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The concept of a porous solid might sound like a term of contra-

diction as solids are typically regarded as a dense and compact

state of matter. Of course this is obviously not so, and zeolites

are probably the most prominent representatives of such solids,

known for already more than 250 years, and have been used in

technical applications for more than 50 years in industry. 200

different structural types of zeolites have already been listed,

with this number increasing each year. However, the pore sizes

of zeolites are restricted to well below 1 nm (for faujasite),

which in turn restricts the scope of the chemistry that is possible

inside the pores, typically to the molecular level.

However, in the last two decades especially, mesoporous ma-

terials having pore dimensions between 2 and approximately

50 nm have emerged, and this group has established itself as an

important class of solid-state materials with a huge and still

constantly growing number of new congeners with pores on the

nano- to mesoscale. These can be broadly classified into inor-

ganic, organic and metal–organic types. Nevertheless, hybrids

of these compositions have even been realized, extending the

diversity in the chemical composition of such mesoporous

solids further still. Besides their different chemical composition,

the pore morphology, geometry and pore dimensions make

these materials outstanding with respect to, e.g., catalytic reac-

tion processes, in the area of sensorics, photonics and gas

storage (Figure 1). In the realm of gas storage, mesoporous

metal–organic frameworks (MOFs) appeared on the scene a

couple of years ago and have quickly emerged as most-

promising highly meso- and macroporous materials exhibiting

enormous pore volumes with inner surface areas comparable

with bare nanoparticles and thus coming close to the ultimate

adsorption limit for solid materials. Consequently they have

paved the way for the design of new materials, e.g., for the

storage of fuel molecules, such as H2 and CH4 as well as other

technologically and environmentally important small molecules.

Besides the prospective applications of mesoporous materials in

these and other areas, one of the other main focus points of

research into these solids is to achieve a basic understanding of

what happens inside the porous framework of such a solid on

the molecular, and nano- and mesocopic level, in a hierarchical

order, during adsorption, desorption and chemical reactions.

Alongside the development of experimental methods to unravel
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the details of the adsorption sites and dynamics, a theoretical

understanding, e.g., employing state of the art theoretical

modeling techniques, is certainly necessary. The development

of synthetic concepts for the formation of two-dimensional,

layered, porous structures, e.g., by swelling and delamination

followed by film-formation techniques, is another avenue of

basic research into exciting mesoporous materials, and the

application of such mesoporous layered materials to adsorption

and catalysis can certainly be envisaged in the near future.

Figure 1: Artificially colorized view of a hexagonally ordered cell struc-
ture of mesoporous alumina. The pores are shown in yellow and are
ca. 40 nm in diameter. The red color grading represents the typically
different densities of the alumina cells surrounding the pores, which is
due to the synthesis process. As with other mesoporous materials, the
inner surface of the pores can be chemically modified to tune the
surface chemistry and thus the functional properties.

In this Thematic Series the interested reader will find a compila-

tion of recent experimental findings relating to mesoporous

inorganic solids, covering aspects of synthesis as well as the

functional properties of such materials in catalysis and sensing.

Jörg J. Schneider

Darmstadt, November 2011

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.2.85

http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.2.85


104

Microfluidic anodization of aluminum films for the
fabrication of nanoporous lipid bilayer

support structures
Jaydeep Bhattacharya, Alexandre Kisner, Andreas Offenhäusser

and Bernhard Wolfrum*

Full Research Paper Open Access

Address:
Peter Grünberg Institute, PGI-8/ICS-8, Forschungszentrum Jülich
GmbH, Leo-Brandt-Str., 52425 Jülich, Germany and Jülich - Aachen
Research Alliance (JARA - FIT), Germany

Email:
Bernhard Wolfrum* - b.wolfrum@fz-juelich.de

* Corresponding author

Keywords:
anodization; lipid bilayer; microfluidics; nanofabrication; nanoporous
alumina

Beilstein J. Nanotechnol. 2011, 2, 104–109.
doi:10.3762/bjnano.2.12

Received: 13 December 2010
Accepted: 04 February 2011
Published: 11 February 2011

This article is part of the Thematic Series "Micro- and mesoporous solids:
From science to application".

Guest Editor: J. J. Schneider

© 2011 Bhattacharya et al; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
Solid state nanoporous membranes show great potential as support structures for biointerfaces. In this paper, we present a tech-

nique for fabricating nanoporous alumina membranes under constant-flow conditions in a microfluidic environment. This approach

allows the direct integration of the fabrication process into a microfluidic setup for performing biological experiments without the

need to transfer the brittle nanoporous material. We demonstrate this technique by using the same microfluidic system for

membrane fabrication and subsequent liposome fusion onto the nanoporous support structure. The resulting bilayer formation is

monitored by impedance spectroscopy across the nanoporous alumina membrane in real-time. Our approach offers a simple and

efficient methodology to investigate the activity of transmembrane proteins or ion diffusion across membrane bilayers.
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Introduction
In recent years nanoporous alumina membranes have gained

increased attention for technical and biological applications due

to their versatile implementation as biointerfaces and ease of

fabrication [1-8]. Their applications range from serving as

template structures in nanofabrication technology [9-20] to their

direct use as functional interfaces for controlled release of

molecules [21-23], co-culture development [24], or biosensing

[25]. For example, Steinem et al. have demonstrated the advan-

tages of using nanoporous membranes as support structures for

lipid bilayers, which allows the monitoring of the activity of

membrane proteins [26-30]. Although solid lipid support struc-

tures [31] may exhibit versatile functionality for lab-on-a-chip
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applications [32], only porous substrates can address the back-

side of the membrane via a direct fluidic interface. The advan-

tage of nanoporous substrates over other membrane spanning

systems using microapertures lies in the increased stability

caused by the small pore size [33-36]. Nevertheless, alumina

membranes themselves are quite brittle and therefore easy to

break if mechanical handling is required. Here, we present an

approach of directly fabricating alumina membranes in a

microfluidic environment which allows the monitoring and

manipulation of membrane characteristics during the fabrication

process. We demonstrate the formation of lipid bilayers on top

of the nanoporous membrane which is monitored using imped-

ance spectroscopy.

Experimental
The experimental setup for the microfluidic anodization ap-

proach is shown schematically in Figure 1.

Figure 1: A) Schematics of the flow cell design for microfluidic
anodization. B) An aluminum substrate is anodized at 40 V under a
constant flow of oxalic acid inside a microfluidic cell to form a
nanoporous alumina membrane. C) After the anodization is complete,
the remaining alumina at the bottom of the pores is opened by injecting
phosphoric acid into both fluidic channels.

The aluminum substrate, either a 30 µm thick aluminum foil or

a thin aluminum film on an aperture released silicon support

structure [21], was inserted into a PMMA dual-line flow cell.

Oxalic acid (0.3 M) was injected into one of the inlets via pres-

sure controlled flow (Fluigent, MFCS 4C, France) and

contacted the exposed aluminum substrate in a localized area of

0.2 mm2. The aluminum was then anodized under constant

voltage conditions. Thus, 40 V were applied between the

aluminum and a platinum counter electrode, which was inserted

in the flow cell, approximately 2 cm upstream of the substrate.

The aluminum anode was directly contacted outside of the flow

cell. Completion of the anodization was indicated by a steep

drop in the anodization current indicating the formation of a

residual alumina barrier layer. Oxalic acid was then rinsed from

the channel and 5% phosphoric acid injected into the upper and

lower channels to remove the remaining alumina film at the

bottom of the nanoporous membrane. The dissolution of the

barrier layer was monitored via impedance spectroscopy

(10 Hz to 10 kHz) across the nanoporous alumina membrane by

a modular electrochemical system [Autolab (PGSTAT

100/FRA2), Eco Chemie Utrecht, The Netherlands] using

silver/silver chloride electrodes inside the fluidic channels on

both sides of the membrane. A decrease in the recorded imped-

ance indicated opening of the pores. Some of the nanoporous

films were removed from the flow cell and investigated by

scanning electron microscopy (Gemini 1550 VP, Carl Zeiss,

Jena, Germany).

To prepare the nanoporous membrane for lipid bilayer forma-

tion, the nanoporous alumina surface was first subjected to

silanization. The silanization was carried out in the solution

phase according to the method described by Steinle and

coworkers [37,38] with slight modifications. Briefly, a 10%

(v/v) solution of (3-aminopropyl)triethoxysilane (APTES) was

prepared in pure ethanol. The solution was mixed with a 0.1 M

acetate buffer (pH 5.1) to a final concentration of 5% (v/v)

buffered APTES. This solution was stirred mechanically for

5 min and passed through the microfluidic channel at 500 µL/h

for 2 h at 22 °C. The whole system was then cured at 60 °C for

60 min.

The lipid bilayer on the modified nanoporous alumina surface

was prepared by the method of liposomal fusion [39]. The lipo-

somes were prepared from 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC, Avanti Polar Lipids, U.S.A.) by the

following method. First, 5 mL of a lipid chloroform solution (5

mg/mL) were vacuum dried in a glass vessel. Then, a phos-

phate buffered saline (5 mL, 0.9% NaCl, 100 mM phosphate

buffer, pH 7.2) was added to form multilamelar vesicles. Soni-

cation and extrusion (Avanti Polar Lipids, U.S.A.) were

performed to produce unilamellar small vesicles of approxi-

mate sizes between 60 and 80 nm as determined by dynamic

light scattering (Dynapro, Wyatt Technology Corporation,

U.S.A.). The vesicle solution was then injected into the

microfluidic channel for the synthesis of the lipid bilayer on the
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Figure 2: SEM images of the nanoporous alumina film anodized under constant flow conditions.

modified alumina membrane. The formation of the lipid bilayer

on the nanoporous support structure was monitored by imped-

ance spectroscopy in the range of 10 Hz to 10 kHz with a root

mean square amplitude of 10 mV as measured by the Autolab

system.

Results and Discussion
Figure 2 shows a typical SEM image of the nanoporous

membrane after anodization and pore enlargement. An irregu-

lar pattern of pores with an average diameter of 30 ± 10 nm and

a nearest neighbor interpore spacing of 40 ± 7 nm can be

observed. The distance of the pores is about a factor of two

lower compared to results obtained from standard anodization

protocols reported in literature [40]. A smaller interpore spacing

between nearest neighbors is expected due to the inhomo-

geneity of the pattern. Nevertheless, a potential drop inside the

microfluidic cell might also contribute to a reduced pore sep-

aration. The striped pattern as well as the irregularity of the

pores as opposed to perfect hexagonal ordering can be

explained by the surface roughness of the untreated alumina

samples and the single-step anodization process. An ordered

pattern is usually obtained either by using imprint methods or a

two-step anodization protocol [41]. At the front side, the pores

were distributed over the whole surface area (0.2 mm2), which

had been exposed to oxalic acid. Interestingly, the backside did

not reveal a similar pattern but only showed nanoporous struc-

tures in a confined region of about 300 µm2. Such behavior is

known from indented aluminum films on conducting substrates,

where the indented regions exhibit advanced pore formation

[15]. However, since in this investigation no inert conducting

subjacent layer was present, the pore formation is expected to

stop at the non-conducting alumina barrier layer after complete

oxidation of the exposed aluminum film. We therefore attribute

localized pore formation to the flow and diffusion profile inside

the microfluidic chamber during anodization or barrier layer

removal. Nevertheless, inhomogeneities in the film thickness

will also affect the anodization profile and may lead to sparsely

perforated regions on the backside of the membrane. A defined

fluidic interface allowing precise control of the flow profile and

velocity distribution could be used to study this aspect in more

detail.

We investigated the formation of lipid bilayers on the

nanoporous support structure inside the microfluidic cell.

Figure 3 shows a plot of the impedance obtained before and

after application of lipid vesicles to the front side of the

silanized nanoporous membrane. The impedance measured at

10 Hz across the membrane increased by more than five orders

of magnitude after vesicle application. We attribute this effect

to the formation of a lipid bilayer spanning the front side of the

nanoporous structure. As expected, phase changes from an

ohmic to a capacitive behavior revealed the non-conducting

nature of the lipid–membrane system. We chose an amino-

terminated silane coating to facilitate spreading of the vesicles

on the alumina surface. Vesicle rupture is probably aided via

electrostatic interactions of the negative phosphate of the

zwitterionic POPC-heads with the protonated amino groups

from the APTES molecules immobilized on the surface [42]. In

principle, one could also expect coverage of the inside pore

walls, as has been observed by Bourdillon and coworkers

[43,44]. However, the drastic change in impedance indicates

that in our case the small pore diameter seems to favor a

scenario where the nanopores are spanned by a lipid bilayer. To

avoid the chemical pretreatment of the surface, an advanced

deposition method of lipid bilayers on alumina as proposed by

Mager et al. could be utilized [45].

Applying a simple RC equivalent circuit model to the data

yields a membrane capacitance of 3.96 ± 0.1 pF. This amounts

to a specific capacitance of 1.3 µF/cm2 for an actual active area
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Figure 3: Impedance plot measured across the nanoporous
membrane before (stars) and after (circles) lipid bilayer formation. Left
axis: Absolute value of the impedance (blue). Right axis: Phase in
degrees (red).

of 300 µm2 in which the pores penetrate the whole substrate.

This value is somewhat above the expected value of 1 µF/cm2

measured for a pure membrane capacitance [27]. However,

discrepancies can arise because of an inaccurate determination

of the size of the porous membrane patch. The impedance

without the bilayer showed an almost ohmic behavior around

20 kΩ. It was partially determined by the electrolyte resistance

inside the microfluidic access channels leading to the

nanoporous alumina membrane.

To assess the stability of the lipid bilayer under flow conditions,

we measured the impedance across the membrane in depend-

ence of the input pressure as shown in Figure 4. The bilayer

could withstand an input pressure of 5.2 mbar, corresponding to

a flow rate of 54 µL/min. At lower flow rates, impedance and

phase exhibited a constant capacitive behavior indicating that

the lipid bilayer remained intact.

At pressures above 5.2 mbar we observed a decrease in the

impedance of several orders of magnitude and a phase shift

towards a more ohmic behavior (Figure 4). The drop in imped-

ance indicates that at least parts of the nanopore-spanning

bilayer were ruptured under these flow conditions. For input

pressures below 10 mbar, the rupture of the membrane was re-

versible. Once the pressure was lowered below 5.2 mbar we

observed a steady increase of the impedance, which we attribute

to the reformation of the lipid bilayer on the nanoporous sub-

strate. The kinetics of the bilayer formation could be studied

under this condition. Thus, we reversibly ruptured the

membrane by raising the pressure to 10 mbar for 30 s before

restoring the pressure to 0. Then we allowed the bilayer to settle

and observed the change in impedance and phase at regular time

intervals during the process. From Figure 5 we can see that after

Figure 4: Impedance and phase measured at 1 kHz across the
nanoporous membrane versus driving pressure for the microfluidic cell.
A stable bilayer exhibits capacitive behavior at high impedance.

Figure 5: The kinetics of the lipid bilayer formation on a nanoporous
alumina membrane is shown by measuring the impedance (blue) and
the phase change (red) at 1 kHz across the nanoporous membrane
over time.

about 15 min the pore spanning bilayer was reestablished.

However, at pressures above 10 mbar the bilayer was perma-

nently damaged and could not be repaired by restoring the pres-

sure. The resealing property of the membrane indicates that a

residual lipid film remains on the modified alumina surface

during moderate flow conditions. This film can subsequently

act as a precursor to regenerate the pore spanning bilayers. The

long time span of several minutes associated with this process is

rather surprising. We attribute the delay to the diffusion of lipid

molecules to the pore edges but further experiments will be

necessary to elucidate this mechanism. The initial bilayer for-

mation was even slower than the reformation process

(~20–25 min). However, this delay can be explained by the time

needed to accumulate a critical vesicle coverage required for

rupture and bilayer formation [46-49].
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Conclusion
We have demonstrated a technique for locally anodizing

aluminum membranes under flow conditions. Localized

anodization allows the generation of stable patches of

nanoporous alumina, which can be used in microfluidic experi-

ments. Lipid membranes were grown on the nanoporous

patches inside the microfluidic system and the process of

membrane formation and rupture was investigated by imped-

ance spectroscopy. We envision the use of this technique for the

investigation of transmembrane protein activity under

controlled flow conditions.

Acknowledgements
We thank Dieter Strobl for the fabrication of the microfluidic

cell and Dirk Mayer for helpful discussions. Funding by the

Humboldt Foundation and the Helmholtz Association is grate-

fully acknowledged.

References
1. Karlsson, M.; Palsgard, E.; Wilshaw, P. R.; Di Silvio, L. Biomaterials

2003, 24, 3039–3046. doi:10.1016/S0142-9612(03)00146-7
2. Lee, W.; Ji, R.; Gosele, U.; Nielsch, K. Nat. Mater. 2006, 5, 741–747.

doi:10.1038/nmat1717
3. Norman, J. J.; Desai, T. A. Ann. Biomed. Eng. 2006, 34, 89–101.

doi:10.1007/s10439-005-9005-4
4. Popat, K. C.; Chatvanichkul, K. I.; Barnes, G. L.; LaTempa, T. J.;

Grimes, C. A.; Desai, T. A. J. Biomed. Mater. Res., Part A 2007, 80A,
955–964. doi:10.1002/jbm.a.31028

5. Adiga, S. P.; Jin, C. M.; Curtiss, L. A.; Monteiro-Riviere, N. A.;
Narayan, R. J. Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.
2009, 1, 568–581. doi:10.1002/wnan.50

6. Graham, A. H. D.; Bowen, C. R.; Robbins, J.; Taylor, J.
Sens. Actuators, B 2009, 138, 296–303. doi:10.1016/j.snb.2009.01.050

7. Graham, A. H. D.; Bowen, C. R.; Taylor, J.; Robbins, J.
Biomed. Microdevices 2009, 11, 1091–1101.
doi:10.1007/s10544-009-9326-4

8. Chung, S. H.; Son, S. J.; Min, J. Nanotechnology 2010, 21, 125104.
doi:10.1088/0957-4484/21/12/125104

9. Martin, C. R. Science 1994, 266, 1961–1966.
doi:10.1126/science.266.5193.1961

10. Masuda, H.; Mizuno, T.; Baba, N.; Ohmori, T. J. Electroanal. Chem.
1994, 368, 333–336. doi:10.1016/0022-0728(94)03310-2

11. Crouse, D.; Lo, Y. H.; Miller, A. E.; Crouse, M. Appl. Phys. Lett. 2000,
76, 49–51. doi:10.1063/1.125652

12. Sauer, G.; Brehm, G.; Schneider, S.; Nielsch, K.; Wehrspohn, R. B.;
Choi, J.; Hofmeister, H.; Gosele, U. J. Appl. Phys. 2002, 91,
3243–3247. doi:10.1063/1.1435830

13. Sander, M. S.; Tan, L. S. Adv. Funct. Mater. 2003, 13, 393–397.
doi:10.1002/adfm.200304290

14. Crouse, M. M.; Miller, A. E.; Crouse, D. T.; Ikram, A. A.
J. Electrochem. Soc. 2005, 152, D167–D172. doi:10.1149/1.2032452

15. Wolfrum, B.; Mourzina, Y.; Mayer, D.; Schwaab, D.; Offenhausser, A.
Small 2006, 2, 1256–1260. doi:10.1002/smll.200600311

16. Lei, Y.; Cai, W. P.; Wilde, G. Prog. Mater. Sci. 2007, 52, 465–539.
doi:10.1016/j.pmatsci.2006.07.002

17. Vlad, A.; Matefi-Tempfli, M.; Antohe, V. A.; Faniel, S.; Reckinger, N.;
Olbrechts, B.; Crahay, A.; Bayot, V.; Piraux, L.; Melinte, S.;
Matefi-Tempfli, S. Small 2008, 4, 557–560.
doi:10.1002/smll.200700724

18. Zhou, H. B.; Li, G.; Sun, X. N.; Zhu, Z. H.; Jin, Q. H.; Zhao, J. L.;
Ren, Q. S. J. Microelectromech. Syst. 2009, 18, 88–96.
doi:10.1109/JMEMS.2008.2011122

19. Sengupta, K.; Moyen, E.; Mace, M.; Benoliel, A. M.; Pierres, A.;
Thibaudau, F.; Masson, L.; Limozin, L.; Bongrand, P.; Hanbucken, M.
Small 2009, 5, 449–453. doi:10.1002/smll.200800836

20. Byun, J.; Lee, J. I.; Kwon, S.; Jeon, G.; Kim, J. K. Adv. Mater. 2010, 22,
2028–2032. doi:10.1002/adma.200903763

21. Wolfrum, B.; Mourzina, Y.; Sommerhage, F.; Offenhausser, A.
Nano Lett. 2006, 6, 453–457. doi:10.1021/nl052370x

22. Prasad, S.; Quijano, J. Biosens. Bioelectron. 2006, 21, 1219–1229.
doi:10.1016/j.bios.2005.05.005

23. Jiang, X. Q.; Mishra, N.; Turner, J. N.; Spencer, M. G.
Microfluid. Nanofluid. 2008, 5, 695–701.
doi:10.1007/s10404-008-0300-x

24. Hoess, A.; Thormann, A.; Friedmann, A.; Aurich, H.; Heilmann, A.
Adv. Eng. Mater. 2010, 12, B269–B275. doi:10.1002/adem.201080010

25. Kang, M. C.; Trofin, L.; Mota, M. O.; Martin, C. R. Anal. Chem. 2005,
77, 6243–6249. doi:10.1021/ac0508907

26. Hennesthal, C.; Steinem, C. J. Am. Chem. Soc. 2000, 122, 8085–8086.
doi:10.1021/ja000940j

27. Drexler, J.; Steinem, C. J. Phys. Chem. B 2003, 107, 11245–11254.
doi:10.1021/jp030762r

28. Romer, W.; Lam, Y. H.; Fischer, D.; Watts, A.; Fischer, W. B.;
Goring, P.; Wehrspohn, R. B.; Gosele, U.; Steinem, C.
J. Am. Chem. Soc. 2004, 126, 16267–16274. doi:10.1021/ja0451970

29. Kepplinger, C.; Hofer, I.; Steinem, C. Chem. Phys. Lipids 2009, 160,
109–113. doi:10.1016/j.chemphyslip.2009.05.001

30. Schmitt, E. K.; Weichbrodt, C.; Steinem, C. Soft Matter 2009, 5,
3347–3353. doi:10.1039/b901683j

31. Sackmann, E. Science 1996, 271, 43–48.
doi:10.1126/science.271.5245.43

32. Kumar, K.; Tang, C. S.; Rossetti, F. F.; Textor, M.; Keller, B.; Voros, J.;
Reimhult, E. Lab Chip 2009, 9, 718–725. doi:10.1039/b814281e

33. Hirano-Iwata, A.; Taira, T.; Oshima, A.; Kimura, Y.; Niwano, M.
Appl. Phys. Lett. 2010, 96, 213706–213708. doi:10.1063/1.3441298

34. Mager, M. D.; Melosh, N. A. Adv. Mater. 2008, 20, 4423–4427.
doi:10.1002/adma.200800969

35. White, R. J.; Ervin, E. N.; Yang, T.; Chen, X.; Daniel, S.; Cremer, P. S.;
White, H. S. J. Am. Chem. Soc. 2007, 129, 11766–11775.
doi:10.1021/ja073174q

36. Kresak, S.; Hianik, T.; Naumann, R. L. C. Soft Matter 2009, 5,
4021–4032. doi:10.1039/b907661a

37. Steinle, E. D.; Mitchell, D. T.; Wirtz, M.; Lee, S. B.; Young, V. Y.;
Martin, C. R. Anal. Chem. 2002, 74, 2416–2422.
doi:10.1021/ac020024j

38. Penumetcha, S. S.; Kona, R.; Hardin, J. L.; Molder, A. L.; Steinle, E. D.
Sensors 2007, 7, 2942–2952. doi:10.3390/s7112942

39. Brian, A. A.; McConnell, H. M. Proc. Natl. Acad. Sci. U. S. A. 1984, 81,
6159–6163. doi:10.1073/pnas.81.19.6159

40. Nielsch, K.; Choi, J.; Schwirn, K.; Wehrspohn, R. B.; Gosele, U.
Nano Lett. 2002, 2, 677–680. doi:10.1021/nl025537k

41. Masuda, H.; Fukuda, K. Science 1995, 268, 1466–1468.
doi:10.1126/science.268.5216.1466

42. Cha, T.; Guo, A.; Zhu, X. Y. Biophys. J. 2006, 90, 1270–1274.
doi:10.1529/biophysj.105.061432

http://dx.doi.org/10.1016%2FS0142-9612%2803%2900146-7
http://dx.doi.org/10.1038%2Fnmat1717
http://dx.doi.org/10.1007%2Fs10439-005-9005-4
http://dx.doi.org/10.1002%2Fjbm.a.31028
http://dx.doi.org/10.1002%2Fwnan.50
http://dx.doi.org/10.1016%2Fj.snb.2009.01.050
http://dx.doi.org/10.1007%2Fs10544-009-9326-4
http://dx.doi.org/10.1088%2F0957-4484%2F21%2F12%2F125104
http://dx.doi.org/10.1126%2Fscience.266.5193.1961
http://dx.doi.org/10.1016%2F0022-0728%2894%2903310-2
http://dx.doi.org/10.1063%2F1.125652
http://dx.doi.org/10.1063%2F1.1435830
http://dx.doi.org/10.1002%2Fadfm.200304290
http://dx.doi.org/10.1149%2F1.2032452
http://dx.doi.org/10.1002%2Fsmll.200600311
http://dx.doi.org/10.1016%2Fj.pmatsci.2006.07.002
http://dx.doi.org/10.1002%2Fsmll.200700724
http://dx.doi.org/10.1109%2FJMEMS.2008.2011122
http://dx.doi.org/10.1002%2Fsmll.200800836
http://dx.doi.org/10.1002%2Fadma.200903763
http://dx.doi.org/10.1021%2Fnl052370x
http://dx.doi.org/10.1016%2Fj.bios.2005.05.005
http://dx.doi.org/10.1007%2Fs10404-008-0300-x
http://dx.doi.org/10.1002%2Fadem.201080010
http://dx.doi.org/10.1021%2Fac0508907
http://dx.doi.org/10.1021%2Fja000940j
http://dx.doi.org/10.1021%2Fjp030762r
http://dx.doi.org/10.1021%2Fja0451970
http://dx.doi.org/10.1016%2Fj.chemphyslip.2009.05.001
http://dx.doi.org/10.1039%2Fb901683j
http://dx.doi.org/10.1126%2Fscience.271.5245.43
http://dx.doi.org/10.1039%2Fb814281e
http://dx.doi.org/10.1063%2F1.3441298
http://dx.doi.org/10.1002%2Fadma.200800969
http://dx.doi.org/10.1021%2Fja073174q
http://dx.doi.org/10.1039%2Fb907661a
http://dx.doi.org/10.1021%2Fac020024j
http://dx.doi.org/10.3390%2Fs7112942
http://dx.doi.org/10.1073%2Fpnas.81.19.6159
http://dx.doi.org/10.1021%2Fnl025537k
http://dx.doi.org/10.1126%2Fscience.268.5216.1466
http://dx.doi.org/10.1529%2Fbiophysj.105.061432


Beilstein J. Nanotechnol. 2011, 2, 104–109.

109

43. Fliniaux, O.; Elie-Caille, C.; Pantigny, J.; Bourdillon, C.
Electrochem. Commun. 2005, 7, 697–702.
doi:10.1016/j.elecom.2005.04.023

44. Proux-Delrouyre, V.; Laval, J. M.; Bourdillon, C. J. Am. Chem. Soc.
2001, 123, 9176–9177. doi:10.1021/ja010361u

45. Mager, M. D.; Almquist, B.; Melosh, N. A. Langmuir 2008, 24,
12734–12737. doi:10.1021/la802726u

46. Mashaghi, A.; Swann, M.; Popplewell, J.; Textor, M.; Reimhult, E.
Anal. Chem. 2008, 80, 3666–3676. doi:10.1021/ac800027s

47. Reimhult, E.; Hook, F.; Kasemo, B. Langmuir 2003, 19, 1681–1691.
doi:10.1021/la0263920

48. Richter, R. P.; Berat, R.; Brisson, A. R. Langmuir 2006, 22, 3497–3505.
doi:10.1021/la052687c

49. Richter, R.; Mukhopadhyay, A.; Brisson, A. Biophys. J. 2003, 85,
3035–3047. doi:10.1016/S0006-3495(03)74722-5

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.2.12

http://dx.doi.org/10.1016%2Fj.elecom.2005.04.023
http://dx.doi.org/10.1021%2Fja010361u
http://dx.doi.org/10.1021%2Fla802726u
http://dx.doi.org/10.1021%2Fac800027s
http://dx.doi.org/10.1021%2Fla0263920
http://dx.doi.org/10.1021%2Fla052687c
http://dx.doi.org/10.1016%2FS0006-3495%2803%2974722-5
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.2.12


110

Pore structure and surface area of silica SBA-15:
influence of washing and scale-up

Jörg P. Thielemann1,2, Frank Girgsdies1, Robert Schlögl1

and Christian Hess*2

Full Research Paper Open Access

Address:
1Abteilung Anorganische Chemie, Fritz-Haber-Institut der
Max-Planck-Gesellschaft, Faradayweg 4–6, 14195 Berlin, Germany
and 2Eduard-Zintl-Institut für Anorganische und Physikalische
Chemie, Technische Universität Darmstadt, Petersenstr. 20, 64287
Darmstadt, Germany

Email:
Christian Hess* - hess@pc.chemie.tu-darmstadt.de

* Corresponding author

Keywords:
SBA-15; scale-up; silica mesoporous material; tensile strength effect;
washing

Beilstein J. Nanotechnol. 2011, 2, 110–118.
doi:10.3762/bjnano.2.13

Received: 01 November 2010
Accepted: 12 January 2011
Published: 16 February 2011

This article is part of the Thematic Series "Micro- and mesoporous solids:
From science to application"

Guest Editor: J. J. Schneider

© 2011 Thielemann et al; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The removal of the surfactant (EO20PO70EO20) by washing before final calcination is a critical step in the synthesis of silica SBA-

15. In contrast to washing with pure water or ethanol, washing with water and ethanol may, depending on the quantity of solvent

used, alter the homogeneity and order of the pores, but also lead to an increase of the surface area of SBA-15. A reduction of

solvent volume and a controlled washing protocol allow the synthesis of high surface area SBA-15 materials with a narrow

monomodal pore size distribution. For larger batch sizes the influence of the quantity of solvent on the quality of the SBA-15 is

reduced.

110

Introduction
SBA-15 is a mesoporous silica sieve based on uniform hexa-

gonal pores with a narrow pore size distribution and a tunable

pore diameter of between 5 and 15 nm [1]. The thickness of the

framework walls is about 3.1 to 6.4 nm, which gives the ma-

terial a higher hydrothermal and mechanical stability than, for

instance, MCM-41 [2]. The high internal surface area of typic-

ally 400–900 m2/g makes SBA-15 a well suited material for

various applications. It can be used in environmental analytics

for adsorption and separation [3,4], advanced optics [5,6], as a

support material for catalysts [7,8] and as a template for the

production of nanostructured carbon or platinum replica [9,10].

SBA-15 is synthesized in a cooperative self-assembly process

under acidic conditions using the triblock copolymer Pluronic

123 (EO20PO70EO20) as template and tetraethoxysilane (TEOS)

as the silica source [11]. After synthesis, the template can be

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:hess@pc.chemie.tu-darmstadt.de
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removed by calcination [1,12], washing [13,14], reflux extrac-

tion [1,12], acid [15], H2O2 treatment [16], extraction with

supercritical CO2 [17] and microwave digestion [18]. In the

literature template removal is often carried out using pure

solvents such as water [19], acetone [7] or ethanol [20,21].

According to Bae et al. using ethanol instead of water is three

times more effective in removing the template from the SBA-15

framework, although the Pluronic 123 cannot be removed

completely from the SBA-15 by washing, as shown by thermo-

gravimetric analysis (TGA) [22]. Also the more effective

template removal by ethanol is connected with shrinkage of the

SBA-15 structure as observed by Ko et al. [13].

To the best of our knowledge there are no reports on SBA-15

synthesis using a washing approach with two solvents. In the

following we will show that the use of two solvents while

washing can lead to an increase of the surface area and that for

small batches the volume of the solvents has an impact on the

surface area and pore size distribution of SBA-15. Also the

influence of scaling up to 27 g per batch on the properties of

SBA-15 is discussed. Up until now the largest synthesis scale as

reported by Tkachenko et al. corresponded to approximately

24.5 g [23].

The paper is organised as follows: In the first section the influ-

ence of washing freshly synthesised SBA-15 with water or

ethanol is discussed. The second section deals with a combined

washing approach using water and ethanol. Particular emphasis

is put on the effect of the solvent quantities being used while

washing. The third section addresses the issue of scaling up the

SBA-15 synthesis to 9 times the size described in the original

procedure by Zhao et al. [1,12].

Results and Discussion
Template removal by washing with a single
solvent
The removal of the Pluronic 123 template (EO20PO70EO20) by

washing prior to calcinations is a crucial step in the synthesis of

SBA-15. Therefore, a series of experiments was conducted to

understand first the effect of each solvent separately (water,

ethanol), and then the effect of a combination of these two

solvents while washing. To investigate the batch size de-

pendence while washing with a single solvent, a 9× batch was

separated into two 1× half batches and two 3× half batches (see

Experimental section for detailed information). As the results

for both half batches were similar, only the 1× half batch will be

discussed in the following.

The shape of the isotherms of sample 1 (Figure 1) is almost

ideally type-IV and no change of the hysteresis was observed

with the different washing procedures. This means that the

homogeneity and order of the hexagonal pores were not altered

by washing. The surface area and the pore volume of the

untreated reference sample 1A and the water treated sample 1C

is nearly the same, whereas the surface area and pore volume of

the ethanol treated sample 1B is significantly reduced by

150 m2/g and 0.2 cm3/g. The shrinking of pore volume and

surface area while washing with pure ethanol seems to be due to

more efficient removal of the surfactant from the meso- and

micropores than with pure water [13]. The shrinking also

affected the ratio between micro- and mesopores. The ethanol

washed sample 1B exhibited more and the water washed sample

1C less micropore volume than the unwashed reference samples

1A (Table 1).

Figure 1: N2 adsorption/desorption isotherms of SBA-15 unwashed
(1A), after washing with 30 mL ethanol (1B) and 30 mL water (1C).
The isotherms are offset by 450 (1A) and 300 (1B) cm3/g.

Figure 2 depicts the pore size distributions of the adsorption

branch of the isotherm for the three samples, which are quite

similar. The pore size distributions were characterized by a

maximum at 70 Å (samples 1A and 1C) and 73 Å (sample 1B)

and a FWHM of 8 Å was observed. The high order of the meso-

pores of samples 1A–C – compared to SBA-15 samples 2C and

3C reported in later sections – was also corroborated by XRD

results (Figure 3). Independent of the washing procedure the

(100), (110) and (200) reflections occur at almost the same pos-

ition with the same relative intensity.

Influence of combined washing with ethanol
and water
In contrast to washing with a pure solvent, the combined

washing with ethanol and water may lead to an increase of

surface area (Table 1), but also damages the material. The

damage is observed as a bulge in the desorption branch of the

BET isotherm. To investigate the possible sources for this

decreased homogeneity of the pores the following potential
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Table 1: Surface and porosity characteristics of SBA-15 samples washed with pure water, ethanol and a combination of ethanol and water.

SBA-15
sample washing procedurea SMicro

(m2/g)b
STotal

(m2/g)c
SMicro
/STotal

d
DP
(Å)e

a0
(Å)f

a0−DP
(Å)g

VTotal
(cm3/g)h

1A no washing 263 700 0.38 70 108 38 0.98
1B 30 mL ethanol 300 551 0.54 73 110 37 0.78
1C 30 mL water 213 709 0.30 70 108 38 0.94
2A no washing 267 671 0.40 68 107 39 0.88
2B 5 mL ethanol/water 381 817 0.47 70 109 39 1.01
2C 30 mL ethanol/water 215 573 0.38 61 100 39 0.62
3A no washing 297 758 0.39 70 111 41 0.88

3B 5 mL ethanol/water
(1× half batch) 389 872 0.45 70 107 37 1.11

3C 35 mL ethanol/water
(1× half batch) 343 755 0.45 68 109 41 0.87

3D 120 mL ethanol/water
(3× half batch) 354 790 0.45 70 109 39 0.96

3E 350 mL ethanol/water
(9× half batch) 364 838 0.43 70 111 41 1.06

asolvent volume used per washing cycle; bmicropore surface area; ctotal BET surface area; dfraction of the micropore surface area of the total BET
surface area; epore diameter determined from the adsorption isotherms by the NLDFT method; funit-cell parameter (a0) determined from small-angle
XRD; gpore wall thickness estimated by subtracting the pore diameter value (DP) from the hexagonal unit-cell dimension (a0); htotal pore volume.

Figure 2: NLDFT pore size distributions of SBA-15 unwashed (1A),
after washing with 30 mL ethanol (1B) and 30 mL water (1C) calcu-
lated from the adsorption branch of the isotherm. The pore size distrib-
utions are offset by 0.06 (1A) and 0.03 (1B) cm3/Å/g.

influences on the synthesis were examined and excluded: (i)

temperature in the first synthesis step a) by precise temperature

stabilization at 35 °C and avoidance of any temperature fluc-

tuations b) by increasing the synthesis temperature to 37 °C, (ii)

variation of the addition velocity of tetraethoxysilane (TEOS),

(iii) stirring velocity during the synthesis and TEOS addition,

(iv) heating rate and temperature fluctuation at the aging step

(85 °C), (v) influence of the cooling rate after aging, (vi) tight-

ness of the bottle while aging and (vii) influence of grinding

after synthesis. Van der Voort et al. and Kruk et al. [24,25]

report that an increased TEOS/surfactant ratio can influence the

Figure 3: Small angle XRD of SBA-15 unwashed (1A), after washing
with 30 mL ethanol (1B) and 30 mL water (1C). The intensities are
normalized to the (100) reflection and offset by 0.4 (1A) and 0.2 (1B).

structure of the SBA-15. Therefore, according to their recom-

mendation (viii) the TEOS/surfactant ratio was fixed to 58:1 for

all samples to exclude it as source for the observed disorder.

Importantly, it was found that under the chosen conditions only

the amount of solvent used in the washing process had a signifi-

cant influence on the shape of the isotherm of the final product

(Figure 4).

To gain insight into the influence of solvent volume, a single

batch (sample 2) was split into two half batches. A reference

sample 2A of 80 mg, which was not washed, was taken before
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Figure 4: N2 adsorption/desorption isotherms of SBA-15 unwashed
(2A), after washing with 5 mL (2B) and 30 mL (2C) quantities of
solvent. The isotherms are offset by 350 (2A) and 50 (2B) cm3/g.

Figure 5: NLDFT pore size distribution of SBA-15 unwashed (2A),
after washing with 5 mL (2B) and 30 mL (2C) quantities of solvent
calculated from the adsorption branch of the isotherm. The pore size
distributions are offset by 0.05 (2A) and 0.025 (2B) cm3/Å/g.

splitting into two half batches. One of the half batches was

gently washed with 5 mL (2B) and the other with 30 mL (2C)

of solvent. All samples were subsequently calcined at 550 °C.

The resulting samples were analyzed regarding BET surface

area, pore size distribution and pore volume (Figure 5, Figure 6

and Table 1).

The reference sample 2A, which was not washed shows the best

isotherm hysteresis and a narrow pore size distribution (FWHM

= 9 Å) as calculated from the adsorption branch of the isotherm

(Figure 5 and Table 1). In comparison to the other two samples,

the gently washed sample 2B shows a significantly increased

surface area and a narrow pore size distribution (FWHM = 9 Å)

with a maximum at 70 Å. In contrast, sample 2C washed with

plenty of solvent shows a significantly changed shape of the

Figure 6: NLDFT pore size distribution of SBA-15 unwashed (2A),
after washing with 5 mL (2B) and 30 mL (2C) quantities of solvent
calculated from the desorption branch of the isotherm. The pore size
distributions are offset by 0.5 (2A) and 0.25 (2B) cm3/Å/g.

isotherm as evidenced by the bulge in the desorption branch at

p/p0 = 0.45 as well as by a reduced surface area compared to

sample 2B.

The closure of the hysteresis loop at p/p0 values between 0.4

and 0.45 for sample 2C can be explained by the tensile strength

effect [26,27]. The effect occurs when interconnected pores

filled with N2 at 77 K are emptied through smaller pores or

narrower sections along the pore. In those pores with a dia-

meter below 50 Å the N2 evaporation is delayed until a critical

pressure (p/p0)TSE is reached, at which the hemispherical

meniscus collapses and the pores are immediately emptied. This

also leads to the observed forced closure of the hysteresis loop

as pores with smaller diameter do not show a hysteresis [28]. As

a result there is a typical sharp peak at 50 Å in the pore size

distribution (Figure 6), which can be considered an artefact

[26]. Therefore, as recommended [27,29] the unaffected adsorp-

tion branch of the isotherm was used to calculate the pore size

distribution.

Nevertheless, the pore size distribution of sample 2C calculated

from the adsorption branch of the isotherm is relatively

broad and shifted to 61 Å as compared to samples 2A and 2B.

This behaviour shows that the order of the pores in sample 2C

has decreased due to washing with increased solvent

quantities. The ratio of the microporous to mesoporous surface

area for 2C stays almost constant compared to 2A, whereas the

contents of micropore surface area is increased by 7% for 2B

(Table 1).

The reduced order of homogeneity of the pores can be

also observed in the XRD data (Figure 7), as the (110) and

(200) reflections almost disappear for the extensively washed
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Figure 7: Small angle XRD of SBA-15 unwashed (2A), after washing
with 5 mL (2B) and 30 mL (2C) quantities of solvent. The intensities
are normalized to the (100) reflection and offset by 0.4 (2A) and 0.2
(2B).

SBA-15 sample 2C. Also the lattice constant a0 (Table 1) of

sample 2C is reduced by 9 Å compared to sample 2B, showing

that plenty of washing leads to a shrinking of the SBA-15 struc-

ture.

Influence of scaling up on the washing effect
In the previous section it was pointed out that the amount

of solvent used while washing has a significant influence

on the shape of the isotherm and thus also on the pore size

distribution of the resulting SBA-15. To investigate to which

extent a synthesis scale up is influenced by this “washing

effect” a 9× batch was split into sub factions resembling 9×, 3×,

1× half size batches. Before washing a reference sample

(80 mg) was taken from the 9× batch and calcined at 550 °C.

The half size batches were then washed with linearly scaled up

amounts of solvent based on material weight and also calcined

at 550 °C.

Interestingly, the BET isotherms of the 1× half batch (Figure 8),

which was obtained by dividing the 9× batch into smaller

factions, shows similar features to the 1× half batch discussed in

the previous section. The surface area was maximized in the

little washed sample 3B (Table 1) and the typical bulge in the

desorption branch due to the tensile strength effect was

observed at p/p0 = 0.45 for 3C (Figure 8). As the extent of the

bulge is lower compared to sample 2C, the order of the meso-

pores appears to be slightly higher for the scaled up sample

after washing with plenty of solvent. This is also reflected in the

pore size distributions shown in Figure 9 as the maximum for

3C is shifted only by 2 Å as compared to the 7 Å shift in case of

2C. Furthermore, the peak broadening of 3C is much lower as

in case of 2C.

Figure 8: N2 adsorption/desorption isotherms of SBA-15 sample 3
devided into a 1× half batch unwashed (3A), after washing with 5 mL
(3B) and 30 mL (3C), a 3× half batch washed with 120 mL (3D) and a
9× half batch washed with 350 mL (3E) quantities of solvent. The
isotherms are offset by 1100 (3A), 700 (3B), 500 (3C), 300 (3D) cm3/g.

Figure 9: NLDFT pore size distribution of SBA-15 sample 3 calculated
from the adsorption branch of the isotherm. The sample was devided
into a 1× half batch unwashed (3A), after washing with 5 mL (3B) and
30 mL (3C), a 3× half batch washed with 120 mL (3D) and a 9× half
batch washed with 350 mL (3E) quantities of solvent. The pore size
distributions are offset by 0.16 (3A), 0.12 (3B), 0.08 (3C) and 0.04 (3D)
cm3/Å/g.

Comparison of the desorption branches of the isotherms of the

extensively washed samples 3C, 3D, 3E (Figure 8) revealed

that with increasing batch size the bulge at relative pressure

0.45 decreases and the surface area increases. This indicates that

the mesopores in the material become more ordered and homo-

geneous during the scale-up.

These results were also corroborated by small angle XRD. On

the one hand, as can be seen in Figure 10, the relative intensity

of the (110) and (200) reflections decreases compared to the

(100) reflection from 3A, 3B to 3C, which shows that order of
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Figure 10: XRD of SBA-15 sample 3 devided into a 1× half batch
unwashed (3A), after washing with 5 mL (3B) and 30 mL (3C), a 3×
half batch washed with 120 mL (3D) and a 9× half batch washed with
350 mL (3E) quantities of solvent. The intesities are normalized to the
(100) reflection and offset by 0.8 (3A), 0.6 (3B), 0.4 (3C) and 0.2 (3D).
Note: Oscillations are an artefact in the measurement.

the mesopores decreases when the amount of solvent for the

downscaled 1× half batch is increased. On the other hand, an

increase of the mesopore order with batch size is observed for

the extensively washed samples 3C, 3D, 3E as the relative

intensity of the (110) and (200) reflections increases.

An explanation for the higher quality of the SBA-15 may be

that the washing process becomes less effective on linear scale

up. This behaviour is also consistent with the observation, that

for smaller batches (samples 2A–C and 3A–C) washing with

less solvent leads to a higher quality of the SBA-15.

As described above, combined washing with ethanol and water

may modify the SBA-15 mesopores. While small amounts of

solvent lead to an increase in surface area without significant

effects on pore structure, extensive washing strongly reduces

the surface area as well as the order of the pores. A possible ex-

planation for this behaviour could be that the template has a

higher solubility in ethanol than in water. Therefore ethanol

leads to a more efficient removal of the template as described

by Ko and Bae [13,22]. The cleaned surface of the SBA-15 can

then come into full contact with the water which being more

polar is a better source for H+ and OH− and might induce

hydrolysis reactions. As a result, narrowing and widening of

part of the SBA-15 mesopores may take place (Figure 11).

Besides, during extensive washing the formation of blocked

pores cannot be ruled out which would offer a straightforward

explanation for the significant reduction in surface area. The

presence of narrowed and blocked mesopores causes delayed

evaporation leading to a lower desorption pressure p/p0 and

changes in the shape of the desorption branch of the isotherm.

The pores of the prepared SBA-15 materials exhibit an average

diameter of 70 Å. If part of those pores is narrowed to approxi-

mately 50 Å or lower, evaporation is delayed [25-27]. As a

result the tensile strength effect is observed at p/p0 = 0.45

leading to a forced closure of the hysteresis loop. Its extent

depends on the degree of modification, in particular, the number

of narrowed sections created during washing. The height of the

bulge in the desorption branch may therefore be used to esti-

mate qualitatively the degree of disorder created by combina-

tional washing with plenty of solvent. However, the forced

closure of the hysteresis loop is temperature and adsorptive

dependent [30,31]. Therefore argon adsorption/desorption

measurements, for example, are a good solution to distinguish

more clearly between pores with constrictions, plugs or corru-

gated surface and to obtain more reliable quantitative

information about the pore size distribution [24].

Figure 11: Effect of narrowed pores in the SBA-15 structure on the
isotherm shape.

The observed effect on the isotherm shape and the inter-

pretation as blocking or narrowing of the mesopores has also

been described by other researchers [25,32-35]. Vansant et al.,

for instance, reported for Plugged Hexagonal Templated Silica

(PHTS), which is a material analogous to SBA-15, synthesized

at different TEOS/Pluronic 123 ratios, the occurrence of pore

narrowing and blocking by silica nanoparticles inside the pores

[25,32-34]. Tian et al. polymerized N-isopropylacrylamide

inside the SBA-15 structure and explained their XRD results

and the isotherm shape with a bulge at p/p0 = 0.45 by the pres-

ence of a poly-N-isopropylacrylamide layer of varying thick-

ness on the SBA-15 surface [35].

Conclusion
Washing with plenty of pure solvent (water or ethanol) does not

alter the homogeneity and order of the pores in SBA-15. A

combined washing approach using water and ethanol increases
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the surface area, but may change the SBA-15 when plenty of

solvent is used. The change can be observed as a bulge at a p/p0

value of 0.45 in the desorption branch of the nitrogen adsorp-

tion isotherm (tensile strength effect) and a decrease of the long

range order in XRD. This may be attributed to hydrolysis and

re-condensation reactions of the silica in the pore wall, which

leads to a narrowing or widening of certain pore sections. Thus,

controlled washing with reduced quantities of solvent is the

optimum condition for obtaining an increased surface area and a

narrow monomodal pore size distribution. Scale up of the SBA-

15 synthesis reduces the influence of the solvent volume on the

shape of the isotherm and the pore size distribution.

Experimental
Synthesis of SBA-15
4.07 g Pluronic 123 were dissolved in 30 mL distilled water and

120 mL 2 M hydrochloric acid in a perfluoralkoxylalkane

(PFA) bottle at 35 °C. Afterwards, 9 mL of tetraethoxysilane

(TEOS) were added and the mixture was stirred (600 rpm) at

35 °C for 20 h in the closed bottle. The resulting white suspen-

sion was then aged at 85 °C for 24 h without stirring. After

cooling to room temperature, the copolymer was removed by

washing with distilled water and/or ethanol using a G4 frit. The

product was dried at room temperature over night and then

calcined at 550 °C for 12 h. Then the product was carefully

ground and characterized by N2 adsorption/desorption

isotherms. The FWHM and intensity maxima of the pore size

distribution were determined by fitting with a Gaussian func-

tion. The batches were also increased in size (3×, 9×), as

compared to the size described in the literature [1,12]. These

batches are referred to as 3× or 9× batches. When they were

divided into two smaller batches they were named 3× or 9× half

batches. The yield for a 1×, 3× and 9× batch was 2.5 g, 7.5 g

and 25 g SBA-15. The residue carbon content of the SBA-15

determined by elemental analysis after calcination was – inde-

pendent of batch size and washing procedure – 0.09 % at

maximum.

Details of the washing procedure
Two batches produced under the same synthesis conditions can

still show small variations regarding surface area, pore volume

and pore size distribution, which makes it difficult to study the

pure effect of washing. The absolute surface area and pore

volume may deviate from batch to batch by ±5%. For the pore

size distribution this deviation is about ±2%. To overcome this

problem, a batch or scaled up batch was divided into two iden-

tical half batches and a small, unwashed reference sample of

approximately 80 mg. The weight of the reference samples is

negligible compared to the two half batches which are used for

the washing experiments. The washing was always performed

15 times with a defined quantity of solvent which was poured

on to the sample in the G4 frit at 25 °C and subsequently

removed by suction during each washing cycle. Additionally,

the sample was carefully stirred with a glass rod after each add-

ition of solvent. The combined washing approach consisted of

washing with defined quantities of water (5×), ethanol (5×) and

again water (5×). In the case where only pure solvent was used

the amount of each solvent quantity and the total number of

washing cycles (15×) was comparable as in case of the

combined washing approach. In Table 2 typical contact times of

the solvents for each washing step with dependence on the

batch size are given.

Table 2: Typical contact times while washing.

SBA-15
sample washing procedurea contact time (min)

water ethanol water

3A no washing 0 0 0

3B 5 mL ethanol/water
(1× half batch) 2 2 2

3C 35 mL ethanol/water
(1× half batch) 6 6 6

3D 120 mL ethanol/water
(3× half batch) 15 10 11

3E 350 mL ethanol/water
(9× half batch) 60 30 27

a solvent volume is given per washing cycle.

Nitrogen adsorption
The calcined SBA-15 samples were pre-treated in vacuum at

80 °C for 16 h and then measured on Quantachrome Autosorb-1

and Autosorb-6B instruments. The total pore volume was deter-

mined from the adsorption branch of the N2 isotherm curve at a

relative pressure of p/p0 = 0.95. A standard isotherm was

measured with 80 data points. For the calculation of the surface

area a nitrogen cross section of 13.5 Å2 was used [36]. The

pore-size distribution was calculated from the adsorption and

desorption branch of the isotherm using the NLDFT method

and its FWHM determined by fitting with a Gaussian function.

The micro-pore surface area was calculated at p/p0 values from

0.3 to 0.45 with the t-plot method by de Boer [37].

X-ray diffraction
Low angle X-ray diffraction (XRD) measurements were

performed on a conventional (i.e., wide angle) STOE STADI P

transmission powder diffractometer, equipped with a primary

focusing Ge monochromator (Cu Kα1 radiation) and scin-

tillation counter. In order to enhance the accuracy of the 2θ

scale, a measurement mode with two symmetric scans (nega-

tive and positive 2θ) was chosen. Small amounts of powdered

sample were sandwiched between two layers of polyacetate film

and fixed with a small amount of X-ray amorphous grease. This



Beilstein J. Nanotechnol. 2011, 2, 110–118.

117

sandwich was clamped into a sample holder ring, which was

rotated around the primary beam axis. At low angles, small

differences in 2θ result in significant errors on the d-spacing

scale. Thus, the diffractions patterns were evaluated using

correlated fitting of the asymmetric diffraction peaks. An asym-

metric instrumental function was convoluted with a symmetric

Voigt function representing the sample contribution. A common

lattice parameter a and a common 2θ offset (zero error) was

refined on the (100), (110) and (200) peaks of the two-dimen-

sional hexagonal lattice for both scan ranges (negative and posi-

tive) simultaneously. Due to the internal 2θ calibration based on

the symmetric scan mode and correlated fitting, the instru-

mental zero error can be determined with high precision,

yielding a more reliable determination of the a0 lattice para-

meter in turn. Thus, this procedure allows a robust and repro-

ducible evaluation of the d-values of differently treated

samples. However, it needs to be kept in mind that, both, due to

the asymmetric peak shape and the strongly asymmetric back-

ground, these values will depend strongly on the evaluation

procedure applied. Thus, care should be taken when comparing

the results of different studies on an absolute scale.
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Abstract
A Mobil Composition of Matter (MCM)-41 type mesoporous silica material containing N-propylacridone groups has been success-

fully prepared by co-condensation of an appropriate organic precursor with tetraethyl orthosilicate (TEOS) under alkaline sol–gel

conditions. The resulting material was fully characterized by means of X-ray diffraction (XRD), N2-adsorption–desorption,

transmission electron microscopy (TEM), IR and UV–vis spectroscopy, as well as 29Si and 13C CP-MAS NMR techniques. The

material features a high inner surface area and a highly ordered two-dimensional hexagonal pore structure. The fluorescence prop-

erties of the organic chromophore can be tuned via complexation of its carbonyl group with scandium triflate, which makes the ma-

terial a good candidate for solid state sensors and optics. The successful synthesis of highly ordered MCM materials through

co-condensation was found to be dependent on the chemical interaction of the different precursors.

284

Introduction
Mesoporous silicates are widely used for a variety of applica-

tions such as gas storage and heterogeneous catalysis, e.g., the

synthesis of ε-caprolactam [1], or the decomposition of nitrous

oxides [2]. MCM-41, MCM-48 and other silica materials can

normally be functionalized either by in situ post-sol–gel modifi-

cation or by direct co-condensation of different types of organic

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:thiel@chemie.uni-kl.de
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Scheme 1: Synthesis of the sol–gel precursor 1.

precursors [3]. The latter method often leads to a more homoge-

neous distribution of the desired functionalization within the

material. It also provides the possibility to characterize applica-

tion-tailored sol–gel precursors prior to implementing them into

the solid, thus increasing the depth of information compared to

the data solely drawn from solid state measurements.

Focusing on the synthesis of novel inorganic–organic hybrid

materials, we also investigated new ways to produce trialkoxy-

silanes bearing polycyclic aromatic compounds as terminal

groups, Ar–(CH2)n–Si(OR)3 (n = 3, R = Me, Et), which may

lead to interesting optical or electronic properties [4-6].

Acridone, being a well-known fluorophore used, e.g., for

chemosensors [7], has previously been reported to be suitable

for the pKa determination of lanthanide salts in aqueous solu-

tion, the fluorescence undergoing a bathochromic shift directly

correlated to the acidity of the cation bound to its carbonyl

group [8]. We therefore sought to create a micro- or meso-

porous material containing covalently bound acridone units that

would serve the same purpose, by choosing the amino function

of acridone as the functional group to be modified. Trialkoxy-

silanes with a variety of functional groups have already been

prepared by N-alkylation of amines using 3-iodopropyltri-

methoxysilane (IPTMS) [9] or 3-bromopropyltrimethoxysilane

(BPTMS) [10], by sulfamidation [11], by imide [12] or via

imine forming reactions [13] using 3-aminopropyltriethoxy-

silane (APTES). In 2009, an N-alkylated acridone derivative

bearing a (tri-isopropyloxysilyl)propyl group and its applica-

tion as an anion-selective fluorescent probe were reported by

Lin and Chen [14]. However, to the best of our knowledge, up

to now, no MCM-like material featuring covalently bound

acridone units has been described.

Results and Discussion
Compound 1 was prepared in a two-step sequence (Scheme 1):

Following a published procedure, acridone was obtained from

commercially available N-phenylanthranilic acid by an acid

catalyzed ring closure reaction [15]. To attach the silyl function-

alized linker, acridone was deprotonated by NaH and the

resulting anion reacted with 3-iodopropyltrimethoxysilane

(IPTMS).

Co-condensation of TEOS with organosilanes in the presence of

an appropriate structure-directing template allows the direct and

homogeneous incorporation of organic functionalities into a

mesoporous material. Applying this method, we were recently

able to introduce up to 30 wt % of redox-active phenothiazines

into mesostructured silicas [4-6]. The resulting materials

showed a continuous decrease of ordering with increasing bulk

of the organic groups, although all exhibited very high specific

surface areas. As the formation of micelles will strongly depend

on the nature of the organic molecule and its concentration, it

was decided to keep the amount of precursor 1 at 10 mol %

with respect to TEOS in order to be sure that a highly ordered

material would be obtained. The MCM-41 analogue was

prepared by a modified synthesis previously reported by Pang et

al. [15], in which aqueous ethylamine is used in order to adjust

smoothly the pH-value of the solution. Given the fact that poly-

cyclic compounds are rather bulky organic moieties which

might behave differently when undergoing a sol–gel transfor-

mation, a slightly larger molecule (stearyltrimethylammonium

bromide, C18TAB) was chosen as the templating agent.

However, obtaining materials with high surface areas has previ-

ously been shown to be also dependent on the boiling point of

the sol–gel solution. Thus, the addition of larger amounts of

volatile organic solvents such as THF to the aqueous phase

often prevents the formation of highly ordered mesoporous

structures [16]. On the other hand, the π-stacking of large

aromatics generally causes them to be less readily dissolved and

requires larger amounts of solvents, which are mostly immis-

cible with water. Therefore, pure TEOS was tested as a medi-

ating agent for introduction into the sol–gel process. It turned

out to be beneficial for the co-condensation process that

precursor 1 could be mixed with TEOS rather easily, although it

did not prove possible to obtain a homogeneous solution.

Despite the fact that it was rather difficult to handle by syringe,

a mixture of TEOS and 1 could be converted to the corres-

ponding mesostructured silica MCM-ACR.

In contrast to 1, a similar compound prepared from pyrene-

sulfonyl chloride and APTES via sulfamidation immediately

yielded a flocculent precipitate when brought in contact with
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TEOS. This observation might be explained by the combina-

tion of the pyrene moieties, forming strong π-bonding interac-

tions, and the highly polar hydrogen bonding sulfonamide,

causing the compound to become inhomogeneous in TEOS. As

expected, the material obtained from the pyrene precursor

showed a drastically decreased inner surface area of only

322 m2·g−1 and no ordered material structure at all.

The CHNS analysis of MCM-ACR clearly indicates a slightly

increased ratio between the dye and silica (1:7.5) compared to

the initial ratio of the synthesis (1:9), probably resulting from

different rates of hydrolysis of TEOS and the RSi(OMe)3

groups. Converting the materials’ molecular composition to the

amount of N-propylacridone moieties per gram, we obtained a

dye loading of approximately 240 mg·g−1.

From the infrared spectra of 1 and both the unmodified as well

as the modified MCM-ACR, the aromatic and aliphatic C–H

vibrational bands around 3000 cm−1 showed reduced inten-

sities in the solid and were mostly covered by the weak, yet

broad, absorption bands of the silanol groups and bands from

water trapped in the silica framework (Figure 1).

Figure 1: Infrared spectra of compound 1 (A), MCM-ACR (B) and
MCM-ACR + Sc(OTf)3 (C). The box marks the section given in
Figure 2 (resolution ±2 cm−1).

The spectra were also found to be in accordance with the inter-

pretation of the infrared spectrum of free acridone reported

earlier by Berezin et al. [17]. By comparing the region between

 = 1700 cm−1 and 1300 cm−1, complex formation with the

scandium(III) cation is clearly observed. The infrared absorp-

tion of the C=O vibrational band (precursor 1: 1630 cm−1,

N-methylacridone: 1630 cm−1 [18]) shifts slightly to lower

wavenumbers (Figure 2) after the immobilization, and

also splits into two resonances (MCM-ACR: 1625 cm−1,

1609 cm−1) indicating an interaction of the carbonyl group with

Lewis or Brønsted acidic or with hydrogen-bond-donating

surface sites, which has previously been described for fluores-

cent probes such as Michler’s ketone [19]. This again changes

after the reaction with Sc(OTf)3: A single C=O absorption

emerges at 1613 cm−1. The redshift of the absorption frequency

is conclusive with respect to the weakened C=O double bond

caused by the electron donation from the carbonyl unit to the

scandium(III) cation, which is also evident in the UV–vis

absorption of MCM-ACR (see below in Figure 9).

Figure 2: C=O vibrational band section of the infrared spectra of com-
pound 1 (A), MCM-ACR (B) and MCM-ACR + Sc(OTf)3 (C).

According to the TEM analysis (Figure 3) and BET measure-

ments (Figure 4), the sol–gel process yielded a well ordered

mesoporous material with a total surface area of up to

810 m2·g−1, exhibiting a characteristic pore size distribution

with a sharp peak around 2.4 nm. The XRD spectrum reveals

the expected peak patterns only for the (110) and (200) Miller

indices as the (100) peak is not distinguishable from the prima-

ry beam (Figure 5). BET data of an authentic MCM-41 sample

previously prepared in our group corresponded to a total surface

area of 1122 m2·g−1, so the experimental value for MCM-ACR

is in accordance with our expectations. Table 1 summarizes the

values obtained for the described MCM-41-sample as well as

for both Sc(III)-free and Sc(III)-containing MCM-ACR.

The type IV BET isotherms of the material exhibit a large slope

in the N2 uptake only at lower p/p0 ratios, and they show no

significant sorption hysteresis. We may therefore conclude that

the silica obtained has a very uniform structure and a homoge-

neous composition, thus proving that the co-condensation could

be carried out in a controllable way, and that the formation of

larger mesopores was prevented in the presence of the organic

precursor in spite of its rather bulky nature.
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Figure 3: TEM images showing the mesoporous structure of MCM-ACR (left: frontal, right: lateral), inset in left image: Electron diffraction pattern.

Figure 4: Sorption isotherm (left) and pore size distribution (BJH plot) (right) of MCM-ACR.

Figure 5: XRD pattern of MCM-ACR.

The 13C CP-MAS NMR spectrum of MCM-ACR (Figure 6)

shows the expected signals for the three methylene groups of

the propyl chain as well as for the acridone moieties. Minor

impurities in the spectrum of the precursor are mostly due to

hydrolysis occurring during the measurement. The two promi-

nent sharp alkyl peaks in the solid state spectrum may be attrib-

uted to the remaining free EtOH within the silicate. The 29Si

CP-MAS NMR data of MCM-ACR (Figure 7) prove that the

material features the expected distribution of T- and Q-peaks.

The minor T2-peak at −57 ppm can be ascribed to the

RalkylSi(OMe)(OSi)2 unit resulting from the partially incom-

plete incorporation of the precursor’s anchoring group into the

framework [20].
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Table 1: BET and PSD date of different obtained mesoporous siliceous materials. In the case of MCM-ACR, two batches have been prepared with
well reproducible outcomes (second batch in parentheses). The modified MCM-ACR sample was prepared from the first batch with a BET surface
area of 775 m2·g−1.

type of material BET surface [m2·g−1] Langmuir surface [m2·g−1] average pore diameter [nm]

MCM-41 1122 2346 2.4
MCM-ACR 775 (810) 1135 (1661) 2.4

MCM-ACR + Sc(OTf)3 734 962 2.3

Figure 6: 13C CP-MAS NMR spectrum of MCM-ACR overlaid with the high resolution 13C NMR spectrum of precursor 1 (recorded in CDCl3).

When studying the fluorescence properties of the materials

obtained before and after the post-sol–gel modification, an

instantaneous shift in color and fluorescence was observed

when MCM-ACR and the scandium(III) triflate solution were

combined. Compound 1, as well as unmodified MCM-ACR,

feature a clear blue fluorescence when excited at a wavelength

of λex. = 366 nm, whereas the complex formation with the scan-

dium cation results in an intensely yellow colored product

showing a greenish fluorescence (Figure 8). This effect is also

clearly evident in the UV–vis and fluorescence spectra

(Figure 9). Introduction of scandium(III) into the material yields

a bathochromic effect in λabs. and λem. of about 20 nm and,

more interestingly, a significantly increased absorption at

around λabs.= 328 nm. The appearance of this distinct absorp-

tion may hint towards an electron transfer (LMCT) from the

molecular orbital located at the carbonyl oxygen to the empty

3d orbital residing at the Sc(III) cation, a process which would

be similar to those that have been described for carboxylate

complexes of Eu(III) [21]. The fluorescence spectrum of

the modified silica shows a distinct shoulder at around

λem.≈ 515 nm. This indicates a complex radiative relaxation of

the formed transition metal species, the fluorescence origi-

nating from at least two different transitions between the

excited electronic states and the ground state. A reason for this
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Figure 7: 29Si CP-MAS NMR spectrum of MCM-ACR.

Figure 8: Visual appearance of MCM-ACR and MCM-ACR + Sc(OTf)3 under normal (a) and UV light (b).

phenomenon might be the energy splitting caused by the

coupled CO stretching within the acridone–Sc3+ complex [7].

The pure triflate is almost completely transparent in the UV–vis

region and shows no fluorescence when measured both as a

solid film and in solution, hence it is obvious that the optical

properties of the material depend on the electronic structure of

the acridone chromophore, the latter being significantly

changed via formation of the complex as the scandium(III) ion

strongly interacts with the oxygen atom of the C=O functional

group. The complex itself seems to be very stable and inert to

ligand exchange: Excessive washing with polar organic solvents

and storing of an authentic sample for weeks, and even months,

neither altered the appearance of the material nor decreased its

fluorescence intensity.
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Figure 9: Overlay of the solid state UV-vis (top) and fluorescence
(bottom) spectra of MCM-ACR, MCM-ACR + Sc(OTf)3 and pure
Sc(OTf)3 (fluorescence excitation wavelength λex. = 400 nm). UV–vis-
absorption intensities are not normalized to a given value; fluores-
cence has been normalized to an intensity of 1.0. Sc(OTf)3 shows no
significant fluorescence and therefore was omitted in the second
diagram.

Conclusion
We have presented a novel fluorescent organosilane bearing an

acridone fluorophore and its successful transformation into a

MCM-41 type material via co-condensation with TEOS. As

predicted, the hybrid material shows a change in its fluores-

cence properties when non-covalently modified through scan-

dium complex formation. The miscibility of the organic

precursor or its concentrated solution with an excess of the

major silicon source has been determined to be crucial for the

synthesis of the hybrid material given herein. Possibilities to

vary the dye content by using different molar ratios of the

precursors in the sol–gel process are to be investigated in the

near future. Furthermore, efforts will be made to elucidate the

optical properties of the materials after doping with lanthanides

or heavy metal cations, e.g. Eu(III), Er(III) or Bi(III).

Experimental
General: All starting materials described herein were

purchased from Sigma-Aldrich and used as received. Solvents

for the organic syntheses were dried prior to use according to

standard procedures [22]. Solid-state 1H CP-MAS, 29Si

CP-MAS and 13C CP-MAS NMR spectra were recorded on a

Bruker DSX Avance NMR spectrometer at resonance frequen-

cies of 400 MHz, 101 MHz and 80 MHz for 1H, 13C or 29Si

nuclei, respectively. Liquid phase 1H and 13C NMR spectra

were recorded on Bruker Spectrospin DPX-400 and Avance 600

devices at resonance frequencies of 400 MHz or 151 MHz for
1H or 13C nuclei, respectively. These spectra are internally

referenced to SiMe4. The infrared spectra with a resolution of

±2 cm−1 were recorded using a PerkinElmer FT-ATR-IR 1000

spectrometer containing a diamond coated ZnSe-window.

MALDI-ToF measurements were conducted on a Bruker

Daltonics Ultraflex spectrometer. Elemental analyses were

determined on a CHNS vario Microcube elemental analyzer

(Elementar). X-ray powder diffraction (PXRD) patterns of the

silica samples were recorded on a Siemens D5005 instrument

using Ni-filtered Cu Kα radiation (λ = 1.5404 Å), with a step

size of 1 °/min. N2-Adsorption–desorption isotherms, pore size

distributions as well as the textural properties of the hybrid ma-

terials were determined at 77 K by a Quantachrome Autosorb 1

sorption analyzer. Before analysis, the samples were

activated at 120 °C overnight in the vacuum and then the

adsorption–desorption procedure was conducted by passing

nitrogen into the sample, which was kept under liquid nitrogen.

The average pore size of the samples was estimated using the

BJH approach based on the Kelvin equation while assuming a

cylindrically shaped porous structure. The specific surface areas

were calculated by means of the Brunauer–Emmett–Teller

(BET) equation in the low relative pressure interval (<0.3) and

the pore size distribution curves were analyzed with the adsorp-

tion branch by the BJH method. The morphology of the meso-

porous particles was determined by a Philips CM 300 UT field

emission transmission electron microscope (TEM) with 300 kV

acceleration voltage and 0.17 nm point resolution. The UV–vis

absorption and fluorescence of the precursor were measured

using a Perkin–Elmer Lambda 900 and a Horiba Jobin–Yvon

Fluorolog 3-22 τ in steps of 0.1 nm and 1.0 nm, respectively,

the SiO2-cuvettes used had a width of 1.0 cm. Solid state

UV–vis measurements were carried out on a Perkin–Elmer

Lambda 18 double beam UV–vis spectrometer with double

monochromator by setting the wavelength range from 200 nm

to 900 nm in a 1 nm step width. The optical unit included a pre-

aligned tungsten-halogen lamp and a deuterium lamp with auto-

matic source exchange. All powder samples were calibrated

with a diffuse BaSO4 referenced auto zero and were measured

using a Biconical (Praying Mantis) Diffuse Reflectance Acces-

sory in reflecting absorption mode. Solid state fluorescence data
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was recorded on a Perkin-Elmer LS55 with a step width of

0.5 nm. The thin film powder samples were prepared from a

DCM suspension or solution by evaporation of the solvent on a

glass substrate.

10-(Trimethoxysilylpropyl)acridin-9(10H)-one (1): Finely

powdered dry acridone [23] (5.85 g, 30.0 mmol) was added

portionwise to a stirred suspension of 1.1 equiv of sodium

hydride (800 mg, 33.3 mmol) in dry THF (100 mL). The

resulting yellow-greenish suspension was stirred for 15 min at

25 °C until the hydrogen evolution subsided. Subsequently, 1.1

equiv of 3-iodopropyltrimethoxysilane (9.67 g, 6.53 mL,

33.3 mmol) were added dropwise via a syringe through a rubber

septum. The golden colored suspension was heated to reflux for

24 h before evaporation of the solvent. The residue was washed

with dry pentane (3 × 10 mL), then re-dissolved in several

portions of dichloromethane (total of 150 mL) and the

combined organic solutions were filtered. Evaporation of the

solvent gave 1 as a highly viscous orange oil (16.9 mmol, 6.77

g, 56%) showing a strong blue–green fluorescence under UV

light. 1H NMR (400 MHz, CDCl3) δ 8.61 (d, 3JHH = 7.9 Hz,

2H), 7.76 (t, 3JHH = 7.8 Hz, 2H), 7.59 (d, 3JHH = 8.7 Hz, 2H),

7.32 (t, 3JHH = 7.5 Hz, 2H), 4.51–4.34 (m, 2H), 3.67 (s, 9H),

2.22–2.01 (m, 2H), 0.89 (t, 3JHH = 7.7 Hz, 2H); 13C NMR (151

MHz, CDCl3) δ 178.0, 141.8, 133.9, 127.9, 122.4, 122.2, 114.6,

50.8, 48.1, 20.4, 6.1; ATR-IR (ZnSe)  [cm−1]: 2940, 2840,

1635, 1599, 1491, 1462, 1378, 1342, 1291, 1264, 1169, 1045,

956, 937, 897, 810, 753, 673; MALDI-ToF for C19H23NO4Si

(matrix CHCA, M+): 356.6; UV–vis (CH2Cl2, c ≈ 10−6 M) λabs.

= 254, 381, 400 nm; Fluorescence (CH2Cl2, c ≈ 10−6 M, λex. =

250 nm): λem. = 415, 431 nm.

Acridone functionalized hybrid silica material (MCM-

ACR): The molar ratio of the different sol–gel components was

determined in advance to be 9.0:1.0:24.0:1.4:1000

(TEOS:precursor 1:base:C18TAB:H2O). In order to achieve a

homogeneous co-condensation, the organic precursor ideally

had to be dissolved prior to hydrolysis. An aqueous 70 wt %

solution of H2NEt (12.2 g, 190 mmol) was introduced into a

stirred solution of C18TAB (4.35 g, 11.1 mmol) in deionized

water (142 mL). A two-phase mixture consisting of TEOS

(14.8 g, 15.7 mL, 71.0 mmol) and 1 (3.15 g, 8.82 mmol) was

rapidly added at 25 °C by syringe under vigorous stirring. The

milky yellow solution, which soon contained a precipitate, was

stirred at room temperature for 5 h before being heated to

100–110 °C (bath temperature) for a further 16 h. The resulting

hot suspension was filtered, washed thoroughly with deionized

water (a total amount of 1 L) and the solid residue was

re-suspended in a 1:8 mixture of ethanol and concentrated HCl

(200 mL). C18TAB was extracted by stirring for 16 h at 85 °C.

The obtained solid was filtered from the hot solution, washed

with EtOH (500 mL) and dried in the vacuum to give the pro-

duct as a pale yellow, very fine powder (6.60 g, 7.76 mmol

according to a calculated molecular weight of 835.7 g·mol−1).

CHNS analysis found: C 21.25, H 3.56, N 1.66; calcd. for

(C16H14NO2.5Si)·(H2O)9·(SiO2)7.5: C 21.33, H 3.48, N 1.55.

This gives a CHN content of approx. 24 wt % (related to the

N-propylacridone moiety).

Post-sol–gel modification of MCM-ACR: Introduction of the

scandium salt into the material was realized by stirring MCM-

ACR (500 mg) in a 0.01 M solution of scandium(III) triflate in

ethanol or acetonitrile (25 mL) for 16 h. The modified ma-

terials were thoroughly washed with ethanol or acetonitrile (5 ×

5 mL) and water (5 × 5 mL) prior to drying and characteriza-

tion.
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Abstract
For the first time we present the synthesis of CeO2/Si(O)C core–shell particles prepared by the miniemulsion technique. The

Si(O)C core was obtained by means of a polycarbosilane precursor (SMP10), which was subsequently functionalized with ceria and

pyrolyzed to the ceramic. The size of these particles could easily be adjusted by varying the surfactants and the surfactant concen-

tration, or by the addition of comonomers. Hence particle sizes ranged from 100 to 1000 nm, tunable by the preparation conditions.

All materials were characterized by photon cross correlation spectroscopy, scanning electron microscopy and elemental mapping

investigations. Furthermore, first catalytic tests were carried out by temperature programmed oxidation (TPO) of methane, and the

activity of this material in lowering the onset temperature of methane combustion by 262 K was documented.
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Introduction
In recent years miniemulsions have been studied intensively

[1-3]. Polymeric nanoparticles [1,2] from homo- or copolymers

[3] as well as hybrid materials [3,4] such as magnetic [5-8] or

silica/polymer nanoparticles [9,10] have been synthesized by

this approach. The size of the generated particles can easily be

controlled [11,12] through the amount of surfactant added to

the system, allowing particle sizes usually in the range of

50–500 nm and with a narrow size distribution. Hydrophobic

polymeric particles are usually prepared from a direct (oil-in-

water) miniemulsion, with the monomer as the dispersed oil

phase. The nanodroplets are generated by shearing this system

with ultrasound. A highly hydrophobic osmotic pressure agent

(costabilizer) is added to the oil phase, effectively suppressing

diffusional degradation (Ostwald ripening) of the droplets.

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:lars.borchardt@chemie.tu-dresden.de
mailto:stefan.kaskel@chemie.tu-dresden.de
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Figure 1: Scheme of the synthesis of CeO2/Si(O)C core–shell nanoparticles via miniemulsion technique.

Thus, the droplet sizes and the composition of the droplet

components remain unchanged. This, in consequence, enables

the preparation of copolymer particles of defined composition

and the encapsulation of further, monomer soluble materials [4].

For the preparation of inorganic, ceramic materials usually the

inverse miniemulsion technique has to be applied. Here, water

soluble precursor compounds (e.g., Ti- or Si-glycolates, Zr or

Ce-salts) for sol–gel synthesis and, if desired, templating surfac-

tants, such as CTAB, are dissolved in water, acting as the

dispersed phase. After miniemulsification and sol–gel reaction,

porous oxide nanoparticles are obtained [13-17]. However,

miniemulsions can also be useful for the synthesis of nonoxide

ceramics, such as carbides or nitrides, which can serve as cata-

lysts or catalyst support for highly exothermic or high tempera-

ture reactions. Important requirements concerning these ma-

terials are chemical inertness and temperature stability.

A material with high temperature stability, as well as excellent

heat conductivity, hardness and mechanical stability is SiC [18].

Next to bulk SiC, also composites [19], porous [20-25], and

nanosized [26] silicon carbide are becoming increasingly

interesting. There are several reports in literature showing that

these materials are able to compete with supports such as

alumina, silica or activated carbons, particularly in exothermic

reactions [27-30].

In particular, the use of polymeric precursors for the synthesis

of SiC ceramics (polymer derived ceramics) [31,32] has been

found to be an easy approach. Herein, we report the synthesis of

nanosized silicon(oxy)carbide spheres by the miniemulsion

technique with the aid of a polycarbosilane precursor. The first

studies using this approach were reported by Kroke et al. [33].

Here we present a new method to achieve catalytic functionali-

zation and control of the particle size for these spheres either by

using different surfactants, surfactant concentrations or by co-

polymerization with comonomers such as styrene (Sty), methyl

methacrylate (MMA) or acrylic acid. Furthermore the prevalent

problem of sphere sintering during pyrolysis has been over-

come by means of a coating procedure. In this contribution, we

describe the functionalization of SiC spheres with ceria shells.

Ceria is known as an oxidation catalyst for soot combustion

reaction [34,35]. Thus, we report for the first time a CeO2/SiC

core–shell system with tunable particle sizes through a

miniemulsion technique, and demonstrate its use as a catalyst

for the oxidation of methane.

Results and Discussion
Polycarbosilane (PCS) nanospheres were synthesized from a

miniemulsion of SMP-10 (allylic functionalized polycarbo-

silane) in water (Figure 1). In order to demonstrate efficient

tailoring of the sphere size, we used several surfactants in

varying concentration. The addition of comonomers was

investigated with regard to their effects on particle sizes.

The results of photon cross-correlation spectroscopy (PCCS)

reveal that PCS-spheres synthesized with 2.5 wt % (with respect

to the inner phase) of the cationic surfactant cetyl trimethyl-

ammonium bromide (CTAB) or the anionic surfactant sodium

dodecyl sulfate (SDS) have diameters of approximately 300 nm,

whereas the use of nonionic Lutensol AT50 results in larger

spheres of 500 nm (Figure 2A).

This is not surprising, as nonionic surfactants are less effective

in stabilizing colloids. Thus a larger amount of nonionic surfac-

tant is required to achieve the same particle size as with an ionic

surfactant. The variation of SDS concentration in the range of

1–10 wt % does not influence the particle size, but in the case of

CTAB an increasing amount of surfactant leads to increasing

sphere sizes. This is contrary to our expectations, but FESEM

(Field Emission Scanning Electron Microscopy) investigations

verified that at high CTAB concentrations large particle aggre-

gates are formed. Elucidation of the particular mechanism

behind this effect is part of the current studies, but we assume

that SMP-10 partially hydrolyzes during the synthesis, creating

negative charges on the particle surface which may form ion

pairs with the positively charged cetyl trimethylammonium

cation, thus compensating the surface charges. Nevertheless it

must be stressed again that it is possible to control particle sizes
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Figure 2: Photon cross-correlation spectroscopy (PCCS) measurement of PCS/water miniemulsions with A) different surfactants, B) different concen-
tration of CTAB surfactant and C) different comonomers.

Figure 3: Scanning electron micrographs of PCS spheres synthesized with different amounts of CTAB (PCS-1 - PCS-10), different surfactants (PCS-
Lut, PCS-SDS) and comonomers (PCS-MMA, PCS-Sty).

in a range of 300–1000 nm by varying the CTAB concentration.

Furthermore we showed that for the synthesis of smaller parti-

cles the addition of comonomers is useful. The sizes of PCS

spheres prepared with 50 wt % of styrene or MMA were

reduced to 100 nm (surfactant 2.5 wt % SDS) (Figure 2C).

Particles sizes as well as their elemental distribution were very

uniform, indicating that copolymerization had occurred. The

addition of acrylic acid did not influence the size of the

resulting PCS spheres. Scanning electron micrographs verified

all these trends but also showed that the PCS spheres synthe-

sized with SDS (PCS-SDS, PCS-Sty, PCS-MMA) exhibited a

narrower distribution of particle sizes than those synthesized

with CTAB or Lutensol AT50 (Figure 3). The green PCS

spheres exhibited a low specific surface area of ~9 m2.g−1.
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Figure 4: SEM micrographs of (A) unfunctionalized SiC-SDS spheres, (B) SiC-Acr/CeO2 spheres prepared by molecular bonding approach and (C)
SiC/CeO2 spheres prepared by impregnation.

Figure 5: Elemental mapping investigations on CeO2/Si(O)C core–shell nanoparticles prepared by impregnation.

Functionalization and pyrolysis
The dispersion of PCS spheres can be destabilized either by

adding acetone, by the evaporation of water at 353 K overnight,

or by centrifugation. Subsequently, the resulting PCS spheres

are either pyrolyzed instantaneously or functionalized before

pyrolysis. The latter results in a core–shell-structured hybrid

material. A promising method for the synthesis of core–shell

hybrid materials in general was described by Landfester et al.

[36]. They created surface functionalized polymer spheres

coated with hydroxyapatite. Accordingly, we used the surface

functionalized PCS/acrylic acid spheres for the growth of a

CeO2 shell. Additionally, dip coating of the unfunctionalized

PCS spheres in an ethanolic Ce(NO3)3 solution was investi-

gated. Functionalized as well as unfunctionalized PCS spheres

were pyrolyzed at 1073–1573 K. Preliminary investigations

showed that a simple bulk pyrolysis of PCS spheres, especially

at high temperatures, either leads to particle aggregation or to

large amounts of sintered spheres being obtained, which lose

their spherical shape. Therefore pyrolysis was additionally

performed on a silicon wafer in order to obtain single particles.

All samples were X-ray amorphous, which is in agreement with

the fact that crystalline SiC is usually generated from SMP-10

precursors at temperatures above 1573 K [22].

Figure 4A shows the individual particles and illustrates that the

shape of the PCS spheres was conserved during pyrolysis.

Figure 4B shows SiC-Acr spheres synthesized from PCS/acrylic

acid. The carboxylate groups were used for molecular binding

of ceria [36]. Although a CeO2 shell cannot be seen on SEM

pictures, the EDX-analysis of the discrete spheres confirms the

presence of cerium (1.5 wt % Ce). Furthermore the catalytic

tests, shown in the next chapter, prove the presence of ceria.

The core–shell structure could be seen more clearly when

CeO2/Si(O)C particles that were synthesized by an impregna-

tion approach were considered. From the scanning electron

micrographs an average shell thickness of approximately 60 nm

was obtained. Figure 4C illustrates the formation of these ceria

shells on silicon carbide spheres. The cerium loading of these

materials was increased up to 4 wt % Ce.

Element mapping with EDX was used in order to verify the

core–shell structure. To achieve this, a sphere with a partially

fractured shell (Figure 5A) was analyzed with regard to the

distribution of cerium, oxygen and silicon. Figure 5C proves

that cerium is only present in the shell of this hybrid material.

The shell also contains a higher amount of oxygen than the

core. The presence of oxygen at the inner sphere part can be
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explained by the formation of Si(O)C, which is well known for

polymer derived silicon carbides [37]. It should be noted that

oxygen impurities can also be introduced into the SiC core

through the partial hydrolysis of the polycarbosilane precursor

during the miniemulsion step, which is carried out in aqueous

solution. The distribution of silicon is shown on Figure 5E. The

overall composition of these core–shell particles is 4 wt % Ce,

19 wt % O, 44 wt % Si and 33 wt % C. As this data only hints

at the presence of Ceria and the amounts are too small for detec-

tion in X-ray diffraction experiments, TEM investigations were

carried out on different samples.

The cerium oxide particle phases were determined by

comparing the lattice spacings measured from the TEM images

with literature data. It can be shown that CeO2 is present in the

samples, but also phases with less oxygen, such as Ce2O3, can

be found. In Figure 6 an image of a CeO2 particle, the corres-

ponding FFT and a filtered image are shown. The lattice

spacing was determined in fourier space for the strongest peak

and found to be 2.59 Å which is in good agreement with the

data given for CeO2 (2.60 Å, ICDD, No. 44-1001).

Figure 6: TEM image of a cerium oxide particle (left) with the corres-
ponding diffractogram (middle) and a filtered image for better visibility
of the lattice fringes (right).

Catalytic methane combustion
The catalytic activity was determined by temperature

programmed oxidation (TPO) of methane. TPO was performed

on SiC/CeO2 and SiC-Acr/CeO2. For comparison of the results,

CeO2 nanoparticles that were precipitated from aqueous solu-

tion and the unloaded Si(O)C shell particles were chosen. The

results of the TPO measurements are presented in Figure 7. The

onset temperatures for pure ceria nanoparticles and the

unloaded particles, representing the uncatalyzed reaction, are

758 K and 1130 K, respectively [38]. The investigated ceria

modified Si(O)C spheres show catalytic activity for the

combustion of methane. The onset temperatures for SiC/CeO2

and SiC-Acr/CeO2 are 1018 K and 868 K, respectively. In com-

parison to the ceria nanoparticles the activity is lower due to the

smaller amount of active material in the sample. Although SiC-

Acr/CeO2 has a smaller amount of active material (1.5 wt %

Ce) than SiC/CeO2 (4 wt %), it shows a higher activity, which

can be explained by the more efficient immobilization of the

cerium nitrate on the acrylic acid modified surface of the PCS

spheres during functionalization. The specific surface area of

SiC-Acr/CeO2 (15 m2.g−1) is higher than that of SiC/CeO2

(<0.01 m2.g−1), thus this also has to be considered as a contribu-

tion to the difference in catalytic activity. The enlarged specific

surface area for SiC-Acr/CeO2 is attributed to additional amor-

phous carbon in the spheres resulting from the combustion of

acrylic acid during pyrolysis. However, the results are

promising; especially considering that only 1.5 wt % of Ce was

needed to decrease the onset temperature for methane combus-

tion by 262 K.

Figure 7: TPO measurements of CeO2 nanoparticles (A), SiC-Acr/
CeO2 (B), SiC/CeO2 (C) and the unloaded SiC shell, not containing
Cerium (D).

Conclusion
We presented the synthesis of silicon(oxy)carbide spheres by a

miniemulsion process. The size of these spheres can be adjusted

through the use of different surfactants or surfactant concentra-

tions. For a given surfactant concentration, nonionic surfactants,

such as Lutensol AT50, cause larger particles to be formed than

do ionic surfactants, such as SDS or CTAB. The increase of the

surfactant concentration leads to larger spheres for particles

synthesized with CTAB, whereas no influence was detected for

spheres synthesized with SDS. The addition of comonomers

such as styrene or MMA also lowers the particle size. Green

PCS bodies were functionalized in two different ways with a

ceria shell and were converted to silicon(oxy)carbide by pyrol-

ysis under an inert atmosphere. The resulting hybrid materials

were studied with scanning electron microscopy and elemental

mapping, which verified the core–shell design of this new ma-

terial. Finally, it was shown that these materials are suitable as

catalysts for the oxidation of methane.

Experimental
Synthesis of PCS spheres
SMP10 (Starfire Systems), comonomer, 30 mg of hexadecane

(Fluka, 98%) and 30 mg of AIBN (Fluka, 99%) were mixed and

added to solutions of different amounts of surfactant in 30 g
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Table 1: List of polycarbosilane nanospheres prepared by the miniemulsion technique.

Sample SMP-10 [g] Comonomer [g] Surfactant [g]

PCS-1 1.65 - - CTABa 0.0165
PCS-2.5 1.65 - - CTABa 0.0413
PCS-5 1.65 - - CTABa 0.0826
PCS-10 1.65 - - CTABa 0.165
PCS-Lut 1.65 - - AT50b 0.0413
PCS-SDS 1.65 - - SDSc 0.0413
PCS-Sty 0.825 Styrened 0.825 SDSc 0.0413
PCS-MMA 0.825 MMAe 0.825 SDSc 0.0413
PCS-Acr 0.825 Acrylic acidf 0.825 SDSc 0.0413

acetyl trimethylammonium bromide (Acros, 99%), bLutensol AT50 (BASF), csodium dodecyl sulfate (Fluka, 99%), dstyrene (Acros, 99%), emethyl
methacrylate (Merck, 99%), facrylic acid (ABCR, 99%).

water (Table 1). After stirring the mixture for 1 h, miniemulsifi-

cation was achieved by ultrasonicating the mixture for 120 s

with a Branson sonifier W450 Digital at 90% amplitude and

100% cycle. During sonication the mixture was cooled in an

ice-bath. The miniemulsion was polymerized by heating to

353 K for 8 h in an argon atmosphere (Figure 1).

Functionalization
The miniemulsion was placed in a cabinet dryer for the removal

of water. 60 mg of the resulting polycarbosilane (PCS) powder

was added to a 0.75 M solution of 1 g Ce(NO3)3·6 H2O

(Aldrich, 99%) in 3 mL ethanol, treated in an ultrasonic bath

and finally separated by centrifugation.

In case of the surface functionalized PCS-Acr spheres

(comonomer = acrylic acid), 3.5 mL of this PCS-Acr miniemul-

sion was added to an 0.1 M aqueous solution of 440 mg

Ce(NO3)3·6H2O (Aldrich, 99%) and stirred overnight at RT.

The PCS-nanospheres were destabilized by adding acetone,

centrifuged and washed with water.

Coating and pyrolysis
The functionalized PCS nanospheres were either pyrolyzed as

synthesized or coated on a silicon wafer at 1073 K under an

argon atmosphere (RT–573 K at 150 K·h−1, then 5 h at 573 K,

followed by heating to 973 K at 30 K·h−1. After reaching

973 K, the sample was heated to 1073 K at 120 K·h−1 and main-

tained for 2 h). In case of coating, the nanospheres were redis-

persed in EtOH and coated (1.1 mm·s−1) onto a silicon wafer by

means of a dip coater. Afterwards the wafer with the particles

was pyrolyzed at 1073 K under an argon atmosphere.

Characterization
FESEM (Field Emission Scanning Electron Microscopy) and

elemental mapping investigations on polymers and ceramics

were carried out with a Stereoscan 260 SEM with EDX analysis

system using SE (Secondary Electrons) and BSE (Backscat-

tered Electrons) detectors, respectively. Elemental analyses

using EDX were obtained as a mean value of five measure-

ments at a magnification of 3000. TEM investigations were

carried out by crushing the synthesized powders in a ball mill,

followed by ultrasonically assisted suspension in ethanol or

isopropanol. The resulting suspension was dropped onto a

copper grid coated with holey carbon and dried using an

infrared lamp. The TEM investigations were carried out on a

Cs-corrected JEOL JEM-2010F. Particle sizes were determined

with photon cross-correlation spectroscopy (PCCS) using a

Nanophox particle sizer (Sympatec GmbH). The dispersions

were diluted with demineralized water for the measurement.

Catalytic investigations were carried out as described in

previous studies [38].
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Abstract
Polymethylmethacrylate (PMMA)/ceria composite fibres were synthesized by using a sequential combination of polymer electro-

spinning, spray-coating with a sol, and a final calcination step to yield microstructured ceria tubes, which are composed of

nanocrystalline ceria particles. The PMMA template is removed from the organic/inorganic hybrid material by radio frequency (rf)

plasma etching followed by calcination of the ceramic green-body fibres. Microsized ceria (CeO2) tubes, with a diameter of ca. 0.75

µm, composed of nanocrystalline agglomerated ceria particles were thus obtained. The 1-D ceramic ceria material was character-

ized by X-ray diffraction, scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),

UV–vis and photoluminescence spectroscopy (PL), as well as thermogravimetric analysis (TGA). Its catalytic performance was

studied in the direct carboxylation of methanol with carbon dioxide leading to dimethyl carbonate [(CH3O)2CO, DMC], which is

widely employed as a phosgene and dimethyl sulfate substitute, and as well as a fuel additive.

776

Introduction
Ceria, CeO2, is known as a semiconducting ceramic material

with unique electronic properties, exhibiting a broad range of

functional properties with potential for application in various

areas [1-3]. Due to its extraordinary thermal and chemical

stability, it is a promising material for catalytic, environmental

and energy applications, such as in solid oxide fuel cells

(SOFCs) [4,5], or for the elimination of pollutants from auto-

mobile exhaust gases, or for fluid catalytic cracking or dehydro-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:joerg.schneider@ac.chemie.tu-darmstadt.de
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genation of ethylbenzene to styrene. With respect to catalysis,

CeO2 is a valuable support material for the low-temperature

water–gas shift reaction and preferential oxidation of CO in

hydrogen-enriched atmospheres. Herein, we will focus our

attention on the direct carboxylation of methanol to dimethyl

carbonate (DMC) catalyzed by nanostructured ceria. DMC is a

noncorrosive and environmentally friendly solvent, which is

used as alternative to highly toxic carbonylating and methy-

lating agents. For catalytic applications, the performance of

ceria is strongly dependent on its crystallinity and textural prop-

erties, including surface area and porosity. Although nanocrys-

talline ceria is known to be more active than amorphous ceria

[6], it tends to agglomerate into larger crystallites under condi-

tions of high-temperature catalysis. In this context, the prepar-

ation of high-surface-area ceria films by using a polymer-

templating method was investigated in an effort to reduce such

agglomeration [1,7-11]. Nanosized ceria can be synthesized by

methods such as chemical vapour deposition (CVD), spray

pyrolysis, hydrothermal synthesis or electrosynthesis [1,2,9].

These approaches lead to particulate, nanocrystalline powdered

samples, with the exception of the CVD method, which gives

thin ceria films [2-15]. One-dimensional (1-D) nanostructures

such as nanowires, nanorods and nanotubes have attracted

increasing attention owing to their reduced dimensionality and

unique functional properties [16].

Electrospinning is a technology that allows the formation of

polymer fibres with nanoscale dimensions [17-20]. Such nanofi-

bres and nanotubes based on electrospun polymers offer a broad

range of applications in areas such as photonics, sensorics,

catalysis, medicine, pharmacy and functional textiles [17,20].

By employing these one-dimensional (1-D) polymer fibres as

structure-directing templates for nanomaterial synthesis, 1-D

oxide materials are accessible. This process is called TUFT

(tubes by fibre templates) [17,18] and typically uses an electro-

spinning technique in which polymer and inorganic precursor

solutions are electrosprayed together to give the final inorganic

1-D material.

By taking advantage of the higher catalytic activity of nanocrys-

talline ceria compared to amorphous ceria on one side [6], and

the possibility to obtain stable 1-D microstructured oxide

morphologies by electrospinning, we designed a material

combining the advantages of a nano/micro-structured hierarchy,

which offers a high catalytic activity on the nanoscale,

combined with a low tendency for the isolated nanoparticles to

further agglomerate when using a pre-assembly technique to

form a microsized 1-D wire structure. We employed a template-

directed synthesis using electrospun polymer fibres, followed

by deposition of a nanoscaled inorganic ceria sol-precursor

solution by spray coating onto the polymer fibre template. The

sequential electrospinning and spraycoating process steps are

finally followed by dry O2 plasma etching and calcination to

yield microsized ceria tubes composed of nanocrystalline,

entangled ceria tubes which display a macroscopic matlike ma-

terial morphology. Our process, however, is significantly

different to the TUFT process in which both components, i.e.,

the polymer and the inorganic precursor component, are

sprayed at the same time. The macroscopically sized ceramic

mats, which are composed of porous hierarchically structured

microsized nanocrystalline ceria tubes, were thus obtained by a

sequential synthesis process. As a suitable application, the

catalytic performance of these macrosized mats of nanostruc-

tured ceria tubes was investigated for the direct carboxylation of

methanol with carbon dioxide leading to dimethyl carbonate

(DMC).

Results and Discussion
Synthesis of polymer fibre templates
Polymer fibres were fabricated by electrospinning in a vertical

electrode arrangement. The polymer solution was 15 wt %

PMMA dissolved in a mixture of acetone and dimethyl

formamide (60/40), which was electrospun at 26 kV through a

nozzle with dimensions of 0.8 × 4.0 mm and a current flow of

4 μA was achieved. The electrospun polymer template has an

average fibre diameter of 1.3–1.8 μm, which can be varied by

changing the properties of the polymer solution used [17]. Typi-

cally, dense mats of fibres on the counter electrode (copper

plate, 15 × 15 cm2) were formed (Figure 1). The thickness of

the obtained fibre mats depends on the spinning time.

Figure 1: Scanning electron micrographs (SEM) of electrospun PMMA
fibres, fabricated from a 15 wt % solution of PMMA in a mixture of
acetone and dimethyl formamide (60/40). An average fibre diameter of
1.8 μm was obtained.

Synthesis and characterization of hierar-
chical microsized nanocrystalline ceria fibre
mats
Formation of ceria tubes without surfactant
Ceria tubes were prepared by an exotemplating technique. After

controlled ageing of a sol-precursor solution prepared from

cerium ammonium nitrate (NH4)2Ce(NO3)6 in water and
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Scheme 1: Schematic representation of the exotemplating process for the preparation of CeO2 fibre mats with a microtubular structure. After electro-
spinning of a PMMA solution, the resulting PMMA fibre mat is impregnated with the ceria sol suspension by spray coating and then precalcined giving
a PMMA/CeO2 green-body composite. A final calcination step leads to the microsized pure ceria fibre mats composed of ceria tubes.

ammonia at 50 °C for half an hour, the sol was allowed to infil-

trate into the electrospun polymer-template fibre mats upon

application by a spray-coating technique [9,20,21]. The

obtained PMMA/ceria composite samples were then plasma

etched in 20 vol % oxygen atmosphere (air) for 16 h to remove

the majority of the polymer template. Removal of the PMMA

solely by a thermal process, through calcination of the polymer/

inorganic hybrid structure, results in a complete collapse of the

resulting porous ceria structure and formation of a dense ceria

film. The plasma etching process was followed by a final calci-

nation of the “green-body structure” at 350 °C for 3 h.

Scheme 1 shows the complete synthesis process in an overview.

Figure 2 shows a SEM image of the thus-obtained ceria mats

composed of ceria tubes after the final ceramisation step.

Figure 2: SEM image of the macrosized ceria mats, composed of
ceria microtubes obtained by plasma treatment and further calcination
at 350 °C for 3 h.

The nanocrystallinity of the ceria tubes was investigated by

transmission electron microscopy (TEM, Figure 3). Samples

were obtained by ultrasonification over a long period, which

breaks down the microtubular structure, of which the ceria mats

are composed, and results in spherical ceria particles, which are

clustered into larger micrometre-sized aggregates.

Figure 3: TEM and high-resolution TEM images of agglomerated
nanosized ceria particles, which are the building blocks of the micro-
scopic ceria tubes shown in Figure 2. These tubes are entangled into
larger aggregates, which are the building blocks for the ceria mats.
The particles are isolated from the dense mats by intense ultrasonifica-
tion over a long period.

Figure 4 shows the XRD spectrum of such ceria nanoparticles

[22]. The spectrum indicates a phase-pure face-centred-cubic

fluorite-type CeO2 (JCPDS 78-0694, No. 225). No other phases

or impurities were detected.

Formation of ceria tubes with surfactant
Pluronic P123®

To further improve the intimate contact between the aqueous

ceria sol (see before) and the polymer fibre substrate during

synthesis, the surfactant Pluronic P123® was added to the sol

prior to spray coating. Pluronic P123® is a triblock copolymer

based on individual poly(ethylene glycol)-poly(propylene

glycol)-poly(ethylene glycol) blocks, which form spherical and

cylindrical micelles, and which could thus allow for a better
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Scheme 2: Schematic representation of the exotemplating process for the preparation of CeO2 fibremats by using triblock copolymer Pluronic P123®.
After the formation of the PMMA fibremats by electrospinning, the ceria sol as well as P123® were added simultaneously, dried and plasma etched,
giving a 2-D ceria/1-D ceria interconnected structure of the green-body composite. A final calcination step yielded the ceria tube structure in which the
individual tubes are interconnected by a ceria thin film (dark grey).

Figure 4: X-ray diffraction (XRD) pattern of nanostructured ceria.

contact of the inorganic ceria sol with the electrospun polymer

fibres during impregnation. After spray-coating followed by

sol–gel transformation to the ceramic green body at 80 °C

overnight, the green body was further plasma etched (20 vol %

O2 atmosphere for 16 h), followed by a calcination step at

350 °C for 3 h, yielding the final macrostructured ceria mats

(Scheme 2 and Figure 5). Surface area measurements

employing the Brunauer–Emmett–Teller (BET) method,

revealed a surface area of 126 m2·g−1 for this hierarchically

structured ceria material.

After a final calcination step at 350 °C, the morphology of the

ceria material changed considerably compared to the ceria ma-

terial obtained by the previously described procedure without

Pluronic P123® additive. Again, ceria tubes of microscopic size

were obtained with comparable diameter as before (diameter ca.

0.75 μm). However, these were instead embedded in a thin ceria

film which interconnects the individual ceria tubes, building up

a filamentous network structure (Figure 6).

Figure 5: SEM image of the final ceria mats, obtained by plasma treat-
ment and further calcination at 350 °C, for 3 h to remove the polymer
template. The ceria-sol-impregnation step of the polymer fibres was
performed with the addition of Pluronic P123®.

The crystalline nature of this ceria thin film interconnecting the

tubes is shown in the TEM images (Figure 7). Obviously the

block copolymer P123® is capable of acting as a template to

guide the ceria sol around the polymer fibres, resulting in 1-D

ceria tubes after polymer etching and calcinations, as found for

the process without addition of the block copolymer. The 2-D

ceria film formed due to the addition of the block copolymer

P123® interconnects these ceria tubes, thus forming a network

structure. Although we were not able to determine the thick-

ness of the ceria film connecting the tubes, the image contrast in

the TEM experiment (Figure 7, left side) is comparable to that

of the carbon-grid substrate surface, corresponding to only a

few nanometres.
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Figure 6: SEM images (different magnifications) of interconnected microsized ceria tubes. Samples were fabricated, using PMMA fibre templates,
coated with a ceria sol containing surfactant Pluronic P123®.

Figure 7: TEM (left) and HRTEM (right) images of nanostructured ceria thin film interconnecting the ceria tubes (with addition of Pluronic P123® to the
sol) at different magnifications.

An average ceria particle size of about (5 ± 0.1) nm was

deduced, by using the Scherrer equation, from the XRD

measurements (Figure 8) of the ceria particles that constitute the

film interconnecting the tubes. This is in good agreement with

the ceria particle size obtained from the HRTEM studies but

significantly larger than that observed for the ceria material

obtained without Pluronic P123® surfactant. Again the only

phase observed in the XRD is the crystalline cubic-fluorite-type

phase of CeO2.

To study the thermal processing behaviour during the conver-

sion process of the green body into the final ceria ceramics in

more detail, we investigated the PMMA polymer fibres impreg-

nated with ceria sol, with and without Pluronic P123® surfac-

tant (samples PMMA/sol and PMMA/sol + Pluronic P123®,

Figure 9).

Figure 8: XRD spectra of nanostructured ceria (obtained with addition
of Pluronic P123® to the sol).
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Figure 9: TGA measurements of bare PMMA fibres (PMMA, solid
line), a PMMA/sol without Pluronic P123® (PMMA/sol, dashed-dotted
line) and a PMMA/sol containing Pluronic P123® (PMMA/sol + P123,
dotted line).

At 400 °C PMMA fibres were completely decomposed and

removed from the samples. For the PMMA/sol with P123®

(PMMA/Sol + P123®) the transformation was already complete

at 365 °C with a ceramic yield of nearly 20%. This finding is in

contrast to the conversion of the PMMA/sol without additional

P123® surfactant (PMMA/sol) in which the overall ceramic

yield was 10% and therefore significantly lower. This differ-

ence can be attributed to an enhanced wetting of the surface

of the polymer fibres, as well as in the interstices between

the packed PMMA fibre mats, during the impregnation step.

This leads to a significantly enhanced wetting of the PMMA

polymer template and thus a denser material deposition of the

ceria sol.

Photoluminescence (PL) measurements (Figure 10, excitation

wavelength 325 nm) reveal a maximum at 415 nm [23]. The

strong emission of CeO2 at this wavelength is related to abun-

dant defects such as dislocations, which are helpful for fast

oxygen transport [23].

Catalytic studies
Ceria nanomaterials as supports for precious metals (e.g., Au,

Pt) show interesting properties in CO oxidation in the water gas

shift reaction as well as in oxygen storage [12-14,24,25]. These

properties are due to the high occurrence of oxygen defects in

crystalline ceria. The relatively high surface area together with

the nano/microsized morphology compared to nanocrystalline

ceria renders our new ceria morphology interesting for cataly-

sis. As a test reaction the synthesis of dimethyl carbonate

Figure 10: PL spectrum of microsized ceria tubes composed of nanos-
tructured ceria (obtained with addition of Pluronic P123® to the sol) at
an excitation wavelength of 325 nm.

(CH3O)2CO (DMC) by direct carboxylation of methanol was

studied:

DMC is known as a green chemical and alternative to toxic and

corrosive reagents, e.g., replacing phosgene or dimethyl sulfate

(as a starting material for organic synthesis by carbonylation or

methylation), as well as being an octane booster in gasoline and

additive to diesel fuel (for particle emission decrease), and also

a solvent [6,25-27]. Owing to its low toxicity, versatile reactiv-

ity and high dielectric constant, DMC also attracts interest as an

electrolyte in lithium-ion batteries [28]. The formation of DMC

by direct methanol carboxylation, however, is restricted by ther-

modynamic effects (equilibrium is far to the educt side) and, in

addition to that, sometimes even by severe ceria catalyst

agglomeration and decomposition [29]. The maximum yield of

DMC observed is currently reported to be within 0.5 and

1 wt % [6,30,31]. CO2 as C1 feedstock is often used under

supercritical conditions, affording an improved reactivity,

polarity and solubility, thus enhancing its catalytic activity and

selectivity [29,32]. Ceria shows both acidic and basic prop-

erties, which are important for its reactivity as a catalyst [29]. In

addition, it is known that even though ceria and other electron

deficient metal oxides, such as zirconia [30,31] and titania [33],

are active in direct carboxylation of methanol to DMC, they are

also easily deactivated, sometimes already before recycling

experiments can be started, resulting in only marginal methanol

conversion. It can be shown that this is due to ceria agglomera-

tion and can be partially prevented by solid dilution of the
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Figure 11: XRD spectra of the ceria reference sample (15 nm diameter) prepared by the standard oxalate-gel method (left) and sample 3 (right)
obtained by template-directed synthesis with Pluronic P123® before and after reaction, are shown.

active ceria catalyst with up to 20%, e.g., of alumina [34]. It

would be interesting to find out whether a destructive agglomer-

ation of the ceria catalyst could be diminished significantly by a

nano/microsized ceria structure in which the nanoscaled parti-

cles are stabilized to a certain extent in a 1-D morphological

order.

The direct carboxylation reactions of methanol were conducted

in a multibatch system (five parallel reactors) with independent

pressure and temperature control for each reactor set up.

Samples with different surface treatments were tested (ceria

sample 1 was obtained by template-directed synthesis with

Pluronic P123® as surfactant, without additional plasma

etching. Samples 2 and 3 were obtained as sample 1, but add-

itional plasma etching was used with sample 3). Due to the

plasma etching the tubular 1-D structure is more pronounced in

sample 1 compared to 2 and 3. In all three samples the crystal-

lite size is ca. 5 nm. So far, ceria with particle sizes between

15–60 nm have shown a maximum catalytic activity in the

DMC synthesis reaction [30,31]. Therefore, a nanoparticulate

reference sample of ceria with a crystallite size of 15 nm was

prepared by the oxalate-gel precipitation technique [35].

Samples 1–3, as well as the ceria reference sample, maintained

their structural integrity (ceria) before and after the catalytic

reaction, as can be seen from the XRD spectra (see Figure 11

for sample 3, a similar behaviour was found for samples 1

and 2).

Sample 1 gave an overall mass fraction of 0.63 wt % DMC,

which is 0.08 wt % less than for the 15 nm ceria reference

sample (0.71 wt %). Samples 2 and 3 led to slightly lower

yields of 0.42 wt % and 0.39 wt %, respectively, compared to

the nanocrystalline ceria sample prepared by the oxalate-gel

method. Related to methanol, the yields obtained from samples

1, 2 and 3 were 0.41, 0.28 and 0.26%, respectively, compared to

0.47 % from the 15 nm ceria reference sample (Figure 12,

Table 1).

Figure 12: Comparison of the overall yield (Y) of nano/microsized
ceria nanotubes (samples 1,2,3) versus nanostructured ceria particles
(15 nm) as reference, and mass fractions of DMC in methanol (w) in
the direct carboxylation reaction of methanol.

The 1-D ceria structures show slightly lower overall mass frac-

tions of DMC and hence also lower yields than those of the

ceria obtained by the oxalate-gel method. However, the catalyst

activity is already close to the best values obtained from the

reference sample. A crucial point relating to the morphology of

the structure is their mechanical stability. We observed partial

destruction of the 1-D structure during the catalytic reactions in

the liquid reaction phase of the batch reactor setup. Currently

we are setting up a gas-phase reaction system in order to study

the DMC formation under gas phase conditions, with an aim to
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Table 1: Comparison of the experimental catalytic conditions in the
direct carboxylation reaction of methanol for nano/microsized ceria
nanotubes versus nanostructured ceria particles (15 nm diameter).a

catalyst
sample

mcat
[mg]

w(DMC)
[wt %]

Y
[%]

1 104.2 0.63 0.41
2 96.1 0.42 0.28
3 99.9 0.39 0.26

ref 101.0 0.71 0.47
aY = yield related to methanol; w(DMC) = mass fraction of DMC in
MeOH; mcat = catalyst mass (temperature = 150 °C, reaction time =
300 min; stirring rate = 600 rpm, pressure = 60 bar).

minimize the mechanical stress on the ceria-mat structure

during the cycling experiments. This should avoid the mechan-

ical breakdown of the nano/microsized 1-D structure into a

nanoparticulate ceria material and could thus result in an even

higher catalytic activity.

Conclusion
Template-directed synthesis of ceria nanotubes was accom-

plished, using electrospun PMMA polymer templates. Exotem-

plating by spray coating of an inorganic ceria sol was used as

the technique to introduce the ceria after final calcination.

Templating under presence of Pluronic P123® allows the for-

mation of an interpenetrating network in which a thin ceria film

interconnects the microsized ceria tubes. A combined process of

plasma etching and calcination was chosen to remove the

PMMA template material, avoiding thermal stress. The

obtained highly crystalline 1-D ceria materials show a high

activity in the direct carboxylation of methanol to dimethyl

carbonate (DMC), but the mechanical stability of the 1-D ma-

terial needs to be improved further.

Experimental
Synthesis of polymer template fibres
A solution of 15 wt % PMMA (type 7N, Röhm GmbH) in a

mixture of acetone and dimethyl formamide (60/40; Merck

KGaA) was electrospun from a glass syringe (5 mL) with tip

dimensions of 0.8 × 40 mm at an electrode distance of 20 cm

and 26 kV for 12 h. After 12 h, a dense web of PMMA fibres

was collected on the copper counter electrode (15 × 15 cm2).

Preparation of ceria nanotubes
1.37 g (2.5 mmol) cerium ammonium nitrate (NH4)2Ce(NO3)6

(Alfa Aesar, 98.0+%) was dissolved in 40 mL distilled water.

0.65 mL aqueous 25 wt % ammonia solution (Merck) was

added and the solution was vigorously stirred for half an hour.

1 g Pluronic P123® (Sigma Aldrich) was added and dissolved at

50 °C. The sol was used immediately. The as-prepared cerium-

containing sol was spray coated on the previously prepared

polymer fibres by using a spray bottle (Roth, 50 mL). After-

wards, sol–gel transformation of the spray-coated sample was

achieved in a furnace (Memmert) at 80 °C overnight. Plasma

etching was performed by using a Diener Electronics PS Tech,

Femto machine with 20 vol % O2 (Messer Griesheim) as

etching gas, for 18 h. Finally, the green body obtained was

calcined at 350 °C for 3 h.

Preparation of ceria reference sample
Reference samples (ref) of ceria were prepared by oxalate-gel

precipitation [35]. A freshly prepared solution of 1 mol·L−1

oxalic acid (≥99.0%, Sigma-Aldrich) in ethanol (≥99.8%, 1%

methyl ethyl ketone, Carl Roth) was added under vigorous stir-

ring to an ethanolic solution of cerium(III) nitrate hexahydrate

(≥99.5%, p.a, Carl Roth, 0.33 mol·L−1) with 20% molar excess.

A white gel formed instantaneously and was subsequently aged

for an additional two hours at room temperature under medium

stirring. Afterwards the aged gel was heated at 80 °C on a

heating blanket to dryness and calcined in air  (25

mL·g−1·min−1) at 600 °C (RT, 1 h to 150 °C, 4.5 h to 600 °C,

4 h at 600 °C).

Direct carboxylation of methanol
For the catalytic reaction 10 mL methanol (250 mmol, ≥99.9%,

Carl Roth, 0.02 wt % water) and 100 mg catalyst were charged

into the reactor. After closure the reactors were rendered inert

by flushing three times with argon (5.0, Linde) subsequently

followed by pressurizing the reactor with 55 bar CO2 (4.5,

Linde) for one minute. The reactors were heated up to 150 °C

and the temperature was held for the duration of the reaction.

After reaction, the reactors were quenched to room temperature

and the pressure was released slowly. Samples were taken and

were characterized quantitatively by GC analysis with toluene

as internal standard.

Materials characterization
Scanning electron microscopy (SEM) was performed on a FEI

XL30 FEG at an operating voltage of 25 kV. For transmission

electron microscopy (TEM) a FEI Technai F20 was used, with

an operating voltage of 200 keV. X-ray diffraction (XRD)

spectra were recorded on StoeCIE and StadiP (Co Kα1) instru-

ments. Thermogravimetric analysis (TGA) was performed on a

Netzsch TG 209 F1 instrument coupled with a QMS 403 C

mass spectrometer. For BET measurements a NOVA 3000e

(Quantachrome) was used. For PLE measurements, Horiba,

Fluorog-3 (Xe, excitation wavelength 325 nm) was used. For

UV–vis spectroscopy, Perkin Elmer, Lambda 900 was used.

DLS was measured by using a Malvern Zetasizer Nano with a

red laser of 633 nm.
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Abstract
In the last decade, research concerning nanoporous siliceous materials has been focused on mesoporous materials with intrinsic

zeolitic features. These materials are thought to be superior, because they are able to combine (i) the enhanced diffusion and acces-

sibility for larger molecules and viscous fluids typical of mesoporous materials with (ii) the remarkable stability, catalytic activity

and selectivity of zeolites. This review gives an overview of the state of the art concerning combined zeolitic/mesoporous materials.

Focus is put on the synthesis and the applications of the combined zeolitic/mesoporous materials. The different synthesis ap-

proaches and formation mechanisms leading to these materials are comprehensively discussed and compared. Moreover,

Ti-containing nanoporous materials as redox catalysts are discussed to illustrate a potential implementation of combined zeolitic/

mesoporous materials.

785

Introduction
Nanoporous materials are characterized by their relatively high

surface areas and pore volumes within a small amount of ma-

terial. These properties, together with the fact that they have

(uniform) channels and voids in the nanometer range, make

them ideal candidates for implementation in several applica-

tions. In fact, nanoporous materials are used extensively in a

wide variety of applications on industrial, pilot, and laboratory

scale in many different research areas, such as fine and

specialty chemistry [1-3], petrochemistry [4,5] and medicine

[2,6-10]. They can be applied as catalysts [1-5,11], drying

agents [5,12], adsorbers [5,13], sensors [14,15], controlled-

drug-release agents [6,8], column-packing material [16], food

additives [17], etc. According to IUPAC (International Union of

Pure and Applied Chemistry) nomenclature, nanoporous ma-

terials are classified in categories of microporous (pore dia-

meter <2 nm), mesoporous (pore diameter 2–50 nm) and macro-

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:vera.meynen@ua.ac.be
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porous (pore diameter >50 nm) structures. The enormous diver-

sity in nanoporous structures as well as the fact that their prop-

erties can be tuned and modified depending on the type of

application is responsible for the huge interest in these ma-

terials among different scientific communities. Therefore,

research has been focused on the elucidation of the formation

mechanism, the development of new, tailor-made nanoporous

structures, and the implementation of the materials in various

processes and applications. More specifically, in the last

decade, the development of mesoporous materials with zeolitic

features has received a lot of attention. These combined zeolitic/

mesoporous materials are thought to be superior materials, since

they are able to combine (i) the enhanced diffusion and accessi-

bility for larger molecules and viscous fluids of mesoporous

materials with (ii) the remarkable stability, catalytic activity and

selectivity of zeolites.

This review gives an overview of the state of the art in the

development of combined zeolitic/mesoporous materials. It is

divided into two parts. In the first section, the synthesis methods

and formation mechanisms of the combined zeolitic/meso-

porous materials are described. In addition, a thorough evalua-

tion of the different synthesis strategies leading towards

combined zeolitic/mesoporous materials is carried out, in which

their advantages and disadvantages are discussed and a com-

parison is drawn between the different methods. In the second

part, Ti-containing nanoporous materials as redox catalysts are

used as an example to illustrate the potential implementation of

combined zeolitic/mesoporous materials. Although there is a

huge variety of combined zeolitic/mesoporous materials with

deviating properties (sorbent, acidic, redox, basic), the exam-

ples throughout this review, including the section on the imple-

mentation of combined zeolitic/mesoporous materials, are

specifically focused on Ti-containing siliceous materials. This is

because our research group has much experience with these

types of materials. Moreover, the different aspects we want to

highlight during this review can be perfectly demonstrated with

Ti-containing combined zeolitic/mesoporous materials.

Despite the focus on Ti-containing combined zeolitic/meso-

porous materials, we are convinced that the conclusions and

observations in this review are valid for the majority of

combined zeolitic/mesoporous materials, irrespective of the

active element.

Review
1 Combined zeolitic/mesoporous materials
1.1 Evolution towards combined zeolitic/meso-
porous materials
The large-scale implementation of zeolites in industrial applica-

tions and the still-growing amount of publications involving

zeolites prove that these materials are of prime importance in a

wide variety of scientific fields. This is without a doubt due to

their crystalline, microporous 3-D structure and their ability to

accommodate many different heteroelements (other than Si and

O). Their remarkable stability (mechanical, hydrothermal,

thermal and chemical) and high catalytic activity and (shape)

selectivity make zeolites unique materials. However, despite

these wonderful properties, zeolites have one major drawback:

Their microporous nature causes accessibility problems and

diffusion limitations for large molecules and viscous fluids

[2,18]. In the specific case of TS-1 [19], only molecules with a

kinetic diameter of maximally 0.6 nm (e.g., benzene) can access

the structure and reach the active sites. This drastically limits

their implementation in, e.g., fine and specialty chemistry, phar-

maceutical industry and biological applications, for which large,

bulky molecules are often required. Possible solutions for this

limitation are (i) to decrease the crystal sizes of the zeolites and/

or (ii) to develop materials with larger pores [20]. The first

option was applied to reduce the intracrystalline diffusion path

length [21]. However, separation of these nanozeolites is diffi-

cult, since they tend to aggregate and form colloidal solutions.

Moreover, nanozeolites often have different properties

compared to their larger counterparts, such as a diminished

crystallinity, resulting in a loss of catalytic activity and lower

stability [20,21]. The second option is the creation of

nanoporous materials with larger pores, namely mesoporous

materials, such as SBA-15 [22,23], SBA-16 [23], M41S [24-

26], MSU [27-31], MCF [32] and many others [33,34]. These

mesoporous materials can overcome diffusion and accessibility

problems, and this has opened up new perspectives in, for

example, catalysis and medical applications. More detailed

information on the formation mechanisms, the applications and

the characteristics of mesoporous materials can be found in

several excellent reviews [33-37]. Although there is large diver-

sity in structural properties among mesoporous materials, these

materials all have in common that their (metallo)silicate frame-

work is not crystalline, but amorphous. This implies that their

stability is inherently lower than that of zeolites [38]. Moreover,

their amorphous nature and specific synthesis conditions often

cause difficulties for the incorporation of heteroelements into

their structure, which results in a lower catalytic activity than in

the case of zeolites. For example, due to the harsh acidic

medium that is required for the synthesis of SBA-15, leaching

of heteroelements such as Ti is unavoidable during in situ

syntheses, limiting their catalytic activity [39-42]. Moreover, in

some occasions the amorphous siliceous framework hampers

the solid incorporation of heteroelements in the specific coordi-

nation needed for catalysis. For example, the incorporation of

Ti in tetrahedral positions, as in TS-1 zeolites, is difficult in

Ti-MCM-41 since the structure contains a lot of defects,

resulting in the formation of a substantial amount of octahe-

drally coordinated Ti [35,43].
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Therefore, in the last decade, research has been focused on the

combination of mesoporosity and zeolitic features [20,44-50].

Many promising materials, such as MTS-9 [51] and Ti-MMM-1

[52] have already been developed. The ultimate goal is to

develop a “true” hierarchical mesoporous zeolite, meaning a

mesoporous material with zeolitic walls, wherein the micro- and

mesopores are interconnected in order to form a hierarchical

structure. Such mesoporous zeolites are expected to be superior

materials since they will be able to catalyze the typical reac-

tions in which standard zeolites are used, but instead of being

limited by the microporous nature, they will be able to convert

larger molecules as well [44]. Moreover, the presence of a hier-

archical pore system is also considered to be beneficial, since

the presence of two interconnected pore systems with different

dimensions ensures (i) a high mass transfer through the meso-

pores; (ii) a high surface area available for interaction of the

molecules with the active sites and (iii) the catalytic features

(i.e., shape selectivity) of the micropores [44,45]. However, a

proper connectivity between the various levels of pores is vital

to maximize the benefit of hierarchy in catalyzed reactions.

J. Pérez-Ramírez et al. [48] discussed the different degrees of

hierarchy that can be obtained in a combined zeolitic/meso-

porous material (Figure 1). In Figure 1a, the reference zeolite

system is depicted, which gives rise to mass transfer and acces-

sibility problems for large molecules. In Figure 1b, four nano-

zeolites are bridged by interparticle mesoporous voids. In

Figure 1c and Figure 1d on the other hand, “real” mesopores

exist in combination with micropores, but in the case of

Figure 1d the mesopores are only accessible via the micropores.

Here, it is clear that not all configurations with a combined

micro- and mesoporosity inherently give rise to an enhanced

molecular transport to or from the active sites in the micropores.

However, this does not mean that these combined zeolitic/

mesoporous materials without (or with only minor) “true” hier-

archical ordering cannot be beneficial for certain reactions. In

fact, often a uniform pore size distribution and a high level of

porosity are much more relevant than a perfectly ordered

nanoporous material. The disordered mesoporous material,

KIT-1 [53], is the perfect example illustrating that the absence

of any ordering does not necessarily imply that the material

cannot be useful, and in fact it may be even better than its

ordered analog (MCM-41) in certain cases [54-56]. Consid-

ering combined zeolitic/mesoporous materials, there are several

examples of materials that give rise to an enhanced catalytic

performance in comparison with their purely zeolitic and/or

mesoporous counterparts [51,52,57-59]. MTS-9 for example

[51], gives rise to a higher catalytic activity in the epoxidation

of styrene than Ti-MCM-41 and shows a selectivity and activity

similar to TS-1 zeolite. In the hydroxylation of 2,3,6-

trimethylphenol, MTS-9 is more active than both Ti-MCM-41

and TS-1. However, there are also examples of combined

zeolitic/mesoporous materials, wherein there is no significant

improvement when a comparison is drawn with standard

zeolites or mesoporous materials [60-62]. Cheneviere et al. [60]

showed that their developed mesoporous TS-1 material does not

give rise to the expected improved catalytic properties of a hier-

archical catalyst in oxidation reactions with aqueous H2O2,

probably because of its increase in hydrophilic character in

comparison with a conventional zeolite. Thus, whether a

combined zeolitic/mesoporous material shows great potential or

not, does not necessarily depend only on its “true” hierarchical

character. The type of application as well as the structural char-

acteristics of the material, and therefore also the synthesis

method, are without a doubt equally important aspects.

Figure 1: Different degrees and types of hierarchy can be defined in
porous materials [48]. Reproduced by permission of The Royal Society
of Chemistry.

1.2 Synthesis of combined zeolitic/mesoporous ma-
terials
Table 1 gives an overview of the most important synthesis ap-

proaches to obtain combined zeolitic/mesoporous materials [44-

49]. There also exist other, more exotic approaches, such as

nuclear track imprinting [63], but since their use is not very

widespread, they will not be dealt with here. The synthesis

methods can be roughly divided into three different classes,

namely postsynthetic, templating and nontemplating ap-

proaches. In the postsynthetic approach, a zeolite or meso-

porous material is first formed before being subjected to an add-

itional treatment. The main difference between templating and

nontemplating synthesis strategies is whether or not a mesotem-

plate is used in order to create combined zeolitic/mesoporous
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Table 1: Overview of the most important synthesis strategies for the formation of combined zeolitic/mesoporous materials.

postsynthetic templating nontemplating

demetallation harda softa mesotemplate-free synthesis (sol–gel)
recrystallization carbon MOSb: one-pot, two-pot self-formation mechanism of hierarchy
deposition aerogel, polymer, resin POSc: one-pot, two-pot
delamination biological materials

aThe classification of “hard” (or solid or textural) and “soft” templates is based on the physical nature of the mesotemplates. bMOS: molecular orga-
nized systems; cPOS: polymeric organized systems.

materials (the classification is analogous to purely mesoporous

materials) [44]. Note that the majority of the templating and

nontemplating methods listed in Table 1 are exactly the same as

in the synthesis of purely mesoporous materials, meaning that

these approaches have simply been extrapolated to the syn-

thesis of combined zeolitic/mesoporous materials by replacing

the silica source with zeolitic nanoparticles (two-pot templating

approach). In addition, there are also unique approaches that

have been specifically developed for the formation of combined

zeolitic/mesoporous materials, such as the one-pot templating

synthesis in which the micro- and mesotemplate are added to

the same reaction vessel.

An alternative classification of the different synthesis ap-

proaches that is often applied is the distinction between the

bottom-up and top-down synthesis strategies [48]. On the one

hand, the bottom-up methods build the materials from the

precursors up, meaning that they start from building units and

chemicals in order to constructively form the combined zeolitic/

mesoporous materials. On the other hand, the top-down ap-

proaches are focused on the controlled removal of material from

an already existing structure in order to create combined

zeolitic/mesoporous materials. In the subsequent part, the

different methods (listed in Table 1) along with their advan-

tages and disadvantages, will be discussed. The examples will

be mainly focused on Ti-containing combined zeolitic/meso-

porous materials.

1.2.1 Postsynthetic approach
Demetallation: In demetallation, a metal is selectively removed

from the framework of a zeolite by postsynthetic steaming,

chemical treatment, or acid or base leaching, resulting in

randomly created voids in the mesoporous range [45,50]. The

oldest form of demetallation and at the same time the first tech-

nique applied for creating mesopores in zeolites is dealumina-

tion [64]. By subjecting Al-containing zeolites to a hydro-

thermal treatment (steaming) and/or acid leaching, the Si–O–Al

bonds are hydrolyzed, resulting in a partial destruction of the

silicate framework. The dealumination process occurs randomly

and depends highly on the amount of Al incorporated in the

structure and on the applied extraction method. Although the

created mesopores are beneficial and dealumination is a simple,

widely used (industrial) procedure, the main drawbacks

[44,45,50] of this method are (i) the partial amorphization of the

zeolite framework; (ii) the loss of catalytic activity as part of the

active element is removed; (iii) the fact that the mesopores are

rather cavities that are not interconnected to form a mesoporous

network; (iv) the random nature of the mesopore formation;

(v) the fact that the porosity of dealuminated zeolites is seri-

ously altered in an uncontrolled way during regeneration at high

temperature; (vi) the partial blockage of the active sites by

deposition of amorphous material inside the meso- and micro-

pores and (vii) the restriction to Al-containing zeolites.

A very promising alternative and highly reproducible method is

desilication [48,50,65-67]. Extraction of Si atoms by base treat-

ments (also denoted as pore-directing agents, PDAs) leads to a

significant amount of intracrystalline mesoporosity while

preserving the intrinsic acidity and structural integrity of the

zeolite framework. Also during this process, Al present in the

zeolite framework plays a key role: For the ZSM-5 zeolite,

Groen et al. demonstrated that the optimal Si/Al ratio is 25–30

(Figure 2) [66]. However, the fact that Al needs to be present in

the framework immediately exposes the drawback of this syn-

thesis approach, namely that the desilication is limited by the

initial Si/Al framework. A good alternative is the combination

of dealumination and desilication, since this allows an extra

flexibility regarding the Si/Al ratios and a decoupled modifica-

tion of mesoporous and acidic features [65]. Moreover, recently

Verboekend et al. [68] showed that by complementing the alka-

line solution with external (large size) PDAs full compositional

flexibility can be achieved in the preparation of mesoporous

zeolites by the desilication method. By proper control of the

synthesis conditions, even Al-free zeolites can undergo a

successful desilication treatment. A few studies on detitanation

[69,70] and deboronation [71,72] have also been reported.

Recrystallization: Recrystallization is a typical top-down ap-

proach since it starts from a full-grown zeolite or a purely

mesoporous structure, which is then impregnated by either a
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Figure 2: A simplified representation of the influence of the Al content on the desilication of ZSM-5. Reprinted with permission from [66]. Copyright
2004 American Chemical Society.

mesotemplate [73,74] or a microtemplate [75,76], and subjected

to a hydrothermal treatment. This results in dissolution of the

silica, which will then interact with the template and recrystal-

lize in a mesoporous or zeolitic phase depending on the added

template. The degree of crystallinity or mesoporosity can be

altered by changing the reaction conditions. In general, recrys-

tallization will give rise to composite zeolitic/mesoporous ma-

terials rather than true hierarchical materials [50]. In the case of

recrystallization of a mesoporous material, it is important to

start from a structure with thick walls (such as SBA-15) or to

fill the mesopores with a support material (such as the

mesotemplate [77]) in order to prevent a collapse of the meso-

pores during zeolitization. An example of a combined zeolitic/

mesoporous material synthesized by the recrystallization route

is UL-TS-1, which is formed by heating TPAOH-impregnated,

amorphous, Ti-containing mesoporous materials for several

days at 120 °C [78,79].

Postsynthetic deposition of zeolitic nanoparticles into meso-

porous materials: In this method, a presynthesized meso-

porous material is impregnated with a zeolite precursor solu-

tion [44,79-85]. This solution is obtained by terminating the

zeolite formation in an early stage, often before the hydro-

thermal treatment, so that the zeolitic nanoparticles cannot

evolve into a full-grown zeolite [51]. For MFI zeolites, the

nanoparticles size is typically around 4 nm, although there is no

consensus on the shape of the particles [86-88]. The meso-

porous supports are generally large-pore materials, such as

SBA-15 and MCF (mesocellular foam) so that the nanoparti-

cles can be accommodated inside the mesopores. The impregna-

tion of the nanoparticles can occur through wet, incipient

wetness and dry impregnation. During a wet impregnation, the

mesoporous material is completely soaked in a solution of

nanoparticles, while in the case of a dry impregnation a volume

of solution identical to, or even smaller than, the total pore

volume is added. An incipient wetness impregnation lies

between these two extremes.

By applying this synthesis strategy, a combined zeolitic/meso-

porous material is obtained with zeolite-like (microporous)

nanoplugs and/or a zeolite-like coating (inside the pores and/or

on the outside of the material). In the case of a mesoporous ma-

terial with zeolitic nanoplugs in the mesopores, a plugged

hexagonal templated [89,90] (PHTS)-like material can be

formed (Figure 3a) [85]. PHTS is a mesoporous material, which

is obtained by increasing the silica/surfactant ratio in the

SBA-15 synthesis. The excess amount of silica source gives rise

to the formation of amorphous microporous plugs inside the

mesochannels of SBA-15, resulting in a PHTS material with

both open and narrowed pores. In the case of a coating inside

the pores of the mesoporous support, a decrease in the meso-

pore diameter is observed (Figure 3b) [85]. Notice that this syn-

thesis approach not only leads to the formation of a combined

zeolitic/mesoporous material, but also enables the study of the

zeolite nanoparticles. A drawback of this method is that the

active sites are only located in the coating/plugs and not

throughout the mesoporous structure itself [85]. In addition, as

previously mentioned, the small dimensions of the nanoparti-
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Figure 4: Schematic representation of the delamination process (CTMA+ = cetyltrimethylammonium ion). Reprinted from [93]. Copyright 2000, with
permission from Elsevier.

Figure 3: Schematic representation of (a) a plugged and (b) a coated
material, obtained by the postsynthetic deposition of zeolite nanoparti-
cles into SBA-15. Reprinted with permission from [85]. Copyright 2011
American Chemical Society.

cles often alter the properties of the materials as compared to

the full-grown zeolite (e.g., hydrophilicity) [83,85,91]. Never-

theless, examples of beneficial materials obtained by the post-

synthetic deposition approach also exist, namely the TS-1

coated MCF structure developed by D. Trong-On [79,82],

which shows a higher activity for the oxidation of 1-naphthol

than the mesoporous Ti-MCF material and the TS-1 zeolite.

Delamination: This technique is only applicable for those

zeolites (i.e., MCM-22 and ferrierite) that have lamellar struc-

tures (Figure 4) [47,92-94]. First, the as synthesized zeolite

precursor [MCM-22(P)] (with the microtemplate still in the

structure) is allowed to interact with a surfactant, resulting in a

swollen, intercalated structure. After removal of the surfactant,

the intercalated structure is exfoliated and collapses to form a

highly mesoporous material made of randomly packed zeolite

sheets with the microporous structure of the parent zeolite

[ITQ-2] preserved. Here, all active sites are directly accessible

from the external surface, but only a limited control over the

resulting mesopore size is possible. Ti-containing ITQ-2 struc-

tures can be obtained by grafting of titanocene complexes.

These turn out to be excellent catalysts for the epoxidation of

olefins [95].

1.2.2 Templating approach
In templating approaches, combined zeolitic/mesoporous ma-

terials are obtained by using appropriate templates. Strictly

speaking, the term “templating approach” relates to the

mesotemplate and not to the microtemplate. This is because in

all the templating strategies, only the type of mesotemplate is

changed and not the microtemplate.

In general, a distinction is made between hard (or solid, or

textural) and soft templates, which reflects the physical nature

of the mesotemplates, analogous to the distinction that is made

in the syntheses of the purely mesoporous materials. The most

frequently used hard templates are carbon-based, biological and

polymeric ones, whereas the soft templates are the typical mole-

cular organized systems (MOS) and polymeric organized

systems (POS), mostly identical to the surfactants applied for

the formation of purely mesoporous materials. Other surfac-

tants are also being developed specifically for their beneficial

influence on the formation of mesoporous materials with

zeolitic character.

Hard templating route: Here, the zeolite is grown in the pres-

ence of a solid material. First, a solution of zeolite nanoparti-

cles (precursor solution of a full-grown zeolite: See postsyn-

thetic deposition) is prepared, before being combined with a

hard template. Then, the mixture is subjected to a hydrothermal

treatment so that the zeolite can be formed in or around the

solid “mould”. Finally, the zeolite structure-directing agent as

well as the hard template are removed, resulting in the forma-

tion of a mesoporous zeolite with a structure that is fully deter-

mined by the morphology of the hard template and the zeolite

[20,47,48,50].

Carbon-based templates are the most common type of hard

template. The concept of using carbon in combination with

zeolites was first applied to obtain nanosized zeolites in the

so-called confined-space synthesis, whereby zeolites were

grown inside the voids of porous carbon [47,96]. However, by

altering the synthesis conditions, it is also possible to

completely encapsulate the porous carbon matrix [97], resulting
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in the formation of mesoporous zeolite crystals (Figure 5) [98].

A wide variety of carbon templates can be used, such as carbon

black [99-101], ordered mesoporous carbons (CMKs)

[102,103], carbon nanotubes [104], and carbon nanofibers

[105]. The choice of template is crucial for the final material,

since the mesoporous zeolites essentially become replicas of the

carbon pore system in which they grow. For example, with

carbon black, the resulting pores will be nonuniform with no

interconnection. However, this does not mean that these ma-

terials are not useful: Park et al. [101] described the use of

carbon-templated mesoporous TS-1 for the epoxidation of

cyclic olefines. Carbon nanotubes, on the other hand, give rise

to uniform, straight mesopores, but are a more expensive alter-

native. The most promising, but also most expensive, carbon

templates are the CMKs. These carbons are replicas or inverse

replicas of existing mesoporous silicates, such as MCM-48

(CMK-1) [106] and SBA-15 (CMK-3 [107] and CMK-5 [108]).

By impregnation of the CMKs with zeolite nanoparticles, repli-

cated mesoporous materials (RMMs) are formed with a tunable

degree of zeolitic character and a wide choice in mesoporosity

[102]. This synthesis strategy is very appealing, since it is

applicable to practically all zeolites and offers a fairly good

control over the porosity. However, it is an expensive tech-

nique with potential health, safety and environmental issues,

because of the high production costs and the need for extensive

combustion to remove the carbon [50].

Aerogel, polymer, resin and biological templates can also be

used as hard templates [20,47], although the number of publica-

tions is lower than for carbon-templated combined zeolitic/

mesoporous materials. Carbonized as well as noncarbonized

resorcinol–formaldehyde (RF) aerogels can be applied [109-

112]. They both have a tunable degree of porosity, for example,

by altering the RF-ratio. Nevertheless, the noncarbonized RF

aerogels are inherently less porous than the carbonized ones.

Another option is to use polystyrene [113], latex [114] or resin

spheres or beads [115], although they are mostly used for

macrotemplating. Also biological templates, such as starch

[116], bacterial threads [117], wood cells [118], leaves and

stems of plants [119], have been put forward as relatively inex-

pensive and abundantly available templates.

Soft templating route: When synthesizing combined zeolitic/

mesoporous materials by the soft templating route, mesopores

are formed by using, in most cases, the same surfactants (MOS/

POS) as for regular mesoporous materials [33]. The large differ-

ence with the standard synthesis of mesoporous materials is that

zeolite nanoparticles (zeolite precursor solution) are used as the

silica (and heteroelement) source [44,47,48]. The goal is that

the nanoparticles organize themselves around the surfactant

assemblies and that they form the zeolitic walls of the resulting

Figure 5: Schematic representation of the carbon-based hard-
templating route for the formation of mesoporous silicalite-1 (MFI)
zeolite. In the first step, the zeolite precursor solution is combined with
a mesoporous carbon template (= black matrix). Then the zeolite is
crystallized and the crystals entirely or partially encapsulate the porous
carbon. In addition, amorphous silica is also formed. The carbon matrix
is removed by calcination. Finally, the amorphous silica is dissolved by
refluxing the material in boiling water, resulting in the formation of
mesoporous silicalite-1. Reprinted from [98]. Copyright 2007, with
permission from Elsevier.

combined zeolitic/mesoporous material. A distinction is made

between one-pot [52,57,120-122] and two-pot [51,123-135]

templating strategies. In the latter case, the zeolite nanoparti-

cles are formed beforehand in a separate reaction vessel. Subse-

quently, these nanoparticles are added to a mesotemplate solu-

tion, hence the term “two-pot”. In a one-pot synthesis on the

other hand, the micro- and mesotemplates, together with the

silica (and heteroelement) source, are all added to the same

reaction vessel (at the same time). In this way, the mesopores

and zeolite formation is intended to occur in one pot and ideally

simultaneously. An example of a successful two-pot synthesis is

the formation of MTS-9, a mesoporous titanosilicate with pri-

mary and secondary building units similar to TS-1 [51], and

which shows a strong oxidation ability in the (substituted-)

phenol hydroxylation and exhibits a high hydrothermal stability.

Also one-pot templating approaches have already given rise to

promising materials, such as Ti-MMM-1 [52], which is a much

more selective catalyst for the oxidation of octane and cyclo-

hexane than are Ti-MCM-41 or TS-1. Although various highly

active materials have been developed through the soft

templating method, in practice it is not clear whether the
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resulting materials are true hierarchical mesoporous zeolites.

Indeed, unambiguous proof regarding this matter is often not

supplied. In one of our papers [136], we demonstrated that it is

not possible to obtain a true hierarchical mesoporous zeolite by

applying a simple one-pot templating synthesis strategy, based

on a TS-1 recipe. Here, part of the microtemplate (tetrapropyl-

ammoniumhydroxide) was replaced by a standard mesotem-

plate (cetyltrimethylammoniumbromide). We showed that

because of the inherent competition between zeolite and meso-

pore formation, the creation of a mesoporous zeolite is inhib-

ited. However, although no true hierarchical structure can be

obtained, optimizing the synthesis parameters does lead to the

formation of a combined zeolitic/mesoporous material with a

pronounced zeolitic character and a high mesoporosity, denoted

as meso-TSM [136,137]. This material can be used as redox

catalyst in the epoxidation of cyclohexene [85].

An advanced one-pot templating synthesis that does guarantee

the formation of a true hierarchical mesoporous zeolite [138-

141] is the use of tailor-made organic–inorganic hybrid surfac-

tants. Here, a silylated surfactant is applied in combination with

a synthesis gel with the composition of a zeolite. The covalent

bonding between the zeolite precursors and the organosilane

surfactant avoids the expelling of the surfactant-based

mesostructure out of the crystallization of the zeolite phase

during the synthesis (Figure 6). The number of publications on

these tailor-made surfactants keeps on rising [60,142-146].

Recently, Ryoo and coworkers [143-146] developed new types

of bifunctional surfactants (di- and polyquaternary ammonium

surfactants) that combine the functionalities of a mesotemplate

with those of a zeolite structure-directing agent. In this way, a

single surfactant is able to direct the formation of mesoporous

zeolites. The main drawback of this method is the use of non-

commercially available, exotic and therefore expensive surfac-

tants.

1.2.3 Nontemplating approach
Since the price of mesotemplates is quite high (Table 2) [50]

and their use gives rise to possible environmental risks,

researchers have also explored the development of combined

zeolitic/mesoporous materials by nontemplating approaches

[147-154]. More specifically, these approaches are in the

absence of templates for the mesopores, but the zeolite struc-

ture-directing agent is still used.

Mesotemplate-free synthesis: In 2008, Stevens et al. [147]

reported the formation of a mesoporous material by acidic

hydrothermal assembly of silicalite-1 nanoparticles in the

absence of a mesotemplate. The crucial step in this synthesis is

the acidification of the solution containing the zeolite precursor,

which results in a ligand loss of the microtemplate [83]. In this

Figure 6: Conceptional approach for the synthesis of a mesoporous
zeolite with a silylated surfactant as mesotemplate. Reprinted from
[141]. Copyright 2006, with permission from John Wiley and Sons.

Table 2: Prices of templates used for the synthesis of nanoporous ma-
terials [50].

template price per kg
template (€)

price per kg final
material (€)

CTMABr 530 387
P123 100 55
carbon nanofibers 2520 1814
carbon particles 6150 4551

way, the nanoparticles are not able to develop into a full-grown

zeolite. Instead, they form assemblies by edge-sharing

(Figure 7a), similar to the case in sol–gel synthesis [155],

resulting in interparticle mesoporosity. The drawback in this

synthesis approach is that it is a random process, which means

that a proper control of the porosity is rather difficult and

ordering of the mesopores is not possible. Moreover, in the

specific case of silicalite-1, the resulting material does not show

any long-range zeolitic character [147]. However, when using

Beta nanoparticles [148], it is possible to obtain a combined

zeolitic/mesoporous material with pronounced zeolitic features,

although not as a “true” hierarchical system.

Another example of a template-free synthesis is the formation

of TUD-C and TUD-M materials [149-152] (Figure 7b). The

synthesis is also executed with zeolite nanoparticles, but in a

basic medium instead of under acidic conditions. Here, the

microtemplate will not only direct the micropore formation, but



Beilstein J. Nanotechnol. 2011, 2, 785–801.

793

Figure 7: (a) Edge-sharing principle in the template-free synthesis in acidic medium [147] and (b) schematic representation of the TUD-C and TUD-M
synthesis [152]. Reprinted from [147,152]. Copyright 2008 and 2009, with permission from Elsevier.

Figure 8: Schematic representation of the formation of micro-meso-
macroporous metal oxides (zirconia) [154]. Reproduced by permission
of The Royal Society of Chemistry.

will also act as a scaffolding agent enabling the creation of a

material combining zeolitic domains with a disordered amor-

phous mesoporous matrix. An advantage of this mesotemplate-

free method in comparison with the former one is that leaching

of the heteroelements (e.g., Al and Ti) will occur to a minor

extent due to the basic synthesis conditions.

Self-formation mechanism of hierarchy: The phenomenon of

self-formation of porosity was first seen in the synthesis of

metal oxides starting from metal alkoxides in water droplets

(Figure 8) [154,156]. Here, the hydrolysis and condensation in-

duce the formation of small molecules, namely water and

alcohol, which then create porosity in a random manner.

Recently Su and coworkers [153,154] extended this method to

the synthesis of zeolites (TS-1; Beta; ZSM-5), whereby amor-

phous metaloxides are impregnated with microtemplates. This

results in the formation of combined micro-, meso- and macro-

porous materials with zeolitic features. Since this approach is

very new, the exact formation mechanism and detailed struc-

tural properties of the materials need to be explored in more

detail before drawing any conclusion on its applicability.

1.2.4 Conclusion
As pointed out in the preceding paragraphs, each synthesis

strategy for the formation of combined zeolitic/mesoporous ma-

terials has its advantages and disadvantages. Table 3 summa-

rizes the most important characteristics of the different ap-

proaches. The choice of which synthesis strategy is the most

suitable one should always depend on the type of application

that is being aimed at and on the resources available. A trade-

off needs to be made between these two aspects in order to

decide which route to follow. Nevertheless, it should be pointed

out that the combined zeolitic/mesoporous materials often have

properties deviating from those of the zeolites and the amor-

phous mesoporous materials, depending on the applied syn-

thesis method. This is due to the frequently occuring local

differences in the active elements caused by differences in the

extent of the zeolitic character as well as differences in diffu-

sional behavior. A lot more research and in-depth characteriza-

tion of the combined zeolitic/mesoporous materials is needed to

fully understand their potential and the differences between

these types of materials and their zeolitic and mesoporous coun-

terparts.

2 Catalysis and Ti-containing siliceous ma-
terials
Proper control of the synthesis parameters, elucidation of the

formation mechanism and thorough characterization of



Beilstein J. Nanotechnol. 2011, 2, 785–801.

794

Table 3: Comparison of the feasibility of the most important strategies for the synthesis of combined zeolitic/mesoporous materials (based on all the
references used in this review).

approach zeolitic character level of
mesoporosity

control over the
mesopore
structure

degree of
interconnection

applicability to
different types of
zeolites and
mesoporous
materials

production costs

demetallation high medium medium low medium–high medium
recrystallization medium medium medium low high high
deposition low medium–high high low high high
delamination high low low low low high
hard templating high high high low–high high high–medium
soft templating low–medium high medium–high low–medium high high
template-free low–medium medium low medium medium medium
self-formation —a —a low —a —a medium

aInsufficient knowledge/examples/studies reported to make an assessment.

nanoporous materials are essential to lead to the successful

implementation of nanoporous materials in (industrial) chem-

ical processes. The field in which nanoporous materials are

applied most frequently is in heterogeneous catalysis. There-

fore, in the next few paragraphs, the use of Ti-containing

siliceous materials as catalysts will be discussed. Focus is

particularly put on the already existing industrial applications

and on those (lab-scale) applications with a high potential.

2.1 Link between catalysis and Ti-coordination
In the specific case of Ti-containing materials, the catalytic

activity is ascribed to the presence of Ti(IV) in its structure

[157]. These Ti(IV) sites are considered as redox-active centers

[11,158]. Therefore, the typical reactions that can be catalyzed

by Ti-containing materials are reactions in which electron

exchange plays a key role, i.e., oxidation and reduction reac-

tions [157]. Next to the amount of Ti present in the nanoporous

materials, an equally important aspect that will have a large

influence on the catalysis is the Ti coordination. Table 4 gives

an overview of the different techniques that can be applied to

determine the coordination. TiOx species can be present in a

number of different coordinations, namely 4-, 5- and 6-fold

[157]. Among these configurations, the isolated, 4-fold or tetra-

hedrally coordinated form is the most preferred one since this

means that Si is perfectly isomorphically substituted by Ti in

the structure, like in the full-grown zeolite TS-1 (Figure 9). This

specific coordination gives rise to a high, and often unique,

catalytic activity in oxidation processes (see further). A 5- and

6-fold coordination is often less wanted, since these species

tend to form clusters (oligomerization) [167] and are correlated

with defect sites in the titanosilicate structure [168]. When this

oligomerization process goes even further, small TiO2 (crys-

talline anatase) particles can occur as extra-framework material,

Figure 9: Isolated, tetrahedrally coordinated Ti(IV) site. Reprinted from
[168]. Copyright 2008, with permission from Elsevier.

Table 4: Overview of characterization techniques for the determin-
ation of Ti-coordination.

technique references

UV–vis diffuse reflectance spectroscopy [159]
photoluminescence IR spectroscopy [160]
X-ray absorption spectroscopy (e.g.,
EXAFS, XANES, etc.)

[161-163]

vibrational spectroscopy (infrared and
Raman)

[164,165]

electron paramagnetic resonance [166]

which is not built in the structure. Although crystalline TiO2

particles are well-known for their interesting semiconductor

properties and their photocatalytic activity in photodegradation

processes [169], TiO2 formation often needs to be avoided in

the synthesis of Ti-containing nanoporous siliceous materials

since its presence can be detrimental for the catalytic activity

associated with tetrahedrally coordinated Ti [170,171].
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Figure 11: Different oxo-titanium species in TS-1. R–OH is a co-adsorbed alcohol molecule, stabilizing the hydroperoxide complex.

2.2 Redox catalysis
Titanium-silicalite-1 – A versatile redox catalyst: Titanium-

silicalite-1 is a textbook example of a successful heterogeneous

catalyst. This zeolite is considered as one of the most versatile

redox catalysts available [157,172]. TS-1 currently finds appli-

cation in various oxidation processes with H2O2 as oxidant

(Figure 10), such as the epoxidation of alkenes [173], hydroxy-

lation of aromatics [174-176], cyclization reactions [177], oxi-

dation of alcohols [178,179] and ammoximation of ketones

[180]. The strength of TS-1 as catalyst is attributed to (i) its

shape-selectivity; (ii) its hydrophobic nature, enabling the pref-

erential adsorption of the hydrophobic substrates also in the

presence of water and (iii) its isolated, tetrahedrally coordin-

ated Ti sites, preventing the undesired decomposition of H2O2

[181]. The active species in all the oxidation processes are

believed to be an oxo-titanium complex formed by the inter-

action of H2O2 with Ti ions [162,181]. However, there is still

no consensus on the exact structure of the Ti-peroxide complex

in TS-1 (Figure 11).

Figure 10: Schematic overview of the versatility of TS-1 as redox cata-
lyst [172]. Reproduced with permission of Russian Chemical Reviews.

Three processes have been industrialized over the past years,

and this clearly reflects the importance of TS-1 for oxidation

catalysis  ( the three upper  react ions in  Figure 10)

[171,172,182,183]:

1. Hydroxylation of phenol: This reaction occurs in

aqueous or aqueous-organic medium producing a mix-

ture of hydroquinone (p-dihydroxybenzene) and cate-

chol (o-dihydroxybenzene), which can be used as a

reducing agent and precursor in fine chemistry. Water

and tarlike compounds are the major byproducts.

Conversion and selectivity are significantly higher than

those achieved by acidic and radical catalysts. Therefore,

since 1986, a plant near Ravenna, Italy, is producing

10,000 tons per year of diphenols with the aid of TS-1 as

catalyst.

2. Ammoximation of cyclohexanone: This reaction is of

major interest as cyclohexanone oxime is the intermedi-

ate in the manufacturing of caprolactam, the monomer

for nylon 6. Conversion and selectivity of cyclohexa-

none to oxime is over 99% and the yield based on H2O2

is over 90%. Both Enichem as well as Sumitomo Chem-

ical Co. operate such a TS-1 based caprolactam plant.

3. Epoxidation of propylene: Propylene oxide is one of the

largest propene derivatives in production, ranking second

behind polypropylene, and is primarily used as a reac-

tive chemical intermediate. The “older” synthesis

processes, such as the chlorohydrin route, generate a

huge amount of byproducts, for example, for each ton of

propylene oxide, 2 t of CaCl2 is obtained. In addition,

1.4 t of chlorine, 1.0 t of Ca(OH)2 and a large excess of

water are needed. However, recently, BASF/Dow and

Degussa-Evonik/Headwaters developed a new tech-

nology based on the use of aqueous solutions of H2O2

and a fixed-bed TS-1 reactor. At the end of 2008, the

largest plant using this new process was started up in

Antwerp by BASF/Dow.

Although the implementation of TS-1 has been successful, there

are still some challenges left. Firstly, the use of H2O2 as oxidant

is rather costly, which requires a low catalyst cost and very high

process performance in order to meet economic targets. There-

fore, researchers have been studying the possibility of H2O2

generation in situ, from H2 and O2 [182]. Secondly, like all

zeolites, TS-1 suffers from accessibility and diffusion limita-

tion problems for large and bulky molecules. For example,

molecules with a kinetic diameter equal to or larger than cyclo-
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hexene are practically excluded from epoxidation reactions with

TS-1 [85,184]. In general, high-value fine chemicals are usually

too large to fit into the pores of the MFI structure of TS-1. This

is one of the driving forces to synthesize larger pore titanosili-

cates.

Large-pore Ti-containing siliceous materials: As anticipated,

larger pore Ti-activated siliceous materials, such as Ti-MCM-41

and Ti-SBA-15, are indeed able to catalyze oxidation reactions

with bulky reactants [85,157,167,172,185,186]. Especially in

epoxidations with large alkenes, such as limonene [167,186],

mesoporous materials give rise to much higher activities than

TS-1. However, although these mesoporous materials have

clear advantages, they also suffer some major drawbacks:

(i) They are less stable than TS-1, and especially the hydro-

thermal stability is significantly lower, and (ii) their hydrophilic

nature, which is caused by their amorphous structure, leads to a

lower catalytic activity [183,187]. This hydrophilicity will

prevent efficient adsorption of the nonpolar/organic reactants,

since the mesoporous materials show more affinity for water

(from the aqueous H2O2 solution). By using an organic

peroxide, such as t-butylhydroperoxide (TBHP), as oxidant, the

catalytic activities can be remarkably improved [188]. Like-

wise, silylation of the surface of mesoporous materials,

resulting in a more hydrophobic structure, is also a solution in

many cases [189]. However, this does not solve the stability

problems.

Combined zeolitic/mesoporous materials are expected to help to

overcome these stability and hydrophilicity issues. Some

successful examples have already been reported in the litera-

ture [51,52,58,59,78,79,82,122]. For example, MTS-9 [52]

shows a high hydrothermal stability (over 120 hours in boiling

water) and a high oxidation ability for small (phenol and

styrene) as well as larger molecules (2,3,6-trimethylphenol)

with 30% aqueous H2O2 as oxidant. As mentioned above, this

material is formed in a two-pot templating strategy, wherein

preformed, nanosized titanosilicate precursors are combined

with polymer surfactants. Its high activity has been ascribed to

the TS-1-like Ti-species present in MTS-9 and the fact that its

relatively thick pore walls (4.8 nm) contain primary and second-

ary structural building units, similar to TS-1. Another nice

example is Ti-MMM-2 [122], a one-pot templated material with

a microporous TS-1 phase and a mesoporous Ti-MCM-48

phase. This material shows a higher activity (61%) than both

TS-1 (16%) and Ti-MCM-48 (42%) for the epoxidation of

cyclohexene with TBHP (in decane) as oxidant. Although the

difference in catalytic activity was compared to the purely

mesoporous material and the zeolite, no data concerning the

stability are reported, nor data with H2O2 as oxidant. The fact

that an organic peroxide is used as oxidant instead of H2O2,

meaning a more hydrophobic medium instead of a hydrophilic

one, can by itself lead to differences in the catalytic perfor-

mance of nanoporous materials (as mentioned above for the

purely mesoporous materials). Reichinger et al. [59] investi-

gated the effect of the reaction medium by performing the

cyclohexene epoxidation in both a hydrophobic and a

hydrophilic environment. The studied material was a meso-

porous structure assembled from TS-1 nanoparticles. This ma-

terial outperformed TS-1 and Ti-MCM-41 in the cyclohexene

epoxidation, both under hydrophobic conditions (TBHP and

decane) and under hydrophilic conditions (H2O2 and water/

CH3OH). However, in the epoxidation of the smaller molecule

1-hexene, the (more hydrophilic) combined zeolitic/meso-

porous material failed completely in the hydrophilic medium

whereas the hydrophobic TS-1 zeolite showed a high catalytic

activity. These experiments perfectly exemplify the need for (i)

a suitable combination of the reagents and the pore dimensions

of the catalyst and (ii) the importance of compatibility between

the characteristics of the materials and the reactions conditions

(e.g., hydrophilicity). Here, also no information on the stability

of the combined materials was given. On the other hand, not all

combined zeolitic/mesoporous materials outperform their

purely zeolitic or mesoporous counterparts. We recently studied

three types of combined zeolitic/mesoporous materials in the

epoxidation of cyclohexene with H2O2 [85]. Here, two ma-

terials were obtained by postsynthetic deposition of TS-1

nanoparticles on SBA-15 (SBA-TS-15-pH 1 and SBA-TS-15-

pH 13) and one structure was formed by a one-pot templating

approach (meso-TSM). Both SBA-TS-15 materials showed

similar (low) activity as compared to TS-1, while the perfor-

mance of meso-TSM lay in between TS-1 and Ti-MCM-41. In

the case of meso-TSM, combined zeolitic/mesoporous ma-

terials did not give rise to an enhanced performance in compari-

son with their purely mesoporous counterparts. Also

Chenevieve et al. [60] observed that their titanosilicates with a

mesoporous or microporous hierarchical structure did not pos-

sess the superior catalytic properties expected for hierarchical

catalysts: In particular, the gain in diffusion properties was

totally inhibited by the increase in hydrophilic character of the

material.

Notice that divergent catalytic behavior is observed, which

highly depends on the properties of the materials and on the

synthesis method for the formation of the titanosilicates. More-

over, important information on these Ti-containing combined

zeolitic/mesoporous materials concerning stability, regenera-

bility and scaling up is often lacking or not yet investigated.

Therefore, more research concerning their structural properties

and catalytic behavior is necessary to fully explore and under-

stand the catalytic potential of the combined zeolitic/meso-

porous materials. At the moment, it is still too early to tell
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whether industrialization of these combined zeolitic/meso-

porous materials as redox catalysts can be expected in the near

future. However, major progress is to be expected in this area of

research.

Conclusion
This review highlighted the most common synthesis ap-

proaches for the formation of combined zeolitic/mesoporous

materials. These materials have been gaining a lot of interest

during the last decade, since they are an attempt to combine the

superior properties of zeolites (high stability, catalytic activity

and selectivity) with those of mesoporous materials (improved

diffusion and accessibility for larger molecules and viscous

fluids). Some of the synthesis strategies have been extrapolated

from the synthesis of purely mesoporous materials (e.g., the

two-pot templating approach) whereas others have been newly

developed or specifically designed for the formation of

combined zeolitic/mesoporous materials (e.g., one-pot

templating approach with organosilane surfactants and postsyn-

thetic routes). All synthesis methods have their advantages and

disadvantages, meaning that there is no obviously superior syn-

thesis strategy. Therefore, the applied synthesis approach

should depend on the final application, the desired properties of

the materials and the resources available. Moreover, a lot more

research on the combined zeolitic/mesoporous materials is

needed to fully understand the discrepancies between these

types of materials and their zeolitic and mesoporous counter-

parts. With regards to the Ti-containing combined zeolitic/

mesoporous materials as redox catalysts, a lot of progress has

been made in recent years with the development of interesting

materials, especially for oxidation reactions of bulky molecules.

However, sufficient information on the local structural prop-

erties and diffusion behavior of the various synthesized ma-

terials in relation to the synthesis methodology is still lacking.

In addition, important information concerning the stability,

regenerability and scaling up of these combined materials is still

missing, making it difficult to draw a conclusion on their poten-

tial (industrial) implementation. Therefore, further investi-

gation is necessary in order to fully explore the (catalytic)

potential of the combined zeolitic/mesoporous materials.
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Abstract
Ordered mesoporous, crystalline MgTa2O6 thin films with a mesoscopic nanoarchitecture were synthesized by evaporation-induced

self-assembly (EISA) in combination with a sol–gel procedure. Utilization of novel templates, namely the block copolymers KLE

(poly(ethylene-co-butylene)-b-poly(ethylene oxide)) and PIB6000 (CH3C(CH3)2(CH2C(CH3)2)107CH2C(CH3)2C6H4O-

(CH2CH2O)100H), was the key to achieving a stable ordered mesoporous structure even upon crystallization of MgTa2O6 within the

mesopore walls. The effect of the calcination temperature on the ability of the mesoporous films to assist the photodegradation of

rhodamine B in water was studied. As a result, two maxima in the photocatalytic activity were identified in the calcination tempera-

ture range of 550–850 °C, peaking at 700 °C and 790 °C, and the origin of this was investigated by using temperature-dependent

X-ray scattering. Optimal activity was obtained when the mesoporous film was heated to 790 °C; at this temperature, crystallinity

was significantly high, with MgTa2O6 nanocrystals of 1.6 nm in size (averaged over all reflections), and an ordered mesoporous

structure was maintained. When considering the turnover frequency of such photocatalysts, the optimized activity of the present

nanoarchitectured MgTa2O6 thin film was ca. four times that of analogous anatase TiO2 films with ordered mesopores. Our study

demonstrated that high crystallinity and well-developed mesoporosity have to be achieved in order to optimize the physicochem-

ical performance of mesoporous metal-oxide films.

123

Introduction
Because of its excellent microwave dielectric properties,

MgTa2O6 is one of the ternary oxides that have been well

studied for application as dielectric resonators operating at

microwave frequencies [1-9]. In the form of thin films, it is also

considered to be one of the most promising candidates for use

in polarizers in optical communications and other optical
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devices [5]. The traditional ceramic method of synthesizing

MgTa2O6, i.e., solid-state reaction, requires high temperatures

of 1200–1400 °C, which produces coarse grains and an inhomo-

geneous composition [6-8]. Crystalline MgTa2O6 powders were

fabricated at 850 °C by a molten-salt method and at 550 °C by a

wet-chemical approach [9]. Thin films containing mainly

MgTa2O6 and Mg4Ta2O9 phases can be formed by reactions

between MgO(001) substrates and Ta–O vapors, which are

produced by electron-beam evaporation of a Ta2O5 powder

target in a high-vacuum system, at temperatures of

700–1000 °C [5].

In 1998, Kato and Kudo reported that MgTa2O6 that had been

synthesized by calcination of mixtures of Ta2O5 and MgCO3

showed photocatalytic water-decomposition activity without

cocatalysts [10]. Due to the inherent coarse-grain structure of

MgTa2O6 powders fabricated by the solid-state reaction, their

photocatalytic activity is quite low. With the help of a block

polymer P123, a Mg–Ta oxide powder with highly ordered

mesopores was previously synthesized [11]. After removal of

the P123 template by washing in water, the wormholelike

microporous MgTa2O6 powder, though amorphous, showed

enhanced water-decomposition activity when compared to the

crystalline MgTa2O6 prepared by a solid-state reaction. The

high activity is ascribed to the thin walls (2.8 nm) separating the

mesopores, as the excited electrons and holes only have to

travel a short distance to the surface [11]. The use of photocata-

lysts in the form of thin films avoids the laborious recycling

procedure, and this has promoted the development of high-effi-

ciency MgTa2O6 thin films. One can expect enhanced photocat-

alytic activity from MgTa2O6 thin films with well-crystallized

nanocrystallites and ordered mesopores, which guarantee the

photocatalyst access to the target molecules and also possess a

high specific surface area. Unfortunately, because of the high

crystallization temperature and low decomposition temperature

of most commercially available templates, the fabrication of

ordered mesoporous MgTa2O6 thin films with crystallized walls

remains a complex task, and hence detailed photocatalytic-

activity studies of such films are scarce.

In particular, suitable well-defined mesoscopic, photocatalyti-

cally active metal oxides would be ideal materials for a case

study to address the importance of high crystallinity coupled

with a well-developed mesostructure. It has been often stated

that the performance of mesoporous metal oxides requires both

features to be optimized at the same time, but to the best of our

knowledge no systematic study has been performed in the field

of photocatalysis.

Various oxides with high crystallization temperatures have only

recently been synthesized successfully in the form of highly

ordered mesoporous thin films, thanks to novel templates such

as poly(ethylene-co-butylene)-b-poly(ethylene oxide), “KLE”

(Kraton Liquid -block-poly(ethylene oxide)). The KLE template

is capable of forming relatively large mesopores and thick

walls, and at the same time possesses a high decomposition

temperature of up to 400 °C, which facilitates preservation of

the ordered mesoporous structure during heating to a high crys-

tallization temperature [12-14]. This work reports the synthesis

and photocatalytic characterization of crystallized, mesoporous

MgTa2O6 thin films, obtained through an evaporation-induced

self-assembly (EISA) approach, with the help of the KLE

template. The photocatalytic activity of the nanoarchitectured

MgTa2O6 thin film was compared both to that achieved

by using the BASF Pluronic F127 (block  copolymer

EO106–PO70–EO106), which forms larger mesopores compared

to most other commercially available templates, and to a previ-

ously reported type of anatase TiO2 thin film with ordered

mesopores, examples of which are widely used as photocata-

lysts [15,16]. Recently, a further class of block copolymers with

advanced templating properties was introduced, namely

poly(isobutylene)-b-poly(ethylene oxide) [14,17]. Here, we also

used such a  polymer ,  namely  “PIB6000”,  CH3C-

(CH3)2(CH2C(CH3)2)107CH2C(CH3)2C6H4O(CH2CH2O)100H,

see [17], as an additional structure-directing agent.

As a main motivation, our study addressed the influence of the

heat-treatment temperature (i.e., crystallite size) on the photo-

catalytic activity. Thereby, the influence of the crystallite size

and mesostructural organization on the photocatalytic activity

was systematically investigated by using dye degradation as a

qualitative measure.

Results and Discussion
Film characterization
In the following, we focus on mesoporous MgTa2O6 films

templated by the KLE block copolymer. PIB6000 generates

films with very similar mesopore structure and crystallinity,

with only the average lateral size of the mesopores (ca. 20 nm)

being larger than in the case of KLE template films (ca. 15 nm).

Since the mesopore structure (spherical mesopores) and also

photocatalytical activity of these films are very similar, in the

following, mainly KLE-templated films are discussed. Addi-

tional results for PIB6000-templated mesoporous films are

presented in Supporting Information File 1.

Both the mesoporous and the nonporous (nontemplated) films

show distinct X-ray diffraction (XRD) reflections corres-

ponding to a tri-rutile structure MgTa2O6 (JCPDS card

32-0631), only after calcination at temperatures beyond 760 °C,

as illustrated in Figure 1. The crystallinity of MgTa2O6 in the

KLE-templated mesoporous film increased with increasing
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Figure 1: XRD patterns of (a) the KLE-templated mesoporous and (b) the nonporous MgTa2O6 thin film after thermal treatment at various tempera-
tures.

calcination temperature from 760 up to 1100 °C. The average

grain size, which was estimated by applying the Rietveld refine-

ment, is shown in Figure 2 as a function of the calcination

temperature for both mesoporous and nonporous films. Owing

to the lower overall crystallinity of the investigated material and

a high background in some of the analyzed XRD patterns, the

microstrain part in the size-microstrain procedure within the

Rietveld refinement was not refined and was kept to the instru-

mental values determined by the crystalline standard. The stan-

dard was also used for the deconvolution of the instrumental-

broadening contribution. Since the initial refinement gave rather

high disagreement between the experimental and calculated

curves, particularly in the [103] direction, an anisotropic broad-

ening with a larger crystallite size along the [103] direction was

assumed. Accordingly, the difference curves were then smooth

and all refinements were satisfactory. In Figure 2, vertical error

bars represent the distribution interval of crystallite sizes for all

reflections, and therefore the error interval is actually a measure

of crystal anisotropy. It is obvious that the nonporous crystal-

lites appear with a larger anisotropy (larger grains in [103]

direction) compared to their mesoporous counterparts. When

the calcination temperature was increased from 760 to 1100 °C

the grain size of MgTa2O6 in the mesoporous film showed a

gradual increase from 1.1 to 9.4 nm. When both films were

heated to the same temperature of 760 and 790 °C, the crys-

tallinity of MgTa2O6 in the nonporous film was more

pronounced than in the mesoporous one, which can be attrib-

Figure 2: Average grain size and its standard deviation as a measure
of anisotropy of MgTa2O6 in the mesoporous KLE-templated and
nonporous films, as a function of the calcination temperature.

uted to the retarding effect of the template and the mesopores

on the grain growth.

Grain growth of MgTa2O6 in the nontemplated film with

increasing calcination temperature from 760 up to 1100 °C was
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not so conspicuous. The grain size only increased from 5.3 to

8.9 nm.

Figure 3 shows the SEM surface morphology of the MgTa2O6

thin film subjected to various calcination temperatures. The

EISA procedure achieved a crack-free surface with randomly

distributed micrometer-sized round concaves, while the film as

a whole consisted of highly ordered mesopores. The dual

nanoarchitecture remained almost unchanged upon heating to

760 °C, with crystallized MgTa2O6 appearing within the walls.

After being heated to the highest temperature available

(1100 °C), conspicuous cracks appeared within the round

concaves and the ordered mesopores decayed to a wormlike

state. However, the microstructure was still preserved, and most

thermally induced cracks were restricted to each concave, that

is, they did not coalesce or propagate throughout the film upon

heating to 1100 °C. At this temperature, well-crystallized

MgTa2O6 walls were obtained, as seen by XRD.

Figure 4 illustrates the AFM surface morphology of the

MgTa2O6 film after calcination at 760 °C, which is in agree-

ment with the SEM observation. The corresponding height

profile obtained from the AFM image suggests that the depth of

the randomly distributed round concaves was ca. 60 nm. The

film thickness was estimated to be ca. 200 nm; therefore, the

ordered mesoporous MgTa2O6 film thoroughly covered the Si

substrate. The distance between two neighboring mesopores

remained constant at ca. 22 nm after calcination at 760 °C. The

ordered mesoporous structure was further confirmed by the

TEM morphology of flakes scratched off from the MgTa2O6

film before and after heating at 760 °C, as indicated in Figure 5.

From such TEM images a spherical mesopore shape was

inferred with an average mesopore diameter of ca. 15 nm. TEM

images of PIB6000-templated films are shown in Supporting

Information File 1 (Figure S6).

Figure 6 shows the SAXS patterns (measured in symmetric

reflection with a 1-D detector) of the mesoporous MgTa2O6

film after calcination at various temperatures. The diffuse

SAXS pattern does not allow for an unambiguous determin-

ation of the pore morphology. Taking into account previous

studies on KLE as a template and the TEM images, the SAXS

data can be interpreted in terms of spherical mesopores,

although fcc, bcc and hcp structures cannot be distinguished.

The scattering maxima are characteristic of ordered mesopores,

being assigned as the (110) reflection of a distorted bcc meso-

porous structure, and became diffuse as the calcination tempera-

ture increased to 760 °C, i.e., the onset of crystallization

temperature. However, the SAXS scattering maxima can still be

discerned after calcination up to 1000 °C. Therefore, the present

ordered mesoporous MgTa2O6 film possessed a relatively high

Figure 3: SEM surface morphologies of a mesoporous KLE-templated
MgTa2O6 film after thermal treatment at (a) 760 °C and (b) 1100 °C,
and (c) of a mesoporous PIB6000-templated MgTa2O6 film after
thermal treatment at 760 °C.

thermal stability. This property was attributed to the special

templating properties of KLE, which forms relatively large

micelles during the EISA procedure and hence helps to stabi-

lize the ordered mesopores even after the template has been

removed [15-19]. In addition, the randomly distributed round

concaves also possibly aid the release of thermal stress, thus

helping to maintain the ordered mesopores up to calcination

temperatures as high as 1000 °C.

2-D-SAXS patterns of the as-stabilized mesoporous MgTa2O6

film and of those heated to 550, 650 and 760 °C are shown in
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Figure 4: AFM (a, c) morphology of the KLE-templated mesoporous MgTa2O6 film after calcination at 760 °C. The corresponding profiles along the
lines indicated in (a) and (c) are shown in (b) and (d), respectively.

Figure 5: TEM morphology of a fragment scratched off from a mesoporous KLE-templated MgTa2O6 thin film before (a) and after calcination at
760 °C (b).



Beilstein J. Nanotechnol. 2012, 3, 123–133.

128

Figure 7: 2-D-SAXS patterns of the KLE-templated mesoporous MgTa2O6 thin film after calcination at various temperatures. The values β = 10° and
β = 90° indicate the angles of incidence between the surface of the film and the X-ray beam.

Figure 6: SAXS patterns (measured in symmetric reflection) of the
mesoporous KLE-templated MgTa2O6 thin film after calcination at
various temperatures.

Figure 7. Here, the material was synthesized on ultrathin Si

wafers (thickness ca. 30 μm), allowing the penetration of the

covered wafers by X-rays. The maxima attributable to a bcc

mesostructure in [110] orientation relative to the substrate can

be discerned in the 2-D patterns measured with an angle of inci-

dence of β = 10°, even after the onset of crystallization [20]. In

addition, the 2-D-SAXS patterns became increasingly ellip-

soidal, suggesting an anisotropic shrinkage of the mesostruc-

ture in the direction normal to the substrate, which has often

been observed previously [20]. For the SAXS patterns obtained

in transmission geometry (β = 90°) the 1,−1,0 ring, corres-

ponding to a random orientation of mesostructured domains of

the bcc mesoporous structure within the plane parallel to the

substrate, was observed for all the films. No in-plane contrac-

tion in the plane occurred even for a film heated to 760 °C,

which is in agreement with the crack-free surface observed by

SEM (Figure 3) and AFM (Figure 4). The in-plane d-spacing of

22 nm derived from the 2-D-SAXS patterns collected at β = 90°

agreed well with the AFM measurement (Figure 4). 2-D-SAXS

data of F127- and PIB6000-templated films are shown in

Supporting Information File 1 (Figure S5).

The EISA procedure has been widely utilized to synthesize thin

films with ordered mesopores, with the help of certain surfac-

tants; however, such round concaves containing ordered meso-

pores have not been noticed before. As a preliminary result, we

ascribe the formation of such a nanoarchitecture to the Mg2+

ions in the precursor, which increased the polarity of the ethanol

and enhanced the evaporation speed of the solvent. The rapid

evaporation produced randomly distributed bubbles, and when

these collapsed they left randomly distributed, open, round

concaves.

The mesoporosity was additionally investigated by nitrogen

physisorption at 77 K (see Supporting Information File 1).

Since the amount of material is by far too small for a single

film, as an example, four films of PIB6000-templated MgTa2O6

were deposited on top of each other in order to provide a suffi-
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Figure 8: (a) Absorption spectra of RhB after photodegradation for given durations, assisted by the mesoporous KLE-templated MgTa2O6 thin film
after calcination at 790 °C. (b) The RhB concentration as a function of the photodegradation time, assisted by the mesoporous anatase TiO2 thin film
(“TiO2”) after calcination at 550 °C, the KLE-, PIB6000- and F127-templated mesoporous MgTa2O6 thin film after calcination at 790 °C, as well as the
nonporous MgTa2O6 thin film.

ciently large absolute surface area. These multilayer films were

studied by SAXS and SEM to ensure that indeed the multilayer

deposition did not disturb the mesostructure. For comparison,

multilayers of nontemplated films were studied by nitrogen

physisorption.

For such a PIB6000-templated mesoporous multilayer

MgTa2O6 film with four single layers a BET surface area of ca.

260 m2 cm−3 was observed (after heat treatment at 790 °C),

which is typical of mesoporous films with such large meso-

pores. While the quality of the isotherm is limited, owing to the

low amount of material, an average mesopore size of ca. 12 nm

can be formally deduced from the BJH approach applied to the

adsorption branch. Such a value has to be regarded with care,

but nevertheless is consistent with the suggestion of the spher-

ical mesopores being substantially contracted perpendicular to

the surface. Thus, nitrogen physisorption provides a well-

defined accessible mesopore structure up to high temperatures.

A nontemplated film did not exhibit substantial uptake of

nitrogen, and no reasonable isotherm was obtained.

Photocatalytic activity evaluation
In the absence of the oxide film, the UV irradiation induced no

remarkable degradation of rhodamine B (RhB) in water. When

the MgTa2O6 film was exposed to radiation, RhB underwent

gradual decomposition depending on the irradiation time. As an

example, Figure 8a shows the absorption curve of the aqueous

RhB solution as a function of the UV irradiation time in the

presence of the KLE-templated MgTa2O6 film after calcination

at 790 °C. The change in RhB concentration as a function of the

irradiation time, in the presence of various oxide films, is illus-

trated in Figure 8b. Here, two oxide films, namely, a meso-

porous anatase film and a F127-templated MgTa2O6 film, were

included as references. The fabrication and characterization of

the mesoporous anatase film is reported elsewhere [21]. F127-

templated MgTa2O6 films also exhibited an ordered meso-

porous structure with concaves, even after calcination at

760 °C; however, the pore-to-pore distance was much smaller

and the mesopores were less ordered compared to those

templated by KLE. In addition, the round concaves were much

smaller and distributed less homogeneously. After calcination,

the F127-templated MgTa2O6 film exhibited XRD patterns

corresponding to tri-rutile structure MgTa2O6 (see Figure S1 for

the 2-D-SAXS patterns, Figure S2 for the SEM morphology,

and Figure S3 for the XRD pattern in Supporting Information

File 1). From Figure 8b it can be seen that, of all the various

oxide films, the KLE derived mesoporous MgTa2O6 film

possessed the highest activity in assisting the photodegradation

of RhB in water.

Interestingly, PIB6000-templated mesoporous MgTa2O6 thin

film showed a very similar dye-degradation activity as

compared with the KLE-templated films.

Photocatalytic degradation of RhB in water roughly follows a

pseudo-first-order reaction [22-24],
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Table 1: Reaction rate constant (k) and turnover frequency (TOF) of selected photocatalysts.

photocatalyst m (catalyst content) / mmol k / min−1 TOF (k/m) / (mmol·min)−1

nonporous MgTa2O6 film (790 °C) 0.00490 0.00448 0.914
nonporous MgTa2O6 film (950 °C) 0.00490 0.0175 3.57
KLE-derived MgTa2O6 film (790 °C) 0.00490 0.0260 5.30
F127-derived MgTa2O6 film (790 °C) 0.00490 0.0109 2.22
PIB-derived MgTa2O6 film (790 °C) 0.00490 0.0202 4.12
mesoporous TiO2 film (550 °C) 0.0152 0.0203 1.34

(1)

where c/c0 is the normalized RhB concentration, t is the illumi-

nation time, and k is the apparent reaction rate in terms of

min−1. All of the data demonstrated good linearity for all the

curves based on Equation 1 (Figure not shown). The derived

reaction rate constant is listed in Table 1. Also included in

Table 1 is the so-called turnover frequency (TOF), which

defines the ratio of the reaction rate constant to the catalyst

content and reflects the intrinsic activity per site of catalysis

[25]. The catalyst content in the mesoporous film was calcu-

lated assuming a condensed film with a porosity of ca. 30% and

a thickness of 200 nm (the densities of MgTa2O6 [1] and

anatase TiO2 [24] are 7.2 g cm−3 and 3.8 g cm−3, respectively),

which would overestimate the catalyst content and hence under-

estimate the TOF value for the mesoporous films. A detailed

description of the result in Table 1 will be presented later.

Figure 9 shows the reaction rate constants of the mesoporous

and nonporous MgTa2O6 films as a function of the calcination

temperature. The photocatalytic activity of the nonporous film

reached an optimum value of ca. 0.0175 min−1 after being

heated to 950 °C. However, the evolution in photocatalytic

activity for the mesoporous MgTa2O6 film with increasing

calcination temperatures was considerably more complicated.

Between 550 °C and 760 °C the photocatalytic activity initially

increased to a maximum of 0.0216 min−1 at 700 °C, but then

decreased as the calcination temperature rose to 760 °C. Inter-

estingly, the photocatalytic activity increased again to a

maximum of 0.0260 min−1 when the calcination temperature

rose from 760 °C to 790 °C. There was a dramatic drop in

photocatalytic activity as the temperature increased to 850 °C

followed by a gradual increase as the temperature rose to

1100 °C.

Since this peculiar increase and decrease in the activity is one of

the most relevant findings of the present study, the measure-

Figure 9: Reaction rate constants of the photodegradation reaction in
the presence of the KLE-templated mesoporous and nonporous
MgTa2O6 thin films after thermal treatment at various temperatures.
The value for a mesoporous TiO2 thin film is represented by a star in
the figure for reference.

ments were repeated three times. As the results were similar to

PIB6000-templated films, Figure 9 shows only one of the films

for KLE-templated MgTa2O6.

Under UV illumination, MgTa2O6 adsorbs photons with a

wavelength shorter than ca. 278 nm and generates electron–hole

pairs corresponding to its bandgap of ca. 4.4 eV [10] (see

Figure S4, Supporting Information File 1, for the UV–vis

diffuse-reflectance spectrum). The photogenerated holes diffuse

all the way to the surface where they oxidize the preadsorbed

RhB molecules directly, or indirectly by forming hydroxyl radi-

cals, which abstract H atoms from the organics on or near the

semiconductor surface [26]. During subsequent calcination,

three factors readily affecting the photocatalytic activity
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changed dramatically in the current investigation, i.e., crys-

tallinity, grain size, and ordered mesopores [27,28]. Defects

serve as traps for photogenerated electron–hole pairs [26];

therefore, improved crystallinity prolongs the lifetime of the

photogenerated pairs, thus increasing the number of holes that

are able to diffuse all the way to the surface to be involved in

the photodegradation reaction. Small grains are assumed to

facilitate the photocatalytic reaction, as it takes less time for the

photogenerated pairs of holes and electrons to migrate all the

way to the surface to be involved in the reaction, which thus

inhibits the recombination of the pairs [27,28]. Ordered meso-

pores being accessible from the top favors the diffusion of

organic molecules to the oxide surface and at the same time

significantly increases the number of catalytically active sites

[15]. In a word, improved crystallinity and small grain size of

oxides, together with well-ordered mesopores contribute to the

photocatalytic activity of semiconductor oxide films with

ordered mesoporous structures.

Increasing the calcination temperatures promotes crystallinity,

but at the same time causes grain growth and deterioration of

the ordered mesoporous structure; consequently, choosing the

calcination temperature is always a balancing act. Considering

that 760 °C is the onset of crystallization for the present

MgTa2O6 (Figure 1), the fact that the first maximum appeared

at 700 °C in the temperature range of 550–760 °C for the meso-

porous MgTa2O6 film can be attributed to the balancing act

between the crystallinity and the ordered mesopores. When

heated to a temperature tens of degrees below the onset of crys-

tallization, e.g., 700 °C, the decay in the ordered mesopores was

not so significant, as can be discerned from the SAXS results

shown in Figure 6 and Figure 7. Therefore, the enhanced crys-

tallinity obtained by increasing calcination temperature

produced a near linear improvement in the photocatalytic

activity at 700 °C. As the calcination temperature approached

that of the onset of crystallization, decay in the ordered meso-

porous structure became significant due to the further mechan-

ical stress accompanying the amorphous–crystalline phase

transformation [29]. There was a decline in photocatalytic

activity at the point where the advantages of the increasing crys-

tallinity were outweighed by the disadvantage introduced by the

deterioration of the ordered mesopores.

After the onset of crystallization, the negative effect caused by

the collapsed mesoporous structure stabilized. In this case, one

should expect the gradually increasing crystallinity to produce a

gradual increase in photocatalytic activity as calcination

temperatures rise. However, the other factor readily affecting

the photocatalytic activity of a crystallized oxide, i.e., the grain

size, should not be neglected. After the onset of crystallization,

the grain size of MgTa2O6 increased steadily with increasing

calcination temperature from 760 °C to 950 °C, as indicated in

Figure 2. The negative effect caused by larger grains, in combi-

nation with the positive effect originating from the improved

crystallinity, resulted in the second maximum of photocatalytic

activity at 790 °C in the temperature range of 760–850 °C. The

gradual increase in photocatalytic activity of the films after

calcination beyond 850 °C can be ascribed to a consistently im-

proved crystallinity and also to the fact that the changes in the

grain size and mesopores were not overly significant.

The positive impact of the ordered mesoporous structure on the

photocatalytic activity is reinforced by the significantly higher

photocatalytic performance of the mesoporous MgTa2O6 film

compared to the nonporous one (Figure 9). In addition, the

KLE-templated mesoporous MgTa2O6 film exhibited higher

photocatalytic activity than the F127-templated counterpart at

the optimized calcination temperature of 790 °C. In the current

investigation, a MgTa2O6 film with an ordered mesoporous

structure was also successfully synthesized by using the

commercial F127 template even after calcination at 760 °C;

however, the mesopores were much smaller and less ordered. It

is not possible to synthesize ordered mesoporous MgTa2O6

films with crystallized walls by using the other widely used

block polymer of P123, because of the even smaller mesopores

formed during the EISA procedure [11]. Therefore, the present

KLE template contributes greatly to the MgTa2O6 film with

microstructures favoring the photocatalytic property.

Besides the ordered mesoporous structure, the randomly distrib-

uted round concave areas with depths of ca. 60 nm might

further contribute to the photocatalytic activity. Compared to

the generally achieved ordered mesoporous structure with a

smooth surface, such a 3-D nanoarchitecture enlarged the

surface area of MgTa2O6 exposed to the RhB solution. Mean-

while, as evidenced from Figure 3, cracks that initiated during

the calcination procedure, due either to the thermal mismatch

between the MgTa2O6 film and the substrate or to the mechan-

ical stress originating from the amorphous–crystalline transfor-

mation, were effectively confined within the round concaves,

which improved the interfacial strength of the thin film.

The present nanoarchitectured mesoporous MgTa2O6 film

possessed an optimized photocatalytic activity significantly

higher than that of the ordered mesoporous anatase film. When

considering the TOF value, the nanoarchitectured MgTa2O6

film calcinated at 790 °C possessed a photocatalytic activity ca.

four times that of the mesoporous anatase film (Table 1).

Although MgTa2O6 powders have been reported to possess the

ability to assist photoinduced water-splitting, their activities are

not promising [10,11]. The successful synthesis of the present

novel nanoarchitectured MgTa2O6 film significantly promoted
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the potential property of MgTa2O6 as a photocatalyst, which we

believe could find practical applications in heterogeneous

photocatalysts and solar-induced water splitting.

Conclusion
Well-crystallized MgTa2O6 films with ordered mesoporous

structures, imposed by randomly but homogeneously distrib-

uted round concaves, were synthesized through evaporation-

induced self-assembly followed by calcination at temperatures

above 760 °C. Such an advanced mesostructure can be achieved

by special block copolymers such as KLE or polymers of the

poly(isobutylene)-b-poly(ethylene oxide) type, which show

similar properties in terms of structure and photocatalysis (see

Supporting Information File 1). With increasing calcination

temperature up to 1100 °C, two maxima in the photocatalytic

activity for the MgTa2O6 film were achieved as a result of the

combined effects of increasing crystallinity, increasing grain

size, and deterioration of the ordered mesopores. The MgTa2O6

film with a novel nanoarchitecture possessed an enhanced

ability to assist photodegradation of rhodamine B in water

under UV irradiation. The optimal photocatalytic activity, when

evaluated in terms of turnover frequency, was about four times

that of previously reported anatase films with ordered meso-

pores [15] and even exceeded the photocatalytic performance of

such films doped with other elements (see, e.g., [30] and refer-

ences therein).

In conclusion, our work represents a show-case study regarding

the interplay of crystallinity/crystallite size and mesoscopic

order. The combination of photocatalytical characterization with

comprehensive, temperature-dependent structural analysis

proved that mesoporosity itself is not sufficient to endow metal

oxides with advanced physicochemical performance.

Experimental section
Film fabrication
MgCl2 (47 mg; 99.99%, Aldrich) and Ta(OC2H5)5 (500 mg;

99.98%, Aldrich) were dissolved separately in ethanol (2 g)

under magnetic stirring. After the addition of concentrated HCl

(1.5 g) to the Ta(OC2H5)5 solution, the MgCl2 ethanolic solu-

tion was added dropwise. Finally, an isotropic solution

consisting of the KLE template (100 mg; or 100 mg of the

polymer F127 or PIB6000), ethanol (2 g) and tetrahydrofuran

(1 g) was added, and the final precursor was stirred for a further

6–10 h before dip-coating. This amount of block copolymers

was found to be optimum with respect to the mesostructural

organization. The MgTa2O6 thin films were deposited on Si

wafers by dip coating at a controlled relative humidity of 12%

with a constant withdrawal speed of 6.5 mm s−1, and then dried

at 80 °C for 1 h in air and maintained at 300 °C overnight in

order to stabilize the mesoporous structure. The subsequent

calcination was conducted by heating to the desired tempera-

tures at a rate of 5 K min−1. The samples were then removed

immediately and allowed to cool down rapidly. The nonporous

MgTa2O6 film was fabricated in a similar procedure except that

no template was added in the precursor.

Film characterization
Scanning electron microscopy (SEM) observations were

performed in a LEO440 instrument with an acceleration voltage

of 3.0 kV. Atomic force microscopy (AFM) investigations were

conducted with a Nanoscope III, Digital Instruments, in tapping

mode. Transmission electron microscopy (TEM) images were

taken with a Zeiss EM 912Ω instrument at an acceleration

voltage of 120 kV. The small-angle X-ray scattering (SAXS)

and X-ray diffraction (XRD) measurements were performed in

a Bruker D8 diffractometer with an accelerating voltage of

40 kV and a current of 40 mA, with Cu Kα radiation. The 2-D-

SAXS measurements were carried out by using a Nonius

rotating anode setup (Cu Kα radiation with λ = 0.154 nm)

featuring a three-pinhole collimation system and a MAR CCD

area detector, with a sample-to-detector distance of 750 mm.

The angle β between the incident beam and the substrate was

set to 10° or 90°. Ultrathin Si wafers with a thickness of

ca. 30 μm were used for the 2-D-SAXS measurement.

Photocatalytic activity measurement
Rhodamine B (RhB), a xanthene dye molecule, was used as a

probe to evaluate the photocatalytic activity of the thin films

[22]. For each test, 33 mL RhB aqueous solution with an initial

concentration of 0.01 mmol L−1 was illuminated with an 8 W

UV lamp (λmax = 254 nm, CAMAG, Germany) in the presence

of the thin films with a total exposure surface area of

ca. 16 cm2. The distance between the lamp and the film was

ca. 2 cm. The solution was stirred continuously and exposed to

air during each run of the photocatalytic reaction for up to

120 min, interrupted at an interval of 30 min to monitor the

change in RhB concentration. The relative concentration c/c0 of

RhB was determined by normalizing the absorption of the solu-

tion to that of the initial one (A/A0) after a given reaction dura-

tion. Monitoring was conducted with a UV–vis spectropho-

tometer (UVIKON 931, Kontron Instruments, Switzerland) at a

fixed wavelength of 554 nm, using a quartz cuvette of 1 cm as

the optical path length.

Supporting Information
Supporting Information File 1
Additional Figures.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-3-13-S1.pdf]
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Abstract
Monitoring emissions in high-temperature-combustion applications is very important for regulating the discharge of gases such as

NO2 and CO as well as unburnt fuel into the environment. This work reports the detection of H2 and CO gases by employing a

metal–metal oxide nanocomposite (gold–yttria stabilized zirconia (Au–YSZ)) film fabricated through layer-by-layer physical vapor

deposition (PVD). The change in the peak position of the localized surface plasmon resonance (LSPR) was monitored as a function

of time and gas concentration. The responses of the films were preferential towards H2, as observed from the results of exposing the

films to the gases at temperatures of 500 °C in a background of dry air. Characterization of the samples by XRD and SEM enabled

the correlation of material properties with the differences in the CO- and H2-induced LSPR peak shifts, including the relative

desensitization towards NO2. Sensing characteristics of films with varying support thicknesses and metal-particle diameters have

been studied, and the results are presented. A comparison has been made to films fabricated through co-sputtered PVD, and the

calibration curves of the sensing response show a preferential response towards H2. The distinction between H2 and CO responses

is also seen through the use of principal-component analysis (PCA). Such material arrangements, which can be tuned for their

selectivity by changing certain parameters such as particle size, support thickness, etc., have direct applications within optical

chemical sensors for turbine engines, solid-oxide fuel cells, and other high-temperature applications.
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Introduction
Sensors based on surface plasmon resonance have been a prin-

cipal area of research in optical sensing devices [1-4]. The

catalytic activity of highly dispersed gold particles either

supported on metal oxides or embedded in metal oxides as

discovered by Haruta et al. [5] served as pioneering work in the

field of noble-metal catalysis in general, and particularly for

plasmonics-based gas sensing. The extremely high sensitivity of

the plasmon resonance peak to changes in the free-electron

density of gold nanoparticles or a change in the dielectric func-

tion of the metal-oxide host material due to adsorbate reactions

on surfaces makes this a viable chemical sensing technique.

Although many metals, such as Cu, Al, and Ni [6], show char-

acteristic plasmon peaks, they typically exhibit resonances at

higher frequencies, which necessitates the use of complicated

and expensive light sources. The use of gold or silver as the

active sensing material does not warrant this, as the resonance

wavelength region is in the visible and lower UV range,

enabling the use of compact and inexpensive light sources. The

choice of gold has thus been validated by its stability at high

temperatures (the melting point of an unsupported 6 nm diam-

eter Au nanoparticle, for example, is around 1150 K and

decreases with decreasing particle size [7]).

There have been studies investigating the use of catalytically

active gold or silver nanoparticles as optical sensors [8-12],

along with theoretical models of the sensing response [13] and

calculations of the sensitivity of the response to parameters such

as shape, size and composition of the nanoparticles [14]. Ando

et al. have reported, in one of the earlier investigations of

sensing at high temperatures, the plasmonic sensing characteris-

tics of Au nanoparticles when embedded in a CuO matrix, at a

working temperature of 300 °C [15].

For consistent and sensitive detection of H2, CO and NO2,

Rogers et al. and Sirinakis et al. used Au–yttria stabilized

zirconia (Au–YSZ) films and reported sensing observations

through hundreds of hours of laboratory testing between 500

and 800 °C [16-18]. While detection of these gases at high

temperatures has been demonstrated, selectivity between these

gases remains a challenging task, as many interactions between

the different analyte gases and the film surface can be mani-

fested as a change in the position of the plasmon peak. Selec-

tive detection of gases can be addressed either through a ma-

terials-development approach and/or the implementation of

specific methods for data analysis. One example of this is selec-

tive chemiresistive sensor measurements with Ga2O3 materials.

These studies showed that selectivity was enabled through the

morphological tailoring of Ga2O3 and the use of both tempera-

ture changes as well as physical and chemical filters [19].

Another example in the direction of materials development is

the work by Buso et al., who monitored specific wavelengths of

the absorption spectrum of SiO2 sol–gel films containing NiO

and Au NPs during gas exposures. They demonstrated the selec-

tive detection of H2 over CO, based on the differing response

characteristics of the films in the different wavelength regions

[20]. In another study, Gaspera et al. investigated the role of

sol–gel-synthesized metal-oxide (NiO and TiO2) films that were

coated over Au NPs. One of the motivations of this work was to

examine if the catalytic activity of the sol–gel-coated Au NPs

increased due to the reduction in temperature-driven sintering of

the Au NPs by the metal-oxide films, which would serve to

reduce the Au NP size. They showed that such an arrangement

had a reversible response to ethanol [21]. In the direction of

investigating the use of both materials and statistical algorithms

to discriminate the different responses of a single film towards

the CO, H2 and NO2 target gases, Joy et al. recently demon-

strated a method of extracting spectral information from sensing

experiments using both supervised and unsupervised statistical

algorithms, linear-discriminant analysis (LDA) and principal-

component analysis (PCA), respectively [22]. This study has

practical benefits in that relevant wavelength regions can be

identified from the entire plasmon spectrum, as determined by

statistical algorithms that show the greatest selective detection

of the target analytes.

In the current work, a Au–YSZ film has been fabricated through

a layer-by-layer physical vapor deposition (PVD) procedure,

and the response of the film to H2, CO and NO2 at 500 °C has

been monitored by observing the change in the position of the

localized surface plasmon resonance (LSPR) peak. This work

employs a layer-by-layer approach, meaning that the Au was

first deposited and annealed to form nanoparticles and was then

followed by the deposition and annealing of the YSZ capping

layer. The metal-oxide overcoat has a crucial role in restricting

the growth of the Au NPs during long-term high-temperature

exposures, and its thickness has a direct impact on the number

of oxygen vacancies in the film. The vacancies are introduced

into the film through the yttria dopant in zirconia. YSZ is an

excellent oxygen-ion conductor at temperatures greater than

300 °C, with almost 99% of its conductivity being due to the

transport of oxygen ions above this temperature [23]. In the

current study, an investigation into the dependence of the chem-

ical sensing on Au particle size coupled with the YSZ-overcoat

thickness has been performed for the first time. The resulting

material properties of these films have produced a unique

sensing dependence, which has enabled an enhanced detection

of H2 by a factor of 4 in comparison to CO. Such a strong

difference in the detection of these two reducing gases is

significant with respect to meeting the challenge towards selec-

tivity. An additional analysis that exemplifies the differences
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between the two most prominent films was carried out by using

PCA.

Results and Discussion
Exposure conditions and sensing results
The gases tested were H2, CO and NO2 in an air background.

The exposure concentrations were 200, 500, 1000, 5000 and

10000 ppm for H2 in dry air; 20, 50, 100, 500 and 1000 ppm for

CO in dry air; and 2, 5, 10, 50 and 100 ppm for NO2 in dry air.

For ease of discussion, all samples with 3 nm Au but with 5/10/

20 nm YSZ are referred to as medium-, large- and small-

particle samples, respectively, and the film with 1.5 nm Au and

20 nm YSZ is referred to as the thinner gold sample. For com-

parison of the sensing data, a film fabricated by co-sputtering of

the Au and YSZ, which was previously studied, was selected

and is referred to as the co-sputtered sample. The exposure

temperature was 500 °C, and all samples were allowed a warm-

up time of five hours before the first exposure. An example of

the shift in peak position, in this case for the small-particle

sample on exposure to H2, is shown in Figure 1 along with a

sample Lorentzian fit used to determine the LSPR peak pos-

ition, which was used as the sensing signal and monitored as a

function of time. As these H2 exposures were repeated a total of

three times in a 72-hour experiment, a subset of the results for

the hydrogen exposures are shown in Figure 2 and Figure 3.

From the exposure plots the most obvious observation is the

shift in the plasmon resonance peak towards shorter wave-

lengths upon exposure to H2. This shift is likely the result of

interfacial charge-transfer reactions between H2 and the oxygen

anions forming water as the product [12-14]. As a result, elec-

trons are transferred to the Au NPs inducing a blue shift or

increase in LSPR frequency, ω, as characterized by the Drude

model in Equation 1.

(1)

In the above equation N0 is the free-electron density of the Au

particle, e the electron charge, εm the dielectric constant of the

matrix and ε0 the permittivity of vacuum [24]. These reactions

will also likely induce a change in the polarizability of the YSZ

matrix, changing the dielectric constant. The shift in the

plasmon peak position will therefore be a result of the combined

effect of the charge exchange and the change in dielectric prop-

erties of the YSZ. Other chemical reactions between H2 and

YSZ could also induce a change in the dielectric function, and

while the adsorption of hydrogen is an activated process, the ac-

tivation energy is typically less than 1 eV [25]. The uptake of

hydrogen as an OH species by a zirconia matrix at tempera-

Figure 1: (a) Change in peak position of the small-particle sample
between exposures to air and H2. The lower plot (b) shows a sample
Lorentzian fit (red line) of the absorbance spectrum to the spectrom-
eter data (black line), which was used to monitor the change in peak
position.

tures between 673 and 873 K has been confirmed through

studies using infra-red spectroscopy [26]. A significant differ-

ence between this previous study and practical studies of emis-

sion-gas sensing is that the measurements were not done in the

presence of background oxygen. However, if H2 were to react

in the presence of an oxygen background, (such as in air) these

reactions would induce a change in the dielectric function of the

matrix. Such operando studies, combining chemical sensing

measurements with analytical methods that simultaneously

probe the reaction mechanism that induces the sensing

response, remain a challenging experiment under relevant

atmospheric sensing conditions.

Inspection of Figure 2 and Figure 3 shows that while each of the

five films responds well to H2 as evidenced by the significant
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Figure 2: Hydrogen-exposure plots of (a) small-particle and (b)
medium-particle samples. Concentrations of 200, 500, 1000, 5000 and
10000 ppm of H2 in an air background were tested and are overlaid for
the two samples, corresponding to increases along the time axis.

shifts in the plasmon peak position and the stable baseline peak

position during the air cycles, the small-particle film is the most

responsive among all samples. This is evident from the

maximum change in the plasmon peak position as a function of

H2 concentration and is more clearly shown in the calibration

curves in Figure 4. The data plotted is the change in LSPR peak

position as a function of the H2 concentration, with the values

of the LSPR peak position representing the weighted average of

three repeats for each gas concentration, and the error bars

representing the uncertainty in the weighted average. The

enhanced response of the small-particle film towards H2 is quite

interesting and is approximately a factor of 1.5 better than the

co-sputtered film that was used in previous studies. The differ-

ence in response towards H2 as a function of the film compos-

ition used in Figure 2 and Figure 3 requires some further com-

parison with respect to their morphological differences. One

determining factor may be the respective oxygen vacancies in

each of the films. For the calculation of the oxygen-vacancy

concentration in all films, a general assumption was that the

YSZ film had a cubic fluorite lattice structure. The calculations

were performed by taking into account the deposited area,

Figure 3: Hydrogen exposure plots of (a) thinner gold, (b) co-sput-
tered and (c) large-particle samples. The exposures are overlaid and
correspond to concentrations of 200, 500, 1000, 5000 and 10000 ppm
of H2 in air, respectively, increasing along the time axis.

Figure 4: Calibration curves of all investigated samples for hydrogen.
Error bars for each of the five separate H2 exposures have been
included.
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thickness and lattice parameter of the YSZ film, and the number

of oxygen vacancies that would be formed due to the yttria

dopant level.

Calculation of the number of oxygen vacancies per square

centimeter led to the following numbers for the films: 8.16 ×

1015/cm2 for the small-particle sample and the thinner gold

sample, 2.04 × 1015/cm2 for the medium-particle sample and

4.08 × 1015/cm2 for the large-particle sample. Given the

proposed reaction mechanism, the enhanced response towards

H2 for the small-particle sample may be due to the highest

oxygen vacancy concentration in this film among all the

samples, which would facilitate an increase in H2 adsorption,

coupled with the smaller-diameter Au particles. Although the

thinner Au sample has the same thickness of YSZ and hence

essentially the same number of oxygen vacancies as the small-

particle sample, the smaller Au particles in the latter case lead

to an increased response. This may be attributed to the number

of adsorption sites (such as defects, etc., which are the preferred

sites for adsorption [27]) being higher for this sample. For the

medium- and large-particle samples, the reduced response to H2

in comparison to the small-particle sample may be a direct

consequence of the fact that the reduced YSZ thickness would

reduce the number of oxygen vacancies, decreasing the number

of oxygen anion species for reaction. In comparing these films,

it is noted that while there has not been a direct scaling of the

magnitude of the change in plasmon peak position with YSZ

thickness, the general qualitative trend of an increased response

with an increase in the number of oxygen vacancies appears to

be followed.

The samples were also tested for their response towards CO,

and a subset of the exposure results are shown in Figure 5.

Similar to H2, the mechanism of the LSPR shift can be

explained as follows. The adsorption of CO leads to the extrac-

tion of oxygen ions from the lattice, followed by injection of

electrons from the O2− ions into the matrix and CO2 desorption.

This can increase the free-electron density of the Au particles

and cause the shift of the plasmon peak to the lower wave-

length region of the spectrum. Similar to the H2 experiments,

these reactions could also affect the dielectric function.

Although all samples were investigated for their response to

CO, only the co-sputtered and small-particle samples showed a

detectable response for all CO concentrations, as shown in

Figure 5. The sample with the highest response was the co-sput-

tered sample with the small-particle sample having a small but

measurable change in LSPR peak position. Each of the other

samples either had a very small peak-shift response to the

higher concentrations of CO, or none that was detectable above

the baseline noise. The catalytic reaction of CO to CO2 has been

Figure 5: Exposure plots of (a) co-sputtered sample and (b) small-
particle sample to CO. The concentrations tested were 20, 50, 100,
500 and 1000 ppm, respectively, in the increasing direction of the time
axis.

found to have a strong dependence on the Au NP size. Specifi-

cally, for inert metal-oxide supports, an enhancement in CO

adsorption on the surface occurs only for particles with diame-

ters less than 2 nm [28]. However, activity towards CO oxi-

dation also occurs for particle diameters ranging from 12 to

30 nm when the particles are supported on active metal-oxide

supports, such as Fe2O3 and YSZ. These supports are able to

trap oxygen due to the presence of oxygen vacancies in their

lattice. The combined effect of dissociative adsorption of

oxygen on these supports with the activity of the Au nanoparti-

cles produces an active material towards CO oxidation [29].

Thus, it was proposed that the ability of the YSZ support to

provide reactive oxygen for CO oxidation increases the critical

diameter for CO oxidation enhancement into the 10–30 nm

range. It was noted, however, that the catalytic activity does

decrease with increasing particle diameters, even for active

supports. Rogers et al. [30] have also discussed the enhance-

ment in sensitivity with decreasing particle sizes of Au for the

detection of H2, NO2 and CO gases in a background gas

containing mixtures of N2 and O2 as well as air. Thus, we

propose that the reduced particle size, in addition to the fact that

the metal oxide used in this study serves as an active support, is
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the reason for the observed increase in response of the co-sput-

tered sample (which has a mean particle size of 13 nm) when

compared to the other samples (the sample with the smallest

particles having a mean diameter of 48 nm). The calibration

curves for CO response for the two samples (co-sputtered and

small-particle sample) are shown in Figure 6.

Figure 6: CO Calibration curves for the small particle sample and the
co-sputtered sample. The error bars are shown for all concentrations.

Exposure to NO2 should cause a red shift in the plasmon peak

position, as it is known that NO2 dissociates on Au–metal-oxide

composites [31], and, provided oxygen vacancies are available,

the dissociated oxygen would be adsorbed as either surface or

lattice oxygen anions, O− or O2− respectively. This would cause

a reduction in the free-electron density of Au and would

decrease the plasmon frequency, causing the aforementioned

red shift. Interestingly, all the layer-by-layer samples were rela-

tively desensitized to NO2. This conclusion was drawn from the

fact that the maximum peak shift for the highest concentration

of NO2 was approximately 0.25 nm, a factor of 2 lower than the

CO response, which in itself was much lower than the response

towards H2. The reason for the low response is likely the

unavailability of oxygen vacancies in the YSZ matrix, as the

samples are exposed to a constant air background. Thus, an

almost completely saturated matrix (i.e., the vacancies are satu-

rated due to O2− formation from dissociative adsorption of O2)

is hypothesized as the cause for the low response of the samples

towards NO2. This hypothesis is further supported by the work

of Rogers et al. [17], wherein the response to NO2 was found to

increase when the concentration of O2 in the background gas

was reduced from 20% to 5%. The exposure plot of the small-

particle sample, which had the highest response, is shown in

Figure 7 for NO2 exposures of 5, 10, 50 and 100 ppm.

Figure 7: Exposure plot of small-particle sample to NO2. The concen-
trations tested were 2, 5, 10, 50 and 100 ppm, and only the last four
concentrations, for which the sample had a detectable response, have
been shown here, in order of increasing time.

To summarize, the response of the small-particle sample to H2

was found to be higher than that of the co-sputtered sample (a

150% increase in response, to 10,000 ppm of H2), while the

response to CO is much lower (a 450% reduction in response, to

1000 ppm of CO). Such a varied response to two reducing gases

raises the possibility for the employment of these samples in a

sensing array for the selective detection of H2 and CO. We are

currently probing the optimization of the small-particle-sample

configuration so that it will have an increased response to H2,

while being even more desensitized to CO and NO2. Optimiz-

ation of the particle sizes and the thickness and chemistry of the

metal-oxide support may help realize these objectives. To elicit

the selective response of the small-particle sample towards CO

and H2, PCA was carried out on datasets for both the small-

particle sample and the co-sputtered sample; the co-sputtered

sample being selected because of its almost identical response

towards H2 and CO in terms of its respective change in plasmon

peak position upon gas exposure.

Principal component analysis
The purpose of performing PCA is to extract as much informa-

tion as possible from the absorbance spectrum of a sample in

order to observe a unique response for each of the analytes. Of

the many multivariate methods available, PCA is attractive due

to its simplicity of application [22,32,33]. It is an unsupervised

technique that reduces the dimensionality of a dataset while still

retaining as much variance in the data as possible. In order to do

this, data points are transformed onto a new set of orthogonal

axes that run in directions of maximum variance in the data.

Dimensionality can be reduced by projecting the data points
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onto a subspace of just the first two principal components

(PCs), which typically retain most of the variance in the data.

For the present analysis, the observations, or data points, consist

of each of the H2 and CO concentrations (five each for H2 and

CO). The measured variables consist of 1570 individual wave-

lengths in the absorption spectrum between 450 and 850 nm.

PCA was performed with the Python programming language by

using singular value decomposition (SVD). Details on the math-

ematical procedure can be found elsewhere [34,35]. The obser-

vations were then projected onto the principal component 1

(PC1) and principal component 2 (PC2) axes and plotted in

Figure 8, which are known as the PC scores plots.

Figure 8: PC scores plot for (a) small-particle sample and (b) co-sput-
tered sample in an air background at 500 °C. The percent variance in
the data described by each PC is listed in parentheses and data
marker size increases with analyte concentration. The degree of sep-
aration between the H2 (red) and CO (blue) markers is a qualitative
measure of the difference in response of the sample to the two gases.

The PC scores plots can be viewed qualitatively based on the

separation between the clusters of points representing H2 expo-

sure and clusters representing CO exposure. As the separation

improves, it becomes easier to distinguish one analyte from the

other. Given the range of concentrations tested for this experi-

ment, points tend to form lines rather than clusters. However, a

distinct separation between the H2 and CO data points is seen

for both samples in Figure 8. Although the analysis is limited in

terms of the number of observations (i.e., data points), the

results indicate that the small-particle sample has a distinction

between H2 and CO at all concentrations, while the co-sput-

tered sample has less separation of the data points at the lower

concentrations. This suggests that the small-particle sample

appears to be better suited to classifying the analytes at the

lower concentrations. This observation is quite important as the

selective detection of CO and H2 for many types of metal-

oxide-based sensing applications is problematic since they both

react readily with the oxygen anion species and produce a

similar response on the transducer of interest [1]. The results

from this current study show that by tuning the material prop-

erties, a single metal-oxide film can have a CO response that is

a factor of about 5 lower than that of H2, evident from a

plasmon peak shift of 0.6 nm for 1000 ppm of CO as opposed to

3.3 nm for 1000 ppm of H2.

Conclusion
In this work, we have demonstrated that morphological modifi-

cation of a Au-YSZ nanocomposite results in a vivid change in

the response to H2 and CO gases, and also an apparent desensi-

tization to NO2. The morphological switching mentioned here

results from a change in the sample fabrication method from a

co-sputtered Au–YSZ film, in which the Au particles are

embedded in the YSZ matrix, to a layer-by-layer process for

nanocomposite preparation. PCA analysis was employed to

illustrate the difference in response between H2 and CO for the

co-sputtered and small-particle sample. These composites could

serve as potential sensing materials in a sensor array for selec-

tive detection of H2, CO and NO2. Experiments are currently

underway to determine the optimal configurations of these

samples for a selective response to all gases. Further investi-

gations to describe quantitatively and qualitatively the mecha-

nism of charge exchange in terms of the reaction kinetics are in

progress. Additional work to investigate the adsorbed species

during the gas exposures through Raman spectroscopic charac-

terization is on track, such that a predictive method of optimal

sample preparation and configuration can be applied in the

future.

Experimental
Film fabrication
Radio-frequency co-magnetron confocal physical-vapor deposi-

tion was used in the synthesis of all films. The general fabrica-

tion procedure was as follows: (i) deposition of 1.5 or 3 nm Au
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Table 1: Sample nomenclature and physical-vapor-deposition parameters.

Sample ID Thickness of Au layer
(nm)

Thickness of YSZ
overcoat (nm)

Deposition rate of Au
layer (Å/s)

Deposition rate of YSZ
overcoat (Å/s)

Small-particle sample 3 20 0.3 0.3
Medium-particle sample 3 5 0.3 0.3
Large-particle sample 3 10 0.3 1.4
Thinner-gold sample 1.5 20 0.3 1.4

on quartz substrates with half of the substrate masked. The

masked region allows for a reference spectrum to be continu-

ously recorded during the spectral measurements of the

Au–YSZ nanocomposite film. (ii) Annealing of the deposited

Au film at a temperature of 900 °C for five minutes in an Ar

environment with a flow of 2000 sccm. This annealing step

results in the transition of the Au film to Au NPs. (iii) Deposi-

tion of the YSZ capping layer (5/10/20 nm thickness depending

on the samples) on the Au film. And finally, (iv) annealing of

the deposited films for three hours at 800 °C in a 2000 sccm

flow of Ar to stabilize them for the sensing experiments. A half

hour ramp-up and a final cool-down of the samples in argon

were part of the annealing process.

The PVD targets used were Au of 99.99% purity and YSZ

(99.9% purity) with a 5 wt % doping of yttria. The use of a

constant annealing time and temperature for each of the samples

lead to samples with Au particle sizes resulting from a change

in PVD deposition conditions. The trends in particle sizes were

corroborated by using environmental scanning electron

microscopy (ESEM) and X-ray diffraction (XRD) The co-sput-

tered sample was fabricated by co-sputtering of Au and YSZ,

by using a procedure described elsewhere [22]. Table 1 lists the

sample nomenclature and the PVD deposition parameters. The

selection of the co-sputtered film was based on the fact that the

response to CO of the co-sputtered film was relatively similar in

magnitude to its response to H2. This is in stark contrast to the

unique sensing response observed for films deposited in a layer-

by-layer fashion. The layer-by-layer process has enabled the use

of a unique set of samples with varying Au NP size and Au

atomic percentage. Specifically, calculations of the Au content

in each of the films revealed values of 2%, 8%, 4% and 1% for

the small, medium, large and thinner gold samples, respectively,

with the balance of these films being YSZ. The co-sputtered

film was shown to have 9 atom % Au.

Optical sensing apparatus
The sensing apparatus used for the experiments is shown in

Figure 9. The setup consists of, from right to left, an Ocean

Optics tungsten halogen source with an emission wavelength

range of 360–2500 nm; the quartz flow cell in which the sample

is placed in the optical centerline by mounting in a Macor

holder; a tube furnace for temperature control up to 900 °C; two

lenses to create the optical image of the sample; and two beam

splitters, which direct the beam onto two Ocean Optics spec-

trometers, one for recording the reference spectrum and the

other for monitoring the spectrum from the sample. This setup

is a simpler and lower-cost alternative to the 2-D CCD-

imaging-based optical apparatus used previously [22]. The gas

flow was regulated by computer-controlled mass-flow

controllers supplied by MKS, and the total flow rate was main-

tained constant at 2000 sccm for all exposures.

Figure 9: Optical sensing apparatus. From left: UV–vis source, quartz
flow cell with gas inlet and outlet ports, tube furnace, focusing lenses,
beam splitters and spectrometers.

Sample characterization
For characterizing the deposited samples, ESEM and XRD were

used. ESEM analysis was carried out by using a FEI E-SEM

600, and the crystallite sizes from the ESEM images were

calculated using ImageJ software, assuming spherical particles

of gold. The particle (crystallite) diameters for all the samples

are tabulated in Table 2.

Figure 10a,b and Figure 11a,b show ESEM images of the

small-, medium- and large-particle samples, and the thinner

gold sample, respectively. From the ESEM images the Au crys-

tallites can be clearly seen, and the scaling of the Au particle

size with decreasing YSZ thickness is obvious, except for the
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Table 2: ESEM characterization results for PVD prepared samples. All values are in nanometers.

Sample ID Mean crystallite size Standard deviation in crystallite size

Small-particle sample 48 14
Medium-particle sample 64 23
Large-particle sample 125 48
Thinner gold sample 57 16

Table 3: Crystallite sizes calculated from XRD data and the Scherrer equation. ESEM particle sizes are shown for comparison. All values are in
nanometers.

Sample ID Average crystallite size from XRD Average crystallite size from ESEM

Small-particle sample 58 48
Medium-particle sample 129 64
Large-particle sample 120 125
Thinner gold sample 63 70

Figure 10: ESEM images of (a) small-particle and (b) medium-particle
films. The annealing times were kept constant for all films so that varia-
tions in the particle size would be entirely a consequence of the depo-
sition parameters. Diameter measurements were done on 172 parti-
cles for (a) and 89 particles for (b) to get the average sizes.

Figure 11: ESEM images of (a) large-particle sample and (b) thinner
gold sample. Diameter measurements were carried out on 34 particles
for (a) and 545 particles for (b) to arrive at the average sizes.

fact that the particle size of the large-particle film should have

been smaller than that of the medium-particle film due to the

larger YSZ thickness. We speculate that this deviation is due to

the fact that the deposition rate during the sample preparation of

the former film was three times higher than the latter, thereby

possibly changing the morphology of the YSZ film and

allowing an increased sintering of the Au crystallites during

annealing.

XRD analyses were performed on the samples with a Scintag

XDS 2000 by using Cu Kα radiation (wavelength of 1.54 Å).

The crystallite sizes were determined by using the Scherrer

Equation 2,

(2)

Where t is the crystallite size in nanometers, k is the Scherrer

constant (assumed to be 0.9), λ is the wavelength of the radia-

tion, β is the value of the full width at half maximum (FWHM)

of the Gaussian fit to the XRD peak profile, and θ is the diffrac-

tion angle. The tabulated values of the crystallite sizes for all

samples have been included in Table 3, along with the calcu-

lated values from ESEM data for comparison. The instrumental

contribution to the peak width for the XRD was accounted for

by using the XRD profile fit of a thick gold sample with large

Au particles (greater than 500 nm in diameter) within a YSZ

film that was 40 nm thick.

The crystallite sizes from the ESEM and the XRD are mostly in

reasonable agreement with respect to the average diameters.

The small variations may be attributed to the fact that the calcu-

lations of the particle sizes for ESEM were not averaged over

the entire sample surface, which could have resulted in a closer

agreement with the XRD values. This is particularly true for the

differences observed for the medium-particle sample, which

shows values that are different by a factor of about 2.
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