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The design and development of highly efficient and long lifetime Pd-based catalysts for hydrogenation
reactions have attracted significant research interest over the past few decades. Rational selection of
supports for Pd loadings with strong metal-support interaction (SMSI) is beneficial for boosting catalytic
activity and stability. In this context, we have developed a facile approach for uniformly immobilizing
ultra-small Pd nanoparticles (NPs) with a clean surface on a PrgOy; support by a hydrogen thermal
reduction method. The hydrogenations of p-nitrophenol and styrene are used as model reactions to
evaluate the catalytic efficiency. The results show highly efficient styrene hydrogenation performance
under 1 atm H, at room temperature with a TOF value as high as 8957.7 h™, and the rate constant value
of p-nitrophenol reduction is 0.0191 s~%. Strong metal-support interaction and good dispersion of Pd
nanoparticles, as demonstrated by XPS and HRTEM results, contribute to the excellent hydrogenation
performance. Electron paramagnetic resonance (EPR) results suggest the presence of oxygen vacancies
in the support, which serve as electron donors and enhance the adsorption and activation of reactants

and subsequent conversion into products. Moreover, the catalyst can be recovered and reused up to 10
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Accepted 28th April 2018 consecutive cycles without marked loss of activity. Overall, our results indicate that oxygen-deficien
PrsO11 nanorods (NRs) not only play a role as support but also work as the promoter to substantially

DOI: 10.1039/c8ra02831a boost the catalytic activities for organic transformations, therefore, providing a novel strategy to develop
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Introduction

Metal-catalyzed hydrogenation reactions are important for
large-scale production of pharmaceuticals, polymers, fine
chemicals, and so on."? Palladium nanoparticles (Pd NPs), as
one of the most active noble metals, has attracted increasing
attention in these reactions. Unfortunately, Pd-based catalyst
methods have significant drawbacks, including high cost, easy
aggregation due to high surface energy and poor recycling
performance.>* Immobilizing Pd NPs on various supports, such
as metallic oxides,’ organic polymers,® carbon” or biomaterials,®
has shown enhanced catalytic performance and stability in
organic transformation reactions. In particular, anchoring
noble metal NPs on metal oxide with oxygen vacancies not only
exhibits good dispersion but also activates the reactants and
accelerates the reactions.” On the other hand, the interaction
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other high-performance nanostructured catalysts for environmental sustainability.

between noble metals and supports (known as strong metal-
support interaction, SMSI) will influence both the activity and
selectivity during catalytic processes.'™ Therefore, rational
selection of supports should be taken into consideration in the
development of highly efficient and stable catalysts.

The oxides of rare earth elements have been widely used in
high-performance luminescent devices, catalysts, promoters,
and many others on account of their unique electronic, optical,
magnetic and chemical properties.”** Praseodymium oxide, an
important rare earth material, has been studied as an adsorbent
for dye removal,”® Au-catalyzed support for CO oxidation,"
catalysts for ethane and ethylene synthesis,"”” ceramic
pigments*® and other functional materials. Praseodymium
oxides have various kinds of stoichiometrical oxides, for
instance, Pr,03, PrO,, Pr,O; and so on, among these oxides,
Prs04; is a stable phase in air at ambient temperature,*®*® and it
is an n-type semiconductor with high electrical conductivity
involving the 4f shell of their ions,*® which could trigger elec-
tronic interactions with loaded noble metals through SMSI,
thus is in favor of adsorption and activation of reactants and
subsequent conversion into final products.** Bearing these in

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra02831a&domain=pdf&date_stamp=2018-05-11
http://orcid.org/0000-0002-4950-0490
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02831a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008031

Open Access Article. Published on 14 May 2018. Downloaded on 3/30/2026 10:30:49 PM.

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

(cc)

Paper

mind, and taking the advantages of oxygen-deficient oxide
support, in this work, PrsO;; nanorods are prepared by thermal
treatment of Pr(OH); precursor in air and used as support for
loading Pd NPs.

In this context, we develop a hydrogen thermal reduction
method to load Pd NPs on oxygen-deficient PrsO;, support, and
study the catalytic performances as heterogeneous catalyst for
hydrogenation of styrene and 4-nitrophenol. X-ray powder
diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM), X-ray photoemission spectroscopy (XPS),
electron paramagnetic resonance (EPR) were carried out to
characterize Pd/PrsO;; nanocatalysts. The results demonstrate
that obtained Pd/PrsO,; nanocatalysts exhibit superior catalytic
activities in hydrogenation reactions of styrene and 4-nitro-
phenol. When the actual loading weight content of Pd NPs is
1.42 wt%, the turnover frequency (TOF) value of styrene
hydrogenation is as high as 8957.7 h™" at room temperature,
which is comparable to the highest value (8973 h™') for
hydrogenation of styrene that has been reported to date.’
Excellent catalytic activity is also observed in 4-nitrophenol
hydrogenation reaction, which rate constant value is measured
to be 0.0191 s~ . The unique electron structure of rare earth
metal oxides, the oxygen-deficient PrsO;; support, and the
existing SMSI facilitate the adsorption and activation of reac-
tants, thus resulting in highly efficient activities in hydrogena-
tion reactions. We anticipate that this study will help to
encourage a further research and application of other rare earth
metal oxides as supports for catalytic reactions and enhance
large-scale production of chemicals with advanced catalytic
performances and increased environmental sustainability.

Experimental section

Chemicals

Praseodymium nitrate hexahydrate (Pr(NOj);-6H,0, 99.9%)
was purchased from Aladdin Ltd. (Shanghai, China). Sodium
tetrachloropalladate (u) (Na,PdCl,, 98%) was purchased from
Sigma-Aldrich. Ammonium hydroxide (NH;3-H,0, 25%),
styrene, absolute ethanol (EtOH, 99.5%), sodium borohydride
(NaBH,) and 4-nitrophenol (reagent grade) were obtained from
Sinopharm Chemical Reagent Co. Ltd. All chemicals reagents
were used without further purification.

Synthesis of Pr(OH); and PrsO;; NRs

In a typical synthesis, 800 mg of Pr(NO3)-6H,0 was dissolved in
50 mL of distilled water at room temperature followed by add-
ing ammonium hydroxide dropwise into Pr(NO;3); aqueous
solution under violent magnetic stirring until the pH value
reached to 8. A light green colloidal precipitate of Pr(OH)s
appeared immediately. The solution was transferred into
stainless steel Teflon lined autoclave after stirring another
20 min and heated at 120 °C for 8 h. After naturally cooling to
room temperature, the resulting products were collected by
centrifugation and washed several times using distilled water
and ethanol, finally dried 12 h at 60 °C under vacuum oven.
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PrsO;; NRs were synthesized by thermal treatment of as-
obtained Pr(OH); NRs at 600 °C in air for 3 h.

Synthesis of Pd/PrsO,; nanocatalyst

The Pd NPs were loading on praseodymium oxide nanorods by
wet impregnation and H, reduction method. In a detail, 1410 pL
of Na,PdCl, (10 mM) aqueous solution (the nominal weight
content was 1.5 wt%) was dispersed into 20 mL of distilled water
and then 100 mg of PrsO,;, sample was added. After ultrasonic
treatment for several minutes, then the mixture was stirred
vigorously for 12 h at room temperature for palladium ion
adsorption. Subsequently, the solid was recovered, rinsed with
distilled water and ethanol, and dried at 60 °C overnight.
Finally, the as-prepared solid was calcined at 350 °C
(5 °C min™") for 2 h in 5% H,/Ar gas, and Pd/PrsO;; sample was
obtained.

Characterizations

X-ray powder diffraction (XRD) patterns of samples were carried
out by Philips X'Pert Pro Super diffractometer, which was
radiated by graphite monochromatized Cu Ko. (A = 1.54178 A).
The operating voltage was maintained at 40 kV, the current was
maintained at 200 mA and analyzed in the range of 10° = 26 =
70°. Scanning electron microscopy (SEM) images were per-
formed on a field-emission scanning electron microanalyzer
(JEOL JSM-6700F, 15 kV). Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM), scanning trans-
mission electron microscopy (STEM) images and energy
dispersive X-ray spectroscopy (EDX) analysis were measured on
FEI Talos F200X operated at 200 kV. The X-ray photoemission
spectroscopy (XPS) was performed on Perkin-Elmer RBD
upgraded PHI-5000C ESCA system. JEOL JES-FA200 EPR spec-
trometer was used here to examine the electron paramagnetic
resonance (EPR) spectra with the operating parameters 140 K,
9064 MHz, 0.998 mW, X-band. The actual concentration of Pd
was analyzed by inductively coupled plasma-mass (ICP-MS)
optical emission spectroscopy on the optima 7300 DV, Perkin-
Elmer. The reaction conversion measurements were carried
out using gas chromatography (GC) (Agilent 7890B).

General experimental procedure for catalytic hydrogenation of
styrene

The catalytic activity measurements of Pd/PrsO,, catalysts for
styrene hydrogenation reaction were carried out by using H, (1
atm) as the reductant at room temperature. Typically, Pd/PrsO,
(5 mg), styrene (570 pL, 5 mmol) and 1,3,5-trimethylbenzene
(internal standard, 500 pL, 3.6 mmol) were added into 10 mL of
absolute ethanol under constant stirring. The progress of the
reaction was detected by gas chromatography (GC) equipped
with a flame ionization detector (FID) at different reaction time
intervals, and the conversion ratio was calculated by the area
ratio of substrate and product according to the internal stan-
dard method. The recyclability of Pd/PrsO,, catalysts was eval-
uated as follows: the reaction was performed under the same
conditions as described above, and a successive of operations
was carried out by centrifugation and washing the solid with
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water and ethanol thoroughly after the end of the reaction,
followed by drying at 60 °C in a vacuum oven overnight. Then
the recycled Pd/PrsO,, catalysts were re-dispersed into a new
reaction system under the same conditions for the next run.

General experimental procedure for 4-nitrophenol reduction
reaction

In a typical procedure, 4-nitrophenol (100 pL, 10 mM) was
added into NaBH, aqueous solution (8 mL, 0.1 M) under
constant stirring for about 10 min. Then Pd/PrsO,; aqueous
suspension (100 pL, 1.4 mg mL ") was quickly added into above
solution under continuous stirring until the solution turned
colorless. The reaction progress of 4-nitrophenol reduction was
monitored at different time intervals by the UV-visible absorp-
tion spectra of the filtrated solutions.

Results and discussion

The oxygen-deficient PrsO;; NRs supported Pd NPs with clean
surface were fabricated via a simple and surfactant-free thermal
reduction method. Pr(OH); NRs were obtained by hydrothermal
treatment at 120 °C for 12 h, followed by annealing at 600 °C for
3 h to obtain PrsO;; NRs, and the color of the products turned
from light green to brown. Pd NPs were immobilized on the
Pr0,, support by thermal reduction method at 350 °C for 2 h in
5% H,/Ar (see Experimental section for details) with the color of
the sample further changed to grey. As a result, the ultra-small
Pd NPs were successfully loaded on oxygen-deficient PrgO;4
nanorod support.

The crystal structure and phase purity of the as-prepared
samples were tested by X-ray diffraction (XRD) patterns and
shown in Fig. 1. The obtained Pr(OH); NRs adopt a hexagonal
structure and the corresponding lattice parameters are a =
0.6456 nm and ¢ = 0.3755 nm, which is consistent with the
standard powder diffraction file of Pr(OH); (JCPDS no. 83-2304).
All detectable diffraction peaks in Fig. 1b can be readily indexed
to a face-centered cubic structure of PrsO;4, which are in good
agreement with the standard powder diffraction file of PrsOq;
(JCPDS no. 42-1121) with lattice constant a = 0.5468 nm. No

(111)
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3l0 4I0
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Fig.1 XRD patterns of (a) Pr(OH)s precursor, (b) Pr¢O11 NRs and (c) Pd/
PreO11 nanocatalysts (1.42 wt% Pd).
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peaks from other phases can be detected, indicating the high
purity of the as-made PrsO;; NRs. All the peaks in Fig. 1b are
strong and sharp, indicating the high crystallinity of PrsO,;
sample. After loading Pd NPs on the PrsO,; support, it can be
clearly seen that the diffraction peaks become broader and
weaker, no peaks of Pd can be found, suggesting the ultra-low
loading content of Pd and well dispersity of Pd NPs on the
support (actual loading weight content was 1.42 wt% deter-
mined by ICP-MS analysis). Compared with the pristine PrsOq,
NRs, the diffraction intensities of Pd/PrgO,; sample after
loading Pd NPs decrease, which means the generation of
surface disorder produced from Pd-catalyzed instant hydroge-
nation of PrsO;;. The H, thermal reduction process can be
expressed as adsorbed Pd(u) was first reduced to Pd(0) by H,,
and then H, molecules spontaneously dissociate on the surface
of Pd(0) to produce highly active atomic hydrogen species,
which could diffuse into and interact with PrgO,; lattices, thus
leading to the surface disorder and oxygen vacancies of hydro-
genated PrsO;; NRs.”

Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM)
measurements were performed to characterize the morphology
and structure features of as-synthesized products and the
images are shown in Fig. 2. It can be seen that Pr(OH); NRs have
straight and smooth surfaces with an average diameter of 30 nm
(Fig. 2a). It is worth noting that the morphology of PrsO;; NRs
can be well maintained after annealing Pr(OH); NRs, but the
surfaces of PrsO;; NRs become a little coarse, which is likely due
to dehydration of Pr(OH); during calcination process (Fig. 2b).
As shown in Fig. 2c and d, the lattice fringes of PrsO,; NRs after
loading Pd NPs are assigned to the (200) plane with a spacing of
0.284 nm. Obviously, Pd NPs are uniformly deposited on the
surface of PrsO;; NRs, and the average crystallite size of Pd NPs
is about 2.60 nm (Fig. 2e). The lattice spacing of Pd NPs is about
0.224 nm, which is consistent with the (111) plane of metallic
Pd. Moreover, after Pd loadings, the surfaces of PrsO;; NRs
become porous and rough, which is caused by Pd-catalyzed
instant hydrogenation of PrgO.;, in agreement with XRD

10 1S 20 2

NN i
Particle Size (nm)

Fig.2 TEM images of (a) Pr(OH)s NRs, (b) PreO1; NRs and (c) 1.42 wt%
Pd/PreO11 nanocatalysts, (d) HRTEM image of Pd/PrsO41 nanocatalysts,
(e) size distribution of Pd NPs in Pd/PrgO41 nanocatalysts, (f—i) HAADF-
STEM images and corresponding elemental mappings of Pd/PreOy; for
(g) Pr, (h) O and (i) Pd.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02831a

Open Access Article. Published on 14 May 2018. Downloaded on 3/30/2026 10:30:49 PM.

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

(cc)

Paper

results. Consequently, confirming the existence of strong metal-
support interaction (SMSI). This phenomenon has been proved
to accelerate catalytic performance and boost the stability of as-
obtained catalysts.***® The high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
measurements were adopted to further confirm the uniform
distribution of Pd NPs on the PrsO;; support. The elemental
mapping images (Fig. 2f-i) clearly reveal the uniform distribu-
tion of Pr, O and Pd elements throughout the whole PrsO;; NRs.

In order to determine the elemental composition and
chemical state of various elements in Pd/PrsO,; NRs, X-ray
photoelectron spectroscopy (XPS) measurements were carried
out. The survey spectrum proves the existence of Pr, O and Pd
elements (Fig. 3a). It can be seen that Pr 3d exhibits two strong
peaks at around 933 eV and 954 eV (Fig. 3b), which correspond
to Pr 3ds,, and Pr 3d;, energy levels, respectively. According to
the previous report, the XPS spectra of Pr 3d can be deconvo-
luted into three peaks, the strong peaks with binding energies
of 933 eV for Pr 3d;,, correspond to Pr’* and other two peaks are
attributed to Pr*" (935 eV) with a shake-off satellite (930 eV).2*2°
From XPS data, the atomic ratio of Pr** to Pr** was estimated to
be about 0.168, and the average valence of praseodymium
atoms in this sample was calculated to be ca. 3.17, which is
a little lower to the expected value of 3.66 for PrsO;4, namely, the
chemical formula of this sample is Pr¢O¢s, therefore, XPS
results confirm that oxygen vacancies indeed exist in oxide
support. The corresponding O 1s XPS spectrum can be fitted
into two components (Fig. 3c), the lower binding energy at
528.95 eV, accounting for about 11.98% of the O 1s spectrum, is
the typical metal-oxygen bonds of Pr-O; the higher binding
energy at 531.45 eV, which accounts for ca. 88.02% of the O 1s
spectrum, can be readily assigned to adsorbed oxygen on the
surface of catalysts.””?® Pd 3d spectrum of Pd/PrsO; (Fig. 3d)
can be deconvoluted into two sub-peaks as 3ds,, and 3d3, levels
of Pd. The spectrum of Pd 3ds,, exhibits two different chemical
states of Pd. The main peak at 337.6 eV could be ascribed to
Pd(u), and the other peak centered at 335.9 eV proves the
presence of metallic Pd(0). As compared to unsupported Pd
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Intensity (a.u.)

1200 925 930 935 9040 945 950 955 960
Binding Energy (eV)

200 400 600 800 1000
Binding Energy (eV)

¢ 01s

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

330 332 334 336 338 340 342 344 346
Binding Energy (V)
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Fig. 3 XPS analysis of Pd/PrsOy; samples (a) survey XPS spectrum, (b)
Pr 3d; (c) O 1s and (d) Pd 3d.
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NPs, the position of these two peaks shifts to higher binding
energy values,”*** thus suggesting the electronic communica-
tion and strong metal-support interaction (SMSI) occur between
Pd NPs and PryO,, support.?

Electron paramagnetic resonance (EPR) measurements were
performed to further reveal the formation of oxygen vacancies
in as-obtained Pd/PrsO;; samples (Fig. 4). The pristine PrsOq;
NRs show no EPR signal due to its antiferromagnetic charac-
teristics. However, after H, thermal reduction treatment for Pd
loadings, a sharp and strong signal with the g value of 2.002
appears, which has previously been assigned to the para-
magnetic state of the oxygen vacancies (V;).>® Oxygen vacancies
are in favor of adsorbing atmospheric oxygen molecules and O,
was reduced to -O, ", thus producing a strong signal in EPR
spectrum.*® The EPR result further confirms the presence of
abundant oxygen vacancies, which could serve as free electron
donors and increase both the electrical conductivity of samples
and the electron density of Pd surface, consequently improving
the catalytic activities.

Olefin hydrogenation reactions are frequently used in the
industrial process, and has also been important reactions used
in the environmentally friendly chemical process.*"** Therefore,
the catalytic activity of Pd/PrsO,; nanocomposites was investi-
gated for the styrene hydrogenation by using 1,3,5-trime-
thylbenzene as internal standard and ethanol as solvent at room
temperature under 1 atm H,, as elucidated in Scheme 1. The
reaction progress was monitored by gas chromatography (GC)
equipped with a flame ionization detector (FID) at different
reaction time intervals. Gratifyingly, we observed a highly effi-
cient catalytic activity of the catalyst in the hydrogenation
reaction. As shown in Fig. 5a, when the actual Pd loading
amount is 1.42 wt% (determined by ICP-MS), the styrene was
converted into ethylbenzene completely with 40 min, and the
corresponding turnover frequency (TOF, calculated by moles of
substrate converted per mole of Pd per hour) value reaches as
high as 8957.7 h™'. To the best of our knowledge, this TOF value
for styrene hydrogenation is comparable to the highest value
(8973 h™") of Pd single atoms supported on TiO, that has ever
been reported to date.* The comparison for the catalytic activity
of styrene hydrogenation is listed in Table 1, obviously, our Pd/

Prs04, catalyst is one of the best catalysts reported so far,>***°

Pr6011
——Pd/PrO,
-~
=
<
N’
> . ——
-
=
3}
N
= 2=2.002
T T T T T
315 320 325 330 335
Magnetic Field (mT)

Fig. 4 The X-band EPR spectra of PrgOy; and Pd/PrgO;; samples
recorded at 140 K.
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Pd/Pr6011
1 atm H,, ethanol, 25 °C

Scheme 1 The equation of styrene hydrogenation reaction.

and comparable to Pd single atoms supported on TiO, catalyst.
It should be noted that there is no obvious activity of pure
Prs04; support, this implies that PrO;; NRs only play a role as
support and promoter for highly efficient catalytic performance.

The recyclability of the catalyst for styrene hydrogenation
was performed by filtering and drying of the samples at the end
of the reaction, and reused in a new reaction system under the
same condition and the results are displayed in Fig. 5b. It can be
seen that the catalyst could be reused for up to ten successive
reactions with only about 4% activity loss. Such good recycling
performance can be attributed to the effective stabilization of
active Pd NPs by PrsO;; NR support, which also confirms the
SMSI takes place between Pd NPs and PrqO4; support.

As well-known, 4-NP is an organic pollutant and by-product
of some industrial reactions.**> Therefore, it is necessary to
convert 4-NP into environmentally friendly chemicals. Herein,
p-nitrophenol (4-NP) hydrogenation was also chosen as a model

100{ 2 100{P
:\;80- ;\?KO
g o] £
£ 2
2 40 £
3 ——098 wt% PaPro, [ S
204 —— 142 wt% Pd/Pr0,[ 201
——1.91 wt% Pd/Pr,0,,
ol
0 20 40 60 80 100 120 1 2 3 4 5 6 7 8 9 10
Time (min) Cycles
Fig. 5 (a) Kinetics of styrene hydrogenation catalyzed by Pd/PrgOqy

samples. (b) Recycling curves of Pd/PrgO4; catalysts for hydrogenation
reaction of styrene for ten times.
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reaction to further evaluate the -catalytic activity of as-
synthesized Pd/PrsO,; catalyst, where NaBH, was used as the
reducing agent. The catalytic reduction of 4-NP was performed
at room temperature by adding 100 pL (1.4 mg mL ™) Pd/PrsOy,
nanocatalysts into mixed solution of 4-NP (100 pL, 10 mM) and
NaBH, (8 mL, 0.1 M). The reaction progress was monitored by
UV-vis absorption spectroscopy, as shown in Fig. 6. As the
amount of NaBH, is in excess compared to 4-NP, therefore the
concentration of BH,; can be considered as constant
throughout the reaction, indicating only 4-NP and p-amino-
phenol (4-AP) influence the reaction kinetics.**** The intensity
of absorption peak at 400 nm is related to the 4-NP concentra-
tion, while the intensity of absorption peak at 300 nm corre-
sponds to the 4-AP concentration (reaction product).***” From
Fig. 6a, it can be seen that after the introduction of the as-
synthesized catalyst, the absorption peak at 400 nm dropped
quickly in intensity, along with the increased intensity of the
peaks at 300 nm. Moreover, the color of the solution changed
from bright yellow to colorless. This phenomenon suggests that
the 4-NP was efficiently reduced to 4-AP and proving the excel-
lent catalytic performance of the as-obtained nanocatalysts. The
hydrogenation reaction completed very fast, as evidenced by the
fact that the absorption peak at 400 nm nearly decreased to zero
within 180 s. Fig. 6b exhibits the relationship between In(C,/C)
and reaction time (¢), where C, and C, are the concentrations of
4-NP at time 0 and ¢, respectively. The apparent rate constant k
was calculated by fitting with a model function of the form
In(C/C,) = —kt, and the results are shown in the ESI Table S1,}
together with the reported data for comparison. It can be seen
that the apparent rate constant value for our Pd/PrsO,; catalyst
is 0.0191 s™', which is much higher than many of previously
reported catalysts for 4-NP reduction.***

Above results demonstrate that our developed Pd/PrsO;,
nanocomposites exhibit highly efficient styrene and 4-NP
hydrogenation performance, the reasons for such enhanced
catalytic performance may be rationalized by the following
factors. (1) As confirmed by TEM and HRTEM analysis, Pd NPs
have clean surface without any other organic groups and ultra-

Table 1 Comparison of styrene hydrogenation over different palladium based catalyst systems®

Conditions

Entry Catalyst Solvent H, (MPa)/T (°C) TOF (h™1) Ref.
1 Pd/Pr¢Oq Ethanol 0.1/25 8957.7 Our study
2 Pd/PEG Ethanol 0.1/25 660 33
3 Fe;0,-NC-PZS-Pd Ethanol 0.1/25 1792 34
4 Pd/C DMF 0.1/25 377.4 35
5 Polymer-anchored Pd(u) schiff base DMF 0.1/25 765.6 35

catalyst
6 Pd single atom/TiO, Ethanol 0.1/30 8973 5
7 Pd/SiO, Ethanol 2/25 5181 36
8 Pd in microreactor Ethanol 0.1/35 1449 37
9 Pd/Tm-MOF No 0.1/35 703 38
10 Pd/ZIF-8 No 0.1/35 307 38
11 Pd/MOF-5 No 0.1/35 682 39
12 Pd/C Ethyl acetate 0.3/25 163 40

“ TOF: turnover frequency calculated as the number of moles of product per mol Pd per h.
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Fig. 6 (a) Successive UV-vis spectra of 4-NP reduction reaction over
Pd/PrsO44 catalyst. (b) Kinetic curves for the reduction of 4-NP cata-
lyzed by Pd/PreO14. Cr and Cq are 4-NP concentrations at time t and O,
respectively. The actual weight content of Pd was 1.42 wt%.

small particle size, what's more, they are uniformly anchored on
the PrsO,, support, this of very importance to high-performance
Pd-based catalyst.**®* (2) Both the praseodymium (Pr) and
palladium (Pd) elements exist in two kinds of valence states
(pr¥*/pr"* and Pd°/Pd*"), indicating the SMSI and electronic
communication occur between Pd NPs and PrsO;; support.”>**
(3) The XPS and EPR results reveal the existence of SMSI and
oxygen vacancies in PrsO;; NRs. It has been reported that
oxygen vacancies carry free two electrons, which can serve as
electron donors,* namely, the electrons can transfer from
support to Pd NPs, increasing the electrical conductivity and the
adsorption of reactants. The energy barrier required to cleave
H-H bond could be decreased with the help of oxygen vacan-
cies, thus facilitating the dissociation of H,,**® this is favorable
for the C=C bond activation of styrene and accelerating the rate
of styrene hydrogenation.®*”*® Taken together, the emerging
SMSI and oxygen vacancies play important roles in promoted
catalytic activity.>**°

Conclusions

In summary, we have combined a simple and surfactant-free
thermal reduction method with rare earth metal oxide
support to fabricate oxygen-deficient and surface-clean Pd/
PrsO;; nanocatalysts. The styrene and 4-NP hydrogenation
reactions are tested as model reactions to evaluate the catalytic
performances of as-obtained nanocomposites, the results show
that Pd/PrsO,, nanorods indeed display highly efficient catalytic
activity and superior stability. Specifically, the TOF value for
styrene hydrogenation is as high as 8957.7 h™', which is
comparable to the highest TOF value that has been reported so
far. And the rate constant value for 4-NP hydrogenation reaction
is measured to be 0.0191 s~ . The as-synthesized nanocatalyst
exhibits excellent catalytic activity and stability up to 10
consecutive cycles. It is found that Pd nanoparticles have ultra-
small particle size and are evenly distributed on the support,
and Pd-catalyzed instant hydrogenation of PrsO;; leads to
oxygen vacancies and rough surface of PrgO;; nanorods,
consequently inducing strong metal-support interaction, this
could accelerate the reactions and improve the stability. More-
over, the oxygen vacancies in PrsO;; support can serve as elec-
tron donors and enable the high electron density of Pd species,
thus promoting the activation of C=C bond, which boosts the

This journal is © The Royal Society of Chemistry 2018
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catalytic activity toward styrene and 4-NP hydrogenation reac-
tions. We anticipate that this work not only opens a new
possibility for designing highly efficient catalysts for hydroge-
nation reactions, but also helps to trigger the potential utiliza-
tion of rare earth elements and their oxides in other catalytic
systems, which is beneficial for the large-scale production of
chemicals with advanced catalytic performance and environ-
mental sustainability.
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