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Abstract

Developing thermally stable bimetallic alloy clusters for furfural hydrogenation remains a
significant challenge because high-temperature alloying readily causes metal migration and
particle growth. In this study, ultrasmall Pt-based bimetallic clusters are constructed on a
mesoporous carbon nanosphere (PtM-S/MCS) by combining a sulfur-anchored strategy to
achieve efficient tandem conversion of furfural (FFA) into furfuryl alcohol (FOL).
Characterization results show that the resultant materials possess a mesoporous carbon
nanosphere (MCS) with a large specific surface area (1,482.8 m? g") and uniform
mesopores (= 7 nm), in which PtCo alloy clusters with a particle size of 2.1 nm are
homogeneously dispersed. The strategy is further extended to PtFe-S/MCS and
PtCu-S/MCS, demonstrating its applicability to different Pt-based bimetallic systems. In
the selective hydrogenation of FFA, the PtCo-S/MCS catalyst achieves a 98.9% FOL yield.
The enhanced performance arises from the cooperative effects of sulfur anchoring,
mesoporous confinement, and PtCo alloy formation.
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INTRODUCTION

The catalytic upgrading of biomass-derived platform molecules provides an important route toward
sustainable production of fuels, polymers, and value-added chemicals. Among these intermediates, furfural
(FFA) is particularly attractive because it can be readily obtained from hemicellulose-derived pentoses and
further converted into a variety of furan-based chemicals" . Furfuryl alcohol (FOL), the selective
hydrogenation product of furfural, is widely used in furan resins, foundry binders, polymer precursors, and
fine chemicals'>*\. Therefore, the efficient conversion of FFA to FOL represents a key transformation in
biomass valorization and a representative reaction for studying the selective activation of carbonyl groups in
multifunctional oxygenates.

Traditional FFA hydrogenation commonly relies on pressurized molecular hydrogen"” ), which increases
requirements for hydrogen handling, storage, and reactor safety. Catalytic transfer hydrogenation (CTH)
offers a milder and operationally simpler alternative by using alcohols, especially isopropanol (IPA), as both
solvent and hydrogen donor""*". In this process, IPA is dehydrogenated to acetone while FFA is reduced to
FOL through surface-mediated hydrogen transfer. However, achieving high activity and selectivity remains
challenging. FFA contains both an aldehyde group and a furan ring, and its reaction network may involve
competitive acetalization, condensation, ring hydrogenation, or over-reduction***). An efficient catalyst
must therefore promote carbonyl activation and hydrogen transfer while suppressing undesired side
reactions under liquid-phase conditions.

Pt-based catalysts are highly active for hydrogenation and transfer-hydrogenation reactions because of their
strong ability to activate hydrogen species and their tunable electronic structures'’**\. Alloying Pt with
earth-abundant 3d transition metals, such as Co®, Fe®), or Cu®?, provides an effective strategy to regulate
the adsorption and activation of oxygenated substrates. The secondary metal can modify the electronic
structure of Pt, introduce oxophilic interfacial sites, and tune the binding configuration of furfural and
reaction intermediates. These effects are particularly important for selective aldehyde hydrogenation, where
balanced carbonyl adsorption and facile alcohol desorption are required. Nevertheless, Pt-based bimetallic
catalysts often suffer from metal migration, particle coalescence, and compositional segregation during
high-temperature alloying treatments®***. These structural changes reduce metal utilization and weaken the
interfacial effects that are essential for selective catalysis.

Constructing ultrasmall alloy clusters is a promising approach to maximize exposed active sites and
strengthen metal-support interactions. Such clusters provide abundant low-coordination atoms and alloy
interfaces that can facilitate both hydrogen-donor activation and carbonyl hydrogenation. However, the
synthesis of ultrasmall alloy clusters remains difficult because the high-temperature annealing required for
alloy formation also accelerates atomic diffusion and sintering”®”. Porous carbon supports offer high surface
area, chemical stability, and mass-transport advantages, but they often lack sufficiently strong anchoring sites
to immobilize metal precursors under thermal treatment?®*”). A support-mediated strategy that
simultaneously enables precursor confinement, alloy formation, and sintering resistance is therefore highly
desirable.

Heteroatom anchoring provides a viable solution to this problem". Among different heteroatoms, sulfur
shows strong affinity toward noble and transition-metal species, allowing the formation of metal-sulfur
coordination motifs that can immobilize metal precursors and regulate nucleation during annealing””*").
When incorporated into a mesoporous carbon framework, sulfur-containing groups may act as interfacial
anchoring sites to restrict metal migration, stabilize small alloy domains, and modulate the local electronic
environment of metal centers. However, sulfur incorporation must be carefully controlled, as excessive or
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poorly positioned sulfur species may block active sites. A rational sulfur-anchored architecture should
therefore stabilize alloy clusters without sacrificing accessibility of the active metal surface.

Herein, we report a sulfur-anchored mesoporous carbon nanosphere strategy for constructing Pt-based
bimetallic alloy catalysts. Mesoporous carbon nanospheres (MCS) were chosen as the support because their
high surface area, interconnected mesopores, and robust spherical morphology provide an ideal platform for
precursor infiltration, spatial confinement, and reactant diffusion. Sodium thioglycolate was introduced as a
sulfur-containing ligand to coordinate Pt precursors and generate sulfur-mediated anchoring sites within the
carbon framework. After incipient wetness impregnation and high-temperature reductive annealing,
ultrasmall PtCo alloy clusters were uniformly confined in the MCS, whereas the sulfur-free counterpart
formed larger, compositionally less uniform nanoparticles. The generality of this approach was further
demonstrated with PtFe-S/MCS and PtCu-S/MCS. When applied to the CTH of FFA with IPA, PtCo-S/MCS
exhibited 98.9% yield of FOL. Structural characterizations and catalytic studies reveal that the enhanced
performance originates from the cooperative effects of mesoporous confinement, sulfur-mediated
stabilization, and PtCo alloy formation. This work provides an interfacial anchoring strategy for designing
thermally stable bimetallic nanocatalysts and offers insights into catalyst regulation for selective biomass
upgrading.

EXPERIMENTAL

Synthesis of mesoporous carbon nanospheres

3.7 mL of NH,OH (28-30 wt.%), 70 mL of ethanol, and 12 mL of deionized water were combined and stirred
at room temperature for 10 min to form a homogeneous mixture. Subsequently, 0.4 g of resorcinol and 0.5
mL of formaldehyde (37 wt.%) were introduced, and the mixture was stirred for an additional 40 min to
ensure complete dissolution and pre-polymerization. Thereafter, 3 mL of tetrapropoxysilane (TPOS) was
added dropwise to initiate the co-condensation reaction at room temperature. After 12 h of reaction, the
resulting solid product was collected by centrifugation and washed alternately with deionized water and
ethanol at least three times to remove residual reactants. The obtained resorcinol-formaldehyde/silica
(RF/Si0,) composite nanospheres were subsequently carbonized at 800 °C for 2 h under an N, atmosphere
with a heating rate of 3 °C min™'. The silica template was then etched by immersion in 10% hydrofluoric
solution for 12 h, followed by thorough washing with deionized water and ethanol (at least three times each)
and drying at 60 °C overnight to obtain MCS, as illustrated in Figure 1.

Synthesis of MCS-supported sulfur-anchored metal catalysts (M-S/MCS)
The water uptake capacity of MCS was determined to be 4.27 mL g prior to impregnation.

PtCo-S/MCS: 22 mg of H,PtCl, and 6.7 mg of sodium thioglycolate (STG) were dissolved in 640 pL of
deionized water and stirred at room temperature for 4-8 h. During this period, the Pt species were evidenced
by a visible color change in the solution from yellow to orange-yellow, indicating successful Pt-thiolate
complex formation. Subsequently, 33.6 mg of CoCl,-6H,0 was added to the above solution and stirred for 15
min to obtain a homogeneous metal precursor solution. The precursor solution was then introduced into 150
mg of MCS via incipient wetness impregnation to ensure complete and uniform infiltration into the
mesoporous carbon framework. After aging at room temperature for 6 h, the impregnated sample was
transferred to a tube furnace and subjected to a two-stage thermal treatment under a H,/Ar atmosphere: first

at 900 °C for 2 h, then at 600 °C for 6 h, with a heating rate of 10 °C min™, to yield the PtCo-S/MCS catalyst,
as illustrated in Figure 1.

PtFe-S/MCS: The synthesis procedure followed that of PtCo-S/MCS, with the exception that CoCl,-6H,O
(33.6 mg) was replaced by FeCl, (24 mg). The thermal treatment was adjusted to 900 °C for 2 h, followed by
700 °C for 6 h under a H,/Ar atmosphere at a heating rate of 10 °C min", yielding the PtFe-S/MCS catalyst.
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Figure 1. Schematic illustration of the synthesis procedure for MCS-supported sulfur-anchored bimetallic cluster catalysts
(Metals-S/MCS) and the corresponding alloy nanoparticle counterparts (Metals/MCS). MCS: Mesoporous carbon nanospheres; RF:
resorcinol-formaldehyde.

PtCu-S/MCS: The synthesis procedure followed that of PtCo-S/MCS, with the exception that CoCL-6H,O
(33.6 mg) was replaced by Cu(NO,),-3H,0 (38.6 mg). The thermal treatment was adjusted to 800 °C for 2 h
followed by 600 °C for 6 h under a H,/Ar atmosphere at a heating rate of 10 °C min™, yielding the
PtCu-S/MCS catalyst.

Synthesis of PtCo/MCS

For comparison, a reference catalyst without sulfur anchoring was prepared following a similar procedure.
Specifically, for PtCo/MCS: 22 mg of chloroplatinic acid (H,PtCl,) and 33.6 mg of CoCl,-6H,O were
dissolved in 640 uL of deionized water and stirred at room temperature for 15 min to obtain a homogeneous
metal precursor solution. The precursor solution was then introduced into 150 mg of MCS via incipient
wetness impregnation. After aging at room temperature for 6 h, the impregnated sample was subjected to
two-stage thermal treatment under an H,/Ar atmosphere at 900 °C for 2 h, followed by 600 °C for 6 h, with a
heating rate of 10 °C min™, yielding the PtCo/MCS catalyst, as illustrated in Figure 1.

Synthesis of PtCo-S/MCS

Twenty-two mg of H,PtCl, and 33.6 mg of CoCl,-6H,O were dissolved in 640 uL of deionized water and
stirred at room temperature for 10 min. The precursor solution was then introduced into 150 mg of MCS via
incipient wetness impregnation to ensure complete and uniform infiltration into the mesoporous carbon
framework. After aging at room temperature for 6 h, the sample was transferred to a tubular furnace and
calcined at 900 °C for 2 h under a H,/Ar atmosphere to ensure complete alloying of Pt and Co. After cooling
to room temperature, the obtained powder was placed downstream in a tubular furnace under an Ar
atmosphere, while a porcelain boat loaded with thiourea was positioned upstream. The sample was
subsequently heated at 350 °C for 2 h to introduce sulfur species, yielding the final PtCo/S/MCS catalyst.
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Figure 2. Structural and morphological characterization of MCS. (A) TEM image of RF-SiO, composite nanospheres. (B) SEM image; (C)
TEM image; (D) N, adsorption-desorption isotherm; (E) pore size distribution curve; (F) XRD pattern of MCS. MCS: Mesoporous carbon
nanospheres; RF: resorcinol-formaldehyde; SEM: scanning electron microscopy; TEM: transmission electron microscopy; XRD: X-ray
diffraction.

RESULTS AND DISCUSSION

Structural and morphological characterization

The morphology and porous structure of the as-synthesized MCS were systematically characterized. As
shown in Figure 2A, the transmission electron microscopy (TEM) image of the RF-SiO, precursor reveals
smooth, solid spherical particles, confirming the successful co-condensation of the resorcinol-formaldehyde
resin and silica components. Following carbonization at 800 °C and subsequent HF etching to remove the
SiO, template, the resulting MCS retained its spherical morphology with a uniform size distribution, as
evidenced by the SEM image in Figure 2B. The TEM image in Figure 2C further reveals a highly developed
mesoporous interior structure within the carbon nanospheres, consistent with the removal of the silica
framework and the formation of an interconnected pore network. N, adsorption-desorption measurements
were performed to quantitatively assess the mesoporous characteristics of MCS. As shown in Figure 2D, the
isotherm exhibits a typical Type IV profile with a distinct H,-type hysteresis loop at relative pressures of
0.4-0.9, characteristic of mesoporous materials with ink-bottle-shaped pores"*”, yielding a BET specific
surface area of 1,482.8 m’ g"'. The corresponding pore size distribution derived from the desorption branch
using the Barrett-Joyner-Halenda method [Figure 2E] shows a narrow distribution centered at
approximately 6.8 nm, further confirming the uniform mesoporous architecture of MCS. Such a high surface
area and well-defined mesoporosity are expected to facilitate metal precursor infiltration during
impregnation and provide abundant accessible active sites for catalytic reactions. The X-ray diffraction
(XRD) pattern of MCS [Figure 2F] displays two broad diffraction peaks centered at approximately 24° and
43°0Y indicative of the amorphous carbon nature of MCS with a low degree of graphitization.

Systematic characterizations were performed to elucidate the morphology and structure of MCS-supported
Pt-based bimetallic catalysts. As shown in Figure 3A, the (111) diffraction peak of PtCo-S/MCS lies between
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Figure 3. Structural characterization of the as-prepared Pt-based bimetallic catalysts. (A) XRD patterns and (B-E) SEM images of of
PtCo-S/MCS, PtFe-S/MCS, PtCu-S/MCS, and PtCo/MCS catalysts;(F) Comparison of pore size and BET specific surface area of MCS,
PtCo-S/MCS, PtFe-S/MCS, and PtCu-S/MCS. MCS: mesoporous carbon nanospheres; XRD: X-ray diffraction; SEM: scanning electron
microscopy; BET: Brunauer-Emmett-Teller.

those of metallic Pt (PDF#001-1194, 40.0°) and Co (PDF#001-1255, 44.4°), supporting the formation of a
PtCo alloy phase"™. By contrast, the corresponding peak of sulfur-free PtCo/MCS is located closer to metallic
Co, implying the formation of Co-rich alloy domains with less pronounced Pt incorporation. Similar peak
shifts are also observed for PtFe-S/MCS and PtCu-S/MCS, supporting the formation of PtFe and PtCu alloy
structures, respectively. No obvious diffraction peaks corresponding to isolated Co, Fe, Cu, or their oxide
phases are detected, indicating that the secondary metals are mainly incorporated into Pt-based alloy
domains. The broad diffraction profiles further suggest the nanosized nature of the alloy species, consistent
with the confinement effect of the mesoporous carbon framework.

Scanning electron microscopy (SEM) images show that PtCo-S/MCS and PtCo/MCS retain the uniform
spherical morphology of the MCS support after metal loading and high-temperature annealing [Figure 3B
and C], confirming the structural robustness of the carbon nanospheres. Similar morphologies are observed
for PtFe-S/MCS and PtCu-S/MCS [Figure 3D and E], indicating the versatility of the sulfur-anchored
impregnation strategy across different Pt-based bimetallic catalysts. Furthermore, the incorporation of
bimetallic alloy clusters into MCS reduces both pore size and BET specific surface area compared to pristine
MCS [Figure 3F], which is attributed to the partial occupation of mesopores by the impregnated metal
species. Nevertheless, all catalyst samples retain substantial surface areas and well-developed mesoporous
structures, ensuring adequate exposure of the alloy active sites and efficient mass transport of reactants
during catalytic reactions.

To further probe the internal structure of the catalysts, TEM characterization was performed. PtCo-S/MCS
preserves the spherical mesoporous architecture of MCS, with ultrasmall metal clusters uniformly distributed
throughout the carbon framework [Figure 4A and B]. The corresponding size distribution gives an average
cluster diameter of 2.1 + 0.5 nm, indicating that sulfur anchoring effectively suppresses metal migration and
sintering during high-temperature annealing. The high resolution transmission electron microscopy
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500 nm

Figure 4. Microscopic characterization of PtCo—S/MCS and PtCo/MCS. (A and B) TEM images with the inset showing the size
distribution of metal clusters; and (C) HRTEM image; (D) HAADF-STEM image and the corresponding EDS elemental mappings of
PtCo—S/MCS; (E and F) TEM images; and (G) HRTEM image; (H) HAADF-STEM image and the corresponding EDS elemental mappings
of PtCo/MCS. HRTEM: High resolution transmission electron microscopy; HAADF-STEM: high-angle annular dark-field scanning
transmission electron microscopy; MCS: mesoporous carbon nanospheres; EDS: energy-dispersive X-ray spectroscopy; TEM: transmission
electron microscopy.

(HRTEM) image [Figure 4C] reveals a lattice spacing of 0.218 nm, assignable to the PtCo (111) planet>**,
further supporting the alloy structure indicated by XRD. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS)
mappings [Figure 4D] further show homogeneous Pt and Co distributions with clear spatial co-localization,
together with dispersed S species across the carbon nanosphere, supporting the formation of sulfur-stabilized
PtCo alloy clusters. In contrast, PtCo/MCS prepared without sulfur anchoring exhibits pronounced metal
aggregation, with large nanoparticles scattered across and inside the carbon nanospheres [Figure 4E and F].
Although the lattice spacing of 0.215 nm can also be indexed to the PtCo (111) plane®, the larger particle
size and less uniform elemental distribution indicate insufficient control over metal nucleation and growth in
the absence of sulfur-mediated stabilization [Figure 4G]. The EDS mapping of PtCo/MCS [Figure 4H] shows
a markedly inhomogeneous distribution of Pt and Co, with Co-rich domains associated with the larger
particles, highlighting the compositional heterogeneity caused by uncontrolled sintering.
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These results establish sulfur anchoring as a key structural regulator for confining PtCo alloy clusters within
the mesoporous carbon framework. Rather than merely promoting alloy formation, the sulfur species
primarily govern the dispersion, size confinement, and compositional uniformity of the bimetallic domains
under reductive thermal treatment.

The generality of the sulfur-anchored strategy was further verified with PtFe-S/MCS and PtCu-S/MCS.
PtFe-S/MCS preserves the spherical mesoporous architecture of MCS after high-temperature annealing, with
ultrasmall metal clusters uniformly confined within the carbon framework [Figure 5A and B]. The narrow
size distribution centered at 2.1 + 0.6 nm indicates efficient suppression of metal sintering. HRTEM reveals a
lattice spacing of 0.219 nm for the PtFe-S/MCS clusters, assignable to the PtFe (111) plane [Figure 5C].
HAADE-STEM and EDS mapping further reveal the homogeneous distribution and co-localization of Pt and
Fe, together with dispersed S species throughout the carbon nanosphere, supporting the formation of
sulfur-stabilized PtFe alloy clusters [Figure 5D]. PtCu-S/MCS also retains the mesoporous spherical
morphology, but the metal species grow into larger nanoparticles with an average size of 5.6 + 1.9 nm [Figure
5E and F], which can be attributed to the intrinsically higher aggregation tendency of Cu species during
thermal treatment. The resolved lattice spacing of 0.221 nm can be indexed to the PtCu (111) plane,
confirming alloy formation with a contracted Pt lattice [Figure 5G]. Elemental mapping shows broadly
distributed Pt, Cu, C, and S signals across the nanosphere, indicating that sulfur anchoring remains effective
at dispersing PtCu species [Figure sH].

The elemental contents of the catalysts were further determined by Inductively Coupled Plasma - Optical
Emission Spectroscopy (ICP-OES) and EDS analyses, and the results are summarized in Table 1. The Pt
contents of PtCo-S/MCS, PtCu-S/MCS, PtFe-S/MCS, and PtCo/MCS were 5.1, 4.9, 5.0, and 4.8 wt.%,
respectively, while the corresponding contents of Co, Cu, and Fe were close to the nominal values. Sulfur was
detected only in the sulfur-containing catalysts, with contents ranging from 0.8 to 1.3 wt.%.

To further investigate the chemical states of Pt, Co, and S, X-ray photoelectron spectroscopy (XPS)
measurements were performed. The Pt 4f spectra of all samples can be deconvoluted into metallic Pt’ and
partially oxidized Pt** species”** [Figure 6A-C], the dominant Pt’ contribution indicates the effective
reduction of Pt precursors during H,/Ar annealing, whereas the residual Pt** component is likely associated
with electron-deficient Pt species at the alloy/support interface or Pt species interacting with
sulfur-containing groups. The Co 2p, Fe 2p, and Cu 2p spectra reveal mixed surface valence states of the
secondary metals [Figure 6D-F]. For PtCo-S/MCS, the Co 2p region consists of Co*>*/Co’* components
accompanied by satellite features'®”). PtFe-S/MCS exhibits Fe’, Fe**, and Fe** contributions, while
PtCu-S/MCS shows reduced Cu species together with Cu** related components and satellite peaks™ . These
partially oxidized surface species can be attributed to the high fraction of exposed metal atoms and the high
surface energy of ultrasmall nanoparticles, which render their surfaces more susceptible to mild oxidation
upon air exposure. Next, the S 2p spectra provide direct evidence for sulfur incorporation and metal-sulfur
coordination [Figure 6G-I]. The low binding energy can be assigned to metal-sulfur bonds, including Co-S,
Fe-S, and Cu-S, whereas the C-S-C contribution indicates the incorporation of sulfur species into the carbon
framework!*!l. The coexistence of M-S and C-S-C species suggests that sulfur serves as an interfacial
anchoring motif, coupling the metal domains with the carbon support and thereby stabilizing highly
dispersed bimetallic clusters or nanoparticles during high-temperature annealing, which differs from the
classical strong metal-support interaction generally observed for reducible oxide-supported metal catalysts.

Based on the above structural characterizations, the role of sulfur anchoring can be further understood.
During the impregnation process, sulfur species introduced by STG coordinate with Pt precursors and
subsequently serve as anchoring sites during high-temperature annealing. The resulting metal-S interactions
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Figure 5. Microscopic characterization of PtFe—S/MCS and PtCu—S/MCS. (A) TEM image; (B) HAADF-STEM image with the inset
showing the size distribution of metal clusters; and (C) HRTEM image; (D) HAADF-STEM image and the corresponding EDS elemental
mappings of PtFe—S/MCS; (E and F) TEM images with the inset showing the size distribution of metal clusters; and (G) HRTEM image,
(H) HAADF-STEM image and the corresponding EDS elemental mappings of PtCu—S/MCS. MCS: Mesoporous carbon nanospheres;
HAADF-STEM: high-angle annular dark-field scanning transmission electron microscopy; HRTEM: high resolution transmission electron
microscopy; EDS: energy-dispersive X-ray spectroscopy; TEM: transmission electron microscopy.

Table 1. Elemental content of various catalysts

Entry Catalysts Pt content® (wt.%) Co/Cu/Fe content (wt.%) S content® (wt.%)
1 PtCo-S/MCS 51 52 0.8

2 PtCu-S/MCS 4.9 51 0.9

3 PtFe-S/MCS 5.0 53 13

4 PtCo/MCS 4.8 55 0

5 Used PtCo-S/MCS 3.6 3.9 0.5

2The content was determined by ICP-OES; *The content was determined by EDS. MCS: Mesoporous carbon nanospheres; ICP-OES: Inductively
Coupled Plasma - Optical Emission Spectroscopy; EDS: energy-dispersive X-ray spectroscopy.

suppress the migration and aggregation of metal species, leading to the formation of highly dispersed PtCo
alloy clusters within the MCS framework. Compared with the sulfur-free PtCo/MCS catalyst, the smaller and
more uniformly distributed PtCo alloy clusters provide a larger number of accessible active sites, which is
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Figure 6. High-resolution XPS spectra of (A-C) Pt 4f for PtCo—S/MCS, PtFe—S/MCS and PtCu—S/MCS catalysts; (D) Co 2p for
PtCo—S/MCS, (E) Fe 2p for PtFe—S/MCS, (F) Cu 2p for PtCu—S/MCS; (G-1) S 2p for PtCo—S/MCS, PtFe—S/MCS and PtCu—S/MCS
catalysts. MCS: Mesoporous carbon nanospheres; XPS: X-ray photoelectron spectroscopy.

beneficial for the transfer hydrogenation of FFA to FOL.

To further investigate the role of sulfur, a post-sulfurized catalyst (PtCo-S/MCS) was prepared by
introducing sulfur species onto preformed PtCo/MCS using thiourea. As shown in Supplementary Figure 1,
sulfur was successfully introduced into the catalyst, as confirmed by elemental mapping. However,
PtCo-S/MCS exhibited a much larger average particle size (23.2 + 6.6 nm) than PtCo-S/MCS (2.1 + 0.5 nm)
[Supplementary Figure 2]. These results suggest that sulfur introduced after catalyst formation cannot
reproduce the dispersion-promoting effect observed in PtCo-S/MCS.

Catalytic performance

The catalytic performance of the as-prepared catalysts was evaluated in the selective transfer hydrogenation
of FFA using IPA as both solvent and hydrogen donor. As shown in Figure 7A, pure MCS mainly affords
acetal formation with negligible furfuryl alcohol (FOL) production, indicating that the carbon support itself
lacks effective hydrogenation capability. Among the bimetallic catalysts, PtCo-S/MCS exhibits the most
favorable catalytic performance, affording a FOL yield of 98.9%. In contrast, PtCu-S/MCS exhibits a much
lower FOL yield of 62.3%, which can be attributed to the different regulatory effect of Cu on the catalytic
behavior as well as the larger size of the PtCu alloy particles. However, despite having a particle size
comparable to that of PtCo-S/MCS, PtFe-S/MCS exhibits a significantly lower catalytic performance,
affording only an 8.2% FOL yield, which suggests that the catalytic performance is strongly influenced by the
electronic interaction between Pt and the secondary metal. Compared with Co, Fe may induce a less
favorable adsorption and activation environment for FFA transfer hydrogenation, leading to the substantially
lower FOL yield observed for PtFe-S/MCS. The formation of acetal is likely associated with the reaction
between FFA and IPA under the reaction conditions. In the absence of efficient hydrogenation sites, acetal
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tends to accumulate as a major product. By contrast, the highly dispersed PtCo alloy clusters facilitate
hydrogen transfer and carbonyl hydrogenation, thereby promoting FOL formation and suppressing acetal
accumulation. Notably, the sulfur-free PtCo/MCS shows markedly inferior activity accompanied by
pronounced acetal formation, underscoring the importance of sulfur-assisted metal anchoring in steering
both activity and selectivity.

The reaction parameters were further optimized using PtCo-S/MCS as the main catalyst. As shown in Figure
7B, increasing the catalyst dosage from 10 to 20 mg markedly enhances both FFA conversion and FOL
selectivity, reaching 98.9%. Further increasing the catalyst amount does not provide additional improvement,
indicating that 20 mg is sufficient to drive the reaction efficiently under the present conditions. Figure 7C
reveals a gradual increase in FFA conversion and FOL yield with prolonged reaction time. The FOL yield
reached 98.9% after 4 h under the optimized reaction conditions. Temperature also plays a decisive role in
regulating the reaction pathway. Raising the temperature from 140 to 170 °C [Figure 7D] progressively
improved the catalytic performance, whereas a further increase to 180 °C leads to decreased FFA conversion
and FOL selectivity, which is due to enhanced side reactions at elevated temperature. In addition, the initial
FFA concentration strongly affects the reaction outcome. As shown in Figure 7E, diluted feeds favor high
conversion and FOL selectivity, while increasing the substrate concentration results in a continuous decline
in selectivity. The effect of different hydrogen donors on the transfer hydrogenation of FFA was further
investigated, and the results are shown in Supplementary Figure 3. Among the alcohols examined, IPA
exhibited the best performance, affording 98.9% FFA conversion and nearly 100% FOL selectivity. In
contrast, ethanol resulted in lower FOL selectivity, while methanol and n-butanol showed intermediate
performance, which indicates that IPA is the most suitable hydrogen donor for the present catalytic system.
Thus, the optimized reaction conditions were identified as follows: 20 mg of catalyst, IPA as the hydrogen
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donor, 0.5 mmol of FFA, 170 °C, and 4 h. The hydrogenation of a series of carbonyl-containing compounds
was also investigated to evaluate the applicability of the PtCo-S/MCS catalyst. As shown in Supplementary
Table 1, selectivities toward the corresponding alcohol products above 85% were achieved in all cases,
indicating the potential applicability of PtCo-S/MCS in the catalytic upgrading of biomass-derived carbonyl
compounds.

To verify the role of IPA in the transfer hydrogenation process, a control experiment in the absence of FFA
was performed, and the liquid-phase products were analyzed by '"H NMR after reaction. As shown in Figure
7F, the PtCo-S/MCS-catalyzed system displays a clear acetone (ACE) signal, which is absent or much weaker
in the blank and MCS control experiments. Since ACE is the dehydrogenation product of IPA, this result
confirms that IPA serves as the hydrogen donor and participates directly in the catalytic transfer
hydrogenation of FFA. Together, the catalytic tests and NMR analysis establish PtCo-S/MCS as an efficient
catalyst for the selective conversion of FFA to FOL, with its superior performance arising from highly
dispersed, sulfur-stabilized PtCo alloy clusters that promote coupled IPA dehydrogenation and FFA
hydrogenation.

To further evaluate catalytic performance, the yield of FOL compared with reported Pt-based catalysts
[Figure 8A]. PtCo-S/MCS achieves a FOL yield of 98.9%, outperforming most reported Pt-based catalysts.
Next, the recyclability of PtCo-S/MCS was further evaluated under the optimized reaction conditions. As
shown in Figure 8, the catalyst maintains a relatively high FOL selectivity over repeated runs, indicating that
the dominant reaction pathway toward selective C=O hydrogenation is largely preserved during recycling.
Although the furfural conversion gradually decreases with successive cycles, PtCo-S/MCS still retains
appreciable catalytic activity after five runs. This result suggests that the sulfur-anchored PtCo alloy clusters
possess reasonable operational stability, while the observed activity loss may be attributable to partial surface
blocking or unavoidable catalyst loss during recovery and reuse. Overall, the recycling test supports the
structural robustness of the sulfur-confined catalyst and its ability to sustain selective furfural hydrogenation
under repeated reaction conditions.

To further investigate the reason for the decline in catalyst performance, TEM and N, adsorption-desorption
analysis of the used PtCo-S/MCS catalyst were performed. As shown in Figure 9A and B, the MCS support
was slightly damaged, with PtCo alloy clusters distributed within it at an average size of 2.6 nm, which is
slightly larger compared to the 2.1 nm of the fresh catalyst. Combined with the HAADF-STEM result
showing that sulfur remains uniformly distributed, this further demonstrates the robust anchoring effect of
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sulfur on the metal [Figure 9C]. Moreover, the N, adsorption-desorption isotherm still exhibits a typical
Type IV curve [Figure 9D], with the specific surface area of PtCo-S/MCS decreased from 1,080 to 929 m* g
after recycling, which may be attributed to the partial blockage of the porous structure of the catalyst during
the high-temperature reaction process. Furthermore, as determined by ICP-OES, the Pt and Co contents
after the reaction decreased from their initial values of 5.1% and 5.2% to 3.6% and 3.9%, respectively [Table
1]. Therefore, the detachment of S-containing PtCo alloy clusters from the MCS support, along with the
partial blockage of the mesoporous structure, are the primary reasons for the performance degradation of the
catalyst during cycling. Future work should focus on strengthening the bonding between sulfur and the MCS
support.

CONCLUSION

In summary, a sulfur-anchored mesoporous carbon nanosphere strategy was developed to stabilize Pt-based
bimetallic alloy clusters under high-temperature reductive annealing. The mesoporous carbon framework
provides spatial confinement and mass-transport channels, while sulfur-containing sites serve as interfacial
anchors that suppress metal migration and promote uniform alloy formation. As a result, PtCo-S/MCS
exhibits highly dispersed PtCo alloy clusters with an average size of 2.1 nm, in sharp contrast to the
aggregated and compositionally heterogeneous nanoparticles formed without sulfur anchoring. The strategy
is also applicable to PtFe and PtCu systems. In FFA transfer hydrogenation, PtCo-S/MCS achieves a FOL
yield of 98.9% and maintains favorable catalytic performance during recycling. This work highlights
sulfur-mediated interfacial anchoring as an effective route to thermally stable bimetallic nanocatalysts for
selective biomass upgrading.
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