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a b s t r a c t

A series of Mn-TiO2/SiO2 (silica gel loaded with manganese doped TiO2) photocatalysts have been prepared
by sol–gel method, and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
and X-ray photoelectron spectroscopy (XPS). Photocatalytic activities were enhanced in photocatalytic
degradation of methyl orange over Mn-TiO2/SiO2. XPS analysis shows that a Ti O Si or Ti O Mn bond
vailable online 4 March 2008

eywords:
iO2
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is formed on the surface of photocatalyst. Mn is doped as a mixture of Mn2+ and Mn3+ on the surface
of 1.0 mol% Mn-TiO2/SiO2. Mn3+ appears to trap electrons and prohibit the electron–hole recombination.
The electrons trapped in Mn3+ site are subsequently transferred to the adsorbed O2. As a result, the
combination of the electron–hole pair was reduced.
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. Introduction

Photocatalysis is a promising technique for the photocatalytic
xidation of organic pollutants in water. However, practical applica-
ions of TiO2 powder are limited because of problems of separation
f fine TiO2 particles from the treated liquid [1–2]. Many tech-
iques [3–7] were proposed for the immobilization of TiO2 on solid
upports to eliminate the problem of separation of fine TiO2 par-
icles used after the treatment process and the recycling of the
hotocatalyst. However, a decrease in efficiency of photocatalytic
eactions has been usually observed after immobilization. SiO2
aterial has been widely used as supports for TiO2 [8–10], and
any researchers have investigated TiO2/SiO2 materials as sup-

orts for different metal catalysts with different methods [11], such
s wet impregnation technique [12], the atomic layer deposition
ethod [13], etc. However, these metal-TiO2/SiO2 were not used as

hotocatalysts. Moreover, doping transition metal ions have been
xtensively studied, and it has been shown that the photocatalytic
ctivity of TiO2 was high after doping manganese ions [14–16].
or the reasons given above a series of Mn-TiO2/SiO2 were pre-
ared by sol–gel method, and characterized with XRD, SEM, and

PS. The photocatalytic activity of Mn-TiO2/SiO2 for the degrada-

ion of a model compound methyl orange, which has been widely
nvestigated by many researchers in the field of photocatalysis, is
resented in this paper. Our main concern is to gain higher efficient

∗ Corresponding author. Tel.: +86 20 85281989; fax: +86 20 85281989.
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hotocatalysts, which are convenient for recycling, and the descrip-
ion of the chemical and physical properties that could help with a
eeper understanding of the photocatalytic mechanism.

. Experimental

.1. Preparation of photocatalyst

Series of Mn-TiO2/SiO2 with Mn-doped content in the range
f 0.1–5.0 mol% were prepared by sol–gel method (as shown
n Fig. 1). The preparation was carried out as follows: 30 mL
ure alcohol and 2.25 g diethanolamine were added to 7.50 g
i(O-Bu)4, and then a required amount of manganese sulfate
queous solution was added dropwise under stirring for 30 min.
fter that 0.25 g polyethylene glycol was dissolved into the
bove sol under continuous stirring for 30 min to obtain red-
ish sol, and the molar ratio of Ti(O-Bu)4:EtOH:DEA:PEG4000 is
:23.32:0.97:0.0028.

The size of commercial SiO2 (silica gel) is in the range of
5–150 �m. SiO2 was dipped into the above reddish sol and
tirred for 2 h. After vacuum filtration, samples were transferred
o an oven and baked at 70 ◦C. Mn-TiO2/SiO2 with Mn-doped
ol–gel coating was prepared. The above process was repeated one
ore time, and Mn-doped TiO2 sol–gel layer was twice loaded
n Mn-TiO2/SiO2. The above samples were calcined in air at
00 ◦C for 2 h, and Mn-TiO2/SiO2 with two Mn-TiO2 coatings was
btained. For comparison, if no manganese sulfate was added,
iO2/SiO2 was obtained. In the text all the photocatalysts were
abeled as TS (TiO2/SiO2), MTS (Mn-TiO2/SiO2), and 1.0% MTS (1.0%

http://www.sciencedirect.com/science/journal/03043894
mailto:xuyuehua@scau.edu.cn
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Fig. 1. Preparation flowchart of MTS.

n-TiO2/SiO2), for the sake of convenience in discussing the results.
iO2 content in TiO2/SiO2 with two coatings is about 5.0 mol%.

.2. Characterization

The X-ray diffraction (XRD) patterns were obtained at room tem-
erature with a D/Max × IIIA diffractometer (� = 0.15406 nm). The
-ray photoelectron spectroscopy (XPS) spectra were analyzed by
VG ESCALAB MK II with a pass energy of 20 eV, and the excitation
f the spectra was performed using monochromatized Mg K� radi-
tion. The binding energy (BE) scale was referenced to the energy
f the C 1s peak of adventitious carbon, EB = 284.8 eV. Morphology
as observed by scanning electron microscopy (SEM) using a SEMS,
odel FEI-XL30, Philips, Holland.

.3. Photocatalytic activity
Aqueous slurries were prepared by adding 0.40 g photocatalyst
o 350 mL methyl orange aqueous solution at 15 mg L−1. Irradia-
ions were performed with a 250 W high-pressure mercury lamp.
schematic diagram of the used reactor is shown in Fig. 2. The aque-
us slurries were stirred and bubbled with oxygen for 30 min prior

Fig. 2. Schematic diagram of the used reactor.
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Fig. 3. XRD spectra of SiO2 and 0.8% MTS.

o the irradiation. At 5 min intervals, the suspension was extracted
nd centrifuged to separate the photocatalyst particles. The fil-
rates were analyzed with a spectrophotometer by measuring their
bsorbance at 490 nm.

. Results and discussion

.1. XRD analysis

X-ray diffraction patterns of SiO2 and 0.8% MTS are shown in
ig. 3. The X-ray diffraction peak at 25.3◦ corresponds to the char-
cteristic peak of crystal plane (1 0 1) of anatase, and the peak
t 27.6◦ corresponds to the characteristic peak of crystal plane
1 1 0) of rutile. The XRD pattern of 0.8% MTS shows anatase peaks
2� = 25.28◦, 37.74◦, 48.34◦, 54.58◦), so anatase is the main phase
resent for TiO2. The XRD pattern of 0.8% MTS indicates that no
haracteristic peaks of manganese species are found because of a
ow manganese content.

.2. SEM analysis

Fig. 4 presents SEM photographs of support and photocatalysts.
ig. 4a shows that the surface of commercial SiO2 was slick. Fig. 4b
nd c show SEM photographs of TS and MTS, respectively, and they
re similar. A layer of TiO2 or Mn-TiO2 was obvious on the surface
f SiO2.

.3. XPS analysis

Fig. 5 shows XPS survey spectra of TS and 1.0% MTS photocata-
yst, respectively. It can be seen clearly that there are Ti, O, C and Si
eaks on the TS and 1.0% MTS surface. Moreover, there is Mn peak
n surface of 1.0% MTS. The photoelectron peak for C 1s is proba-
ly attributed to the contamination caused by specimen handing or
umping oil from the XPS instrument itself. Because another weak
1s peak at 288.6 eV, which is due to the existence of residual

arbon from precursor solution [17–18], was not detected in XPS
urvey spectra for the surface of TS and 1.0% MTS.

The representative XPS bands of O 1s and Mn 2p are shown in
igs. 6–8, respectively, and the corresponding binding energies and
he full width at half maximum (FWHM) values are summarized in
able 1.

XPS spectra (not shown here) of Ti 2p show a narrow and sym-

etrical Ti 2p peak, the binding energy of Ti 2p3/2 for TS and 1.0%
TS is 459.66 eV and 458.85 eV, respectively. This result indicates

hat Ti mainly exists as the chemical state of Ti4+ on the surface of TS
nd 1.0% MTS photocatalyst. The binding energy of the Ti 2p3/2 band
n the case of TS and 1.0% MTS samples is higher than that of the pure
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Fig. 4. SEM photographs of support and photocatalysts: (a) SiO2, (b) TS, and (c) 0.5% MTS.

Table 1
XPS fitting data for TS and 1.0% MTS.

Photocatalyst Ti (2p3/2) Mn (2p3/2) Si (2p) O 1s (SiO2) O 1s (OH) O 1s (Ti O or Mn O)

TS
BE (eV) 459.65 103.83 533.40 531.62 530.31
FWHM 1.86 3.03 2.17 2.32 3.00
At. (%) 5.27 16.71 47.83 18.54 11.64

1.0% MTS
BE (eV) 458.85 641.45 103.78 533.33 531.63 529.83
FWHM 1.88 0.62 3.11 2.26 2.38 2.05
At. (%) 5.25 0.68 15.09 46.66 19.62 12.69

FWHM: full width at a half of the maximum height of peaks. BE: binding energy.

Fig. 5. XPS survey spectra for the surface of (a) TS and (b) 1.0% MTS.

Fig. 6. O 1s curves fitted of TS.

Fig. 7. O 1s curves fitted of 1.0% MTS.

Fig. 8. XPS spectrum of Mn 2p for 1.0% MTS.



dous Materials 160 (2008) 78–82 81

T
a
t
t
l
r
K
c
t
c
i
h
n
b
f
r

F
s
(
e
1
t
c
r
t
S
t
f
s
i
T
T
s
f
f
t
f

O

b

e
l
m

3

t
c
a
y
w
e
p
p
p
d
d
t
w
M
m

t
p
b
e
t
O
D
o
b
i

M

M

O
f
p
t
r
h
a
b
c
n
d
e
g
C
t

4

f
a
M
o

Y. Xu et al. / Journal of Hazar

iO2 (458.0–458.5 eV) [12,19–21]. In general, the core-level shifts
re assigned to changes in the electronegativities (Pauling term), in
he ionicities (Madelung term) and on the final states (relaxation
erm) in the environment of the photoionized atom [12]. The Ti is
ess electronegative than Si (Pauling values Ti: 1.5, Si: 1.8), which
eflects more ionic character for TiO2. Garbassi and Balducci [8] and
eränen et al [13] reported that the binding energy of 459.5 eV is
onnected with the location of Ti atoms on tetrahedral sites, while
he energy of about 458.5 eV indicates the presence of octahedrally
oordinated titanium in the sample. These results indicate a change
n coordination from octahedral to tetrahedral, so the shift towards
igher side could be attributed to the change in the coordination
umber of titanium by the formation of a Ti O Si or Ti O Mn
ond. The binding energy (BE) of the Si 2p peaks is at 103.83 eV
or TS and 103.78 eV for 1.0% MTS, these agree well with the values
eported in the literatures [8,12–13].

The O 1s patterns of XPS of TS and 1.0% MTS are shown in
ig. 6 and Fig. 7, respectively. It can be seen that both O 1s XPS
pectra exhibit single-lobed peaks, and the peaks are asymmetric
the left sides are wider than the right), indicating that the differ-
nt oxygen contributions exist on the photocatalyst surface. The O
s peaks could be fitted into three peaks, and the main contribu-
ions are attributed to Si O in SiO2. The other two kinds of oxygen
ontributions are Ti O in photocatalysts and the hydroxyl groups,
espectively [17,22–23]. Consequently there are three oxygen con-
ributions existing on the photocatalyst surface, including Si O in
iO2, Ti O in TiO2, and the hydroxyl groups. As shown in Table 1,
he Ti content of TS is almost same as that of 1.0% MTS. However,
or TS the percentage of the hydroxyl group and lattice oxygen is
maller than 1.0% MTS. The Ti is less electronegative than Si (Paul-
ng values Ti: 1.5, Si: 1.8), which reflects more ionic character for
iO2. This means that the Lewis acidity could be predicted when a
i cation is incorporated in to a more covalent SiO2 matrix at the
ite of the substituted ion [12]. The increase of Lewis acidity would
orm more hydroxyl groups on the surface of photocatalyst [24]. The
ormation of hydroxyl groups serving as hole trapped sites inhibit
he recombination of negative electrons with positive holes, and
orm hydroxyl radical:

H•−+h+ → OH (1)

Therefore, the formation of hydroxyl radicals is from the reaction
etween hydroxide ion trapped on the surface and the positive hole.

Mn 2p spectrum for 1.0% MTS is presented in Fig. 8. The binding-
nergy value of the Mn 2p3/2 peak is 641.5 eV. According to the
iteratures [25–26], this value indicates that Mn is present as a

ixture of Mn2+ and Mn3+ on the surface of 1.0% MTS.

.4. Photocatalytic results

Fig. 9 shows the photocatalytic activity for methyl orange pho-
ocatalytic degradation over TS and MTS. Although methyl orange
an be degraded under UV light, it has been widely investigated as
model compound by many researchers in the field of photocatal-
sis. Compared to UV light alone, methyl orange degraded slowly
hen SiO2 existed in reactant solution under UV light. This may be

xplained by the fact that the UV light is probably screened by SiO2
articles, which is an insulator, in the solution. It is shown that the
hotocatalytic activity of TS enhanced after manganese doping. The
hotocatalytic activity of MTS increases with Mn content and then
iminishes when the Mn-doped content is up to 0.5%. When Mn-

oped content reaches 0.8%, the photocatalytic reactivity is similar
o that of TS. Compared to TS, the high photocatalytic activity of MTS
ould be due to the variable valence of manganese [15]. Because
n2+ and Mn3+ coexist on the surface of 1.0% MTS photocatalyst,
etal ions are the acceptors of electrons, and Mn3+ can trap elec-

e
a
h
M
g

Fig. 9. Comparison of the photocatalytic activity.

rons in TiO2 conduction band. So Mn3+ should trap electrons and
rohibit electron–hole recombination. That is, the lower the recom-
ination efficiency of the electron–holes is, the higher the quantum
fficiency of the photons will be [16]. Moreover, the electrons
rapped in Mn3+ site are subsequently transferred to the adsorbed
2, and decrease the recombination rate of the electron–hole pair.
uring the transfer processes of trapped electrons to O2 adsorbed
n the reaction interface, a sequence of reactions can be expressed
y the following set of equations, because Mn2+ and Mn3+ coexist
n 1.0% MTS:

n3+ + ecb
− → Mn2+ (2)

n2+ + Oads → Mn3+ + Oads
− (3)

Only electron trapped on photocatalyst surface is transferred to
2 adsorbed on the reaction interface, electrons can be separated

rom holes. Otherwise, they can still recombine with holes. The
rocess of electrons trapped and the transfer of trapped electrons
o O2 adsorbed on the reaction interface inhibits electron–hole
ecombination. Moreover, hydroxyl groups trap holes, generating
ighly reactive hydroxyl radicals. So the photogenerated electron
nd hole are effectively separated. However, it becomes the recom-
ination center of electron–hole pair, when manganese doped
ontent increases further. It is thought generally that the thick-
ess of the space charge layer (W) decreases with an increase in
opant content. When the value of W approximates that of the pen-
tration depth of the light into the solid, all the photons absorbed
enerate electron–hole pairs that are efficiently separated [19].
onsequently, it is understandable that an optimal Mn-doped con-
ent exists.

. Conclusion

MTS shows anatase peaks. A Ti O Si or Ti O Mn bond is
ormed on the surface of photocatalysts and for TS the percent-
ge of the hydroxyl group and lattice oxygen is smaller than 1.0%
TS. Mn is present as a mixture of Mn2+ and Mn3+ on the surface

f 1.0% MTS, and Mn3+ appears to trap electrons and inhibit the
lectron–hole recombination. The electrons trapped in Mn3+ site

re subsequently transferred to the surrounding adsorbed O2, and
ence extending the lifetime of the electron–hole pair. In this way,
n3+ of MTS traps photoinduced electrons and surface hydroxyl

roup traps photoinduced hole, which forms hydroxyl radical.
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