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on magnesium–aluminium
composite oxide catalysts for highly selective
synthesis of 1,2-pentanediol from furfuryl alcohol
under mild conditions

Xiaodong Zhou,ab Fengqin Guo,b Ziqiang Han,bc Jiajun Zhang, bc Yan Cao,bc

Huiquan Li, bc Guozhu Chen *a and Liguo Wang *bc

The selective hydrogenolysis of furfuryl alcohol (FFA) to 1,2-pentanediol (1,2-PeD) represents a promising

route for biomass valorization, yet it remains challenging due to the competing over-hydrogenation of

the furan ring and the recalcitrant C5–O bond cleavage. Herein, we report a highly efficient bimetallic

Pt–Y catalyst supported on a MgO–AlO(OH) mixed oxide (MAO) that enables the selective

hydrogenolysis of FFA to 1,2-PeD under remarkably mild conditions (140 °C, 0.8 MPa H2). Structural

characterizations (AC-HAADF-STEM, XPS) confirm the formation of Pt–Y mixed clusters, which induce

electron transfer from Pt to Y. This electronic modulation, combined with the tailored basicity of the

MAO support, effectively suppresses the over-hydrogenation pathway while promoting the activation of

the target C–O bond. In situ Fourier transform infrared spectroscopy shows that after the introduction of

Y, FFA adsorbs on the catalyst surface in a vertical adsorption configuration through its O–H and

C–O–C bonds, promoting the selective ring-opening. Consequently, the optimized 0.75Pt0.45Y/MAO

catalyst achieves complete FFA conversion with an exceptional 1,2-PeD selectivity of 80.3% (110 mol 1,2-

PeD$mol Pt per h), significantly outperforming its monometallic counterparts. Furthermore, the catalyst

demonstrates outstanding stability in a continuous-flow reactor for over 200 hours without obvious

deactivation. This work provides a strategy for designing synergistic bimetallic catalysts for the

sustainable production of 1,2-PeD under mild conditions.
1 Introduction

The catalytic valorisation of biomass into high-value chemicals
represents a pivotal and growing research frontier in sustain-
able chemistry.1–3 Furfuryl alcohol (FFA), as an important
biomass platform molecule, can be efficiently produced
through the acid-catalysed hydrolysis of agricultural and
forestry waste (such as corn cobs, sugarcane bagasse, etc.) and
subsequent reduction reactions.4,5 Furthermore, it can be con-
verted into various downstream products through selective
hydrogenation or hydrogenolysis, including 1,5-PeD, tetra-
hydrofurfuryl alcohol (THFOL), 1,2-PeD, 2-pentanol (2-PeOH),
1-pentanol (1-PeOH), and other high-value chemicals.6,7 Among
these, the selective hydrogenation of furfuryl alcohol to produce
1,2-pentanediol (1,2-PeD) has attracted signicant attention
ring, University of Jinan, Jinan, 250022,

f Green Recycling for Strategic Metal

, Chinese Academy of Science, Beijing,

of Chinese Academy of Sciences, Beijing,

3325
due to its broad application prospects. 1,2-Pentanediol is an
important polyol compound widely used in pharmaceutical
intermediates, high-performance polymer monomers, and
environmentally friendly solvents. It is a key industrial raw
material in the manufacturing processes of polyester bres and
surfactants.8,9 However, traditional production processes typi-
cally rely on multi-step oxidation or hydrolysis reactions of
petroleum-based feedstocks, suffering from high energy
consumption and low atom economy.10 Therefore, developing
efficient catalyst based on biomass derivatives for the green
synthesis of 1,2-pentanediol holds signicant scientic impor-
tance and industrial value.11,12

As early as the 1930s, the CuCr2O4 catalyst system was
proven to exhibit catalytic activity for the direct hydrogenolysis
of furfural/furfuryl alcohol (FA/FFA) compounds to produce
pentanediols. However, the environmental pollution issue
associated with chromium in this system signicantly conicts
with contemporary green chemistry principles. To overcome
this technical bottleneck, signicant progress has been made
in recent years in developing new catalytic systems: Zhang
et al.13 reported a Ru/MnOx catalyst with basic sites as active
sites for the hydrogenolysis of FFA to 1,2-PeD at 150 °C and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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1.5 MPa H2 pressure, achieving 89.2% FFA conversion.
However, the yield of 1,2-PeD was only 42.1%, and its catalytic
stability and target product yield still need improvement.
Kaneda et al.8 reported complete conversion of FA and 73%
selectivity to 1,2-PeD catalysed by Pt/hydrotalcite (HT) at 150 °C
and 3 MPa. Wang et al.14 studied the structure-performance
relationship of platinum catalysts supported on CeO2. Under
conditions of 165 °C and 2 MPa H2 pressure for 24 hours, Pt/
CeO2-C exhibited the best catalytic performance: achieving
complete conversion of furfural (FFA) and 77% selectivity
towards the target product 1,2-pentanediol (1,2-PeD). This
study revealed the important regulatory role of support crystal
facet engineering on the hydrogenolysis performance of noble
metal catalysts. Later, D.S. Pisal et al.15 reported complete FFA
conversion and a high 1,2-PeD yield of 87% catalysed by a 1%
Rh/OMS-2 catalyst at 160 °C and 3 MPa H2, representing the
best result reported to date. In the development of non-noble
metal systems, researchers have constructed alternative solu-
tion represented by copper-based catalysts, but their harsh
reaction conditions and 1,2-pentanediol selectivity below 55%
are difficult to meet industrial demands.16–19 Notably, current
catalytic systems oen rely on high-pressure hydrogen envi-
ronments. This technical challenge has prompted the design
and development of novel catalytic systems—specically, the
creation of catalysts that exhibit excellent catalytic perfor-
mance under mild reaction conditions while maintaining
a low loading of precious metals.

The selective hydrogenolysis of furfuryl alcohol (FFA) to 1,2-
pentanediol (1,2-PeD) involves the cleavage of the C–O bond in
the furan ring, which is typically facilitated by the presence of
an unsaturated C]C bond adjacent to the oxygen atom. This
unsaturation is crucial for the activation and ring-opening of
the furan ring under mild conditions. However, a major
competing reaction is the hydrogenation of the furan ring to
form tetrahydrofurfuryl alcohol (THFA), which saturates the
C]C bonds and results in a fully hydrogenated, stable cyclic
ether structure. Once THFA is formed, the C–O bond within the
saturated ring becomes signicantly more resistant to cleavage,
making subsequent ring-opening to 1,2-PeD virtually impos-
sible under the same mild reaction conditions. Therefore,
suppressing the formation of THFA is essential to preserve the
integrity of the C]C bond, which serves as a key structural
feature for facilitating the targeted C–O bond cleavage and
ensuring high selectivity toward 1,2-PeD.20 Previous reports
have indicated that the adsorption conguration of furfuryl
alcohol on the catalyst is crucial for selectivity.5,21 Introducing
a second metal as a promoter can modulate the electronic
structure of the noble metal and create dual active sites.:22,23 the
noble metal site is responsible for hydrogen activation, while
the promoter site enhances C–O bond adsorption and activa-
tion capability. For instance, Liu et al.24 developed Pt/Ca co-
modied nitrogen-doped carbon catalysts (xPtCa@CN) for the
conversion of furfural (FA) to 1,2-pentanediol (1,2-PeD).
Furthermore, previous reports have indicated that introducing
transition metals benet the adsorption of oxygen-containing
groups and altering adsorption congurations due to the oxo-
philicity of transition metal cations.25–27 This demonstrates the
© 2026 The Author(s). Published by the Royal Society of Chemistry
effectiveness of the bimetallic strategy in promoting C–O
hydrocracking of biomass-derived molecules and enhancing
the effectiveness of selectivity through the regulation of
adsorption congurations.

In this study, we attempted to introduce the transition metal
Y into the catalyst to construct a new catalytic system Pt–Y/MAO
(MAO refers to a mixture of magnesium oxide and basic
aluminium oxide, which is used to provide a moderately strong
alkaline environment). Yttrium (Y) was chosen as a promoter
due to its strong oxophilicity, which enhances the adsorption of
oxygen-containing groups in furfuryl alcohol (FFA) and facili-
tates C–O bond activation. The MgO–AlO(OH) (MAO) support,
on the other hand, offers moderately basic sites that promote
O–H bond activation and hydrogen transfer, while the presence
of AlO(OH) modulates the surface basicity to avoid excessive
side reactions. The high surface area of MAO also ensures good
dispersion of Pt–Y clusters. Together, these features are antici-
pated to direct FFA adsorption into a vertical conguration,
favouring ring-opening over ring hydrogenation. It can catalyse
the FA/FFA hydrogenolysis reaction under mild conditions as
low as 0.8 MPa hydrogen pressure and 140 °C, providing up to
80.3% selectivity for 1,2-PeD, and it is capable of achieving
a production rate of up to 110 mol1,2-PeD$per molPt per h under
highly selective conditions. The use of biomass-derived feed-
stock, green solvent (water), mild reaction conditions, and
a recyclable solid catalyst make this process sustainable and
environmentally friendly.
2 Experimental
2.1 Catalyst synthesis

Preparation of MAO support. MAO support was prepared using
the ball milling method. Specically, light magnesium oxide
and basic aluminium oxide were rst mixed at a Mg : Al molar
ratio of 3 : 1 and ball-milled at 800 rpm for 8 h. The resulting
mixture was then calcined in a muffle furnace at 500 °C for 4 h.
The MAO support was synthesized via a mechanochemical ball
milling method, achieving thorough mixing of MgO and
AlO(OH). This approach enables the generation of materials
with high specic surface area and enhances metal–support
interactions. The mechanical forces during ball milling induce
lattice defects and surface activation, promoting the formation
of heterojunction structures and facilitating the subsequent
anchoring of Pt–Y clusters.28

Preparation of Pt–Y/MAO catalysts. The Pt–Y/MAO catalysts
were prepared by the impregnation method. 0.01 g of chloro-
platinic acid hexahydrate (H2PtCl6$6H2O, Aladdin) and 0.01 g of
yttrium nitrate hexahydrate (Y(NO3)3$6H2O, Aladdin) were di-
ssolved in 2 g of water. Then, 0.5 g of MAO was added, and the
mixture was le to stand for 12 hours. The resulting catalyst
precursor was dried at 80 °C for 12 h and reduced in H2 at 300 °
C for 60 min. Aer cooling to room temperature in H2, the
0.75 wt% Pt-0.45 wt% Y/MAO catalyst was obtained, denoted as
0.75Pt0.45Y/MAO. Catalysts with 0.75 wt% Pt/MAO and
0.45 wt% Y/MAO were also prepared using the same method.
The actual loads of Pt and Y are determined by ICP (Table S1).
RSC Adv., 2026, 16, 23314–23325 | 23315
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2.2. Characterizations of catalyst

The crystal structure was characterized by wide-angle X-ray
diffraction (XRD) using a PANalytical Empyrean multi-
functional diffractometer equipped with a Cu Ka radiation
source (40 kV, 40mA). The XRD patterns were collected over a 2q
range of 5–90° with a scanning rate of 10° min−1.

High-Angle Annular Dark-Field Scanning Transmission Elec-
tron Microscopy (HAADF-STEM) images were obtained on
a Thermo Fisher Talos F200S G2 instrument. Before imaging,
passivated samples were ultrasonically dispersed in ethanol and
then dropped onto copper TEM grids. Spherical aberration-
corrected transmission electron microscopy (AC-HAADF-STEM)
images were acquired using a JEM-ARM300F instrument. Prior
to imaging, the sample was ultrasonically dispersed in ethanol
and then deposited onto a copper grid for observation.

CO2 temperature-programmed desorption (TPD) and H2 TPD
were performed on the same chemisorption apparatus used for
CO2 and H2 chemisorption. Prior to the measurement, 50 mg of
the calcined sample was pretreated in pure H2 at 600 °C for
30 min, followed by a purge pretreatment under helium ow (50
mL min−1) to eliminate interference from moisture adsorption
and the hydroxyl structure in AlO(OH) on the catalyst surface.
Aer cooling to 50 °C, the sample was saturated with a 10%H2/Ar
or CO2/He gas mixture (50 mL min−1) for 1 h. The gas ow was
then switched to Ar or He (30–50 mL min−1) for 1 h to remove
weakly physically adsorbed H2. Finally, desorption was carried
out by heating to 700 °C at a ramp rate of 10 °Cmin−1 under Ar or
He atmosphere, and the desorbed gas was detected by TCD.

Quasi-in situ X-ray Photoelectron Spectroscopy (XPS) was
conducted on a Thermo Scientic K-Alpha spectrometer
equipped with an Al Ka X-ray source. Before measurement,
calcined samples were pre-reduced at 300 °C for 60 min and
then transferred to the measurement chamber without expo-
sure to air. The binding energies of Pt and Y were calibrated
using the C 1s peak of adventitious carbon at 284.8 eV.

In situ Fourier Transform Infrared Spectroscopy (In situ FT-
IR; Model: Mettler Toledo React IR 15) was used to charac-
terize the interaction between the catalyst and reactants during
the reaction and to monitor reaction intermediates and prod-
ucts. Infrared signals were acquired every 1 min using an N2

detector and a 9.5 mm AgX ber probe. For the FFA adsorption
experiments, 50 mg of the pre-reduced catalyst powder was
placed in the cell. It was rst pretreated at 300 °C for 1 hour
under a nitrogen ow (30 mL min−1) to clean the surface. The
gas ow was then switched to a continuous stream of H2 satu-
rated with FFA (introduced via a temperature-controlled
bubbler), while background and adsorption spectra were
collected. To investigate the temperature-dependent evolution
of the adsorption conguration, a temperature-programmed
process (heating rate: 2 °C min−1) was initiated under main-
tained FFA/H2 ow, allowing in situ monitoring of the dynamic
changes in the infrared spectra.
Scheme 1 Fixed-bed reactor schematic.
2.3 Activity testing

The catalyst test was conducted in a 20 mL high-pressure
autoclave. Typically, 50 mg of catalyst, 0.1 g of furfuryl
23316 | RSC Adv., 2026, 16, 23314–23325
alcohol, and 4 mL of water were added to the autoclave. Aer
sealing, the reactor was purged with H2 at least three times and
then pressurized to the desired pressure. The reaction is carried
out at the required temperature for the specied duration of
hours with stirring at 500 rpm. Aer completion, the liquid
product was separated by centrifugation and analysed using
a gas chromatograph (Extend-C18) equipped with a ame
ionization detector (FID) and an FFAP column, with biphenyl as
the internal standard. The carbon balance for each reaction was
calculated by comparing the total carbon in the products and
residual furfuryl alcohol to the initial carbon in furfuryl alcohol.
All liquid products were quantied by GC-FID using biphenyl as
the internal standard. The carbon content of each compound
was calculated based on its molecular formula.

The stability of the 0.75Pt0.45Y/MAO catalyst was investi-
gated in a continuous ow xed-bed reactor under the condi-
tions of 140 °C and 0.8 MPa H2 (Scheme 1). First, quartz wool
was lled at the bottom of the stainless-steel tubular reactor
(inner diameter 9 mm, length 370 mm), then 1 g of the catalyst
was loaded into the middle of the stainless-steel tubular reactor,
and nally quartz sand was lled at the top of the reactor.
Subsequently, the catalyst was reduced at 300 °C under
a hydrogen atmosphere of 30 mL min−1 for 60 minutes, and
then cooled to 140 °C. A 2.5 wt% furfuryl alcohol aqueous
solution was pumped into the reactor at a ow rate of 0.01
mLmin−1 (LHSV= 0.15 h−1), while hydrogen was introduced at
a ow rate of 8 mL min−1 (GHSV = 171 h−1). A portion of the
liquid product was analysed using a gas chromatograph
equipped with an FID detector and an FFAP column (Extend-
C18), with biphenyl used as the internal standard.

The conversion of FFA, and the selectivity of 1,2-PeD are
calculated as follows:

Conv: of FFA ¼ ninitialðFFAÞ � nresidualðFFAÞ
ninitialðFFAÞ � 100% (1)

Sel: of 1; 2-PeD ¼ nð1; 2-PeDÞ
ninitialðFFAÞ � Conv: of ðFFAÞ � 100% (2)

Among them, ninitial(FFA) represents the molar amount of
furfuryl alcohol before the reaction; nresidual(FFA) denotes the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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molar amount of furfuryl alcohol aer the reaction; and n(1,2-
PeD) is the molar amount of 1,2-pentanediol.

3. Results and discussion
3.1. Structural investigation

The Pt–Y/MAO series catalysts were characterized to obtain
structural information. XRD patterns showed the characteristic
peaks of the MAO support composed of mixed phases of MgO
and AlO(OH) (Fig. S1). The absence of XRD peaks corresponding
to Pt or Y/Y2O3 phases, and the lack of new peaks in the XRD
patterns of the metal-loaded catalysts compared to the MAO
support without impregnation, indicate high dispersion of both
components. Although a slight shi of the XRD peaks toward
lower angles was observed aer metal loading, incorporation of
Y into the AlO(OH) lattice is unlikely, as such doping typically
requires temperatures above 1100 °C, far exceeding our
synthesis conditions.29,30 The reason may be that a small
amount of Pt enters the near-surface lattice positions in the
form of single atoms (Fig. S2), inducing local lattice expansion,
which shis the XRD diffraction peaks to lower angles.
Regarding the decrease in peak width, we attribute this
phenomenon to the grain growth of the support caused by
heating during the reduction process of the catalyst.
Fig. 1 (a) HRTEM images of MAO and (b) 0.75Pt-0.45Y/MAO catalysts; (c
image of 0.75Pt-0.45Y/MAO and (e) 0.75 Pt/MAO catalyst; (f and g) elem

© 2026 The Author(s). Published by the Royal Society of Chemistry
Subsequently, SEM characterization was conducted on the
catalyst surface (Fig. S3). By comparing the morphologies of
MAO and Pt–Y-MAO catalysts, it was found that they were
basically the same, indicating that the impregnationmethod for
loading metals does not signicantly affect the surface
morphology of the catalyst. The HAADF-STEM and HRTEM
images of the 0.75 Pt/MAO and 0.75Pt0.45Y/MAO catalysts are
shown in Fig. 1a and b. The results reveal that the MgO and
AlO(OH) components are homogeneously mixed in both cata-
lysts, with distinct lattice fringes from different phases clearly
observable, exhibiting clear boundaries and close interconnec-
tion. The same phenomenon was also observed in the AC-
HAADF-STEM image in Fig. 1c. The uniform distribution of
Mg and Al elements also indicates that MgO and AlO(OH) are in
close contact (Fig. 1f). These results provide sufficient evidence
for the successful preparation of the heterojunction structure.31

The nanoparticles were evenly dispersed on the MAO support.
The introduction of Y promoted nanoparticle growth (Fig. S4),
suggesting a potential interaction between Pt and Y (Fig. 1d
and e).

Furthermore, aberration-corrected STEM characterization
provided atomic-scale insight into the morphology of the metal
species (Fig. 1h). For the 0.75Pt0.45Y/MAO catalyst, the loaded
metals were predominantly present as sub-nanometric clusters.
) AC-HAADF-STEM images of 0.75Pt-0.45Y/MAO catalysts; (d) HRTEM
ental mapping image of 0.75Pt0.45Y/MAO catalyst.

RSC Adv., 2026, 16, 23314–23325 | 23317
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The co-localization of Pt and Y signals within the same clusters,
as observed in elemental mapping, provides denitive evidence
for their direct interaction.

3.2. The surface properties investigation

H2-TPD characterization was performed to evaluate the H2 acti-
vation capability of the MAO series catalysts (Fig. 2a). Corre-
sponding to adsorbed hydrogen on the catalyst. As shown in
Fig. 2a, the Pt-loaded sample exhibited the highest hydrogen
adsorption capacity (431 mmol H2 gcat

−1). Aer the introduction
of the Y component, the hydrogen adsorption capacity decreased
(196 mmol H2 gcat

−1). Similarly, a comparable phenomenon was
observed in CO2-TPD (Fig. 2b). The total base amount of the
0.75Pt0.45Y/MAO catalyst is 4.02mmol g−1, which is signicantly
lower than that of the 0.75 Pt/MAO catalyst (6.56 mmol g−1). This
can be explained by the signicant weakening of H2 chemi-
sorption due to the strong electronic interaction between Pt and
Y. Similar phenomena have been observed previously in other
systems.22,32,33 Fig. 2c presents the CO2-TPD proles of the cata-
lyst supports with different Mg/Al ratios, with a detailed discus-
sion provided in the following section. As shown in Fig. S5, H2

uptake increased with Pt loading due to more surface Pt atoms.
The desorption temperature rose slightly at higher loadings,
indicating a weaker electronic effect from Y as the Y/Pt ratio
decreased. The optimal 0.75Pt-0.45Y/MAO catalyst shows
balanced H2 uptake and Pt–H strength, enabling selective C–O
cleavage while suppressing ring hydrogenation. In contrast,
lower Pt loading limits activity, while higher loading promotes
Pt-like behaviour and increases ring hydrogenation risk.

The electronic properties of Pt and Y in these Pt–Y/MAO
catalysts were characterized by XPS. Although a portion of the
Pt signal overlaps with the Al signal, a slight protrusion
Fig. 2 (a and b) H2-TPD and CO2-TPD results for 0.75Pt-0.45Y/MAO, 0
supporters with different Mg : Al molar ratios (d and e) XPS spectra of P
0.75Pt-0.45Y/MAO, 0.75 Pt/MAO.

23318 | RSC Adv., 2026, 16, 23314–23325
corresponding to the Pt4f7/2 component is observed.34 As shown
in Fig. S6, for the freshly reduced 0.75 Pt/MAO catalyst, the Pt
4f7/2 binding energy was centred at 71.2 eV, indicating Pt is
primarily in the metallic state (Pt0).35 In comparison, the Pt 4f7/2
peak binding energy for the 0.75Pt0.45Y/MAO catalyst was
71.6 eV, suggesting electron transfer from Pt to Y. On the other
hand, Y 3d XPS showed that for the 0.8Pt0.4Y/MAO catalyst
(Fig. 2e), the Y 3d3/2 binding energy was 156.2 eV, indicating a Y

3+

valence state.36 While the Y 3d3/2 binding energy of the 0.45Y/
MAO catalyst is centred at 156.6 eV, suggests electron transfer
from Pt to Y, proving the bonding of Pt and Y, which is consistent
with the TEM results. To further conrm, we measured the Pt 4d
region (Fig. 2d), which is free from signal overlap. The Pt 4d
binding energy of 0.75Pt0.45Y/MAO is 0.4 eV higher than that of
0.75 Pt/MAO, consistent with the Pt 4f results and conrming
electron transfer from Pt to Y. The interaction between Pt and Y
was further evaluated by CO pulse measurement and CO-TPD
experiments. As shown in Fig. 2f and Table S2, the CO uptake
decreased signicantly upon Y addition, from 12.19 mmol g−1 for
0.75 Pt/MAO to 9.51 mmol g−1 for 0.75Pt-0.45Y/MAO. Concomi-
tantly, the CO desorption temperature in the CO-TPD proles
shied downward by 50 °C (Fig. 2f), providing direct evidence for
the electronic modication of Pt by Y. Furthermore, previous
reports have indicated that the presence of low-valent transition
metal cations favours the adsorption of oxygen-containing
groups due to their oxyphilicity.21–23 Therefore, it can be antici-
pated that the bonding of Y3+ with metallic Pt will facilitate the
selective cleavage of the C–O bond on FFA.

3.3. Catalytic performance

The performance of materials for converting FFA to 1,2-PeD was
evaluated (Fig. 3a). The conversion efficiency of FFA on MAO
.75 Pt/MAO, and 0.45Y/MAO catalysts,(c) CO2-TPD results for catalyst
t 4d and Y 3d on different Pt–Y/MAO catalysts, (f) CO-TPD results for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Hydrogenation reactions of MAO catalysts for different loadable substances; (b) hydrogenation reaction over Pt–Y/MAO catalysts with
different Mg and Al ratios. (c) Hydrogenation reaction on 0.75Pt0.45Y/MAO catalyst at different temperatures. Re action conditions: 4 mL H2O,
0.1 g FFA, 50 mg catalyst, 0.8 MPa H2, 6 h; (d) hydrogenation reaction on 0.75Pt0.45Y/MAO catalyst at different pressures. Reaction conditions:
4 mL H2O, 0.1 g FFA, 50 mg catalyst, 140 °C, 6 h.
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alone was very low. Similarly, Y/MAO also showed very low
conversion efficiency. On the other hand, Pt/MAO catalyst
exhibits high hydrogenation activity and achieves complete FFA
conversion aer six hours of reaction, simultaneously, the
selectivity towards THFA was 31%, indicating that furan ring
hydrogenation predominated, with a small portion undergoing
cleavage reactions. To improve ring-opening selectivity, ring
hydrogenation must be suppressed because once THFA is
formed, this ring is difficult to cleave (Table S3). When a second
component Y is present in the catalyst, even in very small
amounts, THFA formation is greatly inhibited, and selectivity
increases. Specically, in order to compare the selectivity of 1,2-
PeD aer complete conversion, aer the reaction lasted for six
hours, the 0.75Pt0.45Y/MAO catalyst achieved 80.3% selectivity
for 1,2-PeD, while hydrogenation byproducts including FFA and
1-butanol (1-BuOH) were marginal. This performance repre-
sents a signicant improvement over the vast majority of those
reported in the literature (Table 1). Among the Pt–Y/MAO
catalysts mentioned above, the best-performing catalyst
(0.75Pt0.45Y/MAO) had a Y/Pt atomic ratio of 1.67. We then
investigated the inuence of Pt content by xing the Y/Pt ratio at
1.67, aiming to maximize Pt atomic efficiency. Pleasingly, when
© 2026 The Author(s). Published by the Royal Society of Chemistry
the Pt content was reduced from 0.75% to 0.4%, the 1,2-PeD
selectivity only slightly decreased from 80.3% to 74%. When the
Pt content was reduced to an extremely low value of 0.2%, the
catalyst still maintained high selectivity towards ring-opening,
achieving 82%, and although FFA conversion was only 12%,
the 1,2-PeD selectivity hardly decreased, remaining above 65%.
Previously, Shao et al. reported a selectivity of 63.9% for 1,2-PeD
over a 2% Pt/Mg7AlO catalyst.18 Compared to that result, our Pt–
Y/MAO clearly provides higher ring-opening selectivity and
higher Pt metal efficiency. This demonstrates the signicant
promoting effect of Y. As revealed by XPS analysis, electron
transfer from Pt to Y, thereby inhibiting ring hydrogenation on
Pt sites. Therefore, the introduction of Y as a promoter should
be the reason for the greatly improved ring-opening selectivity.

Previous research has indicated that water is involved in
hydrogen transfer during the reaction, which in turn facilitates
the ring-opening pathway.37 We have proved through experi-
ments that there can be rapid proton exchange between water
and the substrate (Fig. S7). And MgO can also promote the
activation of water in the reaction.38 To investigate the inuence
of different Mg : Al molar ratios on reaction performance, the
effect of Pt–Y/MAO catalysts on the selective hydrogenation of
RSC Adv., 2026, 16, 23314–23325 | 23319
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Table 1 Catalytic performances of the different catalysts for furfuryl alcohol hydrogenolysis comparison with the literature on the production
rate of 1,2-PeD by hydrogenolysis of FA or FFA over noble metal catalyst

Feedstock Catalyst Conditions Conversion (%)

Selectivity (%)

Ref.1,2-PeD 1,5-PeD

FFA 4Ru/MnOx 150 °C 1.5 MPa 6 h 89.2 41.4 — 13
FFA 10Ru/Al2O3 200 °C 10 MPa 1 h 100 32.0 — 40
FFA 1Ru-5Sn/ZnO 140 °C 3.5 MPa 6 h 100 84.5 9.2 41
FFA 5Ru/MgO 190 °C 3 MPa 1 h 100 42.0 2.9 42
FA 20Ru/PVP 125 °C 2 MPa 48 h 100 36.0 — 43
FA 3Pd/MMT-K 220 °C 3.5 MPa 5 h >99.0 66.0 — 44
FFA 4.5Pt/CeO2 165 °C 2 MPa 24 h 49.8 77.1 7.3 45
FFA 0.8Pt0.4Fe/MT 140 °C 1 MPa 15 h 100 75.0 20.0 23
FFA 0.75Pt0.45Y/MAO 140 °C 0.8 MPa 6 h 100 80.3 10.0 This work
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FFA to 1,2-PeD was studied. The results are shown in Fig. 3b. As
the Mg : Al molar ratio decreased, the yield of 1,2-PeD initially
increased and then decreased. The presence of acidic and basic
sites has a signicant impact on catalytic activity.39 When the
support consisted only of AlO(OH), FFA conversion was almost
negligible. This might be because AlO(OH), although possess-
ing basic sites, has weak basic strength and may lack sufficient
metal-support interaction, leading to insufficient electron
density on Pt/AlO(OH) and rendering it unable to activate fur-
furyl alcohol or intermediates. Secondly, when the support was
MgO, the reaction was incomplete and selectivity was low (50%).
This is because MgO has strong basicity, which can promote
FFA activation through dehydrogenation or hydrogenolysis
involving the C]O bond. However, its excessive basicity may
lead to over-hydrogenation, generating the byproduct THFA.
Additionally, pure MgO has a low specic surface area and poor
dispersion of active sites, resulting in insufficient conversion.46

For mixed supports, complete FFA conversion was achieved
across different ratios. This might be because when MgO is
mixed with AlO(OH), the weak basicity of AlO(OH) neutralizes
the strong basicity of MgO, forming moderate basic strength
that can activate FFA while avoiding excessive reaction. Simul-
taneously, the acidic sites of AlO(OH) are suppressed by MgO,
reducing side reactions, this can also be demonstrated by
conducting CO2-TPD tests on catalyst supporter with different
Mg : Al molar ratios (Fig. 2c). Moreover, the strong electron-
donating effect of MgO can modulate the electron density of
Pt, promoting H2 dissociation and hydrogen transfer; while the
high specic surface area of AlO(OH) improves the dispersion of
Pt–Y particles, increasing the number of active sites. The
combination places Pt–Y in an optimal electronic state,
favouring the selective formation of 1,2-PeD. The highest 1,2-
PeD yield (80.3%) was obtained at the optimal Mg/Al ratio (3 : 1).
At this ratio, basic sites on the support surface (from MgO)
dominate but are not excessive, ensuring initial FFA activation;
a small amount of AlO(OH) (25%) provides sufficient dispersion
and weak acidic sites, stabilizing reaction intermediates and
reducing excessive side reactions.

The selectivity of FFA to 1,2-PeD over the 0.75Pt0.45Y/MAO
catalyst at different reaction temperatures was studied
(Fig. 3c). Below 120 °C, although the main product was 1,2-PeD,
23320 | RSC Adv., 2026, 16, 23314–23325
the reactants were not completely converted, indicating that
FFA hydrogenolysis and ring-opening proceed smoothly. As the
reaction temperature increased from 120 °C to 160 °C, the yield
of 1,2-PeD signicantly increased. Correspondingly, more
alcohols (1,5-PeD and 1-BuOH) were formed. The selectivity of
1,2-PeD increased from 68.3% at 100 °C to 80.3% at 140 °C,
while further increasing to 160 °C resulted in a 1,2-PeD yield of
72.5%. The byproduct 1-BuOH was not detected at reaction
temperatures below 100 °C. As the reaction temperature
continued to increase, the 1-BuOH yield increased from 2% to
6%, indicating that higher temperatures promote 1-BuOH
formation, possibly due to the partial conversion of 1,2-PeD
route to 1-BuOH. The conversion of FFA to 1,2-PeD over the
0.75Pt0.45Y/MAO catalyst under different hydrogen pressures
was further investigated (Fig. 3d). As shown, FFA was completely
converted even at 0.8 MPa H2 pressure, proving H2 saturation.
However, when pressure was further increased to 2 MPa, it was
found that excessive pressure promotes the formation of 1,5-
PeD. This is likely because the high-pressure environment
facilitates the cleavage of the C1–O bond, leading to this
phenomenon.
3.4. Reaction kinetics and mechanism

Since the adsorption conguration of furan ring compounds
plays an important role in the hydrogenation pathway and
product selectivity.47,48 FT-IR spectroscopy of FFA was conducted
to investigate the adsorption conguration of FFA on the cata-
lyst surface and elucidate the mechanism of FFA conversion to
1,2-PeD. First, the adsorption of FFA on the Pt–Y/MAO catalyst
at different temperatures was compared (Fig. 4a). Characteristic
peaks at 1149, 1038, and 1320 cm−1 were assigned to the C–O–C
and C]C bonds of FFA adsorbed on the Pt–Y/MAO catalyst.49 It
indicates that the O atom in the furan ring adsorb onto the
active sites of Pt–Y/MAO. When the temperature was increased
from 30 °C to 180 °C, it could be observed that at low temper-
atures, only the characteristic peak for the C–O–C bond was
present, demonstrating that low temperatures are not favour-
able for the adsorption of the C]C bond. However, as the
temperature gradually increased, the characteristic peak for the
C]C bond gradually appeared at 1320 cm−1. This indicates the
emergence of a new adsorption conguration for the C]C bond
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption configurations represented by FT-IR: (a) FFA on 0.75Pt0.45Y/MAO at different temperatures; (b) FFA on different catalysts.
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on the catalyst, signifying that increased temperature leads to
more ring hydrogenation reactions, and indeed, previous
experiments have conrmed this.

Subsequently, the adsorption of FFA on different catalysts
was compared (Fig. 4b). The characteristic peaks at 1590 and
1320 cm−1 were assigned to the adsorption of the C]C bond of
FFA on the Pt–Y/MAO catalyst, while the peaks at 1149 and
1038 cm−1 were attributed to the adsorption of the C–O–C
bond. First, regarding C–O–C bond adsorption, near
1147 cm−1, almost no adsorption peak of the C–O–C bond was
observed on Pt/MAO compared to Pt–Y/MAO and Y/MAO. This
demonstrates that introducing the Y component signicantly
enhances the catalyst's adsorption toward the C–O–C bond in
the furan ring of the substrate. Moreover, for the adsorption of
the C]C bond of FFA, distinct adsorption peaks
Fig. 5 The reaction rate with respect to hydrogen pressure and FFA con
catalysts. Reaction conditions: 50 mg of 0.75 Pt/MAO or 50 mg of 0.75Pt
FFA in 4 g of water, PH2

: 0.5, 1, 2, 3 MPa; for the FFA concentration effect:
the FFA hydrogenolysis reaction over the (e) 0.75 Pt/MAO and (f) 0.75Pt0
1 MPa H2, 50mg of 0.75 Pt/MAO, temperature range of 120–150 °C or 50
mmol per min per molPt.

© 2026 The Author(s). Published by the Royal Society of Chemistry
corresponding to the C]C bond were observed at 1590 cm−1

on both Pt–Y/MAO and Y/MAO, whereas the adsorption peak
on Pt–Y/MAO was notably weak. This indicates that the coex-
istence of Pt and Y strongly suppresses the tilted adsorption
conguration of the C]C bond of FFA on the catalyst surface—
a conguration generally favourable for furan ring hydroge-
nation. Taken together, in the Pt–Y bimetallic system, the
introduction of Y enhances adsorption toward the substrate's
C–O–C bond, while the synergistic effect of Pt and Y weakens
adsorption toward the C]C bond in the furan ring. This
results in FFA maintaining an upright orientation on the
catalyst surface. Such an adsorption conguration on Pt–Y/
MAO strongly promotes the ring-opening reaction of the
furan ring, which also explains why more ring hydrogenation
reactions occur on the Pt/MAO catalyst.
centration over (a and c) 0.75 Pt/MAO and (b and d) 0.75Pt0.45Y/MAO
0.45Y/MAO catalyst, 140 °C. For the hydrogen pressure effect: 0.1 g of
4 g of water, 1 MPa H2, CFFA: 1.5%, 2.5%, 3.5%, 4.5%. Arrhenius plots for
.45Y/MAO catalysts. Reaction conditions: 0.1 g of FFA in 4 g of water,
mg of 0.75Pt0.45Y/MAO, temperature range of 120–150 °C TOF= FFA

RSC Adv., 2026, 16, 23314–23325 | 23321
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Fig. 6 (a and c) Model construction of Pt/MAO and Pt–Y/MAO; (b and
d) Adsorption energy of FFA on Pt/MAO and Pt–Y/MAO.
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To systematically evaluate the impact of yttrium modica-
tion on the kinetic behaviour of platinum-based catalysts in the
ring-opening reaction, this study employed furfuryl alcohol
(FFA) as a probe molecule to comparatively investigate the
reaction performance of 0.8 Pt/MAO and 0.8Pt0.4Y/MAO (Y/Pt
atomic ratio = 1.67) catalysts (Fig. 5). The experiments were
conducted within a hydrogen pressure range of 0.5–3 MPa, and
intrinsic kinetic parameters were obtained by monitoring the
FFA conversion process. The results show that both catalysts
exhibit zero-order reactions in the hydrogen reaction rate.
Suggesting that the surface of the active sites was nearly satu-
rated with hydrogen under the given conditions, and hydrogen
activation was not the rate-determining step.

Concurrently, the reaction orders with respect to FFA were
0.5 and 0.8 for the two catalysts, respectively, reecting
competitive adsorption behaviour of FFA on the catalyst surface
and indicating that the adsorption and activation processes of
FFA are partially involved in the rate-determining step of the
reaction. Furthermore, the apparent activation energy
measured for the 0.8 Pt/MAO catalyst was 54 kJ mol−1, while
that for the 0.8Pt0.4Y/MAO catalyst decreased to 44 kJ mol−1.
This difference further indicates that the incorporation of
yttrium not only alters the energy barrier heights along the
reaction pathway but may also induce a restructuring of the
electronic structure or local coordination environment of the
active sites. Consequently, it inuences the adsorption modes
of reactant molecules and the reaction mechanism, thereby
promoting the reaction.

Before calculations, MgO(100)/AlOOH(010) lateral structure
(MgO(100)/AlOOH(010)-ls) was constructed based on MgO
conventional standard cell (JCPDS #04-001-7295) and AlOOH
conventional standard cell (JCPDS #98-000-0120). Furthermore,
in the previous experiments, we found that using only AlO(OH)
to load Pt–Y clusters had no catalytic effect at all. Therefore, we
built Pt4Y2O3 on MgO and constructed the MgO(100)/
AlOOH(010)-ls-Pt4Y2O3 cluster model. In slab model, thickness
along c direction was set at 30 Å to avoid weak interactions
between image. Adsorption energy of molecule on slab model
was determined by Eads. Eads = E(AB) − E(A) − E(B). E(AB) repre-
sents the total energy of slab model A with molecule B adsorbed
on surface. E(A) represents the total energy of slab model A. E(B)
represents the total energy of molecule B in its gas phase. In this
case, congurations of furfuryl alcohol were optimized in a 20
× 20 × 20 Å−3 cell box, respectively.

As shown in Fig. 6, FFA exhibits the highest adsorption
energy on Pt–Y/MAO, while the adsorption energy decreases on
Pt/MAO. In this work, all calculations were carried out through
the Vienna Ab initio Simulation Package (VASP) with the
projector augmented wave (PAW) method. The Perdew–Burke–
Ernzerhof (PBE) functional with the generalized gradient
approximation (GGA) method was used to do with the
exchange–correlation functional, in combination with the DFT-
D3 correction. The cut-off energy of the plane-wave basis is set
at 450 eV. For optimization of geometry of slab model, the
Brillouin Zone integration was performed with a Monkhorst–
Pack5 k-point mesh of 1 × 2 × 1. The self-consistent calcula-
tions apply a convergence energy threshold of 10−5 eV, and the
23322 | RSC Adv., 2026, 16, 23314–23325
equilibrium geometries are optimized with maximum stress on
each atom within 0.02 eV Å−1. Spin polarization method was
adopted to describe magnetism of slab models. For the
adsorption reaction of molecules, the energy is calculated
through the following equations:

Ead = Esurface+absorbate − Esurface − Eabsorbate

where Esurface+adsorbate is the total energy of adsorption model,
Esurface is the total energy of surface and Eadsorbate is the total
energy of adsorbate. Combined with previous results from in
situ diffuse reectance infrared spectroscopy, these ndings
indicate that the introduction of Y species enables organic
molecules to interact strongly with sites on the Y2O3 surface via
their oxygen atoms, while simultaneously interacting with Pt
metal sites through their carbon rings or carbon chains. This
dual-functional adsorption mode is considerably stronger than
mere physical/chemical adsorption on Pt alone. Such an
adsorption conguration facilitates the cleavage of the C–O
bond in the ring, thereby promoting the progression of the
reaction.

Based on the above experimental results and previous liter-
ature, a possible reaction mechanism for FFA conversion to 1,2-
PeD on the Pt–Y/MAO catalyst is proposed (Fig. 7). First, the
O–H bond of FFA and the C–O–C bond on the furan ring adsorb
onto the catalyst support surface and the Y site in the supported
metal, respectively. Simultaneously, H2 dissociates into two H
atoms on the Pt surface. The dissociated H atoms are activated
by basic sites. Then, H attacks the carbon atom at the C5–O
bond, leading to furan ring opening. Subsequently, the disso-
ciated hydrogen reduces the remaining C]C bond to generate
1,2-PeD.

3.5. Stability

Besides activity and selectivity, catalyst stability is another
crucial performance indicator, particularly important for prac-
tical applications. In most previous studies, the reaction from
FFA to pentanediol was conducted in batch reactors.44,50

Limiting the assessment of long-term catalyst stability. In this
work, based on catalyst screening, we further evaluated the
long-term operation of the 0.75Pt0.4Y/MAO catalyst in
a continuous xed-bed reactor. Moreover, we maintained the
conversion rate at 90% by controlling the amount of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Plausible reaction pathway for FFA conversion to 1,2-PeD.

Fig. 8 Long-term stability test of the 0.75Pt0.45Y/MAO catalyst.
Reaction conditions: 140 °C, 0.8 MPa H2; liquid flow rate: 0.01
mLmin−1; gas flow rate: 8 mLmin−1; 2.5 wt% FFA aqueous solution, 1 g
catalyst.
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catalyst, thereby proving that the catalyst was not used in excess.
(Table S5).51 The results are shown in Fig. 8. The catalyst per-
formed quite stably over a 200-hour runtime. The XPS analysis
of the used catalysts revealed that the oxidation states of Pt and
Y remained unchanged aer the reaction (Fig. S11). The
HAADF-STEM images of the used catalysts (Fig. S12) showed
that the Pt–Y nanoparticles were still highly dispersed and there
was no obvious sintering, indicating that the nanostructure of
the active sites was not disrupted during the long-term reaction.
4. Conclusions

In summary, we have successfully developed a bimetallic Pt–Y/
MAO catalyst for the highly selective hydrogenolysis of biomass-
derived furfuryl alcohol to 1,2-pentanediol under mild reaction
conditions. The key to the superior performance lies in the
synergistic interplay between Pt and Y. Detailed characteriza-
tion revealed that Y coexists with Pt in the form of intimately
associated clusters, facilitating electron transfer from Pt to Y.
This electronic engineering, coupled with the modulated
surface basicity of the MgO–AlO(OH) support, plays a dual role:
it effectively suppresses the undesired over-hydrogenation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
the furan ring and concurrently enhances the adsorption and
activation of the critical C5–O bond. In situ spectroscopic studies
further elucidated that this synergy promotes a vertical
adsorption mode of FFA, directing the reaction pathway toward
selective ring-opening. The optimized catalyst achieves
a remarkable 1,2-PeD selectivity of 80.3% at complete conver-
sion, alongside demonstrating excellent long-term stability.
This study not only presents a highly active and stable catalyst
for biomass upgrading but also offers fundamental insights
into the design principle of bimetallic catalysts, where promoter
metals can tune both electronic properties and reactant
adsorption congurations to achieve precise selectivity control
in complex reaction networks. The strategy underscores the
potential of utilizing non-precious promoters to enhance the
efficiency and sustainability of noble metal-catalysed biomass
conversion processes.
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the series of MAO, Y/MAO, Pt/MAO, Pt–Y/MAO catalysts; Fig. S2:
AC-HAADF-STEM images of 0.75Pt-0.45Y/MAO catalysts; Fig. S3:
(a and c)SEM images of MAO and (b and d) 0.75Pt-0.45Y/MAO
catalysts; Fig. S4: particle size statistics on 0.75 Pt/MAO (a)
and 0.75Pt-0.45Y/MAO (b) catalysts; Fig. S5: The H2-TPD results
of catalyst carriers with different Pt loading amounts; Fig. S6:
TOF values under different reaction pressure over 0.75 Pt/MAO
and 0.75Pt0.45Y/MAO catalysts. Reaction conditions: 50 mg of
0.75 Pt/MAO or 50 mg of 0.75Pt0.45Y/MAO catalyst, 140 °C. For
the hydrogen pressure effect: 0.1 g of FFA in 4 g of water, PH2

:
0.5, 1, 2, 3 MPa; Fig. S7: TOF values under different FFA
concentration over 0.75 Pt/MAO and 0.75Pt0.45Y/MAO catalysts.
Reaction conditions: 50 mg of 0.75 Pt/MAO or 50 mg of
0.75Pt0.45Y/MAO catalyst, 4 g of water, 1 MPa H2, CFFA: 1.5%,
2.5%, 3.5%, 4.5%; Fig. S8: TOF values under different temper-
ature over 0.75 Pt/MAO and 0.75Pt0.45Y/MAO catalysts. Reac-
tion conditions: 0.1 g of FFA in 4 g of water, 1 MPa H2, 50 mg of
0.75 Pt/MAO, temperature range of 120–150 °C or 50 mg of
0.75Pt0.45Y/MAO, temperature range of 120–150 °C; Table S1:
the amount of Pt and Y in the impregnation solution; Table S2:
basic physical-chemical properties of different catalysts; Table
S3: catalytic performance of the 0.75Pt0.45Y/MAO catalyst for
the THFA hydrogenolysis; Table S4: carbon balance for FFA
hydrogenolysis over 0.75Pt0.45Y/MAO catalyst; Table S5:
comparison of conversion rates between catalyst in excess and
catalyst in insufficient amount in a xed-bed reactor. See DOI:
https://doi.org/10.1039/d6ra02263d.
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