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A novel Prussian blue (PB)-Fe;0,4 composite has been prepared for the first time by
self-template method using PB as the precursor. According to this method, Fe;O4
nanoparticles distributed uniformly on the surface of PB cube. The feed ratio of
sodium acetate to PB has been proved to be a key factor for magnetic properties
and electro-catalysis properties of the composite. Under the experimental
conditions, the saturation magnetization value (Ms) of PB-Fe;04—2 composite was
22 emug™', while the Ms value of other samples reduced. The composites also
showed a good peroxidase-like activity for the oxidation of substrate 3,3,5,5-
tetramethylbenzidine (TMB) in the presence of H,O,. The catalytic reduction of
hydrogen peroxide capacity was PB-Fe;O0,~1> PB-Fe;0,—2> PB-Fe;0,—3> PB-

Fe;0,4-0, which confirmed the Fe(II) centres in PB surface and Fe;O4 nanoparticles

Chemistry Science and Engineering, Tianjin
University, Tianjin, P.R. China.

Email: wusonghaitjuedu@163.com KEYWORDS
Funding information

National Natural Science Foundation of
China, Grant/Award Number: 41373114,
Program of Introducing Talents of Discipline
to Universities, Grant/Award Number:
B06006

1 | INTRODUCTION

Prussian blue (PB) is a class of cyano-bridge coordination
polymers with the formula of FeIH4[FeH(CN)6]3. It can pro-
vide Fe(Ill) and Fe(Il) as catalytic active sites, and plays a
vital role in the applications of catalysis, sensors and drug
delivery which has attracted more attention of many
researchers.!! Besides, it was also reported that Fe;O,
nanoparticles exhibited peroxidase-like activity. But the
applications of pure magnetic Fe;O, were limited owing to
agglomeration of the small particles for their large ratio of
surface area to volume which leaded to a sharp decrease in
catalytic activity.™!

Inspired by these unique properties, PB and Fe;0, com-
posites have been prepared by methods previously studied,

had synergistic effect on catalytic reduction of hydrogen peroxide.

composite materials, H,O,, magnetic Prussian blue, nanoparticles, self-template

such as hydrothermal synthesis[z] and layer-by-layer pro-
cesses.”! But, these processes were always complicated. In
addition, composites with different structures have been
reported such as core@shell structured Fe;O,@PB by
layer-by-layer method."*! And PB-Fe;0, nanoparticles by
one-pot hydrothermal route using ferric (III) chloride and
potassium ferricyanide as precursors.”) However, the
morphology of the composite was irregular. In this paper, a
new synthetic method was used to synthesize Fe;O4 nanopar-
ticles modified PB cube (simplified as PB-Fe;O, composite),
the Fe;O4 nanoparticles with average particle sizes of 100 nm
were distributed uniformly on the surface of PB cube. In gen-
eral, Fe** and Fe?" centers were contained at the nodes of
PB."! and the presence of Fe’* and Fe** provides the condi-
tions for the synthesis of FC3O4.[6] Given that PB could
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provide Fe** and Fe*™, magnetic PB-Fe;0, composite would
be fabricated by self-template synthesis strategy. To the best
of our knowledge, however, preparation of new structure
PB-Fe;O4 composite by using PB through the self-template
method has not been reported so far.

Herein, a self-template method that PB was used not only
as the template but also as iron source for the formation of
Fe;0, to synthesize a novel composite material, which con-
sists of micron-sized PB cube and nano-scale Fe;O,4 spherical
particles. Moreover, magnetic and electrochemical properties
were investigated. Besides, the composites were applied in a
promising catalyst for the reduction of hydrogen peroxide.

2 | EXPERIMENTS

PB cube was prepared following the procedure described ear-
lier.." In a typical experiment, 0.11 g K4Fe(CN)q-3H,0 was
dissolved in 50 ml of 0.1 M HCI solution under magnetic stir-
ring. After a clear solution was obtained, the beaker was
placed into an electric oven and heated at 80°C for 24 h. Blue
products were collected by centrifugation and washed several
times with distilled water and ethanol until the supernatant
was clean, finally dried at 60°C for 12 hours.

Magnetic PB-Fe;0, composite was fabricated as follows.
Firstly, 0.01 g PB was dispersed in 20 ml ethylene glycol
under ultrasonic condition. Afterward, sodium acetate
(NaAc) was added into the homogeneous solution with
vigorous stirring for 30 min and then sealed in a Teflon-lined
stainless-steel autoclave (50 ml capacity). The autoclave was
heated at 200°C for 10 hours, and then cooled to room tem-
perature. The final product was washed with distilled water
and ethanol for several times. Moreover, by adjusting the
concentration ratio of NaAc to PB on 0, 400, 700, 1000,
the obtained products were then marked as PB-Fe;0,4-0,
PB-Fe;04-1, PB-Fe;0,-2, PB-Fe;04-3, respectively.

The morphology of composites was recorded on a field
emission scanning electron microscope (FE-SEM, JEOL
JSM-6700F). Phase analysis was characterized by X-ray dif-
fraction (XRD, Rigaku D/max 2200/PC). The magnetic
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measurements were performed by a Quantum Design
MPMS-XL SQUID magnetometer. Cyclic voltammetry and
chronoamperometry were conducted with electrochemical
workstation (CV, Shanghai Chenhua Co., Ltd., Shanghai,
China CHI821C).

To study the catalytic properties of the composite, the
catalytic activity experiments were carried out by a method
reported by Qin er al.'® In a typical process, 2 mg PB-Fe;0,
composite was dissolved in 10 ml sodium citrate buffer solu-
tion (50 mM, pH 4.0) followed by adding 1 ml H,O,
(100 mM) and 1 ml TMB (8 mM). Then the reaction was
recorded by a UV-vis spectrophotometer (UV-6300,
Mapada) at 652 nm. Besides, PB-Fe;O, samples were
immobilized onto the surface of platinum electrode in the
presence of 0.4 mM H,O, in pH 6.0 Phosphate buffer solu-
tions (PBS, 0.1 mM)®! to study the influence of different
PB-Fe;0, samples on the electrochemical behavior.

3 | RESULTS AND DISCUSSION

The magnetic PB-Fe;0,4 composite was prepared through a
self-template method shown in Figure 1. Here, PB cube
was obtained from iron ions and cyanide ions, and then the
PB functioned as both a solid support and iron source for
the Fe;O4 growth. Under the action of NaAc and ethylene
glycol, the Fe**-CN-Fe* bond in the PB surface was broken,
and Fe;0, was generated through self-template method.!'"!
The crystal structure of the PB-Fe;0, composites were
studied by XRD in Figure 2. Three diffraction peaks around
17, 24°and 35°were assigned to PB,which could be assigned
to the (200), (220) and (400) planes of PB cube.!”! The peak
type of PB-Fe;04—0 composite and PB was completely con-
sistent indicating that PB had no change on the surface and
that Fe;O,4 nanoparticles were not obtained under the condi-
tions of NaAc and ethylene glycol. After Fe;0,4 nanoparticles
were coated on PB surface, three new diffraction peaks were
observed at 31, 36, and 63°, which further confirmed the
existence of Fe;O4 nanoparticles in the composite.[“] Com-
pared to PB-Fe;04—1and PB-Fe;04-3, the diffraction peaks
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FIGURE 1 Schematic representation of the development process of PB-Fe;04 composite
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FIGURE 2 XRD patterns of magnetic PB-Fe;0, composites

corresponding to Fe;O, nanoparticles of PB-Fe;04-2
became stronger, indicating it had the best crystal structure
of Fe;0,4 nanoparticles.

The morphology and distribution of Fe;0,4 nanoparticles
of the synthetic composite were demonstrated by SEM. As
clearly observed from the Figure 3a, bare PB is a smooth sur-
face cube with a size of 2 um. Figure 3b showed the material
surface morphology of PB-Fe;0,—0 was still relatively
smooth without spherical particles, which confirmed that
PB-Fe;0,4-0 composite was PB. NaAc may play a decisive
role in the synthesis of composite materials. In order to
explore this problem, a series of control experiments were
carried out. First, the same acetate concentration of KAc
instead of NaAc was used for the experiment. Then, the
NaOH and Na,COj solution with the same pH as the NaAc
solution was prepared respectively. The experimental results
showed that the KAc and NaOH trial did not precipitate.
Although the Na,CO;5 test was precipitated, it was not a
PB-Fe;0,4 composite (Figure 3c).

Under the action of NaAc, the Fe*-CN-Fe>* bond in the
PB surface was broken, subsequently, Fe;O,4 spherical parti-
cles was generated by self-assembly and the surface of the
cube became rough. Furthermore, the concentration of NaAc
for the formation of composite also had a significant impact.
Herein, the uniform distribution and quantity of Fe;O, can be
tuned by changing the ratio of NaAc to PB. When the ratio
of NaAc to PB increased from 400 to 700 as shown in
Figure 2d-e, the number of spherical particles increased
significantly, and their dispersion was more uniform. A
possible explanation for this phenomenon was high concen-
tration of NaAc resulting in more vacant Fe’*, which
provided more opportunities to generate Fe;O4 nanoparti-
cles. However, when the NaAc concentration increased to
1000, Fe;O, nanoparticles easily aggregated into blocks,
and the dispersibility was greatly reduced (Figure 3f).
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FIGURE 3 SEM images of (a) PB, (b) magnetic PB-Fe;04-0
composite, (c) compositeprepared with Na,COj instead of NaAc;
SEM images of magnetic PB-Fe;0,4—1 (d), PB-Fe;04-2 (e), PB-Fe;04—
3
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Figure 4 showed the magnetic properties of the magnetic
PB-Fe;0,4 composites with the different concentration ratio
of NaAc to PB examined on a VSM. The saturation
magnetization value (Ms) of the bare PB was almost zero.
And, the Ms of PB-Fe;04—1 and PB-Fe;04—3 were roughly
10 emug™' under an applied magnetic field of
5.0 x 10° Oe. However, PB-Fe;0,-2 composite had the
maximum Ms (22 emug_l) due to the Fe;0,4 nanoparticles
with good crystalline performance under this condition which
can also be confirmed by the XRD (Figure 2). It was
noteworthy that NaAc affected the formation of Fe;O,4 and
thus the magnetic properties of the materials.

Electrochemical behaviors of PB-Fe;O4-modified elec-
trode showed that three samples showed a reduction peak
near 0.28 V (Figure 5), it revealed that these samples had
the ability to catalyze the hydrogen peroxide and had a con-
sistent reaction mechanism. Also, it can be seen that these
three samples with the potential negative shift, the current
potential was getting smaller and smaller, indicating that
the catalytic reduction of hydrogen peroxide capacity is
PB-Fe;04~1> PB-Fe;04—2> PB-Fe;04-3. It should be
noted that the separate PB-Fe;O4,—0 sample was not
participated in cyclic voltammogram testing because PB
have two typical pairs of redox waves showing the oxidation
of Prussian Blue to Prussian Green as well as the reduction
to Prussian White.!*!

Furthermore, the catalytic activity of the composite was
demonstrated by catalytic oxidation of the chromogenic sub-
strate TMB which can be oxidized to a blue reaction product
with maximum absorbance at 652 nm in the presence of
H,0, 13 Figure 6 presented the time course curves of the dif-
ferent reaction systems catalyzed by PB-Fe;0,4 samples and
Fe;0,4 within 120 minutes. It showed different catalytic activ-
ity towards TMB which was consistent with the previous
conclusion.
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FIGURE 4 Magnetization curves of PB-Fe;0,4-0, PB-Fe;0,4-1, PB-
Fe;304-2, and PB-Fe;0,4-3 samples measured at 300 K(B)
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FIGURE 5 Cyclic voltammograms of PB-Fe;0,~1, PB-Fe;0,4-2,
PB-Fe;0,4-3 composites electrode in the presence of 0.4 mmol/l H,O,
in pH 6.0 PBS, scan rate 100 mV/s
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FIGURE 6 The absorbance—time course curves of PB-Fe;0,4 samples
and control group

From the above experimental results can be known, in the
synthesis of PB-Fe;O4 composites, the most important
mechanism was that NaAc disrupted the Fe**-CN-Fe** bond
in the PB surface, resulting in PB surface defected, making
more Fe(Il) sites exposed, which promoted the catalytic
reaction. When the concentration of NaAc increased, the
surface of PB was destroyed more seriously, the more Fe(Il)
sites were exposed, the better the catalytic activity was. The
PB-Fe;04—1, compared to the PB-Fe;O4—2, the exposed
Fe(Il) sites increased. From the experimental results of
catalytic performance (Figure 5), the catalytic activity of
PB-Fe;0,4—1 was stronger than that of PB-Fe;04-2, which
showed that the Fe(Il) sites in PB were contributed to the
catalytic reaction.

But compared with PB-Fe;O4~1 composite, the
catalytic activity of PB-Fe;04,~0 sample was significantly
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reduced. Figure 2(b, d) showed that the Fe;0, nanoparti-
cles in PB-Fe;O4—1 were more than PB-Fe;04-0, indicat-
ing that Fe;O, nanoparticles themselves also played an
important role. So, in PB-Fe;O, composite, the Fe(Il)
centres of PB were responsible for catalytic reduction of
hydrogen peroxide. Simultaneously, Fe;O, nanoparticles
themselves but not the Fe(Il) ions were contributed to the
catalytic reduction of hydrogen peroxide.!'¥

4 | CONCLUSIONS

In summary, magnetic PB-Fe;0,4 composite was successfully
synthesized by a facile method on the basis of self-template.
PB not only served as the template but also provided iron
source for the formation of Fe;0,. The magnetic property of
the composite can be tuned by the concentration of NaAc,
and when the ratio was 700, it was the highest. In addition,
PB-Fe;0,4 composites exhibited good performance in electro-
catalysis of hydrogen peroxide. Obviously, the PB-Fe;O4
composites film could be used as a promising platform for
the development of biosensors related to hydrogen peroxide.
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