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A B S T R A C T

Controlling the charge carrier transfer pathway in a plasmonic catalyst is the key to developing efficient catalyst.
Herein, a visible-light responsive plasmonic catalyst is prepared by depositing Pd nanoparticles on ZIF-8 (zeolitic
imidazolate framework) coated plasmonic MoO3-x composites (Pd/MoO3-x@ZIF-8). The as-prepared catalyst
allows effective plasmon-induced electron transfer from plasmonic MoO3-x to Pd active site by taking advantages
of the Schottky junction formed between Pd metal nanoparticles and MoO3-x@ZIF-8 composite as well as het-
erojunction formed between ZIF-8 and MoO3-x, effectively retarding the recombination of the plasmonic induced
hot electron-hole pairs in MoO3-x. As a result, the Pd/MoO3-x@ZIF-8 presents exceptionally higher catalytic
activities for the hydrogenation of nitroaromatics under visible-light irradiation than that under dark conditions,
which are far superior to those of Pd/MoO3-x and Pd/ZIF-8. The enhanced activity can be attributed to the
cooperative promoting effects between Pd nanoparticles and plasmonic MoO3-x@ZIF-8 on facilitating the
plasmon-induce electron transfer, and the possible reaction mechanism is proposed. This study expands the
scope of reductive organic chemical transformation catalyzed by plasmonic catalysts and sheds light on design of
efficient plasmonic catalysts by steering an electron flow to promote the photogenerated electron transfer from
plasmonic semiconductor to catalytic active site.

1. Introduction

Hydrogenation of nitroaromatics into the corresponding amines is
one of the most important chemical reactions in organic synthesis.
Aromatic amines, as valuable intermediate products, have been widely
used in the manufacture of fuel additives, pesticides, plastic and rubber
industries, drugs and antioxidants [1,2]. In the past decades, many
approaches including using different reducing agents, noncatalytic, and
catalytic methods, were developed for the reduction of nitroaromatics
into amines [3–6]. Among those technologies, catalytic reduction of
nitroaromatics into amines has been emerging as a most promising
method because of the mild reaction conditions and environmental
benign process. Therefore, considerable attention has been paid on the
development of efficient catalyst with high catalytic activity and se-
lectivity under mild reaction conditions.

The catalytic hydrogenation of nitro group with hydrogen or hy-
drogen carriers requires the heterolytic cleavage of H2 (H+/H− pair).
Therefore, a large number of Pd, Pt, and Ru nanoparticle supported
catalysts have been used in chemoselective hydrogenation of ni-
troaromatics to amines due to their high affinity to H2 and considerable
achievements have been obtained in recent years [7–9]. However, the
catalytic process usually requires high temperature and H2 pressure,
and most of catalysts do not meet the dual requirements of high che-
moselectivity and activity due to the weak binding force of nitro group
to noble metal active sites and the difficult in the cleave of stable N–O
bond. Evidently, designing a suitable catalyst for the hydrogenation of
nitroaromatics to the corresponding amines with high chemoselectivity
and activity under mild conditions is highly desirable.

In recent years, semiconductor based plasmonic catalysts have been
widely used to improve the efficiency of catalysis either by their intense
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visible/near-infrared response or efficient charge separation. A large
amount of free charge carriers in plasmonic catalysts oscillate with
incident light, leading to the localized surface plasmon resonances
(LSPRs) [10,11]. As a result, hot electrons with high energy are gen-
erated through LSPR effect, and subsequently can be involved in redox
reaction [12,13]. Our very recent works have successfully demon-
strated that plasmonic hot electrons are very unique for improving the
catalytic activity and selectivity in hydrogenation of nitroaromatics
[14]. The plasmon-induced hot electrons migrate from plasmonic cat-
alyst to metal nanoparticles through Schottky junction, which greatly
change the electron density of metal nanoparticle [15,16], and then
result in the formation of charged catalytic active site for enhancing the
binding force of nitro group to metal surface and promoting the dis-
sociation of N–O bond [14]. Nevertheless, a fast recombination rate of
plasmon-induced charge carries still hinders the commercial applica-
tion of plasmonic catalyst as the catalytic activity highly depends on the
separation and transfer of charge carriers [17]. Apart from the Schottky
junction, recent progress has demonstrated that the separation and
transfer of plasmon-induced charge carriers can also be potentially
enhanced by integrating plasmonic catalysts with other semiconductor
by forming heterojunction between plasmonic catalyst and semi-
conductor with high electron migration [18–20]. Increasing efforts
have been made to achieve metal organic framework (MOF) loaded
with semiconductor/plasmonic materials photocatalysts for various
photocatalytic reaction including hydrogen evolution from hydrogen
carriers, organic compounds transformation as well as environmental
purification [21–26]. The use of MOF has been demonstrated as an
effective strategy for promoting the photogenerated charges separation
due to their semiconducting property, high surface area and porosity,
unique atomic/molecular coordination as well as tunable bandgap
[27,28]. There is no doubt about the functions of Schottky barrier
formed between metal nanoparticle and MOFs as well as heterojunction
formed between MOFs and plasmonic catalyst in maneuvering the mi-
gration rate of plasmon-induced hot electrons. However, the rational
arrangement of Schottky junction and heterojunction to steer an elec-
tron flow for fast and continuous hot electron injection is still one of
great challenge.

Herein, on the basis of above discussion, a novel plasmonic catalyst
Pd/MoO3-x@ZIF-8 is prepared by coating ZIF-8 (zeolitic imidazolate
frameworks) on the surface of plasmonic MoO3-x catalyst and by dec-
orating Pd nanoparticles on the surface of ZIF-8. MoO3-x, as non-noble
metal based plasmonic catalyst, displays strong LSPR in the visible light
region. The heterojunction formed between plasmonic MoO3-x and ZIF-
8 is to inject plasmon-induced electrons into the LUMO of ZIF-8. On the
other hand, the Pd loaded on the surface of ZIF-8 is to establish a
Schottky junction as the charge “pump”, which steers the migration of
electron from the LUMO of ZIF-8 to the Pd active site, thus greatly
accelerating plasmon-induced electron transfer from MoO3-x to Pd ac-
tive sites. As expected, Pd/MoO3-x@ZIF-8 presents exceptionally higher
catalytic activities for the hydrogenation of nitroaromatics under
visible-light irradiation than that under dark conditions, and are far
superior to those of Pd/MoO3-x and Pd/ZIF-8. The photocurrent mea-
surement further confirmed the fast separation and transfer of plasmon-
induced charge carriers within Pd/MoO3-x@ZIF-8.

2. Experimental

2.1. Preparation of catalysts

The PVP modified plasmonic MoO3-x is prepared according to our
published paper [13]. In a typical procedure, molybdenum metal
powder (2mmol) was dispersed into ethanol (24mL) under magneti-
cally stirring, then followed by adding H2O2 (3mL, 30wt%) to obtain a
yellow solution, then the solution was transferred into a Teflon vessel
and sealed in stainless steel autoclave, heated and maintained at 160 °C
for 12 h. After cooling to room temperature, the product was washed

with ethanol and water three times respectively and dried under va-
cuum for overnight. PVP modified MoO3-x was prepared by dispersion
of MoO3-x (100mg) in methanol containing 240mg PVP under mag-
netically stirring for 30min, then the product was separated by cen-
trifugation and washed with methanol for six times and dried under
vacuum for overnight.

MoO3-x@ZIF-8 composite was prepared by in-situ growth method.
Typically, solution A was prepared by dissolving 2-methylimidazole
(0.5mmol) into methanol (20mL), and solution B was prepared by
dissolving zinc nitrate hexahydrate (0.5mmol) into methanol (20mL),
then MoO3-x (15mg, modified with PVP) was dispersed into solution A
under ultrasonicated for 5min, solution B was added to the above so-
lution, and keep the mixture at water bath (30 °C) for overnight.
Finally, the product was washed with methanol and water three times
respectively and dried under vacuum condition overnight.
Furthermore, MoO3-x@ZIF-8−5 with thick shell was adopted by dif-
ferent recipe, in which 5mg MoO3-x is added into solution A, then,
followed by similar procedure.

Pd loaded catalysts were prepared by following steps: Palladium
acetate (0.075mmol) was dissolved in methanol (150mL) at water bath
(30 °C) under magnetically stirring. After 15min stirring, MoO3-x@ZIF-
8 (0.15 g) was dispersed into above solution, and continuously stirred
for 30min, then the product was separated by centrifugation and wa-
shed with ethanol for six times noted as Pd/MoO3-x@ZIF-8. References
sample, Pd/MoO3-x@ZIF-8−0 and Pd/MoO3-x@ZIF-8−9 was also
prepared without washing and with nine times of ethanol washing,
respectively. Pd/ZIF-8 and Pd/MoO3-x was synthesized with similar
procedure. Finally, all products were dried under vacuum for overnight.
All samples are stored in the vacuum condition at room temperature
with the aim to prevent the oxidation of sample by air. The loading
amount of Pd was determined by ICP to be 3.2 wt %, 3.1 %, and 3.2 %
for Pd/MoO3-x@ZIF-8, Pd/ZIF-8, and Pd/MoO3-x, respectively.
Furthermore, the weight amount of Zn and Mo was also measured by
ICP to be 5.95 % and 22.9 % for Pd/MoO3-x@ZIF-8, respectively.

2.2. Catalysts characterization

Nitrogen sorption analysis was performed on a BEL-SORP max
system (BEL Japan, Inc.) at 77K. Samples were degassed at 150 °C for
24 h prior to analysis. XRD pattern was performed on a
RigakuRINT2500 Ultima IV X-ray diffractometer with Cu Kα radiation
(λ = 1.5406 Å). The electronic state of Mo element was recorded using
a Shimadzu ESCA 3200 photoelectron spectrometer with Mg Kα ra-
diation, and C 1s (284.6 eV) was used to calibrate the binding energies
of the elements. UV–vis diffuse reflectance spectra of samples were
investigated using a Shimadzu UV-2450 spectrophotometer with BaSO4
as the standard reference. Pd K-edge XAFS measurements were carried
out at the beamline BL01B1 station in fluorescence mode with an at-
tached Si (111) monochromator at SPring-8, Harima, Japan (prop. No.
2014 A1045). Time-resolved fluorescence spectroscopy was recorded
on an Edinburgh FLS920 spectrophotometer. Field emission-transmis-
sion electron microscope (FE-TEM, Hitachi Hf-2000f, Japan) equipped
with energy dispersive X-ray spectroscopy was used to analyze the
morphologies and elemental maps of samples.

2.3. Activity test

60mM solution of nitrobenzene and 60mM solution of ammonia
borane (AB) in ethanol were separately prepared. 10mg of catalyst was
weighed and dispersed in the sealed reactor tube. 5mL of nitrobenzene
solution was injected through the rubber septum followed by Ar bub-
bling for 15min to ensure the inert atmosphere conditions. Reaction
was initiated upon addition of 5mL of AB solution through the rubber
septum in the reactor tube. The catalytic reaction was conducted under
continuously stirring in dark or under visible light irradiation (Xe lamp
(300W) equipped a UV cutoff filter (> 420 nm)) conditions at 30 °C for
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1 h. The products were analyzed by using Shimadzu GC-2010 chro-
matograph.

2.4. Electrochemical measurements

Photoelectrochemical properties were tested on a CHI 600E elec-
trochemical workstation (Chenhua Instrument, China) with a typical
three-electrode system. The Pt foil and Ag/AgCl serve as the counter
and reference electrodes, respectively. 0.5 M Na2SO4 aqueous solution
was utilized as electrolyte and a Xe lamp (300W) equipped a UV cutoff
filter (> 420 nm) was employed as visible light source. For the pre-
paration of working electrode, a suspension was prepared by adding
2mg of catalyst and 30 μL of Nafion into 2mL of ethanol, and ultra-
sonicated for 15min. Then, 50 μL of suspension was drop-casted onto
an indium-tin oxide (ITO) glass substrate and further dried to remove
the organic residuals.

3. Results and discussion

3.1. Catalyst characterization

PVP modified plasmonic MoO3-x nanosheet, possessing strong LSPR
in the visible light region, was employed as the core of Pd/MoO3-x@ZIF-
8. To build heterojunction, ZIF-8 was coated on the surface of MoO3-x

nanosheet through in-situ growth method, and the Schottky junction
was constructed by deposing Pd nanoparticles (electron acceptors) on
the surface of ZIF-8 through mild reduction method in the presence of
methanol as a reductant and PVP as a stabilizer (details in the
Supporting Information). X-ray diffraction (XRD) was used to char-
acterize the phase structure of as-prepared samples. As shown in Figure
S1, the X-ray diffraction pattern of MoO3-x is assigned to the orthor-
hombic phase (JCPDS No. 5-508). Meanwhile, the peaks of pure ZIF-8
are consistent with the previous reports [29], and the presence of strong
peaks indicates high crystallinity of the prepared ZIF-8. For MoO3-x@
ZIF-8, the intensities of diffraction peaks decreased as compared with
the virgin ZIF-8. This behavior is likely due to the deposition of ZIF-8 on
the surface of MoO3-x causing peaks interference. Evidently, the XRD
results suggested that ZIF-8 was successfully deposited on the MoO3-x.
Figure S2 shows BET (Brunauer–Emmett–Teller) surface areas of all
samples tested by N2 adsorption isotherm measurements. Sample ZIF-8
and MoO3-x@ZIF-8 display Type-I behavior with completely reversible
isotherm, demonstrating the microporous structure of samples. Mean-
while, MoO3-x exhibited Type-III behavior with nonporous structure.
The surface areas of ZIF-8, MoO3-x@ZIF-8, and MoO3-x were determined
to be 1110m2 g−1, 521m2 g−1, and 14.6m2 g−1, respectively. These
results clearly indicate that the surface area of MoO3-x@ZIF-8 is higher
than that of MoO3-x. However, the N2 uptake is decreased as compared
with ZIF-8 and no hysteresis loop is observed for MoO3-x@ZIF-8, sug-
gesting a decrease in the number of micropores and no mesopore
structure was formed as compared with ZIF-8.

Transmission electron microscopy (TEM) offers direct information
on morphology and structure of Pd/MoO3-x@ZIF-8 with high spatial
resolution. Fig. 1a reveals that MoO3-x with nanosheet structure (Figure
S3a) is surrounded by ZIF-8 particles, suggesting the successful growth
of ZIF-8 particles on the surface of MoO3-x. In this study, PVP severs as
surfactant playing a key role in inducing the nucleation of ZIF-8 on the
surface of MoO3-x, leading to the formation of MoO3-x@ZIF-8 with core-
shell structure. In contrast, no core-shell structure can be observed in
the absence of PVP as surfactant (Figure S3b). In order to verify the
reproducibility of this synthetic experiment. The synthetic experiment
is run in triplicate, it can be clearly observed that MoO3-x@ZIF-8 with
core-shell structure and similar thickness can be clearly observed in the
repeated experiment as shown in Figure S3c and Figure S3d, suggesting
the good reproducibility of the synthesis. The average thickness of the
shell is measured to be around 144 nm. Figure S4 presents the TEM
images of different samples, Pd nanoparticle with average particle size

of 1.9, 1.8 and 4.5 nm was observed for Pd/MoO3-x@ZIF-8, Pd/ZIF-8
and Pd/MoO3-x, respectively. HAADF-STEM image of Pd/MoO3-x@ZIF-
8 (Fig. 1b) further demonstrated the well-defined core-shell structure of
Pd/MoO3-x@ZIF-8. Meanwhile, elemental mapping indicates separable
distribution of the characteristic elements, including Mo, N, Zn, and Pd,
are all present and homogeneously distributed throughout the materials
area as shown in Fig. 1c-f. it is clearly indicates that the Mo is mainly
distributed in the core part of Pd/MoO3-x@ZIF-8 structure, indicating
MoO3-x is in the core part. On the other hand, the density of N, and Zn
on the shell part is higher than that of core part, further confirming the
successful growth of ZIF-8 particles on the surface of MoO3-x. It was
found that Pd element is uniformly distributed on the shell part of Pd/
MoO3-x@ZIF-8 structure, further verifying the core-shell structure of
Pd/MoO3-x@ZIF-8.

X-ray photoelectron spectroscopy was used to elucidate the che-
mical state of Mo. Fig. 2a displayed the fitted Mo 3d core level spectra
of Pd/MoO3-x and Pd/MoO3-x@ZIF-8. Binding energy peaks of Pd/
MoO3-x and Pd/MoO3-x@ZIF-8 at 232.4 and 235.8 eV can be assigned to
3d5/2 and 3d3/2 of Mo6+ species at higher oxidation state, and the peaks
of Pd/MoO3-x and Pd/MoO3-x@ZIF-8 located at 231.4 and 234.6 eV are
assigned to Mo5+. In addition to Mo6+ and Mo5+ ions observed in Pd/
MoO3-x@ZIF-8, Mo4+ (binding energy at 229.7 and 233.2 eV) with
lower oxidation state are also observed in Pd/MoO3-x@ZIF-8, which is
probably due to the mild reducibility of methanol during the ZIF-8
growth and Pd reduction. Given that the peak area of Mo6+, Mo5+, and
Mo4+ ions was determined to be 43.3 %, 43.4 % and 13.3 %, respec-
tively [13], the average oxidation state of Mo in Pd/MoO3-x@ZIF-8 is
calculated to be 5.30, demonstrating the abundant oxygen vacancies in
Pd/MoO3-x@ZIF-8. Furthermore, the oxidation state of Pd species on
Pd/MoO3-x and Pd/MoO3-x@ZIF-8 was also investigated by X-ray ab-
sorption fine structure (XAFS) measurements. Fig. 2b shows the Fourier
transforms (FTs) of k3-weighted Pd K-edge extended X-ray absorption
fine structure (EXAFS) of different samples. The reference sample Pd
foil exhibited an intensive doublet peak located at 2.6 Å, which is as-
cribed to a single metallic bond (Pd-Pd), and the reference sample Pd
(OAc)2 displays an intensive single peak at 1.6 Å which is assignable to
Pd-O bond. Similar to that of Pd foil, the spectrum of Pd/MoO3-x and
Pd/MoO3-x@ZIF-8 both exhibited an intense peak located at 2.6 Å,
which is corresponded to Pd–Pd bond in a metallic form, clearly sug-
gesting that the Pd species on MoO3-x and MoO3-x@ZIF-8 is in a metallic
form [30].

Fig. 3 displays the optical response of samples Pd/MoO3-x, Pd/
MoO3-x@ZIF-8, and Pd/ZIF-8 investigated by UV–vis spectrometer. Pd/
ZIF-8 exhibited an adsorption band in the high energy region
(λ < 300 nm) and showed complete transparency to light absorption
with wavelength longer than 300 nm. In contrast, a strong absorption
peak located at approximately 900 nm associated with LSPR is clearly
observed in the spectra of Pd/MoO3-x. As well known that the optical
property of plasmonic materials is very sensitive to the surrounding
environment. After the deposition of ZIF-8 on MoO3-x nanosheets, the
light adsorption intensity of Pd/MoO3-x@ZIF-8 in the low energy region
(λ>400 nm) showed apparent decrease accompanied with the blue
shift of the adsorption edge in the high energy region (λ<400 nm)
compared with that of Pd/MoO3-x. Possible explanation is that the ZIF-8
shell prevents the visible light irradiation on plasmonic MoO3-x, leading
to the low absorption efficiency at low energy region (λ> 400 nm).
The results demonstrate that Pd/MoO3-x@ZIF-8 is a visible-light-ab-
sorbing catalyst showing a great potential in the conversion of visible
light for promoting Pd-catalyzed hydrogenation of nitroaromatics.

3.2. Catalytic test

The catalytic activity of Pd/MoO3-x@ZIF-8 was examined by ni-
trobenzene reduction. The catalytic reaction was conducted in the
sealed reactor containing ammonia borane (NH3BH3) as a H2 source
both under visible light irradiation and in the dark. No product was
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detected over MoO3-x@ZIF-8, ZIF-8, and MoO3-x, demonstrating that Pd
nanoparticles is necessary for catalyzing this reaction. As shown in
Fig. 4, all samples Pd/MoO3-x@ZIF-8, Pd/ZIF-8, and Pd/MoO3-x display
similar activity in the dark conditions, affording 53 %, 50 %, 45 %
yields, respectively. Negligible enhancement occurred over Pd/ZIF-8
even under visible light irradiation. In contrast, a considerable en-
hancement of activity was obtained over Pd/MoO3-x under visible light
irradiation, which might be attributed to the plasmonic effect of MoO3-x

in generating hot electrons and the formation of activated Pd species
after the absorption of incident visible light. It is noteworthy that a
further significant enhancement of activity was achieved on Pd/MoO3-

x@ZIF-8 under visible light irradiation, 42 % higher than that of under
dark condition and 27 % higher than that of Pd/MoO3-x under the same
reaction conditions. The enhanced catalytic activity might be attributed
to the cooperative effect between MoO3-x@ZIF-8 with core-shell struc-
ture and Pd nanoparticles in steering electron flow transferred from
MoO3-x to Pd nanoparticles, resulting in fast separation and transfer of
plasmon-induced electron, leading to the enhancement of intrinsic
catalytic activity of Pd-catalyzed nitrobenzene reduction. As a proof of
concept demonstration, Pd/MoO3-x/ZIF-8 was prepared by physically
mixing 5mg MoO3-x with 10mg Pd/ZIF-8 as a reference sample and
was examined in the reaction. As shown in Figure 4, 49 % yield was
obtained over Pd/MoO3-x/ZIF-8 in the dark conditions, and slightly

improved activity was observed under visible light irradiation, prob-
ably due to the occasional hot electron transfer from MoO3-x to Pd
nanoparticles. In addition, the influence of the shell thickness on cat-
alytic performance is studied. Pd/MoO3-x@ZIF-8 with thick ZIF-8 shell
was adopted by different recipe. it can be seen from Figure S3e that the
thickness of Pd/MoO3-x@ZIF-8 shell was increased with decreasing the
amount of MoO3-x. The catalytic performance of Pd/MoO3-x@ZIF-8
samples with different shell thickness was shown in Figure S5, all
samples displayed similar catalytic activities under dark conditions.
Upon visible light irradiation, the catalytic activity of Pd/MoO3-x@ZIF-
8 with average shell thickness of 144 nm is slightly higher than that of
MoO3-x@ZIF-8−5 with average shell thickness of 251 nm, demon-
strating that the shell thickness slightly affects the electron transfer. It
can be observed from Fig. 1a and Figure S3e that the shell of composites
is constructed by ZIF-8 nanoparticles. It is clear that Pd nanoparticles
not only existed on the external surface of composites, but also exited
on the internal surface of composites. Therefore, it is easy to understand
that the shell thickness didn’t display significant impact on catalytic
performance. These observations demonstrate the cooperative effect
between MoO3-x@ZIF-8 with core-shell structure and Pd nanoparticles
in steering electron flow transferred from MoO3-x to Pd nanoparticles.

It is well known that PVP is widely used as surfactant to synthesized
Pd nanoparticles with small size. In this study, it is difficult to

Fig. 1. (a) TEM and (b) HAADF-STEM image of Pd/MoO3-x@ZIF-8, and (c-f) EDX spectra of (c) Mo, (d) N, (e) Zn, and (f) Pd element, respectively.
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completely remove PVP from the as-synthesized Pd nanoparticles.
Hence, it is important to investigate the effect of PVP on the Pd surface
because they interact with the active sites and can alter the electronic
structure of Pd. In order to investigate the effect of PVP on catalytic
activity, the catalytic reactions were performed over Pd/MoO3-x@ZIF-
8−0 without ethanol washing, Pd/MoO3-x@ZIF-8 with six times of
ethanol washing, and Pd/MoO3-x@ZIF-8−9 with nine times of ethanol
washing, respectively. As shown in Figure S6, the highest catalytic ac-
tivity increased with the increase of washing times, However, similar
catalytic activities were observed over Pd/MoO3-x@ZIF-8 and Pd/
MoO3-x@ZIF-8−9. For comparison, additional catalytic reaction were
performed over Pd/MoO3-x@ZIF-8 by adding 5mg of PVP in catalytic
reaction, and the catalytic activity decreased after adding PVP,

demonstrating the negative effect of PVP on catalytic reaction due to
the strong interaction between Pd and PVP in changing the electron
density of Pd and preventing the adsorption of substrate during the
catalytic process.

The light emitted from Xe lamp at λ>420 nm contains not only
visible light but also a part of infrared light. In fact, the temperature of
the suspension of Pd/MoO3-x@ZIF-8 slightly heated up (measured to be
around 33 °C) under light irradiation. In order to elucidate the effect of
infrared thermal heating derived from Xe lamp. Several reactions were
carried out at 30, 35, 40, 45, and 60 °C without light irradiation. As
shown in Figure S7, the highest catalytic activity was achieved under
visible light irradiation at 30 °C, followed by thermal heating at 60, 45,
40, 35 and 30 °C under dark conditions. Furthermore, wavelength-de-
pendent catalytic reactions were also performed under different
monowavelength irradiation by using Xe lamp equipped with different
band-pass filters (475, 550, and 650 nm) and LED lamp irradiation
(980 nm), the intensities of the irradiated light were tested to be 20mW
cm−2. As presented in Figure S8, the increasing yields of catalytic
performance with light intensities were well consistent with the light
absorption of Pd/MoO3-x@ZIF-8. The largest enhancement of 1.15 %
(mW cm−2)−1 was found with the wavelength of λ =980 nm, which
can be assigned to plasmonic effect. Moreover, the reaction yield over
Pd/MoO3-x@ZIF-8 under light irradiation with the wavelength of λ
=980 nm was almost linearly dependent on the light intensity (Figure
S9), which provides direct evidence that the improved catalytic activity
is due to the light irradiation. These results clearly demonstrated that
the enhanced activity for Pd-catalyzed hydrogenation of nitroaromatics
into corresponding amines is essentially caused by plasmonic effect of
MoO3-x in converting visible light to chemical energy, and efficient hot-
electron migration in Pd/MoO3-x@ZIF-8.

3.3. Photoelectrochemical tests and Time-resolved transient PL decay
spectroscopy

The photoelectrochemical tests was studied and offers important
hints for plasmon-induced hot electron transfer and recombination. As
shown in Fig. 5a, Pd/ZIF-8 exhibit negligible photocurrent responses
under intermittent illumination, suggesting that no electron transfer
occurred in Pd/ZIF-8 because Pd/ZIF-8 is inactive under visible light

Fig. 2. (a) Mo 3d XPS spectra of the Pd/MoO3-x and Pd/MoO3-x@ZIF-8. (b) Pd K-edge FT-EXAFS spectra for Pd foil, Pd(OAc)2, Pd/MoO3-x, and Pd/ MoO3-x@ZIF-8.

Fig. 3. UV−vis−NIR spectra of samples Pd/MoO3-x, Pd/MoO3-x@ZIF-8, and
Pd/ZIF-8 and wavelength dependence of the enhancement of catalytic perfor-
mance of Pd/MoO3-x@ZIF-8 under irradiation by monochromatic light (λ
=400 nm, 6mW cm−2, an LED lamp (λ =530 nm, 10mW cm−2).
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irradiation as evidenced in Fig. 3, and this is also well consistent with
the catalytic performance of Pd/ZIF-8. In contrast, Pd/MoO3-x, Pd/
MoO3-x/ZIF-8, and Pd/MoO3-x@ZIF-8 exhibit rapid photocurrent re-
sponses under intermittent illumination, which are stable and can be
well repeated in several on-off cycles. It can be observed that Pd/MoO3-

x displayed a considerable high photocurrent intensity due to the hot-
electrons derived from visible light irradiation on plasmonic MoO3-x

and transferred from plasmonic MoO3-x to Pd through Schottky junc-
tion. Moreover, the photocurrent intensity was greatly improved within
Pd/MoO3-x@ZIF-8, elucidating that the heterojunction formed between
ZIF-8 and MoO3-x as well as Schottky junction formed between ZIF-8
and Pd steers the plasmonic-induced hot electron migration from MoO3-

x to Pd nanoparticles, further effectively retarding the recombination of
the plasmonic induced hot electron-hole pairs in MoO3-x. However, the
photocurrent intensity decreased within Pd/MoO3-x/ZIF-8, which could
be attributed to the ineffective interfacial charge transfer from MoO3-x

to Pd nanoparticles. The improved charge carrier separation efficiency
is also confirmed by the time-resolved transient PL decay spectroscopy.
Obviously, the Pd/MoO3-x@ZIF-8 displayed a slower exponential decay
as shown in Fig. 5b. The calculated average lifetime of the Pd/MoO3-x@
ZIF-8 (2.51 ns) is distinctly prolonged in comparison with that of Pd/
MoO3-x (1.57 ns) and Pd//MoO3-x/ZIF-8 (1.42 ns). The observed long
carrier lifetime suggests that the novel structure of Pd/MoO3-x@ZIF-8

greatly enhanced the charge separation, which are beneficial to
boosting Pd-catalyzed hydrogenation of nitrobenzene derivatives.

3.3. Possible reaction mechanism

On the basis of above discussion, the possible reaction mechanism
for the hydrogenation of nitrobenzene derivatives over plasmonic Pd/
MoO3-x@ZIF-8 under visible light irradiation is proposed and depicted
in Fig. 6. In the case of MoO3-x, abundant oxygen vacancies make free
carries on conduction band of MoO3-x, which occur in oscillation with
visible light to exhibit plasmon effect, Initially, the hot-electron with
high energy was excited to be hot electron on high energy level through
plasmonic effect under visible light irradiation. Then, the plasmonic
induced energetic hot-electrons are not only transfer to the LUMO state
of ZIF-8 through heterojunction formed between MoO3-x core and ZIF-8
shell but also directly injected into Pd nanoparticle. This possible
charge transfer pathway can also be demonstrated by recent studies.
[12,18,29,30] On the other hand, the hot electrons are further migrated
and trapped by Pd nanoparticle, leading to the formation of electron
rich-Pd nanoparticles. Generally, the catalytic process of nitroaromatic
hydrogenation over Pd nanoparticle usually involves adsorption of ni-
troaromatic onto metallic Pd nanoparticle to form an activated complex
species, followed by the dissociation of stable N–O bond and the for-
mation of NeH bond in the presence of H2 source. However, the weak
binding force of nitro group to noble metal active sites and the difficulty
in the cleave of stable N–O bond hinder the catalytic activity of Pd-
based catalyst. In this study, the intrinsic catalytic activity of Pd-cata-
lyzed hydrogenation of nitrobenzene derivatives was promoted owing
to high-density electron of Pd nanoparticle, in which the nitro group of
nitroaromatic could be efficiently captured and activated, and the H2

generated by the dehydrogenation of NH3BH3 was also promoted as
evidenced by our previous results. [11,14] Meanwhile, the plasmonic
induced positive charge probably reacts with H2O to form hydroxyl
radical (%OH), then followed by reacting with NH3BH3 to produce H2

[31]. Finally, the consumed electrons during the reaction is constantly
replenished by the dehydrogenation of NH3BH3. Overall, the hot elec-
tron charge flow steered in Pd/MoO3-x@ZIF-8 is mainly attributed to
the rationally catalyst design and architecture, triggering the plasmonic
electron injection from MoO3-x to ZIF-8 as well as Schottky barrier
electron trapping from ZIF-8 to Pd species.

With the understanding of the reaction mechanism, the catalytic
activity of Pd/MoO3-x@ZIF-8 was further estimated by using various
nitrobenzene derivatives as the starting materials and the results are
listed in Table 1. The typical catalyst Pd/MoO3-x@ZIF-8 exhibited a
higher catalytic activity for a series of substituted nitroaromatic com-
pounds than that in the dark conditions. Among them, 4-nitrophenol, 3-
nitrophenol, p-nitroaniline, and 4-nitrotoluene gave the complete con-
version and selectivity without generating by-product (entry 2, 3, 4 and

Fig. 4. The comparison of nitrobenzene reduction activity in 60min with
NH3BH3 as a reducing agent over different samples at 30 °C, both under visible
light irradiation and in the dark.

Fig. 5. (a) Photocurrent responses of different samples with or without visible light irradiation, (b) time-resolved transient PL decay curves of different samples under
the excitation wavelength of 450 nm.
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5). In case of 4-nitrostyrene bearing olefinic bonds, can also be fully
converted into 4-ethylaniline (98 % yield) under visible light

irradiation (entry 6). 4-chloronitrobenzene, 3-chloronitrobenzene, 1-
bromo-4-nitrobenzene, and 4-nitrobenzoic acid also displayed a con-
siderable yield in the reaction system (entry 7, 8, 9 and 10). With the
rational design and architecture of plasmonic Pd/MoO3-x@ZIF-8, the
attractive catalytic activity in the hydrogenation of a series of nitro
compounds bearing diverse groups under mild conditions was realized
by converting visible light to chemical energy with the help of plas-
monic Pd/MoO3-x@ZIF-8. The stability test of Pd/MoO3-x@ZIF-8 was
also evaluated by the hydrogenation of nitrobenzene. As shown in
Figure S10, the catalytic activity of Pd/MoO3-x@ZIF-8 showed no sig-
nificant change even after reuse for six times, demonstrating the high
stability of plasmonic Pd/MoO3-x@ZIF-8. Moreover, the morphology
and Pd nanoparticle size of recycled sample was investigated by TEM
(Figure S11), the core-shell structure was maintained (Figure S11a)
after recycling test. However, Pd aggregates was observed (Figure
S11b) after recycling test.

4. Conclusions

In summary, we described a facile strategy for the integration of
plasmonic MoO3-x nanosheet within porous ZIF-8, which allows highly
effective light energy absorption to be used for promoting the intrinsic
catalytic activity of Pd-catalyzed nitrobenzene reduction. The designed
Pd/MoO3-x@ZIF-8 exhibited the highest catalytic activity under visible
light irradiation, which was far superior to those of Pd/MoO3-x and Pd/
ZIF-8. The electron-rich Pd nanoparticles generated by charge separa-
tion derived from plasmonic effect of MoO3-x plays critical roles in
enhancing the catalytic activity. The photocurrent responses experi-
ment results demonstrated that both the heterojunction and Schottky
barrier are critical factors to the plasmon-induced hot-electron se-
paration and charge accumulation at surface of Pd nanoparticles. It is
anticipated that this work casts new light on the utilization of a variety
of plasmonic materials for visible-light enhanced metal-catalyzed che-
mical reactions.
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2 -OH 100 % 76 %
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7 -Cl 70 % 30 %

8 -Cl 67 % 29 %

9 -Br 76 % 40 %

10 -COOH 78 % 35 %

11c -H 37 % 47 %

a Reaction conditions: 10mg catalyst, 0.3 mmol substrate, 0.3 mmol
NH3BH3, 10mL ethanol, reaction time: 1 h, reaction temperature: 30 °C, under
visible light irradiation.

b Reaction carried out in the dark conditions.
c NH3BH3 was replaced by 1 bar hydrogen.
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