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ABSTRACT: 

 

This research study describes a facile sol-gel method to creating hybrid iron (III) 

oxide/silica/titania nanomaterials decorated with gold nanoparticles for use in environmental 

applications. The multi-functional composition of the nanomaterials allows for photocatalyzed 

reactions to occur in both the visible and the UV range.  The morphologies, elemental 

composition, and surface charge of the nanoparticles were determined by Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and Phase Analysis Light 

Scattering (PALS), respectively. The photocatalytic activity of the synthesized hybrid 

nanoparticles for breaking down a model analyte, methyl orange (MO), was then evaluated using 

UV-Vis Spectroscopy. The efficiency of the photocatalyst under UV light irradiation was 

measured and compared to other well-studied nanophotocatalysts, namely titanium oxide and 

iron oxide nanoparticles. The concentration dependence of both the photocatalyst and the analyte 

was also investigated. By utilizing the known UV-active properties of TiO2, the magnetic 

properties of Fe2O3, the optical properties of gold in the visible range of the spectrum, and the 

high stability of silica, a novel, highly efficient photocatalyst that is active on a broad range of 

the spectrum (UV-Vis) can be created to destroy organic pollutants in wastewater streams.  

 Keywords: nanotechnology, photocatalysis, gold, titania, silica, iron oxide, magnetic, 

environmental    

I. INTRODUCTION 

 

In recent years, nanophotocatalysts synthesized using noble metals and metal oxides have 

been the focus of many studies because of increasing demand for utilizing renewable energy 

sources, namely solar irradiation. Developing a method for efficiently using solar energy that is 

readily available worldwide can be a promising strategy for solving both environmental and 

energy related problems.
1
 Many different materials and composites have been synthesized for 

environmental applications in hopes of creating a highly efficient photocatalyst with low 

toxicity, cost efficiency, and high stability.
2,3

 Compared with bulk materials, nanomaterials bring 

a new dimension and efficiency to these environmental applications. Nanoscale materials have 

increased surface area and can be easily tuned to a specific size, leading to tailored properties for 

catalytic processes.
4 

In addition to these properties, core-shell structures have been shown to 



demonstrate synergistic properties, resulting in more effective catalysis than simply a mixture of 

the core and shell materials.
24

 Nanophotocatalysts have been used to kinetically enhance a 

variety of reactions that either clean the environment, create a fuel, or both.
5,7,8

 Specifically, 

photocatalysts used in advanced oxidation processes (AOP) can non-selectively degrade organic 

materials into carbon dioxide and water, demonstrating an application in wastewater treatment.
6
 

Landong et. al reported that the use of sub 10 nm titania nanoparticles could be used in the 

photocatalytic production of hydrogen gas for use in hydrogen fuel cell vehicles.
5
 In this study, 

iron (III) oxide nanospheres (core) were purchased from Sigma-Aldrich and then a silica shell 

was synthesized around them. A titania shell was then further added and finally, the core-shell 

nanomaterials were decorated with gold nanospheres.  

Titanium dioxide (TiO2 or titania) has been known to be an exceptional photocatalyst in 

the UV range (Eg = 3.2 eV) for many reactions, from water splitting
5
 to degradation of organic 

pollutants
7
 and synthetic fuel production.

8
 However, a much larger percentage of solar radiation 

is in the visible light range (approximately 40% is in the visible range, whereas only 4-5% is in 

the UV range),
23

 greatly inhibiting the solar conversion efficiency of TiO2. Several approaches 

have been taken to extend the wavelength range over which these nanomaterials are active. 

Methods include doping with non-metals and/or metals, or by combining TiO2 with a lower band 

gap semiconductor to create a junction that decreases electron-hole pair recombination.
6
  

Iron (III) oxide (Fe2O3 or magnetite), is also a well-studied nanocatalyst that is active in 

the visible range and has also received a great deal of attention because of its magnetic 

properties.
8
 The band gap of magnetite is 2.2 eV, allowing the possibility of enhanced charge 

separation. Under visible light irradiation, the holes generated in the valence band of iron oxide 

could be maintained longer by the transfer of some electrons between the conduction bands of 

the two materials before recombination.
7
 In addition, its magnetic properties allow it to be 

retrieved from the environment .
9
 This minimizes the ecological footprint and creates a more 

economical catalyst through recycling.  

While silica (SiO2) is not catalytically active in the UV-Vis range, it acts as a stable 

foundation for titania, increasing its lifetime and efficiency.
10

 By using a silica shell as a 

template, an additional titania shell can be formed on the exterior of the nanophotocatalysts that 

is both highly active and thermally and mechanically stable. 

One of the most well-studied materials for extending titania’s visible light photocatalytic 

properties is gold. In its bulk state, gold is relatively inert, but on the nanoscale interface, light is 

absorbed and scattered due to localized surface plasmon resonance (LSPR).
12

 When gold 

nanoparticles are irradiated by light near its resonant wavelength, collective excitations of 

electrons within the metal are able to catalyze reactions.
25

 These collective oscillations of 

electrons in the visible light range have been utilized in many applications, including solar cells
13

 

and surface enhanced spectroscopies, such as SERS.
14

 In addition to having this unique property, 

gold nanoparticles have also been said to act as electron reservoirs for excited titania electrons, 

further increasing photocatalytic activity in the UV and visible range.
17

 A possible setback for 

using gold as a catalyst is that it is less abundant metal and therefore is expensive. Murph et al. 

reported that the combination of gold nanoparticles with iron (III) oxide was more efficient in 

plasmonic heating applications than pure gold nanoparticles, allowing the use of gold to be more 

economically viable.
3
    

While most studies utilize either metal or metal oxides to extend TiO2’s photocatalytic 

activity into the visible range (but not both), our study utilizes core-shell structure and plasmonic 

enhancement to increase photocatalytic efficiency. By combining many different non-toxic, 



highly stable photocatalytic nanomaterials, a magnetic hybrid core-shell nanomaterial was 

synthesized and tested. The photocatalytic activity of the novel material was also compared to 

individual “benchmark” nanomaterials to determine efficiency in the breakdown of a model 

analyte, methyl orange. 

  

II. EXPERIMENTAL 

 

A.      Materials 

 

Chloroauric acid trihydrate, trisodium citrate, iron (III) oxide nanopowder (<50 nm), 

tetraorthosilicate, ethanol, aqueous ammonia (5N solution), High purity methyl orange (MO, 

chemical formula, C14H14N3NaO3S; CAS No. 547-58-0), and titanium (IV) tert-butoxide were 

purchased from Sigma Aldrich. All materials were used as received.   

 

B. Synthetic procedure 

 

1. Fe2O3-SiO2 core-shell synthesis 

 

Fabrication of the iron oxide silica core-shell nanoparticles followed a modified version 

of a previously reported sol-gel method.
15

 A clean, sterile Falcon tube was rinsed with deionized 

(DI) water to be used for synthesis of iron (III) oxide/silica core-shell nanoparticles. A stock 

solution of Fe2O3 nanoparticles was prepared using 0.04 g of iron oxide (III) nanopowder (MW = 

159.69 g mol
-1

) with 10 mL DI water as solvent. 3 mL DI water was added to the tube using a 

pipette, followed by 100 µL of iron oxide nanoparticle solution. The solution was then sonicated 

for even dispersion. Then 5 mL of 3.4 mM sodium citrate solution (0.05 g in 50 mL water) was 

added. The solution was stirred for 1 h, and the nanoparticles were collected using a magnet and 

dispersed into 4mL of ethanol and 2 mL of 5 N aqueous ammonia. After an additional 30 min of 

stirring, 100 µL of tetraethyl orthosilicate (TEOS, MW = 208.33 g mol
−1

) was added, followed 

by mechanical stirring for 4 h, and sonication for 15 min. The sample was separated from the 

supernatant by a magnet and washed several times before being dispersed in water. These 

particles were characterized by UV-Vis, Zeta potential/DLS, and SEM before adding the 

additional titania layer and gold nanoparticles. 

 

 

2. Titania coating and Au decorating  

 

The iron oxide/silica particles were extracted and dispersed in 2 mL of absolute ethanol 

and 10 µL of water. 2, 5, 10, and 20 µL injections of titanium (IV) tert-butoxide (TTB, 97%) 

were added under argon atmosphere in 2 mL of ethanol solution. The TTB ethanolic solution 

was then added to the iron oxide/silica solution to directly coat a layer of TiO2 onto the surface 

of the Fe2O3-SiO2 particles. Mixing continued for about 16 h. Afterward the particles were 

washed in absolute ethanol, then ethanol and water (1:1), and then pure water. The iron oxide-

silica-titania (FeST) particles were separated from the supernatant using a magnet. Decoration of 

gold nanoparticles was performed following a previously defined sol-gel method by our group,
3
 

resulting in the desired, novel nanomaterials for use in photocatalytic degradation experiments. 



FeST particles were placed 3 mL of 1% trisodium citrate solution and stirred for 10 minutes. 

Then the solution was added to a 25 mL flask containing 7 mL of water. The solution was heated 

to 100 ⁰C and stirred using a glass stir rod. Once the solution began to boil, 100 µL of 0.01 M 

chloroauric acid solution was added and stirring continued for 8 min. The solution changed from 

a brown color to a red-pink colored solution. The flask was then removed from heat and allowed 

to cool to room temperature. The gold decorated iron oxide-silica-titania (FeSTA) nanoparticles 

were then separated and collected using a magnet. The particles were then characterized and 

tested for photocatalytic efficiency. 

 
3. Separation 

 

After cooling, the Fe2O3-SiO2-TiO2-Au solution was placed in a conical tube and placed 

directly above a neodymium magnet for 30 min. The particles were allowed to re-disperse into 

the washing solution and were collected again using the magnet. This re-dispersion was repeated 

several times to remove the supernatant and/or unattached nanoparticles. The nanoparticles were 

extracted from the bottom of the conical tube using a micropipette for further analysis.  

 

C. Characterization 

 

The morphologies of the samples were examined by a scanning electron microscope 

(Hitachi SU8320). The samples were prepared by drop casting a 2-3 µL solution on copper grids 

and allowing them to dry for several hours. Energy-dispersive X-ray (EDX) spectra were 

collected using an Oxford XMax 150 mm
2
 Crystal EDS. This was performed to evaluate the 

elemental composition of the nanoparticles. Light scattering and ζ-potential measurements were 

conducted using a Brookhaven NanoBrook ZetaPALS instrument to determine hydrodynamic 

radii and surface charge. These measurements were taken a several intervals during the 

preparation of the nanoparticles (after each layer is added). Absorbance measurements were 

performed with a Varian model Cary 500 scan UV-Vis-NIR Spectrophotometer to determine 

absorbance peaks of both the synthesized nanoparticles and the model dye. The spectra obtained 

from the spectrophotometer were used to determine the rate of degradation for methyl orange.  

 

D. Monitoring/Quantification of Photocatalytic Activity 

 

The photocatalytic activity of the synthesized iron oxide/silica-titania/gold nanoparticles 

was represented by the photodegradation of a model analyte, methyl orange (MO, 0.05 mM) dye, 

in water. The particles were extracted from solution (0.5 mL of particle solution, starting with 

100 µL of stock solution in 5 mL of water) and placed in 1 mL of dye solution inside a plastic 

cuvette. A blank standard was also prepared for comparison of photodegradation without the 

presence of nanophotocatalysts. The solution was then irradiated by a 400 W mercury lamp 

and/or a UV lamp (135 mW/cm
2
, 365 nm). The absorbance of the sample at 464 nm was 

measured over time in 1 h increments to measure the relative drop in concentration of the model 

analyte. The results of these measurements were compared to the photocatalytic activity of “as-

purchased” iron oxide nanoparticles as a standard, as well as titania nanoparticles, for 

comparison. 

 

 



 

III. RESULTS AND DISCUSSION 

 

A. Synthesis and characterization of Au decorated Fe2O3@SiO2/TiO2 (FeSTA) 

nanoparticles 

 

Iron oxide nanoparticles purchased from Sigma Aldrich were placed in solution and 

sonicated prior to characterization. The reported size distribution (determined by BET surface 

area measurement by Sigma-Aldrich) states that the size of the particles is less than 50 nm, but 

under investigation by SEM, the size distribution ranged from around 10-200 nm (Figure 1(a)). 

The statistical size distribution and respective surface charge of the nanoparticles is shown in 

Table 1. The particles also had significant agglomeration, which was able to be corrected by 

surfactant addition (citrate) and sonication. 

 

Figure 1. SEM images of nanoparticles; (a) Fe2O3 nanoparticles (<50 nm) purchased from Sigma Aldrich; (b) 

Fe2O3@SiO2 nanoparticles by TEOS addition; (c) Fe2O3@SiO2/TiO2 nanoparticles by 20 µL TTB addition; (d) Au 

decorated Fe2O3@SiO2/TiO2 (FeSTA) nanoparticles.  

Coating of the iron oxide nanoparticles with a layer of silica after citrate addition was 

successful. By creating a negative surface charge on the iron oxide using citrate (validated by 

zeta potential measurements), positively charged aqueous ammonia involved with the nucleation 

of silica from TEOS facilitated the attachment of silica to the citrate modified iron oxide during 

  

  

(a) (b) 

(c) (d) 



hydrolysis. In Figure 1(b), the Fe2O3-SiO2 (FeS) particles are shown to have a size distribution of 

158 nm ± 27 nm. This significant overall increase in particle diameter could be indicative of a 

core-shell material, in addition to a visible difference between the center and outer region of each 

particle. The shell size was relatively uniform, with an average radius of 35 nm ± 10 nm. This 

indicates that the shell most likely surrounds more than one iron oxide nanoparticle. It is also 

important to note that when the ratio of ammonium hydroxide (5N) solution to ethanol was 

increased from 1:2 to 1:1, nanoparticle size decreased.. After silica addition, the effective surface 

charge of the nanoparticles was changed from -10 mV to -45 mV (Table 1), which corresponds 

to the high negative charge of deprotonated silanol groups in the silica shell between the pH 

value of 6-7.
16

 

Titania precursor, titanium tert-butoxide (TTB), was placed in absolute ethanol prior to 

addition to the iron oxide-silica solution to prevent hydrolysis in air. The iron oxide-silica 

nanoparticles were then also placed in a separate ethanolic solution with a small, controlled 

amount of water (20 µL). This allowed for the slow condensation of TTB into solution, which 

formed around the silica shell. Several amounts of TTB were added to control the shell thickness 

and the nanoparticle sizes are shown in Table 1. The particles in Figure 1(c) are representative of 

the FeSTA sample (20 µL TTB added in ethanol), the largest and the sample containing the most 

TTB. The size distribution of the sample was 450 nm ± 76 nm. The zeta potential also changed 

to -9 mV, showing a significant change in surface charge around the nanoparticles. In the SEM 

images, a core-shell structure is not obvious, but the core-shell structure was later confirmed by 

energy dispersive X-ray analysis. 

 

 Fe2O3 FeS FeSTA  
(20 uL TTB) 

FeST2  
(10 uL TTB) 

FeST3  
(5 uL TTB) 

FeSTA4  
(2 uL TTB) 

Diameter 37 nm ± 20 

nm 

167 nm ± 

27 nm 

450 nm ± 76 

nm 

135 nm ± 

25 nm 

129 nm ± 

21 nm 

79 nm ± 16 

nm 

ζ-

potential 

+30 mV, -10 

mV w/ citrate 

-45 mV -9 mV  

 
Table 1. Size distribution and surface charge of nanoparticles after each additional layer is added.  

Finally, gold nanospheres were decorated onto the surface of the core-shell nanomaterials 

by citrate reduction. The distribution of gold throughout the sample appeared to be uniform and 

the size of the gold nanospheres ranged from 15-22 nm (Figure 1(d)). A YAG backscattering 

electron (BSE) detector was used to further enhance visibility of the gold nanospheres. Images 

using the BSE are given in the supplementary information.       

In addition to size change and surface charge analysis, elemental composition of each 

sample was verified using EDS. In Figure 3, spectra collected from the FeSTA sample are 

shown. The weight percentages of each element are also shown, with titanium having the highest 

percent weight of the metals. The collection of spectra was accompanied by EDX mapping to 

identify areas of specific elemental concentration.  

 



 
 

Figure 3. EDX spectrum and mapping of FeSTA nanophotocatalyst and corresponding SEM image inset and 

percent composition table. 

 

 

B. Photocatalytic degradation of MO  

 

The degradation of methyl orange under UV light is an advanced oxidation process (AOP) 

where hydroxyl radicals are produced and non-selectively break down organic compounds.
18

 The 

mechanism by which this process occurs differs under UV and visible light, as explained by a 

previous study by our group.
19

 Under UV light, the production of radicals is initiated by direct 

transitions of electrons in titania from its valence band to its conduction band. Under visible light 

irradiation, the electrons of the visible light absorbing components (in this case, iron oxide and 

gold) are transferred to the defect conduction band states of titania. This results in radical 

formation under both UV and visible light.  

The photocatalytic activity of the prepared nanophotocatalysts was evaluated by changes in 

the absorbance spectrum of methyl orange and the decrease in peak absorbance at 464 nm 

(Figure 5). This wavelength was reported to be the specific value that gives the compound an 

orange color.
20,21

 The experiment was performed at ambient temperature. A solution of methyl 

orange exposed to UV illumination without catalysts and was used as a control to evaluate MO’s 

behavior in the absence of a catalyst. The synthesized nanoparticles with the largest titania shell 

thickness (FeSTA) were tested under UV irradiation only.  

In Figure 4, the UV-Vis absorbance spectra of several UV photodegradation experiments are 

shown. There is a small decrease in absorbance for the control solution of methyl orange but this 

decrease occurred within the first hour of UV light exposure and did not continue after prolonged 

exposure for an additional five hours. This effect could be due to the natural breakdown of dyes 

under UV irradiation. Similarly, iron (III) oxide nanoparticles purchased from Sigma Aldrich did 

not influence the photocatalytic breakdown of MO under UV light. This was expected because of 

the weak absorption of iron oxide in the UV range. However, the 25 nm titania nanoparticles 

were successful in reducing the MO absorption peak by 83% in two hours and more than 90% 

after 5 hours. When the prepared nanophotocatalysts (FeSTA) were tested, the reduction in the 

  

  



464 nm peak was 84% after five hours.  The exact concentration required for this degradation is 

not known, but is still under investigation and will be reported at a later date. 

 

 
Figure 4. UV-Vis absorbance spectra of methyl orange under UV illumination; (a) without catalysts; (b) with iron 

(III) oxide nanoparticles; (c) with titania nanoparticles; (d) with FeSTA nanophotocatalysts.  
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Figure 5. Reduction of MO peak absorbance at 464 nm under UV illumination over 5 hours using different 

nanophotocatalysts. 

 

 

CONCLUSIONS 

 

This study shows the successful preparation, characterization, and testing of a novel 

photocatalytic material that is active in both the UV and visible range. The well dispersed iron 

(III) oxide core nanospheres were treated by the hydrolysis and condensation of TEOS. A similar 

process was used to produce an additional titania shell with varying thickness by condensation of 

different amounts of TTB at the surface of the Fe2O3@SiO2 nanoparticles. Finally, the 

monodispersed, stable Fe2O3@SiO2/TiO2 nanoparticles were decorated with 20 nm gold spheres 

by citrate reduction. The composite nanomaterials were then compared to other 

nanophotocatalysts. The photocatalytic activity of the novel nanomaterial resulted in a peak 

absorbance reduction of 84% after 5 hours of UV light exposure. Further testing is required to 

determine the quantity of enhancement by visible light irradiation and the effect of titania shell 

thickness on photocatalytic activity.  
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SUPPLEMENTARY INFORMATION 

 

Three samples of iron oxide-silica-titania nanoparticles with different amounts of titanium tert-

butoxide precursor (2, 5, 10 uL), SEM images and size distribution histograms. 

 

 

  

  

  



 

FeSTA Nanoparticles (20 uL of TTB): 

 

 

 
 

 

 

 

 

 

 



FeSTA, before gold addition (iron oxide-silica-titania): 

 
 

FeSTA, before titania addition (iron oxide-silica): 

 
 

FeSTA, before silica addition (iron (III) oxide): 

 

 


