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Hydrogenation of cyclohexene over single-atom Pt
or Pd incorporated porous ceria nanoparticles
under solvent-free conditions

Amal A. Atran and Mohamed S. Hamdy (& *

In order to maximize the utilization of noble metals in catalysis, single atom of palladium (Pd) and platinum
(Pt) were incorporated individually in the framework of porous ceria (CeO,) by using a one-step flash
combustion method. Samples with different Pd and Pt loading (0.5, 1, 2.5, and 5 wt%) were prepared and
examined by using different analysis techniques such as XRD, ICP, N, sorption measurements, SEM, HR-
TEM, and XPS. The characterization data confirms the formation of zero-state single-atom Pt and Pd
(with possible formation of Pd nanoparticles with a size less than 5 nm) incorporated onto the three-
dimensional porous ceria structure. The catalytic activity of the synthesized materials was studied in the
cyclohexene reduction to cyclohexane at 393 K and 3 atm of pure hydrogen (H,) gas as a model
reaction. The obtained results demonstrated that the conversion percentage of cyclohexene is
increasing with Pd or Pt loading. The best cyclohexene conversion, 21% and 29%, was achieved over the
sample that contains 5 wt% of Pt and Pd, respectively. The collected catalytic data fit the zero-order
reaction model, and the rate constant of each catalyst was determined. The catalytic experiments of the
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1. Introduction

Hydrogenation reactions are chemical processes that include
the conversion of unsaturated double bonds into saturated
bonds, resulting in the formation of a new product via
a reduction mechanism. This type of reaction finds widespread
application, particularly in organic substrates containing
unsaturated C-C bonds.' Hydrogenation became one of the
most significant catalytic reactions during the last century,
particularly in the fields of agrochemicals, medicines, and large-
scale manufacturing of commodities such as ammonia and
methanol. Its history dates back to 1823, when finely distributed
platinum was utilized in the interaction of oxygen and
elemental hydrogen to generate water. Sabatier was the first to
perform hydrogenation on hydrocarbons using a Ni catalyst
around 70 years later.>* In the early twentieth century, indus-
trial hydrogenation to produce economically significant
compounds like methanol and ammonia was primarily based
on supported or bulk metals like as Ni, Pd, or Pt. However, the
early catalytic transformations were mostly carried out in
a heterogeneous way, with the most prominent process being
the Haber-Bosch synthesis of NH;. The groundwork for the use
of homogeneous systems was created in the 1960 when Wil-
kinson initially described his famous Rh-based catalyst.*
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most-performed catalysts were repeated five times and the obtained loss in activity was insignificant.

The catalytic heterogeneous hydrogenation of benzene
serves as a prime example of a large-scale commercial hydro-
genation process, producing cyclohexane in a single step. The
hydrogenation of cycloalkenes is regarded as one of the most
significant reactions in the industrial field, owing to the
generation of highly valuable products.> For example, cyclo-
pentane finds its applications in diverse industrial procedures,
which encompass resin manufacturing, the rubber industry,
and the production of polyurethane foam. Furthermore, the
direct reduction of cyclohexene results in the production of
cyclohexane, which serves as the principal reactant in the
production of Nylon 6 and 6,6.® The reduction of cycloalkenes
utilizing hydrogen gas is a momentous reaction that possesses
substantial industrial ramifications, particularly when executed
in the liquid phase at standard temperature and pressure.” The
hydrogenation of cycloalkenes has been extensively investigated
in the liquid phase at ambient temperatures using homoge-
neous catalysts, including Wilkinson-type catalysts and various
transition metal complexes. However, considering environ-
mental and economic considerations, heterogeneous catalysis
is of significant value in industrial applications. Therefore, the
hydrogenation of cycloalkenes has been thoroughly studied,
utilizing supported noble metals and metal oxides.® Catalytic
hydrogenation, being a bimolecular process, involves the
adsorption of hydrogen and unsaturated alkenes to the catalytic
surface. Consequently, conducting cycloalkene hydrogenation
in a heterogeneous catalytic system introduces various factors,
including those associated with catalytic materials such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metal type and shape, metal loading, and support type. Noble
metals have exhibited remarkable activity in heterogeneous
hydrogenation processes. As examples, platinum (Pt),’ rhodium
(Rh),* ruthenium (Ru),** and palladium (Pd)"* have been widely
employed in the hydrogenation of cycloalkenes due to their
high activity and stability. However, in light of the challenges
associated with the agglomeration of nanopowders and the
high cost of noble metals, researchers have adopted a cost-
effective strategy. They employ inexpensive means to accom-
modate limited quantities of precious metals, attaining elevated
efficacy through a more economical methodology. In order to
mitigate the total expense of the hydrogenation procedure, one
approach entails the careful selection of a fitting substrate for
the employed nanoparticles of noble metals. An optimal
substrate ought to facilitate the heterogeneous catalytic reac-
tion mechanism, diminishing the duration of the chemical
process, consequently augmenting output and minimizing the
costs associated with production. Various supports, including
metal oxides,* zeolites,"* and silica,*® have been used for this
purpose. As an exemplification, Feil et al.*® provided a detailed
account of the procedure for depositing palladium nano-
particles onto SBA-15 mesoporous material. The resulting
catalyst was subsequently employed for the purpose of cata-
lyzing the reduction of cyclohexene, particularly under condi-
tions of elevated temperatures and pressures, specifically at 75 ©
C and 4 bar of hydrogen gas. Similarly, Patel et al.'” utilized
MCM-41 mesoporous siliceous material to accommodate
palladium nanoparticles in combination with monocularly sil-
icotungstate. The fabricated catalyst demonstrated remarkable
effectiveness in the hydrogenation of cyclohexene at a temper-
ature of 80 °C and under a hydrogen gas pressure of 10 bar. In
an all-encompassing investigation, Hamdy et al. explored the
hydrogenation of cycloalkenes in a solvent-free liquid-phase
utilizing metal nanoparticles supported by mesoporous silica
TUD-1 under ambient conditions.*®*

The use of CeO,-supported catalysts, particularly those
incorporating noble metals, has become a focal point of
extensive research. This is attributed to their immense signifi-
cance in both fundamental academic studies and industrial
applications. To take use of CeO,'s oxygen storage and release
capabilities, researchers typically incorporate metals into ceria
lattice. The incorporation of noble metal species as active sites
can markedly enhance catalytic activity due to the distinctive
synergy between these noble metal species and CeO,. Despite
the substantial improvement in activity, these catalysts
encounter challenges such as restricted availability and elevated
costs. Consequently, there is a burgeoning research focus on
advancing ceria-based catalysts as an alternative approach.

In the last decade, single-atom catalysis has emerged as
a rapidly advancing research area, has revitalized the hetero-
geneous catalysis research horizon. Single-atom catalysts
(SACs), distinguished by individual metal sites anchored to
solid supports, facilitate optimal metal dispersion and utiliza-
tion. These isolated, single-atomic active sites demonstrate
exceptional catalytic activities in a variety of reactions, effi-
ciently activating fundamental molecules such as O,, H,0, CO,
CO,, and CH,.”***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Nowadays, many types of noble metal atoms may be well
disseminated onto CeO, supports using different preparation
procedures, such as deposition-precipitation Pt-CeO,*
impregnation Pd-CeO,,” and Pt-CeO,.** Datye et al also
devised an “atom-trapping” technique to create thermally stable
noble metal CeO, single atom catalysis. CeO, can capture and
stabilize noble metal single atoms at high temperatures (750-
800 °C) because of a strong metal-support interaction. The as-
derived catalysts demonstrated much higher sintering
stability.”® Wu et al. employed co-precipitation to disperse single
atoms of Ru in CeO,, and the resultant catalyst exhibited
notable selectivity for azoxybenzene (88.2% selectivity and
17.9% conversion).?®

In the current study, a one-step combustion method is
employed to prepare efficient and distinctive catalysts for
hydrogenation reactions. These catalysts consist of a single-
atom of a noble metal (Pd and Pt) loaded onto oxygen-
vacancies rich porous cerium oxide nanoparticles. The physi-
cochemical properties of the prepared catalysts are studied by
XRD, SEM, N,-sorption, HAADF, and HR-TEM. Moreover, the
catalytic activity of the synthesized catalysts was assessed in the
solvent-free hydrogenation of cyclohexene to cyclohexane as
a model reaction. Moreover, a kinetic study was conducted as
well as the reusability of the investigated catalysts.

2. Experimental

2.1. Synthesis

Platinum doped porous ceria, and palladium doped porous
ceria were prepared using Palladium(u) chloride (PdCl,,
Aldrich) and Chloroplatinic acid hexahydrate (H,PtCls-6H,0,
Aldrich) without any treatment or purification as sources of
noble metals. Additionally, they were prepared in different
ratios (0.5, 1, 2.5, and 5 wt%) to study the catalytic activity of
noble metals doped porous ceria.

During a typical synthesis, the dissolution of 5 g of cerium
nitrate hexahydrate took place in 5 g of deionized water.
Subsequently, 1 g of citric acid was introduced, and the
appropriate stoichiometric quantity of metal salt was added to
the crucibles. The resulting mixture was agitated until complete
dissolution took place. The ensuing solution was then trans-
ferred to a porcelain crucible and subjected to a drying process
at a temperature of 363 K (the optimum temperature for
forming a foam-like structure from the formed gel) for a dura-
tion of 24 h. Ultimately, the resulting solid material underwent
calcination in a muffle furnace in air under static conditions at
823 K for a period of 180 min. This process was conducted using
a heating ramp characterized by a rate of 18 K per minute.

2.2. Characterization

Various techniques were employed for the characterization of
the synthesized materials. X-ray diffractometer (XRD) analysis
was conducted using a Shimadzu LabX-6000 diffractometer
with CuK radiation (A = 1.54056), operating at 40 kV and 30 mA,
with a scanning range between 20-70° 26. ICP elemental anal-
ysis (Thermo Scientific, ICAP 7000 series) was used to calculate
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each sample's exact amount of noble metals. Elemental
composition, morphology, and energy mapping were obtained
through a JEOL JSM 6310 scanning electron microscope (SEM)
coupled with an EDX system, operating at 20 kV. Nitrogen
adsorption/desorption isotherms at 77 K were recorded using
a Quanta Chrome NOVA2000e. Pore size distribution was
determined by the adsorption branch and the Barret-Joyner—
Halenda (BJH) model. The surface area (Sggr) was calculated
using the BET method, and mesopore volume (Vieso) Was
determined using the #plot method (XPS) analysis was con-
ducted utilizing an ESCALAB 250Xi instrument with a mono-
chromatic Al Ko X-ray source (1486.6 eV). A 6 mm aperture was
employed for the input lens. All spectra were acquired using
monochromatized aluminum radiation. The X-ray source had
a 12 kV acceleration voltage and a power output of 120 W. A
survey spectrum was acquired spanning the binding energy
range of 0 to 1200 eV, with a 10 eV pass energy and a 0.1 eV step
size. The acquired spectra were evaluated using Origin Pro-8.5
software. This comprehensive XPS setup and analysis allow
for detailed investigations into the elemental composition and
chemical states of the analyzed samples. High-resolution
transmission electron microscopy (HR-TEM) analysis was con-
ducted using a Philips CM30UT electron microscope equipped
with a field emission gun operating at 300 kV. For sample
preparation, a copper-supported carbon polymer grid was
utilized. A few droplets of a ground sample suspension in
ethanol were placed on the grid, followed by drying at room
temperature. This enabled the mounting of the samples for
subsequent analysis.

2.3. The activity performance study

The hydrogenation of cyclohexene was executed in a semi-batch
Parr reactor, as illustrated in Fig. 1. This reactor was equipped
with a mixer capable of variable stirring speeds up to 800 rpm,
featuring a maximum temperature of 453 K and a maximum
pressure of 21 atm. The apparatus was further enhanced with
an automated temperature control and pressure recording
system. The liquid temperature within the reactor could be
precisely controlled within a range of £1 K. A high-precision
pressure transducer with an accuracy of +1 kPa was employed
to measure pressure. The experimental procedure involved
introducing 25 ml of cyclohexene and 0.25 g of catalyst into the
reactor. The hydrogenation process was carried out under the

» Stirring device

Gas line

Reactor o

Heating
chamber *

L‘j L1 |

Controller for measuring
temperature and stiming speed

Fig. 1 Schematic diagram the Parr reactor components and reactor
picture.
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specified conditions of 750 rpm stirring speed, 3 atm pressure
at 393 K, and the duration of one hour. Following the reaction,
the generated gas was released, and the reactor was gradually
cooled down to room temperature. The resulting solution was
then filtered, and the final product was analysed using gas
chromatography (GC). Gas chromatography (GC) analysis was
conducted utilizing a SHIMADZU GC-2014 instrument. The
configuration featured an RTX-5(G27) packed column with
dimensions of 4 m x 0.32 mm x 0.5 um film thickness, along
with a flame ionization detector (FID). Nitrogen (N,) gas was
employed as the carrier gas, while hydrogen (H,) and air served
as the FID gases. The conversion of cyclohexene (CXE) was
calculated as following.
Top of the form

[CXE], — [CXE],

1
cxgl, <0

Conversion =
where [CXE], is the concentration of cyclohexene at zero time,
[CXE]; is the concentration of cyclohexene at (¢) time. Moreover,
the turnover frequency (TOF) was calculated as following

[CXE], - [CXE],

TOF = -
[Pt or Pd] x time (s)

where [Pt or Pd] is the concentration of Pt or Pd, while the time
of reaction was calculated in seconds.

3. Results

3.1. Characterization data

The XRD analysis of the Pd-CeO, and Pt-CeO, catalysts, as
illustrated in Fig. 2, reveals prominent diffraction peaks at 20
values of 28.58°, 33.18°, 47.61°, and 56.49°, corresponding to
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Fig. 2 XRD patterns of the prepared (a) Pd—CeO,, and (b) Pt—-CeO,
samples.
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Fig. 3 The N, sorption isotherms of the prepared (a) Pd—CeO, and (b)
Pt-CeOs,.
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Table 1 The textural properties of porous ceria and (Pd and Pt) doped porous ceria nanoparticles

Sample Pd or Pt content (wt%)“ Surface area (m? g~)° Pore volume (cm?® g~1)° Pore size (nm)?
Porous CeO, 0 47.18 0.138 2.8
0.5Pd-CeO, 0.493 51.11 0.031 2.88

1Pd-CeO, 0.996 46.45 0.091 2.71
2.5Pd-CeO, 2.502 25.64 0.133 2.66

5Pd-CeO, 4.997 15.45 0.079 1.99
0.5Pt-CeO, 0.496 40.24 0.057 2.74

1Pt-CeO, 1.006 25.55 0.078 2.79
2.5Pt-CeO, 2.435 22.37 0.072 2.75

5Pt-CeO, 4.994 19.9 0.101 2.56

“ As obtained from ICP elemental analysis. ° As obtained from Nitrogen sorption measurements.

the (111), (200), (220), and (311) crystal planes of the cubic
fluorite structure of CeO,, respectively (JCPDS 34-0394).
However, there is an absence of observable diffraction peaks
associated with metallic Pd in the samples with Pd loading less
than 5 wt%, possibly due to the very small crystal size of metallic
Pd or the formation of single-atom Pd, both are too small to be
detected by this analysis technique. Same result was obtained in
the case of Pt-CeO, sample. However, in 5Pd-CeO, sample,
a peak emerges at 26 39.95°, which corresponding to metal Pd
(111) was observed.>”*®

The N, adsorption/desorption isotherms of the synthesized
catalysts (Pd-CeO, and Pt-CeO,) are depicted in Fig. 3. All
samples exhibit the characteristic shape of an IV-type isotherm
with a H3 hysteresis loop at various P/P° values, signifying the
presence of mesoporous structures in the prepared catalysts.
The formation of the hysteresis loop can be attributed to the
capillary condensation of N, molecules within the pore struc-
tures of the Pd-CeO, and Pt-CeO, catalysts.”

The surface areas, pore volume and pore size are listed in
Table 1. The Brunauer-Emmett-Teller (BET) area of the Pd-
CeO, (0.5%) sample is estimated to be 51 m”> g~ " and decreases
to 15.45 m* g~ for Pd-CeO, (5%) after increase loading of Pt,

additionally, the same behaviour presented for the Pt-CeO,
which the surface area decreased from 40.24 m”* g~ " to 19.9 m®
g with increase content of Pt up to 5%.* This can be explained
by the formation of Pt or Pd nanoparticles which cause partial
blocking in the channels of the porous ceria, and hence, the
overall BET surface area deceased.

Scanning electron microscopy (SEM) was used to visualize
the structure of the prepared materials Pd-CeO, and Pt-CeO,
and the obtained micrographs are presented in Fig. 4 and 5.
Micrographs reveal the formation of porous foam-like network
of agglomerated interconnected particles with a three-
dimensional porous structure in the entire prepared samples.
Moreover, the wall thickness seems to be increased with noble
metals content (0.5 to 5%). More importantly, there is no
evidence for the formation of any bulky crystals of metallic Pd or
Pt, or the oxide form of both. The obtained result agrees the
obtained XRD result.

Fig. 6 presents the EDX spectra for the 5Pd-CeO, and 5Pt-
CeO, samples. The spectra indicate the presence of Ce, O, and
either Pd or Pt in the samples. No other elements are detected,
except for carbon, which can be attributed to the carbon tape
used during the analysis. This outcome provides a strong

05PLCeO,

a')r::::‘ _' %

2.5P1.Ce0,

Fig. 4 The SEM micrographs of the prepared Pd-doped porous ceria
samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 5 The SEM micrographs of the prepared Pt-doped porous ceria
samples.
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Fig. 6 EDX analysis of Pd doped porous ceria and Pt-doped porous
ceria samples.

Fig. 7 High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) micrographs and corresponding Cs-
corrected micrograph of 5Pd-CeO, sample.

indication of the purity of the prepared samples, as no extra-
neous elements are observed.

The HAADF-STEM technique was applied to investigate the
distribution of Pt and Pd in the ceria framework. The obtained
elemental mapping of 5Pt-CeO, and 5Pd-CeO, are presented in
Fig. 7 and 8; respectively. The obtained micrographs show the
spatial distribution of ceria, oxygen Pd and Pt and they indicate
that Pt and Pd uniformly distributed throughout the entire
porous ceria sample. It must also be emphasized that no
additional elements were detected. More importantly, in Fig. 9,
the single atoms of Pt and Pd are clearly presented as a bright

Fig. 8 High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) micrographs and corresponding Cs-
corrected micrograph of 5Pt—CeO, sample.
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Fig. 9 XPS spectra of (a) survey scan XPS spectrum, (b) Ce3d (c) Pd3d
of Pd-—CeO, and (d) Ols.

dot as compared to the neighbouring Ce atoms due to their
larger atomic number.**

XPS was applied to assess the valence state of Pd, Pt, Ce, and
O in order to determine the nature of the active sites in Pd-CeQO,
and Pt-CeO,. The obtained spectra and their deconvolution are
presented in Fig. 9 and 10 for 5Pd-CeO, and 5Pt-CeO,,
respectively.

Panel (a) of Fig. 9 and 10, shows the survey spectrum of the
whole prepared samples, while panel (b) shows the Ce3d spectra
and their deconvolution into six components. These compo-
nents correspond to the spin-orbit splitting of Ce3ds,, and
Ce3ds,, indicating that CeO, contains both Ce®" and Ce**
oxidation states due to the spin doublet's separation. Peaks
belonging to Ce3ds,, ionization exist at binding energies 886.4
and 892.1 eV, whereas those corresponding to Ce3d;,, ioniza-
tion appear at 901.9, 905.3, 910.9, and 920.6 eV. The peaks at
886.4 and 905.3 eV correspond to Ce*"3d states, whereas the
peaks at 892.1, 901.9, 910.9, and 920.6 eV correspond to Ce**3d
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Fig. 10 XPS spectra of (a) survey scan XPS spectrum, (b) Ce3d (c) Pt4f,
and (d) Ols.
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states. This denotes Ce's fundamental valence state as +4.%>
According to reports, CeO, is not reducible by H, at 200 °C.*
However, the introduction of metallic Pd species has been
shown to facilitate the transfer of hydrogen from metallic Pd to
the CeO, surface. Consequently, this transfer promotes the
reduction of oxygen species on the CeO, surface, leading to the
formation of oxygen vacancies.**
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In Fig. 9(c), the Pd3d XPS spectrum is illustrated. Notably,
the two prominent peaks observed at 335.2 and 340.5 eV
correspond to the characteristic XPS peaks of Pd®, originating
from the Pd3d;/, and Pd3ds/, orbitals, respectively. Weak XPS
peaks corresponding to Pd*" species are also discernible at
binding energies of 336.7 and 342.2 eV. This suggests that
metallic Pd species predominantly exist on the surface of Pd-
CeO, catalysts in a zero-valent state. The presence of trace Pd>*
species may be attributed to electronic interactions between
metallic Pd and CeO, supports, indicating electron transfer
from metallic Pd to the CeO, support. Moreover, based on
morphology studies, Pd-CeO, exhibits mesoporous structures,
facilitating the high dispersion of metallic Pd on their surface
and enhancing their interaction.*® Furthermore, in Fig. 10(c),
the XPS spectrum of the Pt-CeO, catalysts shows typical peaks
of Pt 4f;, and 4f5,,. Both peaks were deconvoluted into three
sub-peaks representing oxidized and metallic Pt. The two
deconvoluted sub-peaks at 71.5 and 75.1 eV are assigned to Pt°,
whereas the other peak at 72.6 eV corresponds to the Pt*" specie,
as previously described in ref. 36 and 37. Finally, the XPS
spectrum of O1s is shown in panel (d) of Fig. 9 and 10. The O1s
XPS spectra can be divided into two independent XPS peaks.
The XPS peak from 532 to 334.5 eV is the characteristic of lattice
oxygen, the peak at 535 to 536.5 eV belongs to the adsorbed
oxygen O~ on the Pd-CeO, and Pt-CeO, surface.

3.2. The catalytic performance

Several blank experiments were performed in the beginning of
the study to confirm the catalytic process and to determine the
best operating conditions. Cyclohexene was hydrogenated
without any catalyst up to 393 K and 10 atm of pure H, gas,
however no cyclohexane could be observed. Same result was
obtained when bare CeO, was applied to catalyse the hydroge-
nation reaction. In another experiment, commercial Pt nano-
particles successfully activated 5.6% conversion of cyclohexene
to cyclohexane. In a third experiment, Pd-CeO, and Pt-CeO,
samples were not able to activate the conversion of cyclohexene
at ambient conditions, room temperature and 1 atm of H, gas.

Table 2 The catalytic activity results of the investigated samples in the hydrogenation of cyclohexene to cyclohexane

Sample P (atm) T (K) Con* (%) Sel” (%) TOF° (s 1) (R?)? (k)
No catalyst 3 393 >1 100 — — —
CeO, 3 393 >1 100 — — —

Pt NPs/ 3 393 5.6 100 0.0015 — —
5Pd-CeO, or 5Pt-CeO, 1 298 >1 100 — — —
0.5Pd-CeO, 3 393 11.5 100 0.669 0.982 0.454
1Pd-CeO, 3 393 16.6 100 0.484 0.981 0.675
2.5Pd-CeO, 3 393 22.5 100 0.263 0.989 0.942
5Pd-CeO, 3 393 29.7 100 0.176 0.991 1.188
0.5Pt-CeO, 3 393 7.33 100 0.428 0.961 0.294
01Pt-CeO, 3 393 12.3 100 0.359 0.986 0.505
2.5Pt-CeO, 3 393 15.5 100 0.181 0.999 0.641
5Pt-CeO, 3 393 21.6 100 0.126 0.996 0.886
Pd-c-CeO,* 3 393 18.6 100 0.107 0.992 0.314

“ Conversion of cyclohexene. ? Selectivity of cyclohexane. ¢ Turnover frequency. ¢ Correlation coefficient. ¢ Zero order rate constant (10> mol L™!
s7)./ Commercial Pt nanoparticles. ¢ 5 wt% of Pd doped commercial ceria.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Based on optimization study, the activity of the prepared
samples could be observed at 393 K and 3 atm of H, pressure.

The production of cyclohexane over Pd-CeO, and Pt-CeO,
samples is presented in Fig. 11 panels (a) and (b), respectively.
The conversion% was found to be increased with the noble-
metal loading. In general, Pd-CeO, was found to be more
active than Pt-CeO, sample although the entire samples in the
series were able to activate the reaction. The best conversion
was achieved over 5Pd-CeO, sample, in which 29.7% of cyclo-
hexene was converted to cyclohexane after 60 min’s reaction. To
investigate the kinetic of hydrogenation proves over the
prepared samples, zero order model was applied. The concen-
tration of cyclohexene (mole) was plotted as a function of
reaction time and the calculated slope represented the rate
constant of the reaction kinetic. The obtained data fitted
perfectly with the suggested model with high calculated corre-
lation coefficient (R?) as shown in Fig. 11(c) and (d).

The calculated turnover frequency TOF (s™') and the zero
order rate constant (mol L™' s™') were plotted as a function of
Pd and Pt loading in Fig. 12(a) and (b), respectively. The rate
constant of the investigated samples exhibited similar behav-
iour either for Pd-CeO, or Pt-CeO,. The zero-order rate
constant was found to be increased with the loading of Nobel
metal concentration. However, TOF was found to be decreased
with the Nobel metal loading, which is most likely due to the
formation of nanoparticles and hence considerable amount of
active phase are out of the catalytic process. The obtained
results of the catalytic reaction as well as the blank reactions are
summarized in Table 2.

Furthermore, one additional sample was prepared for
comparison purpose, 5 wt% Pd doped commercial ceria
sample. The activity of the sample was small compared to 5Pd-
CeO, sample. This can be explained by the unique porous
system of the prepared sample, in addition to the higher surface
area than commercial ceria sample, and the oxygen vacancies
rich surface of the porous ceria sample.*® Finally, the most
performed catalysts, 5Pd-CeO, and 5Pt-CeO, were subjected to
reusability study after collecting the applied catalysts by hot-
filtration technique. Each sample was used to catalyse five
consecutive reactions without treatment but drying over night

1st 2nd 3rd 4th

Runs

5Pt-Ce02
5Pd-Ce02

[
5th

Fig. 13 The cyclohexene conversion (%) over the same sample of
5Pd-CeO, and 5Pt-CeO, for consecutive five runs without any
treatment.
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at 333 K. The obtained cyclohexene conversion% is plotted in
Fig. 13. The investigated catalysts were able to catalyse the five
runs and the obtained conversion% was comparable. The small
loos in activity can be related either to the leaching of Pt or Pd
from CeO, framework (ICP elemental analysis showed that
almost 2.5-3.8% of noble metals was lost after the 5th run), or
due to the accumulation of the organic species on the catalytic
active sites.

4. Discussion

4.1. The formation of single-atom Pd or Pt

Noble metals like platinum (Pt) and palladium (Pd) are known
for their catalytic properties, especially when supported on
cerium dioxide (CeO,) nanoparticles. The formation of single-
atom noble metal catalysts on CeO, has gained interest due to
their high catalytic activity and selectivity in various reactions.
The formation of single atoms of noble metals on the surface of
CeO, is influenced by several properties of CeO,, which leads to
creating the stabilization of dispersed metal atoms. Such as
presence of oxygen vacancies that provides coordination sites for
the noble metal atoms, allowing them to bind strongly and
disperse as isolated atoms on the surface of ceria.** Redox
properties which is the transformation between Ce** and Ce** in
CeO,, the robust electronic interaction facilitates a strong
binding of surface oxygen to metal atoms. In this scenario, metal
atoms exhibit a preference for bonding with oxygen rather than
forming metal-metal bonds. Consequently, the favourable
condition for single atomic dispersion is often observed on CeO,,
rather than the aggregation into nanoparticles.** Strong Metal-
Support Interaction (SMSI): CeO, is known to exhibit SMSI
with certain noble metals. This strong interaction involves the
exchange of electrons between the metal and the support,
leading to enhanced stability and dispersion of single metal
atoms. The combination of these properties creates a favourable
environment for the formation of single metal atoms on the
CeO, surface, providing unique catalytic properties that are
advantageous in various applications.

4.2. The proposed mechanism

The hydrogenation mechanism of cyclohexene by using
molecular hydrogen over Pt, or Pd-CeO, can be explained as
following steps:

1 Adsorption step: H, molecules are adsorbed and activated
through weaken the H-H bond and facilitate the formation of
reactive hydrogen species, over noble metal single-atoms and/or
the formed nanoparticles. On the other hand, CeO, support is
strongly participate in the adsorption of cyclohexene double
bonds due to the presence of oxygen vacancies (Vo) in the ceria
lattice.

2 Reaction step: the activated hydrogen interacts with the
double bond in cyclohexene, leading to the addition of
hydrogen atoms and the reduction of the double bond to form
cyclohexane.

3 Desorption step: the formed cyclohexane molecules
migrate away from the surface of the catalyst, while Pd or Pt

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 The proposed mechanism for the hydrogenation of single
atom Pd or Pt incorporated oxygen-vacancies rich mesoporous ceria.

Table 3 The activity comparison between Pd and Pt incorporated
porous ceria and other reported catalysts in the liquid phase hydro-
genation of cyclohexene

Noble Loading Temp Pressure TOF
Support metal (%) (X) (atm) (s™")  Ref.
Porous CeO, Pd 0.5 393 3 0.669 Current
Porous CeO, Pt 0.5 393 3 0.428 Current
Zeolite Y Pt 0.57 298 5 0.231 9
Mordenite pt 0.59 298 5 0.31 9
TUD-1 pt 0.5 298 5 1.08 41
Al,O, Pt 1 393 1 0.9 42
SiO, Rh 0.1 343 4 0.13 43

active sites undergo regeneration to be ready for a new reaction.
This reusability makes palladium a cost-effective and sustain-
able catalyst for industrial processes.

In Fig. 14, a simple diagram is proposed to explain the
hydrogenation of cyclohexene over single-atom Pd or Pt incor-
porated oxygen-vacancies rich porous ceria nanoparticles.

4.3. Comparison with other supported catalysts

The comparison with other reported catalysts is a challenging
because the scarcity of research around the liquid-phase
cyclohexene hydrogenation. In Table 3, the hydrogenation of
liquid phase hydrogenation over different supported catalysts.
The comparison showed that porous ceria is a competitor
support for the noble metal active phase in the hydrogenation
reaction. Pt and Pd incorporated porous ceria showed better
activity than noble metals supported zeolite Y,” mordenite,’ and
mesoporous silica.”* Ceria can adsorb cyclohexene due to its
unique surface properties and interactions with the molecule.
The oxygen vacancies on the ceria surface provide active sites
for adsorption, allowing unsaturated carbon atoms in cyclo-
hexene to interact with surface oxygen atoms. Additionally,
ceria's Lewis acid-base interactions, high surface area, and
redox properties contribute to the strong binding and adsorp-
tion of cyclohexene. These characteristics enable ceria to
effectively adsorb cyclohexene molecules, making it a suitable
catalyst for related chemical reactions. However, Pt incorpo-
rated mesoporous silica (TUD-1)** and alumina* exhibited
better activity. The effectiveness of tiny noble metals on CeO, as
catalysts can be influenced by various factors, including the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interaction between metals and the support, the structure of
CeO,, and the condition of noble metals. Initially, broadly
speaking, the interplay between metal and support can enhance
the catalytic efficiency of catalysts. Firstly, the robust connec-
tion between metals and supports can anchor noble metals at
specific locations, preventing aggregation and the loss of acti-
vation. Secondly, this interaction can boost interfacial electron
transfer and molecular adsorption modulation, thereby influ-
encing the catalyst's activity, selectivity, and stability.

This comparison shows that oxygen-vacancies rich porous
ceria is an interesting support, and it opens the door for more
development to increase the surface area of porous ceria and
hence improve its performance.

5 Conclusions

Pd or Pt with different content was successfully incorporated
into porous ceria by using one-step synthesis procedure based
on flash-combustion technique. The characterization
confirmed the formation of well-distributed single-atom Pt or
Pd throughout the entire surface of the oxygen-vacancies rich
ceria support. Few nanoparticles of Pd were also observed in the
high loading of Pd-CeO, sample. The hydrogenation of cyclo-
hexene was performed under solvent-free condition and acti-
vated by the prepared catalysts and the obtained results were
comparable with other reported catalysts. Moreover, the cata-
lysts exhibited good activity up to five continuous runs. The
kinetics of the hydrogenation reaction was investigated, and the
obtained results were perfectly fit with zero-order kinetic model.
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