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fAhstract: Semiconducting metal oxides are frequently
used as gas-sensing materials. Apart from large surface-
to-volume ratios, well-defined and uniform pore struc-
tures are particularly desired for improved sensing per-
formance. This article addresses the role of some key
structural aspects in porous gas sensors, such as grain
size and agglomeration, pore size or crack-free film
morphology. New synthesis concepts, for example, the
utilisation of rigid matrices for structure replication,
allow to control these parameters independently, pro-
viding the opportunity to create self-diagnostic sensors
with enhanced sensitivity and reproducible selectivity.

Keywords: mesoporous materials « nanostructures -
Qemiconductors - sensors - thin films )

Introduction

Almost half a century ago it was realised that semiconduct-
ing metal oxides have great potential as gas-sensing materi-
als, owing to the fact that chemical interaction of gas mole-
cules with the semiconductor’s surface leads to changes in
the electrical conductivity (Figure 1).) Such “chemiresis-
tors” can be manufactured as portable devices that are oper-
ated at elevated temperature by battery power supply and
used in a large variety of applications, including the detec-
tion of hazardous gases in factory plants or mining facilities,
oxygen control in combustion exhaust car emission or hu-
midity and air quality control (hydrocarbons, nitric oxides)
in automobile cabins or living spaces.>?! The sensing materi-
al is usually deposited as a polycrystalline film or layer on a
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Figure 1. Simplified schematic representation of chemical reactions occur-
ring at the surface of a semiconducting (n-type) gas sensor according to a
standard model. Left: Chemisorption of oxygen from the gas phase (air)
leads to the immobilisation of conduction electrons in the near-surface
region. Right: reducing gases (e.g., CO) abstract surface-bound oxygen,
thereby releasing electrons back into the crystal. Thus, the electric con-
ductivity is a measurable for the concentration of the reducing gas. (The
true nature of the adsorbed oxygen species is subject to discussion.!'?)
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Figure 2. Photographs (top) and schematic drawing (bottom) of an exam-
ple sensor substrate (UST Umweltsensortechnik GmbH, Germany). The
sensor material is deposited on the interdigitated Pt electrode structure,
for example, by drop-coating.)
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substrate with integrated electrodes and heating (Figure 2).
Extensive scientific and engineering research is being dedi-
cated to the optimization of semiconducting gas sensors
with respect to their sensitivity, response rate, gas selectivity
and economic efficiency (low manufacturing costs, low oper-
ating temperatures). From the large number of scientific
publications that have been summarised in several recent
review articles,”'! it is apparent that the physics and
chemistry of semiconducting gas sensors is complex and still
not exhaustively understood. Several factors contributing to
the working principles have been identified, but it is often
difficult to separate them from each other in order to study
their individual impact on the overall sensor performance.
In semiconducting metal oxides oxygen vacancies that act
as electron donors (n-type semiconductors) or excess
oxygen atoms that act as electron acceptors (p-type) are re-
sponsible for the electronic conductance. SnO, (n-type) is
the most frequently used semiconducting material for gas
sensing. The mechanisms responsible for gas sensing are not
fully understood and subject to ongoing discussion.”! Ac-
cording to a standard model, chemisorption of oxygen from
the gas phase creates extrinsic surface acceptor states that
immobilize conduction band electrons from the near-surface
region of an n-type semiconductor,'¥ as depicted in a sim-
plified fashion in Figure 1 (left). Under ambient conditions,
that is, in the presence of air, the near-surface region of
each grain is therefore depleted of electrons (depletion
layer), relative to the interior parts; the surface coverage
with oxygen functionalities is at equilibrium. In the deple-
tion layer the conductance is lower as compared to the ab-
sence of oxygen gas. As long as neighbouring grains are in
contact with each other the same applies to the overall con-
ductance of the entire material. For p-type semiconductors
the chemisorption of oxygen leads to an accumulation sur-
face layer and, thus, to a higher conductance. The presence
of other gases with either reducing or oxidising properties
will further affect the density of charge carriers (n-type elec-
trons or p-type holes) in the near-surface region of each
grain. Reducing gas molecules (e.g. CO) will abstract sur-
face-bound oxygen atoms, a process that releases immobi-
lised electrons, as schematically depicted in Figure 1 (right).
In contrast, oxidising gases (e.g. NO,) immobilise further
conduction-band electrons from the near-surface region by
creating additional surface-acceptor states. As a result, the
foreign gas molecules cause a decrease (reducing gases) or
increase (oxidising gases) of the depletion layer thickness by
changing the surface-state density, which in turn leads to a
change in the net conductance of the material. Thus, the
conductance is a measurable quantity as a sensor signal for
the concentration of such gases. It should be noted, though,
that the above-made considerations describe the physico-
chemical principles of gas sensing in a highly idealised way.
Several additional factors that make the situation a lot more
complicated are neglected; for example, the aspect of hu-
midity or partial deactivation of the sensor’s surface by irre-
versible adsorption of gas molecules are not discussed here.
A more comprehensive description of the underlying princi-
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ples in semiconducting gas sensors can be found, for in-
stance, in the above-mentioned review articles.>'!

The most important properties of a gas sensor are its sen-
sitivity, operating temperature, selectivity and long-term sta-
bility. In other words, a good gas sensor should 1) show a
strong and noise-free change in conductance upon changes
in the target gas concentration, 2) show no or little response
to gases other than the target gas (especially water), 3) still
deliver reliable performance after prolonged usage and 4)
be applicable at low temperature to minimise energy con-
sumption (unless for reasons of surface chemistry high tem-
peratures are necessary).

In the following we will discuss how control over structur-
al and textural properties of the sensing materials may be
used to improve the sensors’ properties with respect to the
above-mentioned requirements. In particular, the role of po-
rosity will be discussed. Based on their properties with re-
spect to physisorption phenomena, porous materials are
classified according to their pore sizes.'l If the pore width is
between 2 and 50 nm the material is called “mesoporous”;
this is the relevant pore size regime for porous semiconduc-
tor gas sensors that we will focus on in the following. Mate-
rials with smaller or larger pores are called “microporous”
or “macroporous”, respectively.

Conventional Synthesis Methods for Porous
Semiconducting Metal Oxides

Conventional sol-gel synthesis procedures!™ aim to create
solid networks built up from particles with sizes in the
region of a few nanometers. The particles are formed under
mild synthesis conditions in liquid (usually aqueous)
medium by condensation of dissolved precursor species. As
a result, a monodisperse colloidal dispersion (the sol) is ob-
tained. The dispersed particles may be either amorphous or
crystalline; their shape is usually approximately spherical
and their size can be adjusted by choice of the respective
synthesis parameters, for example, precursor concentration
or synthesis temperature. Subsequent cross-linking of the sol
particles then leads to gelation, that is, a continuous porous
network (the gel) is formed in the liquid environment. Final-
ly, the solvent is removed from the gel to yield the porous
solid, which may be subjected to calcination in order to im-
prove its stability. Both the solvent removal (e.g., by evapo-
ration) and the calcination procedure often lead to signifi-
cant densification of the material, that is, a substantial part
of the porosity is lost, unless special solvent removal proce-
dures, such as supercritical drying, are applied. To obtain a
porous film on a substrate the sol may be directly applied to
the substrate before gelation, for example, by spin-coating
or dip-coating.

In a quite representative synthesis protocol, Yamazoe
et al. have synthesised SnO, for gas sensing by preparing
sols form SnCl, at pH 10.5.1° Depending on the precursor
concentration, stable particles with diameters between 7 and
13 nm were obtained by hydrothermal treatment at 200°C
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for 3 h, as determined by TEM and powder X-ray diffrac-
tion (using the Scherrer method). Thin films (<1 pm) were
obtained by spin-coating and subsequent calcination at
600°C (Figure 3). The interparticle voids (pore sizes) were

Figure 3. Scanning electron microscope (SEM) image of a SnO, film
(thickness <1 pum, top view) prepared from a sol by spin coating and sub-
sequent calcination at 600°C; the grains are about 10 nm in size.!"®"!

assumed to be uniform and in the range of small mesopores,
although no porosity measurements were provided. Further
syntheses by the same group succeeded in more elaborate
control over particle sizes by adjusting the pH (10-12) and
the hydrothermal treatment conditions (200-250°C).'"! Lu
et al. have applied supercritical drying to the sol-gel synthe-
sis of SnO, thick films with mean particle sizes around 4-
8 nm to obtain large mesopores between 13 and 15 nm; the
materials were used for simultaneous sensing of CO, CH,
and H,.'® Organically modified tin precursors were used
by Jitianu and Wark etal. to synthesise 15-25nm sized
SnO, particles for optical gas sensing.” Egashira et al. pre-
pared mesoporous TiO, from Ti(NO,), by the sol-gel tech-
nique, utilising polyethylene glycol (PEG) as a porogen; the
as-synthesised products exhibited large specific surface
areas, but lost some porosity after calcination at 600°C.!
Further sol-gel syntheses of porous semiconducting metal
oxides for gas sensing are listed in reference [8]. Sol-gel-de-
rived syntheses of mesoporous metal oxides by utilisation of
supramolecular structure directors as well as the concept of
structure replication will be discussed below.

Non-sol-gel approaches to the synthesis of mesoporous
metal oxides for gas-sensing applications include chemical
vapour deposition (CVD), spray pyrolysis, precipitation re-
actions and other methods. For example, Liu etal. used
CVD to prepare SnO, thick films that consisted of agglom-
erated particles of about 30 nm diameter for ethanol sens-
ing.”” Korotcenkov et al. synthesised thin films of In,O;*"
and SnO, by spray pyrolysis; the products were built up
from particles with sizes between 20 and 150 nm and were
used for sensing of various gases, such as ozone, CO or H,.
Spray pyrolysis was also used by Médler et al. who prepared
thick films of SnO, for CO sensing by deposition of 10 nm
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sized particles; variation of the deposition time resulted in
differences in film thickness of 940 um.”! Pinna and Nie-
derberger et al. used a precipitation route from a non-aque-
ous system to prepare monodisperse, highly crystalline SnO,
and In,O; particles with sizes of 2-3 nm for NO,, CO and
CH, sensing; the authors give a general survey over simi-
lar non-aqueous syntheses in ref. [27]. Leite et al. reported
the synthesis of Nb,Os-doped SnO, nanoparticles by a poly-
meric precursor route, including some ethanol-gas-sensing
measurements.”!

Factors that Influence a Porous Gas Sensor’s
Performance

As mentioned above, the suitability of a semiconducting
metal oxide material as a chemiresistor depends on several
factors, many of which are correlated with each other. The
most obvious factor is the chemical composition. Among
the variety of appropriate materials, SnO, is by far the one
most frequently used. In addition, WO;, In,0;, Ga,O; or
ZnO have also been explored quite extensively; these and
other metal oxide gas-sensing materials have recently been
compiled in a rather exhaustive literature review."! In gener-
al, n-type semiconductors have turned out to be better
suited than p-type. The sensitivity of the sensor can often be
significantly enhanced by chemical modification of the
metal oxide’s surface. In particular, finely dispersed clusters
of (noble) metals, such as Pt, Pd, Ag or Cu, may serve as
catalysts for the chemical reaction between the analyte gas
molecules and the semiconductor. Such foreign species in-
crease the sensitivity and lower the temperature required
for an optimum gas response by electronic and/or chemical
interaction with the main sensing material.”*! The metal
clusters can be created by impregnation of the sensor with a
respective metal salt and subsequent chemical reduction or
by deposition of pre-formed clusters from colloidal suspen-
sion; the resulting quantities of the metals typically lie in
the region between 0.1 and 5 wt %. Instead of noble metals,
foreign metal oxides have also been used as additives in
semiconducting gas sensors in similar relative quantities.*!]

The next factor affecting the performance of a chemiresis-
tor is its operation temperature. In general, the tempera-
ture-dependence of the sensitivity is marked by a maximum,
typically at a few hundred degrees above room temperature,
due to several reasons. On the one hand, the kinetics of
both the reaction of the analyte gas with surface-adsorbed
oxygen and the replacement of the latter from the gas phase
must be taken into consideration. On the other hand, the ki-
netics of gas diffusion through the sensing layer plays anoth-
er important role. Sakai and Yamazoe have suggested a
model to explain the temperature dependency under the as-
sumption that gas transport takes place entirely by Knudsen
diffusion (see below), that is, without significant contribu-
tion of surface diffusion. The model successfully describes
the frequently observed volcano-shaped temperature de-
pendence of the sensitivity.?>*]
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The aspect of gas diffusion leads us to the rather complex
realm of structural and textural parameters in the sensing
layers. These are the grain size, the interconnectivity of the
grains, the surface-to-volume ratio, the porosity and the film
thickness. As pointed out above, the change in conductance
of the sensing material occurs at the exterior regions of the
grains. Beyond the depletion layer, the interior parts of the
grains do not contribute to the gas response. As a conse-
quence, the grain size affects the sensor performance quite
substantially. In theory, grain sizes larger than twice the de-
pletion layer thickness will be disadvantageous to the over-
all change in conductance of the material. Rothschild and
Komem have carried out numerical simulations on SnO,
grains with diameters between 5 and 80 nm which confirm
this picture (Figure 4).* The model calculates the effective
carrier concentration as a function of the surface state densi-
ty. A steep increase is found when the surface state density
reaches a critical value which corresponds to fully depleted
grains; this critical value is proportional to the grain size.
Thus, the sensitivity turns out to be proportional to the re-
ciprocal grain size as long as the depletion region extends
over the entire grain. The results from the theoretical calcu-

D >>2L (GB control)

Neck Neck . GB
O

Neck Neck »

Potential
Barrier
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Figure 4. Model of the grain size effect in n-type semiconducting metal
oxide gas sensors.*¥ If the grains are large in comparison to the depletion
layer thickness (a) the conductance (which is higher in the non-depleted
core region) is controlled by grain boundaries. Necks between coalesced
primary grains control the conductance when the grains become smaller
(b), that is, when the depletion layer becomes thicker in relation to the
grains size. If the grains are small enough to be fully depleted (c) the
conductance is grain-controlled.
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lations confirm experimental data obtained by Yamazoe
et al. for the sensitivity of SnO, to H, or CO; the critical
grain sizes were in the region of 5-15nm.* For WO,-
based sensors for NO and NO, the respective values were
determined between 25 and 35 nm.®! The preparation of
the sensing layer should therefore aim at reducing the grain
size to approximately twice the depletion layer thickness. At
this stage of the discussion it should be stressed that terms
like “grain”, “particle” or “crystallite” are often inter-
changed for one another. Here we use “grain” as a synonym
of “single crystallite”, regardless of whether or not (and to
what extent) the crystallites may be agglomerated to form
larger (polycrystalline) entities. This distinction will play a
role later on. “Particle” will be used as a general term when
the distinction between single grains and agglomerates is
difficult and/or unnecessary.

Conventional sol-gel syntheses of mesoporous gas sensors
yield particles with limited sizes in the nanometer region
and (usually) approximately spherical shape, as discussed
above. Theoretically, to maximise the specific surface area
such spherical particles should be loosely packed, with infin-
itely small contact areas between each other (Figure 5a). On

) —

Figure 5. Schematic drawing of the mutual interplay between grain size,
grain interconnectivity, pore size and specific surface area in a sol-gel-
prepared porous material. a) In a loosely packed arrangement increasing
the grain size (by choice of the synthesis conditions) leads to larger
pores, but lower specific surface area. b) Sintering reduces both the pore
size and the specific surface area while increasing the grain interconnec-
tivity and, thus, the stability of the structure. ¢) Owing to ripening phe-
nomena, sintering often goes along with growth of the grains.

the other hand, calcination of the as-prepared material is re-
quired to obtain a sufficiently stable, porous network; such
a process comprises sintering of the particles, increasing the
degree of particle interconnectivity, but lowering the specific
surface area (Figure 5b). For the gas-sensing performance a
certain interconnectivity is necessary anyway, since the over-
all electronic conductance requires sufficient contact be-
tween neighbouring grains in order to facilitate percolation
paths through the entire sensing layer.””! Thus, a compro-
mise between large specific surface area (realised by low
grain interconnectivity) and stability/electronic conductance
(high interconnectivity) is necessary. However, these param-
eters are still difficult to control; in particular, long-term op-
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eration of the sensor at elevated temperature will in many
cases lead to subsequent sintering, changing the material’s
textural properties in the course of time. It should also be
noted that calcination of the as-prepared material may sub-
stantially increase the particle size due to ripening phenom-
ena (Figure 5c). This may be an undesired effect, but on the
other hand can also be used as a tool to fine-tune the parti-
cle size. Shek et al. have systematically investigated how cal-
cining sol-gel-prepared nanoparticulate SnO, (<5nm) at
various temperatures between 500 and 800 °C leads to differ-
ent final particle sizes between approximately 10 and 30 nm;
they also suggested a model to describe this effect.**l Wu
et al. have demonstrated that such ripening can be effective-
ly inhibited by surface functionalisation of the as-prepared
particles before calcination. They obtained crystalline parti-
cles of SnO,, TiO, and ZrO, with fairly small sizes between
1.5 and 5 nm; after modification with a Pd salt the SnO,
sample showed some interesting sensor activity to CO, al-
though at comparably high concentration.’”] Leite et al.
have shown that doping porous SnO, with Nb,Os during the
synthesis can effectively inhibit sintering- and ripening-in-
duced grain growth (Figure 6).”*

Figure 6. TEM images of Nb,Os-doped (a,b) and undoped SnO, nanopar-
ticles (c,d). Doping inhibits sintering- and ripening-induced grain growth;
the arrows indicate contact faces between coalesced grains.!

Another side-effect of sintering is the sometimes substan-
tial change in porosity. The average pore size as well as the
degree of interconnectivity of pores is affected by the parti-
cle size and the degree of particle interconnectivity. In
theory, an increase in average particle size will result in
larger pores, as depicted in Figure 5. It was found by Yama-

Chem. Eur. J. 2007, 13, 83768388

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CONCEPTS

zoe et al. that increasing the grain size in SnO, thin films
from 8.5 to 10nm, while leaving the film thickness un-
changed, resulted in higher sensitivity to H,;'’* similar re-
sults were obtained for H,S.'”" These observations seem to
contradict the general trend that lower sensitivity is to be
expected for larger grains, as discussed above. However, the
authors argue that larger grain sizes mean larger mesopores
and, thus, better diffusivity of the analyte gases, resulting in
higher sensitivity. This demonstrates that pore size and grain
size are correlated in sol-gel-synthesised sensor materials,
with potentially opposite impact. Decreasing the grain size
will on the one hand lead to higher sensitivity; on the other
hand, the resultant smaller interparticle voids (mesopores)
may very well be disadvantageous, an effect which may
overcompensate the positive grain size effect. Furthermore,
sintering during calcination of the sol-gel-prepared materi-
als will cause a decrease in average pore size and, particular-
ly, reduce the pore interconnectivity by creating narrower
bottlenecks.™ This last effect may again be disadvantageous
to the diffusion of gas molecules, thus decreasing the overall
sensor performance.

All these considerations show how in sol-gel-derived
porous materials the average size and interconnectivity of
both the grains and the pores, as well as the specific surface
are highly interdependent and therefore quite difficult to
control during chemical synthesis and post-synthetic treat-
ment. Adjusting either of these parameters will very likely
induce changes in other parameters which may or may not
be desired. Thus, improved sensing properties are to be ex-
pected if the chemical synthesis of the porous materials
offers the opportunity to treat both aspects (grain size, pore
size) independently from each other. As we shall see, the
synthesis of mesoporous materials by employing supra-
molecular structure directors as porogens or the utilisation
of porous, rigid structure matrices offers such opportunities.

Diffusion-Controlled Selectivity and Self-Diagnosis

Let us now take a closer look at diffusion in mesopores. It is
pretty evident that porosity plays a key role in the efficiency
of semiconducting metal oxide gas sensors. On the one hand
the pores should be wide enough for efficient diffusion of
the gas molecules; the benefit of a high specific surface area
must not be thwarted by limitations in the accessibility of
the surface. On the other hand the surface-to-volume ratio
directly depends on the pore size; the larger the pores are,
the lower will be the specific surface area, provided the par-
ticle size (i.e., the “pore-wall thickness”) is the same. Thus,
a balance between these two complementary aspects needs
to be chosen for the optimum sensor performance. In meso-
pores (pore radius 4 <r<100 nm) the mean free path of a
gas molecule is determined by the pore walls rather than by
adjacent molecules; in other words, a molecule is more
likely to collide with the pore wall than with other gas mole-
cules. Transport without external pressure is then described
by Knudsen diffusion and the diffusion coefficient Dy is pro-
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portional to the pore radius r, as shown in Equation (1) in
which R is the universal gas constant and M is the molecular
weight of the gas molecule.

Dy = 4r/3\/(2RT /aM) (1)

For larger pores, that is, macropores (r>25nm), gas
transport occurs mainly by molecular diffusion (confinement
by the pore boundaries is less significant), whereas in micro-
pores (7 <1 nm) surface diffusion becomes predominant.F*
Surface diffusion will also have a more or less significant
contribution in smaller mesopores; however, a basic model
to successfully describe the temperature dependence of the
sensitivity has been developed by assuming only Knudsen
diffusion, as mentioned above.’>3

Equation (1) also shows that the Knudsen diffusivity of a
gas in a mesoporous material depends significantly on the
mass of the gas molecules. The heavier the molecules are,
the slower will be their motion through the porous layer.
This has significant consequences with respect to the gas se-
lectivity of a porous sensor. Taking into account that the an-
alyte gas molecules react with the pore walls, that is, they
are consumed at a certain rate, a concentration gradient
along the depth of the porous layer results. The mass-depen-
dent differences in the diffusivity result in differences in
these concentration profiles. Statistically, lighter molecules
diffuse deeper into the sensing layer than heavier ones
(Figure 7). If surface diffusion contributes to the overall

Insulator

Figure 7. a) Schematic drawing showing how mass-dependent differences
in the diffusivities of gases (e.g., H, and CO,) lead to different concentra-
tion profiles within the porous sensing layer. Since the gases are con-
sumed within the layer, their concentration decreases with increasing
depth. b) Schematic drawing of a porous sensor film (of thickness /) with
electrodes situated at various films depths a.1**" Gases with different dif-
fusivities will show distinct concentration profiles along the film depth.
This setup affords gas-selective and self-diagnostic sensor devices.

mass transport (which is increasingly the case for smaller
mesopores), then the differences in the diffusivity of differ-
ent gases may be even more significant, since in addition to
its molecular mass the interaction of the gas molecule with
the pore wall surface will also be strongly gas-specific.
Egashira et al. showed that the interior regions of SnO,
sensor thick films (ca. 200-300 pum thickness) are more sensi-
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tive towards H, than the film surfaces, while the opposite is
true for the sensitivity to gases heavier than O, (methane,
ethanol). The authors attributed this effect to differences in
the diffusivities of the gases, but pointed out that different
reaction kinetics must be taken into account as well.“”! Simi-
lar findings were reported by Sakai et al.*!! for SnO, thin
films prepared according to the method described in refer-
ence [16]. The authors suggested a simple model on the
basis of diffusivity and reactivity to calculate gas concentra-
tion profiles along idealised pores; the model assumes that
gas transport occurs entirely by Knudsen diffusion. More
specifically, Williams et al. showed how positioning different
electrodes at different depths of thick film layers can be
used as a tool for detecting various gases selectively within a
single sensor device (Figure 7).*) Moreover, such devices
have the potential of being self-diagnostic, since poisoning,
that is, inactivation of the sensor during long-term usage,
will occur to a different degree at different depths of the
sensing layers; a decrease in sensor response occurring at
one electrode to a relatively higher degree than at the other
electrodes is then a clear sign of such poisoning effects.”*’]
This is another example how porosity may be a powerful
tool for improved sensor properties. If random design of the
porosity (pore size distribution, pore geometry, pore inter-
connectivity) can be achieved during the chemical synthesis,
both higher selectivity and reliability of the sensors will
become possible.

However, all considerations regarding pore sizes and gas
diffusivity of course need to take into account the aspect of
film thickness and film quality, that is, presence or absence
of cracks within the sensing layer. The above-mentioned
ideas about utilising different gas diffusivities for varying
the sensor’s selectivity apply only for sufficiently thick sens-
ing layers. Mass-dependent differences in the penetration
depths will not be significant for thin films, that is, films
with thicknesses in the sub-micrometer region. The prepara-
tion of thick films, on the other hand, bears the risk of intro-
ducing cracks during drying and calcination, which naturally
will corrupt the thickness-dependent features. In the above-
cited SnO, thin films prepared by spin-coating cracks oc-
curred already for film thicknesses above 300 nm
(Figure 8)."Y) The generation of porous, crack-free thick
films, for example, by slower drying or milder calcination
conditions, is one of the key challenges in the synthesis of
selective and potentially self-diagnostic gas sensors.

So far we have not taken into account that in sol-gel-de-
rived porous materials the grains, that is, the single crystalli-
tes, of the sensing material, may be agglomerated to form
larger entities. Such agglomeration is promoted by the calci-
nation procedure. Voids between the constituting crystallites
may still exist within the agglomerates, especially if calcina-
tion was carried out under comparably mild conditions, re-
sulting in a low degree of sintering. Such intra-agglomerate
(but inter-crystallite) voids are naturally narrower than
those between the agglomerates (Figure 9). In other words,
the porosity in the sensing layer may be bimodal: each ag-
glomerate may contain small pores (micropores in the ex-
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Figure 8. SEM images (top view, scale bars: 10 um) of porous films prepared from sols containing 1.8% wt.
SnO, by spin-coating; the number of spin-coating cycles and the resulting film thicknesses are indicated. A

crack-free film is obtained only for 100 nm film thickness.!!

Figure 9. Schematic drawing of primary grains assembled into larger enti-
ties. The intra-agglomerate pores are smaller than the voids between ad-
jacent agglomerates and, thus, rate-determining for the overall diffusivity
of gas molecules.

treme case), while adjacent agglomerates are separated
from each other by larger pores (mesopores). Gas diffusion
is generally slower in smaller pores, as evident from Equa-
tion (1) for Knudsen diffusion. Apart from the pore size de-
pendence of Knudsen diffusivity, the contribution of surface
diffusion will become more and more significant in smaller
mesopores; in micropores it will be dominant, since here the
pore widths lie substantially below the mean free path of a
gas molecule. Diffusion in the intra-agglomerate pores, if
present, will therefore be rate-determining in the overall dif-
fusivity. This situation was observed by Korotcenkov et al.
who prepared SnO, thin films by ionic layer deposition and
obtained crystallite sizes of approximately 6-7 nm; they
found agglomerates with sizes as large as the film thickness
(20-80 nm).’"*1 As we shall see below, modern synthesis
methods, especially the utilisation of rigid structure matrices,
make it possible to use high-temperature treatment to selec-
tively diminish intra-agglomerate pores without affecting the
ordered mesopore structure.

Synthesis of Ordered Mesoporous Metal Oxides by
Utilisation of Amphiphilic Structure Directors

The utilisation of self-assembled supramolecular aggregates
of amphiphilic species, such as surfactants or block co-poly-
mers, as structure-directing units has become a standard
technique for the synthesis of periodically ordered mesopo-
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rous materials.*>*! During the
sol-gel-based synthesis the am-
phiphilic molecules spontane-
ously self-organise to form mi-
cellar aggregates; these are in-
corporated into the growing
solid network and are later re-
moved (by calcination or sol-
vent extraction) to yield regu-
lar arrays of channels or voids,
the symmetry of which reflect
the self-aggregation behaviour
of the respective amphiphile (Figure 10). However, the self-
assembly is usually substantially influenced by the presence

Figure 10. Schematic drawing of the synthesis of ordered, mesoporous
materials by utilisation of amphiphilic species as structure directors.
Starting from amphiphilic molecules and solute inorganic precursors,
spontaneous self-assembly (a) leads to the formation of inorganic do-
mains between periodically arranged micellar aggregates of amphiphiles
until a solid network is formed (b); the amphiphilic molecules are finally
removed, yielding periodic mesopores (c).

of the inorganic species forming the solid material; the
mutual interaction between the various species leads to
complex, co-operative mechanisms. This synthesis method is
suitable mainly for materials that exhibit a tendency to form
amorphous phases, especially SiO, and SiO,-based materi-
als, %! or AIPO,.™ In many other cases the utilisation of
such micellar structure directors has turned out not to be
successful in generating periodically arranged, uniform mes-
opores. In particular, most metal oxides are not accessible as
porous materials by this approach, one reason being the
high lattice energies, which often lead to the formation of
dense, non-porous phases.”” However, two of the most im-
portant systems in gas sensing, SnO, and WOj;, happen to be
accessible by amphiphilic structure direction. The respective
products are obtained as powders, which can be convenient-
ly applied to sensor substrates by drop-coating or spin-coat-
ing processes.

Stucky et al. prepared mesoporous SnO, and WO; with
hexagonally arranged cylindrical pores of about 7 nm
(Sn0O,) and 5 nm (WO;) diameter by using “P123” block co-
polymer as the amphiphilic structure-directing species. The
polymer was removed by thermal decomposition at 450°C,
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after which the products exhibited specific surface areas of
180 m?g~" and 125 m*g !, respectively. The pore walls had a
thickness of about 5 nm and, based on X-ray and electron
diffraction data, consisted of small crystallites with mean
sizes below 5 nm.P"! A surfactant with shorter chain length,
cetyltrimethylammonium bromide (CTABr), was used by
Wang and Ma et al. for the synthesis of SnO,. The products
had specific surface areas of 250-340 m*g ™', narrow pore
size distributions of 2—4 nm and were stable at temperatures
below 350°C. Gas-sensing tests revealed a high selectivity
for H, against CO, methane or butane.*? Egashira et al. pre-
pared mesoporous SnO, by using the surfactant cetylpyridi-
nium chloride; treatment of the products with phosphoric
acid resulted in improved stability, leading to specific sur-
face areas of 370 m*g " after calcination at temperatures as
high as 600°C. Gas-sensing properties towards H, and NO,
were shown to be substantially increased by the large sur-
face-to-volume ratio.’ Tiemann and Kohl et al. have re-
cently shown that mesoporous SnO, prepared by utilisation
of CTABr surfactant exhibits high sensitivity to CO gas with
very low cross sensitivity to water vapour as prepared to
commercial SnO,-based sensor devices (Figure 11).°* Brink-
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Figure 11. CO gas-sensing performance of a mesoporous SnO, sensor
prepared by utilisation of CTAB as an amphiphilic structure director.

The mesoporous samples shows lower cross sensitivity to water than a
commercial SnO,-based sensor.*"!

er et al. prepared SnO, with large specific surface areas of
500 m?g~! and spongelike mesopores of uniform size; thin
films (230 nm) of the material, fabricated by spin-coating,
showed high H, gas sensitivity at room temperature with
low cross sensitivity to methane, CO and water.” Further
syntheses of mesoporous SnO, by utilisation of amphiphilic
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structure directors were reported by several groups without
investigation of the products’ gas-sensing properties.**)

In addition to the above-described syntheses of mesopo-
rous metal oxide powders, a modification of the amphiphilic
structure-direction concept, the so-called EISA method
(evaporation-induced self assembly), facilitates the prepara-
tion of thin films with well-ordered pores.*® In this
method the self-assembly of the amphiphiles and the result-
ing formation of the porous solid take place within a liquid
film on the substrate from which the solvent is gradually re-
moved by evaporation under controlled conditions. The re-
sulting films exhibit high degrees of structural order and are
often crack-free, which, as discussed above, may be highly
advantageous for gas-sensing purposes. On the other hand
the EISA concept only yields homogeneous films with limit-
ed thickness (sub-micrometer), which may not suffice for re-
alising the idea of preparing porous sensors that are self-di-
agnostic and gas-selective based on characteristic film-
depth-dependence concentration profiles (see above). An-
other problem is that EISA-prepared films often exhibit
hexagonally arranged linear pores with the pore axes run-
ning parallel to the substrate plane, which means that the
pores are not sufficiently accessible to the gas molecules; ac-
cessible pores, for example, with cubic symmetries, are less
frequently obtained. Nevertheless, over the last few years a
variety of mesoporous metal oxide thin films prepared by
the EISA method have been reported, many of which may
be of interest in gas sensing. Grosso and Sanchez et al. used
block co-polymers to synthesise mesoporous TiO, films of
50-700 nm thickness; the pores had sizes between 2.5 and
8 nm and were arranged in cubic symmetry.*) The same au-
thors also prepared films of ZrO,-Y,0; and ZrO,-CeO,
mixed oxides.* Another synthesis of mesoporous TiO,
films was reported by Ozin et al.® Smarsly et al. used a spe-
cial block co-polymer (“KLE”) to prepare several mesopo-
rous metal oxide films with interesting pore structures, in-
cluding TiO, % Ce0,*® WO, and, most recently,
Sn0,.[%! These films had usually thicknesses around 100 nm
and consisted of grains between 2nm (SnO,) and 14 nm
(WO,) in size (Figure 12). Further reports on mesoporous
SnO, films were made by Hillhouse and Uradel®! and by
Lee et al.l®

Synthesis of Ordered Mesoporous Metal Oxides by
Structure Replication (Nanocasting)

Recently it was shown that ordered, mesoporous metal
oxides can be synthesised by structure replication (nanocast-
ing), utilising mesoporous silica as a rigid matrix.[7? This
method has opened up new opportunities to obtain mesopo-
rous materials that were formerly not available. Structure
replication comprises two consecutive synthesis steps: the
mesoporous silica is first prepared by utilisation of amphi-
philic structure directors, as described above. The silica
pores are then filled with a molecular precursor, for exam-
ple, a metal salt, which is converted in situ into the desired

Chem. Eur. J. 2007, 13, 8376—8388
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b)

Figure 12. a) SEM and b) AFM image of a mesoporous WO; film pre-
pared by the EISA method, showing large crack-free domains and uni-
form, accessible pores.*!

metal oxide. Finally the silica matrix is removed by treat-
ment with hydrofluoric acid (HF) or concentrated sodium
hydroxide solution (NaOH). Thus, the metal oxide is ob-
tained as the negative replica of the silica matrix
(Figure 13). This has led to a large number of new, mesopo-

mesoporous

mesoporous
silica metal oxide

Figure 13. Schematic diagram showing the synthesis of mesoporous metal
oxides by using porous silica as a structure matrix. The metal oxide is
formed inside the pores of the silica matrix (a) which is then removed
(b), yielding the metal oxide as its negative replica.

rous metal oxides, many of which are of interest in the field
of gas sensing. For example, Zhao et al. have prepared mes-
oporous In,O; by utilising silica matrices with various sym-
metries in the pore systems; selected area electron diffrac-
tion (SAED) indicates large crystalline domains, extending
over several repeat distances of the periodic pore arrange-
ment." In the same fashion several other mesoporous ma-
terials with similar structural properties were reported, in-
cluding WO,  Fe,0,™  Cr,0,  CeQ,l*7 ™
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C0;0,,7 7073 Mn O 1% and SnO,.*"™ For some metal
oxides mesoporous silica is not suitable as a matrix for struc-
ture replication, because the silica removal needs to be car-
ried out under chemically harsh conditions. Amphoteric
oxides, such as ZnO, are not stable against treatment with
either HF or NaOH aqueous solution. In such cases, meso-
porous carbon offers an alternative as a structure matrix,
since its removal can be accomplished by controlled thermal
decomposition. Mesoporous carbon is itself prepared by
structure replication from silica;® thus, the entire process
can be envisaged as a double replication procedure, that is,
silica-to-carbon, followed by carbon-to-metal oxide. This
concept has afforded several more new mesoporous materi-
als with well-defined pore systems, such as TiO,,’"l Zr02,"
ALO;B8 7Zno 8 Ce0,," CuO®™ and MgO.”™ Some
mesoporous metal oxides prepared by structure replication
have been shown to exhibit promising gas-sensing perfor-
mance: mesoporous Co;O,, synthesised by using mesopo-
rous SBA-15 silica as the structure matrix (Figure 14),
turned out to be more sensitive to CO at lower operation
temperature than a non-porous Co;O, sample.®™ Similar
findings were obtained for mesoporous ZnO synthesised by
utilisation of mesoporous CMK-3 carbon as the structure
matrix.[5%!

Figure 14. TEM image and selected area electron diffraction (SAED)
pattern of mesoporous Co;O, prepared by structure replication (nano-
casting).[®!

Apart from being applicable in a more universal fashion,
the structure replication method bears another important
advantage over the utilisation of amphiphiles as structure di-
rectors, as well as over regular sol-gel syntheses without
structure directors. The latter concepts are tied to close limi-
tations with respect to the synthesis temperature, since they
involve liquid (usually aqueous) synthesis media. The syn-
thesis needs to be carried out at temperatures below about
200°C, requiring pressure-tight autoclave vessels for hydro-
thermal conditions. However, to obtain stable and crystal-
line metal oxides, higher temperatures are usually necessary;
they can only be established post-synthetically, for example,
during the removal of the amphiphilic species, which may be
harmful to the mesoscopic structure. In many cases the po-
rosity and specific surface area are diminished or completely

www.chemeurj.org
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lost during post-synthetic thermal treatment. In contrast,
rigid matrices, either silica or carbon, can withstand high
temperatures during the formation of the desired metal
oxides inside their pore systems. Serving as a rigid skeleton,
a solid-state template allows for temperatures of several
hundred degrees without loss in periodic structure. Thus,
higher degrees of crystallinity and larger single-crystalline
domains are possible.

The concept of using structure directors or rigid structure
matrices for the synthesis of mesoporous metal oxide gas
sensors offers a number of substantial advantages over con-
ventional synthesis methods. As discussed above, sol-gel
syntheses (without structure direction) do not allow to ran-
domly manipulate pore size/pore interconnectivity, grain
size/grain interconnectivity, specific surface area and other
structural factors independently. Structure replication is a
versatile means to create well-defined mesopores with
narrow pore-size distribution and high specific surface areas.
Rigid structure matrices make it possible to prevent unde-
sired changes in the pore structure upon high-temperature
treatment (Figure 15). Such treatment plays a vital role in
improving the material’s grain interconnectivity and long-
term thermal stability; intra-agglomerate porosity can be
prevented without damage to the inter-agglomerate meso-
pores (compare Figure 9). Thus, the concept of structure
replication offers new opportunities to decouple some key

Figure 15. Schematic drawing showing how grain size effects due to sin-
tering and/or ripening does not affect stability and size of the mesopores
in materials prepared by structure replication. High-temperature treat-
ment of the metal oxide is possible before removal of the structure
matrix, which serves as a rigid skeleton, preventing structural damage.
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structural parameters from each other, facilitating individual
control over each on of them.

Conclusion

Mesoporosity plays a vital role in the application of semi-
conducting metal oxides as gas sensors. Apart from exhibit-
ing high sensitivities due to large specific surface areas, sen-
sors with well-defined porosity offer powerful opportunities
with respect to selectivity, self-diagnosis, low operation tem-
peratures or long-term stability. Conventional synthesis
methods do not allow efficient and individual control over
many key structural parameters, such as grain size, grain in-
terconnectivity, pore size and pore architecture. New synthe-
sis concepts of structure direction and structure replication
(nanocasting) provide new opportunities to create materials
with defined mesoporosity and improved gas-sensing proper-
ties.
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