Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Yolk—Shell Nanoarchitectures with a Ru-Containing Core and a
Radially Oriented Mesoporous Silica Shell: Facile Synthesis and
Application for One-Pot Biomass Conversion by Combining with

Enzyme

Wei Wei, Yu Zhao, Shichao Peng, Haoyang Zhang, Yipeng Bian, Hexing Li, and Hui Li*

Education Ministry Key Lab of Resource Chemistry and Shanghai Key Laboratory of Rare Earth Functional Materials, Shanghai

Normal University, Shanghai 200234, P. R. China

© Supporting Information

ABSTRACT: In this paper, we develop a facile strategy for fabricating a
yolk—shell structured catalytic system that consists of a core made of Ru
supported on mesoporous carbon, which is encaged within a silica shell
that has ordered radial mesochannels. A region-selective etching
mechanism for the formation of the yolk—shell nanoarchitectures is
proposed based on the stronger adsorption ability of the carbon core for
etching agent than that of the silica shell for etching agent. By combining .
such material with amyloglucosidase, one-pot hydrolysis—hydrogenation of JA, el
dextrin to sorbitol can be conducted, delivering enhanced efficiency and dextrin

showing great promise for biomass conversion applications.
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B INTRODUCTION

Controllable integration of diverse materials into well-defined
yolk—shell micro/nanoarchitectures has attracted immense
attention in many important research fields, such as drug
delivery, energy storage, as well as catalysis." " In the domain
of catalysis, encaging a functional material within a porous
material with a certain thickness to generate a yolk—shell
configuration not only brings unique collective and synergetic
function in comparison with the single-component materials,’
but also protects the individual core.'” Recently, for instance,
Liu et al. successfully developed a general method to generate
yolk—shell structures using a vesicle templating approach,'®
which can encapsulate metallic nanoparticles”™ or enzyme
within the void space and provide protective function.
Generally, such special yolk—shell structures are routinely
fabricated by layer-by-layer coating the sacrificial template and
the shell material on the surface of a functional core, followed
by a subsequent intermediate layer removal.'® Presently, several
selective etching strategies for synthesizing yolk—shell
architectures from core—shell multilayer materials have been
reported, including acid etching,é’16 alkali etching,1’3”17
silicone-assisted etching,18 and hot-water etching.2 However,
these processes are quite complex since multistep deposition of
materials and selective removal of the sacrificial template are

organo-

generally necessary for achieving the yolk—shell structures.
From the viewpoint of practical applications, exploring more
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simple approaches to preparing yolk—shell architectures is an
important issue.

Sorbitol, a valuable platform molecule that can be facilely
transformed into fuels or chemicals," is usually produced via
hydrogenation of glucose,zo_26 obtained mostly by enzymatic
hydrolysis of starches.”’ > Obviously, one-pot hydrolysis—
hydrogenation of starch to sorbitol displays advantages in
simplifying operation process and lowering the cost mainly
linked to separation and refining procedures.’*~** Amorphous
alloys, metastable materials with long-range disordered but
short-range ordered structure, have attracted growing attention
from both academia and industry because of their superior
catalytic properties to their crystalline counterparts.”> Ru—B
amorphous alloy has proved to be a potential alternative to
metallic Ru and Raney Ni in hydrogenation of glucose to
sorbitol.>* However, our recent studies® revealed that the
amyloglucosidase is easily poisoned when contacting with Ru-
based catalysts. Meanwhile, the metallic Ru active sites would
be covered by the amyloglucosidase and the colloidal
substances originated from dextrin hydrolysis, leading to a
rapid deactivation for the subsequent glucose hydrogenation to
sorbitol. To tackle these problems, we had designed a yolk—
shell structured catalytic system that consists of a highly
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Scheme 1. Illustration of the Synthesis Process of Yolk—Shell Structured Ru—B/mCarbon@air@mSiO,
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dispersed Ru—B amorphous alloy on the ordered mesoporous
silica encaged within a porous silica shell (Ru—B/mSiO,@air@
$i0,).** One-pot hydrolysis—hydrogenation of dextrin can be
successfully conducted to produce sorbitol by the combination
of amyloglucosidase with the yolk—shell structured Ru—B/
mSiO, @air@SiO,, where the silica shell separated the
incompatible catalysts in different regions. More specifically,
the enzymatic dextrin hydrolysis to glucose occurred in the bulk
solution outside Ru—B/mSiO,@air@SiO, owing to the
blocking effect of the silica shell. Meanwhile, the permeation-
selective silica shell allowed the diffusion of the small glucose
molecules into the catalytically active core (Ru—B/mSiO,) for
hydrogenation to sorbitol. Nevertheless, several drawbacks are
present in this system. First, the preparation of Ru—B/mSiO,@
air@SiO, involved multistep deposition of materials to generate
sandwich-structured precursor and a subsequent selective
removal of the middle layer, complicating the synthetic process.
Second, the production of sorbitol from dextrin included harsh
reaction conditions (348 K and hydrogen pressures up to 6
MPa), which increased the operation risk and decreased the
economic attractiveness. Finally, the silica shell was formed as
disordered mesoporous material, which is unfavorable for
catalytic activity because of the presence of mass transport.

Herein, we report the design of a yolk—shell structured
material that consists of a catalytically active Ru core (Ru
supported on mesoporous carbon, Ru—B/mCarbon) and a
silica shell that has radially oriented ordered mesochannels
(mSiO,). The combination of such material (Ru—B/
mCarbon@air@m$iO,) with amyloglucosidase enables effi-
cient one-pot hydrolysis—hydrogenation of dextrin to sorbitol
under mild conditions. The design concept used in such yolk—
shell structured catalyst can be extended to other compositions
for cascade reactions containing incompatible parameters.

B EXPERIMENTAL PROCEDURES

Material Preparation. Phenol, formaldehyde, sodium hydroxide
(NaOH), F127 (PEO,(PPO,PEO,¢s), (NH,),RuCls, potassium
borohydride (KBH,), cetyltrimethylammonium bromide (CTAB),
tetraethoxysilane (TEOS), dodecanol, ethanol, sodium carbonate
(Na,CO;), NH;-H,O, hydrofluoric acid (HF), dextrin, and
amyloglucosidase (glucoamylase; exo-1,4-a-glucosidase; EC 3.2.1.3
from Aspergillus niger; 100 000 units/ml) were purchased from Aladdin
Industrial Co., Ltd. (Shanghai, China) and were used without any
other treatments.

The synthesis of yolk—shell Ru—B/mCarbon@air@mSiO, is in
three steps (Scheme 1).

(1) Uniform dispersion of Ru—B amorphous alloys within the
porous channels of ordered mesoporous carbon nanospheres
(Ru—B/mCarbon) was achieved by ultrasound-assisted incip-
ient wetness infiltration of (NH,),RuCly onto mCarbon,
followed by the reduction with borohydride.® First, mCarbon
was synthesized following the method described by Zhao’s
group.”” Briefly, 1.6 g of phenol was dissolved in 30 mL of 0.1
M NaOH aqueous solution, followed by adding 5.6 mL of

formaldehyde aqueous solution (37 wt %). The mixture was
stirred at 343 K for 0.5 h, followed by adding 30 mL of F127
aqueous solution containing 1.33 g of F127. After being stirred
at 339 K for 2 h with a low stirring speed, 100 mL of H,O was
added. During the reaction, the color of the aqueous solution
turned from colorless transparent to pink and finally turned to
crimson. After 17 h, the reaction was stopped when the
precipitate was observed. Then, 17.7 mL of the obtained
solution was transferred into an autoclave and diluted with 56
mL of H,O, heated at 403 K for 24 h. The solid product was
thoroughly washed with deionized water and dried at room
temperature. The carbonization and removal of the applied
triblock copolymer templates were carried out at 973 K in N,
atmosphere for 3 h, and the final product mCarbon was
obtained. Next, the supported Ru—B catalyst was prepared as
follows:** 0.6 g of mCarbon was impregnated with a certain
mount of (NH,),RuCly aqueous solution (0.02 g/50 mL),
which was sonicated for 15 min. After impregnation of 12 h, the
products were dried at 373 K for 0.5 h. Then, 6 mL of KBH,
aqueous solution (0.027 g/mL) was added dropwise at 273 K.
After being stirred continuously until no bubbles were released,
the solid was washed free from Cl” and K" ions with deionized
water until a pH of ~7 was achieved.

(2) The Ru—B/mCarbon was coated by condensation of TEOS in
the presence of CTAB, generating a core—shell structured Ru—
B/mCarbon@CTAB/SiO,, where CTAB/SiO, refers to a
mesostructured CTAB/silica composite coated on the surface
of the Ru—B/mCarbon core. The core—shell structured Ru—B/
mCarbon@CTAB/SiO, was fabricated according to a modified
surfactant-templating approach reported by Deng et al*®
Typically, 0.6 g of Ru—B/mCarbon was dispersed in a mixed
solution comprised of 0.4 g of CTAB, 0.12 g of NaOH, 148 uL
of dodecanol, 108 mL of ethanol, and 200 mL of water. The
mixed solution was sonicated for 15 min and stirred for 1 h at
333 K. Then, 6.4 mL of TEOS was added dropwise into the
previous mixture and stirred for 3 h at 333 K. After being
thoroughly washed with ethanol and deionized water, the
core—shell structured Ru—B/mCarbon@CTAB/SiO, was
obtained.

(3) The as-synthesized core—shell structured Ru—B/mCarbon@
CTAB/SiO, was region-selectively etched with a certain
amount of Na,CO; aqueous solution to achieve a yolk—shell
structured configuration. In a typical run of synthesis, 1.5 g of
Ru—B/mCarbon@CTAB/SiO, was added to 400 mL of 1.0 M
Na,CO; aqueous solution and stirred for 1 h. Afterward, the
product was refluxed in acetone for 48 h at 333 K to remove
the pore-generating template. This procedure was repeated
twice to ensure complete removal of CTAB. Finally, the
template-removed yolk—shell structured Ru—B/mCarbon@
air@mSiO, was obtained by centrifugation and washing with
plenty of water.

Material Characterization. The bulk composition and Ru loading
were analyzed by means of inductively coupled plasma optical
emission spectrometry (ICP-OES; Varian VISTA-MPX). The
amorphous structure was investigated by both X-ray diffraction
(XRD; Rigaku D/Max-RB with Cu Ko radiation) and selective-area
electronic diffraction (SAED; JEOL JEM2100). The material shapes
and morphologies were observed by both field emission scanning
electron microscopy (FESEM; HITACHI S-4800) and transmission
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Figure 1. TEM images of (a) mCarbon, (b) Ru—B/mCarbon, (c) Ru—B/mCarbon@CTAB/SiO,, and (d) Ru—B/mCarbon@air@mSiO,. (e)
FESEM image of Ru—B/mCarbon@air@mSiO,. (inset) A partially crushed sphere.

electron microscopy (TEM, JEOL JEM2100). The presence of the Ru-
containing core and the silica shell was determined by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM; FEI Tecnai G2 F20 S-TWIN) and the energy
dispersive X-ray spectroscopy (EDS) line scan. N, adsorption—
desorption isotherms were obtained at 77 K using a Micromeritics
TriStar II apparatus. By N, adsorption, the Brunauer—Emmett—Teller
(BET) surface area (Sgpr) was calculated by using the multiple-point
BET method in the relative pressure range of P/P, = 0.05—0.2. The
pore volume and pore size distribution curve were obtained by the
Barrett—Joyner—Halenda model. The surface electronic states were
determined by X-ray photoelectron spectroscopy (XPS; ULVAC-PHI
PHIS000 VersaProbe system using Al Ko radiation), during which all
samples were pretreated in situ in a pure Ar atmosphere to avoid
oxidation.

Activity Test. In a typical experiment, the one-pot hydrolysis—
hydrogenation of dextrin to sorbitol was carried out in a Parr 4848
autoclave containing yolk—shell structured Ru—B/mCarbon@air@
mSiO, (15.6 mg Ru), 0.048 mL of amyloglucosidase, 0.6 g of dextrin,
60 mL of water, and 4.0 MPa of H, at 343 K. The reaction system was
stirred vigorously (800 rpm) to eliminate the diffusion effect. The
reaction mixture was sampled at intervals for product analysis on a
liquid-phase chromatograph (Agilent 1200) equipped with a
carbohydrate column (Shodex, SC1011) and a refractive index
detector at 333 K with water as the movable phase at 0.6 mL/min.
After the mixture cooled to room temperature at the end of the
reaction, the yolk—shell structured catalyst was separated by
centrifugation and washed with ethanol and deionized water for
further characterization and applications. To test the catalyst
durability, the used Ru—B/mCarbon@air@mSiO, catalyst was
centrifuged and washed thoroughly with ethanol and deionized
water after each run of the reaction. Then, the Ru—B/mCarbon@air@
mSiO, was reused with a fresh charge of dextrin and fresh
amyloglucosidase for subsequent recycle run under the same reaction
conditions.

B RESULTS AND DISCUSSION

Structural Characteristics. TEM images (Figure la and
Supporting Information, Figure Sla) of the as-synthesized
mCarbon display uniform spheres with average diameters of
~550 nm and consists of ordered mesoporous channels. The

pore size is roughly estimated to be ~3 nm. The N,
adsorption—desorption isotherm, pore size distribution curve,
and low-angle XRD pattern of the as-synthesized mCarbon
(Supporting Information, Figure S2) further confirm the
ordered mesostructure centered approximate 3 nm with high
Sger of 489 m” g~'. Figure 1b and Supporting Information,
Figure S1b demonstrate that Ru—B/mCarbon with Ru loading
of 2.21 wt % and atom composition of Ru;; B,y contains similar
mesostructure to the parent mCarbon and that the Ru—B NPs
are uniformly dispersed into the pore channels. From Figure 1c
and Supporting Information, Figure Slc, one can see that the
Ru—B/mCarbon core is completely coated by silica shell with a
thickness of ~100 nm without significant damage to either the
ordered mesoporous channels of mCarbon or the uniform
distribution of Ru—B NPs. Figure 1d and Supporting
Information, Figure S1d reveal that, after being etched with
Na,COj; aqueous solution, the thickness of silica shell decreased
by ~10 nm, together with the formation of a space ~10 nm
between the silica shell and the Ru—B/mCarbon core. From
the high-magnification TEM image of the yolk—shell structured
particles in Figure 1d, both the smooth outer surface and the
rough inner surface can be clearly observed for the silica shell,
obviously due to the selective removal of the partial inner shell
section. Again, no significant damage to either the ordered
mesoporous structure of mCarbon or the uniform distribution
of Ru—B NPs was observed in the Ru—B/mCarbon@air@
mSiO,. Moreover, it is significant to note that the
mesochannels in the outer silica shell are continuous
throughout the shell with openings at surface and radially
oriented to the sphere surface. Such a unique pore orientation
is due to the perpendicular alignment of surfactant mesophases
induced by the equal attractivity to polar and nonpolar species
of the interface between the CTAB/silica phase and the water/
ethanol solution.®”*' The perpendicular mesoporosity in the
silica shell is anticipated to increase the accessibility of the Ru—
B/mCarbon core and enhance the efficiency of mass transport.
The pore size in the silica shell can be roughly measured to be 4
nm. FESEM image (Figure le) reveals that the yolk—shell
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Figure 3. XPS spectra of (a) Ru—B/mCarbon and (b) Ru—B/mCarbon@air@mSiO,. Wide-angle XRD patterns of (c) Ru—B/mCarbon and (d)
Ru—B/mCarbon@air@mSiO,. (insets) SAED images of the Ru—B particles.

structured Ru—B/mCarbon@air@mSiO, displays uniformly
spheres, which is in good agreement with the TEM results.
The attached FESEM image of broken Ru—B/mCarbon@air@
mSiO, further confirms the yolk—shell structure (inset in
Figure le). The high-resolution TEM (HRTEM) character-
ization of Ru—B/mCarbon@air@mSiO, was carried out
(Figure 2a), which exhibited several Ru nanoparticles with
crystalline lattices. All the d-spacings were ca. 0.206 nm, which
matched with {101} of Ru (hcp, PDF 06—0663) well. To

20854

further confirm the presence of the Ru-containing core and the
silica shell, an image was obtained by HAADF-STEM for Ru—
B/mCarbon@air@mSiO,, which was recorded in STEM Dark
Field (DF) mode (Figure 2b). The STEM-DF mode could
enhance the contrast of heavy metal atoms by collecting the
high-angle incoherent scattering signals, which clearly demon-
strated the locations and distribution of Ru nanoparticles in the
core. Meanwhile, the EDS line scanning for different elements
including Si, C, and Ru across Ru—B/mCarbon@air@mSiO,

dx.doi.org/10.1021/am5052608 | ACS Appl. Mater. Interfaces 2014, 6, 20851—-20859
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Figure 5. TEM images of the Ru—B/mCarbon@air@mSiO, synthesized with different etchants (etching conditions): (a) NaOH aqueous solution
(7.2 mL, 0.10 g¢/mL, 3 h), (b) concentrated ammonia aqueous solution (800 mL, 27 wt %, 2 h), and (c) HF aqueous solution (80 mL, 0.3 wt %, 40

min).

(Figure 2c) confirmed the locations of Ru in the mCarbon core
and the presence of silica shell.

The XPS spectra (Figure 3a,b) demonstrate that all the Ru
species in both the Ru—B/mCarbon and the yolk—shell
structured Ru—B/mCarbon@air@mSiO, are present in metal-
lic state, corresponding to the binding energy (BE) of 280.0 eV
in Ru 3ds,; while the B species are present in elemental state
and B,0O; with BE of 188.1 and 191.2 eV in B Is level. The BE
of the elemental B is shifted positively by 1.0 eV in comparison
with the BE of pure B,* suggesting the formation of Ru—B
alloy in which partial electrons transfer from B to Ru. No
significant BE shift of metallic Ru is observed, possibly due to
its relatively big atomic size compared to the B atom. The wide-
angle XRD patterns (Figure 3c,d) reveal that the Ru—B alloys
in both the Ru—B/mCarbon and the Ru—B/mCarbon@air@
mSiO, are present in a typical amorphous alloy structure state,
corresponding to a broad peak at ~20 = 45°,* which is further
confirmed by the consecutive diffraction halos in the attached
SAED pictures.** As a result, the XPS and XRD data, coupled
with that of SAED, confirmed the formation of Ru—B
amorphous alloy.

Formation Process. Some control experiments were
implemented to verify this region-selective etching strategy
further. It is well-known that carbon has stronger adsorption
ability compared with silica materials.**® Accordingly, the Ru—
B/mCarbon is anticipated to facilitate the enrichment of the
etching agent to induce the ecto-entad stepwise removal of the
inner shell section. In contrast with the observation that the
yolk—shell structured Ru—B/mCarbon@air@mSiO, still re-
tains the smooth outer surface of the mSiO, shell (Figure 1d),
the result of an experiment using MCM—41-type mesoporous
silica nanospheres (mSiO,) instead of mCarbon (other
conditions keep constant) revealed that the inner and the

outer surfaces of the shell were damaged simultaneously since
both surfaces were rather rough (Figure 4). Furthermore,
significant damage to the surface of the mSiO, core can be
clearly observed in mSiO,@air@mSiO,. These are mainly due
to the equal adsorption ability of the core and the shell in
mSiO,@air@mSiO, for etchant, which can lead to the
simultaneous etching of the inner and the outer shell section,
even the surface of the core. Except for the stronger adsorption
ability of mCarbon core for the etching agent relative to the
mSiO, shell, the inertness of carbon to etching agent might be
another factor responsible for the formation of yolk—shell
structure via region-selective etching mechanism. Another
control experiment (Supporting Information, Figure S3)
revealed that mCarbon is inert to Na,COj; aqueous solution,
which allows the removal of the inner shell of silica rather than
the carbon core.

During the synthesis of Ru—B/mCarbon@air@mSiO,,
prolonging the etching time from 1 to 2 h resulted in the
increase of the void between the Ru—B/mCarbon core and the
mSiO, shell (Supporting Information, Figure S4), even the
appearance of Ru—B/mCarbon particles without mSiO, shell
(marked with arrow in Supporting Information, Figure S$4),
further demonstrating the ecto-entad stepwise etching process.

Besides the etching time, both the concentration of Na,CO;
aqueous solution and the etching temperature are also
important for obtaining well-defined yolk—shell structured
Ru—B/mCarbon@air@mSiO,. As confirmed by TEM images
(Supporting Information, Figure SS5), etching the shell with low
concentration of etchant (0.5 M) or at low temperature (273
K) could not achieve evident cavity between the core and the
shell. However, an etchant solution with much higher
concentration (2.0 M) or much more elevated etching

dx.doi.org/10.1021/am5052608 | ACS Appl. Mater. Interfaces 2014, 6, 20851—-20859
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Scheme 2. One-Pot Hydrolysis—Hydrogenation of Dextrin to Sorbitol by Combination of Enzymatic with Metallic Catalysis
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Figure 6. (a) Dextrin hydrolysis in different catalyst systems. (b) Reaction profile and (c) recycling test of the combination of amyloglucosidase and
Ru—B/mCarbon@air@mSiO, for one-pot hydrolysis—hydrogenation of dextrin. Reaction conditions: dextrin (0.6 g), amyloglucosidase (0.048 mL),
a catalyst (containing 15.6 mg of Ru), water (60 mL), T = 343 K, Py, = 4.0 MPa, stirring rate = 800 rpm. Each run was conducted for 6 h in

recycling test.

temperature (323 K) could completely dissolve the mSiO, shell
and produce unencapsulated Ru—B/mCarbon particles.

More interestingly, the yolk—shell structured Ru—B/
mCarbon@air@mSiO, can be achieved from the core—shell
structured Ru—B/mCarbon@CTAB/SiO, by using diverse
etchants, such as NaOH, ammonia, and HF aqueous solution,
under respectively optimal conditions (Figure S), demonstrat-
ing the generality of this region-selective etching strategy.

Catalytic Performances. One-pot conversion of dextrin to
sorbitol (Scheme 2) was used as a test reaction to evaluate the
performances of the catalyst system including free amyloglu-
cosidase and the yolk—shell structured Ru—B/mCarbon@air@
mSiO,. Figure 6a shows the enzymatic efficiency of
amyloglucosidase for dextrin hydrolysis in different catalyst
systems. Note that dextrin hydrolysis was carried out using
amyloglucosidase accompanying mCarbon or Ru—B/mCarbon,
and negligible and significant inhibiting effects on the activity
can be observed, respectively. This implies that amyloglucosi-

20856

dase is easily poisoned once directly contacting with metallic
Ruy, in line with results reported in our recent studies.> Hardly
any change in the dextrin hydrolysis efficiency of amylogluco-
sidase can be detected in the presence of the yolk—shell
structured Ru—B/mCarbon@air@mSiO,, obviously thanks to
the protective effect of the mSiO, shell that prevents
amyloglucosidase from entering the chamber to contact the
Ru—B/mCarbon core. Because the amyloglucosidase (100—
1000 nm), the dextrin molecule, and other colloidal substances
resulting from the dextrin hydrolysis (more than 1000 nm)**
are far bigger than the pore size in the mSiO, shell (4 nm), they
cannot diffuse through the mSiO, shell, efliciently avoiding the
poisoning effects. Taking into account that the molecular size of
glucose is relatively small (~1 nm), the mSiO, shell allows the
liberated glucose via dextrin hydrolysis to diffuse into the Ru—
B/mCarbon core, followed by hydrogenation to sorbitol over
the Ru—B amorphous alloys (Figure 6b). For comparison, we
also removed the CTAB templates from Ru—B/mCarbon@

dx.doi.org/10.1021/am5052608 | ACS Appl. Mater. Interfaces 2014, 6, 20851—-20859
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CTAB/SiO, to obtain the core—shell structured Ru—B/
mCarbon@mSiO,. As shown in Supporting Information,
Figure S6, the sorbitol yields in the catalyst system containing
amyloglucosidase and Ru—B/mCarbon@mSiO, are much
lower than those catalyzed by amyloglucosidase and the
yolk—shell structured Ru—B/mCarbon@air@mSiO, through-
out the whole reaction process. This further confirms the key
role played by the cavity between the Ru—B/mCarbon core
and the mSiO,, which not only increases the accessibility of
glucose molecules to the catalytically active core metals, but
also promotes the glucose hydrogenation efficiency owing to
the enrichment of reactants and the enhancement of the
collision frequency between reactants and Ru active sites in the
chamber,* ™! as reported in our recent publication.35
Compared with our previous work (348 K, 6 MPa of H,),*
the present design of Ru—B/mCarbon@air@mSiO, enables
the one-pot production of sorbitol from dextrin to proceed
under milder reaction conditions (343 K, 4 MPa of H,).
Meanwhile, only a shorter reaction time (6 h) in the present
catalyst system is needed to achieve a sorbitol yield similar to
that of the previous report (7 h). Taking into account that the
dextrin hydrolysis efficiencies of amyloglucosidase can be
retained in both the catalyst systems, the enhanced catalytic
efficiency of the present system should be due to the superior
glucose hydrogenation activity of the Ru—B/mCarbon@air@
mSiO, to the Ru—B/mSiO,@air@SiO, (Figure 7). On one
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Figure 7. Comparison of glucose hydrogenation efficiencies over
different yolk—shell structured catalysts. Reaction conditions: glucose
(0.6 g), a catalyst (containing 15.6 mg of Ru), water (60 mL), T = 343
K, Py, = 4.0 MPa, stirring rate = 800 rpm.

hand, the higher electrical conductivity and adsorption
capability of mCarbon over mSiO,>> favor the glucose
hydrogenation over Ru active sites. On the other hand, the
presence of radical mesochannels further contributes to the
glucose transferring,'*** as confirmed by the activity compar-
ison between Ru—B/mCarbon@air@mSiO, and Ru—B/
mCarbon@air@SiO,, Ru—B/mCarbon encaged within disor-
dered silica (Figure 7).

Besides the high efliciency, the Ru—B/mCarbon@air@
mSiO, could be easily separated from the reaction solution
via centrifugation and used repetitively for more than 11 times
with only 13% decrease of sorbitol yield in one-pot dextrin
conversion (Figure 6¢). During the recycling test, the used
yolk—shell structured catalyst had no influence on the efficiency
of amyloglucosidase for dextrin hydrolysis (Figure 6c).
Therefore, the slight decrease of sorbitol yield after the 11th
cycle should be due to the partial loss of activity for glucose
hydrogenation. ICP-OES analysis and XRD experiment
(Supporting Information, Figure S7) could rule out the
leaching of Ru active sites and the crystallization of the
amorphous alloy structure of Ru—B in Ru—B/mCarbon@air@
mSiO, after being reused for 11 times. The TEM images
(Figure 8) showed that Ru—B/mCarbon@air@mS$iO, was still
present in yolk—shell structure morphology after 11th cycle.
However, partial collapse of the pore of mCarbon can be
observed after being used repetitively for 11 times, which might
be the main factor responsible for the decrease in activity.
Immobilization of amylogulosidase directly onto the outer
surface of mSiO, shell is needed in future work to ensure that a
real merging of such yolk—shell nanostructures and enzyme can
be achieved.

B CONCLUSIONS

In summary, we developed a simple approach for synthesizing a
yolk—shell structured catalytic system that consists of a Ru—B/
mCarbon core and a silica shell with ordered radial
mesochannels (Ru—B/mCarbon@air@mSiO,). On the basis
of the stronger adsorption ability for etching agent of mCarbon
than that of mSiO,, a region-selective etching mechanism to
form such yolk—shell structure is proposed. In particular, our
present method is more facile and cost-effective since no
additional steps are needed to coat a layer of sacrificial template
and remove it. Thus, this strategy can potentially be extended
to other yolk—shell structures with different composition, size,
and shape. The one-pot production of sorbitol from dextrin
study highlights the role of the mesoporous silica shell in the
Ru—B/mCarbon@air@mSiO,, which enables the sequential
reaction containing incompatible parameters to take place in

Figure 8. TEM images of the Ru—B/mCarbon@air@mSiO, catalyst after being reused for 11 times.
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one pot. This might provide a preferable method for the one-
pot cascade reactions.

B ASSOCIATED CONTENT
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Low-magnification TEM images of mCarbon, Ru—B/mCarbon,
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mSiO,; adsorption/desorption isotherm, the corresponding
pore size distribution curve, and low-angle XRD pattern of the
as-synthesized mCarbon; TEM images of pure mCarbon and
mSiO, and the samples after being etched in Na,CO; aqueous
solution; TEM image of the sample synthesized by similar
conditions to those used to synthesize Ru—B/mCarbon@air@
mSiO, but prolonging the etching time to 2 h; TEM images of
the samples synthesized by similar conditions to those used to
synthesize Ru—B/mCarbon@air@mSiO, but with low concen-
tration (0.5 M) or high concentration (2.0 M) of Na,CO,
aqueous solution and at low etching temperature (273 K) or
high etching temperature (323 K); dependency of sorbitol yield
on the reaction time in one-pot hydrolysis—hydrogenation of
dextrin by combining amyloglucosidase and Ru—B/mCarbon@
mSiO, or Ru—B/mCarbon@air@mSiO,; wide-angle XRD
pattern of the Ru—B/mCarbon@air@mSiO, after being reused
for 11 times. This material is available free of charge via the
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