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or the fabrication of bulk Ni3Sn2

alloy catalysts for the synthesis of 1,4-pentanediol
from biomass-derived furfural without acidic co-
catalysts†
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and Shogo Shimazu e

This study describes the rational design for the fabrication of bulk Ni3Sn2 alloy catalysts for the

de/hydration–hydrogenation of biomass-derived furfural (FFald) to 1,4-pentanediol (1,4-PeD) without the

acidic co-catalyst. The presence of both hydration active sites (Brønsted acid sites (Ni–SnOx)) and

hydrogenation active sites (Ni0 or Ni–Sn alloy) in Ni3Sn2 alloy could be controlled by changing the pH of

Ni–Sn solution during the preparation. Both active sites acted synergistically to catalyse the

de/hydration–hydrogenation reactions of FFald to produce a high yield of 1,4-PeD in a batch reaction

system at 433 K, 3.0 MPa H2 after 12 h. Bulk Ni3Sn2 obtained at pH of Ni–Sn solution of 8–10,

hydrothermal temperature of 423 K for 24 h, and reduction with H2 at 673 K for 1.5 h demonstrated

a high yield of 1,4-PeD (81–87%), which is comparable with that from previous work. A 76% yield of 1,4-

PeD was also obtained when the reaction was carried out in a fixed-bed reaction system at 433 K, flow

rate 0.065 mL min−1, H2 flow rate 70 mL min−1, and 3.29 wt% FFald in H2O/ethanol solution for 12 h.

The activity of bulk Ni3Sn2 was maintained with 66% yield of 1,4-PeD even after 52 h reaction on stream.

The fabricated bulk Ni3Sn2 alloy catalysts could be the promising heterogeneous Ni–Sn alloy-based

catalysts for the catalytic conversion of biomass-derived-furanic compounds (e.g., FFald, furfuryl alcohol

(FFalc), and 2-methylfuran (2-MeF)).
Introduction

The utilization of renewable biomass and its derived chemical
platforms are involved in more important roles to reduce the
dependence on non-renewable fossil fuel-based resources
through the production of building block monomers of C5 a,u-
diols, including1,2-pentanediol (1,2-PeD), 1,4-pentanediol (1,4-
PeD), and 1,5-pentanediol (1,5-PeD).1,2 The C5 a,u-diols from
renewable feedstocks have attracted much attention as they are
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promising building blocks for direct replacement of 1,4-buta-
nediol (1,4-BeD) or 1,6-hexanediol (1,6-HeD) from fossil fuel-
based in the production of polyesters and thermoplastic poly-
urethanes.3 Furfural (FFald), a tremendous C5-furan-based
chemical platform, is well-known as a substrate for the
synthesis of those monomer C5 a,u-diols using heterogeneous
catalysts.4–7 The established approaches for the transformation
of FFald into C5 a,u-diols were devoted to the assertion of the
C–O hydrogenolysis of tetrahydrofurfuryl alcohol (THFalc),
which can be obtained from total hydrogenation of both C]C
and C]O bonds of FFald (Fig. 1(#1)). Bimetallic platinum group
metals (PGM) (e.g., Pt, Pd, Rh, Ir, Ru, Ni, etc.) in combination
with oxophilic metal oxide (e.g., Re, Mo, Ce, Y or W) catalysts
have been extensively studied and provided moderate to high
yield 1,2- or 1,5-PeD.6,8–15 Another approach is the combination
between supported PGM catalyst and acidic metal oxide (e.g., g-
Al2O3, Nb2O5) through the dual ring-opening tautomerisation
(hydration/dehydration) and hydrogenation reactions of
derived-THFalc pyran or dihydropyran to 1,5-PeD as proposed
by Dumesic's group.16,17

The catalytic conversion of C5-furan precursors (e.g., FFald,
furfuryl alcohol (FFalc)) to 1,4-PeD is less attractive than that of
other C5 a,u-diols due to some shortcomings (e.g., the
RSC Adv., 2023, 13, 21171–21181 | 21171
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Fig. 1 Conceivable routes for the synthesis of C5 a,u-diols of 1,2-PeD,
1,5-PeD, and 1,4-PeD from FFald, FFalc, and 2-MeF platforms using
bimetallic Ni–Sn alloy catalysts via dual selective hydrogenation–
tautomerism reactions.20,26 PeD = pentanediol. THFalc = tetrahy-
drofurfuryl alcohol. 2H2MeTHF = 2-hydroxy-2-methyl tetrahydro-
furan. 2M4,5DHF = 2-methyl-4,5-dihydrofuran. 5H2PeO = 5-
hydroxy-2-pentanone.
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requirement of a selective and bifunctional-type catalyst, addi-
tion of acidic co-catalyst, or assertion of multiple reaction
steps).18 Leuck et al. claimed that trace amounts of glacial acetic
acid are substantially required to convert FFald to 1,4-PeD (40%)
and 1,2,5-(1,4,5)-pentanetriol (∼50%) in the presence of
RANEY® Ni catalyst.19 Schniepp et al. reported that a trace
amount of formic acid was added to the reaction mixture of 2-
methylfuran (2-MeF) in the presence of Ni/Celite catalyst (at H2

8.3 MPa, 423 K for 8 h), affording a mixture of 2-methylte-
trahydrofuran (2-MeTHF) (36%) and 1,4-PeD (62%).20 In the
presence of ReOx-modied Pd–Ir/SiO2 or Rh–Ir/SiO2 catalyst
system, the Brønsted acid sites in the catalysts may facilitate the
side reactions such as hydration or dehydration, which are the
important reaction steps for catalytic conversion of FFald to 1,4-
PeD. However, the selectivity of 1,4-PeD was not so high
(23%).21,22 Liu et al. combined Ru/CMK-3 or Ru–FeOx/AC cata-
lysts and Amberlyst-15 as the acidic co-catalyst for the catalytic
reaction of FFald and produced a high yield of 1,4-PeD (up to
90%).23,24 Most recently, Cui et al. developed bifunctional
ruthenium nanoparticles supported on sulfonated carbon layer
coated SBA-15 (Ru/SC-SBA-15) catalysts for conversion of FFald
and an 86% selectivity of 1,4-PeD was obtained, which is three
times higher than that of unmodied Ru/C-SBA-15 catalyst.25

However, the presence of acidic co-catalysts may lead to the
formation of undesired products through over-dehydration or
polymerization and severely cause the leaching out of active
metal catalysts under severe conditions. Therefore, the devel-
opment of new heterogenous catalysts with surface acidity (e.g.,
Brønsted acid sites) without an acidic co-catalyst for the dual
hydration–hydrogenation of FFald, FFalc, or 2-methylfuran (2-
MeF) into 1,4-PeD is challenging.

The development of heterogeneous bimetallic Ni-based
catalysts for the transformation of biomass-derived C5-furan
compounds has been a long-standing work in our group. Bulk
Ni–Sn(x) alloys (x = 1.5, 2.0, 3.0 and 4.0, Ni/Sn molar ratio)
catalysts have shown very good catalytic performance and
21172 | RSC Adv., 2023, 13, 21171–21181
reusability in the chemoselective hydrogenation of a,b-unsatu-
rated carbonyl compounds to unsaturated alcohol,27 hydroge-
nation of LA to GVL,28 and the one-pot conversion of FFald to
high yield of 1,4-PeD (61–92%) under mild conditions (433 K,
3.0 MPa H2, 12 h) in the ethanol/H2O mixture solvent and
without the presence of acidic co-catalyst.26 The best bulk
Ni3Sn2 alloy catalyst was obtained at pH 8 of Ni–Sn solution at
423 K for 24 h, and reduction with H2 at 673 K for 1.5 h.

In the present paper, we report an extended work on the
fabrication of bulk Ni3Sn2 alloy by revisiting the effect of various
synthetic parameters including pH of Ni–Sn solution, additive
polyol, hydrothermal time, hydrothermal temperature, and
reduction temperature. The bulk Ni3Sn2 alloy catalysts were
employed for the conversion of furfural to 1,4-PeD from FFald
under identical reaction conditions to those from literature.26,27

We found that bulk Ni3Sn2 alloy catalyst synthesized at pH = 6–
10, hydrothermal time of 24–48 h, polyol additives of ethylene
glycol (EG), glycerol (G), or 2-methoxy-ethanol (2Me-EtOH), and
temperature reduction of 673 K for 1.5 h allowed a high yield of
1,4-PeD (87%), which is comparable with that of previous
results over bulk and supported Ni–Sn(x) alloy catalysts
(92%).26,29 This catalyst might be served as a bifunctional cata-
lyst, which comprises two active sites of Ni–Sn alloy riched-Ni0

(as Lewis acid) and Ni–SnOx or support (Brønsted acid). The Ni–
Sn alloy enriched Ni0 is active and selective for the hydrogena-
tion of C]O in FFald to solely FFalc,27 while the Ni–SnOx

species or support can serve as Brønsted acid sites for the
hydration or hydrogenolysis.30 Both active sites played the key
role in the synergistic dual reactions of de/hydration as well as
hydrogenation/hydrogenolysis of FFald to 1,4-PeD in acidulated
H2O or H2O/ethanol solvent (Fig. 1(#2)).

Results and discussion
Catalytic reaction

Effect of pH of Ni–Sn solution. In the rst set experiment, we
evaluated the catalytic performance of various bulk Ni3Sn2 ob-
tained at different pH of Ni–Sn solution for the conversion of
biomass-derived FFald to 1,4-PeD at 433 K, 3.0 MPa H2 for 12 h,
and the results are shown in Fig. 2.

Using the Ni3Sn2 catalyst obtained at pH = 4, 100% FFald
was converted to 1% 1,5-PeD, 43% THFalc, 13% 2H2MeTHF,
10% 2-MeTHF, and 33% others (it may be the condensation
product of FFald or FFalc according to GC and GC-MS data)
without the formation of 1,4-PeD at full conversion of FFald at
433 K, 3.0 MPa H2 aer 12 h. When the pH of Ni–Sn solution
was increased to 6 (Ni3Sn2 pH = 6), 12% 1,4-PeD was rst
observed, however, relatively high yields of FFalc (22%), THFalc
(38%), and 2H2MeTHF (20%) were also obtained. Interestingly,
a high yield of 1,4-PeD (87%) was obtained over Ni3Sn2 pH = 8
catalyst, whereas the side products were 1,2- and 1,5-PeD (5%),
2H2MeTHF (7%), and 2-MeTHF (1%). This is the highest yield
of 1,4-PeD (87%) obtained at present, which is comparable with
the previous result using the same Ni–Sn catalysts,26 or with the
previous results over Ru-based catalysts in the presence of an
acidic co-catalyst.23–25,31 Further increase in pH of Ni–Sn solution
to 10 (Ni3Sn2 pH = 10) afforded a quite high yield of 1,4-PeD
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Yield of 1,4-PeD obtained over bulk Ni3Sn2 catalysts syn-
thesised at different pH of Ni–Sn solution. Catalysts were reducedwith
H2 at 673 K for 1.5 h. Reaction conditions: catalyst, 44 mg; substrate,
1.2 mmol; solvent, ethanol/H2O, 3.5 mL (1.5 : 2.0 volume ratio); 433 K,
initial H2 pressure 3.0 MPa, 12 h.
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(72%), however, the side products of 2H2MeTHF, 2-MeTHF, and
others remained 10%, 5%, and 3%, respectively. In contrast, the
Ni3Sn2 pH = 12 catalyst produced 16% 1,2-PeD, 7% 1,5-PeD,
71% Ffalc, 1% THFalc, and 5% 2H2MeTHF without the
formation of 1,4-PeD. A high yield of remaining Ffalc (71%)
suggested that the Ni3Sn2 pH = 12 catalyst is selective toward
C]O hydrogenation of Ffald and inactive to catalyse the dual
hydrolysis–hydrogenation reactions to form the nal product of
1,4-PeD. To gain more understanding of these results, the
catalyst structure–activity relationship upon these catalysts will
be discussed later in this paper.

Kinetic studies. To understand more about how the active
species of Ni and Ni–Sn and the surface acidity of bulk Ni3Sn2

alloy catalysts synergistically played a prominent role in the
hydration–hydrogenation of Ffald to 1,4-PeD, kinetically
controlled catalytic reactions were examined for three types of
bulk Ni3Sn2 catalysts at different pH (pH = 8, 10, 12) and the
results are shown in Fig. 3. At the early reaction time of 0.5–
1.0 h, for the Ni3Sn2 pH = 8 catalyst (total acidity = 276 mmol
g−1), the FFald conversion was 44–84% to produce only FFalc. At
the same time, the conversions of FFald over Ni3Sn2 pH = 10
(total acidity = 129 mmol g−1) and 12 (total acidity = 18 mmol
g−1) were 13–55% and 7–12%, respectively. However, at 1.5 h,
100% conversion of FFald was achieved by using Ni3Sn2 pH = 8
catalyst, and at this time, the 1,4-PeD was rst formed (3.7%)
and then increased to achieve 48.7% as the reaction time was
prolonged to 3 h. On the other hand, the amount of FFalc
decreased smoothly to reach around 14%, meanwhile, other
side products e.g., THFalc, 2-MeTHF, 2H2MeTHF, and 1,2- and
1,5-PeD mixtures, increased slowly. The kinetic proles and
product distributions over the Ni3Sn2 pH = 10 catalyst were
identical to those of the Ni3Sn2 pH = 8 catalyst. The similar
© 2023 The Author(s). Published by the Royal Society of Chemistry
results are likely due to their similar surface acidities, which not
only improve the selectivity towards 1,4-PeD but also the reac-
tion rate for FFalc formation (Fig. 3). In contrast, over the Ni3Sn2

pH = 12 catalyst, the conversion of FFald was 23% aer 1.5 h
and increased slowly to 76% aer 6 h. These results indicate
that the Ni3Sn2 pH= 12 catalyst is unsuitable for the hydration–
hydrogenation of FFald to 1,4-PeD due to the lower surface
acidity. The reaction rate of FFalc formation, as the elementary
step of the reaction, over three types of Ni3Sn2 catalysts was
roughly calculated at a reaction time of 30 min (0.5 h). Over
Ni3Sn2 pH = 8, the reaction rate of FFalc formation was 12.83
10−3 mmol min−1 (43% conversion), while over Ni3Sn2 pH = 10
and pH = 12, the reaction rates were 8.68 10−3 mmol min−1

(13% conversion) and 2.68 10−3 mmol min−1 (7% conversion),
respectively.

Effect of hydrothermal time. To establish the synthetic
procedure of highly selective bulk Ni3Sn2 alloy catalysts towards
1,4-PeD, we prepared bulk Ni3Sn2 alloy at hydrothermal times of
6 h, 12 h, 24 h, 48 h, and 72 h and tested for the synthesis of 1,4-
PeD; the results are shown in Fig. 4. Bulk Ni3Sn2 catalyst syn-
thesised at hydrothermal time of 6–12 h afforded only 6% of 1,4-
PeD, whereas the main product was others (condensation
reaction of FFald (64%)) or THFalc (78%) as the result of total
hydrogenation of FFald. The yield of 1,4-PeD remarkably
increased to 87% over the bulk Ni3Sn2 catalyst that was ob-
tained at a hydrothermal time of 24 h. When the hydrothermal
time was prolonged at 48 h and 72 h, the yield of 1,4-PeD slightly
decreased to 68% and 62%, respectively. Over these catalysts,
quite a high yield of 1,5-PeD (8–11%) was also observed.
Although the XRD patterns of bulk Ni3Sn2 alloy obtained at
different hydrothermal times showed no notable differences
(Fig. S1 and Table S4, in the ESI†), the reaction results
conrmed that the Ni3Sn2 alloy obtained at 24 h of hydro-
thermal time was the most effective catalyst (Fig. 2–4). There-
fore, it can be concluded that the optimised hydrothermal time
for the synthesis of bulk Ni3Sn2 catalyst was 24 h, pH adjust-
ment = 8 and 10 or by employing the appropriated support
oxides c.a. g-Al2O3 or commercial-aluminium hydroxide (c-
AlOH) containing gibbsite and bayerite structures.32

Effect of polyol additives and hydrothermal temperature. To
clarify the importance of polyol additives during the synthesis
of bulk Ni3Sn2 catalysts, ethylene glycol (EG) and glycerol (G)
were employed instead of the 2-methoxy ethanol (Me-EtOH) and
without the addition of polyols for comparison and the XRD
patterns of the results are shown in Fig. S2 and S3, in the ESI.†
The presence of EG, G, or 2-Me-EtOH polyols signicantly
affected the formation of Ni3Sn2 alloy phases and their crys-
tallinity, whereas upon without polyols resulted in lower crys-
tallinity of Ni3Sn2(102) and Ni3Sn2(110) (Fig. S3 and Table S5, in
the ESI†).28,33 The results of 1,4-PeD synthesis from FFald using
bulk Ni3Sn2 pH =8 alloy catalysts synthesised at different
conditions are summarised in Table 1. Both Ni3Sn2 (EG, pH= 8,
673 K/H2) and (G, pH = 8, 673 K/H2) catalysts gave a high yield
of 1,4-PeD, c.a. 82% and 81%, respectively (entries 2 and 3),
which are comparable to Ni3Sn2 (2-Me-EtOH, pH = 8; 673 K/H2

(entry 1)). In contrast, the Ni3Sn2 catalyst synthesised in the
absence of EG/G or Me-EtOH produced only 14% 1,4-PeD, which
RSC Adv., 2023, 13, 21171–21181 | 21173
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Fig. 3 Kinetic profiles of three types of bulk Ni3Sn2 catalysts in the hydration–hydrogenation of FFald 1,4-PeD. Reaction conditions: catalyst,
44 mg; substrate, 1.2 mmol; solvent, ethanol/H2O, 3.5 mL (1.5 : 2.0 volume ratio); 433 K, initial H2 pressure 3.0 MPa, 0–6 h.

Fig. 4 Yield of 1,4-PeD obtained over bulk Ni3Sn2 catalysts syn-
thesised at different hydrothermal times. Catalysts were reduced with
H2 at 673 K for 1.5 h. Reaction conditions are referred to in Fig. 2.

21174 | RSC Adv., 2023, 13, 21171–21181
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is lower than the yield of 1,2-and 1,5-PeD (28%) (entry 4). So
that, we then concluded both the pH of the Ni–Sn solution and
the presence of polyol additive are important to obtain the
selective bulk Ni3Sn2 alloy catalyst for 1,4-PeD synthesis from
FFald. Next, we evaluated the effect of hydrothermal tempera-
ture (423 K, 473 K, and 523 K for 24 h; the XRD patterns are
shown in Fig. S4, in the ESI†) on the 1,4-PeD from FFald
hydration–hydrogenation reactions. BuIk Ni3Sn2 synthesised at
423 K exhibited the highest yield of 1,4-PeD, as mentioned
above. In contrast, bulk Ni3Sn2 obtained at hydrothermal
temperatures of 473 K and 523 K catalysts were not selective
towards 1,4-PeD (entries 5 and 6). Additionally, the bulk Ni3Sn2

pH= 8 catalyst was found to be stable even aer exposure to the
air for 2 months. Obviously, a high yield of 1,4-PeD (79%) was
obtained at 100% FFald conversion (entry 7). Therefore, it can
be concluded that the optimised hydrothermal temperature was
423 K for 24 h and easy to handle during the preparation as well
as the catalytic reaction.

Effect of reduction temperature. The effect of reduction
temperature on the FFald conversion and 1,4-PeD yield was
examined over the most effective Ni3Sn2 catalyst obtained at pH
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of the selective synthesis of 1,4-PeD from FFald using bulk Ni3Sn2 pH = 8 alloy catalysts synthesised at different conditionsa

Entry Catalystb Conv.c (%)

Yieldc (%)

1,4-PeD 1,2-PeD 1,5-PeD FFalc THFalc 2H2MeTHF 2-MeTHF Othersd

1 Ni3Sn2 (2-Me-EtOH; pH = 8; 24 h; 673 K/
H2)

100 87 2 3 0 0 7 1 0

2 Ni3Sn2 (EG; pH = 8; 24 h; 673 K/H2) 100 82 1 0 0 0 16 1 0
3 Ni3Sn2 (G; pH = 8; 24 h; 673 K/H2) 100 81 3 2 0 0 11 3 0
4 Ni3Sn2 (without polyol; pH= 8; 673 K/H2) 100 14 16 12 0 22 36 0 0
5e Ni3Sn2 (HT 473 K; pH = 8; 673 K/H2) 100 15 0 1 0 2 35 12 36
6e Ni3Sn2 (HT 523 K; pH = 8; 673 K/H2) 100 3 5 3 0 7 22 0 61
7f Ni3Sn2 (2-Me-EtOH; pH = 8; 24 h; 673 K/

H2)
100 79 1 2 0 0 11 0 10

8g Ni3Sn2 (2-Me-EtOH; pH = 8; 24 h; 673 K/
H2)

100 83 0 5 0 0 12 0 0

a Reaction conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent, ethanol/H2O, 3.5 ml (1.5 : 2.0 volume ratio); initial H2 pressure, 3.0 MPa, 433 K,
12 h. b The bulk Ni3Sn2 catalysts were synthesized at various conditions. c Conversion of FFald and yield of the product were determined by GC and
GC-MS analyses using an internal standard technique. d Unknown product may be the condensation product of FFald or FFalc according to GC and
GC-MS data. e HT = hydrothermal at 473 K and 523 K. f The catalyst was stored in a sample bin under exposure to the air for 2 months.
g Recyclability test aer the fourth reaction run in the batch reactor system. The recovered catalyst was reactivated by H2 at 673 K for 1 h before
reuse for the next run.
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of 8, with the presence of 2-Me-EtOH, at 423 K for 24 h and the
results are shown in Fig. 5. The reduction with H2 was con-
ducted at temperatures of 573–873 K for 1.5 h. Bulk Ni3Sn2

catalyst activated at 573 K converted 96% of FFald and produced
1,4-PeD (45%), 1,2-and 1,5-PeD mixture (7%), THFalc (8%),
2H2MeTHF (31%) and 2-MeTHF (11%). The highest yield of 1,4-
PeD (87%) was obtained over the Ni3Sn2 catalyst activated at 673
K for 3 h. When the temperature reduction was furtherly
increased to 773 K and 873 K, the conversion of FFald and the
yield of 1,4-PeD decreased to 57–91% and 31–61%, respectively.
It was found that the conversion of FFald increased as the
reduction temperature was increased from 573 K (96%) to 673 K
(100%), then gradually decreased as the reduction temperature
was increased to 773 K (91%) and 873 K (57% conversion). This
volcano-type activity relationship veried that less activity and
Fig. 5 Conversion of FFald and yields obtained over bulk Ni3Sn2
catalysts after reduction with H2 at 573–873 K for 1.5 h. Reaction
conditions are referred to in Fig. 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
selectivity were mainly due to the massive aggregation of Ni or
Ni–Sn particles at high temperatures. The XRD analysis results
conrmed that the diffraction peaks of the Ni3Sn2 alloy phases
at 2q = 30.6, 43.3, and 44.3° corresponding to Ni3Sn2(101),
Ni3Sn2(102), and Ni3Sn2(110), respectively, intensied when the
temperature reductions were increased to 673–873 K (Fig. S5, in
the ESI†). The average crystallite sizes of Ni3Sn2(101) in bulk
Ni3Sn2 673 K/H2; 773 K/H2; and 873 K/H2 were 17.0 nm;
26.5 nm; and 28.4 nm, respectively (Tables S1, S2 and S6, in the
ESI†). In addition, this suggestion is consistent with the fact
that the specic surface area BET (SBET) drastically decreased
from 9.7–12.0 m2 g−1 (573 and 673 K) to 1.7–2.9 m2 g−1 aer
reduction at 773 K and 873 K, respectively.33
Catalyst structure–activity relationship

The results of hydration–hydrogenation of FFald to 1,4-PeD
over various bulk Ni3Sn2 catalysts synthesised at different
synthetic parameters conrmed that the pH of Ni–Sn solution,
hydrothermal temperature, the temperature of reduction, and
the presence of polyols additives were important for the
fabrication of bulk Ni3Sn2 alloy catalysts.34 Fig. 6 shows the
XRD patterns of the as-prepared (aer hydrothermal
processes) and the presence of NiO, Ni(OH)2, SnO, and SnO2

phases were clearly observed in all of the samples. The
diffraction peak of SnO (2q = 30.6°) and NiO (2q = 43.7°)
gradually intensied when the pH of the Ni–Sn solution was
increased. On the other hand, the diffraction peak at 2q =

26.4° that can be assigned to SnO2 was observed in samples of
pH = 6–8. Both nickel and tin ions will exist in the forms of
metal-oxides or hydroxides, which depend on the pH of the
solution system (Pourbaix diagram).35 This might affect the
formation of a well-crystallite Ni3Sn2 alloy during the reduc-
tion with H2. However, unfortunately, the as-prepared bulk Ni–
Sn alloys are inactive for the hydration–hydrogenation of
FFald under the current reaction conditions.
RSC Adv., 2023, 13, 21171–21181 | 21175
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Fig. 6 XRD patterns of the as-prepared bulk Ni3Sn2 with different pH
of nickel–tin solution (pH = 6–12) obtained after hydrothermal
treatment at 423 K for 24 h.
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Furthermore, the as-prepared Ni3Sn2 samples were reduced
with H2 at 673 K for 1.5 h, and the XRD patterns of bulk Ni3Sn2

are shown in Fig. 7.
For Ni3Sn2 at a pH adjustment of 4 (Ni3Sn2 pH = 4), no

diffraction peaks of the Ni3Sn2 alloy phase were observed, sug-
gesting that the acidic environment inhibited the formation of
metal hydroxides or metal oxides during the hydrothermal
processes. A small diffraction peak at 2q = 51.2° was observed,
which can be attributed to the typical diffraction peak of metallic
Ni(200)36 (Fig. S6, in the ESI†). This is caused by the main product
THFalc obtained over the Ni3Sn2 pH= 4 catalyst as a result of total
hydrogenation of C]C and C]Obonds of FFald.When the pH of
Ni–Sn solution of 6 was applied, a series of diffraction peaks of the
Ni3Sn2 alloy phase was clearly observed following the JCPDS-6-414
(Ni3Sn2 standard), and the diffraction peaks of the Ni3Sn2 alloy
phase intensied as the pH adjustment was increased to 8–12.
Fig. 7 XRD patterns of the bulk Ni3Sn2 after reduction with H2 at 673 K
for 1.5 h obtained with different pH nickel–tin solution (pH= 6–12). (#)
The plotted data were compared with JCPDS card of #06-414
(Ni3Sn2).

21176 | RSC Adv., 2023, 13, 21171–21181
The increase in pH of Ni–Sn solution from 6 to 12 not only
enhanced the crystallite sizes of Ni3Sn2(101) (at 2q = 30.6°) but
also caused a slight shiing in the distance of crystal unit (d) as
indicated by the shiing of 2q to the higher degree (inserted
gure). By using a Bragg's law equation, it was found that the
d (nm) values of bulk Ni3Sn2 alloy obtained at pH 6, 8, 10, and 12
were 0.2057 nm, 0.2057 nm, 0.2055 nm, and 0.2054 nm, respec-
tively (Table S3, in ESI†). Moreover, a low-intensity peak at 2q =

45.44° could be assigned to the remaining SnO (JCPDS #13-111).
This is slightly intensied as the pH of the Ni–Sn solution was
increased. This remaining SnO is consistent with the fact that the
SnO in the as-prepared samplesmay aggregate and transform into
another phase during the hydrogen treatment as indicated by the
XRD patterns. The systematic studies of the intermetallic micro-
structure of Ni–Sn reported by Yang et al.37 and Marakatti et al.38

showed that the defect structure of Ni3Sn2 occurred during the
preparation or non-stoichiometric alloy compositionmay strongly
affect the geometrical and electronic structure of Ni3Sn2 alloy.
Then, we took into account the unique and extraordinary catalytic
behavior of Ni3Sn2 pH = 8 by examining their surface acidity
using the ammonia-temperature programmed desorption (NH3-
TPD), and the proles are shown in Fig. 8.

The NH3-TPD proles were formally divided into three
desorption temperature regions to denote three types of acid
sites:39–42 (1) weak acid sites, ranging from 373 to 573 K, (2)
moderate acid sites, ranging from 573 to 823 K, and (3) strong
acid sites, ranging from 823 to 1023 (Table 2). The total acid
sites decreased as the pH adjustment was increased from 8, 10,
and 12 (Fig. 8). Bulk Ni3Sn2 pH= 8 catalyst has total acid sites of
276 mmol g−1, while Ni3Sn2 pH = 6, Ni3Sn2 pH = 10, and Ni3Sn2

pH = 12 catalysts had the total acid sites of 133 mmol g−1, 129
mmol g−1, and 18 mmol g−1, respectively (Fig. 8 and Table 2). The
portion of strong acid sites, as well as the total acid sites,
decreased aer the pH adjustment was increased from 6 to 8,
10, and 12. Bulk Ni3Sn2 pH= 8 catalyst had 87 mmol g−1 portion
of the strong acid sites and produced the highest yield of 1,4-
PeD (87%) from FFald (Fig. 2). Ni3Sn2 pH= 10 (63 mmol g−1) and
Ni3Sn2 pH = 6 (34 mmol g−1) catalysts produced 72% and 12%
1,4-PeD, respectively (Fig. 8). In contrast, bulk Ni3Sn2 pH = 12
(14 mmol g−1) catalyst did not produce 1,4-PeD, whereas the
main product was FFalc without the formation of hydro-
genolysed products (e.g., 1,2-or 1,5-PeD) (Fig. 2). These results
suggest that the presence of high portion strong acid sites in the
bulk Ni3Sn2 pH samples may affect its activity and selectivity
during the hydration–hydrogenation of FFald to 1,4-PeD. In the
literature, it has been reported that the oxidic tin (in the form of
Sn2+, Sn(OH), SnOx) could be generated during the reaction in
the aqueous phase and serve as Brønsted acid.30,43–45 The
generated Ni0–SnOx species in H2O or H2O/ethanol will syner-
gistically act to hydrogenate the C]O of FFald to FFalc on
specic Ni0 and the formed FFalc will be protonated and then
subsequently dehydrated by the oxidic tin in H2O or H2O/
ethanol (in the form of SnOx) to 2-MeF.46,47

Fig. 9 shows the IR spectra of pyridine adsorbed on bulk
Ni3Sn pH = 8 catalyst. The spectra of the adsorbed species were
obtained aer the introduction of 1–2 mL pyridine at room
temperature, followed by purging with N2 ow at 323 K and 423
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physico-chemical properties of the bulk Ni3Sn2 alloy catalysts with different pH adjustments after reduction with H2 at 673 K for 1.5 h

Entry Catalysta
SBET

b

(m2 g−1)
H2 uptake

c

(mmol g−1) Dd (nm)

Amount of acid sitese (mmol g−1)

373–623
K (w) 623–823 K (m)

823–1023
K (s) Total

1 Ni3Sn2 (2-Me-EtOH; pH = 6; 673 K/H2) 72.4 10 10 99 0 34 133
2 Ni3Sn2 (2-Me-EtOH; pH = 8; 673 K/H2) 101.5 9.8 14 90 99 87 276
3 Ni3Sn2 (2-Me-EtOH; pH = 10; 673 K/H2) 18.6 9.3 15 33 33 63 129
4 Ni3Sn2 (2-Me-EtOH; pH = 12; 673 K/H2) 12.0 8.6 17 18 0.0 0.0 18

a The value in the parenthesis is Ni/Sn molar ratio. The composition was determined by using ICP-AES. b Determined by N2 adsorption at 77 K.
c Based on total H2 uptake at 273 K (noted aer corrections for physical and chemical adsorption). d Average crystallite sizes were calculated by
using Scherer's equation at 2q = 30.37° of Ni3Sn2(101) alloy phase. e The amount of acid sites was derived from NH3-TPD spectra and the weak
(w), moderate (m), and strong (s) acid sites are referred to the temperature regions of NH3 desorption according to the ref. 42 and 48.

Fig. 8 NH3-TPD spectra of (A) the bulk Ni3Sn2 with different pH of nickel–tin solution and deconvoluted NH3-TPD spectra of bulk Ni3Sn2
synthesised with Ni–Sn solution pH of (B) 8, (C) 10, and (D) 12, hydrothermal synthesis at 423 K for 24 h and followed by reductionwith H2 at 673 K
for 1.5 h.
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K until the spectra were stable. According to the literature on
pyridine adsorption on Sn-containing catalysts,49,50 the bands
are assigned in the following way. The pyridinium ion (PyH+)
produced by the reaction of pyridine with Brønsted acid sites (B)
shows bands around 1633 cm−1 (v8a). Coordinatively bound
pyridine on Lewis acid sites (L) shows bands around 1445 (v19b)
and 1575 cm−1. Physisorbed or hydrogen-bonded pyridine (H)
shows bands around 1437 and 1599 cm−1. The band around
1490 cm−1 is common to vibrations due to PyH+ (B) and
© 2023 The Author(s). Published by the Royal Society of Chemistry
coordinatively bound pyridine (L).51 These results indicate that
acid sites of bulk Ni3Sn pH = 8 are both Lewis and Brønsted
acidic under the conditions shown in Fig. 8. Additionally, The
maximum specic surface area BET (SBET) of the bulk Ni3Sn2

alloy was achieved at pH adjustment of 8 (101.5 m2 g−1), fol-
lowed by pH adjustment of 6 (72.4 m2 g−1), then drastically
decreased to 18.6 m2 g−1 and 12.0 m2 g−1 at the pH adjustment
of 10 and 12, respectively (entries 1–4). The average crystallite
sizes of Ni3Sn2(101) increased smoothly, while the H2 uptake
RSC Adv., 2023, 13, 21171–21181 | 21177
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Fig. 9 Pyridine-FTIR profiles of bulk Ni3Sn pH = 8 after (a) adsorption
at room temperature, and degassing at (b) 323 K, and (c) 423 K. L =
Lewis acid site; B = Brønsted acid sites; H = physisorption of pyridine.

Fig. 10 Conversion of FFald and Yield of 1,4-PeD as a function of
reaction on stream over bulk Ni3Sn2 (G; pH = 8; 673 K/H2) catalyst.
Reaction conditions: catalyst, 67 mg; 433 K; flow rate 0.065 mL min−1,
H2 flow rate 70 mL min−1 and 3.29 wt% FFald in H2O/ethanol solution.
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slightly decreased as the pH adjustment was increased. The
total H2 uptake decreased with the increase of pH from 6 to 12
(from 10 mmol g−1 to 9.8 mmol g−1, 9.3 mmol g−1, and
8.6 mmol g−1) and is in good accordance with the increase in
the average crystallite sizes of Ni3Sn2(101) alloys (from 10 nm to
14 nm, 15 nm, and 17 nm), respectively (entries 1–4).

Recyclability and stability tests. The recyclability test of the
Ni3Sn2 pH = 8 catalyst was performed in the batch reactor
system (TAIATSU Techno Japan). The used bulk Ni alloy was
easily separated by either simple centrifugation or ltration
aer the reaction. The recovered catalyst was reactivated by H2

at 673 K for 1.5 h prior to use in the next reaction run. The yield
of 1,4-PeD on the reused catalyst decreased slightly aer the
second reaction run, but the activity was maintained for at least
four consecutive runs (Table 1, entry 8). On the other hand, the
stability test was evaluated at a long-term stream under the
reaction conditions of ow rate 0.065 mLmin−1, H2 ow rate 70
mL min−1, and 3.29 wt% FFald in H2O/ethanol solution, and
the results are shown in Fig. 10. The activity of bulk Ni3Sn2 pH=

8 was maintained at ∼100% conversion of FFald with 66% yield
of 1,4-PeD even aer 52 h reaction on stream. The main side
products were THFalc and 2H2MeTHF; THFalc is the result of
over hydrogenation of FFald on metallic Ni0, while 2H2MeTHF
is a stable intermediate of hydrolysis furan ring of FFalc or 2-
MeF on SnOx species. The amounts of metals that leached into
the reaction solution were analysed by ICP-AES and were found
to be 1.5 mol% (Ni) and 5.0 mol% (Sn) aer the fourth run.
These results suggested that partial metallic Ni or Sn may leach
out into the reaction solution during the reusability test, which
can be expected to increase with the number of reaction runs.
Moreover, the XRD patterns of the recovered Ni3Sn2 pH= 8 alloy
before and aer H2 treatment appeared to indicate that no
change in the alloy structure occurred (Fig. S6, ESI†).26 Dume-
sic52 and Linic53 have shown that carbon tolerance of Ni-based
catalysts could be improved by synthesising Ni-containing
21178 | RSC Adv., 2023, 13, 21171–21181
surface alloys with the second electropositive metal of tin
(Sn). XRD and Mössbauer spectroscopy studies suggested that
Sn migrates into the Ni particles to form intermetallic Ni–Sn.54
Conclusions

The fabrication of bulk Ni3Sn2 alloy catalysts was examined under
different conditions (e.g., pH adjustment of the nickel–tin solution,
hydrothermal time, hydrothermal temperature, polyol additives,
and reduction temperature). Bulk Ni3Sn2 that was synthesised at
pH = 8, hydrothermal time of 24 h, and reduction temperature of
673 K for 1.5 h (Ni3Sn2 pH= 8) catalyst allowed a high yield of 1,4-
PeD (87%) in a batch reaction system at 433 K, 3.0 MPa of H2, 12 h
without the presence of acidic co-catalyst. A 76% yield of 1,4-PeD
was also obtained when the reaction was carried out in a xed-bed
reaction system at 433 K, ow rate 0.065mLmin−1, H2 ow rate 70
mL min−1, and 3.29 wt% FFald in H2O/ethanol solution for 12 h.
The activity of bulk Ni3Sn2 was maintained with a 66% yield of 1,4-
PeD even aer a 52 h reaction on stream. The high yield of 1,4-PeD
over this catalyst can be attributed to high specic surface area
BET (SBET = 101.5 m2 g−1), H2 uptake, and the portion of strong
acid sites (87 mmol g−1). The presence of both hydration active
sites (Brønsted acid sites (Ni–SnOx) in Ni3Sn2 alloy) and hydroge-
nation active sites (Ni0 or Ni–Sn alloy) could be controlled by
changing the pH of the Ni–Sn solution during the preparation.
Both the active sites acted synergistically to catalyze the hydration–
hydrogenation reactions of FFald to produce a high yield of 1,4-
PeD in the batch reaction system. The results of hydration–
hydrogenation of FFald to 1,4-PeD over various bulk Ni3Sn2 cata-
lysts synthesized at different synthetic parameters conrmed that
the pH of Ni–Sn solution, hydrothermal temperature, the
temperature of reduction, and the addition of polyols were the
important parameters for the fabrication of bulk Ni3Sn2 alloy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalysts. The developed synthetic procedures of Ni3Sn2 alloy
catalysts are precisely controlled to ensure the production of
promising heterogeneous Ni–Sn alloy-based catalysts for the
catalytic conversion of biomass-derived-furanic compounds (e.g.,
FFald, furfuryl alcohol (FFalc), and 2-methylfuran (2-MeF)).

Experimental
Material and chemicals

Nickel(II) chloride hexahydrate (NiCl2$6H2O), tin(II) chloride
dihydrate (SnCl2$2H2O), active carbon (SBET = 815 m2 g−1),
MgO, and commercial aluminum hydroxide (c-AlOH) were
purchased fromWAKO Pure Chemical Industries, Ltd. and used
as received unless otherwise stated. g-Al2O3 (SBET = 100 m2 g−1)
was purchased from Japan Aerosil Co. Furfural (98%), furfuryl
alcohol (97%), 2-methylfuran (98%), and tetrahydrofurfuryl
alcohol (99%) were purchased from Tokyo Chemical Industry,
Ltd. All organic chemical compounds were puried using
standard procedures prior to use.55

Catalysis synthesis

Synthesis of bulk Ni3Sn2. A typical procedure for the
synthesis of the bulk Ni3Sn2 alloy catalyst is described as
follows:27 NiCl2$6H2O (7.2 mmol) was dissolved in deionised
water (denoted as solution A), and SnCl2$2H2O (4.8 mmol) was
dissolved in ethanol/2-methoxy ethanol (2 : 1) (denoted as
solution B) at room temperature. Solutions A and B were mixed
at room temperature; the temperature was subsequently raised
to 323 K and the mixture was stirred for 12 h. The pH of the
mixture was adjusted to 12 by the dropwise addition of an
aqueous solution of NaOH (3.1 M). The mixture was then placed
in a sealed Teon autoclave for the hydrothermal reaction at
423 K for 24 h. The resulting black precipitate was ltered,
washed with distilled water, and then dried under a vacuum
overnight. Prior to the catalytic reaction, the obtained black
powder was reduced with H2 at 673 K for 1.5 h.

Catalyst characterization

XRD measurements were recorded on a Mac Science M18XHF
instrument using monochromatic Cu Ka radiation (l = 0.15418
nm). The XRD equipment operated at 40 kV and 200 mA with
a step width of 0.02° and a scan speed of 4° min−1 (a1 =

0.154057 nm, a2 = 0.154433 nm). The mean crystallite size of
Ni–Sn was calculated from the full width at half maximum
(FWHM) of the Ni3Sn2(101) alloy diffraction peak at 2q = 30.4°
according to the Scherrer equation.

Inductively coupled plasma (ICP) measurements were per-
formed on an SPS 1800H plasma spectrometer of Seiko Instru-
ments Inc. (Ni: 221.7162 nm and Sn: 189.898 nm). The
Brunauer–Emmet–Teller surface area (SBET) and pore volume
(Vp) were measured using N2 physisorption at 77 K on a Belsorp
Max (BEL Japan). The samples were degassed at 473 K for 2 h to
remove physisorbed gases prior to the measurement. The
amount of nitrogen adsorbed onto the samples was used to
calculate the BET surface area via the BET equation. The pore
volume was estimated to be the liquid volume of nitrogen at
© 2023 The Author(s). Published by the Royal Society of Chemistry
a relative pressure of 0.995 according to the Barrett–Joyner–
Halenda (BJH) approach based on desorption data.

The H2 uptake was determined through irreversible H2

chemisorption. Aer the catalyst was heated at 393 K under
vacuum for 30 min, it was then heated at 673 K under H2 for
30 min. The catalysts were subsequently cooled to room
temperature under vacuum for 30 min. The H2 measurement
was performed at 273 K, and the H2 uptake was calculated
according to a method described in the literature.56

The ammonia-temperature programmed desorption (NH3-
TPD) was carried out on a Belsorp Max (BEL Japan). The samples
were degassed at an elevated temperature of 373–473 K for 2 h to
remove physisorbed gases prior to the measurement. The
temperature was then maintained at 473 K for 2 h while ushing
with He gas. NH3 gas (balanced NH3, 80% and He, 20%) was
introduced at 373 K for 30 min, then treated with helium gas to
remove the physisorbed also for 30 min. Finally, temperature-
programmed desorption was carried out at a temperature of
273–1073 K and the desorbed NH3 was monitored by TCD.

Catalytic reaction

A typical reaction for the hydration–hydrogenation of FFald was
carried out in the following manner.32 The catalyst (44 mg),
FFald (1.2 mmol) in ethanol/H2O 1.5/2.0 v/v (3.5 mL) solvent
mixture, dodecane (0.25 mmol) as an internal standard, were
placed in an autoclave reactor system of Taiatsu Techno (a Pyrex
tube was tted inside of a sus316 jacket to protect the vessel
from corrosion in acidic media). Aer H2 was introduced into
the reactor (initial pressure of H2 was 3.0 MPa) at room
temperature, the temperature of the reactor was raised to 433 K
for 12 h. Aer 12 h, the conversion of FFald and the yields of 1,4-
PeD, FFalc, THFalc, and 2H2MeTHF, 2-MeTHF, 1,2-PeD, and
1,5-PeD were determined by GC analysis using an internal
standard technique. The used bulk Ni3Sn2 catalyst was easily
separated using either simple centrifugation or ltration, then
nally dried overnight under vacuum at room temperature.
Prior to the reusability testing, the recovered Ni3Sn2 alloy cata-
lyst was re-reduced with H2 at 673 K for 1 h.

Product analysis

Gas chromatography (GC) analysis of the reactant (FFald) and
products (FFalc, THFalc, 1,4-PeD, 1,2-PeD, 1.5-PeD, and 2-
MeTHF) was performed on a PerkinElmer Autosystem XL
equipped with a ame ionization detector and an Rtx®-BAC PLUS
1 (i.d. 0.32mm, length of 30m, and d.f. 1.8mm) capillary column
of RESTEK, US. Gas chromatography-mass spectrometry (GC-MS)
was performed on a Shimadzu GC-17B equipped with a thermal
conductivity detector and an RT-bDEXsm capillary column. 1H
and 13C NMR spectra were obtained on a JNM-AL400 spectrom-
eter at 400 MHz; the samples for NMR analysis were dissolved in
chloroform-d1 with TMS as the internal standard. The products
were conrmed by a comparison of their GC retention time,
mass, 1H, and 13C NMR spectra with those of authentic samples.

The conversion and yield of products were calculated
according to the following equations:
RSC Adv., 2023, 13, 21171–21181 | 21179
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Conversion :
initial mol reactantðF0Þ � remained mol reactantðFtÞ

initial mol reactantðF0Þ � 100% (1)
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Yield :
mol product

consumed mol reactantðDFÞ � conversion (2)

where F0 is the introduced mol reactant (FFald), Ft is the
remaining mol reactant, and DF is the consumed mol reactant
(introduced mol reactant − remained mol reactant), which are
all obtained from GC analysis using an internal standard
technique.
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