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ABSTRACT: The selective valorization of lignin-derived
quinones into high-value aliphatic alcohols is a sustainable yet
challenging route for biomass upcycling, particularly in
environmentally benign media. Herein, we report a robust
catalytic strategy for the selective hydrodeoxygenation (HDO)
of  2,6-dimethoxy-1,4-benzoquinone (DMBQ) to 1,4-
cyclohexanediol (CHDO) in neat water. Using a wet-chemical
approach, ultra-small ruthenium (Ru) nanoclusters were
precisely engineered onto rod-shaped CeO, supports. The
resulting Ru/CeO, catalyst, with a low Ru loading of
~ 0.97 wt.%, achieves an unprecedented CHDO vyield of
96.7% at 200 °C and 2 MPa H,, significantly outperforming
current benchmarks involving organic solvents. Advanced
characterizations (aberration corrected-high-angle annular
dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) and X-ray absorption fine structure (XAFS))
reveal that strong metal-support interactions (SMSI) stabilize
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the Ru nanoclusters and generate abundant interfacial oxygen vacancies. These sites work synergistically to activate C-O
bonds, facilitating a kinetically preferred “deoxygenation-before-saturation” pathway that suppresses over-hydrogenated
byproducts. This study not only overcomes the limitations of poor solubility and low selectivity in aqueous systems but also
provides atomic-level insights into designing cluster-based catalysts for complex biomass transformations.

KEYWORDS: lignin, nanocluster catalysis, 1,4-cyclohexanediol, 2,6-dimethoxy-1,4-benzoquinone, Ru/CeO,

1 Introduction

Lignocellulose, distinguished by its biodegradability, renewability,
and sustainability, represents a promising alternative to petroleum-
based materials [1]. Composed primarily of cellulose (30%-50%),
hemicellulose (20%-35%), and lignin (15%-30%), it is the most
abundant raw material on Earth. However, the conventional pulp
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and paper industry predominantly targets the cellulose fraction,
leaving vast quantities of hemicellulose and lignin underutilized
[2, 3]. In recent years, significant efforts have been directed toward
the valorization of lignin, including its transformation into high-
performance carbon materials [4, 5], polymers and resins [6-8],
and functionalized materials [9, 10], as well as its catalytic
degradation [11-15]. Among these strategies, catalytic
depolymerization has attracted considerable attention from both
academia and industry due to its potential for product
controllability and mild reaction conditions. Prominent approaches
include reductive catalytic fractionation (RCF) [12, 13, 16],
oxidative degradation [17], enzymatic degradation [18, 19], and
photo/electrocatalysis [20, 21].

Oxidative depolymerization stands out as a premier strategy for
lignin valorization. Through catalytic oxidation, both labile C-O
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bonds and recalcitrant C-C linkages within the lignin framework
can be effectively cleaved to yield high-value aromatic monomers.
Among these, 2,6-dimethoxy-1,4-benzoquinone (DMBQ) has
emerged as a versatile platform molecule, valued for its biological
activity and synthetic potential. Recent studies have demonstrated
sophisticated control over DMBQ synthesis. For instance,
Wasserscheid et al. utilized a Mn(NO,), catalyst in [EMIM]
[CESO;] ionic liquid to shift the oxidative selectivity from
syringaldehyde toward DMBQ, isolating the pure product in
11.5 wt.% vyield [22]. Similarly, Samec et al. employed a 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO)-mediated strategy targeting
C-C bond cleavage in high-molecular-weight lignin, which
increased monomeric yields by 32% with exceptional selectivity for
DMBQ [23]. Furthermore, Kim et al. reported a sustainable
enzymatic route using recombinant lignin peroxidase (PcLiP01) to
achieve selective C-C cleavage under ambient conditions [24].

However, the direct application of DMBQ is limited; it serves
primarily as an intermediate for transformation into higher-value
chemical feedstocks. Building on previous work [25, 26], we
identified DMBQ as a precursor for conversion into 1/4-
cyclohexanediol (CHDO) via reductive demethoxylation and
hydrogenation. CHDO is a valuable monomer; its distinct cis/trans
isomerism facilitates the production of polycarbonates, polyethers,
scratch-resistant polyesters, and supramolecular assemblies [27-30].
Recently, our group explored the hydrodeoxygenation (HDO) of
DMBQ using commercial and modified Raney nickel catalysts.
Initially, we employed Raney® Ni to effect the demethylation and
hydrogenation of DMBQ, yielding CHDO (86.5%), which was
subsequently converted quantitatively to 1,4-cyclohexanediamine
via amination [25]. In subsequent optimization studies using a Mn-
modified Raney Ni catalyst under anhydrous conditions, a CHDO
yield of 86.1% was achieved in only 1 h at 200 °C [26]. Despite these
advances, precise control over DMBQ hydrogenation remains
challenging. Moreover, the reliance on organic solvents and
anhydrous conditions in established protocols necessitates the
development of more environmentally benign alternatives.

In light of these challenges, we propose the utilization of Ru, a
catalyst distinguished by its stability in aqueous media and
exceptional hydrogen-activating capability, to address the
sustainability issues and yield limitations inherent in earlier systems
[31-36]. For instance, to circumvent the limitations imposed by the
inherent low aqueous solubility of hydrogen, a hydrophobic
poly(divinylbenzene)-supported Ru catalyst (Ru/PDVB) was
strategically engineered. This system achieved a turnover frequency
for pyridine hydrogenation 6-fold higher than that of traditional
Ru/C [37]. Similarly, a bifunctional Ru/NiALO, catalyst effectively
mediated the catalytic transfer hydrogenation of guaiacol to
cyclohexanol in a water/isopropanol mixture, wherein water
significantly enhanced the hydrogen exchange rate [38].
Furthermore, the aqueous-phase HDO of biomass-derived sorbitol
into 1-hexanol was achieved over a multifunctional Ru-
MoO,/Mo,C catalyst. This catalytic architecture exploited the strong
synergistic interplay between Ru and Mo species to steer the site-
specific cleavage of C-O bonds, thereby achieving precise
deoxygenation without compromising the structural integrity of the
carbon backbone [39]. Collectively, these studies underscore the
versatility of Ru-based systems in facilitating efficient biomass
upgrading under environmentally benign aqueous conditions.
Although Ru-based catalysts have been widely applied in the
aqueous hydrogenation of biomass, previous studies have focused
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on adding partial organic solvents or achieving only partial
hydrogenation. It has been challenging to directly obtain high-yield
deep hydrogenation products in pure water systems. CeO, was
selected as the support due to its exceptional oxygen storage
capacity and the ease of forming surface oxygen vacancies, which
can synergistically interact with Ru clusters to create active
interfacial sites for the efficient activation of C-O bonds [40—42].

Herein, we report a highly efficient and environmentally benign
strategy for the direct HDO of DMBQ to CHDO, utilizing water as
the sole solvent (Fig. 1). Distinguished from conventional Ru-based
systems that often yield over-hydrogenated byproducts or require
organic solvents, we demonstrate that Ru nanoclusters, anchored
on rod-shaped CeO, supports, achieve an unprecedented CHDO
yield of 96.7%. Using aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (AC-HAADE-
STEM) and synchrotron-based X-ray absorption fine structure
(XAFS) spectroscopy, we reveal that a robust strong metal-support
interactions (SMSI) not only stabilizes the Ru nanoclusters against
sintering but also significantly reconfigures the interfacial
coordination environment. This precise electronic modulation
enhances the synergistic activation of C-O bonds via interfacial
oxygen vacancies (O,) and hydrogen species adsorbed on Ru sites.
By integrating high chemoselectivity with a sustainable aqueous
process, this study not only presents a high-performance catalyst for
lignin valorization but also provides atomic-level insights into the
rational design of cluster-based catalysts for complex biomass
transformations.

2 Results and discussion

2.1 Preparation and characterization of catalysts

We employed a wet chemical method to load Ru in the form of
nanoclusters onto hydrothermally synthesized nano-rod CeO,.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) characterization demonstrates that the as-
synthesized CeO, material exhibits a uniform rod-like morphology,
with the nanorods having average diameters and lengths on the
order of hundreds of nanometers (Figs. 2(a) and 2(b), and Fig. S4 in
the Electronic Supplementary Material (ESM)). And further high-
resolution structural analysis via AC-HAADF-STEM for the CeO,
nanorods unveils a distinct lattice spacing of 0.31 nm, which
corresponds to the (111) crystallographic plane of CeO, nanorods
(Fig. 2(c)). Additionally, the presence of the (110) crystal plane was
partially observed. Compared to other CeO,-shaped structures,
nanorods exhibit significantly lower formation energies for oxygen
vacancies on exposed (110) crystal planes. This crystal plane-
dependent property promotes the generation of high-concentration
interfacial oxygen vacancies [43, 44]. After the introduction of Ru
nanoclusters, the structural characterization of the Ru/CeO, catalyst
was performed (Figs. 2(d) and 2(e), and Fig. S5 in the ESM). It was
observed that CeO, retained its original crystal plane structure.
Furthermore, leveraging the inherent Z-contrast imaging principle
of AC-HAADF-STEM, where signal intensity is proportional to the
atomic number, sub-nanometer Ru clusters consisting of several to
tens of Ru atoms were clearly visualized on the CeO, support
surface, with an average diameter of 1.6 + 0.2 nm. The existence of
these Ru clusters within the Ru/CeO, catalyst architecture was
further corroborated by energy-dispersive X-ray spectroscopy
(EDS) analyses, which detected a distinct yet low-intensity Ru
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Figure1 Existing industrial strategies and emerging sustainable approaches for CHDO production. (a) Traditional industrial and prospective pathways to produce
CHDO, with the central starting compound being fossil-derived benzene. (b) Generating CHDO via the lignocellulosic biomass pathway: (1) demethoxylation and
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Figure2 Morphology and elemental distribution analysis of Ru/CeO,. ((a) and (b)) TEM images. ((c)-(e)) AC-HAADF-STEM images and statistical histograms of Ru
particle size distribution (based on 7 = 100 particles). (f) elemental mapping under AC-HAADF-STEM.

characteristic signal (Fig. 2(f)). The actual Ru loading on the CeO,
nanorods was quantified via inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis as 0.968 wt.%, which is
in good agreement with the nominal loading of 1.0 wt.%.

X-ray diffraction (XRD) pattern (Fig. 3(a)) indicates that as-
prepared Ru/CeO, is indexable to the cubic fluorite phase as distinct

94908659 (3 of 12)

diffraction peaks at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, 79.1°,
and 88.4° corresponding to the (111), (200), (220), (311), (222),
(400), (331), (420), and (422) planes of CeO,, respectively (JCPDS
No. 34-0394). Notably, no characteristic diffraction peaks assignable
to crystalline metallic Ru (e.g., the signature peak at 20 = 44° for Ru
nanoparticles) or RuO, (26 = 28°) phases are detected in the XRD
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Figure3 (a) XRD patterns of Ru/CeO, and CeO, compared with standard CeO, (JCPDS No. 34-0394). (b) Raman spectra. (c) H,-TPR profiles of Ru/CeO, and CeO,.
((d)-(f)) High-resolution XPS spectra for (d) Ru 3p, (e) Ce 3d, and (f) O 1s. ((g)-(i)) XAFS analysis: (g) the XANES K-edge spectra, (h) Fourier-transformed (FT) EXAFS
spectra in R-space, and (i) EXAFS curve-fitting at Ru-edge of Ru/CeO.,.

pattern. This absence suggests that the Ru species are uniformly induced oxygen vacancies and the formation of Ru-O-Ce
anchored on the CeO, nanorods with a small particle size, interfacial structures, respectively [47].
consistent with the direct observations from HAADF-STEM. The Fourier transform infrared (FT-IR) spectroscopy (Fig. S6 in the

structural evolution and lattice defect characteristics of the ESM) examined changes in surface functional groups, and the
fabricated ~catalysts are systematically probed via Raman surface hydroxyl (-OH) signal near 3420 cm™ weakened after
spectroscopy (Fig. 3(b)). For the pristine CeO, nanorods, a loading, indicating that Ru nanoclusters preferentially interact with
prominent F,, symmetric stretching vibration band centered at hydroxyl groups on the support surface. Notably, Ru/CeO, exhibits
465 cm™, which is consistent with the characteristic Raman feature a new and weak absorption peak near 1165 cm’, typically
of fluorite-structured CeO, [36]. Following Ru loading, this F,, band attributed to vibrational modes arising from localized lattice
experiences a distinct blue shift to 456 cm™, coupled with marked perturbations or interfacial species induced by metal loading. The
peak broadening. Such spectral perturbations are direct H, temperature-programmed reduction (H,-TPR) spectrum
spectroscopic evidence of significant lattice strain engendered by (Fig. 3(c), and Tables S1 and S2 in the ESM) demonstrates the
the incorporation of Ru species into the CeO, lattice, which distorts significant enhancement of Ru on the reduction performance of the
the local atomic arrangement and perturbs the symmetry of the CeO, surface. Pure CeO, exhibits typical surface oxygen reduction
CeO, fluorite structure [45]. The calculated I,/ I, ratio rose from only at 400-500 °C, whereas the Ru/CeO, catalyst shows markedly
0.1 for pure CeO, to 0.4 for Ru/CeO,, quantitatively confirming the enhanced reduction processes driven by the hydrogen overflow
enriched concentration of oxygen vacancies generated at the Ru- effect. The sharp peak at 109 °C originates from highly active
ceria interface. Most notably, three faint Raman bands centered Ru-O-Ce interfacial oxygen; the peak at 254 °C corresponds to Ru-
260, 595, and 1165 cm™ are assigned to the second-order transverse induced surface oxygen (Ru-O-Ce-O); and the peak around

acoustic (2TA) mode, the defect-induced mode (D), and the second- 498 °C represents the extensive reduction of subsurface oxygen on
order longitudinal optical (2LO) mode, respectively [46]. CeO, [48]. This low-temperature reduction behavior confirms the
Subsequent to Ru loading, two new distinct Raman peaks emerge at presence of strong metal-support interactions, which favor the
559 and 1165 cm™, which can be attributed to the generation of Ru- dynamic formation of active oxygen vacancies.
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X-ray photoelectron spectroscopy (XPS) was further
implemented to clarify the surface compositions and valence states
of the obtained Ru/CeO, catalyst. Given the spectral overlap
between Ru 3d and C 1s core-level signals, the Ru 3p XPS
measurements were performed instead to unambiguously resolve
the valence states of Ru species. The deconvoluted Ru 3p spectrum
reveals two distinct ruthenium species (Fig. 3(d)). The dominant
peaks at 462.84 and 484.99 eV are attributed to the orbitals of
metallic Ru’, confirming the abundance of reduced active metal
centers. Additionally, the component at a higher binding energy of
is attributed to Ru* species. This suggests a slight surface oxidation
of Ru nanoclusters or an interfacial electron transfer from Ru to the
CeO, support induced by strong metal-support interactions [49,
50]. Moreover, in the Ce 3d spectrum (Fig. 3(e)), the characteristic
Vv, v, o, and u satellite peaks for Ce* are clearly observed.
Compared to the pure CeO, carrier, the Ce peak shifted toward
higher binding energies, and the proportion of Ce™ increased
significantly from 0.33 to 0.50 (Table S3 in the ESM), indicating
that ruthenium loading significantly promotes the reduction of
surface Ce* to Ce*. The unique electronic configuration of Ce
enables reversible redox interconversion between the Ce* and Ce*
states in CeO,; during this valence transition process, active oxygen
species are liberated to preserve charge neutrality, and the resulting
oxygen vacancies can subsequently be compensated by oxygen-
bearing moieties such as O,, H,O, and CO, [51]. Concomitantly,
the O 1s spectrum (Fig. 3(f)) displays a prominent O, peak at a
binding energy of 532.8¢V, which is attributable to surface-
adsorbed oxygen species associated with oxygen vacancies [52]. The
high relative proportion of Oy component is consistent with the
existence of Ce* species in the catalyst matrix. After loading Ru, the
O, peak percentage significantly increased from 0.68 to 2.26
(Table S3 in the ESM), and its binding energy exhibited a
pronounced shift toward higher energies. This trend, coupled with
the simultaneous increase in Ce* concentration, confirms that
strong metal-support interactions promote the formation of
interfacial oxygen vacancies [53].

The chemical state and coordination environment of the
Ru/CeO, catalyst were examined by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy. As shown in Fig. 3(g), the Ru K-edge
XANES spectra demonstrate that the absorption edge position of
Ru/CeO, is consistent with that of the Ru foil standard, confirming
the predominantly metallic state of the Ru species after reduction.
Subsequently, in the R-space EXAFS spectra (Fig. 3(h) and Table S4
in the ESM), a prominent characteristic peak observed at
approximately 2.67 A is assigned to the metallic Ru-Ru shell
scattering, while no significant Ru-O coordination peak is detected.
Although Raman spectroscopy indicated the presence of interfacial
Ru-O-Ce bonds, the absence of a dominant Ru-O scattering path
in EXAFS suggests that these interfacial species constitute a minor
fraction compared to the metallic Ru core. Furthermore, the Ru-Ru
peak in Ru/CeQ, shows significantly lower intensity and a smaller
coordination number (CN) compared to the Ru foil, indicating the
highly dispersed nature of the Ru species on the support. Figure 3(i)
presents the corresponding coordination curve derived from fitting
the experimental data. Notably, although H,-TPR suggests the
reduction of Ru species at relatively low temperatures, a distinct
Ru-O coordination shell is still observed in the EXAFS fitting
results.

In summary, multiple structural characterizations collectively
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demonstrate that highly dispersed Ru nanoclusters are stably
anchored on the surface of defective CeO, nanorods. Through
strong metal-support interactions, these Ru clusters not only
induce the formation of a high concentration of interfacial oxygen
vacancies but also significantly enhance the redox properties and
electron transfer efficiency of the system. This provides a robust
structural foundation for the low-energy-barrier dissociation of
hydrogen molecules and the oriented polarization-activated
adsorption of substrate molecules during the reaction.

2.2 Catalytic performance evaluation

Following the comprehensive structural characterization,
subsequent efforts were directed toward the catalytic activity
screening and the systematic optimization of reaction parameters.
To verify the unique role of the CeO, nanorod support, reference
catalysts including Ru/SiO,, Ru/TiO,, and Ru/ZrO, were prepared
and evaluated under the same conditions (Table S5 in the ESM).
Although these reference catalysts showed varying degrees of
activity, their selectivity toward the target product CHDO was
significantly lower than that of Ru/CeO,. Specifically, Ru/ZrO, and
Ruw/TiO, primarily yielded intermediate species and partial
hydrogenation products. The primary product of Ru/SiO, is
CHDO, but its selectivity is insufficient. To demonstrate the
rationality of Ru metal loading, we evaluated a series of catalysts
with varying Ru loadings, and 1.0 wt.% Ru emerged as the optimal
choice, achieving maximized interfacial active sites while
maintaining high metal dispersion and cost-effectiveness. The
morphology effect of CeO, was investigated using nanorods,
nanosheets, and nanocubes, and nanorods exhibit the best catalytic
performance (Table S6 and Fig. S10 in the ESM).

After that, we compared the performance of commercial
catalysts with Ru/CeQO, catalysts under identical conditions
(Fig. 4(a)), revealing that the Ru/CeO, catalyst demonstrated
significantly superior product selectivity compared to the
commercial catalyst. While noble metal catalysts (e.g., Pd/C, Ru/C,
and Pt/C) showed hydrogenation capabilities, they suffered from
poor selectivity, generating complex mixtures and over-
hydrogenated byproducts cyclohexanol (3A). This suggests that
traditional carbon-based supports lack the necessary selective
activation for specific functional groups. Furthermore, non-
precious metal catalysts (Raney Ni and Ni/ALO;,-SiO,) primarily
remained at the intermediate stage, struggling with the
deoxygenation of sterically hindered methoxy (-OMe) groups. In
contrast, the Ru/CeO, nanoclusters facilitated complete conversion
to CHDO, highlighting the unique role of the CeO, support in
directing the reaction pathway.

Given the limited solubility of DMBQ in water, increasing the
temperature facilitates complete dissolution of the substrate
(Fig. 4(b)). Therefore, temperature is prioritized as the primary
factor for investigation. When the temperature is below 160 °C, the
active hydrogen generated from the dissociation of Ru nanoclusters
preferentially attacks the carbonyl oxygen, resulting in a low
reaction conversion rate and a product dominated by DMHQ. As
the temperature increased, pronounced C-OMe bond cleavage
(demethoxylation) coupled with the saturation of the aromatic
moiety occurred, consequently yielding a substantial enrichment of
the CHDO fraction. At 200 °C, the CHDO yield reaches its
maximum value. As the temperature further increases to 220 °C, a
discernible diminution in CHDO selectivity is observed, while the
proportion of byproduct cyclohexanol rises. Time is also a crucial
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factor influencing the catalytic reaction (Fig. 4(c)). It can be
observed that during the initial reaction phase, DMHQ
predominates in the products, indicating that the hydrogenation of
the C=0 bond occurs extremely rapidly. As time progressed, the
cleavage of the C-OMe bond (demethylation) proceeded
concurrently with the hydrogenation of the C=C bond (benzene
ring saturation). After 3 h, the selectivity of CHDO approached
95%. At approximately 5 h, the yield of CHDO reached its
maximum value (96.7%). Hydrogen pressure is the decisive factor
in determining whether the reaction can transition from
“hydrogenation” to “deep deoxygenation” (Fig. 4(d)). Under low
hydrogen pressure, the active hydrogen coverage on the Ru cluster
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surface is insufficient. While sufficient to saturate the C=0 bond, it
fails to provide adequate energy to cleave the higher-energy
C-OMe bond, resulting in nearly all products remaining at the
DMHQ stage. Upon increasing the pressure to 1.5 MPa, the CHDO
yield surged; at 2 MPa, DMHQ completely disappeared, achieving
complete conversion. This may be attributed to high pressure
significantly promoting H, and enhancing the hydrogen overflow
effect, thereby overcoming the activation energy barrier for C-O
bond cleavage. Finally, the influence of the catalyst-to-substrate
mass ratio on the catalytic performance was systematically
investigated (Fig. 4(e)). When the ratio was 1.0, the rate of active
hydrogen provided by the catalyst reached a synergistic equilibrium
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with the activation rate of the methoxy group, resulting in a peak
CHDO yield. The reusability of the Ru/CeO, catalyst was
investigated. To ensure the accuracy and validity of the catalyst
stability results, two parallel reaction sets were conducted
simultaneously to collect additional spent catalysts for subsequent
experiments. As shown in Fig. 4(f), after three reuse cycles, the
CHDO yield remained above 90%, fully demonstrating the
exceptional stability of Ru/CeO,. The spent catalyst collected after
four consecutive runs was characterized using XRD and HAADF-
STEM techniques (Fig. S11 in the ESM). The average size of
ruthenium nanoclusters slightly increased compared to fresh
catalysts, indicating the onset of surface sintering under
hydrothermal conditions. This aggregation phenomenon may
reduce the density of Ru-O, interface active sites, thereby affecting
DMBQ activation. Concurrently, XRD analysis of spent catalysts
showed no significant changes in the ceria diffraction peaks,
suggesting that the carrier morphology and crystallinity were well
preserved.

2.3 Investigation of reaction mechanisms

The conversion of DMBQ to CHDO proceeds through multiple
simultaneous and  sequential reaction steps, including
hydrogenation and demethoxylation. To quantitatively decipher
this complex reaction network, a series of model compound studies
were conducted using individual compounds: DMBQ, DMHQ, 2,6-
dimethoxy-1,4-cyclohexanediol (1A), 2-methoxy-1,4-
cyclohexanediol (2A), 2-methoxy-1,4-benzenediol (1H), and 1,4-
benzenediol (2H). Kinetic experiments were systematically carried
out for each substrate within a temperature range of 160-200 °C to
determine their respective apparent activation energies (E,) (Table
S19 in the ESM). As illustrated in the Arrhenius plots (Fig. S12 in
the ESM), all substrates exhibited high linear correlation
coefficients, indicating a consistent catalytic behavior across the
investigated temperature regime.

As shown in Fig. 5(a), DMBQ undergoes rapid conversion
within 1 h, showing an extremely fast disappearance rate
accompanied by the rapid generation of DMHQ. These findings
substantiate that the catalytic hydrogenation of the carbonyl moiety
represents the most kinetically preferred primary step, supported by
the low activation energy of 17.99 kJ/mol for DMHQ.
Subsequently, the reaction proceeds via two pathways: Pathway A
involves removal of the methoxy group to yield 1H, while pathway
B involves hydrogenation of the benzene ring to yield 1A. However,
kinetic experiments indicate (Fig. 5(b)) that when DMHQ serves as
the substrate, it predominantly stabilizes as the demethylated
product (1H), with only a negligible amount of product 1A formed.
This confirms DMHQ as the key platform intermediate where
aromatic-state deoxygenation dominates over saturation. When we
continued using 1H (Fig. 5(c)) and 2H (Fig. 5(d)) as substrates, the
formation rate of CHDO was significantly accelerated. The
subsequent benzene ring saturation of 2H is even faster, consistent
with its minimal E, of 17.82 kJ/mol, the target product can be
obtained through benzene ring hydrogenation within an extremely
short time. It is noteworthy that the concentrations of intermediates
1H and 2H remain extremely low throughout the overall
conversion, which is primarily attributed to their extremely high
reactivity. In stark contrast, intermediates 1A (Fig. 5(e)) and 2A
(Fig. 5(f)) cannot be fully converted to CHDO even within 5 h.
Calculations reveal that the activation energy for the conversion of
2A to CHDO (68.52 kJ/mol) is nearly four times that of the
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conversion of 2H to CHDO (17.82 kJ/mol), which accounts for the
extremely slow rate of pathway B. It is noteworthy that although the
apparent activation energy of 1A is lower than that of 1H, its
absolute reaction rate is remarkably reduced due to weak
adsorption of saturated structures and low reaction frequency. This
indicates that the removal of the methoxy side chain becomes
extremely difficult, likely due to increased steric hindrance and
C-O bond activation energy. Consequently, based on the kinetic
analysis, we conclude that the HDO of DMBQ follows an optimal
pathway of “deoxygenation-first, saturation-second” (Fig. (6)).

We attribute the superior HDO performance and notable kinetic
preference exhibited by the Ru/CeO, catalyst to the synergistic
interplay between ultrasmall Ru nanoclusters and the defective
CeO, support. In the catalytic hydrogenation cycle, the dissociative
adsorption of H, molecules constitutes the foundational step that
governs the initial reaction kinetics. Regarding the hydrogen
activation mechanism over Ru-based catalysts, recent theoretical
studies have underscored the decisive influence of Ru species size
and coordination environment on the energy barrier for H,
dissociation. Tang et al. [54] compared various Ru configurations
via DFT calculations and revealed that Ru clusters with adjacent
metallic sites exhibit significantly lower dissociation barriers than
isolated single atoms. Concurrently, the work by Zhang et al. [55]
and Yang et al [56] further confirmed that ultrafine Ru
nanoclusters (1.2-2.7 nm) anchored on supports act as super-active
centers for H, activation; moreover, they substantially enhanced the
hydrogen spillover effect by lowering the migration resistance of
active hydrogen (H*) across the interface through strengthened
electronic coupling. Building upon these theoretical frameworks, we
propose that the exceptional hydrogenation activity of our Ru/CeO,
catalyst originates from the presence of highly dispersed Ru
nanoclusters. At a relatively low reduction temperature (109 °C), H,
molecules preferentially undergo efficient polarization and
dissociation on these clusters featuring adjacent coordination-
unsaturated sites. The resulting H* atoms then traverse the
Ru-CeO, interface and rapidly spill over to the oxygen vacancies on
the support surface. This efficient hydrogen dissociation and
spillover pathway, mediated by Ru clusters, provides a continuous
and abundant supply of active hydrogen for DMBQ conversion,
theoretically rationalizing the rapid initial reaction rates observed
experimentally. In heterogeneous catalysis, the directional
adsorption configuration of substrate molecules and the pre-
activation of their key chemical bonds are the primary factors
determining reaction kinetics. For DMBQ, which possesses a highly
symmetric quinone structure, its carbonyl oxygen atoms tend to
preferentially attack the Lewis acid sites on the catalyst surface due
to their significant electronegativity and lone pair electrons. Recent
studies by Zhu et al. [57] and Zhao et al. [43] collectively revealed
the pivotal role of O, on ceria-based supports in activating carbonyl
(C=0) groups. Their theoretical calculations demonstrated that the
carbonyl oxygen can spontaneously “fill” the asymmetric O, on the
surface. This robust chemisorption induces electron transfer from
the support to the anti-bonding orbitals of the C=0O bond, leading
to significant polarization and physical elongation of the bond.
Drawing on this mechanistic logic and supported by the
experimental fact of a substantially increased Oy fraction in our XPS
characterization, it is proposed that during the initial stage of
DMBQ conversion, the carbonyl oxygen is first anchored onto the
O, at the Ru/CeO, interface. This adsorption configuration not only
enhances substrate capture but also weakens the C=O bond
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data in the image, please refer to the Tables S13-18 in the ESM.

strength through polarization, making it a privileged site for attack
by active hydrogen (H*). Therefore, DMBQ initially undergoes
carbonyl hydrogenation to form the DMHQ intermediate, a
process in which oxygen vacancies play a crucial role in significantly
lowering the reaction energy barrier. Following the conversion of
DMBQ to the intermediate DMHQ, the precise cleavage of C-O
bonds on the benzene ring for deep deoxygenation is the pivotal
step governing product distribution. Regarding the deoxygenation
essence of ceria-based catalysts, Ding et al. [58] pointed out that the
concentration of surface O, on CeO, directly defines its Lewis
acidity, which significantly polarizes the C-O bonds in oxygenated
functional groups through strong chemisorption. Furthermore,
Shang et al. [44] confirmed via DFT calculations that CeO,
nanorods exposing facets can induce highly active interfacial O,
through SMSI. These sites synergize with oxophilic Ru species to
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cause substantial elongation of the C-Ar bond in methoxy groups
(-OCH,) via the “oxygen-filling” effect, thereby preferentially
driving the direct deoxygenation pathway over aromatic ring
hydrogenation. Building upon the above research, it is proposed
that in the present system, DMHQ molecules first anchor onto the
high-density oxygen vacancies and associated Lewis acid sites on
the carrier surface via the oxygen atom of the methoxy group. This
adsorption configuration induces electron cloud redistribution and
bond elongation in the methoxy C-O bond, placing it in a highly
activated and pre- dissociation state.

Subsequently, active hydrogen species (H*) continuously
generated from neighboring Ru clusters rapidly migrate to this
interface site and attack the activated methoxy carbon atom,
ultimately leading to the stepwise removal of the methoxy groups.
Following the stepwise removal of methoxy groups to yield
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Figure 6 Proposed reaction network for the catalytic hydrogenation of DMBQ over Ru/CeO,.

hydroquinone, the subsequent step involves the activation and
hydrogenation of the quinone ring system at the active site. The
study by Wang et al. [59] on fully exposed Ru clusters
demonstrated that atomically dispersed Ru clusters, with an
optimized d-band center, can exhibit moderate interaction with the
n-orbitals of aromatic rings, thereby significantly accelerating the
hydrogen transfer kinetics during multi-step hydrogenation. We
propose that the highly dispersed Ru clusters in our Ru/CeO,
catalyst play a dual role in the sequential deoxygenation of DMHQ.
On the one hand, the Ru clusters serve as an efficient “hydrogen
factory”, providing a nearly barrier-less pathway for H, dissociation.
On the other hand, their fully exposed surface structure enhances
the capture of aromatic intermediates. Facilitated by the pre-
activation of C-O bonds by CeO, oxygen vacancies, the abundant
active hydrogen supplied by Ru clusters can rapidly diffuse across
the interface to attack the activated sites. This combination of
efficient hydrogen utilization and cyclic substrate activation explains
why DMBQ can transcend multiple intermediate steps and convert
into deeply deoxygenated products with an explosive initial rate.

In previous studies, the Raney nickel catalytic system relied
primarily on non-specific strong adsorption of carbonyl groups and
benzene ring m-electron clouds onto the nickel metal surface.
Although demonstrating excellent hydrogenation efficiency, this
system exhibited a tendency toward aromatic ring hydrogenation
rather than selectively producing CHDO, due to the relatively
random distribution of active sites and a lack of directed activation
capability toward specific C-O bonds. In contrast, the Ru/CeO,
system achieves superior HDO performance through interfacial
synergistic effects. As illustrated in Fig. 7, the reaction initiates with
the dissociative activation of H, on Ru nanoclusters, generating
active hydrogen (H*) that migrates to the CeO, surface via
hydrogen spillover. Simultaneously, DMBQ anchors onto
interfacial O, through its carbonyl oxygen atoms, an adsorption
mode that weakens the C=O and C-O bonds for subsequent attack
by spillover H*. This cooperation allows for precise deoxygenation
of methoxy groups, releasing methanol (CH,OH) and water (H,0),
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before the aromatic ring undergoes final saturation on the Ru
surface to yield CHDO. The synergism is crucial: Ru provides
abundant active hydrogen, O, sites directedly activate specific
oxygenated groups, and the spillover effect bridges these two
functions to enable an efficient and high-speed catalytic cycle.

3 Conclusions

In conclusion, a highly active and eco-friendly Ru/CeO, nanorod
catalyst was developed for the chemoselective HDO of lignin-
derived DMBQ to CHDO. By precisely engineering ultra-small Ru
nanoclusters onto rod-shaped CeO, supports, an unprecedented
CHDO yield of 96.7% was attained under mild conditions (200 °C,
2 MPa H,) in a pure aqueous phase. Advanced structural
characterization techniques, including HAADF-STEM and XAFS,
confirmed that Ru species exist as highly dispersed nanoclusters
and exhibit synergistic interactions with the ceria interface, jointly
promoting the HDO reaction. Oxygen vacancies on the CeO,
support serve as specific anchoring sites that capture and activate
the C=0 and C-O bonds of DMBQ, while the Ru nanoclusters
facilitate hydrogen dissociation and benzene ring hydrogenation.
Kinetic evidence indicates that this process preferentially follows a
“deoxygenation-before-saturation” pathway, which effectively
regulates the hydrogenation depth and suppresses the formation of
over-hydrogenated byproducts. Compared to traditional noble
metal systems, this Ru/CeO, catalyst offers superior
chemoselectivity and sustainability by eliminating the need for
organic solvents.

This work not only demonstrates the efficacy of precisely
engineered nanoclusters in aqueous biomass upgrading but also
paves a sustainable path for transforming recalcitrant lignin
intermediates into premium fine chemicals.

Electronic Supplementary Material: Supplementary material
(experimental section, catalyst characterization images, and test
results) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908659.
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