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Metal-organic framework (MOF) based heterogeneous catalysts have been widely used in furfural (FFR)
hydrogenation reactions. As numerous studies are related to the conversion of FFR to high value-added
chemicals, it is urgently necessary to thoroughly review the recent research progress for better
achieving commercial applications in the future. This review summarizes the recent advances, classified
by different reaction paths, related to the upgrading of FFR over MOF-based heterogeneous catalysts,
including MOFs, MOF derivatives and MOF composites. In addition, some critical issues and perspectives
in the hydrogenation of FFR to high-value-added chemicals over MOF-based catalysts are
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1. Introduction

The rapid economic development and growing demand for
non-renewable fossil resources such as coal, oil and natural
gas have led to dwindling reserves of fossil energy, promoting
researchers seeking environmentally and sustainably alternative
energy sources.' Furfural (FFR), one of the top 30 biomass-
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MOF-based heterogeneous catalysts for upgrading FFR to high value-added chemicals.

derived platform molecules, is mainly obtained by hydrolysis
and dehydration of xylose/xylan, which is abundantly available
in hemicellulose.”® FFR can be transformed by several catalytic
processes, such as hydrogenation, hydrogenolysis, and decar-
boxylation to a range of high-value-added molecules, which
are essential for the production of liquid biofuels, fuel addi-
tives and the synthesis of valuable chemicals.*” In the past
decades, the production of biofuels and high-value-added
chemicals from FFR has received substantial attention.®™°
There are four primary reaction pathways for the FFR hydro-
genation reaction, the products of which are furfuryl alcohol
(FFA), tetrahydrofurfuryl alcohol (THFA), 2-methylfuran (2-MF),
2-methyltetrahydrofuran (2-MTHF), cyclopentanone (CPO) and
cyclopentanol (CPA), respectively'’ (Fig. 1). The acquisition of
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Fig.1 Routes for the hydrogenation of FFR into high value-added
chemicals.
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FFA is merely the hydrogenation of the aldehyde group, which
is generally catalyzed by metals with moderate hydrogenation
activity or metals with a Lewis acid site for transfer hydrogenation.
Unlike FFA, the synthesis of THFA requires successive hydrogena-
tion of the aldehyde group as well as the furan ring, which
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demands high hydrogenation activity of metals for catalysis.
2-MF and 2-MTHF are generated by the initial hydrogenation of
FFR to afford FFA, followed by the hydrogenolysis of the C-O
bonds, which requires a catalyst for achieving consecutive hydro-
deoxygenation catalytic processes. For obtaining CPO or CPA, a
complicated sequence of steps is needed, including the hydro-
genation of C—0, ring rearrangement, hydrogenation, and dehy-
dration, which necessitates a metal-acid bifunctional catalyst.
In addition, FFR can be converted to highly valuable furans such
as 1,2-pentanediol, 1,5-pentanediol and a range of C, products
through other routes, such as decarbonization, ring opening and
hydrolysis. Since both the furan ring and the aldehyde group
contained in the FFR molecule are highly active, the selective
hydrogenation of FFR to target products is challenging. Many
strategies, such as impregnation,'? alloying,'® in situ conversion,'*
co-assembly,"® and multiple active species,'® have been reported
for designing catalysts towards the hydrogenation of FFR. It is
worth mentioning that many pioneering advances have been
achieved in the hydrogenation of FFR through rational designing
and optimizing catalysts.

Metal-organic frameworks (MOFs) are a class of crystalline
porous materials assembled by metal ions/clusters and multi-
dentate organic ligands, which possess many merits, such as
large surface area, adjustable pore sizes, and easy functionali-
zation."”” " The outstanding adjustable features and large
homogeneous pores of MOFs offer considerable promise
for heterogeneous catalytic applications.”>*" Although MOF
materials have shown excellent catalytic performance in specific
fields, the activity in the majority of fields remains unsatisfactory.
Therefore, many endeavors have been devoted to designing
efficient catalysts for applications in various fields.>*** One is
to modify the metal nodes or organic ligands in the framework
of MOFs to expose more active sites, which applies to reactions
catalyzed by metal nodes in MOFs.>*** Owing to the tunable
pore size and surface area, MOFs can be used as precursors to
incorporate guest species, such as the in situ introduction or
impregnation, for fabricating MOF-based composites with
desired compositions.>>*” As porous materials, the pore chan-
nels of MOFs provide a good opportunity for confining the
guest particles, preventing agglomeration of nanoparticles and
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maximizing the surface area of the guest molecules exposed.
Most importantly, the periodic arrangement of inorganic and
organic components in MOFs enables the transformation
into metal nanoparticles and carbonaceous materials as self-
sacrificing templates.”*° These MOF derivatives, possessing
highly dispersed targeted active sites, excellent stability, con-
trollable heteroatomic doping and large surface areas, hold
tremendous promise in catalytic applications.*! In conclusion,
MOF-based catalysts, which are convenient to prepare, repro-
ducible, with well-preserved morphology and homogeneous
exposure of active sites, show promising potential as hetero-
geneous catalysts for FFR hydrogenation.

Although encouraging summaries of the conversion of FFR
to high-value-added chemicals are available, MOF-based cata-
lysts lack detailed presentation and summarization.>*>*
Herein, recent applications of MOF-based heterogeneous cata-
lysts for the hydrogenation of FFR are summarized from the
perspectives of the preparation FFA, THFA, 2-MF/2-MTHF and
CPO/CPA (Fig. 2). At present, MOF-based catalysts can be
classified as MOFs, MOF composites and MOF derivatives. This
review aims to summarize the preparation of MOF-based
catalysts for FFR hydrogenation reactions and to compare the
active species of different reaction routes, facilitating the
engineering of catalysts for efficient conversion of FFR to target
products in the future.

2. Catalytic hydrogenation of furfural
to furfuryl alcohol

Furfuryl alcohol (FFA), the most important chemical derived
from FFR, is widely used in the polymer industry for furan
resins, furfural resins and phenolic resins, as well as fine
chemical industries for pharmaceutical intermediates, lubri-
cants, adhesives and dispersants.®® The hydrogenation reaction
of FFA from FFR occurs on the carbonyl group outside the furan
ring. Satisfactory achievements, such as high activity and
selectivity, have been made using both noble and non-noble
catalysts (Table 1). The development of an MOF encapsulated
metal catalyst is regarded as an effective way to modulate the
catalytic selectivity owing to the unique channels of the
MOF.?*?*” Ui0-66, with excellent thermal and chemical stability,
is the most frequently reported material for loading noble
metals, which performs better in the hydrogenation of FFR to
FFA.***° Long and co-workers constructed a Pt/CeO,@MOF
core@shell hybrid sample via a sodium polystyrenesulfonate
(PSS)-induced and microwave-assisted route (Fig. 3a).*' PPS
altered the surface charge of Pt/CeO, to speed the adsorption
of metal ions, and microwave heating facilitated the oriented
nucleation and growth of MOF shells on the Pt/CeO, nano-
spheres. The thickness of the MOF shells can be easily tuned by
controlling the MOF synthesis. The obtained Pt-CeO,@UiO-
66-NH, sample exhibited remarkable catalytic performance
with high FFR conversion (99.3%) and FFA selectivity (>99%)
for selective hydrogenation of FFR to FFA. Subsequently,
Zhang’s group encapsulated bimetallic catalysts in MOF
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Fig. 2 Metal-organic framework-based heterogeneous materials for the
synthesis of high value-added chemicals in furfural hydrogenation reac-
tions. Reproduced with permission from ref. 41, copyright (2018) American
Chemical Society. Reproduced with permission from ref. 42, copyright
(2020) American Chemical Society. Reproduced with permission from ref.
55, copyright (2021) American Chemical Society. Reproduced with per-
mission from ref. 60, copyright (2022) Elsevier. Reproduced with permis-
sion from ref. 66, copyright (2017) Royal Society of Chemistry. Reproduced
with permission from ref. 69, copyright (2020) Elsevier. Reproduced
with permission from ref. 53, copyright (2021) Elsevier. Reproduced with
permission from ref. 73, copyright (2018) Elsevier. Reproduced with
permission from ref. 76, copyright (2022) Elsevier. Reproduced with permis-
sion from ref. 78, copyright (2020) American Chemical Society. Reproduced
with permission from ref. 52, copyright (2020) Elsevier. Reproduced with
permission from ref. 81, copyright (2019) Elsevier. Reproduced with permis-
sion from ref. 85, copyright (2016) Elsevier. Reproduced with permission from
ref. 87, copyright (2021) Wiley-VCH. Reproduced with permission from
ref. 90, copyright (2019) American Chemical Society.

frameworks to investigate the effect of MOF frameworks on
the electronic and geometrical structure of metals.*> A series of
Pt-Sn nanoparticles with different Sn/Pt ratios were encapsu-
lated in UiO-66-NH, (Pt-Sn@UiO-66-NH,) by an impregnation—-
reduction strategy. Compared to Pt@UiO-66-NH,, the PtSn, ;@
UiO-66-NH, sample, with only 10% Sn added, showed signifi-
cantly improved activity and stability during the hydrogenation
of FFR to FFA, which is attributed to the multiple synergistic
effects of Pt, Sn and -NH, groups in the MOF framework.
In addition to UiO-66, Zr-BTC has been reported as promising
support for encapsulating noble metals, which showed excel-
lent performance in the catalytic hydrogenation of FFR.** Zahid
et al. designed a series of catalysts loaded with Pt-Co inter-
metallic nanoparticles (IMNs) on MIL-101(Cr) via a polyol
method.** There exist electronic and geometric effects during
the charge transfer between Co and Pt, which enhance the
catalytic activity and selectivity. Notably, the 3%Pt3%Co/MIL-
101(Cr) catalyst achieves 97% FFR conversion and 94% FFA
selectivity under mild conditions.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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MOF Catalyst Solvent Hy(MPa) Temp. (°C) Time (h) FFR Conv. (%)  FFAYield (%) Ref.
Uio-66 UiO-66-Pd-0.96% 2-propanol 2 110 4 71 66.7 38
Uio-66 Ru/UiO-66 H,0 0.5 20 4 - 94.9 39
UiO-66 Pd/H-UiO-66 H,0 0.5 60 3 100 99 40
UiO-66-NH, Pt-CeO,@UiO-66-NH, 2-propanol 1 80 54 99.3 98.3 41
Zr-BTC Ru/Zr-BTC H,0 0.2 20 4 100 99.4 43
Zr-BTC Pd/Zr-BTC H,0 0.2 20 4 100 98.4 43
MIL-101(Cr)  3%Pt3%Co/MIL-101(Cr)  2-propanol 1 60 2 97 91.2 44
HKUST-1 HK-1-350 ethanol 1.5 120 3 100 100 45
HKUST-1 CuO#Si0O,-s1 ethanol 2.5 140 2 100 100 46
ZJU-35 ZJU-35-400 2-propanol 1 130 3 38.5 26.4 47
ZJU-36 ZJU-36-350 2-propanol 1 130 3 82.4 78.2 47
ZJU-199 7ZJU-199-350 2-propanol 1 130 3 97.1 97 47
Cu-BTC CuCo, 4/C-873 ethanol 3 140 1 98.7 96.4 48
CoNi-MOF 2Co-1Ni@NC-800 methanol 2 120 1 100 99 49
MIL-96 Nig.15/Al,05-C ethanol 4 160 6 98.7 92 50
ZIF-67 Co-900 H,0 2 60 5 100 100 51
ZIF-67 10-Cu/ZIF 2-propanol 2 180 5 73.9 44.6 52
ZnCo-ZIF ZnCo-US@NC-700 ethanol 2 120 4 100 91.5 53
CuCoZn-ZIF ~ CuCo/Zn@NPC-600 tetrahydrofuran =~ 2 140 4 99.9 99.9 54
NiCoZn-ZIF NiCoZn@CN-600 tetrahydrofuran 2 160 4 100 99 55
ZIF-8 MoC/NCNCs 2-propanol 3 135 - 99.5 97.8 57
CuCoZn-ZIF ~ CuCo/Zn@NPC-600 2-propanol - 130 7 95.8 94.9 54
MOF-808 M-MOF-808 2-propanol - 100 2 99.2 93 58
MOF-808 D4o-MOF-808 2-propanol - 90 2 99 93.5 59
UiO-66 UiO-Sy ¢ 2-propanol - 150 6 98.7 94.7 60
Uio-66 UiO-66 2-propanol - 140 5 99 97 61
DUT-52 DUT-52 2-propanol - 160 3 99 99 62

Cu-MOFs are ideal templates for the fabrication of porous
Cu-based catalysts for the hydrogenation of FFR to FFA. Du
et al. synthesized a series of carbon-supported Cu-based cata-
lysts (HK-1-T) via one-step pyrolysis conversion of HKUST-1*°
(Fig. 3b). HK-1-350 featured excellent reusability, with 100%
FFR conversion and FFA selectivity obtained within 2 h at
120 °C and 1.5 MPa H,. Yang et al. fabricated a mesoporous
silica-supported Cu-based (CuO#SiO,) catalyst by pyrolyzing
H-KUST-1#4Si0, composites.’® The metal dispersion and redu-
cibility during calcination could be tuned by introducing silica.
Excellent activity was achieved on the optimized CuO#SiO,-s1,
with nearly 100% yield toward FFA. Chen et al. prepared a ZJU-
199-350 catalyst with Cu/Cu,0O nanojunctions encapsulated and
stabilized in porous organic frameworks by modulating the
acrylate contents in ZJU-199 and the pyrolysis conditions®’
(Fig. 3c). The acrylate groups not only enhance the polymeriza-
tion degree of MOFs, but also play an essential role in the
generation and stabilization of highly dispersed and accessible
Cu/Cu,0 heterojunctions. The ZJU-199-350 sample with abun-
dant Cu/Cu,O sites exhibited excellent catalytic properties in
converting FFR to FFA, obtaining 97% yield of FFA.

Bimetallic catalysts are extensively used in the conversion
process from FFR to FFA. Wang et al. fabricated a CuCo
bimetallic catalyst derived from Co-doped Cu-BTC for the
hydrogenation of FFR.*® The introduction of Co contributes
to the dispersion of Cu and Co particles, while the thermal
decomposition temperature affects both the size and chemical
state of the particles. The best catalytic performance is achieved
on CuCoy 4/C-873, giving 98.7% FFR conversion and 97.7% FFA
selectivity. Huang et al. reported a series of highly dispersed
Co-Ni alloy particles encapsulated in porous N-containing

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

carbon support catalysts (xCo-yNi@NC) by pyrolyzing the
CONi-MOF for the conversion of FFR* (Fig. 3d). Co-Ni alloys
exhibited a strong synergistic effect, and the presence of N
species modulated the physicochemical properties of the
catalyst, which enhances the catalytic performance. In addi-
tion, the solvent played a vital role in product distribution.
Among them, the 2Co-1Ni@NC-800 catalyst achieved 99% FFA
yield in methanol at 120 °C and 2 MPa H, for 1 h. Ni-based
catalysts are also used for FFR to FFA conversions. Hu et al.
constructed a Ni/Al,O;-C catalyst by using Ni-loaded MIL-96 as
the precursor.’® Benefiting from the Al,05-C support, Ni parti-
cles are uniformly dispersed in the hexagonal platelet matrix.
98.7% FFR conversion and 92% FFA selectivity were achieved
over Nig 15/Al,03-C.

ZIF-67, the most commonly used Co-based MOFs, was often
used as the precursor to synthesize mono-, bi- and tri-metallic
catalysts for the hydrogenation of FFR to FFA. Gong et al
exploited ZIF-67-derived N-doped carbon nanotubes for confin-
ing Co particles with Co-N, active sites, which exhibited
remarkable catalytic activity and stability for biomass-derived
unsaturated compounds.®® The Co-N, sites in Co-900 play a
crucial role in the selective hydrogenation performance, giving
100% FFA yield within 5 h at 60 °C and 2 MPa H, using water as
the solvent. The influence of introducing Cu on the selectivity
of FFR hydrogenation was investigated by Lee et al. through
incorporating Cu into ZIF-67.°* The selectivity can be altered
from 2-MF to FFA after introducing the Cu species. A series of
N-doped carbon-coated bimetallic composites (ZnCo-ZIF-US-T)
were synthesized from ZnCo-ZIF.>> The prepared ZnCo-
US@NC-700 catalyst showed excellent catalytic performance
from FFR to FFA. Fan et al. designed a series of Cu, Co, Zn

Mater. Chem. Front., 2023, 7, 628-642 | 631
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Fig. 3 (a) Schematic illustration for the formation of PtCeO,@UiO-66-
NH,. Reproduced from ref. 41 with permission from American Chemical
Society, copyright 2018. (b) Schematic illustration of the preparation of
HK-1-350 catalysts for hydrogenation of FFR into FFA. Reproduced from
ref. 45 with permission from Elsevier, copyright 2022. (c) Schematic
illustration of the preparation of Cu/CuOy nanoparticles for liquid phase
hydrogenation of FFR into FFA. Reproduced from ref. 47 with permission
from Wiley-VCH, copyright 2019. (d) Schematic illustration of the pre-
paration of xCo-yNi@NC catalysts for the hydrogenation of FFR into FFA.
Reproduced from ref. 49 with permission from Wiley-VCH, copyright
2019. (e) Schematic illustration of the synthesis of NiCoZn@CN-T. Repro-
duced from ref. 55 with permission from American Chemical Society,
copyright 2021. (f) Schematic illustration of the preparation of MoC/
NCNCs catalyst for FFR to FFA. Reproduced from ref. 57 with permission
from American Chemical Society, copyright 2022.

modified N-doped porous carbon (CuCo/Zn@NPC) samples
using polymetallic CuCoZn-ZIF as the precursor for the hydro-
genation of FFR to FFA.>* The CuCo/Zn@NPC-600 catalyst
exhibited remarkable catalytic activity with almost complete
FFR conversion and 100% FFA selectivity at 140 °C and 2 MPa
H, for 4 h. In addition, the CuCo/Zn@NPC-600 catalyst gave
94.9% FFA yield at 130 °C for 7 h when using 2-propanol as
the hydrogen donor. The remarkable performance of CuCo/
Zn@NPC-600 is correlated with the highly dispersed metal
particles, and the unique porous structure was retained after
the escape of Zn, and the synergistic effect provided by Cu and
Co. Subsequently, Li et al. synthesized a multimetallic catalyst
(NiCoZn@CN) derived from the multimetal doped NiCoZn-
ZIF,”® obtaining 99% FFA yield at 160 °C for 4 h (Fig. 3e).
In the NiCoZn@CN sample, Co’ is the main active site, the
contents of which are related to Ni and Zn doping. The doping
of Ni benefits the activation of H,, while the doping of Zn
facilitates the dispersion of metal particles. The application of
molybdenum carbides for FFR hydrogenation was also investi-
gated and they showed superior selectivity for FFA.>*>>” Wang
et al. successfully constructed functionalized N-doped carbon

632 | Mater. Chem. Front., 2023, 7, 628-642
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nanocages (NCNCs) for FFR hydrogenation via a one-stone-two-
birds strategy®” (Fig. 3f). The existence of Mo(CO)s prevented
the collapse of the ZIF-8 precursor in the thermal treatment
process and converted it into MoC active sites anchored to the
NCNCs after pyrolysis. This one-stone-two-birds strategy has
been verified to be adaptable to prepare Cr- and W-decorated
NCNCs. High FFR conversion (99.5%) and FFA selectivity
(97.8%) could be achieved by using MoC/NCNCs as the catalyst
in 2-propanol at 135 °C and 3 MPa H,.

Recently, catalytic transfer hydrogenation (CTH), in which
high-pressure H, is substituted by hydrogen donors (e.g. sec-
ondary alcohols), has attracted considerable attention and has
been proven to be highly selective for conversion from FFR to
FFA.° Therefore, recent advances using MOF as the precursor in
the CTH from FFR to FFA are briefly discussed and summarized
in Table 1. Zr-based MOFs, which possess an abundance of
active metal nodes, are widely used in CTH reactions.®®> H.
Valekar et al. synthesized an M-MOF-808 sample via a simple
methanol activation process, exhibiting excellent performance
in the CTH reaction of FFR even at room temperature.”® The
activation process altered the acid-base properties of the MOF-
808 surface due to the increase of coordinatively unsaturated
sites, hydroxyl and methoxy groups in MOF-808, facilitating the
adsorption of FFR and 2-propanol molecules. In addition, a
reaction mechanism for the CTH reaction of FFR on M-MOF-
808 was proposed in detail using isotopically labelled 2-
propanol-dg experiments and DFT calculations (Fig. 4a). Our
previous work synthesized a series of defective MOF-808 (D,-
MOF-808) samples by modification with benzoic acid (HBC)
(Fig. 4b).>° HBC was introduced as a temporary ligand and as a
terminating agent to modulate the particle size. The degree of
ligand deficiency and the number of exposed Zr sites can be
well-regulated by varying the amount of HBC. Excellent perfor-
mance of 99% FFR conversion and 94.4% FFA selectivity was
reached over the D,,-MOF-808 sample within 2 h at 90 °C with
2-propanol as the hydrogen donor. It was shown that the
catalytic activity of the catalysts is highly correlated with the
number of exposed Zr sites, the degree of missing linkers and
the surface area. Additionally, the D,,-MOF-808 sample had
robust stability without significant loss of catalytic activity after
five cycles, and was adapted to the hydrogenation of a range of
biomass-derived compounds. In addition to MOF-808, UiO-66
has also been used for the CTH reaction from FFR to FFA, all
achieving remarkable catalytic performance.®”®" Wu and the
co-workers reported a series of UiO-66 functionalized by sulfo-
nic groups (UiO-S,), which exhibit high FFA selectivity in the
CTH reaction (Fig. 4c).*® The modification of sulfonic groups
on UiO-66 was demonstrated to form more strongly Lewis
acidic-basic and Bregnsted acidic sites, and a remarkable
catalytic activity of 94.7% FFA yield was obtained at 150 °C
for 6 h over the UiO-S,¢ catalyst with 2-propanol as the
hydrogen donor. Isotope labelling experiments showed that
the B-H in 2-propanol transferred to the o-C of FFR via the
six-membered transition state at the Lewis acidic-basic and
Brensted acidic sites of UiO-Sy 6, which is the rate-determining
step in the formation of FFA. Qiu et al. prepared isoreticular

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 4 (a) The proposed CTH reaction path. Reproduced from ref. 58 with
permission from American Chemical Society, copyright 2020. (b) Schematic
illustration of the preparation of D4o-MOF-808 catalysts for CTH of FFR.
Reproduced from ref. 59 with permission from Elsevier, copyright 2022.
(c) Schematic illustration of the preparation of —SOz modified UiO-66 for
CTH of FFR. Reproduced from ref. 60 with permission from Elsevier, copy-
right 2022. (d) Schematic illustration of CTH reaction of FFR over DUT-52.
Reproduced from ref. 62 with permission from Elsevier, copyright 2022.

DUT-52 with higher Lewis acidity to convert FFR to FFA
(Fig. 4d).®> The DUT-52 catalyst exhibited good stability, with
more than 99% FFA yield at 160 °C for 3 h under 2-propanol.

3. Catalytic hydrogenation of furfural
to tetrahydrofurfuryl alcohol

Tetrahydrofurfuryl alcohol (THFA), a biodegradable and envir-
onmentally benign furanic chemical extensively used in many

Table 2 The conversion of FFR to THFA over MOF based catalysts
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agricultural and industrial applications, is a promising inter-
mediate to prepare diols. The conversion of THFA from FFR
involves the hydrogenation of both the carbonyl group and the
furan ring, via FFA as the intermediate. It is reported that
Ni-based catalysts offer the advantages of low price and high
hydrogen activation capacity and the ability to promote parallel
adsorption of FFR molecules, resulting in high activity and
selectivity for THFA.** Therefore, Ni-MOFs were the optimal
choice for preparing catalysts. Only a few studies have reported
the use of MOF-derived catalysts for FFR to THFA conversions,
as listed in Table 2.

Guo’s group fabricated a series of Ni-based catalysts (Ni-
MFC-X) through pyrolyzing the 2D Ni-MOF, which displayed
promising performance in the hydrogenation reaction of FFR.®®
Su and co-workers reported a carbon-embedded Ni/C catalyst
synthesized by employing Ni-BTC as the sacrificial template,
which exhibits excellent catalytic performance for the conver-
sion of FFR to THFA due to the Ni particles uniformly
embedded in the ligand-derived carbon (Fig. 5a).°® The catalytic
performance of the as-prepared Ni/C catalysts is greatly influ-
enced by the heat treatment conditions, the composition of the
Ni-BTC precursor and the catalytic conditions. The Ni/C-500
sample displayed the best catalytic activity with 100% THFA
yield at 120 °C and 1 MPa H, for 2 h, which is highly related to
the uniformly dispersed Ni particles (14 nm) and its highest
BET surface area. Subsequently, they constructed Ni particles
implanted in carbon matrix (Ni/C) aerogels through water-
induced self-assembly of Ni-BTC, followed by pyrolysis
carbonization.®” The Ni/Csqo aerogels showed high catalytic
activity toward the hydrogenation of FFR to THFA in the
aqueous phase. To improve the catalytic performance, many
endeavors have been attempted. Wang et al. constructed a
Ni@C@CNT composite by pyrolyzing Ni-MOF doped with
carbon nanotubes (CNTs).°® The introduction of CNTs pro-
moted the formation of Ni;C species and reduced the metal
particle size, which plays a vital role in achieving good perfor-
mance of the NI@C@CNT catalyst. Tang et al. reported an alloy
chemistry strategy to modulate the d-band center of Ni by
introducing Cu for the selective hydrogenation of FFR.®
A series of Ni-Cu alloy samples were prepared by employing

MOF Catalyst Solvent H, (MPa) Temp. (°C) Time (h) FFR Conv. (%) THFA Yield (%) Ref.
Ni-(tia)(H0),), Ni-MFC-700 methanol 2 160 4 91.8 46.8 65
Ni-BTC NiC/500 2-propanol 1 120 2 100 100 66
Ni-BTC Ni/C50 aerogel H,0 4 160 5 93.9 6.9 67
Ni-BTC Ni@C@CNT ethanol 4 120 4 99.1 94.7 68
NiCu-BTC NiCu,/C ethanol 3 150 3 98.7 38.6 69
NiCu-BTC NiCu/C ethanol 3 150 3 99.9 64.1 69
NiCu-BTC NiCug ,»5/C ethanol 3 150 3 99.9 94.8 69
NiCu-BTC NiCuyg_33/C ethanol 3 150 3 99.9 94.6 69
NiCo-BTC Ni;Co,@C H,O 1 80 1 99 95 70
ZIF-67 Co@NC-700 ethanol 2 120 4 100 90 53
Ui0-66 Pd/UiO-66 H,0 1 60 4 100 100 72
MIL-101(Cr)-NH,  Pd@MIL-101(Cr)}-NH,  H,O 2 40 6 99.9 99.6 73
ZIF-67 PdCo;0,@NC 2-propanol 2.5 150 6 100 95 74
ZIF-67 PdFeo0;0,@NC 2-propanol 2 150 8 100 70 74
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 628-642 | 633
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Fig. 5 (a) Synthesis of Ni/C catalysts for the hydrogenation of FFR to
THFA. Reproduced from ref. 66 with permission from Royal Society of
Chemistry, copyright 2017. (b) Schematic illustration of the synthesis
procedure for catalyst NiCu,/C. Reproduced from ref. 69 with permission
from Elsevier, copyright 2020. (c) Synthesis of Co@NC catalysts for the
selective hydrogenation of FFR. Reproduced from ref. 53 with permission
from Elsevier, copyright 2021. (d) Schematic illustration of Pd@MIL-
101(Cr)-NH; for the conversion of FFR to THFA. Reproduced from ref. 73
with permission from Elsevier, copyright 2018. (e) Schematic illustration of
the MOF-mediated synthesis of PdCosO,4 nanoparticles on N-doped
porous carbon sheets. Reproduced from ref. 74 with permission from
Royal Society of Chemistry, copyright 2019.

NiCu,-BTC as the self-sacrificing template (Fig. 5b). DFT calcu-
lations showed that Ni exhibits a downshift d-band center after
alloying with Cu, which can facilitate the desorption of dis-
sociated H species from Ni to enhance the catalytic activity and
change the adsorption orientation of FFR to modulate the
product distribution. NiCu, 33/C and NiCuy ,5/C catalysts both
gave almost complete FFR conversion and more than 94.5%
THFA yield at 150 °C and 3 MPa H, for 3 h in ethanol. Xia et al.
synthesized an array of NiCo bimetallic catalysts with uniformly
dispersed metal particles on porous carbon for the hydrogena-
tion of FFR.”® The Ni;Co,@C catalyst achieved 95% THFA yield
at 80 °C and 1 MPa for 1 h under aqueous medium. The
addition of Co to the bimetallic catalysts reduced the particle
size, which improved the dispersion of metal particles and the
catalytic activity. Additionally, the ZIF-67-derived Co@NC-700
catalyst was prepared via a simple one-step pyrolysis strategy,
giving 90% yield of THFA at 120 °C and 2 MPa H, for 4 h
(Fig. 5¢).>

The introduction of noble metals into the MOF framework
to further generate noble metal/MOF or noble/transition metal
composites has been reported to facilitate the conversion of
FFR to THFA. Noble metal/MOF compounds have been shown
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to achieve high catalytic performance in FFR hydrogenation.”*
Wang et al synthesized a Pd/UiO-66 catalyst with well-
dispersed Pd particles for the hydrogenation of FFR to THFA,
obtaining a 100% yield of THFA under mild conditions.”® With
the strong adsorption capacity between FFR and UiO-66,
Pd/UiO-66 exhibited higher activity than Pd/SiO, and Pd/y-Al,O;.
Yin et al. prepared an efficient PdA@MIL-101(Cr)-NH, catalyst for
the conversion of FFR to THFA by an anionic exchange followed
by H, reduction methods (Fig. 5d).”* The existence of -NH, in
MOFs facilitates the dispersion of Pd particles and improves the
interactions between the intermediate FFA and the support,
which is beneficial for further hydrogenation of FFA to THFA.
A complete FFR conversion was achieved on Pd@MIL-101(Cr)-
NH, with 99.6% selectivity of THFA at 40 °C for 6 h. Precious-
transition metal composites have been reported to be an
alternative way to obtain effective catalysts used for the upgrad-
ing and conversion of biomass-derived FFR. Pendem et al.
reported the preparation of PdCo;O, or PdFe;O, particles
encapsulated in N-doped carbon catalysts by pyrolyzing a
Pd-modified MOF (Fig. 5e).”* The as-prepared PdCo;0,/NC
catalyst afforded a 95% THFA yield after a 6 h reaction at
150 °C and 2.5 MPa H,, but the PdFe;O0,/NC catalyst only
afforded a THFA yield of 70% even at 8 h. The superior catalytic
activity and stability are attributed to the presence of PdCo-N,
active sites, the synergistic effects between Co;0, and Pd, and
the existence of N species in the carbonaceous matrix.

4. Catalytic hydrogenation of furfural
to 2-methyl furan and 2-methyl
tetrahydrofuran

As typical products, 2-methyl furan (2-MF) and 2-methyl tetra-
hydrofuran (2-MTHF) can be applied directly as bioethanol
substitutes in gasoline and as synthetic diesel additives,
and have aroused attractive interest due to their appealing
properties.”> Generally speaking, 2-MF was acquired by selec-
tive hydrogenation of FFR to obtain FFA, followed by hydro-
genolysis of the C-O bonds. At present, there are comparatively
few reports on MOF-based catalysts catalyzing FFR to 2-MF/
2-MTHF, as shown in Table 3. Gyeong Lee et al. reported a
series of ZIF-67-derived Co-based catalysts obtained at different
temperatures and pyrolysis times, which were equipped with
metallic Co particles on N-doped carbon (Co/NC) (Fig. 6a).>>
The most active Co/NC catalyst, with a well-retained morpho-
logy of the ZIF-67 precursor and uniformly distributed Co
particles supported on N-doped carbon, was obtained at
400 °C under a H,/Ar atmosphere. The improved catalytic
activity and 2-MF selectivity were obtained on the Co/NC-400
catalyst with longer reduction times, which possessed more
contents of Co’. The Co/NC-400-6 catalyst exhibited the highest
FFR activity, giving 100% FFR conversion and 57.5% 2-MF
selectivity at 180 °C and under 2 MPa H, for 10 h. The doping
of the second metal has a significant effect on the electronic
structure of the active site and the catalytic performance.
Huang et al. synthesized a series of Zn-doped Co/NC catalysts

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Table 3 The conversion of FFR to 2-MF and 2-MTHF over MOF based catalysts

MOF Catalyst Solvent H, (MPa) Temp. (°C) Time (h) FFR Conv. (%) 2-MF Yield (%) 2-MTHF yield Ref.
ZIF-67 Co/NC-400-2 2-propanol 2 180 10 100 54.7 - 52
ZIF-67 Co/NC-400-6 2-propanol 2 180 10 100 57.5 - 52
ZnCo-ZIF Zn-Co/NC-1 2-propanol 1 200 8 100 0.1 93.8 76
Fe-MIL-88B  Cu/CuFe,O,@C-A  2-propanol 1.5 165 5 100 100 - 78

Reduction
in Hy/Ar
at 400°C for 6 h

xS s
2 AAXIRE g T
% ﬁ% «;*2
[ === =l
RT pyrolysis
‘Co? Zn* Zn-Co-ZIF

Zn-Co/NC

g "

CoCu-MOF-74
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Reduction

Fig. 6 (a) Synthesis of Co/NC-400-6 catalysts from ZIF-67. Reproduced
from ref. 52 with permission from Elsevier, copyright 2020. (b) Schematic
illustration of the synthesis of Zn—Co/NC for the conversion of FFR to
2-MTHF. Reproduced from ref. 76 with permission from Elsevier, copyright
2022. (c) Schematic illustration of the synthesis of CoCu/C particles for FFR
to 2-MF. Reproduced from ref. 77 with permission from Elsevier, copyright
2019. (d) Synthesis of Cu/CuFe,O4@C-A catalysts from Fe-MIL-88. Repro-
duced from ref. 78 with permission from American Chemical Society,
copyright 2020.

by employing bimetallic Zn-Co-ZIF as the self-sacrificial tem-
plate for the conversion of FFR to 2-MTHF (Fig. 6b).”® The
Zn-Co/NC-1 catalyst, which possessed a trace amount of Zn
dopant (0.38%), showed the best catalytic performance, with a
93.8% yield of 2-MTHF at 200 °C for 8 h. The Zn atoms are not
only doped in the carbon support but also partially incorpo-
rated into the Co particles. The theoretical calculations verified
that the doping of Zn facilitates the electron transfer from the
carbon support to the Co particles, achieving an electron-rich
Co surface. The presence of Zn promoted the dissociation of H,
and lowered the diffusion barrier of H atoms, speeding up the
hydrogenation/hydrodeoxygenation processes. Furthermore,
the doping of Zn lowered the barrier of breaking the C-OH
bond of FFA and facilitated the subsequent hydrodeoxygenation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

process of FFA, rendering it easily accessible to 2-MTHF. W.
Golub et al. prepared an array of carbon-supported Co-Cu cata-
lysts by using the mixed-metal MOF-74 as the precursor (Fig. 6c).””
The Co-Cu MOF-derived bimetallic catalysts were featured with
a Cor-rich core and Cu-rich shell structure at a higher pyrolysis
temperature, which led to high selectivity toward FFA. At lower
pyrolysis temperatures (<600 °C), the catalyst featured more
exposed Co in the Cu shell, exhibiting high catalytic activity and
2-MF selectivity. Besides, the selectivity of the products could be
modulated by altering the Co/Cu ratio, with higher 2-MF selec-
tivity at higher Co/Cu ratios. Apart from the aforementioned
Co-based metal-based catalysts, metal/metal oxides have also been
used for the conversion from FFR to 2-MF. Koley et al. fabricated a
Cu/CuFe,0,@C-A catalyst by employing the Fe-MIL-88B as the
sacrificial template, giving 100% yield of 2-MF at 165 °C for 5 h
(Fig. 6d).”® Kinetic studies have shown that the Cu/CuFe,0,@C-A
catalyst with dual active sites possesses a lower activation energy
barrier, which facilitates the activation of a continuous hydro-
deoxygenation process.

5. Catalytic hydrogenation of furfural
to cyclopentanone or cyclopentanol.

Among the FFR-derived chemicals, cyclopentanone (CPO) holds
great prospects due to its universal application in manufactur-
ing biofuels, resins, perfumes and pesticides.”” As widely
reported, the hydrogenation and rearrangement of FFR to cyclic
compounds must proceed through a sequence of steps including
C=—O0 hydrogenation, ring rearrangement, hydrogenation, and
dehydration. The hydrogenation of FFR to CPO is catalyzed by
metal-acid bifunctional catalysts, in which the Lewis acid sites are
a critical factor in facilitating the rearrangement of the furan
ring. The dissociated H" from water is essential to facilitate the
rearrangement process from FFA to CPO. Therefore, the introduc-
tion of water is crucial in the hydrogenation of FFR to CP.

Most of the reported catalysts for the conversion of FFR to
CPO are noble metal/MOF composites (Table 4). Fang et al.
synthesized supported Ru particles on an acidic MOF material
(Ru/MIL-101), which was used for the hydrogenation of FFR to
CPO.*° MIL-101 was selected as the support due to the large
surface area, broad pore size, and excellent thermal stability,
obtaining Ru particles with high dispersibility. The 3% Ru/MIL-
101 catalyst gave 99% FFR conversion and 96% CPO selectivity
within 2.5 h at 160 °C and 4 MPa H,. Li et al. prepared a series
of MIL-MOFs with Lewis acid sites for supporting noble metal
particles (Pd, Ru, Pt, and Au) (Fig. 7a).*" Noble metal/Fe-MIL-100
exhibited higher hydrogenation activity than Fe-MIL-101 and
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MOF Catalyst Solvent  H, (MPa) Temp. (°C) Time (h) FFR Conv. (%) CPO Yield (%) CPAyield Ref.
MIL-101(Cr) 3% Ru/MIL-101 H,O0 4 160 2.5 99 96 - 80
Fe-MIL-100 Pd/Fe-MIL-100 H,0 4 150 6 99 92.2 - 81
Fe-MIL-100 Au/Fe-MIL-100 H,O0 4 150 6 97.8 35.4 - 81
Fe-MIL-100 Pt/Fe-MIL-100 H,0 4 150 6 98.1 19.7 - 81
UiO-66 Pd-Co@UiO-66 H,O0 3 120 12 99 95 - 82
UiO0-66-NO, Pd/UiO-66-NO, H,O0 1 150 5 98.9 95.5 - 83
Cu-BTC Pd/Cu-BTC H,O0 4 150 6 96.4 93 - 84
NiCo-MOF 2Co-1Ni@NC-800 H,O0 1.5 150 6 100 92.5 - 49
Cu-BTC CuNi, s@C H,0 5 130 5 99.3 96.9 - 85
ZIF-8@ZIF-67 H-3DOM-Co/NC-600 H,0 2 180 8 100 - 97.8 87
ZIF-8/Z1IF-67 4LH-Co@NC H,O0 2 160 8 100 - 97 90
Ni-MOF Ni/C-Moy_4 H,O0 2 140 2 100 - 95 91
NiCo-BTC Ni1Co1@C H,0 1 160 1 100 - 96 70
[ ETR The excellent thermal and chemical stability of UiO-66
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Fig. 7 (a) Schematic illustration of the conversion of FFR to CPO over
noble metal/Fe-MIL-100 catalysts. Reproduced from ref. 81 with permission
from Elsevier, copyright 2019. (b) Structure diagram of the Pd/Cu-BTC.
Reproduced from ref. 84 with permission from Elsevier, copyright 2019.
(c) Catalysis mechanism of FFR hydrogenation rearrangement to CPO.
Reproduced from ref. 49 with permission from Elsevier, copyright 2021.
(d) Schematic illustration of the synthesis of CuNi@C for FFR hydrogenation.
Reproduced from ref. 85 with permission from Elsevier, copyright 2016.

Cr-MIL-101-based catalysts due to the availability of more active
sites with highly dispersed particles. The high lipophilicity of the
Fe ions in MOFs promoted the adsorption and hydrolysis of FFA,
giving a high CPO selectivity for noble metals on Fe-MIL-101 and
Fe-MIL-100. The Pd/Fe-MIL-100 catalyst exhibited the best cataly-
tic activity, with 99% FFR conversion and 92.2% selectivity of CPO
at 150 °C and 4 MPa H,.

636 | Mater. Chem. Front., 2023, 7, 628-642

makes it an outstanding support for the loaded noble metal
particles. Wang et al. designed a Pd-Co@UiO-66 catalyst with
Pd-Co particles encapsulated in the framework of UiO-66 for
the conversion of FFR to CPO.%? The Pd-Co@UiO-66 showed
higher catalytic performance with a 95% yield of CPO at 120 °C
for 12 h than monometallic Pd@UiO-66, indicating a synergetic
catalytic effect of trace Co with Pd metals. To increase the
number of Lewis acid sites, -NO, modified UiO-66 was adopted
as the support. Wang and their co-workers prepared highly
dispersed Pd particles encapsulated in UiO-66-NO, (Pd/UiO-66-
NO,) by a double-solvent method followed by H, reduction.®?
After the heat treatment, more Lewis sites can be exposed
owing to the creation of missing-linker defects. Therefore, the
obtained defective Pd/UiO-66-NO, exhibited an excellent cata-
Iytic performance with 98.9% FFR conversion and 95.5% CPO
selectivity at 150 °C for 5 h. An array of Pd particles loaded on
Cu-MOFs with pure Lewis acidity were prepared for the hydro-
genative ring-rearrangement reaction of FFR (Fig. 7b).** Due to
the high surface area and homogeneous dispersion of the Pd
particles as well as the strong acidity of Cu-BTC, Pd/Cu-BTC
showed remarkable catalytic activity and stability.

Non-noble metals are increasingly being exploited for the
conversion of FFR to CPO, including a few reported MOF-
derived non-noble metal catalysts. Huang et al. fabricated a
series of N-doped bimetallic catalysts (CONi@NC) by employing
NiCo-MOFs as the precursor.*> Among them, 2Co-1Ni@NC-800
displayed the highest CPO yield (92.5%) at 150 °C and 1 MPa H,
for 5 h. It was shown that there exist active Lewis acid sites
in CoO, and NiO on the surface of 2Co-1Ni@NC-800, which
is favorable to the arrangement process of FFA. Additionally,
the catalytic mechanism of FFR hydrogenation to CPO was
proposed (Fig. 7c). First, the FFR and H2 are absorbed at the
active sites on the catalyst surface, where the FFR is converted
to FFA. Then, the rearrangement reaction occurs at the Lewis
active sites, followed by a hydrogenation reaction to convert the
FFA to CPO. The excellent stability of the 2Co-1Ni@NC-800
catalyst is closely related to the tightly wrapped C-N layer
coated around the metal particles, which restricts the loss of
metal particles in the reaction process. The Cu-based catalyst
was reported to be effective in activating the C=O bond, and
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the addition of Ni displayed a synergistic effect to be capable of
enhancing the activity of FFR towards CPO. Wang et al
employed Cu-BTC as the precursor to impregnate Ni ions for
fabricating CuNi bimetallic catalysts (Fig. 7d).®> The MOF-
derived porous carbon can not only act as a support but also
prevent the metal particles from accumulating. Using
CuNi, s@C as the catalyst, 99.3% FFR conversion and 96.9%
CPO yield were obtained within 5 h at 130 °C and 5 MPa H,.
Cyclopentanol (CPA) is the simplest member of the cyclo-
pentanol’s group with a single hydroxyl substituent, which is
used in the production of perfumes, chemical solvents, dye
intermediates, pharmaceuticals and other organic products.®®
CPA is the hydrogenation product of CPO, to the best of our
knowledge, catalyzed by MOF-derived non-noble metal catalysts
(Table 4). Although MOFs can serve as the ideal and versatile
templates for fabricating metal/carbon materials, most of
the composites obtained contain only microspores, limiting
the mass transfer of the reaction substrates. Recently, ordered
macroporous structures were obtained by pyrolysis of the com-
plexes of ZIF and 3D-ordered polystyrene spheres (PS).*”"%°
Yao et al. fabricated a 3D ordered macroporous Co/N-doped
carbon composite with a hollow wall structure (H-3DOM-Co/NC)
using an ordered ZIF-8@ZIF-67 as a precursor (Fig. 8a).*” After
the pyrolysis, the interconnected microporous structures are
mostly preserved, leaving the pore wall with Co particles
embedded in the hollow walls after the solid-to-hollow trans-
formation. The 3D-ordered macroporous structure facilitates
the mass transfer and the hollow wall prompts the exposure of
Co active sites, which enhances the catalytic performance of
FFR to CPA. The unique hollow macroporous structure of the

, .

\
. Hollow",

PS removal
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‘\ZIF-S@SD-PS SOM-ZIF-8 SOM-ZIF-8@ZIF-67 H-3DOM-Co/NC

8L-ZIFs

4LH-Co@NC

Fig. 8 (a) Schematic illustration of the synthesis process of H-3DOM-Co/
NC. Reproduced from ref. 87 with permission from Wiley-VCH, copyright
2021. (b) Schematic illustration of the solid-to-hollow transformation
of ZnCo-ZIF for FFR hydrogenation. Reproduced from ref. 90 with permis-
sion from American Chemical Society, copyright 2019.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

View Article Online

Materials Chemistry Frontiers

H-3DOM-Co/NC-600 catalyst achieved a 97.8% yield of CPA in
8 h at 180 °C and 2 MPa H,. Besides, the solid-to-hollow
transformation process was also used to fabricate multi-shell
hollow nanoarchitectures based on ZIF samples. Chen et al.
proposed a strategy for the pyrolysis of multilayer solid ZIF-8/
ZIF-67 prepared by a stepwise growth approach into a hollow
Co@NC catalyst with a specific shell number (Fig. 8b).°° The
strategy has successfully synthesized multishell hollow struc-
tures. These unique multishell hollow structures tremendously
facilitated the diffusion of the reactants and enhanced the
exposure of the active Co sites, which contributed to the
excellent catalytic performance for the selectivity hydrogena-
tion of FFR to CPA. The as-prepared 4LH-Co@NC catalyst with a
4-shell structure exhibited the highest catalytic activity, giving
complete FFR conversion and 97% selectivity of CPA at 180 °C
and 2 MPa H, for 8 h. The basic sites stabilized the intermedi-
ates in the conversion process of FFA, and the acid sites
activated the opening process of the furan ring and the cycliza-
tion rearrangement reaction, both of which guaranteed the
high selectivity of CPA.

Mo-based catalysts have been reported to be highly effec-
tive in water-based hydrodeoxygenation processes, but few
researchers have used Mo-based catalysts for rearrangement
reactions. Xia et al. designed a NiMo bimetallic catalyst derived
from a Mo-containing Ni-MOF, which is used for the selectivity
rearrangement reactions of FFR to CPA.°’ The Ni/C-Moy4
catalyst achieved the highest selectivity of CPA (95%) under
mild conditions. Besides, other Ni-based bimetallic catalysts
(Ni/C-Fe, Ni/C-Zn, Ni/C-Cu, and Ni/C-Ce) were also synthe-
sized and exhibited lower catalytic activity. Therefore, the
addition of the element Mo could synergistically react with Ni
to facilitate the transformation of FFR to CPA. This group also
prepared an efficient NiCo bimetallic catalyst with highly
dispersed metal particles derived from NiCo-BTC.”® The
Ni1Co1@C catalyst gave complete FFR conversion and 96%
selectivity of CPA in the aqueous medium. This demonstrated
that the presence of water is a crucial factor in obtaining the
desired product, enabling the arrangement of the furan ring.

6. Catalytic hydrogenation of furfural
to other high-value-added chemicals

Other value-added chemicals, such as 1,2-pentanediol (1,2-PD)
and 1,5-pentanediol (1,5-PD), can also be obtained from the
hydrogenation of FFR.°>** The hydrogenation of FFR to penta-
nediols is a tandem reaction involving an initial conversion of
FFR to FFA, followed by ring-opening to yield the targets 1,2-PD
and 1,5-PD.”* According to our investigations, only one MOF-
based noble metal catalyst was employed to catalyze FFR to
1,5-PD. Yeh et al. in situ synthesized a novel Al-supported Pt
catalyst (Pt@Al,O3) by employing Pt-embedded MIL-53(Al)-NH,
as the precursor for the conversion of FFR to 1,5-PD under
aqueous media.”® The Pt@Al,0; with a Pt loading of 11.8%
gave a 75.2% yield of 1,5-PD at 45 °C and 0.45 MPa H, for 8 h.
The Pt particles are highly distributed in the MOF-derived Al,O;
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supports owing to the strong interaction between the penta-
hedrally coordinated AI*" and Pt. The presence of Brgnsted acid
sites in Al,O; facilitates the NaBH, hydrolysis and promotes
reactivity. NaBO,, the hydrolysis product of NaBH,, was demon-
strated to be a key factor to convert FFR to 1,5-PD under mild
conditions. In addition, Pt@Al,O; has excellent stability and
adaptability to various biomass-derived furan chemicals under
NaBH -assisted hydrogenolysis. In brief, there are extremely
few studies on the one-step conversion of MOF-based catalysts
from FFR to 1,2-PD/1,5-PD with undesirable yields.

7. Conclusions and perspectives

This review tackles the challenge to give a full-scale overview of
the most recent developments for the hydrogenation of FFR to
high-value-added chemicals over MOF-derived catalysts. So far,
the employment of heterogeneous MOF-based catalysts gave
outstanding yields toward target molecules and diversify the
variety of the catalysts. MOF-based catalysts can be further
classified into three types: MOFs or modified MOFs, MOF-
based noble catalysts, and MOF-based non-noble catalysts,
which can be summarized as follows:

(1) MOFs or modified MOFs: The intrinsic properties of
MOFs, such as abundant Lewis active sites that exist in
Zr-based MOFs (MOF-808, UiO-66, etc.), or basic/acid sites after
modifying with -NH, or -SO3, aid in exhibiting catalytic activity
toward target reaction routes. Given the relatively mild hydro-
genation conditions of FFR, MOFs/modified MOFs with abun-
dant isolated catalytic active sites, large surface area and
adjustable pore size can efficiently catalyze the hydrogenation
reaction.

(2) MOF-based noble metal catalysts: These mainly encom-
pass two types. One is the MOF framework as porous support
with tunable pores acting as a cavity to anchor the noble
metals, which is commonly used to prepare noble metal/MOF
composites. The porous MOF shell nanostructures can prevent
the aggregation of noble metal particles during the reaction,
permit the mass transfer of reactants/products, and guarantee
the accessibility of the metal active sites. The other is the
synthesis of metals/MOF compounds first, followed by trans-
formation to noble metals supported on a metal oxide catalyst
with a large surface area and high thermal stability (mainly
MIL-101, UiO-66, and MIL-100). This in situ strategy demon-
strates great flexibility in immobilizing various mono- and
bimetallic metals in different MOFs compared to the above-
mentioned metal/MOF composites.

(3) MOF-based non-noble metal catalysts: This mainly con-
tains two preparation methods. One is a one-step synthesis of
non-noble metal mono- or bimetallic catalysts using Ni, Co,
and Cu-based MOFs (Ni-BTC, NiCu-BTC, ZIF-67, CuCo-ZIF,
CoCu-MOF-74, etc.) as sacrificing templates, in which the
porous carbon derived from organic ligands can prevent the
metal particles from aggregation. Another is the introduction of
active metal ions into the MOF precursor first (Ni-BTC, Cu-BTC,
and ZIF-67), followed by in situ conversion to bimetallic
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catalysts or metal/metal oxide composites embedded in porous
carbon. The synergistic interaction between the metals can
efficiently catalyze the conversion of FFR to specific target
products.

The development of highly efficient catalysts remains a
research emphasis for the conversion of FFR to high value-
added chemicals. Given the highly reactive properties of both
the furan ring and the aldehyde group contained in the FFR
molecule, selective hydrogenation of FFR to target products is a
challenge. Many attempts have been devoted and considerable
progress has been achieved in noble metal catalysts (Pt, Ru,
and Pd-based) and non-noble metal catalysts (Cu, Ni, and Co-
based). The four main routes of FFR hydrogenation reactions in
this review are highlighted as follows:

The conversion of FFR to FFA involves the hydrogenation of
the carbonyl group while inhibiting the hydrogenation of the
furan ring, which poses a great challenge for the designing and
preparing of the catalyst. Currently, MOF-derived precious
metal catalysts catalyze the conversion of FFR mainly under
moderate conditions (0.2-1 MPa H,, 20-80 °C), while non-
precious metal catalysts demand relatively rigorous conditions
(1-4 MPa H,, 120-180 °C). Besides, the CTH reaction with
short-chain alcohols substituting H, has been proven to be a
promising alternative for the highly selective conversion of FFR
to FFA. For obtaining THFA by FFR, the hydrogenation of both
the carbonyl group and the furan ring is compulsory, which
imposes high demands on the hydrogenation activity of
the catalysts. Generally, MOF-derived Ni-based mono- and
bimetallic catalysts were used for converting FFR to THFA
and good performance was achieved. Pd-based metal catalysts
derived from MOFs were the only noble metals employed for
the preparation of THFA, uncovering the high activation ability
of Pd metals on furan rings. The transformation of FFR to 2-MF
or 2-MTHF involves initial FFR hydrogenation to obtain FFA or
THFA, followed by the hydrogenolysis of the C-O bond, a more
complicated reaction path and requiring demanding catalytic
conditions. To date, there are only a limited number of
MOF-derived non-precious metal catalysts (Co and Cu-based)
available for this route. The unsatisfactory yields and harsh
reaction conditions have prompted intensive investigations
on the reaction mechanism for designing efficient catalysts
and achieving outstanding achievements. Complicated steps
including C=0 hydrogenation, ring rearrangement, hydroge-
nation and dehydration are necessary for converting FFR to
CPO to realize both the hydrogenation and rearrangement
processes, thus requiring a metal-acid bifunctional catalyst.
The presence of water is crucial as the dissociated H' from
water plays an overwhelming role in facilitating the rearrange-
ment process. Based on the reported literature, many endeavors
have been made and satisfactory progress has been achieved for
MOF-derived noble metal catalysts (Pd, Pt, Au, and Ru-based) as
well as non-precious metal catalysts (Co, Ni, and Cu-based).
Nevertheless, there remains a long way to go in expediting the
industrial production of FFR to CPO or CPA.

Although considerable progress has been achieved in
the hydrogenation of FFR to high-value-added chemicals over

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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MOF-based catalysts, the dilemmas of the insufficiency of
insight into the reaction mechanism, the determination of
the adsorption configuration of the reactants and the rigorous
reaction conditions still remain. Therefore, further exploration
is needed to uncover the reaction mechanism of each reaction
pathway to better design catalysts to catalyze the conversion of
FFR to target molecules. Besides, the adsorption configurations
of the reactant/intermediate molecules on different metal
surfaces should be better clarified so that appropriate catalysts
can be chosen for different target products. Finally, it is worth
underlining that MOF-derived catalysts should undergo
rational modulation to achieve hydrogenation of FFR under
mild conditions for early realization of the transition from the
laboratory to industrial scale. In summary, there remains great
potential in designing and modulating MOF-based catalysts for
the upgrading of FFR molecules.
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