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Abstract

Photocatalysis of metallic nanoparticles, especially utilizing hot electrons generated from
localized surface plasmon resonance, is of widespread interest. However, the role of hot holes,
especially generated from interband transitions, has not been emphasized in exploring the
photocatalytic mechanism yet. In this study, a photocatalyzed Suzuki-Miyaura reaction using
mesoporous Pd nanoparticle photocatalyst served as a model reaction to study the role of hot holes
by accurately measuring the quantum yields of the photocatalyst. The quantum yields increase
under shorter wavelength excitations and correlate to the “deeper” energy of the holes from the
Fermi level. Our mechanistic study suggests that deeper holes in the d-band can catalyze the
oxidative addition of aryl halide R-X onto Pd° at the surface of nanoparticles to form the R-Pd"-X
complex, the rate-determining step of the established catalytic cycle. We pointed out that this deep
hole mechanism should deserve as much attention as the well-known hot electron transfer
mechanism in previous studies.

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, 181821 phyt photocatalysis originating from interband excitations is still
underexplored.”1%122223 |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.?*-26 With the generation of hot electrons above 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
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could also be utilized for some oxidative reactions, such as alcohol oxidation.?*° 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.%1631-33 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.3* 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 (Fig. 1a).>>% In contrast, the porous version shows a featureless
absorption with no peak of plasmon resonance in the 400-600 nm region (Fig. 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"38 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 yields 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 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.

Results
Optical property and photocatalyzed condition of mesoporous Pd nanoparticles
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Fig. 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 Supplementary Fig. 3a. (¢, d) Representative TEM images
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.*2 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
(Supplementary Fig. 1). Thermogravimetric analysis (TGA) confirmed that 22 % of the dry
particles’ weight is the leftover polymer (Supplementary Fig. 2). 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 (DLS), a narrow size distribution of 63.3 = 3.9 nm as
determined by scanning electron microscopy (SEM) (Fig. 1b and Supplementary Fig. 3a), and an
average pore size of 11.3 £ 3.3 nm (analyzed 100 pores in Fig. 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



Supplementary Fig. 4). 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 (Supplementary Fig. 5).

The mesoporous Pd nanoparticle solution has a broad UV-Vis spectrum as compared to that of
non-porous forms (Fig. 1a).>>% For example, the non-porous 50 nm Pd nanoparticles (see a SEM
image in Supplementary Fig. 3b) with a comparable mass to our catalyst 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.63 In contrast, the porous particles’
plasmon resonance absorption shifted significantly to these low energy regions (Fig. 1a). Similarly,
the mesoporous form of gold or platinum nanoparticles also shows significant red-shifts of
plasmon resonances to the near IR regions.*“> The plasmonic coupling between adjacent crystal
domains or pore walls within proximity may be responsible for these red-shifts.*24¢ 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 (Supplementary Fig. 6). 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. This result indicated that less than
3 % of the incident photons were scattered from the photocatalyst and more than 97 % were
absorbed (Supplementary Fig. 7 and Supplementary Note 1). 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.

Suzuki—Miyaura reactions have been employed to evaluate the photocatalytic performance of
Au-Pd alloy nanoparticles or Pd nanoparticles loaded on metal oxides or WS,.38474 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 (Fig. 2a).**® 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.
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
Supplementary Note 2).52% 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 Supplementary Note 2), 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 (Supplementary Note 2), 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. A UV-Vis spectrum of reaction solution without the catalyst showed no obvious
absorption at any wavelengths longer than 400 nm (Supplementary Fig. 8a). Blank tests on the
reaction without the catalyst under different excitation wavelengths did not show any detectable
product yield (Supplementary Table 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.®’

Establishing the same reaction time and photon flux for comparing of quantum yields of
photocatalyst under various excitation wavelengths
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Fig. 2 Suzuki—-Miyaura C-C coupling reaction for evaluating photocatalytic performance of
porous Pd nanoparticles. (a) Typical reaction process and (b and ¢) 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.



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 yield 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 vyield, as defined
above, is expected to be lower when the reaction happens for a longer time. 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 yields reduced from 2.3 % to 1.3 % (Fig.
2b). The same trend was also observed under 490 nm LED irradiation (Supplementary Table 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 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.

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
0.9x10'7 to 9.8x10% photons-s*-cm, the measured quantum yield decreases from 2.7 % to 0.4 %
(Fig. 2c). A similar trend was observed with 470 nm LED irradiation (Supplementary Table 3). To
recap, when comparing the quantum vyields 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.

Wavelength dependence of photocatalytic activities and the proposed catalytic mechanism
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Fig. 3 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.

Before moving into the comparison of quantum yields 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 mechanism®® 515960 |n our hot filtration tests (see details in
Supplementary Note 3), 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
(Supplementary Table 5) 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. UV-Vis spectra of the supernatants after 1 h reaction (Supplementary Fig. 9) did not
exhibit any noticeable features of [PdCls]* complex (Supplementary Fig. 8b) 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 Zr0O,.35! More importantly,
this contribution did not exhibit a clear wavelength dependence in our experiments
(Supplementary Table 5). 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 Supplementary Note 4). 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 (Supplementary Fig. 10). This test
indicates that the complete catalytic cycle of the molecular Pd catalyst does not depend on any
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tested wavelengths. Lastly, X-ray 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 (Supplementary Note 5). 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 (Fig. 3). Indeed, the quantum yields are much
higher in the shorter wavelength region. 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 14?652 Thus, a possible
photocatalytic mechanism was proposed in Fig. 4, 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.>® In other words, deeper holes have much
lower energy than Fermi level, and the lowest possible energy (as compared to vacuum level) is
ENE (eV) = ENP — hv. The reduction potential of Pd(11)/Pd(0) for the nanoparticle photocatalyst

under the influence of these holes, E,’,Vj(j,’;%ed(o) (V vs SHE), can be determined by this relationship:

Epnie = —4.44 eV + eEpr 5y % 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.
Fig. 3 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
yields to the excitation wavelengths. This behavior suggests a threshold of photon energy is needed
to overcome the barrier of the oxidative addition reaction.
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Fig. 4 Proposed mechanism. Proposed photocatalytic mechanism of hot holes in accelerating the
oxidative addition, a rate-determining step of the catalytic cycle.

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 (Supplementary Table 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. 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
(Supplementary Table 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 Supplementary Note 6). 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 Supplementary
Note 7). 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.>*57

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.*8 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%2 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 Fig. 4. 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.

Discussion

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
guantum 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 Supplementary Table 8), probably because the porous structure increases the
probability of hot carrier diffusion to the catalyst’s surface.!>®869 It is known that the hot holes
have smaller kinetic energy and shorter mean free path than electrons do,?® thus the porous
structure may overcome these obstacles.

In summary, the interband transitions of porous Pd nanoparticles were examined to reveal the
wavelength-dependent quantum vyields 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.®®4"48 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,316.70.71

Methods
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 uL THF (containing 8 mg PSso000)-b-PEO2200), Polymer Source
Co.), 160 pL HCI (2 M), 500 pL H2PdCl4 (76.8 mM), 1140 uL H20 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.

Characterizations
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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
iIS50R, 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 (CDCIs) 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 % HNO3s v/v concentration
solution, and filtration with 0.2 pm 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 Ko 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).

Typical photocatalyzed Suzuki—Miyaura reaction condition

In a 1x1 cm quartz cuvette (R-3010-T, Spectrocell), 21 uL. 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 [Pdatm] 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 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 CDCl3 and quantified by *H-NMR with mesitylene used as the internal standard. The NMR
spectra and product yield calculation were listed in Supplementary Note 8.

Quantum yield calculation
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 (ANp;ppeny:/At) to number of photons

absorbed per second (N ps/Ss).

. ANbiphenyl
tum Yield (%) = - oPhenylproduced/s) oo T AL o 100 o
Quan )~ “#(photons absorbed/s) ° Naps 0
S
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In which:
ANpiphenyt = 0.2 mmol x Product Yield x 6.022 X 10**> mol™" (¥)
At: reaction time in second

Naps __ Pabsorbed ok
s he )

p)
(*) 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.

(**) (N,ps/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 _ _Pabsorbed
sxXA hc o,
7 X ﬂ(i)

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.
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