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In this work, a spherical nano core-shell material was constructed by encapsulating Fe3O4 microsphere
into conductive polymer-metal composite shell. The Fe3O4 microspheres were fabricated by assembling
large amounts of Fe3O4 nano-crystals, which endowed the microspheres with super-paramagnetic prop-
erty and high saturation magnetization. The polymer-metal composite shell was constructed by inserting
Pt nano-particles (NPs) into the conductive polymer polypyrrole (PPy). As size and dispersion of the Pt
NPs has an important influence on their surface area and surface energy, it was effective to enlarge the
interface area between PPy and Pt NPs, enhance the electron transfer efficiency of PPy/Pt composite shell,
and reinforced the shell’s structural stability just by tuning the size and dispersion of Pt NPs. Moreover,
core-shell structure of the materials made it convenient to investigate the PPy/Pt shell’s shielding effect
on the Fe3O4 core’s magnetic response to external magnetic fields. It was found that the saturation mag-
netization of Fe3O4/PPy/Pt core-shell material could be reduced by 20.5% by regulating the conductivity of
the PPy/Pt shell.
� 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Materials could display many peculiarities and physical and
chemical properties that were never observed earlier when their
sizes were decreased to 1–100 nm [1]. Those special properties
are known as nanometer effects, including the quantum size
effects, vastly increased surface area, large chemical reactivity,
and high surface energy. The nanometer effects have an astonish-
ing influence on enlarging the surface area of materials. For exam-
ple, when one used nano-cubes (1 � 1 � 1 nm3 volume) to fill a
cubic centimeter space (1 � 1 � 1 cm3 volume), total surface area
of the nano-cubes could reach up to 6000 square meters, which
is larger than a football field. Owning to those nanometer effects,
it is convenient to regulate the properties such as melting point,
fluorescence, electrical conductivity, magnetic permeability, cat-
alytic activity and chemical reactivity for the nano-materials, as
those properties are closely related to the size of the nano-
materials [2–4]. With the development of nano-science and
nano-technology, the materials of nanometer scale have gradually
been considered to be ideal candidates in a lot of application fields
[1–4]. In recent years, magnetic nano-materials have attracted
much attention in nano-material research field [5–7]. Owing to
their special magnetic behavior and electrochemical properties in
nanometric scale (nm), the magnetic nano-materials offer great
advantages, such as superparamagnetic, high coercivity, low Curie
temperature, high magnetic susceptibility, biocompatibility and
low toxicity [8–18]. Those advantages endowed them with large
potential in the application fields including magnetic fluids, data
storage, biomedicine, biotechnology, catalysts, separation, sensors,
adsorption, Li-ion batteries, microwave shielding and magnetic
resonance imaging (MRI) [8–18].

It is known that the magnetic materials could display low coer-
cive force and magnetic remanence (known as super-paramagnetic
property) when their size decreased to nano-scale. Super-
paramagnetic nano-materials have emerged as promising candi-
dates for large-scale application in many fields, such as separation
and adsorption, magnetically separable photocatalyst, biosensors
and magneto-responsive devices, as they could be magnetized
and de-magnetized just by applying or removing external
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magnetic fields [19–22]. However, nanometer scale generates
some shortcomings for those super-paramagnetic materials as
well, especially poor thermodynamic stability and aggregation
problem [23–25]. Those shortcomings inhibited the application
potential of nano-scaled magnetic materials. In this concern,
researchers are actively engaged in solving those problems by seal-
ing the magnetic nano-materials with conductive polymers to con-
struct core-shell or yolk-shell composites. Conductive shell could
not only protect the magnetic nano-materials and improve their
environmental stability, but endow them with innovative physical
and chemical properties from strong electronic interaction
between the super-paramagnetic core and the polymer shell [26–
29]. Conductive polymers are recognized to be an ideal candidate
among those conductive shells for modifying the nano-scaled mag-
netic materials, considering their flexibility, tunable conductivity,
as well as the functional groups at their backbone, such as amino
groups in main chains of polypyrrole (PPy) and mercapto groups
are contained in main chains of polythiophene [26–29].

Among various conducting polymers, PPy is recognized to be
one of the most suitable candidates for encapsulating and modify-
ing the super-paramagnetic nano-materials, due to its high electri-
cal conductivity, easy preparation, good mechanical properties and
environmental stability [29–31]. Synthesis and application of PPy
based super-paramagnetic nano-composites have become one of
the most active research areas in the field of polymer science and
engineering. Moreover, doping or incorporating the PPy polymer
with metal nanoparticles could enhance their stability further.
On the one hand, numerous amino groups on the PPy chains could
supply enough active sites for the loading of metal nanoparticles
and promote the intimate contact between the metal nanoparticles
and PPy [32,33]. On the other hand, synergism between the PPy
and the metal NPs could be regulated to tune the electronic and
optical properties of the conductive polymer [34–36]. It could be
expected that when combing the super-paramagnetic nano-
materials, PPy polymer and metal NPs together, the ternary com-
posite materials could exhibit favorable stability and fantastic
properties for the application in wide fields of technological
applications.

In this work, a ternary nano-architecture was delicately
designed to combine the super-paramagnetic nano-materials, PPy
polymer and metal NPs together. The nano-architecture is com-
posed of three functional components: (1) Fe3O4 hollow sphere
as a core to endow the material with super-paramagnetic prop-
erty; (2) Polypyrrole (PPy) conductive shell as shielding layer to
disturb the magnetic interaction between the Fe3O4 core and exter-
nal magnetic fields; (3) Pt NPs which were dispersed into the PPy
shell. Owing to synergic effect of the three components, it is conve-
nient to regulate the structure of PPy/Pt shell to endow the ternary
nano-architecture Fe3O4/PPy/Pt with favorable magnetic property,
electronic property and structural stability.
Materials and experiment

Preparation of Fe3O4 micro-spheres

The mono-dispersed Fe3O4 micro-spheres were synthesized by
a one-pot hydrothermal method. In a typical synthesis, 0.54 g
FeCl3�6H2O (P99%, Sigma-Aldrich), 1.2 g sodium citrate (P99.0%,
Sigma-Aldrich), and 0.2 g urea (P99%, Sigma-Aldrich) were dis-
solved in distilled water (40 mL). Then, 0.2 g sodium polyacrylate
(PAAS, P99.5%, Guoyao Corporation) was added under continuous
stirring until it was totally dissolved. The solution was transferred
to a 50 mL Teflon-lined autoclave, which was then sealed and
maintained at 200 �C for 12 h. The product was separated by mag-
netic separation, washed with distilled water and absolute ethanol
several times, and then dried in a vacuum oven at 60 �C overnight.
Preparation of Fe3O4/PPy

The Fe3O4/PPy were synthesized by oxidative polymerization of
pyrrole (Py), as shown in Scheme 1. In a typical synthesis, 0.2 g pre-
pared Fe3O4 micro-spheres and 0.05 g poly-vinylpyrrolidone (PVP)
(K30) were re-dispersed into 40 mL distilled water via ultrasound.
0.108 g FeCl3 and 50 mL Py were sequentially added to the solution
under vigorous ultrasound vibration. After reacting for 2 h, the pro-
duct was separated by magnetic separation, washed with distilled
water and absolute ethanol several times, and then dried in a vac-
uum oven at 60 �C overnight.
Preparation of Fe3O4/PPy/Pt catalysts

Different Fe3O4/PPy/Pt catalysts are all prepared by a two-step
routine, as shown Scheme 1. Firstly, the Fe3O4/PPy spheres were
synthesized by oxidative polymerization of pyrrole (Py). The PPy
shell wrapped the Fe3O4 spheres to form a core-shell structure.
Secondly, Pt NPs are introduced into the PPy layer by a different
routine to form the PPy/Pt shell with various Pt NPs.
Preparation of Fe3O4/PPy/Pt-A catalysts
The Fe3O4/PPy/Pt-A was synthesized by microwave method, as

shown in Scheme 1. 0.2 g prepared Fe3O4/PPy and 0.05 g PVP
(K30) were re-dispersed into 20 mL distilled water via ultrasound.
Under vigorous stirring, 20 mL ethylene glycol and 1.2 g sodium
citrate was dissolved into the above-prepared solution. Then
1 mL aqueous K2PtCl6 (Pt: 2 mg/mL) was added into above solution
subsequently. The solution was transferred to a 50 mL round-
bottomed flask, which was then sealed and reacted under 800W
microwave for 5 min. The product was separated by magnetic sep-
aration, washed with distilled water and absolute ethanol several
times, and then dried in a vacuum oven at 60 �C overnight.
Preparation of Fe3O4/PPy/Pt-B catalysts
The Fe3O4/PPy/Pt-B was synthesized by hydrothermal method,

as shown in Scheme 1. 0.2 g prepared Fe3O4/PPy and 0.05 g PVP
(K30) were re-dispersed into 40 mL distilled water via ultrasound.
Under vigorous stirring, 1.2 g sodium citrate was dissolved into
the above-prepared solution. Then 1 mL aqueous K2PtCl6 (Pt:
2 mg/mL) was added into above solution subsequently. The solu-
tion was transferred to a 50 mL Teflon-lined autoclave, which
was then sealed and maintained at 200 �C for 2 h. The product
was separated by magnetic separation, washed with distilled water
and absolute ethanol several times, and then dried in a vacuum
oven at 60 �C overnight.
Preparation of Fe3O4/PPy/Pt-C catalysts
The Fe3O4/PPy/Pt-C was synthesized by NaBH4 reduction, as

shown in Scheme 1. 0.2 g prepared Fe3O4/PPy and 0.05 g PVP
(K30) were re-dispersed into 40 mL distilled water via ultrasound.
Under vigorous stirring, 1.2 g sodium citrate was dissolved into
the above-prepared solution. Then 1 mL aqueous K2PtCl6 (Pt:
2 mg/mL) was added into above solution subsequently. The solu-
tion was transferred to a 50 mL round-bottomed flask. Under vig-
orous ultrasonic vibration, 2 mL NaBH4 (0.1 M) was gradually
dropped into the solution to reduce the K2PtCl6. The product was
separated by magnetic separation, washed with distilled water
and absolute ethanol several times, and then dried in a vacuum
oven at 60 �C overnight.



Scheme 1. Synthesis route of Fe3O4/PPy/Pt catalysts.
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Characterization details

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were taken with a Tecnai-G2-F30 field emission
transmission electron microscope operating at an accelerating
voltage of 300 kV. The samples were dispersed in ethanol and
dropped onto a carbon film supported on a copper grid for the dry-
ing process in air. X-ray diffraction (XRD) patterns of the samples
were recorded on a Rigaku B/Max-RB diffractometer with a nickel
filtrated Cu Ka radiation operated at 40 kV and 40 mA. Raman
spectra were performed in air by high-resolution confocal l-
Raman system (Horiba JY, LabRam HR800). X-ray photoelectron
spectroscopy (XPS) analysis was performed using a VG Scientific
ESCALAB 210-XPS photoelectron spectrometer. Base pressure of
the UHV chamber was 5 ⁄ 10�9 Torr and Mg Ka X-ray (300W,
1253.6 eV) was used as the X-ray resource. The pass energy was
100 eV for wide range scans (survey), and 20 eV for high resolution
measurements. The energy step was 1 eV for survey scans, while
high resolution measurements were recorded with 0.1 eV energy
step. The binding energies were referenced to the C 1s level at
284.6 eV for adventitious carbon [37]. The samples were pressed
into thin sheets on Al aluminum foils. Before loading the foils into
XPS analyzing chamber, they were evacuated (5 ⁄ 10�5 Torr) for
24 h to remove the moisture and adsorbed impurity on their sur-
face. The binding energy was selected by choosing the maximum
intensity value at each peak.

The I–V curves of the specimens were measured by the 2-probe
method on a Keithley 4200 semiconductor characterization system
(electrode contact area of 2.56 � 10�6 m2) at room temperature in
air environment. Their magnetic properties were investigated by
VSM magnetization curves at room temperature on a MPMS XL
magnetometer made by Quantum Design Corp. Conductivity tests
were carried out on The linear sweep voltammetry (LSV) measure-
ments were measured with a scan rate of 1 mV s�1 on an electro-
chemical analyzer (CHI660A) in a homemade standard three-
electrode cell. The working electrodes were prepared by drop-
coating sample suspensions directly onto the pre-cleaned indium
tin oxide glass (ITO glass) surface. Platinum foil was used as the
counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. The supporting electrolyte was 0.1 M Na2SO4
aqueous solution. The surface area of the working electrode
exposed to the electrolyte was about 1 cm2.
Results and discussion

As shown in Fig. 1(a1) and (a2), the hollow microspheres were
assembled by large amounts of Fe3O4 NPs which were smaller than
30 nm. Fig. 1(a3) illustrates the process of how the Fe3O4 nano-
crystals assembled to build the Fe3O4 microsphere during the
hydrothermal process. The Fe3O4 NPs could provide the micro-
spheres with super-paramagnetic property and high Ms value, as
their sizes are approximate to single magnetic domain. Fig. 1(b2),
(c2), and (d2) shows the Pt NPs inserted inside the polypyrrole
(PPy) matrix to form a PPy/Pt composite layer. Pt NPs mainly
expose their high-energy (111) crystal plane inside the PPy layer.
The Fe3O4 microspheres are encapsulated by the PPy/Pt layer to
build a Fe3O4/PPy/Pt core-shell structure. Surfaces of the Fe3O4/
PPy/Pt are mainly composed of C, N, O and Pt elements (Fig. 2(a),
survey XPS spectra). The peaks between 930 and 1030 eV are
assigned to the auger electrons of carbon atoms (C KLL). As the
Fe3O4 microspheres were enwrapped by PPy shell, peaks of Fe ele-
ment is not obvious in the XPS survey spectra while the peaks of N
element comes from the N atom on pyrrole ring. In addition, Fig. 1
also indicates that the Fe3O4 microspheres have favorable chemical
stability as their sizes and morphologies maintained well when
they were enwrapped by PPy and PPy/Pt shell.

The Pt NPs’ size and their distribution inside the PPy are differ-
ent in the Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B and Fe3O4/PPy/Pt-C sam-
ples, as shown in Fig. 1(b2, c2, d2, b3, c3, and d3). For each sample,
we randomly selected three regions and recorded the HRTEM
images for those regions, as shown in Fig. 1(b2–b4, c2–c4, and
d2–d4). In Fe3O4/PPy/Pt-A, most of the Pt NPs are less than 3 nm
and they distributed uniformly in the PPy layer to form a homoge-
neous metal-polymer network (Fig. 1(b2–b4)). In Fe3O4/PPy/Pt-B,
the Pt NPs exhibited a wider particle-size distribution and their
size increased up to 4.0 nm (Fig. 1(c2–c4)). In Fe3O4/PPy/Pt-C, some
Pt NPs aggregated severely and the particle size grew up to 8.9 nm,
as shown in Fig. 1(d2–d4). Average size of Pt NPs was calculated
according to those HRTEM images in Fig. 1(b2–b4, c2–c4, and
d2–d4), about 2.1 nm, 3.3 nm and 6.1 nm respectively for Fe3O4/
PPy/Pt-A, Fe3O4/PPy/Pt-B and Fe3O4/PPy/Pt-C. In a word, in the
PPy/Pt layer, size of the Pt NPs could be ranked as Fe3O4/PPy/Pt-
A < Fe3O4/PPy/Pt-B < Fe3O4/PPy/Pt-C, while distribution uniformity
of the Pt particles could be sequenced as Fe3O4/PPy/Pt-A > Fe3O4/
PPy/Pt-B > Fe3O4/PPy/Pt-C.

HRTEM results of the samples are well supported by their XRD
patterns. As shown in Fig. 2(b), eight diffraction peaks of the sam-
ples could be assigned to different crystal planes of cubic Fe3O4

(JCPDS#65-3107). Pt NPs diffraction peaks could also be found
from the XRD patterns. Fe3O4/PPy/Pt-A didn’t show obvious Pt
diffraction peaks because the small size of Pt NPs not only
decreased their diffraction intensity but broadened their diffrac-
tion width. The Fe3O4/PPy/Pt-B and Fe3O4/PPy/Pt-C apparently
show the diffraction peaks of Pt (111) and Pt (200) planes of cubic
Pt (JCPDS#87-0647). The diffraction intensity of Pt (111) plane is
much stronger than that of the Pt (200) plane, which corroborates
the HRTEM results that the Pt NPs prefer to grow along (111) crys-
tal planes. High energy of Pt (111) facets could reinforce the inter-
face interaction between the metal NPs and the PPy layer, thus not
only strengthen the stability of the PPy layer but facilitate the elec-
tron transfer through the organic network via effective energy level
matching [38,39]. Compared with Fe3O4/PPy/Pt-B, Fe3O4/PPy/Pt-C
exhibits higher Pt diffraction intensity at both (111) and (200)



Fig. 1. TEM image and HRTEM image of (a1 and a2) Fe3O4 microspheres, (b1–b4) Fe3O4/PPy/Pt-A, (c1–c4) Fe3O4/PPy/Pt-B, (d1–d4) Fe3O4/Pt-C; (a3) Process of the Fe3O4 NPs
assembling to form a hollow microsphere; (e) Average size of Pt NPs in Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B, Fe3O4/Pt-C.

Fig. 2. (a) XPS survey spectra of Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B, and Fe3O4/Pt-C; (b) XRD patterns of Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B, and Fe3O4/Pt-C.
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planes, which approves that the Pt NPs have larger size in
Fe3O4/PPy/Pt-C.

Structures of the PPy layer were investigated by Raman spectra,
which indicate conductive groups were formed in the PPy layer. As
shown in Fig. 3(a) and Table 1, the strong band at 1560 cm�1 in the
Raman spectra is assigned to the C@C conjugated bonds, which
could provide the PPy layer with abundant delocalized electrons
to improve its conductivity [40,41]. The bands at 983 and
930 cm�1 are respectively assigned to the polaron groups
(ANH�+A) and bipolaron groups (@NH+A), which verify moderate
oxidation state of the PPy layers [30,40,41]. Moderate oxidization
of PPy layers could facilitate the electron transfer through the
layer, thus effectively improving their electrical conductivity
[40,41]. The FeAO stretching vibration at 662 cm�1 could not be
detected by the FTIR spectra, as the Fe3O4 core was shielded by
the PPy/Pt shell which prevents the infrared light penetrating into
the core-shell structure.

The N 1s spectra were investigated to reveal more information
of the PPy shell. In consistence with the Raman spectra, the N 1s
spectra also exhibit the existence of neutral N (ANHA), polaron



Fig. 3. (a) The Raman spectra of Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B, Fe3O4/PPy/Pt-C, Fe3O4/Pt; and the N 1s XPS spectra of (b) Fe3O4/PPy/Pt-A, (c) Fe3O4/PPy/Pt-B, and (d) Fe3O4/
Pt-C.

Table 1
Assignments of the Raman bands in Fig. 3 (a).

Wavenumber (cm�1) Assignment

1560 Stretching vibrations of C@C
1417 COO� symmetric
1337 CAH stretching vibration
1046 CAH in plane bending vibration
983 Ring deformation associated with bipolaron
930 Ring deformation associated with polaron
662 FeAO stretching vibration

Scheme 2. Size and distribution variation of Pt NPs in the PPy/Pt shell of different
specimens and their shielding effect on the external magnetic field.
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(ANH�+A), bipolaron (@NH+A) and imine-like nitrogen (@NA)
groups [40,41]. As shown in Fig. 3(b–d), the strongest peaks at
399.8 and 399.9 eV are attributed to the ANHA groups in pyrrole
ring. The peaks near 400.5 eV are assigned to the polaron groups,
while the peaks near 402.1 eV are assigned to the bipolaron groups.
Formulas (1)–(3) illustrate the formation process of the @NA,
ANH�+A and @NH+A groups. The PPy shell was de-protonated to
a moderate oxidation state, which could be verified by the exis-
tence of a small amount of @NA, ANH�+A and @NH+A groups.
Moderate oxidation is beneficial to improve the conductive prop-
erty of PPy shell.

ANHA� � ! ANH�þ

ANH�þ � � ! @NHþA

NH�þ �H� ! @NA

According to HRTEM, XRD and Raman results, conductive PPy/
Pt shell was successfully constructed to encapsulate the Fe3O4

microsphere cores, as illustrated in Scheme 2. Owing to energy
matching of Pt NPs and PPy layer, electrons could not only migrate
in the PPy layer, but flow freely at the PPy/Pt interface from Pt NPs
to PPy or vice versa, as the work function of Pt (5.5–6.4 eV) is
greater than PPy (5.1 eV) [42,43]. More importantly, it is known
that the materials will exhibit surface effect, small size effect and
quantum confinement effect when their sizes were decreased
down to nano scale. As a result, it is reasonable to expect that reg-
ulating the size and distribution uniformity of Pt NPs could modify
the electronic property and structural stability of PPy/Pt shell. In
order to prove that hypothesis, XPS spectra, I–V curves and LSV
measurements investigated in detail to get more insights into their
relationship (Scheme 2).

Pt 4f XPS spectra gave more details for the binding situation at
the Pt/PPy interfacial junction, as shown in Fig. 4(a–f). Those Pt 4f
spectra could be de-convoluted into two pairs of doublet peaks
labeled with 1, 10, 2, and 20 (de-convoluted by symmetric compo-
nent line shapes) [43,44]. The 2 and 20 doublet peaks were attrib-
uted to metallic Pt (Pt0), while the 1 and 10 doublet peaks were
assigned to the Pt2+ chemical states [43]. The Pt0 area ratio is about



Fig. 4. (a–d) Pt 4f XPS spectra of Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B and Fe3O4/PPy/Pt-C; (e–f) Dependence of Pt 4f5/2 and Pt 4f7/2 binding energy on average size of Pt NPs.
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two times higher than Pt2+ area ratio, as shown in the Inset Tables
of Fig. 4(b–d). Thus, most Pt species existed as metallic state in the
three samples. The Pt oxide species (Pt2+) may be related to two
reasons. On one hand, it is due to incomplete reduction of K2PtCl6
(Pt4+ + 2e� ? Pt2+). On the other hand, the Pt oxide species indi-
cates electron deviation from the Pt NPs to the organic PPy layer,
as the PPy layer was moderately oxidized (shown in Fig. 3) and
the energy matching of Pt NPs and PPy layer [43]. Furthermore,
4f binding energies of Pt0 and Pt2+ species both rose up when
decreasing the Pt NPs’ size and improving their distribution unifor-
mity in the PPy layer, as shown in Fig. 4(e–f) that indicates smaller
and better dispersed Pt NPs have stronger interaction with their
neighboring PPy polymers. Similar phenomenon were found when
depositing the Pt NPs onto the chemically modified surfaces of
some carbon containing materials, such as multiwalled carbon
nanotubes, gyrolytic graphite [44,45]. Such enhanced PPy/Pt
interfacial coupling is closely related to the surface effect and small
size effect of Pt NPs. Compared with larger and agglomerated Pt
particles, the Pt NPs with smaller size and better dispersion could
expose more crystal planes to neighboring PPy polymer, which
could be attributed to the surface effect of nano-scale material.
As a result, more interfaces were formed between the Pt NPs and
the PPy layer. Besides, due to the small size effect, decreasing the
size of Pt NPs could endow them with higher surface energy
because their lattice periodicities were disrupted severely at the
surface. The PPy/Pt layer could be reinforced to have better struc-
ture stability by larger PPy/Pt interface area and stronger interface
area. I–V curves and LSV measurements were investigated further
to study the relationship between the interface area, interface
binding and the conductive property of the shell.

Fig. 5(a) shows the I–V curves of synthesized samples. Based on
the I–V curves, average conductivity could be calculated to be



Fig. 5. (a) VSM magnetization curves, (b) dependence of saturation magnetization (Ms) and conductivity on the size of Pt NPs, (c) I–V and (d) LSV curves for the Fe3O4/PPy/Pt-
A, Fe3O4/PPy/Pt-B, and Fe3O4/Pt-C.
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48.0 � 10�6, 24.8 � 10�6 and 6.38 � 10�6 lS cm�1 respectively for
the Fe3O4/PPy/Pt-A, Fe3O4/PPy/Pt-B, and Fe3O4/Pt-C. Fig. 5(d)
shows the dependence of conductivity on average Pt particle size.
The results confirm the conductive properties of PPy/Pt layer were
effectively improved by enlarging the area of Pt/PPy interface and
strengthening the interfacial interaction to motivating the interfa-
cial electron transfer. The LSV results also show that the electrons
transferred with higher efficiency when they were in the PPy layer
decorated with smaller Pt NPs (Fig. 5 (b)). When increasing applied
potential, the cathodic currents grew at different rates, which
could be ranked as Fe3O4/PPy/Pt-A > Fe3O4/PPy/Pt-B > Fe3O4/PPy/
Pt-C. The LSV test also reveals that electron transportation was
accelerated in the PPy/Pt shell which has a larger area and stronger
interfacial binding of the Pt/PPy interface. By regulating the state of
Pt NPs, it is simple and effective to tune the conductive property of
the PPy/Pt layer.

The core-shell structure makes it convenient to investigate the
PPy/Pt layer’s shielding effect on the magnetic response of Fe3O4

core to external magnetic fields. As shown in Fig. 5(c), the three
ternary samples all exhibit tiny remnant magnetization and coer-
civity. Due to their super-paramagnetic performance, the samples
could be magnetized to their saturation magnetization value
(Ms) rapidly under a low magnetic field. The saturation magnetiza-
tion (Ms) was 44.8, 47.2 and 54 emu g�1 for the Fe3O4/PPy/Pt-A,
Fe3O4/PPy/Pt-B, and Fe3O4/PPy/Pt-C, respectively (Fig. 5(c) and
(d)). The results indicated that the Ms values of specimens are clo-
sely related to the size of Pt NPs and their distribution in PPy layer.
The dependence of Ms value on average Pt particle size was shown
in Fig. 5(d), which shows that the Ms value decreased by 20.6%
when the average size of Pt NPs decreased from 6.1 to 2.1 nm. It
is known that the electron-magnetic shielding effects on materials
are intrinsically dependent on their conductivity, magnetic perme-
ability and structural stability. Owing to modified conductive capa-
bility and strengthened structural stability, magnetic shielding
efficiency of the PPy/Pt network could therefore be regulated to
endow the PPy/Pt/Fe3O4 nano-architecture with different respon-
sive sensitivities to external magnetic fields.
Conclusions

In summary, a core-shell nano-architecture Fe3O4/PPy/Pt was
delicately designed by assembling the Fe3O4 microspheres, Pt
NPs, and conductive PPy polymer together. The Fe3O4 micro-
spheres were used as core to provide the nano-architecture with
special magnetic property. The PPy/Pt shell exhibited magnetic
shielding effect on the Fe3O4 microspheres core, and such magnetic
shielding effect depended on the Pt NPs’ size and their distribution
inside the PPy. Modifying the distribution and reducing the size of
Pt NPs could result in larger area of PPy/Pt interfaces, facilitate
electron transfer inside the PPy/Pt shell, and providing the shell
with reinforced structural stability. Structural variation of the
PPy/Pt shell endowed themselves with different electron transfer
ability and structural stability. The shell shielded the magnetic
behavior of Fe3O4 microspheres core to different degrees because
their magnetic shielding effect depends intrinsically on their elec-
tron transfer ability and structural stability. Thus, it is convenient
and effective to tune the magnetic response of the Fe3O4/PPy/Pt
nano-architecture just by regulating the structure of PPy/Pt shell.
Saturation magnetization of Fe3O4/PPy/Pt could be reduced by
20.5% just by regulating the Pt NPs inside the PPy matrix.
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