FULL PAPER

DOI: 10.1002/chem.200801236

Heterometal Alkoxides as Precursors for the Preparation of Porous Fe- and
Mn-TiO, Photocatalysts with High Efficiencies

Xiao-Xin Zou,"”! Guo-Dong Li,""! Ming-Yi Guo,"”! Xin-Hao Li,"”! Da-Peng Liu,'!
Juan Su,”! and Jie-Sheng Chen*!™"!

Abstract: Transition-metal-doped tita-
nium glycolates (M-TG, with M=Fe,
Mn), which are the first non-stoichio-
metric heterometal alkoxides, have
been synthesised through a solvother-
mal doping approach. X-ray diffrac-
tion, UV/Vis diffuse reflectance and
ESR spectroscopy revealed that the
dopant ion (Fe** or Mn**) is substitut-
ed for Ti*" in the TG lattice. Fe** pro-
longs the crystallisation time of Fe-TG,
whereas Mn’" has a smaller effect on
the crystallisation time in comparison
with Fe**. The as-synthesised M-TG

through a simple thermal treatment
process. The as-prepared M-TiO, ma-
terials maintain the rod-like morpholo-
gy of the precursors and possess a mes-
oporous structure with high crystallini-
ty. It has been proved that the dopant
ions are incorporated into the TiO, lat-
tice at the Ti** positions. The photoca-
talytic activities of the M-TiO, materi-
als obtained were evaluated by testing
the degradation of phenol under UV ir-
radiation. From the photocatalytic re-
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sults, it was concluded that high crystal-
linity, a large surface area and appro-
priate transition-metal-doping are all
beneficial to the enhancement of the
photocatalytic performance of the
doped TiO, material. In addition, it
was noted that in comparison with
Mn-TiO,, Fe-TiO, shows higher photo-
catalytic activity due to the better in-
hibition effect of Fe’* on recombina-
tion of photogenerated electron-hole
pairs. In contrast to the conventional
nanosized TiO, photocatalyst, the mi-
crometre-sized M-TiO, particles we

materials were used directly as single-
source precursors for the preparation
of metal-doped titania (M-TiO,)

Introduction

Nanosized TiO,, which exhibits photocatalytic activity supe-
rior to that of bulk TiO, due to its large surface area, is ex-
pected to play an important role in helping solve many envi-
ronmental problems."? However, the practical application
of nanosized TiO, materials in the elimination of pollutants
from water suffers from difficulties in the separation and re-
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obtained can be easily separated and
recovered after the photocatalytic
reactions.

titanium -

covery of the photocatalysts. Immobilisation of nanosized
TiO, particles on a support can successfully solve the prob-
lem of separation, but the efficiency of photocatalysis under
this circumstance decreases drastically owing to a significant
loss of the photocatalytically active area.**

Recently, submicrometre- and micrometre-sized TiO,
photocatalysts with a porous structure have garnered in-
creasing interest because these photocatalytic materials are
easier to separate from solution, but they also possess signif-
icant surface areas, and hence, their photocatalytic perform-
ances are comparable to those of the corresponding nano-
particle materials.”* Although much effort has been devot-
ed to the synthesis of porous TiO, photocatalysts, there are
still many barriers to the targeted products. The first diffi-
culty results from the uncontrollable sol-gel process that re-
sults from a high hydrolysis—condensation rate of titanium
precursors.”) The second difficulty is the thermal instability
of the inorganic network during crystallisation of titanium
oxide. Calcination of the as-prepared porous titania material
often leads to a dense and fully collapsed structure because
of the intrinsic crystallisation of the anatase phase.’" To
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solve these problems, a sophisticated synthetic scheme is
usually necessary and the synthetic conditions are rather re-
strictive. Therefore, facile approaches to the preparation of
submicrometre- and micrometre-sized TiO, photocatalysts
with a porous structure are highly desired. In addition, it is
known that the doping of transition metals such as iron and
manganese into TiO, may suppress the recombination rates
of photogenerated electrons and holes, and hence, improve
the photocatalytic performance of TiO,-based cata-
lysts."132% Therefore, it is expected that the combination of
porosity with metal-doping in TiO, materials would achieve
highly effective photocatalysts that are easy to separate
from the corresponding reaction systems.

Metal alkoxides have been extensively investigated be-
cause they are important precursors for the preparation of
inorganic-organic hybrid and oxide—ceramic materials.”'"*
Of the metal alkoxide compounds, titanium alkoxides, espe-
cially those containing heterometal atoms, have attracted
enormous attention due to their wide application in various
areas.’22*?7] Nevertheless, the preparation of heterometal-
containing titanium alkoxides reported to date is limited to
stoichiometric compounds. In this paper, a doping strategy
that realises the formation of non-stoichiometric titanium-
based heterometal alkoxides is described for the first time.
Furthermore, by using these heterometal alkoxides as pre-
cursors, crystalline porous M-TiO, (M =Fe, Mn) photocata-
lysts have been obtained through a simple thermal treat-
ment process. In contrast to the conventional nanosized
TiO, photocatalyst, the porous TiO, materials prepared
through our approach can be easily separated and recovered
after the photocatalytic reactions and still exhibit high
photocatalytic activities.

Results and Discussion

Synthesis of heterometal alkoxides: For the preparation of
the iron- and manganese-containing heterometal alkoxides,
titanium glycolate (TG, Ti(OCH,CH,0),; monoclinic space
group C2/c (no. 15), unit cell parameters a=15204, b=
7.568, c=5.816 A, B=110.87°) was chosen as the host com-
pound for the following reasons:* Firstly, unlike many tita-
nium alkoxides with extreme moisture sensitivity, this com-
pound is rather stable towards moisture. Secondly, in con-
trast to most crystalline titanium alkoxides with a zero-di-
mensional structure, TG is a crystalline complex with infin-
ite one-dimensional chains (Figure 1) and this structural
feature may benefit the conversion of the alkoxide into the
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Figure 1. View of the one-dimensional chain of Ti(OCH,CH,0), along
the c axis.
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titania material. Finally, the synthetic condition of the com-
pound can be modified to allow for doping of heterometal
atoms into the structure.

Originally the reaction system for the preparation of TG
was basic. Evidently such a system cannot fulfil our purpose
of doping Fe** into TG because Fe** is sensitive to alkalini-
ty and Fe;0, easily forms from an alkaline system.?**" In
addition, the reaction time reported previously for the for-
mation of TG was rather long (5 d in total). In this context,
we modified the synthetic procedure to a certain extent.
Typically, Ti(n-OBu), as the titanium source and
FeCl;-6H,O as the iron source were added to ethylene
glycol and the mixture was heated at 180°C for 2-5 h. The
content of Fe’* added to the reaction system is represented
by the molar ratio (Rgeri+r)) of Fe to (Ti+Fe) in the reac-
tion mixture. No base was added to the reaction system and
highly crystalline Fe-TG was obtained by separation of the
solid product from the reaction system. The yield of the
product was nearly 100 % on the basis of the metal sources
used. Furthermore, Mn** (content expressed as Ryto/(ti+Mn))
was also doped into TG to form Mn-TG through a synthetic
procedure similar to that used for Fe-TG. Apart from Fe’*
and Mn?*, a series of other 3d transition metals, including
Cr’*, Co®*, Ni** and Cu®*, were also used as dopants for
the formation of M-TG compounds. However, these metal
ions failed to be incorporated into the structure of the TG
compound.

The structures of the as-synthesised Fe-TG and Mn-TG
were confirmed by powder X-ray diffraction (XRD). The
XRD patterns (Figure 2a and b) are coincident with that si-
mulated on the basis of the single-crystal structure of TG
(Figure S1 of the Supplementary Information). No diffrac-
tion peaks from impurity phases were observed even for the
product with a Fe**-doping content as high as 9%. Never-
theless, the incorporation of Fe** or Mn?* into the TG crys-
tal structure caused a shift of the diffraction peaks to lower
angles. The interplanar spacing d,y, value (Figure 2c) calcu-
lated by the Bragg equation increases with the ratio
Rryeyrisre)- This is rationalised by the fact that the Fe** (r=
0.79 A) or Mn** ion (r=0.80 A) is distinctly larger than the
Ti** ion (r=0.75 A).l*3 Figure 2d shows the UV/Vis dif-
fuse reflectance spectra of TG and the Fe-TG samples. The
onset of the absorption spectrum for TG appears at about
378 nm in the ultraviolet region, whereas, with increasing
Fe’* content in the Fe-TG sample, the onset of the absorp-
tion is gradually shifted to the visible region and a band be-
tween 400 and 500 nm shows up due to a d-d transition in
Fe**. This result is in agreement with the colour change of
the as-synthesised Fe-TG from pale-yellow to yellow with
increasing doping content of Fe**. On the other hand, man-
ganese-doping does not lead to an obvious change in the
UV/Vis diffuse reflectance spectra of Mn-TG samples
owing to a weak d-d transition in Mn?>*. To further reveal
the effect of doping on the TG compound, ESR spectrosco-
py was employed to study the Fe-TG and Mn-TG samples.
No signals from paramagnetic species were observed for the
undoped TG. However, all samples after iron-doping (Fig-
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Figure 2. X-ray diffraction patterns of a) Fe-TG with different Rpymi4r) and b) Mn-TG with different
Ryto(ti+mny ©) value of dyy as a function of Rymitrey and d) the UV/Vis diffuse reflectance spectra of Fe-TG
with different Rg./(Ti+Fe).

ure 3a) show a signal at g=4.27, which is attributed to Fe’*
substituted for Ti** in the TG lattice. A similar signal has
previously been observed in iron-doped TiO, and was as-
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200 250 300 350 400 450
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Figure 3. The electron spin resonance (ESR) spectra of a) 1% Fe-TG
and b) 1% Mn-TG measured at room temperature.
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signed to Fe** in the Ti** posi-
tion of the TiO, lattice.’>3 A
six-line spectrum characteristic
of isolated paramagnetic Mn**
(Figure 3b), which arises from
the hyperfine interaction with
the *Mn nuclear spin (I=3%),
was observed for all samples
after manganese-doping.*"-3

Figure 4 shows the SEM and
TEM images of the Fe-TG and
Mn-TG samples, which exhibit
rod shapes with diameters rang-
ing from 250 nm to 1 um and a
length ranging from 1 to 10 pm.
The rod surface appears to be
smooth for both the Fe-TG and
Mn-TG samples.

Inhibition effect of Fe’' and
Mn’* on the crystallisation of
M-TG: The effect of Fe** on
the crystallisation of Fe-TG is
so distinct that the crystallisa-
tion time can be estimated by
observing the appearance of the
solid product. The crystallisa-
tion time measured as a func-
tion of Rgeri4re) 1S presented in

Figure 5. It can be seen that the crystallisation time of Fe—
TG is prolonged from 4 min for undoped TG to 60 min for
9% Fe-TG. This inhibition effect of Fe>* on the TG crystal-

Figure 4. a) SEM and b) TEM images of the 0.5% Fe-TG sample and
¢) SEM and d) TEM images of the 0.5% Mn-TG sample.
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Figure 5. Crystallisation time as a function of Rgeyriyr (®) and

Rto(ti+ M) (m).

lisation is correlated with a phase transition from solvated
precursor ions or molecules to the solid-state crystalline
product in accord with a classical nucleation model.”"*! In
this model, the driving force for spontaneous phase transi-
tion is parametrised by AFv, the difference in free energy
between the solvated and crystalline forms of the material.
For the precipitation of large crystals from solution, AFv
dominates the overall change in free energy. The overall
free energy change for crystallisation, which is proportional
to the crystal volume V, is thus described by the equation
AG=VAFv. As shown in Figure 2, the substitution of Fe’*
for Ti** leads to a shift of the XRD peaks, which shows the
introduction of strain into the crystal lattice caused by the
substitution. Dopant-induced lattice strain reduces the ther-
modynamic driving force by reducing AFv, which directly re-
sults in a decrease of the crystallisation rate. Therefore, the
time for Fe-TG to achieve full crystallisation is distinctly
longer than that for TG, especially for a Fe-TG compound
with a high Rrri e Tatio.

Mn?* shows a similar but smaller inhibition effect on the
crystallisation of TG (Figure 5). In addition, the maximum
amount of Mn?* incorporated into the TG lattice seems to
be much less than that of Fe’*. No matter how much Mn’*
is added to the reaction mixture, the Ry (ti;mm) value mea-
sured for the final Mn-TG product does not exceed 2%,
and the crystallisation time of the Mn-TG remains about
10 min.

Preparation of porous M-TiO, using M-TG as precursors:
M-TiO, (M=Fe, Mn) was formed by calcining M-TG at
elevated temperatures. The XRD patterns of the samples
obtained by calcining 0.5% Fe-TG at different tempera-
tures are shown in Figure 6a. No impurity phases were de-
tected apart from the anatase and rutile TiO,. With an in-
crease in calcination temperature, the Fe-TG precursor is
first converted into an amorphous phase, which is subse-
quently transformed into anatase and then to rutile. At
300°C, the calcined product is dominated by the amorphous
phase, whereas at 450°C the material (Fe-TiO,) is identified
as pure anatase. After calcination at 550°C, the Fe-TiO,
product contains both anatase (65%) and rutile (35%). A
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Figure 6. XRD patterns for a) 0.5% Fe-TiO, obtained at different tem-
peratures and b) Fe-TiO, with different Rt e Obtained at 400°C. A
and R denote anatase and rutile, respectively.

calcination temperature of 650°C or above leads to the for-
mation of the pure rutile phase. The XRD patterns for the
Fe-TiO, samples with different Rg ;) values obtained at
400°C are shown in Figure 6b. The crystal size of the sam-
ples was estimated by using the Scherrer formula to be
around 6 nm. The calcined product was identified as pure
anatase even with an iron-doping content of 9%. It is
known that anatase is mesostable compared with rutilel!]
and Fe**-doping usually results in the transformation of
anatase to rutile owing to the introduction of defects by
doping.>****) However, in our experiment, the anatase
phase was completely maintained after the thermal conver-
sion of Fe-TG into Fe-TiO,. Similarly, pure anatase Mn—
TiO, (Figure S2 in the Supporting Information) can also be
obtained by calcining Mn-TG at 400°C.

The ESR spectra (Figure 7), which give valuable informa-
tion about lattice sites at which paramagnetic dopant ions
are located, of several calcined samples were recorded at
room temperature. The two signals (Figure 7a) observed for
0.5% Fe-TiO, obtained at 400°C are attributed to Fe** sub-
stituted for Ti** in the TiO, anatase lattice (g=1.99) and to
Fe’* at the Ti** position adjacent to a charge-compensating
oxygen vacancy (g=4.27).1%%1 At a calcination temperature
of 500°C, four new peaks (Figure 7b) appear besides the
two at g=1.99 and 4.27. The new peaks at g=8.18, 5.64,
3.43 and 2.60 have been assigned to Fe’' ions substituted
for Ti** in the TiO, rutile lattice.[*!
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size distributions (Figure 8a,
inset) calculated on the basis of
the desorption branches of the
isotherms show peaks centred
at =7 and ~11.5nm for the
samples calcined at 400 and
500°C, respectively. The corre-
sponding BET surface areas are
T ~92 and ~41 m*g". It can be
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seen that the smaller pores dis-
appear and the surface area of
the material is reduced when
the calcination temperature is
increased from 400 to 500°C.
The loss of surface area with in-
creasing calcination tempera-
ture is depicted in Figure 8b. In
addition, the surface area of
0.25% Fe-TiO, is close to that

£=2.00
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Figure 7. ESR spectra measured at room temperature for a) 0.5% Fe-TiO,
obtained at 400°C, b) 0.5% Fe-TiO, obtained at 500°C, c) 0.5% Mn-TiO,
obtained at 400°C and d) the signal at g=2.00 superimposed on the six-line
splitting signal of Mn?*+

Compared with that of the corresponding Mn-TG sample,
the ESR spectrum of 0.5% Mn-TiO, obtained at 400°C
(Figure 7¢) is composed of three components. First, six hy-
perfine splitting lines (Figure 7d) attributed to Mn?* substi-
tuted for Ti** in TiO, are observed. Secondly, there appear
two peaks at g=3.18 and 2.74, which are assignable to Mn**
It is presumed that a small proportion of Mn?*, especially
on and near the surface of the microcrystals, have been oxi-
dised to Mn** during calcination in air, meanwhile the rest
of the Mn?* ions remain in the bulk of the crystals. Finally,
a new and sharp signal at g=2.00 appears to be superim-
posed on the six-line splitting signal of Mn?*. A similar
signal has also been observed previously in a Mn’*-doped
ZnO thin film and was attributed to the existence of p-type
defects.*!) For Mn-TiO,, the substitutional doping of Mn>*
ions into TiO, can easily generate p-type defects due to the
lower oxidation state of Mn?* compared with Ti**. When
the Mn-TiO, sample is further calcined at 550°C for anoth-
er 2 h, the signal at g=2.00 completely disappears, whereas
other signals associated with Mn?* and Mn** still remain.
This is because the p-type defects can react with O, during
calcination in air. Therefore, the signal at g=2.00 in Mn-
TiO, can also be attributed to the presence of p-type
defects.

The N, adsorption/desorption isotherms (Figure 8a) for
the 0.25% Fe-TiO, samples obtained through calcination at
400 and 500°C are characteristic type-IV curves with H1-
type hysteresis loops, indicative of the mesoporous structure
of the materials. The Barrett-Joyner—Harlenda (BJH) pore

Chem. Eur. J. 2008, 14, 11123 -11131
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Figure 8. a) N, adsorption/desorption isotherms for 0.25% Fe-TiO, ob-
tained at 400 and 500°C with the corresponding BJH pore size distribu-
tions shown in the inset and b) the effect of calcination temperature on
surface area of 0.25% Fe-TiO, (e) and 0.25 % Mn-TiO, (m).
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Figure 9. a) SEM, b) TEM and c) HRTEM images of 0.25 % Fe-TiO, obtained at 400°C; d) SEM, e) TEM and

f) HRTEM images of 0.25% Mn-TiO, obtained at 400°C.

To further verify the presence of porous structures in cal-
cined Fe-TiO, and Mn-TiO,, their SEM, TEM and
HRTEM images were obtained. The SEM images (Figure 9a
and d) reveal that the Fe-TiO, and Mn-TiO, materials ob-
tained maintain the rod-like morphology of the precursors.
The low-magnification TEM images of typical samples of
0.25% Fe-TiO, and 0.25% Mn-TiO, calcined at 400°C
(Figure 9b and e) confirm that a porous feature is indeed
present. The HRTEM images (Figure 9c and f) clearly show
that nanocrystals are randomly arranged and interconnected
to form irregular mesopores in the individual rod. The ob-
served lattice spacing is about 3.52 A, which corresponds to
the distance between the (101) crystal planes of the anatase
phase.

Photocatalytic performances of M-TiO, materials: The pho-
tocatalytic performances of the porous Fe-TiO, and Mn-
TiO, materials were evaluated by testing the degradation of
phenol under UV irradiation. The effect of calcination tem-
perature on photocatalytic activity (Figure 10a) was eluci-
dated by fixing the content of iron- or manganese-doping
(0.25%). Evidently the variation in photocatalytic activity
with increasing calcination temperature is similar for Fe—
TiO, and Mn-TiO,. The phenol conversion reaches a maxi-
mum of 100% for 0.25% Fe-TiO, or of 85% for 0.25%
Mn-TiO, when the calcination temperature is 400°C. Fur-
ther increases in the calcination temperature lead to a
marked decrease in the phenol conversion from 100% at
400°C to 30% at 550°C for 0.25% Fe-TiO,. This decrease
in activity arises because the further increases in calcination
temperature cause a significant decrease in the active sur-
face area of the material (Figure 8a) and an increase in the
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amount of rutile, which has a
lower photocatalytic activity
than anatase  (Figure 6a).!
Compared with that obtained at
350°C, the sample obtained at
400°C has a higher photocata-
lytic activity although its sur-
face area (92 m’g”!) is smaller
than that of the material treat-
ed at 350°C (110 m*g™"). Ac-
cording to the XRD patterns
(Figure 6b) and the HRTEM
image (Figure 9c), the Fe-TiO,
material obtained at 400°C is
highly crystalline and its crystal-
linity is distinctly higher than
that of the sample obtained at
350°C (Figure S3 in the Sup-
porting Information). Thus, the
enhanced photocatalytic activi-
ty for the sample obtained at
400°C is attributable to the
higher crystallinity of the mate-
rial.*! The effect of iron-doping
on photocatalytic activity (Fig-
ure 10b) was also elucidated by fixing the calcination tem-
perature at 400°C. At this temperature the structure of the
material is pore-rich and the crystallinity is high. The phenol
conversion obtained with the undoped TiO, material under
identical conditions is about 80 %, whereas the conversion
with 0.25% Fe-TiO, is 100%. Further increasing the
amount of Fe’* decreases the phenol conversion to a certain
extent, but the minimum conversion is still higher than
80 % . For Mn-TiO,, the photocatalytic conversion of phenol
reaches a maximum of 90% when Rypismn 1S 0.5 %. For
both Fe-TiO, and Mn-TiO, there is an optimal dopant con-
centration above which the photocatalytic activity decreases
again. Generally, the recombination rate depends on the dis-
tance separating the electron-hole pair." The recombina-
tion rate increases with dopant concentration because the
distance between trapping sites in a particle decreases with
increasing dopant concentration.

The changes in phenol concentration over the course of
the photodegradation reaction (Figure 10c) indicate that the
porous 0.25% Fe-TiO, is photocatalytically more active
than the commercial titania photocatalyst P25. The excellent
stability of the 0.25% Fe-TiO, photocatalyst was demon-
strated by a recycling experiment (Figure 10d). After five
cycles of the photocatalytic degradation of phenol, there
was no loss of photocatalytic activity. Figure 10e shows that
the Fe-TiO, particles settle more quickly in an aqueous sus-
pension than the P25 photocatalyst nanocrystals. This result,
in combination with that of the recycling experiment, dem-
onstrates that the TiO, photocatalysts synthesised through
our approach can be easily separated and recovered after
photocatalytic reactions.

Chem. Eur. J. 2008, 14, 1112311131
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427 and 1.99 decrease simulta-
neously. As the irradiation time
is prolonged to 4 min, the inten-
sities of the Fe** signals do not
decrease further. Similar results
have been observed previous-
1y.f231 The simultaneous de-
crease of the two signals is due
to the concurrent trapping of
holes and electrons by the dif-
ferent Fe’t sites. The hole is
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trapped at the Fe*' site adja-
cent to a charge-compensating
oxygen vacancy, whereas the
electron is trapped at the other
type of Fe’* site.’¥ In addition,
it was noted that there are no
Ti** signals observed during
the irradiation process, which
suggests that Fe’™ ions are
better electron traps than Ti‘*
ions. When the ESR spectrum
of Mn-TiO, was measured
under UV irradiation, the Mn?*
signals characteristic of six hy-

Molar ratio / %

------V

T/ min

Fe-TiO, P25

Figure 10. a) The influence of temperature on photocatalytic activity at fixed iron (@) and manganese (m) con-
tents (0.25%); b) the influence of iron- (@) and manganese (m)-doping on photocatalytic activity at a fixed cal-
cination temperature of 400°C; c) the residual fraction of phenol as a function of irradiation time with (¥) no £
photocatalyst, (o) P25 and (e) 0.25% Fe-TiO, photocatalyst; d) cycles of the photocatalytic degradation of
phenol in the presence of the 0.25% Fe-TiO, photocatalyst; e) photograph of aqueous suspensions of 0.25%

Fe-TiO, and P25 before and after settling under gravity.

To elucidate the effects of the doped transition metals
(iron and manganese) on the photocatalytic activity of the
resultant TiO, material, electron-transfer behaviour in M—
TiO, under UV irradiation was investigated. The ESR spec-
tra of 0.5% Fe-TiO, obtained in the dark and under UV
irradiation are displayed in Figure 11a—c and those of 0.5%
Mn-TiO, are shown in Figure 11d—f. For undoped TiO,,
there are no signals from paramagnetic species in either the
dark or under UV irradiation. When the ESR spectrum of
Fe-TiO, was recorded in the dark, two signals, attributed to
Fe** substituted for Ti** in the anatase lattice (g=1.99) and
to Fe’" in the lattice adjacent to a charge-compensating
oxygen vacancy (g=4.27), show up distinctly. After UV irra-
diation for 2 min, the intensities of the signals at both g=
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perfine splitting lines were
weakened and the Mn** signals
at g=3.18 and 2.74 were
strengthened. This suggests that
Mn?* is oxidised to Mn** by
trapping the photoexcited hole
in the valence band of TiO,.

Charge-trapping in the transi-
tion-metal ion centre is condu-
cive to separation of the photo-
generated electron-hole pairs,
which leads to an enhancement
of the photocatalytic activity
or the metal-doped TiO,.
Under UV irradiation, elec-
tron-hole pairs are produced in
the conduction and valence
bands of TiO,. For Fe-TiO,, the
photogenerated electrons can be transferred from TiO, to
Fe**, which leads to the formation of Fe** [Eq. (1)]. Mean-
while, Fe** can also serve as a hole trap [Eq. (2)].

Cycle number

Fe** +e” — Fe*t 1)
Fe’* +h* — Fe** (2)

In contrast to Fe’*, which can act as both electron and
hole traps, Mn>* can only act as a hole trap [Eq. (3)]. Gen-
erally, trapping a hole alone to separate photogenerated
electron-hole pairs is of low efficiency because the trapped
hole may quickly recombine with its mobile counterpart
[photogenerated electron; Eq. (4)].'%'! This explains why
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Figure 11. a) ESR spectra of 0.5% Fe-TiO, recorded at room tempera-
ture before and after UV irradiation for 1, 2 and 4 min; b) the change in
intensity of the signal at g=4.27 with increasing irradiation time; c) the
change in intensity of the signal at g=1.99 with increasing irradiation
time; d) ESR spectra of 0.5% Mn-TiO, measured at room temperature
before and after UV irradiation for 1, 2 and 4 min; e) the change in in-
tensity of the signals at g=3.18 and 4.74 with increasing irradiation time;
f) the change in intensity of the signal at g=2.00 with increasing irradia-
tion time. () denotes the decrease in signal intensity with increasing irra-
diation time and (T) denotes the increase in signal intensity with increas-
ing irradiation time.

Fe-TiO, shows higher photocatalytic activity than Mn-TiO,.

Mn2+ + h+ - Mn3+

Mn** + e~ — Mn**

Conclusion

Herein we have reported a doping strategy that realises the
formation of non-stoichiometric titanium-based heterometal
alkoxides (M-TG, with M =Fe, Mn) for the first time. Fur-
thermore, by using these heterometal alkoxides as single-
source precursors, crystalline porous M-TiO, photocatalysts
have been directly obtained by a simple thermal treatment
process. Investigations into the photocatalytic activities of
the as-prepared M-TiO, materials reveal that high crystal-
linity, a large surface area and appropriate transition-metal-
doping are all beneficial to the enhancement of the photoca-
talytic activity of the doped TiO, materials. Compared with
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Mn-TiO,, Fe-TiO, shows greater photocatalytic activity due
to a greater inhibition effect of Fe>* on the recombination
of photogenerated electron-hole pairs. It has been proven
that the combination of porosity with metal-doping leads to
highly effective TiO,-based photocatalysts that are easy to
separate from the corresponding reaction systems. The suc-
cessful synthesis of non-stoichiometric heterometal alkox-
ides and their conversion into porous oxide materials opens
the way not only to the synthesis of new metal alkoxides,
but also to heterometal oxides with useful functions.

Experimental Section

Materials: Absolute ethanol, chromium(III) chloride hexahydrate, iron-
(IIT) chloride hexahydrate, manganese(II) chloride tetrahydrate,
nickel(II) chloride hexahydrate, cobalt(II) chloride hexahydrate and cop-
per(II) chloride dihydrate were all purchased from Beijing Chemical Fac-
tory. All the reagents were of analytical grade and used as received. Tita-
nium(IV) n-butoxide was purchased from Tianjin Guangfu Fine Chemi-
cal Research Institute. Titania P25 with an average crystal size of 21 nm
and a BET surface area of (50+15) m?’g ' was purchased from Beijing
Entrepreneur Science & Trading Co., Ltd.

Synthesis of M-TG: In a typical synthesis titanium(IV) n-butoxide
(1 mL, 3 mmol) as the titanium source and iron(III) chloride hexahydrate
(x mmol, 0<x<0.3mmol) as the iron source were added to ethylene
glycol (10 mL) and heated at 180°C for 2-5 h under vigorous stirring to
form Fe-TG. The reaction time was prolonged with increasing Ryt re)-
After cooling to room temperature, the yellow Fe-TG precipitate was
washed several times with ethanol and dried naturally at room tempera-
ture. By using a similar procedure, Mn?* was also incorporated into the
TG structure to form Mn-TG. For comparison, attempts were made to
replace Fe’* as dopant by a series of 3d transition metals, including Cr’*,
Co**, Ni** and Cu’*, under identical reaction conditions. The ratio be-
tween the 3d transition metal and the total metal content was 0.5%. No
M-TG products were obtained in these cases.

Composition analysis: For composition analysis, the as-prepared powder
samples were repeatedly washed with absolute ethanol and dissolved in
dilute hydrochloric acid. The results of the quantitative elemental analy-
sis indicated that the Fe/(Ti+Fe) and Mn/(Ti+Mn) atomic ratios in the
as-prepared materials were very close to the nominal values of the metal
sources used. Thus, the Fe/(Ti+Fe) and Mn/(Ti+Mn) atomic ratios in the
obtained powder samples were quoted as those of the metal sources
used. In addition, the Cr/(Ti+Cr), Co/(Ti+Co), Ni/(Ti+Ni) and Cu/
(Ti+Cu) atomic ratios were 0.009, 0.012, 0.005 and 0.013 %, respectively.
Therefore, it was presumed that the TG compound was not doped with
Cr’*, Co**, Ni?* and Cu’*.

Synthesis of porous M-TiO,: M-TiO, was obtained by calcining the M-
TG precursor in a muffle furnace at the appropriate temperature for 2 h.

Photocatalytic activity: The photocatalytic activity was investigated in
aqueous solution in a water-cooled quartz cylindrical cell with a 1 cm op-
tical path length. The reaction mixture in the cell was maintained at
~20°C by a continuous flow of water and magnetic stirring, and was illu-
minated with an internal light source. The UV source was a 400 W high-
pressure mercury lamp (main output 313 nm).

The Fe-TiO, photocatalyst (0.8 g) was mixed with an aqueous solution of
phenol (700 mL, 4.0x107*m). The aqueous system was magnetically
stirred in the dark for 30 min to allow an adsorption equilibrium between
the phenol and the catalyst to be formed and then subjected to UV irra-
diation. Each reaction cycle lasted 50 min during which oxygen was bub-
bled through the solution. At given irradiation time intervals, a series of
aqueous solutions (3 mL) were collected and filtered through a Millipore
filter to remove the suspended catalyst particles for analysis. The concen-
tration of the phenol was analysed on a UV/Vis spectrophotometer using
its characteristic absorption at 270 nm. For comparison, the photocatalyt-

Chem. Eur. J. 2008, 14, 11123 -11131


www.chemeurj.org

Porous Fe— and Mn-TiO, Photocatalysts

ic activity of commercial photocatalyst P25 was also measured under the
same conditions. The weights of all the catalyst samples were exactly the
same.

General characterisation: The powder XRD patterns were recorded on a
Rigaku D/Max 2550 X-ray diffractometer with Cug, radiation (A=
1.5418 A). The scanning SEM images were recorded on a JEOL JSM
6700F electron microscope, whereas the TEM and high-resolution TEM
(HRTEM) images were obtained on a JEOL JSM-3010 TEM micro-
scope. The concentration of phenol was analysed with a Shimadzu UV-
2450 spectrophotometer, whereas the UV/Vis diffuse reflectance spectra
were recorded on a Perkin—Elmer Lambda 20 UV/Vis spectrometer. The
absorbance spectra were obtained from the reflectance spectra by Kubel-
ka—-Munk transformations. The nitrogen adsorption and desorption iso-
therms were measured by using a Micromeritics ASAP 2020M system,
whereas the ESR spectra were obtained on a JES-FA 200 ESR spectrom-
eter. A 500 W high-pressure mercury lamp was used as an irradiation
light source for in situ ESR measurements. The elemental analyses were
performed on a Perkin-Elmer Optima 3300DV ICP instrument.
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