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ABSTRACT: Yolk—shell nanoparticles (YSNs) with active
metal cores have shown promising applications in nano-
reactors with excellent catalytic performance. In this work,
Fe’@SiO, YSNs were synthesized by a sequential “two-
solvents” impregnation—reduction approach. Specifically,
FeSO, aqueous solution was introduced into the preformed
hollow mesoporous silica spheres (HMSS), dispersed in n-
hexane, via a “two-solvent” impregnation way. Subsequently,
aqueous solution of sodium borohydride (NaBH,) was
introduced into the cavity of HMSS by the same way, leading
to the formation of Fe core inside the HMSS through the
reaction between Fe** and NaBH,. The resulting Fe’@SiO,
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Structure and mechanism Catalytic performance

YSNs possess distinctive structures, including active cores, accessible mesoporous channels, protective shells, and hollow cavities.
To present the catalytic performance of YSNs nanoreactors, Fenton-like catalytic oxidation of phenol was chosen as the model
catalysis reaction. In addition to the Fe’@SiO, YSNs, two other materials were also applied to the catalytic system for
comparison, including Fe@SiO, composites with iron nanoparticles sticking on the outer shells of HMSS (Fe@SiO,-DI) and
bare iron nanoparticles without HMSS (bare Fe’), respectively. The catalytic results show that Fe’@SiO, YSNs exhibit higher
catalytic rate toward phenol removal at 2-fold and 4-fold as compared to that of Fe@SiO,-DI and bare Fe’, indicating the
outstanding catalytic property of YSNs nanoreactors. To further clarify the relationship between catalytic properties and
structural characteristics, the adsorption experiments of the three samples were also performed in the absence of H,O,. Other
than catalytic results, Fe’@SiO, YSNs show slightly higher adsorption efficiency than the other two samples, indicating the
accessibility of nanoreactors. This result demonstrates that the removal of phenol in the oxidation system of Fe’@SiO, YSNs
may have contributed to the structure-enhanced effect of YSNs as nanoreactors.
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1. INTRODUCTION

In the past few decades, yolk—shell nanoparticles (YSNs),
which show a characteristic core@void@shell architecture, have
received considerable attention.'™® With the appealing
structures of movable cores, interstitial hollow spaces between
the movable core and shell sections, and the functional shells,
YSNs have played important roles in modern science and
technology as promisin§ candidates for emerging a 3plications,
such as nanoreactors,” *? lithium-ion batteries,>™*° dru
deliveryiloé’17 surface-enhanced Raman scattering,'®'® and
Sensors.

Motivated by their promising prospects, great efforts have
been devoted to the preparation of YSNs.””'™** In most
synthetic methods, performed core has been used as the seed
for YSNs. After coating or double-coating different materials on
the cores using hard or soft templating approaches, the YSNs
were produced by selectively etching the cores or removing the
middle layers."”*"**73! The so-called “pre-core to post-shell”
methods are in general complicated and often need strong acids
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in formation of YSNs. Recently, a new “pre-shell to post-core”
route has been reported by some groups,”**>* in which the
core was introduced into the preformed shell of hollow spheres.
For example, Cu@SiO, YSNs** and Fe,0,@SiO, YSNs’ were
synthesized by introducing corresponding metal salt into the
cavity of the hollow silica spheres. In these processes, vacuum,
sonication, long-time mixing, and the removal of unreacted
metal salts were needed for the incorporation of active species
into hollow spheres. Hence, it is highly desirable to employ a
simple, controllable, and efficient way for the introduction of
active cores into hollow spheres.

Since the pioneering work by Anne et al. on the synthesis of
MnO, loaded SBA-15° a “two-solvents” method has been
developed as a frequently used impregnation technique to load
guest species into two-dimension mesoporous silica (TDMS)
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materials. This method promotes the loading of the pores of
TDMS with a metal salt solution, by prewetting the silica
materials with a hydrophobic alkane solvent (i.e., n-hexane, n-
pentane, or cyclohexane).>** Up to now, a variety of TDMS-
based nanocomposites, with metal oxide inside the mesoporous
silica grains, have been fabricated by this approach.**~*
Generally, no operations such as vacuum, sonication, or long-
time mixing were involved in the “two-solvents” method.
Meanwhile, the whole process was controllable and effi-
cient.>*>’ However, this method has not been used for the
construction of YSNs with active cores.

Herein, we successfully prepared a Fe’@SiO, yolk—shell
nanostructure by a sequential “two-solvents” impregnation—
reduction approach. In the synthetic process, FeSO, aqueous
solution was introduced into the preformed hollow meso-
porous silica spheres (HMSS), dispersed in n-hexane, via a
“two-solvent” impregnation way. Subsequently, aqueous
solution of sodium borohydride (NaBH,) was introduced
into the cavity of HMSS by the same way. The Fe core was
formed inside the HMSS through the reaction between Fe®*
and NaBH,. To present the catalytic performance of YSNs
nanoreactors, Fenton-like catalytic oxidation of phenol was
chosen as the model catalysis reaction. Except for the Fe’@
SiO, YSNs, two other materials were also applied to the
catalytic reaction for comparison, including Fe@SiO, compo-
sites with iron nanoparticles sticking on the outer shells of
HMSS and bare iron nanoparticles, respectively. To further
demonstrate the structure-enhanced effect of YSNs as nano-
reactors, the adsorption properties of the three samples were
also investigated in the absence of H,0,.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Anhydrous ethanol, concentrated
ammonia aqueous solution (25 wt %), tetraethoxysilane (TEOS),
sodium borohydride, methanol, n-hexane, and ferrous sulfate
heptahydrate were purchased from Sinopharm Chemical Reagent
Co., Ltd. Cetyltrimethylammonium bromide (CTAB) was purchased
from Chengdu Kelong Chemical Co., Ltd. All chemicals were used as
received without any further purification. Millipore water was used in
all experiments.

2.2. Synthesis of Hollow Mesoporous Silica Spheres. Hollow
mesoporous silica spheres (HMSS) were synthesized by a reported
method.* The typical preparation of HMSS was described by the
following procedure. 0.168 g of CTAB was added to a solution
containing deionized water, anhydrous ethanol, and ammonia solution
(25 wt %). The resulting mixture was heated to 35 °C, and 1 mL of
TEOS was added under vigorous stirring. The molar ratio of the
reaction mixture was 1.00TEOS:0.092C-
TAB:2.96NH;:621H,0:79C,H;OH. After being stirred at 35 °C for
24 h, the white product was collected by centrifugation at 5000 rpm
for 10 min and washed three times with ethanol. The as-made Stober
silica spheres then were incubated in 160 mL of pure water at 70 °C
for 12 h and collected by centrifugation after washing three times with
ethanol. Subsequently, the as-synthesized HMSS were dried and
calcined at 550 °C in air, donated as blank HMSS.

2.3. Synthesis of Fe’@SiO, YSNs. The Fe’@SiO, YSNs were
prepared through a sequential “two-solvents” impregnation—reduction
approach. In a typical experiment, 1 g of HMSS was added into 30 mL
of n-hexane with stirring until the HMSS were well dispersed. Next, 60
uL of FeSO, aqueous solution (2.4 M) was added dropwise with
stirring for 1 h. The mass ratio of Fe/SiO, was 0.08. Next, NaBH,
aqueous solution was added under N, atmosphere. The molar ratio of
B/Fe was 4/1 with adequate NaBH, for the growth of iron
nanoparticles. The obtained Fe’@SiO, YSNs were collected by a
magnet and washed with methanol for three times. The final products
were denoted as Fe’@SiO, YSNs.

2.4. Synthesis of Fe’@SiO, Composites. The Fe’@SiO,
composites were prepared by a direct impregnation method. Briefly,
1 g of HMSS was added into 5 mL of FeSO, aqueous solution with
stirring for 12 h. The mass ratio of Fe/SiO, was 0.08. The suspension
then was dried under vacuum at 45 °C, followed by the addition of 10
mL of NaBH, aqueous solution with stirring. The molar ratio of B/Fe
was 4/1. The following procedure was the same as above. The resulted
products were denoted as Fe’@SiO,-DI.

2.5. Synthesis of Fe® Nanoparticles. The Fe® nanoparticles were
prepared with a simple liquid-phase reduction method. In a typical
procedure, 0.4 M NaBH, aqueous solution was added dropwise to a
0.1 M FeSO, aqueous solution under N, atmosphere. The molar ratio
of B/Fe was 4/1. The rest of the procedure was repeated as above.
The black products were denoted as bare Fe®.

2.6. Characterization. The X-ray diffraction (XRD) patterns were
recorded on a Bruker AXS D 8 advance powder diffraction system
using Cu Ka (1 = 1.5418 A) radiation. The XPS spectra were obtained
by using a PHI Quantera II ESCA System with Al Ka radiation at
1486.8 V. Scanning electron microscopy (SEM) images were collected
on a JEOL JSM-6380LV microscope using gold-coated powder
specimens. Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 microscope, operating at 200 kV. N,
adsorption/desorption isotherms were measured using Micromeritics
ASAP-2020 at liquid nitrogen temperature (—196 °C).

2.7. Catalytic Experiments. In a typical procedure, a given
amount of catalyst with equivalent Fe® (2 mg of bare Fe’, 27 mg of
Fe’/Si0,-DI containing 2 mg of Fe?, or 27 mg of Fe/SiO, YSNs
containing 2 mg of Fe’) was slurried to a sealed conical flask
containing 25 mL of phenol solution (100 ppm). All conical flasks
were kept in a horizontal vibrator and shaken at 200 rpm at 60 °C.
Subsequently, the required amounts of hydrogen peroxide (0.304 mL,
30%) were added to initiate the catalytic reaction. At the given time,
aliquots were withdrawn and filtered through a 0.45 ym syringe-driven
filter. The phenol concentrations of the samples were determined by
high-performance-liquid chromatography (HPLC, Water 1525). The
total organic carbon (TOC) contents of the samples were measured
by TOC analyzer (Vario TOC Cube, Elementar Analysensyteme
GrmbH). The adsorption experiments were performed in the absence
of H,0,, while the other conditions were not changed as compared to
the catalytic experiments.

3. RESULTS AND DISCUSSION

Figure 1 shows the low-angle and wide-angle XRD patterns of
all samples. Except for the bare Fe with no obvious peak
(Figure 1A), the other products exhibit an intense reflection at
low 26, which are typical of worm-like pore structures and are
similar to the previous works.**¢ Obviously, the introduction
of Fe has no apparent effect on the mesoporous structure of
HMSS.
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Figure 1. (A) Small-angle and (B) wide-angle XRD patterns of (a)
blank HMSS, (b) Fe’@SiO, YSNs, (c) Fe’@SiO,-DI, and (d) bare
Fe’.
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The formation of Fe’ particles was confirmed by wide-angle
XRD (Figure 1B). In the pattern of blank HMSS, only one
broad peak corresponding to amorphous silica at 22.8° can be
observed. For three iron-containing samples, an obvious
diffraction peak at 44.6° can be observed, which is in
accordance with the 110 diffraction of body-centered cubic a-
Fe (JCPDS no. 06-0696). As compared to bare Fe’, it can be
seen that the diffraction peak becomes weaker and broader with
the addition of HMSS in two Fe@SiO, samples, indicating that
the crystal size of the iron particles in the two Fe@SiO,
samples is reduced.

As we know, Fe® can be oxidized easily when exposed in air.
Thus, XPS was used to investigate the composition of iron in
three iron-containing samples (Figure 2). The photoelectron
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Figure 2. XPS spectra of Fe 2p region: (a) bare Fe’, (b) Fe’@SiO,-D],
and (c) Fe’@SiO, YSNs.

peaks at 711 and 724.6 eV represent the binding energies of Fe
2p3/, and 2p, ,, respectively, indicating the existence of a layer
of iron oxides."” However, no Fe’ was detected in the samples.
This result differs from that measured by XRD, probably due to
the fact that XPS probes the near surface region within about
3—5 nm.*® The limited probe depth of XPS eliminates any
information from the bulk solid phase, resulting in no
characteristic doublet of Fe’. Moreover, the intensity of Fe
2p in Fe’@SiO, YSNs was much weaker than that of Fe’@
SiO,-DI, which can contribute to the isolation of silica shells,
further indicating that iron nanoparticles in Fe’@SiO, YSNs
sample were mainly inside the cavity of HMSS.

To find direct proof of the existence of Fe’ in the sample, the
HRTEM observation was conducted, and the images are shown
in Supporting Information Figure S1. From Supporting
Information Figure S1(a), it can be seen that the particle is
covered by an iron oxide shell with the thickness of 6.1 nm.
Considering the limited probe depth of XPS for Fe 2p
photoelectrons is ~3—5 nm,** the present of the oxide shell is
responsible for the lack of Fe’ peak in the XPS spectra. The
HRTEM image (Supporting Information Figure S1(b))
illustrates the perfect arrangement of the atomic layers and
lack of defects. The lattice plane distance in the image is 2.03 A,
which is consistent with the [110] plane of the a-Fe (JCPDS
card no. 06-0696). The results are well in agreement with those
of the XRD and XPS analyses.

SEM was employed to study the size and morphology of the
products (Figure 3). The as-synthesized HMSS have a spherical

Figure 3. SEM images of (a) blank HMSS, (b) Fe’@SiO, YSNs, (c)
Fe’@Si0,-DI, and (d) bare Fe’.

morphology with smooth surface and uniform diameter of
about 400 nm (Figure 3a). After incorporation of Fe’ cores by
the sequential “two-solvents” impregnation—reduction ap-
proach, the Fe’@SiO, YSNs retain the morphology and size
of HMSS, with barely Fe particles on the outer shells (Figure
3b). The image of Fe@SiO,-DI is shown in Figure 3c. Although
the spherical morphology is kept, many particles of iron can be
observed, sticking on the outer shell of HMSS or even out of
the spheres. It is concluded that the sequential “two-solvents”
impregnation—reduction approach is important to load Fe’
nanoparticles inside HMSS. In comparison with the images of
Fe’@Si0,-DI (Figure 3c) and Fe’@SiO, YSNs (Figure 3b), it
can be seen that the bare iron particles are seriously aggregated
in the image of bare Fe’.

To further investigate the mesostructure and interior
construction of the as-synthesized materials, TEM images
have been shown in Figure 4. A noticeable contrast between the
cavity and the shell is observed in Figure 4a, ¢, and d, which
verify the hollow structure of HMSS. The cavity of HMSS
provides the void for the introduction of Fe’ core and also a
confined nanospace for the catalytic reaction. It can also be
observed that the HMSS have a mean shell thickness of 80 nm
and an average diameter of about 400 nm, which is consistent
with the results of SEM. The high-magnification TEM image of
HMSS (Figure 4b) reveals that the shells of HMSS display
worm-like mesoporous structure, similar to mesoporous
molecular sieve silicas with wormhole framework structures.*
The mesochannels of the HMSS are radially oriented to the
sphere surface, which make the molecules easily penetrate the
shell and reach the Fe core. As direct evidence for yolk—shell
structure, the TEM image of Fe’@SiO, YSNs is presented in
Figure 4c. The yield of the product is very high, and almost
each iron particle, with a size of ~75 nm, is encapsulated by a
shell with a thickness of ~80 nm. At the same time, barely any
Fe particles are formed in the mesochannels. However, for
sample Fe@SiO,-DI by the direct impregnation method, it can
be seen that some Fe” nanoparticles adhere to the outer surface
of the shells (Figure 4d). Similar to Fe’@SiO, YSNs, the Fe°
particles barely exist in the mesochannels of HMSS in Fe@
SiO,-DI. In Supporting Information Figure S2 of bare Fe’, a
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Figure 4. TEM images of (a) blank HMSS, (b) high-magnification
TEM image of HMSS, (c) Fe’@SiO, YSNs, and (d) Fe’@SiO,-DL

serious aggregation of Fe’ particles happens without the
addition of HMSS. The results obtained from TEM were
consistent with the SEM characterization. Therefore, Fe’@SiO,
YSNs via sequential “two-solvents” impregnation—reduction
approach are able to provide more exposed active sites for
catalysis reaction. Meanwhile, the enhanced dispersibility of
iron nanoparticles with the existence of HMSS can also
improve the reaction activity.

Figure SA shows the nitrogen adsorption—desorption
isotherms of the as-synthesized materials. Besides the bare
Fe’, the other samples exhibit a type IV isotherm with a type H,
hysteresis loop, characteristic of mesoporous structure. Such
observations further confirm that the incorporation of Fe’
cannot break the structure of HMSS, consistent with the
results of XRD and TEM. Although the introduction of Fe® has
a negligible effect on the mesoporous feature of HMSS, a
perceptible reduction of pore structure parameters can be
observed. The BET surface area and pore volume of Fe’@SiO,
YSNs (707m* g™', 0.46 cm® g™') and Fe’@SiO,-DI (652 m®
g ™', 042 m® g7') are lower than those of blank HMSS (760 m*

g_l, 0.51 cm? g_l), which should be contributed to the
increment of sample density after loading Fe. The pore size
distribution derived from the adsorption branch for all samples
is shown in Figure SB. Except for the bare Fe’, the other
samples show a primary mesoporous size centered at 2.5 nm. It
is noteworthy that, after the “two-solvent” reduction and direct
impregnation processes, the Fe’/SiO, composites retain the
same pore size. Therefore, Fe’@SiO, YSNs have been
successfully prepared through a sequential “two-solvents”
impregnation—reduction approach. We also believe that the
sequential “two-solvents” impregnation—reduction approach
method may be versatile and could synthesize a wide range of
yolk—shell structures with different cores. For example, Au
nanoparticles can also be incorporated into the HMSS in the
same way (Figure S3, Supporting Information).

The degradation of aromatic pollutants present in wastewater
generated by industrial processes has emerged as an important
concern over the past years. ¥ Heterogeneous Fenton-like
catalysts have been promising candidates for the degradation of
aromatic pollutants.”*° Recently, Fe’-based materials are
commonly used as catalysts for Fenton-like reaction with
relatively high activities. In this study, Fenton-like reactions
were carried out for phenol degradation to explore the activities
of bare Fe’, Fe’@Si0,-DI, and Fe’@SiO, YSNs. The initial pH
value of the reaction solution was 5.6 without the adjustment
by additional acid or base. All of the reactions were carried out
in the dark to avoid the impact of light. The catalytic oxidation
process occurring in the Fe’@SiO, YSNs is illustrated in
Scheme 1. Reactants, such as phenol and H,0,, diffuse through

Scheme 1. Catalytic Oxidation Process
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Figure 6. (A) Phenol removal ratio and (B) TOC removal ratio of (a) Fe’@SiO,, YSNs (b) Fe’@SiO,-DI, and (c) bare Fe’.

mineralization. The catalytic reaction is confined inside the
hollow space of Fe’@SiO, YSNs, which may mainly contribute
to the excellent catalytic performance.>

The degradation process of phenol catalyzed by Fe’@SiO,
YSNs was demonstrated by HPLC (Supporting Information
Figure S4(A)). As shown in Figure 6A, Fe’@SiO, YSNs show
the highest activity, and 99.9% of the phenol was oxidized in 45
min, while only 15.8% for Fe’@SiO,-DI and 15.4% for bare
Fe’. The removal ratio of phenol for Fe’@SiO,-DI and bare Fe°
reached 99.9% in 90 and 180 min, respectively. Therefore,
Fe’@Si0,-DI shows higher reactivity than bare Fe for phenol
degradation. The poor catalytic reactivity of bare Fe may have
contributed to the serious aggregation of iron nanoparticles,
based on the SEM and TEM images. Moreover, the enhanced
catalytic reactivity of Fe’@SiO, YSNs than Fe’@SiO,-DI may
benefit from the nanoreactor feature of the yolk—shell
structure. To demonstrate the degree of mineralization of the
three catalysts for phenol, the removal ratio of TOC is shown
in Figure 6B. Similarly, 81% of phenol was degraded to water
and CO, within 60 min through the catalysis of Fe’@SiO,
YSNs, and finally the removal ratio of TOC reached up to 89%
in 6 h. For comparison, the TOC values of Fe’@SiO,-DI and
bare Fe’ were only reduced by 8% and 3% within 60 min,
respectively. Eventually, the values reached 80% and 56% in 6 h
relative to the original solution. The mineralization rate of
Fe’@Si0O, YSNs was much faster than those of Fe’@SiO,-DI
and bare Fe’. Clearly, Fe’@SiO, YSNs possessed more effective
and thorough mineralization for phenol removal than the other
two samples, indicating the outstanding catalytic property of
YSNs nanoreactors.

To investigate the intermediate products, HPLC was used to
analyze the solutions after Fenton-like catalysis. It is confirmed
that the mainly intermediate product from phenol is maleic acid
(Supporting Information Figure SS). At the same time, an
encouraging phenomenon was found: when Fe’@SiO,-DI and
bare Fe’ were utilized as Fenton catalysts, three different
products were detected in the corresponding solutions.
However, when Fe’@SiO, YSNs were used, only one kind of
product existed in the reaction system (Supporting Information
Figure S4(B)). It can be concluded that the Fe’@SiO, YSNs
show an enhanced selective catalysis for phenol degradation to
maleic acid, which may have contributed to the confined effect
of YSNs nanoreactors. As is known, YSNs with interior void
can be used as nanoreactors in which chemical reaction
processes may present vast differences because of the confining
effect and change in microenvironment.**

13171

The outstanding catalytic performance of Fe’@SiO, YSNs
nanoreactor was attributed to the following reasons. In the
catalytic system of Fe’@SiO, YSNs nanoreactors, the metal Fe
nanoparticles show smaller particle size and enhanced
dispersion inside the cavity, which may have contributed to
the isolation of HMSS. Therefore, the iron cores may provide
more exposed active sites for catalysis reactions. Moreover,
phenol molecules were able to facilely diffuse through the
mesoporous silica shells and enter inside the hollow space of
the nanoreactor. The conversion of phenol molecules leads to a
lower reactant concentration and a higher product concen-
tration in the hollow space. The difference of their
concentrations inside and outside facilitates phenol molecules
continuing to go inside and products coming out from the
hollow space, which guarantees the continuity of the catalytic
reaction. The catalytic reactions were confined inside the
hollow cavity, where the Fe core was more accessible to the
reactant. The confinement effect also ensures the target
molecules to be reacted as completely as possible.

To further demonstrate the relationship between catalytic
properties and structural characteristics, the adsorption experi-
ments of the three materials were also performed in the absence
of H,0,, while the other conditions were not changed as
compared to the catalytic experiments (Figure 7). As can be
seen from the adsorption curves, 5.5% and 5.0% of phenol were
adsorbed by Fe’@SiO, YSNs and Fe’@SiO,-DI, while only
1.1% for bare Fe’. The two Fe@SiO, samples show a better
adsorption performance than bare Fe, which may have
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Figure 7. Phenol removal ratio in the absence of H,0,: (a) Fe’@SiO,
YSNs, (b) Fe’@Si0,-DI, and (c) bare Fe’.
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contributed to the existence of mesoporous silica spheres.
Therefore, the HMSS possesses certain adsorption behavior to
phenol molecule, confirming the accessibility of the meso-
porous shell. In addition, because of the relative lower BET
surface area, Fe’@SiO,-DI exhibits a slight decrease in
adsorption of phenol as compared to Fe’@SiO, YSNs. Even
so, the highest adsorption efficiency of Fe’@SiO, YSNs was
about 5.5%, indicating that the removal of phenol in the
oxidation system mainly contributed to the catalysis reaction. It
is further confirmed that the superior catalytic performance can
be assigned to the structure-enhanced effect of YSNs
nanoreactors, including facilitating mass-transfer and confine-
ment effect.

4. CONCLUSIONS

In summary, yolk—shell structured Fe’@SiO, nanoparticles
were fabricated via a sequential “two-solvents” impregnation—
reduction approach. The as-synthesized Fe’@SiO, YSNs show
distinctive structures with active cores, perpendicular meso-
porous channels, protective shells, and hollow cavities.
Attributed to the structure-enhanced effect of YSNs as
nanoreactors, Fe’@SiO, YSNs have shown excellent perform-
ance in Fenton-like reaction toward phenol total degradation
with outstanding activity and selectivity. It can be envisioned
that the sequential “two-solvents” impregnation—reduction
approach may be versatile and could synthesize a wide range
of yolk—shell structures with different cores, and we believe
that the multiple functionalized YSNs can yield a variety of
applications, such as nanoreactors, drug delivery, biosensors,
surface-enhanced Raman scattering, and lithium-ion batteries.
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TEM image of Fe’, TEM image and wide-angle pattern of Au@
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