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One-pot synthesis of confined structure Ru3Sn7

alloys on alumina for exceptionally rapid and
selective hydrogenolysis of furfuryl alcohol to
1,5-pentanediol†

Rodiansono, *ab Atina Sabila Azzahra, a Edi Mikrianto,ab

Kiky Corneliasari Sembiring,c Ahmad Afandi,d

Gagus Ketut Sunnardiantoe and Indri Badria Adilina *c

A facile one-pot synthesis of confined structure Ruthenium–tin alloy catalysts on alumina ((op)Ru–(x)

Sn@Al2O3) has been developed for highly efficient and selective synthesis of 1,5-pentanediol (1,5-PeD) from

furfuryl alcohol (FFalc). A series of (op)Ru–(x)Sn@Al2O3 (x = Sn co-loading; 0.37–2.65 wt%) catalysts were

synthesised via a one-pot coprecipitation-hydrothermal method of a solution containing ruthenium

chloride and tin chloride and a hydrargillite-type of aluminium hydroxide (Al(OH)3) at 150 °C for 24 h,

followed by reduction with H2 at 400 °C for 2 h. The (op)Ru–(1.30)Sn@Al2O3 catalyst obviously allowed the

highest yield of 1,5-PeD (97%) with a productivity of 3.67 mmol 1,5-PeD per gcat.per min from FFalc in

water at 140 °C and 10 bar H2, after 3 h. The presence of Ru3Sn7 or Ru–SnOx catalysed the partial

hydrogenation of the furan ring of FFalc to form 4,5-dihydrofuranmethanol (4,5-DHFM), and the acidic

species of SnOx or Snn+ or acidic Al2O3 were used for activating C2–O for ring opening processes, while

Ru0 was used for the subsequent hydrogenation process, leading to high yield of the final 1,5-PeD product.

This is the highest reported yield of 1,5-PeD from one-pot hydrogenolysis of FFalc under mild conditions.

Catalytic performance of the recycled (op)Ru–(1.30)Sn@AL2O3 catalyst was restored after reactivation with

H2 at 400 °C for 1 h.

1. Introduction

Alpha–omega (α,ω)-C5-diols (e.g., 1,2-, 1,4- or 1,5-pentanediol
(PeD)) have gained significant attention as versatile
precursors for the production of various materials, including
polyesters, polyurethanes, plasticizers, cosmetics, printing
inks, and fungicides.1,2 Among these (α,ω)-C5-diols, 1,5-PeD
is particularly important and can be synthesised from C5-
furans (e.g., furfuraldehyde (FFald), furfuryl alcohol (FFalc),

and tetrahydrofurfuryl alcohol (THFalc). However, achieving a
high selectivity and high yield synthesis of 1,5-PeD from
either FFald or FFalc is challenging due to the reactivity of
the furan ring and the complex interactions on the catalyst
surface.3–5 Tomishige et al. highlighted that increasing the
selectivity of 1,5-PeD or 1,2-PeD from FFalc is associated with
metal active sites and the basicity or acidity of catalysts used.6

Nevertheless, metal–acid catalysts with strong acidity led to
the hydrogenative rearrangement of the furan ring to C5-
cyclic compounds such as cyclopentanone (CPO) or
cyclopentanol (CPL).7 Consequently, designing and
controlling catalyst behaviour to achieve high selectivity for
1,2-PeD or 1,5-PeD remains a significant challenge.

Catalysts based on supported precious metals such as Pt,
Ir, Rh, Pd, or Ru, either in monometallic or bimetallic form,
have been extensively investigated for the synthesis of
1,2-PeD and 1,5-PeD.8–12 For instance, a Pt/CeO2-nanocube
catalyst with exposed (100) ceria-terminal facets produced a
significantly higher yield of 1,2-PeD (77%) compared to Pt/
CeO-nanorods and Pt/CeO-octahedron.8 However, controlling
the crystal plane of CeO2 and the chemical state of Pt poses
challenges for further fabrication and industrial application.
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Additionally, a spinel-type Pt/CoAl2O4 catalyst, obtained
through the coprecipitation method, was employed for the
direct conversion of FFald. This catalyst yielded a mixture of
1,2-PeD (16%) and 1,5-PeD (35%) at 140 °C and 10 bar H2 for
24 h.13 Various Ir-, Rh-, Pd-, and Ru-based catalysts have also
been developed by Tomishige and co-workers for the
hydrogenolysis of FFald and its derivatives (e.g., FFalc and
THFalc) with a preference for higher selectivity of 1,5-PeD
over 1,2-PeD.11,14,15 They hypothesised that 1,5-PeD or
1,2-PeD was produced through the ring-cleavage of the
saturated C–O bond in THFalc depending on the acidity or
basicity of the catalyst systems.16,17 Dumesic and co-worker
proposed multi-step reaction pathways for 1,5-PeD synthesis
from FFald, which involve total hydrogenation of FFald to
THFalc by using Ni- or Ru-based catalysts, dehydration of
THFalc to dihydropyran (DHP) on γ-Al2O3, hydration–
tautomerisation–ring opening of DHP to 5-hydroxy
valeraldehyde (5-HY-Val), and finally the hydrogenation of
5-HY-Val to 1,5-PeD on a Ru/C catalyst.18 Since there are two
competitive reaction pathways: the saturation of the CC
bond to form THFalc and the cleavage of the C–O bond
leading to 1,2-PeD and 1,5-PeD, the exploration of
heterogeneous catalysts that allow the one-step reaction of
FFald or FFalc towards high yield of 1,5-PeD is still greatly
challenging.

Several non-precious heterogeneous metal-based catalysts,
including layered-double hydroxides or hydrotalcite
structures have been intensively developed for the synthesis
of 1,5-PeD from FFald or FFalc.19–21 They proposed that
controlling the basicity and increasing the density of low-
coordination oxygen anions on the support led to higher
basicity which facilitated the activation of the furan ring. For
example, layered La-doped Cu–Co–Al hydrotalcites (LDHs),19

the hydrotalcite-derived Ni–Co–Al,20 and the Ni–CoAlOx (ref.
21) system with metallic Ni and CoAlOx demonstrated a
synergistic action between Cu0, CoOx, and the basicity of
metal oxides towards partial hydrogenation of the CC furan
ring, followed by the cleavage of the C2–O bond to selectively
produce 1,5-PeD. The Cu–Mg3AlO4.5 catalyst can function as a
bifunctional catalyst for the hydrogenolysis of FFalc,
achieving an 80% yield of the 1,2-PeD and 1,5-PeD mixture.22

Bimetallic oxides of perovskites or spinel structure catalysts
such as CoOx–PtOx

23 and Co–CoOx systems derived from
MOFs,24 and La-doped CuCoAl25 systems, along with
interfacial metal oxides and metals have preferentially
interacted with the –CH2OH group of FFalc. This interaction
induced the C2–O oblique adsorption during the cleavage of
the C2–O bond, leading to yield 1,5-PeD (40–60%) that was
higher than 1,2-PeD. Specifically, the presence of the Cu–La
interface in La-doped CuCoAl can simultaneously activate the
furan ring and the –OH group in FFalc with an intermediate
six-membered ring transition state, leading to high selectivity
of 1,5-PeD with a yield up to 60% at 160 °C and 40 bar H2 for
2 h.25 Furthermore, Dai et al. claimed that the combination
of balanced Cu0–Cu+ and Brønsted acid sites in the Cu/MFI
catalyst afforded a 69% yield of 1,5-PeD at 160 °C and 25 bar

H2.
26 Wang et al. introduced a K promoter to form xK–Cu/

MgO (x = 0–2 wt%), raising the yield of 1,5-PeD from 21% to
36% at 150 °C and 30 bar H2 for 4 h.27 Despite the
development of several heterogeneous catalysts, the catalytic
reactions inevitably produced moderate yield of 1,5-PeD
(60%) with the yields of 1,2-PeD and THFalc still remaining
noticeable.

Recently, we reported on bimetallic ruthenium–tin
nanoparticles supported on gamma-alumina catalysts
synthesised by a coprecipitation-hydrothermal method (Ru–
(y)SnOx/γ-Al2O3, where y represents the Sn co-loading; 0.65–
2.15 wt%) for the aqueous phase hydrogenolysis of FFalc to
1,5-PeD. The Ru–(1.30)SnOx/γ-Al2O3 catalyst, with a precise Sn
co-loading, revealed the presence of Ru0, Ru3Sn7 and SnOx

species that yielded exclusively 1,5-PeD (up to 94%) at 180 °C
and 30 bar H2 in H2O after 7 h.28 Attenuated total
reflectance-infrared (ATR-IR) spectra of the reaction mixture
under controlled reaction conditions exhibited a sharp
absorption peak at 1637 cm−1, which is assigned to
trisubstituted CC in the 4,5-dihydrofuranmethanol (4,5-
DHFM) intermediate. This intermediate was consistently
observed during the kinetic studies of reactions as shown in
Scheme 1.29 Furthermore, it was noted that THFalc was
completely diminished alongside the evaluation of reaction
parameters, suggesting a new reaction pathway for the
formation of 1,5-PeD from FFald or FFalc that differs from
the previously established pathways.11,30

Herein, we describe our extended investigation into the
development of confined structure bimetallic Ru3Sn7 alloy
catalysts supported on alumina for an exceptionally selective
synthesis of 1,5-PeD from FFalc under mild conditions (140–
160 °C, 10–20 bar H2, and 3–6 h). The confined structure Ru3-
Sn7 catalysts on the alumina structure were synthesised using
a one-pot coprecipitation-hydrothermal method (op),
followed by reduction with H2 at 400 °C for 2 h and produced
the (op)Ru–(x)Sn@Al2O3 (x = Sn co-loading; 0.37–2.65 wt%) as
shown in the schematic diagram (Fig. 1). Detailed
experimental procedures of catalyst preparation,
characterisation, and catalytic reactions are available in the
ESI.† The reference Ru–(x)Sn/Al2O3 catalysts were synthesised
using a coprecipitation-hydrothermal method (cop)
producing (cop)Ru–(x)Sn/Al2O3-500 or (cop)Ru–(x)Sn/γ-Al2O3

28

and a wet-impregnation method (imp) producing (imp)Ru–(x)

Scheme 1 Proposed reaction pathways of furfural into 1,5-PeD over
bimetallic Ru–Sn alloy catalysts.28
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Sn/Al2O3-500. The (cop)Ru–(1.30)Sn@γ-Al2O3-500 catalyst
achieved a yield of 81% for 1,5-PeD, whilst the (imp)Ru–
(1.30)Sn@Al2O3-500 catalyst produced only 13%. Surprisingly,
the (op)Ru–(1.30)Sn@Al2O3 catalyst gave the highest yield of
1,5-PeD at 97%. Although the catalytic performance of the
recycled (op)Ru–(1.30)Sn@AL2O3 catalyst can be restored after
the reactivation with H2 at 400 °C for 1 h, the recyclability of
the catalyst remains low. Therefore, systematic investigations
to improve the recyclability of the catalyst after repeated
reactions are essential for future investigation.

2. Results and discussion
2.1. Catalyst characterisation

A series of (op)Ru–(x)Sn@Al2O3 catalysts with different Sn co-
loadings (x = 0.37–2.65 wt%) were synthesised by using a
one-pot coprecipitation-hydrothermal method (op), followed
by reduction with H2 at 400 °C for 2 h, and the XRD patterns
are shown in Fig. 2.

The sole structure of γ-Al2O3 or Al2O3 with a high intensity
diffraction peak at 2θ = 67° is clearly observed in all samples
(JCPDS #10-0425). This indicates that the Al(OH)3
hydrargillite structure was perfectly transformed into γ-Al2O3

or Al2O3 during the catalyst preparation (see Fig. S1 in the
ESI†). A series of sharp diffraction peaks at 2θ = 39.8, 43.5,
57.4, 72.1, and 85.7°, which can be attributed to Ru3Sn7(411),
Ru3Sn7(420), Ru3Sn7(530), Ru3Sn7(721), and Ru3Sn7(653),
respectively, were obtained (JCPDS #26-0504). The diffraction
peaks of Ru3Sn7 alloy phases were intensified with an
increase in Sn co-loading (Fig. 2(c and d)). The crystallite
sizes of Ru3Sn7(411) at 2θ = 39.8° were determined to be 30.5
nm and 33.1 nm for (op)Ru–(1.30)Sn@Al2O3 and (op)Ru–
(2.65)Sn@Al2O3 samples, respectively. The XRD patterns of
the original Al(OH)3 hydrargillite structure, along with its
transformation into amorphous Al2O3 (γ-Al2O3) after
calcination at 500 °C under N2 for 2 h, are observed in Fig.
S1(A), in the ESI.† The XRD patterns of monometallic (op)

Ru@Al2O3 and (op)Sn@Al2O3 are shown in Fig. S1(B) in the
ESI.† Additionally, the (cop)Ru–(1.30)Sn@Al2O3 sample
exhibited a diffraction peak at 2θ = 43.6° suggesting the
formation of the Ru3Sn7(420) alloy phase (Fig. S2(a) in the
ESI†), whilst the (imp)Ru–(1.30)Sn@Al2O3 sample revealed
Ru0 species only (Fig. S2(b) in the ESI†). To gain insight into
the existence of metallic Ru, Ru–Sn, and SnOx species, X-ray
photoelectron spectroscopy (XPS) analysis was performed on
representative fresh and spent (op)Ru–(1.30)Sn@Al2O3

catalysts. The XPS spectra and the binding energies (BEs) of
Ru 3d5/2 and Sn 3d5/2 in the fresh and spent (op)Ru–(1.30)
Sn@Al2O3 are summarised in Fig. 3 and Table 1.

The signal of the Ru 3d3/2 orbital overlaps with that of the
C 1s orbital; therefore, the Ru 3d5/2 peak was used to
determine the chemical states of Ru species in all the

Fig. 1 Schematic diagram for the one-pot synthesis of confined structure Ru3Sn7 on alumina (Ru–(x)Sn@Al2O3; x = Sn co-loading (wt%)).

Fig. 2 XRD patterns of (op)Ru–(x)Sn@Al2O3 catalysts synthesised using
a one-pot coprecipitation-hydrothermal methods with different Sn co-
loadings (x) of (a) 0.37 wt%, (b) 0.65 wt%, (c) 1.30 wt%, and (d) 2.65
wt% after reduction with H2 at 400 °C for 2 h. (!) bayerite/gibbsite; (*)
Ru0; (#) Ru3Sn7 alloy (JCPDS #26-0504); and (+) γ-Al2O3 (JCPDS #10-
0425).
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catalyst. The BEs of Ru 3d5/2 in both fresh and spent (op)Ru–
(1.30)Sn@Al2O3 catalysts were observed at 277.82 eV and
277.75 eV, respectively, corresponding to the Ru0 species. A
peak between 278.61 and 278.68 eV was also observed, which
can be attributed to the oxidative Ruδ+ species.31 For the BE
of Sn 3d, two centred peaks were identified: Sn 3d5/2 and Sn
3d3/2 at 484.66 eV and 493.01 eV, respectively, corresponding
to oxidized Sn species (Snδ+).32 Additionally, there are weak
shoulder peaks at 482.02 eV, 486.81 eV, and 494.18–494.37 eV
detected in both fresh and spent (op)Ru–(1.30)Sn@Al2O3

samples, corresponding to reduced tin species (Sn0) and
Sn4+, respectively. The BE of Ru 3d5/2 in the bimetallic Ru–Sn
alloy was noticeably negatively shifted relative to that of
monometallic Ru nanoparticles (BE Ru 3d5/2 = 279.75 eV).33

The negatively shifted Ru 3d5/2 and Ru 3d3/2 peaks in spent
(op)Ru–(1.30)Sn@Al2O3 indicate the charge transfer from Sn
to Ru, resulting in the Ru atoms becoming negatively charged
in the Ru–Sn alloy. Consequently, the affinity of Ru atoms in
the Ru–Sn alloy towards CC was greatly suppressed,

leading to the inhibition of THFalc formation as clearly
evidenced by the reaction profiles. Moreover, the BEs of Al 2p
in Al2O3 (ranging from 71.57 to 71.65 eV) and Al(OH)3 (72.33
to 72.44 eV) for both fresh and spent (op)Ru–(1.30)Sn@Al2O3

samples are clearly observed, with a slight decrease in the
intensity of those species. This suggest that the Al2O3 or
Al(OH)3 species may leach into the reaction mixture.28

The physico-chemical properties of the representative
catalysts, including bulk compositions, Brunauer–Emmet–
Teller (BET) specific surface area (SBET), H2 uptake (derived
from H2-TPR data), and total acidity (derived from NH3-TPD
spectra), are summarised in Table 2. The SEM–EDS images
and spectra of typical fresh and spent (op)Ru–(1.30)Sn@Al2O3

samples are presented in Fig. S3 and S4, in the ESI.† The N2-
adsorption–desorption and porosity profiles of three types of
alumina supported Ru–(x)Sn alloy catalysts are shown in Fig.
S5, in the ESI.† The Ru particle size estimated from the H2

uptake using the proposed equation of Suib et al.34 for the
(op)Ru–(1.30)Sn@Al2O3 sample was 7.4 nm (entry 4). These
are comparable with the average Ru nanoparticles obtained
from HRTEM measurements (2.30 nm and 2.37 nm for fresh
and spent, respectively) (see Fig. S6(a), in the ESI†) and the
Scherrer equation at 2θ = 39.8° (30.5 nm).

The NH3-TPD profiles of the three types of synthesised
Ru–(x)Sn@Al2O3 catalysts are shown in Fig. 4. The NH3-TPD
spectra were formally divided into three temperature regions
for desorption, corresponding to three types of acid sites:35

(1) weak acid sites, ranging from 100 to 200 °C, (2) moderate
acid sites, ranging from 200 to 550 °C, and (3) strong acid
sites, which are above 550 °C (Fig. S7, in the ESI†). The

Fig. 3 XPS spectra of fresh and spent (op)Ru–(1.30)Sn@Al2O3 samples: (A) wide range spectra, (B) Ru 3d5/2, (C) Sn 3d5/2, and (D) Al 2p after
reduction with H2 at 400 °C for 2 h.

Table 1 Ru and Sn species information of fresh and spent (op)Ru–(1.30)
Sn@Al2O3 detected by XPS

Sample

Binding energy (eV)

Ru0 3d5/2 Ruδ+ 3d5/2 Sn 3d5/2 Sn 3d3/2 Al 2p

Fresh 277.73 278.21 483.65 (Sn0) 491.37 71.57
282.77 (C 1s) 484.25 492.64 72.33

485.11 (Sn4+) 493.10 (Sn4+)
Spent 277.75 278.61 482.89 491.66 71.65

282.60 (C 1s) 484.17 492.68 72.41
485.22 (Sn4+) 493.73 (Sn4+)
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different synthetic procedures used for Ru–Sn may influence
surface acidity, as reflected by the total acidity (measured in
μmol NH3 per gram) of each catalyst. The total acidity values
for unmodified Ru@Al2O3, (imp)Ru–(1.23)Sn@Al2O3-500,
(cop)Ru–(1.30)Sn@γ-Al2O3, and (op)Ru–(1.30)Sn@Al2O3 are
498 μmol NH3 per gram, 537 μmol NH3 per gram, 798 μmol
NH3 per gram, and 750 μmol NH3 per gram, respectively
(Fig. 4(A) and Table 2). Notably, the concentration of strong

acidity in the (cop)Ru–(1.30)Sn@γ-Al2O3 and (op)Ru–(1.30)
Sn@Al2O3 samples is significantly higher than that in the
(imp)Ru–(1.23)Sn@Al2O3-500 and (op)Ru@Al2O3 samples
(Fig. S7 and Table S1, in the ESI†). Since NH3-TPD does not
allow the differentiation of Lewis and Brønsted acid sites,
pyridine-ATR-IR analysis was conducted on the three
synthesised catalysts of (imp)Ru–(1.23)Sn@Al2O3-500, (cop)
Ru–(1.30)Sn@γ-Al2O3, and (op)Ru–(1.30)Sn@Al2O3 (Fig. 4(B)).
According to the literature on pyridine adsorption peaks in
Sn-containing catalysts,36,37 the bands are assigned as
follows: the pyridinium ion (PyH+), which forms from the
reaction of pyridine with Brønsted acid sites (B), shows a
band around 1647 cm−1 (v8a); coordinatively bound pyridines
on Lewis acid sites (L) show bands around 1445 (v19b) and
1575 cm−1; and physisorbed or hydrogen-bonded pyridine (H)
exhibits bands at near 1437 and 1599 cm−1. The band around
1490 cm−1 represents common vibrations from both PyH+ (B)
and coordinatively bound pyridine (L).38 The Py-ATR-IR
spectrum of (imp)Ru–(1.23)Sn@Al2O3-500 confirmed the sole
presence of Lewis acid sites, indicated by bands at 1435,
1480, and 1580 cm−1.39 In contrast, the (cop)Ru–(1.30)Sn@γ-
Al2O3 sample displayed the designed bands at 1647 cm−1,
signifying the presence of Brønsted acid sites. These
Brønsted acid sites were likely generated by the presence of
oxidic tin such as Sn(OH) or SnOx during the catalyst
preparation or during the catalytic reaction in the aqueous
phase.28,29,40,41

2.2. Catalytic reactions

Effect of the synthesis procedure. Three (op)Ru–(1.30)
Sn@Al2O3, (cop)Ru–(1.30)Sn@Al2O3, and (imp)Ru–(1.30)
Sn@Al2O3 catalysts were prepared using different procedures.
The catalysts were assessed for the conversion of FFalc to
1,5-PeD at 140 °C and 10 bar H2 in water (H2O) for 3 h and
the results are shown in Fig. 5.

The (imp)Ru–(1.30)Sn@Al2O3-500 catalyst produced a
yield of 75% for 2-pentanone (2-PeO) and 11% for
4,5-DHFM with low yield of 1,5-PeD (13%). The (cop)Ru–
(1.30)Sn@Al2O3-500 catalyst achieved an 81% yield of
1,5-PeD, which is comparable to the Ru–(1.30)Sn/γ-Al2O3(E)

Table 2 Physico-chemical properties of the synthesised (op)Ru–Sn(x)@Al2O3 catalysts

Entry Catalysta
Snb

(wt%)
Ru/Snb

(molar ratio)
SBET

c

(m2 g−1)
H2

d

(mmol g−1)
Aciditye

(mmol NH3 g
−1)

Df

(%) dva
g (nm)

1 (op)Ru@Al2O3 — 0 207 6.58 498 25.0 3.8
2 (imp)Ru–(1.23)Sn@Al2O3-500 1.23 3.6 192 3.59 537 14.4 6.3
3 (cop)Ru–(1.30)Sn@γ-Al2O3 1.30 3.2 158 5.48 798 22.0 4.1
4 (op)Ru–(1.30)Sn@Al2O3 1.30 3.4 142 3.03 750 12.1 7.4 (30.5)h

5 Rec. (op)Ru–(1.30)Sn@Al2O3 1.29 3.4 82 n.d. n.d. n.d. n.d.

a The values in the parentheses are the amounts of Sn co-loading (wt%), determined by ICP-AES analysis. b Sn co-loading and Ru/Sn molar
ratio were calculated from ICP-AES analysis data. c SBET was derived from N2 adsorption–desorption (BET method) at −196 °C. d H2 uptake was
derived from H2-TPR spectra. e Acidity was derived from NH3-TPD spectra. f Metal dispersion (%). g The Ru particle sizes (nm) were also
estimated from the H2 uptake data using the proposed equation of Suib et al. with an assumption that the surface area was occupied by an
exposed (001) Ru surface.34 h Values in the parentheses are the average crystallites sizes of the Ru3Sn7 alloy (2θ = 39.8°) calculated by the
Scherrer equation. n.d. = not determined.

Fig. 4 (A) NH3-TPD and (B) pyridine-ATR-IR profiles of Ru–(1.30)
Sn@Al2O3 catalysts synthesised with different approaches after
reduction with H2 at 400 °C for 2 h.
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catalyst that produced 82% 1,5-PeD at 180 °C and H2 30
bar after 3 h, as reported previously.28 Other products
included cyclopentanone (CPO), levulinic acid (LA), and a
dimer of FFalc ((d)-FFalc). Surprisingly, the (op)Ru–(1.30)
Sn@Al2O3 catalyst gave the highest yield of 1,5-PeD (97%),
significantly higher than the yields obtained from FFald or
FFalc over Ru–(1.30)Sn/ZrO2 or Ru–(1.30)Sn/TiO2 catalysts.29

In addition, the superiority of the (op)Ru–(1.30)Sn@Al2O3

catalyst over other catalyst systems is clearly observed on the
reaction rate of 1,5-PeD (mmol 1,5-PeD per gcat per min). The
reaction rate over the (op)Ru–(1.30)Sn@Al2O3 was measured
at 3.67 mmol 1,5-PeD per gcat per min, while the (cop)Ru–
(1.30)Sn@Al2O3-500 and (imp)Ru–(1.30)Sn@Al2O3-500
catalysts showed lower rates of 1.53 mmol 1,5-PeD per gcat per
min and 0.22 mmol 1,5-PeD per gcat per min, respectively.
This calls for further evaluation of the effect of Sn co-loading,
reaction parameters (temperature, initial H2 pressure, and
reaction profiles), and recyclability/reusability of the catalysts.
Additionally, the possible reaction pathways of 1,5-PeD
formation will be systematically investigated.

Effect of the Sn/Ru molar ratio. A series of (op)Ru–(x)
Sn@Al2O3 catalysts with varying amounts of Sn co-loading
were synthesised and evaluated for the catalytic conversion of
FFalc to 1,5-PeD. The results are shown in Fig. 6.

Significant differences in product distributions were
observed between (op)Ru@Al2O3 catalysts with and without
Sn co-loading. The monometallic (op)Ru@Al2O3 catalyst (Ru
= ∼4 wt%) produced 25% THFalc, 10% 4,5-DHFM, and 58%
by-products, which included CPO, levulinic acid LA, and a
dimer of FFalc, based on GC–MS data. This was achieved at
93% conversion of FFalc at 140 °C and 10 bar H2 for 3 h.
When a small amount of Sn (0.37 wt%) was introduced to
form (op)Ru–(0.37)Sn@Al2O3, the products were shifted to
34% 1,5-PeD, 37% 4,5-DHFM, 19% THFalc, and 6% by-
products at 96% conversion of FFalc. Increasing the Sn co-

loading to 0.64 wt% to form the (op)Ru–(0.64)Sn@Al2O3

catalyst further enhance the yield of 1,5-PeD to approximately
two-folds (71%) at 96% conversion of FFalc, whereas the
yields of 4,5-DHFM, THFalc, and by-products were 7%, 15%,
3%, and 7%, respectively. An impressive yield of 1,5-PeD
(97%) at 100% conversion of FFalc was obtained over the (op)
Ru–(1.30)Sn@Al2O3 (Sn = 1.30 wt%) catalyst whereas
undesired THFalc had completely disappeared, indicating
that the Ru–(1.30)Sn catalyst is inactive for complete
hydrogenation of the furan ring. This can be attributed to the
presence of Ru0, Ru3Sn7 alloy, and SnOx species, as clearly
evidenced by the XRD patterns (Fig. 2) and XPS spectra of the
(op)Ru–(1.30)Sn@Al2O3 catalyst (Fig. 3 and Table 1).
Furthermore, the H2 uptake and the metal dispersion data
confirmed its high activity and selectivity (Table 1). We
propose that the presence of metallic Ru0, Ru3Sn7, Ru

0–SnOx,
oxidised Sn or SnOx, molecular water, and acidic Al2O3

support work synergistically to catalyse the partial
hydrogenation of CC bonds and C2–O cleavage of the furan
ring in FFalc during the aqueous phase reaction. The Ru0–
SnOx species in the intermetallic Ru–Sn served as Brønsted
acid or Lewis acid sites for the C2–O cleavage of FFalc or
4,5-DHFM, leading to the high yield of 1,5-PeD.28,42

Additionally, the precise amount of Sn co-loading to form a
bimetallic alloy or intermetallic Ni–Sn (ref. 30 and 43) or
RANEY® Ni–Sn (ref. 44) catalysts considerably inhibited the
hydrogenation of CC bonds to THFalc and selectively
catalysed FFald, FFalc, or 2-MeF to form 1,4-PeD in the H2O/
ethanol system.45

Effect of initial H2 pressure. The influence of initial H2

pressure on the conversion of FFalc and product distribution
over the (op)Ru–(1.30)Sn@Al2O3 catalyst is shown in Fig. 7.

At an initial H2 pressure of 5 bar, the main products were
45% 1,5-PeD and 37% 4,5-DHFM, alongside a small amount
of 8% by-products (LA, CPO, and a dimer of FFalc) at 90%
conversion of FFalc. As the initial H2 pressure was increased

Fig. 5 Results of product distribution obtained from the FFalc reaction
over three types of Ru–(1.30)Sn catalysts; namely (op)Ru–(1.30)
Sn@Al2O3, (cop)Ru–(1.30)Sn@Al2O3, and (imp)Ru–(1.30)Sn@Al2O3

catalysts. Reaction conditions: catalyst, 50 mg; substrate (FFalc), 2.0
mmol; solvent (H2O), 3 ml; initial H2 pressure, 10 bar; 3 h.

Fig. 6 Results of FFalc conversion and yields over (op)Ru–(x)Sn/Al2O3

catalysts with different Sn co-loadings. For the reaction conditions,
refer to Fig. 5.
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to 10 bar, an outstanding yield of 1,5-PeD (97%) was obtained
at 100% conversion of FFalc. At an initial H2 pressure of 20
bar, the yield of 1,5-PeD remained the same at 10 bar,
although the quantity of THFalc gradually increased at the
higher H2 pressure. This suggests that the elevated pressure
promotes the complete hydrogenation of FFalc to produce
THFalc. It has been reported that the CC bond
hydrogenation in FFald or FFalc to THFalc over Sn or In
modified-Ni or Ru based catalysts tends to occur
preferentially at high concentration of H2.

44,46 In fact, the
1,5-PeD yields slightly decreased to 92% and 87% at the
initial H2 pressures of 30 and 40 bars, respectively, while the
amounts of THFalc increased significantly to 5% and 12%.
Thus, we concluded that the optimised initial H2 pressure is
between 10 and 20 bar.

Effect of reaction temperature. The influence of reaction
temperature on product distribution in the one-pot
conversion of FFalc over the (op)Ru–(1.30)Sn@Al2O3 catalyst
is shown in Fig. 8.

At reaction temperatures of 100 °C and 120 °C, the
conversions of FFalc were 54% and 79%, respectively,
producing 1,5-PeD (27–65%) and 4,5-DHFM (14–17%) without
any formation of THFalc. When the reaction temperature was
increased to 140 °C, an extremely high yield of 1,5-PeD (96%)
was obtained with only 4% of undesired product. However,
further increasing the reaction temperature to 160 °C and
180 °C, the yield of 1,5-PeD slightly decreased to 91% and
86%, respectively, followed by a small amount of THFalc (5–
9%) as the result of over hydrogenation of the CC bond of
FFalc. In addition, undesired by-products, including LA, CPO,
2-MeF, and 2-MeTHF, were also observed at these
temperatures. It is well known that the formation of 2-MeF
following the furan ring hydrogenation to 2-MeTHF occurs
efficiently during the catalytic conversion of FFalc over
mono- and bimetallic catalysts at higher temperature or at a
low pressure of H2.

44,47

Survey of various alumina-supported Ru-Sn catalysts. The
results of FFalc reactions over various synthesised Ru–(x)
Sn@Al2O3 catalysts are summarised in Table 3. The (cop)
Ru–(1.30)Sn/γ-Al2O3(E) catalyst gave a 100% conversion,
yielding 44% 1,5-PeD and 22% 4,5-DHFM without any
formation of THFalc. The reaction rate for 1,5-PeD
formation (r) was 1.25 mmol 1,5-PeD per gcat per min (entry
1). The (cop)Ru–(1.30)Sn/γ-Al2O3(H) catalyst yielded 19%
1,5-PeD, 20% 4,5-DHFM, 9% CPL and 18% undesired
products (entry 2), while the (cop)Ru–(1.30)/γ-Al2O3(M)
catalyst produced 58% 1,5-PeD at an 82% conversion of
FFalc (entry 3). Furthermore, the (op)Ru–(2.56)Sn@Al2O3

catalyst (Sn co-loading = 2.56 wt%) produced 4,5-DHFM
(82%) and other products (18%) at 100% conversion of
FFalc (entry 4) (see Fig. S8(a), ESI†). As 4,5-DHFM is
commercially unavailable, the reaction mixture from entry 4
was utilised to confirm the formation of 1,5-PeD from
4,5-DHFM. The used (op)Ru–(2.56)Sn@Al2O3 catalyst was
removed through filtration and replaced with a fresh (op)
Ru–(1.30)Sn@Al2O3 catalyst for further reaction at 140 °C
and 10 bar H2 for 3 h. Surprisingly, this process yielded a
75% production of 1,5-PeD, while 13% 4,5-DHFM remained
and 12% by-products (including LA and a dimer of FFalc)
were also identified (entry 5) (Fig. S8(b), ESI†). The as-
prepared (op)Ru–(1.30)Sn@Al2O3 afforded 35% 1,5-PeD, 60%
4,5-DHFM, and 4% by-products (LA) achieving a notably
high rate of 1,5-PeD formation (1.10 mmol 1,5-PeD per gcat
per min) (entry 6). Additionally, catalysts (cop)Sn/Al2O3-500
and Al2O3-500 were found to be inactive for the FFalc
reaction to 1,5-PeD (entries 7 and 8). To confirm the
presence of 4,5-DHFM, the catalytic reaction of FFalc in
D2O using (op)Ru–(1.30)Sn@Al2O3 was also performed. The
GC chart and 1H-NMR are shown in Fig. S9 and S10, in the
ESI.† Results of the FFalc reaction over various supported
Ru–(1.30)Sn catalysts, aside from alumina-based support,
are summarised in Table S3, in the ESI.†

Fig. 7 Results of the FFalc conversion and yields over the (op)Ru–
(1.30)Sn@Al2O3 catalyst as a function of initial H2 pressure. For reaction
conditions, refer to Fig. 5.

Fig. 8 Results of FFalc conversion and yields over the (op)Ru–(1.30)
Sn@Al2O3 catalyst as a function of reaction temperatures. For reaction
conditions, refer to Fig. 5.
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Effect of second metals. The effects of various second
metal (e.g., In, Cu, Co, Mo) and active metal (e.g., Pd and
Ni) catalysts on the conversion of FFalc and the yield of
1,5-D were evaluated, and the results are summarised in
Table S2, in the ESI.† Notably, the (op)Ru–(1.30)In@Al2O3

catalyst showed promising results, achieving 57% yield of
1,5-PeD at 71% conversion of FFalc (entry 1), and this
catalyst is currently under investigation. In contrast, other
bimetallic Ru- and Pd-based catalysts demonstrated poor
selectivity for 1,5-PeD (entries 2–6). Sn-modified Ni or
RANEY® Ni-based catalysts primarily produced 1,4-PeD
under similar reaction conditions (160 °C, 30 bar H2, 3–12
h) (entries 7–10), as reported in previous study.30,43,44 The
effects of various supported Ru–(1.30)Sn catalysts on FFalc
conversion and 1,5-PeD yield were also investigated (see
Table S3, in the ESI†). Typically, acidic (e.g., γ-Al2O3, AC,
TiO2) supported Ru–(1.30)Sn catalysts gave 1,5-PeD (entries
1–3); meanwhile, basic (e.g., Nb2O5, ZnO, MgO) supported
Ru–(1.30)Sn catalysts afforded higher yield of 1,2-PeD
compared to 1,5-PeD (entries 4–6), which aligns with the
findings from previous studies by Upare et al.48 and
Mizugaki et al.49 Only the (cop)Ru–(1.30)Sn/ZrO2 catalyst
afforded moderate yield of 1,5-PeD (64%) while leaving 32%
of 4,5-DHFM unreacted under the same conditions (entry
7). Further investigation of this catalyst is ongoing and will
be reported in a subsequent publication. We carried out the
reaction of FFalc in the presence of 10 mmol% pyridine as
a poison using the (cop)Ru–(1.30)Sn@Al2O3-500 catalyst at
140 °C and 10 bar H2 for 3 h. The conversion of FFalc was
only 11% for producing a dimer of FFalc without the
formation of 4,5-DHFM and 1,5-PeD. This result indicates
that the presence of pyridine inhibited both the
hydrogenation of the CC bond and ring opening of the
C–O bond (entry 11, Table S2, and Fig. S13, in the ESI†).

Time profiles & ATR-IR study. The reaction profiles for
the one-pot conversion of FFalc over the (op)Ru–(1.30)
Sn@Al2O3 catalyst were studied at 140 °C with an initial H2

pressure of 10 bar over a time span of 0 to 6 h, as shown
in Fig. 9.

At an early reaction time of 0.5 h, about 48% of FFalc was
converted to 21% 1,5-PeD, 26% 4,5-DHFM and 4% LA + (d)-
FFalc. Both the conversion of FFalc and yield of 1,5-PeD
increased simultaneously as the reaction time was prolonged
to 1 h. The maximum yield of 4,5-DHFM and LA + (d)-FFalc
reached 23% and 7%, respectively, at 0.5–0.75 h, after which
they plateaued after 2 h. The reaction was completed (100%
conversion of FFalc) after 1.5 h, with the yield of 1,5-PeD
gradually increasing to maximum (97%) after 4 h, leaving a
remaining amount of 3% LA. These results indicate that the
formation of 1,5-PeD occurs at a faster rate than that of
4,5-DHFM. Once 4,5-DHFM is formed on the catalyst surface,
it rapidly undergoes hydrogenolysis via C2–O scission to form
1,5-PeD on Ru3Sn7 and Ru–SnOx species. The partial
hydrogenation of the furan ring was also affected by the
concentration of adsorbed H2 on the surface, as indicated by
results in Fig. 7 regarding the effect of the initial H2

pressure.
As shown in Fig. 9, 4,5-DHFM was clearly observed at

the early stage of the reaction but completely disappeared
after 6 h. Moreover, the amounts of by-products slightly

Table 3 Results of one-pot catalytic conversion of FFalc using bimetallic Ru supported on modified Al2O3 catalysts

Entry Catalystsa
Conv.b

(%)

Yieldb (%) rd

(rate of reaction)1,5-PeD 4,5-DHFM CPO (CPL) THFalc Othersc

1 (cop)Ru–(1.30)Sn/γ-Al2O3(E) 66 44 22 0 0 0 1.25
2 (cop)Ru–(1.30)Sn/γ-Al2O3(H) 68 19 20 9 0 19 0.85
3 (cop)Ru–(1.30)Sn/γ-Al2O3(M) 82 58 6 7 5 5 1.28
4 (op)Ru–(2.56)Sn@Al2O3 100 0 82 0 0 18 n.d.
5e (op)Ru–(1.30)Sn@Al2O3 100 75 13 0 0 12 2.22
6 As prepared (op)Ru–(1.30)Sn@Al2O3 99 35 60 0 0 4 1.10
7 (cop)Sn/Al2O3-500 35 — — — — 35 n.d.
8 Al2O3-500 15 — — — — 15 n.d.

Reaction conditions: catalyst, 50 mg; substrate (FFalc), 2.0 mmol; solvent (H2O), 3 ml; initial H2 pressure, 10 bar; 140 °C, 3 h.a The values in
the parentheses are the loading amounts of Sn (wt%). b Conversion and yield were determined by GC (FID) using an internal standard
technique. c By-products include LA and a dimer of FFalc ((d)-FFalc) (based on the GC-MS data). d r (rate of reaction; mmol 1.5-PeD per gcat per
min). e The reactant was the reaction mixture obtained from a reaction run using the (op)Ru–(2.56)Sn@Al2O3 catalyst (entry 4). The carbon
balance was more than 96% for all the catalysts.

Fig. 9 Time profiles for the one-pot conversion of FFalc and yields
over the (op)Ru–(1.30)Sn@Al2O3 catalyst.
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increased during the initial phase of the reaction (0.5–0.75
h), remaining unchanged (∼3%) even after 6 h. It is
possible that the formation of an oligomer from FFalc
and LA occurred due to the surface acidity of Ru–SnOx or
Al2O3 as the reaction time was prolonged.50 Therefore, it
can be presumably concluded that the formation of
1,5-PeD from FFalc follows a typical pattern of consecutive
reaction pathways. To support this suggestion, specific
reaction conditions (140 °C and 2.5 bar H2 for 0.5–3.0 h
in a trace amount of H2O (2–3 drops)) were used and
monitored using ATR-IR spectroscopy, and the results are
shown in Fig. 10.

The ATR-IR spectra of the reaction mixture showed that
an asymmetric band of CC in 4,5-DHFM was observed
at 1633 cm−1 and the band intensified over time. Firstly,
adsorbed FFalc on the Ru3Sn7 or Ru–SnOx surface of (op)
Ru–(1.30)Sn@Al2O3 was partially hydrogenated to form the
4,5-DHFM intermediate. The formed 4,5-DHFM was further
activated by Brønsted acid sites of Ru–SnOx or Al2O3

support at the C2–O bond, while the terminal –OH group
attached to SnOx or Al2O3. These promoted the cleavage
of the C2–O bond, leading to the formation of penta-2-
ene-1,5-diol, which is rapidly hydrogenated to form
1,5-PeD as the final product (Scheme 2).13,28,51 While our
mechanistic interpretations are supported by ex situ
characterization and literature, future research could
incorporate in situ DRIFTS and XAS/EXAFS to provide
deeper insights into the adsorption configurations of
intermediates like 4,5-DHFM and the real-time evolution
of C–O bond cleavage on Ru–Sn sites.

Substrate scope. To evaluate the reactivity of the (op)Ru–
(1.30)Sn@Al2O3 catalyst, catalytic reactions were performed
using several substrates; FFald, hydroxymethylfurfural (HMF),
2,5-dimethylfuran (2,5-DMF), 2-MeF, and
2,3-dihydromethylfuran (2,3-DHMF), and the results are

summarised in Table 4. For FFald, the catalyst produced 65%
1,5-PeD, 20% FFalc, 9% 4,5-DHFM, and 5% other products,
which is comparable with (cop)Ru–(1.30)Sn/γ-Al2O3 (entry
1).28 In a separate reaction, 97% of 2-MeF was converted to
57% n-pentanol, 34% 2-MeTHF, and 6% 1,4-PeD (entry 2).
These results align with the previous conversion of 2-MeF to
1,4-PeD using the Ni3Sn@AlOH catalyst.45 The reaction of
2,5-DMF produced 34% 2,5-hexanediol, 9% 2,5-hexanedione,
21% 2,5-dimethyltetrahydrofuran (2,5-DMTHF), and
2-hexanol (10%), resulting in a conversion of 74% 2-DMF
(entry 3).52 The homolog 2,3-dihydro-5-methylfuran (2,3-
DHMF) was reacted over the (op)Ru–(1.30)Sn@Al2O3 catalyst
at 140 °C and an initial H2 pressure of 10 bar for 3 h. 65%
2,3-DHMF was converted to produce 42% n-pentanol (PeOH),
20% 2-methyltetrahydrofuran (2-MeTHF), and 3% 1,4-PeD
(entry 4). Additionally, the (op)Ru–(1.30)Sn@Al2O3 catalyst
showed no activity for the reaction of THFalc (entry 5). Based
on these reaction results, along with the observed kinetic
profiles and substrate scope, it can be inferred that the
plausible reaction pathways for the selective transformation
of FFalc to high yield of 1,5-PeD over bimetallic Ru–(x)Sn
catalysts are consistent with previously established
pathways.29,53,54

Recyclability and reusability tests. Recyclability and
reusability tests were performed for the (op)Ru–(1.30)
Sn@Al2O3 catalyst and the results are shown in Fig. S11, in
the ESI.† The conversion of FFalc remained at 100%, while
the yield of 1,5-PeD slightly decreased to around 80% after
the 3rd reaction run. The amount of 4,5-DHFM slightly
increased after repeated reaction runs, while the yield of by-
products remain unchanged. These may be attributed to the
presence of partial oxidative species of either Ru0 to RuO2

or Sn0 to SnOx on the surface of the Ru3Sn7 alloy, as well as
the presence of Al2O3 and Al(OH)3 phases according to the
XPS profiles (Fig. 2(C–F)). This is consistent with the SEM-
EDS data (Fig. S2(b) and S3(b)†) and the TEM images (Fig.
S6, in the ESI†) during the reusability test. The presence of
a significant number of oxidative species of RuO2 or SnOx

contributed to a high yield of 4,5-DHFM, which was
depicted by the reaction results of the as-prepared (op)Ru–
(1.30)Sn@Al2O3 (Table 2, entry 8) and high Sn co-loading

Fig. 10 ATR-IR spectra of the reaction mixtures (slurry) of FFalc (5
drops) in the presence of a trace amount of H2O (3 drops) over the
(op)Ru–(1.30)Sn@Al2O3 catalyst (50 mg) at 140 °C and 2.5 bar H2 for
0.5–3.0 h.

Scheme 2 Plausible reaction pathways for the selective synthesis of
1,5-PeD from FFalc in the presence of the bimetallic (op)Ru–(1.30)
Sn@Al2O3 catalyst in H2O.
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(op)Ru–(2.56)Sn@Al2O3 catalysts (Table 2, entry 6). In
addition, the Al2O3 or Al(OH)3 structure may partially leach
out into the reaction mixture during the reaction under
hydrothermal conditions, as noted by Huo et al.55 and
Schüth et al.56 The XRD patterns of the recovered catalysts
revealed that the sole structure of Al2O3 or γ-Al2O3 and Ru3-
Sn7 alloy phases after the third reaction remain unchanged,
confirming its high stability (Fig. S12, in the ESI†).
Surprisingly, after the reactivation of the recycled catalyst
with H2 at 400 °C for 1–2 h, followed by passivating with N2

for 15 min, the high yield of 1,5-PeD was restored (94%),
which is comparable to the fresh catalyst. Inductively
coupled-plasma (ICP) analysis of the reaction mixture after
the third reaction run confirmed that small amounts of Sn
(1.3 mol%) and Al (0.78 mol%) were present in the filtrate
while Ru was negligible.

3. Conclusion

In conclusion, we have developed a facile one-pot synthesis
of the confined structure Ru3Sn7 alloy on alumina ((op)Ru–(x)
Sn@Al2O3) catalysts which demonstrated exceptionally rapid
and selective hydrogenolysis of FFalc towards 1,5-PeD under
mild conditions (140 °C, 10–20 bar H2, 3–6 h). For
comparison, two types of (cop)Ru–(1.30)Sn/γ-Al2O3 and (imp)
Ru–(1.30)Sn/Al2O3 catalysts were also synthesised using
coprecipitation (cop) and wet impregnation (imp),
respectively. The (imp)Ru–(1.30)Sn@Al2O3-500 produced only
13% yield of 1,5-PeD, whilst the (cop)Ru–(1.30)Sn@Al2O3-500
catalyst produced 81% 1,5-PeD; meanwhile, the (op)Ru–(1.30)

Sn@AL2O3 catalyst afforded an outstanding yield of 97%
1,5-PeD, with a productivity of 3.67 mmol 1,5-PeD per gcat per
min. This result represents the highest yield and selectivity
for 1,5-PeD compared to the state-of-the-art catalysts in the
one-pot conversion of FFalc to diols under milder conditions.
In the (op)Ru–(1.30)Sn@Al2O3 catalyst, the presence of Ru3-
Sn7 or Ru–SnOx facilitates the partial hydrogenation of the
furan ring in FFalc to form 4,5-DHFM. The acidic species of
SnOx or Snn+ or acidic Al2O3 promote the activation of ring
opening processes via C2–O cleavage, while Ru0 is used for
the following hydrogenation, leading to the high yield of the
final product 1,5-PeD. This synthetic strategy can guide the
design of more-efficient, selective, and stable catalysts for the
catalytic direct conversion of furfural or furfuryl alcohol to
1,5-pentanediol.
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Table 4 Results of substrate scope reactions using the (op)Ru–(1.30)Sn@Al2O3 catalyst

Entry Substrate Conversiona (%) Productsa (% yield)

1 100 ± 0.49

(65)
(20) (9)

(6)
2 97 ± 0.62

(57)

(34)
(6)

—

3 74 ± 0.43

(34) (9)
(21) (10)

4 65 ± 0.51

(42)

(20)
(3)

—

5 No reaction — — — —

Reaction conditions: catalyst, 50 mg; substrate, 2.0 mmol; solvent (H2O), 3 ml; initial H2 pressure, 10 bar; 140 °C, 3 h.a Conversion and yield
were determined by GC (FID) using an internal standard technique. Values in the parentheses are the yield of the product. The carbon balance
was more than 98% for all the reactions.
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