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Interfacial electron transfer determines the Pd photocatalytic activity in Pd/ZIF-§.

Public summary

m Pdpyp/ZIF-8 and Pd/ZIF-8 were precisely synthesized with similar Pd sizes and loadings, providing models for investig-
ating the metal-support interfacial effect.

m A photocatalytic Suzuki coupling reaction was performed with Pdpyp/ZIF-8 (57.9% yield) and Pd/ZIF-8 (99.1% yield) in
5 h, showing the advantages of Pd/ZIF-8 without surfactants in the Pd-MOF interface.

m Control experiments and characterizations confirmed the photocatalytic mechanism and further concluded that Pd/ZIF-8
had better interfacial electron transfer than that of Pdpyp/ZIF-8.
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Abstract: Palladium-catalyzed C-C coupling reactions are of significant importance, but they often require harsh condi-
tions. Herein, we report an interface-regulated photocatalytic Suzuki coupling reaction over Pd nanoparticles supported on
a metal-organic framework (MOF), ZIF-8. Two Pd/MOFs were synthesized, Pdpyp/ZIF-8 and Pd/ZIF-8, which have simil-
ar Pd sizes and loading amounts, except that the former contains poly(vinylpyrrolidone) (PVP) as a surfactant. The diffuse-
reflectance infrared Fourier transform of CO adsorption (CO-DRIFT) indicates that Pd/ZIF-8 represents a more negative
electronic state of Pd than Pdpyp/ZIF-8. In the photocatalytic Suzuki coupling reaction between iodobenzene and phenyl-
boronic acid, Pd/ZIF-8 exhibits excellent performance (99.1% yield), much better than that of Pdpyp/ZIF-8 (57.9% yield).
Moreover, Pd/ZIF-8 is highly stable and shows broad substrate scope for this reaction. The superior activity of Pd/ZIF-8
can be attributed to sufficient electron transfer between the MOFs and Pd nanoparticles in the absence of an interfacial sur-
factant. This work provides new insights into a Pd-catalyzed C-C coupling reaction involving photocatalysis and interfa-
cial electron transfer.

Keywords: metal-organic framework; Pd nanoparticles; Suzuki coupling; electron transfer; photocatalysis
CLC number: 0643.3 Document code: A

1 Introduction metal-support interactions'”. Among these, modulating the
interfacial effect and electron transfer process is a direct and
effective way to influence the catalytic properties of metal
nanoparticles. Considering that the photocatalytic reactions of
Pd nanoparticles involve electron transfer to or from Pd®, it is
promising to regulate the reaction rate via interfacial electron
transfer between the support and the Pd nanoparticles.
Metal-organic frameworks (MOFs), composed of metal
(clusters) and organic linkers, have the properties of high
crystallinity, porosity, and designability, and have attracted
much attention in recent years!'*'. MOFs are excellent sup-
ports for metal nanoparticles because they possess large sur-
face areas to stabilize the nanoparticles and can regulate their
electronic states !, Moreover, MOFs are semiconductor-
like and can form Schottky contacts with metal nanoparticles,
facilitating electron transfer between MOFs and metal nano-

The palladium (Pd)-catalyzed Suzuki cross-coupling reaction
has been one of the most effective methods for the one-step
formation of carbon-carbon bonds since its discovery in
19792, Typical Pd catalysts are homogeneous Pd com-
plexes because they have high catalytic -efficiency".
However, their high price and the difficulty of recycling
hinders their industrial application. Pd nanoparticles can be
substituted for the Pd complexes in this reaction, but the reac-
tion requires a high temperature to provide the necessary ac-
tivation energy, leading to undesirable side reactions and re-
duced catalyst stability™. A photocatalytic Suzuki coupling
reaction using interband excitation of Pd nanoparticles has re-
cently been reported”. This approach has the advantage of
utilizing sustainable solar energy and relatively mild condi-
tions, but it is still limited by a low reaction rate. It is there-

fore imperative to develop methods to optimize the photocata- particles"”*\. Interfacial electron transfer between MOFs and
lytic Suzuki coupling of Pd nanoparticles. metal nanoparticles has been reported recently”’, which in-
It is well known that because metal nanoparticles have high spired our design to boost Pd-catalyzed photocatalytic reac-
surface energy they tend to aggregate and lose their activity. tions by regulating the interface between MOFs and Pd nano-
To address this issue, different support materials have been particles.
used to stabilize the nanoparticles, such as metal oxides ™, In this study, we synthesized two catalysts with different
zeolites”, and carbon materials®. The contact between the interfaces between an MOF (the zeolitic imidazolate frame-
support matrix and the metal nanoparticles gives rise to a work ZIF-8) and Pd nanoparticles. Pd/ZIF-8 was synthesized
metal-support interaction (MSI)"), which has a powerful influ- by an impregnation method and its interface is “clean”, whereas
ence on the catalytic performance of the metal nanoparticles. Pdpyp/ZIF-8 was obtained by mixing ZIF-8 with pre-synthes-
Such metal-support interactions include morphology and size ized Pdpyp nanoparticles, and its interface contains poly

effects!"”, interfacial effects!'’); electron transfer'”, and strong (vinylpyrrolidone) (PVP) as a barrier. Although these two
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catalysts have the same MOF support and similar Pd sizes
and loadings, their Pd electronic states are distinct, giving rise
to a higher photocatalytic activity of Pd/ZIF-8 in the Suzuki
coupling reaction compared to Pdpyp/ZIF-8. From analysis of
the photocatalytic mechanism, we conclude that the superior
interfacial electron transfer in Pd/ZIF-8 is responsible for its
improved activity. This work provides inspiration for the
study of Pd-catalyzed Suzuki coupling reactions from the per-
spective of regulating interfacial electron transfer.

2 Results and discussion

2.1 Preparation and characterization of catalysts

The representative stable MOF, ZIF-8, formulated Zn(2-
MIM), (2-MIM represents 2-methylimidazole), was chosen as
the support for Pd nanoparticles and was synthesized by the
solvothermal method™*. Comparison of the powder X-ray
diffraction (XRD) pattern of as-synthesized ZIF-8 with a sim-
ulated XRD pattern of ZIF-8 indicates that the ZIF-8 ob-
tained was a pure phase with high crystallinity (Fig. 1a). Scan-
ning electron microscopy (SEM) images showed that the ZIF-
8 nanocrystals had a rhombic dodecahedron shape and a mean
size of ~1 um (Fig. 1b). To prepare Pdpyp/ZIF-8, we first syn-
thesized Pdpyp nanoparticles following a reported method™.
Transmission electron microscopy (TEM) showed that the
size distribution of Pdpyp nanoparticles was from 2.8 to 4.5
nm with an average size of ~3.68 nm (Fig. Ic). Pdpyp/
ZIF-8 was obtained by stirring mixed dispersions of ZIF-8
and pre-synthesized Pdpyp nanoparticles, whereas Pd/ZIF-8
was synthesized by impregnation of ZIF-8 with Pd(NO;), in
aqueous solution, followed by reduction by H,. TEM images
confirmed the successful introduction of Pd nanoparticles
onto the ZIF-8 support by both methods, the sizes of the ob-
tained Pd nanoparticles being quite similar (~3.68 nm for
Pdpyp/ZIF-8 and ~3.92 nm for Pd/ZIF-8) (Fig. 1d ,e). Induct-
ively coupled plasma atomic emission spectrometry (ICP-
AES) indicated similar Pd loadings for the two catalysts (2.01
wt% for Pdpyp/ZIF-8 and 1.98 wt% for Pd/ZIF-8) (Table 1).
The integrity of ZIF-8 after post-modification was first
confirmed by powder XRD patterns, which indicated that
Pdpyp/ZIF-8 and Pd/ZIF-8 had good crystallinity, and no ob-
vious peak assignable to Pd was found, indicating the small
size of any Pd nanoparticles (Fig. 1a). Comparison of the in-
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Fig. 1. (a) Powder XRD patterns of simulated ZIF-8 and as-synthesized
ZIF-8, Pdpyp/ZIF-8, and Pd/ZIF-8. (b) SEM image of ZIF-8. (c—e) TEM
images for (c¢) Pdpyp nanoparticles, (d) Pdpyp/ZIF-8, and (e) Pd/ZIF-8 . In-
sets are the size distributions of Pd nanoparticles. (f) IR spectra of ZIF-8,

Pdpyp/ZIF-8, and Pd/ZIF-8.

Table 1. The measured Pd loadings for different catalysts.

Catalyst Content*
Pdpyp/ZIF-8 2.01 wt%
Pd/ZIF-8 1.98 wt%
Pdpyp/ZIF-8 after reaction 1.99 wt%
Pd/ZIF-8 after reaction 1.96 wt%

[Note] * The Pd contents were confirmed by ICP-AES data.

frared (IR) spectra of Pdpyp/ZIF-8 and Pd/ZIF-8 with that of
ZIF-8 (Fig. 1f) further supported the chemical structures. Ni-
trogen (N,) sorption curves at 77 K (Fig. 2a) showed that Pdpy/
ZIF-8 and Pd/ZIF-8 exhibited similar pore structures to the
parent ZIF-8, while the slightly decreased BET surface area
might be due to the mass occupied by Pd nanoparticles. To
confirm the feasibility of the two catalysts for photocatalytic
reactions, UV-vis spectra were obtained (Fig. 2b), and indic-
ate that ZIF-8 has no light absorption in the visible light re-
gion (380-800 nm), and that both Pdpyp/ZIF-8 and Pd/ZIF-8
nanoparticles have the ability to absorb visible light as a res-

ult of interband excitation of Pd nanoparticles ©.
Mott-Schottky plots (Fig. 2c) were obtained to analyze the
semiconductor-like character of ZIF-8. The plots at 500, 1000,
and 1500 Hz all have positive slopes, indicating n-type semi-
conductor character for ZIF-8%. Considering that semicon-
ductors and metal nanoparticles form Schottky junctions upon
contact and adjust the electronic states of metal nanoparticles™,
we used the diffuse-reflectance infrared Fourier transform of
adsorbed CO (CO-DRIFT) to determine the electronic states
of the Pd nanoparticles of different catalysts (Fig. 2d). Both
Pdpyp/ZIF-8 and Pd/ZIF-8 exhibited the coexistence of two-
fold (typically 1 800—2 000 cm™) and three-fold (typically 1 600—
1 800 cm™) absorption peaks of adsorbed CO molecules, con-
firming that the Pd species was present in the nanoparticles.
Because a more negative electronic state of the metal gives
rise to a stronger electron back-donation effect between the
metal and adsorbed CO, leading to a red shift of the CO ab-
sorption peaks, the positions of these peaks can clearly elucid-
ate the electronic state of the metal®”. The red shift of the
C—O stretching band (typically 2 000-2100 cm™) of Pd/ZIF-8
(a) (b)
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Fig. 2. (a) N, sorption curves and (b) UV-vis spectra for ZIF-8, Pdpyp/ZIF-
8, and Pd/ZIF-8. (c) Mott-Schottky plots for ZIF-8. (d) DRIFT spectra of

CO adsorbed on Pd for Pdpyp/ZIF-8 and Pd/ZIF-8.
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compared with that of Pdpyp/ZIF-8 indicates that Pd/ZIF-8
has a more negative electronic state, which might be attrib-
uted to the different interfaces of the two nanoparticles, and
might have influenced their photocatalytic performances.

2.2 Photocatalytic reaction

The Pdpyp/ZIF-8 and Pd/ZIF-8 catalysts were adapted for the
photocatalytic Suzuki coupling reaction by using 450 nm LED
light irradiation under a N, atmosphere. The substrates used
were iodobenzene and excess phenylboronic acid, and K,CO;
was added to provide an alkaline environment. The conver-
sion and yield were determined by gas chromatography (GC).
In a reaction time of 5 h, Pd/ZIF-8 exhibited high activity,
with a 99.1% yield of biphenyl; in contrast, Pdpyp/ZIF-8 gave
only a 57.8% yield of the target product (Fig. 3a). The stabil-
ity of the catalysts was first tested by recycling experiments.
In three consecutive runs, both catalysts maintained their
activity, providing similar conversions and yields to those in
their first runs (Fig. 3b,c). The recycled catalysts were ex-
amined by powder XRD, TEM, and ICP-AES. Powder XRD
showed that the catalysts retained their high crystallinity after
the photocatalytic reaction (Fig. 3d). TEM images showed
that the aggregation of Pd nanoparticles does not occur in
either catalyst (Fig. 3e,f). ICP-AES confirmed that there was
almost no mass loss of Pd (Table 1), reflecting the advant-
ages of the MOF supports under mild photocatalytic condi-
tions.

Next, we examined the substrate scope of the best-perform-
ing Pd/ZIF-8 catalysts (Table 2). First, when iodobenzene was
replaced with bromobenzene, the yield decreased signific-

Table 2. Results of substrate scope experiments catalazed by Pd/ZIF-8-.

0 1520
2 Theta (degree)

Fig. 3. (a) Time-dependent yields of biphenyl in reactions of Pdpyp/ZIF-8
and Pd/ZIF-8 (the error bars represent the relative deviation obtained
from parallel experiments). (b, ¢) Recycling performance of (b) Pd/ZIF-8
and (c) Pdpyp/ZIF-8. (d) Comparison of powder XRD patterns of
Pdpyp/ZIF-8 and Pd/ZIF-8 before and after reaction. (e, f) TEM images of
(e) Pdpyp/ZIF-8 and (f) Pd/ZIF-8 after reaction (inset: size distribution of
Pd nanoparticles).

antly (entry 1), and when chlorobenzene was used as the sub-
strate, almost no product was detected (entry 2). These results
can be attributed to the difficulty in reducing C—Br and C-Cl
bonds. Therefore, we focused on coupling between iodoben-
zenes and phenylboronic acid. Three functionalized iodoben-
zene derivatives (4-iodotoluene, 3-iodotoluene, and 4-iodo-
benzotrifluoride) showed satisfactory conversion in C-C coupl-
ing (entries 3-5; the higher yield from 4-iodotoluene than
from 3-iodotoluene might be due to steric and electronic ef-
fects). In place of phenylboronic acid, 4-methylphenylboron-
ic acid also participated in the reaction with good conversion
(entry 6). The tolerance of different iodobenzene and phenyl-
boronic acid derivatives demonstrated the great practicability

Entry Substrate 1 Substrate 2 Conversion of 1 (%) Yield (%)
1 @—Br @—B(ou)z 38.60 38.42
2 @—CI @—B(OH)Z 0.06 0.06
3 OI @—B(OH): 99.99 99.92
4 F3C O—I @—B(OH): 99.99 99.25
5 @‘I @—B(OH): 96.52 96.13
6 @l —@—B(OH); 99.85 99.69

[Note] * Standard conditions: typically, 10 mg catalyst, 80 mg K,CO;, 10 pL iodobenzene (0.1 mmol), 24 mg phenylboronic acid (0.2 mmol) and 2 mL

DMF/water (1/1, v/v), LED lamp (450 nm, 80 W), 5 h. The conversion and yield were determined by GC analysis, and n-dodecane was used as the

internal standard.
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of our Pd/ZIF-8 photocatalyst.
2.3 Discussion of the differences in activity

Control experiments were performed to elucidate the mechan-
ism of the photocatalytic reaction (Table 3). When no K,CO,
was used, the reaction hardly proceeded, indicating that a
base played an important role in the reaction process (entry
1). When the light irradiation was replaced by thermal heat-
ing, the conversion was low at both 25 °C and 60 °C, prob-
ably because of the high activation energy for this reaction via
the thermal conversion pathway (entries 2 and 3). Only by el-
evating the heating temperature to 85 °C can the reaction over
Pd/ZIF-8 achieve a similar conversion (100%) to that obtained
by photocatalysis. However, the selectivity (71.2%) was lower
than that of photocatalysis, and the conversion decreased sig-
nificantly (to 42.5%) during the recycling experiments. These
results clearly demonstrate that the photocatalytic process
promotes the reaction under mild conditions. Furthermore,
when we replaced the N, atmosphere with O,, no products
were detected (entry 4). It is assumed that O, is prone to be
reduced by accepting electrons to produce superoxide radic-
als (05) P, and this impedes the reduction of the substrate,
accounting for the failure to detect products.

Scavengers were used to explore the photocatalytic mech-
anism (Table 3). When p-benzoquinone (pBQ) was intro-
duced as a typical radical scavenger™”, the conversion was re-
duced to some extent (entry 5), revealing that radicals are in-
volved in the catalytic process. On the addition of methanol
(MeOH), which is readily oxidized by photogenerated hot
holes, decreased conversion was observed (entry 6), indicat-
ing that hot holes participate in the reaction. Finally, we
changed the catalyst to ZIF-8 and a physical mixture of ZIF-8
and Pdpyp nanoparticles; ZIF-8 exhibited no activity and the
physical mixture produced only slight conversion (entries 7
and 8), indicating that Pd nanoparticles are indispensable for
the photocatalytic process, and the integration of Pd nano-
particles and the ZIF-8 support is beneficial to the reaction.

It is important to determine whether the mechanism is
based on photoexcited carriers or on a photothermal effect.
We investigated the relationship between the photocatalytic

Table 3. Results of substrate scope experiments catalazed by Pd/ZIF-8-.

performance of Pd/ZIF-8 and the light intensity. As shown in
Fig. 4a, the yield of product has a linear relationship with the
light intensity, which excludes the possibility of phototherm-
al catalysis®. Based on these results, we proposed a possible
reaction mechanism (Fig. 4b). First, under 450 nm light irra-
diation, Pd nanoparticles undergo interband excitation to form
photogenerated hot electrons and holes. The hot electrons
then attack the C-I bond, facilitating its cleavage"'. The hot
holes attack the C-B bond of the electronically negative
phenyltrihydroxyborate species, which is generated by
phenylboronic acid reacting with OH" in the basic medium.
This leads to the formation of a phenyl radical cation*. Fi-
nally, the phenyl radical cation and activated iodobenzene are
coupled on the Pd nanoparticles, followed by reductive elim-
ination to afford biphenyl"".

To analyze the difference in activity between Pdpyp/ZIF-8
and Pd/ZIF-8, we obtained the photoluminescence (PL) spec-
tra of ZIF-8, Pdpyp/ZIF-8, and Pd/ZIF-8 (Fig. 5a). The intens-
ity of the PL spectra reflects the efficiency of electron-hole
separation in ZIF-8. Both Pdpyp/ZIF-8 and Pd/ZIF-8 demon-
strated reduced PL intensities compared to ZIF-8, indicating
that the Schottky junction between ZIF-8 and Pd nano-
particles results in accelerated electron injection from ZIF-8
into Pd nanoparticles under the test conditions (excitation
wavelength 225 nm). Moreover, the decrease in the PL in-
tensity from ZIF-8 to Pd/ZIF-8 was greater than that from
Pdpyp/ZIF-8 to Pd/ZIF-8, indicating that the Pd/ZIF-8 inter-
face is more suitable for electron transfer. Combining the dis-
tinct Pd electronic states (Fig. 2b), we propose that the differ-
ence in photocatalytic activity can be attributed to interfacial
electron transfer from ZIF-8 to Pd (Fig. 5Sb). Upon contact
with the ZIF-8 and Pd nanoparticles, the n-type semiconduct-
or-like ZIF-8 transfers electrons to Pd to align the Fermi
levels®". However, the interfacial surfactant PVP present in
Pdpyp/ZIF-8 might act to some extent as a barrier to block
electron transfer, reducing the electron density of the Pd nan-
oparticles. Correspondingly, the higher electron density of the
Pd in Pd/ZIF-8 is advantageous for substrate adsorption and
activation in the photocatalysts, leading to the higher activity
of Pd/ZIF-8 than that of Pdpyp/ZIF-8.

Entry Catalyst Base Light Atmosphere Additive Temperature (°C) Yield (%)
1 Pd/ZIF-8 - + N, - 25 n.d.
2 Pd/ZIF-8 + - N, - 25 n.d.
3 Pd/ZIF-8 + - N, - 60 34.32
4 Pd/ZIF-8 + + 0, - 25 n.d.
5 Pd/ZIF-8 + + N, pBQ 25 70.56
6 Pd/ZIF-8 + + N, MeOH 25 67.15
7 ZIF-8 + + N, - 25 n.d.
g PZdIP};’_"g + + N, - 25 38.42

[Note] * Standard conditions: typically, 10 mg catalyst, 80 mg K,CO;, 10 pL iodobenzene (0.1 mmol), 24 mg phenylboronic acid (0.2 mmol) and 2 mL

DMF/water (1/1, v/v), LED lamp (450 nm, 80 W), 5 h. The conversion and yield were determined by GC analysis, and n-dodecane was used as the

internal standard.

* 100 pL Pdpyp aqueous solution and 10 mg ZIF-8 were added to ImL of DMF and 0.9 mL deionized water while the other experimental parameters were

maintained constant.

54

DOI: 10.52396/JUSTC-2022-0063
JUSTC, 2022, 52(8): 5


https://doi.org/10.52396/JUSTC-2022-0063

Sun et al.

(b)

Pd

B(OH);

interband
excitation

Yield (%)

©
=

92

e

1.6 1.8
Light intensity (W-cm?)

90
1

Fig. 4. (a) Relationship between yield and light intensity catalyzed by
Pd/ZIF-8. (b) Proposed photocatalytic reaction mechanism.
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Fig. 5. (a) PL spectra of ZIF-8, Pdpyp/ZIF-8, and Pd/ZIF-8. (b) Interfa-
cial electron transfer between ZIF-8 and Pd nanoparticles.

3 Experimental details

3.1 Materials and instruments

All the chemicals were purchased without further treatment. 2-
methylimidazole (2-MIM, 98%, Macklin), zinc acetate di-
hydrate (Zn(CH;COO),-2H,0, AR, Sinopharm Chemical Re-
agent Co., Ltd.), poly (vinylpyrrolidone) (PVP, M, =5 5000,
Aldrich Chemistry), n-dodecane (AR, Sinopharm Chemical
Reagent Co., Ltd.), p-benzoquinone (pBQ, 98%, Energy
Chemical), N,N-dimethylformamide (DMF, AR, Sinopharm
Chemical Reagent Co., Ltd.), methanol (MeOH, AR, Sino-
pharm Chemical Reagent Co., Ltd.), acetone (AR, Sino-
pharm Chemical Reagent Co., Ltd.), ascorbic acid (AR, Sino-
pharm Chemical Reagent Co., Ltd.), potassium bromide
(KBr, AR, Sinopharm Chemical Reagent Co., Ltd.), potassi-
um chloropalladite (K,PdCl,, Shanxi Kaida), Pd(NO;),
aqueous solution (50 mg Pd per mL, Sinopharm Chemical
Reagent Co., Ltd.), iodobenzene (98%, Energy Chemical),
bromobenzene (99.5%, Energy Chemical), chlorobenzene
(98%, Energy Chemical), phenylboronic acid (98%, Energy
Chemical), 4-iodotoluene (98%, Energy Chemical), 3-iodo-
toluene (98%, Energy Chemical), 4-iodobenzotrifluoride
(98%, bidepharm), 4-tolylboronic acid (98%, Energy Chemic-
al), Nafion dispersion (5% w/w in water and 1-propanol, >
0.92 meq/g exchange capacity, Alfa Aesar). Deionized water
(18.25 MQ-cm) was obtained by reverse osmosis, followed
by ion-exchange and filtration (Cleaned Water Treatment Co.,
Ltd., Hefei).

Powder X-ray diffraction (XRD) patterns were obtained us-
ing a Japan Rigaku MiniFlex 600 equipped with graphite-
monochromatized Cu Ka radiation (A = 1.541 78 A). Scan-
ning electron microscopy (SEM) images were obtained using
a Carl Zeiss Supra 40 scanning electron microscope. Trans-
mission electron microscopy (TEM) images were obtained
using a field-emission transmission electron microscope (JEOL
JEM2100F). Nitrogen sorption measurements were conduc-

5-5

ted on a Micromeritics ASAP 2020 system at 77 K. UV-vis
spectra of the catalysts were obtained using a Shimadzu UV-
2700. The Pd content of the catalysts was determined using
an Optima 7300 DV inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES). Conversions and yields of the
corresponding reactions were determined by gas chromato-
graphy (GC, Shimadzu 2010 Plus with a 0.25 mm x 30 m Rtx-
5 capillary column) employing n-dodecane as the internal
standard. Photoluminescence spectra were obtained using a
Perkin Elmer LS-55 fluorescence spectrometer.

3.2 Preparation of catalysts

ZIF-8 was synthesized following a previously reported meth-
od with some modifications™. Typically, 300 mg of
Zn(CH;C0OO0), 2H,0 dissolved in 5 mL of deionized water
was added to 1.12 g of 2-MIM dissolved in 6.4 mL of deion-
ized water in a 20 mL glass vial. After shaking the glass vial for
1 min, the mixture was allowed to stand for 2 h at 25 ‘C. The
white product was collected by centrifugation and washed
three times with deionized water and three times with acet-
one. The resulting precipitate was dried at 70 ‘C under vacu-
um for 1 h and activated under vacuum for 12 h at 130 C.

Pdpyp nanoparticles were synthesized following a previ-
ously reported method with some modifications™. Typically,
210 mg of PVP (M,, ~5 5000), 120 mg of ascorbic acid, and
10 mg of KBr were dissolved in 16 mL of deionized water in
a 50 mL round-bottom flask. The solution was heated to 80
C, and 6 mL of K,PdCl, (114 mg) aqueous solution was ad-
ded and the mixture maintained at 80 ‘C for 3 h. The Pdpyp
nanoparticles were collected by centrifugation and washed
five times with acetone. Finally, the obtained Pdpyp nano-
particles were dispersed in 3 mL deionized water (2 mg/mL).

Pdpyp/ZIF-8 was synthesized following a previously repor-
ted method with some modifications"”. Typically, 100 mg
ZIF-8 was dispersed in acetone (1 mL), 1 mL of the Pdpyp
nanoparticle aqueous solution was added, and the mixture
was stirred overnight. The product was collected by centrifu-
gation, washed twice with acetone, and dried at 70 C under
vacuum for 1 h.

Pd/ZIF-8 was synthesized following a previously reported
method with some modifications®”. Typically, 100 mg of ZIF-
8 was added to 1 mL of acetone in a 10 mL centrifuge tube
and sonicated for 2 min. Subsequently, 40 puL of Pd(NOs;),
aqueous solution (50 mg Pd per mL) was added, and the mix-
ture was stirred overnight. The product was collected by cent-
rifugation and dried at 70 °C under vacuum for 1 h. The
Pd/ZIF-8 was finally obtained by reduction in a 20% H,/Ar
atmosphere (50 mL/min) for 2 h at 200 C.

3.3 Characterizations

Mott-Schottky plot measurements were performed using a
standard three-electrode system on a Zahner Zennium electro-
chemical workstation. Typically, 2 mg of the catalyst was ad-
ded to a mixture of 2 mL ethanol and 10 puL Nafion disper-
sion. The mixture was then sonicated for 20 min. A 0.1 mol/L
Na,SO, solution was used as electrolyte. Glassy carbon
coated with 30 pL of the mixed solution was used as the
working electrode. A Pt plate was used as the counter elec-
trode and an Ag/AgCl electrode as the reference electrode.
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The measurements were performed at frequencies of 500 Hz,
1000 Hz, and 1500 Hz.

The CO-DRIFT analysis was performed using a Nicolet™
iS™ 10 FTIR spectrometer equipped with an MCT detector.
Typically, 25 mg of the catalyst was packed in a sample cup
and sealed in an infrared (IR) reaction chamber. The sample
was heated to 130 C and maintained at that temperature for
0.5 h under Ar flow (25 mL/min) and 1 h under H,/Ar flow
(25 mL/min). After cooling to room temperature, background
signals were collected. Then the sample was held under a
heated (150 ‘C) 10% CO/Ar flow (25 mL/min) for 2 h. After
flushing the sample with Ar flow (25 mL/min) for 1.5 h to re-
move the physically adsorbed CO, the IR signal of chemic-
ally adsorbed CO was obtained.

3.4 Photocatalytic reaction

Typically, 10 mg catalyst, 80 mg K,CO3, 10 puL iodobenzene
(0.1 mmol), 24 mg phenylboronic acid (0.2 mmol) and 2 mL
DMF/water (1/1, v/v) were placed in a 140 mL optical reac-
tion vessel. After sonication for 2 min, the suspension was
purged with nitrogen for 20 min to remove the O,. The mix-
ture was then irradiated using an LED lamp (450 nm, 80 W)
with stirring for 5 h. The conversion and yield were determ-
ined by GC analysis, using n-dodecane as an internal stand-
ard.

For catalysis by the physical mixture of Pdpyp and ZIF-8,
100 pL of Pdpyp aqueous solution and 10 mg ZIF-8 were ad-
ded to ImL of DMF and 0.9 mL deionized water while other
experimental parameters were maintained constant.

For reactions with other substrates, in a typical experiment,
0.1 mmol of iodobenzene and 0.2 mmol of phenylboronic
acid was added, maintaining all other experimental paramet-
ers constant.

For the scavenging experiments, pBQ (25 mmol/L) or
MeOH (200 mmol/L) was added, maintaining all other exper-
imental parameters constant.

For recycling experiments, the reaction solution was centri-
fuged at 13000 r/min for 3 min after each cycle and washed
once with DMF. The catalyst was then reused for subsequent
runs under standard reaction conditions.

4 Conclusions

In summary, two catalysts, Pdpyp/ZIF-8 and Pd/ZIF-8, were
successfully synthesized with similar Pd sizes and loading
amounts. The difference in the interface between the Pd nano-
particles and the MOFs of the two catalysts induces distinct
Pd electronic states. In the photocatalytic Suzuki coupling re-
action, the activity of Pd/ZIF-8 outperformed that of
Pdpyp/ZIF-8, and both catalysts showed excellent stability.
Moreover, various substrates were well tolerated in the reac-
tion catalyzed by Pd/ZIF-8. From an analysis of the pho-
tocatalytic mechanism and the interfacial electron transfer
process, the higher activity of Pd/ZIF-8 was attributed to fa-
vorable electron transfer from ZIF-8, which resembles an n-
type semiconductor, to the Pd nanoparticles at the “clean” in-
terface. This work highlights the conclusion that the regula-
tion of interfacial electron transfer can boost the photocatalyt-
ic Suzuki coupling activity of Pd nanoparticles.
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