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The one-pot hydrotreatment of phenols to cyclohexyl ethers is crucial but dif-
B Check for updates ficult to achieve for fine chemical synthesis owing to the easy overhydrogenation
to cyclohexanols over traditional metal-acid bifunctional catalysts. Herein,
surface oxygen-doped carbon-supported Pd nanoparticles (Pd/C-O) were pre-
pared via nitric acid oxidation and subsequent incipient wetness impregnation,
demonstrating the tandem hydrogenation-acetalization-hydrogenolysis route
of phenol to cyclohexyl methyl ether, achieving an significant yield of 97.9% in a
methanol solvent at a low temperature of 110 °C. Catalytic mechanism investi-
gation indicated that the in situ hydrogen spillover from Pd nanoparticles to the
Pd-O-C interface formed H'-H™ pairs, which acted as uncommon active sites for
hydrogenation and hydrogenolysis steps and also provided Brgnsted acid sites
for the acetalization step, thereby triggering the facile preparation of cyclohexyl
methyl ether. Furthermore, the prepared catalyst exhibited excellent catalytic
generality for synthesizing cyclohexyl ethers from various phenols or alcohol
solvents via a similar reaction route and great expansibility from diphenyl ethers
via preliminary partial hydrogenation—alcoholysis steps. The study reports an
interesting bifunctional catalysis for challenging tandem reaction routes toward
cyclohexyl ether synthesis by harnessing an oxygen-doped carbon support to
form transient H'-H" pairs.

Cyclohexyl methyl ether (CME) has great prospects in industrial addition, owing to its high octane number and high boiling point, it can
manufacturing because it can replace petroleum-based cyclopentyl also be used as a potential fuel’. At present, the main synthetic route of
methyl ether as an aliphatic ether solvent in various applications, CME is based on the hydrogenation of phenyl methyl ether and the
including organic chemistry and lithium battery industries'™. In etherification of cyclohexanol with methanol*®. Lignin, a sustainable
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carbon source, contains abundant aromatic structural units and can be
easily transformed into several important platform molecules, such as
phenol monomers and diphenyl ether dimers’. The conversion of
these model compounds into cyclohexyl ethers is an excellent entry
point for biomass refining®°.

Theoretically, CME can be prepared from phenol via a two-step
methylation-hydrogenation method including the O-methylation of
phenol with methanol to phenyl methyl ether with a yield of 40%-90%
at 270-400 °C over solid acids (e.g., ZSM-5/MCM-41, LaPO,/SBA-15, H-
mordenite, AICl;, and FeCls)"™, followed by the hydrogenation of
phenyl methyl ether to CME with a yield of 50%-90% over metal-based
catalysts (e.g., Ru/C, Ru@ITQ, Ru/SiO,-SO;H, Ru/Al,05, and Pt/Al,03)
at 30-170 °C>"". However, these two-step reaction systems require
harsh reaction temperatures in the etherification step, prolonged
reaction times, and an additional isolation step for phenyl methyl ether
intermediates. Considering the general trend toward the green
chemistry industry, the one-pot direct phenol conversion of phenol to
CME is highly desirable. Several metal-solid acid bifunctional catalysts,
including physical mixtures of metals and acids (e.g., Raney Ni + SAPO-
11 and Pd/C +HZSM-5)"*" and metal-supported solid acids (e.g., Ni/
Al03, Rh/ZrH,(PO,),, and Ru/CoO) have been explored for the
hydrotreatment of phenol in a methanol solvent?®~2, However, cyclo-
hexanol is acommon product and target CME is scarcely produced. To
the best of our knowledge, only one study has been reported CME
synthesis at a high temperature of 200 °C using a mixture of Pd/C and
HZSM-5 as a catalyst by delicately coordinating the amounts of metal
and acidic sites. This reaction involved the initial metal-catalyzed
hydrogenation of phenol to cyclohexanone, acid-catalyzed acetaliza-
tion to cyclohexanone dimethyl acetal, followed by bifunctional sites-
catalyzed hydrogenolysis®. Unfortunately, current catalytic results are
still unsatisfactory. First, while precious metal-based catalysts exhibit
rapid hydrogenation activity owing to their strong H, activation ability,
overhydrogenated cyclohexanol is easily formed due to further C=0
hydrogenation, which cannot be etherified to afford the target
CME®%, Second, because bifunctional sites over mixed catalysts are
separated, the long-range diffusion of intermediates, such as cyclo-
hexanone from metal to acidic sites, leads to an inferior synergy. It
tends to hydrogenate over metal sites rather than undergo acetaliza-
tion over acid sites, which further causes low CME selectivity. Third,
currently, the main reactant and solvent used in the reaction are
phenol and methanol, and phenol-based derivatives (e.g., 4-methyl-
phenol, 2-methoxyphenol, and 3-methoxyphenol) and methanol
homologs (e.g., ethanol, isopropanol, and sec-butanol) have scarcely
been investigated. Therefore, developing bifunctional catalysts with
adjacent metal-acid sites is crucial to promote the cascade conversion
of phenols to cyclohexyl ethers, particularly maintaining an excellent
catalytic generality under mild reaction conditions.

Herein, O-doped carbon-supported Pd nanoparticles were
fabricated via a nitric acid (HNO3) oxidation and subsequent inci-
pient wetness impregnation method for the hydrogenation-
acetalization-hydrogenolysis of phenol in a methanol solvent. Results
show that H, is activated on Pd nanoparticles to form H atoms, which
migrates to the adjacent O atom on the carbon support to form
H'-0--Pd-H". The in situ generated H'~H" pair not only acts as active
sites for phenol hydrogenation and cyclohexanone dimethyl acetal
intermediate hydrogenolysis steps but also acts as Brgnsted acid sites
for the acetalization step of cyclohexanone with methanol. Notably,
cyclohexanone formed on hydrogenation sites rapidly transfers to
Brgnsted acid sites for the acetalization steps, avoiding long-range
diffusion. Consequently, Pd/C-O catalysts simultaneously exhibit high
activity and superior selectivity with a significant CME yield of 97.9%
from phenol at a low temperature of 110 °C. This low-temperature
hydrogenation-acetalization-hydrogenolysis process shows broad
applicability for various phenols (e.g., 2-methoxyphenol, 3-methox-
yphenol, 4-methylphenol, and 2-methoxy-4-formyl phenol) and

alcohols (i.e., ethanol, isopropanol, and sec-butanol). Furthermore,
some diphenyl ethers (e.g., diphenyl ether, 4,4’-dimethyl diphenyl
ether, 4-methylphenyl phenyl ether, and 3-methylphenyl phenyl ether)
and phenyl ethers (i.e., benzyl phenyl ether and 2-phenylethyl phenyl
ether) afford high cyclohexyl ether yields, except additional partial
hydrogenation-alcoholysis steps to cyclohexanones and phenols are
required. This study reports a tandem hydrogenation-acetalization-
hydrogenolysis route of phenols with notable flexibility for tuning
cyclohexyl ether specifications over in situ generated H'-H™ pairs via
the hydrogen spillover mechanism on the Pd/C-O catalyst.

Results

Structural characteristics of catalysts

The Pd/C-O catalyst was prepared via an HNOj3 treatment method
using commercial activated carbon (C) in a 20.0 wt% HNO; solution.
Next, the O-doped carbon (C-O) was used as the support for incipient
impregnation using palladium chloride (PdCl,) as the Pd precursor,
followed by sodium borohydride (NaBH,) reduction (Fig. 1a). For
comparison, C-supported Pd without O doping (Pd/C) was prepared
via a similar method except without the HNOj3 treatment step. The
powder X-ray diffraction (XRD) patterns showed the peaks of the
amorphous carbon support and a distinct (111) crystal plane of Pd
nanoparticles at 20=40.0° (Supplementary Fig. 1a)**. N,
adsorption-desorption isotherms, transmission electron microscopy
(TEM) images and carbon monoxide (CO) pulse purge indicated that
Pd/C and Pd/C-O possessed similar textural structures with
Brunauer-Emmett-Teller specific surface areas (Sger) of 2144-2212
m?>g ! and comparable Pd nanoparticle sizes of 1-6 nm and analogous
Pd dispersity of about 40% (Supplementary Fig. 1b-e and Supple-
mentary Table 1). The high-angle annular dark-field scanning TEM
(HAADF-STEM) image showed a lattice spacing of 0.220 nm, which is
in agreement with the standard Pd (111) plane (Fig. 1b)***. Meanwhile,
the dispersive X-ray spectroscopy (EDS) elemental mapping confirmed
that the intimacy of the Pd and O elements (Supplementary Fig. 1f-i).
Furthermore, the linear EDS analysis showed an identical trend of Pd
and O signal intensities, indicating that Pd was preferentially attached
to the O species instead of to the C species (Supplementary Fig. 2a).
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
indicated 0.9-1.0 wt% Pd contents for Pd/C and Pd/C-O, whereas ele-
mental analysis for O content largely increased from 1.7 wt% in Pd/C to
12.0wt% in Pd/C-O, indicating the successful introduction of
O-containing groups during the oxidation step (Supplementary
Table 1). The Raman spectra showed D- (1324 cm™ for defected carbon)
and G-bands (1584 cm™ for graphitic sp? carbon) (Fig. 1c)”. The oxi-
dation step decreased the degree of graphitization, as indexed by the
higher peak intensity ratio of the D to G bands. Furthermore, the
intensity of C=C bond peak (1359 cm™) decreased in Fourier trans-
form infrared (FTIR) spectra. However, the intensities of the peaks at
1099, 1616, and 3419 cm™, corresponding to the stretching vibrations
of C-0, C=0, and O-H bonds, respectively, were higher in the FTIR
spectrum of Pd/C-O than that of Pd/C, confirming that O incorporation
was successful with bonding types of O-H, C-O and C=00-
(Fig. 1d)>7.

Previous reports revealed that the OH-containing groups (C=
OOH and C-OH) of the carbon support can be easily substituted with
PdCl, to form HCI during the incipient process, and the Pd-O-C
interface can be formed®**%, Indeed, after the introduction of Pd, the
O-H peak intensity of C-O drastically decreased (Supplementary
Fig. 2b). The high-resolution Pd 3 d X-ray photoelectron spectroscopy
(XPS) spectra of Pd/C and Pd/C-O showed a metallic Pd® signal (3ds.
peak = 335.7 eV, 3d3,, peak = 340.9 eV), whereas the Pd 3d XPS spec-
trum of Pd/C-O was dominated by the oxidative Pd* signal (3ds,, peak
= 337.9¢eV, 3d;, peak = 342.9 eV) (Fig. 1e)**. In addition, the O Is
spectra exhibited C=0 (532.1eV), C-O (533.2eV) and O-H bonds
(534.2eV), and the C Is spectra showed C=C (284.6eV), C-C
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Fig. 1| Synthesis and characterizations for Pd/C-O catalysts. a Synthesis of Pd/C-O, b TEM micrographs of Pd/C-O, ¢ Raman spectra and d FTIR spectra of Pd/C and
Pd/C-O; e Pd 3d and O 1s XPS spectra of Pd/C and Pd/C-O, f Pd K-edge XANES spectra and g FT-EXAFS analysis and fitting plots at R space of various samples.

(285.1eV), C-0O (286.0¢eV), and C=0 (287.9 eV) bonds (Fig. 1e and
Supplementary Fig. 2c). The Pd coordination environment of Pd/C-O
was further investigated using extended X-ray absorption fine-
structure (EXAFS) spectroscopy, which revealed that the X-ray
absorption energy of Pd/C-O was higher than that of Pd foil but
lower than that of PdO (Fig. 1f). Meanwhile, the Fourier transform k*
weighted x(k) EXAFS (FT-EXAFS) spectrum of Pd/C-O showed peaks
corresponding to Pd-O (1.6 A, without correction) and Pd-Pd coor-
dinations (2.4 A, without correction) (Fig. 1g)**°*2. Furthermore, the
wavelet transform EXAFS spectrum exhibited two prominent peaks
(1.8A, 52A7;2.8A,13.6 A, associated with Pd-O and Pd-Pd bonds,
respectively (Supplementary Fig. 2d). The quantitative EXAFS fitting
results of the Pd/C-O in k and R spaces indicated that the average
coordination numbers of Pd-O and Pd-Pd were approximately 5.3 and
10.8, respectively (Fig. 1g and Supplementary Fig. 2e, Supplementary
Table 2). These results demonstrated that Pd nanoparticles were
supported on carbon with an abundant Pd-O-C interface.

Hydrogenation-acetalization-hydrogenolysis of phenols

The catalytic performance of Pd/C-O was evaluated in the phenol
(PHO) reaction at 110 °C in a methanol solvent using Pd/C (with the
same Pd content) and commercial Ru/C as references. The carbon

balance was >97% under the reaction conditions. As shown in the time-
dependent product distributions, Pd/C, Ru/C, and Pd/C-O exhibited
strikingly different catalytic behaviors. First, Ru/C showed 88.6% con-
version of PHO after 6 h, but only overhydrogenated cyclohexanol
(CHL) was obtained via the PHO hydrogenation to cyclohexanone
(CHO) and subsequent C=0 hydrogenation route (Fig. 2a, b). This
catalytic performance is expected because carbon is viewed as an inert
support during bifunctional catalysis. The intermediates and products
were verified via gas chromatography-mass spectrometry (Supple-
mentary Fig. 3a-f). Pd/C was almost inactive, and no obvious products
were detected (Supplementary Fig. 3g). By contrast, Pd/C-O showed an
interesting hydrogenation-acetalization-hydrogenolysis route invol-
ving the initial hydrogenation to CHO, semi-acetalization 1-methox-
ycyclohexanol (MCHL), acetalization to 1,1-dimethoxycyclohexane
(DMC), followed by hydrogenolysis to CME with a conversion of 97.0%
and selectivity of 90.8%. Correspondingly, the parallel over-
hydrogenation route was completely avoided, as evidenced by the
near-zero selectivity toward CHL (1.6%) (Fig. 2c). Control experiments
over Pd/C-O showed the inactivity of CHL feedstock, further con-
firming the hydrogenation-acetalization-hydrogenolysis route for
CME synthesis (Supplementary Fig. 3h). Trace amount of MCHL was
observed in the time-dependent product distribution, proving
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Fig. 2 | Catalytic performance, reaction pathways, and recyclability of catalysts
in phenol etherification reactions. a Reaction pathway and time-dependent
product distribution of PHO reaction over b Ru/C and ¢ Pd/C-O; d Catalytic per-
formance of various catalysts in PHO reaction; e recycled performance of Pd/C-O in
PHO reactions; f catalytic performance of various catalysts in 4,4-dimethyl
diphenyl ether reaction. Reaction conditions: methanol (15 mL), temperature

(110 °C), H; (2.0 MPa), b PHO (0.09 mmol), Ru/C (2 mg), ¢ Pd/C-O (20 mg), PHO
(0.09 mmol), d PHO (0.09 mmol), time (12 h), Ru/C (2 mg), Pd/C (20 mg), or Pd/C-O
(20 mg); e PHO (0.09 mmol), Pd/C-O (20 mg), time (1 h). f 4,4’-Dimethyl diphenyl
ether (0.09 mmol), Ru/C (5 mg), Pd/C (50 mg), Pd/C-O (50 mg), time (12 h). The
products were quantified by GC.

considerably slow reaction rates for PHO hydrogenation, CHO acet-
alization, and DMC hydrogenolysis steps in the catalytic process. After
12 h, PHO is completely converted with a CME selectivity of up to 97.9%
over Pd/C-O (Table 1 entry 1). Notably, even though the hydrotreat-
ment of PHO has been widely reported over various bifunctional cat-
alysts in a methanol solvent, Pd/C-O is the catalyst that pioneers the
use of the hydrogenation-acetalization-hydrogenolysis route for
selective CME synthesis, which was previously unattainable over con-
ventional catalysts, including nonprecious metal catalysts (e.g., Raney
Ni + SAPO-11, Ni/Al,05, and Co-Ni@NC) and precious metal catalysts
(e.g., Rh/ZrH,(PO,),, Ru/CoO0, Ru-NC/Si0,-Al, 05, Pd/C + HZSM-5, Pd/C,
and Pd/NC)'®***% (Supplementary Table 3). These catalysts often
show an overhydrogenation route for CHL synthesis due to the long-
range diffusion of CHO intermediate.

Subsequently, the reactant amount and reaction temperature
were optimized. As the PHO amount gradually increased from
0.09 mmol to 0.90 mmol, PHO conversion and CME selectivity
decreased from 99.9% and 97.9% to 9.7% and 36.7%, respectively, after
12h (Supplementary Fig. 4a). Fortunately, Pd/C-O exhibited aston-
ishing activity (95.4%) and selectivity (94.6%) when the reaction
temperature increased to 170 °C (Supplementary Fig. 4b). A hot fil-
tration experiment showed no further PHO conversion and CME
generation in the filtrate, demonstrating almost no leaching of Pd
metal (Supplementary Fig. 4c). After the catalytic process, the spent
Pd/C-O was obtained by centrifugation, washed with methanol and
water, and dried under a vacuum, and exhibited a stable PHO activity
and CME selectivity for five runs (Fig. 2e). XRD, TEM, ICP-OES, and
XPS analyses further confirmed the robust physicochemical proper-
ties of Pd/C-O during catalytic reactions (Supplementary Fig. 4d-h
and Supplementary Table 4). In addition, the Pd/C-O also showed a
great catalytic performance in a fixed-bed reactor with the PHO

conversion and CME selectivity both above 93.0% in 10 h (Supple-
mentary Fig. 4i).

Next, the catalytic performance of Pd/C-O was investigated for
other phenols. 2-Methoxyphenol (named guaiacol), is the most com-
mon component of lignin oil; it afforded the corresponding 2-methoxy
cyclohexyl methyl ether via a similar route, as indexed by the time-
dependent product distribution (Supplementary Fig. 5a, b)*”*¢. Pd/C-O
simultaneously exhibited high guaiacol conversion (99.9%) and great
2-methoxy cyclohexyl methyl ether selectivity (73.4%) after 12h
(Table 1 entry 2). Similarly, various phenols (e.g., 4-methylphenol and
3-methoxyphenol) exhibited the same hydrogenation-acetalization—
hydrogenolysis performance in terms of synthesizing the corre-
sponding cyclohexyl methyl ethers (i.e., 4-methyl cyclohexyl methyl
ether and 3-methoxy cyclohexyl methyl ether), achieving impressive
yields of 91.0%-92.9% over Pd/C-O (Table 1 entries 3-4). In addition, 2-
methoxy-4-formylphenol (named vanillin) showed a superior conver-
sion rate of 99.9% and a 2-methoxy-4-methyl cyclohexyl methyl ether
selectivity of 72.0% after 12 h (Supplementary Fig. 5c, d and Table 1
entry 5). The evolution of products in vanillin reaction was largely
analogous to that for the guaiacol reaction, except for a common
prerequisite hydrogenation-hydrogenolysis step for conversion of
vanillin to 2-methoxy-4-methylphenol’’*°. Next, the hydrogenation-
acetalization-hydrogenolysis route was further assessed in different
alcohol solvents (i.e., ethanol, isopropanol, and sec-butanol) (Supple-
mentary Fig. S5e-g and Table 1 entries 6-8). Similar to methanol, the
corresponding cyclohexyl ethers (i.e., cyclohexyl ethyl ether, cyclohexyl
isopropyl ether, and cyclohexyl sec-butyl ether) were selectively
obtained over Pd/C-O, delivering good yields of 36.5%-89.4%. Although
the hydrotreatment of these phenol derivatives has been widely
reported in alcohol solvents over various catalysts (e.g., Pd/C, Ru/CoO,
Rh@SiO,, Ru/hydrotalcite, Ru-NC/SiO,-Al,O3, and Pd/NaY), to the best
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Table 1| Substrate scope of phenols, diphenyl ethers and phenyl ethers

Entry Reactants Solvent Time (h) Conversion (%) Product selectivity (%)
1 OH Methanol 12 99.9 QO
Y 979
2 @OH Methanol 12 96.7 Oio\
o 0" 73.4
3 Methanol 12 99.9
OH (0]
\91.0
4 /@\ Methanol 12 99.9 /O\
(o] OH (o] (o)
\ i 192.9
5 on Methanol 12 99.9 @
o o— 72.0
6 ©/OH Ethanol 12 99.9 O/OV
89.4
7 O/OH Isopropanol 12 99.9 OOY
52.7
8 ©/0H Sec-butanol 12 99.9 O/OY\
36.5
9 /O/O\O\ Methanol 12 99.9 /O/O\
73.5
10 ©/0 ‘ N Methanol 12 99.9 O/O\
~ 51.1
" SO Methanol 12 99.9 0
(J 1 SO O]
~ ~ 37.8 24 .8
12 SN Methanol 12 99.9 0
O U0
7 7 34.3 26.2
13 Q Methanol 12 99.9 O/O\ ©/
(0]
O/ 48.5 50.4
14 ©/Ow© Methanol 12 99.9 O/O\ ©/\
41.3 47.1
15 ©/0\/\/ Methanol 48 99.9 O/O\
48. 1“0\/\/48 3
16 Methanol 12 99.9

SRS

O/ 41.6 \0480

Reaction conditions: reactant (0.09 mmol), Pd/C-O (0.02 g for phenols, 0.05 g for diphenyl ethers and phenyl ethers), solvent (15 mL), temperature (110 °C), and H, (2.0 MPa). The products were

quantified by GC.

of our knowledge, the selective synthesis of cyclohexyl ethers from
various phenols and alcohol solvents is rarely reported (Supplementary
Table 5)22,34,37,39—44‘

Hydrogenation-alcoholysis of diphenyl ethers

The catalytic performance of Pd/C-O was further studied in diphenyl
ether reactions. 4,4’-Dimethyl diphenyl ether, a model dimer for 4-0-5
linkages in lignin, is relatively more stable than PHO and showed a low
conversion rate under identical reaction conditions (Supplementary
Fig. 6a, b). Therefore, the Pd/C-O amount in the system was increased
to 50 mg. It was transformed to 4-methyl cyclohexyl methyl ether via a
tandem  hydrogenation-alcoholysis-hydrogenation-acetalization-
hydrogenolysis route, involving the initial partial hydrogenation to 4-
methylphenyl-4-methylcyclohexenyl ether, alcoholysis to

4-methylphenol + 4-methyl cyclohexyl methyl ether, and final
hydrogenation-acetalization-hydrogenolysis of 4-methylphenol to
4-methyl cyclohexyl methyl ether, as shown by the time-dependent
product distribution (Supplementary Fig. 6c). After 12 h, Pd/C-O still
showed a 4,4-dimethyl diphenyl ether conversion of 99.9% and a
4-methyl cyclohexyl methyl ether selectivity of 73.5% (Fig. 2f and
Table 1 entry 9). In comparison, Pd/C was inactive and Ru/C afforded
overhydrogenated 4,4’-dimethyl dicyclohexyl ether (Fig. 2f, Supple-
mentary Fig. 6d, e). Meanwhile, diphenyl ether, 4-methyl diphenyl
ether, and 3-methyl diphenyl ether were used in the reaction and
converted into their corresponding cyclohexyl methyl ether (i.e.,
cyclohexyl methyl ether, cyclohexyl methyl ether + 4-methyl cyclo-
hexyl methyl ether, and cyclohexyl methyl ether + 3-methyl cyclohexyl
methyl ether, respectively) with a total cyclohexyl methyl ether
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selectivity of >50% over Pd/C-O (Table 1 entries 10-12). Unlike diphenyl
ether, benzyl phenyl ether (featuring an a-0-4 type dimer) and
2-phenylethyl phenyl ether (featuring a 3—0-4 type dimer) underwent
the initial hydrogenolysis to PHO + methylbenzene and PHO + ethyl-
benzene, respectively, followed by the hydrogenation-acetalization—
hydrogenolysis of PHO to CME (Supplementary Fig. 6f-i and Table 1
entries 13-14). In this case, the theoretical maximum yield of CME is
only 50% in benzyl phenyl ether and 2-phenylethyl phenyl ether reac-
tions. Different from the reported catalysts (i.e., Pd/C, Ru/HZSM-5, Ni/
AIPO,, Br-Ru/C, Ni-Ru/AC, Ni/Nb,Os, and Pd-Ni/AC) showing the
hydrogenolysis or overhydrogenation routes with PHO- (e.g., PHO and
CHL) + benzene-based derivatives (e.g., benzene and cyclohexane) or
dimethyl dicyclohexyl ethers as the main products, Pd/C-O is the first
catalyst that can realize the selective preparation of CME from
diphenyl ethers, benzyl phenyl ether, and 2-phenylethyl phenyl ether
(Supplementary Table 6)'°*~°, In addition, we also demonstrated that
CME can be selectively synthesized from n-butyl phenyl ether and
cyclohexenyl phenyl ether, along with the corresponding alcohols (i.e.,
n-butanol and cyclohexanol, respectively), via the hydrogenation—
alcoholysis route (Table 1 entries 15-16). In particular, we were inter-
ested in the real bio-oil with various PHO-based monomers (2-meth-
oxy-4-ethyl phenol, 1.3%; 2-methoxy-4-propyl phenol, 10.6%; 2-
methoxy-4-propenyl phenol, 1.4%; 2,6-dimethoxy-4-propyl phenol,
21.0%; 4-methyl carboxylate phenol, 2.7%; 2,6-dimethoxy-4-hydro-
xypropyl phenol, 14.0%; 2-methoxy-4-hydroxypropyl phenol, 7.5%; 2,6-
dimethoxy-4-propenyl phenol, 0.9%), obtained via the lignin pyrolysis
(Supplementary Fig. 7a)”’. After 12 h, a yield of 41.1% for cyclohexyl
ethers was obtained. These results exhibited the excellent universality

of the tandem hydrogenation-acetalization-
hydrogenolysis route of phenols and the tandem hydrogenation-
alcolysis—-hydrognation-acetalization-hydrogenolysis route of diphe-
nyl ethers and provide direct access to various cyclohexyl ethers in
good to excellent yields.

Identification of hydrogenation sites

As mentioned above, Pd/C cannot catalyze PHO hydrogenation and
Pd/C-O showed great catalytic activity, confirming the crucial role of
doped O in hydrogenation process. The O content can be readily
adjusted from 4.9 wt% to 12.0 wt% by varying the HNO3 concentration
from 5.0 wt% to 20.0 wt% (Supplementary Table 7). Correspondingly,
the catalytic activity and selectivity of Pd/C-O were strongly related to
its O content, indicating the importance of maximizing the Pd-O-C
interface for CME synthesis (Figs. 2¢, 3a, Supplementary Fig. 3g, and
7b-d). To investigate the structure-effect relation of these catalysts,
the kinetics of PHO hydrogenation, CHO acetalization, and DMC
hydrogenolysis were independently assessed. In PHO hydrogenation,
it was difficult to obtain the reaction kinetics owing to the inactivation
of Pd/C under reaction conditions (110 °C); hence, we focused on the
hydrogenation kinetics of Pd/C-O and Ru/C. The hydrogenation
kinetics over Ru/C and Pd/C-O followed a pseudo-first-order reaction,
as evidenced by the correlation between the PHO conversion rate and
reaction time (Supplementary Fig. 7e). Meanwhile, at different PHO
concentrations, the initial PHO conversion rate showed a pseudo-first-
order reaction order of 0.83-0.88 for PHO (Fig. 3b, Supplementary
Fig. 7f-g). Conversely, at different H, pressures, the initial PHO con-
version rate showed a pseudo-half-order for H, (0.43) over Ru/C and a
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Fig. 3 | Kinetic profiles. a Catalytic performance of various catalysts; PHO hydro-
genation kinetic experiments over Ru/C and Pd/C-O under b different PHO con-
centrations and ¢ H, pressure; d catalytic performance of PHO reaction over
various catalysts under different atmosphere; e HD generation signals over Pd/C
and Pd/C-O; f PHO hydrogenation rate over Pd/C and Pd/C-O. Reaction conditions:

Ru/C (2 mg), Pd/C (20 mg), Pd/C-O (20 mg), methanol (15 mL), temperature

(110 °C), a PHO (0.09 mmol), H, (2.0 MPa), time (6 h); b PHO (0.09, 0.105, 0.12,
0.135 mmol), H, (2.0 MPa), time (0.5 h); ¢ H, (0.5, 1.0, 1.5, 2.0 MPa), PHO

(0.09 mmol), time (0.5 h); d PHO (0.09 mmol), H, or D, (2.0 MPa), time (0.5 h);
fPHO (0.09 mmol), H, (2.0 MPa), time (0.5 h). The products were quantified by GC.
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pseudo-zero-order for H, (0.24) over Pd/C-O (Fig. 3c, Supplementary
Fig. 8a-b). Over Ru/C, hydrogenation exhibited first-order kinetics for
PHO and half-order kinetics for H,, as expected for a common
Langmuir-Hinshelwood mechanism, wherein H, and benzene-ring
groups were simultaneously adsorbed and saturated at Ru metal
sites*. Conversely, the unusual first-order kinetics for PHO and zero-
order kinetics for H, suggested that H, was strongly adsorbed and
saturated, and the PHO activation step dominated the catalytic process
over Pd/C-O (Supplementary Table 8)**. Meanwhile, kinetic isotope
tests in a deuterium (D,) atmosphere exhibited a hydrogenation rate
1.07-1.50 times lower than that in an H, atmosphere over Ru/C and Pd/
C-0, proving the rapid H, activation in PHO hydrogenation over these
precious metal catalysts (Fig. 3d)**.

Because H, activation is an important step for hydrogenation, the
H, activation ability of these catalysts was thoroughly examined using
the H,-D, exchange test, as indicated by the in situ generated hydro-
gen deuteride (HD) concentration®®. At 110 °C, the H, activation
ability followed the order of Pd/C > Pd/C-O (Fig. 3e). During the H,-D,
exchange test, the amount of water (H,O) and deuterated water
(i.e.,, HDO and D,0) cannot be largely detected over Pd/C-O, meaning
the O element cannot be leached and has great stability under
the reaction conditions (Supplementary Fig. 8c). Interestingly, the
initial PHO hydrogenation rate followed the order of Pd/C-O
(1.63 mol-L™h™) >Pd/C (0.04 mol-L™h™) (Fig. 3f). Considering the
higher hydrogenation rate but the lower H, activation ability of Pd/C-O
than Pd/C, we hypothesized that Pd sites serve as H, activation sites
and O sites on the support strongly promote the adsorption and
activation of PHO.

The underlying H, activation mechanism over Pd/C-O was verified
using in situ diffuse reflectance IR FT (DRIFT) spectroscopy. At 110 °C,

upon the introduction of H, gas, the intensity of the O-H peak
(3547-3653 cm™) strongly increased, accompanied by the appearance
of weak Pd-H peak (1893-1921 cm™) (Fig. 4a)**. Furthermore, the
transformation in the surface chemical structure of Pd/C-O induced by
H, is further supported by in situ near-ambient-pressure XPS (NAP-
XPS) results. The initial NAP-XPS data of Pd/C-O showed Pd 3d, O Is,
and C Is signals identical to those observed in the common XPS
spectra (Fig. 4b, c and Supplementary Fig. 8d). After the H, injection,
the Pd 3d peaks of Pd*" shifted to lower binding energy (3ds,, peak =
337.0eV, 3d;, peak = 342.4eV). Correspondingly, the O 1s peaks
exhibited a gradual increase in the O-H peak proportion from 0.09 to
0.15, at the expense of the C-O peak, whose proportion decreased
from 0.26 to 0.21. Notably, the electronic state of C species remained
the same throughout the process (Supplementary Fig. 8d). This
observed derivation implied that H, underwent hemolytic dissociation
on Pd nanoparticles and formed H atoms, which migrated to O sites on
Pd-0-C. According to the electronegativity order of these atoms
(O>H > Pd), H atoms on the C-O site afforded O-H" by losing elec-
trons, whereas other H atoms linked to Pd sites formed Pd-H™ by
accepting electrons®***%, The resulting H'-O-Pd-H" pair possessed a
lower electron density of Pd and a higher electron density of O com-
pared to Pd-O in the parent catalysts. In contrast, the Pd, O, and C
species of Pd/C were stable after H, activation, which can be ascribed
to the low amount of Pd-O-C interfaces (Supplementary Fig. 8e-g). To
confirm the hydrogen spillover, tungsten oxide (WO3) and Pd/C-O
were physically mixed in methanol under an H, atmosphere”. The
results showed the reduction of the yellow WO; into dark blue W05
over Pd/C-O, but the color of WO; slightly changes over Pd/C (Sup-
plementary Fig. 9a-c). This outcome clearly indicated that the faster
hydrogenation rate over Pd/C-O, compared to Pd/C, results from the
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in situ generated H'-H" pair, ultimately facilitating the adsorption and
activation of organic substrates.

Identification of acidic sites

To the best of our knowledge, acidic sites are beneficial for the
acetalization of CHO and methanol>*°. The kinetic investigation
of CHO acetalization was conducted in a N, atmosphere to
completely remove the interference of the overhydrogenation
route, and the acetalization rate was calculated using the forma-
tion rate of DMC. Pd/C and Pd/C-O showed acetalization rates of
0.17-0.54 mol-L™h™ (Fig. 4d, Supplementary Fig. 9d-e). In situ
pyridine-adsorbed FTIR (Py-FTIR) spectra and temperature-
programmed desorption of ammonia (NH;-TPD) curves showed
a weak adsorbed peak for parent Pd/C (Fig. 4e-f). However, Pd/C-
O showed obvious acidity, as indexed by the signals for Lewis
(1450 cm™) and Brensted acidic sites (1540 cm™) in Py-FTIR and
NH; desorption curves at 155, 258, and 497 °C. Combined with
XPS results, the Lewis and Brgnsted acidic sites of Pd/C-O were
attributed to Pd** and OH-containing groups (i.e., C=0O0H and
C-OH), respectively. The contents of Lewis and Brgnsted acidic
sites of Pd/C-O were 154.3 and 21.9 pmol-g7, respectively, as cal-
culated from NH5-TPD results and the Emeis equation (Supple-
mentary Table 9)*?*, In contrast, when the atmosphere was
changed to H,, the acetalization rate of Pd/C remained almost the
same as that in N, (0.41mol-L™-h) but the rate of Pd/C-O
increased 8.8-fold compared to that in N, (4.73mol-L™-h™), as
calculated using the formation rate of the DMC derivatives (DMC
and CME) (Supplementary Fig. 9f-h). Correspondingly, after H,
activation, Pd/C exhibited an acidity similar to its parent coun-
terpart whereas Pd/C-O showed an obvious desorption peak in
NH5-TPD curves at 258 and 497°C. Meanwhile, the Py-FTIR
spectrum of Hy-activated Pd/C-O showed an enhancement in its
Brgnsted acidity, accompanied by a decrease in its Lewis acidity.
The amounts of Lewis and Brgnsted acidic sites changed from
154.3 and 21.9 to 123.6 and 87.3 pmol-g™, respectively (Supple-
mentary Table 9). Similarly, after H, activation, Pd/C exhibited a
similar basicity to its parent counterpart, as indexed by the
temperature-programmed desorption of carbon dioxide (CO,-
TPD) curves. Whereas Pd/C-O showed an obvious decrease of
basicity after H, activation, indicating that the conversion of a
strong base-weak acid Pd-O-C pair to a strong acid-weak base
H™-Pd-C-O-H" pair (Supplementary Fig. 10a). Markedly, the
acetalization rate was proportional to the amount of in situ
generated Brgnsted acid.

Furthermore, acidic sites are conducive to the hydrogenolysis
reaction as they promote C-O bond activation®®®", Subsequently, the
DMC hydrogenolysis step was also evaluated. At different DMC
concentrations (0.006-0.009 mol/L), the initial DMC hydro-
genolysis conversion rate showed a pseudo-first-order of 0.99-1.01
for DMC over Pd/C and Pd/C-O (Supplementary Fig. 10b). While, at
different H, pressures (0.5-2.0 MPa), the initial DMC conversion rate
showed order of 0.02-0.04 for H, over Pd/C and Pd/C-O (Supple-
mentary Fig. 10c). The kinetic results further indicated that H, was
strongly saturated on the catalyst surface and the adsorption of
organic substrate dominates the hydrogenolysis process. The
hydrogenolysis rate of Pd/C-O was as high as 4.05 mol-L™-h, which
exceeded that of Pd/C (0.49 mol-L™-h™) by a factor of 8.3 (Fig. 5a,
Supplementary Fig. 10d, e). Therefore, the H*-H" pair functioned as
bifunctional sites, which facilitated PHO hydrogenation and DMC
hydrogenolysis steps as asymmetric hydrogenation/hydrogenolysis
sites and CHO acetalization step as Brgnsted acidic sites.

To distinguish the importance of specific O species (C=0O0H,
C-OH) on the Pd/C-O surface, Pd/C-O-300 was synthesized by the
high-temperature N, treatment of Pd/C-O to selectively remove C=
OOH groups®”. XPS results showed that Pd/C-0-300 possessed a much

weaker signal of C=0 bond than Pd/C-O but comparable signal
intensities of C-O bond and O-H bonds (Supplementary Fig. 11a-c).
Pd/C-0-300 showed inferior catalytic activity in the PHO reaction,
indicating that the C=0OOH groups are the key for active sites (Sup-
plementary Fig. 11d-e). To identify whether Brgnsted acidic sites were
in situ generated C=0OO0H or C-OH for the acetalization step, we
conducted controlled experiments using a mixture of the Pd/C and
liquid organic acids (i.e., benzoic acid and PHO) to catalyze the CHO
reaction. The addition of benzoic acid switched the C = O hydrogena-
tion route of CHO to the acetalization route over Pd/C (Fig. 5b and
Supplementary Fig.12a). However, PHO did not considerably affect the
reaction route because of its well-known relatively weaker acidity than
benzoic acid (Supplementary Fig. 12b). This result indicated that the
tandem hydrogenation-acetalization-hydrogenolysis route cannot be
induced by the self-catalysis of the PHO reactant. Similarly, the DMC
generation rate strongly increased with the addition of benzoic acid
over Pd/C catalysts (Fig. 5b, Supplementary Fig. 12¢, d). Therefore, by
tuning the O content of Pd/C and controlling hydrogen spillover, we
modulated the hydrogenation-acid catalysis balance and modified the
availability of surface C=0OH groups for the tandem conversion of
PHO to CME.

Understanding the catalytic mechanism

The in situ DRIFT spectra of adsorbed PHO were measured at the
reaction temperature (110°C) to investigate the underlying
interaction between the catalyst surface and substrate (Fig. 5c).
The spectrum of the parent PHO showed peaks at 1495cm™
(assigned to the C=C bond), 1592 cm™ (assigned to the C=C
bond), 3035cm™ (assigned to the Csp-H bond), and 3356 cm™
(assigned to the O-H bond)®**. In the spectra of Pd/C and Pd/C-
0, an additional peak at 2902 cm™ (assigned to the Csp3-H bond)
was observed, suggesting that the benzene ring in PHO is hor-
izontally adsorbed and distorted on Pd nanoparticles®*. After H,
activation, Pd/C still adsorbed the benzene ring, consistent with
the main overhydrogenation route. However, over H,-activated
Pd/C-O, the signal for Cs,3-H cannot be detected but strong
signals for C=C, Csp—H, C-0, and O-H groups can be detected,
indicating that PHO was strongly adsorbed by binding its O atom
rather than the benzene ring via a vertical configuration. The
strong Brgnsted acidic H* selectively adsorbed the C-OH group
via hydrogen bonding interactions and restrains the attachment
of the benzene-ring group. This finding is in agreement with
previous studies that reported the promoting effect of Brgnsted
acidity for PHO adsorption and hydrogenation via OH
protonation®*®¢, Compared with the direct benzene-ring activa-
tion route, the C-OH activation route possessed a lower activa-
tion energy, considerably enhancing the hydrogenation rate.

To further emphasize the importance of the O atom in the
reactant, PHO adsorption experiments were performed using
O-free benzene as a reference. Compared with Pd/C-O, Pd/C
adsorbed much higher amounts of benzene and PHO (both 20.1%
vs. 11.9% and 34.9% vs. 20.2%, respectively), indicating that Pd
nanoparticles were conducive to benzene group adsorption
(Fig. 5d, e and Supplementary Fig. 12e-h). H,-pretreated Pd/C
showed adsorption properties similar to those of the parent Pd/C,
whereas H,-pretreated Pd/C-O adsorbed less benzene (7.2% vs.
11.9%) but more PHO (46.5% vs. 20.2%) than the parent counter-
part (Fig. 5d, e and Supplementary Fig. 13a-d). This further indi-
cated the strong interaction of the O-H groups in PHO with the
in situ generated H'-H" site on the Pd/C-O surface and explained
why benzenes (i.e., methylbenzene and ethylbenzene) rather than
their further hydrogenated cyclohexanes (i.e., methylcyclohexane
and ethylcyclohexane) were formed in diphenyl ether (benzyl
phenyl ether and 2-phenylethyl phenyl ether) reactions (Supple-
mentary Fig. 6f-i and Table 1 entries 13-14). The generation of
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Fig. 5 | Catalytic reactions and adsorption configuration, kinetics over Pd-
based Catalysts. a DMC hydrogenolysis rate over Pd/C and Pd/C-O. b CHO
acetal and DMC hydrogenolysis rate over the mixture of Pd/C and benzoic
acid or PHO. c in situ DRIFT spectra of adsorbed PHO on various catalysts.
The adsorption kinetics of d benzene and e PHO over different catalysts.
Adsorption conditions: methanol (50 mL), catalysts (20 mg), PHO or benzene
(0.003 mmol), temperature (30 °C). The concentration was quantified by UV-

visible spectroscopy. f The catalytic performance of PHO reaction over the
mixture HZSM-5 and Ru/C or Pd/C, Pd/Al,O5, Pd/HZSM-5. Reaction condi-
tions: methanol (15mL), reactant (0.09 mmol), temperature (110 °C), H,
pressure (2.0 MPa), a catalysts (20 mg), time (0.5 h); b Pd/C (20 mg), benzoic
acid or PHO (0.04 mmol), time (0.5 h); f Pd/C-O (20 mg), Pd/Al,O3 (20 mg),
Pd/HZSM-5 (20 mg), Pd/C (4 mg), or Ru/C (2 mg), HZSM-5 (20 mg), time (6 h).
The products were quantified by GC.

H*-H~ pairs was the premise for PHO adsorption and activation.
To investigate the powerful concerted catalysis of the H'-H"
pairs, a mixture of Brgnsted acidic zeolite (HZSM-5) and Ru/C or
Pd/C was used for comparison with the same precious metal
content and acid amount. Notably, spatially separated hydro-
genation sites (Ru/C) and Brgnsted acidic sites showed the same
catalytic performance as only Ru/C (Fig. 5f and Supplementary
Fig. 13e)*>*’. Meanwhile, although the mixture of Pd/C and HZSM-
5 demonstrated better bifunctional catalytic performance than
only Pd/C due to the promotion effect of the Brgnsted acid, the
PHO conversion and CME selectivity were unsatisfactory (Fig. 5f
and Supplementary Fig. 13f)*%°, Similarly, Pd supported acidic
supports (such as Pd/Al,0; and Pd/HZSM-5) showed low PHO
conversion and CME selectivity owing to the inferior concerted
catalysis of metal and acid sites (Fig. 5f, Supplementary
Fig. 13g-h). Therefore, the superior performance of such tandem
Pd/C-O catalysts resulted from intimate hydrogenation (H'-H")
and acid sites (H*) and short-range diffusion of the CHO inter-
mediate between bifunctional sites facilitated the governed
hydrogenation-acetalization-hydrogenolysis route and pre-
vented unwanted overhydrogenation reaction.

Discussion
The Pd/C-O catalyst accelerated the tandem hydrogenation—
acetalization-hydrogenolysis of phenol to CME in a methanol solvent

under mild reaction conditions (110 °C). This highly efficient bifunc-
tional catalysis was realized via the in situ generation of H'-H™ pairs due
to the hydrogen spillover from Pd nanoparticles to the Pd-O-C inter-
face. This approach provided unconventional active sites for PHO
hydrogenation and DMC hydrogenolysis and also offered acidic sites for
CHO acetalization. The prepared catalyst is compatible with various
PHO and diphenyl ether substrates and different alcohol solvents with
good catalytic performance for cyclohexyl ether synthesis. This study
provides a facile and efficient method for tuning the challenging tandem
reaction route by oxidizing the catalyst support.

Methods

Preparation of Pd/C-0 and Pd/C

Oxygen-doped carbon supported palladium (Pd/C-O) was synthesized
by HNO; oxidation and subsequent incipient wetness impregnation
method. Briefly, 1.0 g of activated carbon and 50 mL of HNO; aqueous
solution (5.0 wt%, 10.0 wt%, 15.0 wt%, or 20.0 wt%) were mixed and
heated to 100 °C for 4 h under stirring. If not mentioned, the HNO;
concentration was 20.0 wt%. The resultant C-O was obtained by fil-
tration, washing with water until the filtrate became neutral, and sub-
sequently drying under vacuum at 60 °C for 12 h. Then, 0.017 g of
PdCl, was added to a mixture of 1.0g of C-O, two drops of dilute
hydrochloric acid (2.0 mol-L™), and 10 mL of ethanol. The mixture
were thoroughly mixed at 30°C. Then, 3 mL of NaBH, methanol
solution (2.0 mol-L™) was added to the mixture under vigorous stirring
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for 1h. The Pd/C-O was obtained recovered by filtration and washed
with ethanol, and dried at 150°C for 24 h in a vacuum oven. As a
reference, carbon supported palladium (Pd/C) was prepared by the
same incipient wetness impregnation method except for the lack of
the HNO; oxidation step. Pd/C-O-300 was synthesized by the high-
temperature N, treatment of Pd/C-O at 300°C for 4 h. Al,O3 and
HZSM-5 supported palladium (Pd/Al,O3, Pd/ZSM-5) were prepared by
the same incipient wetness impregnation method.

Characterization methods

Various testing methods, including XRD, ICP-OES, TEM, HR-TEM, EDS
analysis, N, adsorption-desorption, FTIR, CO pulse purge, Raman, Pd
XANES, MS, NH5-TPD, CO,-TPD, Py-FTIR, in situ NAP-XPS, and in situ
DRIFT spectra were adopted to measure the physicochemical prop-
erties and reaction mechanism. The detailed measuring processes are
provided in the Supplementary Information.

Catalytic reactions

The synthesis of cyclohexyl ethers was carried out in a 25mL batch
autoclave (Anhui Kemi Instrument Co., LTD.) equipped with a
mechanical stirrer. Briefly, 0.09 mmol of phenols or diphenyl ethers, a
certain amount of catalyst, and 15 mL of solvent (methanol, ethanol, 2-
propanol, and sec-butanol) were mixed. If not mentioned, the catalyst
amount for phenols and diphenyl ethers was 20 and 50 mg, respec-
tively. Before the reaction, the air in the reactor was replaced with
hydrogen several times. Then, the mixture was heated to 110 °C under
2.0MPa H, pressure and periodically sampled with 0.5mL after
reaching the target reaction time. Subsequently, 10 pL of N,N-dime-
thylformamide was used as an internal standard substance. The reac-
tion mixture was qualitatively analyzed by an Agilent 6890 N GC/5973
MS detector and quantitatively analyzed by a Trace 1300 gas chro-
matograph equipped with a TG-WAXMS capillary column
(30 m x 0.32 mm).

Data availability

The source data underlying Figs. 1c-g, 3e, 4a—c, e-f and 5c, and Sup-
plementary Figs. la-e, 2b-e, 3a-f, 4d-h, 8c-g, 10a, 11a-c, 12e-h and
13a-d are provided as a Source Data file. All the data that support the
findings of this study are available from the corresponding author
upon request. Source data are provided with this paper.
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