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Abstract Sm3+-doped TiO2 nanocrystalline was synthe-

sized by a sol–gel auto-combustion method and charac-

terized by X-ray diffraction, Brunauer-Emmett-Teller

method (BET), UV–vis diffuse reflectance spectroscopy

(DRS), and also photoluminescence (PL) emission spec-

troscopy. The photocatalytic activity of Sm3+–TiO2 cata-

lyst was evaluated by measuring degradation rates of

methylene blue (MB) under either UV or visible light. The

results showed that doping with the samarium ions sig-

nificantly enhanced the photocatalytic activity for MB

degradation under UV or visible light irradiation. This was

ascribed to the fact that a small amount of samarium

dopant simultaneously increased MB adsorption capacity

and separation efficiency of electron-hole pairs. The results

of DRS showed that Sm3+-doped TiO2 had significant

absorption between 400 nm and 500 nm, which increased

with the increase of samarium ion content. The adsorption

experimental demonstrated that Sm3+–TiO2 had a higher

MB adsorption capacity than undoped TiO2 and adsorption

capacity of MB increased with the increase of samarium

ion content. It is found that the stronger the PL intensity,

the higher the photocatalytic activity. This could be

explained by the points that PL spectra mainly resulted

from surface oxygen vacancies and defects during the

process of PL, while surface oxygen vacancies and defects

could be favorable in capturing the photoinduced electrons

during the process of photocatalytic reactions, so that the

recombination of photoinduced electrons and holes could

be effectively inhibited.

Introduction

Titania is well known as a cheap, nontoxic, efficient

photocatalyst for the detoxication of air and water pollu-

tants [1–3]. However, its wide band-gap energy (3.0 eV for

rutile and 3.2 eV for anatase) means that only 5% of solar

spectrum is used. Moreover, TiO2 presents a relatively high

electron-hole recombination rate, which is detrimental to

its photoactivity. In order to solve these problems, several

approaches have been proposed, including coupled semi-

conductor systems [4, 5], noble metals deposition [6],

transition metals doping (e.g., Co, Fe) [3, 7], rare earth ions

doping (e.g., Nd, La, Ce) [8–11], and nonmetallic elements

doping (e.g., N, C, S) [12–14]. Especially, doping with

lanthanide ions with 4f electron configurations into TiO2

lattice could not only eliminate the recombination of

electron-hole pairs significantly and but also result in the

extension of their wavelength response toward the visible

region. Recently, Li et al. [15] reported that the band gap

of TiO2 nanoparticles was reduced by Nd3+ doping and the

band gap narrowing was primarily attributed to the sub-

stitution Nd3+ ions which introduced electron states into the

band gap of TiO2 to form the new lowest unoccupied

molecular orbital. Xie et al. [16] reported Nd3+–TiO2 sol

catalysts had photocatalytic activity for phenol degradation

under visible light irradiation. Li et al. [8] reported that the
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introduction of Ce 4f level led to the optical absorption

band between 400 nm and 500 nm, and eliminate the

recombination of electron-hole pairs and enhance the

photocatalytic activity under UV or visible light illumina-

tion.

In this study, the photocatalytic activity of Sm3+–TiO2

catalyst was evaluated by measuring degradation rates of

methylene blue (MB) under UV or visible light. The cat-

alyst has been characterized using X-ray diffraction (XRD)

technique, photoluminescence (PL), and UV–vis spectro-

photometer. The aim of this study was at disclosing the

mechanisms of photocatalytic activity enhancement due to

samarium ion doping by investigating the effects of

samarium ion doping on the contribution of adsorption

ability and the separation of electron-hole pairs under

either UV or visible light irradiation.

Experimental

Synthesis

Sm3+-doped TiO2 nanocrystalline was synthesized by a

sol–gel auto-combustion method. The detailed process can

be described as follows. The analytical grade titanium

isopropoxide (Ti(OC2H5)4)), Sm(NO3)3, C2H6O2 (ethylene

glycol, abbreviated as EG), C6H8O7 (citric acid, abbrevi-

ated as CA), ammonia (25%) and nitride acid (65–68%)

were used as raw materials. Appropriate amount of

Ti(OC2H5)4) and Sm(NO3)3 were added to CA and EG

mixture under constant stirring condition. The amounts of

doped Sm3+ are 0.5–1.5 mol%. The molar ratios of CA/Ti

and CA/EG were kept constant at 2:1 and 1:1, respectively.

After adjusting the pH value with ammonia to 6–7, the

mixture solution was evaporated at 90 �C to gradually form

a clear precursor gel. The precursor gel was baked at

150 �C in muffle furnace and expanded, then was auto-

ignited at about 250 �C. The puffy, porous gray powders

as-combusted was calcined at the temperature of 600 �C

for 2 h in air. In addition, Degussa P25 TiO2 (80% anatase,

20% rutile, surface area 35 m2 g–1) was also employed as

photocatalyst in order to compare the photocatalytic

activity of the above-mentioned prepared Sm3+-doped

TiO2 nanoparticle with that of Degussa P25 TiO2.

Characterization

The crystalline structure of the samples was determined

by a D/max-cA diffractometer (Cu Ka radiation, k =

0.154056 nm) studies. The averaged grain sizes D were

determined from the XRD pattern according to the Scherrer

equation D = Kk/bcosh, where k is a constant (shape

factor, about 0.9), k is the X-ray wavelength (0.15418 nm),

b the full width at half maximum (FWHM) of the dif-

fraction line, and h the diffraction angle. The values of b
and h of anatase and rutile are taken from anatase (101) and

rutile (110) diffraction line, respectively. The amount of

rutile in the samples was calculated using the following

equation [17]: XR = (1 + 0.8IA/IR)–1, Where XR is the mass

fraction of rutile in the samples, IA and IR are the X-ray

integrated intensities of (101) reflection of the anatase and

(110) reflection of rutile respectively.

The specific surface area of the powders was measured

by the dynamic Brunauer–Emmett–Teller (BET) method,

in which a N2 gas was adsorbed at 77 K using a

Micromeritics ASAP 2000 system. The diffuse reflectance

spectra (DRS) of the photocatalyst sample in the wave-

length range of 200–800 nm were obtained using a UV–vis

scanning spectrophotometer (Shimadzu UV-3101) and

were converted from reflectance to absorbance by the

Kubelka–Munk method. The PL spectra of the samples

were recorded with a Fluorescence Spectrophotometer

F-4500.

MB adsorption experiment

To determine the adsorption behavior of Sm doped and

pure TiO2 catalyst, we performed a set of adsorption iso-

therm tests in the dark. In each test, 0.02 g of catalyst was

added to 20 mL of MB suspension. The mixture was well

dispersed, and put in the dark for 24 h at 298 ± 1 K. The

MB concentration in the suspension before and after the

adsorption tests was analyzed and the adsorbed amount of

MB on the catalysts was calculated based on a mass

balance.

Photocatalytic activity

For a typical photocatalytic experiment, 200 mg of the

prepared samples TiO2 nanocrystalline or Degussa P25

TiO2 was added to 200 mL of the 100 ppm MB aqueous

solution. The prepared TiO2 nanocrystalline samples were

dispersed under ultrasonic vibration for 10 min. The solu-

tion was kept in the dark under stirring to measure the

adsorption of MB into each sample. After keeping at least

20 min, MB concentration in the solution was found to be

constant on all samples prepared. Therefore, the solution in

which the sample powders were dispersed was kept in the

dark for 30 min and then the solution was irradiated under

UV or visible light for 120 min duration. For UV irradia-

tion, a 160 W high-pressure mercury lamp fixed at a dis-

tance of 150 mm above the surface solution was used as

UV light source. The average light intensity was about

600 lW cm–2. The radiant flux was measured with a power
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meter from Institute of Electric Light Source (Beijing). For

visible light irradiation, a 150 W halogen tungsten lamp

with a UV and IR cut-off filter acted as a visible light

source to provide light emission at 400–800 nm. The

average light intensity was about 3 mW cm–2. After

recovering the catalyst by centrifugation, the light

absorption of the clear solution was measured at 660 nm

(kmax for MB) at a set time. The decolorization of MB was

calculated by formula: Decolorization = (C0–C)/C0, C0 and

C are the concentration of primal and photodecomposed

MB. The absorbance of the MB solution was measured

with a UV–vis spectrophotometer (Shimadzu UV-3101).

Results

XRD analysis

XRD patterns of Sm3+ ions doped titania samples with

various samarium content are shown in Fig. 1. From these

XRD results, it was shown that the X-ray diffraction peak

at 25.5� corresponds to characteristic peak of crystal plane

(1 0 1) of anatase, and the peak at 27.6� corresponds to

characteristic peak of crystal plane (1 1 0) of rutile. In

undoped titania sample, rutile is the dominant crystallized

phase, while Sm3+-doped TiO2 samples shows a mixture

phase of anatase and rutile, and the relative ratio of rutile to

anatase is reduced with the increase of samarium content.

The amount of doped samarium on the crystallite size and

rutile content of samarium-doped TiO2 is shown in Table 1

along with specific surface area. These results show that the

presence of samarium result in decrease of both rutile

content and crystallite sizes in the samarium doped TiO2

compared to undoped TiO2. In addition, it can be also seen

that samarium doping content has little influence on crys-

tallite size and rutile content of all the doped samples.

Diffuse reflectance spectra

To investigate the optical absorption properties of catalysts,

we examined the DRS of TiO2 and Sm3+-doped TiO2 in the

range of 220–850 nm and our results are shown in Fig. 2. It

can be seen that while TiO2 had no absorption in the visible

region (>400 nm), Sm3+-doped TiO2 had significant

absorption between 400 nm and 500 nm, which increased

with the increase of samarium ion content. In addition, it

can be noted that the optical absorption in the UV region

was also enhanced. Li et al. [15] reported that the band gap

of TiO2 nanoparticles was reduced by Nd3+ doping and the

band gap narrowing was primarily attributed to the sub-

stitution Nd3+ ions which introduced electron states into the

band gap of TiO2 to form the new lowest unoccupied

molecular orbital. Further investigation is needed to better

understand the reason of the band gap narrowing for

Sm3+-doped TiO2.

Fig. 1 XRD patterns of TiO2 with various amounts of samarium (a)

Undoped; (b) 0.5 mol% Sm; (c) 1.0 mol% Sm; and (d) 1.5 mol% Sm

Table 1 The characteristics of Sm3+-doped TiO2 samples containing

different samarium content

Samarium

content (%)

Anatase Rutile Specific

surface area

(m2/g)Crystal size

D(101) /nm

XA

(%)

Crystal size

D(110) /nm

XR

(%)

0 – 2.41 18.8 97.59 24.52

0.5 13.8 48.39 13.6 51.61 52.75

1.0 12.9 58.22 13.1 41.78 69.48

1.5 12.5 58.33 12.8 41.67 82.94

Fig. 2 UV–vis absorption spectra of pure TiO2 and Sm3+–TiO2
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Fluorescence spectra

The PL emission spectra have been widely used to inves-

tigate the efficiency of charge carrier trapping, immigration

and transfer, and to understand the fate of electron/hole

pairs in semiconductor particles [18]. In this study, Fig. 3

shows the PL spectrum of TiO2 with various amounts of

samarium with the excitation wavelength of 300 nm. It can

be seen that the undoped and doped TiO2 nanoparticles can

exhibit obvious excitonic PL signals with similar curve

shape, demonstrating that samarium dopant does not give

rise to new PL phenomena. TiO2 nanoparticles could

exhibit an obvious PL peaks at about 450 nm with the

excited wavelength of 300 nm possibly resulting from

bound excitons [19, 20]. There were lots of oxygen

vacancies on the surface of TiO2 nanoparticles, and the size

of particle was fine so that the average distance the elec-

trons could move freely was very short. These factors could

make the oxygen vacancies very easily bind electrons to

form excitons. Thus, the exciton energy level near the

bottom of the conduction band came into being, and the PL

band of the excitons could also occur. Thus, the stronger

the excitonic PL spectrum, the higher the content of surface

oxygen vacancy and defect [21]. In addition, the PL

intensity gradually increased as samarium content

increased, and arrived at the highest degree when samarium

content was 0.5 mol%. If samarium contents continued to

increase, namely more than 0.5 mol%, the PL intensity

began to go down. These results demonstrate that the

content of surface oxygen vacancy arrived at the highest

degree when samarium content was 0.5 mol%.

Adsorption behavior of methylene blue

The MB adsorption isotherms are shown in Fig. 4. It can

be seen that the Sm3+–TiO2 had a higher MB adsorption

capacity than undoped TiO2. While the saturated

adsorption amount of MB onto the TiO2 was 2 · 10–6

mol g–1, the saturated adsorption amount of MB onto the

Sm3+–TiO2 increased with the increase of samarium ion

content up to 9 · 10–6 mol g–1. The factors leading to

the enhanced adsorption ability should involve some

changes of physical or chemical properties of the cata-

lysts owing to the samarium ion doping. To further study

the surface characteristics of the prepared catalysts, we

carried out the BET analysis (as shown Table 1). The

BET results showed that the specific surface areas of the

catalysts increased from 24.52 m2 g–1 for TiO2 to 82.94

m2 g–1 for 1.5% Sm3+–TiO2 significantly. The larger

specific surface area of Sm3+–TiO2 catalysts would be

beneficial to achieve better physical adsorption of MB in

aqueous suspension.

Photocatalytic activity

The photocatalytic activity of MB over both Sm3+-doped

TiO2 samples and Degussa P25 TiO2 was evaluated under

either UV or visible light and the results are shown in

Figs. 5 and 6, respectively. According to Figs. 5 and 6,

the photocatalytic activity of the 0.5% Sm3+-doped TiO2

was higher than that of P25 both under UV and vis light.

These results indicate that Sm3+-doped TiO2 is potentially

employable for photodegradation processes under UV or

vis light. It also was found that the order of photocatalytic

activity of samarium doped TiO2 nanoparticles at 120 min

was as following: 0.5 > 1.0 > 1.5 > 0 mol%, which sug-

gests that the Sm3+ doping enhances the photocatalytic

activity of TiO2 and there is an optimum doping content

of Sm3+ ions in TiO2 particles. In addition, the XRD

results show that the undoped titanium dioxide was

almost rutile, while the rest of Sm3+ doping samples had

approximately 50% anatase. Recently, it has been found

that a mixture of anatase and rutile TiO2 nanoparticles has
Fig. 3 PL spectrum of samarium doped TiO2 with the excitation

wavelength of 300 nm

Fig. 4 The MB adsorption isotherms on the pure and doped TiO2

J Mater Sci (2007) 42:9194–9199 9197

123



a much higher photocatalytic activity than pure anatase or

pure rutile TiO2 nanoparticles under UV light excitation

[22]. The remarkable coexistent effect of rutile and ana-

tase would arise from the increase in the charge separa-

tion efficiency due to photo-induced interfacial electron

transfer from anatase to rutile under UV light excitation

[23]. According to Figs. 5 and 6, it is clear that the

photocatalytic activity is drastically increased under the

presence of a small amount of anatase phase (only 5.9%

anatase) compared to pure rutile and the sample calcined

at 600 �C consists of mixed phases with approximately

50% anatase shows the highest photocatalytic activity.

These results strongly suggest the existence of a syner-

gistic effect between anatase and rutile powders in the

Sm3+-doped TiO2 under Vis light excitation, which is

siminar to that of TiO2 under UV light excitation [22, 23].

In addition, the reason that there is an optimum doping

content of Sm3+ ions in TiO2 particles should be further

understood. Some studies indicated that the photocatalytic

activity of TiO2 catalysts depends strongly on two factors:

adsorption behavior and the separation efficiency of elec-

tron-hole pairs [1, 24, 25].

The photoinduced electron transfer to adsorbed organic

species results from migration of electrons and holes to the

semiconductor surface. The electron transfer process is

more efficient if the species are preadsorbed on the surface

[26]. According to Figs. 4 and 5 or Fig. 6, the photocata-

lytic reactivity of Sm3+–TiO2 is higher than that of und-

oped TiO2, which is consistent with the higher adsorption

capacity of Sm3+–TiO2 than undoped TiO2. However, it

was noticeable that a higher adsorption capacity with a

higher samarium ion dosage did not lead to a higher

photocatalytic activity, which might be limited by lower

separation efficiency of electron-hole pairs.

According to Figs. 3 and 5 or Fig. 6, it can be found

that the order of photocatalytic activity was the same as

that of PL intensity, namely, the stronger the PL inten-

sity, the higher the photocatalytic activity. During the

process of PL, oxygen vacancies and defects could bind

photoinduced electrons to form free or binding exactions

so that PL signal could easily occur, and the larger the

content of oxygen vacancies or defects, the stronger the

PL intensity [21]. But, during the process of photocata-

lytic reactions, oxygen vacancies and defects could

become the centers to capture photoinduced electrons so

that the recombination of photoinduced electrons and

holes could be effectively inhibited. Moreover, oxygen

vacancies could promote the adsorption of O2, and there

was strong interaction between the photoinduced elec-

trons bound by oxygen vacancies and adsorbed O2. This

indicated that the binding of photoinduced electrons on

oxygen vacancies could make for the capture for photo-

induced electrons of adsorbed O2, and�O2 free group was

produced at the same time. Thus, oxygen vacancies and

defects were in favor of photocatalytic reactions in that

O2 was active to promote the oxidation of organic sub-

stances [1, 27]. The above results demonstrated that there

were certain relationships between PL spectra and pho-

tocatalytic activity, namely, the stronger the PL intensity,

the larger the content of oxygen vacancies and defects,

the higher the photocatalytic activity. Therefore, in this

study 0.5 mol% may be the most suitable content of

Sm3+ in the Titania, at which the recombination of

photoinduced electrons and holes could be effectively

inhibited and thereby the highest photocatalytic activity is

formed.

Fig. 6 Photocatalytic decomposition profiles of MB Over different

samarium doped TiO2 and P25 under visible irradiation

Fig. 5 Photocatalytic decomposition profiles of MB Over different

samarium doped TiO2 and P25 under UV irradiation
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Conclusion

Doping with the samarium ions significantly enhanced the

overall photocatalytic activity for MB degradation under

UV or visible light irradiation. Sm dopant had a great

inhibition on TiO2 phase transformation, and gave rise to

significant absorption band between 400 nm and 500 nm,

which increased with the increase of samarium ion content.

Sm3+–TiO2 had a higher MB adsorption capacity than

undoped TiO2. It is found that the stronger the PL intensity,

the larger the content of oxygen vacancies and defects, the

higher the photocatalytic activity. Therefore, in this study

0.5 mol% may be the most suitable content of Sm3+ in the

Titania, at which the recombination of photoinduced

electrons and holes could be effectively inhibited and

thereby the highest photocatalytic activity is formed.
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