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and their photocatalytic activity under visible light irradiation
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bstract

High photocatalytic activity of Sm3+-doped TiO2 nanocrystalline under visible light has been successfully prepared by sol–gel auto-combustion
echnique. The samples were characterized by X-ray diffraction, UV–vis diffuse reflectance spectroscopy and photoluminescence (PL) spectra.
V–vis diffuse reflectance spectra showed a slight shift to longer wavelengths and an extension of the absorption in the visible region for almost

ll the samarium-doped samples, compared to the non-doped sample. The results of photocatalytic decomposition of methylene blue (MB) over
.5 mol% Sm3+-TiO2 prepared at various calcinations temperatures show that the sample calcinated at 600 ◦C consists of mixed phases with 51.61%
utile shows the highest photocatalytic activity, which suggests the existence of a synergistic effect between anatase and rutile powders under visible
ight. Doping with the samarium ions significantly enhanced the overall photocatalytic activity for MB degradation under visible light irradiation
ecause the larger specific surface area and the higher separation efficiency of electron–hole pairs were obtained simultaneously for Sm3+-doped

iO2 nanocrystalline. It was found that there were certain relationships between PL spectra and photocatalytic activity, namely, the stronger the
L intensity, the larger the content of oxygen vacancies and defects, the higher the photocatalytic activity. Therefore, in this study, 0.5 mol% may
e the most suitable content of Sm3+ in the titania, at which the recombination of photoinduced electrons and holes could be effectively inhibited
nd thereby the highest photocatalytic activity is formed.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

TiO2-based photocatalytic oxidation techniques have
eceived much attention due to their promising potential in
pplication for complete mineralization of many toxic and
on-biodegradable organics [1–3]. Due to the large band
ap (∼3.2 eV) all photon-driven applications of TiO2 require
ltraviolet light for excitation. Despite the promising properties,
pplication is now limited, for the UV region occupies only
ear 4% of the entire solar spectrum, while 45% of the energy
elongs to visible light. More practical applications can be

chieved if the photocatalytic active region can be expanded
o the visible light region (400–700 nm); the photoenergy can
e used more efficiently. Therefore, in order to realize the
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Photocatalytic activity

olar decontamination process, many efforts have been made to
repare TiO2 photocatalysts that can drive the photodegradation
eaction under visible light, including dye sensitization [4],
xternal surface modifications [5,6], or band gap tailoring.
or the first two cases, there are some problems including

he instability of the organic complex and the complexity of
aterials synthesis. Band gap tailing by doping is the most

fficient and frequently used method. Doping, within certain
imits, serves to prolong the lifetime of charge carriers if the
opants have energy levels just below the conduction band or
ust above the valence band of to realize shallow charge carrier
rapping. As reported in the literature, transition metals doping
e.g., Co, Fe) [7,8], non-metallic elements doping (e.g., N, C, S)
2,9,10], and rare earth ions doping (e.g., Nd, La, Ce) [11–14]
ave led to noticeably improve the photocatalytic activity of
iO2 under visible light. Especially, doping with lanthanide
ons with 4f electron configurations into TiO2 lattice could
liminate the recombination of electron–hole pairs significantly
nd also result in the extension of their wavelength response
oward the visible region. Recently, Li et al. [15] reported
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hat the band gap of TiO2 nanoparticles was reduced by Nd3+

oping and the band gap narrowing was primarily attributed
ot the substitution Nd3+ ions which introduced electron states
nto the band gap of TiO2 to form the new lowest unoccupied

olecular orbital. Xie and Yuan [16] reported Nd3+-TiO2 sol
atalysts had photocatalytic activity for phenol degradation
nder visible light irradiation. Li et al. [11] reported that the
ntroduction of Ce 4f level led to the optical absorption band
etween 400 and 500 nm and eliminate the recombination of
lectron–hole pairs and enhance the photocatalytic activity
nder UV or visible light illumination. But until now, there
ere little literatures about the effect of Sm3+doping on the
hotocatalytic activity of TiO2 under visible light irradiation.

Various synthetic routes like sol–gel method [12], hydrother-
al method [13], coprecipitation–peptization method [14] have

een studied for rare earth-doped TiO2 nanocrystalline. Among
hese methods, the sol–gel process leads to the greatest pos-
ible homogeneous distribution of the dopant in the host
atrix and high surface area TiO2 particles. However, the

rawback of the mentioned sol–gel route is the application
f expensive raw material of tetra-isopropylorthotitanate and
rganic solvent, which was limited. In this work, we focus
n the synthesis of Sm3+-doped TiO2 powders by sol–gel
uto-combustion technique with a unique combination of the
hemical sol–gel process and the combustion process. The
ol–gel auto-combustion technique exploits the advantages of
ixing of compositions at the level of atoms or molecules, syn-

hesizing of ultrafine, homogeneous highly reactive powder and
imple preparation method. Moreover, nanosized powders can
e crystallized directly without the need for post-heat treatment,
hich favors high photocatalytic activity of TiO2 nanoparticle

17,18].
In this study, high photocatalytic activity of Sm3+-doped

iO2 nanoparticles was obtained by sol–gel auto-combustion
echnique with the aims of: (i) extending the light absorption
pectrum toward the visible region; (ii) invesgating the effect
f the synthesized parameters, such as calcinations temperature
nd doping content of Sm3+ ions on the photocatalytic activity;
iii) understanding the relation between the PL spectra and the
hotocatalytic activity.

. Experimental

.1. Preparation of Sm3+-doped TiO2 nanocrystalline

Sm3+-doped TiO2 nanocrystalline was synthesized by
ol–gel auto-combustion technique. The detailed process can be
escribed as follows. The analytical grade titanium isopropox-
de (Ti(OC2H5)4), Sm(NO3)3, C2H6O2 (ethylene glycol, EG),

6H8O7 (citric acid, CA), ammonia (25%) and nitride acid
65–68%) were used as raw materials. Appropriate amount of
i(OC2H5)4 and Sm(NO3)3 were added to CA and EG mixture
nder constant stirring condition. The amounts of doped Sm3+
re 0.5–1.5 mol%. The molar ratios of CA/Ti, NO3
−/CA and

A/EG were kept constant at 2:1, 1:1 and 1:1, respectively.
After adjusting the pH value with ammonia to 6–7, the mix-

ure solution was evaporated at 90 ◦C to gradually form a clear
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recursor gel. The precursor gel was baked at 150 ◦C in muffle
urnace and expanded, then was auto-ignited at about 250 ◦C.
he puffy, porous gray powders as-combusted was calcined at

he temperature of 500–800 ◦C for 2 h in air.

.2. Characterization of Sm3+-doped TiO2 nanocrystalline

The crystalline structure of the samples was determined by a
/max-�A diffractometer (Cu K� radiation, λ = 0.154056 nm)

tudies. The averaged grain sizes D were determined from the
RD pattern according to the Scherrer equation D = kλ/β cos θ,
here k is a constant (shape factor, about 0.9), λ the X-ray wave-

ength (0.15418 nm), β the full width at half maximum (FWHM)
f the diffraction line and θ is the diffraction angle. The values
f β and θ of anatase and rutile are taken from anatase (1 0 1) and
utile (1 1 0) diffraction line, respectively. The amount of rutile in
he samples were calculated using the following equation [19]:
R = (1 + 0.8IA/IR)−1, where XR is the mass fraction of rutile in

he samples, and IA and IR are the X-ray integrated intensities
f (1 0 1) reflection of the anatase and (1 1 0) reflection of rutile,
espectively.

The specific surface area of the powders was measured by
he dynamic Brunauer–Emmett–Teller (BET) method, in which
N2 gas was adsorbed at 77 K using a Micromeritics ASAP 2000
ystem. To study the light absorption of the photocatalyst sam-
le, the diffuse reflectance spectra (DRS) of the photocatalyst
ample in the wavelength range of 200–800 nm were obtained
sing a UV–vis scanning spectrophotometer (Shimadzu UV-
101), while BaSO4 was as a reference. The photoluminescence
PL) spectra of the samples were recorded with a Fluorescence
pectrophotometer F-4500.

.3. Photocatalytic activity

In order to evaluate photoactivity of the prepared samples,
hotocatalytic decomposition of methylene blue (MB) was per-
ormed. For a typical photocatalytic experiment, 200 mg of the
repared samples TiO2 nanocrystalline was added to 200 mL
f the 100 ppm methylene blue aqueous solution. The prepared
amples TiO2 nanocrystalline of were dispersed under ultra-
onic vibration for 10 min. The suspension was kept in the dark
nder stirring to measure the adsorption of MB into each sam-
le. After keeping at least 20 min, MB concentration in the
olution was found to be constant on all samples prepared. There-
ore, the solution in which the sample powders were dispersed
as kept in the dark for 30 min and then visible light irradi-

tion of the solution was started. For visible light irradiation,
150 W halogen tungsten lamp with a UV and IR cut-off fil-

er acted as a visible light source to provide light emission at
00–800 nm. After recovering the catalyst by centrifugation, the
ight absorption of the clear solution was measured at 660 nm
λmax for MB) at a set time. The decolorization of methylene blue
as calculated by formula: decolorization = (C0 − C)/C0, where

0 and C are the concentrations of primal and photodecom-
osed MB. The absorbance of the MB solution was measured
as measured with a UV–vis spectrophotometer (Shimadzu
V-3101).
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Table 1
The characteristics of 0.5 mol% Sm3+-doped TiO2 prepared at various calcinations temperatures

Calcinations
temperature (◦C)

Anatase Rutile Specific surface
area (m2 g−1)

Decolourization of MB
at 120 min (%)

Crystal size,
D(1 0 1) (nm)

XA (%) Crystal size,
D(1 1 0) (nm)

XR (%)

500 13.1 74.7 12.8 25.3 56.00 56.39
600 13.8 48.39 13.6 51.61 52.75 67.68
700 – 5.9 14.7 94.1 49.65 65.55
800 – 0 16.3 100 45.50 50.00
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ig. 1. XRD patterns of 0.5 mol% Sm3+-doped TiO2 with various calcined
emperature: (a) 500 ◦C; (b) 600 ◦C; (c) 700 ◦C; (d) 800 ◦C.

. Results and discussion

.1. XRD analysis

Fig. 1 shows the XRD patterns of TiO2 powders doped with
.5 mol% samarium calcined at various temperatures between
00 and 800 ◦C. It can be seen that no peaks from samarium
xide were observed. It was shown that the intensities of the
natase peaks decreased, while the intensities of the rutile peaks
reatly increased and contents of rutile phase increased as the
alcinations temperature was raised (shown in Table 1). When
alcined at 800 ◦C, the pattern exhibits a complete rutile TiO2
tructure and it means that the phase transformation from anatase

o rutile has completed at this temperature.

XRD patterns of Sm3+ ions-doped titania samples with var-
ous samarium content calcined at 600 ◦C for 2 h are shown in w

able 2
he characteristics of Sm3+-doped samples containing different samarium content ca

amarium
ontent (%)

Anatase Rutile

Crystal size,
D(1 0 1) (nm)

XA (%) Crystal size,
D(1 1 0) (nm)

– 2.41 18.8
.5 13.8 48.39 13.6
.0 12.9 58.22 13.1
.5 12.5 58.33 12.8
ig. 2. XRD patterns of TiO2 with various amounts of samarium at 600 ◦C for
h: (a) undoped; (b) 0.5 mol% Sm; (c) 1.0 mol% Sm; (d) 1.5 mol% Sm.

ig. 2. From these XRD results, it was shown that the X-ray
iffraction peak at 25.5 ◦C corresponds to characteristic peak of
rystal plane (1 0 1) of anatase, and the peak at 27.6 ◦C corre-
ponds to characteristic peak of crystal plane (1 1 0) of rutile.
n undoped titania sample calcined at 600 ◦C for 2 h, rutile is
he dominant crystallized phase, and the sample contains 97.5%
f rutile phase, while Sm3+-doped TiO2 samples shows a mix-
ure phase of anatase and rutile, and the relative ratio of rutile
oanatase is reduced with the increase of samarium content, and
his means that phase transition from anatase to rutile was greatly
estrained by samarium ion doping (shown in Table 2).
To investigate the optical absorption properties of catalysts,
e examined the diffuse reflectance spectra (DRS) of TiO2 and

lcined at 600 ◦C

Specific surface
area (m2 g−1)

Decolourization of MB
at 120 min (%)

XR (%)

97.59 24.52 38.71
51.61 52.75 67.68
41.78 69.48 62.02
41.67 82.94 55.94
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to be not helpful for the photocatalytic activity, which is not in
accordance with the results of photocatalytic activity (shown in
Fig. 5). Moreover, it can be seen from Table 1 that calcinations
ig. 3. UV–vis absorption spectra of pure TiO2 and Sm3+-TiO2 calcined at
00 ◦C for 2 h.

m3+-doped TiO2 in the range of 220–850 nm and our results are
hown in Fig. 3. It can be seen that while TiO2 had no absorption
n the visible region (>400 nm), Sm3+-doped TiO2 had signifi-
ant absorption between 400 and 500 nm, which increased with
he increase of samarium ion content. Li et al. [15] reported that
he band gap of TiO2 nanoparticles was reduced by Nd3+ dop-
ng and the band gap narrowing was primarily attributed to the
ubstitution Nd3+ ions which introduced electron states into the
and gap of TiO2 to form the new lowest unoccupied molecular
rbital. In order to understand the reason of the band gap narrow-
ng for Sm3+-doped TiO2, density functional theory calculations
ere in going.
The photoluminescence emission spectra have been widely

sed to investigate the efficiency of charge carrier trapping,
mmigration and transfer and to understand the fate of elec-
ron/hole pairs in semiconductor particles [20]. In this study,
ig. 4 shows the PL spectrum of TiO2 with various amounts
f samarium at 600 ◦C for 2 h with the excitation wavelength of

00 nm. It can be seen that the undoped and doped TiO2 nanopar-
icles can exhibit obvious excitonic PL signals with similar curve
hape, demonstrating that samarium dopant does not give rise to

ig. 4. PL spectrum of samarium-doped TiO2 calcined at 600 ◦C for 2 h with
he excitation wavelength of 300 nm.

t
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ew PL phenomena. TiO2 nanoparticles could exhibit an obvi-
us PL peaks at about 450 nm with the excited wavelength of
00 nm possibly resulting from binding exactions [21,22]. There
ere lots of oxygen vacancies on the surface of TiO2 nanoparti-

les, and the size of particle was fine so that the average distance
he electrons could move freely was very short. These factors
ould make the oxygen vacancies very easily bind electrons to
orm excitons. Thus, the exciton energy level near the bottom
f the conduction band could come into being and the PL band
f the excitons showed could also occur. Thus, the stronger the
xcitonic PL spectrum, the higher the content of surface oxy-
en vacancy and defect. In addition, the PL intensity gradually
ncreased as samarium content increased and arrived at the high-
st degree when samarium content was 0.5 mol%. If samarium
ontents continued to increase, namely more than 0.5 mol%, the
L intensity began to go down. These results demonstrate that

he content of surface oxygen vacancy arrived at the highest
egree when samarium content was 0.5 mol%.

.3. Photocatalytic activity of Sm3+-doped TiO2

anocrystalline

Fig. 5 shows the results of photocatalytic decomposition
f methylene blue over TiO2 doped with 0.5 mol% samarium,
hich were prepared at various calcinations temperatures. It is

ound that the photocatalytic activity is reduced considerably for
he samples calcined at 800 ◦C and Sm3+-doped TiO2 calcined at
00 ◦C showed the highest photocatalytic activity among the all
amples. According to the BET results (shown in Table 1), ele-
ating the calcinations temperature reduced the specific surface
reas of the catalysts. The reduction of specific surface areas
eans the decrease of active sites on which the reactants can

dsorb. So, the increase of the calcinations temperature seems
emperatures have the most significant effect on the rutile con-

ig. 5. Photocatalytic decomposition profiles of methylene blue. Over 0.5 mol%
m3+-doped TiO2 nanocrystalline calcined at different temperatures.
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ig. 6. Photocatalytic deodorization of methylene blue. Over 0.5 mol% Sm3+-
oped TiO2 nanocrystalline containing different rutile content.

ent, while grain size of all the samples calcinated at different
emperature are nearly equal and the rutile fraction increases
ith increasing calcinations temperature. Recently, it has been

ound that a mixture of anatase and rutile TiO2 nanoparticles
as a much higher photocatalytic activity than pure anatase or
ure rutile TiO2 nanoparticles under UV light excitation [23].
he remarkable co-existent effect of rutile and anatase would
rise from the increase in the charge separation efficiency due to
hotoinduced interfacial electron transfer from anatase to rutile
nder UV light excitation [24]. But until now, there were little
eports about synergistic effect between anatase and rutile for
oped TiO2 samples under visible light excitation. In order to
nvestigate the role of rutile content in photcatlytic activity for
ur Sm3+-doped TiO2 nanocrystalline, Fig. 6 shows the relation
f the rutile content to the phtocatalytic activity of anatase and
utile TiO2 mixture. It is clear that the photocatalytic activity
f is drastically increased under the presence of a small amount
f anatase phase (only 5.9% anatase) compared to pure rutile
nd the Sample calcinated at 600 ◦C consists of mixed phases
ith 51.61% rutile shows the highest photocatalytic activity.
hese results strongly suggest the existence of a synergistic
ffect between anatase and rutile powders in the Sm3+-doped
iO2 under visible light excitation, which is siminar to that of
iO2 under UV light excitation [23,24].

The photocatalytic decomposition of methylene blue over
m3+-doped TiO2 samples calcined at 600 ◦C was evaluated and

he results are shown in Fig. 7. According to Fig. 7, the order of
hotocatalytic activity of samarium-doped TiO2 nanoparticles at
20 min was as following: 0.5 > 1.0 > 1.5 > 0 mol%, which sug-
ests that the Sm3+ doping enhances the photocatalytic activity
f TiO2 and there is an optimum doping content of Sm3+ ions
n TiO2 particles.

Some studies indicated that the photocatalytic activity of
iO2 catalysts depends strongly on two factors: adsorption
ehavior and the separation efficiency of electron–hole pairs
3,25,26].
On the one hand, the BET results showed that the specific sur-
ace areas of the catalysts increased from 24.52 m2 g−1 for TiO2
o 82.94 m2 g−1 for 1.5% Sm3+-TiO2 significantly (shown in
able 2). The larger specific surface area of Sm3+-TiO2 catalysts

p
l
t
m

ig. 7. Photocatalytic decomposition profiles of methylene blue. Over different
amarium-doped TiO2 nanoparticle calcined at 600 ◦C for 2 h.

ould be beneficial to achieve better adsorption of MB in aque-
us suspension. Therefore, the increase of samarium ion content
eems to be helpful for the photocatalytic activity. According to
ig. 7 and Table 2, the photocatalytic reactivity of Sm3+-TiO2 is
igher than that of undoped TiO2, which is consistent with the
arger specific surface area of Sm3+-TiO2 than undoped TiO2.
owever, it was noticeable that a larger specific surface area of
m3+-TiO2 with a higher samarium ion dosage did not lead to a
igher photocatalytic activity, which might be limited by lower
eparation efficiency of electron–hole pairs.

On the other hand, according to Figs. 4 and 7, it should be
ointed that the order of photocatalytic activity was the same
s that of PL intensity, namely, the stronger the PL intensity,
he higher the photocatalytic activity. From Table 2, it can be
een that samarium doping content has little influence on grain
ize and rutile content of all the samples. Xu et al. [27] reported
hat there exists an optimum doping content of rare earth ions in
iO2 particles for the most efficient separation of photoinduced
lectron–hole pairs. During the process of PL, oxygen vacancies
nd defects could bind photoinduced electrons to form free or
inding exactions so that PL signal could easily occur, and the
arger the content of oxygen vacancies or defects, the stronger
he PL intensity. But, during the process of photocatalytic reac-
ions, oxygen vacancies and defects could become the centers
o capture photoinduced electrons so that the recombination of
hotoinduced electrons and holes could be effectively inhibited.
oreover, oxygen vacancies could promote the adsorption of
2, and there was strong interaction between the photoinduced

lectrons bound by oxygen vacancies and adsorbed O2. This
ndicated that the binding for photoinduced electrons of oxygen
acancies could make for the capture for photoinduced electrons
f adsorbed O2, and O2 free group was produced at the same
ime. Thus, oxygen vacancies and defects were in favor of photo-
atalytic reactions in that O2 was active to promote the oxidation
f organic substances [3,28]. The above results demonstrated
hat there were certain relationships between PL spectra and

hotocatalytic activity, namely, the stronger the PL intensity, the
arger the content of oxygen vacancies and defects, the higher
he photocatalytic activity. Therefore, in this study, 0.5 mol%

ay be the most suitable content of Sm3+ in the titania, at which
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he recombination of photoinduced electrons and holes could
e effectively inhibited and thereby the highest photocatalytic
ctivity is formed.

. Conclusion

High photocatalytic activity of Sm3+-doped TiO2 nanocrys-
alline under visible light has been successfully prepared by
ol–gel auto-combustion technique. UV–vis diffuse reflectance
pectra showed a slight shift to longer wavelengths and an
xtension of the absorption in the visible region for almost all
he samarium-doped samples, compared to the non-doped sam-
le. The results of photocatalytic decomposition of methylene
lue over 0.5 mol% Sm3+-TiO2 prepared at various calcinations
emperatures show that the Sample calcinated at 600 ◦C con-
ists of mixed phases with 51.61% rutile shows the highest
hotocatalytic activity, which suggests the existence of a syn-
rgistic effect between anatase and rutile powders under visible
ight. Doping with the samarium ions significantly enhanced
he overall photocatalytic activity for MB degradation under
isible light irradiation because the larger specific surface area
nd the higher separation efficiency of electron–hole pairs were
btained simultaneously for Sm3+-doped TiO2 nanocrystalline.
here were certain relationships between PL spectra and pho-

ocatalytic activity, namely, the stronger the PL intensity, the
arger the content of oxygen vacancies and defects, the higher
he photocatalytic activity. Therefore, in this study, 0.5 mol%

ay be the most suitable content of Sm3+ in the titania, at which
he recombination of photoinduced electrons and holes could
e effectively inhibited and thereby the highest photocatalytic
ctivity is formed.
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