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Fe3O4 and Au nanoparticles dispersed on graphene support as a 

highly active catalyst toward the reduction of 4-nitrophenol 

Yan Wang,* Hai Li, Jijun Zhang, Xinyu Yan and Zexiang Chen*
 

We report a highly efficient and reusable bifunctional nanostructured composite catalyst synthesized by a scalable facile 

hydrothermal method which enables precise control of size and morphology of nanoparticles, wherein Au nanoparticles 

(NPs) and Fe3O4 particles exhibits excellent dispersing ability on the rGO (reduced graphene oxide) sheets surface 

(designated as rGO/Fe3O4/Au) to avoid adverse agglomeration between the nano particles and overlapping of the rGO 

sheets concurrently. The resultant bifunctional composite shows high performance in the catalytic reduction of 4-

nitrophenol (4-NP) with conversion of 97% in 5 min and presents good reusability through highly efficient recovery by 

using external magnetic fields. In particular, there was no significant loss in catalytic activity of the reused catalysts even 

after being recycled for 8 cycles, displaying attractive potential applications in industrial applications where separation and 

recycling are imperative. The rational design provide an approach to synthesize graphene-based composite with 

interesting structure and multi-functional property as well. 

1. Introduction 

In the past decades, significant progress has been made with 

regard to the design, synthesis and utilization of 

nanostructured materials for efficient energy utilization and 

environment protection.
1
 Among various systems, noble-metal 

nanostructures have received great interest due to their 

unique optical, catalytic and electrochemical properties which 

lead to a number of fascinating potential applications in 

electronic, chemical, biological, hydrogen storage and catalytic 

fields.
2
 Au nanoparticles (NPs) have been proven to be highly 

efficient catalyst in several catalytic processes including low-

temperature CO oxidation, reductive catalysis of nitrogen 

oxides, acetylene hydrochlorination, reduction of nitrophenol 

and organic synthesis. The catalyst performance of Au NPs is 

directly related to their size, shape and the dispersion.
3
 

Unfortunately, unprotected Au NPs are active and susceptible 

to irreversible aggregation in solution during preparation and 

catalytic process due to van der Waals forces and high surface 

energy. Certainly, irreversible aggregation of Au NPs results in 

substantial reduction of catalytic activity. 

In order to overcome this drawback and improve the 

stability of Au NPs, an effective strategy to avoid the 

aggregation is introducing solid supports (such as silica, 

polymers, metal oxides, carbon materials, etc.) and then 

immobilizing the Au NPs on the supports to form composite 

catalysts.
4
 Carbon materials, for example carbon nanotubes 

(CNTs) and graphene, have been considered as impactful 

support materials owing to their high surface area, excellent 

loading capacity, appropriate pore sizes and abundant 

accommodation for NPs.
5
 Among them, support materials 

based on two dimensional (2D) reduced graphene oxide (rGO) 

has especially fascinated the scientific community due to their 

high electrical conductivity, large specific surface area, flexible 

structures and mechanical robustness.
6
 RGO presents 

outstanding capability of accommodating volume changes 

during reaction and displays advantage in loading of the metal 

or metal oxides for potential applications in various fields.
7
 

Moreover, this metal/metal oxides loading process can not 

only prevent graphene sheets from restacking but also 

improve the catalytic performance beneficial from the strong 

synergistic interaction between the two components.
8
 

Furthermore, the strong covalent interfacing of the 

metal/metal oxides with graphene could also significantly 

reduce catalyst poisoning. Consequently, composite catalysts 

based on graphene loaded with metal/metal oxides exhibit 

high catalytic property as well as good mechanical stability. 

There have been many efforts toward synthesizing highly 

dispersed Au NPs and assembling them on graphene to form 

different nanostructures. For instance, Li et al. synthesized 

Au/graphene composite under hydrothermal conditions 

through the self-assembly process. Exhibited excellent catalytic 

performance towards the reduction of 4-NP to 4-Aminophenol 

(4-AP), which is ariseing from the synergistic effect of 

graphene with Au NPs.
9 

Yao and co-workers recently 

developed a method to achieve self-assembly of Au NPs on 

graphene sheets through chemical functionalization. These 

graphene/Au composites display good stability against 
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agglomeration and show excellent catalytic activity in 

reduction of 4-NP into 4-AP.
10

 Moreover, graphene-based 

composite catalysts such as graphene/Co3O4, 

graphene/MnCo2O4 and graphene/MoS2 have been studied as 

composite catalysts for environmental purification.
11

 In these 

cases, graphene serve as support for the metal or metal oxides 

NPs. The graphene/NPs composites can not only alleviate the 

aggregation problem of the NPs and the restacking of the 

graphene, but also facilitate the electron transfer between the 

NPs and graphene during the catalytic process and improve 

the chemical stability as well. Although progress has been 

made, significant challenges remain in how graphene-based 

composite catalysts can be separated from the reaction 

solution and recycled further. Solving this problem is thus 

critical for their application in environmentally friendly 

process. Therefore, it is significant to develop well-defined 

nanostructure catalyst materials with high surface area and 

unique separable features to enable convenient recycling. In 

this regard, integrating magnetic particles into the graphene-

based catalyst composite as a magnetically recoverable 

catalyst support could be a promising solution. 

In this work, we report a multifunctional catalyst 

composite with both magnetism and catalytic activity, which is 

synthesized by a hydrothermal method for the first time. GO 

sheets were modified by silica and they acted as the support 

for nanoparticles. The silica-modified GO sheets promoted the 

dispersing of Fe3O4 particles on graphene sheets during the 

simple in situ growth hydrothermal reaction using ferric 

acetylacetonate (Fe(acac)3) as precursor. And then the Au NPs 

were evenly assembled to the as-prepared rGO/Fe3O4 by a 

hydrothermal method. The resulting product is designated as 

rGO/Fe3O4/Au. The synthesis offers good controllability of the 

size and dispersion of Fe3O4 and Au NPs with high-yield. The 

designed composite catalyst shows excellent dual functions: 

one is high catalytic efficiency towards the reduction of 4-NP 

(with conversion of 97% in 5 min) in the presence of NaBH4; 

another is easy recyclability by using an external magnetic field 

without significant decrease in the catalytic performance after 

8 reuses. 

2. Experimental Section 

All materials including natural graphite, cetyltrimethyl 

ammonium bromide (CTAB), ethanol, sodium hydroxide 

(NaOH), tetraethoxysilane (TEOS), concentrated ammonia 

solution (25 wt%), HAuCl4, sodium citrate, tannic acid, NaBH4 

and 4-NP are of analytical grade and were purchased from 

Sinopharm Chemical Reagent Co., Ltd. (China) and used as 

received without further purification. 

2.1. Synthesis of the silica modified GO.  

Graphite oxide (GO) was prepared from natural graphite 

by a modification of the Hummers method.
12

 The GO solution 

was prepared by dispersing GO in deionized water under 

sonication. 

In a typical procedure, the silica modified graphite oxide 

sheets were prepared by hydrolysis of TEOS in an alcohol 

medium in the presence of water and ammonia by a 

modification of the Stöber method. 20 mg NaOH and 0.5 g 

CTAB were dispersed in 20 mL GO solution (1 mg/mL) ultra-

sonication for 2 h at room temperature. The mixed solution 

was maintained at 40°C in a water bath for 2 h and 1.2 mL 

TEOS was added drop-wise into the above solution with 

vigorous stirring. After another 12 h stirring, the precipitates 

(silica modified GO) were filtered and washed several times 

with deionized water and dried at 80°C under vacuum for 6 h. 

2.2. Synthesis of the rGO/Fe3O4 composite.  

20 ml deionized water and 0.08 g Fe(acac)3 were added 

into the above collected silica modified GO in turn and the 

mixed solution was stirred for 30 min, the pH value of the 

mixed solution was adjusted to 11 by ammonia solution (25 %). 

After additional agitation for 5 min, the resultant solution was 

transferred into a 50 mL autoclave, sealed and heated at 220°C 

for 12 h, followed by washing with deionized water and drying 

at 60°C in air overnight. Finally the rGO/Fe3O4 composite was 

prepared. 

2.3. Synthesis of rGO/Fe3O4/Au composite. 

The Au NPs on GO surface with a diameter of about 10 

nm were prepared by the citrate reduction method in the 

presence of tannic acid. 0.4 mL of 1 g/L HAuCl4 was mixed with 

30 mL deionized water containing 0.04 g sodium citrate and 

0.02 g tannic acid and kept in a water bath at 60°C for 4 h. The 

as-prepared rGO/Fe3O4 composite was dispersed in the above 

solution and stirred for 30 min. Finally, the resulting 

rGO/Fe3O4/Au composite was separated by centrifugation, 

rinsed with ethanol and dried at room temperature. 

The rGO/Fe3O4/Au composite using GO only to anchor 

Fe3O4 and Au was prepared by the similar process without the 

modification of silica on the GO surface. 

2.4. Catalytic reaction.  

The reduction of 4-NP compound by rGO/Fe3O4/Au 

composite in the presence of NaBH4 was carried out to 

examine the catalytic activity and recyclability of the 

rGO/Fe3O4/Au composite catalyst. For comparison, the yellow 

aqueous 4-NP solution (0.08 M) was prepared and measured 

prior to monitoring the changes of absorption. A total of 50 μL 

4-NP solution (5 mM) was mixed with 1.0 mL of fresh NaBH4 

aqueous solution (0.2 M). Subsequently, 2.0 mL ultrapure 

water was swiftly added to the solution and it turned from 

light yellow to bright yellow immediately. Then 4 mg 

rGO/Fe3O4/Au composite catalyst was added to the solution. 

The above solution was quickly subjected to UV-vis 

measurements, therefore, the obtained data can be 

designated as the value for reaction time t = 0. Changes in the 

concentration of 4-NP were monitored by UV-vis spectroscopy 

at room tempe rature. In fact, as the reaction proceeds, the 

color of the mixture gradually vanished, indicating the 

reduction of the 4-NP. To study the reusability of the 

rGO/Fe3O4/Au composite catalyst, the used samples were 

separated from the solution with a magnet after the 

monitoring of the whole reduction process was completed. 

The recycled magnetic microspheres were washed with 
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ethanol 6 times and with deionized water 3 times for the next 

cycle. Similar to the above reduction process, the obtained 

rGO/Fe3O4/Au composite was redispersed with 2.0 mL of 

deionized water and mixed with 0.05 mL of aqueous 4-NP 

solution (0.005 M) and 1.0 mL of fresh NaBH4 (0.2 M) solution. 

With a stiff limit of 5 min kept for completion of the reaction, 

the solution was measured using UV-vis spectroscopy. The 

procedure was repeated 8 times and no significant decrease in 

the 4-NP conversion was detected.  

2.5. Characterization.  

X-ray diffraction (XRD) patterns were collected on a 

Rigaku D/max-TTR-III diffractometer using Cu Kα radiation (λ = 

0.15405 nm). Raman spectra were measured on a Renishaw 

RM2000 Raman spectrometer with 457.9 nm wavelength 

incident laser light. The X-ray photoelectron spectra (XPS) 

measurements were performed by using a VG ESCALAB MK II 

electron energy spectrometer using Mg Ka (1253.6 eV) as the 

X-ray excitation source. The morphologies of the as-prepared 

nanocomposites were inspected on the scanning electron 

microscope (SEM, JSM-6480A, Japan Electronics), energy 

dispersive X-ray (EDX) and transmission electron microscopy 

(TEM). The high-resolution transmission electron microscopy 

(HRTEM) micrographs were acquired on a FEI Tecnai G
2
 S-Twin 

transmission electron microscope with a field emission gun 

operating at 200 kV. N2 adsorption/desorption isotherms were 

measured at a liquid nitrogen temperature (-196°C) using a 

Micromeritics ASAP 2010 instrument. The specific surface area 

was calculated by the Brunauer-Emmett-Teller (BET) method. 

FT-IR spectra were measured on a Perkin-Elmer 580BIR 

spectrophotometer using KBr technique. The absorbance of 4-

NP was obtained on a TU-1901 UV/vis spectrophotometer. The 

samples were placed in a 1 cm × 1 cm × 3 cm quartz cuvette 

and the spectra were recorded at room temperature. 

Magnetization measurements were performed on a MPM5-XL-

5 superconducting quantum interference device (SQUID) 

magnetometer at 300 K. 

3. Results and discussion  

3.1. Morphology, structure, phase and textural Properties.  

The crystal structures of the pure GO, rGO/Fe3O4 and 

rGO/Fe3O4/Au composites were characterized by XRD and 

shown in Fig. 1. The XRD pattern of the GO consists of one 

major peak around 10°, which is in good agreement with the 

reported results and confirms that GO was successfully 

synthesized from graphite by the modified Hummers 

method.
13

 Four resolved peaks at 2θ = 19.09°, 31.25°, 36.8° 

and 59.3° in the XRD pattern of rGO/Fe3O4/Au composite, can 

be indexed into the fcc Fe3O4 structure. While the peaks at 2θ 

= 38.4°, 44.6°, 65° and 77.3° are commonly observed inthe ace-

centered cubic structured Au NPs XRD patterns. The sharp and 

strong peaks confirm that the Fe3O4 and Au are highly 

crystallized. The XRD pattern of the rGO/Fe3O4/Au composite 

matches well with the corresponding JCPDS standards of Fe3O4 

and Au (JCPDS 22-1136; JCPDS 04-0784), indicating that both  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD patterns of the pristine GO, rGO/Fe3O4 and the 

rGO/Fe3O4/Au composite. 

the Au NPs and Fe3O4 were successfully located onto GO 

sheets. Because the diffraction peaks for Au are similar with 

Fe3O4. More evidence to prove the successful load of Au NPs 

were shown in the discussion in Fig. 3. For the XRD pattern of 

rGO/Fe3O4 composite, the broad XRD peak around 25° which is 

indicated by the red circle could be ascribed to the (002) plane 

of the reduced graphene. Moreover, the disappearance of the 

GO peak at 2θ = 9.9° confirms the reduction of GO to rGO in 

the composite which indicating that the GO was reduced to 

rGO by thermal reduction during the preparing of rGO/Fe3O4 

composite. The typical features of graphene are also observed 

in the TEM images described below. 

Raman spectroscopy were used to gain information on 

the structure of the graphene sheets in the rGO/Fe3O4/Au 

composite and the GO. In Fig. 2, two intense peaks are clearly 

displayed at 1350 cm
−1

 (D band) and 1590 cm
−1

 (G band) in the 

Raman spectrum of the rGO/Fe3O4/Au composite and GO.
14

 It 

is well known that the peak intensity ratio of the D and G band 

(ID/IG) could be used to estimate the disorder degree and 

average size of the sp
2
 domains of the graphite structure.

15
 In 

our experiment, the ID/IG of rGO/Fe3O4/Au composite 

increases compared with that of GO. The increased ID/IG ratio 

(1.11 for rGO/Fe3O4/Au and 1.04 for GO, respectively) is likely 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Raman spectra of the pristine GO sheets and 

rGO/Fe3O4/Au composite. 
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due to the decrease in the size of the sp
2
 graphitic domains 

during the preparation process and the occurrence of more 

defects in the graphite structure by reduction process. 

X-ray photoelectron spectroscopy (XPS) was used to study 

the surface chemistry of the prepared reduced graphene oxide 

based composite. Fig. 3A shows XPS spectra of the 

rGO/Fe3O4/Au c omposite and GO. Compared with the pristine 

graphene sheets, the survey spectrum of the rGO/Fe3O4/Au 

prominently shows carbon, oxygen, Au and iron species. In the 

survey region (0−1200 eV), the peak located at 285 eV is 

ascribed to the characteristic peak of C 1s, which can be 

divided into several peaks further. As seen from Fig. 3B, 

deconvolution of the C 1s spectrum of rGO/Fe3O4/Au indicates 

the presence of nonoxygenated carbon at 284.8 eV, carbon in 

C−O (hydroxyl and epoxy groups) at 285.6 eV, C=O (carbonyl 

groups) at 287.1 eV and O−C=O (carboxyl groups) at 288.5 eV. 

XPS C 1s data for reduced graphite oxide show considerable 

restoration of the sp
2
 hybridized carbon atoms (C–C) after 

reduction by citrate, demonstrating that the GO has been well 

deoxygenated to form graphene (Fig. S1). In addition, the 

presence of the ferriferrous oxidation state is confirmed from 

the multiplet splitting of the Fe 2p peak, as shown in Fig. 3C. 

Two predominant band peaks at 711.2 eV and 723.8 eV can be 

assigned to Fe (2p3/2) and Fe (2p1/2), respectively, confirming 

the oxidation state of Fe3O4 in the composite. The Au 4f peaks 

at the binding energies of 84.1 and 87.8 eV, as shown in Fig. 3D, 

are attributed to the Au 4f7/2 and Au 4f5/2, respectively. The 

two strong Au characteristic peaks suggest clearly the 

formation of the Au NPs in rGO/Fe3O4 with good crystallization. 

These results are also consistent with the XRD and Raman 

analysis as described above.  

Fig. 4 shows the TEM images and morphology sketch of 

the GO modification process which plays an important role in 

the growth of Fe3O4 and deposition of Au NPs. GO nanosheets 

shown in Fig. 4A illustrate the success of preparing GO by  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. XPS spectra of the pure GO sheets and as-prepared 

rGO/Fe3O4/Au composite. XPS survey spectra (A), C1s 

spectrum of rGO/Fe3O4/Au (B), Fe 2p spectrum of 

rGO/Fe3O4/Au composite (C) and Au 4f spectrum of the 

rGO/Fe3O4/Au composite (D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. TEM images of GO (A), low- (B) and high-magnification (C) 

TEM images of silica modified GO. Schematic illustration for 

the silica modification process (D). 

Hummers method. The GO sheets are measured to be range 

from approximately 1 to 4 μm in lateral dimensions. The 

characteristics of 2D GO with a slightly curved and crinkled 

texture are observed. As shown in Fig. 4B, compared with GO 

sheets, the 2D surface of modified GO has a relatively rough 

surface after the silica modification reaction. Furthermore, the 

magnified TEM image of silica modified GO sheets makes 

clearly that the GO exhibits a curly morphology with a thicker 

and wrinkled structure which is very likely due to the 

modification of silica on the surface of the GO (Fig. 4C). The 

modified GO sheets have more functional groups located on 

the GO sheets. These functional groups ensure mechanically 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Low- (A) and high-magnification (B) TEM images of 

rGO/Fe3O4 composite, low- (C) and high-magnification (D) TEM 

image of rGO/Fe3O4/Au composite, HRTEM image of 

rGO/Fe3O4/Au composite (E, F) and EDS (G). The insets in (E) 

and (F) are corresponding FFT patterns. 
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steady bonding between GO and ions or inorganic particles 

and certainly, acts as anchors for adsorption of HAuCl4 and 

Fe(acac)3 in this work (Fig. 4D). 

The morphologies of the rGO/Fe3O4 composite and 

rGO/Fe3O4/Au composite were determined by SEM and TEM. 

Fig. 5A demonstrates obviously that Fe3O4 particles have been 

successfully located onto GO. A high magnification TEM image 

further reveals that the Fe3O4 particles are well dispersed on 

the GO sheets, as marked by the red arrow in the 

corresponding TEM image in Fig. 5B. For the rGO/Fe3O4 

composite, GO exhibits a curly morphology with a thin, 

wrinkled structure. Notably, the decoration of the GO sheets 

by Fe3O4 particles increases the surface area and avoids the 

agglomeration of the Fe3O4 particles. Panels C and D in Fig. 5 

show the TEM images of rGO/Fe3O4/Au composite, exhibiting 

obviously the formation of Au NPs on the surface of rGO after 

in situ reduction of HAuCl4. The reduction process by the 

citrate allows the in situ growth of Au NPs on the graphene 

sheets and then attachment onto the graphene sheet stably. A 

high magnification TEM image of the rGO/Fe3O4/Au composite 

(see in Fig. 5D) further reveals that the Au NPs are spherical in 

shape and have diameters ranging from 6 nm to 15 nm. 

Interestingly, the rGO sheets keep in well spreading without 

agglomeration and with reasonably large surface area which 

provides a better access for the liquid into the entire structure. 

In the HRTEM images (Fig. 5E and F), the measured lattice 

spacings of 0.24 nm and 0.24 nm match well with the d311 

spacing of the Fe3O4 phase and d111 spacing of Au, respectively. 

This is also supported by the corresponding fast Fourier 

transform (FFT) pattern in the inset. In addition, the 

corresponding elemental mapping picture displays a clear 

elemental distribution of C, O, Fe and Au elements (Fig. 5G). 

Fig. 6 shows the N2 adsorption–desorption isotherms and 

pore size distribution of rGO/Fe3O4/Au composite. According 

to the IUPAC classification, the sample exhibits typical IV type 

isotherms with an inconspicuous hysteresis loop observed in 

the range of 0.5-1.0 P/P0, indicating a mesoporous nature. As 

expected for the observed porous nature, our rGO/Fe3O4/Au 

composite has a large specific surface area of 102.6 m
2
/g, with 

a unimodal pore-size of 7 nm calculated by the Barrett–Joiner–

Halenda (BJH) method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. N2 adsorption/desorption isotherms (A) and particle size 

distribution (B) of rGO/Fe3O4/Au composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Schematic illustration of the formation process of 

rGO/Fe3O4/Au composite. 

The possible mechanism involved in the formation 

process of the rGO/Fe3O4/Au composite nanostructure is 

proposed and a representative schematic is illustrated in 

Scheme 1. Experimentally, construction of the composite 

material began with the silica modification of the GO. In GO 

water solution, epoxy and hydroxyl groups covered on GO 

surface, while carbonyl and carboxyl groups were located 

atthe edges. These functional groups acted as anchor sites and 

enabled the subsequent modification of the GO sheets. With 

the addition of CTAB, the GO strongly interacted with CTAB 

molecules and formed the capped GO sheets which can be 

stabilized in deionized water with excellent dispersibility. 

Excellent dispersibility played a key role in the following GO 

modified homogeneously by silica process which were 

accomplished by the hydrolysis of TEOS according to the 

Stöber method. The silica-coated GO sheets effectively 

avoided the aggregation of the GO sheets. Furthermore, this 

created negatively charged surface Si–OH groups on GO sheets. 

Certainly, negative charge groups could adsorb efficiently 

positive charge ions efficiently in the continued process. 

Moreover, the large surface area associated with the silica 

modification ensures the silica surface to immobilize a large 

number of ions during the following in situ growth process. 

After the silica modified GO and Fe(acac)3 were mixed with 

deionized water and react under a heat treatment conditions, 

the Fe3O4 seeds were formed on the GO sheets due to the 

Fe(acac)3 hydrolysis under alkaline condition and further in situ 

grown on the GO sheets to form the homogeneous rGO/Fe3O4 

composite. Moreover, silica was removed under alkaline 

conditions after the reaction which is confirmed by the FT-IR 

spectra of GO, silica modified GO and rGO/Fe3O4/Au in Fig. S2. 

In Fig. S2, for GO, the strong band of OH (3430 cm
–1

) and H2O 

(1620 cm
–1

) indicates that there are a large number of OH 

groups and H2O present on the surface. After the silica was 

modified on GO sheets, several broad absorption bands 

assigned to OH (3430 cm
–1

), Si-O-Si (803 cm
–1

), Si–OH (950 cm
–

1
), and Si–O (455 cm

–1
) groups are detected, which can be 

attributed to the amorphous mesoporous silica.
16

 The strong 

absorption bands around 2920 cm
−1

 and 2850 cm
−1

 were 

assigned to the stretching of the C–H bonds of the CTAB 
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molecules residues on the silica. After the hydrothermal 

reaction, the silica was removed. Notably, GO was reduced to 

rGO by thermal reduction and most of the oxygen-containing 

groups on GO sheets are removed. After that, rGO/Fe3O4 was 

react with citrate-capped AuCl4
–
 solution for the reduction of 

AuCl4
–
 to Au NPs form the rGO/Fe3O4/Au composite 

nanostructure. The functional groups present on the surface of 

the GO was dispeared for the rGO/Fe3O4/Au sample. The 

process can be described as an in situ decoration of Au NPs on 

the surface of rGO/Fe3O4. The two important reactions 

improve greatly the electrochemical property of the 

rGO/Fe3O4/Au composite. In addition, citrate served as a 

reducing agent for the synthesis of Au NPs as well as a 

chelating ligand with strong coordinating ability to coordinate 

with Au and rGO/Fe3O4 composites to form stable complexes.  

RGO/Fe3O4/Au composite obtained by our facile approach 

show many unique advantages in comparison with 

conventional catalysts. Firstly, this advanced in situ growth and 

reduction method achieved a tight decoration of Fe3O4 and Au 

NPs on rGO support; the tight decoration ensures 

rGO/Fe3O4/Au to keep quite good stability in catalytic reaction, 

as well as in magnetic recycling. Secondly, well-crystallized 

Fe3O4 and Au NPs are evenly prepared and specially dispersed 

on the rGO supports with a narrow size distribution. This novel 

structure can effectively prevent nano particles and nano 

sheets from aggregation in close proximity even at high 

particle densities. Thirdly, it is feasible to grow two or more 

kinds of nano particles on nano sheet surface simultaneously 

to play different roles, for example in this report, the Au NPs 

act as a high performance catalyst and the decorated Fe3O4 

nano particles made the composite convenient for recycling. 

Consequently, inorganic nanostructured catalysts with high 

surface area, magnetic property, facile regeneration and 

catalytic performance are reserved, which is important for the 

super catalytic activity. 

3.2. Catalytic performance of the rGO/Fe3O4/Au composite 

The reduction of 4-NP to 4-AP by NaBH4 process is 

monitored by tracking the changes in the absorbance peak on 

the UV/vis spectra at different times. The addition of sodium 

borohydride in 4-NP resulted in a yellow aqueous solution and 

an absorption maximum located at 400 nm (Fig. 7A-C) due to 

the formation of 4-nitrophenolate ion. Fig. 7A illustrates a 

blank test conducted with a mixture of 4-NP and NaBH4, 

without rGO/Fe3O4/Au composite. No change in the color of 

the reaction mixture or the absorption peak intensity was 

observed even after standing for 12 h, which states clearly that 

the reduction of 4-NP did not occur without the introduction 

of the catalyst. After addition of a small amount (4.0 mg) of 

the rGO/Fe3O4/Au composite, the reduction commenced and 

absorption peak at 400 nm significantly decreased as the 

reaction proceeds. Meanwhile, a new peak appears at 295 nm, 

which is corresponding to 4-AP increases, reveals surely the 

reduction of 4-NP to form 4-AP (Fig. 7B). After an 5 min 

reduction reaction, the pristine bright yellow solution faded to 

completely colorless and no characteristic absorption of nitro 

compound could be detected at 400 nm, which proved that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. UV-vis spectra of the catalytic reduction of 4-NP to 4-AP 

developed at different reaction times when no catalyst was 

added (A), UV-vis spectra of the catalytic reduction of 4-NP to 

4-AP developed at different reaction times using 4 mg 

rGO/Fe3O4/Au composite (B); UV-vis spectra of the catalytic 

reduction of 4-NP to 4-AP developed at different reaction 

times (C); Ct/C0 and ln(Ct/C0) versus time for the reduction of 4-

NP over 4 mg rGO/Fe3O4/Au catalyst, The ratio of 4-NP 

concentration (Ct at time t) to its initial value C0 is directly 

represented by the relative intensity of the respective 

absorption peak at 400 nm. 

the catalytic reduction of 4-NP had proceeded successfully (Fig. 

7C). The mechanism of catalytic reduction of 4-NP to 4-AP is 

explained in details in Fig. 8. The catalytic reduction of 4-NP to 

4-AP occurred via relaying of electrons from the BH
4−

 donor to 

the acceptor 4-NP. When the rGO/Fe3O4/Au catalyst 

composite was added into the reaction mixture, the BH
4-

 ions 

as well as the 4-NP were adsorbed on the surface of catalyst 

and transfer a surface-hydrogen species to the surface of the 

Au NPs, leading to the rapid occurrence and completion of the 

reduction reactions. The rate of reduction reaction catalyzed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Mechanism of catalytic reduction of 4-NP. 
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by rGO/Fe3O4/Au composite was assumed to be independent 

of the concentration of NaBH4 because the initial 

concentration of the NaBH4 solution is excessed compared to 

4-NP. Therefore, a pseudo first-order kinetic equation can be 

applied to evaluate the catalytic rate, denoted as 

−dC/dt = dA/dt = kCt = kAt                                                  (1) 

ln(Ct/C0) = ln(At/A0) = −kt                                                    (2) 

where Ct is the concentration of 4-NP at time t and k is the 

apparent rate constant. The ratio of Ct to C0 is measured from 

the relative intensity of absorbance (At/A0) at 400 nm. Fig. 7D 

shows the relation of ln(Ct/C0) versus time t. The clearly linear 

relationship between ln(Ct/C0) and t indicates that the 

reduction of 4-NP by rGO/Fe3O4/Au composite matches well 

with the pseudo-first-order and the rate constant k is 

calculated to be 0.686 min
−1

, and the turnover frequency (TOF) 

of the rGO/Fe3O4/Au composite for the catalytic reaction of 4-

NP was calculated to be 716 h
−1

. 

To investigate the reusability, the rGO/Fe3O4/Au 

composite was separated using a magnet from the catalytic 

reaction solution and the cyclic stability was recorded. Fig. 9A 

shows the magnetization curve of rGO/Fe3O4/Au at room 

temperature. The saturation magnetization value is 8.0 emu/g. 

The inset photographs in Fig. 9A demonstrates the easy 

separation of rGO/Fe3O4/Au by an external magnetic field in 30 

s and states clearly the reusability of rGO/Fe3O4/Au catalyst. 

The reusability test result of rGO/Fe3O4/Au composite, as 

shown in Fig. 9B, further confirms that the catalyst exhibits 

similar catalytic performance without visible reduction 

(decreased less than 10%) even after running for 8 cycles, 

which suggested an excellent stability and long life of as-

prepared rGO/Fe3O4/Au catalyst. 

The good catalytic activity of rGO/Fe3O4/Au composite 

could be explained from three aspects. First, highly dispersed 

Au NPs were decorated on the surface of rGO sheets to make 

sure Au NPs in high catalytic activities. In addition, each 

nanoparticle isolated on rGO sheets has a relatively 

homogeneous environment around the particle surface thus 

leading to a high rate of reduction. Second, the good 

mechanical stability, excellent conductivity property and large 

surface area derived from rGO, as well as its porous 

characteristic are expected to have favorable functions for the 

excellent catalytic properties of the rGO/Fe3O4/Au composite.  

 

 

 

 

 

 

 

 

 

 

Fig. 9. Magnetization curve of rGO/Fe3O4/Au at room 

temperature (A), The inset shows the photographs of the 

magnetic separation. The reusability of rGO/Fe3O4/Au catalyst 

(B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. TEM image of rGO/Fe3O4/Au composite using GO only 

to anchor Fe3O4 and Au (A). UV-vis spectra of the catalytic 

reduction of 4-NP to 4-AP developed at different reaction 

times for the sample (B). 

Third, the interaction between Au NPs and rGO supports is 

more effective than that of the bulk forms, which facilitate the 

electron transfer between the Au NPs, thus the rGO sheets can 

provide more active sites to adsorb and reduce 4-NP. 

Apparently, the synergetic effects between Au NPs and rGO 

improve catalytic property of rGO/Fe3O4/Au composite greatly. 

Importantly, the good dispersion of Fe3O4 and Au particles is 

ascribed to the silica-coated GO sheets which can effectively 

avoided the aggregation of the GO sheets. The abundant 

surface groups on silica modified GO ensures the surface to 

immobilize a large number of ions during the particles 

decorating process. In order to clarify the crucial role the silica 

modified graphene surface played in the particles decorating 

process, the rGO/Fe3O4/Au composite using GO only to anchor 

Fe3O4 and Au was prepared by the similar process without the 

modification of silica on the GO surface. And, the catalytic 

property of the composite is demonstrated in Fig. 10 which 

shows a low performance in the catalytic reduction of 4-NP 

with conversion of 88 % in 15 min. The relatively low catalytic 

performance of the composite which using GO only to anchor 

Fe3O4 and Au may ascribed to the morphology property of the 

composite. As shown in Fig. 10, in contrast to the good 

dispersion and high loading amount of the Fe3O4 and Au 

particles in the rGO/Fe3O4/Au composite which using silica 

modified GO to anchor particles, agglomeration property of 

the graphene and low loading of particles are observed for the 

composite using GO only to anchor Fe3O4 and Au, which may 

result in the inferior catalytic characteristics. 

Conclusions 
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In summary, rGO/Fe3O4/Au composite with highly dispersed 

Au NPs and Fe3O4 particles have been synthesized with high 

yield by a facile hydrothermal method firstly. The as-prepared 

rGO/Fe3O4/Au composite possesses high surface area, good 

dispersity of Au NPs and active interaction between Au NPs 

and rGO supports, thus exhibiting high catalytic performance 

demonstrated strongly by the reduction of 4-NP to 4-AP by 

NaBH4. In addition, the rGO/Fe3O4/Au composite can be 

conveniently separated from reaction solution using external 

magnetic fields and the recovered composite presents 

excellent reusability. Finally, we believe that the promising 

synthetic strategy can be extended to develop other graphene 

based different metal or metallic compounds decorated 

composites for various applications in fields of catalysis, optical 

devices, sensors and alkaline secondary batteries. 
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