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Dual hydrogen-buffer and interfacial spillover
effects boosting bimetallic catalysts for
mild-condition guaiacol hydrodeoxygenation

Reem Shomal and Ying Zheng ‘& *

Regulating hydrogen activation and transport is an effective strategy for improving bimetallic catalyst per-
formance in the hydrodeoxygenation (HDO) of lignin-derived phenolics under mild conditions. Herein,
we report a dual hydrogen-regulation strategy that integrates silicotungstic acid (SiWy,) with a sequentially
Ni—Ru bimetallic catalyst to control hydrogen availability and reaction selectivity in aqueous-phase HDO.
Mechanistic investigations combining electrochemical measurements, UV-Vis spectroscopy, in situ
DRIFTS, and hydrogen adsorption analysis demonstrate that SiW,, performs a dual function. In solution, it
acts as a molecular hydrogen buffer that facilitates hydrogen transfer from the gas-liquid interface into
the bulk liquid while mitigating mass-transfer limitations. During reaction, in situ modification of the Ni—
Ru/TiO; interface by SiW;, generates interfacial sites that promote hydrogen spillover and proton-assisted
C-0O bond polarization. This cooperative interaction between homogeneous redox buffering and hetero-
geneous interfacial catalysis establishes a dynamic catalytic environment integrating H, activation, hydro-
gen transport, acid-assisted bond cleavage, and suppression of carbonaceous deposition during
agqueous-phase HDO. Noble-metal on Ni/TiO, studies (Pt, Ru, Pd) further reveal that hydrogen chemi-
sorption strength and metal-support interactions govern hydrogen mobility and buffering efficiency,
resulting in the activity trend Ni—Pt > Ni—Ru > Ni—Pd, while the Ni—Ru configuration provides the optimal
balance between hydrogen activation and selective hydrogenation to cyclohexanol. Collectively, under
mild conditions (0.5 MPa H,, 125 °C), the catalyst delivered 59.8% guaiacol conversion and 69.3% cyclo-
hexanol selectivity within 1 h. This work introduces a dynamic hydrogen-management paradigm for one-
pot HDO to enable energy-efficient biomass upgrading under mild multiphase reaction conditions.

1. This study introduces a hydrogen-transfer-regulated catalytic strategy for biomass upgrading, where hydrogen buffering, interfacial hydrogen spillover, and
bimetallic catalyst modulation cooperatively regulate hydrogen delivery across gas-liquid-solid interfaces, enabling selective one-pot hydrodeoxygenation

under mild conditions.

2. The catalytic system enables selective hydrodeoxygenation of lignin-derived phenolics under significantly milder conditions (95 °C and 0.5 MPa H,) com-

pared with conventional HDO processes that typically require 200-350 °C and multi-MPa hydrogen pressures, improving hydrogen utilization efficiency while

reducing energy demand.

3. Future research could focus on improving catalyst recyclability, integrating alternative hydrogen sources, and scaling the hydrogen-buffer strategy for direct

upgrading of real bio-oil mixtures and other triphasic hydrogenation systems.

1. Introduction

The development of catalytic technologies capable of convert-

(HDO) of lignin-derived phenolics plays a central role, as it
removes oxygen functionalities and improves the stability,
energy density, and fuel compatibility of bio-derived

ing renewable biomass into value-added fuels and chemicals
has become increasingly important in the transition toward
sustainable energy systems."” Catalytic hydrodeoxygenation
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streams.” > Noble-metal catalysts such as Pt, Ru, Rh and Pd are
traditionally considered highly effective for HDO due to their
excellent hydrogen-activation capability and balanced hydro-
genation-deoxygenation activity.” However, their practical
application is constrained by high cost, limited availability,
and the requirement for elevated hydrogen pressures, which
restricts large-scale and energy-efficient implementation.®°
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To address these limitations, bimetallic Ni-M (M = Ru, Pd,
Pt) catalysts have been widely explored as a strategy to enhance
catalytic performance while reducing noble-metal usage.®”*°
In these systems, nickel functions as the primary hydrogen-
ation center while electronically modulating the secondary
metal."’ Charge transfer at the Ni-M interface alters the
d-band structure, regulating hydrogen adsorption strength and
reactivity. Moreover, at low noble-metal loading, heteroatomic
Ni-M interfacial sites dominate, while the surrounding Ni
matrix stabilizes the secondary metal and suppresses
segregation.’? Furthermore, the sequence of metal depo-
sition strongly influences interfacial bonding and -catalytic
behaviour by governing the architecture of active sites and the
extent of metal-metal interaction.'> This cooperative inter-
action between two metals enables more controlled hydrogen
activation and utilization, promoting selective C-O bond acti-
vation over non-selective hydrogenation.® Despite these
advances, achieving selective HDO of lignin-derived phenolics
under mild thermal conditions remains  highly
challenging."*"” In conventional bimetallic catalyst-assisted
HDO systems, reactive hydrogen species are generated primar-
ily through dissociative adsorption of hydrogen gas (H,) on
metal surfaces under elevated temperatures (200-350 °C) and
H, pressure (2-10 MPa), forming surface-bound hydrogen
species (M-H*) that participate in both hydrogenation and
hydrogenolysis reactions depending on catalyst properties and
adsorption configurations, although hydrogenation pathways
are often kinetically favoured under these conditions."® The
harsh conditions required for HDO arise from the thermo-
dynamically demanding cleavage of aromatic C-O bonds,
which possess high bond dissociation energies (~468 KkJ
mol™")."® These severe conditions often accelerate conden-
sation reactions and catalyst deactivation.***' The challenge
is further magnified in multiphase HDO systems due to the
inherently low solubility and slow diffusion of hydrogen gas in
water, which constrain the continuous supply of reactive
hydrogen species to the catalytic interface under mild
conditions.®'***> Because hydrogen plays a central role in aro-
matic ring hydrogenation, oxygen removal, and maintaining
metal sites in their reduced state, enhancing hydrogen avail-
ability and transport under mild conditions is a key require-
ment for practical multiphase HDO processes.'>?? These limit-
ations indicate that improving hydrogen activation in bi-
metallic catalysts alone is insufficient; instead, the key lies in
controlling how hydrogen is transferred, distributed, and uti-
lized at the catalytic interface. Studies inspired by electro-
chemical systems show that reaction selectivity depends
strongly on the hydrogen-transfer mode. When hydrogen is
delivered through proton-coupled electron transfer (PCET), C-
O bond cleavage is favoured because proton and electron
transfer occur cooperatively, lowering the barrier for bond
polarization.'®?%?® Translating this concept to bi-metallic cata-
lysis suggests that regulating hydrogen delivery via adsorbed
hydrogen, spillover hydrogen, or proton-assisted pathways, can
provide a powerful strategy to control HDO selectivity at mild
reaction conditions.>®
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Heteropoly acids (HPAs), particularly Keggin-type structures
such as phosphotungstic acid (PWA) and silicotungstic acid
(SiW;,), have attracted significant attention due to their strong
Brgnsted acidity, reversible redox behavior, and high thermal
stability.”®*” Among them, SiW;, can function as a reversible
hydrogen buffer by cycling between the [SiWy,]* /[SiW1,]*~
redox pair to mediate proton-electron transfer (H'/e”) at the
catalytic interface.>’*®?° Owing to its redox potential being
close to that of the H'/H, couple (E° = -0.05 V vs. NHE), SiW,
can reversibly store and transport reactive hydrogen equiva-
lents from the gas-liquid interface into the bulk liquid phase
and subsequently to the catalyst surface.*® This behavior miti-
gates hydrogen mass-transfer limitations that typically con-
strain multiphase HDO systems, enabling more efficient
hydrogen utilization under mild conditions.*"*®3® Wei Liu
et al. reported that combining SiW,, with Pt/C enabled lignin
bio-oil upgrading below 100 °C under near-ambient hydrogen
pressure, achieving high hydrocarbon yields through efficient
hydrogen transfer and proton coupling.”’ Gao et al. showed
that Pt-HPA catalysts exhibit high HDO efficiency due to
strong metal-HPA electronic synergy.”® Similarly, Kozhevnikov
and co-workers demonstrated that Cs-HPA-supported Pt cata-
lysts effectively catalyze deoxygenation of ethers, esters, and
ketones under mild conditions,*** while Mizuno et al
further confirmed the bifunctional advantages of combined
metal-acid catalysis.®> Despite these advances, the interaction
between SiW;, and bimetallic Ni catalysts remains insuffi-
ciently understood. In particular, how different bimetallic
systems (Ni-Pt, Ni-Pd, Ni-Ru) influence the formation and
transfer of reactive hydrogen species, hydrogen mobility, and
acid-metal cooperation in the presence of SiW,, remains
unclear. Elucidating these interactions is essential for design-
ing efficient catalytic systems capable of achieving selective
multiphase HDO of lignin-derived phenolics under mild
conditions.

Motivated by the need to regulate hydrogen transfer rather
than merely hydrogen activation in multiphase HDO systems.
Herein, we developed a dual hydrogen-buffer and interfacial
spillover catalytic system for the selective upgrading of lignin-
derived phenolics under mild multiphase reaction conditions.
The system couples Ni-M (M = Ru, Pt, Pd) bimetallic catalysts,
which serve as hydrogen activation sites, with soluble SiW,,
acting as a reversible hydrogen-transfer mediator. Comparative
studies reveal that bimetallic cooperation facilitates efficient
H, activation and accelerates SiW,, reduction, thereby improv-
ing guaiacol conversion and promoting deep deoxygenation.
Post-reaction analyses indicate in situ modification of the cata-
lyst surface by SiW,,, forming an interfacial metal-acid struc-
ture that regulates hydrogen adsorption and spillover. Among
the catalysts investigated, Ni-Ru provides the most effective
balance between hydrogen activation and controlled hydrogen
delivery, resulting in superior cyclohexanol selectivity.
Structure-function relationships are elucidated using H,-TPR/
TPD, TEM-EDS, XPS, and in situ DRIFTS, supported by electro-
chemical measurements and UV-Vis spectroscopy evidence of
SiW,, redox cycling. Overall, this work demonstrates a hydro-
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gen-transfer-regulated HDO mechanism enabled by the syner-
gistic interaction between bimetallic catalysts and a reversible
hydrogen buffer, providing a new framework for designing
catalytic systems for sustainable bio-oil upgrading.

2. Methodology and catalyst
preparation
2.1 Preparation of the catalyst

To prepare the catalysts with varying Ni loadings, an incipient
wetness impregnation method was employed, following pro-
cedures reported in the literature with certain modifications.>®
First, a precursor solution of nickel nitrate hexahydrate (Ni
(NO3),-6H,0, 25 mL) was prepared and slowly added dropwise
onto a commercially purchased TiO, support (Aeroxide P25).
The mixture was continuously stirred for 4 hours to promote
even dispersion, followed by drying at 100 °C for 12 hours. The
dried samples were then calcined at 450 °C under a nitrogen
atmosphere for 4 hours (ramping rate of 5 °C min™') under
the flowrate of (40 mL min~"), and subsequently reduced in a
hydrogen flow (40 mL min~") at 500 °C for 4 hours to activate
the catalysts before being used. After calcination, the 3wt%
nickel-loaded TiO, was subjected to a second impregnation
step to introduce ruthenium (Ru), platinum (Pt), or palladium
(Pd) using their respective precursors, ruthenium chloride
hydrate (RuCl;-xH,0) solution for Ni-Ru/TiO, (0, 0.3, 0.5, 0.7,
and 1 wt%), tetraamine platinum(u) nitrate [Pt(NH;),(NO3),]
for Ni-Pt/TiO, (1 wt%), and palladium(u) chloride (PdCl,) for
Ni-Pd/TiO, (1 wt%). The impregnated samples were stirred for
4 hours, dried at 100 °C for 12 h, and calcined at 400 °C for
4 h under a nitrogen atmosphere, and reduced at 450 °C under
hydrogen flow (40 mL min~") for 2 hours. The final catalysts
were stored in a desiccator before being used in catalytic HDO
reactions. The details of the chemicals used are provided in
the SI section.

2.2 Catalytic test

The HDO activity of the synthesized catalysts was evaluated in
a miniature, magnetically stirred, high-temperature and high-
pressure batch reactor (JGF-50 mL, Shanghai Jie Ang
Instrument Co., Ltd). The experimental procedure was adapted
from Wei Liu et al.*' and our previous work.?® Initially, Siw,,
was dissolved in 9 mL of ultrapure water (18 MQ cm) to obtain
final concentrations of 0.008-0.05 mol L™'. The catalyst
0.04-0.12 g was then dispersed in the solution and introduced
into the reactor. To eliminate residual air, the reaction system
was purged with H, gas three times. The SiWj,-containing
solution was then pre-reduced to equilibrium for 15 min
under a continuous H, flow (100 mL min™"). Subsequently,
0.25-2 mL of pure guaiacol was added to the reactor. The reac-
tion parameters were set to H, pressures of 0.25-2 MPa, temp-
eratures of 35-125 °C, and stirring rates of 550-1000 rpm. The
reaction proceeded for 0.5-8 h before being rapidly quenched
to 30 °C using an ice bath. The reaction mixture, containing
both products and catalyst, was collected in a 50 mL conical

This journal is © The Royal Society of Chemistry 2026
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tube. The organic phase was extracted twice using 5 mL of
pure DCM, centrifuged at 12 000 rpm for 5 min, and the result-
ing organic layer was transferred to a 15 mL conical flask.
Subsequently, 20 pL of pure n-octane was added as an internal
standard. A 1 mL aliquot of the product was filtered through a
0.22 um PTFE syringe filter prior to analysis. Quantitative com-
position was determined using flame ionization detection gas
chromatography (FID-GC, Shimadzu GC-2014), while qualitat-
ive characterization was performed using gas chromato-
graphy-mass spectrometry (GC-MS) (Clarus 680 GC-MS).
Gaseous products were characterized using a TCD-FID-
equipped GC system (Shimadzu GC-2014). The catalyst per-
formance was quantified based on conversion (%) and product
selectivity (%) using eqn (1) and (2), respectively.

feed moles;, — feed molesyy;
feed moles;,

x 100

(1)

Guaiacol conversion (%) =

Product selectivity (%) = mole of product (n;)
ty (%) = >~ total moles of products (7otar)

x 100.

(2)

2.3 Characterization

The structural properties of the catalysts were characterized
using several complementary analytical techniques. X-ray
Diffraction (XRD) patterns were obtained with a Rigaku
SmartLab, HyPix-3000 diffractometer to identify the crystalline
phases. The morphology and dispersion of nanoparticles were
examined by Transmission Electron Microscopy (TEM) using a
JEOL-JEM-2100F instrument. The textural properties, including
surface area, pore volume, and pore size distribution, were
analyzed through Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods on a Quantachrome
Novawin™ (version 11.03) system. X-ray Photoelectron
Spectroscopy (XPS) was performed on an ESCALAB 250Xi
spectrometer to evaluate surface composition, elemental inter-
actions, and the oxidation states of active species.
Temperature-Programmed Reduction (H,-TPR) measurements
were carried out using a Micromeritics Chemisorb 2750
equipped with a Thermal Conductivity Detector (TCD). For
this analysis, (50 mg) of catalyst was pretreated under an argon
flow (20 mL min™") at 250 °C for 1 h, cooled to 50 °C, and sub-
sequently reduced in 5 vol% H,/Ar (20 mL min~") while
heating to 800 °C at 10 °C min~'. Hydrogen adsorption-de-
sorption behavior was examined by (H,-TPD) using the same
instrument. A (100 mg) portion of the catalyst was first acti-
vated in situ under a H, gas (20 mL min™") at 450 °C for 2 h.
The sample was then cooled to 50 °C in an argon atmosphere
and exposed to H, gas for 45 min to ensure complete surface
saturation. To eliminate weakly adsorbed hydrogen, the system
was subsequently purged with argon for 15 min. Finally, H,-
TPD was carried out by heating the sample from 50 °C to
800 °C at a rate of 10 °C min~" under a continuous argon flow
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(20 mL min™"), while the evolved hydrogen was quantitatively
measured using a TCD. Acidic properties were determined
through NH;3-TPD. The catalyst (100 mg) was first reduced
under H, (50 mL min™") at 450 °C for 2 h, cooled to 50 °C, and
exposed to NHz/He (30 mL min™") for 1 h to achieve adsorp-
tion saturation. Physically adsorbed ammonia was then purged
with N, for 30 min. Desorption was carried out between 50 °C
and 700 °C at 10 °C min~" under N, flow, and the effluent
gases were analyzed with a TCD. O,-TPO analysis was per-
formed to evaluate the nature and oxidation behavior of car-
bonaceous species deposited on the spent catalysts. The cata-
lyst sample (50 mg) was first pretreated under an argon flow
(40 mL min™") at 250 °C for 2 h, followed by cooling to 50 °C.
Subsequently, the sample was exposed to a 10 vol% O,/Ar gas
mixture generated by external gas mixing (31.5 mL min™" Ar
and 3.5 mL min~" O,; total flow rate = 35 mL min~") prior to
entering the instrument, while the flow rate inside the instru-
ment was maintained at 20 mL min~'. The temperature was
then increased from 50 °C to 800 °C at a heating rate of 10 °C
min~", and the effluent gases were monitored using a TCD. In
situ  Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) measurements were performed on a
Thermo Scientific Nicolet iS50 FT-IR spectrometer equipped
with an MCT detector and a high-temperature reaction cell
fitted with a ZnSe window. Prior to spectral acquisition, 50 mg
of catalyst was pretreated under H, (30 mL min™') at 450 °C
for 2 h. Subsequently, 20 pL of guaiacol was introduced at
room temperature and equilibrated for 10 min. DRIFTS
spectra were collected every 5 min at a resolution of 4 cm™
with 32 scans under a continuous H, flow (30 mL min‘l) while
the temperature increased from 100 °C to 150 °C at 10 °C
min~". Spectral data were processed using OPUS software.

2.4 Electrochemical tests

For the electrochemical experiments, the solution consisted of
SiW,, with a concentration (0.012 mol L"), and 0.08 g of cata-
lyst was introduced in 20 ml of water. A platinum wire func-
tioned as the working electrode, paired with an Ag/AgCl refer-
ence electrode connected through a salt bridge. This configur-
ation was used to monitor the potential behavior during the
interaction of SiW;,, hydrogen gas and Ni-Ru/TiO,, Ni-Pt/TiO,
and Ni-Pd/TiO, catalysts having different metal ratios.
Measurements of the potential difference between the working
and reference electrodes were carried out using a GAMRY
Interface 1010 E electrochemical workstation (Model 40005) at
room temperature and room pressure in a 25 mL electro-
chemical cell. Throughout the test, hydrogen gas was supplied
continuously to the cell at (50 mL min~"), while the mixture
was stirred at 800 rpm. The measured potentials were con-
verted to the normal hydrogen electrode (NHE) scale using:
Exug = Eagiagal + 0.22 V where Expr denotes the potential rela-
tive to the NHE reference. Cyclic voltammetry (CV) was also
carried out on the same instrument using an Ag/AgCl refer-
ence electrode, an 8 mm glassy carbon working electrode, and
a 15 mm x 15 mm platinum plate as the counter electrode.
The experiments were conducted in (0.025 mol L") SiWy,
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solution at ambient temperature with a scan rate of 100 mV
s~'. All potentials were referenced to the NHE scale as pre-
viously described.

3. Results and discussion
3.1 Characterizations and catalyst structure

The impact of noble metal (Pt, Ru, and Pd) incorporation into
3Ni/TiO, on the reduction behavior of the catalysts was investi-
gated using H,-TPR. For the 3Ni/TiO, catalyst (Fig. 1a), a sig-
nificant reduction peak at 440 °C was observed, attributed to
the interaction between NiO and the TiO, surface, with a
shoulder peak at 340 °C corresponding to amorphous NiO
without support interaction.’” When Ru was added to the 3Ni/
TiO, catalyst, as in the 3NilRu/TiO, sample (Fig. 1a), the
reduction profile shifted significantly. A sharp peak centered
at 250 °C was observed, corresponding to the reduction of
RuO, to Ru’ while the region between 250 °C and 380 °C
suggested the reduction of bimetallic species. Notably, the
addition of Ru promoted the reduction of Ni to lower tempera-
tures, from 440 °C (for 3Ni/TiO,) to 380 °C, demonstrating a
synergistic effect of Ru in enhancing Ni reduction.*® This pro-
motion of Ni reduction by Ru® has been previously reported,
and is likely due to hydrogen spillover and enhanced hydrogen
adsorption-desorption processes between the noble metal and
metal oxide support.’***° In this mechanism, dissociated
hydrogen species migrate from the noble metal to the surface
of NiO, thereby facilitating the reduction at lower tempera-
tures.*" In addition, the narrower distribution of peaks associ-
ated with RuO, species in 3NilRu/TiO, indicates better dis-
persion of Ru, likely resulting in a more efficient catalytic
system. Pd incorporation presents a distinctly different
reduction behavior. In 3Ni1Pd/TiO,, the H,-TPR profile shown
in (Fig. 1a), begins with a reverse peak at around 100 °C,
characteristic of hydrogen uptake on reduced Pd at room
temperature, which is consistent with the formation of PdHx
species.*” This initial hydrogen absorption is followed by
broad reduction events between 260 and 380 °C, attributed to
the stepwise reduction of PdO and the formation of Ni-Pd
interaction phases. Beyond 500 °C, an additional broad feature
emerges, indicative of TiO, reduction facilitated by the pres-
ence of Ni-Pd, suggesting strong metal-support
interactions.**** The complexity of this reduction pattern
reflects the multifaceted chemistry of Pd and underscores its
intimate interplay with both Ni and the TiO, support. In con-
trast, Pt incorporation adds another dimension to the reduci-
bility of 3Ni/TiO,, shown in (Fig. 1a). The 3Ni1Pt/TiO, catalyst
exhibits reduction peak around 240 °C, corresponding to oxi-
dized Pt species and Pt-support boundary sites. A subtle
shoulder at 350 °C indicates direct Ni-Pt interactions, while a
pronounced peak at 430 °C is assigned to the reduction of
NiO.** Compared with the base catalyst 3Ni/TiO,, all noble
metals improved reducibility, but Ru provided the most pro-
nounced promotion, Pd induced complex metal-support
effects, and Pt offered intermediate behavior. In addition, it

This journal is © The Royal Society of Chemistry 2026
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(a) H>-TPR analysis of bimetallic catalysts. (b) H,-TPD analysis of bimetallic catalysts. (c—e) HTREM images of fresh 3NilRu/TiO, with 20 nm,

10 nm, and 5 nm scale bars, and showing the mean particle size. (f—h) Display 3Ni1Pt/TiO, with 20 hm, 10 nm, and 5 nm scale bars, with showing
the average particle size. (i—k) Show 3NilPd/TiO, with 20 nm, 10 nm, and 5 nm scale bars with the mean particle size.

indicates that the metal-support interaction strength follows
the order 3Ni/TiO, > 3Ni1Pd/TiO, > 3Nil1Ru/TiO, > 3Nil1Pt/
TiO,, with Pd and Ru promoting stronger Ni-TiO, interactions
compared to Pt.

H,-TPD profiles of the bimetallic 3Ni/TiO, catalysts
(Fig. 1b) reveal that noble-metal incorporation markedly alters
hydrogen adsorption-desorption behavior. The monometallic
3Ni/TiO, catalyst exhibits multiple hydrogen adsorption sites
ranging from weak to strong adsorption, with a total hydrogen
uptake of 3.92 x 10~* mmol (Fig. S1 and Table S1). In contrast,

This journal is © The Royal Society of Chemistry 2026

3Ni1Ru/TiO, displays a pronounced and broad high-tempera-
ture desorption region extending above 400 °C, indicative of
strongly bound hydrogen species, with a total hydrogen uptake
of 4.56 x 10> mmol, as shown in (Fig. S2 and Table S1). The
3Ni1Pd/TiO, catalyst exhibits predominantly low- to mid-temp-
erature hydrogen desorption, indicating the presence of weakly
bound and highly mobile surface hydrogen species that are
readily available for hydrogenation reactions, with a total
hydrogen uptake of 2.55 x 107> mmol (Fig. S3 and Table S1).
Meanwhile, 3Ni1Pt/TiO, shows a broader desorption profile
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with enhanced mid-temperature features, suggesting the pres-
ence of weak to strong chemisorbed hydrogen associated with
modified Ni electronic properties, with a reported total hydro-
gen uptake of 5.83 x 10~> mmol (Fig. S4 and Table S1). Overall,
the increase in hydrogen binding strength and stability follows
the order Ni-Pd < Ni-Pt < Ni-Ru, while the total hydrogen
adsorption follows the order Ni-Pd < Ni-Ru < Ni-Pt.

HRTEM-HAADF and EDS analyses were employed to eluci-
date how Pt, Ru, and Pd incorporation modulates particle size,
dispersion, and elemental distribution in 3Ni/TiO, catalysts
(Fig. 1). For the 3NilRu/TiO, catalyst (Fig. 1c-e), HRTEM
images reveal a relatively broad nanoparticle size distribution
ranging from 5.5 to 13 nm, with an average diameter of
approximately 7.98 nm (Fig. 1c). EDS elemental mapping
(Fig. S5) confirms the homogeneous distribution of Ni and Ru
within the nanoparticles, indicating effective co-deposition
and uniform composition throughout the catalyst matrix, with
no evidence of large-scale aggregation or phase separation.”®
In comparison, the 3Ni1Pt/TiO, (Fig. 1f-h) and 3Ni1Pd/TiO,
(Fig. 1i-k) catalysts exhibited relatively lower metal dispersion,
accompanied by slight nanoparticle agglomeration. EDS
elemental mapping further confirmed the homogeneous dis-
tribution of Ni and Pt or Pd within the nanoparticles, as
shown in (Fig. S6 and Fig. S7), respectively. and average par-
ticle sizes of 6.43 nm and 7.05 nm, respectively. All bimetallic
catalysts exhibit smaller particle sizes than the monometallic
Ni catalyst of particle size of 14.58 nm (Fig. 2d). It reported
that noble-metal incorporation promotes a reduction-assisted
effect that facilitates the formation of Ni-M bimetallic nano-
particles.”” Accordingly, the average particle size follows the
order 3Ni1Pt/TiO, < 3Ni1Pd/TiO, < 3NilRu/TiO, < 3Ni/TiO,,
while metal dispersion decreases in the order 3NilRu/TiO, >
3Ni1Pt/TiO, > 3Ni1Pd/TiO, with 3Ni1Ru/TiO, exhibiting the
highest dispersion. This trend is consistent with the H,-TPR
results in (Fig. 1a). FFT analysis identifies lattice fringes with
spacings as shown in (Fig. 1e) of 2.31 A and 2.10 A, corres-
ponding to the (111) plane of face-centered cubic Ni (JCPDS
004-0850) and the (101) plane of hexagonal close-packed Ru
(JCPDS 006-0663), respectively.*® In addition, the measured
interplanar spacings are consistent with reported values for
Ni (0.204 nm), Pt (0.227 nm), Pd (0.230 nm), and NiO
(0.231 nm), confirming the formation of crystalline metallic
and oxide nanoparticles within the catalyst system (Fig. 1h
and k).

As our results suggest, 3NilRu/TiO, exhibits hydrogen-
buffer-assisted HDO performance comparable to that of
3Ni1Pt/TiO,. Given that chemisorption characteristics and
metal dispersion critically influence hydrogen activation and
spillover, H,-TPR measurements were further conducted to
evaluate the reduction behavior and metal-support inter-
actions of 3Ni/TiO, catalysts with varying Ru loadings (0, 0.3,
0.7, and 1) in (Fig. 2a). The introduction of low to moderate Ru
contents (Ru = 0.3-0.5) shifts the NiO reduction peaks to lower
temperatures (~250-330 °C) and increases peak intensity, indi-
cating improved dispersion and facilitated hydrogen activation
via Ru-induced spillover.”® In addition, the H,-TPR profiles
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exhibit four distinct reduction peaks, corresponding to Ru-Ni
species with varying degrees of interaction with the TiO,
support. In contrast, further increasing the Ru loading (Ru =
0.7-1) results in broader reduction features with a noticeable
shift toward higher temperatures (>400 °C), characteristic of
strengthened Ni-TiO, interactions associated with SMSL*°

The hydrogen adsorption-desorption properties of 3Ni/
TiO, catalysts with different Ru-to-Ni ratios were investigated
by H,-TPD (Fig. 2b). This analysis enables direct correlation
between Ru loading, hydrogen storage capability, and catalytic
performance in the hydrogen-buffer-assisted HDO process.
H, TPD analysis reveals a strong dependence of hydrogen
storage behavior on Ru loading in the Ni/TiO, catalysts.
Monometallic of 3Ni/TiO, and 0.7Ru/TiO, exhibit negligible
hydrogen desorption over the investigated temperature range
of 3.92 x 10~> mmol and 3.03 x 10~> mmol (Table S1), indicat-
ing limited hydrogen uptake and poor reaction with hydrogen-
buffer reaction. The 3Ni0.3Ru/TiO, catalyst shows a distinct
desorption feature in the intermediate-temperature region
(*250-500 °C), corresponding to chemisorbed hydrogen
associated with well-dispersed metal sites and Ru-induced
hydrogen spillover of capacity 2.70 x 107> mmol (Fig. S8 and
Table S1) from moderate to strong adsorption. Further increas-
ing the Ru content (3Ni0.5Ru/TiO, and 3Ni0.7Ru/TiO,) leads
to broader desorption profiles and higher hydrogen uptake of
7.35 x 107> mmol and 7.33 x 107> mmol (Fig. S9, S10 and
Table S1), indicating a wider distribution of adsorption sites
with varying binding strengths (weak, moderate, and strong
adsorption). Notably, 3Ni1Ru/TiO, exhibits the strongest and
highest-temperature hydrogen desorption (>600 °C) of uptake
4.56 x 107> mmol (Fig. S2 and Table $1), suggesting the pres-
ence of strongly bound hydrogen species stabilized at Ru-Ni-
TiO, interfacial sites.’®>> At higher temperatures (>700 °C), all
samples showed only weak desorption features, confirming
limited hydrogen spillover on TiO, supports.>® This balance
between adsorption and release is ideal for dynamic proton-
electron transfer, supporting efficient H* shuttling by SiW;,
rather than H accumulation on the catalyst surface.>® These
results indicate that Ru optimizes Ni-H binding strength,
allowing efficient hydrogen exchange with the SiW,, buffer
during aqueous-phase HDO.

To evaluate whether surface acidity contributes significantly
to the hydrogen-buffer-assisted HDO performance, NH;-TPD
experiments were conducted, as shown in (Fig. 2c), and the
corresponding acid site densities, obtained by integrating the
desorption peaks, are summarized in (Table S2). The 0.7Ru/
TiO, catalyst exhibits the highest total acidity (0.544 mmol
g™, with contributions from strong, moderate, and weak acid
sites. In contrast, the bimetallic 3Ni0.7Ru/TiO, catalyst shows
a lower total acidity (0.237 mmol g~) than 0.7Ru/TiO,, but
higher than monometallic 3Ni/TiO, (0.177 mmol g~'), which
is dominated by moderate acid sites. Despite the higher acidity
of 0.7Ru/TiO,, its inferior catalytic performance compared
with 3Ni0.7Ru/TiO, clearly suggests that high acidity alone
does not correlate with enhanced HDO activity.>* The results
suggest that the superior performance of 3Ni0.7Ru/TiO, is pri-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization of 3Ni/TiO, catalysts with varying Ru loadings prior to the HDO reaction. (a) H,-TPR profiles, (b) H,-TPD profiles, and (c)
NH3-TPD profiles. HRTEM images of the reduced catalysts showing the mean particle sizes of monometallic Ni and Ru, and bimetallic Ni-Ru on
TiOy: (d and e) 3Ni/TiO,, (f and g) 3Ni0.3Ru/TiO5, (h and i) 3Ni0.5Ru/TiO,, (j and k) 3Ni0.7Ru/TiO,, and (L and m) 0.7Ru/TiO, (catalyst reduction temp-

erature: 450 °C under pure hydrogen (30 ml min™™) for 2 h).

marily attributed to the synergistic combination of efficient
hydrogen activation, hydrogen-transfer capability, and favor-
able metal-metal and metal-support interactions, which
together promote effective coupling with the Siw,, hydrogen-
buffer system.

To understand how Ru loading influences metal dispersion
and particle size in the 3Ni/TiO, system, HRTEM was used

This journal is © The Royal Society of Chemistry 2026

(Fig. 2). For the monometallic 3Ni/TiO, catalyst (Fig. 2d-e),
clear lattice fringes with spacings of 0.349 and 0.329 nm were
observed, corresponding to the (101) plane of anatase and the
(110) plane of rutile, confirming that both TiO, phases are
present in the P25 support.”® Metallic Ni particles were identi-
fied by a d-spacing of 0.203 nm, assigned to the (111) plane of
face-centered cubic Ni, together with a minor contribution
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from NiO (0.205 nm), in agreement with the H,-TPR (Fig. 2a)
and XRD results (Fig. $12).%%°°

When Ru was introduced to form the bimetallic 3NixRu/
TiO, catalysts (x = 0.3-1.0) (Fig. 2h-k), the metal particles
became noticeably smaller, with the average size decreasing
from 14.58 to 7.98 nm. This indicates that Ru effectively limits
Ni particle growth and improves overall dispersion.
HAADF-STEM images (Fig. S13) showed that Ni and Ru are
generally well distributed across the TiO, surface, although
small regions of agglomeration remain, likely because Ru pre-
ferentially nucleates on pre-existing Ni clusters. The lack of dis-
tinct Ru peaks in the XRD pattern of 3Ni0.7Ru/TiO, (Fig. S12),
further suggests that Ru is present as highly dispersed or ultra-
fine nanoparticles below the detection limit, whereas the
monometallic 0.7Ru/TiO, sample displays the highest appar-
ent dispersion due to its low metal loading.

N, physisorption results (Fig. S14, S15 and Table S2) show
that adding Ru leads to a slight decrease in surface area and
pore volume compared to 3Ni/TiO, (from 49.65 to 49.37 m?>
g~' and from 0.2873 to 0.2381 cm?® g, respectively), along
with a reduction in average pore diameter (from 28.33 to
20.05 nm). These changes suggest that part of the Ru is de-
posited within the pore structure.

Afterwards, XPS was employed to probe to investigate the
electronic structure and chemical valence states of the bi-
metallic 3Ni0.7Ru/TiO, catalyst and to compare them with
those of the monometallic 3Ni/TiO, reference (Fig. 3). As
shown in (Fig. 3a), the XPS survey spectrum of 3Ni0.7Ru/TiO,
exhibits characteristic peaks corresponding to C 1s/Ru 3d
(283.3 V), Ru 3p (479.3 eV), O 1s (534.2 eV), Ni 2p (854.1 eV),
and Ti 2s and Ti 2p at (568.1 eV) and (466.2 eV), respectively,
confirming the presence of all constituent elements at the
catalyst surface. High-resolution Ni 2p spectra for both 3Ni/
TiO, and 3Ni0.7Ru/TiO, are presented in (Fig. 3b). For
3Ni0.7Ru/TiO,, the Ni 2psz, and Ni 2p,,, regions display two
distinct components, with Ni 2ps,, peaks located at (852.1 eV)
and (858.2 eV) and Ni 2p,,, peaks at (855.9 eV) and (861.1 eV).
Pronounced satellite features at (856.0 eV) and (861.9 eV) are
also observed, consistent with previous reports.>” Compared
with the monometallic 3Ni/TiO, catalyst, a systematic shift of
the Ni 2p peaks toward higher binding energies is evident in
the bimetallic sample, indicating electronic modification of Ni
induced by the presence of Ru and the TiO, support. This shift
points to partial electron withdrawal from Ni, consistent with
stronger metal-metal and metal-support interactions that
facilitate hydrogen spillover and enhance surface hydrogen
mobility, in line with the H,-TPR results. The resulting elec-
tronic asymmetry stabilizes higher-valent Ni species, while the
comparatively electron-rich Ru sites help limit excessive oxi-
dation of Ni. At the same time, these Ru sites favor balanced
H, adsorption-desorption behavior, giving rise to a bifunc-
tional enhancement of catalytic performance.’®*° The Ru 3d
spectrum of 3Ni0.7Ru/TiO, (Fig. 3c) reveals two pairs of peaks
centered at (279.3 eV) and (280.1 eV), which are assigned to
Ru® 3ds, and Ru*" 3ds,, respectively, indicating the coexis-
tence of metallic and oxidized Ru species at the surface.®!
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Such a mixed-valence Ru environment further substantiates
that Ru serves as the primary hydrogen activation center in the
bimetallic system.®* The O 1s spectra (Fig. 3d) display a domi-
nant lattice oxygen component at 529.9 eV and a higher
binding energy contribution at approximately 531.4 eV, which
corresponds to lattice oxygen and adsorbed oxygen.®® Finally,
the Ti 2p region (Fig. 3e) shows characteristic peaks at 458.7
eV (Ti 2ps/,) and 464.7 eV (Ti 2p,/,), confirming that the TiO,
support retains its Ti'" oxidation state after metal deposition
and reduction.®* Collectively, the XPS results indicate a syner-
gistic catalytic architecture in which Ru predominantly func-
tions as the active site for hydrogen activation through its
metallic Ru® species, while Ni, electronically modified by both
Ru and TiO,, contributes to interfacial hydrogen transfer and
activation of oxygenated surface intermediates.

3.2 Synergic hydrogen buffer effect and bimetallic catalysts

In this section, we investigated how coupling SiW;, with
noble-metal-promoted 3Ni/TiO, catalysts affects the hydrogen-
buffer cycle and its contribution to guaiacol HDO under mild
conditions. To provide insight into the proposed hydrogen-
transfer mechanism, electrode potential measurements were
first performed to examine the intrinsic redox behavior and
reversible hydrogen-transfer capability of SiW,, in aqueous
media. Purging H, into a SiW;, solution caused a pronounced
decrease in electrode potential, while subsequent purging with
inert gas restored the potential to its original value (Fig. 4a). In
the absence of a catalyst, no permanent color change or stable
reduced species was observed, indicating that Siw,, does not
directly react with molecular hydrogen at the gas-liquid inter-
face. When 3Ni/TiO, was introduced, the potential decrease
upon H, purging became significantly slower, and no stable
blue coloration associated with reduced [SiW,,]’>~ species was
detected (Fig. 4b). The observed blue coloration originates
from reduction of SiW;, at the Pt electrode surface used
during electrochemical measurements, rather than from cata-
lytic reduction by Ni/TiO, itself.>® These observations, together
with the weak low-temperature hydrogen uptake observed in
H,-TPD (Fig. 1b), indicate that monometallic Ni struggles to
activate and transfer hydrogen to SiW,, in water under
ambient aqueous conditions, owing to the relative instability
of nickel species in aqueous media, which leads to progressive
catalyst deactivation.®>®® In addition, surface passivation/
limited interfacial contact in water may also contribute.®”%®

In contrast, incorporation of noble metal promoters (Pt, Ru,
or Pd) into 3Ni/TiO, dramatically altered the redox response of
the Siw,, solution (Fig. 4c). Upon H, bubbling, the solution
rapidly turned deep blue, accompanied by a sharp drop in
electrode potential, consistent with the reduction of [SiWy,]*"
to [SiWy,]°~ (Fig. 4c).>"*® The potential subsequently stabilized
at a low value, indicating the establishment of a redox equili-
brium in the presence of the catalyst. This behavior reflects
catalytic dissociation of H, on the metal sites followed by
transfer of hydrogen equivalents to SiW,,, forming a reversible
hydrogen-buffering cycle described by eqn (3). Cyclic voltam-
metry (Fig. S16) confirms this mechanism by revealing a

This journal is © The Royal Society of Chemistry 2026
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reversible one-electron redox couple centered at approximately
—0.15 V versus NHE, characteristic of the [SiWy,]* /[SiW,]>~

transition and consistent with previous reports.>*%3°

LH, 4 [SiWn]" = H' + [Siwp)*
2 3)

= H'[SiWy,]>” with NiRu catalyst.

Under these conditions, an equilibrium is established
among [SiWy,]*", [SiWy,]’", surface hydrogen species (H*),
protons (H'), and molecular hydrogen (H,). The reduced
[SiWy,]°~ species remains stable under an inert atmosphere
unless both [SiW,,]>~ and H" interact simultaneously at the

This journal is © The Royal Society of Chemistry 2026

catalyst surface, indicating that hydrogen release is surface-
mediated.”* Consequently, Siw,, serves as an efficient hydro-
gen carrier, enabling transfer of hydrogen from the gas-liquid
interphase into the liquid phase through reversible proton-
electron transfer and transfers reactive hydrogen into the bulk
solution to regenerate H* on the catalyst surface (reverse reac-
tion).”® The proposed hydrogen-buffering mechanism for the
3Ni1Ru/TiO, with SiW,, system, which is also applicable to
3Ni1Pt/TiO, and 3Ni1Pd/TiO,, is illustrated in (Fig. 5).

In order to further confirm the H state in SiW,, solution,
the pH change was measured during H, reduction of SiW;,
solution suspended with 3Ni1Ru/TiO,, a gradual decline in pH
was observed, attributed to H, was oxidized by [SiW,,]*” to be
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free proton H" in bulk solution, and simultaneously the elec-
tron was stored in the [SiWy,]°” anions (Fig. S17). This trend
indicates efficient transport of electrons and protons from the
gas-liquid boundary into the bulk of the solution, similarly to
our previous research.>®3°

Electrode potential measurements revealed clear differ-
ences in the degree of Siw,, reduction (Fig. 4c). The potentials
stabilized at approximately +0.01 V for both 3Ni1Ru/TiO, and
3Ni1Pt/TiO,, whereas 3Ni1Pd/TiO, reached a significantly
higher value of +0.20 V, indicating a markedly lower extent of
acid reduction (Fig. 4c). Because lower electrode potentials
correspond to deeper reduction of [SiWy,]*™ to [SiWy,]’7, these
results suggest that Ru- and Pt-promoted catalysts facilitate
substantially greater hydrogen transfer to Siw;, than the Pd-
containing system.®® Spectroscopic analyses further corrobo-
rated this trend. UV-Vis spectra recorded after 20 min of H,

Green Chem.

bubbling (Fig. 4d) exhibited the highest absorbance intensities
for 3Ni1Ru/TiO, and 3NilPt/TiO,, corresponding to higher
concentrations of reduced [SiWy,]°” species, consistent with
more effective hydrogen transfer and metal-acid interaction.*®
Visual inspection likewise showed a deep blue coloration for
the Ru- and Pt-promoted systems, whereas only a faint color
change was observed for 3Ni1Pd/TiO, (Fig. S18), confirming its
limited reduction capability. Together, these observations indi-
cate that 3Ni1Ru/TiO, and 3Ni1Pt/TiO, establish comparable
hydrogen transfer within the Siw,,-mediated system.

Despite exhibiting a similar overall reduction extent of
[SiWy,]*" to [SiWy,]°7, the catalysts displayed distinct hydro-
gen-transfer kinetics. The Pt-promoted catalyst reached a
stable reduced state within approximately 10 min, whereas the
Ru-promoted catalyst required about 15 min to achieve a
similar reduction state (Fig. 4c). H,-TPD measurements

This journal is © The Royal Society of Chemistry 2026
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(Fig. 1b) provide insight into this difference. 3Ni1Pt/TiO, dis-
played a higher density of weakly adsorbed hydrogen species,
particularly below 100 °C (Fig. 1b and Table S1), which facili-
tates rapid formation and migration of reactive H* species. In
contrast, 3Ni1Ru/TiO, exhibited lower overall hydrogen uptake
at low temperature, consistent with slightly stronger hydrogen
binding that slows equilibration but maintains effective hydro-
gen delivery.”””" By comparison, 3Ni1Pd/TiO, showed the
lowest total hydrogen uptake, despite the presence of both
weak and strong adsorption sites, explaining its inferior ability
to sustain the SiW;, hydrogen-buffering cycle. Accordingly, the
overall hydrogen-buffer-assisted catalytic activity followed the
order: 3NilPt/TiO, > 3NilRu/TiO, > 3Ni1Pd/TiO,. H,-TPR
results (Fig. 1a) further suggest that metal-support inter-
actions weaken in the order 3Ni1Pd/TiO, > 3NilRu/TiO, >
3Ni1Pt/TiO,. Stronger metal-support coupling can restrict
hydrogen mobility and interfacial hydrogen transfer to SiW;,,
thereby limiting effective hydrogen spillover.”> These obser-
vations also follow the well-known volcano relationship
between hydrogen adsorption energy and catalytic activity.
Metals that bind hydrogen either too strongly or too weakly lie
on either side of the activity maximum and therefore exhibit
lower reactivity.>® The moderate hydrogen adsorption strength
of Pt favors the generation of mobile, reactive H* species
capable of efficiently reducing SiW;,, while the stronger hydro-
gen binding on Ni-, Pd-, and Ru-containing surfaces stabilizes
surface hydrogen, slowing hydrogen spillover and limiting
SiW,,-mediated buffering under mild multiphase reaction
conditions.”®

The impact of this hydrogen-buffering mechanism was
directly reflected in guaiacol HDO performance as shown in
(Fig. 4e). To decouple the specific role of SiWw;, from that of
Brensted acidity alone, control experiments were conducted in
pure water, phosphate buffer (PB, pH 7) and in H3PO, solution
(pH 2.1, 0.05 mol L™") as reference acid promoters (Fig. 4€). In

This journal is © The Royal Society of Chemistry 2026

pure water, all catalysts exhibited low guaiacol conversion and
predominantly formed partially oxygenated products such as
catechol, phenol, and 1-methyl-1,2-cyclohexanediol, indicating
that although Ni, Pt, Pd and Ru can dissociate/activate H,, the
aqueous environment strongly stabilizes oxygenated inter-
mediates through hydrogen bonding and solvation effects and
increases the energetic barrier for deep hydrogenation and C-
O bond cleavage. At the same time, surface hydrogen gener-
ated on metal sites becomes partially immobilized within the
hydrogen-bonding network of water, lowering the effective
surface hydrogen chemical potential required for C-O bond
cleavage and complete hydrogenation.”*”> Previous studies
have shown that guaiacol undergoes transalkylation followed
by rapid aromatic ring hydrogenation to form this diol over Ni-
based catalysts.”® Introducing PB further dropped, guaiacol
conversion below 12% for all catalysts, demonstrating that
neutral acidity cannot couple hydrogen activation with
efficient hydrogen transfer to the substrate. Even when H;PO,
was introduced, only a modest increase in conversion was
achieved, and product distributions remained dominated by
cyclohexanone around 70% selectivity over 3Ni1Pt/TiO, and
3Ni1Ru/TiO,. This behavior is consistent with enhanced HDO
activity facilitated by altered hydrogen adsorption properties in
the presence of hydronium ions,' but the persistence of cyclo-
hexanone and the near absence of cyclohexanol indicate that
hydrogen delivery to carbonyl intermediates remains kineti-
cally limited.”” In sharp contrast, incorporation of SiWy, led to
a simultaneous and substantial enhancement in both guaiacol
conversion and cyclohexanol selectivity across all catalysts,
despite SiW;, itself being inactive toward guaiacol HDO, as
neutral phenol cannot readily form the high-energy phenoxide
intermediate required for subsequent hydrogenation steps.”®
In the presence of both SiW,, and metal catalysts, guaiacol
conversions reached 40.2%, 77.7%, and 60.2% over 3Ni1Pd/

TiO,, 3NilPt/TiO,, and 3NilRu/TiO,, respectively, with
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corresponding cyclohexanol selectivity’s of 41.5%, 65.1%, and
76.5%. These results, compared with H3;PO,, clearly suggest
that Siw,, functions as an effective hydrogen buffer, coupling
metal-catalyzed H, activation with hydrogen transfer through
reversible H'/e™ exchange. In this role, SiWy, acts as a proton-
responsive redox mediator that stores and transfers reactive
hydrogen equivalents at the catalyst interface, promoting
hydrogenation and C-O bond cleavage under under mild mul-
tiphase reaction conditions.' The lower activity of the Pd-pro-
moted catalyst is consistent with literature reports showing
that Pd-based systems require substantially higher tempera-
tures and hydrogen pressures to achieve efficient demethoxyla-
tion and carbonyl hydrogenation.”®®® Limited hydrogenation
of polar intermediates leads to ketone accumulation, suppres-
sing deep HDO under mild condition,®" whereas Pt- and Ru-
based catalysts more readily hydrogenate and deoxygenate
such species in the presence of Brgnsted acids.”” Although
3Ni1Pt/TiO, exhibited the highest initial guaiacol conversion,
3Ni1Ru/TiO, delivered significantly higher cyclohexanol
selectivity, the proposed reaction pathways are illustrated in
(Fig. S19a). Extending the reaction time over 3Ni1Ru/TiO, to
4 h increased guaiacol conversion above 80% (Fig. S19b), indi-
cating that its lower initial activity reflects slower hydrogen-
ation kinetics rather than intrinsic catalytic limitations.
Furthermore, dehydroxylation of cyclohexanol over Ru surfaces
can be kinetically slow, even under acidic conditions, which
favors high cyclohexanol selectivity.®> The observed differences
in product distribution among Ni-Pt, Ni-Pd, and Ni-Ru cata-
lysts can be further rationalized by considering the adsorption
mode of guaiacol and the nature of hydrogen species involved.
Guaiacol can adsorb either through the aromatic ring or via
the oxygenated functional groups (-OH, -OCH;) on metal
sites. Ring adsorption typically facilitates hydrogenation path-
ways leading to cyclohexanone and cyclohexanol, whereas
adsorption through oxygen functionalities promotes C-O bond
activation and deoxygenation pathways.®*"®® This behavior is
also consistent with differences in the interaction with Siw,,,
reduction behavior, availability of hydrogen adsorption sites,
average particle size, and metal-support interactions as dis-
cussed earlier. Based on its high cyclohexanol selectivity and
strong C=O hydrogenation capability, the 3Ni1Ru/TiO, with
SiW,, system was therefore identified as the preferred catalytic
formulation for selective guaiacol HDO. In (Fig. 4e), further
illustrates the distinct yet complementary roles of Ni, Ru, and
the Ni-Ru interface in guaiacol HDO within the Siw,,-assisted
system. In water, 3Ni/TiO, is essentially inactive, whereas 1Ru/
TiO, exhibits higher conversion and predominantly forms
cyclohexanone, reflecting Ru’s strong ability to hydrogenate
aromatic rings and oxygen-containing functional groups. The
bimetallic 3Ni1Ru/TiO, displays intermediate behavior
between these two cases. The relatively higher activity of 1Ru/
TiO, may also be partially associated with its higher total
acidity, as revealed by the NH;-TPD results, compared with
3Ni1Ru/TiO, in (Fig. 2c). Upon addition of SiW,,, the most
pronounced enhancement is observed for 3Ni1Ru/TiO,, which
achieves the highest guaiacol conversion and more than 70%
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cyclohexanol selectivity, whereas 1Ru/TiO, exhibits only a
limited response. This trend is consistent with previous
reports showing that Ru catalysts in acidic aqueous environ-
ments tend to favor rearrangement and isomerization path-
ways rather than direct HDO, often resulting in lower phenol
conversion.””  Electrochemical and hydrogen adsorption
measurements support this interpretation. Although 1Ru/TiO,
exhibits a significant potential decrease upon H, purging,
indicating effective H, activation, only a limited potential
recovery is observed during Ar purging (Fig. S20), indicating
less dynamic reversible hydrogen exchange within the SiW,,-
mediated hydrogen-buffer system compared with 3Ni1Ru/TiO,.
Similarly, H,-TPD results (Fig. 2b) suggest that hydrogen on
1Ru/TiO, is less involved in transferable surface hydrogen
species than on 3Ni1Ru/TiO,. Although Ru is highly active for
H, dissociation, the relatively strong Ru-H interaction can
slow hydrogen desorption and reduce hydrogen mobility on
the catalyst surface, thereby limiting effective coupling with
the SiW,, hydrogen-buffer cycle.’” Consequently, hydrogen on
1Ru/TiO, interacts less effectively with the SiW,,-mediated
hydrogen-transfer process. Therefore, the superior perform-
ance of 3Ni1Ru/TiO, is attributed to the synergistic interaction
between Ni and Ru, which enhances hydrogen mobility and
interfacial hydrogen-transfer processes, leading to more
efficient utilization of the SiW;, hydrogen-buffer system
during HDO.

3.3 Synergistic metal-acid interactions

To understand the interaction between SiW,, and 3NilRu/
TiO, during guaiacol HDO, we combined structural character-
ization, H,-TPD analysis, in situ DRIFTS, XRD, Raman, O,-TPO
and catalytic evaluation (Fig. 6). Post-reaction elemental
mapping reveals uniform co-distribution of Si with Ni and Ru
across the TiO, surface (Fig. 6a). Similar results obtained for
3Ni/TiO,, 3Ni1Pt/TiO, and 3Ni1Pd/TiO, as shown in (Fig. S21
and S22). Repeated washing does not completely remove
SiW,,, indicating that part of the initially soluble heteropoly
acid becomes strongly associated with the catalyst surface
under reaction conditions. XRD and Raman analyses (Fig. S23
and S24a) further support this observation, showing that the
3Ni1Ru/TiO, structure remains largely unchanged after reac-
tion, while weak low-angle XRD features (5-10°) together with
a slight reduction in Raman intensity suggests the presence of
surface-associated Siw,, species.®® This behavior is consistent
with the adsorption of heteropoly species at metal-support
interfaces, suggesting that Siw;, evolves from a homogeneous
hydrogen buffer into an interfacial promoter during HDO.%*

Two spatial configurations are therefore possible: (i) SiWy,
anchored on TiO, in proximity to Ni-Ru sites (3Ni0.7Ru/
SiW,,-TiO,), and (ii) SiW,, partially coordinated on Ni-Ru
nanoparticles (Siw;,@3Ni0.7Ru/TiO,) as shown in (Fig. 6¢). To
decouple the influence of spatial arrangement, these two
architectures were intentionally synthesized as control catalysts
(SI section S2). This strategy enables direct assessment of how
SiW;, location governs hydrogen adsorption, spillover
dynamics, and catalytic activity.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6

(a) EDS elemental mapping of the spent 3Ni0.7Ru/TiO, catalyst after the HDO reaction. (b) H,-TPD profiles collected after H, saturation at

50 °C for 45 min for fresh and spent 3Ni0.7Ru/TiO,, SiW;,@3Ni0.7Ru/TiO, (SiW;, adsorbed on metal sites), and 3Ni0.7Ru/SiW1,-TiO; (SiW4, pre-
adsorbed on the support). (c) Schematic illustration of the possible interactions between SiW;, and the catalyst surface. (d and e) In situ DRIFTS
spectra of guaiacol adsorption under H;, at 100 °C for 15 min over 3Ni0.7Ru/SiW1,-TiO, and SiW;,@3Ni0.7Ru/TiO,, respectively. (f) Catalytic activity
of the fresh catalyst spent catalyst and control catalysts under optimum reaction conditions. (g) Proposed spillover mechanism (reaction conditions:
125 °C, 0.5 MPa Hy, 9 mL water, 0.12 g catalyst, 0.025 mol L™ SiWy,, 0.5 mL guaiacol, and 1 h reaction time).

H,-TPD analysis provides insight into how this spatial dis-
tribution affects hydrogen activation and mobility (Fig. 6b).
Fresh 3Ni0.7Ru/TiO, exhibits a broad desorption peak cen-
tered at around 350 °C, characteristic of moderately bound
hydrogen arising from Ni-Ru electronic synergy.>® After reac-
tion with SiWi,, new low-temperature features (<150 °C)
appear, indicating the formation of more weakly bound and
mobile hydrogen species.** Enhanced desorption in the
300-450 °C range reflects hydrogen stabilized at metal-Siw;,
interfacial sites, while a broad band above 500 °C evidences
promoted hydrogen spillover onto TiO,.°° Control catalysts
confirm this interpretation: direct coating of SiW;, on Ni-Ru
(Siw,;,@3Ni0.7Ru/TiO,) generates strong interfacial hydrogen

This journal is © The Royal Society of Chemistry 2026

states, whereas support-anchored SiW;, (3Ni0.7Ru/SiW,-
TiO,), primarily enhances hydrogen spillover and hydrogen
distribution across the catalyst surface as shown in (Fig. 6b).
These results suggest that SiW,, is not only anchored on the
TiO, support but can also partially coat Ni-Ru nanoparticles,
modifying hydrogen adsorption behavior depending on its
location.

In situ DRIFTS further suggests the influence on guaiacol
transformation (Fig. 6d-e) and (Fig. S25a and b).
Characteristic C-H (2700-3000 cm™), aromatic C=C
(1600-1490 cm™"), and methoxy/O-H bands (1450-1000 and
3400-3600 cm™") gradually decrease with time-on-stream,
accompanied by the growth of aliphatic features, indicating
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progressive hydrogenation.”® Notably, 3Ni0.7Ru/SiW,,-TiO,
exhibits faster attenuation of aromatic bands and stronger ali-
phatic signal development compared to SiW;,@3Ni0.7Ru/TiO,
and bare 3Ni0.7Ru/TiO, (Fig. S25), confirming that support-
anchored SiW;, accelerates hydrogenation, consistent with the
H,-TPD results in (Fig. 6b). In addition, O,-TPO analysis
(Fig. S24b) revealed substantially lower carbonaceous depo-
sition in the presence of dissolved SiW;, than in the water-
only system, suggesting that enhanced hydrogen transfer sup-
presses the condensation and polymerization of oxygenated
intermediates.®®

These structural and spectroscopic observations correlate
well with the catalytic performance shown in (Fig. 6f). The
spent catalyst retains considerable activity even without Siw,,
in solution during the second reaction cycle, maintaining
approximately 45% guaiacol conversion. In contrast, bare
3Ni0.7Ru/TiO, achieves only about 15% conversion. This sus-
tained performance further indicates that a portion of SiW;,
remains strongly associated with the catalyst surface and con-
tinues to participate in the hydrogen-buffer cycle. Interestingly,
when fresh SiW,, is reintroduced to the spent catalyst, a slight
decrease in activity is observed. This suggests that excessive
SiW;, deposition may partially block Ni-Ru active sites
required for H, dissociation. The control experiments further
support this interpretation, demonstrating that optimal cata-
lytic performance depends on the spatial distribution of Siw,,
rather than simply its presence. Where direct deposition of
Siw,;, onto Ni-Ru nanoparticles suppresses activity due to
excessive surface coverage blocks metal sites required for H,
dissociation. In contrast, when SiW;, is predominantly
anchored on the TiO, support near the metal sites, conversion
increases to approximately 50%, as supported by the H,-TPD
(Fig. 6b) and in situ DRIFTS results (Fig. 6d-e).

This architecture-dependent behavior is rationalized by a
non-classical bifunctional hydrogen spillover mechanism at
the metal-acid interface as seen in (Fig. 6g).”> Hydrogen mole-
cules first split on the metallic Ni-Ru surface, forming reactive
hydrogen species. These hydrogen atoms can then move from
the metal surface to nearby SiW,, acid sites. When they reach
the acid sites, they interact with the protons already present on
SiW,,, forming hydrogen species that are more stable but still
reactive. At the same time, this process is not one-directional.
As hydrogen accumulates on the SiW,, surface, some of these
reactive species can migrate back to the metallic Ni-Ru sites.
In this way, a dynamic balance is established between hydro-
gen on the metal and hydrogen on the acid phase. This con-
tinuous exchange creates a layer of reactive hydrogen species
distributed across the catalyst surface. Similar to previously
reported systems, the strong interaction between SiW,, and
Ru-containing sites likely facilitates hydrogen exchange
between the metal surface and the heteropoly species.’® In this
way, SiW;, functions not only as a Brgnsted acid but also as a
proton-responsive redox mediator that stores and transfers
hydrogen equivalents at the catalyst interface.”’ The close
proximity between the metal and acid phases promotes
dynamic hydrogen exchange across the catalyst surface, facili-
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tating hydrogenation and HDO reactions without relying solely
on surface-bound hydrogen species. Simultaneously, SiW;,
protonates oxygenated phenolic intermediates to form
oxonium species (AE; ~ 22.1 k] mol™"), which undergo facile
dehydration to carbocation intermediates followed by hydro-
genation to cyclohexanol (apparent activation energy =~ 97.5 kJ
mol").>"?%3% These results collectively suggest that the
enhanced HDO performance arises from the cooperative inter-
action between the SiW;, hydrogen-buffer cycle in solution
and the interfacial metal-acid interactions on the catalyst
surface. Together, these processes establish a dynamic hydro-
gen-transfer network that facilitates hydrogen transport
between the gas phase, liquid phase, and catalyst interface
during HDO.

3.4 Process optimization and reaction parameters

Optimizing catalytic efficiency in heterogeneous reactions
requires a clear understanding of how conditions like tempera-
ture, pressure, catalyst loading, and reactant loading influence
product outcomes. In this study, the most active Ru-promoted
3Ni/TiO, catalyst was chosen to explore how these variables
govern guaiacol HDO and its conversion pathway toward
cyclohexanol.

3.4.1 Effect of metal loading. The combination of Siw;,
with bimetallic 3NiRu/TiO, establishes a synergistic bifunc-
tional system that enhances hydrogen transfer and HDO
efficiency. To optimize this interaction, a series of Ru loadings
(0, 0.3, 0.5, 0.7, and 1 wt%) was incorporated into 3Ni/TiO,
(Fig. 7). Electrode potential measurements were used to probe
catalyst-buffer interactions and to establish their correlation
with HDO activity in the presence of Siw,, (Fig. S26). Upon H,
purging, all samples exhibited a decrease in potential and a
characteristic blue coloration (Fig. S27) indicating reduction of
SiW;, and effective hydrogen uptake.*® The stabilized poten-
tials were —0.05 V for 3Ni1Ru/TiO, and 3Ni0.7Ru/TiO,, —0.08 V
for 3Ni0.5Ru/TiO,, and —0.092 V for 3Ni0.3Ru/TiO,, reflecting
progressively weaker hydrogen transfer with decreasing Ru
content. UV-Vis spectra (Fig. S26b) showed the highest absor-
bance intensities for 3Ni0.7Ru/TiO, and 3Ni1Ru/TiO,, con-
firming greater formation of reduced [SiW;,]>” species.
Accordingly, these results suggest that the effectiveness of the
SiW;,-mediated hydrogen-buffer cycle followed the order:
3Ni1Ru/TiO, = 3Ni0.7Ru/TiO, > 3Ni0.5Ru/TiO, > 3Ni0.3Ru/
TiO,. This trend correlates with differences in hydrogen
adsorption capacity, metal dispersion, and accessibility of Ni’-
Ru’ interfacial active sites, as discussed in the characterization
section.

The impact of Ru loading on HDO performance is shown in
(Fig. 7a). Increasing the Ru content from 0 to 0.5 wt%
enhanced guaiacol conversion from 26.2% to 38.9% and
improved selectivity toward deoxygenated products. Further
increases to 0.7 and 1 wt% resulted in comparable conversion,
indicating a saturation effect beyond 0.5 wt%. Notably, this
trend is fully consistent with the Siw;, redox and hydrogen-
buffering measurements, which showed the highest degree of
[SiW,,]"~ reduction and hydrogen uptake for 3Ni0.7Ru/TiO,

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) Comparison of catalytic activity for HDO conversion and product selectivity across different Ru loadings (0—1 wt%) on 3Ni/TiO, in SiW;,-

assisted catalytic systems (reaction conditions: 95 °C, 1 MPa H,, 9 mL water, 0.08 g catalyst, 0.05 mol L™ SiW,,, 1 mL guaiacol, and 1 h reaction

time). Effect of (b) hydrogen pressure (MPa), (c) reaction temperature (°C),

(d) comparison with other catalysts reported for HDO of lignin derived

bio-oil model compounds (Table $3), 5Ni1Pt/SBA-15,"° Ni—Re/SiO,, ™! NiRu/TiO,,*® NiRu/TiO,,**2 PdNi/SBA-15,** NiPd/TiO,,** NiPd/TiO,—-ZrO,,1**

NiPt/SBA-15,1% NiPd/AC,**® NiPt/SBA-15Y NiPt/HZ,!® NiRu/TiO,,*° Pd/C,

120 RU/TiO,,*! Ru/Nb,0s,*22 Pt/Si0,,*2* Ru/Zr0,.*?! (e) Catalyst amount

(g), (f) SiW1, concentration (mol L™Y) (reaction conditions: 95 °C, 1 MPa H,, 9 mL water, 0.08 g catalyst, 0.05 mol L™t SiW,p, 1 mL guaiacol, and 1 h
reaction time). (g) Reaction time on the conversion of guaiacol and product selectivity and (h) recyclability and stability of 3Ni0.7Ru/TiO, (reaction
conditions: 125 °C, 0.5 MPa H,, 9 mL water, 0.12 g catalyst, 0.025 mol L™ SiW,, 0.5 mL guaiacol, and 1 h reaction time).

and 3NilRu/TiO,. Although both catalysts exhibited high
activity and stability, 3Ni0.7Ru/TiO, provided the optimal
balance between catalytic performance and noble metal utiliz-
ation (Fig. S26c¢).

It’s good to note that argon gas was used as the purge gas
as the purge gas during the electrochemical measurements to
evaluate the reversibility of the SiW;, redox cycle (Fig. S28 and
Fig. 4c¢) to avoidcompetitive adsorption, as Ru exhibits a strong
affinity for N, in the presence of H, and SiW;,.>® Under H,
purging, the electrode potential decreased and reached equili-
brium within ~800 s, whereas subsequent introduction of N,
caused a sharp potential increase with the highest increase
recorded at a 3:1 N, : H, ratio, confirming competitive adsorp-
tion at the catalyst surface (Fig. S28b). This destabilized the
SiW,, hydrogen-buffering cycle, leading to transient reduction

This journal is © The Royal Society of Chemistry 2026

of [SiWy,]°” (Fig. S28) and markedly lower guaiacol conversion
(4.79-17.2%) with a  shift toward
(62.95-67.14%) (Fig. S28a).”

3.4.2 Effect of temperature and pressure. Before initiating
the optimization studies, it was essential to eliminate the
effects of external diffusion to ensure a reliable investigation
of the reaction pathway.”* As shown in (Fig. S29), varying the
stirring rate influenced the catalytic performance. Higher stir-
ring rates enhanced the hydrogenation efficiency toward cyclo-

cyclohexanone

hexanol by minimizing mass transfer limitations associated
with the triphasic catalytic system (water-oil-solid), which
involves two distinct hydrophobic layers. Based on these obser-
vations, a stirring rate of 1000 rpm was selected to effectively
eliminate external diffusion effects and ensure uniform
mixing.
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The HDO of guaiacol under mild hydrogen pressure was
examined to evaluate the influence of hydrogen pressure on
guaiacol conversion and product selectivity. As shown in
(Fig. 7b), increasing the hydrogen pressure from 0.25 to 1.0
MPa at 95 °C produced only a minor change in guaiacol con-
version. Since guaiacol HDO in the SiW,,-assisted system pro-
ceeds predominantly through liquid-phase hydrogen transfer,
the reaction is not solely governed by the availability of
gaseous H,.”' Instead, the catalytic performance depends on
the efficient transfer of reactive hydrogen equivalents through
the Siw,, hydrogen-buffer cycle and their delivery to the cata-
lyst interface. Consequently, increasing the inlet H, pressure
beyond a certain level does not significantly enhance the reac-
tion rate. The slight decrease in conversion observed at higher
pressures at 1.5 MPa H,, may be attributed to increased
surface coverage of adsorbed hydrogen on the 3Ni0.7Ru/TiO,
catalyst, which can partially limit the availability of active
metal-acid interfacial sites and disturb the balance between
hydrogen activation, substrate adsorption, and interfacial
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hydrogen-transfer processes.”” Moreover, the product distri-
bution remained largely unchanged across the investigated
pressure range, suggesting that hydrogenation via the domi-
nant reaction pathway (Route 1, Fig. 8b) governs the reaction.’®
Based on these results, 0.5 MPa H, was selected as the optimal
operating pressure.

Temperature optimization in HDO is critical, as it governs
C-O bond cleavage efficiency, product selectivity, and the
extent of secondary reactions and catalyst deactivation.’”
(Fig. 7c) illustrates the effect of temperature on guaiacol con-
version and product distribution over the 3Ni0.7Ru/TiO, cata-
lyst in the presence of SiW,,. At 35 °C, the reaction proceeds
under mild conditions, resulting in limited guaiacol conver-
sion. As the temperature increases, both conversion and
selectivity toward hydrogenated products (cyclohexanol and
cyclohexane) improve, while the formation of intermediate
species such as phenol and 1-methyl-1,2-cyclohexanediol
decreases. Further increasing the temperature to 150 °C leads
to a slight decline in conversion 54.28% and a reduction in
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(a) HDO of representative lignin-derived model compounds over the SiWj,-assisted 3Ni0.7Ru/TiO, catalytic system (reaction conditions:

125 °C, 0.5 MPa H,, 9 mL water, 0.12 g catalyst, 0.025 mol L™ SiW,,, 0.5 mL substrate, and 1 h reaction time). (b) Proposed reaction pathway for
guaiacol HDO to cyclohexanol over 3Ni0.7Ru/TiO; in the SiW,-assisted catalytic system.
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cyclohexanol selectivity to 70.34%, accompanied by increased
selectivity toward cyclohexane 13.47% and benzene 6.50%.
These trends indicate that secondary reactions become more
prominent at elevated temperatures, particularly the further
deoxygenation of cyclohexanol to cyclohexane.’® At this stage,
two competing pathways are promoted: hydrogenolysis of the
aromatic-O bond (Route 1*, Fig. 8b) and aromatic ring hydro-
genation (Route 1, Fig. 8b). The aromatic-O bond exhibits a
high bond dissociation energy (466 k] mol™*), making its clea-
vage more favorable at higher temperatures and thereby
enhancing benzene formation.* In contrast, phenol hydrogen-
ation is exothermic, and temperatures above 125 °C can
thermodynamically suppress this step, limiting further phenol
conversion.”® Accordingly, 125 °C was identified as the
optimal reaction temperature, providing a balance between
conversion efficiency and favorable selectivity toward the
desired HDO products.

The synergistic interaction between SiW;, and 3Ni0.7Ru/
TiO, enabled efficient guaiacol HDO under mild reaction con-
ditions (0.5 MPa and 125 °C). This performance surpasses that
of most previously reported catalysts (Fig. 7d and Table S3),
which typically require longer reaction times (>6 h), higher H,
pressures (>3 MPa), and elevated temperatures (>200 °C) to
achieve comparable activity. These results suggest the excep-
tional performance of the SiW,-assisted 3Ni0.7Ru/TiO, cata-
lytic system for the selective conversion of guaiacol to
cyclohexanol.

3.4.3 Effect of catalyst loading and SiW;, concentration.
Optimizing catalyst loading is crucial in HDO, as it governs the
balance between active site availability and diffusion limit-
ations, ultimately determining catalytic efficiency and product
selectivity.'®® The influence of catalyst loading on guaiacol
HDO was examined by adjusting the amount of 3Ni0.7Ru/TiO,
catalyst from 0.04 to 0.24 g (Fig. 7e). As the catalyst loading
increased from 0.04 to 0.12 g, the guaiacol conversion rose
markedly from 11.8% to 56.8%. This significant enhancement
can be ascribed to the greater availability of active surface sites
to react with SiW,,, which facilitates guaiacol adsorption,
hydrogen dissociation, and an overall increase in reaction
turnover frequency.’®”* Furthermore, the additional surface
sites facilitate more effective interaction with reduced
[SiW;,]°~ species, promoting hydrogen transfer to the catalyst
surface.”® Interestingly, the overall product distribution
remained nearly constant across the different catalyst loadings,
suggesting that the HDO primarily proceeds through the
hydrogenation pathway (Route 1, Fig. 8d) and is largely gov-
erned by the availability of SiW,, as a hydrogen mediator.

To further elucidate the role of SiW;, in the reaction
(Fig. 7f), its concentration was systematically varied from 0.008
and 0.05 mol L™, At 0.008 mol L™, the reaction favored cyclo-
hexanol formation 47.19%, with only a minor yield of cyclo-
hexane 6.42%. Increasing the concentration to 0.017 mol L™"
led to a modest enhancement in both products, with cyclohex-
anol and cyclohexane selectivity’s rising to 49.42% and
11.00%, respectively. Notably, a further increase to 0.025 mol
L' resulted in a substantial improvement in cyclohexanol
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selectivity 69.32%, accompanied by a pronounced decrease in
cyclohexane selectivity to 2.65%. When the concentration was
further increased to 0.05 mol L™, an overall decline in guaia-
col conversion was observed. This behavior suggests that an
optimum SiW;, concentration is required to balance hydrogen
activation, hydrogen transfer, and substrate conversion. At
higher SiW,, concentrations, excessive adsorption of SiWj,
species on the catalyst surface may partially block active sites
and hinder efficient interfacial hydrogen transfer, thereby
reducing the overall reaction rate.”® On this basis, 0.025 mol
L' was identified as the optimal SiW;, concentration.

3.4.4 Effect of guaiacol-to-water phase ratio. The substrate
loading is a key factor influencing both catalytic activity and
product distribution in HDO reactions.'” To examine this
effect, the influence of guaiacol content on the reactivity of the
3Ni0.7Ru/TiO, catalyst was investigated (Fig. S30). The results
show that increasing the guaiacol amount beyond the
optimum negatively affected conversion efficiency due to an
imbalance between substrate concentration, hydrogen-transfer
efficiency, and the availability of active catalytic sites within
the system.'%* At the lowest guaiacol amount 0.25 mL, the con-
version reached 40.55%, which may be associated with ineffi-
cient utilization of reactive hydrogen species mediated by the
hydrogen-buffer system and competitive adsorption between
hydrogen species, intermediates, and guaiacol molecules on
the catalyst surface.’®® When the guaiacol amount increased to
0.50 mL, both guaiacol conversion 58.8% and cyclohexanol
selectivity 73.73% increased significantly, indicating improved
hydrogen-transfer efficiency and more effective utilization of
the catalytic surface. However, further increasing the guaiacol
amount to 1.0 mL resulted in a decline in conversion 56.84%
together with increased phenol selectivity. Excess substrate
additionally reduced cyclohexanol yield due to lower guaiacol
conversion and the formation of by-products such as phenol
and cyclohexanone. This decrease in activity is mainly attribu-
ted to surface site saturation and competitive adsorption
among reactants and intermediates, which hinder hydrogen
transfer and reduce overall reaction efficiency.'®* Additionally,
the accumulation of oxygenated compounds on the catalyst
surface may influence the availability of active metal sites,
thereby reducing their ability to promote deoxygenation reac-
tions effectively.'®*

To achieve complete conversion into the target product, the
effect of reaction time on guaiacol conversion and product dis-
tribution was examined under optimized conditions (Fig. 7g).
Extending the reaction time from 30 min to 3 h increased
guaiacol conversion from 36.93% to 77.53%. During this
period, the cyclohexanol selectivity decreased from 63.47% to
47.81%, while the selectivity of cyclohexanone 5.40% and
phenol 0.85% were still detected. This indicates that guaiacol
is converted to cyclohexanol through phenol and cyclohexa-
none as intermediate species (Route 1, Fig. 8b).”” Further
extending the reaction time beyond 3 h led to a continued
decrease in cyclohexanol yield to 42.41% at 8 h, along with an
increase in cyclohexane formation up to 31.58%. The nearly
constant yield of cyclohexanone suggests that its conversion to
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cyclohexanol is a rate-limiting step, and that longer reaction
times promote over-hydrogenation of cyclohexanol to cyclo-
hexane.”® Accordingly, a reaction time of 1 h was selected as
optimal for maximizing cyclohexanol yield over the SiW;, with
3NO0.7Ru/TiO, catalytic system.

3.4.5 Catalyst stability. Catalyst stability is a critical factor
in evaluating its suitability for practical and industrial appli-
cations.®® The detailed stability measurement procedure is pro-
vided in the SI, while the corresponding catalytic performance
results are shown in (Fig. 7h), guaiacol conversion gradually
decreased from about 60% in the first cycle to approximately
38-40% after the fifth cycle. Concurrently, the product distri-
bution shifted noticeably. Cyclohexanol, the dominant product
in the initial cycles with a selectivity of 60%, gradually
declined to 25% by the fifth cycle, while cyclohexanone and
1-methyl-1,2-cyclohexanediol (cis, trans) became more pro-
nounced. The observed deactivation is most likely associated
with partial surface blockage caused by strongly adsorbed
SiW,, species and/or the accumulation of reaction intermedi-
ates and water, which can hinder access to active metal sites
and suppress H, dissociation.®® XRD results, as shown in
(Fig. S23) results further confirm the structural stability of the
catalyst after exposure to the reaction environment. The
characteristic diffraction peaks of 3Ni0.7Ru/TiO, remained
largely unchanged after reaction, indicating that the catalyst
structure remained intact. In addition, a broad feature
observed in the 5-10° region was attributed to physically
adsorbed SiW,, on the catalyst surface.®® Consistent with the
XRD results, Raman spectra in (Fig. S24a) retained the charac-
teristic TiO, vibration modes before and after reaction, with
only a slight decrease in intensity, likely due to surface cover-
age by physically adsorbed SiW,,. Furthermore, the O,-TPO
profiles in (Fig. S24b) revealed substantial suppression of car-
bonaceous deposition in the presence of dissolved SiW,,, indi-
cating that the hydrogen-buffer-assisted system effectively inhi-
bits the formation and accumulation of coke precursors
during the HDO reaction. After regeneration (cycle 5*), the
catalyst was completely separated from the reaction solution,
thoroughly washed with ethanol, dried, and subsequently
reduced again at 350 °C for 2 h under hydrogen. A fresh
aqueous solution containing SiW,, was then introduced for
the next reaction cycle. Both guaiacol conversion and cyclohex-
anol selectivity were partially restored after regeneration, reach-
ing 47% conversion and 50% cyclohexanol selectivity. These
results indicate that the catalyst deactivation was largely revers-
ible and mainly associated with temporary surface coverage or
adsorption effects rather than permanent structural degra-
dation and can be reactivated through appropriate treatment.
Overall, the catalyst exhibits acceptable recyclability and main-
tains reasonable activity under the studied conditions.

3.5 Proposed HDO pathway to cyclohexanol

The catalytic SiW;,-induced HDO of guaiacol over bimetallic
NiRu-based catalysts is known to proceed via multiple, com-
petitive pathways, as reported in prior studies.’®’7-8%:99:103
Based on the distribution of intermediates and final products
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detected by GC-MS and FID-GC as shown in (Fig. S31 and $32),
including phenol, anisole, cyclohexanol, 1-methyl-1,2-cyclohex-
anediol (cis and trans), with trace quantities of cyclohexane,
benzene, methanol, methoxycyclohexanol, methoxycyclohexa-
none, 1,2-cyclohexanediol, and catechol we propose five
mechanistic routes, as outlined in (Fig. 8b).

The reaction pathway of guaiacol over the SiWw;, with sus-
pended 3NO0.7Ru/TiO, catalyst was elucidated by monitoring
the temporal evolution of products and intermediates over an
8 hour reaction period. As shown in (Fig. 7g), phenol and
cyclohexanone were identified in the early stages but gradually
diminished over time, indicating their roles as transient inter-
mediates. Concurrently, the yield of cyclohexanol increased
steadily, reaching a maximum at 180 minutes before slightly
declining as cyclohexane formation became more prominent.
Minor increases in methoxycyclohexanol and methoxycyclo-
hexanone were also observed, whereas anisole concentrations
remained largely unchanged. The concentration of 1-methyl-
1,2-cyclohexanediol initially increased but later plateaued,
suggesting that this pathway is operative but not predominant.
To validate the proposed reaction mechanism, control experi-
ments were conducted using individual intermediates as sub-
strates (Fig. 8a). When phenol was used, a conversion of
65.88% was achieved, yielding products such as cyclohexa-
none, cyclohexanol, benzene, and cyclohexane. These results
confirm that Pathway I, involving initial demethoxylation of
guaiacol to phenol followed by sequential hydrogenation, is
the dominant reaction route under the tested conditions."*®
The negligible formation of catechol and consistent detection
of methanol further support the prevalence of the demethoxy-
lation pathway.'®” Anisole, the second substrate containing a
methoxy (-OCHj) substituent, exhibited a conversion of
70.61%, with selectivity of 80.5% toward cyclohexanol and
10.2% toward methoxycyclohexane. These results suggest that
the methoxy group undergoes C-O bond cleavage through
either demethylation or direct hydrogenolysis, followed by
hydrogenation of the aromatic ring. Consequently, both cyclo-
hexanol and methoxycyclohexane are formed as the main pro-
ducts.'®® Furthermore, the data suggest that while cyclohexa-
nol can be further deoxygenated to cyclohexane at prolonged
reaction times, this step is kinetically limited.'*® When cyclo-
hexanol was used as the substrate, only 25.64% conversion to
cyclohexane was observed. In contrast, when cyclohexanone
was employed, 80.94% conversion to cyclohexanol was
achieved, with 80% selectivity, highlighting the efficiency of
the hydrogenation step relative to deoxygenation. We summar-
ized the proposed pathway in (Fig. 8b). Pathway (1) involves
the demethoxylation of guaiacol to phenol, followed by
sequential hydrogenation to cyclohexanone and subsequently
to cyclohexanol, which may undergo further hydrogenolysis to
cyclohexane."®® Pathway (2) proceeds via initial hydrogenation
and isomerization to 1-methyl-1,2-cyclohexanediol (cis, trans),
which is then dehydrated and demethylated to cyclohexa-
nol.’®® pathway (3) entails hydrogenation of the aromatic ring
to yield 2-methoxycyclohexanone, which subsequently con-
verted to methoxycyclohexane, were detected in very small
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amount, likely due to the catalyst’s structural and electronic
properties.®® Pathway (4) describes dihydroxylation of guaiacol
to anisole, followed by hydrogenation to methoxycyclohexane;
however, anisole is typically observed as a stable intermediate
due to the high bond dissociation energy (BDE) of the C(sp?)-
OH bond."”” Pathway (5) involves demethylation to catechol
via C(sp®)-O bond cleavage, followed by hydrogenation to 1,2-
cyclohexanediol. This route is generally less favored due to
higher steric hindrance and activation barriers compared to
demethoxylation.'”” In summary, our analysis suggests that
the dominant reaction pathway in the Siw,,-assisted catalytic
system is the demethoxylation of guaiacol to phenol, followed
by aromatic ring hydrogenation to cyclohexanone and sub-
sequently cyclohexanol, which is the major product under the
optimized reaction conditions. In parallel, a minor pathway
involves direct hydrogenation of the aromatic ring,
accompanied by structural rearrangement to form 1-methyl-
1,2-cyclohexanediol (cis and trans), which can subsequently be
converted to cyclohexanol through dehydration and demethyl-
ation reactions, similar to previous study.'® Upon prolonged
reaction, cyclohexanol may undergo further deoxygenation
through dehydration and hydrogenation steps, leading to the
formation of cyclohexane, as observed in the extended reac-
tion-time experiments (Fig. 7g).

4. Conclusions

In summary, a hydrogen-buffer-assisted catalytic system was
developed by combining bimetallic Ni-M (M = Ru, Pt, Pd) cata-
lysts with the reversible hydrogen buffer Siw,, for the HDO of
lignin-derived phenolics under mild conditions. Among the
catalysts investigated, the Ni-Ru/TiO, system exhibited the
best catalytic performance, achieving high guaiacol conversion
and cyclohexanol selectivity under mild temperature and
hydrogen pressure. Mechanistic studies demonstrated that
SiW,, plays a key role as a reversible hydrogen buffer, facilitat-
ing hydrogen transfer through its proton-electron redox cycle,
facilitating hydrogen transfer in the liquid phase and improv-
ing hydrogen utilization during the reaction. This process
improves hydrogen availability in the aqueous phase and
enhances the efficiency of hydrogen utilization during the reac-
tion. Simultaneously, in situ interaction of SiWw,;, with the cata-
lyst surface generates a metal-acid interface that promotes
hydrogen spillover, interfacial hydrogen exchange, and
efficient C-O bond activation. The synergistic interaction
between the Ni-Ru active sites and the Siw,, hydrogen buffer
promotes efficient C-O bond cleavage and selective hydrogen-
ation of aromatic intermediates, enabling the selective for-
mation of cyclohexanol while suppressing carbonaceous depo-
sition under multiphase conditions. The catalyst also exhibited
good stability and recyclability during repeated reaction cycles.
Overall, this work introduces a hydrogen-pathway engineering
strategy for bimetallic catalysts that extends beyond conven-
tional hydrogen activation by integrating heterogeneous hydro-
gen activation with homogeneous proton-electron hydrogen
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transfer. This approach provides new insights into hydrogen
management in aqueous-phase catalysis and offers a promis-
ing direction for designing efficient catalytic systems for sus-
tainable biomass upgrading under mild conditions.
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