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Hierarchically constructed NiO with improved
performance for catalytic transfer hydrogenation
of biomass-derived aldehydes+

Jian He,?® Monia Runge Nielsen,® Thomas Willum Hansen,®
Song Yang @ *° and Anders Riisager @ *?

A 3D nano-/micrometer-scaled NiO material with urchin-like structure was prepared via a facile, green
synthesis route, and served as a highly efficient and durable catalyst for catalytic transfer hydrogenation
(CTH) of bio-based furfural (FF) to furfuryl alcohol (FAOL) using 2-propanol as H-donor and solvent. The
as-prepared NiO possessed a good active-site accessibility owing to a high surface area and large amount
of acid-base sites, resulting in high FF conversion of 97.3% with 94.2% FAOL yield at 120 °C and 3 h of re-
action, which was a superior catalytic performance compared to commercial NiO nanoparticles. Besides,
the excellent catalytic performance of the sea urchin-like NiO was validated for gram-scale FAOL synthesis,
and recyclability test confirmed the catalyst to be reusable for multiple reaction runs without significant ac-
tivity loss after intermediary calcination in air. Notably, the introduced catalytic system was also applicable

rsc.li/catalysis

1 Introduction

Considerable attention is nowadays directed towards the de-
velopment of renewable feedstock from biomass resources
that can serve as substitutes for limited fossil-based resources
for the production of bio-fuels and fine chemicals.' Furfural
(FF), the acid-hydrolysis product of biomass-derived C5-based
carbohydrates, is recognized as one of the most promising
feedstock in the manufacture of a broad spectrum of fuels
and valuable chemicals via upgrading strategies such as, e.g.,
hydrogenation, hydrogenolysis and aldolization.*™® Furfuryl
alcohol (FAOL), as a typical representative reduction derivative
of FF, can serve as a versatile precursor in the synthesis of
synthetic fibers, resins, adhesives and vitamin C,”"° and act
as an intermediate linking C5-carbohydrates to the down-
stream products of bio-based furan derivatives (e.g., levulinic
acid and y-valerolactone) (Scheme 1).'"'* In this regard, hy-
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to CTH of alternative bio-derived aldehydes.

drogenation of FF into FAOL has received widespread
attention.

The multi-functionality of the FF molecule (ie., C=C,
C=O0 and C-O) can result in several hydrogenation products
such as FAOL, tetrahydrofurfuryl alcohol (TFAOL),
2-methylfuran (2-MF) and 2-methyltetrahydrofuran
(2-MTHF)."** This renders the selectivity formation of FAOL
from FF a remaining challenging as low product yield is often
obtained."®"” So far, many heterogeneous catalysts have been
developed for the transformation of FF into FAOL using gas-
eous hydrogen as H-donor."® ' However, low reaction selec-
tivity towards the target product and the potential danger of
handling pressurized, external H, gas owing to its flammable
and explosive properties coupled with the high cost of trans-
portation and storage, encourage exploitation of alternative
strategies for the production of FAOL from FF.**> Recently,
catalytic transfer hydrogenation (CTH) has emerged as a very
interesting alternative approach using abundant, renewable
and low-cost alcohol as combined H-donor and solvent dur-
ing the process. This results in more safe and convenient op-
eration in comparison with the direct use of gaseous H, as
H-donor in terms of cost and handling.>*® Moreover, it is
proven that carbonyl groups can be highly selectivity reduced
to hydroxyl groups during the CTH process, which is strongly
associated to the Meerwein-Ponndorf-Verley (MPV) reaction
in organic chemistry.>” Many heterogeneous catalysts have al-
ready been exploited for CTH of FF to FAOL with alcohol (Ta-
ble S1f), but although substantial progression have been
made most catalytic systems are generally subjected to
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Scheme 1 Cascade synthesis of FAOL from bio-based carbohydrates and application of FAOL.

undesired harsh reaction conditions (i.e., T > 140 °C and/or ¢
> 6 h) and require large catalyst dosage to work efficiently.
In addition, most of the reported catalysts involve tedious
preparation procedures limiting their practical application.
Thus, there is still great potential to improve the synthesis of
FAOL from FF by CTH.

The structural features of solids, including morphology,
surface area and component dispersion, have a significant in-
fluence on their catalytic performance.>®*° In this perspec-
tive, 3D micro or nano-materials with hierarchical construc-
tion have shown outstanding activity in catalysis thanks to
their large surface area, highly available active sites and im-
proved mass transportation.>® For instance, has flower-like
Co30,-CeO, composite demonstrated to be an efficient cata-
lyst for the degradation of 1,2,4-trichlorobenzene,** flower-
like MgO catalyst was efficient for dimethyl carbonate synthe-
sis,”> and 3D flower-like micro/nano Ce-Mo composite oxide
has been developed as an efficient catalyst for one-pot trans-
formation of fructose to 2,5-diformylfuran.*

In previous work,>* we reported that commercially avail-
able NiFe,O, nanoparticles could efficiently catalyze the CTH
of FF to FAOL with 2-propanol. Following our continuous
interesting in the development of highly efficient and low
cost catalysts for the CTH of FF, we prepared in this study 3D
sea urchin-like and flower-like NiO catalysts by facile and
environmental-friendly methods without the use of strong
base or pungent ammonia hydroxide. The 3D sea urchin-like
NiO was thoroughly characterized by various techniques and
demonstrated to be highly catalytically active for CTH of FF
to FAOL with 2-propanol as H-donor, yielding 94.2% FAOL
under mild reaction conditions (120 °C, 3 h).

2 Experimental
2.1 Materials

Nickel(n) chloride (98%), PEG-PPG-PEG pluronic P-123
(Mayerage = 5800 g mol "), NiO (99.8%, <50 nm particle size),
furfuryl alcohol (FAOL, 98%), 5-methylfurfural (5-MFF, 99%),
naphthalene (>99%, internal standard), benzaldehyde
(>99%), benzyl alcohol (=99%), 4-methoxybenzaldehyde
(98%), 4-methoxybenzyl alcohol (98%), 3,4-dimethoxy-
benzaldehyde (99%), 3,4-dimethoxybenzyl alcohol (96%),
2,4,6-trimethylbenzaldehyde (98%), 2,4,6,-trimethylbenzyl alco-
hol (99%), cinnamic alcohol (98%), heptanal (=95%),
2-propanol (99.5%), methanol (>99.8%), ethanol (99.5%) and
acetone (=99%) were purchased from Sigma-Aldrich.
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Cinnamaldehyde (>98%) was received from Merck.
5-Hydroxymethylfurfural (HMF, =>95%), 2,5-furandicarbox-
aldehyde (DFF, >95%), 5-methylfuran-2-methanol (>95%)
and 2,5-furandimethanol (=95%) were obtained from
Bepharm Ltd. Urea (=99%), furfural (FF, =99%), 2-butanol
(=99.5%), tert-butyl alcohol (>99.7%) and n-heptanol (>99%)
were procured from Fluka.

2.2 Catalyst preparation

In a typical synthesis, 1.296 g (10 mmol) NiCl,, 1.80 g (30
mmol) urea and 2.5 g pluronic P-123 were dissolved in deion-
ized water (80 mL) with magnetic stirring (500 rpm) at room
temperature for 2 h. The resulting green transparent solution
was then transferred into a 200 mL Teflon lined stainless
steel autoclave and heated at 90 °C for 12 h. Subsequently,
the autoclave was quickly cooled to room temperature in a
water bath, the green product collected by filtration followed
by washing with deionized water until the pH of the filtrate
was neutral following by drying at 80 °C in air for 5 h (86%
yield of solid). Finally, the as-prepared sample was calcined
at 300 or 400 °C in air for 4 h and the obtained catalyst were
denoted as NiO(P)-300 or NiO(P)-400, respectively. For com-
parison, NiO-300 was prepared according to the above de-
scribed procedure but in the absence of pluronic P-123.

2.3 Catalyst characterization

Powder X-ray diffraction (XRD) patterns of samples were ac-
quired on a Huber G670 diffractometer with Cu Ko radiation
(A = 0.154184 nm) and recorded in the 20 range from 5 to
80°. N, adsorption-desorption measurements were com-
pleted on a Micromeritics ASAP 2020 instrument, wherein
the samples were firstly degassed at 200 °C in vacuum for 4 h
and adsorption-desorption isotherms subsequently acquired
at =196 °C. The Brunauer-Emmett-Teller (BET) method was
applied to evaluate the specific surface area of the samples.
Thermal gravimetric (TG) analysis of samples were performed
on a METTLER TOLEDO thermal analyzer in dynamic
air atmosphere (30 mL min™') in the temperature range
25-600 °C with a heating rate of 10 °C min '. NH3/CO,-
Temperature programmed desorption (TPD) measurements
of samples were conducted on a Micromeritics AutoChem II
2920 apparatus equipped with a thermal conductivity detec-
tor (TCD). Prior to TPD analysis, the samples were heated at
300 °C under a He flow (25 mL min™") for 1 h, subjected to a
mixture of NH;/CO,-He gas flow (15 mL min™") for 1 h at 50
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°C followed by flushing with pure He gas (25 mL min ') to re-
move physically adsorbed NH;/CO,. Finally, the desorption of
NH;/CO, were performed by heating the samples to 300 °C at
a rate of 10 °C min " and maintaining it here for 1 h. SEM
(scanning electron microscopy) images of samples were
recorded on a FEI Nova NANO SEM 600 with the thru-the-
lens camera with an accelerating voltage at 5 kV. TEM (trans-
mission electron microscopy) images were recorded on a FEI
Tecnai T20 G2 microscope at 200 kV with a LaB6/CeB6
Thermionic filament. X-ray photoelectron spectroscopy (XPS)
spectra of samples were recorded on a ThermoScientific
K-Alpha spectrometer with Al Ko radiation (1484.6 eV), in
which C 1s at 284.8 eV was applied as calibration peak. Metal
leaching from the NiO(P)-300 catalyst in the filtrate after reac-
tion was determined by inductively coupled plasma optical
emission mass spectrometry (ICP-MS) on a Thermo Scientific
iCAP Q ICP-MS with the aid of acid digests.

2.4 Catalytic activity test and product analysis

The CTH of FF was performed in 15 mL ACE pressure tube
equipped with magnetically driven stirrer and oil-bath. In
brief, 0.096 g (1 mmol) FF, specified amount of catalyst
(0.005-0.03 g), 5 mL 2-propanol (as H-donor and solvent),
and 0.02 g naphthalene (as internal standard) were mixed in
the reactor. After sealing, the reactor was placed in a
preheated oil bath (100-140 °C) for a specific reaction time at
a stirring rate of 500 rpm (time zero when the reactor was im-
mersed in the oil bath). After the desired time of reaction,
the reactor was quickly cooled to room temperature in a wa-
ter bath. Aliquot of the reaction mixtures was quantitatively
analyzed by GC (Agilent 6890N) fitted with FID detector,
wherein the FF conversion and FAOL yield were calculated on
basis of standard curves of commercially pure compounds.
Furthermore, the liquid products in the reaction mixture
were identified by GC-MS (Agilent 6850-5975C). Both the GC
and the GC-MS was equipped with a HP-5MS capillary col-
umn (30.0 m x 250 pm x 0.25 pum).

The recyclability of the NiO(P)-300 catalyst was tested over
six consecutive reaction runs at 120 °C with a reaction time
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of 3 h. For the first four runs, the used catalyst was after each
run separated by centrifugation, washed with ethanol and ac-
etone (5 mL) in sequence, subsequently dried at 80 °C for 2 h
and then used for the next run. For the fifth and sixth recycle
runs, catalyst regeneration were achieved by calcination in air
at 300 °C for 4 h. Product analysis was performed as de-
scribed above.

The CTH of other aldehydes was performed in a similar
way as described above, but with a 50 mL stainless steel auto-
clave with mechanical stirring (500 rpm) using 2 mmol sub-
strate, 0.06 g catalyst, 10 mL 2-propanol and reaction temper-
ature of 140 or 150 °C.

3 Results and discussion

3.1 Catalyst characterization

XRD patterns obtained of the as-prepared catalysts and com-
mercial NiO nanoparticles are shown in Fig. 1a. NiO(P)-400
and commercial NiO had five characteristic peaks at 20 =
37.3, 43.2, 62.7, 75.4 and 79.4°, which are indexed as (111),
(200), (220), (311) and (222) planes of the crystalline rhombo-
hedral phase of NiO,*>*® respectively, consistent with JCPDS
card 44-1159. In contrast, only three of the characteristic
peaks were clearly observed for the samples of NiO(P)-300
and NiO-300, indicating less crystallinity of NiO when cal-
cined at lower temperature.

Nitrogen physisorption isotherms of the catalyst samples
measured by the BET method (Fig. 1b) showed type IV iso-
therms with H3-type hysteresis loop, implying that irregular
mesoporous structures formed between the particles. The
obtained BET surface areas of the samples are compiled in
Table 1. As expected, higher calcination temperature greatly
diminished the surface area of the as-prepared NiO (entries 2
and 3, Table 1). Besides, the surface area of NiO(P)-300 was
larger than that of NiO-300 (entries 2 and 4, Table 1), reveal-
ing that the addition of pluronic P-123 during the course of
preparation increased the surface area of the formed
material.

The morphologies of the as-prepared catalysts were visual-
ized by SEM and TEM analysis (Fig. 2). The SEM image of
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(a) XRD patterns and (b) N, adsorption-desorption isotherms of the as-prepared catalysts and NiO nanoparticles.
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Table 1 BET surface areas and acidity/basicity of the different catalysts
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Entry Catalyst BET surface area” (m* g ™) Acid amount” (mmol g ™) Base amount” (mmol g
1 Commercial NiO 94.8 0.192 0.059
2 NiO(P)-300 273.8 0.918 0.072
3 NiO(P)-400 95.5 0.303 0.065
4 NiO-300 257.8 0.923 0.080

@ BET surface areas were determined by N, physisorption. ” Acidity and basicity were evaluated by NH;- and CO,-TPD, respectively.

NiO(P)-300 (Fig. 2a) revealed a well-defined 3D nanometer-
scale structure, which was assembled from a core with many
densely arranged nano-needles as “spikes”. The 3D
nanometer-scale structure of NiO(P)-300 was clearly con-
firmed by its TEM image (Fig. 2b) consisting of a core of
about 120 nm in diameter with “spikes” having diameters of
about 50 nm. Thus, the construction of the NiO(P)-300 cata-
lyst looked like “sea urchin”. NiO(P)-400 possessed less pro-
nounced sea urchin appearance, which seemed to be
destroyed at increased calcination temperature. Instead it
presented an agglomerated shape (Fig. 2c¢ and d), which
could account for the lower surface area of NiO(P)-400 (entry
3, Table 1) compared to NiO(P)-300. Fig. 2e and f showed that
the construction units of NiO-300 were 3D hierarchical
flower-like structures with diameters in the range of 1.2-1.4
pm, which were composed of many densely packed nano-
sheets like “petals”. The distinct differences in catalyst con-
struction between NiO(P)-300 and NiO-300 reflected that
pluronic P-123 significantly influenced the catalyst structure
during the course of preparation by decreasing the size of
particles as well as enlarging the surface area.

The acid and base properties of the catalysts were further
measured using NHj;- and CO,-TPD (Fig. S1 and S2f). As
shown in Table 1, the acidity and basicity of the NiO catalysts
were strongly associated to the calcination temperature as ev-
ident from the NiO(P)-300 and NiO-300 samples, which pos-
sessed almost the same amount of acid and base sites (en-
tries 2 and 4, Table 1), while NiO(P)-400 in comparison had
less acid and base sites (entry 3, Table 1).

Furthermore, the Ni species in NiO(P-300) and commercial
NiO nanoparticles were examined by XPS analysis. The XPS
spectra of the Ni 2p3, region (Fig. 3) exhibited a main peak at
about 854 eV and an associated satellite peak at about 861 eV
for both NiO(P-300) and commercial NiO nanoparticles.**?*’
Overall, four deconvoluted peaks were needed to reproduce
the shape of the Ni 2p;3, signal, where the peaks at about
854.0 and 855.5 eV in the main peak region were characteris-
tic of Ni** species and the other two deconvoluted peaks lo-
cated at six to eight eV higher binding energy relative to the
main peaks (i.e., 854.0 and 855.5 eV) are generally assigned to
satellite peaks.*”*® No peak at 852.6 eV assignable to metallic
Ni*® was observed in either of the samples.

3.2 Catalyst evaluation for CTH of FF

Initial investigations were commenced by using the as-
prepared NiO catalysts for CTH of FF to FAOL in 2-propanol

1292 | Catal. Sci. Technol.,, 2019, 9, 1289-1300

at 120 °C (Table 2). A reference experiment confirmed that
the formation of FAOL did not take place without catalyst
present (entry 1, Table 2). In contrast, considerable amount
of FAOL formed using the different NiO catalysts (entries 2—
5, Table 2), confirming that the acid-base properties of the
metal oxides were capable of facilitating the CTH reaction re-
lying on MPV reduction.**™*" Especially, 72.6% FF conversion
with 70.2% FAOL yield (96.7% selectivity) was obtained in the
presence of NiO(P)-300 under mild reaction conditions (120
°C, 1 h) resulting in a high FAOL formation rate of 585
umolg™ min™" and a relatively high TOF value of 2.6 h™" (en-
try 2, Table 2). The excellent catalytic performance of NiO(P)-
300 was attributed to a combination of high surface area
(273.8 m> g™") and high concentration of acid (0.918
mmol g™*) and base sites (0.072 mmol g*) (entry 2, Table 1).
Notably, the catalytic behavior of NiO(P)-300 far
outperformed commercial NiO nanoparticles (FAOL forma-
tion rate of 142 umolg™ min™ and TOF of 0.6 h™") (entry 5,
Table 2). Similarly, good results were also obtained with NiO-
300 which possessed a relative high surface area and equally
many acid and base sites as NiO(P)-300, affording 56.9% yield
of FAOL (90.7% selectivity) along with a FAOL formation rate
of 474 umolg™ min™ and a TOF value of 2.1 h™ (entry 4,
Table 2). Hence, both as-prepared NiO with sea urchin (ie.,
NiO(P)-300) or flower (i.e., NiO-300) construction exhibited su-
perior performance to commercial NiO nanoparticles with a
mean particle size of about 15 nm (Fig. S3t) in the CTH of FF
to FAOL, possibly as a consequence of their special construc-
tions in combination with large density of acid-base sites.
Noteworthy, as-prepared NiO with flower construction (i.e.,
NiO-300) afforded a slightly lower selectivity toward FAOL
compared to the other tested NiO catalysts (entries 2-5,
Table 2). This was likely associated to the large particle size
of NiO-300 as evidenced from Fig. S4,7 in well agreement with
nano-catalysis offering excellent selectivity.>>** As the as-
prepared nanometer-scaled NiO with sea urchin construction
(i.e., NiO(P)-300) showed the best catalytic performance, this
catalyst was selected for further study.

3.3 CTH of FF with NiO(P)-300

Effect of temperature, time, H-donor alcohol and catalyst
dosage. The catalytic results obtained from CTH of FF with
NiO(P)-300 by variation of reaction temperature and reaction
time are presented in Fig. 4a. Increased reaction temperature
or prolonged reaction time led to an increase in FF conver-
sion and FAOL yield, while the FAOL selectivity remained

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) SEM image of NiO(P)-300; (b) TEM image of NiO(P)-300; (c) SEM image of NiO(P)-400; (d) TEM image of NiO(P)-400; (e) SEM image of

NiO-300; (f) TEM image of NiO-300.

over 95% as clearly verified by the GC chromatograms of the
reaction mixture (Fig. S5af). Also, trace amount of
2-(diisopropoxymethyl)furan formed from acetalization of FF
with 2-propanol was detected at the different reaction tem-
peratures (Fig. S5b1). As high as 88.9% yield of FAOL along
with 91.8% FF conversion was attained even at 100 °C with a
reaction time of 5 h, signifying the excellent catalytic perfor-
mance of NiO(P)-300. The great performance of the catalyst

This journal is © The Royal Society of Chemistry 2019

system was associated to a relative low activation energy (41.8
kJ mol™) (Fig. S6 and Table $21), which was slightly lower
than previously reported catalyst systems for CTH of FF to
FAOL (Table S1t). Almost complete FF conversion was
achieved at 120 °C after 4 h of reaction or at 140 °C after 2 h
of reaction (Fig. 4a), clearly demonstrating that increased re-
action temperature shortened the required reaction time to
afford full FF conversion. Noteworthy, the reaction carried

Catal. Sci. Technol., 2019, 9, 1289-1300 | 1293
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Fig. 3 XPS spectra of Ni 2pz/,, of (a) NiO(P)-300 and (b) commercial
NiO samples.

out at 120 °C for 3 h offered 97.3% FF conversion and 94.2%
FAOL yield, which were chosen as preferred conditions for
further optimization.

Variation of the alcohol acting as solvent and H-donor in
the tested system had a significant effect on the catalytic be-
havior (Fig. 4b). No FAOL was formed using tert-butanol as
the reaction media, confirming that it could not facilitate
CTH. On the other hand, excellent FAOL selectivities were
achieved with 2-propanol and 2-butanol, confirming the good
H-donating capability of secondary alcohols. Notably, a mod-
erate FF conversion was observed at 120 °C in 2-butanol
while ~90% FF conversion was achieved at 160 °C (Table
S3+t). This difference was probably a consequence of the rela-
tively high viscosity and/or steric hindrance effect of 2-buta-
nol compared to the other alcohols (e.g., 2-propanol),
resulting in relatively large mass dispersion limitation at low
reaction temperature (120 °C). At higher reaction temperature
(e.g., 160 °C) where the viscosity of 2-butanol is significantly
lower*>** the effect was less important. Ethanol performed
also good as solvent/H-donor (75.4% yield of FAOL, 209
umolg™ min™" of FAOL formation rate), however superior re-
sult (94.2% yield of FAOL, 262 umolg™" min™) was observed
with 2-propanol as preferred H-donor solvent.

The effect of NiO(P)-300 dosage on the CTH of FF at 120
°C was subsequently studied and the results are shown in
Fig. 4c. No FAOL product was formed without added catalyst

Table 2 Catalytic performance of NiO catalysts for CTH of FF*
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into the reaction system, as expected. In contrast, FF conver-
sion and FAOL yield increased with increasing catalyst dos-
age and reached 97.3 and 94.2%, respectively, when the mass
ratio of FF to catalyst was 4.8:1 (i.e., use of 0.02 g catalyst).
Further increase in catalyst dosage to 0.03 g (i.e., mass ratio
of FF to catalyst of 3.2:1) only marginally increased the yield
to 95.5% after 3 h, but resulted in high FAOL yield (e.g,
85.7%) within a shorter time (e.g., 1 h). Also, the FAOL selec-
tivity increased with increasing catalyst dosage, and the rela-
tive low FAOL selectivity at lower catalyst dosage was attrib-
uted to competing acetalization of FF with 2-propanol as
revealed from GC-MS analysis.

Catalyst recycling. Prior to recycling experiments, the
heterogeneous nature of the NiO(P)-300 catalyst was evalu-
ated for the CTH reaction by a filtration experiment, where
the catalyst was removed after 1 h reaction and the filtrate
allowed to continue reaction under identical reaction condi-
tions (120 °C) for an additional hour (Fig. S71). The FAOL
yield was periodically monitored and the FAOL yield
remained around 70% with time with no nickel detected in
the filtrate by ICP-MS analysis, which clearly indicated that
the NiO(P)-300 catalyst was heterogeneous in nature and
therefore likely prone to recycling.

Upon recycling, a gradual decline in FF conversion and
FAOL yield was, however, observed for the first four reaction
runs (Fig. 5a) resulting in moderate FF conversion and FAOL
yield of 41.5 and 36.9%, respectively, while the FAOL selectiv-
ity maintained around 95%. Notably, the catalyst activity
could be recovered almost completely after regeneration by
calcination at 300 °C in air, which resulted in FAOL yield of
88.3 and 86.8% after the fifth and sixth reaction run, respec-
tively, when applying intermediate calcination. Thus in-depth
characterization of used and generated -catalysts were
conducted with an attempt to shed light on the reason of ac-
tivity variation during the recycling experiments.

XRD (Fig. 5b) and XPS analysis (Fig. S8t) of the spent and
regenerated catalysts revealed no crystallographic changes
compared to the fresh catalyst and no reduced Ni species (no
characteristic metallic Ni peak at 852.6 eV), respectively,
strongly confirming that reduction of Ni** did not take place
during the reaction. Besides, SEM and TEM analysis
(Fig. 5¢ and d) confirmed preservation of the sea urchin-like
constructions in the used samples, while ICP-MS analysis
confirmed negligible nickel leaching (<0.5 ppm) into the fil-
trate after 3 h at 120 °C. Combined, this firmly demonstrated

Entry Catalyst Conv. (%) Yield (%) Select. (%) FAOL formation rate” (umolg™* min™) TOF° (h ™)
1 None 4.5 0.0 0.0 — —
2 NiO(P)-300 72.6 70.2 96.7 585 2.6
3 NiO(P)-400 11.2 10.4 92.9 87 0.4
4 NiO-300 62.7 56.9 90.7 474 2.1
5 Commercial NiO 17.7 17.0 96.0 142 0.6

“ Reaction conditions: 1 mmol FF, 0.02 g catalyst, 5 mL 2-propanol, 120 °C, 1 h. ? Calculated from the FAOL yield obtained after 1 h. ¢ Turn-
over frequency (TOF) as (mole of FAOL)/(mole of catalyst x reaction time).
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Fig. 4 (a) Effect of reaction temperature and reaction time on CTH of
FF to FAOL (1 mmol FF, 0.02 g NiO(P)-300, 5 mL 2-propanol); (b) effect
of alcohol as H-donor on CTH of FF to FAOL (1 mmol FF, 0.02 g
NiO(P)-300, 5 mL alcohol, 120 °C, 3 h, formation rate calculated from
the FAOL yield obtained after 3 h); (c) effect of catalyst dosage on the
CTH of FF to FAOL (1 mmol FF, 5 mL 2-propanol, 120 °C, 3 h, mass ra-
tio of FF to catalyst ranging from 19.2 to 3.2).

that the NiO(P)-300 catalyst was stable during the reaction.
However, a significant weight loss was indeed found by TG
analysis for the used catalyst in comparison to the fresh and
regenerated catalysts (Fig. 5e), and an apparent color change
was also observed (Fig. S91). Retrospectively, it is speculated
that organic residues adsorbed on the surface of the NiO(P)-
300 catalyst resulted in the loss of activity and calcination at

This journal is © The Royal Society of Chemistry 2019
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300 °C restored the catalyst activity. This deduction was vali-
dated by the variation in the surface areas of the fresh (273.8
m?* g™, used (228.5 m> g™') and regenerated catalyst (246.4
m? ¢™) (Fig. 5f).

Scale-up and substrate scope. To evaluate the effectiveness
of the NiO(P)-300 catalyst, a gram-scale CTH reaction was
performed employing 20 mmol (1.92 g) FF at 140 °C as illus-
trated in Scheme S1.f The FF conversion was monitored by
GC to be near quantitative after 5 h, where after 1.68 g
(85.7% yield) of analytically pure (verified by NMR analysis in
Fig. S107) FAOL was obtained after filtration and rotary evap-
oration, implying that NiO(P)-300 possessed a promising po-
tential for large-scale production of FAOL from FF via the
CTH process.

In addition to FF, NiO(P)-300 was successfully employed
for CTH of various other aldehydes, including o,B-unsatu-
rated carbonyls, as shown from the results listed in Table 3.
For instance, were excellent yields (92.8-97.4%) of the corre-
sponding reduction products obtained in CTH of 2,5-
furandicarboxaldehyde (entry 3), benzaldehyde (entry 4),
4-methoxybenzaldehyde (entry 5), 3,4-dimethoxybenzaldehyde
(entry 6) and heptanal (entry 9) under relative mild reaction
conditions (<150 °C). Although lower conversions were ob-
served for other aldehydes (entries 1, 2, 7 and 8), excellent se-
lectivities of the corresponding reduction products were
attained confirming that the NiO(P)-300 catalyst had good
versatility in the CTH of aldehydes.

Inspired by the general excellent catalytic performance of
NiO(P)-300 in CTH, we further attempted to use NiO(P)-300
combined with other acid catalysts for one-pot transforma-
tion of FF to alkyl levulinate, which is hailed as another ver-
satile feedstock for the manufacture of bio-fuels and
chemicals."* Since isopropyl levulinate (IPL) was not commer-
cially available, pure IPL was prepared according to the
method reported by Geboers et al.*> and the purity confirmed
by NMR analysis (Fig. S11t). As shown in Table S4,f nearly
full FF conversion was achieved over NiO(P)-300 at 140 °C af-
ter 2 h of reaction, and the conversion of formed FAOL into
IPL was subsequently catalyzed by common acid catalysts
such as, e.g. Amberlyst 15, H-Beta, H-ZSM-5, H-MOR and
H-Y. Eventually, a IPL yield of 61.5% was obtained from FF
over NiO(P)-300 and Amberlyst 15 at 140 °C after 6 h in a
two-step procedure, which is close to previously reported re-
sults.*® The superior activity found for Amberlyst 15 com-
pared to zeolites was mainly attributed to its larger amount
of acidic sites and stronger acidity (Table S47). In line with
this, the dominant product from reaction with H-Beta (12.5)
was the precursor of IPL, ie. 2-(isopropoxymethyl)furan, de-
rived from etherification of FAOL with 2-propanol. In con-
trast, IPL was the main product in the presence of Amberlyst
15 as its large amount of acidic sites and strong acidity fur-
ther facilitated the transformation into IPL (Fig. S127). In ad-
dition to the acid amount and acid strength, the narrow
channels of zeolites constituting relatively large diffusion lim-
itation probably also contributed to their low catalytic perfor-
mance.’® Anyway, the results clearly demonstrated the
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Fig. 5 (a) Catalytic performance of NiO(P)-300 in the CTH of FF to FAOL during recycling. (b) XRD patterns of fresh, used and regenerated NiO(P)-
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Table 3 CTH of alternative aldehydes with NiO(P)-300“
Entry Substrate Product Temp. (°C) Time (h) Conv. (%) Yield (%) Sel. (%)
1° o OH 150 5 60.5 58.1 96.0
o | o
\_/ \_/
2P OH o OH OH 150 4 77.9 73.5 94.4
o o
\ W/
3? o} 0 oH o OH 0 150 4 >99 79.6 (16.7)° 96.3
| o | 0. 0. |
\_/ \ /
W/ +
4 @AO @/\OH 140 3 96.5 95.7 99.2
5 /0 OH 150 2 >99 97.1 98.1
H;CO@—/ mco@—/
6 H;CO H,CO 150 2 >99 97.4 98.4
yy OH
H;CO H;CO
7 150 8 46.1 45.2 98.0
o OH
8 WO @/\/\OH 140 8 71.6 70.5 98.5
9 PN o~~~ OH 150 3 96.2 92.8 96.5

“ Reaction conditions: 2 mmol substrate, 0.06 g NiO(P)-300, 10 mL 2-propanol. > 1 mmol substrate. © HMF yield.

potential of NiO(P)-300 to be employed in further upgrading

of biomass-derived compounds with the combination of  NiO(P)-300.
T
@ ()
\_/ I\
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Scheme 2 Plausible reaction mechanism for the CTH of FF to FAOL with NiO(P)-300 in 2-propanol.
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Table 4 Comparison of the catalytic performance of NiO(P)-300 with other Ni-based catalysts in the production of FAOL from FF with alcohols as H-

donor

Cat. amount®  Cipjgia FF” Temp. Time Conv. Yield Select.
Entry Catalyst Cat. reduction (Wt%) (mol L")  H-Donor (°C) (h) (%) (%) (%) Ref.
1 Ni-Ru/C 600 °C/N,/3 h 28.9 0.36 Benzyl alcohol 150 12 —_ 81.1 —_ 51
2 Ni-Cu/Al, O3 320 °C/15 bar H,/3 h  22.3 1.17 2-Propanol 200 4 95.4 95.4 100 52
3 Ni/Fe,03 No reduction 33.3 0.40 2-Propanol 180 7.5 46 33 71.7 53
4 Ni-Cu 250 °C/1 bar Hy/1 h 40.0 0.43 2-Propanol 110 2.3 50 50 100 54
5 5% Ni/AC 450 °C/1 bar Hy/1 h 12.5 0.42 2-Propanol 260 5 95 20 21.1 55
6 10% Ni-15% W/AC 450 °C/1 bar H,/3 h 12.5 0.42 2-Propanol 260 5 83 25 30.1 55
7 NiFe,0, No reduction 31.2 0.2 2-Propanol 180 6 99 94 94.9 34
8 NiO(P)-300 No reduction 20.8 0.2 2-Propanol 120 3 97.3 942 96.8 ¢

@ Relative to initial mass of FF. ? Initial molar concentration of FF. ¢ This work.

CTH reaction mechanism. To get more insight into the
mechanism of CTH of FF over NiO(P)-300, poisoning experi-
ments were conducted by adding benzoic acid*’ or piperi-
dine®® into the reaction system with the aim of poisoning
base or acid sites of the NiO(P)-300 catalyst, respectively (Ta-
ble S5t). The results clearly showed that addition of either
benzoic acid or piperidine led to significant reductions in
FAOL yield, initial FAOL formation rate as well as TOF value,
implying the remarkable catalytic performance of NiO(P)-300
was strongly associated with the synergic role of acidic-basic
sites within the catalyst.

The results obtained from the above characterization and
catalytic testing in combination with knowledge from litera-
ture?>2*2%27 allowed us to propose a plausible reaction mech-
anism for the CTH process with NiO(P)-300, assuming that the
mechanism was associated to MPV reduction facilitated by
acidic (Ni**) and basic sites (O*>7). As delineated in Scheme 2,
2-propanol was adsorbed to the surface of NiO(P)-300 catalyst
and then activated by acidic-basic sites (Ni**-0®") within the
catalyst to give 2-propoxide, while the carbonyl group in FF
was concomitantly activated by acidic sites (Ni**). Next,
H-transfer between activated FF and generated 2-propoxide oc-
curred involving a six-member intermediate on the surface of
the catalyst forming FAOL and acetone. Normally, minor
amount of 2-(diisopropoxymethyl)furan was observed through-
out the studies as a by-product (Fig. S5), generated by
acetalization of FF with 2-propanol over acidic sites of the cat-
alyst. Additionally, trace amount of 2-(isopropoxymethyl)furan,
originated from etherification of FAOL with 2-propanol over
acidic sites of the catalyst, was detected when the reaction
took place in presence of a large amount of NiO(P)-300 catalyst
(i.e., 0.03 g) with long reaction time (i.e., =3 h).

It is well-known that Ni-based catalysts, preferable RANEY®
Ni,*>*° are efficient catalysts for transfer hydrogenation/hydro-
genolysis using alcohols as H-donor, and several Ni-based cata-
lysts have already been reported for CTH of FF to FAOL as com-
piled in Table 4. Notably, the NiO(P)-300 catalyst developed
in this work exhibited however superior catalytic performance
in CTH of FF to FAOL compared to previously reported Ni-
based catalysts. Specifically, the NiO(P)-300 catalyst did not re-
quire pre-reduction and H, gas (or high temperature carbon re-
duction under inert gas) could therefore be omitted during cat-

1298 | Catal. Sci. Technol., 2019, 9, 1289-1300

alyst preparation making the process cost-effective. Therefore,
the facile, low-cost and green preparation method together with
high catalytic performance render the developed NiO(P)-300
catalyst a promising substitute of Ni(0)-based catalysts for CTH.

4 Conclusions

In this work, 3D hierarchical structures of NiO catalysts (sea
urchin- and flower-like) have successfully been prepared via a
facile yet environmental-friendly hydrothermal method in the
absence of strong or stimulating alkali supply, and demon-
strated to be highly active for CTH of FF to FAOL using
2-propanol as both H-donor and solvent. The 3D hierarchical
construction and low calcination temperature (300 °C) con-
tributed to high surface area and large amount of acid-base
sites as well as facile active-site accessibility in the catalysts,
which were found to play critical roles in the efficient produc-
tion of FAOL from CTH of FF. A high FF conversion of 91.8%
along with 88.9% FAOL yield was achieved under very mild
reaction conditions (100 °C, 5 h) using the sea urchin-like
NiO(P)-300 catalyst, and FF conversion and FAOL yield were
increased to 97.3 and 94.2%, respectively, at 120 °C after only
3 h. Moreover, the effectiveness and heterogeneous nature of
the catalyst were confirmed by a low value of activation en-
ergy (41.8 kJ mol™"), successful gram-scale testing, one-pot
conversion of FF into IPL in combination with Amberlyst 15
and filtration experiment, respectively. In addition, the cata-
lyst proved reusable several times without significant activity
loss after facile regeneration by calcination (300 °C, in air).
Importantly, the catalytic system proved also applicable to
CTH of various other aldehydes. In perspective, we envisage
the low-cost and efficient catalyst prepared by a green strat-
egy in this work to be a potentially attractive catalyst for in-
dustrial CTH of FF as well as other aldehydes.
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