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Abstract. Mesoporous titania was synthesized by a sol–gel method using the surfactants Span85 and 
X114 as the template. The pore structure was determined by the N2 adsorption/desorption method below 
73 K and calculated using the BJH model. TEM characterizations show that the pores are formed through 
particle accumulation. Two kinds of channels, straight channels made of cylindrical capillaries and 
curved channels made of slit-shaped pores, exist in the bulk materials. The influence of the pore structure 
of mesoporous TiO2 on its photocatalytic performance was studied. The sample with higher porosity, bet-
ter textural properties and straight channels are good for photocatalytic performance. 
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1. Introduction 

TiO2 is an effective catalytic material and has been 

intensively studied for sensors,
1,2

 as a photocatalyst,
3
 

in solar cells,
4
 lithium-ion cells

5
 and many  

others. Many studies have reported that the surface 

properties of TiO2, including grain size, crystalliza-

tion, morphology, specific surface area, surface state, 

and porosity clearly influence its photocatalytic acti-

vity.6–8 

 Mesoporous TiO2 has better properties in many 

respects than ordinary TiO2 because of its high speci-

fic surface area and uniform pore diameter. Meso-

porous TiO2 was first synthesized through modified 

sol–gel routes in the presence of alklyphosphate sur-

factant templates in 1995.9 Since then, researchers 

have adopted different routes to the synthesis of 

TiO2 with the mesoporous structure such as the 

hydrothermal process using cetyltrimethylammo-

nium bromide (CTAB) as a template agent,
10

 the  

ultrasonic irradiation method,
11

 the use of block  

copolymers,
12

 the hydrolysis of TiOCl2 aqueous so-

lution at low temperature using octyl polyethylene 

oxide as the template agent,13 and so on. Though this 

mesoporous TiO2 has proved to have excellent per-

formance as a photocatalyst there has been little  

investigation of the relationship between the pore 

structure and photocatalysis. In this paper, mesopor-

ous TiO2 was synthesized by the sol–gel method  

using tetrabutyl titanate as the precursor and Span85 

or X114 as the surfactant. The pore structure of 

mesoporous TiO2 was characterized by N2 adsorp-

tion/desorption isotherms, X-ray diffraction (XRD), 

scanning electron microscopy (SEM) and transmis-

sion electron microscopy (TEM) methods. The  

influence of the pore structure of mesoporous TiO2 

on its photocatalytic performance was studied. The 

results show that the catalytic activity has a close rela-

tionship with the pore structure. 

2. Experimental 

2.1 Synthesis of mesoporous TiO2 

Mesoporous TiO2 was synthesized by the sol–gel 

method. Span85(C60H108O8) and X114(t-Oct-C6H4-

(OCH2CH2)xOH, x = 7–8) were chosen as the surfac-

tants respectively. A homogeneous solution was  

obtained by stirring a mixture of 50 ml ethanol and 

surfactant. The dosage of Span85 and X114 are 
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0.006 mol and 0.025 mol. 17 g tetrabutyl titanate 

was dropped into the above solution and then  

allowed to react at 60°C overnight. The resulting sol 

solution was gelled at 80°C in air for 7 days. 

Mesoporous TiO2 was obtained by calcination of the 

gel at 500°C for 6 h in air to remove the surfactant 

species. The samples were designated as TiO2-X114 

and TiO2-Span85 in this paper depending on the sur-

factant. TiO2 is the nano-titania as purchased from 

Sinopharm Chemical Reagent Co., Ltd. 

2.2 Photocatalytic performance 

Photocatalytic performance was tested by a study of 

the photo-degradation of acetone. The content of 

produced CO2 was analysed by a gas chromatograph 

GC112 equipped with a thermal conductivity detec-

tor (TCD) using TDX-101 as the chromatogram col-

umn. 

2.3 Characterization 

The N2 adsorption/desorption isotherms of meso-

porous titania were measured on a Micromeritics 

ASAP 2020 instrument at a temperature below 73 K. 

The sample was treated at 300°C before measure-

ment. Surface areas of the samples were calculated 

from the adsorption isotherms by the BET method 

and the pore size distributions determined from  

desorption isotherms by the Barrett–Joiner–Halenda 

(BJH) method. The average pore size was calculated 

from the t-plot method. 

 XRD patterns of the samples were obtained on a 

Thermo ARL SCINTAG X′TRA X diffractometer 

(using CuKα radiation, λ = 0⋅15406 nm, scan range 

2θ = 15°~80°, scan rate = 0.02 s–1). 

 TEM was conducted on a JEM2010 (HR) instru-

ment. SEM was conducted on a Hitachi S-4700  

instrument. 

3. Results and discussion 

3.1 Structure characterization 

The XRD patterns of TiO2-X114 and TiO2-Span85 are 

shown in figure 1. The diffraction peaks at 25.28°, 

37.80° and 48.05° are consistent with the (101), 

(004) and (200) peaks of anatase TiO2. The XRD  

results suggest that the samples prepared in this 

work have good anatase crystallization and the kind 

of surfactant has little influence on the nature of 

crystal formation. 

 Figure 2 shows the N2 adsorption/desorption iso-

therms of TiO2-X114, TiO2-Span85 and TiO2. The 

isotherms of TiO2-X114 and TiO2-Span85 are of 

type.14 and that of TiO2 is of type II. During the 

process of adsorption, single molecular layer adsorp-

tion occurred at relatively low pressure and then 

multi-molecular layer adsorption occurred at higher 

pressure. The larger are the sample pore sizes, the 

higher the pressure of capillary cohesion that  

occurred.14 As shown in figure 2, the capillary cohe-

sion of TiO2 occurred at the highest pressure and 

that of TiO2-Span85 occurred at the lowest pressure. 

It suggests that the sample TiO2 had the largest pore 

size and TiO2-Span85 had the smallest pore size. 

The hysteresis loop of TiO2-X114 is the H1 type,
14

 

which can originate from independent cylindrical 

capillaries. The hysteresis of nanometer TiO2 is 

H3,
14

 which suggested that the sample has slit- 

 

 

 
 

Figure 1. X-ray patterns of sample TiO2-X114 and 
TiO2-Span85. 

 
 

 
 

Figure 2. N2 adsorption/desorption isotherms of TiO2-
X114, TiO2-Span85 and TiO2. 
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shaped pores. The hysteresis loop of TiO2-Span85 is 

the H1 + H3 type, which indicated that this sample 

has some slit-shaped pores. Figure 3 is the pore size 

distribution of sample derived from the desorption  

 

 

 
 

Figure 3. Pore size distributions of TiO2-X114, TiO2-
Span85 and TiO2 derived from desorption branches of N2 
adsorption/desorption isotherms. 

 

 

 
 

Figure 4. TEM image of sample TiO2-X114. 
 
 
Table 1. The specific surface area, pore volume and the 
average pore size of samples. 

 Surface area Pore volume Average pore 
Sample (m2/g) (cm3/g) size (nm) 
 

TiO2-X114 18⋅96 0⋅093 14⋅4 
TiO2-Span85 15⋅8 0⋅06 10⋅1 
TiO2 3⋅58 0⋅0094 24⋅38 

branch of the N2 adsorption/desorption isotherm. 

Samples TiO2-Span85 and TiO2-X114 have a narrow 

pore size distribution and most of the pore diameters 

are in the range of 10–20 nm. The sample TiO2 has a 

wide pore size distribution with most of the pore  

diameters in the range of 10–30 nm. The surface area, 

pore volume and the average pore size of samples 

 

 

 
 

Figure 5. TEM images of TiO2-X114, TiO2-Span85 and 
TiO2. 
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are summarized in table 1. Although the sample 

TiO2 has the largest average pore size, its surface 

area and pore volume is smallest which indicated 

that the porosity is very low. The textural properties  

 
 

 
 

Figure 6. SEM images of TiO2-X114, TiO2-Span85 and 
TiO2. 

of TiO2-X114 are greater than those of TiO2-

Span85. 

 Figure 4 shows the TEM image of TiO2-X114. 

Nano-particles were packed randomly and pore 

channels were formed from the particle packing. 

The translucent region represents the straight chan-

nels and the gray region represents the curved chan-

nels. Figure 5 shows the TEM images of TiO2-X114,  

TiO2-Span85 and TiO2. It is clear that TiO2 has 

many shadow regions indicating that the nano-

particles have agglomerated. TiO2-X114 has much 

more translucent region than TiO2-Span85 which 

suggests that TiO2-X114 has many straight channels. 

TiO2-Span85 has much more gray regions which 

suggest that many curved channels were formed. 

The results of the TEM accord well with that of the 

N2 adsorption/desorption test. The H3 hysteresis 

loop of TiO2 suggested that there are curved chan-

nels in the bulk. TiO2-Span85 has many curved 

channels consisting mainly of slit-shaped pores. 

TiO2-X114 has many straight channels consisting 

mainly of independent cylindrical capillaries. 

 Figure 6 shows the SEM images of TiO2-X114, 

TiO2-Span85 and TiO2. It indicates that particles of 

TiO2 congregate together so densely that few gaps ex-

ist between the pores. In contrast, the particles of 

TiO2-X114 and TiO2-Span85 congregate loosely. The 

particle size of TiO2-X114 is slightly larger than that 

of TiO2-Span85. The agglomeration of TiO2 particles 

resulted in have low surface area and pore volume. 

3.3 Photocatalytic activity 

The pore-structure of mesoporous TiO2 influences 

the adsorption of photoelectrons, reagents and prod- 

 
 

 
 

Figure 7. Photocatalytic performances of TiO2-X114, 
TiO2-Span85 and TiO2. 
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ucts on the surface site. As a result, the photocata-

lytic activity of mesoporous TiO2 will change  

with its pore structure. Figure 7 shows the depend-

ence of the content of product CO2 on the reaction 

time. The photocatalytic activity of nanometer  

TiO2 is lower than that of mesoporous TiO2-X114 

and TiO2-Span85. From the structure data, nanome-

ter TiO2 has many slit-gap pores with a H3 hystere-

sis loop and low porosity resulting in its small 

surface area and pore volume. Its structure is not 

suitable for the adsorption of photoelectrons and the 

diffusion of reagent and product. TiO2-Span85  

has many curved channels, a lower specific surface 

area, smaller pore volume and narrower pore diame-

ter than TiO2-X114, which limit the diffusion of  

reagent and product. As a result, TiO2-Span85 has 

lower photocatalytic performance than that of TiO2-

X114. 

4. Conclusions 

In this paper, mesoporous TiO2 was synthesized  

using the sol–gel method with surfactants Span85 

and X114. The pore structures of the samples were 

determined by N2 adsorption/desorption isotherms 

and TEM methods. Results indicated that the parti-

cles of mesoporous TiO2 are arranged randomly and 

the pore channels are formed from the packing of 

particles. Two kinds of pore channels exist in the 

bulk samples. One is the curved channel composed 

mainly of slit-shaped pores. Another is the straight 

channel mainly formed by independent cylindrical 

capillaries. The photocatalytic activity of mesopor-

ous TiO2 has a close relationship to its pore struc-

ture. The sample with higher porosity, better textural 

properties and straight channel are good for photo-

catalytic performance. More detailed research into 

the dependence of pore structure on the photocata-

lytic activity is under investigation. 

Acknowledgements 

This work was financially supported by the National 

Science Foundation of China (no. 20701034) and 

Zhejiang Provincial Top Discipline. 

References 

1. Savage N, Chwieroth B, Ginwalla A, Patton 

B R, Akbar S A and Dutta P K 2001 Sens.  

Actuator B79 17 

2. Yasuhiro Shimizu, Takeo Hyodo and Makoto 

Egashira 2004 Eur. Ceram. Soc. 24 1389 

3. Yu J C, Yu J, Ho W and Zhao J 2002 J. Photo-

chem. Photobiol., A Chem. 148 331 

4. George Phani, Gavin Tulloch, David Vittorio 

and Igor Skryabin 2001 Renew Energy 22 303 

5. Kavan L, Rathouský J, Grätzel M, Shklover V 

and Zukal A 2001 Microporous Mesoporous 

Mater. 44–45 653 

6. Subramanian V, Wolf E E and Kamat P V 2004 

J. Am. Chem. Soc. 126 4943 

7. Ohtani B, Ogawa Y and Nishimoto S 1997 J. 

Phys. Chem. B101 3746 

8. Yu J G, Wang B, Cheng M and Zhou 2007 Appl. 

Catal. B: Environ. 69 171 

9. Antonelli D M and Ying J Y 1995 Angew. Chem. 

Int. Ed. 34 2014 

10. Peng T Y, Zhao D, Dai K, Shi W and Hirao K 

2005 Phys. Chem. B109 4947 

11. Yu J, Yu J C, Lueng M K P, Ho W, Cheng B, 

Zhao X and Zhao J 2003 J. Catal. 217 69 

12. Smarsly B, Grosso D, Brezesinski T, Pinna N, 

Boissiere C, Antonietti M and Sanchez C 2004 

Chem. Mater. 16 2948 

13. Li Y, Lee N H, Lee E G, Song J S and Kim S J 

2004 Chem. Phys. Lett. 389 124 

14. Rojas F, Kornhauser I, Felipe C, Esparza J M, 

Cordero S, Dominguez A and Riccardo J L 002 

Phys. Chem. Chem. Phys. 4 2346 

 

 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


