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a bridge to decorate
monodisperse gold nanoparticles on Fe3O4

nanoclusters for the catalytic reduction of
4-nitrophenol

Shili Liu, Aori Qileng, Junying Huang, Qiongzhi Gao * and Yingju Liu *

Herein, gold nanoparticles (Au NPs) were decorated on magnetic Fe3O4 nanoclusters@polydopamine

nanocomposites (Fe3O4@PDA NCs) through a direct and green reduction method. The morphology was

investigated via transmission electronic microscopy (TEM), Fourier transform infrared spectroscopy

(FTIR), and X-ray photoelectron spectroscopy (XPS). Results showed that Fe3O4 nanoclusters were

successfully coated with a PDA shell layer of 25 nm thickness that could work as a reducing reagent to

form Au NPs on the surface of Fe3O4@PDA NCs and prevent the aggregation of Au NPs as well. More

interestingly, the concentration of the Au precursor had a great effect on both the size and the

dispersion of Au NPs on the surface of Fe3O4@PDA NCs, which directly affected the catalytic activity of

Fe3O4@PDA@Au. The catalytic performance of Fe3O4@PDA@Au was determined by reducing

4-nitrophenol to 4-aminophenol in the presence of excessive NaBH4, and the result showed that

Fe3O4@PDA@Au prepared from a 130 mM Au precursor exhibited the best catalytic activity with the

reaction rate constant of 39.2 s�1 g�1 and a conversion of >99% in ten minutes. After being recycled and

reused ten times, the magnetic catalyst still had a conversion of >95%; this suggested that it might have

practical applications in the reduction of nitroaromatic compounds.
1. Introduction

4-Nitrophenol is one of the most common organic chemicals
used in pesticides, dyes, and explosives. Therefore, possible
carcinogenic effects associated with 4-nitrophenol are particu-
larly concerning due to the high toxicity and stability of 4-
nitrophenol in water.1 As a typical solution to environmental
contamination, an effective strategy for the rapid and efficient
removal of nitrophenols from wastewater and contaminated
aquifers is highly required.2 In this regard, the catalytic reduc-
tion of 4-nitrophenol to 4-aminophenol has gained signicant
interest since it usually occurs in the aqueous phase without the
production of by-products, and the product 4-aminophenol is
potentially used in the production of analgesic, antipyretic
drugs, anticorrosion lubricants.3,4 Although the reduction of 4-
nitrophenol to 4-aminophenol is thermodynamically downhill
(Eq|4-nitrophenol/4-aminophenol ¼ �0.76 V, Eq|H3BO3/BH4

� ¼
�1.33 V versus normal hydrogen electrode), this process still
cannot proceed without catalysts due to the kinetic barrier
caused by the large potential difference between the donor and
the acceptor molecules.5 In the presence of catalysts, the
ina Agricultural University, Guangzhou
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catalytic hydrogenation reaction has the advantages of
simplicity, high product quality, and less environmental
pollution. To decrease the activation energy, maintain the
stability of the catalysts, and prevent them from being reduced
by NaBH4, mostly, noble metal materials are used as catalysts in
this reaction. Nowadays, themost concerning problems are how
to enhance the activity of the catalyst and thus how to decrease
the waste of noble metals.

Gold nanoparticles (Au NPs) have received signicant
attention due to their unique physicochemical properties; thus,
they have been reported as the most effective noble metals in
catalysis, biosensors, optical devices, thermal therapy, and
other specic applications.6–9 In catalysis, the initially discov-
ered Au NPs were used to oxidize carbon monoxide by Au NP-
supported-transition metal oxide. Recently, several catalytic
reactions, such as reduction of alkynols,10 water–gas shi
reaction,11 andmethanol oxidation,12 can also be easily achieved
by Au NPs under mild conditions. However, due to their high
active surface atoms and strong van der Waals attraction, Au
NPs exhibit a strong tendency to aggregate into larger clusters;
this results in a change in their size and shape with deactivation
or loss of their catalytic activity.13 To offset this disadvantage,
signicant efforts, including the use of capping reagents and
other supports such as carbon nanotubes,14 silica, and other
metal oxides,15,16 have been made to improve the stability of Au
RSC Adv., 2017, 7, 45545–45551 | 45545
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NPs. Since the catalytic performance of metal NPs is usually
associated with their sizes and crystalline and electronic
structures, the support should not block the surface of metal
NPs and should maintain the small size and high stability of
metal NPs. Additionally, the separation and recycling of cata-
lysts is another important concern. For practical applications,
the conventional separation, such as ltration and centrifuga-
tion,17 of the catalyst usually involves complex operation and
huge loss of products. To overcome these drawbacks, great
efforts have been made to introduce magnetic particles into
noble metal composites. Although iron oxide nanoclusters
(Fe3O4 NCs) have been widely used in biological separation,
drug delivery, cancer detection, and therapeutics,18,19 the lack of
functional groups on Fe3O4 NCs can still lead to the aggregation
of Au NPs on their surface. Therefore, much effort has been
focused on the fabrication of water-soluble Fe3O4 NCs with
a controllable size, fast magnetic response, and desirable
surface property.

Phenol derivatives have been extensively studied in the
synthesis of noble metal materials since they are able to serve as
both reducing agents and stabilizers.20 As one of the outstanding
representatives, polydopamine (PDA) has received signicant
attention since it can be spontaneously self-polymerized in the
presence of oxygen under alkaline conditions.21 Due to the
remarkable coating quality of PDA, it has become easy to adhere
a uniform and continuous coating layer onto nearly any material,
and the layer thickness of PDA can be controlled by changing the
concentration of dopamine and the reaction time. Specically,
the PDA lm can be used as a reactive platform to template the
loading and dispersion of noblemetal NPs due to its non-covalent
binding with hydroxyl–metal complexes or chelating interactions
withmetal precursors.19More importantly, the abundant catechol
groups ensure the excellent redox activity of PDA since PDA can
reduce noble metal ions such as Au3+ and Ag+.14,22 In addition, the
multi-step synthesis strategy is very popular in the preparation of
core–shell magnetic polymer-noble composites. For instance, Yao
et al. fabricated Fe3O4@polypyrrole-Pd composites,23 where the
synthesis strategy involved pre-synthesis of Fe3O4@SiO2 spheres,
graing of PVP on the Fe3O4@SiO2 spheres, deposition of the
polypyrrole layer, and reduction of PdCl2 using NaBH4. This
fabrication procedure was very complex since some special agents
or treatment processes were needed.

In this study, the synthesis of Fe3O4@PDA@Au catalyst was
divided into only two steps: self-polymerization of dopamine on
Fe3O4 NCs and then the direct reduction of HAuCl4 to form Au
NPs on the surface of Fe3O4@PDA NCs, where the PDA layer
worked as both the reducing agent and the coupling agent and
also effectively prevented agglomeration or leaching of AuNPs. In
addition, the Au NPs with different diameters on the core–shell
Fe3O4@PDA NCs were controlled by the Au precursor concen-
trations, and their catalytic properties were investigated in detail.

2. Experimental
2.1 Chemicals and materials

Ferric chloride (FeCl3$6H2O), sodium acetate trihydrate (CH3-
COONa$3H2O), and ethylenediaminetetraacetic acid disodium
45546 | RSC Adv., 2017, 7, 45545–45551
salt (C10H14N2Na2O8$2H2O) were bought from Sinopharm
Chemical Reagent Co. Ltd. (Beijing, China). 4-Nitrophenol,
4-aminophenol, tris(hydroxymethyl)aminomethane (Tris),
gold(III) chloride hydrate (HAuCl4$4H2O, 99.0%), sodium
hydroxide (NaOH), and sodium hydroxide (NaBH4) were bought
from Aladdin Chemistry Co. Ltd. (Shanghai, China). Dopamine
hydrochloride (C8H11NO2HCl) was obtained from Macklin
Chemical Reagent Co. Ltd. (Shanghai, China). All other reagents
were of analytical grade and used without further purication.
Ultrapure water was prepared using a Milli-Q reagent water
system (Millipore, Bedford, MA, USA).
2.2 Instrumentation

The morphologies of the catalysts were characterized by trans-
mission electron microscopy (TEM, Tecnai 12, FEI, Holland) at
the Instrumental Analysis & Research Center in South China
Agricultural University. The FTIR spectra and UV-vis spectra
were obtained by Fourier transform infrared spectroscopy
(FTIR, Nicolet 6700, Thermo, America) and ultraviolet visible
spectrophotometry (UV-vis, UV 2550, Shimadzu, Japan),
respectively. The surface information of the samples was ob-
tained via X-ray photoelectron spectroscopy (XPS, Thermo-VG
Scientic, ESCALAB 250 Xi) using an Al Ka X-ray source at the
Guangzhou Institute of Energy Conversion, Chinese Academy of
Sciences. The magnetization curves of the catalyst were
measured using the Magnetic Property Measurement System
(Quantum Design, MPMS XL-703140716) at the Instrumental
Analysis & Research Center in Sun Yat-sen University.
2.3 Preparation of the Fe3O4@PDA@Au catalyst

Magnetic Fe3O4 NCs were prepared as follows.18 FeCl3$6H2O
(0.675 g) was dissolved in 20 mL of ethylene glycol, then
0.2233 g of C10H14N2Na2O8$2H2O and 1.2 g of CH3COONa were
added, and magnetic stirring was continued until the solid was
dissolved. The mixture was sealed in a 50 mL autoclave and
heated at 200 �C for 10 h. The sample was cooled down to room
temperature, washed with ethanol and water, separated by an
external magnet, and dried in an oven.

Aer this, 11 mg of magnetic Fe3O4 NCs was dispersed in
a mixture containing 11 mL of ethanol and 25 mL of ultrapure
water. Aer ultrasonication for 1 h, 12 mL tris solution (pH 8.5,
10 mM Tris–HCl buffer) and 12 mg of dopamine were added.
The solution was magnetically stirred for 18 h at room
temperature, and then, the product was separated, washed,
obtained using an external magnet, and redispersed in 10 mL
water for further use.

Finally, 2 mL of the as-prepared Fe3O4@PDA aqueous solu-
tion was dispersed in 15 mL of the HAuCl4 solution at 90 �C for
30 min. Different concentrations (30, 80, 130, 160, and 180 mM)
of the HAuCl4 solution were used to synthesize Fe3O4@
PDA@Au with different Au loadings. Aer the reaction,
Fe3O4@PDA@Au was magnetically separated and washed to
remove the free Au NPs. At last, it was dried and dissolved at
a concentration of 1 mg mL�1 suspension for the catalytic
reduction.
This journal is © The Royal Society of Chemistry 2017
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In addition, a small batch of pure Au NPs was prepared as
a ref. 24. Herein, 2.0 g of dried Lagerstroemia speciosa leaf
powder was dispersed in 50 mL of deionized water at 70 �C for
30 min, centrifuged at 6500 rpm for 10 min, and ltered. Then,
the ltrate was used to reduce HAuCl4 at room temperature. The
mixture was centrifuged at 8000 rpm for 15 min and washed
with ethanol and water. Finally, the Au NPs were dried in
vacuum and dissolved at a concentration of 1 mg mL�1

suspension for the catalytic reduction.
2.4 Catalytic study

For the catalytic reduction of 4-nitrophenol, 2 mL of ultrapure
water, 0.5 mL of 40 mM 4-nitrophenol, and freshly prepared
0.5 mL of 0.4 mM NaBH4 aqueous solution were continuously
mixed in a quartz cuvette. Then, the aqueous suspension of
catalysts (1 mg mL�1) was ultrasonically treated. Aer 0.2 mL of
catalyst was added, the color of the solution gradually cleared
away as the reaction continued, which was monitored by
ultraviolet-visible spectroscopy in the range from 250 nm to
550 nm every 60 s. Then, the catalysts were separated from the
mixture using an external magnet, washed with ultrapure water,
and reused in the next cycle. The experiment was repeated 10
times to conrm the recycle performance.
3. Results and discussion
3.1 Characterization of the Fe3O4@PDA@Au catalyst

TEM was used to characterize the morphology of the samples at
each stage. The pristine Fe3O4 NCs exhibit great stability and
dispersibility even aer stewing for 3 weeks. As shown in Fig. 1A,
Fe3O4 NCs are uniformly dispersed with an approximate diam-
eter of 150 nm, which are composed of many interconnected
nanoparticles with a size of about 25 nm. Fig. 1B is the TEM
image of Fe3O4@PDA, showing that Fe3O4 NCs are decorated
with a PDA layer with the average shell diameter of 25 nm. This
PDA layer can provide eminent protection against the
Fig. 1 TEM image of (A) pristine Fe3O4 nanoclusters, (B) Fe3O4@PDA
NCs, and the as-prepared Fe3O4@PDA@Au with different concentra-
tions of HAuCl4, (C) 30 mM, (D) 80 mM, (E) 130 mM, (F) 160 mM, and (G)
180 mM.

This journal is © The Royal Society of Chemistry 2017
aggregation of Fe3O4, and complicated modication steps are
avoided since the process of synthesis of Fe3O4@PDA NCs
contains no reducing agents or thermal treatment for a long
time. Then, the PDA layer works as a natural binder to attract
HAuCl4 on its surface via non-covalent binding of hydroxyl–metal
complexes or chelating interactions. Specically, the catechol
groups of PDA can act as the reducing agent to reduce HAuCl4
and form Au NPs.20 Fig. 1C–G show the TEM image of the as-
prepared Fe3O4@PDA@Au with different concentrations of
HAuCl4, where the size, shape, and dispersion of Au NPs show
strong dependency on the dosage of HAuCl4. At a low dosage of
HAuCl4, Au

3+ ions may only reach to the surface of the PDA layer
where Au3+ ions are reduced to Au0 by the supercial catechol
groups and Au nanoparticles are formed (�8 nm as shown in
Fig. 1C). With the increase in the HAuCl4 concentration, a higher
amount of monodisperse Au NPs (�10 nm as shown in Fig. 1D)
can be found on the surface of Fe3O4@PDA. The further increase
in HAuCl4 concentration can increase the diameters of Au NPs to
20 nm, and some Au NPs can even be embedded in the PDA layer
(Fig. 1E). However, if the dosage of HAuCl4 is too high, the size of
Au NPs increases to around 40 nm; moreover, the distribution of
Au NPs becomes less uniform and obvious agglomeration can be
observed (Fig. 1F and G) since Au NPs have a tendency to grow
fast in the bulk solution with steric hindrance in the presence of
a high amount of HAuCl4. Therefore, 130 mMHAuCl4 was the best
concentration to synthesize Fe3O4@PDA@Au.

FTIR was further used to characterize the synthesized Fe3O4,
Fe3O4@PDA and Fe3O4@PDA@Au composites. As for pristine
Fe3O4 (Fig. 2a), the peaks at 584 and 3426 cm�1 can be associated
with Fe–O stretching vibration and O–H stretching vibration,
respectively, conrming the deposition of Fe3O4.18 The absorp-
tion peak at 1400 cm�1 is related to the vibration of COO– groups
on the Fe3O4 surface, whereas the broad peak at 1644 cm�1

corresponds to the overlapping of the stretching vibration of
carbonyl groups and deformation vibration of O–H groups of
Fe3O4. With the PDA coating (Fig. 2b), the characteristic bands at
2960 and 2890 cm�1 belong to the vibrational bands ofmethylene
groups of PDA.25 In addition, the increase in the relative intensity
Fig. 2 FTIR spectra of Fe3O4 (a), Fe3O4@PDA NCs (b), and Fe3O4@
PDA@Au (c).

RSC Adv., 2017, 7, 45545–45551 | 45547
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of carbonyl group at 1640 cm�1 and Fe–O group at 584 cm�1

indicates the obvious carbonyl group on the Fe3O4@PDA NCs,
whereas the amide N–H shearing, the aromatic ring C]C, and
the phenolic C–OH stretching vibrations of PDA are demon-
strated by the bands at 1509, 1445, and 1301 cm�1, respectively.
However, aer the modication of Au NPs, the intensities of the
corresponding bands, such as 3426, 1640, and 584 cm�1, for
Fe3O4@PDA slightly decrease; this suggests that the deposition of
Au NPs inuences the surface of Fe3O4@PDA NCs.

The surface chemical information of Fe3O4@PDA and Fe3-
O4@PDA@Au was also examined by XPS. In Fig. 3A and B, the
C, N, and O peaks can be found for both Fe3O4@PDA and Fe3-
O4@PDA@Au. Moreover, as shown in Fig. 3C, the Au 4f peaks at
the binding energies of 83.7 and 87.7 eV can be attributed to Au
4f7/2 and Au 4f5/2, respectively, suggesting the formation of Au
NPs on the Fe3O4@PDA NCs. However, Fe cannot be found in
both nanocomposites; this indicates that Fe3O4 NCs are
conned within the PDA shell structure, consistent with the
TEM analyses. Fig. 3D is the C1s core-level spectrum of Fe3-
O4@PDA NCs, which can be deconvoluted into four peaks
located at 284.4, 285.5, 286.4, and 288.5 eV, assigned to the C–C
(49.0%), C–N (29.8%), C–O (14.1%), and C]O (7.1%) groups,
respectively.26 Aer reaction with HAuCl4, as shown in Fig. 3G,
the peaks of C–C (54.1%) and C]O (8.6%) are still dominant,
but the intensities of the C–N (25.8%), C–O (11.5%) peaks
Fig. 3 XPS survey scan for Fe3O4@PDANCs (A) and Fe3O4@PDA@Au (B), s
peaks of Fe3O4@PDA NCs, and deconvolution of C1s (G), N1s (H), and O

45548 | RSC Adv., 2017, 7, 45545–45551
exhibit a slight decline; this suggests that some catechol groups
are oxidized. Fig. 3E is the N1s core-level spectrum of Fe3O4@-
PDA NCs, where the binding energies at 398.9 and 399.9 eV
correspond to the N–R and R–NH–R groups; the dominant peak
of the N1s core-level spectrum changes from the N–R peak to
the R–NH–R peak, as shown in Fig. 3H; this conrms the exis-
tence of PDA and further proves the electron transfer.27 As for
the O1s core–shell spectrum of Fe3O4@PDA NCs (Fig. 3F), it can
be deconvoluted into two peaks at 532.3 eV and 533.2 eV for the
C–O and C]O group, respectively. Aer the coating of Au
nanoparticles, the percentage of the C]O group increased from
47.0% to 51.4% (Fig. 3I), also proving that catechol groups of
PDA can release electrons to the corresponding quinone groups,
and free Au3+ ions accept these electrons to get reduced to Au0

atoms and achieve exposure of a greater percentage of active
sites.20 Therefore, PDA can directly reduce HAuCl4 to synthesize
Au NPs on the surface of the Fe3O4@PDA NCs, where no addi-
tional reagent is involved and Au NPs are effectively prevented
from aggregation via control of the HAuCl4 concentration; this
avoids the possible contamination and waste of chemicals.
3.2 The catalytic ability of the Fe3O4@PDA@Au catalyst on 4-
nitrophenol

The catalytic reaction was detected via UV-visible spectroscopy
by the change in the absorption peak. As shown in Fig. 4A, the
pectra for Au 4f peaks (C), deconvolution of C1s (D), N1s (E), and O1s (F)
1s peaks (I) of Fe3O4@PDA@Au.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) UV-vis absorption spectra of (a) 4-nitrophenol, (b) 4-
nitrophenol + NaBH4, and (c) 4-aminophenol. (B) The color change of
the corresponding solution, and (C) the transformation of 4-nitro-
phenol to 4-aminophenol.

Fig. 5 Successive UV-vis absorption spectra for the reduction of 4-
nitrophenol in the presence of (A) Fe3O4@PDA NCs (the inset shows
the spectrum for pure Au NPs), (B) the as-prepared Fe3O4@PDA@Au
obtained from 130 mM HAuCl4, (C) the relationship of ln(Ct/C0) with
time, and (D) the relationship of 4-nitrophenol conversion with time.
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solution of 4-nitrophenol shows a major absorption peak at
317 nm and a slight peak at 400 nm (curve a). Aer the addition
of excess NaBH4 solution, the characteristic absorption peak
undergoes a redshi from 317 to 400 nm (curve b), whereas the
characteristic absorption peak at 400 nm suggests the forma-
tion of a longer conjugative bonds with 4-nitrophenolate ions.13

Aer the addition of the catalyst, the peak at 400 nm for 4-
nitrophenolate ions decreases rapidly, and only a peak at
300 nm in the ultra-violet region can be found (curve c).
Correspondingly, as shown in Fig. 4B, the solution immediately
changes from light yellow to bright yellow. Without the catalyst,
the transformation from 4-nitrophenol to 4-aminophenol is
very slow since the maximum absorption peak remains the
same. However, aer the addition of the catalyst, the solution
changes from bright yellow to colorless, as shown in Fig. 4B;
this suggests the reduction of 4-nitrophenol to 4-aminophenol,
as shown in Fig. 4C. Therefore, the reduction reaction can be
summarized as the following equation:

To further investigate the mechanism of action of the cata-
lyst, UV-vis spectra were obtained at different times. As shown
in Fig. 5A, absorption changes slightly if only Fe3O4@PDA NCs
are added. Although Fe3O4 NPs have proven their catalytic
ability in the elimination of some substituted phenolic and
aniline compounds from solution28 and coordination of the
possible ligands to the metal via lone pairs or p-bonds,29 the
degradation rate for Fe3O4@PDA NCs is about 25% in the rst
10minutes. The inset of Fig. 5A shows the spectrum of 0.2 mg of
pure Au NPs, showing that the catalytic effect is signicantly
lower even in 30min. However, if Fe3O4@PDA@Au is added, the
intensity of the absorption peak, as shown in Fig. 5B, gradually
decreases, and the peak nally disappears; this suggests a much
higher catalytic ability of the as-prepared Fe3O4@PDA@Au for
the reduction of 4-nitrophenol. Therefore, the modication of
Au nanoparticles on Fe3O4@PDA played an important role in
this reaction.
This journal is © The Royal Society of Chemistry 2017
Since the initial concentration of the NaBH4 solution is set
100 times higher than that of 4-nitrophenol, the reaction rate
can be speculated to follow pseudo-rst order reaction kinetics,
which can be quantitatively described to be a constant from the
time-dependent absorption spectra during the reduction
process. As shown in Fig. 5C, the linear plot of ln(Ct/C0) versus
time is tted in the following equation:30

ln(Ct/C0) ¼ ln(At/A0) ¼ �kt

where k is the rate constant of the reaction in s�1, Ct and C0

denote the 4-nitrophenol concentration at time t and 0, and At
and A0 represent the absorbance of 4-nitrophenol at time t and
0, respectively. Thus, the catalytic activity factor k can be
calculated from the slope of the linear t of ln(Ct/C0) versus t
(min). Considering the possible difference in mass, the
following equation is used:

k ¼ Km

where m is the catalyst mass in gram. The k value of the Fe3-
O4@PDA NCs is 1.03� 10�3 s�1, whereas the k values are 1.36�
10�3, 4.23 � 10�3, 7.84 � 10�3, 5.27 � 10�3, and 4.5 � 10�3 s�1

for the Fe3O4@PDA@Au catalysts prepared using the HAuCl4
concentration of 30, 80, 130, 160, and 180 mM, respectively.
Obviously, the k value of Fe3O4@PDA prepared using the
HAuCl4 concentration of 130 mM is remarkably higher than that
of others: for example, it is about 7 times higher than that of the
Fe3O4@PDA NCs and about 2 times higher than that of Fe3-
O4@PDA prepared using 180 mM HAuCl4. It is suggested that
the decrease in the size of Au NPs is associated with an increase
in the d-electron density of the Au atoms and thus inuences
the catalytic ability.31,32 However, at a higher concentration of
RSC Adv., 2017, 7, 45545–45551 | 45549
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Fig. 6 (A) Room-temperature magnetization hysteresis loops of the
as-prepared Fe3O4@PDA NCs and Fe3O4@PDA@Au. (B) Recyclability
including conversion (black) and time (blue) of the Fe3O4@PDA@Au
catalyst in the reduction of 4-nitrophenol.
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HAuCl4, Au NPs show higher diameters and even aggregate; this
causes a lower accessibility of the molecules to the gold
cores.33,34 Therefore, Fe3O4@PDA@Au prepared using 130 mM
HAuCl4 can produce Au NPs with suitable diameters and
uniform distribution, thus exhibiting a higher catalytic ability.

In addition, the K value for Fe3O4@PDA@Au obtained from
130 mMHAuCl4 is 39.2 s�1 g�1, which is also greatly higher than
those obtained from other concentrations. We have also
compared it with the values reported in literature using other
different supports, and the abovementioned K value is found to
be higher than those of the solid supports such as core–shell
SiO2@Au composite particles (1.38 s�1 g�1),35 carbon
nanotubes functionalized with cyclotriphosphazene-containing
polyphosphazene-loaded Au (5.93 s�1 g�1),36 Au nanoparticles
supported on iron oxides (5.25 s�1 g�1),37 polymer-supported Au
nanoparticles such as the hexagonal porphyrin-based porous
organic polymer (0.25 s�1 g�1),13 and alloy nanoparticles such as
silver-gold alloy nanoparticles (34.7 s�1 g�1) synthesized using
one-step gamma radiation.38 The possible reason for this high K
value is mainly the well-dispersion of Au NPs on Fe3O4@PDA
and the effective protection of Au NPs from aggregation by PDA.

Furthermore, as shown in Fig. 5C, it can be found that the
absorption intensity of 4-nitrophenol decreases, whereas the
absorption intensity of 4-aminophenol increases as the reaction
proceeds. Therefore, the conversion of 4-nitrophenol (4-NP) is
expressed as

Conversionð4�NPÞ ¼
�
1� DAt

DA0

�
� 100%

Fe3O4@PDA@Au prepared from 130 mM HAuCl4 shows the
best catalytic activity, a conversion of more than 99% in ten
minutes, which is more than that obtained using Au NPs at
other amounts (30, 80, 160, and 180 mM). Generally, the catalytic
performance of Au NPs is affected by their size, site density,
stability, and gold–support interactions. Since pure Au NPs will
generate different reactant diffusion to the metallic surface and
product diffusion away from the particle surface,39 the catalytic
abilities of pure Au NPs are very weak (the inset of Fig. 5A).
However, for the Fe3O4@PDA@Au catalyst, the electronic
activity of Au NPs on the surface of Fe3O4@PDA is much higher
than that of pure Au NPs. The activity difference between
different Au NPs can be ascribed to the quantity, shape, and
more active sites of the suitable dosage of Au NPs, showing that
much more catalytic sites are accessible for the reduction of 4-
nitrophenol to 4-aminophenol with the perfect amount of gold
support. As shown in TEM, with the more uniform Au NPs on
the surface, the accessibility to catalytic sites can be signi-
cantly enhanced; thus, the catalytic performance can be greatly
improved. Hence, the dosage of HAuCl4 plays an important role
in controlling the formation of Au NPs and greatly affects the
catalytic activity.

Magnetic properties of the prepared Fe3O4@PDA NCs and
the Fe3O4@PDA@Au catalyst were determined using the
Magnetic Property Measurement System by sweeping the
external eld between �2 and 2T at room temperature, as
shown in Fig. 6A. Both magnetization curves show no
45550 | RSC Adv., 2017, 7, 45545–45551
remanence and coercivity; this demonstrates the super-
paramagnetic behavior of the abovementioned catalysts.26,40

Compared to Fe3O4@PDA NCs, the Fe3O4@PDA@Au catalyst
shows an obvious decrease in saturation magnetization, which
may be attributed to the loading of Au NPs on the surface of the
PDA layer and the consequent increase in the thickness of the
shell. However, the prepared Fe3O4@PDA@Au catalyst still has
a strong magnetization of 33.8 emu g�1, and the catalyst can be
easily separated by an external magnet. Therefore, to investigate
the reusability of the catalyst, the Fe3O4@PDA@Au catalyst was
separated easily and recovered rapidly from the solution within
1 min by a magnet and then redispersed into the new solution
for the next cycle. As shown in Fig. 6B, the Fe3O4@PDA@Au
catalyst can be successfully reused for ten repeated cycles, and
the conversion remains over 95%. Since the time for the
complete conversion of different cycles gradually increases,
possible deactivation may exist. However, even aer 10 cycles,
the time for the complete conversion is still only in 50 min,
which is acceptable for practical applications. Therefore, the
magnetic Fe3O4@PDA@Au catalyst maintains good catalytic
performance during the catalytic or separation processes; this
suggests that the catalyst possesses excellent recyclability, good
stability, and a long life.
4. Conclusions

In summary, the well-dened core–shell Fe3O4@PDA@Au
catalysts were successfully prepared through a green and facile
method, where PDA worked as a reducing agent and coupling
agent and effectively prevented agglomeration or leaching of Au
NPs without any other reagents or a high thermal treatment.
Distinct concentrations of gold precursors were used to deco-
rate core–shell Fe3O4@PDA nanoparticles with different sizes
and amounts of Au NPs. Results showed that the magnetic
Fe3O4@PDA@Au catalyst prepared from the 130 mM Au
precursor exhibited the best catalytic activity with the reaction
rate constant of 39.2 s�1 g�1 and a conversion of >99% in ten
minutes, which was important for applications under realistic
technical conditions. The strategy may provide a facile and
versatile guide towards the design of Fe3O4-based nanoparticles
for biological, energy, and environmental applications.
This journal is © The Royal Society of Chemistry 2017
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