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anced catalytic performance of Pd
nanocatalyst on AlOOH featuring abundant solid
surface frustrated Lewis pair for improved
hydrogen activation†

Junwei Li,a Hongshuai Yin,a Sisi Liu,a Chaofa Xu *ab and Zhixiong Cai ab

The catalytic performance of a catalyst is significantly influenced by its ability to activate hydrogen.

Constructing frustrated Lewis pairs (FLPs) with the capacity for hydrogen dissociation on non-reducible

supports remains a formidable challenge. Herein, we employed a straightforward method to synthesize

a layered AlOOH featuring abundant OH defects suitable for constructing solid surface frustrated Lewis

pair (ssFLP). The results indicated that the AlOOH-80 (synthesized at 80 °C) possessed an appropriate

crystalline structure conducive to generating numerous OH defects, which facilitated the formation of

ssFLP. This was further evidenced by the minimal water adsorption in the AlOOH-80, inversely

correlated with the quantity of defects in the catalyst. As expected, the Pd loaded onto AlOOH (Pd/

AlOOH-80) exhibited excellent catalytic activity in hydrogenation reactions, attributed to abundant

defects available for constructing ssFLP. Remarkably, the Pd/AlOOH-80 catalyst, with larger-sized Pd

nanoparticles, displayed notably superior activity compared to commercial Pd/Al2O3 and Pd/C, both

featuring smaller-sized Pd nanoparticles. Evidently, under the influence of ssFLP, the size effect of Pd

nanoparticles did not dominate, highlighting the pivotal role of ssFLP in enhancing catalytic

performance. This catalyst also exhibited exceptionally high stability, indicating its potential for industrial

applications.
1. Introduction

Catalytic hydrogenation reactions hold signicant importance
in the petrochemical industry. Given that most of these
processes rely on catalysts, therefore, the rational design of
hydrogenation catalysts has garnered growing attention.1–3 The
activation method of hydrogen is crucial, making it impossible
to ignore when designing catalysts. During the catalytic process,
hydrogen undergoes dissociation by noble metals, transition
metals, and even carbon.4–6 However, a novel and unconven-
tional approach to hydrogen dissociation is attracting growing
attention, incorporating the utilization of frustrated Lewis pair
(FLP).7,8 This represents a distinctive method of hydrogen
dissociation and relies signicantly on the proximity distance
between the Lewis acid and base sites.9,10

Controlling the distance between the Lewis acid and base
sites is easy in homogeneous catalysts, which is why most FLP
hydrogen dissociation behaviors occur in homogeneous
ineering and Environment, Minnan
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catalytic systems. D. W. Stephan rst reported the dissociation
of H2 by controlling this distance, demonstrating that FLP could
activate H2.11 Early research on FLP was primarily based on
these homogeneous catalysts. Undoubtedly, the inability to
recover homogeneous catalysts is the greatest obstacle to the
application of this type of catalys.12–15 Fortunately, for hetero-
geneous catalysts, it is also possible to achieve the formation of
FLP under specic conditions. This also suggests that the
dissociation of hydrogen by FLP is achievable under specic
conditions. Moreover, most FLPs are constructed on reducible
supports because they can easily form defects, such as oxygen
vacancies. This indicates that surface defects on supports are
crucial for the formation of FLP.16–18 For example, Ozin con-
structed FLP on the surface of In2O3−x(OH)y through surface
hydroxyl groups (Lewis bases) and indium (Lewis acids),
demonstrating that the FLPs facilitated the adsorption and
dissociative splitting of H2 in the photocatalytic Reverse Water
Gas Shi reaction (RWGS).19 However, for non-reducible metal
oxides, there remained signicant challenges. Constructing
FLPs on non-reducible metal oxides remains a signicant
challenge due to the difficulty in generating defects through
redox processes. In 2022, H. Z. Liu and colleagues were the rst
to successfully construct solid surface frustrated Lewis pair
(ssFLP) on the non-reducible hydroxide (AlOOH). They found
RSC Adv., 2024, 14, 12593–12599 | 12593
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View Article Online
that the Lewis basic OHv site (one H removed from OH) and an
adjacent Lewis acidic unsaturated Al site (Alunsat.

3+) proximal to
a surface OHv on AlOOH layers could form the ssFLP.20 Inter-
estingly, even without metals capable of dissociating hydrogen,
ssFLP could still dissociate hydrogen and be applied in the
hydrogenation of alkynes under mild conditions. This provided
new insights for the design of hydrogenation catalysts, bene-
cial for the development of novel and efficient hydrogenation
catalysts.

In this work, we employed a straightforward methodology to
directly synthesize layered AlOOH enriched with ssFLPs on its
surface. Aer loading Pd onto AlOOH, the resulting Pd/AlOOH
catalyst exhibited remarkable catalytic performance,
surpassing even commercial Pd/Al2O3 and Pd/C. Furthermore,
the catalytic efficiency of Pd-based catalysts exhibited a direct
relationship with the number of OH defects on the AlOOH
surface while inversely relating to the quantity of adsorbed
water. Pd/AlOOH-80 exhibited excellent catalytic performance,
thanks to its low surface water content, implying more OH
defect sites on the surface, thereby enabling the easier forma-
tion of ssFLPs. Building upon the capacity of ssFLPs to disso-
ciate hydrogen, the hydrogen dissociation ability of Pd/AlOOH-
80 had been enhanced, leading to a synergistic effect between
Pd and AlOOH-80, thereby improving the catalytic performance
of the catalyst. In addition to its excellent catalytic performance,
Pd/AlOOH-80 also exhibited good reusability, with no signi-
cant decline in catalytic performance observed over ve cycles of
experiments, indicating its high potential for industrial
applications.
2. Materials and methods
2.1. Chemical materials

Commercial Pd/C (5 wt%), commercial Pd/Al2O3 and palladium
chloride was purchased from energy chemical. Hydrochloric
acid (36–38%), ethanol, pyridine, benzoic acid, silicon dioxide,
aluminium oxide and titanium dioxide were purchased from
Xilong Scientic Co., Ltd. Phenylacetylene (PLE, 97%) was
purchased from Aladdin. H2 (99.999%) was purchased from
Haolilai Gas Co. Ltd. The water used in all experiment was
deionized water (18.2 MU). All chemicals were used as received
without further purication.
2.2. Catalyst preparation

2.2.1 Preparation of AlOOH with different synthesis
conditions. In a typical synthesis of AlOOH-80, 25 mmol of
sodium aluminate and 25 mmol of ammonium chloride were
dissolved in 100 mL and 25 mL of deionized water, respectively.
The ammonium chloride solution was then added to the
sodium aluminate solution. The mixture was stirred at 80 °C for
10minutes. The white products were collected by centrifugation
and washed with ethanol for several times. Finally, the products
were dried in a vacuum oven at 60 °C for 12 h (AlOOH-80). The
steps of adding sodium aluminate, ammonium chloride, and
acetic acid were repeated, but the mixture was stirred at room
temperature for 10 minutes, referred to as AlOOH-RT. AlOOH-
12594 | RSC Adv., 2024, 14, 12593–12599
RT was transferred to a 100 mL polytetrauoroethylene-lined
stainless-steel autoclave, and then subjected to solvothermal
treatment at 180 °C for 5 hours, referred to as AlOOH-SS
(schematic of the synthesis as shown in Fig. S1†).

2.2.2 Preparation of Pd/AlOOH. PdCl2 was reacted with HCl
at 70 °C for 1 hour to produce a 1 mol L−1 H2PdCl4 aqueous
solution, which was then diluted to 0.01 mol L−1. In a glass
pressure vessel, 100 mg of AlOOH was added followed by the
addition of 50 mL of deionized water, and the mixture was
homogenized using ultrasound. At 50 °C and 420 rpm, 652 mL of
the H2PdCl4 solution (0.01 M) was added dropwise (the loading
of Pd was 0.7 wt%), while continuously introducing H2 gas at
0.1 MPa. Aer 1 hour, the catalyst was collected using a centri-
fuge and washed three times with deionized water. The
synthesis steps for the palladium-loaded catalysts mentioned
later, except for the different supports used, were entirely
consistent with this procedure.

2.3. Catalytic evaluations

Pd/AlOOH-RT, Pd/AlOOH-80, Pd/AlOOH-SS, Pd loaded on other
supports, and commercial catalysts were rst dispersed in
ethanol. Then, the alkyne was taken for the catalytic reaction
based on the required amount of catalyst. Typically, for a 1 :
3000 (Pd/PhChCH) ratio, 1.6 mmol of Pd was used for the
hydrogenation reaction of phenylacetylene. In a glass pressure
vessel, the catalyst was dispersed in 10 mL of ethanol, ultra-
sonicated for 5 minutes, and then mixed with 4.8 mmol of
PhChCH under magnetic stirring. Aer purging the reaction
vessel with H2, H2 was continuously fed into the container, and
the mixture was stirred in a 30 °C water bath. The reaction was
allowed to proceed for a certain time before a small portion of
the solution was withdrawn for analysis by GC.

2.4. Characterizations

Thermogravimetric analysis (TGA) of the samples was per-
formed using a NETZSCH STA 449F5 thermogravimetric
analyzer, with a heating program from 25 °C to 1000 °C under
air atmosphere at a heating rate of 10 °C min−1. The powder X-
ray diffraction (XRD) patterns of the samples were performed on
Rigaku Ultima IV diffractometer using Cu Ka X-ray source (40
kV). The surface elements and valence states were detected by X-
ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI).
According to the N2 adsorption–desorption isotherms, the
specic surface area and particle size were obtained by Bru-
nauer–Emmett–Teller (BET, Micromeritics Gemini 2390)
method. Fourier-transformed infrared (FT-IR) spectra of
samples was measured by a Thermo Nicolet spectrometer. The
yields of corresponding products were determined by GC (Shi-
madzu GC-2010Plus) furnished with a ame ionization
detector. 27Al solid-state NMR (ssNMR) spectra were recorded
on a JNM-ECZ600R 600 spectrometer equipped with a 3.2 mm
tube diameter. The corresponding resonance frequency and
magic angle spinning rate were 156 MHz and 12 kHz respec-
tively. 27Al ssNMR measurements were performed without any
pretreatment on the samples. Pyridine adsorption experiment:
AlOOH (50 mg) was mixed in ethanol (10 mL) with pyridine (1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mL), stirred at 30 °C for 2 hours, then centrifuged and ethanol-
washed to remove physically adsorbed pyridine. The obtained
sample was dried in an oven at 60 °C for 12 hours before being
used for FTIR characterization.
3. Results and discussion
3.1. Surface structure characterizations of catalyst

As is known, the defects on the catalyst surface are directly
related to its crystalline state.21–25 The low crystallinity of AlOOH
results in incomplete formation of a layered structure, limiting
the creation of OH defects. Conversely, high crystallinity leads
to a more perfect crystal structure with fewer surface defects.
Therefore, maintaining AlOOH crystallinity at an optimal level
ensures the presence of a maximum number of OH defects,
crucial for forming ssFLPs. We characterized the catalyst using
powder X-ray diffraction (XRD), and the results were shown in
Fig. 1. Although the crystallinity of the three samples was
different, the obtained diffraction peaks matched the diffrac-
tion peaks of AlOOH (JCPDS 21-1307) (Fig. 1a).26 The diffraction
peaks at 2q = 14.5°, 28.2° and 38.3° were respectively attributed
to the (020), (120), and (031) crystal planes of AlOOH (Fig. 1a).
The XRD diffraction peak intensity of AlOOH-RT was the
weakest, indicating its low crystallinity. This hindered the
formation of a layered structure, resulting in fewer OH defects
and making it difficult to form frustrated Lewis pairs on the
solid surface.27 In contrast, AlOOH-SS had the strongest XRD
diffraction peak intensity, suggesting good crystallinity and
fewer defects, which also hindered the formation of ssFLP.
Excitingly, the XRD diffraction peaks of AlOOH-80 were within
an appropriate range, indicating that its crystallinity main-
tained a balance, ensuring the presence of a layered structure
while also maintaining a certain amount of defects.

In the pyridine adsorption experiment with AlOOH-80, we
observed a signicant infrared absorption peak at 1647 cm−1,
indicating interaction between the unsaturated Al sites (Lewis
acid sites) and pyridine (Fig. S2†), potentially conrming the
existence of ssFLP in AlOOH-80.28 This observation highlights
the favorable conditions for ssFLP production in AlOOH-80
facilitated by the presence of OH defects. Given its abundant
OH defects available for constructing ssFLPs, one could
reasonably anticipate AlOOH-80 to deliver superior catalytic
performance. Following Pd loading, the diffraction peaks in the
Fig. 1 XRD patterns of catalysts before (a) and after (b) Pd loading onto
varying AlOOH matrix.

© 2024 The Author(s). Published by the Royal Society of Chemistry
catalysts (Fig. 1b) remained virtually indistinguishable from
those before loading, exhibiting no observable substantial
modications. Further, no diffraction peaks associated with Pd
were detected, largely attributed to the minimal Pd loading
(0.7 wt%).29,30

The morphology of the catalyst was explored using trans-
mission electron microscopy (TEM). As illustrated in the TEM
images (Fig. 2a), AlOOH-80 possessed a ower-like structure,
built from lamellar units. HR-TEM images (Fig. 2b) showed the
lattice fringes of AlOOH-80 at high magnication, where the
lattice spacing of the magnied area was 0.235 nm, corre-
sponding to the (031) crystal plane of AlOOH.31 Combined with
the results from XRD, it becomes clear that AlOOH-80 was an
AlOOH with a layered structure bearing abundant OH defects,
which was benecial for the formation of ssFLP.32 The specic
surface area and pore size distribution of the catalyst were ob-
tained through physical adsorption measurements. The N2

isotherm adsorption–desorption curve of the AlOOH-80 catalyst
exhibited type IV with a hysteresis loop at high relative pres-
sures, indicating that the AlOOH possessed a mesoporous
structure with a specic surface area of 428.7 m2 g−1, with the
pore size mainly distributed around 2.8 nm (Fig. S3†).33–35 Aer
Pd loading, the layered structure of the Pd/AlOOH-80 was
preserved, suggesting no destruction occurred on the original
layered structure (Fig. 2c). This circumstance facilitated the Pd/
AlOOH-80 catalyst in developing ssFLP through the existence of
OH defects. Simultaneously, we also observed that the Pd
nanoparticles in the Pd/AlOOH-80 catalyst are uniformly
Fig. 2 (a) TEM image and (b) HR-TEM image of AlOOH-80; (c) TEM
image and (d) HR-TEM image of Pd/AlOOH-80 and EDX mapping
images of Pd/AlOOH-80 (e–h).

RSC Adv., 2024, 14, 12593–12599 | 12595
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distributed over AlOOH, with a nanoparticle size of approxi-
mately 20 nm. HR-TEM images (Fig. 2d) displayed lattice
spacings of 0.194 nm and 0.225 nm, respectively attributed to
the (200) and (111) crystal planes of Pd.27,28 Furthermore, the
EDS mapping showed that Pd nanoparticles were uniformly
dispersed on AlOOH-80 (Fig. 2e–h). This indicates that Pd
nanoparticles were successfully loaded onto AlOOH-80, despite
the lack of Pd information in the XRD diffraction peaks.

XPS was utilized to analyze the composition and valence
states of elements on the surface of the catalyst, as shown in
Fig. 3a. AlOOH-RT, AlOOH-80, and AlOOH-SS exhibited single
peaks in their high-resolution Al 2p XPS spectra at binding
energies of 74.2 eV, 74.1 eV, and 74.2 eV, respectively. Notably,
compared to AlOOH-RT and AlOOH-SS, the Al 2p binding
energy of AlOOH-80 was lower, which was due to the electron-
rich Alunsatur.

3+ caused by surface OH defects.36,37 The tted O
1s spectra of AlOOH-RT, AlOOH-80, and AlOOH-SS exhibited
three peaks at 529.4–529.8, 530.8–531.2 and 532.1–532.9 eV,
respectively(Fig. 3b). These peaks were attributed to oxygen in
the lattice structure Al–O–Al (OL), hydroxyl groups bound to Al
forming Al–OH (–OHAl–OH) or surface OH defects adsorbing
oxygen (Oad, –OHad), and adsorbed water (OadH2O).38 The results
showed that the OadH2O/OTotal ratios for AlOOH-80, AlOOH-RT,
and AlOOH-SS were 8.7%, 17.2% and 22.5%, respectively
(Table S1†). Clearly, the quantity of adsorbed water (OadH2O) on
AlOOH-80 is less than that on both AlOOH-RT and AlOOH-SS.
The integration of the peak areas at this position, which was
closely related to catalytic performance, will be discussed in
detail later.

At the same time, the high-resolution Pd 3d XPS spectra of
Pd/AlOOH-80 showed two peaks at 340.7 eV and 335.3 eV
(Fig. 3c), corresponding to Pd 3d5/2 and Pd 3d3/2, respectively,
indicating that Pd in Pd/AlOOH-80 was predominantly metallic
palladium.39–41 The FTIR spectra of AlOOH, displayed in Fig. 3d,
showed a strong and broad absorption band at 3400 cm−1 for all
Fig. 3 (a) Al 2p and (b) O 1s XPS spectra of AlOOH; (c) Pd 3d XPS
spectrum of Pd/AlOOH-80; (d) FTIR spectra of AlOOH.

12596 | RSC Adv., 2024, 14, 12593–12599
samples, attributed to the stretching vibrations of free OH,
possibly originating from hydroxyl groups connected by
hydrogen bonds or adsorbed wate.42 The absorption peak at
1610 cm−1 could be attributed to the bending vibration of
surface OH or adsorbed water.38 The peaks at 3088 cm−1 and
1071 cm−1 were attributed to the tensile and bending vibration
modes of –OHAl–OH, which further conrmed the existence of
AlOOH.43

The thermal gravimetric analysis (TGA) curve of AlOOH
(Fig. 4a) exhibited two weight loss stages. The rst stage began
at room temperature and tended toward stabilization by 100 °C,
corresponding to the loss of physically adsorbed water. Our
observations revealed that AlOOH-80 incurred a 3.9% mass loss
at this stage, which was much less than AlOOH-RT (12.4%) and
AlOOH-SS (10.2%). This result was in great agreement with the
XPS data, both demonstrating that AlOOH-80 had the least
amount of water absorption on its surface. The second stage,
starting aer the adsorbed water was completely lost,
approached stabilization around 480 °C and was attributed to
the weight loss of hydroxyl groups bonded to the Al (–OHAl–OH),
namely, the dehydroxylation of AlOOH.42 We employed ssNMR
to characterize the coordination environment of AlOOH. As
revealed by the ssNMR spectra, no peaks were displayed near
66 ppm or 36 ppm in AlOOH, indicating that Al exists in a six-
coordination form in all AlOOH samples. The chemical shis
for AlOOH-80, AlOOH-RT, and AlOOH-SS were 10.1 ppm,
10.2 ppm, and 10.5 ppm, respectively. AlOOH-80 showed
a higher chemical shi eld, which was attributed to the elec-
tronic shielding effect of the abundant OH defects on the Al
nucleus.37,44

3.2. Catalytic performances of catalysts

The catalytic performance of the catalysts was evaluated using
the hydrogenation reaction of phenylacetylene as a model
reaction. As shown in Fig. 5a, Pd/AlOOH-80 could completely
hydrogenate phenylacetylene within 40 minutes, whereas Pd/
AlOOH-RT and Pd/AlOOH-SS required 60 minutes and 100
minutes, respectively. Unmistakably, the catalytic activity of Pd/
AlOOH-80 was signicantly higher than that of Pd/AlOOH-RT
and Pd/AlOOH-SS, consistent with the material characteriza-
tion results.45 As expected, Pd/AlOOH-80, resulting from Pd
loaded onto AlOOH-80, was signicantly higher than that of
other catalysts on various oxide supports (Fig. 5b), even
exceeding commercial Pd/C (Fig. S4†). Aer quantifying the Pd
Fig. 4 (a) TGA analysis and (b) 27Al ssNMR of AlOOH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Catalytic performance of (a) Pd loaded on AlOOH synthesized
via different methods and (b) Pd loaded on various supports.

Fig. 6 Catalytic performance of catalysts before and after adding
pyridine or benzoic. Reaction conditions: P(H2) = 0.1 MPa, T = 30 °C,
reaction time = 40 min, Pd = 1.6 mmol, phenylacetylene = 4.8 mmol,
ethanol= 10 mL, 1.25 mmol of pyridine/benzoic acid was added to the
reaction system.

Fig. 7 Catalyst recycling of Pd/AlOOH-80. Reaction conditions: P(H2)
= 0.1 MPa, T = 30 °C, reaction time = 40 min, Pd = 1.6 mmol, phe-
nylacetylene = 4.8 mmol, ethanol = 10 mL.
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content via ICP-OES, we determined that the optimal loading
amount of Pd for the Pd/AlOOH catalyst was 0.7 wt%, with
signicantly higher (1.5 wt%/2.5 wt%) or lower (0.3 wt%)
loading amounts not favorably impacting catalytic activity
(Fig. S5 and Table S2†).

This claried the underlying reaction mechanism, high-
lighting the enhanced catalytic effect originating from ssFLP.
The abundant ssFLP in AlOOH-80 facilitated the dissociation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen gas, enhancing the hydrogenation capability of Pd
and resulting in Pd/AlOOH exhibiting remarkably high catalytic
activity. Clearly, the Pd/AlOOH-80 catalyst derived its excep-
tional catalytic activity from ssFLP. Once ssFLP was damaged,
the catalyst's ability to dissociate hydrogen diminished, and the
original synergistic effect between Pd and AlOOH ceased to
exist, signicantly affecting the catalytic activity.

As widely acknowledged, Lewis acid or Lewis base sites were
easily quenched by basic or acidic substances, respectively.37,46

Therefore, we introduced benzoic acid or pyridine into the
catalytic system to quench the Lewis base or Lewis acid sites,
respectively, thereby disrupting the ssFLP. As shown in Fig. 6,
the addition of benzoic acid to quench the Lewis basic sites led
to a dramatic decrease in the catalytic activity of Pd/AlOOH,
from 100% to 27.8%. Similarly, the addition of pyridine,
quenching the Lewis acid sites, resulted in a signicant reduc-
tion in the catalyst's activity, from 100% to 31.7%. However, the
commercial Pd/Al2O3 catalyst was unaffected by the addition of
either pyridine or benzoic acid.

All of these indicate that the ssFLP in Pd/AlOOH was the key
to its ultra-high catalytic activity. Surprisingly, the larger-sized
Pd nanoparticles (approximately 20 nm, Fig. 1c) in Pd/AlOOH
demonstrated superior catalytic activity compared to the
smaller-sized Pd nanoparticles in commercial Pd/Al2O3

(approximately 5.6 nm, Fig. S6†) and Pd/C (approximately
5.0 nm, Fig. S6†). This means that, with substantial assistance
from ssFLPs, the synergistic effect between Pd and AlOOH,
originating from ssFLPs, played a dominant role, rather than
the size effect of nanoparticles.47 Remarkably, Pd/AlOOH-80
exhibited exceptionally high catalytic activity, surpassing most
reported catalysts (Table S3†). Furthermore, it demonstrated
good reusability, showing no signicant decline in catalytic
performance over ve experimental cycles, indicating its high
potential for industrial applications (Fig. 7).

4. Conclusion

In summary, we successfully prepared layered AlOOH-80 using
a simple method, facilitating the generation of OH defects for
constructing ssFLP, which can be used for hydrogen dissocia-
tion. The hydrogen dissociation ability of ssFLP contributed to
promoting the synergistic effect between Pd and AlOOH,
signicantly enhancing the catalytic performance of Pd/AlOOH-
80, enabling it to exhibit exceptionally high catalytic activity.
The analysis of AlOOH revealed that the performance of the
catalyst was directly proportional to the number of OH defects
in AlOOH and inversely proportional to the amount of adsorbed
water. AlOOH-80, distinguished by its abundance of defects and
minimal adsorbed water, presented an ideal condition for the
formation of abundant ssFLPs. With the facilitation of ssFLP,
the synergistic effect between Pd and AlOOH-80 was greatly
enhanced. Consequently, Pd/AlOOH-80, the catalyst formed by
loading Pd onto AlOOH-80, demonstrated markedly superior
activity compared to Pd-based catalysts utilizing other oxide
supports, even outperforming the commercial Pd/Al2O3 and Pd/
C. Remarkably, larger-size Pd nanoparticles in Pd/AlOOH
exhibited superior catalytic activity compared to the smaller-
RSC Adv., 2024, 14, 12593–12599 | 12597
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View Article Online
size ones in commercial catalysts. This suggests that the
dominant inuence on catalytic performance was the syner-
gistic effect between Pd and AlOOH, facilitated by ssFLPs, rather
than the size effect of nanoparticles. Certainly, the role of ssFLP
was crucial in the catalytic process. Aer ssFLP was quenched
by pyridine/benzoic acid, the synergistic effect that enhanced
the catalytic activity of the catalyst was disrupted, leading to an
inevitable sharp decrease in the catalytic performance of Pd/
AlOOH. Moreover, Pd/AlOOH-80 also showed good reusability,
indicating its high potential for industrial applications.
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