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Abstract Nanoparticular supported vanadia materials

with crystalline anatase support with a narrow size distri-

bution around 12 nm have been synthesized by a new

facile sol–gel, co-precipitation method using decomposable

ammonium chloride seed crystals. The materials have been

characterized by means of X-ray powder diffraction,

transmission electron microscopy and nitrogen physisorp-

tion. The synthesized high-surface area anatase particles

allowed a loading of up to 15 wt.% vanadia without

exceeding monolayer coverage of V2O5 in contrast to

typical analogous industrial catalysts which only can

accommodate 3–5 wt.% vanadia. These materials are

promising candidates for improved catalysts for, e.g., oxi-

dation reactions and selective catalytic reduction of NOX in

flue gases.

Introduction

Vanadium oxides on inorganic support materials constitute

the most important supported metal oxide catalysts in both

heterogeneous and homogeneous industrial applications

[1]. In these catalysts, the amount of active vanadium

species exposed to the reactants vary with the type of

support (typically SiO2, Al2O3, ZrO2, and TiO2) and the

loading of vanadium oxide on the carrier [2]. Here both the

surface area and the oxide type (i.e., textural and surface

properties) dictate the maximum amount that can be loaded

before surpassing the monolayer coverage leading to

crystalline V2O5 formation [3]. The prefered choice of

support usually depends on the reactive environment of the

catalyst during operation as well as the particular reaction

in focus. Thus, it is well known that TiO2, especially in the

anatase form, is an excellent support for vanadium oxides

making highly active materials for the selective catalytic

reduction (SCR) of nitrogen oxides (i.e. deNOX) by injec-

tion of ammonia in power plant flue-gases and other

industrial off-gases [4]. The activity of the industrial VOX/

TiO2-based SCR catalyst is limited by the surface area of

the anatase carrier, since only up to one monolayer of the

vanadium oxide species can be accepted corresponding to a

vanadia loading of 3–5 wt.%. Increased loading results in

decreased deNOX activity and increased ability to oxidize

NH3 and possibly also SO2 in the flue gas [5]. One

approach to improve the efficiency of catalytic materials is

to prepare them as nano-sized particles (mean diameter,

\100 nm), which in many reactions have shown to be far

more reactive than bulk materials [6]. Hence, it is very

likely that small catalyst particles of VOX/TiO2 will be able

to reduce NOX with increased efficiency to comply with the

demand for sufficiently activity during prolonged

operation.

In this study, nano-sized particular vanadium oxide/

anatase catalysts with vanadia loadings up to 25 wt.% and

relatively high-surface areas are synthesized by a sol–gel,

co-precipitation procedure involving concomitant hydro-

lysis of titanium(IV) and vanadium(V) alkoxides in

presence of ammonium chloride seed crystals. The mate-

rials are further characterized by X-ray powder diffraction
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(XRPD), transmission electron microscopy (TEM), and

nitrogen adsorption. To the best of our knowledge, this is

the first report in the literature of sol–gel preparation of

nano-sized metal oxide/TiO2 using seed crystallization,

while metal/TiO2 catalyst materials have been synthesized

previously, e.g. Pt/TiO2 catalysts [7]. Analogous VOX/TiO2

materials have also earlier been prepared by hydrothermal

methods [8, 9], mechanical blending [10], and flame syn-

thesis [11, 12], and the latter evaluated for SCR deNOX.

Experimental

Preparation of VOX/anatase materials

Nano-sized particular vanadium oxide/anatase materials

having a V2O5 content of 0–25 wt.% were obtained by

calcination of materials prepared by a modified new sol–

gel procedure [13, 14] involving concomitant hydrolysis of

titanium(IV) isopropoxide (97%, Lancaster) and vana-

dium(V) oxytriethoxide (95%, Aldrich) in acidic ethanol

solution in presence of ammonium chloride (C99.5%,

Fluka) as crystallization germ.

In a typical preparation (here exemplified for a material

containing 5.2 wt.% V2O5), a solution of 1.40 g NH4Cl

(26.2 mmol) in 4 mL deionized water was added dropwise

to a stirred, ice-cooled solution of 3.70 g Ti(i-C3H7O)4

(13.0 mmol), 0.72 g VO(C2H5O)3 (0.63 mmol), and 2.43 g

glacial acetic acid (40.5 mmol) in 10 mL abs. ethanol.

After addition of the aqueous solution, a yellowish gel was

formed, which subsequently was aged 20 h under stirring

before ethanol, liberated propanol, acetic acid, and excess

water were removed under reduced pressure (0.2 mbar,

70–100 �C). Finally, the material was calcined (400 �C,

6 h) in an air stream (300 mL min-1) to decompose the

ammonium chloride template and convert the amorphous

titania support into crystalline anatase.

Characterization of VOX/anatase materials

XRPDs of the prepared materials were recorded using Cu-

Ka radiation (k = 1.54056 nm) in the 2h interval 5–100�
with a Huber G670 Guinier camera.

TEM was performed on a JEM 2000FX apparatus with

an accelerating voltage of 300 kV. A suspension of about

2 mg of the powdered samples in 2 mL ethanol was son-

icated for 1 h and allowed to settle for 15 min, before a

drop was distributed on a 300-mesh copper grid coated

with a carbon film with holes.

Nitrogen sorption data were obtained at liquid nitrogen

temperature by using a Micromeritics ASAP 2020 appara-

tus. Before determination of nitrogen adsorption–desorption

isotherms, the samples (ca. 0.4 g) were outgassed for 2 h at

200 �C under vacuum. The apparent specific surface areas

(SBET) were evaluated by two-parameter linear BET plots in

the range p/p0 = 0.065–0.2. The external areas (Sext) were

determined with the t-plot method [15, 16]. Due to percu-

lation effects on the desorption branches [17] mesopore size

distributions were obtained using data from the adsorption

branches by assuming open nonintersecting cylindrical

pores [18]. The thickness of the adsorbed layer at each rel-

ative pressure was obtained from the classical equation of

Harkins and Jura.

Results and discussion

XRPD analysis of the prepared vanadia-titania materials

after calcination at 400 �C revealed only crystalline anatase

support phase with no peaks originating from residual

ammonium chloride template or crystalline V2O5 (Fig. 1).

This also included the materials with high vanadia loadings

C15 wt.% corresponding to more than a monolayer (see

Table 1), thus indicating a high dispersion of an amorphous

vanadia phase as typically found for oxide supported vanadia

catalysts [15] due to the relatively low V2O5 Tammann

temperature (Tm = 209 �C). Likewise, broadening of the

peaks indicated presence of relatively small anatase parti-

cles. Notable, however, less intensive peaks (e.g., at

2h = 28, 33, 43, 45, and 58�), possibly originating from an

undisclosed mixed crystalline vanadia-titania phase, were

observed for the materials with high vanadia loading.

Vanadium cation promoted formation of VxTi1-xO2 phases

Fig. 1 XRPDs of crystalline VOX/anatase materials
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incorporating rutile has previously [19, 20] been observed

when vanadia-anatase materials were heated to temperatures

higher than 500 �C. Also vanadium/titanate composite

nanorods have been reported [8] to form under hydrothermal

conditions. Further studies towards identifying the minor

crystalline phase and its possible effect on catalytic activity

in, e.g. SCR of NOX, are in progress.

The size of the formed oxide crystallites was calculated

by Scherrer’s equation (using the peak angle 2h = 25.3�)

to be in the range of 11–18 nm (see Table 1) with no

obvious correlation to the vanadia content. Sequential

measurements of the samples during calcination further

revealed that anatase crystallization was initiated around

300 �C followed by crystal growth until the particles

reached the equilibrium size after 1–2 h.

TEM images of the materials confirmed the high degree

of crystallinity of the anatase support and average particle

sizes of about 10 nm, as exemplified in Fig. 2 for pure

anatase, 7 and 25 wt.% samples. Additionally, the (101)

lattice plan of anatase with a distance of 0.35 nm between

the atomic layers was clearly identified [23]. In the van-

adia-containing samples, an amorphous layer surrounding

the nano-sized anatase crystallites with no distinctive

structure and a thickness around ca. 0.5 nm could further

be attributed to vanadia, while indication of V2O5 crys-

tallite formation only became apparent in the 25 wt.%

sample (Fig. 2c).

Crystallite sizes comparable to those measured by TEM

were also deducted from the measured SBET areas of the

materials assuming a spherical shape of particles (see

Table 1), thus indicating no significant intra particulate

crystal porosity. However, in contrast to the particle size

dependency established from the XRPD measurements, a

clear tendency towards decreasing crystallite size with

increasing vanadia loading was observed from the specific

surface area calculations, suggesting significant differences

in the texture of the mixed materials depending on the

oxide composition.

The pore size distributions of the materials were cal-

culated from nitrogen physisorption isotherms to be

relatively well defined with pore diameters in the range of

3–5 nm, increasing with the vanadium loading. Represen-

tative size distribution plots are shown for the 3 and

20 wt.% materials in Fig. 3.

For the material with 20 wt.% vanadia loading a

shoulder appeared, however, at 8–9 nm suggesting a

slightly bimodal pore structure for the catalysts with high

loadings of vanadium. For comparison, the pore size dis-

tribution of a conventional TiO2 sample exposed to similar

thermal treatment is also shown in Fig. 3. An obvious shift

in pore size distribution towards smaller pores is obtained

by the new seed-assisted sol–gel method. Thus, the new

Table 1 Characteristics of VOX/anatase materials

V2O5

(wt.%)

SBET

(m2 g-1)

Sext

(m2 g-1)

dparticle (nm) ns
c

(V atoms nm-2)
BETa XRPDb

0.0 73 – 21.1 15.0 –

3.0 108 106 14.2 14.4 1.8

5.2 64 57 24.2 15.8 5.4

7.0 75 65 20.7 17.8 6.2

11 95 91 16.4 15.4 8.2

15 127 127 12.4 15.6 7.7

20 110 106 14.4 15.2 12.0

25 126 121 12.7 11.3 13.3

a Crystallite sizes calculated as d ¼ 6 � ððXTiO2
� qTiO2

þ XV2O5
�

qV2O5
Þ � SBETÞ�1

with qV2O5
¼ 3350 kg m�3 and qTiO2

¼ 3900 kg m�3

assuming spherical particle shape [21]
b Crystallite sizes calculated by Scherrer’s equation as

U = K � k � (Bd � cosh)-1 with kCuKa = 1.54056 nm, the peak form

factor K = 0.9, the peak width at half hight Bd, and angle

(2h = 25.3�) of the peak corresponding to the (101) reflections
c Surface density of vanadium atoms calculated as ns ¼ mV2O5

� 2 �
NA ðmtotal �MV2O5

� SBET � 1018Þ�1
[22]

Fig. 2 TEM micrographs of prepared (a) anatase, (b) 7 wt.% VOX/anatase and (c) 25 wt.% VOX/anatase materials
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materials have a pore structure which can be characterized

as being between micro- and meso-pores. Microporosity as

such is not desirable for catalyst materials, due to possible

diffusion limitations to the less accessible surface. How-

ever, calculations of the external surface areas by the t-plot

method yielded values virtually identical to those derived

from the BET equation (see Table 1). This confirmed that

essentially all surface area originated from none micropo-

rous structures, yielding readily accesible surface vanadia

species for gas-phase molecules. The observed increase in

pore sizes combined with the increased areas is not

observed for vanadia/TiO2 materials synthesized by con-

ventional impregnation methods. Here a decrease is usually

observed along with the filling of the pore system [24]. The

phenomenon observed here can be explained by the

induced added distance between the anatase particles by

the vanadium salt during the co-precipitation step. After

calcination, the precursor transforms to mobile oxo-vana-

dium species, which disperse over the high-surface area of

TiO2, leaving the framework with increased porosity, wider

pores and added surface roughness.

Conclusions

Nano-particle VOX/TiO2 materials have for the first time

been prepared by co-precipitation of vanadia and titania by

a seed-assisted sol–gel, co-precipitation method. The

calcined material consisted of crystalline anatase particles

covered with amorphous vanadia with a very uniform size

distribution of around 12 nm. The small particle size of the

anatase support (due to the corresponding high-surface

area) allowed high loading of up to 15 wt.% vanadia

without exceeding monolayer coverage of V2O5 in contrast

to typical industrial catalysts which only can accommodate

3–5 wt.%.

Recently, comprehensive studies of the activity of these

nano-VOX/TiO2 catalysts for both oxidation reactions and

SCR of NOX in flue-gases by NH3 have been initiated.

Preliminary results here indicate a superior activity com-

pared to traditional catalysts, thus suggesting that the nano-

materials might prove useful where small catalyst bed

volumes or SCR catalysts with prolonged life on steam are

desired. This is especially the case for biomass-fired power

plants (or co-fired with fossil fuels), where the aggressive

K-containing flue-gas rapidly decreases the activty of the

traditional deNOX catalysts [25–28].

Acknowledgements The Center for Sustainable and Green Chem-

istry is sponsored by the Danish National Research Foundation, and

the work was supported by the Danish Research Council for Tech-

nology and Production Sciences, Elkraft Systems (PSO FU5201), the

USACH Program and the Communidad Autónoma de Madrid (CAM-

GR/AMB/0751/2004). We thank K. Egeblad and S.K. Klitgaard

(Technical University of Denmark) for the TEM recordings.

References

1. Weckhuysen BM, Van Der Voort P, Catana G (eds) (2000)

Spetroscopy of transition metal ions on surfaces. Leuven Uni-

versity Press, Leuven

2. Gao X, Wachs IE (2002) Top Catal 18:243. doi:10.1023/

A:1013842722877

3. Weckhuysen BM, Keller DE (2003) Catal Today 78:25. doi:

10.1016/S0920-5861(02)00323-1

4. Parvulescu VI, Grange P, Delmon B (1998) Catal Today 46:233.

doi:10.1016/S0920-5861(98)00399-X

5. Busca G, Lietti L, Ramis G, Berti F (1998) Appl Catal 18:1. doi:

10.1016/S0926-3373(98)00040-X

6. Astruc D, Lu F, Aranzaes JR (2005) Angew Chem Int Ed

44:7852. doi:10.1002/anie.200500766

7. Wang X, Landau MV, Rotter H, Vradman L, Wolfson A, Erenburg

A (2004) J Catal 222:565. doi:10.1016/j.jcat.2003.12.003

8. Yu L, Zhang X (2004) Mater Chem Phys 87:168. doi:10.1016/

j.matchemphys.2004.05.022

9. Mohamed MM, Bayoumy WA, Khairy M, Mousa MA (2006)

Microporous Mesoporous Mater 97:66. doi:10.1016/j.micromeso.

2006.07.028

10. Liu G, Wang K, Zhou Z (2006) Mater Sci Forum 510–511:86

11. Stark WJ, Wegner K, Pratsinis SE, Baiker A (2001) J Catal

197:182. doi:10.1006/jcat.2000.3073

12. Schimmoeller B, Schulz H, Pratsinis SE, Bareiss A, Reitzmann

A, Kraushaar-Czarnetzki B (2006) J Catal 243:82. doi:10.1016/

j.jcat.2006.07.007

13. Hari-Bala, Zhao J, Jiang Y, Ding X, Tian Y, Yu K, Wang Z

(2005) Mater Lett 59:1937

Fig. 3 Pore size distributions obtained from nitrogen sorption data

for 3 and 20 wt.% VOX/anatase materials and a commercial pure

anatase support (TIONA-G5, Millennium Co.), respectively

326 J Mater Sci (2009) 44:323–327

123

http://dx.doi.org/10.1023/A:1013842722877
http://dx.doi.org/10.1023/A:1013842722877
http://dx.doi.org/10.1016/S0920-5861(02)00323-1
http://dx.doi.org/10.1016/S0920-5861(98)00399-X
http://dx.doi.org/10.1016/S0926-3373(98)00040-X
http://dx.doi.org/10.1002/anie.200500766
http://dx.doi.org/10.1016/j.jcat.2003.12.003
http://dx.doi.org/10.1016/j.matchemphys.2004.05.022
http://dx.doi.org/10.1016/j.matchemphys.2004.05.022
http://dx.doi.org/10.1016/j.micromeso.2006.07.028
http://dx.doi.org/10.1016/j.micromeso.2006.07.028
http://dx.doi.org/10.1006/jcat.2000.3073
http://dx.doi.org/10.1016/j.jcat.2006.07.007
http://dx.doi.org/10.1016/j.jcat.2006.07.007


14. Hari-Bala, Guo Y, Zhao X, Zhao J, Fu W, Ding X, Jiang Y, Yu K,

Lv X, Wang Z (2006) Mater Lett 60:494 doi:10.1016/

j.matlet.2005.09.030

15. Lippens BC, de Boer JH (1965) J Catal 4:319. doi:10.1016/

0021-9517(65)90307-6

16. Rouquerol F, Rouquerol J, Sing K (1999) Adsorption by powders

and porous solids—principles, methodology and applications.

Academic Press, London
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G, Ståhl K et al (2007) J Catal 251:459. doi:10.1016/j.jcat.

2007.07.016

J Mater Sci (2009) 44:323–327 327

123

http://dx.doi.org/10.1016/j.matlet.2005.09.030
http://dx.doi.org/10.1016/j.matlet.2005.09.030
http://dx.doi.org/10.1016/0021-9517(65)90307-6
http://dx.doi.org/10.1016/0021-9517(65)90307-6
http://dx.doi.org/10.1016/j.apcata.2004.03.031
http://dx.doi.org/10.1016/S0166-9834(00)80954-9
http://dx.doi.org/10.1016/S0926-860X(97)00015-X
http://dx.doi.org/10.1016/S1381-1169(98)00177-0
http://dx.doi.org/10.1006/jcat.2000.2872
http://dx.doi.org/10.1016/j.cattod.2005.07.015
http://dx.doi.org/10.1016/j.apcatb.2004.11.016
http://dx.doi.org/10.1016/j.apcatb.2005.03.010
http://dx.doi.org/10.1016/j.apcatb.2006.03.006
http://dx.doi.org/10.1016/j.apcatb.2006.03.006
http://dx.doi.org/10.1016/j.jcat.2007.07.016
http://dx.doi.org/10.1016/j.jcat.2007.07.016

	Seed-assisted sol-gel synthesis and characterization �of nanoparticular V2O5/anatase
	Abstract
	Introduction
	Experimental
	Preparation of VOX/anatase materials
	Characterization of VOX/anatase materials

	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /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
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


