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Abstract

In this work, we reported the tailored design of highly efficient Fe;0,~Au magnetic
nanocomposite (MNP) catalysts. Fe;O4 nanocrystals with three different morphologies have
been developed with engineered amounts of urea, and the plausible mechanism has been
proposed. Then by controlling the amount of Au seeds, Fe;0,—Au MNPs with different
morphologies and tunable Au deposition have been realized. Characterizations including x-ray
diffraction (XRD), transmission electron microscopy (TEM), Mdossbauer spectra, and elemental
mapping are implemented to unveil the structural and physical characteristics of the successfully
developed Fe;04,—Au MNPs with different morphologies. The catalytic ability of Fe;04,—Au
MNPs with different morphologies have been compared by applying them to degrading RhB and
4-NP, meanwhile the correlation between the amount of Au seeds and the turnover frequency as
well as the catalytic ability of Fe;O04,—Au MNPs is investigated systematically. We found that the
flower-like Fe;0,—Au MNPs with 20 ml Au seeds added achieved the best degradation
efficiency of 96.7%, and their catalytic ability were almost unchanged after recycling. Out study
sheds the light into the tailored design of highly efficient and recyclable catalysts for RhB and
4-NP.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Water pollution, aggravated by human activities is considered
as one of the toughest issues as it poses a serious threat to
environment and human health [1, 2]. Most notoriously,
numerous organic dyes and nitroaromatic compounds have
been discharged into aquatic environment with the overuse of
industrial dyes, explosives and pesticides, and can potentially
cause allergies, respiratory diseases, mutagenesis, loss of
immunity, cancer, etc [3—-6]. Therefore, the efficient degra-
dation of industrial dyes and nitroaromatic compounds are
urgently needed in recent years.

In the past years, various techniques, such as adsorption,
photocatalysis and electrocatalysis, have been explored to
solve the issue [7]. But they all failed to meet the needs of
practical use, the adsorption technique is limited by the
adsorption capacity of the adsorbents [8]; the photocatalysis
suffers from slow reaction rate [9, 10]; while the electro-
catalysis requires a large amount of energy [11].

Most recently, noble metal nanocrystals have risen as a
promising solution to catalytic degradation because of their
simple design, easy operation and high efficiency [12-14]. In
particular, Au nanoparticles have been widely investigated
due to their tunable optical properties and high catalytic
activities [15]. Nevertheless, Au nanoparticles are prone to
aggregating on account of their high surface energy, which
leads to a decline in their active sites and hence results in their
lower catalytic activities. Though suitable stabilizers could
slightly suppress the aggregation of Au nanocrystals, but with
the stabilizers covering the surface of Au nanocrystals, the
catalytic activity of Au nanocrystals could be inhibited or
even disabled [16-19]. Alternatively, to restrain the aggre-
gation of Au nanoparticles, considerable efforts have been
made in attaching Au nanoparticles onto solid supports, e.g.
carbon, silica and magnetic materials [20]. Among all the
choices, Fe;O04 magnetic nanocrystals received much atten-
tion, considering their high saturation magnetization, rapid
reaction to outside magnetic fields and excellent biological
compatibility. In our previous work, Fe;O,—Au microsphere
nanocomposites were developed as recyclable catalysts for
4-nitrophenol (4-NP), which leaves pending discussions on
improved morphologies of Fe;O,—Au nanocomposites. the
morphology mechanism of relationship between the morph-
ology of Fe;O4—Au nanocomposites and their catalytic per-
formance [21, 22].

In this paper, Fe;O4—Au magnetic nanocomposites
(MNP) with different morphologies have been investigated,
the effect of the urea amount on the morphological properties
of Fe;04 nanocrystals was studied and a possible mechanism
was proposed. By applying these Fe;O;—Au MNP and
NaBH, in catalyzing rhodamine B (RhB) and 4-NP, we
obtained the best morphology for Fe;O4,—Au MNP catalysts
and the most suitable amount of Au seeds for turnover fre-
quency (TOF). We found that when degrading RhB and
4-NP, the flower-like Fe;04—Au MNPs (adding 20 ml Au
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Scheme 1. Schematic diagram of the preparation process of Fe;Oy
nanocrystals with different morphologies.

seeds) could achieve a stable conversion efficiency of 96.7%,
and their catalytic performance was almost unchanged after
magnetic recycling. Our study sheds light into the tailored
design of recyclable highly efficient catalysts for reduction of
RhB and 4-NP at the mass production level.

2. Experimental section

2.1. Synthesis of Fez0, nanocrystals with different
morphologies

4.4 mmol of FeCl;-6H,0, 10.8 mmol of TBAB and urea (15,
90 and 270 mmol) were dissolved into 180 mL of EG by
mechanical stirring respectively. Then transferred the mix-
tures to three-necked flasks and stirred with a magnetic stirrer
for 20 min, respectively. Later the mixtures were refluxed at
190 °C in nitrogen flow for 18 min to remove the oxygen.
During reaction, the mixtures gradually turned from colorless
to yellow—green. The iron alkoxide precursors were obtained
after cooling down to 25 °C naturally. Finally, the Fe30,4
nanocrystals were obtained by calcining the alkoxide pre-
cursors at 500 °C under N, atmosphere using a tube furnace.
With 15, 90 and 270 mmol of urea added, sheet-like, flower-
like and flower ball-like Fe;O,4 nanocrystals were obtained
respectively. The preparation process of Fe;O4 nanocrystals
with different morphologies is shown in Scheme 1.

2.2. Synthesis of Au seeds

1 mL of 29 mM gold (IIT) chloride hydrate was placed into
90 mL of deionized water with vigorous stirring, followed by
6 mL of 1% NazCgHs07-2H,0. After 1 min, 3 mL of 0.075%
NaBH, was injected to the above mixture. After vigorous
stirring for 15 h, Au seeds could be obtained.
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Scheme 2. Schematic illustration of catalytic reduction by Fe;O,—Au MNPs.

2.3. Synthesis of Fe30,~Au MNPs

There were two steps to fabricate Fe;04—Au MNPs: preparing
Fe;0,@PEI-DTC and depositing Au seeds on the surfaces of
Fe;0,@PEI-DTC.  Fe;O4@PEI-DTC  with  different
morphologies were prepared by the same method in our
previous work and dispersed in 5SmL of deionized water,
respectively [23]. Then 20 mL of the prepared Au seeds was
added. After sonicating for 2h, Fe;O4—Au MNPs were
obtained by washing several times, named as sheet-like FA20,
flower ball-like FA20, flower-like FA20, respectively. To
evaluate the effect of Au seeds amount on structure and cat-
alytic activity of flower-like Fe;0,@PEI-DTC nanoparticles,
we adjusted the addition amount of Au seeds to 5 mL, 40 mL
and 60 mL respectively, and obtained different Fe;0,—Au
MNPs named as flower-like FAS, flower-like FA40, and
flower-like FA60.

2.4. Fe30,—Au MNPs for catalytic reduction of RhB and 4-NP

First, the catalytic performance of the as-prepared Fe;0,—Au
MNPs on RhB (0.04 mM, 1 mL) and 4-NP (5 mM, 1 mL) was
investigated. Second, to find out the best Fe;04 nanocrystals
morphology for attaching Au seeds, the catalytic reduction of
RhB by Fe;0,~Au MNPs with different morphologies (sheet-
like FA20, flower ball-like FA20, flower-like FA20) was
compared. Third, to further uncover the effect of the Au seeds
amount on the catalytic activities of Fe;O0,—Au MNPs, the
catalytic reduction of 4-NP by flower-like FAS, flower-like
FA20, flower-like FA40 and flower-like FA60 (with different
amounts of additional Au seeds) was compared. In a typical
procedure, 0.1 mg of Fe;0,—Au MNPs and NaBH, (0.2 M,
1 mL) were added into the RhB and 4-NP, respectively. The
reaction solution was detected by Ultraviolet-Visable (UV—
vis) spectrophotometer every 120 s until it became colorless.
The schematic illustration of the catalytic reduction by

Fe;0,—Au MNPs is presented in Scheme 2. The sample was
then separated by magnet for the recyclable use of Fe;0,—Au
MNPs.

3. Results and discussion

The SEM images of the alkoxide precursors with different
amounts of urea (15, 90 and 270 mmol) are shown in figure
S1. It can be concluded that the amount of urea is crucial in
shaping the morphology of the samples. If the amount of urea
reaches to 15 mmol, the samples exhibit a thin sheet-like
morphology. If the amount of urea increases to 90 mmol, the
samples show a three-dimensional (3D) flower-like morph-
ology with dense-layer petals. Once the amount of urea is
increased to 270 mmol, the samples transform to 3D flower-
ball nanostructures with curled petals. To help elucidate the
process, we propose a possible formation mechanism of
alkoxide precursors with different morphologies as follows:
In cooperation with FeCls, EG acts as a linker and reductant
to generate alkoxide precursors, which precipitates to get the
primary nuclei [24] In this process, H" ions are released,
which inhibits the generation of alkoxide precursors. But
when urea is added into the p.recursor solution, it provides
OH™ ions by urea hydrolysis and acts as an agent to neu-
tralize the H' ions, which facilitates the generation of the
alkoxide precursors [25]. With the increase of urea, the
nucleus coarsens and aggregates into bigger nanoparticles and
the 3D hierarchical nanostructures start to emerge with the
self-assembly of nanoparticles. In the meantime, the petal
surfaces of 3D hierarchical iron alkoxide precursors become
glossy on account of Ostwald maturing. But if the amount of
urea is no more than 15 mmol, the nanoparticles originating
from iron alkoxide are insufficient to achieve the 3D
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Figure 1. Simulated images (a) and the corresponding SEM images of sheet-like Fe;04 nanocrystals (b), flower-like Fe;0,4 nanocrystals (c)

and flower ball-like Fe;O4 nanocrystals (d).

hierarchical nanostructures, which leaves us with the sheet-
like nanostructures.

Figure 1 presents the simulated images and the corresp-
onding SEM images of the Fe;0, nanocrystals with different
morphologies. Results show that the three samples maintain
the original morphology, but close observation reveals that
the alkoxide precursors changed from smooth and dense
structure to polycrystalline and porous structure. The XRD
patterns of Fe;O,4 nanocrystals with different morphologies
are shown in figure S2 is available online at stacks.iop.org/
NANO/31/225701 /mmedia.

The XRD patterns show that all the diffraction peaks of
the three samples are indexed to the magnetite Fe;O4. No
other impurities can be observed within the XRD detection
limit. The peaks locate at about 30.4, 35.5, 43.4, 53.4, 57.3
and 62.8°, which can be attributed to the diffraction of Fe;O,
(JCPDS card no. 85-1436) [26, 27]. Since both Fe;O, and
~-Fe;O3 have spinel structures and the difference between
their cubic lattice constant is only 1%, it is not uneasy to
distinguish them based on mere XRD results [28]. So
Mossbauer spectra are further implemented to confirm the
phase structure of flower-like Fe;0, nanocrystals, as shown in
figure S3. Two well-resolved sextets can be easily identified,
and the strong lines of magnetic sextets exhibit a character-
istic double six-peak structure of magnetite. One sextet owes
to the Fe>" ions at tetrahedral A-sites, and the other attributes
to mixed valence Fe>" and Fe®" at octahedral B-sites [29].
Therefore, Mossbauer analyses further confirm that the
flower-like Fe;0,4 nanocrystals are single-phase Fe;O,4 with
cubic inverse-spinel structures [30].

The N, adsorption-desorption isotherm and the pore sizes
of sheet-like, flower-like and flower ball-like Fe;O, nano-
crystals are presented in figure 2. Based on the Brunauer—
Deming—Deming—Teller (BDDT) classification, the isotherms
of the three samples exhibit the characteristics of type H3
hysteresis loops when the relative pressure is between 0.4 and
1.0, which demonstrates the presence of the mesopores in the
three samples [31]. According to BJH method, the pore sizes
range from 2 to 150 nm, as shown in the insets of figure 2.
The BJH average pore sizes of sheet-like, flower-like and
flower ball-like Fe;O, nanocrystals are 9.49, 10.04 and
8.95 nm, respectively. The formation of the mesopores may
be ascribed to the aggregation of the nanoparticles and the
spaces between adjacent nanoparticles in the growth stage. In
addition, the BET specific surface areas of sheet-likes, flower-
like and flower ball-like Fe;0,4 nanocrystals are 58.54, 60.73
and 59.25 m*g ™', respectively. The large specific surface
area indicates that all three samples are promising solid
supports.

XRD analyses were then again used to study the phase
structures of Fe;O4—Au MNPs with different morphologies
loaded with 20 ml Au seeds. As seen in figure 3, the XRD
patterns show that other than the peaks of pure Fe;0,, there
are four additional diffraction peaks 38.4, 44.5, 64.7 and
77.5°, which corresponds to the characteristic diffraction of
Au [JCPDS 04-0784] and indicates the formation of
Fe;0,—~Au MNPs [16]. It is worth mentioning that the
intensity of the Au diffraction peak of flower-like FA20 is
higher than that of sheet-like FA20 and flower ball-like FA20.
Since there is a direct ratio between the diffraction peaks and
the contents of the phase, it can be expected that the surfaces
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Figure 2. Nitrogen adsorption-desorption isotherms and the pore sizes (inset) of sheet-like (a), flower-like (b) and flower ball-like Fe;O4

nanocrystals (c).
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Figure 3. XRD patterns of sheet-like FA20, flower-like FA20 and
flower ball-like FA20.

of flower-like FA20 have attached more Au seeds than those
of sheet-like FA20 and flower ball-like FA20.

Figure 4 shows the TEM images of sheet-like FA20,
flower-like FA20 and flower ball-like FA20. The high-reso-
lution TEM (HRTEM) images in figures 4(c) and (e) show
that the interplanar spacing of 0.253 and 0.236 nm matches
with (311) plane of Fe;O, and (111) plane of Au [16].
Selected area electron diffraction (SAED) patterns of sheet-
like FA20, flower-like FA20 and flower ball-like FA20, as

seen in figures 4(b), (d) and (f), consist of (220), (311), (400),
(422), (511) and (440) diffraction rings of Fe;0,4 and (111),
(200) and (220) diffraction rings of Au, which further con-
firms the formation of the Fe;O4,—Au MNPs [32]. The high-
angle annular dark-field scanning TEM (HAADF-STEM)
images and the corresponding energy-dispersive x-ray (EDS)
elemental mapping images of the flower-like FA20 are shown
in figure 4, from which we can observe an uniform deposition
of Au seeds on the surface of Fe;0,4 nanocrystals.

As shown in figure S4, the XPS scanning results indicate
the existence of Fe, O, C and Au.

We can see from figure 5 that for the sheet-like FA20, Fe
2p XPS spectrum shows that the peaks locating at 711.7 and
725.8 eV are consistent with Fe 2p3 » and 2p; /»; [33, 34] and
the Au 4f spectrum presents that the peaks locating at 83.72
and 87.52 eV are consistent with 4f;, and 4fs/, (caused by
the split of spin—orbit) [35]. Notably, compared with the
sheet-like FA20, Fe 2p peak positions of the flower-like FA20
shifts to lower binding energy and Au 4f peak locations of the
flower-like FA20 move to higher binding energy, which may
be explained by the strengthened -electronic interaction
between Au and Fe;O4 [23]. Another interesting finding is
that the Au 4f peak intensity of the flower-like FA20 is higher
than that of the sheet-like FA20 and the flower ball-like
FA20. This can be possibly explained by the direct ratio
between the XPS intensity and atomic concentration, which
again implicates that the surfaces of flower-like FA20 have
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attached more Au seeds than sheet-like FA20 and flower ball-
like FA20 [36]. Figure 5(c) illustrates the UV—vis absorption
spectra of Au seeds, flower-like Fe;O, nanocrystals, sheet-
like FA20, flower-like FA20 and flower ball-like FA20. The
UV-vis spectrum of Au seeds exhibits a very intense plasmon
absorption at 520nm due to the energy coupling of free
electron localized field and the collective oscillation [37, 38].
In comparison, the flower-like Fe;04 nanocrystals exhibit no
significant absorption peaks in the visible region. The SPR
absorption peaks of the Fe;O,—Au MNPs show the char-
acteristics of Au, only with red shifts. The observed red shifts
are consistent with the demonstrated fact that the interfacial
interaction between Au seeds and Fe;O,4 nanocrystals could
influence the position of surface plasmon absorption of Au
[39—41]. Figure 5(d) shows the hysteresis loops of sheet-like
FA20, flower-like FA20 and flower ball-like FA20 at 300 K.
The saturation magnetization (Ms) values of sheet-like FA20,
flower-like FA20 and flower ball-like FA20 are 80.1, 65.5
and 69.7emu g ', respectively. We can see that the flower-
like FA20 has the lowest Ms value. Since it has been known
that the Ms values are in inverse proportion to the attached
amount of Au seeds [42, 43], the magnetic results imply that
the surfaces of flower-like FA20 have attached the largest
amount of the Au seeds. As shown in the inset of figure 5(d),

the Fe;0,~Au MNPs are fully collected by a magnet within
20 s, indicating that Fe;O4,—Au MNPs show a rapid reaction
under the magnetic fields.

Figure S5 presents the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization curves of flower-like Fe;Oy4
nanocrystals and the flower-like FA20 (applied filed:
1000 Oe; temperature: 10-300 K). When the temperature
increases, the FC magnetization curves monotonically
decrease. Moreover, ZFC curves of flower-like Fe;0,4 nano-
crystals and flower-like FA20 peak at 210 and 197K,
respectively, corresponding to their blocking temperatures.
The slight drop of the blocking temperature after Au seeds
deposition may attribute to the impaired dipolar interaction
between the magnetic cores [44, 45].

To investigate the catalytic properties of Fe;O4—Au
MNPs, the as-prepared samples were used to catalyze and
degrade RhB with excess NaBH,. The catalytic degradation
process of RhB with sheet-like FA20 was detected by UV—vis
spectrophotometer, as shown in figure 6(a). The absorption
intensity of RhB peaks at 554 nm, and then shows a down-
ward trend before it completely disappears after 16 min In
contrast, pure Fe;0, nanocrystals have no catalytic effect on
RhB, as shown in figure 6(b) [46]. In other words, Au seeds
play a significant role in catalytic reduction of RhB. To help
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Figure 6. Time-dependent UV-vis absorption spectra of RhB catalyzed by sheet-like FA20 (a), C/C, versus reaction time during RhB
reduction by flower-like Fe;0,4 nanocrystals, sheet-like FA20, flower-like FA20 and flower ball-like FA20 (b), In(C/Cy) versus reaction time
during RhB reduction by sheet-like FA20, flower-like FA20 and flower ball-like FA20 (c) and the recyclability of flower-like FA20 for the

catalytic reduction of RhB (d).

better understand the catalytic process, the below mechanism
is proposed: As is well known, RhB is electrophilic and BH;
ions are nucleophiles A nucleophile tend to donate electrons
to the metal nanocrystals while an electrophile can capture
electrons from the metal nanocrystals. When the BH; ions
and RhB molecules are absorbed on the surfaces of the
Fe;0,—Au MNPs, the electrons are transferred from BH ions
to RhB via Au seeds [47]. As seen in figure 6(b) and figure
S6, it only takes 4 min to degrade RhB by flower-like FA20.
In comparison, sheet-like and flower ball-like FA20 need
16 min and 10 min, respectively. As illustrated in figure 6(c),
the reaction rate constant of the flower-like FA20 is
0.691 min~!, which is 3.8 and 2.1 times higher than that of
the sheet-like and flower ball-like FA20, obtained via the
equation In (C,;/Cy) = —kt, where C; is the concentration of
RhB at reaction time ¢, Cy is the initial concentration of RhB
at t = 0 and k is the rate constant [48]. Therefore it’s safe to
say, flower-like FA20 has the highest catalytic activity at
room temperature. The same process was later repeated for
six times, and the catalytic activities of the flower-like FA20
remained almost unchanged, as shown in figure 6(d). It
indicates that flower-like FA20 has excellent recyclability and
a stable conversion efficiency of around 96.7%.

The above results show that under the same experimental
conditions, more Au seeds are deposited onto the flower-like
Fe;0, nanocrystals surfaces than the sheet-like and the flower
ball-like Fe;O4 nanocrystals surfaces. It can be confirmed that
the flower-like Fe;O,4 nanocrystals have larger specific sur-
face area than the sheet-like and the flower ball-like Fe;O,4
nanocrystals, and thus can provide the largest sites to deposit
Au seeds. To gain a better understanding about how the
amount of Au seeds affects the catalytic performance, we
adjusted the amount of Au seeds loaded on the surfaces of the
flower-like Fe;O, nanocrystals. As it can be seen in
figure 7(a), the XRD peak intensity of Au increases when the
amount of Au seeds increases. And as shown in figure S7, no
impurities are observed except for Fe, Au, O, and C. As
illustrated in figure 7(b) and (c), the Fe 2p peak positions
move to lower binding energies, and the Au 4f peak positions
move to higher binding energies when the amount of Au
seeds increases, due to the strengthening of the electronic
interaction between Au and Fe;O,4. As shown in figure 7(d)
and (e), the SPR absorption peak of Au exhibits a red shift
and the Ms value deceases when the amount of Au seeds
increases.

To test the catalytic performance of Fe;O4—Au MNPs,
4-NP was chosen as a target pollutant. As shown in figure S8,
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the absorption peak of 4-NP at 317 nm shifts to 400 nm when
the NaBH, is added, because of the conversion of 4-NP
[49, 50]. Figure 8(a) shows the time-dependent UV-vis
absorption spectra of 4-NP catalyzed by the flower-like FAS
with the presence of NaBH,. Due to the degradation of 4-NP,
the peak spectra intensity decreases with the reaction time.
Later, 4-aminopyridine (4-AP) is generated and a new peak is
formed at 300 nm, which demonstrates that Fes04,—~Au MNPs
can converse 4-NP to 4-AP [51, 52]. 34 min after reaction, the
absorption peak disappears completely. The photograph of
4-NP with the reaction time is shown in figure S9.
Figures 8(b) and (c) demonstrate the linear relation between
In(C/Cy) and t for reducing 4-NP with flower-like FAS,
flower-like FA20, flower-like FA40 and flower-like FA60. In
comparison, figure 8(b) shows that the degradation cannot
take place when pure flower-like Fe;O, nanocrystals are
employed. The above results further confirm that Au seeds
play an essential role in catalyzing 4-NP and the rate constant
is directly proportional to the amount of Au seeds. The cat-
alytic performances of the flower-like FA20 remain almost
unchanged after recycling, as shown in figure 8(d).

Though we have proved that the degradation efficiency
of the flower-like Fe;O,—~Au MNPs could be enhanced by
increasing the amount of Au seeds, we still need to investigate
the relationship between the amount of Au seeds and TOF,
which is also a crucial indicator of the catalytic performance.
Therefore, the TOF values of the 4-NP reduction by flower-
like FAS, flower-like FA20, flower-like FA40 and flower-like
FA60 were studied and summarized in Table 1, which were
10.14, 9.58, 10.78 and 9.58 minfl, respectively. From which

we can conclude that flower-like FA40 were preferred due to
its high degradation efficiency and TOF value.

4. Conclusions

In summary, we reported the tailored design of highly effi-
cient and recyclable Fe;O,~Au magnetic nanocomposite
(MNP) catalysts. First, Fe304 nanocrystals with sheet-like,
flower-like and flower ball-like morphologies were developed
via engineered amounts of urea. As revealed by the invest-
igation, urea played an important part in the formation of iron
alkoxide precursors, based on which the possible growth
mechanism was proposed. When 90 mmol urea was added,
the Fe;0,4 nanocrystals exhibited 3D flower-like shape with
the BET specific surface area of 60.73 m’g '. Then,
Fe;O4—Au MNPs with strong magnetic responsiveness were
obtained by the seed deposition method. With the presence of
NaBH,, the catalytic ability of Fe;O4,~Au MNPs with dif-
ferent morphologies was compared by degrading RhB and
4-NP. It was found that the catalytic reduction obeyed the
pseudo-first order kinetics and the flower-like FA20 had the
most desirable catalytic effect, with a record high degradation
efficiency of 96.7%. When we further tune the amount of Au
seeds from 5mL to 60 mL, we found that the degradation
efficiency of the flower-like Fe;0,—Au MNPs was improved
with the increase of Au seeds, but the TOF value reached a
peak of 10.78 min~—' when 40 ml Au seeds were added, which
gave us the most cost-effective amount of Au seeds. We also
proved that the catalytic ability of the proposed Fe;O4—Au
MNPs were almost unchanged after recycling. Our study
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Figure 8. Time-dependent UV-vis absorption spectra of 4-NP catalyzed by flower-like FAS5 (a), C/C, versus reaction time during 4-NP
reduction by flower-like Fe;O, nanocrystals, flower-like FAS, flower-like FA20, flower-like FA40 and flower-like FA60 (b), In(C/Cy) versus
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of flower-like FA20 for the catalytic reduction of 4-NP (d).

Table 1. Comparison of catalytic capacities of various catalysts
for 4-NP.

Kinetic rate constant (k)

Catalyst (min Y TOF* (min~})
Flower-like FA5 0.104 10.14
Flower-like FA20 0.401 9.58
Flower-like FA40 0.904 10.78
Flower-like FA60 1.332 9.58

" Turnover frequency (TOF) = (moles of the reacted organic substrate /moles
of noble metal)xreaction time (min ).

sheds the light into the tailored design of highly efficient and
recyclable catalysts for RhB and 4-NP and can promisingly
enhance the water pollution treatment.
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