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Thermosensitive microgels consisting of a solid core of polystyrene and a shell of cross-linked poly(N-
isopropylacrylamide) (PNIPA) were synthesized as nano-reactors, in which Ag—-Pd bimetallic
nanoparticles were prepared through simultaneous in situ reduction reaction. The spatial distribution of
metallic nanoparticles in the microgels was analyzed by small angle X-ray scattering (SAXS) and the
results indicated that metal nanoparticles were mainly located in the inner layer of microgels. The
catalytic activity of Ag—Pd bimetallic nanoparticles was investigated using the reduction of p-nitrophenol
to p-aminophenol by NaBH, as model reaction. The data demonstrated that Ag—-Pd bimetallic
nanoparticles showed enhanced catalytic activity compared to each monometallic nanoparticle alone
and their catalytic activity was controllable by temperature due to the volume transition of PNIPA microgels.

Introduction

In recent years, a variety of metallic nanoparticles' have been
synthesized and regarded as ideal nano-catalysts®** due to their
high surface-to-volume ratio. Among them, bimetallic nano-
particles have attracted great interest because of their improved
catalytic activity compared to monometallic nanoparticle,
which is caused by the synergic effect."**® However, metal
nanoparticles require a suitable support to prevent aggregation
during the catalytic process. The metal nanoparticles is
commonly protected by stabilizers like dendrimers,”"*® micro-
gels,”*** surfactants,” polymers,* and colloids,* which also
serve as carriers.

The thermosensitive microgels, which consist of solid core of
polystyrene and shell of poly (N-isopropylacrylamide) (PNIPA)
cross-linked by N,N'-methylenebisacrylamide (BIS),>>*® were re-
ported as nano-reactors to prepare some metal nano-
particles.>”*>?¢ PNIPA microgels undergo reversible volume
transition at 32 °C. Most of the water are expelled during the
volume transition, so that PNIPA microgel networks shrink with
increasing temperature to 32 °C.”” Those metallic nanoparticles
embedded in PNIPA microgels are fully accessible to reactants,
but above the volume transition, the marked shrinkage of
networks forms a barrier for the diffusion of the reactants,
which provides the theoretical basis of regulating catalytic
activity of metal nanoparticles within PNIPA microgels.
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The bimetallic nanoparticles were always prepared through
metal ions or metal complex ions with the same kind of charge.
Both Ag" and [PdCIL,]*” can be absorbed into PNIPA microgel
networks and the obtained nanosized Ag and Pd particles in situ
were strongly immobilized within the networks of thermo-
sensitive microgels, respectively.>*® The catalytic activity of
metallic nanoparticles could be tested via the reduction of p-
nitrophenol, which is easy to be monitored by UV/vis spec-
trometer. Especially when the concentration of sodium boro-
hydride is significantly excessive, this model reaction is
pseudofirst-order reaction,*® which can simplify the data pro-
cessing. However, to the best of our knowledge, no report can be
found on the preparation of Ag-Pd bimetallic nanoparticles by
simultaneous reduction from Ag” and [PdCl,]*~ with opposite
charge in PNIPA microgels.

The morphology of metal nanoparticles could be easily
observed by transmission electron microscopy (TEM), but the
information on spatial distribution of metallic nanoparticles in
the microgels was inevitably missing due to the dry measuring
state. Small angle X-ray scattering (SAXS) has been reported as
a powerful method to investigate core-shell particles with
narrow size distribution and high electron density contrast.
SAXS is especially capable of analyzing the sample in a mild
condition where is almost no destruction for samples.”*
Moreover, SAXS could give a detailed illustration of spatial
distribution of the metal nanoparticles.

In this work, the Ag-Pd bimetallic nano-catalysts were
prepared through simultaneous in situ reduction reaction in the
nano-reactors of PNIPA microgels. The spatial distribution of
bimetallic nanoparticles in the microgels was obtained by SAXS.
The catalytic activity of Ag-Pd bimetallic nano-particles was
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investigated by the model reduction of p-nitrophenol to p-
aminophenol.

Experimental
Materials

Styrene, sodium dodecyl sulfate (SDS), potassium perox-
odisulfate (KPS) and hydrochloric acid were purchased from
Titans. NIPA and BIS were purchased from J & K chemical.
Sodium borohydride (NaBH,), p-nitrophenol, palladium chlo-
ride and silver nitrate (AgNO;) were purchased from Aldrich.
Water was purified using reverse osmosis and ion exchange in
a  Milli-Q system. Photoinitiator  (2-[p-(2-hydroxy-2-
methylpropiophenone)]-ethyleneglycol-methacrylate) (HMEM)
was synthesized according to our previous publication.*® All
other chemicals were used as received without further
purification.

Synthesis of PS core

The PS core nanoparticles were synthesized by controlled
emulsion polymerization.>*** Typically, 0.48 g of SDS as
surfactant were dissolved in 150 ml water, 6.25 g of styrene and
0.3 g of NIPA were dispersed as monomers. After the system was
heated to 80 °C with stirring under nitrogen protection, the
polymerization was started by adding 0.1 g of KPS as initiator
and polymerized for 2 h. Then 0.3 g of photoinitiator (HMEM)
dissolved in 2.4 g acetone was added in a “starved” condition
(0.5 ml min~") when the temperature cooled down to 70 °C.
After another 1 h, a thin shell of photoinitiator covering the PS
core was formed. The PS core latex was purified by ultrafiltration
with 10 times the volume of water.

Synthesis of PNIPA microgels

The core-shell PNIPA microgels were prepared by photo-
emulsion polymerization. PS core latex (50.1 g) was diluted
with 150 g of water. After addition of 4.1 g NIPA and 0.42 g BIS,
the mixture was mixed with vigorous stirring under a nitrogen
atmosphere and reacted for 2 h in the UV reactor.>**** Then the
latex was purified by ultrafiltration.

Preparation of Ag and Pd mono- and bimetallic nanoparticles

The preparation of the silver nanoparticles in an aqueous
solution was carried out by addition of silver nitrate to PNIPA
microgel latex and subsequent reduction with sodium borohy-
dride. In a typical run, an aqueous solution of AgNO; (3 mM)
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was added to PNIPA microgel latex (100 ml). The mixture was
homogenized with a magnetic stirrer for 2 h under the nitrogen
atmosphere. Then a solution of sodium borohydride (0.023 g) in
water (5 g) were added slowly to the system with vigorous stir-
ring and reacted for 1 h. The obtained PNIPA microgels with
silver nanoparticles were purified by ultrafiltration.

The preparation of the palladium nanoparticles was similar
to that of silver nanoparticles. Firstly, chloropalladic acid was
synthesized by mixing palladium chloride and hydrochloric
acid with the mole ratio of 1 : 4. Then its aqueous solution (3
mM) was added to PNIPA microgel latex (100 ml) and stirred for
2 h. Finally, a solution of sodium borohydride (0.023 g) in water
(5 g) were added slowly to the system with vigorous stirring
under the nitrogen atmosphere and reacted for 1 h. The ob-
tained PNIPA microgels with palladium nanoparticles were also
purified by ultrafiltration.

The Ag-Pd bimetallic nanoparticles were prepared by simul-
taneous in situ reduction as shown in Fig. 1. It is worth noting
that the chloropalladic acid was added to PNIPA latex before the
addition of silver nitrate in order to prevent the precipitation of
silver ions. The obtained PNIPA microgel latex with Ag-Pd
bimetallic nanoparticles was also purified by ultrafiltration.

Characterization

The size and size distribution of PNIPA microgels were deter-
mined by dynamic light scattering (DLS) operated by PSS Nic-
omp 380. The concentration of metal nanoparticles
immobilized in PNIPA microgels was determined by ICP-AES
(IRIS 1000) under 27.12 MHZ. The morphology of metal nano-
particles was observed by TEM (JEOL 2100F). TEM was operated
at an acceleration voltage of 200 kv.

The spectra change and kinetic results were obtained by UV/
vis spectrometer (UV-2550). Mixed solution (3 ml) was put into
a cuvette during the measurements. In a typical run, 0.01 M
sodium borohydride aqueous solution was added to a solution
of p-nitrophenol (0.1 mM), then different amount of PNIPA
microgel latex with metal nanoparticles (Ag, Pd, or Ag-Pd) was
added to start the reaction. The kinetics of the reduction reac-
tion was monitored by measuring the extinction of solution at
400 nm as the function of time.

All small angle X-ray scattering (SAXS) experiments were
performed at BL16B1 beamline in Shanghai synchrotron radi-
ation facility (SSRF), and the detector used is MAR165 CCD. The
distance from sample to detector was set as 2 m, and the scat-
tering signals appeared among the scattering vector g-range of
0.085-1.1 nm™ .

® [PdCl >

® Ag?

@ Ag/Pd

Fig. 1 Schematic representation of preparation of Ag—Pd bimetallic nanoparticles.
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Table 1 Electron density of related substances

Substance p(gem™) pi(enm™) Ap® (pi — puo0)
H,0 0.997 333.3 0
Poly(styrene) 1.05 339.7 6.4

Poly (N-isopropyl acrylamide) 0.879 289.9 —44.5

Ag 10.49 2751.5 2418.2

Pd 12.02 3127.8 2794.5

During each SAXS measurement, 0.1-0.2 ml solution (1 wt%)
was added into a sample cell by syringe, and the sample cell was
a 1 mm-thick polystyrene plastic template, which was wrapped
by polyimide film on both sides. After getting original data, the
five-layer model was used as fitting model,*****° which is widely
used in this field. Through fitting, the spatial distribution of
metallic nanoparticles in the PNIPA microgel layer can be ob-
tained. Table 1 listed electron densities of related substances.
Fig. 2 showed the decomposition of the scattering intensity of
PNIPA microgels with metal nanoparticles.

The decomposition of the scattering intensity of PNIPA
microgels with metal nanoparticles can be described by

IO = Ics + Iin + Iﬂuct + Imetal (1)

R

. 2
= () = [4m [ ar0)P ey @)

0
where I, represents the overall scattering intensity of a single
composite particle, Ics the contribution of core-shell structure
(eqn (2)), while B(g) is the scattering amplitude and Ap(r) the
excess electron density. I;, comes from the contribution of static
spatial inhomogeneity which can be determined by Guinier
function, namely

I, = Iin(O)exp( frgzqz) (3)

Inetar is the contribution of monometallic nanoparticles,
which can be calculated by the same method as Icg with the
shell thickness of zero, and the oscillation of the curve for this
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Fig. 2 Decomposition of the scattering intensity of PNIPA microgel
with metal nanoparticles.
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part at large g is the characteristic peaks for spherical particles.
Moreover, I, stems from the contribution of thermal fluctu-
Iﬂuct(o)
1+8%¢%
Here In,(0) is treated as adjustable parameters and ¢ is the
correlation length of the spatial fluctuations of the network,
which is of the order of a few nanometers. It is worth noting that
the experimental data used here is derived from the PNIPA
microgels latex (1 wt%) loaded with metal nanoparticles. More
detailed fitting process can be found in our previous
publications.**™*

ations of network structure, and can be calculated by

Results and discussion
Observation by DLS

The size and size distribution of PNIPA microgels before and
after preparation of metal nanoparticles were observed by DLS
(Fig. 3 and Table 2).

Compared to PS core, the size of PNIPA microgels increased
significantly and the size distribution became wider (Fig. 3). The
thickness of the PNIPA microgel shell was about 42.5 nm (Table
2). No significant impact on the overall size can be observed
after further generation of metal nanoparticles within the
microgels. It seems that the interaction between the PNIPA
nanogel networks and the metal nanoparticles has no remark-
able influence on the spatial extensional structure of PNIPA
nanogel.”” However, no information on the prepared metal
nanoparticles can be obtained from DLS.

Observation by TEM

The morphology of obtained metal nanoparticles in PNIPA
microgels was observed by TEM (Fig. 4). In Fig. 4, metal nano-
particles were clear and distinguishable which located around
the spherical PNIPA microgels. The size of different metal
nanoparticles could be estimated by TEM images. The average
diameter of Ag-Pd bimetallic, Ag and Pd nanoparticles were 5.4
+ 0.8, 8.1 + 0.5, and 4.2 + 0.4 nm, respectively.

120-
—_ = PS core
3 1004 . PNIPA
5 + Ag@PNIPA
0 + Pd@PNIPA
g 804 Ag-Pd@PNIPA
s
L0 604
§ ]

40-
g
2
§ 201
= o) ]

0 50 100 150 200 250 300 350 400

Diameter(nm)

Fig. 3 Size distribution of PS core and PNIPA microgels before and
after preparation of metal nanoparticles as determined by DLS.
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Table 2 Size and polydispersity index (PDI) of PS core and PNIPA microgels

PS PNIPA Ag@PNIPA Pd@PNIPA Ag-Pd@PNIPA
Diameter (nm) 72 157 156 159 155
PDI 0.015 0.037 0.052 0.056 0.064

The concentration of obtained metal nanoparticles in PNIPA  same, the concentrations of Ag and Pd in the Ag-Pd bimetallic
microgel latex was determined by ICP-AES and listed in Table 3. nanoparticles were only slightly less than those of mono-
Since the initial concentrations of [PdCL,]*~ and Ag" were the metallic nanoparticles, which means our approach to prepare

Frequency(%)
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Fig. 4 Morphology and size distribution of metal nanoparticles prepared in PNIPA microgels. (a) Ag—Pd bimetallic nanoparticles; (b) Ag

nanoparticles; (c) Pd nanoparticles. The size distribution histograms origin from the TEM images.

This journal is © The Royal Society of Chemistry 2018
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Table3 Concentration of metal nanoparticles in PNIPA microgel latex
determined by ICP-AES

Samples Ag (mmol L™ Pd (mmol L™1)
Ag@PNIPA 0.45 0

Pd@PNIPA 0 0.51
Ag-Pd@PNIPA 0.41 0.44

bimetallic nanoparticles in PNIPA microgels simultaneously
does not reduce the yield of Ag and Pd nanoparticles signifi-
cantly. The reduction of yield for Pd nanoparticles (0.07 mmol
L") is larger than that for Ag (0.04 mmol L"), which is prob-
ably due to the stronger binding interaction between PNIPA and
silver nanoparticles compared to that between PNIPA and Pd
nanoparticles.* As a result, during the purification process after
preparation metal nanoparticles, more Pd nanoparticles were
lost.

Observation by SAXS

The size of PNIPA microgels measured by DLS was the hydro-
dynamic radius, which was mainly determined by the longest
chain from core. However the data from SAXS were based on the
electronic density difference of the carrier system and distri-
bution media. The data from SAXS reflected the length of most
of the chains, so that the results from SAXS were more
reasonable than DLS. At the same time, the distribution of
metal nanoparticles in PNIPA microgels can be analyzed by the
change of electronic density.

In the SAXS measurements, the concentration of PNIPA
microgels was 1 wt%, and the concentrations of metal nano-
particles were listed in Table 3. Fig. 5 demonstrated that the
scattering intensity of PNIPA microgels increased significantly
after generation of metal nanoparticles, which resulted from
the addition of metal nanoparticles with high electron density.
The significant increase of the scattering intensity indicates the
success preparation of metal nanoparticles.

100 |
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v Pd@PNIPA
10 o Ag@PNIPA

o PNIPA

~

in
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[~ e
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01}
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Fig. 5 SAXS curves of PNIPA microgels loaded with different metal
nanoparticles. (solid lines represent fitting curves). The inset shows the
excess electron density Ap®(r) of PNIPA microgels versus radius.
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Fig. 6 Spectra of p-nitrophenol in the presence of PNIPA microgels
with Ag—Pd bimetallic nanoparticles as catalysts at different time
during reaction at 20 °C. The concentrations of the reactants are [p-
nitrophenol] = 0.1 mmol L~ and [NaBH4] = 10 mmol L%,

As shown in Fig. 5, the reduced oscillations of SAXS curves
after generation of metal nanoparticles indicate that the size
distribution of PNIPA microgels becomes wider which is
consistent to the DLS results in Fig. 3. The increase in scattering
intensity at high g range after preparation of Pd nanoparticles
gives us a clue that some of the generated Pd nanoparticle may
locate outside the PNIPA microgels. It confirms that the inter-
actions between PNIPA and Pd are weaker than those between
PNIPA and Ag,** and some Pd nanoparticles can move out of the
PNIPA microgels during SAXS measurements.

From the excess electron density profile in the inset of Fig. 5,
parameters on the size of metal nanoparticles and their distri-
bution in PNIPA microgels were obtained. It is worth noting that

=)
@)
\H
)
N’
=
(S
0 200 400 600 800 1000
Time(S)
Fig. 7 Influence of bimetallic nanoparticles concentration on the

reduction of p-nitrophenol. [p-nitrophenol] = 0.1 mmol L™, [NaBH,]
=10mmol L™, T=20°C.(a) [Agl=1.76 mg L%, [Pd] = 1.88 mg L™%; (b)
[Agl = 1.32 mg L% [Pd] = 1.41 mg L™ (c) [Ag] = 0.88 mg L™, [Pd] =
0.94 mg L% (d) [Agl = 0.44 mg L%, [Pd] = 0.47 mg L%,
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Fig. 8 The rate constant Ko, as a function of the surface area of
bimetallic nanoparticles normalized to the unit volume of the system.

in order to more clearly show the difference in electron density
after loading metal nanoparticles, the PNIPA electron density of
each layer was set as a benchmark. As shown by the inset of
Fig. 5, the electron density near the core surface is the highest
and reduces outward along the radial, which manifested that
metal nanoparticles mainly locate in the inner layer of PNIPA
microgels. The size of PNIPA microgels is ca. 153 nm as deter-
mined by SAXS, which was less than that by DLS as expected.

Catalytic activity of mono- and bimetallic nanoparticles

The catalytic activity of the obtained Ag, Pd and Ag-Pd bime-
tallic nanoparticles was investigated by using the reduction of p-
nitrophenol to p-aminophenol by NaBH, as a model reaction,
which was monitored by testing the change of characteristic
absorption peak of p-nitrophenol.*>***® In Fig. 6, the absorbance
at 400 nm constantly declined, which indicated the continuous
decrease of p-nitrophenol concentration.

Since that the concentration of NaBH, was in great excess
compared to 4-nitrophenol in our experiments, its
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concentration can be considered as constant during the reac-
tion. Thus, the model reaction can be regarded as pseudo-first-
order reaction, which can be described by eqn (4),"*°

d,

N = Kapp: = K1 S¢, (4)
where K,pp is the apparent rate constant proportional to the
surface area S (normalized to the unit volume of the system) of
the metal nanoparticles embedded in PNIPA microgels, ¢, is the
concentration of p-nitrophenol at time ¢, K; is the rate constant
normalized to surface area. According to eqn (4), K,pp, could be
obtained by exploring the concentration change of p-nitro-
phenol with reaction time (Fig. 7).

As shown in Fig. 7, the model reaction indeed followed the
first-order kinetics and the apparent rate constants normalized
to the unit surface area of bimetallic nanoparticles were ob-
tained. The model reaction was carried out on the surface of the
metal nanoparticles, so the apparent rate constant highly
depended on the surface area of the metal nanoparticles. Fig. 8
showed the plot of K, versus the surface S of the metal
nanoparticles. The reaction rate constant K; normalized to the
unit surface area was 0.12 L m > s.

As comparison, the kinetics of model reaction catalyzed by
Ag and Pd monometallic nanoparticles immobilized in PNIPA
microgels were investigated (Fig. 9), and the apparent rate
constants normalized to the unit surface area of monometallic
nanoparticles were obtained and listed in Table 4.

As shown in Table 4, the catalytic activities of Ag and Pd were
very close to those reported in literatures,>* and the catalytic
activity of Ag was lower than Pd."** Most important is that the
catalytic activity of bimetallic nanoparticles was higher than
that of monometallic nanoparticles.

Effect of temperature on catalytic activity of bimetallic
nanoparticles

Fig. 10 showed the dependence of the reaction rate under the
catalysis of Ag-Pd bimetallic nanoparticles immobilized in
PNIPA microgels on temperature. When temperature was below

0.007
006! b
0.0054
“f'\
)
. 0.004-
z
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0.0034
0.0024
002 003 004 005 006 0.07
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Fig.9 The rate constant K, as a function of the surface area of monometallic nanoparticles normalized to the unit volume of the system. (a) Ag

nanoparticles; (b) Pd nanoparticles.
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Table 4 Comparison of catalytic activity of the metal nanoparticles

Samples K; (Lm ?s) Reference
Ag@PS-NIPA 4.9 x 1072 This work
Pd@PS-NIPA 9.2 x 102 This work
Ag/Pd@PS-NIPA 1.2 x 107" This work
Ag@PS-NIPA 5.0 x 107> 25
Pd@PS-NIPA 1.0 x 107" 2
16
141
124
~ 1 5
o« -
- 10
v L
0 84
2
2 64
]
44
1 ]
24

3.20 3.25 3.30 3.35 3.40 3.45 3.50 3.55
T (K'10%)

Fig. 10 Effect of temperature on the catalytic activity of bimetallic
nanoparticles. [Ag] = 1.76 mg L%, [Pd] = 1.88 mg L%,

20 °C, the apparent rate constant increased upon increasing
temperature, which stems from the fact that the selected model
reaction was an endothermic reaction® and the increase of
temperature can promote the reaction rate significantly. When
temperature was between 20 °C and 32 °C, apparent rate
constant decreased upon increasing temperature. In fact, when
the temperature was increased and approached to the volume
transition temperature of PNIPA, the PNIPA microgels started to
shrink. The shrinkage of PNIPA microgels prevented the reac-
tants from entering the surface of the metal nanoparticles, and
overwhelmed the positive effect on reaction rate by increasing
temperature. As the temperature was above 32 °C, the reaction
rate increased again upon increasing temperature since the
volume transition of PNIPA microgels was fully happened at
32 °C and the positive effect of heating on reaction rate was
dominated again.

Therefore, the catalytic activity of metal nanoparticles
immobilized in PNIPA microgels can be modulated by
temperature, which should be very useful to control the
reactions.

Conclusions

Core-shell nanoparticles with PS core and thermosensitive
PNIPA microgel shell prepared by photo-emulsion polymeriza-
tion were employed as nano-reactors to generate Ag-Pd bime-
tallic nanoparticles in situ. The morphology of obtained Ag-Pd

18258 | RSC Adv,, 2018, 8, 18252-18259
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bimetallic nanoparticles were observed by TEM and their
average size was estimated as ca. 5.4 = 0.8 nm. As revealed by
SAXS, Ag-Pd nanoparticles were mainly located near the surface
of PS core, and their amount reduced outward along the radial.
The catalytic activity of metal nanoparticles was tested by the
reduction of p-nitrophenol to p-aminophenol by NaBH, and the
results demonstrated that the Ag-Pd bimetallic nanoparticles
showed higher the catalytic activity than that of Ag and Pd
monometallic nanoparticles. Due to the volume transition of
PNIPA microgels upon increasing temperature to 32 °C, the
catalytic activity of Ag-Pd bimetallic nanoparticles immobilized
in PNIPA microgels is controllable by temperature.
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