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Abstract Mesoporous titania–silica composite with large

primary particles and homogeneous dispersion of Ti in the

silica matrix were synthesized by the sol–gel method via a

one-pot co-condensation method using cetyltrimethylam-

monium bromide (CTAB) as a structure-directing agent.

Freshly prepared titanium oxychloride (TiOCl2, titania

precursor that is relatively stable) and sodium silicate were

used as titania and silica precursors (at the initial ratio of

Ti:Si = 1), respectively. The final products were obtained

after removing the template by calcination and had overall

ratio of Ti:Si = 2:3 (based on EDS and XRF analyses).

Other characterization techniques employed include FE-

SEM, TEM, FT-IR, DTGA, and nitrogen physisorption

studies. The textural properties of the products were highly

influenced by the molar concentration of CTAB. Materials

with large primary particles (submicrometer-scale dimen-

sions) were obtained at higher concentrations of CTAB

(1.7 wt%). The porosities of the templated material were

highly reduced compared to that of the untemplated

material, emphasizing the influence of Ti loading in the

silica matrix. Both pore size and surface area increased at a

calcination temperature of 550 �C. The DTGA result

showed that the composites exhibited elevated thermal

stability (up to 900 �C). In summary, mesoporous titania–

silica composite with desirable properties were developed

via the proposed method using a relatively inexpensive

silica precursor.

Introduction

Several studies have reported the synthesis of titania–silica

composites and their enhancement for application in vari-

ous fields [1–3]. Synthesis of the composites is mainly

based on one-pot co-condensation and grafting methods.

The former is done by simultaneously reacting the pre-

cursors of the composite [4, 5] while the latter is performed

by incorporating the guest components into the preformed

host’s solid network [6]. The one-pot co-condensation

method has some merits compared to grafting, because the

reacting components are incorporated during the conden-

sation of their frameworks and there are fewer synthesis

steps. Given the wide variety of potential applications of

titania–silica materials and their application at an industrial

scale, there is a need to develop composites with more

desirable properties based on precursors that are relatively

inexpensive. Most of the reported studies used expensive

silica precursors, such as tetraethoxysilane (TEOS), for

synthesis of titania–silica composite. Sodium silicate, a

relatively inexpensive silica precursor, is used extensively

in the synthesis of mesoporous silica (MS, undoped), but

has the limitation that materials with large primary parti-

cles are rarely produced and few materials have the prop-

erties of large surface area and a narrow pore size

distribution (PSD), with a few exceptions [7–9]. Further-

more, several studies reporting the synthesis of titania–

silica materials do not contain SEM results or those from

other characterization techniques suitable for investigating
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the morphologies of the materials [10–12], making it

impossible to determine the morphologies/sizes of the

primary particles in the synthesized products.

Industrial and large-scale production of titania–silica

composites is limited by a high-cost conventional precur-

sors, long reaction times (from 1 to 6 days) [13], laborious

synthesis steps, and the requirement for hydrothermal

treatment [14]. For instance, MS materials have been

synthesized using nonionic surfactant and sodium silicate

in the pH range from 3 to 10.5 [13]. However, the materials

thus obtained have small primary particles between 20 and

50 nm in size. These small particles form spherical

agglomerates and combine to form aggregates. The

resulting material likely has similar limitations to pure

TiO2 [15]. To the best of our knowledge, there are very few

reports on the synthesis of titania–silica composites with

large primary particles using sodium silicate as a silica

precursor. Composites with large primary particles are in

demand because composites with small particles have the

following limitations: (a) the small primary particles tend

to agglomerate into larger particles, resulting in an adverse

effect on catalyst performance (if the final product is to be

used as catalyst [15]); (b) The separation and recovery of

small particles (e.g., from wastewater) is laborious [16].

Moreover, the use of titanium oxychloride (which has been

rarely reported [17, 18]) facilitates the formation of a final

product that has desirable properties such as high-purity, an

even distribution, and high loading of titania in the com-

posite (probably due to its rapid reaction with silanols and

efficient polymerization during the network formation). It

is also a relatively stable form of titania precursor which

reacts with silica precursor even at lower temperatures (40–

60 �C). It should be noted that other titania precursors such

as titanium butoxide [(Ti(OBu)4] can only be homoge-

nously dispersed in silica matrix when Si/Ti C 10 [19] and

in some cases a long hydrothermal treatment time is

required for tetrapropylorthotitanate (TPOT) to produce a

final product with high titania loading [20].

Kim and Stucky [10] developed a new synthesis method

for highly ordered MSs using sodium metasilicate as the

silica source and amphiphilic block copolymers as the

structure-directing agents. They suggested the incorpora-

tion of other substituents such as aluminum or titanium,

among others, into the silica framework. Nevertheless, they

did not report the morphologies of their final product in

their paper (SEM micrographs are missing). Thus, our goal

was to develop materials that had all or most of the fol-

lowing desirable properties: large surface area, narrow

PSD, definite morphologies and/or large primary particles,

and homogeneous dispersion of metal in the silica matrix.

In this paper, we report on the synthesis of titania–silica

composite materials with large primary particles based on

one-pot co-condensation method.

Experimental procedures

Materials

Sodium silicate (24% SiO2, 7.4% Na2O) was purchased

from Shinwoo Materials Co. Ltd., Republic of Korea.

Ammonia solution (28% NH3), hydrochloric acid (36%

HCl), titanium tetrachloride (TiCl4), and cetyltrimethyl-

ammonium bromide (98?%CTAB) were purchased from

Duksan Chemicals, Republic of Korea.

Synthesis

The preparation of TiOCl2 aqueous solution has been

described previously [17, 18]; in this study, we made some

modifications as follows: 16.5 mL of reagent grade TiCl4
was dropped slowly in a three-neck flask (inserted in an ice

bath) containing 33.5 mL of distilled water. Then, three

drops of 1 M HCl was added. The obtained product was

labeled as the TiOCl2 stock solution. Because TiOCl2 was

freshly prepared and used immediately, all Ti atoms were

in monomeric form (this was later confirmed by FT-IR

analysis; the vibration bands associated with the presence

of –Ti–O–Ti– polymer were not evident). Two experiment

sets were performed based on the concentration of CTAB.

Since the influence of the various (wide range) concen-

trations of CTAB on the properties of silica product was

already well-documented [7–12], this study was based only

on two different concentrations and denoted as low (L) and

high (H) concentrations. These CTAB concentrations were

sufficient to investigate the influence of the template wt%

on the final products developed using the proposed pre-

cursors and the suggested synthesis route. Experiment set L

was performed as follows: A known amount of CTAB

(0.31 g, 0.085 wt%) was dissolved in 30 mL of 2 N HCl

solution at room temperature with stirring. After 10 min,

4 g of sodium silicate was added. The sodium silicate was

first hydrolyzed for 10 min in this strongly acidic solution.

When sodium silicate is hydrolyzed by HCl, silicic acid

and NaCl are generated. The Na? and CTA? act as floc-

culating agents, as described in the results and discussion

section of this study. After 10 min, 10 mL of freshly pre-

pared TiOCl2 solution was added to the hydrolyzed silicate

solution to make a molar ratio of Ti:Si = 1. A few drops of

ammonia (28%) solution were added after 1 h until gela-

tion was induced (at around pH 6), and the final sol–gel

was aged for 2 h. The product obtained was then thor-

oughly washed with water followed by ethanol and dried at

110 �C for 2 h; this product was referred to as mesoporous

titania–silica composite at the low concentration of CTAB

(MTSC-XL); where X is the sample number and L is the

experiment set/concentration of CTAB. The as-synthesized

sample was specifically denoted MTSC-1L. Portions of the
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MTSC-1L sample were calcined at temperatures ranging

from 550 to 1000 �C for 5 h and labeled MTSC-2L (cal-

cined at 550 �C), MTSC-3L (calcined at 700 �C), and

MTSC-4L (calcined at 1000 �C). In experiment set H (high

concentration of CTAB, 6.2 g), 1.7 wt% CTAB was used.

The samples from this experiment were labeled MTSC-1H,

MTSC-2H, etc.

To evaluate the effect of titania loading on the properties

of the final product, a similar experiment was conducted in

the absence of titania and the product obtained is referred to

as MS. The results obtained for this product are discussed

briefly under the sub-title ‘‘Nitrogen physisorption studies.’’

It should be noted that one of the main advantages of using

TEOS as a silica precursor is that all byproducts are volatile,

as they are usually alcohols. However, because the pre-

cursor employed in this study may leave residues (such as

Na? and Cl-) behind in the structure and consequently alter

the properties of the material, the as-synthesized materials

were first thoroughly washed with water and then rinsed

with ethanol. By following this procedure, all byproducts

were successfully removed, as assessed using a pH/ISEK

Meter (pH-250L, Korea). The purity of the final product

was also confirmed by EDS and FT-IR techniques. The

experimental procedures reported in this work were repe-

ated three times to examine the reproducibility of the

properties of the final products. Generally, no significant

differences between the properties of the products obtained

from any of the three batches were observed.

Characterization

The morphologies of the titania–silica composite samples

were characterized by a scanning electron microscope (FE-

SEM, Hitachi, S-4800) with an accelerating voltage of

15 kV. Before performing the FE-SEM characterization,

the samples were dried at 110 �C and sprinkled lightly with

a spatula on carbon tape with an adhesive surface that was

affixed to an aluminum stub. The stub was placed into a

sputter coater for 5 min to allow a thin layer of gold to form.

The FE-SEM was coupled to an energy dispersive spec-

troscope (EDS, with a detection limit of 100 ppm and depth

resolution up to 3 lm) to assess the purity and elemental

composition of the final product. Transmission electron

microscope (TEM) micrographs were obtained with a JOEL

2000FX instrument. X-ray diffraction patterns (XRD-6000,

Shimadzu) were used to determine the crystallinity of the

composite. The accelerating voltage and applied current

were 40 kV and 100 mA, respectively. The average crys-

tallite size, D, was calculated using the Debye–Scherrer

formula D = Kk/(b cosh), where K is the Scherrer constant,

0.9; k is the X-ray wavelength, 1.5406 Å; b is the full width

at half-maximum (FWHM) of the diffraction peaks, rad;

and h is the Bragg diffraction angle.

The Brunauer–Emmett–Teller (BET) surface areas and

porosities of the samples were studied with a nitrogen

adsorption instrument (Micrometrics ASAP 2020). All

measured samples were degassed at 250 �C for 1 h prior to

the measurements. PSDs and specific desorption pore vol-

umes were determined using the Barrett–Joyner–Halenda

(BJH) method. Both adsorption and desorption branches

were used to determine PSD. Differential thermogravi-

metric analysis (DTGA) was performed using a micropro-

cessor-based Parr temperature controller (Model 4846)

connected to a muffle furnace (A.H. JEON Industrial Co.

Ltd., Korea) at a heating rate of 10 �C/min from room

temperature to 1000 �C. The formation of Ti–O–Si bonds in

the prepared composites was confirmed using an AVATAR

360 FT-IR (Thermo nicolet). The ratio of Si to Ti was

determined using an X-ray fluorescence spectrometer

(XRF; XRF-1700, Shimadzu Co., Japan; with a detection

limit of 10 ppm and depth resolution up to 10 lm). ZAF

corrections (atomic number, Z) were used to determine the

molar ratios of the elements present in the composites.

Results

FE-SEM and TEM micrographs

The morphologies of representative samples prepared in

this study are shown in Figs. 1 and 2. The samples pre-

pared with 0.085 wt% CTAB had small particles that were

loosely aggregated (Fig. 1). Large primary particles with

no inter-particle small aggregates formed when 1.7 wt%

CTAB was used (Fig. 2). We attribute the observed vari-

ation in morphologies between samples to the wt% of

CTAB used for synthesis.

XRD patterns

Figure 3 shows the XRD patterns of the composite. The

appearance of anatase and rutile peaks confirms the pres-

ence of titania particles in the silica matrix. This is also

consistent with the EDS and FT-IR results shown in Fig. 4.

XRD peaks were assigned to anatase phase titania at 25.3,

37.8, 41.4, 48.0, and 54.5; and to rutile phase titania at

27.5�, 44.1�, and 56.7�.

EDS and FT-IR spectra

No peaks other than those expected for titania–silica com-

posites (Ti, Si, and O) were observed in the EDS spectrum

shown as an inset in Fig. 4, indicating the high-purity of the

composites obtained in this study. This is consistent with

the XRD results presented above as well as the FT-IR

results. FT-IR measurements were taken to confirm silica
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formation and the existence of Si–O–Ti bonds (Fig. 4).

With reference to previous studies [21], the vibration bands

at about 3450 cm-1 and 1650 cm-1 were attributed to the

stretching mode of O–H bonds (hydroxyl group) and water,

respectively. The strong bands at 1100 and 472 cm-1 were

assigned to the asymmetric stretching and bending modes of

Si–O–Si, respectively [9]. The peak at 954 cm-1 was

attributed to the Si–O–Ti vibration band [21].

DTGA Curves

The thermal stability of the composite samples was

examined by DTGA curves analyses, and the correspond-

ing curves are available in the supporting information. The

obvious peaks observed correspond to the loss of weight

due to the evaporation of the remaining water and organic

compounds as well as degradation of the CTAB surfactant.

The weight loss at temperatures lower than 250 �C resulted

primarily from the removal of physically absorbed water,

as reported elsewhere [11]. The loss of weight at 540 �C is

due to the degradation of organic matter, i.e., the CTAB

template.

Nitrogen physisorption studies

The nitrogen adsorption–desorption isotherms of the pre-

pared samples are shown in Figs. 5 and 6. Generally, the

samples exhibited characteristic Type IV curves with

capillary condensation steps that signify the presence of

mesopores. Characteristic features of Type IV isotherms

are a hysteresis loop, which is associated with capillary

condensation in mesopores, and limited uptake over a

range of high P/P0 [22]. The initial part of the Type IV

Fig. 1 FE-SEM micrographs of MTSC-3L (at 0.31 g, 0.085 wt%

CTAB)

Fig. 2 FE-SEM and TEM (inset) micrographs of MTSC-3H (at

6.2 g, 1.7 wt% CTAB)
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isotherm is attributed to monolayer–multilayer adsorption.

The samples calcined at higher temperatures (e.g., MTSC-

3H) had Type H3 loops and did not exhibit limiting

adsorption at high P/P0. This is attributed to the presence

of aggregates of plate-like particles that gave rise to slit-

shaped pores. In contrast, the MS samples possessed Type

H4 hysteresis loops; the two branches remained nearly

horizontal and parallel over a wide range of P/P0 values,

indicating the presence of narrow slit-like pores (Fig. 6).

The PSDs of MTSC and MS are provided in the supporting

information. Generally, the pore diameters tend to widen

(increase) with the increase in calcination temperature and

the CTAB concentration. For instance, MTSC-3H shows a

broader PSD compared to MTSC-3L; and MTSC-2H is

considerably wider than MTSC-2L. The as-synthesized

samples (MTSC-1L and MTSC-1H) show inferior PSD. As

depicted in Fig. 7, the BET surface areas decrease at higher

temperature (1000 �C).

Bulk elemental analysis; XRF

The bulk elemental analysis was done using XRF tech-

nique. As anticipated, the elements existing in MTSC were

O, Si, and Ti. The XRF results indicate that Ti is incor-

porated into the silica network when titanium oxychloride

is used as a Ti source and the overall final ratio of

Ti:Si = 2:3. The results obtained using XRF were highly

congruent with those obtained using EDS, as shown in

Table 1 and in the supporting information.
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Table 1 Percentages of Si and Ti in MTSC calcined at various

temperatures (results obtained using EDS and XRF techniques)

Sample Calcination

temperature, �C

Si-EDS

(%)

Si-XRF

(%)

Ti-EDS

(%)

Ti-XRF

(%)

MTSC-1 Asyn 57.5 61 42.5 39

MTSC-2 550 60 60 40 40

MTSC-3 700 63 60.35 37 39.65

MTSC-4 1000 58 60.8 42 39.2
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Discussion

The synthesis route proposed in this study (one-pot

co-condensation) is also referred to as the direct function-

alization method. It involves the copolymerization of pre-

cursors (sodium silicate and titania oxychloride) in the

presence of a templating agent. Since the reacting com-

ponents are incorporated during the condensation of their

frameworks, the one-pot co-condensation method might

have some superior properties, in applications such as

heterogeneous catalysis, compared to our currently repor-

ted findings on the titania–silica composite prepared via a

grafting method [23]. In one-pot co-condensation route, the

composite constituents are likely to be fully integrated into

the final product in a controllable loading. Also, it has the

advantage of simplicity (fewer synthesis steps) compared

to the grafting method [23]. The major disadvantages of the

one-pot co-condensation method are poor mesoporosity [as

evidenced using nitrogen physisorption studies, low-angle

XRD (inset in Fig. 3), and TEM result] and lower titania

loadings (as depicted in Table 1; Ti:Si = 2:3 based on

EDS and XRF results).

The existing literature reports that the critical micelle

concentration (CMC) of CTAB is 0.03 wt% [7]. Above the

CMC, a transition from spherical micelles to rod-like

micelles occurs, and the size of micelles increases with an

increasing concentration of CTAB, eventually resulting in

long, rod-like micelles. Despite the considerable number of

studies that have been performed to determine the mech-

anism of formation of templated MS [24–27], the actual

mechanism is still unclear [28–30]. The proposed models

are neither exclusive nor definitive, in part because

essentially the same mesoporous material can be obtained

using significantly different reaction conditions. In addi-

tion, the physicochemical factors underlying these diverse

chemical syntheses have remained obscure due, in large

part, to the complicated nature of the multicomponent

mixtures and the frequent overlap of the self-assembly and

inorganic polymerization processes. These observations

were made and then empirically substantiated by Vautier-

Giongo and Pastore [31].

In this study, the significant difference in morphologies

of samples from Experiments A and B can be explained by

considering the flocculating agents generated during the

reactions. Because the formation of silicate around sur-

factant micelles is influenced by both hydrolysis and con-

densation (to provide charged silica oligomers able to

interact with CTA? ions and to avoid large particle

growth), Na? ions must play some role given that we used

sodium silicate as the silica source. Hydrolysis of sodium

silicate by 2 N HCl generates sodium ions and surfactant

(CTA?) cations, which both act as flocculating agents.

Because CTAB is almost completely consumed during

micelle formation, the concentration of free CTA? is very

low in experiment set L. Thus, coagulation that favors the

condensation among mesoporous nanoparticles is induced

only by Na? ions. In contrast, when the initial concentra-

tion of CTAB is comparatively high (1.7 wt%), the avail-

able charged oligomers of silica will match with the

surfactant aggregates and both Na? and CTA? ions will be

available as flocculating agents. In this case, small nuclei

would disappear and only large submicrometer-scale pri-

mary particles would develop. The mechanism suggested

in the present report should be regarded as complementary

to those proposed in previous reports, given that the liter-

ature provides sufficient evidence that models to explain

the origins of MS materials are neither exclusive nor

definitive, and are clearly dependent on the nature and

concentration of surfactant as well as the silica source.

This observation is compatible with a previous report of

a similar experiment based on a sol–gel process using

titanium alkoxide as the titania precursor [8]. The products

obtained through both experiment sets L and H show

similar XRD patterns. Generally, the crystallite sizes

increased with an increase in calcination temperature. The

average crystallite size D of MTSC-3L and MTSC-4L was

calculated using the Debye–Scherrer formula and found to

be 4 and 10.1 nm (for the rutile phase) and 4 and 13.4 nm

(for the anatase phase), respectively. The anatase phase

was transformed to the rutile phase when the calcination

temperature was higher than 700 �C; the peak at 27.5�
became much sharper owing to further crystallization

during the rutile phase. With increasing calcination tem-

perature, the peak intensity of anatase increased, and the

width of the (101) peak became narrower. This is due to the

growth of anatase crystallites and the enhancement of

crystallization. From 700 to 1000 �C, there was an obvious

increase in crystal size due to phase transformation from

anatase to rutile as a result of the heat provided to accel-

erate grain growth. The phase transformation temperature

of the composite is, however, higher than that of pure

titania particles [32]. This is ascribed to the stabilization of

the amorphous and anatase TiO2 phase by the surrounding

SiO2 phase through the Ti–O-Si interface. At the interface,

the SiO2 lattice locks the Ti–O species at the interface of

the TiO2 domains, preventing the nucleation that is nec-

essary for the phase transformation to rutile. Hence, greater

heat is required to drive the crystallization [33, 34].

Generally, the weight loss patterns for both experiment

set L and H samples were similar, though more weight loss

was observed in set H samples due to the higher amount of

CTAB (1.7 wt%) used to prepared this sample set com-

pared to set L samples (0.085 wt%). Above 540 �C, com-

posites maintained their weight up to the maximum

temperature in this study (1000 �C). This result shows that

the mesoporous titania–silica composites developed in this
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study have high thermal stability. The pore sizes of the set

L samples are in the range of 40–43 Å. The largest BET

surface area obtained (for set L samples) was 340 m2/g,

while the total pore volume was 0.42 cm3/g. In contrast,

the pore sizes of the set H samples fell within the range of

52–74 Å. The largest BET surface area obtained was

308 m2/g, while the total pore volume was 0.53 cm3/g.

BET and BJH results for the samples calcined at 1000 �C

(MTSC-L and H) showed the absence of mesopores. This

may be due to structural collapse at higher temperatures.

There was no appreciable difference in the BET surface

area for experimental set L and H samples. Nevertheless,

the pore diameters and pore volumes of the experimental

set H samples were higher than those of set L, indicating

that the amount of template used affects the properties of

the final product. Thus, experiment set H samples (pre-

pared at 1.7 wt% CTAB) have more desirable properties,

namely, submicrometer-scale morphology, more accessible

pores, and a relatively large pore volume.

It was previously pointed out that pore size calculations

to determine the mesopore size distribution can be per-

formed on both the adsorption and desorption branches of

the isotherm [35]. In the presence of mesopores, capillary

condensation will occur during adsorption and is preceded

by a metastable fluid state (‘‘cylindrical meniscus’’), while

capillary evaporation during desorption occurs via a

hemispherical meniscus, separating the vapor and the

capillary condensed phase. This will result in hysteresis,

because pores of a specific size are filled at higher pres-

sures and emptied at lower pressures. If the material under

investigation is purely mesoporous and contains noninter-

secting mesopores of cylindrical geometry and similar size,

the N2 isotherm will be of type IV accompanied by a type

H1 hysteresis loop, according to the IUPAC classification

[22]. Both from a historical and thermodynamic point of

view, the desorption branch in these cases is most often

used to derive the mesopore size distributions from the

isotherm ([35] and references therein). In this study,

therefore, we used the desorption branch for PSD analysis

as demonstrated in the supporting information.

However, closer consideration of the mesoporous tita-

nia–silica composites (MTSC-L and H) revealed a more

random distribution of pores and an interconnected pore

system, and hysteresis loops of Type H2 or H3. In this case,

the PSD derived from the desorption branch is often much

more affected by pore network effects than the adsorption

branch; thus, the adsorption branch may provide a more

accurate average PSD (consider the supporting information

and the inset therein). Moreover, the hysteresis loops por-

trayed did not differ significantly between MTSC samples,

indicating that the increase in size of anatase TiO2 nano-

crystals at higher calcination temperatures (as evidenced by

XRD) did not completely block the pore openings.

However, as the calcination temperature increased, the

BET surface area gradually decreased (Fig. 7) from the

maximum values attained at calcination temperatures of

550 and 700 �C for MSTC and MS, respectively. The

lower BET surface area observed in MTSC (compared to

MS) is due to the presence of Ti in the silica network; the

further decrease at higher calcination temperatures can be

attributed to grain growth from the phase transformation of

anatase to rutile. The threshold temperature was about

1000 �C. After calcination at this temperature, the BET

surface area of all samples decreased drastically, indicating

collapse of the mesostructure.

Conclusions

In this paper, we reported a versatile and reproducible route

to synthesize mesoporous titania–silica composite using

freshly prepared TiOCl2 solution and sodium silicate as a

titania and silica precursor, respectively. CTAB surfactant

was used as structure-directing agent. FE-SEM, EDS, XRF,

XRD, DTGA, and nitrogen physisorption studies revealed

the formation of materials with the desired properties,

namely, large primary particles (up to 750 nm long and

200 nm wide), highly pure TiO2–SiO2 composites with

elevated thermal stability (up to 900 �C), large surface area

(above 308 m2/g), easily accessible pores, and adequate

pore volume. The FT-IR peak at 954 cm-1 confirms the

formation of Si–O–Ti bonds in the samples. The experi-

ment set H samples (prepared at 1.7 wt% CTAB) might be

considered to have more desirable properties than the set L

samples because the set H samples had primary particles

sizes in the submicrometer range. The samples prepared by

this procedure may potentially be applied in wastewater

treatment or as heterogeneous catalysts.
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