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Abstract 

Hybrid nanostructures composed of magnetic iron oxides and plasmonic metals are able to 

convert light energy into chemical energy as well as they can be easily manipulated through magnetic 

fields. As a consequence of these multifunctional features they can be employed as magnetically 

recyclable heterogeneous photocatalysts. Herein, we report a two step method for the preparation of 

magnetite (Fe3O4)-gold (Au) hybrid nanostructures in aqueous media. The obtained material resembles 

a core-satellite morphology of 60 nm Fe3O4 nanoparticles surrounded by nearly spherical 20 nm Au 

nanoparticles attached to their surface. The synthesized hybrid material exhibits enhanced capabilities 

for the methylene blue photodegradation compared with bare Fe3O4 nanoparticles. Detailed 

electrodynamics simulations were performed to achieve further insight into the improved photoactive 

properties of the Fe3O4-Au hybrid nanostructures. The theoretical results show that the excitation of 

localized surface plasmon resonances in the Au component leads to greater light absorption in the Fe3O4 

component which ultimately impacts on the improved photocatalytic properties of the hybrid 

nanostructure. Overall, this work provides a complementary approach toward a complete understanding 

of the enhanced photoactive properties of hybrid nanostructures and highlights the importance of 

considering their actual morphology into simulations. 
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Introduction 

Hybrid nanostructures composed of metal oxides and noble metals (HNs) have been intensively 

investigated in the past years mainly because of their multifunctional characteristics, as they allow to 

integrate several physical and chemical properties into a single object.1–5 Indeed, owing to its 

multifunctional features, HNs have been applied to address issues regarding from biomedicine to 

environmental remediation.6–10 In particular, HNs composed of magnetite (Fe3O4) and gold (Au), exhibit 

both magnetic and plasmonic properties. As a consequence of the properties of its constitutive materials, 

this specific type of HN has shown a remarkable performance when employed as SERS substrates and 

as heterogeneous magnetically recyclable photocatalysts.11–15 Although there still remain open questions, 

there exist consensus about the fundamental reasons that lead to improvements in the photocatalytic 

activity.16–18 The intense electric field produced on the surface of the noble metal nanoparticle by 

localized surface plasmon resonance (LSPR) excitation significantly increases the electron-hole 

generation efficiency in the nearby semiconductor. This process occurs through a dipole-dipole coupling 

between the dipole moment of LSPR and the dipole moment of interband transitions in the 

semiconductor. This process resembles in some way the mechanism of Forster energy transfer (FRET) 

observed between donors and acceptor molecules, and it has been denoted as Plasmon Induced 

Resonance Energy Transfer (PIRET).19–22 Optimization of this mechanism requires both spectral and 

spatial overlaps, that is, the excitation energy of the LSPR should be similar to the semiconductor 

bandgap. In addition, the semiconductor component must occupy the spatial region next to the plasmonic 

nanoparticle (NP) where the most substantial increase of the near-field occurs. Consequently, the 

generation of electron-hole pairs is located near the surface of the semiconductor, significantly reducing 

the recombination of charge carriers during their migration toward the catalytic sites at the interface.23 

Recently, we have shown by means of electrodynamics simulations that the absorbed photon flux within 

the semiconductor component of a given HN depends not only on the spectral overlap but also on the 

radiative line width of the plasmonic resonance, which in turn depends on the size and nature of the 
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plasmonic particle.24 These results highlight that a rational design of the morphology of the HN is 

required in order to enhance its photoactive properties. The improvements in the photocatalytic properties 

of HNs composed of semiconductor metal oxides and noble metals with respect to those corresponding 

to photocatalysts composed purely of the semiconductor metal oxide are also attributed to a charge 

transfer mechanism.25,26 Upon the excitation of the LSPR, a fraction of the hot electrons generated in the 

metal reaches high enough energy to overcome the Schottky barrier formed at the metal/semiconductor 

interface and is injected into the conduction band of the semiconductor.27 This mechanism further 

enhances the separation of electrons and holes, which in turn reduces the recombination rate and increases 

the lifetime of charge carriers. Importantly, the occurrence of the hot electron injection process is heavily 

dictated by the Fermi energy level, while the PIRET mechanism implies less exigent conditions. 

In general, the methods reported for the preparation of Fe3O4-Au HNs involve two steps, first the 

synthesis of Fe3O4 NPs followed by the reduction of Au(III) ions in presence of Fe3O4 NPs obtained in 

the first step. The most widely applied protocols for the synthesis of Fe3O4 NPs comprise either the co-

precipitation method, approach involving solvothermal and high-temperature reactions or partial 

oxidation of Fe(II) solutions.28–30 On the one hand, the co-precipitation method at ambient conditions is 

simple but the control of the size and shape distributions is relatively poor.31,32 On the other hand, the 

methods that involve hydrothermal and high-temperature reactions are more sophisticated but leads to 

very good shape control as well as to very narrow size distributions typically centered below 20 nm, that 

is, within the superparamagnetic size regime.33 The partial oxidation of dissolved Fe(II), and the 

subsequent formation of the desired solid phase, has also been intensively studied and it likely constitutes 

the most inexpensive methodology for the preparation of Fe3O4 NPs.34,35 The reduction of Au(III) ions 

is usually accomplished by using sodium borohydride, sodium citrate and hydroxylamine 

hydrochloride.36,37 Furthermore, according to the surface functionalization of the Fe3O4 NPs and to 

specific details of the synthetic procedure, Fe3O4-Au HNs with two main different morphologies can be 

obtained: core-shell or core-satellite.38 Regarding the enhanced NHs photocatalytic properties different 
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5

combinations have been investigated using Fe3O4, TiO2 and other components as dielectric materials 

with Au, demonstrating their capabilities to produce the photodegradation of organic compounds such 

as 4-nitrophenol and dyes.39 However, to the best of our knowledge, the photocatalytic properties of HNs 

composed solely by Fe3O4 and Au have not been addressed yet. This simple two component system 

allows us to achieve a deeper comprehension of the photocatalytic activity using electrodynamics 

modelling, an aspect quite relevant but scarcely employed to explain experiments.40 

In this work, Fe3O4-Au HNs has been prepared by implementing a relatively simple two step 

method. In a first step, Fe3O4 NPs are obtained by aerial oxidation of Fe(OH)2 suspensions. This 

procedure constitutes an environmental friendly and low cost method for the preparation of Fe3O4. The 

formation of Fe3O4-Au HNs is obtained in a second step, by heterogeneous precipitation of Au on the 

surface of the Fe3O4 NPs, reducing Au(III) ions with borohydride. The structure and morphology of the 

prepared HNs were characterized by TEM, SEM, EDS and XRD. Then, the photocatalytic properties of 

the Fe3O4-Au HNs were also investigated by analyzing the photodegration of the methylene blue dye 

(MB) followed by UV-vis spectroscopy. Finally, based on detailed Discrete Dipole Approximation 

(DDA) simulations, the enhancement in the photoactive response of the HNs is qualitatively rationalized 

according to the near field enhancements in the semiconductor material.  

Experimental and Theoretical Methods

Chemicals. Ferrous sulfate (FeSO4·7H2O, Anedra), sodium hydroxide (NaOH, Anedra), tetrachloroauric 

acid (HAuCl4·3H2O, Sigma-Aldrich), sodium borohydride (Tetrahedron) and methylene blue (MB, 

Sigma-Aldrich), reagents of high purity grade, were used as received without 

further purification. Aqueous solutions were prepared with ultrapure water (18.2 mΩ resistivity).

Synthesis of Fe3O4 Nanoparticles. The synthesis of Fe3O4 NPs was performed by adding 100 mL of a 

freshly prepared 0.1 M FeSO4 solution to 100 mL of a 0.4 M NaOH solution under vigorous stirring at 
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room temperature. After mixing the reactants the temperature was set to 80º C during an hour. At the end 

of this period a black precipitated was obtained indicative of Fe3O4 formation.

Synthesis of Fe3O4-Au Hybrid Nanostructures. The HNs were obtained by mixing 0.1 mL of a 0.025 

M HAuCl4 solution with 10 mL of a 0.05 g/L Fe3O4 NPs aqueous dispersion. Then, four aliquots of 0.015 

mL each one of a fresh NaBH4 0.1 M solution were added to this mixture, under vigorous stirring. After 

adding the NaBH4 aliquots, the appearance of a purplish color was observed in the reaction mixture, 

suggesting the formation of Au NPs. This color was quite different to the typical red color of Au NPs 

dispersions observed in control experiments where the same procedure was performed in the absence of 

Fe3O4 NPs.

XRD Characterization. The XRD instrument employed was a PANanalitical X-Pert Pro using CuKα 

radiation (λ =1.5406 Å). The diffractograms were obtained from powders of the respective samples in 

the range 20−80°. To obtain the powder of Fe3O4 NPs, the suspension containing the reaction product 

was washed three times with water and the precipitated NPs were dried in an oven overnight at 40 °C. 

The respective powder of the Au-Fe3O4 HNs sample was obtained by depositing droplets containing the 

nanostructures over a glass slide, and evaporating the solvent in a fumehood at room temperature.

TEM, SEM and EDS Characterization. Transmission electronic microscopy (TEM) images of the 

prepared nanostructures were obtained by using a JEM-JEOL 1120 EXII under an accelerating voltage 

of 80 kV, whereas the samples were prepared by adding one drop (∼30 μL) of the colloidal dispersion 

onto a holey carbon-formvar coated copper TEM grid (100 mesh). Scanning electronic microscopy 

(SEM) images of the prepared nanostructures were obtained by using a FE-SEM Σigma (Carl Zeiss), 

whereas the samples were deposited onto Si/SiO2 substrates. The analysis of the chemical composition 

of the respective samples was performed by energy dispersive X-ray spectroscopy (EDS, Oxford).

 UV−Vis Spectroscopy. The spectra were measured at room temperature using a Shimazdu UV-1700 

PharmaSpec spectrophotometer with a cuvette of 1 cm optical path length. 
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7

Photocatalysis experiments. The synthesized Fe3O4 NPs and Au-Fe3O4 HNs were tested for the 

photocatalytic degradation of methylene blue (MB). The photocatalysis experiments were carried out in 

a test tube containing 10 mL of 1x10-5 M MB solution and 0.083 mg/L of the respective catalyst. Before 

start the irradiation, the suspension was magnetically stirred for 1 h in order to attain adsorption-

desorption equilibrium. The experiments were performed by irradiating the samples with a 100 W Hg 

lamp as light source. At specific time intervals (15 m), 2 mL of the sample solution were withdrawn and 

the changes in the concentration of MB were monitored through UV-vis measurements. 

Computational Methods. The absorption spectra of Fe3O4 and Fe3O4-Au nanostructures as well as the 

near field enhancements were calculated using the DDA method which is implemented in the DDSCAT 

7.3 code.41 Further details about this methodology can be found elsewhere.42,43 The synthesized Fe3O4-

Au HNs were modelled as core-satellite like objects. The dimensions of the Fe3O4 core and of the Au 

satellite nanoparticles were taken from the size distribution statistics obtained from the TEM images (see 

Figure 2). The number of dipoles N used to represent a given nanostructure is a key parameter when 

performing DDA simulations as both the accuracy of the simulation and the computational time, increase 

with N. Thus, N should be chosen in such a way as to reach an acceptable error tolerance. Note that there 

exists an inversely proportional relationship between the lattice spacing and N, that is, the smaller the 

lattice spacing the larger N. The value of N employed to model the synthesized nanostructures in the 

simulations was varied from 1.1 × 105 to 1.4 × 105 according to the actual dimensions in such a way that 

a lattice spacing (inter-dipole distance) of 1 nm was set in all simulations. The wavelength dependent 

dielectric constant of Fe3O4 and Au were obtained from literature.44,45 The refractive index of the 

environment was set to 1.33 corresponding to water.

Results and discussion
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Structural characterization. The structure and nature of the synthesized materials has been 

characterized through XRD measurements. Figure 1 shows the XRD patterns of the powders obtained 

from the Fe3O4 NPs and Au-Fe3O4 HNs denoted as (a) and (b), respectively. For comparison, the 

reference data for Fe3O4 (ICSD 01-089-0691) and Au (ICSD 03-065-2870) are also shown at the bottom 

as red and blue bars, respectively. The diffraction pattern of (a) Fe3O4 NPs shows peaks at 2θ = 30.2, 

35.6, 37.3, 43.2, 53.7, 57.2, and 62.8, which are assigned to the reflections of the planes (220), (311), 

(222), (400), (422), (511), and (440) of Fe3O4, respectively. Note that diffraction peaks that could be 

attributed to other iron oxide or oxyhydroxide phases are not observed indicating that there are no other 

impurities in the Fe3O4 NPs. 

Figure 1. XRD patterns of (a) Fe3O4 NPs and (b) Fe3O4-Au HNs. The reference XRD pattern of Fe3O4 (ICSD 01-089-

0691) and Au (ICSD 03-065-2870) are also shown in the lower part of the figure in red and blue bars, respectively. The 

patterns have been arbitrarily shifted in the y-axis.

On the other hand, the diffraction pattern of (b) Au-Fe3O4 HNs shows peaks at 2θ = 38.2, 44.5 and 64.7 

which are assigned to the reflections of the planes (111), (200), and (220) of Au, respectively, in addition 

to the peaks attributed to reflections of the Fe3O4 phase. This analysis suggests that the 

implemented methodology is suitable for the preparation of Fe3O4-Au HNs.   
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9

Morphological and elemental characterization. Figure 2 shows representative TEM images of the 

synthesized (a) Fe3O4 NPs and (b) Fe3O4-Au HNs, respectively.  It is observed that the prepared Fe3O4 

NPs present relatively wide shape and size distributions (Fig. 2a). Given the crystalline nature of the 

Fe3O4 nanoparticles shown in Fig. 2a, the different contrast observed could be attributed to diffraction 

contrast. 

Figure 2. (a-b) Representative TEM images of the synthesized (a) Fe3O4 NPs and (b) Fe3O4-Au HNs. (c-d) Histograms of the 

particle size distribution of (c) Fe3O4 NPs and (d) Fe3O4-Au HNs. In panel (d), red bars correspond to the size of the Fe3O4 

whereas the blue bars correspond to the size of the Au component of the NH, respectively.   
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10

However, a contribution of mass-thickness contrast to the image formation can not be ruled out due to 

the fact that the thickness of the specimen is inhomogeneous. The shape and size distributions can be 

attributed to the formation process of the magnetic iron oxide phase. Note that, according to the 

methodology employed, the Fe3O4 formation involves several different steps, including the initial 

formation of Fe(OH)2(s), the following conversion into green rust, its dissolution and finally the 

precipitation of Fe3O4. The final size and shape distributions of the NPs obtained greatly depend on 

whether the Fe3O4 crystal growth follows classical or non-classical mechanisms. Indeed, all the above 

mentioned phenomena should have an impact on the product; however, determining the crystal growth 

mechanism and the key variables that control the Fe3O4 formation is beyond the scope of this work. The 

statistical analysis of the images, performed on the basis of counting over hundred particles, reveals that 

the mean size of the Fe3O4 NPs is centered around 60 nm (Fig. 2c). Figure 2b shows a representative 

TEM images of the synthesized Fe3O4-Au HNs where it can be clearly appreciated the presence of small 

and nearly spherical particles with substantially high electronic contrast attributed to Au NPs surrounding 

a core with relatively lower contrast corresponding to Fe3O4. Furthermore, the Au NPs appears to be 

randomly distributed on the surface of the Fe3O4 NPs resembling the so-called core-satellite morphology 

employed in literature to describe this type of HN. The statistical analysis of the respective TEM images 

indicates that the size distribution of the Fe3O4 NPs remains practically unchanged after the process that 

leads to the formation of the HNs, that is, the heterogeneous nucleation and subsequent growth of Au 

over the Fe3O4 surface (see red bars in the histogram depicted in Fig. 2d). In addition, according to the 

respective statistical analysis, the Au NPs depict a narrower size distribution centered at 20 nm (see blue 

bars in the histogram depicted in Fig. 2d). These morphological features have been also verified trough 

SEM images, where it can be clearly observed that the initial Fe3O4 NPs (Fig. 3a) are modified by the 

deposition of smaller Au NPs on their surface  after producing the reduction of Au(III) ions by reaction 

with NaBH4 (Fig. 3b). Note that some of the Au NPs that compose the HNs are illustratively indicated 

by red arrows in Fig. 3b. 
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11

Figure 3. Representative SEM images of the synthesized (a) Fe3O4 NPs and (b) Fe3O4-Au HNs. Red arrows in panel (b) 

illustratively indicate some Au NPs that compose the HNs.

 Figure 4. (a) SEM image and EDS element mapping images for (b) Fe, (c) O and (d) Au of the synthesized Fe3O4-Au HNs. 

The scale bar applies for all images. 
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12

The chemical composition analysis of the synthesized materials was performed by means of EDS 

measurements. Figure 4a depicts a representative SEM image of the Fe3O4-Au HNs, while the 

corresponding EDS element mapping images presented in Figs. 4b, 4c and 4d provide evidence that the 

synthesized HNs are composed of Fe, O and Au, respectively, with these elements being homogenously 

distributed in the material. The respective EDS spectrum is provided in Fig. S1 of the Supporting 

Information (SI) file and substantiates that the synthesized composite is constituted of Fe, O, and Au. 

The EDS analysis for the Fe3O4 NPs sample is provided in Fig. S2 of SI, where it can be clearly 

appreciated the presence of signals corresponding only to Fe and O and, in contrast, the absence of signals 

corresponding to Au can be corroborated. 

Optical characterization. Owing to the plasmonic properties of noble metals, it is expected that the 

optical response of the Fe3O4 NPs substantially change after the heterogeneous precipitation of Au on 

their surface, that is, after the formation of the Fe3O4-Au HNs. Figure 5 shows the normalized extinction 

spectrum of the aqueous dispersion of the synthesized Fe3O4 NPs which resembles the typical spectrum 

previously obtained for colloidal dispersions of this material (black curve).46–48

Figure 5. Normalized extinction spectra corresponding to colloidal dispersions of the synthesized Fe3O4 NPs (black curve), 

Fe3O4-Au HNs (red curve) and Au NPs (blue curve). The green curve shows the spectrum resulting from the averaged sum 

of the individual spectra of Fe3O4 and Au NPs, normalized at 411 nm.  
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13

The corresponding spectrum of the Fe3O4-Au HNs (red curve) depicts a shoulder around 560 nm 

superimposed on the spectrum of the Fe3O4 NPs. This response is attributed to the excitation of the LSPR 

of the Au component of the HNs. Besides, there is an increased extinction in the 300-400 nm range 

attributed to inter-band transition of Au. In order to achieve deeper insight into this response, the 

normalized extinction spectrum of Au NPs (obtained following the same procedure employed to prepare 

the HNs but without Fe3O4 NPs dispersed in the reaction media) is shown in blue curve. Such a spectrum 

presents a remarkable peak at 522 nm characteristic of Au NPs colloidal dispersions attributed to LSPR 

excitations. A representative TEM image of the Au NPs produced in the absence of Fe3O4 is shown in 

Fig. S3 of SI. The statistical analysis indicates that the Au NPs exhibit a nearly spherical shape with a 

mean size of 20 nm and size and shape distributions quite similar to those obtained for the Au component 

of the HNs. However, the shoulder observed in the HNs extinction spectrum, which appears as a 

consequence of LSPR excitations in the Au component, is nearly 40 nm red-shifted with respect to the 

respective peak of the naked Au NPs. This effect is attributed to the higher dielectric constant of the 

environment experienced by the Au component in the HN, and provides an additional evidence of the 

close interaction between Fe3O4 and Au materials. Furthermore, in virtue of this interaction, the spectrum 

resulting from the sum of the individual spectra of Fe3O4 and Au NPs (green curve), substantially differs 

from that obtained for the Fe3O4-Au HNs (red curve). Note that, to give a clear comparison, the spectrum 

shown in green curve is obtained by normalizing at 411 nm the averaged sum of the respective spectra 

of Fe3O4 and Au NPs. As mentioned before, it is expected that the LSPR excitations have an impact on 

the photoactive properties of the HNs.

Photocatalytic degradation of MB. The dye MB was employed as probe molecule for evaluating the 

photocataytic performance of the synthesized materials. Figure 6a shows the variation of the absorption 

spectrum of MB with irradiation time in presence of Fe3O4-Au HNs. It can be observed that the intensity 

of the absorption peak at 664 nm of MB continuously decreases as the irradiation time increases from 0 

to 60 minutes, a process evidenced by the discoloration of the dye. For comparison, the 
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photodecomposition of the dye in presence of Fe3O4 NPs and without any photocatalyst, that is, an 

aqueous solutions of MB, were also investigated. The absorption spectrum of MB at different irradiation 

times is shown in Figs. S4a and S4b of SI, respectively. In this case, there is qualitatively the same trend 

observed in Fig. 6a. The variation of the MB normalized absorption valuated at 664 nm, It/I0, with the 

irradiation time is shown in Fig. 6b. Green dots (red dots) represent data measured in presence of Fe3O4-

Au HNs (Fe3O4 NPs), while black dots represent data of control experiments performed for MB aqueous 

solutions without photocatalyst. After an hour of irradiation, the MB concentration decreases to 30% 

from its initial value in the absences of photocatalysts. By performing the same experiment in presence 

of Fe3O4 NPs, the photodegradation process of MB is accelerated and after 60 minutes of irradiation the 

MB concentration reaches a 25% of its initial value. However, when Fe3O4-Au HNs are present in the 

reaction media the MB photodecomposition is further enhanced and it decreases to 10% of its initial 

concentration after the same period of time. 

 Figure 6. a) Absorption spectrum of MB at different irradiation times in presence of the synthesized Fe3O4-Au HNs. b) 

Variation of the MB normalized absorption with the irradiation time in presence of Fe3O4 NPs (red dots) and Fe3O4-Au HNs 

(green dots). Data of control experiments performed for MB solutions are shown in black dots. 

The increased photocatalytic activity of Fe3O4-Au HNs with respect to Fe3O4 NPs is attributed to the 

plasmonic properties of the Au component which gives place to two main phenomena: charge 
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transference trough the Schottky barrier and larger absorption in the Fe3O4 core that ultimately increases 

the electron-hole pair generation process. The variables that control the possible plasmonic enhancement 

mechanisms for extending photoconversion, that is, PIRET and hot carriers transfer are spectral overlap 

and contact between the metal/semiconductor surface, respectively. Therefore, it is expected that both 

mechanisms occurs simultaneously in the fabricated Fe3O4-Au materials. In this regard, based on 

transient absorption spectroscopy and theoretical calculations, Wu and co-workers have suggested that, 

in samples with large spectral overlaps, the overall enhancement is dominantly from PIRET.49 This claim 

is further supported by the fact that the transfer efficiency of hot electrons is usually <10% of absorbed 

light, whereas the near field transfer efficiency can approach that of the semiconductor absorbing light 

on its own.26 By applying this reasoning to the fabricated material in this work, it would be expected that 

PIRET would dominate the observed enhancement in the photoactivity. The electrons and holes 

generated in the conduction and valence band of the semiconductor, can induce redox reactions with 

other species present in the system producing reactive oxygen species that then react with the dye to form 

oxidized products and are thus responsible for its photodegradation. It is well known that Au NPs 

supported on metal oxides exhibit catalytic activity in several chemical transformations.50 In some cases, 

it has been argued that the support could act actively in the reaction mechanism by redox cycling of the 

support metal ions, being MnO2, CeO2 and Fe2O3 representative examples.51 Thus, it has been suggested 

that the participation of the metal oxide support in the reaction mechanism would enhance the catalytic 

activity of the Au NPs due to stabilization of positive gold species. Furthermore, it has been proposed 

that such a cooperation between the support and the Au NPs in the catalytic cycle might explain different 

catalytic performances of Au NPs when supported on distinct metal oxides.52 Therefore, considering 

these properties, additional experiments under identical experimental conditions to those presented in 

Fig. 6a but without illumination have been performed. The results obtained clearly show that the 

absorption spectrum of MB remains practically unchanged after several hours without illumination (see 

Fig. S5). These data provide further evidence that it is indeed the energy transfer the responsible for the 
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photocatalytic rate enhancement and not the direct catalysis on Au surface. In the following, focus will 

be made in the light absorption of the Fe3O4 core to provide a partial explanation for the enhanced 

photoactivity observed in presence of Fe3O4-Au HNs.

Electrodynamics simulations. DDA simulations have been performed in order to achieve further insight 

into the enhanced photocatalytic activity of the Fe3O4-Au HNs. Figure 7a shows a representative TEM 

image of the synthesized Fe3O4-Au HNs where it can be appreciated in more detail that it resembles a 

core-satellite morphology. Therefore, based on this morphological characterization, we have used as 

prototype for modelling the optical properties a 60 nm diameter Fe3O4 sphere decorated by six 20 nm 

diameter Au hemispheres at right angles from each other, that is, oriented along the ±x, ±y and ±z 

directions, the origin of the coordinate system being at the center of the Fe3O4 sphere as shown in Fig. 

7b. 

Figure 7. a) Representative TEM image of the synthesized Fe3O4-Au HNs and b) the graphical representation of the 

computational model employed to simulate its optical properties. c) Simulated extinction efficiency spectrum of Fe3O4 NPs 

(green curve) and of Fe3O4-Au HNs (blue curve) (left y-axis). The dimensions of the computational nanostructures are detailed 

in the text. Experimental normalized extinction spectrum of colloidal dispersions of Fe3O4 NPs (black curve) and of Fe3O4-

Au HNs (red curve) (right y-axis). 

A comparison of the simulated extinction efficiency of a 60 nm diameter Fe3O4 sphere and of the above 

mentioned HN is shown in green and blue curves of Fig. 7c, respectively. The extinction efficiency values 

for the Fe3O4 nanosphere (green curve) are relatively large near 400 nm, considerably decrease from 450 

Page 16 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

to 550 nm, and remain approximately constant between 600 and 700 nm. On the other hand, the extinction 

efficiency spectrum of the Fe3O4-Au HN (blue curve) displays similar features but, in addition, it shows 

a pronounced shoulder at 560 nm. Importantly, the simulated spectra capture the most relevant features 

observed in the experimental spectra of colloidal dispersions of Fe3O4 NPs and Fe3O4-Au HNs, standing 

out the enhanced extinction of the HNs with respect to bare Fe3O4 NPs (depicted with the black and red 

curves in Fig. 7c, respectively). Note that additional simulations shown in Fig. S6 of SI provide evidence 

that the lattice spacing value of 1 nm is good enough to give accurate results. These findings suggest that 

this morphologically simplified model nanostructure is suitable for simulating the optical properties of 

the synthesized HNs. The quantitative differences between simulated and experimental spectra can be 

attributed to two main sources. On the one hand, the size and shape inhomogeneity of the synthesized 

nanostructures leads to spectral broadening of extinction. Simulated extinction efficiency spectra of 

different size and shape Fe3O4 nanoparticles shown in Fig. S7 support this statement. On the other hand, 

the presence of larger aggregates formed by several HNs give rise to higher scattering cross sections than 

isolated HNs, a feature that partially explains the larger measured extinction values. This effect has not 

been taken into account in the simulated spectrum for a single HN. The inhomogeneity in the size and 

shape as well as the presence of larger size aggregates in the aqueous dispersion are supported by the 

respective TEM and SEM images. 

Besides extinction and scattering efficiencies, the absorption efficiency is the most useful quantity 

to analyze the photocatalytic properties of the Fe3O4-Au NHs. Figure 8 compares the absorption 

efficiency spectrum of a 60 nm diameter Fe3O4 sphere (black dashed curve) with the previously described 

HN (black curve). The spectra are quite similar to the extinction efficiency spectra shown in Fig. 7c given 

that the scattering efficiency values for this single HN are small and nearly constant in the wavelength 

range studied. By applying eq. (1) reported in ref. 24, it was possible to calculate the absorption efficiency 

spectrum for each component of the HN, that is, the partial contributions from the Au and Fe3O4 

components. In particular, the absorption efficiency spectrum of the Au component of the HN (Fig. 8, 
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blue curve) presents a broad peak centered at 570 nm which is attributed to the LSPR excitation. On the 

other hand, the absorption efficiency spectrum of the Fe3O4 component (Fig. 8, red curve) is qualitatively 

quite similar to that one of the 60 nm diameter Fe3O4 nanosphere (Fig. 8, black dashed curve). However, 

it can be clearly observed that the absorption efficiency values for the Fe3O4 component of the HN are 

notably larger than the corresponding values for the naked Fe3O4 nanosphere in the 500-650 nm 

wavelength range. Interestingly, this wavelength range overlaps with the excitation wavelength of the 

LSPRs in the Au component of the HN suggesting that an energy transfer mechanism should be involved. 

Figure 8. a) Simulated absorption efficiency spectrum of Fe3O4-Au NHs (black curve) along with the respective contributions 

from the Fe3O4 (red curve) and Au (blue curve) components. Black dashed curve shows the simulated absorption efficiency 

of a Fe3O4 nanosphere with equal radius to that one that compose the Fe3O4-Au HN. Details about the specific dimensions of 

the nanostructures are provided in the text. 

The enhanced light absorption, and the consequent improved electron-hole generation, in the Fe3O4 

component of the HNs partially explains its increased photocatalytic activity, as the process such as 

charge transfer processes that might certainly take place upon the LSPR excitation, were not taken into 

account. 

The near field enhancements generated by the LSPR excitation in the Au component of the HN 

produce larger electric fields within the Fe3O4 component which in turn give place to greater absorption 
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efficiency. This effect of the plasmonic Au component on the absorption properties of the Fe3O4 

component can be further appreciated in Fig. 9 comparing the near field enhancement values for a 60 nm 

diameter Fe3O4 nanosphere (panel (a)) with the already described HN (panel(b)) both along the y-z plane 

and x=0. In this set of calculations the incident light, with a wavelength of 570 nm, propagates along the 

x-axis and it is linearly polarized along the y-axis. The value of electric field enhancement is practically 

the same within the naked Fe3O4 nanosphere (panel (a)), while as a consequence of LSPR excitations of 

the Au component in the HN, the near field enhancement distribution changes. 

Figure 9. Near field enhancement values for a 60 nm diameter Fe3O4 nanosphere (a) and for a Fe3O4-Au HN (b), in the y-z 

plane (x=0). Dimensions of the HN are described in the text. The incident light, with a wavelength of 570 nm, propagates 

along the x-axis and it is linearly polarized along the y-axis. The intensity scale bar applies for both panels.

The regions of enhancement are produced not only in the Au local environment but also within the Fe3O4 

core, particularly in those regions closer to the plasmonic structures. Consequently, the field 

enhancements produced by the Au component leads to enhanced light absorption in the Fe3O4 core.

Conclusions
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In this work, a simple two step synthetic methodology have been implemented that allows to 

obtain Fe3O4-Au HNs in aqueous media. In particular, the obtained HNs are mainly compose of a Fe3O4 

core, with a mean size of 60 nm, decorated by nearly spherical Au NPs having a mean size of 20 nm.  It 

has been found that the prepared material presents improved photocatalytical properties toward the 

photodegradation of methylene blue with respect to pure Fe3O4 NPs, the enhanced photoactivity being 

attributed to LSPR excitations in the Au component of the HN. Furthermore, the determined 

morphological characteristics for the Fe3O4 NPs and Fe3O4-Au HNs were employed to simulate their 

absorption spectra by means of rigorous DDA simulations. The qualitative good agreement obtained 

between experimental and theoretical extinction spectra indicates that the simplified model of the 

nanostructure employed capture the most significant morphological features of the synthesized HNs and 

it is suitable for simulating their optical properties. It has been shown that the enhanced absorption 

efficiency in the Fe3O4 component of the HN with respect to an equal size Fe3O4 NP is due to near field 

enhancements that arises ultimately as a consequence of LSPR excitations in the plasmonic Au 

component. The improved photocatalytical performance found for the HNs is attributed in part to the 

enhanced absorption efficiency in the Fe3O4 component of the HN, besides the hot electron injection 

processes that might certainly take place upon the LSPR excitation. The results presented here provide 

further insight for a deeper comprehension of the enhanced photoactive properties of HNs and highlights 

the importance of considering their actual morphology into simulations.

Supporting Information 

EDS spectrum of the Fe3O4-Au HNs, SEM image and EDS element mapping images of Fe3O4, TEM 

image of Au NPs synthesized in absence of Fe3O4 NPs along with their respective size histogram, 

absorption spectrum of MB at different irradiation times in presence of Fe3O4 NPs and without any 

photocatalyst, absorption spectrum of MB at different times in presence of the synthesized Fe3O4–Au 
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HNs without illumination, simulated extinction, absorption and scattering efficiencies modeled with a 

lattice spacing of 1 nm and 0.5 nm, simulated extinction efficiency spectra of Fe3O4 nanospheres with 

different diameters and of a 60 nm side Fe3O4 nanocube.
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