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Abstract

Flame spray synthesis is investigated as a method for one-step synthesis and deposition of porous catalysts onto surfaces and into microre
actors. Using a standard photolithographic lift-off process, catalysts can be deposited on flat surfaces in patterns with submillimeter feature
sizes. With shadow masks, porous catalyst layers can be deposited selectively into microchannels. Usinga&u8sOcatalyst and CO
oxidation as test reaction, it is found that the apparent activation energy of the deposited catalyst is similar to that normally seen for supported
gold catalysts in the literature. The surface area of the deposited material is more than twice as large as when the flame-produced material i
collected on a filter at the outlet of the flame reactor unit.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Potential applications of heterogeneous catalysis in mi-
croreactors include safe operation with dangerous/explosive
Microreactors [1] are microfabricated catalytic chemical gas mixtures and local production of chemicals as, for exam-
reactors with at least one linear dimension in the micrometer ple, hydrogen for mobile fuel cell technology. Additionally,
range. Due to their small size, concentration and tempera-microreactors are useful tools for rapid screening and testing
ture gradients can be accurately controlled. The gas flow of catalysts under realistic operating conditions.
through the microreactors is laminar and the large surface Due to their small size, loading of catalysts in microre-
to volume ratio ensures that heat dissipation is orders of actors is substantially different from loading of catalysts
magnitude faster than in conventional reactors. These prop-in traditional macroscopic reactors. Deposition of metals/
erties provide precise control of reaction parameters suchmaterials in microsystems is usually done by physical or
as temperature, concentrations, and residence time, whichchemical vapor deposition (PVD/CVD) or electrochemical
is an advantage for both Catalyst characterization and Opti- methods. These methods are typ|ca||y optimized to give very
mization of reaction conditions. Microreactors even open a smooth surfaces with low porosity, and catalysts deposited
new parameter space for chemical reactions. For example hjs way have limited performance. Efficient heterogeneous
reaction conditions that would normally result in explosions catalysts have a high porosity and surface area, and pro-
can be handled in microreactors [2], and dynamic reaction gyction of such catalysts is done in multiple steps includ-
conditions such as rapidly oscillating temperatures or con- ing precipitation, filtration, calcination, impregnation, pre-

centrations can be performed [3]. cursor decomposition, etc., that are not directly compatible

with microfabrication. As a result, methods have been de-
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Cooling water for__,

methods are sol-gel based methods [4—7], wash coating [8], sample holder

electrophoretic deposition [6], and anodic oxidation of, e.g.,

aluminum metal layers [6]. These methods have different de- Top view - sample
grees of complexity and flexibility, but they all include a holder position
liquid phase at some stage during the catalyst deposition. o
Some of the methods provide the possibility of confining the T

catalyst to a c.ert.au.n area of th_e microsystem, but the liquid Sample holder — e
phase makes it difficult to confine the catalyst accurately, es- A

pecially if different catalysts are to be deposited in the same | h
microreactor. Hydrogen burner —» Felﬂj
In this work, a method based on flame spray synthesis is Holder —

developed as a method for one-step deposition of porous cat-
alysts. Combined with standard masking techniques used in Spray nozzle
microfabrication, the method is used to deposit microstruc-

[=——<— Spray air/gas

tured patterns of porous catalyst on a variety of surfaces = Islirti;gerggflrnspo;”siﬁuﬂon
and in silicon microreactors. With Au/TiOas a model sys- H, for hydrogej P
tem, the deposition process is characterized with respect to burner  —>

-

deposition parameters and substrate type. Furthermore, the
surface area and the apparent activation energy of the catarig. 1. Experimental setup for flame spray deposition of porous catalyst on

Iyst deposited in the microreactors are measured. substrate surfaces. A metal precursor solution is fed from a syringe pump
through a spray nozzle into a combustion zone. The product particles de-

posit on the substrate positioned on the cooled sample holder. The vertical

. position of the sample holder is denotedThe diameter of the flame reac-
2. Flame spray deposition tor is 8 cm.

Flame spray synthesis of porous nanostructured catalysts
is a modification of flame synthesis [9—13]. The working
principle of flame spray synthesis is that an oxidizing gas
containing an atomized organic solution of organo-metallic
precursor compounds is led into a flame zone where the
droplets are combusted and the precursors converted into
nanometer-sized metal or metal-oxide particles, depending
on the metal and the operating conditions. The catalyst
is usually collected by passing the particle-containing gas
through a filter. If, instead of collecting the particles on a
filter, a cold surface is placed in the hot particle-containing
gas, the particles will be driven toward the surface due to
thermophoresis [14] and diffusion and deposit onto the sur-
face to form a porous layer of catalyst. In the following, this
method is denoted flame spray deposition (FSD). Contrary
to the traditional microfabrication deposition techniques, it Fig. 2. Photogrgph of sample holder with a microreactor after erosition_ _of

. - catalyst. The microreactor is covered by a shadow mask enabling deposition
produces gorous catalyst Igyer wnh r_ng_h surface area. only in the reactor channel.

The flame spray deposition unit is illustrated in Fig. 1.

An air-assisted spray nozzle is fed with an organic solu-

tion of metal precursors and spray gas, which produces a

spray aerosol of droplets, approximately 10 pm in diame- @t 12.8 L/min, and the hydrogen burner is supplied with
ter. The droplets are combusted in the flame, and the evap-1-4 L/min of hydrogen. The sample holder (cf. Fig. 2) is
orated organo-metallic compounds decompose and formpPositioned a height: above the flame zone and a radial
nanometer-sized particles in the gas phase. The temperaturéistance- from the center line of the FSD system. The sam-
at this point is above 1500 K. The spray is surrounded by ple holder is water-cooled to prevent the sample from being
a hydrogen burner that ensures an even and steady combuglamaged by the high temperature as well as to enhance the
tion. thermophoretic force on the particles and thus the deposition

In the present study, the metal precursor solution con- rate. A temperature sensor is mounted on the sample holder,
sists of 2.9 mM gold-triphenylphosphin-nitrate and 0.70 M and the water cooling can thus be varied to reach different
Ti—tetraisopropoxide in a 1:4 volumetric mixture of tetrahy- deposition temperatures. The sample temperature is usually
drofurane and isooctane. This gives 1 wt% of gold in the kept close to 50C, which is slightly above the dew point of
final Au/TiO; catalyst. The gas flow in the nozzle is air water in the combustion gas.
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.g Fig. 4. Photos of two silicon samples covered with porous catalyst. Photos
‘B A and B show samples which are covered by a thin and thick layer, re-
& spectively. When a very thick layer is deposited, cracks are formed on the
8 B— Low cooling surface.
@—® High cooling
o1 . . . . . Above this temperature, typical deposition rates are 0.1—

4 6 8 10 12 14 16 0.6 mg/(cm?min), and.the layer t'h.ickness is between 50
and 150 um after 20 min of deposition.
For the samples presented in this work, a height of

Fig. 3. Catalyst deposition rates, for different sample positions and cooling ## = 6 ¢m and a radial position of = 0.5 cm with a sam-
rates. The deposition rate increases when the sample is placed close to thiple temperature of 40C is used for deposition.

flame and when a high cooling rate is used. The inset shows the variation

of the deposition rate at different positions on the sample holder. The radial 3.2. Adhesion

position is measured as the distance from the center to the sample position™

on the sample holder. The deposition is more uniform at higher deposition

Deposition height, h (cm)

positions, ). Adhesion is a key issue for any practical use of the de-
posits and is therefore tested on a number of surfaces often
3. Characterization of the deposition process encountered in microfabrication: Si, Ti, Al,$l4, H:Si. The

first three surfaces are covered with thin native oxide layers,

To what extent the FSD method is compatible with mi- and the H:Si denotes silicon where the native oxide layer

crofabrication is investigated in this section. The deposition has been replaced with a monolayer of hydrogenin a 5% HF
rate is characterized with respect to sample temperature andolution. This surface reacts slowly with oxygen on a time

position relative to the flame zone. Uniformity of the deposit scale of hours and is expected to form chemical bonds to the
as well as the adhesion to various substrate types used in miinitial deposit over time. Good adhesion (deposit difficult to
crofabrication is investigated, and finally photolithographic Scrape completely off, even with a scalpel) is obtained in all

patterning of the catalyst is tested. cases except on 4. For SgN4 the deposit can be wiped
off with a napkin leaving no traces of the deposit. In the fol-
3.1. Deposition rate lowing, only silicon substrates are used.

Fig. 3 shows the deposition rates at different sample posi- 3.3. Morphology

tions. The overall deposition rate increases by 60% when

is decreased from 15 to 5 cm. The inset in Fig. 3 shows the  Fig. 4 shows photographs of two pieces of silicon covered
variation in deposition rate as function of radial distante with different thicknesses of the porous catalyst. The sam-
the flame. For smalt, i.e., close to the flame zone, there is ple denoted (B) is covered by a thick layer, and the surface
a strong dependence on the radial distance to the sample. Ashows cracks on length scales between 5 pm and 5 mm. The
largerh, this dependence vanishes. Thus, for obtaining a uni- cracks develop within hours after deposition, and are proba-
form coverage, the heightshould not be too small. Further, bly caused by moisture evaporating from the porous material
if the sample is positioned too close to, or in the flame zone, with a corresponding reduction of the volume. The cracks in
the deposit will contain large quantities of uncombusted ma- the thick layer do not by any means ruin the properties of the

terial, which is undesirable. catalyst, but are merely a result of the time scale of the de-
The average temperature difference between the twoposition experiment. The photograph to the left (A) shows a
curves with high and low cooling in Fig. 3 is 8. With thin, but more uniform catalyst layer.

this temperature difference, the average deposition rate for For the Au/TiQ catalyst collected by filtering the parti-
the high cooling deposition curve is 10% larger than for cle containing gas, the specific surface area measured with
the low cooling curve. The deposition rate thus increasesthe BET method is usually between 100 and 208/gn

with decreasing sample temperature, but below a certainThe BET area measured on the deposited material is above
temperature, condensation of water from the gas on the350 n?/g, which corresponds to an average particle size of
sample limits the minimum temperature during deposition. 4 nm, assuming spherical particles.
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Fig. 5. Schematic representation of the lift-off process for creating
well-defined patterns of catalyst deposit: (1) Deposition of photoresist.
(2) Deposition of catalyst on entire surface. (3) Removal of catalyst from
selected areas by dissolving the photoresist layer.

1 mm

In the flame reactor, particles grow in size as a result of

particle collisions and coalescence of the formed aggregateSFig. 6. A photograph of a silicon sample with flame spray deposition of

At h_igh temperature, the rate of Coa_lescence (Or Sinter_ing) catalyst controlled by the photolithographic lift-off procedure. The sample
is high [15]. Consequently, by reducing the residence time is prepared by the steps outlined in Fig. 5.

at elevated temperature, one can retain a high specific sur-

face area of the product (i.e., small primary particles). With acetone easily penetrates the deposit and dissolves the pho-
the water-cooled sample holder, the particles are collectedigregist.

close to the flame zone and cooled almost instantaneously to - Fig. 6 shows the result of a photolithographic deposition

a temperature where coalescence of collided primary par-of Au/TiO, catalyst on a flat silicon single-crystal surface.
ticles is effectively frozen. Furthermore, the particles are The dark area is the silicon surface, and the bright areas are
driven toward the sample by the thermophoretic force, which covered with approximately 50 pm deposited catalyst.

in combination with a h|gh diffusion coefficient for small The resolution of the photo“thography is about 1 pm, but
particles increases the deposition rate for decreasing partithe resolution of the deposition method is limited by the
cle sizes. This makes the transport of small partiCIeS toward mechanical properties of the deposited materiaL when the
the surface more efficient than that of bigger particles. Both deposit has to break at the boundaries between the surface
effects favor the control of excessive coalescence and thewith photoresists and the clean surface. The roughness of
collection of small particles and thus give a high porosity the pattern edges in Fig. 6 is below 100 um.

and surface area of the deposited material. The above results show that the FSD method is applica-
. ble for deposition of porous catalyst for use in microsystems.
3.4. Patterning of catalyst The deposition rate makes it possible to deposit porous lay-

ers of hundreds of micrometers within a reasonable time,

Two-dimensional catalyst patterns on flat surfaces are and depending on the deposition parameters, the deposition
fabricated using a lift-off process as illustrated in Fig. 5: is uniform over several centimeters. This is within the range
required for microreactors that typically have a lateral size

(1) The substrate surface is spin-coated with a 1.5 um thick of a few centimeters and channel depths of several hundreds
layer of photosensitive polymer (AZ5214E photoresist). of micrometers. The method is compatible with microfab-

(2) The deposition patternis defined in the photoresist using rication since a standard photolithographic mask is suitable
standard UV photolithography, whereafter the exposed for confining the deposit to certain areas on the surface with
regions are dissolved in a NaOH solution. a resolution better than 100 um.

(3) The sample is mounted on the water-cooled sample With proper optimization, the method has potential for
holder and placed in the hot zone of the spray flame until use in batch fabrication of microreactors, where catalysts are
the desired thickness of catalyst is reached. deposited on multiple reactors at the same time in a parallel

(4) The photoresistis dissolved in acetone, whereby the cat-process.
alyst on the photoresist is removed from the sample.

In a standard microfabrication metal lift-off process, the 4. Test in microreactors
resist layer is dissolved in acetone in an ultrasonic bath. This
treatment is too intense for the porous deposits due to their To investigate the possibility of depositing catalysts in
low mechanical strength, and instead, the sample is gentlythree-dimensional structures, and to test the catalytic prop-
washed in acetone. Due to the porous nature of the depositgrties of the deposited material, microreactors are fabricated
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the backside of the wafer. (4) Afterward, the wafer is bonded
to a handle wafer using photoresist. This is primarily done
to achieve a better clamping of the wafer in the DRIE cham-
ber in step 5. (5) The reactor pattern is etched to a depth
of approximately 300 pm using DRIE as in step 3, thereby
connecting the channels to the in- and outlets. (6) The re-
maining photoresist and the handle wafer are removed in
acetone. (7) The wafer level processing is now finished, and
the wafer is sawed into 1 cm by 2 cm chips, each containing
one microreactor. (8) The catalyst material is then deposited
on each chip through a shadow mask that covers the entire
chip except the reactor channel. (9) Finally, a lid is bonded
to the chip using epoxy glue.

The nonstandard fabrication steps (8) catalyst deposition

and (9) lid bonding are described in detail in the following.
Fig. 7. (A) Photograph of the loaded reactor. SEM image ((B) top view and

(C) cross section view) of the catalyst deposit in the reactor channel.

4.1. Catalyst deposition in microreactors

[ ]
1 | 5 :L — .F Fig. 2 shows the mounting of a microreactor in the flame
spray deposition setup. A shadow mask is used to cover
5 IZUZLH everything except the reactor channel during deposition.

This is an easy and simple way to confine the catalyst. Only

67 b 0o very small amounts of catalyst enter the inlet and outlet

[m] 0
3 [ Al channels due to Brownian motion, and after deposition, the
surface of the reactor is sufficiently clean for both anodic and
= —1 L) adhesive bonding.
4 Fig. 7 shows a microreactor loaded with Au/Biforous

catalyst using the FSD method and the shadow mask ap-
proach described above. A SEM image of the reactor bottom
is shown in Fig. 7B. The deposit forms a uniform layer simi-
Fig. 8. Fabrication sequence for the microreactors: In Steps 1 through 7 |ar to deposits on a flat surface. More interesting is the cross
the re:?lctor is e.tched in sﬂlcgn_usmg photore_5|st mask_s. In8 th_e catalyst is section of the reactor channel shown in Fig. 7C. Clearly, the
deposited and in 9 a Pyrex lid is mounted using adhesive bonding. .

sidewalls as well as the edge between the bottom and the

sidewalls are covered with catalyst. The layer thickness on
and the activity and apparent activation energy of the de- the sidewalls decreases closer to the top, probably due to a
posited catalyst with respect to oxidation of CO are mea- higher temperature during deposition.
sured.

The layout of the microreactors is seen in Fig. 7. The 4.2, Adhesive bonding
narrow inlet and outlet channels provide diffusional barriers
to the reactor volume, but are sufficiently wide to prevent  To seal the microreactor after deposition, a lid has to be
any significant pressure drop. The dimensions of the reactorbonded on top. Anodic bonding of Pyrex glass to silicon is
channel are determined by a required estimated conversiora standard way of doing this. However, the high tempera-
of CO between 1 and 10% at a flow rate of 1 fnhin. ture (350—400C) needed for anodic bonding may deacti-
The microreactors are made in silicon using photolitho- vate the Au/TiQ catalyst, and instead the reactor is closed

graphy and deep reactive ion etching (DRIE) [16]. Fig. 8 by gluing a glass lid onto the reactor structure. Epo-Tek 377
shows the fabrication sequence: (1) First, the backside of thehigh-temperature epoxy is chosen for the bonding due to the
wafer is covered by a 1.5 pm thick photoresist layer that is chemical inertness and thermal properties. To ensure good
subsequently patterned by exposing it with UV light through wetting of the glass, the glass lids are etched with a solution
a mask. The areas of exposed photoresist are removed in @f 5% HF for 15 min. Afterward, the lids are spin-coated
NaOH solution. (2) The in- and outlet holes are then etched with the epoxy mixture for 45 s at 2500 rpm. The epoxy is
to a depth of approximately 50 um using anisotropic DRIE. precured at 155C for 25 s before the lid is mounted on the
After the etch, the photoresist layer is removed using ace- microreactor to increase the viscosity and prevent the glue
tone. (3) A layer of 10 um photoresist is then applied onto from floating into the channels. The lid is mounted on the
the front side of the wafer, and the channel structures aremicroreactor and pressed with a force corresponding to a
defined in this layer. Before the UV exposure, the channel 1 kg weight to form a hermetic seal. Finally, the epoxy is
pattern on the mask is aligned to the in- and outlet holes oncured at 150C for 1 h.

=y
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Fig. 9. An outline of the interfacing of the microreactor with the external
gas lines and the quartz capillary tube. The capillary tube has a small orifice,
which continuously leaks a small sample of the product gas from the reactor
outlet directly into the vacuum chamber of the mass spectrometer.
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When testing the bonding on microreactors with no cata-
lyst, it is found that the method produces a hermetic seal in 200 400 600
more than 50% of the bonding tests. When operated below Time (s)
175°C, any outgassing or reaction with the glue is below
the detection limit. Above 175C, a CQ signal increasing Fig: 10. CO‘ and C@ concentrations asa function of time (temperature)
exponentially with the temperature is measured. In conclu- 94119 & rapid temperature ramp experiment.
sion, the bonding method is suitable for reactors operating at
temperatures up to 17%.

1 L L L 1

S
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4.3. Interfacing

The interfacing between the microreactor and the mea-
surement setup is shown in Fig. 9. The in- and outlet holes
in the microreactor are matched with holes in the interface -2 r
block, which is equipped with Swagelock fittings. Sealing is L L
achieved by placing Viton O-rings between the microreac- 0.0022 0.0024 0.0026 0.0028 0.003 0.0032
tor and the interface block at the interconnects. The gas flow UT (K™
through the reactor is controlled by mass-flow controllers.

The gas analysis is done with a mass spectrometer andrig. 11. Arrhenius plot of the activity measurements obtained by ramping
special attention has been given to the interfacing betweenthe temperature (cf. Fig. 10).
the microreactor and the mass spectrometer. To minimize
the amount of gas sampled to the mass spectrometer, quarteemperature to 150C and back to 50C during a period of a
tube orifices [17] are used to reduce the pressure from at-few minutes. At 150C the concentration of Cs 0.55%,
mospheric pressure in the microreactor to-@@orr in the which corresponds to a conversion of 55% of the CO in the
mass spectrometer. This has the further advantage that théeed gas. Corresponding decreases ina@d CO are ob-
distance between vacuum and the gas stream in the reactoserved. Comparing the conversion to the estimated amount
is only about 100 um, which decreases the response time beeof catalyst gives an activity of the order 5 pmi@ gay).
tween changes in the microreactor and the detection in the The Arrhenius plot shown in Fig. 11 for the same temper-

E,=0.22 eV

log(activity)

mass spectrometer to the subsecond range. ature range gives an apparent activation energy
Ea =0.22 eV (21 kJmol), which is consistent with values
4.4. Reactor performance obtained in the literature [19] for the same reaction using

standard experimental conditions.
The test reaction is oxidation of CO to G@ith O, over
a Au/TiO, catalyst [18]. Au/TiQ is flame spray deposited

into a reactor channel with dimensions23.5 x 0.3 mn?. 5. Conclusions
The mass of the deposited catalyst is too small to be mea-
sured directly, but by visual inspection in an optical micro- Flame spray deposition is a promising, fast, and flexible

scope, a very rough estimate of the amount of catalyst is technique for depositing porous catalyst directly into mi-
10 pg, containing 0.1 pg gold. A gas mixture containing crosystems. Good adhesion and thus good thermal contact
1% CO and 2% @is led through the reactor at a flow rate to the reactor walls are achieved for most relevant surfaces.
of 0.1 mL/min. Fig. 10 shows the concentration of CO and With the use of photolithography, two-dimensional po-
CO; as the temperature of the reactor is ramped from room rous catalyst patterns can be fabricated with a resolution bet-
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ter than 100 um. Using shadow masks, deposition in three- [4] T. Zech, P. Claus, D. Hénicke, Chimia 56 (2002) 611-620.
dimensional structures with deposition on both bottom and [5] R. Knitter, D. Gohring, M. Bram, P. Mechnich, R. Broucek, Proc.

sidewalls can be performed. Even deposition of different cat- of the 4th International Conference on Microreaction Technology,
lysts in different areas of the same chip is believed to be Springer, Germany, 1999.
aly ; p [6] K. Hass-Santo, O. Gorke, P. Pferfer, K. Schubert, Chimia 56 (2002)
possible. 605-610.
The apparent activation energy of the flame spray de- [7] H. Chen, X. Ouyang, W.C. Shin, S.M. Park, L. Bednarova, R.S. Bes-
posited Au/TiQ catalyst is similar to values reported in ser, W.Y. Lee, 7th International Conference on Microreaction Technol-
the literature for oxidation of CO over supported gold cata- 9. Lausanne, 2003.

. . [8] X. Wang, J. Zhu, H. Bau, R.J. Gorte, Catal. Lett. 77 (2001) 173-177.
lysts, but the surface area is more than twice the area usually [9] W.J. Stark, S.E. Pratsinis, A. Baiker. J. Catal, 203 (2001) 516-524.

obtained in the flame spray unit using quench cooling and [10] T. Johannessen, S. Koutsopoulus, J. Catal. 205 (2002) 404-408.

collection of particles on filters. [11] W.J. Stark, S.E. Pratsinis, A. Baiker, Chim.-Chim. Rep. 56 (2002)
Interfacing of the mass spectrometer directly into the flow 485-489.

channel of the microreactor reduces response times signif-12] ?égb 33)92759?% T. Johannessen, S. Wedel, H. Livbjerg, J. Catal. 218

icantly and makes the microreactors presqnted a potential[ls] L. Madler, W, Stark, S.E. Pratsinis, J. Mater. Res. 18 (2003) 115

technology platform for fast catalyst screening and charac- 120.

terization experiments. [14] Thermophoresis is a mechanism, which causes particle motion in a

fluid with a thermal gradient, i.e., from high temperature to low tem-
perature. Therefore, particles are readily deposited on a cold surface
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