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Abstract: One pot synthesis of 2,5-dimethylfuran (2,5-
DMF) from saccharides under mild conditions is of
importance for the production of biofuel and fine
chemicals. However, the synthesis requires a multitude
of active sites and suffers from slow kinetics due to poor
diffusion in most composite catalysts. Herein, a metal-
acid functionalized 2D metal-organic framework (MOF;
Pd/NUS-SO;H), as an ultrathin nanosheet of 3-4 nm
with Lewis acid, Brgnsted acid, and metal active sites,
was prepared based on the diazo method for acid
modification and subsequent metal loading. This new
composite catalyst gives substantially higher yields of
DMF than all reported catalysts for different saccharides
(fructose, glucose, cellobiose, sucrose, and inulins).
Characterization suggests that a cascade of reactions
including polysaccharide hydrolysis, isomerization, de-
hydration, and hydrodeoxygenation takes place with
rapid molecular interactions. )
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Introduction

Upgrading lignocellulose into biofuel and fine chemicals is a
promising route to a sustainable future economy. 2,5-
Dimethylfuran (2,5-DMF) is regarded as an important
biomass-based compound that can be used not only as a
biofuel but also as a building block for various high value-
added fine chemicals, such as p-xylene, linear ketone/
alcohol, and pyrrole.' Although the synthesis of 2,5-DMF
from saccharides (such as fructose, glucose, cellobiose,
sucrose, and inulin) via a two-step method, which consists of
acid-catalyzed hydrolysis, isomerization, and dehydration of
saccharides to intermediate 5-hydroxymethylfurfural (5-
HMF) and subsequent metal-catalyzed hydrodeoxygenation
of 5-HMF into 2,5-DMF,*'% can achieve theoretically high
yield, the intermediate 5-HMF isolation before its hydro-
deoxygenation increases the energy consumption and de-
creases the final 2,5-DMF yield.'""'? In contrast, one-pot
conversion of saccharides to 2,5-DMF without 5-HMF
isolation is more desirable due to the greater energy
integration and higher production efficiency.

Early experiments proposed a two-step method contain-
ing dehydration of fructose to 5-HMF with a yield of
approximately 80 % at 130-150°C and subsequent hydro-
deoxygenation with a overall 2,5-DMF yield of 20-50 % at
150-220°C over a mixture of acid and metal catalysts (e.g.,
ZnCl,+Pd/C and acidic ionic liquid + Ru/C).[>1% Unfortu-
nately, the two-step reaction systems suffered from long
reaction time, low 2,5-DMF vyield, and corrosivity of
homogeneous acids. Subsequently, several solid acid-sup-
ported metal catalysts (e.g., Pd/UiO-66+ C-SO;H, Pd/UiO-
66@sulfonated graphene oxide, and Pd/Cr-MIL-101-SO;H)
were developed for the one-pot upgrading of fructose to 2,5-
DMF at 150-220°C.'*") However, their catalytic activities
were limited by the slow diffusion rate of the organics within
the 3D catalysts, especially for macromolecular compounds.
More unfortunately, the focused feedstock was mainly
simple fructose, but other low-activity monosaccharides (i.e.
glucose), disaccharides (i.e. cellobiose and sucrose) and
polysaccharides (such as inulin) were not attempted. Partic-
ularly, the direct saccharide conversion to 2,5-DMF remains
more challenging because of the extra steps for saccharides
hydrolysis and glucose isomerization. Therefore, developing
a multifunctional tandem catalyst with a rapid molecular
intereactions with compact active sites at high density is
critical to promoting a desirable continuous reaction route.

As a new 2-dimensional (2D) material, 2D MOF with
controlled thickness of a few nanometers and highly exposed
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active sites has been investigated in the fields of gas
separation, catalysis, energy storage, electronic sensors, and
biomedicine.”*! In the field of thermocatalysis, using 2D
MOF to host transition metal nanoparticles has been
reported for the catalytic oxidation and catalytic hydro-
genation reactions.” ™ However, these reactions are simply
metal-catalyzed reactions. The catalytic reactions such as
hydrolysis, isomerization, and dehydration reactions that
combine metal and acid-base catalytic functions of the host
structure are rarely reported. It is hypothesized that 2D
MOF-supported strong acid groups and metal sites with
lower diffusion distances than 3D composite counterparts
can strengthen the synergistic effect of acid catalysis and
hydrogenation catalysis for 2,5-DMF reactions. The classical
preparation of sulfonic acid-grafted MOF is direct synthesis
from sulfonated ligands, but the sulfonic acid (SO;H) groups
often change the electron distribution of the ligand and
cause a collapsed structure.”** Because of the lack of a
rational design methodology for locating SO;H groups in
the framework structure, strong acid-functionalized 2D
MOFs have not been reported, not to mention the prepara-
tion of multi-functionalized metal-acid catalysts.

Herein, Pd-supported SO;H-modified 2D MOF (Pd/
NUS-SO;H) with a 0.62mmolg™' Lewis acid density,
0.83 mmolg ' Brgnsted acid density, and 1.0wt% Pd
content is prepared for the first time by a diazo method
using 4-aminobenzenesulfonic acid as a sulfonating agent
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and a subsequent incipient method using palladium chloride
as the Pd precursor. Compared with 3DMOF-based catalyst
(Pd/UiO-SO;H), the prepared Pd/2D MOF-SO;H exhibits
much higher catalytic activity and 2,5-DMF selectivity by
intensifying consecutive hydrolysis, isomerization, dehydra-
tion of saccharides, and hydrodeoxygenation of 5-HMF.
Furthermore, the composite catalyst is stable after at least 4
recycles. To the best of our knowledge, this work represents
the first effort to explore the synergistic catalysis of hydro-
genation sites and acid sites for complex biomass conversion
reactions based on the intrinsic characteristics of rapid
diffusion of the 2D MOF structure.

Results and Discussion

Details of the catalyst synthesis and characterization are
provided in the Supporting Information. As shown in
Figure 1A, the 2D MOF NUS-8 (abbreviated as NUS) was
prepared via a solvothermal method, and then used as the
precursor for SO;H-functionalized 2D MOF (NUS-SO;H)
by the diazo grafting of 4-aminobenzenesulfonic acid.*"-*
Subsequently, Pd- and SO;H-modified 2D MOF (Pd/NUS-
SO;H) was synthesized through a simple impregnation
method using palladium chloride as the Pd source, followed
by reduction in H,/Ar atmosphere. For comparison, Pd-
supported NUS and active carbon (Pd/NUS, Pd/C) without

Pd/NUS-SO;H
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Figure 1. A) Synthesis of Pd/NUS-SO;H; B) PXRD patterns of catalysts; C) TEM and D) AFM images of Pd/NUS-SO;H; HRTEM images of E) Pd/

NUS and (F, G) Pd/NUS-SO;H.
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acid functionalization were synthesized with the same
method. Powder X-ray diffraction (PXRD) peaks for the
NUS matched well with standard crystallographic data (No.
1567188) (Figure 1B), which implies that solid is highly
crystalline. NUS is a stable 2D MOF nanosheets composed
of hexanuclear Zr, clusters and 1,3,5-benzene-tribenzoate
(BTB) ligand, and the 3D structure is inhibited via a formic
acid-modulated effect during solvothermal synthesis.’**!
'"H-NMR spectrum of the digested NUS gives a formate:
BTB molar ratio of 3 (Figure S1), which matches the
formate-capped  structure  Zry(p3-O),4(u-OH),(O,CH),-
(BTB),.**! However, the formate ions are unstable and
can be removed by activation.’*** Elemental analysis results
of activated NUS indicate that the C:Zr molar ratio of NUS
(i.e., 9.05) is very close to the stoichiometrically expected
value (i.e., 9) (TableS1). After functionalization, the
composite catalyst possesses an approximately 1.0 wt % Pd
content and 2.7 wt% S content (Table 1). Meanwhile, the
C:Zr molar ratio increases to 10.19 due to the introduction
of benzenesulfonic acid. Typical diffraction peaks of SO;H-
functionalized samples (including NUS-SO;H and Pd/NUS-
SO;H) exhibited a slightly shift, which indicates the chemical
grafting of SO;H group causes a lattice shrink of 2D MOF
and Pd species are simply supported on the host (Figure S2,
Table S2). Transmission electron microscope (TEM) images
confirmed that the catalyst was randomly stacked with 2D
nanosheet structures (Figure 1C). Atomic force microscope
(AFM) image indicated the unilaminar topological structure
of the 2D MOF with a thickness of 3—4 nm (Figure 1D). The

Table 1: Physicochemical properties of catalysts.
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high-resolution TEM (HRTEM) images showed the size
distribution of Pd nanoparticles for Pd/NUS and Pd/NUS-
SO;H of 4-6 nm (Figures 1D, E, F). The observed distance
between adjacent Zrg clusters was about 2.0 nm, which is
agreeable to the modeled structural (20.4 A) of NUS (Fig-
ure 1G).”"* The high-angle annular dark-field scanning
TEM (HAADF-STEM) micrograph and elemental mapping
confirmed that the Pd nanoparticles and S element are
evenly dispersed on the surface of the Pd/NUS-SO;H
(Figure S3).

The X-ray photoemission spectroscopy (XPS) Pd 3d
spectra showed two peaks centered at 337.3 and 3424 eV
(the 3ds, and 3ds, signal of Pd’) (Figure S4).”) The Pd
dispersity was also confirmed by temperature-programmed
reduction (H,-TPR) and H,-D, exchange tests.'*! PA/NUS
and Pd/NUS-SO;H possessed a similar Pd dispersity of
approximately 20% and generation capability of HD
(Figures 2A, B, Table 1). It indicates they possess a similar
H, activation ability, which is an important step in the
reaction process. The S 2p XPS spectra can be deconvoluted
into three peaks at 167.2, 167.7, and 168.5eV (S—C, SO,
and S=O bonds)*"*! (Figure S4). Meanwhile, Fourier Trans-
form Infrared (FTIR) spectra indicated that, compared with
the NUS, NUS-SO;H and Pd/NUS-SO;H show extra peaks
at 635cm™' (SO bond), 1032 and 1174 cm™"' (S=O bond)
(Figure 2C).F"* During the diazo grafting process, 4-amino-
benzenesulfonic acid was first formed benzenesulfonic acid-
contained diazo salt by NaNO, oxidation and HCl media-
tion, and then it generates benzenesulfonic acid carbocation

Catalyst Pd content S content Seer External surface Dispersion Lewis acid Brgnsted acid
[wt%)] [wt %] [m?g™] area [m’g™] [%] amount [mmolg™] amount® [mmolg™]
Pd/NUS 1.03 / 4274 132.4 18.8 0.75 -
Pd/NUS-SO;H 0.96 2.75 229.6 206.3 19.8 0.62 0.83 (0.86)
Pd/UiO-SO;H 1.02 2.62 531.2 20.5 18.7 0.65 0.78 (0.82)
[a] The data in parentheses are the theoretical value.
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Figure 2. A) H,-TPR; B) MS signals of HD generation during H,-D, exchange test; C) FTIR spectra; D) N, adsorption-desorption isotherms;
E) CD;CN-adsorbed FTIR spectra; and F) cyclohexane adsorption/desorption isotherms of various catalysts.
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after elimination of H,O and N,. Subsequently, the benzene-
sulfonic acid group was anchored on the carbon atom of the
MOF host, accompanied by HCI elimination (Figure S5).
The N, adsorption isotherms of NUS exhibit hybrid type I
and IV curves with plateaus of 0.1-0.4 P/P, and hysteresis
loops of 0.4-0.9 P/P,, indicating the presence of micropores
in the host and mesopores formed by nanosheet stacking
(Figure 2D). NUS possess a large Brunauer-Emmett-Teller
(BET) specific surface area of 556.2m’g™', and external
specific surface area of 102.8 m*g™' (Figure 2D, Table S1).
The pore size distribution calculated using the nonlocal
density functional theory (NLDFT) model reveals a pore
size centered at 1.5 nm, which match well with the crystal
structure (Figure S6).F” Meanwhile, the Barrett-Joyner—
Halenda (BJH) model suggests the existence of mesopores
with pore size of 3.8 nm via the stacking of monolayers. The
specific surface area and pore size are substantially reduced
after the introduction of SO;H groups and Pd nanoparticles
(Table 1). Whereas, the external specific surface area is
gradually increased. These results indicate the successful
introduction of Pd nanoparticles and SO;H groups on the
external surface of 2D MOF.

As a reference, 3DMOF-based catalyst (Pd/UiO-SO;H)
with a 1.02 wt % Pd content, 18.7 % Pd dispersity, 2.62 wt %
S content, and BET surface area of 531.2m’g"' was
synthesized via an identical procedure using 3DMOF (UiO-
66) as the host (Figures 2, S6, S7, Table 1).°%*! It possesses a
compact structure with an external specific surface area of
20.5m?g LB Its PXRD pattern matches well with the
reported data, confirming that the 3DMOF sample has the
same crystal structure. IR spectra of the in situ chemisorbed
CD;CN were used to identify the acid properties (Fig-
ure 2F). The peaks at 2273 cm™ can be attributed to
physisorbed CD;CN.*#! The IR spectrum of Pd/NUS
showed pure Lewis acidity with a sole peak at 2325 cm .
Combined with the high crystallinity of Pd/NUS, the Lewis
acid sites were ascribed to the coordination-unsaturated
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Zr** in the Zrg clusters after the removal of formate ion
rather than the edge of the crystal.?***! The SO,H-
functionalized catalysts exhibited an additional peak at
2296 cm ™!, which is attributed to the Brgnsted acidity. These
catalysts possess Lewis and Brgnsted acid densities of 0.62—
0.75 mmolg™' and 0.78-0.83 mmolg~!, respectively.*! The
measured Brgnsted acid density is consistent with the
theoretical value calculated from the S content. The high
density ensures abundant acidic sites for acid-catalyzed
reactions. Meanwhile, the physical adsorption of
cyclohexane was conducted in a gravimetric sorption ana-
lyzer (Figure 2F). Although Pd/NUS-SO;H has a much
lower specific area than that of Pd/UiO-SO;H, it exhibits a
faster adsorption rate and higher adsorption capacity due to
the lamellar structure.**

5-HMF hydrodeoxygenation was initially conducted
under isopropanol (IPA) solvent (Figure3A). Control
experiments show that only etherified 5-isopropoxymethyl
furfural is obtained under an N, atmosphere, and only
hydrogenated 2,5-bishydroxymethyl furan (2,5-BHMF) is
observed under an H, atmosphere and water solvent (Fig-
ure S8). The etherification of the hydroxyl groups of 2,5-
BHMF with TPA to 2,5-bis-isopropoxymethyl furan (2,5-
BIMF) can weaken the C-O bond and accelerate the
subsequent hydrogenolysis step. These intermediates were
verified by gas chromatography-mass spectrometry (GC-
MS) (Figure S9). Due to the mild reaction conditions, these
catalysts have a high carbon balance above 98 %. In the
temporal evolution curve of product distributions, the acid-
functionalized Pd/NUS-SO;H and Pd/UiO-SO;H show an
increase in 2,5-DMF concentration and an initial increase
and then a decrease in 2,5-BHMF, 2,5-BIMF, and 2-
isopropoxymethyl 5-methylfuran (2-IMMF) concentrations
(Figures 3B, C). In comparison, Pd/NUS shows catalytic
conversion with only hydrogenated 2,5-BHMF delivered,
with no subsequent etherification and hydrogenolysis (Fig-
ure 3D). HMF is initially hydrogenated to 2,5-BHMF on Pd

N
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Figure 3. A) Reaction pathway of saccharides and 5-HMF to 2,5-DMF; Time-dependent product concentration of 5-HMF to 2,5-DMF over B) Pd/
UiO-SO;H; C) Pd/NUS-SO;H; D) Pd/NUS; E) Catalytic performance of various catalysts. Reaction conditions: 5-HMF (1 mmol), catalyst (0.06 g),

IPA (20 mL), temperature 150°C, 2.0 MPa H,; time 2 h.
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nanoparticles, followed by etherification to 2,5-BIMF on
SO;H groups, and hydrogenolysis to 2-IMMF and 2,5-DMF
on Pd nanoparticles.

After 2 h, PA/NUS shows a 67.5 % conversion of 5-HMF,
with 2.1 % selectivity to 2,5-DMF. Although Pd/NUS-SO;H
possesses a relatively lower BET surface area than Pd/UiO-
SO;H, it shows both the higher 5-HMF conversion (92.1 %
vs. 67.5%) and 2,5-DMF selectivity (52.8% vs. 23.4%)
(Figure 3E). Over Pd/NUS-SO;H, a 2,5-DMF yield of
95.2 % can be obtained after prolonging the reaction time to
6h. Notably, tetrahydrofuranyl compounds  (2,5-
bishydroxymethyl tetrahydrofuran and its derivatives) ob-
tained by furan ring hydrogenation were the most common
side products in previous reports, and our catalytic system
showed only trace amounts of them.!'***41 pd/2D MOF-
SO;H clearly shows a superior catalytic performance in
terms of conversion and selectivity than all reported
catalysts, including porous or non-porous catalysts, with a
higher concentration of 5-HMF, lower temperature and
shorter reaction time, especially for these 3D catalysts
containing metal and SO,H sites (Table $3).[1%:16.17.39:46-56]

Next, a variety of available monosaccharides (such as
fructose and glucose), disaccharides (such as cellobiose and
sucrose), and polysaccharides (such as inulin) were used as
substrates. However, these saccharides are hard to dissolve
in pure IPA solvent, resulting in inactive reactivity (Fig-
ure S10). Dimethyl sulfoxide (DMSO) is regarded as an
effective solvent in saccharide conversion to 5-HMF owing
to its advantages of dissolving saccharides and mediating
fructose dehydration.[” Therefore, direct conversion of
saccharides to 2,5-DMF was carried out in a solvent mixture
of DMSO and IPA. First, fructose reaction was conducted
over Pd/UiO-SO;H and Pd/NUS-SO;H. With increasing
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reaction time, high-performance liquid chromatography
(HPLC) showed a gradual decrease in fructose concentra-
tion, and gas chromatography (GC) showed that the
concentrations of 5-HMF, 2,5-BHMF, 2,5-BIMF, and 2-
IMMF first increased and then decreased (Figures 4A, B).
After 6 h, fructose was completely converted, and Pd/UiO-
SO;H and Pd/NUS-SO;H showed 2,5-DMF yields of 42.6 %
and 90.2 %, respectively (Figure 4C). Fortunately, the car-
bon balance is more than 97 %, and no furan-hydrogenated
or fructose-hydrogenated byproducts (i.e., tetrahydrofuranyl
compounds and mannitol) can be detected. As far as we are
aware, despite the higher fructose amount, lower temper-
ature and shorter reaction time were used, the 2,5-DMF
productivity of the catalytic system was still higher than all
the previously reported reaction systems, including MOF-
based or non-MOF-based catalysts (Table S4).1°2"51 After
removing the catalyst, the fructose conversion and 2,5-DMF
selectivity remain unchanged, which illustrates that reaction
is heterogeneously catalyzed by Pd/NUS-SO;H and active
sites cannot be leached (Figure S11). Furthermore, the spent
catalyst was readily recovered. The reused Pd/NUS-SO;H
showed no obvious deactivation with the conversion of
fructose and selectivity of 2,5-DMF after 4 recycles (Fig-
ure 4D). The PXRD, XPS, TEM, ICP-OES, and element
analysis results showed its stable physicochemical structure
under the reaction condition (Figure S12, Table S5).

Then, efficiency tests of PdA/NUS-SO;H were carried out
to upgrade other saccharides, e.g., glucose, sucrose, cello-
biose, and inulin, to further integrate the hydrolysis of
disaccharides and polysaccharides to monosaccharides and
the isomerization of glucose to fructose. Compared to
fructose, glucose was more difficult to upgrade because an
extra isomerization step of glucose is a prerequisite of
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Figure 4. Time-dependent product concentration of fructose to 2,5-DMF over A) Pd/UiO-SO;H and B) Pd/NUS-SO;H; C) Catalytic performance of
various catalysts for fructose reaction; D) Recycling performance of Pd/NUS-SO;H for fructose reaction; E) Catalytic performance of various
catalysts for glucose reaction; F) Catalytic results of various saccharides. Reaction conditions: catalyst (0.06 g), IPA (17 mL), DMSO (3 mL),
temperature 150°C, 2.0 MPa H,; (A,B) fructose (1 mmol); C) fructose (1 mmol), 6 h; D) fructose (1 mmol), 1 h; E) glucose (1 mmol), 12 h;

F) glucose (1 mmol), cellobiose (0.5 mmol, 0.171 g), sucrose (0.5 mmol, 0.171 g), inulin (0.171 g), 24 h.
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dehydration and subsequent conversion. Meanwhile, a large
amount of humins was easily generated by polymerization of
reactive intermediates.’”! After 12h, a 2,5-DMF yield of
72.9 % and carbon balance of 84.9 % are obtained over Pd/
NUS-SO;H, which are also superior to Pd/UiO-SO;H
(40.6% and 54.8%, respectively) (Figure 4E). Figure 4F
summarizes the corresponding conversions of sugars and the
yields of 2,5-DMF. A high 2,5-DMF yield of 76.7-90.2 %
was obtained from fructose-united sugars (i.e., fructose and
inulin). In contrast, sugars containing glucose units (i.e.,
glucose, sucrose, and cellobiose) exhibited slightly lower
reactivity, and a prolonged reaction time of 24h was
required to achieve a 2,5-DMF yield of 68.3-80.8 %. These
catalytic performances on these substrates are still unprece-
dentedly high (Table S6).%!51 These results indicate that
the 2D MOF-based catalyst also possesses a strong catalytic
ability for various saccharides into 2,5-DMF.

To clearly identify the importance of Brgnsted acidity,
Pd/NUS and Pd/NUS-SO;H were compared in fructose
dehydration and 2,5-BHMF etherification under an N,
atmosphere, and hydrogenolysis of 2,5-BIMF and 2-IMMF
under an H, atmosphere, which are the most important
reaction steps in 2,5-DMF synthesis (Figure SA). Pd/NUS is
rather inert, whereas Pd/NUS-SO;H with a comparable
Brgnsted acid strength shows considerable activity. There is
no doubt that SO;H in the compact layers provides the site
for the dehydration and etherification steps and activation
of the ether groups for hydrogenolysis steps.”*>! The role of
the Lewis acidity was further studied by conducting a

100
A Fructose [N 2,5-BHMF
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=
>
N
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comparative experiment of Pd/C and Pd/NUS under an H,
atmosphere. These products were verified by liquid chroma-
tography-mass spectrometry (LC-MS) (Figure S13). The
efficient synthesis of fructose-hydrogenated mannitol with
85.2% selectivity over Pd/NUS and glucose-hydrogenated
sorbitol with 83.1 % selectivity over Pd/C evidently indicate
the susceptibility of glucose isomerization over the Lewis
acidity of MOF (Figure 5B).®) Meanwhile, the importance
of Lewis acidity was also emphasized in 5-HMF hydro-
genation. Indeed, Pd/NUS shows a 96.2 % selectivity of 2,5-
BHMF, whereas Pd/C shows a 60.1 % selectivity of 2,5-
bishydroxymethyl tetrahydrofuran (2,5-BTHMF) (Fig-
ure 5C). In situ attenuated total reflection infrared spectro-
scopy (ATR-IR) was used to elucidate the underlying
molecular mechanism. When interacting with Pd/NUS and
Pd/C, C=0O group peaks redshifted from 1668 cm™" to
1642 cm™' over Pd/NUS, and to 1649 cm™' over Pd/C (Fig-
ure 5D).*% However, the position of the furan ring group
is invariable at 1043 cm™ over Pd/NUS, but redshifted to
1020 cm™ over Pd/C. The results indicate that both the
furan ring and C=O groups of 5-HMF are adsorbed,
activated, and hydrogenated on the Pd/C surface, but only
C=0 group interact with MOF-based catalyst, which ensures
the highly efficient preparation of 2,5-BHMF and inhibits
the formation of BTHMF. This is consistent with previous
work, which mentioned that the Lewis acid sites prefer to
contact the electronegative O atom in asymmetric C=0
rather than the symmetric C=C in the furan ring.*¥! Hence,
Lewis acidity not only provides the active sites for the

Ba ougn
slucose Hydrogenation HO_ * T p
—_— U om sorbitol
&lmmcri/miun OH OH

Hyd QH?H
5 ydrogenation L R
Fructose yorogendle HO [ ¥ Non mannitol
OH OH

=

) 2 Glucose @ Fructose
= Mannitol _gmm Sorbitol

B a %
S S S

Conversion & Selectivity (%o)
53
S

paNUS ws_sos“ A
pan —

C [0} OH OH OH OH OH

Lo ], ion O L0

() Htogengtion (™"t A )

STHME 2,5-BHMF 2,5-BTHMF
E1004 7771 5-HMF [3am 2,5-BHMT [ 2,5-RTHMF .
2 .
~ =
) .

304 =

z e
2 60 5
7 e
b = 8 “‘ : Parallel adsorption
2 40 = / : I
E 2 [ *\r" bt \1 M ,V" SAIME+PA/C
£ 204 <
S
g r T T
) 800 1200 1600 2000 2400
© palC

QNUS

P

Wavenumber (cm™)

Figure 5. A) Catalytic performance of Pd/NUS and Pd/NUS-SO;H of different reaction steps; catalytic performance of Pd/C and Pd/NUS for
B) glucose hydrogenation reaction and C) 5-HMF hydrogenation reaction; D) ATR-IR spectra of 5-HMF adsorbed on different catalysts. Reaction
conditions: substrate (1 mmol), catalyst (0.06 g), IPA (17 mL), DMSO (3 mL), temperature 150°C, 2.0 MPa atmosphere; A) N, or H,, 0.5 h,

B),C) H, 0.5 h.
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glucose reaction but also plays the role of a regulator for the
selective hydrogenation of 5-HMF.

To appreciate the characteristic diffusion pathways of
substrate, intermediates, and products from these composite
catalysts, the time-of-flight secondary ion mass spectrometry
(TOF-SIMS) depth profiling and chemical maps were
employed.[! The depth profiles and the reconstructed 3D
images confirm S and Pd elements are concentrated near the
external surface of Pd/UiO-SO;H whereas a thick and dense
slab of Zr and C elements (~50 nm) is found in the MOF
host (Figures 6A, B, S14). Although similar surface affinity
for Pd and S is revealed in the Pd/NUS-SO;H sample, it is
interesting to note that a much thinner slab of 2D MOF
(~4 nm): the average distance between the Pd, SO;H sites
on the surface and Lewis acid sites (i.e., Zr) of Pd/NUS-
SO;H is much closer than that of Pd/UiO-SO;H. To
illustrate the difference in catalytic results, for the fructose
and 5-HMF reaction, the reaction steps including fructose
dehydration, 5-HMF hydrogenation, 2,5-BHMF etherifica-
tion, 2,5-BIMF hydrogenolysis and 2-IMMF hydrogenolysis
was conducted with Pd/NUS-SO;H and Pd/UiO-SO;H

>

wu (¢
—————
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catalysts (Figure 6C). After 0.5 h, the fructose, 5S-HMF, 2,5-
BHMF, 2,5-BIMF, and 2-IMMF conversion rates follow the
same order of Pd/NUS-SO;H (204, 174, 27.6, 5.8,
7.4mmolg 'h™, respectively) > Pd/UiO-SO;H (15.0, 12.0,
24.5, 5.0, 5.5 mmolg 'h™', respectively), which result from
the larger external specific surface area and higher exposure
of SO;H and metal sites of NUS-based catalyst.”**! Clearly,
the hydrogenolysis step acts as the rate-determining step for
the overall reaction. Over Pd/UiO-SO;H, the generation
rate of 2,5-DMF using fructose and 5-HMF as feedstocks
(0.01 and 0.01 mmolg"h™", respectively) are lower than that
using 2,5-BIMF as feedstock (3.5 mmolg 'h™!). However,
over Pd/NUS-SO;H, the generation rate of 2,5-DMF is
reversed with an order of fructose (5.2 mmolg™'h™") > 5-
HMF (4.0 mmolg 'h™') > 2,5-BIMF (3.7 mmolg *h™'). In
general, the generation rate of product from intermediate is
faster than that from reactant. This observation over 2D
MOF implies that the enhancement of intermediate diffu-
sion can increase the overall conversion rate of the reaction.
For the glucose reaction, the glucose conversion rate and
2,5-DMF generation rate over 2D MOF (15.0 and
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Figure 6. A) Negative (SO;~, C;") and positive polarity (Pd*, ZrO™) ToF-SIMS 3D images of Pd/UiO-SO;H and B) Pd/NUS-SO;H; Conversion rate
and 2,5-DMF generation rate of C) fructose, 5-HMF, 2,5-BHMF, 2,5-BIMF, 2-IMMF and D) glucose over Pd/NUS-SO;H and Pd/UiO-SO;H;

E) glucose conversion rate and sorbitol generation rate of Pd/C and Pd/NUS; F) adsorption kinetic constant of fructose and 2,5-BIMF over Pd/
UiO-SO;H and Pd/NUS-SO;H; G) Catalytic performance of Pd/NUS-SO;H for glucose reaction under different atmosphere. Reaction conditions:
substrate (1 mmol), catalyst (0.06 g), IPA (17 mL), DMSO (3 mL), temperature 150°C. C)-E) 0.5 h, 2.0 MPa H,; G) 12 h, 2.0 MPa N, or H,.
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2.7mmolg 'h™!, respectively) are both much higher than
those of 3DMOF (2.3 and 0.1 mmolg 'h™!, respectively)
(Figure 6D). The microporous pore size of 2D MOF
(1.5nm) is accessible to glucose (1.01x0.66x0.61 nm) but
that of 3DMOF is not, which implies that the Lewis site Zr**
both in the edge and inside the pore takes effect in glucose
isomerization over 2D MOF, while only the coordination-
unsaturated Zr*" in the edge of the 3DMOF crystal is
effective.’***! The larger external specific surface area and
wider pore size of 2D MOF cause a greater difference of the
Lewis acid sites accessibility between 2D MOF and
3DMOF. The much faster isomerization reaction rate of 2D
MOF was also verified by the glucose hydrogenation experi-
ments over the PA/MOF (Figure 6E), which indicates that
glucose is preferred isomerized at the Lewis acid site of 2D
MOF followed by hydrogenation, but directly hydrogenated
at the metal sites of 3DMOF. To verify the difference in
molecular diffusion of 2D MOF and 3DMOF, the adsorp-
tion of reprehensive reactant (fructose) and intermediate
(2,5-BIMF) were measured under 30°C (Figure S15). The
adsorption kinetics of Pd/NUS-SO;H and Pd/UiO-SO;H
follow first-order kinetics, which mean that the adsorption
process was dominated by the diffusion process. Pd/NUS-
SO;H has faster adsorption rates than Pd/UiO-SO;H due to
the faster surface diffusion rate of the higher external
specific surface area (Figures 6F, S15). Meanwhile, it pos-
sesses higher adsorption capacities due to the higher
diffusion accessibility of larger microporous pore size.
However, the adsorption rate of 2,5-BIMF is much lower
than fructose. The higher 2,5-DMF productivity from 5-
HMF and fructose than from 2,5-BIMF over Pd/NUS-SO;H
was reasonable owing to the much faster diffusion ability of
5-HMF than 2,5-BIMF, in which the in situ generated 2,5-
BIMF at acidic sites can be rapidly transferred to hydro-
genation sites for the hydrogenolysis step. On the other
hand, over Pd/UiO-SO;H, the multistep diffusion occurs at
long-distance sites causes the lower 2,5-DMF generation
rate. Then, the catalytic performance of the physical mixture
of Pd/C and NUS-SO;H with distant metal sites and acidic
sites showed much lower 2,5-DMF productivity than Pd/
NUS-SO;H in fructose reaction, although they possess a
similar dehydration rate (Figure S16). Based on these
results, the rapid 2,5-DMF production over Pd/NUS-SO;H
can be attributed to the integration of cascade reaction steps
by promoting the transmission of substrate and intermedi-
ates between different sites instead of reinforcing the
elementary reaction rates. For the conversion of saccharides
to 5-HMF under an N, atmosphere, large amounts of
humins (24.5%) and 5-HMF-hydrated levulinic acid (LA)
(26.8%) are generated on acidic sites by polymerization of
active compounds and rehydration of 5-HMF, respectively
(Figures 6G, S17).I''2l However, the total yield (84.9 %) of
5-HMF (0.1 %) and their derivatives (2,5-BIMF 7.8 %, 2-
IMMF 5.1 %, and 2,5-DMF 71.9 %) under an H, atmosphere
are much higher than those of S-HMF (48.7 %) under an N,
atmosphere. The rapid conversion of 5-HMF to stable
derivatives in the one-pot reaction systems can decrease the
5-HMF concentration and hinder the occurrence of un-
wanted side reactions by this powerful concerted catalysis.
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Conclusion

It is challenging to develop new composite catalysts contain-
ing compact active sites at high density with desirable
porosity to allow cascade reactions at high catalytic
efficiency. We demonstrate that 2D MOF Pd/NUS-SO;H
shows an outstanding state-of-the-art catalytic performance
for the one-pot conversion of saccharides into 2,5-DMF
under mild reaction conditions. The characteristic ultrathin
sheet structure of the 2D MOF possessing tailored catalytic
functionalities in close contact with metal nanoparticles can
largely facilitate the rapid transformation of reactants and
intermediates over these various active sites, resulting in
high generation efficiency. This work provides a powerful
pathway for the direct production of 2,5-DMF from
saccharides over multifunctional 2D MOF catalysts.
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