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Abstract

Lignin-based guaiacol and its derivatives can be hydrogenated to synthesize 2-methoxycyclohexanols (2-MCHs),
widely used in the pharmaceutical industry, while the efficient catalytic conversion of guaiacols into 2-MCHs is
challenging due to the interference of the side reaction of C,-OCH, bond cleavage. In this work, highly selective
hydrogenation of various guaiacyl lignin-derived phenols to 2-MCHs (yields of 86%-97%) was realized over a
single-atom Ru-based catalyst (Ru,/0-CeO,-ov) that preferentially exposes the CeO,(111) plane and has abundant
oxygen vacancies. Control experiments and mechanism studies expounded that Ru-O-Ce is the active site for
hydrogenation of aromatic ring in guaiacols, and the exposed (111) plane and abundant oxygen vacancies of ceria
can reduce the activation energy of aromatic ring hydrogenation, thereby enabling guaiacols to generate the
corresponding hydrogenated products with high selectivity. Response surface optimization experiments indicated
that temperature and time have relatively more significant effects on the 2-MCH yield. Moreover, the
Ru,/0-CeO,-ov catalyst exhibited excellent reusability, and was extensively applicable to the hydrogenative
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dearomatization of different types of lignin-derived phenols, providing a unique solution for upgrading biomass
feedstock into specific structural chemicals.

Keywords: Single-atom catalyst, lignin-derived phenols, oxygen vacancy, crystal plane control, aromatic ring
hydrogenation

INTRODUCTION

Catalytic upgrading of lignin-based renewable resources into high-value-added chemicals and biofuels will
bring enormous social and economic benefits to humankind, which has also been the focus of researchers in
recent years'. As an essential class of lignin phenols, guaiacol and its derivatives can be converted into
catechols™, phenols®, cyclohexanols™*?, ethers'*”, arenes®”, cyclohexanes"”, etc., through selective cleavage
of C-O bond and/or hydrogenation of benzene ring"". Notably, the aromatic ring hydrogenation of
guaiacols can produce 2-methoxycyclohexanols (2-MCHs), which have both hydroxyl (-OH) and ether
(C,H,,-O-CH,) bonds and are often used as excellent solvents in the chemical industry"”. In particular, the
six-membered ring skeleton of cyclohexane has a unique chiral structure, making it have outstanding
application value in synthesizing antibacterial drugs, bioactive molecules, and chiral auxiliary agents'.
However, the current method for the synthesis of 2-MCH mainly relies on the reaction of fossil
energy-based cyclohexene oxide and methanol"*"”, which does not meet the requirements of sustainable
development [Scheme 1A]".

Typically, the C,,-OCH, cleavage of guaiacols is directly competitive with the aromatic ring hydrogenation
reaction"”””, which depends on the identity of the active hydrogen (H* and H"), the isomerization
equilibrium of ketene and alcohol, and the transition state barrier of the C,,-OCH, cleavage”'. In previous
studies, the intramolecular hydrogen bonds formed by guaiacol were illustrated to preferentially undergo
C,-OCH, cleavage over Co-based catalysts””. The ring hydrogenation in guaiacol was found to be faster
than C,,-OCH, cleavage from the perspective of transition state energy, but the latter was more likely to
occur from a microdynamic analysis, possibly due to the considerable interaction between the benzene ring
on guaiacol and the catalyst®. In addition, 2-MCHs were inclined to complete the demethoxylation
reaction under certain conditions, resulting in the final production of cyclohexanols rather than 2-MCHs"™".
It can thus be seen that promoting the hydrogenation of the aromatic ring while preserving the C-OCH,
ether bonds is the challenge faced in the highly selective conversion of guaiacols to 2-MCHs. A theoretical
study suggested that changing the metal properties of the catalyst could change the reaction route of
guaiacol and improve the selectivity of 2-MCHs"". By designing a closed nano-Ni-based catalyst, the
hydrogen coverage could be effectively increased so that guaiacol was converted entirely with a 2-MCH
yield of more than 95%". However, these highly dispersed Ni nanoparticles (NPs) are unstable, and a
hydrogen reduction step must be added every time they are recycled [Scheme 1B]. Rh/C catalyst could
hydrogenate guaiacol under harsh conditions of supercritical CO,, obtaining 2-MCH in 95.5% yield”. The
other studies further expanded the ruthenium (Ru)-based catalysts for conventional benzene ring
hydrogenation to 2-MCH, but due to the dual constraints of kinetics and thermodynamics, either the
product yield was low (48%) or a long reaction time (5-48 h) was required” . Therefore, constructing
suitable catalytic systems to quickly and efficiently convert lignin-derived phenols into the corresponding
2-MCHs remains an urgent issue to resolve.

Over the past decade, single-atom catalysts (SACs) have shown high catalytic performance in many
reactions due to the isolated atoms being more easily affected by metal oxides to change their d-band center
position and d-band width®*. However, due to the lack of metal bonds and weak hydrogen spillover
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Scheme 1. Synthesis methods of 2-MCHs. Classical method (A) and sustainable method in previous work (B) and this work (C).
2-MCHs: 2-methoxycyclohexanols.

performance, it is difficult for SACs to complete the hydrogenation of benzene rings with comparable
efficiency to traditionally supported metal NPs”***). SACs have been developed for the upgrading of vanillin,
among which Co-based SAC [Co,@NC-(SBA)] can promote the hydrodeoxygenation of vanillin to
4-methylguaiacol””. In subsequent studies, Ni-based SACs were used to remove oxygen from the aldehyde
group of vanillin using methanoic acid as a hydrogen donor™. However, these SACs could not catalyze the
cleavage of C,,-OCH, bonds and the saturation of aromatic rings. The noble metal catalysts prepared by
loading Au and Pt single atoms onto WO, and TiO,, respectively, were reported to have excellent
demethoxylation ability, which could convert 4-propylguaiacol into 4-propylphenol with high selectivity,
but did not show activity for aromatic ring hydrogenation®. Zhang et al. first reported that Ru SACs could
hydrogenate aromatic rings when studying the selective hydrogenation of guaiacol. Unfortunately, the
conversion process not only saturates the aromatic ring but also promotes the selective cleavage of the C-O
bond, resulting in the product being almost cyclohexanol rather than 2-MCH"". Benefiting from the
electronic properties and acidity of the support, the Ni,/p-Mo,C and Pt,,/CsPW-H, catalysts could complete
the hydrodeoxygenation of lignin-derived phenols while hydrogenating the aromatic rings to produce
cycloalkanes””*. In this context, the complete aromatic ring hydrogenation of biomass-derived guaiacols to
2-MCHs catalyzed by SACs while suppressing the selective cleavage of the C,,-OCH, bond remains
challenging.

Here, a Ru-based SAC (Ru,/0-CeO,-ov) with exposed crystal planes and oxygen vacancies of ceria was
precisely constructed, which could completely hydrogenate the aromatic ring while suppressing the
C,-OCH, bond cleavage of guaiacols, thereby efficiently synthesizing 2-MCHs [Scheme 1C]. Mechanism
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studies and control experiments jointly pointed to Ru-O-Ce as the active site for aromatic ring
hydrogenation. Forming the CeO,(111) plane and oxygen vacancies could reduce the transition state energy
barrier for aromatic ring hydrogenation. The higher C, ,-OCH, cleavage barrier at the Ru,/0-CeO,-ov site
illustrated that guaiacol could be hydrogenated to 2-MCH with high selectivity. The response surface
optimization was able to achieve a 2-MCH yield of over 97% and the Ru,/0-CeO,-ov catalyst exhibited
excellent aromatic ring hydrogenation performance for a wide range of lignin-derived phenols and real
lignin oil. The results confirm the important role of crystal plane effect and oxygen vacancies of Ru-based
SACs in selective aromatic ring hydrogenation, offering a unique solution for upgrading and transforming
raw biomass materials into specific structural chemicals.

EXPERIMENTAL

Materials

Cerous nitrate hexahydrate (99%), sodium hydroxide (99%), sodium orthophosphate (98%), ruthenium
trichloride hydrate (99.95% metals basis), cobalt nitrate hexahydrate (99.99% metals basis), copper(ii) nitrate
hydrate (99.99% metals basis), ferric nitrate nonahydrate (99.99% metals basis), nickel(II) chloride
hexahydrate (99.9%), phenol (99.5%), guaiacol (98%), 4-methylphenol (99%), 4-methylguaiacol (99%),
4-ethylphenol (97%), 4-ethylguaiacol (99%), 4-propylphenol (99%), 4-propylguaiacol (99.5%),
2,6-dimethoxyphenol (98%), octane (99%), and hexadecane (99%) were purchased from Aladdin (Shanghai,
China) Biochemical Technology Co., 1td. The real lignin oil was derived from reductive catalytic
fractionation of birch wood (Alibaba).

Catalyst preparation

Preparation of SACs

The preparation methods of ceria support with different morphologies (x-CeO,) are shown in the
Supporting information. A series of SACs were prepared by loading metal ions onto x-CeO, using the
supersaturated impregnation method. In a typical example, 100 mg octahedral ceria (0-CeO,) was dispersed
in 20 mL deionized water, and then an aqueous solution containing 2.0 mg hydrated ruthenium trichloride
was added dropwise to the dispersion. The resulting mixed turbid liquid was stirred at 25 °C for 6 h, and the
Ru,/0-CeO, catalyst was obtained after washing, centrifugation, and vacuum drying (80 °C). Next,
Ru,/c-CeO, and Ru,/r-CeO, SACs could be prepared by changing the morphology of ceria. Finally, 3d
transition metals were selected using the same preparation method to obtain a series of SACs M,/0-CeO,,
where M represents Co, Ni, Cu, and Fe, respectively.

Preparation of Ru,/x-CeO,-ov

Oxygen vacancies were introduced into Ru-based SACs by a high-temperature reduction method. The
typical process for preparing Ru,/x-CeO,-ov was to place 100 mg of Ru,/x-CeO, in a tube furnace. In a 10%
H,/Ar atmosphere, the temperature was increased from 30 °C to 400 °C (rate of 5 °C min") and kept
constant for 3 h. Then, the temperature was reduced to 100 °C (rate of 5 °C min™), and the program was
stopped. The sample was taken out when it was cooled down to below 30 °C for use.

Catalyst characterization

The X-ray diffraction (XRD) patterns and Raman spectra of the samples were obtained using Bruker’s D8
ADVANCE X-ray powder diffractometer and HORIBA’s LabRam HR Evolution, respectively. The elements
of the samples were quantitatively analyzed using a PE Optima 8000 inductively coupled plasma optical
emission spectrometer (ICP-OES) from PerkinElmer, USA. X-ray photoelectron spectroscopy (XPS) of all
samples was measured by ESCALAB 250XI instrument from Thermo. The microstructure, elemental
composition, and distribution of the samples were analyzed using a scanning transmission electron
microscope (STEM) combined with an energy-dispersive X-ray spectrometer (EDS). Atomic mapping of
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the sample was collected using an aberration-corrected high-angle annular dark field STEM (AC HAADF
STEM, JEOL ARM 200F) equipped with a Cs corrector (JEM-2200FS) and a high-resolution spectrometer
with a large solid angle of 0.97 sr (JED-2300T). The acceleration voltage was 200 kV, the STEM probe
current was 17 pA, and the probe size was 0.133 nm. Surface area and pore size distribution were
determined using a Micromeritics ASAP2460 apparatus. The hydrogen temperature-programmed reduction
(H,-TPR) curves were obtained on an AutoChem II 2920 instrument. The characteristics of oxygen
vacancies in the samples were analyzed using a Bruker ELEXSYS E500 electron paramagnetic resonance
(EPR) spectrometer.

Catalyst activity evaluation and first-principles calculations

Model molecule experiments

The hydrogenation reactions of lignin-derived phenolic model molecules were carried out in a high-
pressure reactor (25 mL) equipped with a magnetic stirrer. In a typical example, 1 mmol of guaiacol, 3 mL
of n-octane (solvent), 0.3 mol% Ru,/0-CeQ,-ov catalyst, and 20 mg of n-hexadecane as an internal standard
were added to the autoclave. The products were qualitatively analyzed using an Agilent 5,977 A gas
chromatograph-mass spectrometer (GC-MS), and quantitatively analyzed using an Agilent 7,890 A gas
chromatograph (GC) equipped with a hydrogen flame ionization detector and an HP-5 capillary column
(30 m x 0.25 mm x 0.25 pm). The catalyst activity evaluation indexes include guaiacol conversion (Conv.),
2-MCH selectivity (Sel.), and 2-MCH yield, which were calculated according to

Conv. = =)/, 100% (1)
n

Sel. =™/, _py * 100% 2)

Sel.= "B/, x 100% (3)

Where n, is the molar amount of the initial substrate, n, is the molar amount of the remaining substrate,
and n, is the molar amount of 2-MCHs generated. In addition, to compare the activity of catalysts with
those in the literature, the turnover frequency (TOF) of this work was calculated according to

Molar amount of 2-MCH generated
Reaction time (h) x Molar amount of active metal

TOF (h') = (4)
Real lignin oil experiment

The hydrogenation of real lignin oil was also carried out in a high-pressure reactor equipped with a
magnetic stirrer. The specific operation steps were to add 150 mg of lignin oil, 3 mL of n-octane, and
100 mg of Ru,/0-CeO,-ov catalyst into the reactor. Then, the lignin oil was hydrogenated at 200 °C and
3 MPa H, for 48 h. The product after the reaction was filtered through a 0.22 um organic filter membrane,
and the solvent was removed by rotary evaporation and then analyzed by two-dimensional (2D)
heteronuclear single quantum coherence nuclear magnetic resonance (2D HSQC NMR) spectroscopy with
deuterated dimethyl sulfoxide (DMSO).

Theoretical calculations
Density functional theory (DFT) calculations were performed in this work using the Vienna ab initio
simulation package (VASP) software. The calculation details are given in the Supplementary Materials.
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RESULTS AND DISCUSSION

Catalyst preparation and characterization

The preparation process of octahedral (0-CeO,), cubic (c-CeQ,), and rod-shaped (r-CeO,) ceria is shown in
Figure 1A. XRD patterns confirmed that the characteristic diffraction peaks of the three carriers all belong
to CeO, crystals with face-centered cubic structure (PDF# 43-1002) [Supplementary Figure 1]. Transmission
electron microscopy (TEM) images showed that the supports 0-CeO,, c-CeO,, and r-CeO, corresponded to
octahedral, cubic, and rod-shaped crystal morphologies, respectively [Supplementary Figures 2-4]. Each face
on 0-CeO, and ¢-CeO, had the same crystal face cluster, corresponding to {111} and {100}, respectively,
which indicated that 0-CeO, and ¢-CeO, were prone to expose the (111) and (100) planes™’. The
supersaturated impregnation and hydrogen reduction method was adopted to prepare a series of Ru-based
SACs (Ru,/x-CeO,-ov) based on three CeO, supports with different morphologies [Figure 1A]. The catalysts
introduced with single-atom Ru still maintained the crystalline structure of ceria [Supplementary Figure 5].
The EDS images displayed that the metal Ru on the catalysts Ru,/x-CeO,-ov was evenly dispersed on the
carrier [Figure 1B-D]. ICP-OES results showed that the mass fraction of Ru in the above four catalysts was
between 0.287%-0.541%, and the lower loading amount of Ru could be better dispersed on the surface of the
ceria [Table 1]. P and Cl element signals were not detected by ICP, indicating that these elements could be
removed by water washing and hydrogen pre-reduction. Similarly, the characteristic peaks of P and Cl were
not observed in the EDS spectra of Ru,/x-CeO,-ov [Supplementary Figures 6-8]. In addition, since the EDS
energy spectrum could only observe the element content near the surface of the catalyst, the Ru content
tested by EDS was much higher than the result of ICP-OES [Table 1], which confirmed that Ru was more
loaded on the surface of the ceria support. High-resolution TEM images could further observe that the
catalysts prepared with three morphologies of x-CeO, carriers all had visible lattice patterns [Figure 1E-G].
Fast Fourier transform (FFT) of the lattice patterns further confirmed that Ru,/o-CeO,-ov and
Ru,/c-CeO,-ov preferentially exposed the (111) and (100) planes of CeO,, respectively, while Ru,/r-CeO,-ov
mainly exposed the (110) and (100) planes (insets of Figure 1E-G). The atomic-level EDS energy spectrum
of Ru,/0-CeO,-ov under AC HAADF STEM was revealed in Figure 1H and Supplementary Figure 9.
Although some blue signals representing Ru atoms overlap with the red signals of Ce atoms, it could still be
intuitively found that the Ru atoms were isolated, verifying that the metallic Ru was loaded on the surface of
the 0-CeO, carrier in the form of a single atom. The absence of green signals representing oxygen atoms in
some areas suggested the generation of oxygen vacancies on the Ru,/0-CeO,-ov surface. The results of
nitrogen adsorption and desorption characterization showed that the specific surface area of the catalyst was
5.35-61.34 m’ g [Table 1]. Due to the smaller size of Ru,/r-CeO,-ov, it had the largest specific surface area,
which was consistent with the full width at half maximum (FWHM) in the XRD patterns. The pore size
distribution showed that Ru,/x-CeO,-ov accumulates some mesopores, which may help the substrate diffuse
to the active sites for reaction [Supplementary Figure 10]. In addition, in the Raman spectra of
Ru,/0-Ce0,-ov, Ru,/c-CeO,-ov, and Ru,/r-CeO,-ov, no bands attributable to RuO, were detected at
528 cm’, 646 cm™, and 716 cm™*. However, the band at 980 cm™ was assigned to the vibration of the
Ru-O-Ce bond, which was not detected in 0-CeO,, indicating that the metal Ru was in a single-atom
dispersed state and forms a Ru-O-Ce bond with the carrier [Supplementary Figure 11]"'. At the same time,
no signal peak attributed to Ru-Ru appeared in the Ru 3p XPS fitting of the Ru,/0-CeO,-ov catalyst
[Supplementary Figure 12], which means that there is no agglomeration of metallic Ru on the catalyst
surface, consistent with the EDS mapping [Figure 1H].

The oxygen vacancies in ceria can regulate the electronic structure of active metals, change the charge
transfer ability of the material, and thus improve the catalyst performance!”. H,-TPR results showed that
the Ru,/x-CeO,-ov sample had two obvious reduction peaks, in which the first peak (o, ca. 100 °C) can be
attributed to the reduction of Ru on the Ru-O-Ce site, while the second peak (B, 150-300 °C) may come
from the reduction caused by the embedding of Ru atoms into the CeOQ, lattice [Figure 2A]. Notably, the H,
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Table 1. Catalyst characterization results

0, H b
Catalyst |c::, ::ntent (::) g) S,.p (m g")a FWHM (°) Hydrogen consuml;:tlon (umol g7)
Ru,/0-CeO,-ov 0.287 1.26 7.22 0.21 63.7 75.6
Ru,/c-CeO,-ov 0.452 135 535 0.15 52.6 103.6
Ru,/r-CeO,-ov 0.541 1.88 61.34 0.61 86.4 246.1

“BET surface area.” H,-TPR. ICP-OES: Inductively coupled plasma optical emission spectrometer; EDS: energy-dispersive X-ray spectrometer.
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Figure 1. (A) Schematic diagram of the preparation process of Ru-based catalysts supported on ceria of different morphologies; (B-D)
HAADF STEM images and EDS elemental mappings of Ru,/0-CeO,-ov, Ru,/c-CeO,-ov, and Ru,/r-CeO,-ov; (E-G) High-resolution TEM
images of Ru,/x-CeO,-ov (inset is FFT images); (H) AC HAADF STEM EDS mapping of the Ru,/0-CeO,-ov catalyst. AC HAADF STEM:
Aberration-corrected high-angle annular dark field scanning transmission electron microscope; EDS: dispersive X-ray spectrometer;
TEM: transmission electron microscopy.

consumption of the a and B peaks was much greater than that required for the reduction of Ru-O-Ce due to
the lower Ru loading [Table 1]. A generally accepted explanation is that introducing Ru causes strong
metal-support interactions, which leads to the transfer of electrons from Ru to ceria, thereby promoting the
continuous reverse spillover of oxygen in ceria to Ru*’. In a hydrogen atmosphere, oxygen atoms diffuse
from the CeO, bulk to the surface, and the effect of Ru metal accelerates the oxygen spillover process. The
water generated by the combination of oxygen and hydrogen will escape from the catalyst surface after
exceeding 300 °C, resulting in the appearance of oxygen vacancies'*’. The higher oxygen mobility caused by
the Ru-O-Ce bond could dynamically form more oxygen vacancies and efficiently complete the catalytic
reaction.
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Figure 2. (A) H,-TPR curves of Ru,/0-CeO,-ov, Ru,/c-CeO,-ov, and Ru,/r-CeO,-ov. EPR (B) and O 1s XPS (C) spectra of x-CeO, and
Ru,/x-CeO,-ov. Deconvoluted O 1s XPS spectra of Ru,/x-CeO,-ov (D) and x-CeO, (E); Deconvoluted Ce 3d XPS spectra of
Ru,/x-CeO,-ov (F) and x-CeO, (G); (H) Comparison of relative oxygen vacancy contents of Ru,/x-CeO,-ov and x-CeO,.H,-TPR:
Hydrogen temperature-programmed reduction; EPR: electron paramagnetic resonance; XPS: X-ray photoelectron spectroscopy.

From the EPR characterization results of x-CeO, and Ru,/x-CeO,-ov samples, it can be seen that all samples
exhibited an EPR signal with a g value of about 2.003 [Figure 2B]. Considering the elemental composition of
the catalyst, it is suggested that the signal with a g value of 2.003 represents the presence of oxygen
vacancies. Compared with the x-CeO, carriers, the oxygen vacancy signal intensity of the Ru,/x-CeO,-ov
series samples increased, especially the signal intensity of Ru,/0-CeO,-ov and Ru,/c-CeO,-ov samples
increased by more than twice. It is worth noting that due to the low crystallinity of r-CeO,, it contains more
oxygen vacancies, which only increases the oxygen vacancy concentration of the catalyst (Ru,/r-CeO,-ov) by
60% after introducing Ru. Consistent with the EPR detection results, the O 1s XPS spectra of x-CeO, and
Ru,/x-CeO,-ov could more intuitively show that introducing Ru atoms increases the oxygen vacancy
concentration of ceria [Figure 2C]. After deconvolution of the O 1s XPS spectrum, two characteristic peaks
at ca. 531.8 eV and ca. 529.5 eV could be decomposed [Figure 2D and E]. The former corresponds to
low-coordinated oxidation defects, surface oxygen ions, hydroxyls or carbonates, and the latter belongs to
lattice oxygen. It can be seen that the relative contents of the peak at the binding energy of 531.8 eV for
Ru,/0-CeO,-ov, Ru,/c-CeO0,-ov, and Ru,/r-CeO,-ov catalysts increased from 41%, 38%, and 40% of the
original ceria to 62%, 55%, and 47%, respectively. The preparation conditions of the three morphologies of
x-CeQ, or Ru,/x-CeO,-ov are consistent, which makes us believe that low-coordinated oxygen species
mainly cause changes in the binding energy position peak. The increase in Ce** content in Ce 3d XPS could
also be used to confirm the formation of oxygen vacancies. Since the electronic structure of Ce 34 orbital
was affected by the hybridization of Ce 4f and O 2p orbital valence bands, the four peaks with binding
energies near 880.2 eV, 885.2 eV, 896.7 eV, and 903.1 eV among the ten characteristic peaks decomposed
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after deconvolution of Ce 3d XPS spectrum were all contributed by Ce’* [Figure 2F and G]. The six peaks
with binding energies of 882.0 eV, 888.3 eV, 897.8 eV, 900.5 eV, 906.7 eV, and 916.0 eV all resulted from
Ce*. Compared with the x-CeO, support, the higher Ce** concentration in the Ru,/x-CeO,-ov samples
further confirmed that more surface oxygen vacancies could be obtained by introducing atomic-level Ru
and hydrogen reduction. In summary, it was found from the results of EPR, O 1s XPS, and Ce 3d XPS that
the introduction of Ru could effectively increase the concentration of oxygen vacancies on the catalyst
surface, among which Ru,/0-CeO,-ov had the most significant increase [Figure 2H].

Catalyst performance evaluation

Initially, guaiacol (1a) was used as a model compound to undergo hydrogenative dearomatization to
synthesize 2-MCH (2a) over different catalysts at 100 °C and 3 MPa H, for 3 h [Table 2]. It was observed
that none of the three ceria supports (x-CeO,) performed aromatic ring hydrogenation (entries 1-3 in
Table 2). It is worth noting that the Ru-based SACs (Ru,/x-CeO,) obtained based on ceria supports
(x-CeQ,) with different morphologies all showed high 2a selectivity (80.9%-94.8%) (entries 4-6 in Table 2),
probably due to the Ru-O-Ce bond formed between single atom Ru and CeO,. However, the M,/0-CeO,
series of SACs composed of 3d transition metals (Co, Ni, Cu, and Fe) also failed to achieve the
hydrogenation reaction of 1a (entries 7-10 in Table 2), indicating that the M-O-Ce bonds formed by these
four 3d transition metals could not activate the aromatic ring within the experimental range of this work. In
addition, compared to Ru,/x-CeO,, the Ru,/x-CeO,-ov series catalysts reduced by hydrogen achieved higher
1a conversion while maintaining the 2a selectivity, indicating that the oxygen vacancies on the catalysts
could significantly improve the aromatic ring hydrogenation activity (entries 11-13 in Table 2). In a
comparison of the hydrogenation dearomatization activities of three morphological Ru,/x-CeO,-ov
catalysts, it was found that 1a was almost wholly converted on Ru,/0-CeO,-ov, and the yield for 2a reached
96.3% (entry 11), which was significantly higher than that of Ru,/c-CeO,-ov and Ru,/r-CeO,-ov (entries 12
and 13), suggesting that the Ru-O-Ce sites formed on the most thermodynamically stable (111) plane of
ceria were more accessible to activate the aromatic rings in guaiacol. Therefore, Ru,/0-CeQ,-ov prepared by
0-CeO, loaded with single atom Ru preferentially exposed the CeO,(111) plane, had rich oxygen vacancies,
and formed Ru-O-Ce active sites that could hydrogenate 1a to 2a of high selectivity.

The reaction network of 1a was investigated by adjusting the reaction conditions and controlling the
experiments using Ru,/0-CeO,-ov catalyst. First, when the reaction temperature reached 100 °C, 1a could be
almost wholly converted, indicating that the reaction was in the kinetic control range below 100 °C
[Figure 3A]. As an intermediate, 2a would further undergo demethoxylation reaction to give 3a (Route 1),

and the 1a conversion was accelerated with increasing temperature due to kinetics. Under a hydrogen
pressure of 1 MPa, the conversion rate of 1a was only 70.7%, while 1a could be completely converted when
the hydrogen pressure reached 3 MPa [Figure 3B]. A credible reason is that the increase in hydrogen
pressure can increase the hydrogen coverage of the catalyst surface, thereby promoting the hydrogenation of
1a. It is worth noting that after the hydrogen pressure exceeded 3 MPa, further increasing the pressure
would lead to a decrease in the yield of 2a and an increase in the yield of 3a, illustrating the conversion of 2a
to 3a. Next, the effect of time on the product yield showed that even if 1a had been completely reacted, 3a
would continue to increase with the extension of reaction time, further verifying that 2a was an
intermediate product of the reaction [Figure 3C]. Although 2a could undergo a C-O bond cleavage reaction,
the presence of phenol intermediate was not detected using gas chromatography, resulting in the inability to
determine whether 1a undergoes a C,-OCH, bond cleavage reaction to generate 3a via Route 2 under
experimental conditions. In addition, the extrapolated initial reaction rate (r;) could better evaluate the
difficulty of each step in the reaction network of 1a, and given that the conversion of 2a to 3a was a slow
process, the average reaction rate (r,) could be used instead of r. It can be seen that the 7; of 1a was
0.318 mol L* h', which is 54 times higher than that of 2a [Supplementary Figure 13], indicating that the
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Table 2. Catalytic hydrogenative dearomatization of 1a to 2a with different catalysts

OH OH OH
OCH; Catalyst (0.3 mol% Active metal) OCH, +
100 °C, 3 MPa, 3 h

1a n-octane 3 mL 2a 3a
Entry Catalyst Conv. of 1a (%) Sel. of 2a% (%) Yield of 2a (%)
17 0-CeO, -
2 c-Ce0, -
3 r-CeO, -
4 Ru,/0-CeO, 30.7 94.8 29.1
5 Ru,/c-CeO, 24.2 85.5 20.7
6 Ru,/r-CeO, 281 80.9 227
7 Co,/0-CeO, -
8 Ni,/0-CeO, -
9 Cuy/0-CeO, -
10 Fe,/0-CeO, -
n Ru,/0-CeO,-ov 99.9 96.3 96.3
12 Ru,/c-CeO,-ov 80.7 84.9 68.5
13 Ru,/r-CeO,-ov 921 80.2 739

Reaction conditions: T mmol 1a, 0.3 mol% metal-based catalyst, 3 mL n-octane, 100 °C, 3 MPa H,,3 h. “ cis- and trans- 2-MCH. 30 mg catalyst.

hydrogenation of 1a to 2a is the main route of the reaction network, while the demethoxylation reaction of
2a is more difficult to occur [Figure 3D].

Condition optimization and catalyst stability

According to the results of the previous single-factor investigation experiment [Supplementary Figure 14], a
three-factor, three-level response surface experiment model was set up [Supplementary Table 1]. Design-
Expert 13 was used to analyze the obtained data [Supplementary Table 2]. It could be seen that the P value
of the model was less than 0.0001, R* = 0.988, and the adjusted R* = 0.974, all of which were above 90%,
indicating that the model’s fit had a minor error with the actual situation and could better use the response
value to analyze each factor. From the response surface of temperature-time (AB) parameters to predict the
yield of 2a [Figure 4A], it could be seen that the yield of 2a also increased with the temperature due to the
influence of kinetics. However, the high reaction temperature (> 100 °C) decreased the yield of 2a, mainly
due to the accelerated demethoxylation reaction of 2a at a high temperature. Similarly, due to the
continuous conversion of 2a to 3a, the effect of reaction time on the yield of 2a also showed a volcano-
shaped curve trend. The response surface of temperature-pressure (AC) parameters and time-pressure (BC)
parameters for predicting the yield of 2a found that a too-high pressure did not increase the yield of 2a
[Figure 4B and C]. One primary reason was that excessive hydrogen coverage would change the electrostatic
interactions between hydrogen atoms and reaction intermediates, thus affecting the 2a selectivity. The 3D
surface plot showed that compared with the relatively gentle AC and BC surfaces, the AB surface
(P = 0.0003) was steeper, which meant that temperature and time had a relatively more significant impact
on the yield of 2a. The 2D contour map corresponding to the surface showed that the lowest value of the 2a
yield contour under the AB parameter was below 50%, which was significantly lower than that under the
AC and BC parameters, further proving the sensitivity of the temperature-time parameters to the 2a yield
[Figure 4D-F]. Similarly, analysis of the P values of the three single factors revealed that temperature
(P <0.0001) and time (P < 0.0002) had a more significant impact on the yield of 2a than hydrogen pressure
(P = 0.0026). Finally, according to the results of response surface prediction, the highest 2a yield reached
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Figure 3. Reaction network analysis of 1a.Effects of temperature (A); hydrogen pressure (B); and time (C) on the 1a conversion and
product yield; (D) Proposed 1a reaction network, where Route 1 is that 1a undergoes aromatic ring hydrogenation to generate 2a
followed by C-O bond cleavage, while Route 2 involves the first C-O bond cleavage and then the dearomatization process. Reaction
conditions: T mmol 1a, Ru,/0-CeO,-ov of 0.3 mol% Ru, 3 mL n-octane.

97.1% under the conditions of 120 °C, 2.3 h, and 3.4 MPa H..

After 2 h of reaction, Ru,/0-CeO,-ov was removed from the reaction system to verify the catalyst’s
heterogeneous behavior [Figure 4G]. ICP-OES analysis of the liquid mixture after the reaction revealed no
Ru signal, which means that the metallic Ru on the catalyst was not leached into the reaction solution
[Supplementary Figure 15]. The yield of 2a did not increase with the continuous increase of reaction time,
illustrating that the catalytic reaction is heterogeneous. After the recovered catalyst was reused five times,
the conversion rate of 1a only decreased by 9%, and the activity of the reused catalyst could be completely
recovered after reduction [Figure 4H]. According to the ICP test results, the Ru content of the used
Ru,/0-Ce0,-ov was 0.281 wt%, which is consistent with the mass fraction of Ru in the fresh Ru,/0-CeO,-ov
(0.287 wt%). The XRD patterns of the used catalyst exhibited diffraction peaks consistent with those of the
fresh counterpart, with no new diffraction peaks appearing [Supplementary Figure 16]. HAADF STEM
image and EDS mappings showed that the used catalyst maintained a good octahedral morphology and that
the metal Ru did not agglomerate [Figure 4I]. Therefore, the Ru,/0-CeO,-ov catalyst can maintain good
activity and recyclability in the hydrogenation of 1a.

Mechanism study
To explore the effect of the crystal plane structure of ceria on the hydrogenation of aromatic rings, models
of single-atom Ru loaded on the (111), (100), and (110) planes of CeO, containing oxygen vacancies were
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(D); temperature-pressure (E); and time-pressure (F) parameters on the yield of 2a; (G) Heterogeneous catalytic behavior of
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dark field scanning transmission electron microscope; EDS: energy-dispersive X-ray spectrometer.

established and optimized, corresponding to Ru,/0-CeO,-ov, Ru,/c-CeO,-ov, and Ru,/r-CeO,-ov,
respectively [Figure 5A]. It was generally believed that the opening of the n bond of the aromatic ring, that
was, the addition of the first hydrogen atom, was the rate-determining step of hydrogenation saturation,
which means that the first step in the entire saturation process requires the highest energy"***". Therefore,
we calculated the energetics of the first-step hydrogenation of the aromatic ring in 1a to compare the
hydrogenation performance of catalysts with different preferentially exposed crystal planes. As shown in
Figure 5B-D, the Ru,/0-CeO,-ov catalyst represented by the CeO,(111) plane only needs to overcome an
energy barrier of 0.22 eV to complete the hydrogenation of the aromatic ring. However, the catalysts
represented by the (100) and (110) planes need to overcome 0.34 eV and 0.30 eV, respectively, indicating
that guaiacol was more likely to complete the aromatic ring hydrogenation reaction over the Ru,/0-CeO,-ov
catalyst from a kinetic point of view. The above conclusions explain well that the Ru,/0-CeQ,-ov catalyst
activity prepared with octahedral ceria in the experiment is better than that of cubic and rod-shaped ceria.
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Figure 5. Mechanism study. (A) Models of single-atom Ru supported on different crystal planes of ceria with and without oxygen
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(B), (100) (C), and (110) (D) planes; (E) Transition state energy barriers of 1a hydrogenation on a single-atom Ru catalyst without
oxygen vacancies on the (111) plane; (F) Transition state energy barriers of C, -OCH, bond cleavage of 1a over Ru,/0-CeO,-ov catalyst.

To investigate the effect of ceria oxygen vacancies on the hydrogenation of 1a and the superior selectivity of
Ru,/0-CeO,-ov catalyst toward 2a, the energy of aromatic ring hydrogenation on the catalyst corresponding
to intact CeO,(111) plane was calculated [Figure 5E]. It could be seen that the transition state energy
(0.25 eV) generated at the Ru,/0-CeO, site was lower than that of the Ru,/0-CeQ,-ov catalyst, indicating that
the ceria oxygen vacancies on the catalyst surface will promote the aromatic ring hydrogenation reaction.
Subsequently, when calculating the demethoxylation reaction energy of 1a [Figure 5F], it was found that the
energy for the Ru,/0-CeQ,-ov active site to complete the C,,-OCH, bond cleavage was 0.53 eV, which was
2.4 times that of the aromatic ring hydrogenation, suggesting that it was difficult for the Ru,/0-CeO,-ov
catalyst to complete the reaction at low energy, further explaining the high 2a selectivity of the catalyst.

Substrate range

Thanks to the 100% utilization of single-atom Ru metal and the Ru-O-Ce active sites rich in oxygen
vacancies, Ru,/0-CeO,-ov had a relatively high TOF = 107 h* compared with several metal catalysts reported
in the literature [Figure 6A]#*7?%*#% Subsequently, the aromatic ring hydrogenation performance of a
series of lignin-derived phenols was evaluated using Ru,/0-CeO,-ov catalyst [Figure 6B]. The yields of the
corresponding hydrogenated products of the guaiacol derivatives (1a-1d) obtained after the reaction could
reach a good level (88%-96%). Surprisingly, since phenol derivatives were not affected by methoxy groups,
the yields of the corresponding hydrogenated products could reach over 96% (2e-2h). The aromatic ring
could also reach complete saturation when using syringyl 2,6-dimethoxyphenol (1i) as a substrate.
Unfortunately, because higher temperatures were required to activate the aromatic ring in 1i, more than
60% of the product was a mixture of 2a (46% yield) and 2e (15% yield), and the corresponding
hydrogenation product 2i was only 31%. Finally, the aromatic ring hydrogenation performance of
Ru,/0-CeO,-ov catalyst was investigated using real lignin oil from birch wood hydrogenolysis. In the 2D
HSQC NMR spectrum of lignin oil, three signal regions of 5(C)/8(H) = 100-140/5.5-8.0 [Figure 6C],
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Figure 6. (A) TOF comparison of 1a hydrogenation reaction on Ru,/0-CeO,-ov and literature catalysts; (B) Hydrogenation performance
of different lignin-derived phenols catalyzed by Ru,/0-CeO,-ov (° 150 °C; 160 °C,4h;“4h; 4200 °C,3MPaH,, 4 h); 2D HSQC NMR
spectra of authentic lignin oil in the aromatic region (C); methoxy region (D), and aliphatic region (E) before and after the reaction. 2D
HSQC NMR: Two-dimensional heteronuclear single quantum coherence nuclear magnetic resonance.

3(C)/8(H) = 50-90/2.0-6.0 [Figure 6D],and §(C)/3(H) = 0-65/0.5-4.0 [Figure 6E] are observed,
corresponding to the aromatic, methoxy, C-C aliphatic and regions, respectively. Compared with the lignin
oil raw material, the 2D HSQC NMR spectra of the product showed that the aromatic region signal of
3(C)/3(H) = 90-140/5.5-8.0 disappears, which meant that most of the aromatic rings in the lignin oil had
been hydrogenated [Figure 6C]. Excitingly, a large number of signals still existed in the methoxy region of
the product [Figure 6D], confirming that the methoxy groups in the lignin oil were retained, which
demonstrates that the Ru,/0-CeO,-ov catalyst had excellent aromatic ring hydrogenation ability while
inhibiting the cleavage of the C-O bond.

CONCLUSIONS

In summary, we developed a versatile catalytic strategy to rapidly hydrogenate the aromatic ring of
guaiacols while suppressing C-O bond cleavage by tuning the crystal plane of the ceria and the oxygen
vacancies of the Ru,/0-CeO,-ov catalyst. The Ru,/o-CeO,-ov catalyst had excellent aromatic ring
hydrogenation ability due to the formation of Ru-O-Ce active sites. DFT calculations elaborated that the
oxygen vacancies and preferentially exposed (111) plane of ceria could reduce the transition state energy
barrier of aromatic ring hydrogenation, which was only 40% of the C,,-OCH, bond cleavage energy.
Response surface experiment optimization revealed that temperature and time were more sensitive to the
selectivity of the target product than hydrogen pressure, and the yield of 2-MCH could exceed 97% under
the optimal process conditions. The Ru,/0-CeO,-ov catalyst was able to completely hydrogenate almost all
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lignin-derived phenols, including real lignin oil, which provides a new application direction for CeO, crystal
surface regulation, namely, the transformation of lignin-derived phenols into value-added chemicals.
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