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Abstract: Catalytic active coatings for microchannels have been developed for metallic microstructure reac-
tors in heterogeneous catalyzed gas phase reactions. To enhance the inner surface of microchannel reac-
tors, porous metal oxide coatings have been made by various deposition techniques such as sol–gel
processes, anodic oxidation, and deposition of nanoparticles. The ceramic thin films have been developed
as supports for catalytically active components like precious metals or as catalyst themselves. In an alu-
minum microstructure reactor the walls of the micro channels of one passage was successfully coated with
a porous alumina layer by a modified anodic oxidation method. Moreover, microchannels of microstructure
reactors were successfully coated with SiO2, Al2O3 and TiO2 by the sol–gel process. First promising results
have been obtained from depositing oxide nanoparticles (ZnO, CuO and Al2O3) by washcoat or elec-
trophoretic deposition methods.
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1. Introduction

Microstructured components, such as micro
heat exchangers, micromixers, and mi-
crostructured reactors (Fig. 1), are especial-
ly suited for use in thermal and chemical
process engineering, where high thermal
and/or mass transfer rates are required 
and small dimensions are advantageous.
Overall heat transfer coefficients of up to
1700 W/m2·K have been measured for gas-
to-gas [1] and up to 54000 W/m2·K for wa-
ter-to-water heat transfer [2][3]. Their vac-
uum tightness, the high-pressure stability of
several hundred bar, and the flame-arrest-
ing properties of the fine microchannels, for
instance, even allow highly exothermic re-
actions with high educt concentrations in
undiluted media in the explosion range to
be performed without the risk of thermal
runaway [4][5].
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The microchannel reactors are made of
mechanically microstructured metal foils 
of e.g.stainless steel, hastelloy, aluminum,
copper, palladium, silver, and others. A
reactor is assembled from individual metal
sheets with micromachined channels hav-
ing cross sections in the range of 50 to 
300 µm. These metal foils are stacked and
diffusion bonded, thus resulting in an es-

sentially monolithic assembly whose chan-
nels are vacuum-tight and may handle pres-
sures of up to several 100 bars. The core is
adapted to a housing with standard tube
connections by electron beam welding [4]. 

Microstructured components may also
be applied in heterogeneously catalyzed
gas phase reactions. For this, the reactor can
be entirely made of a catalytically active

Fig. 1. Microstructured components, such as micro heat exchangers, micromixers, and mi-
crostructured reactors, as designed and fabricated by the Forschungszentrum Karlsruhe.
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material, e.g.silver, palladium or rhodium
[6]. But for some heterogeneously cat-
alyzed reactions, the inner geometric sur-
face area is too small to fix a sufficient
number of ‘active centers’. It is therefore
necessary to develop coatings with a large
surface area on microstructured metal car-
rier materials for subsequent impregnation
with catalytically active substances, e.g.
noble metals.

There are several requirements porous
oxide coatings have to fulfill for catalytic
applications in microchannel devices: A
coating should provide a large surface area,
which means that it must have a high poros-
ity so that many active centers are created
when wet impregnated with a catalytically
active species. Furthermore, mechanical
stability and adhesion to the metallic sup-
port are crucial, because detachment of
small particles can easily lead to blocking
due to the small dimensions of the mi-
crochannels. 

Several techniques have been described
for coating the inner surface of microchan-
nel reactors with porous oxides: 
• anodic oxidation of aluminum [7][8], 
• sol–gel process [9], 
• washcoating of nanoparticles [10][11]
• electrophoretic deposition of nanoparti-

cles [11]
• chemical vapor deposition [5].

2. Methods

One method to realize a catalytically ac-
tive porous coating on microstructured
metal foils is the anodic oxidation of alu-
minum foilsand subsequent immobilization
of the catalytically active species. It is pos-
sible to generate adherent Al2O3 layers of
variable thickness with a regular mesopore
system [12]. Having selected appropriate
electrolyte solution and bath parameters
and duration of the anodic oxidation, pore
widths ranging from 10 to 100 nm with
small radius distributions can be achieved.
The pore length more or less corresponds to
the thickness of the oxide layer. By using
sulfuric acid as electrolyte, the geometric
surface area of a microchannel may be en-
larged by factors of up to 100 per microm-
eter layer thickness [8][13].

The first microchannel reactors based
on such coatings have been developed in
collaboration with the Technical University
of Chemnitz [7]. By piling up the mi-
crostructured and catalytically activated
foils, a microstructured reactor with a stack
of foils with microchannels was formed.

With these applications, the combina-
tion of the regular pore system together
with the defined residence time distribution

in the microchannels was proven to be ad-
vantageous to attain high selectivities for a
desired product.

However, the ceramic coating does not
allow the foil stack to be joined by diffusion
welding, which is essential to obtain vacu-
um-tight and pressure-resistant microchan-
nel systems with two separated fluid pas-
sages. Due to this fact, only aluminum mi-
crochannel reactors consisting of foil stacks
in a honeycomb arrangement and with only
one fluid passage have been manufactured
up to now.

So far, anodic oxidation was not consid-
ered to be feasible in the fine channel struc-
tures of microstructured reactors, as pene-
tration of the electric flux lines into the
depth of the structure appeared impossible.
However, our own experiments have de-
monstrated that an appropriate combination
of electrode arrangement and electrolyte
flow rate allows for the complete anodic
oxidation of microchannels inside an al-
ready manufactured aluminum micro-chan-
nel reactor with two passages [8].

Another promising method of applying
oxide layers onto the walls of microchan-
nels is the sol–gel technology. It has the ad-
vantage of producing a wide variety of pos-
sible compositions and tailored porosity
and surface texture. These properties can be
changed by varying the composition and
treatment procedure of the sols [14]. One
great advantage is that it is possible to gen-
erate ceramic coatings of mixed metal ox-
ides as support or as catalyst themselves.

The sol–gel process is an established
method for the production of particulate
bulk material as porous support for cata-
lysts as well as dense thin film coatings
having a low porosity on glasses [15]. Most
important is the combination of the porosi-
ty of the bulk material with the good adhe-
sion and mechanical stability of dense thin
films as it is essential that the porous oxide
films adhere to the surface. In the sol–gel
process for the production of metal oxides
the colloidal sols can be prepared by a num-
ber of different methods such as reactions
of aqueous solutions of metal salts or 
hydrolysis and polycondensation of metal
alkoxides to form oxides. The latter is the
most versatile and has been investigated ex-
tensively [16]. The process of hydrolysis al-
lows different metal precursors to be mixed
when preparing the sol. 

Partially hydrolyzed metal precursors
form gels during subsequent polycondensa-
tion reactions. These reactions can be ac-
celerated via acid or basic catalysis. The
metal substrates can be coated for example
by dip-coating so that thin gel films are
formed. The wet gel films are converted in-
to porous oxides by drying, followed by

heat treatment. Although the chemical reac-
tion and the process first appear simple, the
influence of the various process parameters
on the properties of the coating is complex.
These parameters include the choice of sol-
vent, whether acid or base catalysis is em-
ployed, the nature of the used alkoxide, and
the use of stabilizing agents. Therefore,
these influences on the properties of the ox-
ide coating have to be taken into account to
obtain thin porous coatings with good ad-
hesive properties on metal supports. So far
coatings based on alumina, silica, and tita-
nium oxide have been developed as sup-
ports for catalytically active components.
Thin film coating was accomplished by dip
coating using microstructured thin metal
foil as support [9]. 

A different approach is the development
of coatings based on immobilized and sin-
tered nanoparticles. The deposition of
nanoparticles has the distinct advantage
that metal oxide catalysts themselves can
be deposited onto the walls of the channel.
The subsequent impregnation of the sup-
port is not really necessary and the method
is more versatile. The deposition of the
nanoparticles can be achieved by two dif-
ferent methods: 

The first method is to washcoat the sur-
face of the metal foils with dispersed parti-
cles. The dispersion of catalytically active
materials in a carrier structure is achieved
by an intense mixture of commercially
available nanoparticles of the catalyst and
the promoter or carrier material. The mix-
ture is immobilized on the microchannel
walls and sintered. The sintering process in-
fluences the pore structure and the forma-
tion of intermetallic phases which, in some
cases, are responsible for the catalytic be-
havior of the coating. The advantage of this
method is that, depending on the procedure,
no additional impregnation step is neces-
sary after immobilization of the nanoparti-
cles. The pore structure of the coating is
dominated by macropores and depends on
the type of the nanoparticles and the ther-
mal treatment procedure [10].

Electrophoretic deposition(EPD) of
nanoparticles represents the second method
for the deposition of oxide layers made of
nanoparticles such as Al2O3, ZnO, CeO2,
from colloidal solutions in microchannels.
Here, the mass and properties of the oxide
layer in the microchannels can be influ-
enced specifically by the chosen parame-
ters (composition and pH value, voltage
density, duration). First studies have been
performed with regard to the electrophoret-
ic deposition of aluminum oxide nanoparti-
cles in microchannels. For this purpose,
stable suspensions of Al2O3 nanoparticles
in aqueous oxalic acid glycerol solutions
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formation. The geometry parameters of the
microstructure, such as the length and cross
section of the microchannels, are of far
greater influence (Fig. 4). For instance,
smaller microchannels appear to inhibit 
anodic oxidation. At channel lengths of
15 mm and channel diameters of 200 µm,
layer thicknesses of 7µm result after 6 h. At
channel diameters of 50µm, however, lay-
er thicknesses of only 4µm are obtained.
Larger channel lengths also cause the layer
thickness to be reduced. Achannel length of
40 mm results in a 3µm thick layer only. 

with varying composition are produced
[11].

The chemical vapor deposition (CVD)
process is a valuable tool to obtain porous
ceramic coatings on the inner walls of a mi-
crochannel system. A catalytic microreac-
tor equipped with an alumina layer which
was deposited by atmospheric pressure
CVD and with platinum as active compo-
nent was developed in collaboration with
the Max Planck Institute in Mülheim [5].
The coating consists of γ-alumina and has a
surface enhancement factor of about 100
with a layer thickness of about 10 µm. The
microreactor is able to convert explosive
H2/O2 mixtures safely into water.

3. Results

The oxide layers made by the different
processes were inspected by scanning elec-
tron microscopy using cross sections of the
samples. Surface characterization was done
by nitrogen physisorption using the BET
method. Due to the formation of pores in
the oxide layer, the surface area increased.
For comparison a surface magnification
factor was defined as the quotient of surface
area determined by physisorption by the
BET method and geometrical surface area
of the microchannels.

Anodic oxidation was carried out using
an AlMg alloy (3% Mg) as material. 
The microstructured foils were 300µm
thick. The microchannels were 50× 50µm,
100 × 100 µm, and 200× 200 µm in di-
mension. In addition, a completely manu-
factured microstructured AlMg reactor was
used for anodic oxidation of the mi-
crochannels of one passage (channel geom-
etry 100× 200µm).

Anodic oxidation took place at constant
direct voltage and constant temperature.
The electrolyte was 1.5 wt.% oxalic acid.
The electrolyte was pumped through the
microstructured foils fixed in a holding unit
or through the microchannels of the mi-
crostructure reactor. Aluminum wires at the
inlet and outlet of the channels served as
cathodes. The voltage applied was 50 V. As
other experimental conditions, an elec-
trolyte temperature of 12 °C, an electrode
distance from the Al body of 10 mm, and an
electrolyte flow of 30 l/h were set. Follow-
ing anodic oxidation, the specimens were
rinsed with demineralized water and dried
at 500 °C.

After performing the anodic oxidation
cross sections of the anodically oxidized
microchannel reactors were made and the
layer thickness of the aluminum oxide films
was studied and measured in transverse
sections. Fig. 2 shows the diagonal crossec-

tion of a crossflow reactor of 1 cm3 volume
after 6 h of anodic oxidation. It can be seen
that the walls of all microchannels of one
passage are covered by an adherent uniform
aluminum oxide layer whereas the second
passage remains unchanged. Cross sections
at various positions along a microchannel
passage show that the coating is homoge-
neous over the channel length (Fig. 3). Lay-
er thicknesses are the same at any point
along the reaction channel.

The distance of both cathodes from the
microstructured body, which ranges be-
tween 5 and 30 mm, hardly affects layer

Fig. 2. SEM of a diagonal cross section of a diffusion-welded and then
anodically oxidized microstructured reactor made of aluminum (cross-
flow reactor). The channels of one passage are anodically oxidized, the
second passage is original.

Fig. 3. Transverse sections at various positions along an anodically oxi-
dized microchannel (material: AlMg, anodic oxidation conditions: oxalic
acid 1.5 wt.%, U = 50 V; t = 4 h; T = 12 °C; electrode distance 10 mm).
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Like the coating of open surfaces, layer
thickness increases with the duration of an-
odic oxidation. During the first 4 h, the lay-
er grows by about 4µm/h. Then the growth
rate drops. Compared to this, layer thick-
ness of an open surface grows more rapid-
ly. After 3 h, a layer thickness of 16µm is
reached instead of 12µm in the channel [8].
The microchannels inhibit anodic oxida-
tion, but do not prevent it. Hence, anodic
oxidation may well be applied for the pro-
duction of aluminum oxide layers in mi-
crochannels of completely manufactured
microstructured reactors. In these experi-
ments surface enhancement factors of up to
400 m2/m2 (film thickness = 12 µm) were
reached, thus leading to a high surface area
for heterogeneous catalyzed reaction like
the complete combustion of small amounts
hydrocarbons in air [17] and the controlled
oxidation of explosive gas mixtures of 
hydrogen and air [8].

The sol–gel coating was obtained by 
a simple dip-coating process. The micro-
structured reactors were put up such that the
channels to be coated were in a vertical po-
sition. Then, the sol was fed into the chan-
nels with wetting of the entire channel sur-
face being ensured. After this, excessive sol
was blown out with a small air flow. The
coated bodies were then dried at 80 °C and
subjected to calcination at 500 °C.

The sol–gel process was used to obtain
oxide layers of SiO2, TiO2, Al2O3 in assem-
bled microstructured components. Metal
alkoxides and alcoholic solvents have been

used for the preparation of the sols. Starting
from aluminum sec.-butylate (AlSB) and
aluminum triisopropylate (AlTIP), Al2O3
films, TiO2 films made of titanium tetraiso-
propylate and SiO2 films made of tetraethy-
lorthosilane as well as binary oxide films
were produced [9].

It was established that the sol maturing
conditions have to be selected such that the
condensation rate is low. As a result, for-
mation of a polymer structure of the oxide
film is promoted, and its mechanical stabil-
ity and adhesion properties are improved.
Higher condensation rates tend to yield par-
ticulate sols that lead to mechanically un-
stable gels. Gels of this type are subject to
strong shrinkage and may simply be wiped
off the metal surface after drying. The low
condensation rates for Al2O3 and TiO2 sols
are achieved by adding acetyl acetone, a
chelating agent. SiO2 sols were prepared
based on a two step acid/base catalyst pro-
cedure [18]. 

The alkoxide used exerts considerable
influence on the resulting oxide coating,
with emphasis on the specific surface area
of the coatings. The highest surface en-
hancement factors were found for alumina

Fig. 4. Thickness of the aluminum oxide layer as a function of channel geometry and channel
length (material: AlMg: anodic oxidation conditions: Oxalic acid 1.5 wt.%, U = 50 V; T = 12 °C;
electrode distance 10 mm, (a) channel width and height 200 µm; (b) channel length 15 mm).

coatings made of aluminum sec.-butylate
(F = 430 m2/m2) and the lowest for titanium
oxide coatings (Table). When aluminum
and titanium precursors were mixed in
equimolar amounts the surface was only
slightly enhanced in comparison to pure ti-
tanium oxide, 74 m2/m2 and 100 m2/m2, re-
spectively. When titanium is replaced by
silicon the surface area rises, resulting in a
surface enhancement factor of 193. With
the mixtures of SiO2 and Al2O3 the result-
ing surface area was found to be similar to
that of pure SiO2 or even lower. Thermal
treatment of the Al2O3 coatings has an enor-
mous influence on resulting surface en-
hancement factors. The highest specific
surface area for Al2O3 coatings were 
obtained at a calcination temperature of 
500 °C (F = 430 m2/m2). Decreasing values
were observed when the temperature was
increased (F = 30 m2/m2 for T = 800 °C) or
decreased (F = 3 m2/m2 for T = 400 °C). A
gel film calcined at 800 °C can transform
into an α-alumina and porosity decreases
due to sintering of the alumina layer [19].

A cross section of a stainless steel mi-
crostructured reactor with an Al2O3 layer is
shown in Fig. 5. It is evident that the oxide
layer adheres to the metal surface and does
not peel off. After wet impregnation with
platinum the reactor was used for the cat-
alytic conversion of hydrogen with oxygen
for a total period of more than 200 h [20].
Numerous temperature cycles were run and
no activity was lost. This indicates a high
mechanical stability of the Al2O3 layer on
the walls of the metal microchannels.

The deposition of nanoparticles can be
realized by a washcoat process or by elec-
trophoretic deposition in an electric field.

The washcoats were based on the im-
mobilization and the sintering of nanoparti-
cles (ZnO and/or CuO). To prepare micro-
structure-compatible layers of a mixture of
oxides on microstructured metal foils, it
was necessary to disperse the particles. The
dispersion of the commercially available
nanoparticles was made with a homogeniz-
er in a mixture of a solvent (water or 
2-propanol) and a polymer. The latter was
necessary to obtain a stable dispersion
which can be used without sedimentation.
A polymer such as hydroxy ethyl cellulose

Table. Surface enhancement factors F for sol/gel coatings on a metallic support, calcined at
500 °C ( F = by BET measured surface area / geometrical surface area).

Coating  Al2O3 Al2O3–TiO2 Al2O3–SiO2 SiO2 TiO2

F, m2/m2 430 100 193 255 74 
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Fig. 5. Microscopic picture of a cross section
of a Al2O3 coating made by the sol–gel
process in a crossflow microchannel reactor
made of stainless steel.

Fig. 6. SEM picture of a nanoparticle wash-
coat; pre-coated aluminum foil with channels
100 × 100 µm and a fin of 50 µm.

or hydroxy propyl cellulose was used. Dis-
persion of nanoparticles in the solvent only
resulted in extremely fast agglomeration to
secondary particles of several microns. The
agglomeration rates is dependent on the
combination of oxide, solvent and polymer
as well as on the dispersion time. 

Water was a favorable solvent, but the
solubility of zinc oxide in deionized water
might be a problem, e.g.when storing the
dispersion for a longer time, for nanoparti-
cles pre-impregnated with catalytically ac-
tive substances or for mixtures of oxides.
Adhesion of the nanoparticles on the metal
foils was achieved by both dispersions
(ZnO and CuO/ZnO) in the non-calcined,
dried state and by sintering the nanoparti-
cles (immobilization) to a certain extent af-
ter coating and drying (see [10]).

Fig. 7. SEM picture of a nanoparticle wash-
coat; post-coated aluminum foil with channels
100 × 100 µm and a fin of 50 µm.

The sintering process influences the
pore structure and the formation of inter-
metallic phases which, in some cases, are
responsible for the catalytic behavior of the
coating. The advantage of this method is
that, depending on the procedure, no addi-
tional impregnation step is necessary after
immobilization of the nanoparticles. The
pore structure of the coating is dominated
by macropores and depends on the type of
the nanoparticles and the thermal treatment
procedure [10][11]. Slightly oxidized or
rough metal surfaces increased adhesion.
The washcoating of structured single metal
foils and stacked foils showed the feasibili-
ty of homogeneous pre- and post-coating
(before and after assembling the foils to a
reactor), which can be seen from scanning
electron microscopy (see Fig. 6 and 7).

First coatings of this type have been de-
veloped and utilized for the methanol-
steam reforming reaction [21].

Sintering temperatures and as well the
affinity of the polymer to the oxide limit the
washcoat technology. For oxides like alu-
mina, another coating method for nano-
particles is needed. Electrophoretic deposi-
tion (EPD) represents another possibility
for the deposition of Al2O3 nanoparticles
from colloidal solutions in microchannels.
Here, the mass and properties of the alu-
minum oxide layer in the microchannels
can be influenced specifically by the pa-
rameters selected (composition and pH,
voltage density, duration).

For the experiments on electrophoretic
deposition of nanoparticles, the same setup
as for anodic oxidation was used. The 
microstructured foils were stacked in a
clamping unit. For preliminary treatment,
the surface of the foils was etched in the
clamping unit for a period of 45 min using
hot 96–98 % H2SO4. Then a dispersion of
nanoparticles was pumped through the
stacked microstructured foils. The distance
of the anodes was 1 cm. A voltage of 50 V
was set. A current density of 0.5 A/cm2 was
observed for 20 h. After this, the specimens
were dried at 80 °C and annealed at 400 °C
for 8 h. 

Studies were performed with different
compositions of the Al2O3 nanoparticle dis-
persion. The solvent was water, and the pH
of the dispersion was varied by adding ox-
alic acid. The viscosity of the dispersion
was changed by adding dried aluminum hy-
droxide gel and glycerol. Using the less vis-
cous dispersion with oxalic acid the chan-
nels were covered in a rather heterogeneous
manner. Hence, no uniform layer thickness
could be recorded and adhesion of the ox-
ide layer to the metal substrate was consid-
ered to be insufficient. A relatively homo-
geneous layer with good adhesion proper-
ties was generated with the dispersion
containing oxalic acid and Al(OH)3. The
surface area was enlarged by 62 m2/m2. Un-
der the scanning electron microscope, how-
ever, the layer exhibited relatively large
cracks (Fig. 8). Layer thickness ranged be-
tween 2 and 4µm.

Deposition of Al2O3 nanoparticles from
the dispersion containing glycerol was also
found to be relatively homogeneous and
crack free. Following annealing, the layer
density was a little higher than in case of the
second dispersion. Adhesion to the metal
substrate was good. Physisorption meas-
urement yielded a surface enlargement by
102 m2/m2. To illustrate the boundary be-
tween the applied layer and the substrate, a
transverse section was taken from the spec-
imen, and the relative distribution of alu-
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minum and chromium was determined by
EDX. Fig. 9 shows that the SEM of the alu-
minum oxide layer and the line scans are in
good agreement. Following this process,
the Al2O3 layer has a thickness of 3 µm. The
oxide layer is homogeneous and adheres
well to the metal surface. Based on these
experiments, completely manufactured 
microstructured reactors will be coated in a
next step.

4. Conclusions

The methods presented here allow the
production of vacuum-tight microstruc-

tured components, which have microchan-
nel walls with aluminum oxide coatings.
These coatings have a large surface area
and may be used as catalyst carriers for het-
erogeneously catalyzed reactions, as was
demonstrated by the catalytic conversion of
hydrogen with oxygen. A variety of mi-
crostructure reactor designs may be used.
With such catalytically active microstruc-
ture reactors it is possible to perform ther-
mally sensitive reactions with temperature
control by means of the cooling or heating
passage.

Received: August 27, 2002

Fig. 9. SEM of a transverse section of an Al2O3 layer produced by elec-
trophoretic deposition from a dispersion containing glycerol in the foil
stack.

Fig. 8. SEM of an Al2O3 layer produced by electrophoretic deposition of
nanoparticles from a dispersion containing oxalic acid and Al(OH)3 in the
foil stack.
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