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Bare Pd metal nanoparticles invariably suffer from poor selectivity in furfural hydrogenation by forming
flat configurations, with the aromatic ring of the substrate molecules parallel to the metal surface. Herein,
we put forward a promising solution by using CeO, as promoters to modify Pd nanoparticles for modu-
lating the adsorption behaviors of furfural molecules. To achieve the highly-desired ultra-small Pd@CeO,
core@shell nanostructure, a “constrained auto-redox” synthesis is developed, in which silicalite-1 sup-
ports play the key role of providing their surface as the landing place of PdOx precursors for inhibiting
the overgrowth and the deformation. To the best of our knowledge, this is one of the smallest core@shell
materials obtained from aqueous synthesis. When evaluated as catalysts, Pd@CeO,/S-1 gives 98.9% con-
version of furfural with 94.3% selectivity for furfural alcohol in 15h, which is much better than that of
Pd/S-1 (88.6% conversion with 44.3% selectively). The DFT simulation reveals a strong interaction between
the defects of CeO, and the oxygen atom of the ~-CHO group in furfural molecules, which benefits the

selective hydrogenation occurred in the ~-CHO group rather than the furan ring.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective hydrogenation of renewable biomass to highly value-
added biofuels and fine chemicals has attracted significant research
interest owing to mankind’s earnest efforts to reduce their depen-
dence on fossil resources [1-4]. Noble metals are widely applied
for triggering this catalysis because of the active sites on them
and their capability to dissociate H, under mild conditions [5-7].
Generally, the catalytic performance is highly dependent on the
intrinsic properties of the catalyst, coordination environments of
the surface atoms, and their interactions with supports. A single-
component noble metal without proper surface modification in-
variably exhibits inadequate selectivity, resulting in high yields of
undesirable byproducts [8-10]. A primary reason for this poor se-
lectivity is the favorable formation of a flat configuration, with the
aromatic rings of the substrate molecules parallel to the metal sur-
face [11-13]. To overcome this drawback, several promising strate-
gies have been proposed, which include manipulation of the sur-
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face charge parameters and modulation of the surrounding space-
confined effect by processes such as overcoating noble metals with
special organic ligands [14], decreasing the particle size of noble
metals from the nanometer to atomic scale [15,16], coupling multi-
ple components together in the form of alloys or core@shell nanos-
tructures [17-19], and encapsulating noble metal species within
zeolites or metal-organic frameworks [20-23]. All these approaches
for improving the performance of noble metal catalysts involve the
common principle of manipulating the adsorption geometry of the
substrate molecules. Despite the development of such strategies,
rationalization of the surface state of noble metals for a particular
catalytic process is still a pressing challenge.

Recently, transition metal oxides have shown significant poten-
tial as promoters for noble metal catalysts in selective hydrogena-
tion reactions [10,24,25]. The hybrid material obtained by load-
ing transition metal oxide species on the surface of a target noble
metal exhibits remarkably enhanced catalytic performance. Promo-
tion of the catalytic activity can be attributed to the oxophilic char-
acter of the transition metal cations, which can effectively pre-
vent the formation of a flat configuration. For instance, Zheng and
coworkers successfully demonstrated that the catalytic selectivity
of Pt nanoparticles (NPs) could be significantly promoted by cou-
pling with Fe(OH)x clusters [10]. The corresponding density func-
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Fig. 1. Schematic illustration of the formation process of S-1 supported Pd@CeO,
core@shell materials.

tional theory (DFT) calculation revealed that 3-nitrostyrene pre-
ferred to bind at the Fe(OH)x-Pt interface through the -NO, group
rather than the -C=C group, thereby suppressing indiscriminate
hydrogenation efficiently. A similar effect was observed by Xiao
et al. for the Sn-Pt-TiO, system [24]. Furthermore, Qin and cowork-
ers successfully tailored the reaction pathway for nitroaromatic hy-
drogenation over TiO,-supported Au NPs by atomic deposition of
NiO species [25]. They found that the adsorption of azoxybenzene
on the NiO-modified Au surface was stronger than that on bare
Au surface, resulting in a seismic shift in the catalytic selectivity.
These transition metal oxides are very stable, highly abundant, and
easily available, thereby increasing the possibilities of their use in
practical applications. However, only a few strategies involving the
combination of transition metal oxide and noble metal to promote
the catalytic performance has been successful so far. Therefore, two
aspects are central to the success of such strategies: rational selec-
tion of transition metal oxides as promoters and development of
feasible routes for material synthesis.

In this study, we focused on Pd, which is a widely used ac-
tive component in selective hydrogenation but has poor selectivity
[26-28]. CeO, supports have high thermal stability and abundant
surface defects and have been used as catalyst promoters; more-
over, they involve in strong interactions with various noble met-
als [29,30]. A “constrained auto-redox strategy” is developed for
the in situ construction of ultrasmall Pd@CeQ, core@shell materi-
als supported by silicalite-1 (S-1). S-1 plays a crucial role in trap-
ping oxidative PdOx species acting as the precursors to react with
reductive Ce3+ species, thereby restricting its overgrowth and ag-
gregation (Fig. 1). Compared to the unmodified Pd/S-1 sample, the
prepared core@shell material exhibited significant improvement in
the catalytic performance for the selective hydrogenation of fur-
fural. The densely coated CeO, shell is considered to be the pri-
mary reacting surface, which blocked the direct contact of Pd sur-
face with furfural molecules, thus inhibiting the formation of the
flat configuration of furfural molecules. DFT calculations revealed
that furfural was preferably adsorbed on the defect sites of CeO,
NPs through the -CHO group rather than the furan ring, owing to
the relatively high adsorption energy, leading to the enhancement
of FA selectivity.

S-1 particles were synthesized hydrothermally using a previ-
ously reported method [31,32]. Transmission electron microscopy
(TEM) images (Fig. S1 in Supporting information) revealed that
the product, with an average particle size of ~280nm, is highly
uniform and monodispersed. The corresponding X-ray diffraction
(XRD) pattern verifies its MFI-type structure (Fig. S2 in Supporting
information). Subsequently, Na,PdCl, and hexamethylenetetramine
(HMT) were added to an aqueous dispersion containing S-1 crys-
tals, followed by heating at 80 °C to generate ultrasmall Pd species.
After that, the obtained precursor was calcinated at 300 °C in air
for 1h to obtain PdOx/S-1. TEM images (Fig. S3 in Supporting in-
formation) revealed the formation of small NPs dispersed homo-
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geneously on the surface of S-1, and average particle size of PdOx
nanoparticles are 2.17 nm on average.

Next, an auto-redox synthesis was conducted via the reaction
of PdOy/S-1 with an aqueous solution of cerium acetate (Ce(Ac)s).
High-angle annular dark-field scanning transmission electron mi-
croscopy was used to investigate the fine structure of the product.
Figs. 2a and b show that the hexagonal morphology of S-1 was
well preserved; small particles on the surface of S-1 could be easily
distinguished upon closer observation. The newly generated parti-
cles exhibited a similar degree of dispersion (26.84% for Pd) but
much larger particle sizes (~6.8 nm on average) compared to the
initial PdOx species. To the best of our knowledge, this is one of
the smallest core@shell materials obtained from aqueous synthe-
sis. Composition of these loaded particles was examined by energy
dispersive X-ray spectroscopy (EDX). As marked in Fig. 2¢c, two dif-
ferent areas, a small particle (area I) and its neighboring black area
(area II), were selected as the target for investigation, and it was
revealed that both Ce and Pd exist only in the small particles (Figs.
S4 and S5 in Supporting information). This confirms the successful
in situ surface deposition. Furthermore, high-resolution transmis-
sion electron microscopy image (Fig. 2d) revealed a core@shell hy-
brid nanostructure of the product (Fig. 2d), which was coincident
with the elemental mapping analysis (Fig. 2e) homogeneous distri-
bution of Pd at the center, with Ce present only in the outer re-
gion. Crystallinity of the product was investigated by XRD (Fig. S6
in Supporting information). The peaks corresponding to Pd or CeO,
were masked by those of S-1. This could be attributed to the rela-
tively low CeO, and Pd contents and the higher crystallinity of S-1.
Inductively coupled plasma-mass spectrometry also confirmed the
co-existence of Ce and Pd in the Pd@CeO,/S-1 sample. The Pd and
Ce0O, contents were 0.12 and 0.93 wt%, respectively.

To verify the mechanism of the redox reaction, changes in the
valence states of Pd before and after the auto-redox reaction were
analyzed by X-ray photoelectron spectroscopy (XPS, Fig. S7 in Sup-
porting information). Deconvolution of the XPS curves revealed
that the Pd®/Pd2+ molar ratios were 0.92 and 3.33 in the PdOy/S-
1 and Pd@CeO,/S-1 samples, respectively, suggesting a successful
redox reaction between the PdOy and Ce3* species. Furthermore,
the peaks corresponding to Pd° 3ds; and 3dsp, in Pd@Ce0,/S-1
show an apparent positive shift with respect to that of PdOy/S-
1, which indicates the occurrence of electron transfers from Pd to
Ce0, [6,33,34]. The XPS spectrum of Ce in Pd@Ce0,/S-1 (Fig. S8 in
Supporting information) is consistent with that of standard CeO,
samples, serving as direct evidence for the formation of crystalline
CeO, NPs [33,34]. In addition, a control experiment was conducted
in which bare S-1 crystals, instead of PdOy/S-1, were reacted with
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Fig. 3. (a) Schematic illustration of furfural hydrogenation. The conversion of fur-
fural and selectivity to FA versus the reaction time over (b) Pd@Ce0,/S-1 and (c)
Pd/S-1. The investigation of (d) reaction temperature and (e) solvent effects for the
catalytic performance of Pd@CeO,/S-1 catalyst. Reaction conditions: 10mg of cat-
alyst, 10 pL of furfural, and 10mL of the solvent; temperature 423.15K, pressure
2 MPa.

Ce(Ac);, keeping the same Ce concentration of Pd@CeO,/S-1 (0.9
wt% for Ce). Although small particles were generated, no assem-
bled structures were observed on the surface of S-1 (Fig. S9 in Sup-
porting information). In another control experiment, Ce(Ac); was
replaced by (NH4)4Ce(SO4)4. The corresponding TEM images and
EDX spectrum (Fig. S10 in Supporting information) clearly indicate
the existence of independent CeO, NPs. These results establish the
crucial role of PdOx, which provides active sites for triggering the
in situ deposition of the CeO, layer. Therefore, the overall auto-
redox process can be completed in two steps. Initially, reductive
CeOx species are generated in the reaction medium owing to the
hydrolysis of Ce(Ac)s. Consequently, the redox reaction is induced,
triggering the conversion of PdOx to metallic Pd and the selective
deposition of CeO, NPs for the formation of the final core@shell
nanostructure.

An accelerated aging test was performed according to previous
reports to investigate the stability of the obtained core@shell ma-
terials [35-37]. The samples were first calcinated at 650 °C in air
for 5h and then reduced at 200 °C in H,/Ar atmosphere for 2h.
TEM images (Figs. S11a-g in Supporting information) captured af-
ter three successful cycles show well-distributed uniform Pd@CeO,
NPs on the surface of S-1, with slight increase in the average parti-
cle size from 6.8 nm to 8.2 nm. No obvious aggregation and migra-
tion occurred, suggesting ultra-high stability. This was in contrast
to Pd/S-1, which exhibited poor stability. Accompanied by the cy-
cling performance, much larger particles with larger size distribu-
tions were observed in the corresponding TEM images (Figs. S11i-
p in Supporting information). The average particle size increased
from 3.5nm to 7.9, 9.1 and 10.8 nm after the first, second, and
third cycles, respectively. This clearly illustrates that the core@shell
structure can effectively protect the Pd core from high-temperature
sintering.

The catalytic properties of Pd@CeO,/S-1 and Pd/S-1 were ex-
amined in the selective hydrogenation of furfural as a model re-
action (Fig. 3a). Prior to experiments, both the samples were acti-
vated at 300 °C in an H,/Ar atmosphere for 2 h. It is evident from
Fig. 3b that the catalytic activity of Pd/S-1 was relatively high in
the first hour, and 38.1% of furfural could be converted to furfural
alcohol (FA) with 81.2% yield. However, it loses its activity rapidly,
and the furfural conversion remained constant at 88.6% after 15h.
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This can be attributed to the damage of the Pd surface and the
formation of coke [38]. Moreover, gas chromatography-mass spec-
trometry (GC-MS) revealed the occurrence of many side reactions
along with the main reaction. The final product contained 32.4%
of tetrahydrofuran alcohol (THFA) derived from over-hydrogenation
and 9.8% of C10 products generated through condensation. In con-
trast, with a thin CeO, layer overcoated over Pd, the initial reac-
tion rate decreased, and 22.4% of furfural was converted in the
first hour (Fig. 3c). The lower initial activity can be attributed to
the poor diffusion due to the formation of a core@shell structure.
However, the first-hour activity was well retained during the rest
of the reaction time: 98.9% conversion of furfural was achieved af-
ter 15h. More importantly, the selectivity for FA was significantly
improved to 94.3% in final product, indicating that the core@shell
structure could efficiently prevent the deactivation as well as the
side reactions. The reaction kinetics investigations demonstrate the
higher activity of Pd@CeO,/S-1 than that of Pd/S-1 (Fig. S12 in Sup-
porting information). Benefiting from the unique quasi-core@shell
structure, our catalysts exhibit comparable catalytic activity and se-
lectivity, compared with state-of-art furfural hydrogenation% cata-
lysts (Table S1 in Supporting information).

We further investigated the effects of temperature, solvent, and
Ce0, shell thickness on the catalytic performance of Pd@CeO,/S-
1. Fig. 3d shows that the extent of conversion in the first hour
changed from 22.4% to 9.7% and 44.5% upon changing the reac-
tion temperature from 150 °C to 100 and 200 °C, respectively. This
is in agreement with previous reports, which state that the re-
action rate increases with increasing temperature [39,40]. How-
ever, a higher temperature also increases the probability of side
reactions, and only 75.7% of furfural was converted into FA at
200 °C. Therefore, we conducted the catalysis at 150 °C to achieve
a balance between the activity and selectivity. Additionally, it was
found that the catalytic activity of Pd@CeO,/S-1 was highly sen-
sitive to solvents. Fig. 3e shows that the conversion in the first
hour increased to 37.6%, 31.3% and 47.0% in methanol, ethanol, and
isopropanol, respectively, meanwhile, the catalytic selectivity for
FA was deceased in all these solvents. This can be attributed to
the varying ionic strengths of the solvents [3,39]. It has been re-
ported that the increase in solvent molecules’ polar strength would
promote the adsorption and activation processes of hydrophilic
C=0 bonds, leading to the enhancement of hydrogenation activ-
ity [41,42]. However, at the same time, the corresponding GC re-
sults demonstrate that it is easy to occur the condensation re-
action between short-chain alcohols and furfural molecules. Next,
We further synthesized a series of Pd@CeO,/S-1 catalysts with dif-
ferent CeO, contents by changing the feeding amount of Ce(Ac)s.
As shown in Fig. S14 (Supporting information), when doubling
the Ce(Ac); feeding amount (Pd@CeO,-H/S-1), the furfural con-
version is decreased to 15.43% in the first hour, but the selectiv-
ity is well maintained. The phenomenon might be induced by the
diffusion problem caused by increasing the CeO, shell thickness.
In contrast, when halving the Ce(Ac); feeding amount (Pd@CeO,-
L/S-1), though the furfural conversion is increased to 30.1% in the
first hour, only 90% of FA is obtained. The phenomenon might be
caused by the generation of incomplete core@shell structure in this
condition, which may increase the chances of contact between Pd
surface and furfural molecules, thus contributing to the decreased
selectivity. Finally, the cycling performance test of Pd@CeO, was
carried out by monitoring the changes in the conversion and se-
lectivity (Fig. S15 in Supporting information). After five successful
cycles, over 90.7% conversion of furfural with 92.2% yield of FA was
obtained, and there is no obvious change in TEM images for fresh
Pd and after cycles test (Fig. S16 in Supporting information), sug-
gesting the robustness of such core@shell catalysts.

Subsequently, DFT calculations were performed to determine
the model of furfural adsorption on various catalysts and to fur-
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ther verify the positive contribution of the CeO, shell in perfor-
mance enhancement. Initially, a computational model composed of
a small Pd cluster (Pd;3) loading on a SiO, support was established
to save computational resources. Furfural contains two functional
groups that interact strongly with the Pd surface atoms: the -CHO
group and the furan ring. When furfural is adsorbed on Pdq3 via
the furan ring, a flat configuration is adopted (Fig. 4). The adsorp-
tion energy in this case was calculated as -3.05 eV, which is much
higher than that when furfural bonds with Pd through the O atom
in the -CHO group (-1.69eV). This suggests that furfural is prefer-
ably adsorbed via the furan ring; this is also consistent with pre-
vious reports and is considered to be the main reason for the poor
catalytic selectivity of Pd NPs [43,44]. Next, we studied the ad-
sorption of furfural on reduced-CeO, surface. The surface defects
are simulated as the active sites by referring to the previous re-
ports (CeO, has a high concentration of surface oxygen vacancy)
and considering our experimental conditions (the catalysts were
reduced at 300 °C in H,/Ar atmosphere) [9,45]. Calculations reveal
that furfural prefers to bond with the defect site via the O atom in
the —~CHO group (10.71 eV) rather than the O atom in the furan ring
(9.82eV). More importantly, DFT calculations predict that the flat
configuration cannot exist, and this can be attributed to the ultra-
high oxophilicity of Ce cations. Therefore, promotion of the catalyst
activity by CeO, shell can be mainly attributed to its strong inter-
action with the O atom in the -CHO group, which benefits the se-
lective hydrogenation occurred in the ~-CHO group. Besides, for in-
vesting the role of Pd in hydrogenation, we conducted the H,-TPR
of Pd@Ce0,/S-1 and Ce0,/S-1 with the same Ce content (Fig. S17
in Supporting information). The strong reduction peaks between
350 °C and 500 °C could be ascribed to the reduction of surface-
capping oxygen of ceria promoted by the hydrogen spillover ef-
fect from Pd atoms to the support. To further check the hydrogen
spillover, we processed an H, treatment for the mixture of WO;
with Pd@Ce0,/S-1 and CeO,/S-1 under mild temperature, respec-
tively. And only the Pd@CeO,/S-1 gives a dark color of the tungsten
species (Fig. S18 in Supporting information). Because the migrat-
ing activated H would reduce the WO3 forming dark blue HyWO5
Thus, we infer that the Pd activates the H, and then the activated
hydrogen species flow to the surface of CeO, attacking the -CHO
group of adsorbed furfurals, generating the FA.

In summary, ultrasmall Pd@CeO, core@shell NPs were success-
fully synthesized through a clean and wet-chemistry route. Reac-
tive PdOy species were initially anchored on S-1 support to in-
hibit the overgrowth and deformation during the sequential con-
version. Thereafter, they played a crucial role by providing active
sites for inducing the in situ deposition of CeO, NPs. Owing to the
unique structural features, the obtained Pd@Ce0,/S-1 sample ex-
hibited significantly enhanced catalytic activity in furfural hydro-
genation. It is speculated that the developed “confined auto-redox
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reaction” will pave a new way for designing and constructing com-
plex core@shell materials that have applications in the field of
catalysis.
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