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Abstract In this paper, Fe-TiO2 and Fe-fullerene/TiO2 composite photocatalysts were prepared with titanium (IV) n-butoxide

(TNB) by a sol-gel method. TiO2, Fe-TiO2 and Fe-fullerene/TiO2 were characterized by scanning electron microscopy (SEM),

Transmission electron microscope (TEM), specific surface area (BET), X-ray diffraction analysis (XRD) and energy dispersive

X-ray spectroscopy (EDX). The photocatalytic activities were evaluated by the photocatalytic oxidation of methylene blue (MB)

solution. XRD patterns of the composites showed that the photocatalyst composite contained a typical single and clear anatase

phase. The surface properties shown by SEM presented a characterization of the texture on Fe-fullerene/TiO2 composites and

showed a homogenous composition in the particles for the titanium sources used. The EDX spectra for the elemental

identification showed the presence of O, C and Ti elements. Moreover, peaks of the Fe element were observed in the Fe-TiO2

and Fe-fullerene/TiO2 composites. The degradation of MB solution by UV-light irradiation in the presence of photocatalyst

compounds was investigated in complete darkness. The degradation of MB concentration in aqueous solution occurred via three

kinds of physical phenomena: quantum efficiency of the fullerene; organo-metallic reaction of the Fe compound; and

decomposition of TiO2. The degradation rate of the methylene blue solution increased when using Fe-fullerene/TiO2 compounds.

Key words Fe-Fullerene/TiO2, UV-light, SEM, TEM, methylene blue.

1. Introduction

The photocatalytic process with using TiO2 photocatalyst

is very promising for application in the water purifi-

cation, because many hazardous organic compounds can

be decomposed and mineralized by the proceeding

oxidation and reduction processes on TiO2 surface.1) The

most commonly tested compounds for decomposition

through the photocatalysis are phenols, chlorophenols,

pesticides, herbicides, benzenes, alcohols, dyes, pharma-

ceutics, humic acids, organic acids and others.1-8)

Many efforts are focused on the practical application of

TiO2 in the water treatment system. Titania has three

different crystalline phases; rutile, anatase and brookite,

among which rutile is in thermodynamically stable state

while the latter two phases are in metastable state.9)

Photocatalytic activity of titania may strongly depend on

its phase structure, crystallite size, the specific surface

areas and pore structure and so on, for example, many

studies have confirmed that the anatase phase of titania is

the superior photoactalytic materials for air purification,

water disinfection, hazardous waste remediation, and water

purification.7,8)

However, the efficiency of the photocatalytic degradation

reaction is limited by the high recombination rate of

photoinduced electrons and holes. Much effort has been

contributed to improve the photocatalytic efficiency of

TiO2 by doping with transition metal ions, surface depo-

siting of noble metal clusters and coupling TiO2 with other

semiconductors.11-21) In particular, iron (III)-doped TiO2

samples have been the object of many papers, including

preparation and characterization, spectroscopic features,

dynamics of charge transfer trapping and photocatalytic

behavior.22-24) Iron doping can give some benefits such as

retarding the inconvenient recombination reaction, which

proceeds after photocatalyst excitation and also can extend

the photocatalytic ability of the photocatalyst to the visible

region.

Several studies have investigated the derivative media

of the fullerenes, due in part to their wide application in

photoconductive, photovoltaic, and optical properties.25-27)

In the new field of material sciences associated with

nano-size carbon materials and the chemistry involved in

the preparation of nanocarbon derivatives,28-31) the inter-

esting, higher nano-size carbon materials have received

special attention. Recently, carbon based TiO2 composites

have attracted much attention and have become a very

active field of research due to their unique properties and

promising applications in pollution management.32-37) In
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particular, fullerenes (C60) and carbon nanotubes (CNT)

have attracted considerable attention as of late owing to

their remarkable photoelectrical and mechanical pro-

perties,38) as well as their subsequent composites that

possess intrinsic properties as materials exhibiting co-

operative and/or synergetic effects. 

This study presents the preparation and characterization

of Fe-fullerene/TiO2 composites synthesized by sol-gel

method. Structural variations, surface state and photo-

catalytic performance were investigated, by preparing Fe-

fullerene and composites sequentially after oxidation,

compare to the pure TiO2 and Fe-TiO2 compounds. X-ray

diffraction (XRD), scanning electron microscopy (SEM),

energy dispersive X-ray (EDX) spectroscopy and Trans-

mission electron microscope (TEM) were used to charac-

terize the new complexes. In order to obtain a novel

photocatalyst with appropriate adsorbability and high

catalytic, the combination method of semiconductor (TiO2)

particles was adopted and the two composites Fe-TiO2

and Fe-Fullerene/TiO2 were prepared. This paper compares

the degradation rate between these three catalysts. The

results showed that the prepared composite Fe-fullerene/

TiO2 not only had a satisfactory adsorbability but also

exhibited a comparatively high catalytic activity.

2. Experimental Methods

2.1 Materials

Crystalline fullerene [C60] powder of 99.9% purity from

TCI (Tokyo Kasei Kogyo Co. Ltd., Japan) was used as

the carbon matrix. Benzene and ethyl alcohol were

purchased as reagent-grade from Duksan Pure Chemical

Co (Korea) and Daejung Chemical Co. (Korea) and used

without further purification unless otherwise stated. Ferric

nitrate [Fe(NO3)3] as a iron source for the synthesis of

the Fe-fullerene compounds was purchased as reagent-

grade from Duksan Pure Chemical Co. (99+%, ACS

reagent, Korea).

The titanium (IV) n-butoxide (TNB, C16H36O4Ti) as a

titanium source for the preparation of the Fe-fullerene/TiO2

composites was purchased as reagent-grade from Acros

Organics (USA). Methylene blue (MB, C16H18N3S.Cl.3H2O)

was analytical grade and also purchased from Duksan

Pure Chemical Co., Ltd.

2.2 Chemical oxidation on the fullerene surface and

Fe treated

m-Chloroperbenzoic acid (MCPBA, ca. 1 g) was suspended

in 50 ml benzene, followed by the addition of fullerene

[C60] (ca. 100 mg). The mixture was then refluxed in an

air atmosphere and stirred for 6h. The solvent was subse-

quently dried at the boiling point of benzene (353.13 K).

After completion, the dark brown precipitates were washed

with ethyl alcohol and dried at 323 K. Added ferric nitrate

solution (0.05 M). This mixture was refluxed in an air

atmosphere and stirred at 343 K for 6h using a magnetic

stirrer in a vial. After being heat treatment at 773 K for

1h, the Fe-fullerene compounds were formed.

2.3 Preparation of Fe-fullerene/TiO2 composites

Fe-fullerene was prepared by using pristine concen-

trations of TNB for the preparation of Fe-fullerene/TiO2

composites. Fe-fullerene powder was mixed with 3 ml

TNB. Then the solution was homogenized under reflux

at 343 K for 5h, while being stirred in a vial again. After

stirred, the solution transformed into Fe-fullerene/TiO2

gels, and these gels were heat treatment at 923 K, then

Fe-fullerene/TiO2 composites were produced. After heat

treated titanium (IV) n-butoxide (TNB, C16H36O4Ti) at

927K, TiO2 sample was prepared. Fe-TiO2 sample was

prepared by sol-gel method.

2.4 Characterization of Fe-fullerene/TiO2 compounds

For the measurements of structural variations, XRD

patterns were taken using an X-ray generator (Shimatz XD-

D1, Japan) with Cu Kα radiation. An SEM (JSM-5200

JOEL, Japan) was used to observe the surface state and

structure of Fe-fullerene/TiO2 treated with TNB. Energy

dispersive X-ray (EDX) spectra were also used for the

elemental analysis of the samples. The specific surface

area (BET) was determined by N2 adsorption measurements

at 77 K (Monosorb, USA). Transmission electron micro-

scopy (TEM, JEOL, JEM-2010, Japan) were used to

observe the surface state and structure of the Fe-fullerene/

TiO2 composites. At acceleration voltage of 200 kV TEM

was used to investigate the size and distribution of the

titanium particles deposit on the fullerene surface of various

samples. TEM specimens were prepared by placing a few

drops of the sample solution on a carbon grid.

2.5 Photocatalytic activities

Photocatalytic activities were evaluated by MB degrada-

tion in aqueous media under ultraviolet light irradiation.

For UV irradiation, the reaction beaker was located

axially and held in UV lamp (20 W, 365 nm) box. The

lamp was used at a distance of 100 mm from the aqueous

solution in the darkness box. The initial MB concentration

(C0) was 1.0 × 10-5 mol/L. 0.05 g photocatalyst (TiO2, Fe-

TiO2, Fe-fullerene/TiO2) compounds were added into 50 ml

MB solution, placed for 2h in the darkness box. Then

suspension was irradiated with UV light as a function of

irradiation time. Samples were then withdrawn regularly

from the reactor and removal of dispersed powders through

a centrifuge. The concentration of MB in the solution

was determined as a function of irradiation time.
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3. Results and Discussion

3.1 Structural analysis

The XRD technique was used to determine the cry-

stallographic structure of the inorganic of the composite.

The XRD patterns of the pure TiO2, Fe-TiO2 and Fe-

fullerene/TiO2. 

From the XRD result of pure TiO2, shown after heat

treatment at 923 K, the major peaks at 25.3, 37.5, 48.0,

53.8, 54.9, and 62.5 were diffractions of (101), (004), (200),

(105), (211), and (204) planes of anatase which indicating

that the prepared TiO2 existed in an anatase phase. The

results also indicate that the phase transition from TNB

to the anatase phase took place at 923 K, with formation

of titania crystalline. Anatase phase of titania is the

superior photoactalytic materials for air purification, water

disinfection, hazardous waste remediation, and water puri-

fication.8,9) The XRD result of Fe doped TiO2 is clearly

denoted the peak of iron oxide, which can also find from

EDX image. From XRD image we have not find the

peak of FexTiOy (ferrous titanate) may be the content of

iron is so little, only 0.5%~0.9%. The XRD results of the

Fe-fullerene/TiO2 compounds are shown in Fig. 2, C is

the characteristic peaks corresponding to the fullerene, A

is anatase phase of titania, F is Fe2O3. The peak of Fe2O3

is weak due to the content of iron is small with the influ-

ence of anatase peak. One peak is measured at 2θ values

of approximately 25.80° (only one). It’s the characteristic

peaks corresponding to the fullerene molecular crystal

structure. This peak corresponds to d-values of 0.345 nm.39)

Fullerene and one of titanium characteristic peaks are

overlap at around 25.0°, so intensity of the peak is

increased. Traces of fullerene are detected and a broad

diffuse peak in the diffraction pattern is indicative for the

presence of amorphous carbon. Moreover, in the curve of

samples, we can clearly find the peaks of Fe2O3. We

could not observe characteristic peaks of Fe-fullerene in

the XRD patterns which can find in other paper.40-42) Maybe

Fe2O3 was in the surface or inside of fullerene, which

was further supported by observation via SEM, EDX and

TEM elemental microanalysis of the Fe-fullerene/TiO2

composite.

From Fig. 1 XRD peaks intensity announced that TiO2

and Fe-TiO2 has higher crystallinity than Fe-fullerene-

Fig. 1. XRD patterns of photocatalyst composites.

Fig. 2. EDX elemental microanalysis for photocatalyst composites:

(a) TiO2, (b) Fe-TiO2 and (c) Fe-fullerene/TiO2.
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TiO2. As we know crystallinity is one of major factors

determining photocatalytic activity, and has good cry-

stallinity can improve the photocatalytic activity. Although

Fe-fullerene-TiO2’s crystallinity is not good, but because

of increase specific surface area by fullerene and energy

transfer effects such as electron and light of the fullerene,

Fe-fullerene-TiO2 compounds have good photocatalytic

activity. 

3.2 Elemental analysis

The quantitative microanalysis of C, O, Ti and Fe as

major elements for these photocatalyst composites were

performed by EDX which were shown in Fig. 3. The

EDX results of photocatalyst composite shows the peaks

corresponding the C, O, Ti and Fe elements. The numerical

result of EDX quantitative microanalysis of these photo-

catalyst revealed the ratio was shown in Table 2. The

spectra show the presence of C, O, and Ti, as major

elements, with strong Fe peaks. There are some small

impurities, which were considered to introduce into the

composites using the fullerene without purification. In the

case of the Fe-fullerene/TiO2 samples, carbon and titanium

were present as major elements with small quantities of

oxygen in the composite.

Fig. 3. SEM micrographs of photocatalyst composites: (a) TiO2, (b) Fe-TiO2 and (c) Fe-fullerene/TiO2.
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3.3 Surface characteristics

The surface characteristics of TiO2, Fe-TiO2 and Fe-

Fullerene/TiO2 composites are shown in Fig. 4. SEM micro-

graphs revealed these three different composites derivatives

with surface characteristics shown in Fig. 4. It can be

clearly seen that the TiO2 particles prepared at a source

temperature of 973 K showed a great distribution of

dimension. In Fig. 4(a) is SEM image of TiO2 at mag-

nification of 7500. The size of TiO2 particles is about

0.5 um, and the distribution was uniform. In the report of

Zhang,43) a good dispersion of small particles could provide

more reactive sites for the reactants than aggregated

particles. The image (b) is Fe-TiO2 compound’s SEM

image. As shown in the images, the Fe particles were

well attached to the surface of the TiO2 particles, and

distribution was uniform.

As shown in image (c), it is Fe-fullerene/TiO2 composite.

The morphological evidences of TiO2 units onto Fe-

fullerene structure which seem to cover the polymer

surface. These TiO2 particles were regularly dispersed on

the fullerene surfaces and continuous TiO2 units was

immobilized on almost every grain of fullerene. It is

considered that a good dispersion of small particles on

the fullerene surface could provide evidence for the

existence of more reactive sites for photodecomposition

of the dye. But the large clusters with an irregular

agglomerate dispersion could not found. Maybe the

titanium (IV) n-butoxide (TNB, C16H36O4Ti) as a titanium

source have a low proportion. Therefore, the higher

photocatalytic activity of the Fe-fullerene/TiO2 composite

might be attributed to the small and nano-sized dis-

tribution of titanium complexes including titanium dioxide,

the energy sensitizer for improving the quantum efficiency,

and an increase of charge transfer of the fullerene.40)

In Fig. 3, Fe-TiO2 and Fe-fullerene-TiO2 is agglomerated,

as we know agglomerated is not good for photocatalytic

activity, but the addition of Fe and fullerene can reduce

the impact. 

The specific surface area (BET) results were shown in

Table 2. Fe-fullerene/TiO2 particles have the largest surface

area which can affect the adsorption reaction. Fullerene

has relatively bigger surface area, can enhance the

surface area of Fe-fullerene/TiO2 compounds. The BET

value of Fe-TiO2 is smaller than that of TiO2, may be Fe

doped into TiO2 particles can decrease the compound’s

surface area, There are two possible factors resulting in

the decrease of specific surface area. One is that the

aggregation of smaller crystallites forms smaller pores.

The other is that some Fe3+ ions of doping probably

insert into the pore of pure TiO2, which also causes pore

size to become smaller.

The interfacial region of the Fe-fullerene/TiO2 compound

was investigated by TEM to obtain additional infor-

mation about the interfacial region of the fullerene crystals

and to identify potential reaction products in this domain.

From Fig. 5, we can see the large clusters with an

irregular agglomerate dispersion of TiO2. The fullerene

Fig. 4. TEM micrographs of Fe- fullerene /TiO2 composites.

Fig. 5. degradation for MB solution of adsorption and UV

irradiation for photocatalyst compounds.

Table 1. EDX elemental microanalysis of Fe-fullerene/TiO2

composites

Sample (wt.%) C O Ti Fe

TiO2 3.20 50.36 46.44 0

Fe-TiO2 4.44 52.09 42.90 0.5

Fe-fullerene/TiO2 25.01 40.36 33.73 0.90

Table 2. Specific BET surface areas of photocatalyst composites

Sample SBET (m2/g)

TiO2 18.9

Fe-TiO2 11.2

Fe-fullerene/TiO2 40.4
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particles were clearly shown from the picture. The light

and spherical shape was displayed from Fig. 5 which is

fullerene. We also found iron element in TEM image, it

was revealed as black point.

3.4 Photocatalytic decomposition of MB

The degradation effects of the MB concentration against

the photocatalyst derivative under various time conditions

are shown in Fig. 5. From these spectra for the MB solution

after photolysis, the relative yields of the photolysis

products formed at different irradiation time conditions

were shown for the products. The concentration of MB

was 1.0 × 10-5 mol/l and the absorbance decreased with

increasing irradiation time. This implies that the light

transparency of the MB concentration increased greatly

by the photocatalytic degradation effect. An effect of the

high crystallinity of the anatase phase on photocatalytic

degradation of MB has been shown.

Fe-TiO2 and Fe-fullerene/TiO2 have higher photoactivity

than pure TiO2. Reactivity of TiO2 depends on many

factors: the adsorption of dye on catalyst surface,44) band-

gap energy, surface area, crystal size, crystallinity, and

electron-hole recombination rate,45-47) therefore an explana-

tion of reactivity order in complicated. The addition of

transition metals on the TiO2 photocatalyst surface can

enhance the photocatalytic degradation activity due to the

lower crystal size, higher surface area, higher efficiency

for the electron hole regeneration, and the charge trapping.

The charge trapping can be demonstrated by the following

equations. 48)

When transition metal ions replaced Ti ions of TiO2,

most of the dopant levels appeared between the valence

band and the conduction band of TiO2, which can increase

the surface trapping rate of carrier and retarded the

electron-hole recombination45) and therefore, the photo-

catalytic activity of TiO2 can be enhanced.

The addition of transition metals on the TiO2 photo-

catalyst surface can enhance the photocatalytic degradation

activity due to the higher efficiency for the electron hole

regeneration, and the charge trapping. The charge trapping

can be demonstrated by the following equations:

TiO2 + hv → e- cb + h+ vb (1)

Fe3+ + e- cb→ Fe2+ (2)

Fe3+ + h+vb→ Fe4+ (3)

The holes can transfer to the surface of TiO2 and react

with OH- to produce active OH..

When transition iron ions replaced Ti ions of TiO2,

most of the dopant levels appeared between the valence

band and the conduction band of TiO2, which can increase

the surface trapping rate of carrier and retarded the

electron-hole recombination, so Fe3+ can improve the photo-

catalytic efficiency by enhancing processes such as separa-

tion of photogenerated charges (by hole or electron

trapping), detrapping and/or transfer of trapped charges

to interface and to adsorbed substrates, reducing con-

sequently recombination.

I + MB→ I-MB (4)

(I: adsorption site)

I - MB + OH.
→ I + aliphatic compounds + OH.

→ CO2 + H2O + inorganic  (5)

Fullerene had an energy sensitizer effect for improving

quantum efficiency and increasing charge transfer.49) With

fullerene amend TiO2 the surface area increase, and

enhance the adsorption of dye on catalyst surface.

The degradation of MB concentration in aqueous solution

occurred via the three kinds of physical phenomena:

quantum efficiency of the fullerene; organo-metallic reaction

of the Fe compound; and decomposition of TiO2. For

these reasons Fe-fullerene/TiO2 have higher photoactivity

than pure TiO2 and Fe-TiO2. 

4. Conclusion

In this study, we present the preparation and charac-

terization of pure TiO2, Fe-TiO2 and Fe-fullerene/TiO2

composites. These three kinds of photocatalyst were

characterized by their structural variations, surface state

and photocatalytic by X-ray diffraction (XRD), scanning

electron microscopy (SEM), energy dispersive X-ray

(EDX) spectroscopy and transmission electron microscope

(TEM). In the XRD patterns, the diffraction patterns

demonstrated peaks of high crystallinity of anatase. In

the SEM image, TiO2 particles regularly dispersed on the

fullerene surface. The EDX spectrum showed the presence

of C, O, and Ti, as major elements, with Fe peaks. The

absorbance maxima of MB solution decrease with an

increase of the UV-light irradiation time. The degradation

rate of Fe-fullerene/TiO2 composites is shown the biggest.

According to the degradation results, the decrease of the

MB concentration express that TiO2 was treated by Fe

and fullerene can advance the catalytic activity for

degradation MB solutions.
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