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Abstract: Selective hydrogenations of lignin-derived phenolic compounds represent essential pro-
cesses in the chemical industry, especially for production of a multitude of fine chemicals. However,
selective hydrogenation of phenolic compounds in water phase suffers from low conversion. Here we
report a catalyst of well-dispersed Ru clusters fixed in N-doped mesoporous hollow carbon spheres
(Ru@N-CS) for enhanced cyclohexanol productivity in phenol hydrogenation at mild aqueous condi-
tion. This superhydrophobicity carbon spheres appear to selectively allow diffusion of phenol and
hydrogen molecules to the electron-rich coordination unsaturated Ru active sites, while confining the
reactants there to enhance its reaction probability. The Ru@N-CS catalyst can selectively hydrogenate
phenol at 80 °C and 0.5 MPa of H, in 30 min in aqueous medium with phenol conversions of 100%
and ~100% cyclohexanol selectivity, corresponding to cyclohexanol productivity up to 471 per g of Ru
per minute. The TOF value is up to 9980 h~!, which 14 times more than Ru nanoparticles supported
on N-doped carbon hollow spheres (Ru/N-CS). This work provides an important catalytic system for
upgrading of bio-oil into value-added chemicals under mild aqueous-phase.
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1. Introduction

Finite fossil fuel reserves and the increasing CO, level in the Earth’s atmosphere
are reasons to identify and develop sustainable sources of energy, fuels, and chemicals.
In this respect, substantial research efforts have been directed towards the processing of
lignocellulosic biomass [1]. The bio-oil, is obtained easily via fast pyrolysis of lignocellulosic
biomass [2], which could be upgraded into high-value chemicals by the selective catalytic
hydrogenation [3,4]. In the bio-oil, lignin-derived phenolic compounds account for 25-30%,
among them, phenol is one of the important components. In addition, there is 10-13 wt%
of water in the bio-oil. Therefore, catalytic hydrogenation of phenols directly in aqueous
solvent is of more practical importance in the upgrading of bio-oil. Phenol is selected as a
model compound to study the quality improvement of bio-oil.

Phenol could be hydrogenated for the preparation of high added-value cyclohexanol,
which is a key synthetic intermediate for synthesis of adipic acid for nylon 66 [5], as well
as a key raw material for the preparation of surfactants, plasticizers, and detergents [6,7].
Phenol obtained by the pyrolysis of biomass undergoes efficient catalytic hydrogenation to
produce cyclohexanol, which not only improves the utilization of biomass, but also, for
bio-oil, improves its calorific value and reduces toxicity [8].

Recently, several research has been reported successful aqueous-phase hydrogenation
of phenol using Ru nanoparticles, which have great advantages for their outstanding
hydrogenation due to its capability for effective activation of hydrogen under mild condi-
tions [9,10]. However, the number of reuses of catalysts is generally 3-5 times (Table S2).
These catalysts are mainly supported by metal oxides. This phenomenon was explained
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by a serious leaching into the solvent or agglomeration into larger particles of Ru metal
active center during the reaction in aqueous solvent, leading to catalyst inactivation. Fur-
thermore, these catalysts showed relatively low activity. That is, it takes a long time to
obtain cyclohexanol as the only product by hydrogenation of phenol in the liquid phase
(Table S2). Zhan et al. synthesized a composite catalyst (Ru/Nb,O5 —nC18PA) coated with
octadecylphosphonic acid (C18PA), which was applied for the hydrogenation of phenol
to produce cyclohexanol. The results showed that under a hydrogen pressure of 12 bar
and 80 °C, nearly 100% conversion of phenol and 93% yield of cyclohexanol were achieved
within 4 h [11]. Karakhanov et al. prepared a dendrimer-stabilized Ru nanoparticles im-
mobilized in organo-silica catalyst for hydrogenation of phenol. The results showed that
conversion of phenol was 100%, and selectivity of cyclohexanol was 100% at 85 °C and
3 MPa of hydrogen after 6 h [12].

Carbon-based material owns the permeability, good thermal and mechanical stability,
adjustable high specific surface area, and controlled porosity properties, which make them
ideal candidates for applications in support for catalyst [13]. Moreover, nitrogen incorpora-
tion can create active sites and further enhance the catalytic activity, because the resultant
nitrogen-doped carbon features better chemical reactivity [14]. Furthermore, the surface
of carbon material was modified with hydrophobicity to increase its structural stability
in aqueous solvent. Therefore, preventing Ru fallen off or agglomeration, and keeping
a high structural stability, should maintain high conversion of phenol and selectivity of
cyclohexanol after many cycles. However, this strategy is challenging.

In this study, we addressed this challenge by finely controlling Ru clusters fixed
in mesoporous N-doped hollow carbon spheres (Ru@N-CS), that rendered the carbon
spheres hydrophobic by appending 1,3,5-trimethylbenzene. The superhydrophobic carbon
shells hinder Ru leaching or agglomeration from the encapsulated Ru cluster even after
7 successive cycles, which ensures excellent structural stability of the catalyst in aqueous-
phase phenol hydrogenation. Experimental results demonstrate that phenol in aqueous
solvent and hydrogen molecules can efficiently pass through the mesoporous channels of
superhydrophobic carbon to access the Ru clusters site for absorption and enhancing its
concentration. So that the catalyst shows an ultra-high activity, that is a TOF value 34 times
that of the Ru nanoparticles supported on N-doped hollow carbon spheres (Ru/N-CS).
This work is of great significance for the improvement of bio-oil in aqueous phase with
carbon coated Ru as catalyst.

2. Results
2.1. Synthesis Strategy and Characterization of Ru@N-CS Catalyst

The unique mesoporous N-doped hollow carbon sphere encapsulated Ru clusters
catalysts are synthesized via an organic-organic assembly approach. The synthesis method
of mesoporous carbon sphere carrier similar to the work of Zhao’s group [8,15] (Figure 1).

In the synthesis, soft-template Pluronic F127 was dissolved into the water/ethanol/
sodium chloride mixture. Then resorcinol/formaldehyde (RF) precursor, and ammonia
were added into it. A two-phase system was formed by adding hydrophobic
1,3,5-trimethylbenzene (TMB). Under stirring at room temperature, large F127/TMB/RF
composite micelles are formed, where emulsion droplets are first formed, then RF polymer-
ization takes place from the inside of droplets by ammonia catalysis, and assembled with
large composite micelles to form the uniform mesostructured RF resin colloidal spheres
due to the H-bonding interaction with polyoxyethylene (PEO) segments of F127. The
TMB molecules can mediate the self-assembly of F127 due to their strong hydrophobic
effect with polyoxypropylene (PPO) segments [16] and can expand the micelle pore size
due to the well-known swelling effect. As the assembly progresses, small micelles, which
undergo a touching, deforming, merging, and fusing process, continuously assembled on
the preformed RF nanospheres resulting in a mesoporous hollow structure [17].

Ruthenium acetyl acetonate and 1, 10-phenanthroline were dissolved into ethanol at
60 °C to form Ru®* ions that coordinate with nitrogen offered by 1, 10-phenanthroline [18],
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which were evenly dispersed into the aforementioned F127/TMB/RF composite micelles
through organic-organic co-assembly. Following carbonization in N, atmosphere and
reduction in H, /Ar atmosphere, the template agent F127 can be gradually burn off and the
polymeric RF nanospheres easily converted into the carbon spheres material [19]. Finally, a
stable hydrophobic mesoporous N-doped hollow carbon spheres coated Ru clusters was
achieved. We call this catalyst Ru@N-CS, where the @ symbol denotes encapsulation of the
clusters within the carbon spheres.

TMB resorcinol / formaldehyde Ruthenium acetyl acetonate
’-\_[\ammonia 1, 10-phenanthroline
Forming F127/TMB/RF
A composite micelles
NI
Natals)
3330,
3 .
3
it Hydrogenation Al 2
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Ru cluster coated by carbon sphere Ru?* fixed by N -carbon sphere Ru?®* coordinate with N
® RF 21,3, 5-trimethylbenzene (TMB) s~ Pluronic F127

Figure 1. Schematic illustration of the Ru@N-CS synthesis process.

For comparison, a conventional N-doped carbon sphere supported Ru nanoparticles
catalyst was prepared by impregnating Ru nanoparticles on top of preformed carbon
spheres (denoted Ru/N-HC). The synthesis process was described in detail in Section 3.

The high-resolution transmission electron microscopy (HRTEM) image shows that the
catalyst nanospheres structure (Figure 2a). The energy dispersive X-ray (EDX) elemental
mapping images (Figure 2b) clearly show that Ru, C and N atoms are homogeneously
distributed in the carbon frameworks. The Aberration-corrected scanning transmission
electron microscopy in the high angle annular dark field mode (AC HAADF-STEM) image
reveals that a hollow structure is formed in the middle of the carbon sphere with a particle
size of 300 nm mainly (Figure 2c). A magnified STEM image and detailed observation of
one Ru@N-CS clearly discloses that the mesopores are uniformly exposed in the carbon
sphere (inset of Figure 2d) and the Ru clusters with particle sizes of ~1.5 nm is located in the
carbon sphere (Figure 2d). HRTEM image shows that the Ru nanoparticles in the Ru/N-CS
were detected on the external surface of the carbon spheres (Figure S1). By comparing the
STEM of Ru@N-CS catalyst with the HRTEM of Ru/N-CS catalyst, and by referring to
previous work [20], it is confirmed that Ru clusters in Ru@N-CS have been coated by carbon
sphere. The high-resolution TEM selected area electron diffraction (SAED) of an individual
Ru cluster presents an amorphous diffraction ring, implying a poor crystallinity of metal
Ru in the Ru@N-CS (Figure 2e). The X-ray diffraction (XRD) pattern of the Ru@N-CS
exhibits a broad peaks at around 24.3°, corresponding to the 002 diffraction modes of the
typical graphitized carbon (Figure 2f) [21]. In addition, a diffraction peak centered at 44°,
corresponding to the 002 diffraction modes of the elemental Ru clusters [22]. Inductively
coupled plasma optical emission spectroscopy (ICP) reveals that the content of Ru in the
Ru@N-CS catalyst was 0.015 wt% and 0.16 wt% for Ru/N-CS catalyst.
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Figure 2. Characterization of Ru@N-CS catalyst. (a), HRTEM image of Ru@N-CS. (b), Atomic-
resolution EDX elemental mapping of Ru@N-CS. (c), STEM image of Ru@N-CS. (d), A magnified
STEM image of Ru@N-CS. (e), A selected area electron diffraction pattern of Ru@N-CS. (f), XRD
pattern of Ru@N-CS. (g), XPS spectra for N 1s of Ru@N-CS. (h), XPS spectra for Ru 3p3,, and Ru
3p1 /2 of RuU@N-CS. (i), Nitrogen adsorption-desorption isotherms of Ru@N-CS. (j), Water-droplet
contact angles of Ru@N-CS.

The X-ray photoelectron spectroscopy (XPS) survey spectrum was performed to further
probe the electronic structure and coordination environment of Ru atoms in the catalysts.
The high-resolution N 1s XPS of Ru@N-CS spectrum can be deconvoluted into two peaks
at 398.4 and 400.9 eV, corresponding to the pyridinic and pyrrolic groups, respectively
(Figure 2g) [3], indicating the N-doping of the Ru@N-CS. The spectrum curves on Ru
3ps /> (Figure 2h) revealed that the sole binding energy at 462.18 eV is associated with the
Ru-Ru bond, that is, the Ru is only coordinated with Ru, confirming elemental Ru was
formed [11]. In the Ru/N-CS supported catalyst, the spectrum curves on Ru 3p3,, can
be deconvoluted into two peaks, in which the Ru® peaks at 462.24 eV and Ru** peak at
464.02 eV are detected, respectively (Figure S2). Correspondingly, part of the oxidized-N
(content of 23.5%) exists in the Ru/N-CS catalyst (Figure S3, Table S3). The Ru@N-CS and
Ru/N-CS present different Ru® peaks, the former shows a lower bonding energy of Ru’.
The typical pyridinic N peak of Ru@N-CS in the XPS spectrum is at 398.40 eV, and the
pyridinic N peak of Ru/N-HC is at 398.54 eV (Figure S3). The pyridinic N in Ru@N-CS
has a lower bond energy than that in Ru/N-HC. The lower the bond energy, the higher
the electron density, which indicates that the pyridine N in Ru@N-CS has more electrons
to transfer to Ru, and the electron-rich structure is formed on its surface. Combined with
the Ru 3p and N 1s spectrum, we confirmed the N atom contributes electrons to Ru in the
Ru@N-CS. Consequently, a new metal active center species, electron-rich Ru’, was created.
The carbon C1s signal (284.8 eV) was used to calibrate the binding energy value (Figure 54).

Nitrogen sorption isotherms of the Ru@N-CS show typical type-IV curves in the P/ Py
ranges of 0.05-0.95, clearly indicating the mesopores (Figure 2i) [23]. The pore size is
centered at 3.8 nm by using the Barrett-Joyner-Halenda (BJH) method (Figure S5), which
is consistent with the STEM observations. The surface area and total pore volume are
calculated to be 548 m? g~ ! and 0.215 cm® g~ !, respectively. The water-droplet contact
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angle tests confirmed hydrophobicity (contact angle 129.5°) of the Ru@N-CS catalyst
(Figure 2j).

2.2. Catalytic Performance of Phenol Hydrogenation into Cyclohexanol over Ru@N-CS Catalyst

The Ru@N-CS catalyst was evaluated in the hydrogenation of phenol in aqueous
media. The blank run using N-doped carbon spheres (N-CS) without Ru failed to catalyze
the reaction (Table S2). The Ru clusters were active for the phenol hydrogenation, reaching
100% conversion and a selectivity of 100% for cyclohexanol over Ru@N-CS at 80 °C, 0.5 MPa
of Hj, in 30 min (Figure S6, Table S1), corresponding to cyclohexanol productivity up to
471 g per gram of Ru per minute. In contrast, Ru/N-CS supported catalysts exhibited poor
phenol conversion of 10% at this condition (Table S2). When the reaction time was increased
to 1.5 h, the phenol was completely converted to cyclohexanol. The yield of cyclohexanol is
14.8 g per gram of Ru per minute for Ru/N-CS. Obviously, the catalytic efficiency of the
Ru@N-CS catalyst is higher. Turnover of frequency (TOF) can be used to reflect the intrinsic
activity of a catalyst [24,25]. The TOF value of Ru@N-CS catalyst (9880 h~!, when the
conversion of phenol was 10% under 80 °C, 0.5 MPa of H;) was enhanced by 14-fold to the
one of Ru/N-CS (689 h~!) (Figure 3b), indicating an ultrahigh activity of Ru@N-CS catalyst.
This data also outperforms cyclohexanol productivities from phenol hydrogenation over

the state-of-the-art Ru-based catalysts reported under aqueous solvent in the literature
(Table S2)
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Figure 3. Study on the catalytic performance of phenol hydrogenation into cyclohexanol over
Ru@N-CS catalyst. (a), Proposed reaction mechanism for hydrogenation of phenol into cyclohexanol.
(b), Comparison of TOF values for Ru@N-CS catalyst and other Ru-based catalysts. (c), Recyclability
tests of phenol conversion over Ru@N-CS catalyst under the conditions: 0.1 g phenol, 10 mL water,
mass ratios of phenol to Ru 13,000:1, 80 °C, 0.5 MPa Hj, 30 min.

Considering that the Ru@N-CS and Ru/N-CS catalysts consist of the same Ru active
center and N-doped carbon spheres carrier, the distinct catalytic performances of the
Ru@N-CS catalysts can be reasonably attributed to the new active species electron-rich
coordination unsaturated metallic Ru, its electronic structure and coordination environment
with the N-doped carbon spheres played a crucial role. The typical pyridinic N peak of
Ru@N-CS (398.40 eV) in the XPS spectrum shifted to a higher binding energy compared
with that of Ru/N-HC (398.54 eV). Furthermore, the semiquantitative XPS analysis of
Ru@N-CS shows that pyridinic N atoms is present with 39.7 wt% (1.4-fold to the Ru/N-CS
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catalyst) in the carbon frameworks (Table S3). According to the Mott-Schottky effect [26],
it demonstrated that the lonepair electrons of the pyridinic N in N-doped carbon spheres
partially transferred to Ru clusters to form the electronic-rich Ru for Ru@N-CS. This electron
transfer confirmed the synergistic effect of the Ru cores and N-doped carbon spheres. In
addition, the pyridinic N is confirmed to be connected with catalytic activity because it
electronically interacted with Ru to enhance the hydrogenation activity and stability, which
led to a significant enhancement of the catalytic activity of the Ru@N-CS and benefited the
phenol hydrogenation [27,28]. The X-ray photoelectron spectroscopy (XPS) reveal that the
electron-rich and coordination-unsaturated Ru species were obtained.

The Ru@N-CS catalyst was tested for 7 consecutive cycles of catalytic phenol hydro-
genation, and no decline in activity was observed. The conversion rate of phenol decreased
to 94%, and the selectivity of cyclohexanol remains 100% after the 8th cycle. (Figure 3c).
HRTEM and STEM image of the spend catalyst (8 cycles) showed that there are no ob-
vious structural changes, which excluded the inactivation caused by structural changes
(Figure S7). ICP result showed that there is 8% leaching amount. The decrease in metal
content could result in deactivation of catalyst. The experimental result shows that the
Ru/N-CS catalyst prepared by universal impregnation method suffered from severe leach-
ing, the leaching amount of Ru was 38% (measured by ICP) after five cycles (Figure S8).
Furthermore, the HRTEM image of spend Ru/N-CS catalyst (5 cycles) showed Ru nanopar-
ticles were agglomerated (Figure S9). Therefore, the inactivation of Ru/N-CS catalyst was
due to metal leaching and agglomeration. The cycling stability of Ru@N-CS catalyst was
remarkably superior to that of Ru/N-CS catalyst and other Ru-based catalysts reported in
the literature (Table S2). The significant advantages of Ru@N-CS catalyst was reasonably
due to the uniformly distributed small Ru clusters protected by hydrophobic properties of
carbon spheres. CO chemisorption measurement of the Ru@N-CS revealed the dispersion
was as high as 87% of Ru within the carbon spheres support and the average size of the
clusters amount to 1.5 nm. As a contrast, the dispersion of Ru nanoparticles in Ru/N-
CS catalyst was only 39%, and the particle size was increased to unequal of 3.0-6.0 nm
(Figure S1). The smaller Ru clusters (~1.5 nm) would improve the metal utilization, boosting
the activity [7]. The highly dispersed metallic sites have been widely addressed to control
the number of adsorption sites and their intrinsic catalytic properties. Furthermore, the Ru
clusters in Ru@N-CS catalyst might be stabilized for modulated the electronic properties
by N heteroatom because their lonepair electrons can serve as metal coordination sites,
strengthening the metal-support interaction between the encapsulated Ru clusters and the
carbon sphere, hindering agglomerating phenomena and leaching [29]. However, for the
supported Ru/N-CS catalyst, it can be understood that Ru nanoparticles supported on
the surface of carbon spheres due to the lack of interaction between Ru nanoparticles and
carbon sphere, resulting in catalyst leaching and then inactivation.

To acquire a clearer picture of the reactions that works in this process, we analyzed
the intermediates during the reaction under the conditions of 80 °C, 0.5 MPa of Hy. In the
process of reaction, phenol conversion increased with time, cyclohexanone appeared as
the intermediate, which was further fast hydrogenated to form the final product cyclohex-
anol in 30 min (Figure 510). We confirmed that phenol hydrogenation proceeds via the
tandem steps of (1) C=C bonds in phenol hydrogenated to form cyclohexanone and (2) cy-
clohexanone hydrogenated by Hj to form cyclohexanol (Figure S11). Our investigation
demonstrates that once the hydrogenation of phenol starts, the nonpolar phenol is easily ab-
sorbed by hydrophobic carbon spheres, enhancing its concentration in the catalytic sites. At
the same time, the hydrophobic hydrogen molecules can easily pass through the hydropho-
bic mesoporous carbon spheres to access the Ru clusters. With the increase of reaction
time, more phenol diffused into the Ru sites and reached saturation. Phenol-cyclohexanol
competitive sorption feature shifts cyclohexanol product to the aqueous solution from
within the mesoporous hydrophobic carbon spheres once formed. Since cyclohexanol
product has a weaker non-polarity relative to the phenol and it can easily diffuse through
the hydrophobic carbon spheres, which benefits the selective hydrogenation of phenol. The
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reaction mechanism for hydrogenation of phenol into cyclohexanol is proposed as shown in
Figure 3a. Clearly, highly dispersed electron-rich Ru clusters coated by superhydrophobic
carbon spheres enhance phenol conversion.

To better understand the intrinsic activities of Ru@N-CS catalysts for the phenol
hydrogenation, the reaction kinetic study on the phenol hydrogenation was conducted
by analyzing the initial reaction rate at different temperatures (60-80 °C) and reaction
time (2-10 min) under hydrogen pressure of 0.5 MPa (Figure S12). The linear relationship
between —In(1-x) (x represents the conversion of phenol) and reaction time indicates that
the hydrogenation reaction of phenol into cyclohexanol follows the first-order reaction
kinetics [4,30]. The evident diminution in apparent activation energy (E,) over Ru@N-CS
(33.8 k] mol™1) catalyst to the other metal catalysts [28,31-33] (Table S4) is believed to be
attributed to the electron coordination effect between Ru clusters and N-doped carbon
sphere, which increases the electron density of the metal Ru through partial sharing of
lonepair electron in pyridinic N. Thereby, prompting an overall reactant rate (Figure 513).

2.3. Density Functional Theory (DFT) Calculation

To understand the mechanism of hydrogenation of phenol into cyclohexanol on metal
surfaces, we investigated the adsorption energies and preferred adsorption geometries
by DFT calculations [34,35]. As revealed from the kinetic experimental results mentioned
above and catalyst characterization (XRD, HRTEM and STEM) results, a Ru cluster coated
by N-doped carbon (Rul: undercoordinated electron-rich Ru) model was considered for
theoretical calculations (Figure 4a). In comparison, a Ru (002) (Ru2) slab model was
investigated (Figure 4b). When Hj is adsorbed on Rul site, it is dissociated to active species
H atom (Figure 4a). The lower the decomposition energy, the easier the reaction is. From
the calculation results in the Table 1, it can be seen that Ru@N-CS system is beneficial to
reduce the decomposition energy of Hp.

(b) Ru (002) system H>*-->2H*

Figure 4. The optimized structures of (a) Ru@N-CS system Hy*—>2H*, (b) Ru (002) surface Hy*—>2H*.

Table 1. The calculated H, decomposition energy barrier (eV) on Ru@N-CS and Ru (002).

Ru@N-CS Ru (002)
Init state energy —747.90 —566.86
Final state energy —747.84 —566.68

Decomposition energy 0.059 0.185
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Figure 5 shows the most stable adsorption configurations of phenol, intermediate
product of cyclohexanone, and product of cyclohexanol on Rul, respectively. Phenol was
found to be the most stable adsorption configuration with the ring closely parallel to the
(002) plane of Rul and the hydroxyl group tilted away from the surface (Figure 5a). Parallel
adsorption geometry for phenol on Rul results in interaction of phenol with four surface
Ru atoms. The AE 45 for phenol is —1.52 eV (Table 2), which is higher than that of the Ru2
(—1.37 eV) (Table 3). Cyclohexanone was found to be oriented perpendicular to the Rul
surface through the carbonyl O atom, and interacted with surface sites only (Figure 5b).
The adsorption energy of —0.73 eV (Table 2) was much lower than that of Ru2 (—0.93 eV)
(Table 3).

Figure 5. The optimized structures of (a) phenol, (b) cyclohexanone, (c¢) cyclohexanol adsorbed on
Ru@N-CS surface; (d) phenol, (e) cyclohexanone, (f) cyclohexanol adsorbed on Ru (002) surface.

Table 2. The calculated phenol, cyclohexanone, cyclohexanol adsorption energy on Ru@N-CS system,
unit: eV.

Molecule E(total) E(surface) E(molecule) AE, 45
Phenol —824.73 —740.53 —82.68 —1.52
cyclohexanone —838.54 —740.53 —97.28 —0.73
cyclohexanol —845.63 —740.53 —104.46 —0.64

Table 3. The calculated phenol, cyclohexanone, cyclohexanol adsorption energy on Ru (002) surface,
unit: eV.

Molecule E(total) E(surface) E(molecule) AE, 4
Phenol —643.64 —559.58 —82.68 -1.37
cyclohexanone —657.78 —559.58 —97.28 —0.93
cyclohexanol —664.56 —559.58 —104.46 —0.51

These results reveal that Rul could remarkably increase the adsorption energy for
phenol, and therefore significantly increase the reaction property. This could be attributed
to the superhydrophobic characteristics of the catalyst carrier, which makes the non-polar
phenol easily passing through carbon spheres and then is adsorbed by undercoordinated
electron-rich Ru active site in Ru@N-CS system. The different adsorption configurations
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were obtained for cyclohexanol (Figure 5c). Cyclohexanol adsorbs on Rul through the
hydroxyl O atom, with the ring being parallel to the surface. Compared with phenol and
cyclohexanone, cyclohexanol has the lowest adsorption energy, with AE, 4, = —0.64 eV
(Table 2). Therefore, the polar product cyclohexanol is easier to desorbed from Rul active
site and diffuse into aqueous solution through hydrophobic carbon.

3. Materials and Methods
3.1. Materials

Pluronic F127, 1,3,5-trimethylbenzene (TMB), ammonia, sodium chloride (NaCl),
resorcinol, formaldehyde solution, ruthenium acetyl acetone, 1,10-phenanthroline, and
ethanol were purchased from Sigma-Aldrich. All reagents were commercially obtained
without purification.

3.2. Synthesis of Mesoporous Hollow Carbon Spheres

The superhydrophobic mesoporous hollow carbon spheres were synthesized via an
organic-organic assembly approach. Typically, 0.8 g of Pluronic F127, 0.15 g of resorcinol,
0.2 mL of formaldehyde solution, and 0.8 mL of TMB were continuously added into
a mixture solution of water (40 mL), ethanol (50 mL) and 0.08 g NaCl and stirred at
100 rpm to form large F127/TMB/RF composite micelles. Next, 0.05 mL of ammonia
solution was added to induce the polymerization of RF molecules and self-assembly into
the intermediated mesoporous RF cores. After stirring at room temperature for 24 h, the
well-developed mesoporous hollow RF spheres were collected by centrifugation and then
washed with water and ethanol five times. After calcination at 350 °C for 180 min and then
at 850 °C at a rate of 1 °C min~! for 60 min in N atmosphere, the mesoporous carbon
nanospheres were obtained with mesostructured.

3.3. Synthesis of Mesoporous Hollow Ru@N-CS Catalyst

As a typical run for synthesis of Ru@N-CS, 0.1 g of ruthenium acetyl acetone and
0.2 g of 1, 10-phenanthroline were dissolved within 40 mL of ethanol at 80 °C, then the
aforementioned RF molecules solution was added into it. The mixture was stirred for 24 h
at room temperature. After centrifuging, washing with ethanol five times, drying at 60 °C
in the air, calcination at 350 °C for 180 min and at 850 °C at a rate of 1 °C min ! for 60 min
in N atmosphere, and then at 350 °C for 180 min in H; atmosphere, the Ru@N-CS was
obtained. The Ru clusters were embedded within mesoporous carbon nanospheres.

3.4. Synthesis of Ru/N-CS Catalyst

The Ru/N-CS was synthesized by traditional impregnation method. As a typical run,
0.1 g of ruthenium acetyl acetone and 0.2 g of 1,10-phenanthroline were dissolved within
40 mL of ethanol at 80 °C, then the aforementioned mesoporous carbon nanospheres was
added into it. The mixture was stirred at room temperature for 24 h. After centrifuging,
washing with ethanol five times, drying at 60 °C in the air, and then reduction at 350 °C
for 180 min in H, atmosphere, the Ru/N-CS was obtained. The Ru nanoparticles were
supported on the surface of carbon nanospheres.

3.5. Characterization Method of Catalysts

Powder X-ray diffraction (XRD) patterns were detected by a Bruker D8-Focus diffrac-
tometer system using a Cu K« radiation (A = 0.15418 nm, 40 kV and 40 mA) in the range
of 10-80° with a scan speed of 5° min~!. The specific surface area and pore structure data
were carried out by Autosorb Station 2. Before the test, all samples were outgassed at 100 °C
for 1 h and 300 °C for another 3 h. The specific surface area of catalyst was calculated by
the Brunauer-Emmett-Teller (BET) method; the pore size distribution was calculated using
the Barret-Jovner-Halenda (BJH) method and DFT method. The actual loading of copper in
catalysts was examined with the inductively coupled plasma optical emission spectrometry
(ICP-OES) using iCAP 7400. The morphology features of the catalysts were studied by a
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high-resolution transmission electron microscopy (HRTEM) on a Hitachi S5-4800 and an
aberration-corrected scanning transmission electron microscopy in the high angle annular
dark field mode (AC HAADF-STEM) on a Titan 80—300 scanning/transmission electron
microscope operated at 300 kV. The energy dispersive spectrometer (EDS) was performed
on a Hitachi S-4800 electron microscopy (JEOL, Japan) with an acceleration voltage of
200 kV. X-ray photoelectron spectra (XPS) was carried out on a ThermoFisher Scientific
ESCALAB Xi+ spectrometer with Al Ka X-ray radiation. The carbon C1s signal (284.8 eV)
was used to calibrate the binding energy value. A semiqualitative analysis of metallic to
higher oxidation state ratio of Ru was carried out based on full width at half-maxima and
the area under the curve in XPS peaks [36]. The contact angle of water droplets on the solid
surface were measured on an Optical Contact Angle Meter (SL200KB). CO chemisorption
measurements were carried out at room temperature using a Micromeritics Instrument
Corporation—AutoChem II 2910 V5.02.

3.6. Catalytic Hydrogenation Measurements of Phenol into Cyclohexanol

The series of catalytic experiments of phenol hydrogenation were carried out in a
50 mL batch stainless steel high-pressure reactor fitted with a magnetic stirring and a quartz
liner. A mixture of phenol (0.1 g), Ru@N-CS catalysts (0.05 g), and water (10 mL) were
added to the autoclave with a stirring rate of 800 rpm. The reactor was purged 3 times with
Ny. The desired amount of 0.5 MPa H, was charged into the reactor when the temperature
reached 80 °C. The reaction time was set as to be 30 min. When the reaction was stopped,
the liquid product was taken out immediately by relief valve intermediate sampler. In
addition, then the liquid samples were cooled down to room temperature. The conversion
rate of phenol was quantitatively analyzed on a gas chromatograph (GC, Agilent 6820)
equipped with a capillary column HP-5 (60 m x 0.32 mm X 0.25 um) and a flame ionization
detector. GC test conditions: injection temperature 260 °C, program heating steps: initial
temperature 80 °C, 10 °C min~! up to 280 °C, and the detector temperature is 280 °C.
Diethylene glycol dimethyl ether was selected as the internal standard. The identification of
the product was performed by using a GC-MS (Shimazu. Japan, GC/MS-QP2010) equipped
with a capillary column DB-5ms (30 m x 0.25 um x 0.25 nm). GC-MS test conditions:
injection temperature 260 °C, program heating steps: initial temperature 80 °C, 10 °C min~!
up to 280 °C.

The conversion of phenol and selectivity of cyclohexanol product were calculated by
the following equation.

Initial concentration of phenol — Final concentration of phenol

- . 100%
Initial concentration of phenol 8 °

Conversion (%) =

_ Moleof cyclohexanol

Selectivity (%) = Tnitial mole of phenol x 100%

The final concentration of phenol was calculated by the internal standard method of
GC-MS, and the standard curves under different conversion rates of phenol were shown in
Figures 512 and S13.

The cycling tests of phenol hydrogenation over Ru@N-CS were carried out. After a
reaction, the catalyst could be separated from the reaction aqueous system by filtration,
dried, and reused in a subsequent run.

3.7. Calculation on Reaction Rate Constant (k) and Activation Energy (E,)

To better investigate the reaction rate of phenol hydrogenation over Ru@N-NC cata-
lysts, the conversion of phenol at different temperature (60-80 °C) was carried out. The
conversion of phenol increases linearly with the reaction time at different temperatures. It
is also noted that the reaction rate (the slope of the line) is also increased with the increasing
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temperature (Figure S14). The reaction rate k of phenol hydrogenation into cyclohexanol at
a certain temperature was calculated according to the following equation:

d [phenol]

~T(phenol) =~ g =k x [phenol] (1)

When the Equation (1) was integrated, it becomes the following equation.
—In(1—x) =kt )

where [phenol] is the molar concentrations of phenol, ¢ is the reaction time, and k is the
reaction rate, x is the LA conversion.

As shown in Figure S15, the apparent activation energies (E,) of phenol hydrogenation
can be calculated by the Arrhenius equation according to the reaction rate at different
temperatures.

k = Ae Ea/RT )

Ink = InA — Ea/RT 4)

where k is the reaction rate of phenol hydrogenation into cyclohexanol at a certain tempera-
ture, A is a pre-exponential factor, R is molar gas constant of 8.314 | mol ' K1 and T is
the reaction temperature [K].

3.8. DFT Computational Details

Density functional theory periodic slab calculations were carried out using the Vienna
Ab Initio Simulation Package (VASP) [37]. The generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional were used to describe the electronic
exchange and correlation effects [38,39]. Uniform G-centered k-points meshes with a
resolution of 271*0.04 A~1 and Methfessel-Paxton electronic smearing were adopted for the
integration in the Brillouin zone for geometric optimization. The simulation was run with
a cutoff energy of 450 eV throughout the computations. These settings ensure convergence
of the total energies to within 10 meV per atom. Structure relaxation proceeded until
all forces on atoms were less than 10 meV A~! and the total stress tensor was within
0.03 GPa of the target value. Due to the importance of dispersion forces in describing the
Ru surfaces with organic molecule, the semi-empirical correction by Grimme (DFT + D3)
was included [40,41].

The adsorption energy of phenol, cyclohexanone, cyclohexanol on Ru@N-CS and Ru
(002) surfaces was calculated by the following equation:

AE,4s = E(total) — E(surface) — E(molecule) 5)

which E(total), E(surface), E(molecule) represent the energy of phenol, cyclohexanone,
cyclohexanol absorbed on Ru@N-CS and Ru (002) surfaces, energy of the Ru@N-CS and Ru
(002) surfaces and energy of the phenol, cyclohexanone, cyclohexanol molecules, respec-
tively. The more negative the adsorption energy, the more stable the adsorption.

4. Conclusions

In summary, we have demonstrated the encapsulation of highly dispersed active
Ru clusters (~1.5 nm in size) inside N-doped hollow mesoporous carbon spheres with
hydrophobic properties. This results in a hydrophobic carbon sphere reactor with high local
adsorption of phenol in aqueous solution and an ultra-active electron-rich Ru species, which
considerably enhance efficient hydrogenation of phenol and selectivity to cyclohexanol.
We believe that carbon spheres with hydrophobic property act as powerful supports for
metal Ru clusters, because of the electron coordination effect. This work represents a
large step toward the upgrading of bio-oil, especially of lignin-derivative compounds,
and lays a theoretical foundation for the industrialization of high value-added chemicals
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from lignin-derivative compounds catalytic hydrogenation conversion under mild aqueous
phase conditions.
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