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Abstract Mesoporous Ti–Co oxides were synthesized via

a replication route, using a 3-D wormlike mesoporous sil-

ica as template and tetra-tert-butyl orthotitanate (TBOT)

and Co(NO3)2 as source materials. The prepared materials

were characterized by X-ray diffraction (XRD), N2-physi-

sorption, TEM, EDS, and UV/Vis-DRS and found to

possess a spherical morphology and a 3-D wormhole-like

mesoporous structure, with the average pore size between

4.5 and 16.0 nm. The pore walls consisted mainly of a

cobalt-incorporated anatase phase. The Co3? ions were

generated in the replicated mesoporous Co–Ti oxides, via

the transfer of electrons from Co2? to Ti4? ions. The for-

mation of cobalt-incorporated anatase phase and Co3? ions

were both favored by larger Co/Ti atomic ratios and by

relatively low calcination temperatures. The specific sur-

face area decreased and the mesopore sizes increased, with

increasing Co/Ti atomic ratio or calcination temperature.

The average crystal size of the anatase phase decreased

with increasing Co/Ti atomic ratio but increased with

increasing calcination temperature. The photocatalytic

activity of the replicated mesoporous Co–Ti oxides in the

degradation of methyl orange dye was investigated. It was

observed that the photocatalytic activity increased with

increasing Co/Ti atomic ratio and exhibited a maximum

with increasing calcination temperature. With the excep-

tion of those prepared at too high calcination temperatures,

the replicated mesoporous Co–Ti oxides were much more

active than the pure titania. It is concluded that, in addition

to a higher diffusion, the cobalt-containing anatase, as the

active phase, and the Co3? ions, as the active sites, are

responsible for the high photocatalytic activity of the rep-

licated mesoporous Co–Ti oxide.

Keywords Mesoporous � Co–Ti oxide � Replication �
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1 Introduction

Mesoporous materials have high potential for applications

in many fields, such as, adsorption/separation, sensors,

nano-assemblies, and particularly, catalysis [1–6], due to

their high surface area, large pore volume, and regular

nano-scale pore size. Much progress has been achieved in

the synthesis and application of mesoporous materials,

since they were first reported by the Mobil group in 1990s

[7, 8]. Several good reviews have been published in the

literature [9–11]. Currently, the synthesis of mesoporous

materials is mainly based on the sol-gel technology. The

controlled hydrolysis of the inorganic precursor species and

their subsequent condensation, templated by supramolec-

ular assembly of surfactant micelles, constitute the key

steps. The most successful examples are the synthesis of

mesoporous silicas, e.g., M41S [7, 8], SAB-n [12, 13],

MSU-X [14, 15], and HMS [16]. A few mesoporous metal

oxides, such as those of TiO2, Nb2O5, MnO2, Fe2O3 and so

on [17–20], and a few mesoporous mixed metal oxides,

such as, Ti–M (M = W, V, Fe or Eu) [21–24], V–Mg [25]

and Mg–Al [26], were also synthesized. In the sol-gel
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synthesis, the hydrolysis of the precursor species has to

match their condensation, in order to generate a stable

mesoporous phase with all components in the desired

proportion and a homogeneous distribution at molecular

level. The above requirement is not always easily fulfilled

in the synthesis of mesoporous materials, particularly for

mixed metal oxides. An alternative approach to the syn-

thesis of mesoporous materials is the replication or the

so-called nano-casting technique [27]. It involves the

introduction of the precursor species into the pores of a

hard template of mesoporous material, followed by the

hydrolysis and condensation of precursor species therein,

and finally by the removal of the hard template. In this way,

the mesoporous materials are manufactured, as negative

copies of hard templates. Compared to the sol-gel synthesis

of mesoporous materials, the replication method has some

advantages. For examples, depending on the hard templates

employed, the mesostructures could be directionally fab-

ricated; the elements with a higher hydrolysis capacity but

a lower condensation tendency (as is the case with most

transition metals) can be employed to manufacture meso-

porous materials; the confined space provided by the

mesopores of hard template enables effective inclusions of

all the components of the mesoporous materials. This is an

attractive procedure, because metal oxides have been

widely used as catalysts for many organic reactions. In

addition, mixed metal oxide catalysts often provide a

synergistic effect [28–30], compared with the correspond-

ing single component metal oxides.

Cobalt [31] and titanium [32] usually constitute the key

components of the oxidation and photo catalysts and Co–Ti

mixed oxides often exhibit enhanced performances as

electronic and photo catalysts [33–35]. These materials are

all non-porous. Little work was concerned with the syn-

thesis and application of mesoporous Co–Ti oxide

catalysts. Previously, we reported about a mesoporous

Co–Ti oxide [36] synthesized via the sol-gel route, which

exhibited a good performance in the oxidation of cyclo-

hexane to cyclohexanol and cyclohexanone. In the present

paper, we are concerned with the synthesis of mesoporous

Co–Ti oxides via the replication route, using a 3-D

wormhole-like mesostructured silica as hard template. The

synthesized mesoporous materials possess a high thermal

stability and exhibit a good performance in photocatalytic

reactions.

2 Experimental

2.1 Chemicals/Reagents

Tetraethyl orthosilicate (TEOS, A. R., Sinopharm Chemical

Reagent Co., Ltds); tetra-tert-butyl orthotitanate (TBOT,

Tientsin Fucheng Chemical Cooperation); P25 (A. R.,

Degussa); NaOH, Co(NO3)2 � 6H2O and ethanol (A. R.,

Tientsin Damao Chemical Cooperation; C12H25(OCH2-

CH2)9OH (AEO9), C�P. 99.9 wt%, Nanking Chemical

Cooperation); HCl (37 wt%, Changsha Huihong company).

Methyl orange (MO, A. R., Sinopharm Chemical Reagent

Co., Ltds).

2.2 Synthesis of Mesoporous Silica as a Hard Template

4 g of alkylpolyethyleneoxide (CH3(CH2)n(OCH2CH2)9

OH, AEO9) were dissolved in 120 mL of 4 M HCl aque-

ous solution with stirring at 313 K. After cooling the

solution to room temperature, 6 g of tetraethyl orthosilicate

(TEOS) were added with stirring. The final mixture was

introduced into an autoclave with a Teflon liner and then

gelled at 393 K for three days. The solid product was

recovered by filtration, washed repeatedly with distilled

water and then dried at 373 K for 24 h. The as-synthesized

specimen was subjected to thermal treatment at 823 K in

air for 6 h to remove the surfactant and then used as hard

template in the synthesis of mesoporous Co–Ti oxides.

2.3 Replication Route Synthesis of Mesoporous Co–Ti

Oxides, Using Mesoporous Silica as Hard

Template

2 g of mesoporous silica template was degassed in a vac-

uum oven at 373 K for 3 h and then dispersed into 19 mL

of an ethanol solution of TBOT (molar ratio TBOT:etha-

nol = 1:5) at 313 K with vigorous stirring. The resultant

mixture was allowed to age statically at 313 K for 10 h,

and then 7 mL of a solution, prepared by dissolving 1.74–

2.91 g of Co(NO3)2 � 6H2O and 4 g of ethanol into 3 mL

of water, was drop-wise added, with vigorous stirring.

After addition, the mixture was vigorously stirred at 313 K

for another 10 h and turned finally into a green gel with a

molar composition of hard template:TBOT:H2O:etha-

nol:Co(NO3)2 = 1:1:5:10:.18–0.3 (the mole of hard

template was calculated on the basis of SiO2). The gel was

dried at 373 K for 24 h, washed repeatedly with deionized

water, and then calcined in air at a temperature ranging

from 773 to 1,123 K for 4 h, thus resulting a Co–Ti–Si–O

composite. To remove the hard template, the composite

was dispersed in a 5 wt% NaOH aqueous solution, with a

weight ratio of solid:liquid = 1:40, and heated at 333 K for

24 h, with stirring. Otherwise mentioned specially, the

above NaOH treatment was repeated again. The solid

specimen was recovered by filtration, washed with deion-

ized water, and dried at 373 K, resulting in the mesoporous

Ti–Co oxide. The materials prepared via the above pro-

cedure is denoted as Co–Ti–O(T–R), where T indicates the

calcination temperature used to generate the Co–Ti–Si–O
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composite and R indicates the Co/Ti atomic ratio in the

initial batch.

2.4 Characterization of the Replicated Mesoporous

Co–Ti Oxides

X-ray diffraction (XRD) was performed using a Brucker

D8 advance diffractometer (Cu Ka radiation, wavelength

1.5406 Å; 40 kV and 40 mA). The diffractometer was

operated in a 2h mode and the diffraction pattern was

scanned at a speed of 0.02�/sec.

Nitrogen adsorption-desorption was performed at 77 K

using a Beckman Counter SA-3100 gas sorption and

porosimetry instrument. Before the adsorption measure-

ments, the specimen was heated from room temperature up

to 573 K, evacuated to 10-3 Pa, and then kept at that

temperature and vacuum for outgasing for 2 h. The specific

surface area was determined by the BET method and the

pore size distribution was obtained from the N2-desorption

branch by the BJH (Barrett–Joyner–Halenda) method.

High resolution transmission electron microscopy

(HR-TEM) was carried out using a JEM-3010 field emit-

ting electron microscope, operated at 300 kV accelerating

voltage. Energy dispersive X-ray spectroscopy (EDS) was

performed using an elemental analysis accessory (Oxford)

of the JEM-3010 instrument.

Ultraviolet-visible diffuse reflection (UV/Vis-DRS)

spectroscopy was carried out using a Perkin Elmer Lambda

35 UV-vis spectrometer. The data have been collected

between 200 and 800 nm using BaSO4 as reference.

2.5 Photo Degradation of Methyl Orange Dye Over

the Replicated Mesoporous Co–Ti Oxide Catalysts

The photocatalytic activity of the replicated macro-meso-

porous Co–Ti oxides was investigated by examining the

photo degradation of methyl orange dye (MO, commercial

source, analytical reagent) in water at room temperature.

For comparison purpose, the photocatalytic activity over

the commercial Degussa P25, i.e., pure titania, was also

examined. The UV photocatalytic degradation of MO was

carried out in a quartz reactor, using a radiation source of

300 W high-pressure mercury lamp with a wavelength

centered at 365 nm. In a typical run, a 50 mg catalyst

powder was first homogeneously dispersed in 60 mL of

MO aqueous solution with a concentration of 30 mg/L and

then subjected to UV illumination, with magnetic stirring.

The sunlight photocatalytic degradation of MO was per-

formed in a sealed glass beaker. To each of a group of

250 mL beakers, 100 mL of MO aqueous solution with a

concentration of 80 mg/L was added, and then 50 mg

catalyst powder was dispersed with stirring. The beak-

ers were sealed and placed statically in the outdoor

environment. In both, UV and sunlight photocatalytic

degradation of MO, samples were taken from the reactor or

beaker at regular intervals. The samples were centrifuged

to remove the catalyst and then the concentration of MO

was determined. The analysis was performed on a Perkin

Elmer Lambda 35 UV-Vis spectrometer at 465 nm

wavelength.

3 Result and Discussion

3.1 Structural and Textural Properties

Figure 1 shows the low-angle XRD spectra of the hard

template, Co–Ti–Si–O composite and replicated Co–Ti

oxide for a molar ratio of Co:Ti = 0.24:1. A broad peak at

2h = 0.9o (d = 9.7 nm) was present in the XRD spectrum

of the hard template (Fig. 1a). When the hard template was

incorporated with Ti and Co sources, then dried at 373 K

for 24 h, and finally calcined at 773 K for 4 h, thus gen-

erating the Ti–Co–Si–O composite, the broad peak

disappeared (Fig. 1b). This occurred because mesopors of

the hard template was fulfilled by the Ti and Co species

[37]. After the composite was treated once with NaOH,

almost no peak could be detected in the XRD spectrum

(Fig. 1c), indicating that most of the mesopores were still

filled with Ti and Co species. However, after the composite

was treated twice with NaOH, generating Co–Ti–O(773-

Fig. 1 Low angle Powder X-ray diffraction patterns of the hard

template and Co–Ti–Si–O composite as well as of the replicated

Co–Ti oxide with an atomic ratio of Co:Ti = 0.24:1. (a) hard

template; (b) Co–Ti–Si–O composite; (c) and (d), replicated Co–Ti

oxide, prepared by treating the Co–Ti–Si–O composite with a NaOH

solution for 24 h once and twice, respectively
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0.24), the broad peak appeared again, with its diffraction

angle shifted to 2h = 0.621o (d = 14.21 nm) (Fig. 1d).

The broad peak in the low angle range of XRD spectrum

indicates the presence of a 3-D wormhole-like mesophase,

as observed generally in mesoporous silica and titania [15,

38, 39]. The above results indicate that a mesoporous

Co–Ti oxide has been synthesized via the replication route.

Wide angle XRD spectra of the Co–Ti–Si–O composite

and replicated Co–Ti oxide for an atomic ratio of

Co:Ti = 0.24:1, are presented in Fig. 2. No peak was

detected in the wide angle XRD spectrum of the hard

template (not introduced in the paper), indicating an

amorphous nature of the pore wall of the hard template.

When the hard template was first impregnated with Ti and

Co sources and then dried at 373 K for 24 h, no peak

occurred in the XRD spectrum (Fig. 2a). After the speci-

men was calcined at 773 K for 4 h, generating the Ti–Co–

Si–O composite, five broad peaks (2h = 25.3, 37.9, 48.1,

53.9, and 55.6o), corresponding to the (101), (103), (004),

(105) and (211) planes of the anatase phase, and a few

weak peaks, belonging to the rutile phase, could be

observed (Fig. 2b). No other phases, such as CoxOy or

CoxTiyOz, had been identified, suggesting that the cobalt

ions have been incorporated into the framework of titania.

It can be evaluated from the diffraction pattern that the

titania in the Ti–Co–Si–O composite consists of about

89.7% of anatase and about 10.3% of rutile. Using Scherrer

equation, the crystal size of the anatase phase was evalu-

ated to be about 6–8 nm. After the specimen was treated

with NaOH solution once and twice (the Co–Ti–O(773-

0.24)), no obvious change could be identified in the XRD

spectra (Fig. 2c, d).

Figure 3 presents the low angle XRD spectra of the

Co–Ti–O(773-R) specimens. Wide peaks are present in the

spectra of the specimens, similar to that in Fig. 1d. It

indicates that the specimens possess a 3-D wormhole-like

mesostructures. The d-spacings of these peaks are listed in

Table 1 and shown to increase with increasing Co/Ti

atomic ratio.

Figure 4 presents the wide angle XRD spectra of com-

mercial P25 titania and Co–Ti–O(773-R) specimens. As

well known, P25 consists of ca. 80% anatase and 20%

rutile. In Co–Ti–O(773-R), both anatase and rutile phases

are present, and the content of the rutile phase decreased

Fig. 2 Wide angle powder X-ray diffraction patterns of the hard

template and Co–Ti–Si–O composite as well as the replicated Co–Ti

oxide with an atomic ratio of Co:Ti = 0.24:1. (a) and (b), Co–Ti–Si–

O composite, before and after a calcination at 773 K; (c) and (d), the

replicated Co–Ti oxide, prepared by treating the Co–Ti–Si–O

composite, after (b), with NaOH solution for 24 h for once and

twice, respectively

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

2-Theta

Co:Ti=0.30:1

Co:Ti=0.24:1

Co:Ti=0.18:1

d=14.50 nm

d=14.21 nm

d=12.08 nm

Fig. 3 Low angle XRD spectra of the Co–Ti–O(773-R) specimens

Table 1 Textural property of the hard template and Co–Ti–O(773-R) specimens

Specimen d-spacing (nm) SBET (m2/g) Dp (nm) Dw (nm) Vp (cc/g)

Hard template 9.70 680.94 6.67 3.03 1.36

Ti–Co–O(773-0.18) 12.08 154.65 4.63 7.45 0.21

Ti–Co–O(773-0.24) 14.21 92.21 6.89 7.32 0.15

Ti–Co–O(773-0.30) 14.50 68.49 7.33 7.07 0.07

Note: SBET specific surface area, Dp pore size, Dw thickness of the pore wall, obtained by subtracting Dp from d-spacing, Vp pore volume
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with increasing Co/Ti atomic ratio. This result suggests that

the cobalt ions are incorporated into the lattice of the rutile

phase. Because rutile has a higher symmetry than anatase,

the incorporation of cobalt ions into the lattice of rutile

reduces the symmetry of titania, resulting in the transfor-

mation of rutile to anatase. It can be expected that the

anatase lattice has only a limited accommodation for cobalt

ions, and with the increase of Co/Ti atomic ratio, the

anatase crystals would split into smaller ones. The average

crystal size of the anatase phase in the Co–Ti–O(773-R)

specimens has been calculated using the Scherrer equation,

on the basis of the (101) and (200) planes. The results are

listed in Table 2 and show indeed that with increasing

Co/Ti atomic ratio, the average crystal size decreases.

Figure 5 presents the N2-physorption isotherm and the

pore size distribution curve for the hard template. One can

see that the adsorption-desorption isotherm belongs to type

IV, and this indicates the presence of a mesophase [40, 41].

The hysteresis loop of the isotherm starts at P/P0 = 0.38

and is very close to type H1, suggesting that the mesopores

of the template have an open cylindrical shape and the pore

size is narrowly distributed [41]. Evidence for a narrow

pore size distribution of the template is also provided by

the curve in the inset of Fig. 5.

Figure 6 presents the N2-physorption isotherms and pore

size distribution curves of the Co–Ti–O(773-R) specimens.

All isotherms are of type IV and the hysteresis loops are

close to type H2 (Fig. 6a), indicating that the mesopores in

the specimens possess a complex shape, e.g., ink bottle or

narrow-mouth sphere [42]. The adsorption capacity

decreased with increasing Co/Ti atomic ratio, indicating a

reduction in porosity and specific surface area. The hys-

teresis loops started at P/Po = 0.37, 0.39 and 0.41 for the

replicated mesoporous Co–Ti oxides with atomic ratios of

Co:Ti = 0.18, 0.24 and 0.3, respectively. This indicates an

increase in the mesopore size with increasing Co/Ti atomic

ratio, because the higher the starting value P/Po of the

hysteresis loop is, the larger the pore size of the meso-

porous material would be [42]. The BJH pore size

distribution curves of the Co–Ti–O(773-R) specimens

(Fig. 6b) show that the pore size distributions became

20 30 40 50 60 70 80

2-Theta

P25

Ti-Co-O(773-0.18)

Ti-Co-O(773-0.30)

Ti-Co-O(773-0.24)

Rutile
Anatase

Fig. 4 Wide angle XRD spectra of the Co–Ti–O(773-R) specimens

Table 2 Crystallite sizes of the anatase phase in Co–Ti–O(T–R) specimens calculated with the Scherrer formula, on the basis of the (101) and

(200) planes

Specimens C101/C200 (nm) Specimens C101/C200 (nm) Specimens C101/C200 (nm)

Ti–Co–O(773-018) 10.2/11.5 Ti–Co–O(773-024) 9.3/7.2 Ti–Co–O(773-0.3) 8.6/6.1

Ti–Co–O(923-0.18) 43.2/19.6 Ti–Co–O(923-0.24) 38.7/21.3 Ti–Co–O(923-0.3) 29.4/16.0

Ti–Co–O(1023-0.18) N. A.* Ti–Co–O(1023-0.24) N. A. Ti–Co–O(1023-0.3) [1,000**

Ti–Co–O(1123-0.18) N. A. Ti–Co–O(1123-0.24) N. A. Ti–Co–O(1123-0.3) N. A.

* Scherrer equation is inapplicable to the evaluation of crystal size, due to the small FWHM of the diffraction peaks, indicating a crystal size

larger than 100 nm

** No anatase phase was identified by XRD

Fig. 5 N2 adsorption/desorption isotherm and BJH pore size distri-

bution of the hard template

30 C.-G. Sun et al.
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wider and the pore size increased, with increasing Co/Ti

atomic ratio.

The textural properties, identified by XRD and

N2-physisorption, of the hard template and Co–Ti–O(773-

R) specimens are summarized in Table 1. One can see that

the specific surface area and pore volume of the Co–Ti–

O(773-0.18) are smaller than those of the hard template.

This occurs because the hard template is of high porosity

and the replicated mesoporous Co–Ti oxide is a negative

copy of the hard template. The d-spacing of Co–Ti–O(773-

0.18) is larger than that of the hard template. This might be

a result of the swelling of the pore wall of the hard tem-

plate, in the presence of water and the dissociation of the

polysilicate, during the removal of the hard template from

the Co–Ti–Si–O composite by NaOH. The fact that the

pore size of the Co–Ti–O(773-0.18) is larger than the

thickness of the pore wall of the hard template provides

additional evidence for the above conclusion. The thick-

ness of pore wall of Co–Ti–O(773-0.18) is found to be

larger than the pore size of the hard template. This might

occur because the pore wall of the hard template is partially

soaked by the Co and Ti sources, during the formation of

Co–Ti–Si–O composite. From Table 1, one can also see

that for Co–Ti–O(773-R), the BET specific surface area,

pore volume and thickness of pore wall decreased whereas

the d-spacing and pore size increased, with increasing Co/

Ti atomic ratio. This probably occurs because a fraction of

the anatase crystals were ‘‘extracted’’ from the pore wall of

Co–Ti–O(773-R), during the removal of the hard template

by NaOH, resulting in the partial collapse of the meso-

structure of Co–Ti–O(773-R). As mentioned in the

discussion regarding Fig. 3, with increasing Co/Ti atomic

ratio, the anatase crystals were split into smaller ones. The

smaller the anatase crystal is, the larger tendency the

anatase crystal would exhibit to be extracted from the pore

wall. Therefore, with increasing Co/Ti atomic ratio, the

porosity of Co–Ti–O(773-R) decreases and the thickness of

the pore wall becomes thinner.

TEM micrographs of the hard template and Co–Ti–

O(773-0.24) specimen are presented in Fig. 7. This figure

shows that the hard template has a typical 3-D wormhole-

like mesostructure (Fig. 7a). The replicated mesoporous

Co–Ti oxide exhibits a regular spherical morphology

(Fig. 7b), with a diameter ranging from about 50 to about

250 nm, and possesses a 3-D wormhole-like mesostructure

(Fig. 7c), similar to that of the hard template. The

HR-TEM micrograph (Fig. 7d) indicates the presence of

well-resolved lattice fringes, which demonstrates that the

pore walls of the mesopores are composed mainly of

anatase nanocrystals with a size of about 5–10 nm. This

result is consistent with that calculated from the XRD

experiments using the Scherrer equation.

The EDS spectra of the Co–Ti–O(773-R) specimens are

presented in Fig 8. No silica was found in the EDS spectra,

indicating the complete removal of the hard template

during the NaOH treatment. The atomic ratios of Ti/Co in

the replicated mesoporous Co–Ti oxides, determined by

EDS, are 1:0.17, 1:0.22 and 1:0.28, respectively, values

which are approximately the same as those of the initial

batches, i.e., 1:0.18, 1:0.24 and 1:0.3.

The UV/Vis-DRS spectra of the commercial P25 (pure

titania) and Co–Ti–O(773-R) specimens are presented in

Fig. 9. In the UV range, the spectrum of the pure TiO2

exhibits a strong absorption, caused by the interband

transition from the valence to the conduction band. Two

broad bands, centered at about 230 and 330 nm, could be

identified (Fig. 9a), due to the charge transfer (C–T) of O2-

to Ti4? [43]. Over the replicated mesoporous Co–Ti oxide,

the absorptions are stronger than over the pure titania and
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Fig. 6 a N2 adsorption/desorption isotherm; b BJH pore size

distribution of the Co–Ti–O(773-R) specimens. (Legends: d Co–

Ti–O(773–0.18); s Co–Ti–O(773–0.24); h Co–Ti–O(773–0.3))
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increase with increasing Co/Ti atomic ratio (Fig. 9b–d).

The absorption edges of the replicated mesoporous Co–Ti

oxides are extended into the visible light range, whereas

that for pure titania is limited at 400 nm. Three absorption

bands at about 235, 330 and 360 nm could be identified

over the replicated mesoporous Co–Ti oxide. These results

suggest that the cobalt species have been incorporated into

the framework of titania, resulting in the splitting of the

titania lattice into many small entities, and accordingly, the

bending of energy band in titania [44]. In the visible light

range, several bands, centered at about 420, 535, 570, 620,

700 and 780 nm, could be identified over the replicated

Co–Ti oxide, in contrast to none over the pure titania. In

the visible light range, cobalt species of different valences

and coordinations usually exhibit a spectrum with multiple

absorptions, which are not easy to distinguish between each

other, due to the partial overlap of the absorptions. Table 2

in ref. [43] summarized the adsorptions and their assign-

ments over various cobalt-containing compounds. On the

basis of that table, the absorptions at 420 and 700 nm over

the replicated mesoporous Co–Ti oxides can be assigned to

the 1A1g ? 1T2g and 1A1g ? 1T1g transitions of Co3? ions

in the octahedral symmetry, those at 535 and 780 nm to the
4T1g ? 4T1g(P) and 4T1g ? 4A2g (F) transitions of Co2?

ions in the octahedral symmetry, and those at 570 and

620 nm to the 4A2 ? 4T1(P) transition of Co2? ions in the

tetrahedral symmetry. The absorption at 420 nm can also

be ascribed to the Co2??Ti4? intervalence charge transi-

tion [43]. The above results suggest that the cobalt species,

Co2? and/or Co3?, are incorporated into the framework of

titania in the replicated mesoporous Co–Ti oxide. The

presence of Co3? ions is probably due to the oxidation of a

part of Co2? ions during the calcination step of preparing

the replicated mesoporous Co–Ti oxide. It is also possible

that, when Co2? ions are incorporated into the framework

of titania (Ti4?), excess negative charges are introduced

around the lattice points occupied by the Co2? ions. To

maintain neutrality of the lattice, the Co2? ions have to

Fig. 7 TEM micrographs of the hard template and Co–Ti–O(773–

0.24) specimen. a hard template; b–d, Co–Ti–O(773-0.24), with

increasing the magnification of micrograph
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Fig. 8 EDS patterns of the Co–Ti–O(773-R) specimens. (a) Co–Ti–

O(773-0.18); (b) Co–Ti–O(773-0.24); (c) Co–Ti–O(773-0.3)
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Fig. 9 UV/Vis-DRS spectra of Co–Ti–O(773-R). (a) pure TiO2

(P25); (b) Co–Ti–O(773-0.18); (c) Co–Ti–O(773-0.24); (d). Co–Ti–

O(773-0.3)
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transfer electrons to Ti4?, via the Co-O–Ti bridge bond,

thus generating Co3? ions. The electron transfer from the

Co2? to Ti4? ions is promoted by UV/Vis illumination, as

evidenced by the band at 420 nm in the UV/Vis-DRS

spectra of replicated mesoporous Co–Ti oxide. The UV/

Vis-DRS spectroscopic characteristics of the replicated

mesoporous Co–Ti oxide, e.g., the higher absorptions than

over pure titania, the presence of absorptions in the visible

light range, and the formation of Co3? ions, suggest that

they possess photocatalytic and oxidation catalytic capa-

bilities [44–50].

The effect of calcination temperature of the Co–Ti–Si–O

composite during the preparation of Co–Ti–O(T-0.24)

were examined by XRD and the results are presented

in Fig. 10. In the low angle XRD spectra (Fig. 10a), the

Co–Ti–O(773-0.24) and Co–Ti(923-0.24) specimens dis-

played a XRD peak, which indicates the presence of a

mesostructure. However, the peak intensity of Co–Ti(923-

0.24) was much lower than that of Co–Ti(773-0.24). No

obvious peak was detected over the Co–Ti–O(1023-0.24)

and Co–Ti–O(1123-0.24) specimens. This suggests that the

mesostructure collapsed partially at high temperatures. In

the wide-angle range of XRD spectra (Fig. 10b), the ana-

tase was identified as the only phase present in the Co–Ti–

O(773-0.24) specimen. With increasing calcination tem-

perature to 923 K, the diffraction peaks for the anatase

phase decreased in intensity and those of the rutile phase

appeared in the XRD spectrum of the Co–Ti–O(923-0.24)

specimen. By further increasing the calcination tempera-

ture to above 923 K, for Co–Ti–O(1023-0.24) and Co–Ti–

O(1123-0.24), the characteristic XRD peaks of CoTiO3

appeared, while those of anatase disappeared and those of

rutile increased in intensity. The above results indicate that

the anatase identified in the replicated mesoporous Co–Ti

oxide is incorporated with cobalt ions. A transfer of cobalt

ions probably occurs between the entities of the anatase

phase, similar to a disproportion reaction, and promoted by

high calcination temperatures. This results in an anatase

phase with high atomic ratio of Co/Ti and a rutile phase

with an atomic ratio of Co/Ti = 0. Even though we did not

determine the increase of Co/Ti atomic ratio with

increasing calcination temperature, the atomic ratio of Co/

Ti = 1 in the CoTiO3 identified at a calcination tempera-

ture of 1023 K provides some evidence in this direction.

From Fig. 10, one can see that the diffraction peaks for

Co–Ti–O(773-0.24) and Co–Ti–O(923-0.24) are remark-

ably wider than for Co–Ti–O(1023-0.24) and Co–Ti–

O(1123-0.24). It indicates that the average crystal size for

the former two specimens is smaller than the later two

specimens. Using the planes (101) and (200) of the anatase

phase as a basis, the average crystal sizes of Co–Ti–O(773-

0.24) and Co–Ti–O(923-0.24) were calculated with the

Scherrer equation, and the results are listed in Table 2,

which shows that Co–Ti–O(923-0.24) has a larger average

crystal size than Co–Ti–O(773-0.24). The diffraction peaks

for Co–Ti–O(1023-0.24) and Co–Ti–O(1123-0.24) have so

small FWHMs (full width at half maximum) of the dif-

fraction peaks that they are inapplicable to calculate the

crystal size with the Scherrer equation, indicating that the

average crystal sizes for these specimens are larger than

100 nm. The above results indicate that, with increasing

calcination temperature, anatase was transformed into

rutile and CoTiO3 phases, accompanied by an increase in

the average crystal size.

Figure 11 presents the N2-physisorption isotherms

(Fig. 11a) and pore size distribution curves (Fig. 11b) of

Co–Ti–O(T-0.24). One can see that the isotherms of

Co–Ti–O(773-0.24), Co–Ti–O(923-0.24) and Co–Ti–

1 2 3 4 5

923 K

1 2 3 4 5

2 Theta

773 K

923 K

1023 K

 1123 K

2-Theta

X 4

a

b

Fig. 10 Low angle a and wide angle b XRD patterns of the Co–Ti–

O(T-0.24) specimens (Inset: the XRD pattern of Co–Ti–O(923-0.24)

was enlarged in y-axis direction)

Replication Route Synthesis of Mesoporous Titanium–Cobalt Oxides 33

123



O(1023-0.24) are all of type IV and that the hysteresis

loops are close to type H2, indicating that the mesopores in

the specimens possess a complex shape, such as, the ink

bottle or the narrow-mouth sphere [42]. The adsorption

capacity over these specimens decreased, however, with

increasing calcination temperature, revealing a decrease in

porosity. For Co–Ti–O(1123-0.24), the isotherm and hys-

teresis loop are of types IIb and H3 and the adsorption

capacity is much smaller than those for Co–Ti–O (R-0.24)

prepared at lower calcination temperatures. This indicates a

non-porous or macroporous nature of Co–Ti–O(1123-

0.24). From the pore size distribution curves, one can see

that, for Co–Ti–O(T-0.24), the pore size increases with

increasing calcination temperature and that Co–Ti–

O(1123-0.24) has a much more wide pore size distribution

than the other specimens. The effect of calcination tem-

perature on the textural properties of the replicated

mesoporous Co–Ti oxide is provided by the data in

Table 3. It shows that, with increasing calcination tem-

perature, the BET specific surface area and pore volume

decreased and the pore size increased. This probably occurs

because the mesoporous structure collapsed at higher cal-

cination temperatures.

The UV/Vis-DRS spectra of P25 and Co–Ti–O(T-0.24)

are presented in Fig. 12. In the UV range, the absorptions

are stronger for Co–Ti–O(773-0.24), Co–Ti–O(923-0.24)

and Co–Ti–O(1023-0.24) and lower for Co–Ti–O(1123-

0.24) than for the pure titania. In addition, the C–T band at

240 nm for the pure titania is blue-shifted by 28, 31 and

22 nm for Co–Ti–O(773-0.24), Co–Ti–O(923-0.24) and

Co–Ti–O(1023-0.24), respectively. However, a blue shift

was not observed for Co–Ti–O(1123-0.24). The blue shift

of the C–T band usually indicates a higher photocatalytic

activity [49]. In contrast to a band edge at about 400 nm for

the pure titania, the band edge of the replicated mesoporous

Co–Ti oxide is extended into the range of visible light

absorption. As in Fig. 9, bands at about 420, 535, 570, 620,

700 and 780 nm can be identified for Co–Ti–O(T-0.24).

The bands at 420 and 700 nm can be assigned to the
1A1g ? 1T2g and 1A1g ? 1T1g transitions of Co3? ions in

the octahedral symmetry, those at 535 and 780 nm to the
4T1g ? 4T1g(P) and 4T1g ? 4A2g (F) transitions of Co2?

Fig. 11 a N2 adsorption/desorption isotherms; b BJH pore size

distributions of Co–Ti–O(T-0.24)

Table 3 BET specific surface area (SBET), BJH pore size and pore

volume (Vp) of the template and the Co–Ti–O(T-0.24) specimens

Specimen SBET (m2/g) Dp (nm) Vp (cc/g)

Ti–Co–O(773-0.24) 92.21 6.69 0.146

Ti–Co–O(923-0.24) 85.86 7.31 0.133

Ti–Co–O(1023-0.24) 30.33 15.92 0.089

Ti–Co–O(1123-0.24) 5.47 34.5* 0.002

Note: SBET specific surface area, Dp pore size, Vp pore volume

* Average BJH pore size
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ions in the octahedral symmetry, and those at 570 and

620 nm to the 4A2 ? 4T1(P) transition of Co2? ions in the

tetrahedral symmetry [43]. The band at 420 nm can be also

assigned to the Co2??Ti4? intervalence charge transition

[51]. Comparing Co–Ti–O(1023-0.24) and Co–Ti–O(1123-

0.24) to Co–Ti–O(773-0.24) and Co–Ti–O(923-0.24), the

intensity of the band at about 700 nm (1A1g ? 1T1g tran-

sitions of Co3? ions in octahedral symmetry) is reduced but

that at 780 nm (4T1g ? 4A2g (F) transitions of Co2? ions in

the octahedral symmetry) is increased. One can conclude

that the presence of Co3? ions is not due mainly to the

oxidation of Co2? during the calcination step but to an

electron transfer from Co2? to Ti4?, as pointed out in the

discussion regarding Fig. 9. At higher temperatures

([923 K), the reaction between cobalt ions with titania

transforms the cobalt-containing anatase into rutile and

CoTiO3 (see Fig. 10), and, as a result, the band at 700 nm

is decreased and that at 780 nm is increased.

3.2 Activity for Photocatalytic Degradation of Methyl

Orange (MO)

Figure 13 presents the kinetic curves for the UV light

photocatalytic degradation of methyl orange (MO) over

P25 and Co–Ti–O(773-R) catalysts. One can see that, with

increasing illumination time, the MO concentration

decreases rapidly over all catalysts tested. The UV photo-

catalytic activity over Co–Ti–O(773-R) catalysts are

significantly higher than over P25 and increases with the

Co/Ti atomic ratio. For an illumination time of 40 min, the

MO concentration decreases from the original 30 mg/L to

1.27, 1.85, 3.00 and 5.41 mg/L, corresponding to a MO

conversion of 95.77, 98.33, 90.00 and 81.97%, over the

Co–Ti–O(773-R) catalysts with atomic ratios of Co/Ti =

0.3, 0.24 and 0.18 and the P25 catalysts, respectively.

Figure 14 presents the kinetic curves for the sunlight

photocatalytic degradation of MO over P25 and Co–Ti–

O(773-R) catalysts. One can see that, for an illumination

time of 1 day, the MO concentration decreases from

80 mg/L to 51.78 mg/L over P25 and to 33.26, 30.01 and

25.57 mg/L over Co–Ti–O(773-R) with an atomic ratio of

Co/Ti = 0.18, 0.24 and 0.30, respectively. With prolonged

illumination times, the MO concentration decreases slowly

over P25 catalyst and rapidly over Co–Ti–O(773-R) cata-

lysts. For example, for an illumination time of 4 days, the

MO concentration decreased to 40.66 mg/L over P25 and

to 10.39, 8.03 and 5.55 mg/L over the Co–Ti–O(773-R)

with atomic ratios of Co/Ti = 0.18, 0.24 and 0.30,

respectively. For illumination times longer than 4 days, the

rate of photocatalytic degradation of MO over all catalysts

becomes slower. For example, for a radiation time of

6 days, the MO concentration decreases to 38.63, 9.43,

6.78 and 4.36 mg/L, corresponding to a MO conversion of

51.71, 88.21, 91.53 and 94.55%, over P25 and Co–Ti–

O(773-R) with atomic ratios of Co/Ti = 0.18, 0.24 and

0.30, respectively. This reveals that the activity of the

photocatalytic degradation of MO over the replicated

mesoporous Co–Ti oxide catalysts is lager than over P25

and increases with the Co/Ti atomic ratio.

Figure 15 presents the kinetic curves for the UV

photocatalytic degradation of MO over P25 and Co–Ti–

O(T-0.24) catalysts. One can see that by prolonging the

illumination time, the MO concentration decreases over all

catalysts. The activity of photocatalytic degradation of MO

occurs in the sequence Co–Ti(923-0.24) [ CoTi(773-0.24)

[ Co–Ti(1023-0.24) [ P25 [ Co–Ti(1123-0.24). For an

illumination time of 40 min, the MO concentration

decreases from the original 30 mg/L to 0.04, 1.57, 2.97,

4.85 and 9.6, corresponding to a MO conversion of 99.87,
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94.77, 90.10, 83.83 and 68.00% over Co–Ti(923-0.24),

CoTi(773-0.24), Co–Ti(1023-0.24), P25 and Co–Ti(1123-

0.24), respectively.

Figure 16 presents the kinetic curves for sunlight pho-

tocatalytic degradation of MO over P25 and Co–Ti–O(T-

0.24) catalysts. One can see that the MO concentration

decreases over all catalysts for an illumination time of

1 day. By prolonging the illumination time up to 4 days,

the rate of decrease in the MO concentration becomes

smaller over P25, but remains large enough over Co–Ti–

O(T-0.24). For an illumination time longer than 4 days, the

MO concentration decreases only slightly over all catalysts.

The activity of photocatalytic degradation of MO occurs in

the sequence Co–Ti(923-0.24) [ CoTi(773-0.24) [ Co–

Ti(1023-0.24) [ P25 [ Co–Ti(1123-0.24). For an illumi-

nation time of 6 days, the MO concentration decreases

from the original 80 mg/L to 9.43, 14.02, 17.38, 22.34

and 38.63, corresponding to a MO conversion of 88.21,

82.48, 78.27, 72.07 and 51.71%, over Co–Ti(923-0.24),

CoTi(773-0.24), Co–Ti(1023-0.24), P25 and Co–Ti(1123-

0.24), respectively.

3.3 The Active Phase and Active Site Over

the Replicated Mesoporous Co–Ti Oxides

The results regarding the photo degradation of MO indicate

that both the Co/Ti atomic ratio and calcination tempera-

ture affect the photocatalytic activity of the Co–Ti(T–R)

catalysts. For Co–Ti(773-R) catalysts, the photocatalytic

activities are higher than for the pure titania and increase

with the Co/Ti atomic ratio. For the Co–Ti(T-0.24) cata-

lysts, the photocatalytic activities exhibit the sequence

Co–Ti(923-0.24)[ CoTi(773-0.24) [ Co–Ti(1023-0.24)[
P25 [ Co–Ti(1123-0.24).

The results of XRD, N2-physisorption and TEM show

that, for Co–Ti(773-R), the crystal size and specific surface

area decrease, the mesopore size increases, and the crys-

talline phase transforms from a mixture of anatase and

rutile into anatase, with increasing Co/Ti atomic ratio. For

Co–Ti(T-0.24), the crystal size and mesopore size increase,

the specific surface area decreases, and the crystalline

phase transforms from anatase first into a mixture of ana-

tase with a higher Co/Ti atomic ratio and rutile and finally

into a mixture of rutile and CoTiO3, with increasing cal-

cination temperature. From the above results, one can

conclude that the specific surface area and crystal size are

probably not the predominant factors that affect the pho-

tocatalytic performance of the replicated mesoporous

Co–Ti oxide, even though titania with a larger specific

surface area and/or smaller average crystal size is usually

much more active in photocatalysis than that with a smaller

specific surface area and/or a larger average crystal size

[52, 53]. We consider that the anatase phase with a larger

pore size, which is favorable to mass transfer, and a higher

Co/Ti atomic ratio, which introduces more active sites,

contribute to the high photocatalytic performance of the

replicated mesoporous Co–Ti oxide catalyst.

The UV/Vis-DRS characterization reveals that in the

UV light range, Co–Ti(773-R) and Co–Ti(T-0.24) exhibit

higher absorptions than pure titania, with their band edges

extended into the range of visible light absorption. Com-

paring to the pure titania, Co–Ti(T-0.24) catalysts display

blue-shifts of the UV adsorptions. An exception is that the

UV absorption is lower and has no blue-shift over Co–Ti–

O(1123-0.24). The high absorption can be ascribed to the

incorporation of Co2? ions into the lattice of anatase,

which generate more sites for the C–T (O2- ? Ti4?)

transition. The blue shift is due to the formation of Co3?

and Ti3? and this C–T transition requires a higher energy.
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Both the high absorption and the blue shift in the range of

the UV light are responsible for the high photocatalytic

activity of a photo catalyst [54], consistent with the UV

light photocatalytic degradation of MO in this work. In the

sunlight range, the absorptions, caused by the d-electron

transitions of Co2? and Co3? ions as well as the interband

transition of Co2? to Ti4? ions, have been identified over

Co–Ti–O(T–R), in contrast to their absence over pure

titania. These absorptions cause the higher activity of the

sunlight degradation of MO over Co–Ti–O(T–R) than over

pure titania. In addition, the absorption bands of Co3?

ions disappear and those of Co2? are enhanced over

Co–Ti(1023-0.24) and Co–Ti(1123-0.24) catalysts, com-

pared to Co–Ti(773-0.24) and Co–Ti(923-0.24), due to the

transformation of cobalt-containing anatase into rutile and

CoTiO3 phases at high calcination temperatures. This

suggests that the Co3? ions are responsible for the high

photocatalytic activity of Co–Ti–O(T–R). From the above

discussion, one can conclude that the active sites of the

replicated mesoporous Co–Ti oxide catalysts may be a

result of the incorporation of the Co2? into the framework

of the anatase phase, and especially, of the formation of

Co3? ions due to the electron transfer from the Co2? to the

Ti4? ions.

4 Conclusion

Mesoporous Co–Ti oxides have been synthesized via the

nano-replication route. The obtained materials possess a

nanospherical morphology and a mesoporous structure,

with the walls of the mesopores composed mainly of

cobalt-incorporated anatase. The Co3? ions are formed in

the replicated mesoporous Co–Ti oxides, via the transfer of

electrons from Co2? to Ti4? ions. The replicated meso-

porous Co–Ti oxides exhibit higher activities in the

photocatalytic degradation of methyl orange than pure

titania. Besides the higher diffusion, the cobalt-containing

anatase, as the active phase, and the Co3? ions, as the

active sites, contribute to the high photocatalytic activities

of the replicated mesoporous Co–Ti oxides.
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