is known that the hot holes have smaller kinetic energy
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and shorter mean free path than electrons do,?® thus the porous structure may overcome

these obstacles.

Table 2.8 Comparison of photocatalytic efficiency of Suzuki-Miyaura reaction between
previous works and the current work.

Light source,

Photocatalyst ~ Reactant Reac_tl_on wavelength and Ehotchtalyt Refer-
Condition intensity ic efficiency  ence
3-lodo- 30 °C, Halogen lamp,
Au-Pd/ZrO; toluene 6 h, 400 nm, AQY, 0.3 % 38
Ar 0.5 W/cm?
Pd/ZrO Glodo- %" Halsg;glleﬁtmp’ AQY,12% 38
2 toluene Ar1 400-750 nm, e
0.5 W/cm?
T|Oz-AA-_Pd lodo- 70°C, CFL lamp (40W),
(Ascorbic benzene 1h 400 nm, AQY, 0.1 % 39
Acid) ’ 1.1 W/cm?
Pd(I)- o Sunlight (18 W),
Dendrimer bé(r)lgg;le 27(-)350hc’ 400 nm, AQY, 0.4 % 39
@TiO: ' N/A
RT, LED, .
nzgcr)oisrtli:c?e k?err?zne]r?é 6h, 405 nm, QY, 1.3% ﬂ)ﬁ(
P N, 0.11 W/cm?
RT, LED, ,
Nporosed Bomeen aem ovoaw
P N2 0.11 W/cm?

Note: AQY: Apparent Quantum Yield, QY: Quantum Yield.

“: The nanoparticle photocatalyst with a diameter of 50 nm was prepared according to
the literature3® and the catalysis experiments were conducted in our lab with typical
reaction conditions in experimental section. The product yield of dark reaction was less
than 1 % and 405 nm LED photocatalytic reaction was around 7 %.

In summary, the interband transitions of porous Pd nanoparticles were examined to
reveal the wavelength-dependent quantum yields of a prototype C-C coupling reaction.
With shorter excitation wavelengths, the deeper holes in the d-band with stronger oxidizing
power can catalyze the oxidative addition of aryl halide R-X onto Pd° better to form more
R-Pd'-X intermediates in the catalytic cycle, thus the quantum yield of the catalyst
increases. It is known that the oxidative addition process can be catalyzed by hot electrons,
especially electrons with high kinetic energy generated from plasmon resonance.3® 4% 0
However, we showed here that interband transitions could also catalyze the oxidation
reaction by another process: the strong oxidizing holes can also promote the oxidation of
Pd® to Pd". We hope this work will prompt more interest in utilizing deep holes from
interband transitions for higher photocatalytic efficiency, which has recently picked up
some attention, 3 16 7475
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2.9 Supporting notes
2.9.1 Note S1. Light scattering measurement

(1) Drop-cast sample

A thin film of the sample was prepared by spin coating (1000 rpm, 45 sec, KW-4A
Spin Coater, Chemat Technologies.) on a transparent circular quartz substrate with a
diameter of one inch. An integrating sphere (Barium sulfate coated, Newport Corp.) was
used for measuring scattering cross sections by collecting diffusely transmitted and
reflected light. A tunable laser system (430 nm -700 nm, 400 mW, SuperK Extreme
Supercontinuum, NKT photonics) was used as a light source. The scattered light was
collected at the 90° port of the integrating sphere for both diffused transmission and
diffused reflection by a spectrometer (Acton SP2300, Princeton Instruments). The
schematic of the experimental setup is shown below:

Detector,

Sample

Iris ~

[ Source v
Light Trap

Tunable Laser Integrating sphere

(2) Colloidal sample

The purpose of this experiment is to ensure that the scattered light from the
photocatalyzed reaction is negligible as compared to the absorbed light during the
photoreaction. Briefly, the Xe lamp (300 W Research Arc Lamp Source, Newport Corp.)
was set at 60 W, a 1.5 inch liquid water filter was used to remove the unwanted IR light,
and the UV-Vis light was collimated and sent the colloidal sample. Two neutral density
filters (OD ~1.1 for each) were inserted into the transmitted path to lower the light intensity
at the detector. An optical fiber (300 wum Premium, Ocean Optics) coupled to a collimating
lens (74-UV, Ocean Optics) was set to detect scattered and transmitted light from the
sample (see the below scheme). The other end of the fiber was connected to an UV-Vis
spectrometer (USB4000, Ocean Optics). The colloidal sample was prepared by dispersing
0.4 mg of mesoporous Pd nanoparticle powder in 2 ml of H20 and transferred to a 1x1cm
quartz cuvette for the measurement. A similar setup for scattering and extinction
measurement can be found in literature.”® 7" The scheme of experimental setup is shown
below:

Scattering detection

A

Neutral density filter

Iris
Xenon . . .
e= o : : H D~ Extinction detection
IR filter Cuvette holder
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As seen from the above scheme, the transmitted light intensity after the light source
passes through the colloidal nanoparticles should be corrected by the scattering background
of water and the used cuvette. This transmitted light intensity at each wavelength,
I-(Sample), is defined as:

I:(H,0) — I;(Sample in H,0)
10—20D

I (Sample) =

Where:

I+ (H,0): the measured transmitted intensity of pure water.

I-(Sample in H,0): the measured transmitted intensity of colloidal nanoparticles in
water.

Note that a factor of 107292 was used to account for the attenuation of the transmitted
beam by the two neutral density filters.

Besides, the intensity of the incident light before the cuvette, (I,), is calculated based
on the transmitted light intensity of the pure water sample:
_ I7(H,0)
0™ 1p-20D
Similarly, the scattering intensity at a scattering angle of 90°, I; 9o (Sample), is defined
as:
Is90(Sample) = I go(Sample in H,0) — Is90(H,0)
Where:
Is 99 (H,0): the measured scattering intensity of pure water.
I5 99 (Sample in H,0): the measured scattering intensity of colloidal nanoparticles in
water.

To account for the total scattered photons at all scattering angles, a geometric scaling
factor of 7.84 was used. This factor was calculated based on the ratio of the collecting area
of the used collimating lens to the estimated surface area of a sphere having a radius from
the center of the cuvette to the collimating lens. This estimation is reasonable since our
mesoporous particles follow Rayleigh scattering (see Figure 2.7), hence the scattering
intensity is even at any angles.”® Thus, the total scattering intensity is determined as:
I;(Sample) = 7.84 X I 9o(Sample)).

From the above experimental data, the scattering-over-extinction ratio was calculated
based on a similar method reported by Ren’s group.’® The extinction intensity (I5) of the
sample is the sum of the absorption (I,) and scattering intensities (Is):

Ig = I, + I
The incident light intensity is the sum of the extinction and transmitted light intensities:
Iy=Ig+Ip =1+ I+ Ip
Then, the extinction (E), scattering (S) and absorption (A) are calculated as:
I (Sample) | I:(H,0) — I;(Sample in H,0)

E=-1 —
I (Sample) + I[,(Sample)
A = — 10g10
Iy
I (Sample)

S=F—-A=-1
9810 I (Sample) + I,(Sample)
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2.9.2 Note S2. Discussion on effect of local heating on the observed photocatalysis

The photothermal effect on the observed photocatalysis has been alerted recently in
some previous experiments.”® & Note that our “continuous-wave irradiation and
stirring” condition is very different from other experimental conditions in which pulse laser
was used and heat dissipation was poor. Local heating, the temperature rise in the vicinity
of individual nanoparticles in our experiment, should be neglectable after considering the
three timescales of the three below processes after a nanoparticle absorbs a photon.

The first timescale is the relaxation time of the hot carriers, which eventually converts
the energy of an absorbed photon into heat in the nanoparticle. The longest observed time
for this relaxation is about few picoseconds for gold nanoparticles.® The hot carriers are
well thermalized within these few picoseconds due to the ultrafast electron-electron and
electron-phonon couplings,®” and the nanoparticles should have even temperature
distribution within this timescale. Thus, it is reasonable to estimate the temperate rise of
the particle based on the energy of a single photon absorbed, the specific heat of the metal
and the mass of a single nanoparticle. This temperature rise was estimated well below 1 °C
in a previous study.®! In our experiment, the temperature rise for each mesoporous Pd
particle are about 0.00131 or 0.00113 °C for a 405 or 470 nm photon absorbed, respectively
(see the calculation in the below table).

The second timescale is the time for the heat transfers from the nanoparticle to the
surrounding environment. This timescale for colloidal gold nanoparticles in water is about
two to three nanoseconds.>* Although this time scale was measured for gold nanoparticles,
it is reasonable to assume that the heat dissipation from our mesoporous Pd nanoparticles
to water is completed within 3 nanoseconds.

The third timescale is the period between the two photons can be absorbed by the same
nanoparticle. Since we know the number of photons absorbed in the colloidal solution and
the amount of nanoparticles in the beam path, we can estimate the average number of
photons absorbed by individual nanoparticle under each second of irradiation. The below
table shows that the third timescale is roughly 293 nanoseconds under a typical
experimental condition in our study. In an extreme case, a 470 nm LED with incident power
of 502 mW causes an absorption of 282 mW in the reaction solution, the corresponding
third timescale is about 73 nanoseconds. It is obvious that some nanoparticles may diffuse
in and out of the LED beam area during this third timescale, but we can ignore this effect
since the beam size is quite big. Besides, on the timescale of hundreds of nanoseconds, the
percentage of nanoparticles diffusing in and out of the LED beam is quite small. Note that
the absorption is not uniformed across the entire area of the LED beam. However, the
absorbance of the reaction solution is quite low, about 0.42 OD for all wavelengths, thus
there is no huge change in the absorption profile. Overall, the approximated third
timescales are very large as compared to the above second timescale, thus the nanoparticle
dissipated all the heat long before the time it absorbs another photon.2® Under our stirring
condition, the accumulated heat in the beam path is effective transferred to the entire
cuvette.>® With a cooling fan, the reaction solution in the cuvette only has a temperate rise
within 1-2 °C.

| Center wavelength of the LED (nm) | 405 ] 470 ]
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Amount of light absorbed by mesoporous Pd
nanoparticle catalyst in the reaction solution (mW)
Number of photons absorbed by the nanoparticle
per second (photon/second)

Volume of the LED beam passed through the
reaction solution? (ml)

Total mesoporous Pd nanoparticles in the reaction
solution (particle)

Total of mesoporous Pd nanoparticles in the LED
beam path (particle)

Average number of photons absorbed by each
nanoparticle per second (photon/(particle-second))
Average time gap between two absorbed photons
for each nanoparticle (nanosecond)

Average temperature rise of each nanoparticle®
¢C)

81 282

1.65 x 10t | 6.67 x 107

0.708 0.708

1.37 x 101! 1.37 x 101!

4.84 x 101 | 4.84 x 10%

3.41 x 10° 1.38 x 107

293 73

1.31 x 10 1.13 x 10°®

@ Volume = n(g)zl, where: ¢ =0.95 cm is the LED beam size, and [ = 1 cm is the beam
path length in the reaction solution.

® Average temperature rise = energy of a photon/(specific heat x mass of a single
particle)

Where: the mass of a nanoparticle was calculated based on the particle diameter and an
assumption that the porous particle has a density close to that of Pd metal.

2.9.3 Note S3. Design of control experiments to evaluate the catalysis contribution of
leached Pd

Experiment I: Typical reaction with mesoporous Pd nanoparticle photocatalyst under 6
hour irradiation

. hv,6 h, N, .

' 1000 rpm '

Experiment Il: In this hot filtration test, the catalyst was removed after 1 hour irradiation,
and the reaction was allowed to proceed for another 5 hours.

hv,1h, N, T Centrifuge to hv, 5h, N,
1000 pm remove the catalyst 1000 pm

Experiment I11: Control reaction with the catalyst under 1 hour irradiation.

hV, | h, N2
1000 rpm
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2.9.4 Note S4. ICP-OES analysis for Pd in reaction supernatant
(1) Establishing the standard curve

The concentration of standard solutions was varied from 0.1 to 1, 5 and 10 ppm. All
samples were measured at three different wavelengths (324, 340 and 363 nm) for three
times. Below is the calibration curve for detection at 324 nm.

6X105 | | Equation y=a+b*x
Plot B

[ | Weight Instrumental
5X105 | | Intercept 1580.92397
Slope 53520.15312
I | Residual Sum of Square 1018.32902
5 Pearson's r 0.99342
4X10° I | square(cop) 0.98688

I | Adj. R-Square 0.98251

3x10°

Intensity

2x10°

1x10°

0k

0o 2 4 6 8 10
Concentration (ppm)

(2) Analysis of possibly leached Pd from reaction supernatant

All samples were measured with three different wavelengths (324, 340 and 363 nm)
for three times. The Pd concentration was below the detection limit of the instrument. The
analysis result was shown below:

Entry Catalysts Wavelength (nm)  Amount of leached Pd from ICP-OES

1 Porous Pd NPs Dark Non-detectable
2 Porous Pd NPs 405 Non-detectable
3 Porous Pd NPs 450 Non-detectable
4 Porous Pd NPs 470 Non-detectable
5 Porous Pd NPs 490 Non-detectable
6 Porous Pd NPs 530 Non-detectable
7 Porous Pd NPs 595 Non-detectable

Reaction conditions: See typical condition details in experimental section and the
corresponding conditions were the same as shown in Figure 2.13 and Table 2.5. The
supernatant was obtained by centrifuging the reaction solution after 6-hour reaction and
the total volume of each supernatant was 2 mL.

(3) Estimation of the utmost amount of leached Pd

An amount of 1 mL of the supernatant (total reaction volume = 2 mL) was used in the
ICP-OES analysis. The sample digestion and preparation processes were shown in
experimental section. The final volume of analyzed samples was 10 mL. The amount of Pd
used in each reaction was 0.00156 mmol (0.1660 mg). Considering the lowest
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concentration of the standard curve (0.1ppm) which approaches the detection limit of the
instrument, it is reasonable to use 0.1 ppm as the upper-limit of the leached Pd amount in
the analyzed samples. Thus, the utmost amount of leached Pd in the supernatant was 0.2
ppm, which is about 1.2 % of the total Pd in the nanoparticle photocatalyst.

2.9.5 Note S5. XPS analysis of porous Pd nanoparticles
(1) Sample design

In order to compare the oxidation state of Pd on the surfaces of the photocatalysts
before and after Suzuki reaction, some contrast samples were designed as listed below.

Entry Treatment Notation
1 None Porous Pd NPs
2 In reaction mixture in the dark for 1 h Porous Pd NPs-d-1 h
3 Dark reaction for 6 h Porous Pd NPs-d-6 h
4 Photocatalytic reaction (405 nm LED) for 6 Porous Pd NPs-405-6 h

h
Note: After treatment with different conditions, the sample was washed with water and
ethanol and centrifuged for 3 times for further XPS analysis. Entry 3 and 4 were under
the same typical reaction conditions as shown in Entry 1 and 2 in Table 2.5. The reaction
mixture was prepared under the same typical reaction conditions.

(2) XPS analysis
A B C
Pd 3d

C1ls
Pd 3d
Porous Pd NPs o1
-405-6 h Oloss ™S Porous Pd NPs Porous Pd NPs
N, - -
OKLL 405-6h R -405-6 h
Cls
Porous Pd NPs
-d-6 h

Porous Pd NPs
-d-1h

Porous Pd NPs

-d-6 h Porous Pd NPs
-d-6 h

Porous Pd NPs
-d-1h Porous Pd NPs
-d-1h
Pd 3d,, Pd 3d,,
Porous Pd NPs C-0,C=0 c-Cc 340.2 eV 335.0 eV
288.3 eV 2849 eV ' '
N Porous Pd NPs Porous Pd NPs

1200 1000 800 600 400 200 O 29 290 285 280 275 350 340 330 320
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Relative Intensity (a.u.)
Relative Intensity (a.u.)
Relative Intensity (a.u.)
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Silicon wafer

O1ls C-0, C=0 : 532.8 Br 3d N 1s
535.0 Brad,, ~, Br3d, Ammonium Salt  Organic Matrix

+ Hydroxides 69.5eV 1 168.6eV 402.6 eV 400.0 eV
' o

530.7 Porous Pd NPs Porous Pd NPs
\ h -405-6 h - -405-6 h
X )
: [
1 l
' [
l
' [
. Porous Pd NPs
Lo -d-6 h
' [
' '

Porous Pd NPs

Porous Pd NPs
-405-6 h

Porous Pd NPs

Porous Pd NPs 4-6h

-d-6 h

Relative Intensity (a.u.)
Relative Intensity (a.u.)
Relative Intensity (a.u.)

Porous Pd NPs

o
fl L

' '
' '
' '
'
i
'
v
' '
' '
' '
' ' ' '
' Vo
' ' '
Porous Pd NPs : ' w me\vm
! '
Al

540 535 530 525 72 69 66 63 205 202 399 3% 393
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

XPS spectra of four contrast samples were shown above. (A) XPS survey and (B-F)
high-resolution XPS spectra of C 1s, Pd 3d, O 1s, Br 3d, and N 1s. The charge calibration
was based on the contamination carbon (284.9 eV for C-C). The assignment of respective
peaks was based on the handbook of XPS® and chemicals used for the reaction, as
discussed below.

The presence of Pd, O, and C elements was observed across all samples in the survey
spectrum (A). For the as-prepared porous Pd nanoparticles, there was no bromine or
nitrogen occurred in the sample, indicating a relatively clean surface of the initial catalysts.
Also, the narrow and distinct peak in Pd 3d at 335.0 eV and 340.2 eV matched with the Pd
3ds/2 and Pd 3ds2, which meant the oxidation state of Pd in the as-prepared sample was
mostly zero on the surface. The result was consistent with the previous report from
Yamauchi’s group.®® The occurrence of carbonates in the C 1s and O 1s spectra was due to
the atmospheric carboxylic acids absorbed on the surface.®* The peak at 532.8 eV in O 1s
was assigned to the oxidation layer of the silicon wafer used as a substrate for XPS
measurement or adventitious contamination from the atmosphere.

After one-hour equilibrium with reaction mixture, the Pd 3d peaks became broader and
demonstrated a tiny shoulder peak at higher binding energy but the positions did not shift
from the Pd(0) state, probably resulting from the adsorption and activation of
bromobenzene on porous Pd surface.®®> Also, the occurrence of hydroxides in the O 1s
spectrum was due to the phenylboronic acid and sodium hydroxides used for the Suzuki
reaction.

After 6-hour dark reaction, the Pd 3d peaks were still broad compared to the as-
prepared sample but still within the range of the Pd(0) state. The noisy background was
possibly from multiple kinds of organic absorbates remaining on the surface. Besides, the
occurrence of bromine was distinct in Br 3d spectrum compared to the as-prepared sample
and Porous Pd NPs-d-1 h, which could be coming from the residual bromide ion absorbed
strongly on the Pd surface after certain amounts of Suzuki reaction catalytic cycles.® Also,
the O 1s peak position located between the substrate and hydroxides, indicating the
proceeding of the reaction.

Porous Pd NPs
-d-1h
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In terms of the photocatalytic reaction under 405 nm LED for 6 hours, the narrow Pd

3d peaks were almost identical with that in the as-prepared porous Pd nanoparticles,
revealing the similar oxidation state of Pd(0) before and after the photocatalytic reaction.
This identity also applied into the C 1s and O 1s peaks, revealing a relatively clean surface
of porous Pd nanoparticles after the photocatalytic reaction. It may be due to the surface
self-cleaning effect by holes generated during photocatalysis, similar to the widely-studied
case of titanium oxide photocatalysts.®” Moreover, the leftover bromide ion from the
reaction and ammonium salt or organic matrix from the solubilizer CTAC were observed
in Br 3d and N 1s spectra.
In general, there were no distinct shifts of Pd 3d peaks across the four samples and the
analysis of all potential elements on porous Pd nanoparticles’ surface illustrated that the
oxidation state of Pd did not change before and after the reaction, either in the dark or
photocatalytic conditions.

2.9.6 Note S6. Control experiments to confirm that hetero-coupling is the only product

(1) Experimental design

Under our standard reaction between bromobenzene and phenylboronic acid, the
hetero- and homo-coupling product, biphenyl, is indistinguishable. As shown in control
experiments reported in Table 2.7, there was no biphenyl product when either
bromobenzene or phenylboronic acid was used. Still, other control reactions with an
expected unsymmetric product are necessary to confirm the presumed hetero-coupling
process under our reaction conditions. The reaction between 4-bromoanisole and
phenylboronic acids was conducted to validate the hetero-coupling as shown below:

0 0/ (a)

<)

i e )
©

The homo-coupling product would be 4,4'-dimethoxy-1,1"-biphenyl (a) or biphenyl (c),
while the hetero-coupling product would be 4-methoxy-1,1'-biphenyl (b). All reaction
conditions were conducted as the same as the typical condition in experimental section
except for the replacement of bromobenzene by 4-bromoanisole.

(2) Analysis method and experimental results

Product Yield

Wavelength  Absorbed

Entry " im) Light (mW) @_ (b) (©)
1 Dark NA Not detected 7 Not detected
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2 405 81 Not detected 13 Not detected
3" Dark NA Not observed 37 Not observed

4 405 81 Not observed 63 Not observed

Reaction conditions: See typical condition details in the Methods section in experimental
section and the reaction time was 6 hours unless specified. The photon flux was kept as
around 2.3x10!" photons-s™-cm2and the amount of reactant (4-bromoanisole) were kept
as 0.2 mmol. 1,3,5-trimethoxybenzene was used as the internal standard for product yield
analysis by 'H-NMR spectroscopy unless specified.

“ Reaction time was 24 hours, and the product yields were determined from the mass of
isolated 4-methoxy-1,1'-biphenyl product collected from extracting of the crude reaction
solution with dichloromethane and running column chromatography with 1:9
EtOAc(ethyl acetate)-hexane to 1:1 EtOAc-hexane. There were no observable homo-
coupling products occurred during column chromatography.

*

(3) NMR data of reaction solution with 4-boromoanisole

Compound Structure Chemical shift (ppm)
'H NMR (400 MHz, CDCl3) 6 7.38
4-bromoanisole /O& (d,J=7.5Hz,2H),6.78 (d,J=7.5

Hz, 2H), 3.78 (s, 3H).

o IH NMR (400 MHz, CDCl3) § 7.43
f ’f. 'S.'methoxy’ oo/ (d, J=7.5Hz, 4H), 7.05 (d, J = 7.5
1'-biphenyl (8) | / Hz, 4H), 3.83 (s, 6H).

'H NMR (300 MHz, CDCl3) § 7.59 —

4-methoxy-1,1'- ) Q O 7.54 (m, 4H), 7.44(t, J=7.3 Hz, 2H),
bipheny! (b) / 7.32 (t, J=7.2 Hz, 1H), 7.00 (d, J=8.8
Hz, 2H), 3.87 (s, 3H).88

IH NMR (400 MHz, CDCls) & 7.65
(dd, J=7.5, 1.3 Hz, 4H), 7.49 (t, J =
7.4 Hz, 4H), 7.39 (t, J = 7.4 Hz, 2H).

1,3,5- 'H NMR (500 MHz, CDCls) § 6.20
trimethoxybenzene P (s, 3H), 3.85 (s, 9H).

NMR spectrum of 405 nm LED irradiated reaction solution with internal standards (Entry
2 in above reaction results)

Biphenyl (c)
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NMR spectrum of isolated pure product from 405 nm LED irradiated reaction solution
(Entry 4 in above reaction results)
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2.9.7 Note S7. Exclusion of some other parallel processes besides the Suzuki-Miyaura
reaction

(1) Considering some other possible processes that could happen in parallel to the Suzuki-
Miyaura reaction

Under photocatalytic reaction conditions, there may be some parallel processes that
may be concurrent to the proposed photocatalyzed reaction. For example, the
debromination (a), substitution by a hydroxyl group of the reactant (b), or deborylation (c)
may occur as shown below:

P
| (@)
O NaOH, light . /\ one
| ®
N
B(OH),
O = O (©)

(2) Experimental design to exclude the above possible processes

The reagents that involved in above processes were abbreviated as listed for
convenience. Ph-Br for bromobenzene, Ph for benzene, Ph-B(OH). for phenylboronic acid,
Ph-Ph for biphenyl, Ph-ONa for sodium phenolate, Ph-OH for Phenol, and DCM for
dichloromethane. GC-MS for gas chromatography—mass spectrometry.

In general, our strategy here was to extract any side products from crude reaction
mixture by DCM (both from organic or aqueous phase) and directly send the solution for
GC-MS analysis. Two standard sample vials, noted as A and B here, were prepared: (i)
Vial A for detecting processes a and c; (ii) Vial B for process b. Vial A contained Ph-Br,
Ph, and Ph-Ph (0.2 mmol for each) in 1 mL DCM. Vial B contained Ph-Br, Ph-OH, and
Ph-Ph (0.2 mmol for each) in 1 mL DCM.

Secondly, the procedure of reaction mixture post-processing was optimized a little bit
to test above processes. After photocatalytic reaction (in this note, 405 nm LED chosen as
an example, referred to the typical reaction condition in entry 2 of Table 2.5), the crude
reaction mixture was extracted by 1 mL DCM to retrieve the organic compounds from the
aqueous solution, which was labeled as 405-O. And the leftover aqueous solution from the
previous step was extracted by 1 mL DCM after adding 600 uL hydrochloric acid (HCI,
1M, to neutralize the basic solution and convert Ph-ONa to Ph-OH), which was labeled as
405-H. Those samples were directly sent for the GC-MS analysis.

(3) GC-MS spectra and analysis

Vial A:
GC TIC spectrum (TIC for total ion current)
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Analysis results:

In the GC-MS spectra of vials A and B, the retention time of Ph, Ph-Br, Ph-OH, and
Ph-Ph were well separated in the total ion chromatogram and the MS spectra of those
chemicals were well aligned to their mass fragments. Thus, any potential by-products could
be detected and distinguished from the reactants in the photocatalytic reaction.

As for the sample 405-O (directly extracted from reaction mixture), the GC spectrum
demonstrated a tiny amount of Ph generated compared to the Ph-Ph formed, suggesting
that the processes (a) and (c) in part (1) may occur during photocatalytic reaction. However,
considering its relatively low amount, those processes should not be considered as major
side-reactions to the Suzuki reaction process. Similarly, for the sample 405-H, the process
(b) may happen but not contribute a lot to the Suzuki reaction. One thing to mention here,
the product occurred in the sample 405-H due to the solubilizer CTAC used in the reaction
which would bring a certain amount of organic compounds into the aqueous phase (which
was shown to be less than 10 % amount of the total organics in the aqueous solution in a
separate experiment, not shown here).

Overall, the deborylation/debromination or, probably, substitution by hydroxyl group of
the reactants may occur during the photocatalytic reactions by porous Pd nanoparticles but
proved to be negligible compared to the formation of desired bipheny! product.

2.9.8 Note S8. NMR spectra of standard compounds and typical reaction solutions,
and product yield calculation
(1) NMR spectra of standard samples

The NMR spectra of bromobenzene (Ph-Br), biphenyl and their mixture in CDCl3z with
mesitylene (Mesit) as internal standard were listed below. (A) NMR spectrum with
chemical shift from 2 t010 ppm, and (B) The enlarged part from 6.6 to 7.8 ppm of (A).
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Chemical Shift (ppm) Chemical Shift (ppm)
Chemical shift for the above compounds:
Compound Structure Chemical shift (ppm)
Bromobenzene Q 'H NMR (400 MHz, CDCls) § 7.55 (d, J =
5.9 Hz, 2H), 7.36-7.24 (m, 3H).

IH NMR (400 MHz, CDCls) 5 7.65 (dd, J =

Biphenyl 7.5,1.3 Hz, 4H), 7.49 (t, J = 7.4 Hz, 4H),
7.39 (t, J = 7.4 Hz, 2H).

. 'H NMR (400 MHz, CDCls) § 6.87 (s, 3H),
Mesitylene 2.35 (s, 9H).

(2) Product yield calculation
The targeted product biphenyl yield was calculated from integration of the peak area at
0 7.58-7.52 (m, 2H) with the known amount of internal standard mesitylene at 6 6.87 (s,

3H).
(3) NMR spectra of typical Suzuki reaction solutions

a. Dark reaction solution corresponding to Entry 1 in Table 2.5. Peaks observed in the *H-
NMR spectra are correlated with arrows to the corresponding hydrogens.
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Chapter 3 Effect of Photocharging on Catalysis of Metallic
Nanoparticles

(This chapter covers similar materials as in Pin Lyu and Son C. Nguyen*., Effect of
Photocharging on Catalysis of Metallic Nanoparticles. J. Phys. Chem. Lett., 2021, 12,
51,12173-12179. Reprinted (adapted) with permission from J. Phys. Chem. Lett., 2021, 12,
51, 12173-12179. Copyright © 2021 American Chemical Society.)

Abstract

The photocharging effect is widely known across different research fields, has rarely
been quantified as a background contribution in photocatalysis, and has often been
overlooked in mechanistic interpretation of nanoparticle photocatalysts. To address these
issues, this work presents a two-step experiment: charging colloidal Pd nanoparticles with
light and hole scavengers and using the charged particles to catalyze the reduction of 4-
nitrophenol by NaBHsunder non-irradiation conditions. Experimental kinetics
demonstrated a proportional correlation between accumulated electrons and catalytic
improvement of Pd nanoparticles. This work reminds us that photocharged nanoparticles
may still catalyze chemical reactions as a background phenomenon even when they are not
undergoing photoexcitation.

3.1 Introduction

Photo-charging, a photostationary state of accumulating ground-state electrons or holes,
has been used in many research fields, such as environmental remediation," ? photo-
rechargeable battery,® # photoelectrochemistry,> ® photocatalysis,”® and so on. In some
previous studies, photo-charging effect was demonstrated via composite systems such as
Ag-TiO,,%2 Au-TiO2,1° or WOs-TiO2, where one material absorbs light and generates hot
carriers while the other creates a barrier for charge separation and stores the charge for
further reactions. In these composites, interfacial effects such as electrostatic potential®2
and atomic structure change'® could complicate the photo-charging effect on catalysis.
Thus, colloidal metallic nanoparticles were used to avoid any side effects from conjunction
to the catalytic mechanism.” 8 14

Photo-charging effect on metallic nanoparticles was initially reported by Brus and co-
workers as a photovoltage mechanism to explain the growth of silver nanoprisms.” 1°
Recent studies have a similar approach to create light-induced voltages for lowering the
activation energy barriers of chemical reactions,® 6 catalyze anisotropic growth of gold
nanoprisms,'’ control multi-electron transfer for better catalytic selectivities,'® 1% enhance
photochemical potential for redox reactions,?® ' improve catalytic activities under
different excitation wavelengths'* 22 2 or tune reduction potential of nanoparticle
photocatalysts®. However, the relationship between accumulated charge from photo-
charging process and catalytic performance of photo-charged nanoparticles is still
underexplored. Moreover, previous studies have explored the photocatalysis of photo-
charged metallic nanoparticles under continuous irradiation. It is important to see if the
photo-charged metallic nanoparticles can still catalyze chemical reactions after stopping
irradiation.
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In principle, metallic nanoparticles can undergo photo-charging when the
photogenerated hot electrons (or hot holes) are quenched by sacrificial agents, leaving
ground-state holes (or electrons) on the particles.'® 18192425 The charging and discharging
processes were observed by many analytical methods, such as electrochemistry? 2" or
chemical titration?® 2° and sometimes used to explain some typical photocatalytic
mechanisms.®® 3! In fact, metallic nanoparticles have high susceptibility for increasing
electron density, making them good candidates for storing electrons.®? It was demonstrated
that interband transitions by shorter wavelength excitations could accumulate more
electrons and lower reduction potential (raise Fermi level) of gold nanoparticles.® During
a photocatalyzed reaction, when there is an imbalance in consuming either electrons or
holes on metallic nanoparticle catalysts,® the consequent photo-charging may create an
extra catalytic process besides the well-known hot-carrier or plasmon mediated catalysis.
This extra process acts as a hidden background, which is often overlooked and hard to be
directly quantified. In order to reveal this background, it is crucial to photo-charge the
nanoparticles first and then separately evaluate how accumulated charge influences the
catalysis under non-irradiation.

3.2 Experimental section
3.2.1 Chemicals and characterizations

All chemicals and reagents were used without any purification. Absorption spectra
were measured by a UV-vis spectrophotometer (USB4000 Ocean Optics). Morphology of
porous Pd nanoparticles were examined by transmission electron microscopy (Talos
F200C G2, 200 kV, Thermo Fisher Scientific). Oxidation states of surface species on the
nanoparticles was measured by an x-ray photoelectron spectrometer (Nexsa, Al Ka X-ray
source, Thermo Fisher Scientific).

3.2.2 Synthesis of porous Pd nanoparticles (denoted as Pd NPs)

The synthesis protocol was modified according to the hard-template method developed
by the Yamauchi’s group.®® Briefly, 8 mg PSsoo0-b-PEO2200 (Polymer Source Co.) was
added into a mixture of 200 uL tetrahydrofuran, 160 pL of 2 M HCI, 500 pL of 76.8 mM
H2PdCls, and 1140 pL of ultrapure H2O. The solution was stirred and added 2 mL of 0.1
M ascorbic acid to initiate the reduction process. The solution was then incubated at 50 °C
for 10 h. The final products were washed with THF and calcinated at 200 °C for 1 h to
remove the excess polymers.

3.2.3 Photocharging procedures for Pd NPs before using as the catalysts for the
reduction reaction

The photocharging process was conducted in a quartz cuvette (1x1 cm, R-3010-T,
Spectrocell) sealed by a screw cap with a rubber septum. Firstly, 200 pL of porous Pd NP
stocked solution, 1300 pL of H20, and 0.26 mmol of hole scavengers (20 pL for isopropyl
alcohol) were added and purged with N2 for 20 minutes under vigorous stirring to remove
the oxygen. Then, the cuvette was stirred by a magnetic bar, irradiated by an LED, and
cooled by a fan to maintain its temperature close to room temperature. The optical power
before and behind the cuvette was recorded by a power meter (PM100D console with
S170C sensor, Thorlabs) and calculated for the absorbed photon fluxes. The LED beam
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size passing through the cuvette was maintained as about 0.95 cm for all experiments.
Specifically, for different excitation wavelengths, the absorbed photon fluxes were be
maintained the same for a fair comparison.? The 405, 470, and 530 nm LEDs (M405L4,
M470L4, M530L4, Thorlabs) have the center emissions at 405, 470, and 530 nm and
FWHMs of 12.5, 26, and 35 nm, respectively. Typical photocharged nanoparticles were
denoted as Pd NPs-405nm-450mW-IPA, which means that the porous Pd nanoparticles
were charged by a 405 nm LED with an incident power of 450 mW and IPA was the hole
scavenger. The photocharging time was 6 hours unless specified. After the photocharging
process, the cuvette with the colloidal catalysts was immediately used as a reactor for
further reactions.

3.2.4 4-Nitrophenol reduction as a model reaction to evaluate the catalytic
performance

4-Nitrophenol reduction to 4-aminophenol was utilized as a model reaction. Typically,
amixture of 0.75 mL of 0.2 mM 4-nitrophenol and 0.75 mL of 60 mM freshly made sodium
borohydride was added into the cuvette with the photocharges particles described in the
previous section. The reaction solution was stirred and monitored by the UV-vis
spectrometer. The control sample without applying the photocharging process was
prepared with similar procedures except for placing the cuvette in the dark rather than under
LED irradiations. The concentration change of 4-nitrophenol was monitored from its
absorbance at 400 nm. This absorbance was corrected by subtracting the absorbance at 800
nm due to the relatively flat baseline absorbance of Pd NPs. This absorbance was further
used for Kinetic analysis and rate constant calculation. The linear fit for the initial 30 s was
applied for the In (C+/Co) vs. time plot to get the apparent rate constant.

3.2.5 Estimation of stored electrons on Pd NPs after the photocharging process

The electron transfer from nanoparticles to dye molecules with a large extinction
coefficient and low reduction potential was considered as a useful method to quantify the
charges accumulated in the nanoparticles.?®3* In our system, thionine (Th) was utilized to
determine the stored electrons on Pd NPs by monitoring its absorbance at 600 nm. The
electrons consumed by the Th were calculated from the following equation: Th (color) +
2e~ > Th?™ (colorless). Experimentally, after the photocharging process for Pd NPs
with hole scavengers, the cuvette was placed under the dark and injected with 10 pL of 1
mM Th solution under stirring. The time-dependent absorption spectra of the solution were
recorded and those spectra have baseline correction by subtracting the absorbance at 800
nm due to the relatively flat absorbance of the Pd NPs (see Figure 3.2). The spectra were
used to calculate the concentration change of Th.
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3.3 Experimental design for evaluating photo-charging effect on catalysis

h Oxidized Products

Hole Scavengers

Scheme 3.1 A two-step experiment for evaluating photo-charging effect on catalysis: i)
photo-charging Pd nanoparticles for accumulating extra electrons. ii) using photo-charged
particles for catalyzing 4-nitrophenol reduction by NaBH4 under non-irradiation condition.
(NaBHj4 is not shown).

Herein, we design a two-step experiment including a photo-charging process and a
subsequent reduction reaction to evaluate the catalytic performance of photo-charged
nanoparticles (Scheme 3.1). In brief, porous palladium nanoparticles (Pd NPs) were photo-
charged by hole scavengers under light-emitting diode (LED) irradiation for a certain
amount of time and then immediately used as the catalysts for the reduction of 4-
nitrophenol to 4-aminophenol by NaBHs. The reaction kinetics were then compared to
kinetics of control reactions in which photo-charging was not executed. The number of
accumulated electrons from the photo-charging process was quantified through a sensitive
and fast electron transfer reaction with thionine dye. Eventually, a proportional correlation
was built between the accumulated charge and apparent reaction rate constants.

Starting with photo-charging step, 63 nm porous Pd NPs were employed as model
catalysts due to their flat absorption and low scattering in the common visible region (400-
600 nm) for photocatalysis studies. Due to the porous structure, the plasmon resonance is
shifted to the near IR region and interband transitions are the main spectral feature in the
visible region. These optical properties were studied and proved to be convenient for
mechanistic interpretation, and the related hot-carrier mediated catalysis was discussed
thoroughly in a recent work.? The typical photo-charging condition included isopropy!
alcohol (IPA) as a hole scavenger and 6-hour LED (centred at 405 nm) irradiation under
N2 atmosphere unless specified when altering the condition (see details in the Experimental
Section 3.2.3).

For the catalysis step, the reduction of 4-nitrophenol by NaBH4 was chosen as a model
because it happens reasonably fast on the surface of metallic nanoparticles, and Kinetic
analysis could be performed by UV-Vis spectroscopy.® The reaction happened extremely
slow when metallic nanoparticle catalysts were not used. Despite many studies on the
reduction of nitroaromatic compounds using nanocrystal photocatalysts and hole
scavengers,®® 37 photo-charging effect on the catalysis has not been studied yet. Based on
the well-accepted Langmuir—Hinshelwood mechanism of this surface-catalyzed reaction,
the rate-determining step is generally considered as the reduction of 4-
hydroxylaminophenol intermediate to 4-aminophenol by surface hydrogen species
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provided from NaBH,, ° and a pseudo-first-order analysis on 4-nitrophenol is sufficient
for evaluating the catalytic activity of metallic nanoparticles.*®4* A typical reaction started
by mixing aqueous 4-nitrophenol and freshly-prepared NaBHa4 solutions first, and then
adding the mixture into the Pd NPs’ solution that was just finished photo-charging. The
overall temperature of photo-charged solutions rose only 1-2 °C, which had almost no
influence on the catalyzed reactions. As the same amount of nanoparticles and reactants
were used in this second step, the extracted apparent reaction rate constants only depended
on the photo-charging process in the first step.

3.4 Catalytic performance of photo-charged Pd NPs
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Figure 3.1 Catalytic performance of Pd NPs under non-photo-charging and photo-charging.
(a) UV-Vis spectra of reaction solution of 4-nitrophenol reduction by NaBH4 on Pd NPs.
Reaction steps are inserted. (b) Kinetic analysis for the reaction in (a) following pseudo-
first-order for 4-nitrophenol. (c) Reaction kinetics when using Pd NPs without and with 6-
hour photo-charging. Incident optical power of 405 nm LED was varied. Solid lines are
linear fits for extracting apparent rate constants. (d) Comparison of rate constants extracted
from (b) and (c). Error bars represent one standard deviation of the means.

Kinetic traces of 4-nitrophenol at 400 nm absorption (in form of nitrophenolate ion)

were plotted following pseudo-first-order to extract the apparent reaction rate constants
(Figure 3.1). The first chemical kinetics was performed for the experiment without a photo-
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charging step (no irradiation and no scavenger), and kpq nps Was Obtained as 0.0157 s, This
first reference was used to compare to the rate constants of reactions using photo-charged
catalysts.

Table 3.1 Calculation of absorbed photon fluxes under various incident optical powers.

Wavelength  Incident Absorbed Absorbed p ?70 ton
Entry  Sample label (nm) light (mW) light (mW) flux (10
& & photons-s!-cm)
1 Pd NPs-IPA N/A N/A N/A N/A
Pd NPs-
2 405nm 405 153 54 1.5
-153mW-IPA
Pd NPs-
3 405nm 405 304 61 1.8
-304mW-IPA
Pd NPs-
4 405nm 405 450 76 2.2
-450mW-IPA

Notes: See photocharging conditions in the Experimental section. The charging time
was 6 hours. These conditions were corresponded to data shown in Figure 3.1c.

To validate the photo-charging effect on catalysis, the amount of charge per catalyst
particle was tuned by adjusting the incident optical power of the 405 nm LED (Table 3.1).
As the power increased, each nanoparticle had an averaged increase in absorbed photons
and generated carriers. As an excess amount of IPA was used (molar ratio to Pd > 575),
the hot carriers were expected to be the limiting component, thus the scavenging was
sufficient to create more photo-charged electrons for higher optical power (vide infra).
After charging, UV-Vis spectroscopic and electron microscopic analyses on the catalysts
did not detect any noticeable change, implying that they remained the same structure and
colloidal form in the solution (Figures 3.2 and 3.3). Hence, the significant change for the
catalysts after photo-charging is the number of accumulated electrons.

To account for the large amount of IPA that may affect the reduction reaction in the
second step, the reaction rate constant for a reduction reaction using both the particles and
IPA under uncharged condition, ked nps-IpA, Was used as the second reference. It is important
to note that the porous Pd nanoparticles have poor homogeneity (Figure 3.3). To account
for consequent effect on the observed reaction rate constants, only two batches of
synthesized nanoparticles were used. We then established the ratio of kpq nps-1IpA When using
the second batch to that standard value when using the first batch. This ratio was 1.08 and
used to calibrate all the rate constants whenever using the second batch.
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Figure 3.2 UV-vis spectra of porous Pd NP solutions: (a) in the dark without
photocharging, (b) before and after photocharging.

Figure 3.3 TEM images of Pd NPs: (a, b) before and (c, d) after a typical photocharging
process (450 mW irradiation of 405 nm LED for 6 hours and IPA as a hole scavenger). The
average diameter of Pd NPs before and after photocharging were 63.0 £ 8.6 nm and 64.2

+ 9.7 nm, respectively.
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As the optical power increased, the catalytic performance of photo-charged Pd NPs was
improved as shown in the proportional increase of the rate constant (Figures 3.1c and 3.1d).
For example, when the 405 nm LED was set at 450 mW, the Kpd nps-405nm-450mw-1pa= 0.0325
st was about 3 times larger than Keq nes-ipa= 0.0117 s for the non-charging control sample.
The detailed UV-Vis spectra for those reactions with time-dependent profiles were further
provided in Figure 3.4 for a direct comparison. It was noted that Keq nes-ipa Was slightly
smaller than keq nes (Figure 3.1d), which could be ascribed to the fact that adsorption of
IPA on the catalysts may block some active sites for the following reduction reaction.*?
Jain and coworkers reported an increase in reduction rate of ferricyanide catalyzed by gold
nanoparticle photocatalysts after increasing photon flux.® 1° Despite the different
experimental conditions, mainly due to our separation of photo-charging and catalyzing
reaction, our results show a similar trend. While multi-electron transfer reactions were
possible under continuous irradiation in previous studies,'* 1" 1° the observation of 4-
aminophenol product (a rising peak at 300 nm in Figure 3.1) in this study indicates a six-
electron reduction was achieved under our photo-charging, then stopping irradiation and
evaluating catalysis.
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Figure 3.4 UV-vis spectra of 4-nitrophenol reduction with NaBH4 catalyzed by Pd NPs
without and with photocharging. Charging condition: isopropanol and 6-hour irradiation
of 405 nm LED with different incident powers: (a) without photocharging, (b) charging
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with 153 mW, (c) charging with 304 mW, and (d) charging with 450 mW. The extracted
kinetic data were plotted in Figures 3.1c and 3.1d.

3.5 Quantification of accumulated electrons from photo-charging process
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Figure 3.5 Quantification of accumulated electrons from photo-charging process. (a, b)
Absorbance change of thionine titrated with Pd NPs not undergoing and undergoing photo-
charging (405 nm LED, 450 mW, 6 h, IPA). (c) Kinetic traces of titrated thionine retrieved
from the absorbance at 600 nm. Solids lines are exponential fits. (d) Estimation of electrons
accumulated under non-charging and charging conditions.

Redox titration with thionine (Th) was conducted on the photo-charged Pd NP solutions
to estimate the accumulated electrons as thionine has a relatively low reduction potential.?
In these aqueous titration solutions, despite that the standard reduction potential of Th/Th?
is 0.064 V (vs NHE), the concentration of Th is 65 times higher than the proton
concentration, thus the protons cannot quench significantly the accumulated electrons.
Experimentally, right after photo-charging, 10 uL of 1 mM thionine solution was injected
into the solution of the catalysts, and the decay of Amax = 600 nm of thionine was monitored
for estimating the number of electrons transferred from the nanoparticles (Figure 3.5).
Noted that the uncharged Pd NPs also reacted with thionine (Figure 3.5a), probably because
they already contained excess electrons from their reduction synthesis. The intrinsic charge
of these Pd NPs were estimated and set as a reference for comparing to photo-charged Pd
NPs.
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Figure 3.6 Absorbance change of thionine (Th) when titrating with Pd NPs after
photocharging with: (a) 405 nm LED, 153 mW, 6 h, IPA, and (b) 405 nm LED, 304 mW,
6 h, IPA.

Considering the 4-nitrophenol reduction happened relatively fast, about a haft
conversion within a minute, and the particles transferred electrons to thionine within a
comparable time scale, a 30-minute titration with thionine was chosen as the endpoint to
estimate the accumulated charge (Figures 3.5¢ and Figure 3.6). Figure 3.5d shows a strong
correlation between the optical power and the accumulated charges. A similar trend was
observed for the correlation between optical power and reaction rate constant as shown in
Fig 3.1d. This set of data proved the higher activity of the Pd NP catalysts under charging
condition. A possible explanation for this improvement is that the more electrons
accumulated in the metallic nanoparticles the larger gap built between the Fermi level and
d-band center.** Consequently, these electrons could fill the antibonding orbitals
hybridized between metal and absorbates, which decreased and moved the adsorption
energy of nitrophenol closely to the optimal point for catalysis.** This optimal point was
proposed in a systematic study on the same reaction using dendrimer encapsulated metal
nanoparticles.

3.6 Evaluation of photo-charging effect on catalytic performance of Pd NPs under
different conditions

Some other factors impacting the photo-charging process and the consequent catalysis
were investigated, such as charging time, wavelengths of the light source, and different
kinds of hole scavengers (Figure 3.7). Firstly, the amount of charge should be affected by
charging time. For a short period of charging (3 hours for example, Figure 3.7a), the
number of accumulated electrons per nanoparticle was probably low and did not make a
significant change to the reaction rate yet. After 6 hours of charging, the accumulation of
electrons reached a certain number that signified the photo-charging effect on catalysis.
For a longer charging time (9 and 12 hours, Figure 3.7a), the catalytic activity of the
particles dropped. We speculate that the particles may still maintain a comparable amount
of charge as in the 6-hour charged sample, but more oxidized products may form due to
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hole quenching. They may adsorb on the nanoparticle surface and block the active sites for
the further reduction reaction.
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Figure 3.7 Evaluation of photo-charging effect on catalytlc performance of Pd NPs under
different conditions: (a) charging time, (b) irradiation wavelength, and (c) hole scavenger.

Secondly, the wavelength dependence of the photocatalytic performance of Pd NPs
was already thoroughly discussed in our previous work.?® Under shorter wavelength
excitation, interband transitions of Pd NPs generate deeper holes (below the Fermi level)
with increasing oxidizing power. For photo-charging with 405 nm LED irradiation, the
deeper hot holes could react easier with the hole scavengers, resulting in accumulating
more electrons in the nanoparticles for the following reaction (Figure 3.7b). With longer
wavelengths (470 or 530 nm), the photo-charging effect was not such strong because the
hot holes were not deep enough to effectively oxidize IPA and build more charges. It should
be noted that the absorbed photon fluxes were kept the same across the three studied
wavelengths to make a fair comparison for these photo-charging processes (Table 3.2).
Similar wavelength-dependent trend was also observed for gold nanoparticle
photocatalysts under continuous irradiation. %20
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Table 3.2 Calculation of absorbed photon fluxes under various excitation wavelengths.

Absorbed photon
flux (10"
photons-s!-cm)

Wavelength  Incident Absorbed

Entry Samples (nm) light (mW) light (mW)

1 Pd NPs-IPA N/A N/A N/A N/A

Pd NPs-
2 405nm 405 153 54 L.5
-153mW-IPA

Pd NPs-
3 470nm 470 107 46 1.5
-107mW-IPA

Pd NPs-
4 530nm 530 102 42 1.6
-102mW-IPA

Notes: See charging conditions in the Experimental section. The charging time was 6
hours. These conditions were corresponded to data shown in Figure 3.7b. Due to the
limited output power of the commercially available 470 and 530 nm LEDs, these
experiments were conducted at low power to have the same number of absorbed photons
across the three wavelengths.

Thirdly, as the hole scavengers absorbed on the particle surface and reacted with the
photogenerated holes to accumulate electrons, the molecular interaction and reduction
potential of those scavengers would also influence the photo-charging process. The
commonly used hole scavengers, such as isopropyl alcohol (IPA), ethylene glycol (EG),
and ethanol (EtOH), were all proved to be good candidates for sacrificial reagents in this
study (Figure 3.7c). Compared to the non-charging counterparts, those charged Pd NPs
showed a significant increase in the reaction rate constants. The increments were quite
close to each other probably due to the comparable reduction potentials and similar
functional groups of those scavengers.*® Similarly, IPA and EtOH scavengers do not give
a drastic difference in rate constants of ferricyanide reduction catalyzed by gold
nanoparticle photocatalysts under continuous irradiation.!® However, triethanolamine
(TEOA) and sodium sulfite (Na2SOs3) almost quenched the 4-nitrophenol reduction
reaction (Figure 3.7c). The reaction happened very slowly for the non-charging catalysts,
which could be ascribed to the strong adsorption of amine and sulfite ions on the catalysts’
surface and reducing the catalytic activity.*® 4

3.7 Conclusion and outlook

From all above evidence, photo-charging process is proved to be correlated to reduction
kinetics. With more electrons built up after charging, a higher apparent reaction rate
constant was achieved. The number of extra electrons accumulated per nanoparticle was
estimated up to around 2.3x10% from a typical photo-charging and the quantum yield of
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this process was about 0.042 % (see details in note S1). A previous study showed that
NaBH, could adsorb on colloidal gold nanorods and charged these particles,*® thus we
cannot rule out this possibility from our system.

However, we emphasize that the additional charging by NaBH3 in the second step of
our experiment does not overwhelm or erase the amount of charge in the first step. If this
phenomenon has happened, we would not have seen any difference in reaction rate
constants of the catalyzed reaction when we changed the charging conditions. Since NaBH4
will react to thionine, we cannot do redox titration on the reaction solution in the second
step to determine any possible extra charge that NaBH4 may create on the catalysts. Finally,
the oxidation state of surface Pd in our catalysts was examined carefully by X-ray
photoelectron spectroscopy, and no significant change of Pd oxidation state was observed
(see details in Figure 3.8). This result further validates the catalysis of photo-charging.
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Figure 3.8 XPS analysis of Pd NPs: (a, c, e) before, and (b, d, f) after a typical
photocharging process (6-hour irradiation with 450 mW of 405 nm LED, and IPA was used
as a hole scavenger). High-resolution XPS spectra and deconvoluted peak analysis of: (a,
b) C 1s, (c, d) Pd 3d, and (e, f) Pd 3p + O 1s. The samples were prepared by drop-casting
and drying the Pd NPs solution on a silicon wafer and sent for XPS immediately.

In principle, the oxidation states of surface Pd are not expected to change after the
photocharging process. The assignment and deconvolution analysis of all peaks were based
on the XPS handbook and literature.**>* Starting with the C 1s in Figures 3.8a and b,
atmospheric carboxylic acids adsorbed on the catalyst surface® caused these C-O, C=0
peaks, and the contamination carbon (C-C) around 284.9 eV was set as the reference to
calibrate the binding energy of other elements. After the photocharging process, the C=0
peaks seemed to increase possibly due to the absorbed acetone generated by hot-hole
catalyzed oxidation of isopropyl.>® As for the Pd 3d spectra in Figures 3.8c and 3.8d, there
was always a certain amount of Pd?* that occurred on the Pd surface,® > which could be
ascribed to the thin oxide layer formed on its surface.’® The two main peaks of Pd 3dsy
and 3day2 still stayed at around the same binding energy range and the deconvoluted peaks
of Pd?* maintained almost the same intensities. These pieces of evidence demonstrated that
the oxidation state of surface Pd did not change significantly after the photocharging
process. Moreover, in the Pd 3p and O 1s region in Figures 3.8e and 3.8f, the corresponding
C-0/C=0 and Pd-O peaks were also deconvoluted for comparison.®” Except for some
differences in peak width that may come from the uneven distribution of sample
measurement, there was no other significant change. Overall, the high-resolution XPS
analysis confirmed that there is almost no changes of surface Pd oxidation state after the
photocharging process.

In summary, the correlation between the number of accumulated electrons from photo-
charging and the catalytic activity of Pd NPs was built. For the best demonstration in this
study, a three-time increase in accumulated charges results in a three-time increase in the
catalytic activity of the photo-charged nanoparticles. This correlation brings a different
perspective on understanding photocatalytic mechanisms of metallic nanoparticles, and
helps to design high efficient photocatalysts. The photo-charged metallic nanoparticles
may still catalyze chemical reactions after stopping irradiation, and this process should be
considered in photocatalysis.
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3.8 Supporting notes
3.8.1 Note S1. Estimation of number of electrons per nanoparticle and quantum yield
of photocharging

To rationalize photocharging effect on the nanoparticle catalysis, the number of
electrons per nanoparticle was estimated from redox titration with thionine. The below
calculation steps are demonstrated for Pd NPs-IPA and Pd NPs-IPA-450mW-IPA samples.
(1) Number of electrons transferred from reaction with thionine

#(e7) = AE X Ny

Where: #(e"): the number of electrons per liter of reaction solution, L.
N.: Avogadro constant, 6.0221x10% mol™.
AE: accumulated electron concentration, mol-L'.
As for the Pd NPs-IPA sample (AE= 1.15 uM), the number of electrons per particle is
6.9254x10'7 L1,
As for the Pd NPs-IPA-450mW-IPA sample (AE= 3.50 uM), the number of electrons per
particle is 2.1077x10'8 L1,
(2) Number of nanoparticles used in titration with thionine

The general approach is calculating the total molar concentration of Pd element in Pd
NPs used and estimating the moles of Pd element in one nanoparticle (accouting for the
porosity of the particle). The average diameter (63 nm) and pore volume (0.30 cm?-g™!) are
retrieved from our previous work.??

[Pd]

#(NPs) = ————
(NPs) = pa Py
Where: #(NPs): the number of nanoparticles, L.
[Pd]: molar concentration of Pd element in Pd NP catalysts used, 297 uM.

n(Pd NP): moles of Pd element in one porous Pd nanoparticle, mol.
Pd) X [V(Pd NP) — V(pore in Pd NP
n(PdNP)zp( ) % [V( )~V )]

M(Pd)
p(Pd): density of Pd, 12.023 g-cm>.
V(Pd NP): volume of one Pd nanoparticle, cm®.

4
V(Pd NP) = §T[T‘3

r: radius of one Pd nanoparticle, 31.5 nm.
V(pore in Pd NP): pore volume of one Pd nanoparticle, cm?.

V(pore)
%4 in Pd NP) = ——
(pore in ) #(NPs per g)
V(pore): pore volume, 0.30 cm>-g!.
lg

#(NPs perg) =

M(Pd): molar mass of Pd, 106.42 mol-g™'.
Thus, the number of nanoparticles is 9.2506x10'3 L.
(3) Number of electrons per nanoparticle
#(e™)

#(e” per NP) = #(NPs)

M(Pd) x n(Pd NP)
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As for the Pd NPs-IPA sample, the number of electrons per nanoparticle is 7486.
Considering that our nanoparticles are large and porous, the particles can accumulate a
large amount of charge due to the donation of electrons from ascorbic acid during the
particle synthesis step. We also cannot rule out the possibility that thionine adsorbs on the
particles and reduces their absorbance, thus the number of calculated electrons may be
artificially larger than the actual number.

As for the Pd NPs-IPA-450mW-IPA sample, the estimated number of electrons per
nanoparticle is 30131. Thus, photocharging adds and average of 22645 electrons to each
particle. Considering the size of 63 nm of our nanoparticles, this amount of charge is
acceptable as compared to the charge densities from other studies such as 66 electrons per
photocharged Ag/TiO2 core@shell particle (around 5 nm),>® up to around 8800 electrons
per photocharged gold nanoparticles (13 nm),'® and around 1600 electrons per
electrochemical-charged Ag particle (around 11 nm).>® Further calculation on the efficiency
of the photocharging shows a very low quantum yield. This quantum yield is lower than
the quantum yield of other photocatalysis processes'* 2> as our intention here is
demonstrating photocharging effect rather than optimizing the catalytic efficiency.

(4) Quantum yield of photocharging process

With the above number of accumulated electrons and absorbed photon flux (Table 3.1),
the quantum yield (QY) of the photocharging process was calculated for further reference.
Here, we demonstrate the calculation for Pd NPs-IPA-450mW-IPA sample.

v = #(e” from photocharging)

oY = #(absorbed photons)
#(e' from photocharging) = 1.4152x10'®, number of electrons accumulated from
photocharging, which is equal to the difference of electrons in photocharged and control
samples.
#(absorbed photons)= 3.3683x10%!, number of absorbed photons in 6 hours.
Thus, the quantum yield for this photocharging process is 0.042 %.
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Chapter 4 From Noble to Non-noble Metallic Nanoparticle
Photocatalyst: What Can Interband Transition Bring?

(This chapter covers similar materials as in a submitted manuscript to JACS Au as a full
article. Reproduced with permission, copyright © The Authors and 2023 American
Chemical Society.)

Abstract

Metallic nanoparticles have been developed as versatile photocatalysts, exampled by those
of noble metals with interesting plasmonic properties. The transitioning from precious to
Earth abundant metals for sustainable photocatalysis requires the understanding and
evaluation of catalytic performance. Photocatalysis induced by interband transitions of
metallic nanoparticles has been explored for the unique properties of corresponding hot
carriers and opportunities to expand from noble to low-cost non-noble metals. In this work,
we presented an approach of how the electronic structure, d-band structure, and related
interband transitions change across gold, palladium, and cobalt nanoparticles. We
demonstrated that the better alignment of energy levels between metal-adsorbate states and
interband-induced hot carriers in cobalt-based nanoparticles could benefit the better
photocatalysis enhancement toward reduction reactions than gold and palladium. This
proof-of-concept study leads us to expand the metallic nanoparticle photocatalysts into
non-noble metals and our understanding of the role of interband transitions in related
photocatalysis.

4.1 Introduction

Metallic nanocrystals have gained great interest in photocatalysis due to their strong
and tunable light absorption, robust nature for multi-cycle operation, and versatile
integration with other supporting materials.**® Currently, most metallic nanocrystal
photocatalysts are based on noble metals, such as Autt 1415 Agl618 pt19.20 and pgts:21-23,
However, the high cost hinders their large-scale application for photocatalysis. The low-
cost alternatives are non-noble and less precious versions.?*?° To explore and evaluate the
transition to more affordable materials, Co-B alloy nanocrystals will be demonstrated in
this study. Photocatalysis of the crystals will be studied for a model reduction reaction, and
the photocatalytic activities will be directly compared to Au and Pd nanocrystal
photocatalysts.

When moving from noble to non-noble metals (i.e. moving from the bottom right to
the top left of the periodic table), the electronic structures and the associated catalytic
properties of metallic nanocrystals change significantly. The trends of these changes can
be predicted by building on our knowledge in solid state chemistry as long as the crystal
sizes are large enough for possessing metallic states. The electronic interaction between
the metals and chemical reactants can be roughly predicted by the energy levels of the
metals’ valence electrons. First, electron filling in the d-bands reduces gradually from full-
filling to partially-filling states when moving from noble to non-noble metals. According
to Newns—Anderson-Grimley model®® 2" and d-band theory?®3°, the broad nature of the
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sp-bands in different transition metals results in similar bond strength between metals and
adsorbates, while less electron filling in d-band states results in less filling of metal-
adsorbate antibonding states and eventually strengthening metal-adsorbate bonds (see
Scheme 1). Second, the Fermi levels of these metals gradually shift from sp- to d- bands
and have more d-character. Third, less nuclear charge leads to less d-orbital contraction
within individual atoms, but more d-orbital spatial overlap between of neighboring atoms
in the nanocrystals, and eventually gives wider d-bands.3! The wider d-bands also give
more d-character to the antibonding states of metal-adsorbate states. All these factors, as
illustrated in Scheme 1, contribute to stronger overlaps between d-orbitals of the metals
and the molecular orbitals of the adsorbates. This condition facilitates the adsorption of
reactants on the metal surface for catalysis and generally correlates to catalytic activities.
For example, Co metal provides better catalysis for O, dissociation than Pd and Au.*? In
the production of methane from syngas, Co metal catalysts demonstrated a much higher
turnover frequency than Pd and Au because Co has stronger CO dissociative chemisorption,
a rate determining step of the methanation reaction.?® In the context of this study, Co-B
alloyed nanocrystals behave like Co metal (vide infra), and we expect that the reactants of
the catalyzed reactions have a stronger adsorption on Co-B nanocrystals than on Au and
Pd nanocrystals.

Following the adsorption of the reactants on the metal surfaces, the photocatalysis of
metallic nanocrystals also concern various mechanisms evolving energy and charge
transfers to the reactants, such as hot-carrier generation and transfer,® ** field
enhancement®® and photothermal effect®. As for the photocatalyzed reduction reaction
demonstrating in this study, the first mechanism is our focus, and the properties of the
photogenerated hot carriers depend on the optical excitation regions and the metal elements.
As moving from noble to non-noble metals, the localized surface plasmon resonances
(LSPRs) of the nanocrystals are less distinctive, but their interband transitions are
ubiquitous and strong in the visible region.3” Unlike the LSPR with high optical turnability
via varying the particle size, shape and assembly, the interband transitions are less affected
by these geometry factors. Interband transitions have been recently explored for producing
“deep” hot holes below the Fermi levels and improving catalytic activities of many suitable
reactions.?? 38 3% As interband transitions in d-block metals generate hot electrons near the
Fermi levels and hot holes in the d-bands below the Fermi levels,® 4% 4! one strategy to
utilize these carriers for catalyzing reduction reactions is quenching the hot holes and
accumulating ground-state electrons for catalysis. This photo-charging approach was
proved to effectively raise the Fermi levels of the nanoparticles. The approach should work
well for the reduction pathway where the catalysis needs to have electrons transferred from
the nanoparticles to the reactants. This mechanism was demonstrated for noble metal
nanoparticles in previous studies,* %> and we hypothesize that it is suitable for utilizing
interband transitions in non-noble metal nanoparticles and elevating Fermi levels for photo-
catalyzed reduction reactions.

4.2 Experimental section
4.2.1 Chemicals and characterizations

All chemicals and reagents were used without any purification. Absorbance and related
time-dependent profiles were measured by a UV-vis spectrometer (USB4000 Ocean Optics
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with UV-VIS-NIR light source). Morphology of Au, Pd and Co-B NPs were examined by
transmission electron microscopy (TEM, Talos F200C G2, 200 kV, Thermo Fisher
Scientific). The size distribution and zeta potential were measured by dynamic light
scattering (DLS, Zetasizer Pro, Malvern Panalytical). Crystalline structure of Au, Pd and
Co-B NPs was determined by powder x-ray diffraction pattern (PXRD, PANalytical X'Pert
PRO Theta/Theta, Co tubes, 40 kV, 45 mA) and was processed with X'Pert HighScore data
analysis software. Surface structure of Au, Pd and Co-B NPs was examined by Fourier-
transform infrared spectroscopy (FTIR, Nicolet iS50R, Thermo Fisher Scientific) and
surface oxidation state of Co-B NPs before and after reaction was determined by x-ray
photoelectron spectroscopy (XPS, Nexsa, Al Ko X-ray source, Thermo Fisher Scientific).
The samples were prepared by drop-casting and drying the Co-B NPs solution on a silicon
wafer and sent for XPS immediately, in which the contamination carbon (C-C) around
284.9 eV was set as the reference to calibrate the binding energy of other elements. The
possible intermediates and products from nitrobenzene reduction were determined
qualifiedly by proton nuclear magnetic resonance (*H-NMR, Varian-INOVA 400 MHz,
Agilent Technologies), in which deuterated chloroform (CDCl3) was used as the solvent
and mesitylene as the internal standard.

4.2.2 Synthesis of Au nanoparticles (denoted as Au NPs)

The synthesis protocol was modified from seed-mediated growth method developed by
Xia’s group™® and used in our previous publication.** Briefly, the Au clusters were firstly
prepared by rapid-injection of fresh NaBH4 solution (0.6 mL, 10 mM) into the 10 mL
mixture of gold precursors HAuCl4 (0.25 mM) and CTAB (100 mM). After incubating for
3 hours, the Au clusters (5 mL) were mixed with ascorbic acid (150 mL, 100 mM), CTAC
(200 mL, 200 mM) before the rapid-injection of more precursors HAuCls (200 mL, 0.5
mM). Followed by incubation at 30 °C 15 min and centrifugation, the 10 nm Au seeds were
achieved for growing 40 nm Au NPs by drop-wise more precursors HAuUCl4 through a
syringe pump.

4.2.3 Synthesis of porous Pd nanoparticles (denoted as Pd NPs)

The synthesis protocol was modified from the hard-template method developed by the
Yamauchi’s group® and used in our previous publication®? #2, Briefly, PSsooo-b-PEO2200
(polystyrene-block-polyethylene oxide, Polymer Source Co.) was used as the template (8
mg dissolved in 200 pL THF), H2PdCl4 as the Pd precursor (500 pL, 76.8 mM), ascorbic
acid (2 mL, 0.1 M) as the reducing agent and HCI for adjusting the pH (160 uL, 2M),
afterwards incubating at 50 °C for 10 hours. The final products were washed and calcinated
to remove the excess polymers before acting as the catalysts.

4.2.4 Synthesis of amorphous cobalt-boron nanoparticles (denoted as Co-B NPs)

The synthesis protocol was modified from the chemical reduction method developed
by the Li’s group.*® Briefly, tetrabutylphosphonium bromide (BusPBr, 51 mL, 0.05 M),
cobalt(I1) chloride (CoClz, 5.1 mL, 0.1 M) and KCI (21 g to form a saturated solution) were
mixed well and then put into an ice bath for maintaining the temperature at 273 K. Then
freshly-made KBH4 (40 mL, 0.5 M) was injected into the mixture with a rate of 20 mL/h.
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After the reaction was complete, the black precipitates were washed and storage in ethanol
solution for further characterization and catalysis.

4.2.5 Nitrobenzene reduction with Co-B NPs as a model reaction for catalytic
performance

In a typical reaction condition, nitrobenzene (50 uL, 10 mM, isopropanol as solvent),
isopropanol (950 uL), hydrazine hydrate (50 pL, 50-60 % aqueous solution), Co-B NPs
(100 pL, 0.3 M, stored in ethanol solution) and H2O (850 puL) were mixed in a 4-side quartz
cuvette (1x1 cm, R-3010-T, Spectrocell) and immediately sent for time-dependent UV-vis
spectra measurement with a time interval of 1 second for 5 minutes under 700 rpm
magnetic stirring. The absorbance at 262 nm was assigned to the reactant nitrobenzene and
the concentration of it was corrected by subtracting the absorbance at 800 nm due to the
relatively flat absorbance of Co-B NPs across the visible range. The absorbance at 278 nm
confirmed the formation of the product aniline. The concentration change of nitrobenzene
was further used for the kinetic analysis and rate constant calculation. The linear fit applied
of In (C¢/Co) vs. time between 100 s and 180 s (after the induction time of the catalyst
activation) was used to achieve the apparent rate constant (Kapp, S2).

As for the photocatalyzed reactions, a series of LED with different wavelengths (405
nm, 415nm, 450 nm, 470 nm, 490 nm, 530 nm, 595 nm, Thorlabs) were used as the light
source to photo-excite the nanoparticles in the 4-clear sided cuvette, a cooling fan was used
to keep the reaction at room temperature, and the other conditions remained the same with
typical reaction condition above, unless specified. The incident power was measured by a
power meter (PM100D console with S170C sensor, Thorlabs) and was kept as 150 mW,
except for those experiments when adjusting different incident power. Since the
absorbance of the reactant nitrobenzene cut off completely at 380 nm and product aniline
off at 320 nm (Figure 4.7), the relatively narrow bandwidth of the LED in which the 405
nm LED started from 380 nm (Figure 4.11), there would no spectra overlap of the reactants
or products that would interfere the monitoring of chemical kinetics from the light source.

4.2.6 Nitrobenzene reduction with photo-charged Co-B NPs for mechanistic study

To prove the photo-charging mechanism, one approach is to separate the charging step
and catalysis reaction and to evaluate the catalytic performance with different charging
conditions such as time or types of hole scavengers.*? The photo-charging step was
followed by charging the stock Co-B NPs (0.3 M, stored in ethanol solution) with a 405
nm LED and the incident power was kept at 450 mW. After a certain amount of charging
time (varying from 10 min to 9 h), 100 pL of photo-charged Co-B NPs was used as the
catalysts for the nitrobenzene reduction in the dark. The rest protocol and data analysis was
exactly the same as mentioned above when dealing with the photocatalytic reactions.

4.2.7 Nitrobenzene reduction with Au NPs and Pd NPs for catalytic performance
For Au NPs, since high concentration of isopropanol in the reaction solution was
reducing the electrostatic interaction between nanoparticles thus causing the nanoparticles
to form large aggregates, the typical reaction condition was modified to maintain the
colloidal form of the reaction solution and the total volume of reaction solution was still 2
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mL. Nitrobenzene (50 uL, 10 mM, isopropanol as solvent), hydrazine hydrate (50 pL, 50-
60 % aqueous solution), Au NPs (500 pL, 0.26 mM, stored in CTAC solution) and H20
(1400 pL) were used as the reaction solution. The following conditions remained the same
with typical condition and photocatalyzed reactions.

For Pd NPs, the only changes to the typical reaction condition were the amount of H.O
(700 pL) and Pd NPs (250 pL, 2.26 mM, stored in water). Eventually the final amount of
Co-B NPs in the reaction solutions was 27 times higher than Pd NPs, and the amount of Pd
NPs was 8.7 times higher than Au NPs. Noting that even the absolute concentration of
different NPs was not the same and the different optical responses to photo-excitation
(especially interband transition was directly depending on the spectra absorbance), the
optical adsorption of these nanoparticles at 400 nm (which was assigned to interband
transitions) remained quite close to each other (in Figure 4.6a) and thus provided us a
comparable analysis of its photocatalytic performance compared to its dark reaction.

4.3 Systematic comparison of Au, Pd and Co NPs

For the Co-B alloy nanoparticles used in this study, they must be stocked in an ethanol
solution to prevent the oxidation of the particles. Thus, this alcohol type of hole quencher
is conveniently used to demonstrate the photo-charging mechanism. In this work, we
evaluate the photocatalysis based on photo-charging mechanism when moving from noble
to non-noble metals. Within the photo-charging approach, we propose that when the hot
holes generated from interband transition have an energetic alignment with the bonding
states of hole scavengers, the photo-charging effect for raising the Fermi level and
facilitating the electron transfer from metal to reactants will be enhanced. This hypothesis
will be based on correlating the intrinsic d-band states, associated hot carriers and metal-
adsorbate hybridized states across Au, Pd and Co nanoparticles, and will be evaluated by
systematically comparing their photocatalytic performance accordingly.

Au Metal-Adsorbate Pd Metal-Adsorbate Co Metal-Adsorbate
\ 6sp 4sp
&|
EF rabadisnn s . ) 3d . Anti-bonding
: EF ':':'-""“.::::::::::_E;-:'::Ef:::::::::;: EF Fonmeav — .--..:_u.'_'........-- States
i EF A, A 2L .
Bonding
States
Hole Scavenger Reactant Hole Scavenger Reactant Hole Scavenger  Reactant
- —_—
DOs with d states DOs with d states DOS with d states

Scheme 4.1 Comparison of density of states (DOS), metal-adsorbate splitting states
(bonding and antibonding), and interband transitions in three studied transition metals, (a)
Au, (b) Pd, and (c) Co. Er represents the Fermi level.

To be more specific, as shown in Scheme 1, in Au nanoparticles, fully filling of 5d
states and partially filling of 6sp states makes the Fermi level far above the d band, and hot
holes generated from d-sp interband transitions have a large energy barrier to be quenched
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by the electrons in bonding states of the hole scavengers. Noting that the interaction
between the hole scavengers and metal surface are also treated similar to metal-reactant
interaction as they are all adsorbates, and it should follow the same trend of metal-adsorbate
splitting states as reactants across different metals, but in the scheme, it is simplified for
clarification (or emphasizing) on catalysis by photo-charging effect. Since hole scavengers
are more prone (or affinitive) to quench the hot holes, the relative potential of bonding
states in hole scavengers should be higher than that in reactants but still below the d-band
states of metals. Combined with the weak interaction between metal and reactants,
photocatalysis by interband transition with almost no photo-charging effect cannot improve
the catalysis significantly.

In Pd (known as platinum group metals and great catalysts), slightly partially filling of
4d states makes the Fermi level across the d band, and hot holes from mostly d-sp interband
transitions reside deeper in the d band. Also, there is a possibility that a small portion of
interband transitions may occur as the sp-d transitions, which puts the hot holes even deeper
down in the sp band. Then, those hot holes afford a chance to be quenched by the hole
scavengers and offer a photo-charging effect to raise the Fermi level to a higher energy
level. In such case, more electron filling in the antibonding states of metal-reactant states
weakens metal-reactant bond and can promote the electron transfer reactions, eventually
enhancing the photocatalytic activity.

In Co (known as non-noble and earth-abundant metal), partially filling of the 3d states
with more unoccupied states makes the Fermi level much lower in the d-band, and hot
holes from sp-d interband transitions reside much deeper in the sp band. This provides an
energetic alignment between hot holes and HOMO-liking bonding states of the hole
scavengers, thus promoting a stronger photo-charging effect and a significantly raising of
Fermi level. Under such consideration, the weakening of metal-reactant bond and
facilitating of electron transfer reactions should be more pronounced than Pd and Au, thus
offering a better photocatalysis enhancement.

4.4 Experimental design and physicochemical properties of prepared NPs
4.4.1 Size and shape distributions of colloidal Au, Pd and Co-B NPs

Now, moving to the experimental design, considering the need for mechanistic
interpretation, the colloidal metallic nanoparticles of Au, Pd, and Co were synthesized with
similar physicochemical properties, especially the optical responses in the surveyed range
supposed to be dominated by interband transitions (See more details in Experimental
section above). Noting that the experimental challenge to maintain exactly the same size,
shape, and surface status across the synthesis of different metallic nanoparticles is still in
the wind and deserves more effort, but our goal here is to compare how the interband
transitions affected by d-band structures and the interband transitions are independent of
these parameters. Even with some deviations from the physicochemical properties, it
should not compromise the validity of our comparison.
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Figure 4.1 Digital images of colloidal solutions of metallic nanoparticles in 4-side cuvettes.
From left to right: Co-B NPs (in ethanol), Pd NPs (in H20), Au NPs in (CTAC solution)
and H2O as a reference.
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Figure 4.2 TEM images of (a) Au, (b) Pd, (c) Co-B NPs and (d) one representative Co-B
nanoparticle with crack structure inside. The average size of Au NPs is around 38+2 nm,
of Pd NPs around 68+12 nm and of Co-B NPs around 83+22 nm. Noting that the larger
aggregates are not included in the size counting in Co-B NPs.

As then, the as-synthesized metallic nanoparticles were dispersed well and colloidally
in the solutions respectively (Figure 4.1), in the size range from around 40-80 nm (Figures
4.2 and 4.3), and in the metallic form with a relatively clean surface (Figures 4.4 and 4.5).
For the record, the porous version of Pd NPs (denoted as Pd NPs) was used for separating
the interband transitions from plasmon resonance (more details in later discussion)?? and
the cobalt-boron alloy version of Co NPs (denoted as Co-B NPs) was used for stabilizing
the cobalt nanoparticles from intense and unavoidable surface oxidation.*®

Q
N

2 b)
15+ ~100 nm 1] R
< ~510nm| 3 ~18 mV
< f; 3,
210 2
2 |
2 ! o
5 -
1 10 100 1000 -150 -100_ -50 0. 50 100
Size (nm) Zeta potential (mV)
Figure 4.3 Size distribution and zeta potential of Co-B NPs from DLS measurements.
a) b)
—_ AUNPs Pd ; gg ;\:Ersn IJCPDS #99-0056
( 11 l) [ JCPDS #99-0056 (111) [l PdO from JCPDS #43-1024
- —_ - Pd,0 from JCPDS #65-5065
Eé’ ‘;’ (2F(>)d0) Pd Pd
2 200 311 2 d
= (200) 220 1) £ , M J N 220) @i
I (222)| &
= | ‘ =
| 1 1
L | || I L ] | il 1 ul 2l I
20 40 60 80 20 40 60 80
26 (degree) 20 (degree)

102



(@)
N

—— Co-B NPs
Co from JCPDS #88-2325
Co(111) | CoO from JCPDS #70-2855

—

=

©

N

>

=

)

c

[

+—

=

| 1 | 1 | |
20 40 60 80

20 (degree)
Figure 4.4 PXRD patterns of (a) Au NPs, (b) Pd NPs, and (c) Co-B NPs. The JCPDF (Joint
Committee on Powder Diffraction Standards) cards were retrieved from X’Pert HighScore
data analysis software for comparing the crystal structure of those nanoparticles with
standard database. The shift of Co(111) peak to a lower degree indicated the successful
alloying of B into the lattice of Co nanoparticles.

As shown Figure 4.5, For Au NPs, C-H stretching mode of -CH> group at 2918 and
2849 cm™,*’ C-H bending at around 1464 cm™,* C-N" stretching at 960 and 908 cm™
and rocking mode*® of -CHa- chain at 718 cm™ indicated the existence of CTAC as a
surfactant to stabilize the colloidal form of Au nanoparticles. For Pd NPs, there were few
leftover polymers from the synthesis process and refer to more details in our previous
publication.?? For Co-B NPs, pulse vibrations from 695-1420 cm™ were accounted for the
borate® and the peaks around 580 cm™* for Co-O stretching mode®!, which both formed on
the particles’ surface.
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Figure 4.5 FTIR spectra of Au NPs, Pd NPs, and Co-B NPs in ATR (attenuated total
reflection) mode.

4.4.2 Optical properties of colloidal Au, Pd and Co-B NPs

Furthermore, in the light of optical properties for these nanoparticles (Figure 4.6a), a
comprehensive survey of Au NPs and Pd NPs was already conducted in our previous
work 1122

In short, for Au NPs, the interband transitions rise from UV region up to visible range
with a cut-off at around 600 nm and the plasmon resonance peaks at around 520 nm, in
which with a light source at around 400 nm the interband transitions are responsible for the
generation of hot carriers mostly.

As for Pd NPs, the common plasmon resonance is pretty broad across the ultraviolet-
visible region and on top of the interband transitions in that region, in which this spectral
overlap makes the mechanistic interpretation almost impossible.??> Fortunately, the porous
version of Pd NPs provided an alternative method to shift the plasmon resonance into a
longer wavelength in the red-photon region, leaving the region around 400 nm dominated
by interband transitions and featureless flat adsorption across the whole visible range.??

As for the Co-B NPs, to our best knowledge, very few and only recently reported the
experimental measurement of optical properties,®>>* however with different assignments
of plasmon resonance and without any discussion on interband transitions. According to
the theoretical prediction,’ the plasmon resonance of cobalt should be in the deep-UV
region and become pretty weak in the visible region, in which our adsorption spectrum of
Co-B NPs did represent this trend (Figure 4.6a). However, the relatively flat adoption
across the whole visible range was still in the mystery and we suspected different types of
electronic transitions may be responsible for that.

4.5 Evaluation of catalytic performance of Co-B NPs and mechanistic study
4.5.1 Catalytic performance of Co-B NPs under dark and photo-excitations

Hence, a systematic investigation of the photocatalytic behavior of Co-B NPs across
the visible range should be conducted before moving into the cross-over comparison
among different metallic nanoparticles. On the other hand, the electron transfer reaction
could be a good evaluating system for the comparison as shown in Scheme 4.1. With this
regard, the model reaction of nitroaromatic reduction by metallic nanoparticles was
employed in this work and proved to be a good indicator for kinetics analysis.*> % The UV-
vis adsorption of standard solutions for either reactant (nitrobenzene, at around 262 nm) or
product (aniline, at around 281 nm) indicated the distinguishable difference between them
(Figure 4.7), and a reliable kinetic analysis of the reduction process by Co-B NPs in the
dark (see typical reaction conditions in the Experimental section above) could be monitored
by the peak absorbance of nitrobenzene at 262 nm (Figure 4.6b). This dark reaction was
repeated three times with a consistent apparent rate constant (kapp) by performing a linear
regression of In (Ci/Co) vs. time after a certain period of induction time (Figure 4.6¢). This
induction time was also observed by many other metal catalysts possibly due to the
reconstruction and activation of the metal surface for the adsorption of reactants,> in which
Co-B NPs may take longer time than others due to the surface oxides occurred in the system.
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However, with a relatively strong and sustainably green reducing agent hydrazine (N2Ha)
used in the reaction condition, the actual active sites for either dark reaction or
photocatalytic reactions should be the metallic form of cobalt metals.
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Figure 4.6 Optical properties of different metallic nanoparticles and catalytic performance
of Co-B NPs under dark and photo-excitations. (a) UV-Vis spectra of Co-B, Au, and Pd
NPs. (b) UV-Vis time-dependent profiles of reaction solution for nitrobenzene reduction
by N2Hs with Co-B NPs in the dark. A reaction scheme is inserted. (¢) Kinetic analysis for
the reaction with Co-B NPs in the dark (repeated 3 times). After a certain induction time,
the reaction follows a pseudo-first-order process for nitrobenzene. (d) Scheme for in-situ
monitoring the reaction Kkinetics of photocatalyzed reactions by modified UV-Vis
spectroscopy. (e) Reaction kinetics for nitrobenzene reduction with Co-B NPs in the dark
or under photo-excitation by 405 nm LED (varied incident power). (f) Comparison of
apparent rate constant (kapp) extracted from panel e.
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Figure 4.7 UV-vis spectra of standard solutions with either reactants or products from the
nitrobenzene reduction. (a) Nitrobenzene (NB), hydrazine (N2H4) and their mixture. (b)
Aniline (AL), hydrazine (N2H4) and their mixture. The concentration of those substances
is exactly the same as the typical reaction conditions.

Meanwhile, the dark reaction did not proceed either without hydrazine or without Co-
B NPs (Figure 4.8), which excluded other possible reaction pathways but only the reduction
reaction catalyzed by metallic nanoparticles. The photocatalytic setup was modified from
a commercial UV-vis spectrometer and light-emitting diode (LED) with different
wavelengths as the light sources (Figure 4.6d), in which the typical condition was 405 nm
LED and 150 mW unless specified.
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Figure 4.8 UV-vis spectra of control reaction solutions in the dark (a) with Co-B NPs but
without N2H4 reducing agent, and (b) with N2H4 but without Co-B NPs. Other conditions

are the same as typical reaction conditions.
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Figure 4.9 UV-vis spectra of reaction solutions with Co-B NPs (a) in the dark of 0 s and
270 s, and (c) under typical photocatalyzed conditions with 405 nm LED, 150 mW of 0 s
and 240 s. The peak at 278 nm indicates the formation of aniline products. Absorbance
trace at 262 nm for comparison of reaction rate (b) in the dark and (d) under photocatalyzed
reactions.

Comparing the UV-vis spectra of both typical dark and photocatalytic reactions (Figure
4.9), the absorbance at 262 nm for nitrobenzene followed an exponential decay of reactant
after the induction time, thus indicating a pseudo-first-order process of nitrobenzene.>®
Also, the peak at 278 nm was assigned to the product aniline after the completion of
nitrobenzene reduction in a few minutes (Figure 4.9). Noting that due to the rapid reduction
process and the mixing alcohol-water system with Co-B NPs, up to this point, we cannot
quantify the products generated by time, but we were still able to observe the reaction
intermediates (phenylhydroxylamine) and final reduction product (aniline) by *H-NMR
analysis of crude reaction solutions after reaction and separation (Figure 4.10). However,
we believe it should not affect our kinetic analysis of the reactants since the electron and
proton-transfer from the Co-B NPs and hydrazine to the nitrobenzene is the critical step for
the reaction to start and this can be fairly used for the following comparison.
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Figure 4.10 NMR spectra of (a) standard solution including the reactants and products
from nitrobenzene reduction, (b) scale-up dark reaction, and (c) scale-up photocatalyzed
reaction. The mesitylene was used as an internal standard and deuterated chloroform
(CDClg) as the solvent. The scale-up amount of nitrobenzene was up to 100 times, N2H4 to
20 times, and Co-B NP catalysts to 10 times compared to the typical reaction condition, in
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which the reaction kinetics may change but the reaction mechanism was not supposed to
change dramatically.

Furthermore, the photocatalytic behavior of Co-B NPs towards nitrobenzene reduction
was screened before diving into the comparison across different metallic nanoparticles,
including optimizing the incident power for balancing the hot carriers’ dynamics and
reaction kinetics, examining different wavelengths for distinguishing different types of
electronic transitions and separating photo-charging and catalysis for confirming the photo-
charging mechanism. First of all, different incident power was adjusted with the 405 nm
LED from 75 mW to 450 mW, and the kinetic traces were measured for comparison
(Figures 4.6e and 4.6f, and detailed spectra in Figure 4.11). Noting that the adsorbed photon
flux should be a better description across all the photocatalytic tests for the quantification
of quantum yield, however our setup with the 4-side cuvette cannot prevent strong
scattering to all angles thus the adsorbed photon flux was hard to measure. Nevertheless,
as long as we kept the concentration of Co-B NPs the same in our experiments and the
adsorbed photon flux should also be proportional to the incident power.
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Figure 4.11 UV-vis time-dependent profiles of reaction solutions with Co-B NPs under
typical photocatalyzed condition when using 405 nm LED (FWHM=12 nm) as the light
source but with different incident power (a) 75 mW, (b) 150 mW, (c) 225 mW, (d) 300
mW and (e) 450 mW. The Kinetics data were retrieved to plot the Figure 4.6e above.

Back to the power-dependence, the apparent rate constant (kapp) increased as the
incident power increased and reached the maximum at 150 mW, in which more absorbed
photons generated more hot holes to be quenched by the hole scavengers and then a higher
level-up of Fermi level of the nanoparticles was achieved by photo-charging. As mentioned
earlier, raising the Fermi level would also weaken the metal-reactant bond and facilitate
the electron transfer, thus providing a higher reduction reaction rate. But when the adsorbed
photons kept increasing and the Fermi level kept rising, the metal-reactant bond became
weaker enough to override the photo-charging effect. Thus, phenomenally the rate constant
started to decrease after its optimum. We believe the balance between metal-adsorbate
interaction and photo-charging effect would play an important role in the photocatalytic
reactions and how to distinguish and quantify them is worth for some further study in the
future.

4.5.2 Photocatalytic performance of Co-B NPs under different wavelengths
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Figure 4.12 Photocatalytic performance under different wavelength excitation and
experimental evidence of photo-charging mechanism of Co-B NPs. (a) Scheme of hot
carrier’s relative energy diagram from sp-d interband transition and d-d intraband transition
of Co-B NPs. (b) Reaction kinetics for nitrobenzene reduction with Co-B NPs under photo-
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excitation by different wavelength LED with the same incident power. (c) Comparison of
apparent rate constant (kapp) extracted from panel b. Error bars represent one standard
deviation of the mean.

As mentioned earlier, the 405 nm photo-excitation provided sp-d interband transitions
in Co-B NPs, and promoted the hot electron near the Fermi level across the d band and the
hot holes resided deep in the sp band (Figure 4.12a). During the photocatalytic reactions,
the hot holes would be quenched by the hole scavengers (in this case the isopropyl alcohol
as the solvent and with excess amount) to photo-charge the nanoparticles with extra
accumulated electrons for a higher Fermi level, eventually facilitating the nitrobenzene
reduction reactions. Due to the nature of interband transitions, the hot carriers’ behavior
should not be deviated from other metallic nanoparticles and follow the same trend when
changing the wavelength.?? %7

Indeed, the apparent rate constant (kapp) decreased when shifting from 405 nm to 470
nm of the incident power (Figures 4.12b and 4.12c, and Figure 4.13), in which at a longer
wavelength with lower photon energy, the hot holes generated would become “shallower”
close to the Fermi level and the photo-charging effect became weaker. This trend was also
observed with the Pd NPs in our previous report.*?
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Figure 4.13 UV-vis time-dependent profiles of reaction solutions with Co-B NPs under
typical photocatalyzed condition when using different wavelengths of LED but with the
same incident power (150 mW). (a) 415 nm LED, (b) 450 nm LED, (c) 470 nm LED, (d)
490 nm LED, (e) 530 nm, and (e) 595 nm LED. The Kinetics data were retrieved to plot
the Figure 4.12b.

Absorbance
=
(851
Absorbance
[
()]

=

o
T

=

o
T

), 80 595 nm LED
\ FWHM = 64 nm

o
3

In addition, when moving to a much longer wavelength after 490 nm with much lower
photon energy, the photo-excitation had already fallen out of the interband transition region,
and the d-d intraband transitions jumped in under these excitations (Figure 4.12a). Even
though the hot carrier’s dynamics in this region were not clear yet, we could still reasonably
speculate its behavior based on our experimental results. The photocatalytic activity of Co-
B NPs under the photo-excitation from 490 nm to 595 nm was close to the dark reaction,
indicating that the hot carriers may not be involved in the reduction reaction in the
timescale of our experiments, in which it may arise from the low energy gap between hot
electron and hot hole making the separation and extraction of hot carriers much harder for
the following catalysis.

4.5.3 Mechanistic study of photo-charging effect on Co-B NPs

b) - ©)
a) cos Priey i i: { 0.006 v
_ . $ HE /
Photo cha'rg/ng 02} s / 77
mechanism ~ Induction time .‘ . = o % 7 7
) g_‘ -0.4 ] B 7:9%0.004 r . % % % %
Al I 4 E 08 t:::::::::mg i F o / / /
: K socnargeaan = 0-00622 s R?=0.99 0.002 % % / %
sp-d transition -08 k: nnnnnnnn Zed-sh =0.00516 5" R*=0.99 % / / /
hole scavengers Lo kphu‘ocnirued—an = 0;00479 SVI‘RZ:O'QQ‘ ) ) 0.000 % % % %A
DOs Time (s) Pﬁgtrg(i:rf:argeldhCO-B Sllgs for d(?arr]k reac?igns

Figure 4.14 Experimental evidence of photo-charging mechanism for Co-B NPs. (a)
Scheme for photo-charging mechanism of raising the Fermi level by quenching the hot
holes from interband transitions in Co-B NPs. (b) Reaction kinetics for nitrobenzene
reduction with photo-charged Co-B NPs. Charging time varies from 10 minutes to 9 hours
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as labeled. (c) Comparison of apparent rate constant (kapp) extracted from panel e. Error
bars represent one standard deviation of the mean.

Thirdly, to confirm the photo-charging mechanism in the Co-B NPs, we separated the
charging step and catalytic reactions, in which the same method was detailed in our
previous work when using the same Pd NPs in this work. As expected (Figures 4.14 a-c
and 4.15), the photo-charged Co-B NPs also demonstrated a similar trend of maximizing
the charging effect with a peaked reaction rate constant at 3 h, as reported previously. We
speculate that the photo-charging still happens after 3h but the excess oxidized products by
hole scavengers may block the active sites for further reactions, which also explains the
different Kinetics trace in this set of experiments compared to the in-situ photo-charging
during photocatalytic processes. Nonetheless, the photocatalysis survey did present the
relationship between interband transition and reaction kinetics, and provided us the
optimized photocatalytic conditions for the following comparison among different metallic
nanoparticles.
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Figure 4.15 UV-vis time-dependent profiles of reaction solutions with photo-charged Co-
B NPs when using 405 nm LED (FWHM=12 nm) as the light source under different
charging time (a) 10 min, (b) 1 h, (c) 3h, (d) 6 h and (e) 9 h. The kinetics data were retrieved
to plot the Figure 4.14b in the main text. See the charging conditions in the experimental
section.

4.6 Photocatalytic performance of Au, Pd and Co-B NPs
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Figure 4.16 Photocatalytic performance of different metallic NPs. Reaction kinetics for
nitrobenzene reduction in the dark or under typical photo-excitation conditions (405 nm
LED, 150 mW) with (a) Au NPs, Co-B NPs, and (b) Pd NPs. Noting that the induction
time for different metallic NPs is different due to the difference of surface activity and
related adsorption rate of reactants. (c) Comparison of apparent rate constant (Kapp)
extracted from panel a and b. Error bars represent one standard deviation of the mean.

Ultimately, with the comprehensive understanding of the interband transitions in Au,
Pd, and Co-B NPs, we now can dive into how the d-band structure impacts on the
photocatalytic performance of these nanoparticles by interband transitions. Starting with
Au NPs, there was no distinct activity either in the dark or in typical photocatalytic
conditions (Figure 4.16a, Figures 4.17a and 4.17b) as compared to the Co-B NPs in the
surveyed time range. It matched with the prediction of the inert nature of Au NPs, in which
the full filling of d-band made the interaction of metal-adsorbate states weak and hot holes
from interband transitions (mostly in d-band) would have a larger energy barrier to be
quenched by the hole scavengers (Scheme 4.1). Such weak photo-charging effect could not
contribute to improving the activity significantly. Still, in another separate experiment with
a longer reaction time under the same photocatalytic conditions (not shown here), the Au
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NPs could catalyze the reduction of nitrobenzene up to 20 % conversion in 5 hours, which
proved that Au NPs could catalyze this reduction but just in a very slow kinetic process.
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Figure 4.17 UV-vis time-dependent profiles of reaction solutions with Au NPs and Pd NPs
in the dark or typical photocatalyzed condition. (a) Au NPs in the dark, (b) Au NPs under
405 nm LED 150 mW, (c) Pd NPs in the dark, and (d) Pd NPs under 405 nm LED 150 mW.
The kinetics data were retrieved to plot the Figures 4.16a and 4.16b.

Then, moving to Pd NPs, the reduction reaction happened much faster than the Au NPs,
and even with a much shorter induction time than the other two nanoparticles (Figure 4.16b,
Figures 4.17c and 4.17d). And the photocatalytic performance did show a distinguishable
enhancement with a factor of 1.19, which also matched with the previous prediction of
some unoccupied states occurring in the d-band benefiting both metal-adsorbates
interaction and interband transitions (Scheme 1). One thing to mention here, since we
wanted to compare the photocatalysis enhancement of different metallic nanoparticles
rather than the absolute value of the catalytic activity, we had to maintain the similar optical
response of these nanoparticles in reaction solutions around 400 nm, ideally for the same
number of hot carriers generated for catalysis (Figure 4.6a). In that case, the atomic
concentration of metals across different metallic nanoparticles may experience some
discrepancy, for example, the concentration of Pd NPs was around 8.7 times higher than
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Au NPs and 27 times lower than Co-B NPs (see details in the Experimental section above),
making the direct comparison of absolute catalytic activity not rigorous. But it should not
affect the photocatalytic enhancement by interband transitions since the contribution of
photo-charging effects would only build up based on the dark reaction kinetics, as proved
by the control experiment with doubled concentration of Pd NPs also showing the same
photocatalysis enhancement factor of 1.19 compared to its dark reaction (Figure 4.18).
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Figure 4.18 UV-vis time-dependent profiles of reaction solutions with Pd NPs (a) in the
dark or (b) under 405 nm LED 150 mW. (c) Reaction kinetics retrieved from (a) and (b).
(d) Comparison of apparent rate constant. Noting that in this condition, the concentration
of Pd NPs was doubled compared to the typical photocatalyzed condition of Pd NPs (in
Figure 4.16b), in order to examine the effect of catalyst’s amount on enhancement factor
of photocatalyzed reaction from interband transitions by dark reaction.

Last but not the least, the Co-B NPs demonstrated a much higher enhancement with a
factor of 1.75 than both Pd NPs under typical photocatalytic reactions (Figure 4.16c¢). It
was consistent with our previous prediction, in which hot holes generated in the sp-band
would have an energetic alignment of HOMO-liking bonding states of the hole scavengers,
and the stronger photo-charging effect with a much higher Fermi level would weaken the
metal-reactant bond more and facilitate the electron transfer better, eventually providing a
higher photocatalysis enhancement. (Scheme 1).
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Besides, there were no significant changes in the surface oxidation status after the dark
and photocatalytic reactions for Co-B NPs (see XPS details in Figure 4.19, and for Pd NPs
see details in our previous work??#?), indicating the integrity of the d-band structure during
the reduction reaction and further confirming the contribution of interband transition from
the d-band structure. Similarly, some recent reports also demonstrate the photocatalytic
enhancements of cobalt nanoparticles but in the supported catalysts and lack of the insight
of interband transitions,®®! and we hope our systematic comparison across different
colloidal metallic nanoparticles could bring more attention to the non-noble metallic
nanoparticle photocatalysts especially under interband transitions, and expand the
photocatalysis into more practical applications.
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Figure 4.19 XPS analysis of Co-B NPs (a, b) before reduction reaction, (c, d) after dark
reaction, and (e, f) after a typical photocatalyzed reaction (405 nm LED, 150 mW). High-
resolution spectra and deconvoluted peak analysis of (a, c, €) Co 2p and (b, d, f) B 1s.

Due to the active nature of metallic cobalt, there is always metal oxide formed on the
surface as soon as the cobalt is exposed to air,®? not mentioned to the fact that when it
comes to nanoscales the cobalt oxides are expected in the XPS analysis. The assignment
and deconvolution analysis were based on the XPS handbook and literature.53-% Starting
with the Co-B NPs before reaction (Figures 4.19 and 4.19Db), the peaks at 778.1 eV for Co
2p3/2 and 792.9 eV for Co 2p1/2 indicated the metallic cobalt in the nanoparticles, while
the Co?" species (such as CoO or Co(OH),) were also observed in a higher binding energy.
This result confirmed the metallic form of the Co-B NPs with some oxides on their surfaces,
which was consistent with other reports.®4*® However, no obvious peak of metallic boron
was observed in B 1s spectrum, which may be attributed to the oxide layers form on the
surface that blocked the signal. Furthermore, when moving to the XPS spectra of Co-B
NPs after the dark and photocatalyzed reaction (Figures 4.19 c-f), a sharp peak separated
from the Co?* peaks at around 777.8 eV was observed in both samples, which was also
shifted about 0.3 eV compared to the Co° peak before the reaction and indicated the
electron transfer from the metallic Co to elemental B.%* Considering the strong reducing
agent N2H4 was used in the reaction, a fast cleaning process may occur on the surface of
Co-B NPs that would remove the oxidized species and expose the active metallic cobalt
for further reaction.®’ In the meantime, the peaks at around 187.5 eV in B 1s spectra of
both samples were corresponding to the metallic boron on the surface of Co-B NPs, and
there were some boron oxide formed on the surface due to the sample preparation process
under air exposure.®® Lastly, the percentage of metallic Co® in both samples after reactions
were estimated by peak area analysis to be 16 % after dark reaction and 18 % after
photocatalyzed reaction, which were quite close and showed that the numeric change of
active sites was not the major contribution to the difference of catalytic activity in those
two conditions. Overall, these results demonstrated that the metallic form of Co-B alloy
NPs and the active sites for the catalytic reduction reaction should be the metallic cobalt
site whether in the dark reaction or photocatalyzed reactions.
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4.7 Conclusion

In conclusion, we demonstrated that the d-band structure of metallic nanoparticles not
only contributed to the interaction between metal surface and adsorbates, but also to the
hot carriers’ behavior in interband transitions, which were both critical for photocatalytic
reactions. And the cobalt-based metallic nanoparticle photocatalysts were proved to be a
good candidate for designing better energy alignment between the d-band structure and
interband transition than Au and Pd nanoparticles, which leads us to shift from noble to
non-noble metallic nanoparticle photocatalyst and a sustainable future.
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Chapter 5 Summary and Future Perspectives

5.1 Summary

Metal nanoparticles have certain advantages for photocatalysis, such as their robust
nature for multicycle operation, strong light absorption, and new catalytic mechanisms (e.g.,
hot-carrier transfer or optical-field enhancement) that are not accessed by other
conventional catalysts such as thermally-driven heterogeneous catalysts or molecular
photocatalysts.'® Nanoparticle photocatalysts made of noble metals have demonstrated
these advantages beautifully, especially via the popular Au and Pd nanocrystals.

In this dissertation, we have summarized the two key photo-excitation mechanisms
involved in these noble metal nanoparticles, Plasmon Resonance, and Interband
Transitions, in terms of solid-state physical picture, hot carriers’ generation, charge transfer,
and related photocatalyzed reactions in Chapter 1. As followed, we took a deep look at
the roles of the hot carriers, both hot electrons and hot holes, that participate in the
photocatalytic Suzuki—Miyaura C-C coupling reactions in Chapter 2. Furthermore, we
have built a comprehensive criterion for evaluating the accurate and reliable efficiency of
the photocatalysts, based on the quantum yield which relied on the photon flux and reaction
kinetics. On top of that, we proposed a possible mechanism, elucidating the decisive roles
of hot holes and the wavelength-dependent quantum yield, which contributed to a new
insight into the photocatalytic Suzuki—Miyaura reaction.

In addition, in Chapter 3, we have examined an overlooked mechanism that is involved
in photocatalysis of metal nanoparticles, named photo-charging. As we have observed in
our group’s previous publication,® 1% the photo-stationary state of the nanoparticles was
proved to be critical for tuning the redox potential or impacting the catalysis efficiency. As
so, we proposed a new method to separate the charging step and catalysis step and evaluate
the effect of photo-charging on the catalysis of Pd nanoparticles. It was the first time, to
our best knowledge, that the a concrete proportional correlation between reduction reaction
rate constants and accumulated charges from photo-excitation. This work has advanced our
fundamental understanding of the roles of the hot carriers, which are not only responsible
for direct transferring for further reactions, but also may provide extra charging photo-
stationary state for improving the catalytic performance.

However, noble metals like Au and Pd are precious and expensive. It is of necessity to
develop nanocrystal photocatalysts from more affordable metals. As so, in Chapter 4, we
have demonstrated the feasibility of interband transitions in Co-B nanoparticles for the
model nitrobenzene reduction and proved the photo-charging mechanism was also
responsible for the observed catalysis. Furthermore, inspired by d-band theory which
focused on the interaction between metal and adsorbate states, we have established the
systematic comparison of electronic structures and associated photocatalytic pathways
across different metallic nanoparticles, Au, Pd, and Co-B. And through delicate experiment
design, we have proved that hypothesis and confirmed that the energetic alignment of the
interband transition and metal-adsorbate hybrid states facilitated the photo-charging
process and electron transfer-dominant reduction process. We believe this work contributes
to a new strategy of interband transitions when designing non-noble metallic nanoparticles
for photocatalysis.
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5.2 Future Perspectives

Moving from precious to earth-abundant metal elements for a cost-effective and
sustainable alternative is well aware in homogeneous catalysis research as shown in Figure
5.1.1% 12 This approach also has attracted attention in heterogeneous photocatalysis, but
understanding the catalytic mechanism is still one of the main challenges.”**> Another
reason for moving from noble to non-noble metal nanoparticle photocatalysts is the
availability of exploring the catalytic mechanism induced by interband transitions. Cu and
Al are earth-abundant and considered to be alternative non-noble metals to Au and Ag,
however, their surface oxidation hampers their practical applications. Mn, Ti, Fe, and Ga
nanoparticles exhibit strong LSPRs in the UV region while Co, Ni, and In nanoparticles
have weak LSPRs in the visible.”® In all of these metals, interband transitions are
pronounced, and many of them are available in the visible region for photocatalysis.
Surface oxidation of these metals is a big obstacle to utilizing them as photocatalysts in
metal nanocrystal form. Co and Bi nanoparticles are our best choices for the reason

mentioned above.'®1®

Pd A A

Au R Bi
: Y- | :

' 4

v Lower cost, need stability improvement
v" Strong interband transitions
v" Tunable oxidation power of hot holes

~/

Figure 5.1 Some benefits of moving from noble to affordable metal nanoparticles and
utilizing their interband transitions for photocatalysis.

When moving from noble to non-noble metals, the localized surface plasmon
resonances (LSPRs) of their nano-scaled structures become less distinctive, but the photo-
induced interband transitions are strong and accessible by photoexcitation in the visible
region.*™> ¢ Interband transitions in metallic nanoparticles have recently gained more
attention for photocatalysis due to the unique properties of the corresponding hot carriers.
517-20 1t js then logical to explore interband transitions in non-noble metal nanoparticles for
photocatalysis.

As for Bismuth, bulk monocrystalline Bi is a low-cost semi-metal with very interesting
electronic properties, such as small carrier effective masses, long carrier mean free path
and high carrier mobility.? ?? Bi metal is twice more abundant than Au in the earth's crust,
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but its price is about a haft of Ni and comparable to Cu metal. Strictly speaking, Bi is not
an earth-abundant element, but its cost is very affordable. At the nanometer scale, Bi
nanocrystals have broad and tunable LSPR covering the entire UV-vis-NIR region
depending on the particle size, shape, and surrounding environment.*> 2223 Bi nanocrystals
have gained an increased interest for photocatalysis, such as photocatalyzed oxidation of
NO and molecular dyes, or water splitting reactions'* > 222 In all these studies, the
photocatalytic mechanism was proposed for the LSPR pathway, in which hot electrons play
the decisive role. However, a careful optical study showed that the LSPR of Bi nanocrystals
has strong interband damping.?? An initial survey on the UV-vis spectrum of colloidal 10
nm Bi nanoparticles does not show a clear LSPR peak in the visible region. Although, we
now cannot rule out the possibility that the broad LSPR of our nanoparticles could extend
the absorbance tail to the vision region, we hypothesize that interband transitions in
photoexcited Bi nanocrystals are strong in the visible region. Therefore, we want to utilize
the deep hot holes below the Fermi level, rather than the hot electrons above the Fermi
level with a well-known catalytic mechanism, for catalysis. So far, this hot-hole mediated
mechanism has not been explored for Bi nanocrystals yet.

Interband Transitions CHs CH,0H CHO COOH
(0] (0] [0]
2.9.9

Erurn | R
[ 600 nm LED |
« 0 600nm - - )
1500 nm Bi NPs 500 nm LED for deep h
400 nm thy 400 nm LED for deeper h*

Figure 5.2 Using different oxidation power of hot holes for selective oxidation of toluene.

Sequential oxidation catalyzed by nanoparticle photocatalysts can be used to tune
catalytic activities.?® 2’ As in Bi nanoparticles, the oxidation power of the hot holes can be
tuned by the energy of the photons triggering interband transitions. The tunable oxidation
power will be used to drive the oxidation of toluene to different products (see Figure 5.2).
The primary oxidizing agents will be the dissolved oxygen in the reaction solutions, and
Bi nanoparticles can promote the activation of oxygen into reactive oxygen species to
facilitate the oxidation process. XPS will be performed to get more insight. Experimentally,
colloidal Bi nanocrystals will be used as the photocatalysts, and narrow-bandwidth LEDs
with adjustable wavelengths ranging from 400 to 600 nm will be used as the light sources.
Reactant conversion, product yield, and selectivity will be determined by gas
chromatography. Kinetic analysis on optimized reaction conditions will also be executed
for mechanism interpretation. The involvement of oxygen will be investigated by varying
the reaction atmosphere and measuring the oxidation states of the particle surface elements
by XPS. Different radicals and hold scavengers will be used to examine the roles of hot
holes or radicals in catalysis steps. Finally, recycling tests of the photocatalysts will be
performed to demonstrate the advantage of heterogeneous catalysts.

We envision that further understanding the photocatalytic properties of these
alternative metal nanoparticles can push photocatalysis to more practical applications.
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