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Synthesis of Quasi-MOFs featuring special
hub-and-spoke channels and surface NiO species
for enhanced total hydrogenation of furfuraly
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The design of Ni-based catalysts with high activity for the conversion of furfural (FFR) into tetra-
hydrofurfuryl alcohol (THFA) holds great promise for the upgrading of renewable resources. However,
the weak affinity between the furan ring and Ni° limits the hydrogenation reaction under moderate
conditions. In this work, we propose a new strategy for the design of highly efficient hydrogenation
catalysts. Quasi-MOFs with unique hub-and-spoke channels, and abundant Ni® and surface NiO species
were successfully prepared through controlled deligandation of Ni-MOF-74 by partial thermal
transformation. The spokewise channels facilitate the delivery of the reactants and expose more catalytic
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active sites. The obtained Quasi-MOF exhibits strong interaction between Ni metal nanoparticles and the
partially decomposed ligand. The presence of surface NiO species can strengthen the affinity between
the catalyst and FFR/H, molecules and enhance the H-donation capacity, leading to dramatically
enhanced hydrogenation activity. The synthesized Quasi-MOF-9h exhibited excellent activity in the total
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1. Introduction

Tetrahydrofurfuryl alcohol (THFA) is an essential precursor and
environmentally friendly solvent in high demand in printer
inks, and agricultural and automotive industries."™ In indus-
try, Cu-Cr and noble metal catalysts are used to catalyze the
two-step conversion of furfural (FFR) to THFA, where the first
step converts FFR to furfuryl alcohol (FFA) and the second step
transforms FFA into THFA,>” which is an environmentally
unfriendly and complex process with high energy consumption
and yielding many undesirable products, such as 2-methyl-
furan (2-MF), 2-methyltetrahydrofuran (2-MTHF), cyclopentanone
(CPO) and cyclopentanol (CPA), furan, and tetrahydrofuran®’
(Scheme 1a). Recently, researchers have focused on developing
highly efficient catalysts for the one-step conversion of FFR into
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hydrogenation of FFR, achieving 98% yield of THFA within 4 h at 70 °C and 3 MPa H..

THFA, which is more economic and convenient.'>** Although
significant progress has been achieved, selective hydrogenation of
FFR still faces challenges since many undesired products can be
created owing to the high temperatures and high hydrogen
pressures.”*™® Also, the harsh reaction conditions in THFA pro-
duction may cause extra infrastructural costs to a large degree.
Although noble metal-based catalysts, such as Pd and Ru, can
efficiently catalyze the synthesis of THFA from FFR, the high cost
and scarce reserves have prompted a desperate search to find
efficient non-precious metal catalysts."” " Especially, Ni-based
catalysts have garnered significant attention in the field of hydro-
genation reactions due to their cost-effectiveness and high activa-
tion capacity for hydrogen.”>*" However, the easy deactivation at
high temperatures, the weak affinity between metal nanoparticles
and FFR molecules, and the poor reusability of Ni-based catalysts
render them unfavorable for high-efficiency hydrogenation reac-
tions under mild conditions. Therefore, the rational design and
preparation of non-noble metal catalysts, especially Ni-based
catalysts, for FFR hydrogenation to achieve satisfactory selectivity
toward THFA under mild conditions, remains a great challenge.
Metal-organic frameworks (MOFs),** assembled by inor-
ganic metal ions/clusters and organic linkers, have been widely
used in various fields, such as gas storage and separation,**™>°
and catalysis.>’° Due to the large surface area, adjustable pore
size, and the potential for surface functionalization, MOFs have
proven to be excellent templates for converting into various

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Reaction pathways and byproducts for the conversion of
FFR to THFA, and (b) schematic illustration for the structural changes of the
Ni-MOF-74.

porous carbon/metal-based nanomaterials while preserving the
merit of pristine MOFs to some extent.>' > Generally, a tem-
plate strategy combining metal nanoparticles with MOFs has
been considered to achieve enhanced performance, especially
in catalysis.*® Several strategies have been testified to integrate
metal nanoparticles and MOFs, and among them, thermal
decomposition is relatively normal and facile to realize.>”*°
However, harsh heat treatment conditions usually cause the
MOF framework to collapse and lose intrinsic porosity, which
somewhat hinders the exposure of partially active sites.*"*?
Recently, Quasi-MOFs, which possess the advantages of both
exposed inorganic nodes and preserved porosity, have been
reported by partially decomposing MOFs.*>** The strong metal-
support interactions that existed in Quasi-MOFs can significantly
enhance the catalytic performance, and the porous structure
partially retained is conducive to accelerating the diffusion of
substrates. Xu et al. first reported Quasi-MOF structures with both
porous structures and strong interactions between Au particles and
inorganic Cr-O nodes by controlled deligandation, which exhibited
improved catalytic performance in CO oxidation at low tempera-
tures.”> Shen et al. synthesized a novel Cu-nanowire@quasi-MOF
vig partial thermal decomposition, and the catalyst exhibited
excellent catalytic performance for the selective oxidation of benzyl
alcohol in the air.*® However, the introduction of additional metal
ions complicates the synthesis process and obscures the inter-
actions between the metal and inorganic nodes. Besides, external
metals may cause blockage of the channels and impede the active
site accessibility of the reactants.*” Therefore, the construction of
Quasi-MOFs with special pores and abundant metal active sites is
exceptionally important for catalytic reactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Starting from the extraordinary properties of Quasi-MOF
and combining with the high activity features of Ni-based
catalysts, herein, Quasi-MOFs with unique hub-and-spoke
channels and abundant Ni nanoparticles were prepared for
the total hydrogenation of FFR. Homogeneous Ni nanoparticles
encapsulated in Quasi-MOFs were obtained via partial deligan-
dation of Ni-MOF-74. The Ni-MOF-74 framework provided Ni
sources and supports stabilizing the Ni nanoparticles. Besides,
the surface NiO species were generated during the deligandation
process, which facilitates the adsorption of FFR/H, molecules. The
optimized Quasi-MOF-9h sample exhibited significantly boosted
catalytic activity and stability. It only needed a moderate tempera-
ture to achieve a 98% yield of THFA in ethanol, ranking it the best
among the reported Ni-based catalysts. The unique spokewise pore
channels, abundant Ni°, and surface NiO species in the Quasi-
MOF-9h sample ultimately contributed to the high catalytic per-
formance of the total hydrogenation reaction.

2. Experimental

2.1. Synthesis of Ni-MOF-74 products

According to the previous work, 0.78 g of 2,5-dihydroxytere-
phthalic acid (CgHeOg), 1.99 g of nickel acetate tetrahydrate
(Ni(OAc),-4H,0), and 50 mL of deionized water were put in a
Teflon lined stainless steel autoclave.*® Subsequently, the auto-
clave was sealed and transferred to an oven at 160 °C for 5 h.
After cooling to room temperature, the resulting dark yellow
solid product was collected by centrifugation, washed three
times with water, and dried at 80 °C overnight. The obtained
sample was labelled as Ni-MOF-74.

2.2. Synthesis of Ni-MOF-74 (T) samples

To prepare Ni-MOF-74 (T) samples, the obtained Ni-MOF-74
was placed in a tube furnace and heat-treated at a specific
temperature (the heating rate was maintained at 5 °C min ™)
under an argon atmosphere (50 mL min~"). The products were
denoted as Ni-MOF-74 (T), where T represents the heat treat-
ment temperature.

2.3. Synthesis of Quasi-MOF catalysts

Ni-MOF-74 was placed in a tube furnace and decomposed at
300 °C (the heating rate was maintained at 5 °C min~") under
an argon atmosphere. In this process, heat treatment was
carried out for different periods, and the argon flow rate was
maintained at 50 mL min '. The products were denoted as
Quasi-MOF-X, where X represents the pyrolysis time (X = 3 h,
6 h, and 9 h). Especially, the sample treated for 12 h was named
Ni/NiO/C-12h.

2.4. Material characterization

X-ray diffraction (XRD) patterns were collected on a PANalytical
X'Pert PRO MPD X-ray diffractometer using Cu Ko radiation.
Transmission electron microscopy (TEM) was performed using
a JEM-2100UHR instrument (JEOL) at 200 kV. The morpholo-
gical properties of products were studied by using a Hitachi S-
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4800 field-emission scanning electron microscope (SEM).
The Raman spectrum was recorded using a Horiba Scientific
LabRAM HR Evolution, with a laser excitation wavelength of
633 nm. Thermogravimetric (TG) analysis data were obtained
on a TG209F3 (NETZSCH) thermogravimetric analyzer with a
heating rate of 10 °C min~' under a N, atmosphere. Gases
generated from the heat-treatment process of Ni-MOF-7 were
measured by mass spectrometry (MS) (Hiden HPR-20). The
textural properties of samples were obtained using nitrogen
physical adsorption isotherms at 77 K on Quantachrome
Autosorb-iQ nitrogen volumetric adsorption apparatus. Before
measurement, the MOF-74 and carbonized samples were acti-
vated for 12 h under vacuum at 150 °C and 200 °C, respectively.
X-ray photoelectron spectra (XPS) were obtained using an X-ray
photoelectron spectrometer (ESCALAB 250Xi) equipped with
monochromatic Al Ko (E = 1486.6 eV) radiation. The measured
XPS energies were collected using the C 1s peak of the C-C
bond at 284.8 eV. An inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES, Agilent 720ES) was used to deter-
mine the Ni elemental content.

The hydrogen adsorption capacity of the catalysts was mea-
sured using hydrogen temperature-programmed desorption
(H,-TPD), which was conducted with a Builder PCA-1200 TPD/
TPR instrument equipped with a thermal conductivity detector
(TCD). In the program of H,-TPD, the sample (50 mg) was
sealed in a quartz tube, followed by activating at 250 °C for 1 h
under H,/Ar gas to remove solvents trapped in the channels
and to reduce the oxidized sample surface before hydrogen
adsorption. Then, under H,/Ar protection, the sample was
cooled to 60 °C. Subsequently, the sample was exposed to H,/
Ar (1:9, v/v, 30 mL min~ ") for 1 h to ensure that the metal sites
were saturated with hydrogen. Next, the sample was slowly
purged with Ar (30 mL min~ ") to remove the adsorbed physical
H, on the sample surface. After the baseline was stabilized, the
sample was heated to 300 °C at a rate of 10 °C min™*. In this
process, the desorption signal of H, was detected by TCD.

2.5. Catalytic evaluation

The selective hydrogenation of FFR was carried out in a stain-
less autoclave (Beijing Century Senlong, SML-100) with a
mechanical stirrer and a temperature controller unit. In a
typical experiment, 0.6 g of FFR, 50 mL of ethanol, and 0.1 g
of catalyst were added to the reactor. After the reactor was
sealed, the reaction system was purged with H, three times to
exclude air and then filled with the initial hydrogen H, pressure
to a setting value. The reaction was held at a specific tempera-
ture (50-90 °C), and the stirring speed was set at 800 rpm. After
the reaction, the autoclave was cooled down quickly, and the
catalysts were collected by centrifugation and washed three
times with ethanol.

2.6. Analysis of products

The liquid products were analyzed on a chromatograph equip-
ped with a capillary column and a flame ionization detector
(FID). The temperature of the sample injector and detector were
set as 200 °C and 250 °C, respectively. The products were
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identified by comparing them with authentic samples, and
the reactants and products were quantified by the normal-
ization method. The conversion of FFR (Crgg) and the selectivity
of THFA (Yryra), FFA (Yrpa), and byproducts (Yuyproducts) are
calculated using the formulae as follows.

n —n
Crrr = FFR,0 FFR,¢ % 100 (1)
NFFR,0
NFFA,t o7
YrpA = x 100% (2)
NFFR,0 — NFFR,t
NTHFA,¢
Y1HpA = —————— x 100% (3)
NFFR,0 — NFFR,¢
Ybyproduets = 1 — Yera — Yrara (4)

In which nggg o represents the initial mole of FFR before the
reaction, ngrr, is the mole of FFR in the reaction, nigps, is
the mole of FFA during the reaction, and 71ypa, is the mole of
THFA during the reaction.

3. Results and discussion

3.1. Characterization of catalysts

The XRD patterns of the as-prepared Ni-MOF-74 and Ni-MOF-74
(T) samples are shown in Fig. 1a. According to the XRD pattern
of the synthesized Ni-MOF-74, two prominent sharp signature
diffraction peaks located at 20 values of 6.9° and 11.9° match
well with the simulated pattern, indicating the successful
preparation of the precursor. The Ni-MOF-74 (250) sample
displayed the same pattern as Ni-MOF-74, implying the integ-
rity of the framework structure at this treated temperature. It is
noteworthy that three weak characteristic peaks positioned at
44.5°51.8°, and 76.3° appeared in the Ni-MOF-74 (300) sample,
which corresponds to the (111), (200) and (220) lattice planes of
the standard face-centered cubic (fcc) Ni phase (JCPDS card no.
04-0850), respectively. The dominant phase presented in the Ni-
MOF-74 (300) sample is still the characteristic peaks of Ni-MOF-
74. This demonstrates that after treatment at 300 °C, partial
ligands begin to decompose, and the aggregated Ni clusters are
converted into metallic Ni nanoparticles in situ. Moreover, the
broad Ni peaks indicate the small particle size of Ni metal
nanoparticles, which could endow the sample with high cata-
Iytic activity.”” When the temperature reaches 350 °C, the
characteristic peaks attributed to Ni-MOF-74 disappear entirely,
demonstrating the complete collapse of the Ni-MOF-74 frame-
work. In the meantime, the enhanced intensity of Ni peaks
indicates a larger particle size in the Ni-MOF-74 (350) sample.
Thermogravimetric (TG) analysis was performed to monitor the
thermal behavior of Ni-MOF-74 (Fig. S1, ESIt). The TG result
shows that the Ni-MOF-74 structure begins to collapse above
300 °C, consistent with the structure evolution in XRD results.

The specific surface area and pore structure characteristics
of the Ni-MOF-74 precursor and Ni-MOF-74 (T) samples were
investigated via N, physisorption tests. As displayed in Fig. 1b,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of the Ni-MOF-74 precursor and Ni-MOF-74 (T)
samples, (b) N, adsorption—desorption isotherms at 77 K of the Ni-MOF-
74 precursor and Ni-MOF-74 (T) samples. TEM images of (c) Ni-MOF-74
precursor, (d) Ni-MOF-74 (250), (e) Ni-MOF-74 (300) and (f) Ni-MOF-74
(350).

the Ni-MOF-74 precursor and Ni-MOF-74 (250) sample all
exhibit type I isotherms based on the IUPAC classification,
which indicates the existence of abundant micropores. The
specific surface area of the Ni-MOF-74 (250) is measured to be
1238 m” g~ (Table S1, ESIt), almost entirely the same as the
precursor (1255 m* g~ %), further implying the integrity of the
Ni-MOF-74 (250) sample framework. The Ni-MOF-74 (300)
sample shows a typical type I/IV isotherm with a sharp rise
near P/P, = 0 and a hysteresis loop at 0.5 < P/P, < 0.99,
indicating the presence of both microporous and mesoporous
structures. The specific area of the Ni-MOF-74 (300) could be
retained by 66% (823 m” g™ ), and the mesopore distribution is
concentrated in the range of 25-35 nm (Fig. S2, ESIt), confirm-
ing the partial collapse of the framework. With a further
increase in the pyrolysis temperature, the surface area of the
Ni-MOF-74 (350) only retained 15.7% (197 m* g~ '), with a pore
size focused on 15-20 nm (Fig. S2, ESIT). The smaller pore size
in Ni-MOF-74 (350) indicates that the sample is incapable of
generating unique spokewise channels at this heat treatment
temperature, which will be evidenced later in the TEM images.
The disappearance of micropores illustrates the complete col-
lapse of the Ni-MOF-74 framework, as confirmed by the XRD
results. Therefore, the Ni-MOF-74 (300) sample possesses a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unique hierarchical porous structure, which is favorable for
the maximum exposure of the active catalytic sites and the
shuttling of the substrate molecules.

The morphology and structure of the prepared Ni-MOF-74
and Ni-MOF-74 (T) samples were investigated by transmission
electron microscopy (TEM). It is obvious that the Ni-MOF-74
crystals are smooth and uniform hexagonal rod-shaped with an
average diameter of about 1 pm, and the heat-treated samples
perfectly inherit the morphology of the precursors (Fig. 1c-f
and Fig. S3 and S4, ESIt). Meanwhile, the structure of the Ni-
MOF-74 (250) sample was well maintained (Fig. 1d and Fig. S5,
ESIT) since the decomposition of the Ni-MOF-74 framework
could not occur at this temperature. Interestingly, remarkable
hub-and-spoke channels can be seen in the inside of the Ni-
MOF-74 (300) nanorods (Fig. le). Besides, the width of the
spokewise channels was measured and found to be approxi-
mately 30 nm (Fig. S6, ESIt), consistent with the mesopore size
distribution discussed above. As the annealing temperature
reaches 350 °C, the metal particles are uniformly distributed,
and no spokewise phenomenon is observed (Fig. 1f). Also,
larger metal Ni nanoparticles are observed in the Ni-MOF-74
(350) sample, which agrees well with the XRD results. This
phenomenon suggests that the presence of hub-and-spoke
channels is highly dependent on the heat treatment tempera-
ture. It has been conjectured that the specific temperature
induces a slight contraction beginning at the external surface
of the sample, accompanied by abundant gas escaping from the
internal region of the sample, hence leaving this unique hub-
and-spoke channel. Mass spectrometry (MS) results have con-
firmed the steady and consistent escape of gas at this tempera-
ture (Fig. S7, ESIY).

Based on the results above, the structural evolution of Ni-
MOF-74 is illustrated in Scheme 1b. When treated at 250 °C, the
Ni-MOF-74 weight loss could be attributed to the removal of
coordinated guest molecules (H,O) inside the channels.
Further raising the pyrolysis temperature to 300 °C, the deli-
gandation process begins to occur by releasing a certain
amount of gases, such as H, and CO, and obtaining Ni° (as
confirmed by XRD results),’® obtaining a Quasi-MOF structure
(Thus, the Ni-MOF-74 (300) sample is renamed Quasi-MOF-3h
hereafter). As the pyrolysis temperature was higher than 300 °C,
the framework collapsed due to the complete decomposition of
the organic linkers. In addition, the uniform and rapid decom-
position of ligands at 350 °C did not leave spokewise channels
as in the Quasi-MOF-3h sample. To better understand the
evolution process of the Quasi-MOF structure, the investigation
was carried out by extending the heat treatment time of Ni-
MOF-74 at 300 °C.

On prolonging the pyrolysis time from 3 h to 9 h, the
characteristic diffraction peaks around 5°-15° in Ni-MOF-74
decreased, indicating a consistent deligandation of Ni-MOF-74
(Fig. 2a). This unique structure containing both partial frame-
works of the MOF and Ni metal particles is denominated as the
Quasi-MOF for convenience of description. Interestingly, Ni
nanoparticles exhibit remarkable tolerance against aggregation
in the deligandation process, implying that a strong interaction

Mater. Adv,, 2024, 5,1106-1118 | 1109
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exists between inorganic nodes Ni-O and metallic Ni nano-
particles in the Quasi-MOF.”*> Upon further extension of the
heat treatment time to 12 h, the disappearance of the diffrac-
tion peaks of Ni-MOF-74 implies complete decomposition of
the ligand. The diffraction peaks of trigonal NiO (JCPDS no. 44-
1159) appeared at 260 = 37.2°, 43.3°, 62.9° and 75.4°, which can
be ascribed to the (101), (012), (110) and (113) crystal planes of
NiO, respectively. The intensity of metal Ni peaks increases
and the peak width decreases obviously in the Ni/NiO/C-12h
sample, indicating that the disappearance of the Quasi-MOF
framework leads to the aggrandizement of the Ni particles.
Besides, owing to the particular lower heat treatment tempera-
ture, the metallic Ni was gradually oxidized to NiO prolonging
the heat treatment time, which will be discussed in detail later.

The structure evolution of Quasi-MOF was further investi-
gated by FT-IR spectroscopy (Fig. 2b). The absorption bands
centered at 1361 and 1557 cm ™" of the Ni-MOF-74 sample are
attributed to the symmetric and asymmetric vibration modes of
-COO™ coordinated to the Ni ions, proving the existence of the
coordination reaction between Ni ions and -COOH groups in
the ligands.>" The vibration peaks at 824 and 888 cm™ " in the
Ni-MOF-74 sample are assigned to the C-H bending of the
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(a) XRD patterns, (b) FT-IR spectra, (c) Raman spectra and (d) N, adsorption—desorption isotherms for the Ni-MOF-74 precursor and the

benzene ring.’® The peaks located at 1414 and 1457 cm ™" could
be attributed to the C=C stretching vibration modes, which
belong to the benzene ring skeleton vibration.>*>” The intensity
of the characteristic peaks gradually decreased with the exten-
sion of the heat treatment time, indicating that a slow deligan-
dation process of Ni-MOF-74 occurred. Therefore, the existence
of the MOF framework was further demonstrated by the char-
acteristic peaks in the samples, indicating the Quasi-MOF
properties. When the annealing time was increased to 12 h,
all the peaks mentioned above belonging to Ni-MOF-74 van-
ished, validating the collapse of the Ni-MOF-74 framework.
Raman spectroscopy was performed to get insight into the
structural evolution of the samples during the deligandation
process. The Raman spectra of Quasi-MOF-3h and Quasi-MOF-
6h are almost identical to that of Ni-MOF-74 (Fig. 2c), except for
the decreased peak intensity and the broadened peaks, again
confirming the occurrence of the deligandation of Ni-MOF-74.
However, when the heat treatment time was extended to 9 h,
the peaks belonging to Ni-MOF-74 disappeared, and two weak
peaks belonging to disordered carbon (D band) and graphitic
carbon (G band) occurred. The disappearance of MOF-74 peaks
in the Quasi-MOF-9h sample might be attributed to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presence of the carbon layer masking the weaker MOF char-
acteristic peaks, which is inconsistent with the XRD and FT-IR
tests. For Ni/NiO/C-12h, two strong broad peaks were observed,
indicating the complete decomposition of Ni-MOF-74 with
carbon formation. This phenomenon indicates that the trans-
formation of Ni-MOF-74 to Ni/NiO/C-12h is a sluggish deligan-
dation process via the Quasi-MOF intermediate. No carbon
peaks could be observed due to the slow decomposition of
ligands until the heat treatment time is extended to 9 h.
Furthermore, the intensity of carbon peaks increases obviously
with further prolonging the heat treatment time. The occur-
rence of the thinnish carbon layer helps to improve the stability
of the sample and prevents Ni particles from aggregating,
achieving good catalytic performance,®® while the thicker car-
bon layer obstructs the contact between the reactants and active
sites, leading to poor catalytic activity.

The N, adsorption-desorption isotherms of the derivatives
all display typical type I/IV isotherms (Fig. 2d). On extending
the heat treatment time, the ligands in Ni-MOF-74 gradually
decomposed. The surface areas of the Quasi-MOF-6h and
Quasi-MOF-9h samples regularly decreased to 563 m” g~ ' and
261 m> g™, respectively (Table S2, ESIf). Furthermore, it was
found that the Quasi-MOF-9h sample has the highest contents
of mesopores concentrated at 25-35 nm, indicating that it has
the most abundant hub-and-spoke channels (Fig. S8, ESIt). The
percentage of micropores regularly decreases from 87.48%
(Quasi-MOF-3h) to 32.57% (Quasi-MOF-9h) as the heat treat-
ment time increases (Fig. S9 and S10, ESIT), while the total pore
volume displays an opposite trend (Table S2, ESIt). The highest
value of a total pore volume of 1.02 cm® g~ was formed in the
Quasi-MOF-9h sample, and then decreased to 0.54 cm® g~ ' by
increasing the heat treatment time to 12 h. The high porosity
not only dramatically improves the mass transfer capacity of
the reactants, but also facilitates the dispersion and exposure
of active sites on the catalyst, hence improving the accessibility
of the active sites.

The morphology and the structure of metal particles of
derivatives were observed by SEM images, and the results are
given in Fig. 3. It is obvious that all Ni-MOF-74 derivatives
maintained the hexagonal rod-like morphology of the precursor
well. As shown in Fig. 3a;, many pores and cracks can be seen
on the surface of the Quasi-MOF-3h sample due to gas escape.
After 6 h of heat treatment, the surfaces of the Ni-MOF-74
hexagonal rod become rough and the reduced metal Ni nano-
particles are observed clearly (Fig. 3b,), indicating that further
decomposition of the framework led to a higher reduction degree
of metallic Ni nanoparticles. Fig. 3c; depicts a further increase in
the surface roughness of the sample and even slight agglomeration
due to the improvement in the reduction degree of the Quasi-
MOF-9h sample. As shown in Fig. 3d;, the Ni/NiO/C-12h sample is
composed of metal nanoparticles with uniform particle sizes.
Mesoporous pores and cracks are evident on the sample surface
(Fig. S11, ESIY). To sum up, Quasi-MOF samples, which possessed
both confined Ni nanoparticles and preserved partial framework of
the Ni-MOF-74, can be successfully obtained by controlling partial
deligandation at 300 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The surface microstructure features of the Ni-MOF-74 deri-
vatives were probed by TEM measurements. Notably, the
unique hub-and-spoke channels generated by gas escape and
framework shrinkage are found in all derivatives (Fig. 3a,-d,),
confirming the importance of the pyrolysis temperature in
this unique channel structure. The enlarged TEM images
(Fig. 3a3-d3) of Quasi-MOF samples demonstrate that these
Ni nanoparticles are uniformly dispersed, ensuring adequate
exposure of active catalytic sites. From the size distribution of
metallic Ni particles, the average size of metallic Ni nano-
particles in the Quasi-MOF-3h, Quasi-MOF-6h, Quasi-MOF-9h
and Ni/NiO/C-12h samples corresponds to 3.9 nm, 4.2 nm,
4.8 nm, and 6.5 nm, respectively (illustration in Fig. 3a;-d;),
suggesting that the heat treatment time has a great influence
on the size of metal particles. HRTEM tests were conducted to
probe structure changes around Ni nanoparticles in Quasi-MOF
samples. In the Quasi-MOF-3h and Quasi-MOF-6h samples, a
softer color of metallic Ni can be found in HRTEM images, and
there is no carbon layer around metallic Ni nanoparticles,
confirming the relatively low reduction degree and the occur-
rence of the deligandation process (illustration in Fig. 3a; and
b;). For the Quasi-MOF-9h sample, the particle size of Ni
nanoparticles marginally increases with 1-2 layers of amor-
phous carbon formed around the particles (Fig. S12, ESIY),
which is consistent with Raman results. The d-spacing of
0.203 nm assigned to the (111) crystal plane of metal Ni and
0.241 nm owing to the (101) crystal plane of NiO can be
observed in the Ni/NiO/C-12h sample (Fig. S13, ESIf),
confirming the presence of NiO. Besides, 3-4 layers of amorphous
carbon and strong D and G bands can be found in the Ni/NiO/C-
12h sample, indicating a high degree of carbonization.

Therefore, Ni-MOF-74 undergoes a sluggish deligandation
process by prolonging the heat treatment time at 300 °C. The
organic ligands gradually decompose to release CO, H, and
other gases, while partial adjacent Ni atoms migrate together to
form Ni metal particles under the protection of a reducing gas,
obtaining the Quasi-MOF structure with unique hub-and-spoke
channels. During the deligandation process, the remaining
robust MOF-74 framework further prevents Ni metal particles
from agglomeration. When the heat treatment time was
increased to 12 h at 300 °C, the Quasi-MOF structure vanished,
although the unique hub-and-spoke channels existed. In con-
trast, the Quasi-MOF structure and distinctive spokewise chan-
nels were unavailable when the heat treatment temperature was
increased to 350 °C, revealing that both the heat treatment
temperature and time were critical to acquiring the specialized
structure.

To further get insight into the effects of heat treatment
conditions on the elemental composition and atomic valence
state in Ni-MOF-74 derivatives, X-ray photoelectron spectro-
scopy (XPS) was carried out. Quasi-MOFs and Ni/NiO/C-12h
contain C, O and Ni elements according to the full XPS spectra
(Fig. S14, ESIY). C 1s can be divided into three peaks at 284.8 eV,
285.8 eV and 288.8 eV, belonging to C—=C, C-O and O=C-O,
respectively (Fig. S15, ESIT).*' For Ni 2p;, spectra in Quasi-
MOFs, three peaks appear at binding energies of 853 eV,

Mater. Adv., 2024, 5,1106-1118 | 1111
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Fig. 3 Electron microscopy images of (a) Quasi-MOF-3h, (b) Quasi-MOF-6h, (c) Quasi-MOF-9h, and (d) Ni/NiO/C-12h samples. Column 1: SEM images
and the corresponding local magnification; Column 2: TEM images; and Column 3: TEM, HRTEM, and particle size distribution profile.

856.2 eV and 861.4 eV, assigned to Ni’, Ni*" and their accom-
panying peak, respectively (Fig. 4a).>* It is distinct from the
structural integrity of the Ni-MOF-74 (250) sample containing
only Ni** species (Fig. $16, ESIt). Interestingly, a new peak with
a binding energy centered at 854.1 eV (denoted as Ni*"*"™)
observed, assigned to the surface NiO species as Palacin
reported.>® NiO is composed of surface Ni atoms (NiOs in
pyramidal) with deficiency and bulk Ni atoms (NiO¢ in octahe-
dral), therefore, showing a multi-peak structure in the XPS
spectrum.”” The presence of Ni*"*"f implies the formation of
abundant highly-dispersed NiO nanoclusters during the
decomposition process of the Quasi-MOF.>® It is deduced that
the newly formed surface NiO species are electronically defec-
tive, which modulates the electronic structure of metallic Ni.
The Ni 2p spectrum suggests that the content of surface NiO
species increases with prolonging the heat treatment time.

M2 | Mater. Adv., 2024, 5, 1106-1118

Therefore, we inferred that Ni atoms are gradually in situ
reduced to ultrathin Ni metal particles during the slow deli-
gandation process of Ni-MOF-74 at 300 °C. The large surface
energy of the ultra-small Ni particles drove the O atoms in the
ligand to bind to them, generating NiO nanoclusters (surface
NiO species) attached to the Ni particle surface. However, the
NiO nanoclusters were too tiny to be detected by XRD instru-
ments. The content of NiO nanoclusters increased gradually
with the extension of the heat treatment time, and the NiO
nanoclusters aggregated into large particles that can be easily
recognized when treated with 12 h. For convenient under-
standing, Ni*" peaks were divided into surface NiO species
(red color), bulk NiO peaks (green color) and Ni*" in the MOF
framework (blue color) (Fig. 4a). Besides, the O 1s spectrum
also confirms the change in the content of the Ni-O bond,
corresponding to an increase of surface NiO species in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The high-resolution XPS of Quasi-MOF-3h, Quasi-MOF-6h, Quasi-MOF-9h and Ni/NiO/C-12h: (a) Ni 2p spectra (note: orange color represents

for Ni°, red color represents for Ni2+su"

, green color represents for Ni2* in NiO, and the blue color represents for Ni2* in Ni-MOF-74) and (b) O 1s spectra.

(c) Changes in the elemental area ratios of Ni®, Ni2*sU" and Ni° + Ni2**“"f (d) Elemental atomic ratio of C, and C + O relative to Ni.

Quasi-MOFs samples (Fig. 4b). The elemental contents of Ni
and (Ni® + Ni*"*") increased upon extending the heat treat-
ment time, which indicates an increase in the deligandation
degree of Ni-MOF-74 precursors (Fig. 4c and Table S3 and S4,
ESIY). Besides, ICP-OES also confirmed the increasing trend of
the Ni content (Table S5, ESIT). As shown in Fig. 4d, the value of
both C/Ni and (C + O)/Ni in derivatives all display a decreasing
trend upon prolonging the heat treatment time. The decreased
amount of C and O elements indicates that the ligands are
gradually decomposed during the deligandation process. Only
a tiny amount of Ni® is visible in the Ni/NiO/C-12h sample
owing to the extended heat treatment, consistent with the XRD
results (Fig. 4a and Fig. S17 and 18, ESIY). This unique surface
Ni*"*%f gpecies, which can only be obtained in Quasi-MOF
structures, is found neither in Ni-MOF-74 (250) with a complete
MOF framework nor in Ni-MOF-74 (350) possessing a com-
plete collapsed framework (Fig. S19, ESIt). The above results

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

indicated that the heat treatment temperature and time could
significantly affect the elemental composition and atomic
valence state. High temperatures facilitate the sluggish
reduction of highly dispersed oxide nanoclusters by carbon,
while extended heat treatment time at low temperatures gives
rise to slow oxidation of metals. Therefore, it is vital to precisely
control the reaction conditions to obtain the Quasi-MOF with
abundant Ni° surface Ni*"*"f species and unique hub-and-
spoke channels.

3.2. Catalytic test

To investigate the catalytic performance of the prepared Quasi-
MOF samples, the hydrogenation of FFR to THFA was carried
out under liquid-phase conditions. The results showed that the
hydrogenation reaction could not occur without a catalyst
(Table 1, entry 1). Without catalysts, all the products achieved
were 2-(diethoxymethyl)furans (2-DEMF), obtained by the

Mater. Adv., 2024, 5, 1106-1118 | 1113
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Table 1 The catalytic performance of derivatives of Ni-MOF-74

Selectivity (%)

Conversion
Entry  Catalysts (%) FFA THFA 2-DEMF
1 none 3.2 0 0 100
2 Ni-MOF-74 5 0 0 100
3 Ni-MOF-74 (250) 5.7 0.8 0 99.2
4 Ni-MOF-74 (300) 91.4 70.3 29.6 0.1
(Quasi-MOF-3h)

5 Ni-MOF-74 (350) 91.4 80 19.9 0.1
6 Quasi-MOF-6h >99 29.2 70.7 0.1
7 Quasi-MOF-9h >99 13.2 86.7 0.1
8 Ni/NiO/C-12h 68.1 73.8 26.1 0.1

Reaction conditions: 0.6 g of FFR, 0.1 g of catalysts, 50 mL of ethanol,
60 °C, 3 MPa, 4 h.

47

condensation reaction of FFR and ethanol (Fig. S20, ESIY)
In addition, Ni-MOF-74 and Ni-MOF-74 (250) were catalytically
inactive for the THFA formation due to the absence of active
sites of metallic Ni in the samples (Table 1, entries 2 and 3).
The Ni-MOF-74 (300) catalyst displayed dramatically improved
catalytic performance, with 91.4% conversion of FFR and 29.6%
selectivity to THFA after 4 h of reaction (Table 1, entry 4), which
could be ascribed to the existence of special hub-and-spoke
channels as well as the presence of both metallic Ni and surface
Ni?"*"f species. On the one hand, adequate metallic Ni, as well
as Ni"" species, can be functioned to tightly adsorb FFR/H,.
On the other hand, abundant hub-and-spoke channels endow
Ni-MOF-74 (300) with excellent mass transfer capability and
more exposed catalytic active sites, allowing improved contact
between the reactants and active sites. The selectivity to THFA
was decreased to 19.9% when choosing the Ni-MOF-74 (350)
sample as the catalyst (Table 1, entry 5). Although the Ni clusters in
precursors were transformed into metallic Ni in the Ni-MOF-74
(350) catalyst, the absence of the unique hub-and-spoke channel
and the expansion of the metal nanoparticles lowered the hydro-
genation catalytic activity (Fig. S21, ESIT).

Next, the hydrogenation performance of the Quasi-MOF
samples and Ni/NiO/C-12h was investigated under the same
conditions. Using the Quasi-MOF-6h sample as the catalyst, the
conversion of FFR was higher than 99% and the selectivity of
THFA was remarkably increased to 70.7%, which could be
ascribed to the corresponding increase in the number of active
sites (Table 1, entry 6). When the Quasi-MOF-9h sample was
chosen as the catalyst, excellent catalytic activity was achieved,
with the complete transformation of FFR and 86.7% selectivity
to THFA (Table 1, entry 7). Further extension of the heat
treatment time to 12 h resulted in a sharp decrease in the
hydrogenation activity, the FFR conversion dropped to 68.1%,
and the selectivity of THFA was only 26.1% (Table 1, entry 8).
Considering that there is no obvious difference in the particle
size in the Quasi-MOF, the variation in catalytic performance is
attributed to the differences in Ni® and Ni?"*"*f contents, which
is subsequently investigated in detail.””

From the above results, the Quasi-MOF-9h catalyst exhibited
the most excellent hydrogenation activity. Hence, a detailed
investigation of reaction conditions (reaction temperature,

M4 | Mater. Adv, 2024, 5, 1106-1118
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reaction time and hydrogen pressure) was performed. The
effect of reaction temperature on Quasi-MOF-9h was carried
out under conditions of 3 MPa H,, pressure for 4 h (Fig. 5a). The
relatively low selectivity of THFA at below 60 °C could be
explained by the low adsorption interaction between the inter-
mediate FFA molecules and the active catalytic site at low
temperatures. When the temperature varied from 50 °C to
70 °C, the conversion of FFR remained at a high level, but the
selectivity of THFA increased remarkably from 58.1% to 98%,
which showed that the temperature could dramatically affect
the conversion of FFA to THFA. The conversion of FFR and the
selectivity of THFA were almost unchanged upon further increa-
sing the reaction temperature; therefore, 70 °C was chosen as the
optimal reaction temperature. The effect of the reaction time was
also investigated on the Quasi-MOF-9h catalyst. As shown in
Fig. 5b, the conversion of FFR increased sharply to 98.2% within
90 min, which indicated that the high activity of the catalyst
enabled the rapid transformation of FFR under mild conditions.
It showed a good linear relationship between THFA selectivity and
reaction time within 3 h, and the selectivity of THFA increased
regularly from 24.8% to 92.6%. The above results indicated that
the hydrogenation of FFR to THFA is a consecutive two-step
sequential hydrogenation process in which the former is the
hydrogenation of the aldehyde group outside the furan ring,
and the latter is the hydrogenation of the furan ring. Among
them, the hydrogenation of the furan ring is the rate-determining
step of the whole hydrogenation process. Impressively, complete
FFR conversion with high THFA selectivity of 98% was achieved
when the reaction was carried out for up to 4 h. Besides, H,
pressure is a pivotal indicator and the dependence on H, pressure
was investigated at 70 °C within 4 h. As the H, pressure increased
from 1.5 MPa to 3.5 MPa, the FFR conversion maintained near
100% (Fig. 5¢), which implied that the adsorption and activation
of -C—0 were not affected by H, pressure under current condi-
tions. In contrast, the THFA selectivity decreased significantly
when the H, pressure was below 3 MPa, showing that the
hydrogenation of the furan ring was highly dependent on H,
pressure. In total, excellent catalytic performance with 100% FFR
conversion and 98% THFA selectivity was achieved under 3 MPa
initial H, pressure at 70 °C for 4 h. The catalytic performance of
Quasi-MOF-9h ranks among the highest reported noble metal,
non-noble metal and bimetallic catalysts (Table S6, ESIT).

With these optimal conditions, the stability of the Quasi-
MOF-9h catalyst was examined (Fig. 5d). After the reaction, the
catalyst was recovered by the centrifugation method, followed
by washing with ethanol three times and drying overnight. The
catalyst was used repeatedly for five runs and no significant loss
of its conversion and selectivity was observed. The recycled
catalysts were further characterized by XRD, N, adsorption-
desorption isotherms and TEM analyses to understand the
changes in the structure and surface information. XRD and
N, adsorption results showed that the used Quasi-MOF-%h
catalyst has non-obvious changes in the structure (Fig. S22
and S23, ESIt). Moreover, the TEM results showed no agglom-
eration of the Ni nanoparticles after continuous hydrogenation
(Fig. S24, ESIf), which also proves that the strong interaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between Quasi-MOF and metallic Ni hinders the aggregation of
metal particles. These analysis results illustrated that the as-
prepared Quasi-MOF-9h catalyst was efficient and robust for
the hydrogenation reaction.

3.3. Investigations on the structure-activity relationship

According to the results mentioned above of structural features
and catalytic performance, a linear relationship between the
THFA yield and the percentage of (Ni® + Ni*"*""f) was obtained
(R*=0.999) (Fig. 6a). Specifically, the THFA yields of Quasi-MOF
samples give the following order: Quasi-MOF-9h (86.7%) >
Quasi-MOF-6h (70.7%) > Quasi-MOF-3h (27.1%). The percen-
tage of (Ni° + Ni*"*"™), based on Ni 2p high-resolution spectra
(Fig. 4a and Table S4, ESIt), displays the same sequence: Quasi-
MOF-9h (42%) > Quasi-MOF-6h (41%) > Quasi-MOF-3h
(39%). Although abundant surface NiO species existed in Ni/
NiO/C-12h, the deficiency of metallic Ni gives it a less favorable
hydrogenation activity, with a THFA yield of only 17.8%. Hence,
the surface NiO species itself cannot improve the catalytic

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

activity, and must be cooperated with metallic Ni to give
enhanced catalytic activity. Meantime, the percentage of
Ni""f also correlated with the yield of THFA (Fig. S25, ESIY),
which strongly suggests that the presence of surface NiO
species in Quasi-MOF samples greatly facilitates the hydroge-
nation reaction of FFR. Furthermore, the total pore volume,
reflecting the number of unique hub-and-spoke channels, dis-
plays the same linearly order: Quasi-MOF-9h (1.02 cm® g™ %) >
Quasi-MOF-6h (0.91 em® g™") > Quasi-MOF-3h (0.78 cm® g™ ")
> Ni/NiO/C-12h (0.54 cm® g~') (Fig. $26, ESIt). The above
result demonstrates that the total pore volume of the catalysts
also correlates with FFR hydrogenation activity.

Hydrogen temperature-programmed desorption (H,-TPD)
analysis was performed to investigate the hydrogen adsorption
ability of the Quasi-MOF samples (Fig. 6b). In the case of Quasi-
MOFs, the bridge adsorption of H, molecules increases gradu-
ally with extending the heat treatment time, resulting from the
increased amount of the reduced metal Ni sites.>> The Quasi-
MOF-9h sample exhibited the highest hydrogen adsorption

Mater. Adv,, 2024, 5, 106-118 | 1115
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Fig. 6 (a) Correlation between percentage of (Ni® + Ni2**U) and THFA yields; (b) H,-TPD curves of the derivatives of Ni-MOF-74.

capacity, consistent with the FFR hydrogenation results (Fig. 527,
ESIt). Additionally, a higher hydrogen desorption temperature
was noticed for Ni-MOF-74 (350) samples (206 °C) compared to
Quasi-MOF samples (150 °C) (Fig. S28, ESIT). This phenomenon
points out that the interaction between surface NiO species in
Quasi-MOFs and hydrogen is weak compared to that between
pure metallic Ni and hydrogen. Therefore, the desorption of active
H species is much easier on the Quasi-MOF samples with
abundant surface NiO species, accelerating the subsequent
hydrogenation steps.

3.4. Substrate scope

The hydrogenation of a series of substrates containing furan
ring, nitryl and carbonyl groups was also explored to verify the
applicability of the Quasi-MOF-9h catalyst. As displayed in
Table 2, the Quasi-MOF-9h catalyst exhibited excellent adapt-
ability for all the selected substrates under the examined mild
conditions. In all cases, more than 95% of conversions are
obtained, and the selectivity for target products exceeds 90%.
The results further substantiate that the Quasi-MOF-9h catalyst

featured with abundant Ni° surface NiO species and special
hub-and-spoke channels can work as an efficient catalyst
for the hydrogenation of unsaturated groups, reflecting its
potential applications in the high-efficiency transformation
and utilization of biomass-derived compounds.

Based on the above results, it is reasonable to believe that
the surface NiO species in the Ni metal layer are deficient. Since
the oxygen atoms in both the C=O0 group and furan ring of FFR
are negatively charged, the surface NiO species in the Quasi-
MOF samples can facilitate the adsorption of the C—=O and
furan ring to a large extent. Meanwhile, the hub-and-spoke
channels can serve more exposed active sites and facilitate the
mass transfer capability of the reactants to accelerate the
hydrogenation reaction. As the Quasi-MOF samples showed
enhanced H-donation capacity reflected in the lower hydrogen
desorption temperature, the role of surface NiO species and Ni°
can be to adsorb FFR molecules and dissociate hydrogen,
respectively. Subsequently, the FFR molecules migrate and
adsorb on adjacent Ni particles (Scheme 2). The released
activated H species could attack the adsorbed unsaturated

Table 2 Hydrogenation performance of different substrates over the Quasi-MOF-9h catalyst

Entry Substrate Product Conversion (%) Selectivity (%)
1 | 7 o 0/\OH 100 98.0
O 0
2 E)’ i>' 99.2 98.4
NO, NH,
3 O/ O/ 100 93.4
4 N T oH 95.9 93.6
5 SN T Y N T T 0H 95.8 99.9
6 <:>:O QOH 100 99.9

Reaction conditions: 0.6 g of substrate, 0.1 g of catalyst, 50 mL of ethanol, 70 °C, 3 MPa H, pressure, 4 h.
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Scheme 2

Illustration of FFR molecule adsorption at Quasi-MOFs.

C=0O0 and furan rings, thus, increasing the activity of the total
hydrogenation of FFR molecules.

4. Conclusions

In this work, a novel catalyst, Quasi-MOF, was synthesized
using a controlled partial thermal decomposition strategy.
The unique hub-and-spoke channels as well as the interaction
between the Ni° and surface NiO species are causalities for the
excellent catalytic performance. The surface NiO species are
beneficial for promoting the adsorption of electron enrichment
groups in FFR. Among the as-prepared Quasi-MOF catalysts,
the Quasi-MOF-9h catalyst displayed the best hydrogenation
activity owing to the following three reasons: (i) the presence of
high contents of surface NiO species enhances the affinity
between active sites and FFR molecules; (ii) the synergistic
effect between Ni and the Quasi-MOF framework suppresses
the aggregation of metallic Ni; (iii) the unique hub-and-spoke
channels increase the total pore volume and expose more
catalytically active sites, which benefits the diffusion of the
reactants and products. Notably, the Quasi-MOF-9h catalyst has
durable cycle stability. Using Quasi-MOF-9h as the catalyst, the
FFR was converted entirely and the selectivity of THFA reached
98% within 4 h at 70 °C and 3 MPa initial H, pressure, ranking
it the best among the non-noble metal catalysts and even
surpassing a few precious metal catalysts. This work highlights
the unique properties of the quasi-MOF, and the strategy of
Quasi-MOF synthesis can also be applied to design other non-
noble efficient catalysts for upgrading bio-derived feedstocks.
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