Preparation of yolk—shell microspheres as temperature switch on/off catalysts
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A novel kind of yolk—shell microspheres was presented in this Letter. First, 250 nm of magnetic Fe;04 nanoparticles was prepared by
solvothermal reaction. Then, the Fe;O,4 particles were coated with Au nanoparticles (AuNPs), SiO,, and poly(N-isopropylacrylamide)
(PNIPAM). After the removal of the SiO, layer by etching with HF solution, the yolk—shell microspheres were prepared. Each yolk—shell
microsphere had a movable core (Fe;0, self-assembled AuNPs) and temperature-responsive shell (PNIPAM). The yolk—shell structure of
these microspheres was confirmed by transmission electron microscopy and Fourier-transform infrared spectroscopy. The catalytic
performances of these yolk—shell microspheres were investigated under different environmental temperatures. The results indicated that the
reduction from 4-nitrophenol to 4-aminophenol by NaBH, was slowed when the temperature was increased because of the hydrophobic
and the shrinking sate of PNIPAM shell and the yolk—shell microspheres had a characteristic of temperature switch on/off when the cross-

linking degree was about 20%.

1. Introduction: As a new category of structured materials, hollow
particles have gained increasing attention owing to their potential
applications such as low density, high specific area, good flow
ability, and surface permeability [1, 2]. They have found wide
applications in many fields, such as catalysis, drug and gene
delivery, hydrogen storage, and artificial cells [3, 4]. Different
with the traditional hollow or core—shell microspheres, a yolk—
shell microsphere is the hybrid of core—shell and hollow
structures with a distinctive core/void/shell configuration and
therefore the core is movable in the hollow shell [5, 6]. Since
yolk—shell microspheres can have differently functional shells and
cores, they have various applications in catalysis, batteries, and
biomedical fields [7, 8]. The usual method for the preparation of
yolk—shell particles is based on the template-assisted method [9—
12]. First, a core [e.g. Au nanoparticle (AuNP)] particle is
prepared and then coated with a polymer or a SiO, layer. This
layer is further functionalised with certain reactive groups to grow
another shell. After removal of the middle layer, a yolk—shell
particle is prepared. Usually, most of the reported works are
focused on the functional cores [11, 13]. Nanoparticles such as
tin [14], gold [10, 12], or metal oxides [15] could be incorporated
into the hollow microspheres and novel properties can be
introduced to the hollow microspheres. Wan et al. [14]
synthesised tin nanoparticles encapsulated in elastic hollow
carbon spheres with uniform size, in which tin nanoparticles with
a diameter <100 nm were encapsulated in one thin hollow carbon
sphere. Zhang and co-workers [10] reported yolk—shell
microspheres containing a single AuNP core (21-50 nm) and a
mesoporous shell of hollow mesoporous silica microspheres
(about 200 nm) and investigated the size-dependent activity of the
AuNP core when the yolk—shell microspheres were as the
catalyst. Yang and co-workers [12] prepared a poly(V,
N'-methylenebisacrylamide) (PMBAAm) yolk—shell microsphere
(about 50-100 nm) with a movable AuNP core (about 13 nm) by
the selective etching of the silica middle layer in hydrofluoric
acid. The yolk—shell microsphere with a single noble metal
nanoparticle core has a high stability in catalysis [16] and exhibit
a high capacity and good cycle performance [6] because the
coalescence tendency of metal nanoparticles can be avoided.
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However, the particle size of these yolk—shell microspheres is
very small, which will result in the difficulty of the separation of
yolk—shell microspheres from reaction system as well as the
deformation and damage of the shell layer under
ultracentrifugation.

Recently, the multifunctional hollow polymeric particles have a
great improvement. Du and Liu [9] reported dually thermo and
pH-responsive yolk/shell polymer microspheres as a drug delivery
system when poly(methacrylic acid-co-ethyleneglycol dimeth-
acrylate) [P(MAA-co-EGDMA)] microspheres as cores and poly
(N-isopropylacrylamide-co-methacrylic acid) [P(INIPAM-co-MAA)]
as shells. Poly(N-isopropylacrylamide) (PNIPAM) is a promising
thermo-responsive polymer with a lower critical solution tempera-
ture (LCST) of about 32 °C in water, individual PNIPAM chain
undergoes a phase transition from a hydrophilic, water-swollen
state to a hydrophobic, globular state when heated above its
LCST, as well as cross-linked PNIPAM gels [17]. Li et al. [18]
reported the synthesis of the poly(methacrylamide) (PMAA)-
PNIPAM double-walled concentric hollow microspheres, which
display the response independently to changing pH and tempera-
ture. However, when the yolk—shell microspheres were used as
the catalysts, the shells are usually used as the coat and support
materials [19-21].

In this Letter, a novel kind of yolk—shell microspheres with large
diameters is presented, when Fe;O,4 nanoparticles self-assembled
AuNPs (Fe;04/Au) are as the multifunctional cores and PNIPAM
as the temperature-sensitive shells. The Fe;04/Au core can carry
more AuNPs and be separated from reaction system easily
because of the magnetic property of FesO,4 particles. Moreover,
the nanopoles of shells will switch off/on because of the tempera-
ture sensitivity of PNIPAM [22], which will affect the mass transfer
pathways between the reaction system and hollow microspheres
(Fig. 1). When the circumstance temperature is lower than LCST,
the small molecule, 4-nitrophenol (4-NP), can cross the PNIPAM
shell, approach the Fe;O4/Au cores and be reduced to 4-
aminophenol (4-AP). Moreover, the increase of temperature will
not increase the reaction rate, which is much different with the trad-
itional catalysts, because of the switch off of the mass transfer
pathway of PNIPAM shells.
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Fig. 1 Temperature switch on/off of the yolk—shell microspheres

2. Materials and methods

2.1. Materials: FeCl5-6H,O, trisodium citrate, sodium acetate
anhydrous (NaAc), ethylene glycol, HAuCl;4H,0, sodium
borohydride (NaBH,), polyvinylpyrrolidone (PVP) K30 (MW
~30,000), hydrofluoric acid (HF) (40.0%), were analytical
grade and purchased from Kermel Chemical Reagent Co.
Ltd (Tianjin, China). Tetraethyl orthosilicate (TEOS), N,
N’-methylenebisacrylamide (MBA), potassium persulphate (KPS),
3-aminopropy! triethylsilane (APTES), 3-(methacryloyloxy)propyl
trimethoxysilane (MPS) were supplied by Aldrich-Sigma. 4-NP,
N-isopropylacrylamide (NIPAM, 98.0%) was purchased from
Tokyo Chemical Industry Co., Ltd and recrystallised from
hexane. Deionised water was used in all experiments.

2.2. Synthesis of Fe;O, particles: FeCl3-6H,0 (2.70 g, 10.0 mmol),
trisodium citrate (0.50 g, 1.70 mmol), and NaAc (5.40 g, 65.8
mmol) were dissolved in ethylene glycol (80 ml). The mixture
was stirred vigorously for 1 h and then sealed with a Teflon-lined
stainless-steel autoclave (150 ml capacity). The autoclave was
heated to and maintained at 200°C for 12 h. The black products
were washed with ethanol several times and dried under vacuum
at 60°C for 8 h [23].

2.3. Synthesis of Fe;0, self-assembled AuNPs (Fe;O4/Au): A
0.30g of as-prepared Fe;O, particles was homogeneously
dispersed in a mixed solution of 140 ml of ethanol, 30 ml of
deionised water, and 3.0 ml of ammonia aqueous solution (28%),
then the mixture was subjected to mechanical stirring and
sonication in a water bath. Subsequently, 10 ml of APTES (5 vol
% in ethanol, containing 1 vol% TEOS) was added dropwise to
the dispersion under continuous stirring and sonication. After 2 h,
the sonication was stopped and kept stirring for 6 h. The product
was collected by a magnet, washed several times with ethanol
and water, and redispersed in 100 ml of water. AuNPs were

—NH

/
NaAC APTES
FeCl, . O AT ho ]
solvothermal silane o ing
Fe0, ilane coupling :

agents Fe,0,

self-assembly

Q
HauCT, — 0 0 0

reduction AuNPs
hydrolysis | TEOS

\[]’A\‘ DVE \|P"i
pr\\.lpll ation |l.|m coupling
polumerization agents

: = Fe 0 JAWSI0,
Fe 0,/ AwSi0/PNIPAM o

Fig. 2 Schematic illustration of preparation of Fe30,/Au/SiO,/PNIPAM
composite microspheres
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prepared according to Fren’s method [24]. After centrifugation
and collection, the modified Fe;O4 dispersion (100 ml) was
mixed with 125 ml of AuNPs by vigorous stirring for 2 h. The
formed Fe;04/Au particles were then separated, washed several
times with water and dried under vacuum at 60°C for 8 h.

2.4. Synthesis of SiO, coated Fe;04/Au microspheres (Fe;O4/Au/
Si05): A 25 ml of Fe;04/Au suspension (0.2 wt% in water) was
mixed with 25 ml of PVP solution (0.4 wt% in water) under
sonication for 10 min, then separated and washed with water two
times, subsequently, it was dispersed in a mixture of ethanol
(100 ml), water (12 ml), ammonia solution (3 ml, 28%) and
TEOS (0.6, 0.8, 1.0, and 1.2 ml, respectively). The mixture was
stirred mildly for 2 h under sonication in a water bath. Then, 1.2
ml of MPS was added over a period of 18 h under continuous
stirring. After the reaction, the product was collected, washed
with ethanol and water several times, and redispersed in 25 ml of
water for further uses [25].

2.5. Synthesis of NIPAM coated Fe;04/Au/SiO, core/shell
particles (Fe;04/Au/SiO,/NIPAM): A 25 ml of Fe;04/Au/SiO,
dispersion was mixed with 15 ml of aqueous solution containing
0.15 g of NIPAM and 0.015 g or 0.03 g of MBA by sonication.
After being degassed with nitrogen for 20 min, the solution was
heated up to 70°C, and 2 ml of KPS solution (3 mg/ml) was
added to initiate the polymerisation. After stirring for 6 h, the
product was collected and washed with water, and redispersed in
deionised water (45 ml, ca. 0.3 wt%) for further uses.

2.6. Synthesis and catalytic performance of yolk—shell
microspheres: The SiO, layer was etched by very
low-concentration HF solution (ca. 0.1 wt%). The Fe;O4/Au/
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Fig. 4 TEM images of the Fe;0,/Au/SiO, microspheres with various SiO,
shell thickness, the average thickness were

a 54 nm

b 67.5 nm

¢ 105 nm

d 117.5 nm

All scale bars are 200 nm
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Fig. 5 TEM of Fe;0 ,/Au/SiO,/PNIPAM composite microspheres

SiO,/PNIPAM aqueous dispersion (45 ml) was subjected to
mechanical stirring (400 rpm), then added immediately 0.1 ml of
HF solution, after stirring for 12min, another 0.1 ml of HF
solution was added and the mixture was stirred for another 13—
15 min. The resultant product (Fe;O4/Au/void/PNIPAM yolk—
shell microspheres) was collected by a magnet and washed
several times with water, and dispersed in 25 ml of water (ca. 0.3
wt%). The reduction of 4-NP by NaBH, was carried out in a
quartz cuvette. Briefly, 0.015 ml of aqueous 4-NP solution (0.01
M), 0.2 ml of NaBH,4 solution (0.4 M) were mixed with 3 ml of
deionised water in a quartz cuvette. Subsequently, 0.02 ml of
aqueous dispersion of the yolk—shell microspheres (0.3 wt%) was
added and the UV-vis spectra were measured by an
Evolution-300 UV-vis spectrometer (ThermoFisher) equipped
with a Peltier device for temperature controls at 25, 32, 45,
and 55°C.

2.7. Reusability of yolk—shell microspheres: The cycle
performances were investigated using yolk—shell microspheres
with 20% cross-linking degree at 25°C with six cycle times. After
each cycle, the catalysts were separated from the solution using a
magnet, washed with water two times and redispersed into 1 ml
deionised water.

3. Results and discussion

3.1. Synthesis of Fe;04/Au/SiO,/PNIPAM microspheres: The
synthetic =~ procedure  for the  Fe;04/Au/SiO,/PNIPAM
multi-layered composite microspheres was shown schematically
in Fig. 2. First, the magnetite Fe30, nanoparticles were prepared
via a solvothermal reaction by reduction of FeCl;-6H,O under a
high temperature with ethylene glycol as a reducing agent in the
presence of NaAc and trisodium citrate [23]. Second, the
magnetite Fe;0,4 particles were functionalised by amino groups
through simultaneous hydrolysis of APTES and TEOS. After the
self-assembly of AuNPs on them, the Fe;O4/Au nanoparticles
were obtained. Finally, a layer of silica was coated onto the
Fe;04/Au composite particles in the presence of PVP by Stober
method. For further polymerisation, MPS was used as a silane
coupling agent to modify the surface of Fe;0,4/Au/SiO, particles
with vinyl groups. After the seed precipitation polymerisation
with NIPAM monomer and MBA cross-linker, the Fe;O4/Au/
SiO,/PNIPAM microspheres were obtained.

The transmission electron microscopy (TEM) images were
obtained by an H-7650 (Hitachi, Japan) or JEM-2100 (JEOL,
Japan) transmission electron microscope. The results of Fe;0,,
AuNPs, and Fe;04/Au were shown in Fig. 3, which indicated
that Fe30, particles had a nearly spherical shape and uniform size
about 250 nm (Fig. 3a). In the reaction, NaAc was as the
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200 nm

Fig. 6 TEM images of

a Fe;04/Au/void/PNIPAM yolk—shell microspheres
b Centricity core

¢ Eccentricity core

electrostatic stabilisation agent to prevent the coalescence of parti-
cles. Moreover, it could increase the alkalinity of reaction system
and improve the hydrolysis of FeCl; to form Fe(OH); which
could be partially reduced into Fe(OH), at a high temperature and
finally form Fe;O4 nanoparticles through dehydration [26].
Trisodium citrate was as the reductant and stabiliser at the same
time because three carboxylate groups of it had a strong coordin-
ation affinity to iorn(IIl) ions, which would result in the Fe;O,4 par-
ticles exhibited excellent dispersibility in water and ethanol [26].
AuNPs also had a spherical shape and uniform size (about 16 nm
in diameter) (Fig. 3b). They were also wrapped and stabilised by
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Fig. 7 FTIR spectra of

a MPS modified Fe;04/Au/SiO,

b Fe304/Au/SiO,/PNIPAM

¢ Fe304/Au/void/PNIPAM yolk—shell microspheres

citrate ion in water, which could result in the difficulty of the self-
assembly of AuNPs on Fe;04 (Fe;04/AuNPs) particles because of
the electrostatic repulsive force between AuNPs and Fe;O, parti-
cles. Therefore, two kinds of silane coupling agents, APTES and
TEOS (5:1, v/v), were utilised to endow abundant amino groups
on the surface of Fe;O,4 particles. These surface amino groups of
Fe;04 could react with AuNPs by coordination bonds [27] and
result in AuNPs evenly covered the surface of Fe;O,4 particles
(Fig. 3¢).

The encapsulation of Fe;0,/AuNPs with SiO, shell had two im-
portant advantages. First, the silica coating provided a large amount
of terminated silanol, which could be modified with various active
groups or ligands through well-developed silane chemistry. Second,
the thickness of SiO, shell and size of composite microspheres
could be easily tuned by adjusting the feeding amount of silica
source (TEOS). However, it was difficult to coat SiO, directly on
Fe,03;/AuNPs surfaces due to the low chemical affinity between
AuNPs and SiO, from TEOS. Therefore, a coupling agent, PVP,
was introduced to improve the formation of SiO, shell on the
Fe,03/AuNPs surfaces [25]. The thickness of SiO, shell could be
controlled directly under different amount of TEOS (Fig. 4).
When the TEOS amount was 0.6, 0.8, 1.0, and 1.2 ml, the
average thickness of the corresponding SiO, shell was 54, 67.5,
105, and 117.5, respectively. The average thickness of SiO, shell
and the feeding TEOS amount (g) had a linear tendency, which
indicated that the hydrolysis rate of TEOS was a constant [26].

3.2. Preparation of Fe;04/Au/SiO,/PNIPAM  microspheres:
Various polymerisation methods such as atom transfer radical

80-
o
S 40
E
[:4]
5
T 07
A
@
5
1] .
€40

0 T T r T T
-10000 -5000 0 5000 10000
magnetic field, Oe

Fig. 8 Magnetic hysteresis curves of

a FC304

b Fe;04/Au

c FC304/AU/3102

d Fe304/Au/SiO,/PNIPAM

e Fe304/Au/void/PNIPAM yolk—shell microspheres
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polymerisation [28], reversible addition-fragmentation chain
transfer polymerisation [29], and precipitation polymerisation [18,
30] can be used to coat SiO, with a polymer layer. Among these
methods, precipitation polymerisation is convenient and easy to
carry out [13, 19]. Before the polymerisation, Fe;04/Au/SiO,
microspheres were modified with vinyl groups by silane coupling
agent MPS. The TEM results of Fe;04/Au/SiO,/PNIPAM
microspheres were shown in Fig. 5 when Fe;04/Au/SiO,
microspheres with 105 nm thickness of SiO, shell (Fig. 4c) were
as the seeds, which indicated that the composite microsphere with
a multilayer structure had smooth and circular shape and the
diameter was about 600 nm as well as the thickness of NIPAM
shell was about 79 nm.

3.3. Preparation of yolk—shell microspheres: The SiO, layer of
Fe304/Au/SiO,/PNIPAM microsphere was etched in 0.1 wt% of
HF solution to form Fe;04/Au/void/PNIPAM  yolk—shell
microspheres (Fig. 6). The results indicated that each yolk—shell
microsphere had a hollow structure with a movable core (Figs. 6b
and c).

The Fourier-transform infrared (FTIR) spectra were collected on
a Tensor-37 spectrometer (Bruker, Germany) and the results of
MPS modified Fe;04/Au/SiO,, Fe;04/Au/SiO,/PNIPAM, and
Fe;04/Au/void/PNIPAM yolk—shell microspheres were shown in
Fig. 7. The absorption peak at 1098 cm ™' was assigned to the asym-
metric stretching vibration of the Si—-O-Si bonds, the absorption
peak at 1637 cm™! was attributable to the vinyl groups of MPS
[31, 32], the peaks at 2858 and 2987 cm™" were due to the vibration
of the methylene and methyl groups, respectively, in MPS molecule
(Fig. 7a) [31]. The absorption peaks at 1552 and 1651 cm™" asso-
ciated with the amide groups of PNIPAM shell (Fig. 7b) [18]. After
etching, the absorption peak at 1098 cm™" of SiO, was disappeared
(Fig. 7¢), which indicated the yolk—shell microspheres were
obtained.

The magnetic hysteresis curves were carried out using a PPMS-9
(Quantum Design, USA) vibrating sample magnetometer (VSM)
and the results were shown in Fig. 8. The saturation magnetisation
values of Fe304, Fe304/Au, Fe;04/Au/SiO,, Fe;04/Au/SiO,/
PNIPAM, and Fe;04/Au/void/PNIPAM were measured to be
66.5,49.7, 32.4, 26.2, and 34.5 emu/g, respectively. The zero rem-
anence or coercivity and the reversible hysteresis loops indicated
the superparamagnetic nature of each sample [33], which indicated
that the magnetite particles are composed of ultrafine nanocrystals
with size in the 10-20 nm range [34]. As a result of the well-
retained high magnetic intensity, the Fe;O4/Au/void/PNIPAM
microspheres can be easily separated from the mixture in less
than few minutes by simply using a magnet.

3.4. Catalytic activities of the yolk—shell microspheres: The AuNPs
catalysed reduction of 4-NP by NaBH, to 4-AP was chosen as a
model reaction [10, 35] to test the temperature switch on/off
activities of the yolk—shell microspheres under different reaction
temperatures (25, 32, 45, 55°C). When a trace amount of the yolk—
shell microspheres were introduced into the system, the
bright-yellow solution gradually faded. When the cross-linking
degree of PNIPAM shell was 10% (v/v), the conversion of 4-NP
was monitored by UV-vis spectroscopy (Fig. 9). The absorption
peak at 400 nm of 4-NP gradually decreased and the absorption
peak at 300 nm of 4-AP [10] increased at all temperatures. When
the environmental temperature was 25°C, nearly all of 4-NP were
converted into 4-AP about 6 min (Fig. 9a¢). When the temperature
was 32°C, the full reaction time was increased to 10 min (Fig. 9b).
While the circumstance temperature was 45 and 55°C, the full
conversion time was more than 30 min (Figs. 9¢ and d). This
decrease of reaction rate following the increase of temperature was
originated from the temperature-dependent swelling transition
property of the PNIPAM which had a well-known phase transition
temperature (LCST) at around 32°C in aqueous media [3]. Under
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Fig. 9 UV—vis spectra of the reduction of 4-NP using yolk—shell micro-
spheres with 10% cross-linking degree at different temperatures

a 25°C

b 32°C

c45°C

d 55°C

the LCST, PNIPAM chains were hydrophilic, which resulted in a
swelling state and opening pores of PNIPAM shell. Therefore, the
4-NP molecules could across the shell, approach the core of yolk—
shell microsphere, and be catalysed by the AuNPs. However, above
the LCST, the hydrophobic and shrinking sate of PNIPAM shell
could lead to the close of pores of PNIPAM and decrease of
reaction rate, gradually.

When the cross-linking degree of PNIPAM shell increased to
20% (v/v), the reaction rate slowed in all cases (Fig. 10), especially
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Fig. 10 UV-vis spectra of the reduction of 4-NP using yolk—shell micro-
spheres with 20% cross-linking degree at different temperatures

a 25°C
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when the temperature was 55°C, the reaction reached equilibrium
about 20min and only 26% of 4-NP was reduced (Fig. 10c),
which indicated that the increase of cross-linking degree from 10
to 20% could result in an obvious increase of temperature switch
because a reasonable rigidity of polymeric chains could result in
a suitable switch and mass transfer ability of PNIPAM [18].
Considering the concentration of NaBH, was much higher than
that of 4-NP and could be considered as a constant during the reac-
tion period [35], the reduction process should be regarded as a first-
order reaction with regard to 4-NP, and thus the relationship
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Fig. 11 Relationship between In(C/Cy) and reaction time (t) under different
temperatures by the two kinds of yolk—shell microspheres with different
cross-linking degree of

a 10%

b 20%

between In(Cy/Cy) and reaction time (¢) would conform to a linear
form, wherein C; denotes the concentration of 4-NP at time ¢ and
Cy denotes its initial concentration, the C,/Cy was directly measured
from the relative intensity of the respective absorbance (4/4). To
further study the temperature-responsive catalytic performance, the
relationship between In(Cy/Cy) and reaction time (¢) under different
temperatures by the two kinds of yolk—shell microspheres with dif-
ferent cross-linking degrees (10 and 20%) were shown in Fig. 11
and the rate constant (K) was calculated from the rate equation

ln<%) =—kt (1)

The results of Fig. 11 indicated that all these plots matched the first-
order reaction kinetics before the reactions reached the equilibrium
points and the increase of temperature would lead to the decrease
of the reaction rate in both cases. The K value had an obvious
decrease at the low temperature region (25-32°C) when the cross-
linking degree was 10%, while it decreased greatly at the high tem-
perature region (45-55°C) when the cross-linking degree was 20%.
In the whole reaction, two key factors, hydrophilicity and rigidity of
PNIPAM chains, greatly influenced the mass transfer ability of
PNIPAM shells because the cross-linking would increase the
hydrophobicity and rigidity of PNIPAM shells. The PNIPAM
shells with lower cross-linking degree should had a better hydrophil-
icity and a lower rigidity, which indicated that the mass transfer of
small molecules was dominated by the hydrophilicity of PNIPAM
shells at a lower cross-linking degree and temperature (7<LCST);
whereas the mass transfer was dominated by the rigidity of
PNIPAM shells at a higher cross-linking degree and temperature
(T > LCST). Therefore, the yolk—shell microspheres of 20% cross-
linking degree exhibited a good temperature switch ability.

3.5. Reusability of the yolk—shell microspheres.: Recyclability of

magnetic nanoparticles-based heterogeneous catalysts was
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Table 1 Comparison of kinetic constant (K) of 4-NP reduction under
different temperatures

Temperature, °C K99, min~! K00, min~!
25 0.38 0.20
32 0.19 0.17
45 0.10 0.06
55 0.06 0.02

Table 2 Cycle performance of the yolk—shell microspheres with 20 %
cross-linking degree at 25°C

Cycle times 1 2 3 4 5 6
Catalytic activity, % 100 89.4 85.5 79.3 76.3 74.6

important for their practical application. The reusability of the yolk—
shell microspheres of 20% cross-linking degree were investigated
and listed in Table 2.

After six cycles, the yolk—shell microspheres still had the tem-
perature switch on/off character and the catalytic activity of yolk—
shell microspheres was about 74.6%, which indicated that these
yolk—shell microspheres had a good cycle performance. The de-
crease of catalytic activity could be ascribed to the dissociation of
Fe;04/Au cores during the catalytic processes because each
Fe;04 nanoparticle was an aggregation of Fe;O4 nanocrystals
about 13 nm [36]. Therefore, the AuNPs could be released from
the yolk—shell.

4. Conclusion: In this Letter, a yolk—shell microsphere with a
movable core in large diameter was synthesised when
thermoresponsive PNIPAM was as the shell and Fe;04
self-assembled AuNPs as the core. The yolk—shell structure was
researched by TEM, VSM, FT-IR and so on. The temperature
switch on/off character was investigated by the reduction of 4-NP
to 4-AP as the model reaction and the results suggested that the
cross-linking degree, hydrophilicity and rigidity of PNIPAM
chains greatly influenced the mass transfer ability and catalytic
activity of the yolk—shell microspheres. When the circumstance
temperature increased, all reaction rates slowed because of the
thermoresponsive PNIPAM. Moreover, at a lower cross-linking
degree (10%) and temperature (7’<LCST), the mass transfer of
4-NP and catalytic activity of the yolk—shell microspheres were
dominated by the hydrophilicity of PNIPAM shells, while those
of yolk—shell microspheres were dominated by the rigidity of
PNIPAM shells at a higher cross-linking degree (20%) and
temperature (7> LCST).
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