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Abstract:

In this article, a new method was applied to synthesize magnetically responsive
Fe;O4@polyaniline (PANI) @Au nanocomposites via a three-step process. The core/shell
Fe;04@PANI was prepared in situ surface polymerization method with the assistance of
sodium dodecyl sulfonate (SDS). By means of electrostatic attraction, as-prepared Au
nanoparticles were adsorbed on Fe;O4@PANI core/shell composites to fabricate
Fe;04@PANI@Au composites, which were characterized by transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), energy-dispersive X-ray (EDX), X-ray
photoelectron spectroscopy (XPS), and vibrating sample magnetometer (VSM). The catalytic
activity of the Fe;O4@PANI@Au composites was evaluated by monitoring the reduction
reaction of Congo red. Fe;O4@PANI@Au composite catalyst exhibited the excellent catalytic
performance under low or high concentration of dye solution. The influences of electrolytes
and surfactants on the catalytic reduction rate were studied. Significantly, Fe;O4@PANI@Au
composite catalyst showed excellent catalytic performance, good stability and facile recovery
by an external magnet.

Keywords: Magnetic composites, Fe;O4, PANI, Au nanoparticles, Dye catalytic reduction

* Corresponding Authors Tel.: +86 514 87975436, Fax: +86 514 87975244,
E-mail address: gwdiao@yzu.edu.cn (G. Daio)



New Journal of Chemistry

Introduction

Azo dyes are synthetic organic compounds widely used in textiles, leathers, paper mill, food
colorants, printing and cosmetic industries to color products. Owing to complex structure,
high toxicity, long durability, poor degradability, and great solubility in water, azo dyes are
considered as an important pollutant in environment. The decolorization of dye effluent has
become a focus of people's attention. Dye effluent is usually treated by conventional methods

such as adsorption,' > coagulation,® electrochemical oxidation,” photo-catalytic degradation,’

etc. In addition, reduction degradation is an effectively pathway including chemical
reduction,” electroreduction ® and bioreduction.”'® Because of the current efficiency of the
electroreduction, the electroreduction cannot deal with huge volume and low concentration
dye wastewater. Biodegradation of azo dyes is a comparatively slow procedure, which
requires some redox mediators to speed up reaction rate.”'® Compared with electroreduction
and bioreduction, chemical reduction may dispose huge volume and various concentration
dye wastewater, which may become a new type of dye wastewater treatment method.
Recently, metal nanoparticles have become one of the hot topics with great popular interest
originating in their unique optical,'' electronic,'” and catalytic properties.''* In catalysis
application, high catalytic activity of metal particles stems from large specific surface area
and special crystalline structures. However, in many cases, the application of metallic
nanostructures would encounter two major difficulties: one is the aggregation of metal
nanoparticles in catalytic reaction, and the other is the separation and recovery of the catalysts
in the reaction mixture. To overcome above difficulties, the immobilization of noble metal

nanoparticles on a solid support has been regarded as one of the most efficient way."”

15,16

These supports with high surface area and well mechanism stability, such as silica, carbon

17-19 20-23

materials, metal oxides and polymers,”* are applied to immobilize nanoparticles.
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The strategy would efficiently avoid the aggregation of metal nanoparticles and facilely
separate catalysts from reaction system.

The application of magnetic materials as supports is a strategy to unlock above knots.
Magnetic materials not only efficiently prevent the aggregation of nanoparticles, but also

conveniently render the separation and recovery of nanoparticles from the reaction solution
using an external magnet.”> *® However, magnetic particles is not stability in acidic medium

and may interact with catalysts or substrates, so the synthesis of composite supports with a
core-shell structure has been developed to prevent magnetic particles from being corroded in
acidic, base medium or reagent. Up to date, the protective shells include carbon,29 silica,3 031
and TiO,.**** In our previous work, Fe;0,@C core@shell nanocomposites were prepared and

used to support Pd and Ag nanoparticles.**

Safavi and Momeni synthesized
palladium/hydroxyapatite/Fe;Os (Pd/HAP/Fe;O,4) nanocatalyst and evaluated its catalytic
activity towards the degradation of azo dyes.’® Pd/HAP/Fe;0, was employed as a novel
catalyst that offers high catalytic activity, convenient magnetic separation and good stability.
Except for inorganic materials, polymer shells on the magnetite cores not only protect the
magnetite cores from damaging circumstances, but also improve the stability, water solubility
and biocompatibility of the magnetic particles.”’” Among polymer shell, polyaniline (PANI)
has received extensive attention due to its unique electromagnetic property. Nowadays,
Fe;04@PANI nanocomposite has become an important composite for applications in

display devices, electromagnetic shielding, and microwave absorption material.”® ~ !

Fe;04@PANI nanocomposites have been synthesized by several methods.*** However, the
study of catalytic performance of the Fe;O4@polymer@metal nanoaprticles three-component
composites is rare and the effects of electrolytes and surfactants on the catalytic properties
have little attention.

In this article, core/shell Fe;O4@ polyaniline (PANI) were synthesized in situ surface
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polymerization method with the assistance of sodium dodecyl sulfonate (SDS). On the basis
of electrostatic attraction, gold nanoparticles were adsorbed on Fe;O4@PANI composites to
fabricate Fe;O4@PANI@Au composites. Then, the decolorization reaction of Congo red in
the present of NaBH, is chosen as a model reaction to evaluate the catalytic performance of
the as-prepared Fe;O4@PANI@Au composites. Additionally, the effects of electrolytes and
surfactants on the catalytic properties were studied, which may be conducive to understand

the mechanism of the heterogeneous catalysis.

Experimental Section

Materials

Hexadecyltrimethylammonium bromide (CTAB, 99+%), sodium dodecylsulfate (SDS,
99+%) and Triton X-100 were purchased from Aldrich. Other chemical reagents (analytical
reagent grade) were purchased from Sinopharm Co. and used as commercial. Double distilled

and sterilized water was used to prepare all solution.

Characterization

The morphology and size of specimens were characterized by transmission electron
microscopy (TEM) by a Philips Tecnai-12 TEM using an accelerating voltage of 120 kV.
High-resolution TEM (HRTEM) was performed on a FEI Tecnai G2 F30 S-TWIN (USA)
operating at 200 kV. The X-ray powder diffraction (XRD) was performed on a D§ Advance
X-ray diffractometer (Brucker, Germany) operated at a voltage of 40 kV and a current of 40
mA with Cu Ka radiation. The Energy-dispersive X-ray (EDX) analysis was performed on a
KEVEX X-ray energy detector. The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a Thermo Escalab 250 system using Al Ka radiation (hv= 1486.6 ¢V). The

test chamber pressure was maintained below 2x10™° Torr during spectral acquisition. The
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magnetic measurement were carried out on a vibrating sample magnetometer (VSM, EV7,
ADE, USA) with an applied field between -8000 and 8000 Oe at room temperature. FTIR
spectra for the different samples were recorded on a Bruker TENSOR 27 FTIR spectrometer
operated at a resolution of 4 cm™'. The Au loading amount was determined by inductively
couple plasma mass spectrometry (ICP-MS, Elan DRC-e, PerkinElmer Com.). The UV-vis

spectra were taken by a Shimazu UV-2501 double-beam spectra photometer.

Synthesis of Fe;O4@PANI@Au Nanocomposites

As illustrated in Fig. 1, the overall procedure for the preparation of the Fe;O4@PANI@Au
catalyst includes three steps. Firstly, Fe;04 microspheres were prepared via a solvothermal
method referred to our previous report.** Secondly, we used a new strategy to prepare
Fe3;04-PANI core/shell structure. A thin PANI layer was coated on the surface of the
pre-synthesized Fe;O4 microspheres to form Fe;O4@PANI composites through in situ
polymerization in the presence of sodium dodecyl sulfonate (SDS, anionic surfactant). SDS
would adsorb on the surface of Fe;O4 microspheres, resulting in negatively charged surface of
Fe3;04 microspheres. Then, the positive charged aniline monomers in acid condition absorbed
on the surface of Fe;O4 microspheres through Coulombic force between —OSO3_ of SDS and
aniline cation. Under initiator, in sifu oxidative polymerization of aniline monomers will react
on the surface of Fe;O4 microspheres. In a typical procedure, as-prepared dried Fe;O4 (0.1 g)
and SDS (5 mg) was suspended in 100 mL distilled water under ultrasonic irradiation and
mechanical stirring. After 2 h, aniline (50 pL) in the presence of concentrated HCI (0.1 mol/L,
10 mL) was added into the mixture at 0 °C (ice-water bath). The solution was mechanical
stirred for 2 h in ice-water bath. Ammonium peroxodisulfate (APS) aqueous solution (0.5 g of
APS in 5 mL of H,O) was added into the above mixture to initiate polymerization reaction

under mechanical agitation. The reaction was carried out 12 h at room temperature. Finally,
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the Fe;O4@PANI composites were separated by an external magnetic field, rinsed
successively with HyO and ethanol three times and dried in vacuum for 12 h at 60 °C.

Thirdly, by virtue of multiple electrostatic interactions,* as-prepared Au nanoparticles were
immobilized on Fe;04@PANI core/shell composites used as a support or carrier to generate
Fe;04@PANI@Au composites. In detail, the Fe;O4@PANI composites (0.1 g/mL, 2 mL)
were sonicated at room temperature for 0.5 h. Then, a colloid solution of Au nanoparticles (an
average diameter 5 nm) was prepared according to the literature reported by Grabar.*®
Subsequently, the solution of Fe;O4@PANI composites was added to the freshly prepared Au
solution (100 mL) under sonication at room temperature for 20 min. Gold nanoparticles were
electrostatically anchored onto the surface of the Fe;O4@PANI composites; thereby, the
resultant Fe;04@PANI@Au composites were separated from the solution using an external
magnetic field. The products were washed successively with H,O and ethanol three times and

dried under vacuum at 60 °C.

Catalytic property of Fe;O4@PANI@Au Nanocomposites

Fe;04@PANI@Au catalysts (10 mg) were added into Congo red aqueous solution (20 mL,
6.0x10”° mol/L). Then, fresh NaBH, solution (1.5 mL, 0.1 mol/L) was mixed with above
solution. Under continuous stirring, the reaction was carried out at 25 °C. The process of the
decolorization reaction was recorded by a UV-vis absorption spectrophotometer. When the
reaction was completed, the catalysts were facilely separated from solution via an external

magnet.

Results and discussion

Characterization of Fe;O4@PANI@Au catalyst

The overall procedure for the preparation of the Fe;O4@PANI@Au catalyst contains three
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steps. The Fe;O4 core was prepared via a solvothermal method. Then, PANI shell was coated
on the surface of Fe;O4to form Fe;O4@PANI composites through in situ polymerization with
the assistance of SDS. Lastly, as-prepared Au nanoparticles were adsorbed on PANI shell to
form Fe;O4@PANI@Au composites by virtue of electrostatic interactions. The morphologies
of specimens at different step were firstly characterized by TEM. TEM image in Fig. 2a
shows the Fe;O4 microspheres with average diameters of 300 nm. In Fig. 2b, it is obvious that
PANI coated Fe;O4 microspheres are perfectly spherical in shape with smooth surfaces and
well-defined core@shell structures. The core@shell Fe;O4@PANI composites are uniform
with a diameter of ~ 350 nm, and the shell layer of PANI is ~ 25 nm in thickness. When the
Fe;04@PANI nanocomposites are introduced into the Au colloid solution, Fe;O4@PANI@Au
composite microspheres are formed by virtue of multiple electrostatic interactions. The
corresponding TEM images are shown in Fig. 2¢. For better understanding of the size and
dispersion of Au nanoparticles on the shell of PANI, high-resolution transmission electron
microscopy (HRTEM) was recorded. In Fig, 2d, it is clear that the thickness of PANI shell is
about 25 nm and Au nanoparticles are homogeneously embedded in the shell layer of PANI
without forming large aggregation. No individual nanoparticles are observed in the residual
solution. In Fig. 2e, the average diameter of Au nanoparticles is about 5 nm. The lattice
resolved HRTEM image of Au nanoparticle is shown in Fig. 2f. Inter planar spacing of 2.34
nm corresponds well with Au (111) plane. Furthermore, Fe;O4@PANI@Au composites have
no disintegration even after an ultrasound for 0.5 h, which indicates these hybrid composites
have the stable structures.

Fig. 3 showed the XRD patterns of the Fe;04 microspheres, Fe;04@PANI composites and
Fe;04@PANI@Au composites. In Fig. 3a, all of peaks are attributed to the orthorhombic
phase of Fe;04. After coating PANI shell, the peaks have no obvious changes compared with

Fe;04 microspheres (Fig. 3b). In Fig. 3c, the typical XRD pattern of Fe;O4@PANI@Au
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nanocomposites has no the characteristic peaks of Au nanoparticles. Because the amount of
Au nanoparticles loaded onto thin PANI layer is smaller than that of Fe;O,, the intensity of
diffraction peaks of Fe;Os in Fe;O4@PANI@Au is much stronger than that of Au
nanoparticles, resulting into the absence of Au diffraction peaks in Fe;O04@PANI@Au
nanocomposites.

To confirm Au nanoparticles anchoring on the surface of Fe;O4@PANI, EDX and XPS
were used to characterize Fe;O4@PANI@Au nanocomposites. The EDX result in Fig. 4A
shows that the main elemental compositions of the nanocomposites are C, N, O, Fe and Au.
The result indicates that Au nanoparticles are well-absorbed onto the Fe;O4@PANI
composites to generate the Fe;O4@PANI@Au nanocomposites. The atom ratios Au:Fe of in
Fe;04@PANI@Au nanocomposites is determined to be 1:42 by EDX. The corresponding
weight fraction of Au nanoparticles in nanocomposites is 4.0 %, which is close to the value
(3.8%) determined by ICP-MS. To further demonstrate the composition of the shell, XPS was
employed to analyze Fe;O4@PANI@Au nanocomposites. It is clear that the four elements of
C, O, N, and Au exist in the surface. Obviously, the signals of Au are much stronger than
other elements (C, O and N) in Fig. 4B. This phenomenon results from the dense cover of Au
nanoparticles on the shell PANI layer. XPS result is consistent with TEM observation.
However, the binding energy at 712.3 eV and 726.2 eV for Fe 2p3/2 and Fe 2p1/2 cannot be
detected,’ which indicates that Fe;0y cores are wrapped in shells of PANI@Au. In addition,
the binding energy at 695.6 eV for F 1s may come from the teflon reactor. Therefore, on the
basis of the results of XRD, EDX and XPS, Fe;04@PANI@Au nanocomposites have been
successfully prepared.

Fig. 5A shows the FTIR spectra of (a) Fe;04 microspheres, (b) core@shell Fe;O4@PANI
composites, and (c) Fe;O4@PANI@Au composites. In curve a, the strong absorption peak at

576 cm™ corresponds to the Fe—O vibrations. The characteristic peaks at approximately 1596,
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1496, 1316, 1149, and 831 cm™ in curve b are similar to that of the pure PANI sample,
confirming that the PANI shell is successfully coated on the surface of Fe;O4 microspheres. In
curve c, the typical FTIR spectrum of Fe;O4@PANI@Au is similar to the spectrum of
Fe;04@PANI composites.

The magnetic properties of Fe;04 microspheres, core@shell Fe;O4@PANI composites, and
Fe;04@PANI@Au catalysts were investigated by VSM at room temperature and shown in
Fig. 5B. All of samples exhibit ferromagnetic behavior at room temperature. The saturated
magnetization (Ms) values of Fe;Ou, Fe;04@PANI, and Fe;O4@PANI@Au are 77.1, 58.6 and
39.2 emu/g, respectively. The hysteresis loop of the as-prepared Fe;O4 microspheres is similar
to our previous report.* After PANI shell packing FesO4 (curve b), the saturated
magnetization of core@shell Fe;O4@PANI composite decreases because of the shield of
PANI layer. It is noted that the saturated magnetization of Fe;O4@PANI@Au composites
decreases considerably with the immobilization of Au nanoparticles on the support of
Fe;04@PANI (curve c). However, it is fortunate that the magnetism of Fe;O4@PANI@Au
composites is still strong enough to be separated easily from solution with the assistance of an

external magnetic field.

Catalytic Properties of Fe;O4@PANI@Au catalyst

To evaluate the catalytic property of the as-prepared Fe;O4s@PANI@Au catalyst, the
decolorization reaction of Congo red in the present of NaBH, is chosen as a model reaction.
In the control experiment, the color of Congo red solution with large excess of NaBH4
remained unchanged for 2 h, which indicated that the reduction reaction rate was extremely
slow without the assistance of catalyst. However, when Fe;O4@PANI@Au catalyst was added
in above reaction system, the color of Congo red disappeared within 3 minutes, demonstrating

the catalytic property of Fe;O4@PANI@Au for the fast reduction of Congo red.
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Effect of the Concentration of NaBH,4 on Catalytic Properties

The concentration of NaBH,4 has a profound impact on the catalytic reduction rate of Congo
red. Fig. 6 shows the UV-vis spectra of Congo red with different concentration of NaBH, in
the presence of Fe;O4@PANI@Au catalyst at 25 °C. The catalytic reduction rate of Congo red
increased with the increase concentration of NaBH4. When the concentration of NaBH,4 was
5x10” mol/L, the whole decolorization process required 53 min. However, the solution
changed to colorless within 6 min in 9x10~ mol/L NaBH4 solution. The pseudo first-order
kinetic equation is applied to fit the data obtained from Fig. 6C. The linear relation between
In(cy/cy) and reaction time is displayed in Fig. 6D, from which the reaction rate constant is
calculated to be 0.80 min™ at 25 °C. To monitor the decline of absorbance of Congo red with
time, follow-up studies adopted a moderate reaction system. The concentration of NaBH4 was
7x10~ mol/L (1.5 mL, 0.1 mol/L NaBH, added into reaction system). Compared with other
supported Au nanoparties in the reported literatures, the Fe304@PANI@Au composite
displayed the good catalyst performance. Wu’s group reported that Au@polypyrrole/Fe;O4
hollow capsules catalyzed reduction of methylene blue with the rate constant (k&= 0.266
min ").*" Au-loaded Fe;0,@C composite microspheres were used to catalyze reduction of
methylene blue. The largest rate constant was 0.331 min'.**

When the initial concentration of Congo red increased 10 times, the catalytic performance
of Fe;04@PANI@Au composite was studied. Fig. 7A shows the UV-vis spectra of high
concentration of Congo red with the reduction of NaBH; in the presence of
Fe;04@PANI@Au catalyst at 25 °C. Before UV-vis spectra test, the solutions were diluted 10
times. Under the experiment condition, the solution changed to colorless within 20 min. From
Fig. 7B, the reaction rate constant is calculated to be 0.18 min™ at 25 °C, which indicates that

Fe;04@PANI@Au catalyst still exhibits the excellent catalytic performance even under the

10
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high concentration of dye.

Influence of Electrolytes on Catalytic Properties of Fe;O4@PANI@Au

The catalytic properties of catalysts are frequently influenced by external circumstances,
such as electrolytes and surfactants, so we researched the impacts of electrolytes and
surfactants on Fe;O4@PANI@Au catalysts. Fig. 8A shows the change of absorbance with the
reaction time in the addition of different salts. It is clear that the catalytic properties of
Fe;04@PANI@Au depended largely on the natural instincts of these electrolytes. In Fig. 8A,
sodium nitrate and sodium sulfate increased the catalyzed reduction of the dyes. However, the
catalytic reduction rate was decreased in Na;PO, solution. Generally speaking, electrolytes
have two aspects of influence on the catalytic properties of catalysts. In a good way of course,
electrolytes might facilitate the charges migration. The rapidity of charges migration will be
conducive to the increase of the catalytic rate. In the adverse side, electrolytes might adsorb
onto the surface of catalysts and block active sites, resulting in catalyst passivation due to
preferential adsorption of the electrolytes.*’ In this case, NaNO; and Na,SO,4 mainly display
the positive effect. The promotion of the charges migration of two salts predominates during
the catalytic reaction. Oppositely, a slow catalytic reaction rate was presented due to the
adsorption of PO4> on Au nanoparticles.”® Niaura et al., confirmed the monodentate surface
coordination of the PO, on gold electrode by surface-enhanced Raman spectroscopy.”
Furthermore, in Fig. 8B, the catalyzed reduction rates of the dyes decrease with an increase in
the electrolyte concentration of NaNQOs, but the catalyzed reduction rates were still larger than
that without addition electrolytes. With the increase of NaNOj; concentration, adsorption of
salt onto the surface of Au nanoparticles turned into the main influence factor gradually and

rendered the decrease of the catalytic reduction rate of dyes.

11
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Influence of Surfactants on Catalytic Properties of Fe;O4@PANI@Au

Since large amounts of surfactants exist in dye wastewater, it is necessary to study the
effects of surfactants on the catalysis reduction of dyes. In this case, three kinds of
representative surfactants were applied to study the effects on the catalyzed reduction.
Compared to the reduction rate without surfactants in the solution, the addition of surfactants
brought about obvious decrease of the reduction rates in Fig. 9. The order of the reduction rate
of the dyes is no surfactant > TX-100 > SDS > CTAB. In general, surfactants tend to adsorb
on the surface of metal nanoparticles and hinder the accessibility to the active sites on metal
nanoparticles for reaction molecules.* The stronger adsorption of surfactants leads to the loss
of catalytic activity of catalysts and the inaccessibility to the active sites on Au nanoparticles
for reaction molecules (BH4). In most cases, the surface of metal nanoparticles is negative
charge, so cationic surfactants more easily adsorb on metal nanoparticles and occupy more
catalytic active centers, resulting in the considerable decrease of reaction rate. Thus, the
reduction rate of Congo red in the presence of CTAB is the smallest in three surfactants.
Furthermore, if surfactants and reaction molecules have the same charge, eclectrostatic
repulsion also affects the accessibility to Au nanopaticles for reacting molecules. In this case,
because BH4", Congo red and SDS take the same charge, electrostatic repulsion would prevent
BH,4 and Congo red from accessing to Au nanoparticles. Therefore, in Fig. 9, the reduction

rate of Congo red in the presence of SDS is smaller than that in TX-100.

Stability and recycling of the catalyst

The renewable catalytic activity, another important parameter for the recyclable catalyst,
was also researched in this paper. The advantage of magnetic catalysts is the convenient
separation and recovery from the reaction solution using an external magnet (as shown in Fig.

10A). When the reaction was completed, the catalysts were facilely separated out by using a

12
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magnet. Then, the catalysts were rinsed with H,O and ethanol three times and dried for the
next cycle of catalysis. As shown in Fig. 10B, the decolorization (%) of reduction reaction
almost maintained constant after five cycles, which confirmed that Fe;O4@PANI@Au
composite catalyst displayed excellent catalytic activity and good stability. In order to confirm
the stability of the catalyst, the catalyst after five cycles was analyzed by TEM and ICP-MS.
In inset of Fig. 10A, no discernible change of Au nanoparticles was observed, indicating that
Au nanoparticles supported on Fe;O4@PANI sphere were sufficiently stable and no
aggregation took place after five cycles of the catalysis reaction. After five cycles, the result
of ICP-MS showed determinable Au loss, but the loss amount was trace and about 5 %, which
implied the high affinity between Au nanoparticles and Fe;O4@PANI supports, and the good

performance of the magnetic separation in the present catalytic system.

Conclusions

In this article, Fe;O4@PANI@Au composites exhibiting both excellent magnetic and
catalytic properties were successfully fabricated via a three-step procedure. The catalytic
properties of Fe;O4@PANI@Au composite were investigated by the reduction of Congo red
with NaBH4. Fe;O4@PANI@Au composite catalyst showed the excellent catalytic
performance for various concentration dye wastewater. The catalytic properties of
Fe;04@PANI@Au depended largely on the natural instincts of electrolytes. Surfactants will
render the catalysts passivation, resulting in the decrease the reaction rate. Immobilization of
Au nanoaprticles onto Fe;O4@PANI core/shell composites effectively prevented
nanoparticles from aggregating, thus improving the stability of catalysts and achieving the
facile recovery of the catalysts from the reaction solution. Most importantly, dye catalytic
reduction by magnetic composites may be a potential and effective pathway to decolor huge

volume and various concentration dye wastewater.

13
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Figure captions

Fig. 1 Schematic illustration for the preparation of Fe;O4@PANI@Au.

Fig. 2 TEM images of (a) Fe;O4 nanospheres, (b) Fe;04@PANI, (c) Fe;04@PANI@Au, (d-f)

HRTEM images of Fe;O4@PANI@Au with different magnifications.

Fig. 3 XRD patterns of (a) Fe;04 nanospheres, (b) Fe;04@PANI (¢) Fe;04@PANI@Au.

Fig. 4 (A) EDX spectra of sample Fe;04@PANI@Au. XPS spectra of Fe;O4@PANI@Au: (B)

survey spectrum and (C) high-resolution XPS Au 4f spectrum in Fe;O4@PANI@Au.

Fig. 5 (A) FT-IR spectra and (B) Field-dependent magnetization of (a) Fe;O4 nanospheres, (b)

Fe;04@PANI (c) Fe;0;@PANI@Avu.

Fig. 6 At 25 °C, UV-visible spectra of Congo red catalytically reduced by Fe;O4@PANI@Au
composite in different concentration of NaBH,4 (10° mol/L). (A) 5.0, (B) 7.0, (C) 9.0. (D)
First-order kinetic plot of Congo red reduction catalyzed by Fe;O4@PANI@Au composite.
Data from Fig. 6C. Reaction condition:10 mg catalysts; 20 mL, 6.0x10” mol/L Congo red

solution.

Fig. 7 (A) UV-vis spectra of high concentration of Congo red with the reduction of NaBH,4 in
the presence of Fe;O4@PANI@Au catalyst at 25 °C, the solutions are diluted 10 times before
test. (B) First-order kinetic plot of Congo red reduction catalyzed by Fe;O4@PANI@Au
composite. Data from Fig. 7A. Reaction condition:10 mg catalysts; 20 mL, 6.0x10™ mol/L

Congo red solution; 9.0x10™ mol/L NaBHs.
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Fig. 8 (A) Plot of the absorbance at Ay.x of Congo red versus reaction time in different
electrolytes; (B) Plot of the absorbance at A.x of Congo red versus reaction time in different
concentration of NaNO;. Reaction condition: 25 °C, 10 mg Fe;04@PANI@Au catalysts, 20

mL, 6.0x10™ mol/L Congo red solution, 1.5 mL, 0.1 mol/L. NaBHy.

Fig. 9 Reduction kinetics of Congo red catalyzed by Fe;O4@PANI@Au composite in the
presence of different surfactants (1x10° mol/L). Reaction condition: 25 °C, 10 mg
Fe;0,@PANI@Au catalysts, 20 mL, 6.0x10° mol/L Congo red solution, 1.5 mL, 0.1 mol/L

NaBHa.

Fig 10 (A) Photo images of magnetically separating Fe;O4@PANI@Au composite from the
reaction media after the reaction completion. Inset of Fig. 10A: TEM of Fe;04@PANI@Au
composite after five cycles of the catalysis reaction. (B) Changes in conversion of the
substrates as the cycling continue. Reaction condition: 25 °C, 10 mg Fe;04@PANI@Au

catalysts, 20 mL, 6.0x 10” mol/L Congo red solution, 1.5 mL, 0.1 mol/L NaBHa.
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Fig. 1 Schematic illustration for the preparation of Fe;O4@PANI@Au.
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Fig. 2 TEM images of (a) Fe;04 nanospheres, (b) Fe;04@PANI, (¢) Fe;04@PANI@AU, (d-f)

HRTEM images of Fe;O4@PANI@Au with different magnifications.
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Fig. 3 XRD patterns of (a) Fe;04 nanospheres, (b) Fe;O4@PANI (c¢) Fe;04@PANI@Au.
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Fig. 4 (A) EDX spectra of sample Fe;04@PANI@Au. XPS spectra of Fe;04@PANI@Au: (B)

survey spectrum and (C) high-resolution XPS Au 4f spectrum in Fe;O4@PANI@Au.
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Fig. 5 (A) FT-IR spectra and (B) Field-dependent magnetization of (a) FesO4 nanospheres, (b)

F€304@PANI (C) F6304@PANI@Au
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Fig. 6 At 25 °C, UV-visible spectra of Congo red catalytically reduced by Fe;Os@PANI@Au
composite in different concentration of NaBH,4 (10° mol/L). (A) 5.0, (B) 7.0, (C) 9.0. (D)
First-order kinetic plot of Congo red reduction catalyzed by Fe;O4@PANI@Au composite.

Data from Fig. 6C. Reaction condition:10 mg catalysts; 20 mL, 6.0x10” mol/L Congo red

solution.
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Fig. 7 (A) UV-vis spectra of high concentration of Congo red with the reduction of NaBH, in
the presence of Fe;04@PANI@Au catalyst at 25 °C, the solutions are diluted 10 times before
test. (B) First-order kinetic plot of Congo red reduction catalyzed by Fe;O4@PANI@Au
composite. Data from Fig. 7A. Reaction condition:10 mg catalysts; 20 mL, 6.0x10™* mol/L

Congo red solution; 9.0x 10 mol/L NaBH..
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Fig. 8 (A) Plot of the absorbance at Ay.x of Congo red versus reaction time in different
electrolytes; (B) Plot of the absorbance at A.x of Congo red versus reaction time in different
concentration of NaNO;. Reaction condition: 25 °C, 10 mg Fe;04@PANI@Au catalysts, 20

mL, 6.0x10™ mol/L Congo red solution, 1.5 mL, 0.1 mol/L NaBHa.
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Fig. 9 Reduction kinetics of Congo red catalyzed by Fe;O4@PANI@Au composite in the
presence of different surfactants (1x10” mol/L). Reaction condition: 25 °C, 10 mg
Fe;0,@PANI@Au catalysts, 20 mL, 6.0x10° mol/L Congo red solution, 1.5 mL, 0.1 mol/L

NaBHa.
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Fig 10 (A) Photo images of magnetically separating Fe;O4@PANI@Au composite from the
reaction media after the reaction completion. Inset of Fig. 10A: TEM of Fe;04@PANI@Au
composite after five cycles of the catalysis reaction. (B) Changes in conversion of the
substrates as the cycling continue. Reaction condition: 25 °C, 10 mg Fe;04@PANI@Au

catalysts, 20 mL, 6.0x10” mol/L Congo red solution, 1.5 mL, 0.1 mol/L NaBH,.

25



