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Abstract

Selective hydrogenolysis of lignin-derived aryl ethers under mild temperature and pressure is
an important milestone to be achieved to fulfill the future fuel demands from abundantly
available biomass resources. Selective hydrogenolysis requires precise modulation of surface
active sites of the catalyst to obtain the desired activity and selectivity. In this study, the
selective hydrogenolysis of benzyl phenyl ether to phenol and toluene is achieved in
methanol and water medium at a very low temperature and low H, pressure over Pd
nanoparticles decorated Ce-BTC metal-organic framework. The activity of the developed
catalyst is two times higher than that of Pd decorated CeO,. Structure-activity relation is
established using catalytic measurements, X-ray photoelectron spectroscopy, and
transmission electron microscopy. The mechanistic insight into the hydrogenolysis of aryl
ethers and the reasons behind the superior activity of Pd/Ce-BTC than Pd/CeO, are
investigated using the density functional theoretical (DFT) calculations. Spectroscopic
measurements and DFT calculations suggest that the higher Pd%/Pd?** ratio and higher
adsorption of benzyl phenyl ether over Pd/Ce-BTC and higher adsorption of phenol over
Pd/CeQ, are factors responsible for the higher activity of Pd/Ce-BTC than Pd/CeO,. Efficient
recyclability and hot filtration test reveal that the catalyst exhibits no noteworthy loss in the
activity after five consecutive cycles. The Pd/Ce-BTC displays very high turnover frequency
and low activation energy, which are very attractive from the industrial perspective and

academic points of view.
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Introduction
Biomass can replace fossil fuels and can acts as a feedstock for liquid fuels and chemicals in
the coming years.! It is estimated that only less than 10% of biomass is utilized, and the rest
is just discarded or burnt. Biomass contains lignin, cellulose, and hemicelluloses.’-
Significant research is being carried out to convert cellulose and hemicelluloses to furfural
and 5-hydroxymethyl furfural as platform chemicals to produce a broad range of furan based
chemicals.® State of the art catalytic conversion of furfural and 5-hydroxymethyl furfural,
especially by oxidative and reductive up-gradation protocols, using conventional catalytic,
photocatalytic, and electrocatalytic strategies is recently documented.!® The selective
reduction/oxidation of furan based feedstocks can fulfill the fuel and polymer industries
demand.'’'? Lignin, a polymeric network structure is composed of phenolic and aromatic
building blocks that are bonded with each other via C-C and C-O bonds.!*!5 The selective
depolymerization of lignin can meet the demands for aromatic liquid fuels and fine chemicals
without depending upon fossil fuel resources.!®!® This can be achieved only when the
benzene ring is unaffected during the lignin depolymerization process. Gasification,
liquefaction, and pyrolysis are the most common techniques that have been adopted for the
depolymerization of lignin.?>-2*> However, the poor control over product selectivity due to
harsh reaction condition makes these techniques unfavorable and non-facile for lignin
depolymerization. Hydrogenolysis, a catalytic tool is being studied extensively for the lignin
depolymerization.?!->3 The development of a robust redox catalyst for the hydrogenolysis of
aryl ethers during the reductive catalytic fractionation of lignocellulosic biomasses, aka
"lignin-first biorefinery" will play a key role in obtaining high yield of monophenols.?#23
However, the challenge is to find a catalyst that maintains excellent product selectivity under
mild reaction conditions. In addition to this, unravelling the mechanistic pathway and
understanding the insights of this hydrogenolysis reaction is also a challenging task. Extreme
care should be taken in developing a catalyst and process parameters for the selective
hydrogenolysis because the aromatic compounds should not be hydrogenated during this
process and loose its aromaticity.?® The lignin constitutes approximately 80% ether linkages;
therefore, one can select aromatic compounds having ether linkage as model reactants to
demonstrate the effectiveness of the developed catalyst in hydrogenolysis.?6-7

Many homogeneous and heterogeneous catalysts have been developed for the
hydrogenolysis of aromatic ethers.?®3° Homogenous metal (based on V, Ni, and Ru) catalysts

can be operated under mild conditions (<423 K) for the selective ether cleavage.?®-30
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However, the developed homogeneous complexes are water-sensitive, and recovery &
recycling of such catalysts are not feasible; therefore, the development of heterogeneous
catalysts is essential. Heterogeneous catalysts based on Ni and Pd (supported on zeolites and
metal oxides) are developed.’!3* However, these catalysts are less selective for the ether
bond, and cleavage & reduction of arenes also takes place during the reaction. Later, porous
SiC supported Ni nanoparticles (NPs) catalyst is developed, which is found to be stable and
recyclable during the selective cleavage of ether bonds for various lignin-based model
compounds in the presence of KOtBu.3* A Ni/C catalyst is reported for the selective cleavage
of a lignin model compound, benzyl phenyl ether (BPE), using NaBH,.>> This catalyst
provides better activity than Pd/C, Ru/C, and Rh/C. Ni-H catalyst based on a metal-organic
framework (MOF) which constitutes Ti in different oxidation states (as Ti''Ti'V) is developed
for the hydrogenolysis of benzyl phenyl ether at 413 K.3¢ Another Ti-based catalyst; titanium
nitride-Ni nanocomposite is developed for the hydrogenolysis of aryl ethers in ethanol at mild
reaction conditions (12 bar H, pressure and 398-423 K).3’ Very recently Pd-Pt bimetallic
catalyst is developed for the hydrogenolysis of lignin model compounds that can be operated
under mild reaction conditions.?® Moreover, Pd based catalyst is developed for the selective
ether cleavage via transfer hydrogenolysis of benzyl phenyl ether using 2-propanol as an H-
donor.?* However, it requires a significantly higher temperature of 513 K for the selective
cleavage of the ether C—O bond.

The literature reports suggest that supported small size Pd NPs catalysts are effective
for the selective hydrogenolysis of aryl ethers.*0*> The high surface energy of small-sized
metal NPs facilitates the aggregation or fusion of metal NPs during the catalytic process.*+
However, the use of sacrificial support could stabilize the metal NPs by minimizing the
aggregation or fusion process.*® Unfortunately, this aggregation phenomenon has a negative
effect on the catalytic efficiency during catalysis using existing support matrixes such as
zeolites, silica, carbon, metal oxides etc.*’ Thus, the confinement of the small size metal NPs
in a particular oxidation state during the catalytic operation is a challenging task. Metal-
organic framework (MOF) is a nanoporous material containing metal centers or metal
clusters connected with multi-dentate organic molecules as bridging ligands to get a
multifunctional networking structure.*® The inherent nature of MOF materials, including high
density and spatial distribution of active sites around the framework and the presence of open
porous channels, enables the easy accessibility of the active sites that facilitates the diffusion
phenomena, making MOF materials a benchmark candidate in the field of catalysis.*’ The

spatial arrangement of active sites and the presence of the coordinative unsaturated sites

4
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present in the multifunctional MOF provides phenomenal stability to the embedded metal
NPs.0

This study aims to find a MOF based catalyst with optimum bonding with aryl ethers
& their hydrogenolysis products and provides a strategy to effectively encapsulate and
stabilize Pd NPs to achieve excellent activity and recyclability. Herein, Pd NPs decorated Ce-
BTC MOF is synthesized for the selective hydrogenolysis of aryl ethers under mild
temperature and pressure. The activity of Pd NPs decorated Ce-MOF is two-fold higher than
that of Pd NPs decorated CeO, under identical reaction conditions. To obtain the mechanistic
insights and the reasons behind Pd/Ce-BTC's superior activity than Pd/CeO,, the density
functional theoretical (DFT) calculations are carried out. The catalyst exhibits excellent
recyclability and better catalytic activity (turn over frequency) than various catalysts reported

in the literature.

Results and discussion

Powder XRD pattern of Ce-BTC exhibits distinguished diffraction peaks suggesting
the highly crystalline nature of the material. The XRD pattern of the Ce-BTC matches well
with the simulated XRD pattern of La-BTC MOF (Fig. 1A).>13? The absence of additional
peaks confirms the phase purity and monoclinic crystal structure and space group (Cc) of La-
BTC MOF.>'»2 The XRD patterns of Pd supported Ce-BTC materials (Pd/Ce-BTC) are very
similar to the parent Ce-BTC, suggesting that Ce-BTC was highly stable under the reducing

synthesis condition. No distinguished diffractions corresponding to Pd NPs are observed in

Published on 13 August 2020. Downloaded by University of Wollongong on 8/13/2020 12:06:56 PM.

the materials implying that a low amount of Pd (0.5 wt% to 2.5 wt %) in a highly dispersed
state with tiny size is embedded in Ce-BTC matrix.

Ce-BTC exhibits type II/IV isotherm with H3 hysteresis ((Fig. 1B). The material
displays low adsorption in the P/Py of 0-0.8, followed by the steep adsorption. The steep
adsorption above 0.8 (P/Py) suggests that the adsorption occurs within the inter-particle void
space present in the material. Upon Pd loading, the feature of adsorption does not change, but
the adsorption volume increases. Pd loading provides the highly dispersed nanosize Pd
particles over the surface that provides additional sites for N, adsorption. Thus the adsorption
volume increases with an increase in the Pd loading, but beyond 1.5 wt% Pd loading, the
surface area starts decreasing. Higher Pd loading decreases the Pd dispersion; therefore, the
surface area slightly diminishes for Pd(2.5%)/Ce-BTC. The highest surface area is observed
for Pd(1.5%)/Ce-BTC. The amount of Pd embedded in Ce-BTC was determined from

elemental analysis (Microwave-plasma atomic emission spectroscopy). The amount of Pd
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embedded in Pd(0.5%)/Ce-BTC, Pd(1.5%)/Ce-BTC, and Pd(2.5%)/Ce-BTC, are 0.46 wt%,
1.43 wt%, and 2.37 wt%, respectively, which are marginally lower than that of input Pd

amount.
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Fig. 1 (A) Powder XRD patterns of Ce-BTC and Pd/Ce-BTC materials along with simulated
XRD pattern of La-BTC, and (B) N, adsorption-desorption isotherms of Ce-BTC and Pd/Ce-
BTC materials.

The thermogravimetric analysis (TGA) shows that a weight loss in 298-423 K is due
to the removal of loosely bound water (physisorbed or weakly bonded) or ethanol molecules
(Fig. S1). The weight loss in the range of 623 K-673 K is due to the framework
decomposition during the heat treatment process in TGA measurement. TGA experiments
suggest that Ce-BTC MOF can be employed in the temperature up to 623 K (preferably less
than 573 K).

The field emission-scanning electron microscope (FE-SEM) image shows the
micrometer-sized rod-like morphology with nanometre rod thickness for Ce-BTC. No
distinguished Pd particles are observed in the Pd(0.5%)/Ce-BTC during FE-SEM
investigation suggesting the occurrence of nanometer-sized NPs in the Ce-MOF matrix (Fig.
2A). However, with an increase in the Pd loading, the surface roughness increases (Fig. 2B-
D). Thus to get in-depth information about the dispersion of Pd NPs in Ce-BTC, high-
resolution TEM images were recorded. Nanorod morphology is evident in the low-resolution
TEM image (Fig. 2E1). The high-resolution TEM (HRTEM) image shows the adherence of
ultra-small Pd NPs to the surface of Ce-MOF (Fig. 2E2-E3). The EDS spectrum obtained
from HRTEM confirms the presence of Pd NPs on Ce-BTC MOF (Fig. S2). The elemental
mapping of Pd(1.5%)/Ce-BTC MOF reveals the homogeneous distribution of highly
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dispersed tiny Pd NPs. Various elements present in the material with different color code is
presented in Fig. S2. From the HR-TEM image, lattice fringes corresponding to PANPs are
shown that demonstrate the presence of (111) planes of Pd NPs with d spacing of 0.221 nm
(Fig. S3)

Fig. 2 FE-SEM images of (A) Ce-BTC, (B) Pd(0.5 %)/Ce-BTC, (C) Pd(1.5 %)/Ce-BTC, and
(D) Pd(2.5 %)/Ce-BTC. (E1) TEM image and (E2-E3) HRTEM images of Pd(1.5 %)/Ce-
BTC.

The surface elemental composition and oxidation states of constituent elements were
determined from the X-ray photoelectron spectrometer (XPS). The surface survey profile
suggests the existence of Ce, C, O, and Pd (Fig. 3 & Fig. S4). The high-resolution XPS
spectra of all elements were recorded and deconvoluted (Fig. 3). XPS spectra are obtained by
correcting the experimentally observed binding energies to adventitious carbon Is
standardized at 284.8 eV. The high-resolution C 1s spectrum suggests the presence of
aromatic C=C/C-C corresponding to trimesic acid at 285.1 eV in addition to various C-O
species (Fig. S4). The deconvoluted peaks at 285.6, 289.1, and 291 eV correspond to C-OH,
C=0, and —COOH species, respectively, of the Ce-BTC framework. The high-resolution O 1s

spectrum suggests the presence of a low concentration of surface adsorbed oxygen species
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(534.2 eV) after the deconvolution of the O 1s signal. The deconvoluted peaks at 532.3,
531.8, and 529.8 eV correspond to C-OH, C=0, and Ce-O species, respectively, of the Ce-
BTC framework (Fig. S4). The high-resolution surface Ce 3d spectrum suggests that the
higher concentration of Ce is present as Ce*" (3d>? and 3d*? occur at 886.1 eV and 904.3 eV,
respectively) than Ce3* (3d%2 and 3d*? occur at 882.6 eV and 900.8 eV, respectively) (Fig.
3A) in Pd/Ce-BTC. The high resolution surface Pd 3d spectrum suggests that the higher
concentration of Pd is present as Pd° (3d*? and 3d*? occur at 335.6 eV and 340.9 eV,
respectively) than Pd*" (3d>? and 3d*? occur at 337.8 €V and 342.7 eV, respectively) (Fig.
3B) in Pd/Ce-BTC. The XPS spectrum also reveals the higher ratio of Pd%/Pd?" species,
which is calculated to be 2.8 for Pd(1.5%)/Ce-BTC. Similarly, the ratio of Pd%/Pd>*" for
Pd/CeQ; is calculated to be 1.5. Hence, the Pd/(1.5%)/Ce-BTC would exhibit higher activity

due to the presence of predominant Pd° species compared to Pd/CeO,.
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Fig. 3 The high resolution XPS spectra of (A) Ce & (B) Pd present in Pd(1.5%)/Ce-BTC
and (C) Ce & (D) Pd present in Pd(1.5%)/CeO,,
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The Pd/Ce-BTC catalysts are investigated in the highly important and interesting C-O
hydrogenolysis reaction of lignin model compound, benzyl phenyl ether (BPE). As illustrated
in the introduction section that it is essential to develop a catalyst that can be employed under
very mild reaction conditions; therefore, in this study, mild reaction conditions are
established. Various catalysts are compared at a reaction condition given in the footnote of
Fig. 4. All the support materials Ce-BTC, CeO,, and SBA-15 are inactive for the C-O
hydrogenolysis of BPE (Fig. 4). At the same time, the Pd incorporated catalysts are found
active for this reaction. Selective hydrogenolysis of BPE produces an almost equal amount of
phenol and toluene (52 & 48) with no side product. The effect of Pd loading and other
reaction parameters are evaluated. With an increase in the Pd loading from 0.5 wt% to 1.5
wt% in the catalyst, catalytic activity increases, and almost complete conversion is obtained
using 1.5 wt% Pd (Fig. 5A). The activity of Pd(2.5%)/Ce-MOF is found to be similar. If TOF
is compared, then Pd(0.5%)/Ce-BTC exhibits the best activity, but to obtain the complete
conversion, Pd(1.5%)/Ce-BTC is chosen for further study. The activity of Pd(1.5%)/Ce-BTC
is two times and three times higher than Pd/CeO, and Pd/SBA-15, respectively, suggesting
that Pd incorporation in Ce-BTC is essential and highly favorable for this reaction. After
finding the best catalyst, the catalyst amount is investigated from 3 mg to 12 mg (for 0.5
mmol of the BPE) (Fig. 5B). Complete conversion is achieved with 12 mg of the sample.
Thus, 12 mg is chosen for further study. Catalytic investigations are carried out under
optimized reaction conditions in methanol and ethanol in the absence of H, to rule out the

possibility of the occurrence of transfer hydrogenation. Under our reaction condition using

Published on 13 August 2020. Downloaded by University of Wollongong on 8/13/2020 12:06:56 PM.

the best catalyst, no significant BPE conversion (<1 %) is observed. The influence of H,
pressure is investigated. In contrast to previous reports, this catalyst exhibits excellent activity
at a low pressure of 2 bar. The reaction also proceeds at ambient pressure in a balloon filled
H,, but at this condition, comparatively lower activity is obtained (23.1 % BPE conversion

and 53% phenol and 47% toluene selectivity).
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Fig. 4 C-O hydrogenolysis of BPE over various catalysts of this study. Reaction condition:
BPE (0.5 mmol), catalyst (12 mg), H, pressure (2 bar), methanol (10 mL), temperature (353
K), time (1 h).

The reaction proceeds even at a very low temperature of 323 K, but the BPE
conversion is only 21% after one hour (Fig. 5C). Reaction profiles obtained at different
temperatures and at different time intervals are presented in Fig. 5C. Complete conversion is
achieved by increasing the reaction temperature to 353 K. Further —In [BPE] vs. time profile
at different temperatures suggests that it follows a linear fitting that corresponds to first-order
kinetics (Fig. 5D). The activation energy for BPE hydrogenolysis is calculated to be 51.62
kJ/mole over Pd(1.5%)/Ce-BTC using the Arrhenius equation (Fig. SE).
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Fig. S Influence of (A) Pd loading, (B) catalyst amount, and (C) temperature-time for the C-O
hydrogenolysis of BPE using Pd(1.5%)/Ce-BTC. (D) A plot of —In(1-x) vs. time represents
the kinetics study of the BPE hydrogenolysis, (E) and a plot of In (k) vs 1/T (Arrhenius plot)
for the BPE hydrogenolysis reaction.

Finally, an interesting result is obtained by studying the influence of solvent in the
hydrogenolysis of BPE (Fig. S5). All the reactions are compared at 353 K after one hour of
the reaction (except water). The reaction conducted in methanol affords the best activity at
353 K among the solvents investigated here. The reaction proceeds equally well in water
when the reaction is performed at 383 K for two hours. To the best of our knowledge, this is
one of the unique results when the BPE hydrogenolysis is reported in aqueous medium at
such a low temperature of 383 K and an H, pressure of 2 bar. Although, the activity of
catalysts in the water medium is two times lower than that of methanol, yet it is higher than
that of several reported catalysts (Table 1). Moreover, similar activity to that of methanol is
obtained at 353 K after one hour in the water when phase transfer -catalyst
(Tetrabutylammonium bromide) is employed. This result suggests that low activity of the
catalyst in water is due to the limited solubility of BPE in the reaction medium. Thus, one can
indicate that the catalyst is equally effective in the water medium provided that the reactant

reaches the active sites.
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Table 1 The comparative catalytic activity of Pd/Ce-BTC with various reported catalysts for
the C-O hydrogenolysis of BPE.

S.N Catalyst Reaction condition TOF (h'')  Ref.
BPE (1.08 mmol), MeOH (20 mL),
1 10%Ni-1%Ru/AC  catalyst (100 mg), H, (0.5 MPa), time (2 62.7 53
h), temp (393 K).
BPE (1 mmol), water:THF (1:1) (20 mL),
2 Fe-L1/C-800 catalyst (100 mg), H, (2 Mpa), time (12 2.1 54
h), temp (513 K).
; i, TiV,-NiH (1 BPE, heptanes, catalyst (100 mg), H, (1 167 36
mol %) bar), time (6 h), temp (413 K).
BPE (100 mg), n-Hexane (15 mL),
4 ReO,/AC catalyst (30 mg), H, (3 Mpa), time (5 h), 11.4 55
temp (473 K).
BPE (0.189 mmol), H,O (1 mL), catalyst
5 Ru;sNigs NC (0.00945 mmol), H;, (1 atm), time (16 h), 1.2 56
temp (368 K).
Ni/MoS, BPE: catalyst (10:1 mass ratio), dodecane 138.5 57
Ni-1.5%, Mo-5.1%  H, (50 bar), time (0.5 h), temp (573 K).
BPE (500 mg), MeOH (10 mL), catalyst
7 Ni/AC (100 mg), H, (2 Mpa), time (2 h), temp 8.0 58
(413 K).
BPE 0.05 M in EtOH, catalyst (0.8 g, 4.6
8 TiN-Ni mmol of Ni), H, (12 bar), time (0.33 h), 0.2 34
temp (398 K).
BPE (100 mg), hexane (30 mL), catalyst
9 1%Ru-30%W/AC (20 mg), H, (0.7 Mpa), time (10 h), temp 1.6 59
(533 K).
BPE (1 mmol), H,O (1 mL), catalyst
10 In(Otf);+Ru/Al,O3  (In(Otf); 0.05 mmol + 5 wt% Ru/Al,03), 6.8 60
H, (40 bar), time (2 h), temp (523 K).
11 Pd-Fe/OMC BPE (500 mg), hexadecane (9 mlL), 38.1 61

12
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catalyst (50 mg), H, (10 bar), time (1 h),
temp (523 K).
BPE (0.24 g), n-heptane (24 mL), catalyst

12 RuRe/MWCNT (50 mg), H, (20 bar), time (1 h), temp 43.3 62
(473 K).
BPE (0.0368 g), solvent (10 mL), catalyst
13 Ni/CB (50 mg), H, (0.2 MPa), time (1 h), temp 181.1 35
(473 K).
BPE (0.5 mmol), methanol (10 mL), This
14 Pd(0.5%)/Ce-BTC  catalyst (12 mg), H, (2 bar) time (1 h), 526.8 study
temp (353 K).
BPE (0.5 mmol), methanol (10 mL), This
15 Pd(1.5%)/Ce-BTC  catalyst (12 mg), H, (2 bar) time (1 h), 312.5 study

temp (353 K).

The hydrogenolysis of various lignin model compounds such as benzyl phenyl ether,
2-phenylethyl phenyl ether, and diphenyl ether are also investigated. The C-O bond
dissociation energy for these compounds follows the order: benzyl phenyl ether (218 kJ mol-
) < diphenyl ether (314 kJ mol!'). At 353 K, BPE is completely converted, whereas no
reaction occurs when 2-phenylethyl phenyl ether and diphenyl ether are reacted. Almost

complete 2-phenylethyl phenyl ether conversion is obtained at 433 K in 8 h, whereas
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diphenyl ether requires 473 K and 12 h, for the complete conversion.

The catalyst stability and recyclability were evaluated for Pd(1.5%)/Ce-BTC in the
BPE hydrogenolysis. After one hour of the reaction, the catalyst was separated by
centrifugation, washed with ethanol, dried in a vacuum oven, and then used in the next cycle.
Fig. S6A shows that the catalyst exhibits no appreciable change in the activity even after five
catalytic cycles during the BPE hydrogenolysis. Moreover, a hot filtration test was also
conducted for the BPE hydrogenolysis. After 0.25 h of the reaction, the catalyst was
removed, and then the reaction was continued for the remaining 0.75 h to evaluate the
progress of the reaction (Fig. S6B). GC analysis suggested that no reaction occurred after the
removal of the catalyst, confirming that the reaction was heterogeneous, and no active species
were leached in the solution, which could catalyze the reaction after the removal of the

catalyst. MP-AES analysis confirmed that no leaching of Pd species was observed during the
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reaction. The recycled catalyst was also characterized by XRD, volumetric analysis, SEM,
TEM, and XPS investigations. No appreciable changes in the XRD pattern (Fig. S7A),
surface area (Spgr = 45.3 m?/g), and SEM image (Fig. S7B) of the catalyst are observed. The
high-resolution TEM image of the spent catalyst suggests that the Pd is uniformly distributed
in almost similar size to that of the fresh catalyst (Fig. S7C). Pd%/Pd?" ratio for the spent
catalyst determined using a high-resolution Pd 3d XPS spectrum (Fig. S7D) is calculated to
be 2.6 compared to 2.8 for the fresh catalyst. Recycling experiments and physiochemical
characterizations of the spent catalyst indicate that the catalyst was stable during the reaction,
and it can be used for multiple cycles.

To obtain the mechanistic insights and the reasons behind Pd/Ce-BTC's superior
activity than Pd/CeQ,, the density functional theoretical (DFT) calculations were carried out.
All the calculations were performed using generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional in conjunction with double
numeric with depolarization (DND) basis set as implemented in DMol3 package.®® ! DFT
study reveals the interactions between the reactant and the catalysts. The adsorption energies

are computed by using the following equation,

Eads = E(adsorbate+surface) - E(adsorbate) - E(surface) (1)

Where, Edsorbatetsurface) 1 the total energy of the catalyst surface adsorbed by BPE, Eudsorbate)
is the energy of the BPE, and Egfce) 15 the energy of the catalyst surface. According to
equation (1), the negative value of E,q4s indicates the energetic feasibility of the adsorption on
the catalyst surface. The asymmetric unit of MOF and a slice of the CeO, sheet are
considered as a model system for the present study. In the case of CeO,, the outer Ce and O
atoms are frozen to reduce the computational time and to consider the central atoms as the
reactive species. The optimized geometries of BPE, asymmetric unit of MOF, and CeO, sheet

are shown in Fig. 6.
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Fig. 6 The optimized geometries of BPE, asymmetric unit of MOF, and CeO, model systems
obtained at the GGA-PBE/DND level of theory.

Initially, Pd is adsorbed to the different sites on the Ce-BTC and CeO, surfaces. The
adsorption of Pd with the various sites of Ce-BTC is considered to obtain the most favorable
binding site of Pd over the supporting materials i.e. Ce-BTC and CeO,. Three different
possible structures are optimized for the Pd adsorbed on Ce-BTC (Fig. S8). It is observed that
during the interaction of the Pd NPs with the CeO, support, Pd is found to be occupied
mostly around the oxygen surrounding sites. Furthermore, the partial charge distribution on
the Pd sites obtained from the Hirshfeld charge analysis suggests that after Pd binding with
the Ce-BTC and CeO, surface, Pd shows two different partial charge values. When Pd
interacts with the Ce-BTC surface, the Hirshfeld charge of +0.19 eu is obtained. However,
the Hirshfeld charge is increased to +0.69 eu when Pd binds with the CeO, surface. This

shows that the Pd becomes positively charged after binding with the CeO, surface and this is
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the reason that more number of Pd is found in the +2 oxidation state in Pd/CeO, than that of
the Pd/Ce-BTC. Hence, it is obvious to find a large fraction of Pd in +2 oxidation state in
Pd/CeO, when compared to Pd/Ce-BTC. This observation further supports the Pd’/Pd>" ratio
results obtained from the XPS analysis. It is well known that the Pd° dissociative adsorbs H,
and forms the Pd-H active species, which exhibits C-O hydrogenolysis. Hence, the larger
fraction of Pd° present in Pd/Ce-BTC MOF than that of Pd/CeO, is one of the possible
reasons for the higher activity of Pd/Ce-BTC MOF than Pd/CeO,. Further, the BPE is
adsorbed over the stable catalyst surfaces (Pd/Ce-BTC and Pd/CeO,) to compute the
adsorption energies. The optimized geometries of catalyst surfaces adsorbed by BPE are
shown in Fig. 7. For the complexes (A) and (B), the adsorption energies (E,q;) are found to be
-2.29 eV and -1.65 eV, respectively. The higher adsorption energy in the case of Pd/Ce-BTC
indicates that the adsorbate forms a stable complex. Furthermore, the larger bond length for

C-O bond (5.17 a.u.) is also observed in this case, which suggests the weakening of the C-O
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bond and the faster conversion of BPE into the products on the catalyst surface which

supports the experimental observations.

(A) (B)

Fig. 7 The optimized geometries of the adsorption of benzyl phenyl ether on the (A) Pd/Ce-
BTC, and (B) Pd/CeO; catalyst surfaces obtained at the GGA-PBE/DND level of theory.

Moreover, the adsorption of the phenol (one of the hydrogenolysis product) on the
catalyst surfaces is also computed. For the adsorption of phenol over Pd/Ce-BTC MOF and
Pd/CeO, surfaces, the E.q4 is obtained to be -0.89 eV and -1.34 eV, respectively. This
indicates that the product forms an energetically more stable complex with the Pd/CeO,,
which makes desorption of the product difficult in this case as compared to the Pd/Ce-BTC
MOF. This might be responsible for the lower yield of the products in the case of Pd/CeO,
catalyst.

Catalytic and DFT results suggest that BPE adsorbs on the Ce-BTC and H,
dissociative adsorbs on the Pd sites, simultaneously, via Langmuir-Hinshelwood mechanism.
Then hydrogen atoms are transferred to the adsorbed BPE and produces toluene and phenol.
Toluene diffuses out, and the phenol is bonded to the BPE adsorption sites. Finally, phenol
desorbs and the catalytic sites are regenerated. XPS and DFT results suggest that more
amount of Pd® is present in Pd/Ce-BTC; therefore, more numbers of Pd-H sites would be
available for the hydrogenolysis. The higher adsorption energy for BPE on Ce-BTC and
lower desorption energy for phenol on Pd/Ce-BTC are responsible for Pd/Ce-BTC's higher
activity than Pd/CeO:..

Conclusions

In summary, a highly dispersed, nanometer-sized, Pd nanoparticles decorated Ce-BTC
MOF was successfully prepared. XPS analysis suggested that a higher concentration of Pd®

species was present in Ce-BTC than in CeO,, which were consistent with the DFT
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calculations. DFT calculations showed that the Hirshfeld charge was more in Pd/CeQO, than
Pd/Ce-BTC which suggested that the Pd became positively charged after binding with the
CeO, surface and higher concentration of Pd** were found in Pd/CeQ, than Pd/Ce-BTC, thus;
more numbers of Pd-H species would form in Pd(1.5%)/Ce-BTC upon H, adsorption.
Pd(1.5%)/Ce-BTC exhibited excellent activity and selectivity in the hydrogenolysis of BPE
under very mild reaction conditions of 353 K and 2 bar H, pressure. Additionally, low
activation barrier for hydrogenolysis was observed over this catalyst compared to several
reported catalysts. XPS and DFT calculations suggested that the higher concentration of Pd°
species in Pd/Ce-BTC than Pd/CeO,, the higher adsorption energy of BPE over Ce-BTC than
Pd/CeO,, lower desorption energy of phenol over Ce-BTC than CeO, were responsible for
the higher activity of Pd/Ce-BTC. The detailed mechanistic evaluation, the mild reaction
conditions, hydrogenolysis in methanol/water as a reaction medium, high TOF, efficient
recyclability, and higher stability of the Pd/Ce-BTC catalyst under the employed conditions
are several attractive features of this study which will attract significant attention of the

researchers and industrialist.
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Significant Pd° content (higher Pd%/Pd?" ratio) and optimum bonding of reactant & product
(higher adsorption energy of benzyl phenyl ether and lower desorption energy for product
phenol) are responsible for the exceptional catalytic activity of Pd/Ce-MOF at mild reaction

conditions.
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