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bstract

Fabrication procedures for a micro fuel reformer including catalyst preparation, coating, and patterning on a wafer are described. Cu/ZnO
atalyst was selected for the steam reforming of methanol. The catalysts were prepared by three different procedures according to the precipitation
equence and temperature. The effect of precipitation conditions on the catalyst characteristics was investigated by BET, XRD and SEM analysis.
atalytic activity and coating quality were tested to find the optimum precipitation condition for the uniform and crack-free catalyst layer on a
afer. For coating purpose, the prepared catalyst was ground by ball-mill into powder and mixed with binder in the deionized water. Simultaneous
recipitation of catalyst and binder on the wafer produced a catalyst layer that is uniform and rigidly found to the wafer surface. The amount
f the coated catalyst was 5–8 mg/cm2 and the thickness was 30 �m. By repetition of the coating procedure, the catalyst mass up to 15 mg/cm2

as obtained with increased reactivity. Patterned catalyst layer was obtained by a novel lift-off process of the PVA sacrificial layer. The process

onsists of the PVA decomposition by heating instead of etching the wafer. A micro fuel reformer was fabricated using a typical lithography
rocedure including catalyst coating and patterning process and its performance was measured. The catalyst-coated micro fuel reformer had higher
erformances than the packed-bed reactor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Micro scale power sources with energy density that exceeds
hat of an existing secondary battery would find applications
n diverse fields. Micro fuel cells have been a major candidate
or a micro scale power source [1–12]. Direct methanol fuel cell
DMFC) has been widely investigated as a possible candidate for
micro power generation [10–12], but its output level is severely

imited due to the problem of fuel cross over [12]. Polymer
lectrolyte membrane fuel cell (PEMFC) produces higher output
ith better efficiency than DMFC [13]. Gaseous hydrogen that

uels PEMFC takes too much volume to be contained in a micro
cale device. Therefore, a fuel reformer that produces hydrogen
rom a liquid fuel is essential for development of a micro fuel
ell system [14–22].
Among liquid fuels that are used for the fuel reforming in
onventional scale devices, methanol is better suited for a micro
cale reformer, as efficient reforming takes place at relatively
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E-mail address: trumpet@kaist.ac.kr (S. Kwon).

h
c
b
p

t
i

385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2006.08.010
el cell

ow temperature [21–23]. Level of CO emission that poisons
he PEMFC anode electrocatalyst [24] is lower with methanol
s a fuel.

The Cu/ZnO-based catalyst is used for the production of
ydrogen from methanol by steam reforming. The well-known
atalyst is Cu/ZnO/Al2O3 [29–30]. Generally, it has been
laimed that Cu0 provides the catalytic activity and ZnO acts
y stabilizing the Cu surface area. Addition of Al2O3 to the
inary mixture enhances the Cu dispersion and catalyst stability
25]. Various methods for the preparation of Cu/ZnO-based cat-
lysts have been reported. Co-precipitation is a typical method
s a wet chemical process [26].

In many operations, the level of heat transfer to a reactor is the
imiting condition for the conversion rate. When the reactor wall
s coated with the catalyst, the catalyst layer will absorb more
eats than the catalyst grains packed into the reactor volume. The
atalyst, coated on the internal surface of the reactor, provides
etter retainment within the reactor bed than the granular catalyst

acked inside the reactor [27].

For the development of a MEMS-based catalytic reactor for
he fuel reforming [19–20], the patterning of the catalyst layer
s key technology. Typical micro scale reactor uses the metal

mailto:trumpet@kaist.ac.kr
dx.doi.org/10.1016/j.cej.2006.08.010
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ayer that is compatible to complementary metal oxide semicon-
uctor (CMOS) metal deposition processes and the material is
imited to the metal layer such as Pt. However, the technology on
he patterning of catalyst particles prepared by co-precipitation
s not established yet. E-beam lithography and other meth-
ds are on development for the patterning of nano particles
28].

In the present study, an optimum precipitation condition of
u/ZnO catalyst is sought in the co-precipitation method that
roduces a good coating quality. The effect of temperature and
equence of the precipitation, in particulate, was closely mon-
tored for better coating characteristics. In addition to catalyst
oating, the patterning of the coated catalyst layer for a MEMS
ompatible process is essential in order to integrate the catalyst
oating and lithographic fabrication process. For a patterning
rocedure, poly-vinyl alcohol (PVA) was selected as a sacrifi-
ial layer. Lift-off process of the PVA by heating was attempted.
ombination of conditions that produce the best result was

ought by changing the PVA concentration, viscosity of cata-
yst slurry, and catalyst thickness. A micro fuel reformer was
abricated by a typical lithography procedure that incorporates
atalyst coating and patterning process developed in the present
tudy and its performance for the steam reforming of methanol
as tested.

. Catalysts

.1. Preparation

Briefly outlining, the preparation of the Cu/ZnO catalyst con-
ists of the co-precipitation of Cu and Zn nitrates with the
olution of sodium carbonate as a precipitating agent [25]. A
.8 M aqueous solution of Na2CO3 is added to a 0.7 M aqueous
olution of Cu(NO3)2 and a 0.3 M aqueous solution of Zn(NO3)2
y vigorous stirring under nitrogen atmosphere. In a step of
atalyst preparation, the effect of precipitation conditions on
he grain size, surface area, reactivity, and coating quality were
xamined. From this experiment, a suitable precipitation con-
ition can be determined to obtain good coating quality. Three
ets of test condition based on the precipitation sequence and
emperature were chosen for a comparative study for Cu/ZnO
atalysts. Co-precipitation (CP) at the precipitation temperature
f 30 and 80 ◦C and the sequential precipitation (SP) at the tem-

erature of 80 ◦C are three test conditions of Table 1. The pH
as kept at 7.0 during the precipitation process. The precipitates
ere washed and dried at 120 ◦C for 2 h, followed by calcination

t 350 ◦C for 6 h.

able 1
n overview of prepared Cu/ZnO catalysts and BET surface area

atalysts Precipitation BET surface area (m2/g)

Method Temperature (◦C)

P30-27 CP 30 27.49
P80-35 CP 80 35.66
P80-33 SP 80 33.71
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.2. Characterization

The surface areas were measured by the method of Brunauer,
mmett and Teller (BET). Powder X-ray diffractometer (XRD)
attern of the prepared catalyst was recorded on a Rigaku
/MAX-IIIB X-ray diffractometer, scanning 2θ angles from
0◦ to 80◦ with scan speed of 2◦ min−1. The catalyst gains
ere examined by scanning electron microscope (SEM) anal-
sis, and its particle size and extent of agglomeration were
easured.

.3. Catalytic activity

The prepared catalyst was tested for the methanol conversion
eactivity using a tubular reforming reactor. The inside diameter
nd length of the reactor were 5.3 and 28 mm, respectively. Fig. 1
hows the schematic diagram of the system for the steam reform-
ng of methanol. Prepared catalyst in powder was packed inside
he reactor and kept in place by a glass wool filter. Preset amount
f methanol was supplied to the reactor by a precision syringe
ump. Methanol and water were evaporated by a vaporizer and
ntered the reactor at 150 ◦C. The reactor was placed inside a fur-
ace so that the reactor temperature can be controlled. Reaction
roducts were analyzed by gas chromatography (agilent HP-
890) using argon as a carrier gas. Methanol conversion was
easured with the feed rate and reactor temperature as param-

ters. The catalyst amount was 50 mg and the steam to carbon
atio (S/C) was 1.1 because higher S/C is not suitable to a micro
uel reformer [16]. Mixture feed rate of methanol and water was
etween 0.1 and 1.6 ml/h. Reactor temperature was varied from
50 to 350 ◦C.

. Catalyst coating

.1. Slurry preparation

Cu/ZnO catalysts prepared by the co-precipitation are in pow-
er state. In order to coat the catalyst, the powdered catalyst was
urther ground by a ball-mill to improve the dispersion of cat-
lyst particles. The Cu/ZnO catalyst was loaded into a 500 ml
all-mill jar with 5 mm alumina grinding balls. The milling was
one for 25 h at 250 rpm. The slurry was prepared by adding and
tirring ground catalyst and binder into deionized water. Ben-
onite was used as a binder. The ratio of catalyst to binder was
.5 and the solid wt.% of the slurry was 7%.

.2. Coating procedure on a wafer

First, the wafer surface was washed with 1:4 mixtures of the
ydrogen peroxide and sulfuric acid for 5 min at room tempera-
ure. The surface was rinsed with the deionized water for 5 min
nd dried at 80 ◦C. This step was performed to remove organic
aterials from the surface as well as to increase the extent of
ydroxylation on the wafer surface [27].
Different coating methods were tested including the spin

oating and dip coating. Low viscosity of the catalyst slurry and
he limitation in dispersion resulted in a poor coating quality.
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the catalyst layer and for the interaction of catalyst and binder,
removed PVA layer because the temperature of firing is higher
than that of PVA thermal decomposition (Fig. 2(7)). PVA is
decomposed rapidly at 300 ◦C.
Fig. 1. Schematic diagram of the sys

imple powder precipitation technique, however, produced a
atisfactory coating quality. In this method, the catalyst and
inder were dispersed with water by sonication and stirring
teps, and then the particles were precipitated on the top of
he wafer as time goes on. After drying the water, the catalyst-
oated wafer was fired at 500 ◦C, resulting in a good coating
uality.

. Catalyst patterning

.1. PVA as a sacrificial layer

In order to integrate the catalyst coating procedure and con-
entional lithography process of a micro structure, a patterned
oating is required. In a conventional micro fabrication of the
etal patterning, PR (photo resist) or Poly-Si is used as a sacri-
cial layer. In case of the patterned catalyst, the sacrificial layer
ust withstand the high temperature and thermal stress that is

aused by the firing process of the catalyst coating [28]. In the
resent study, a novel process for patterning catalyst on a wafer
as introduced. PVA was used for a sacrificial layer. Deposited

atalyst layer was patterned by the lift-off process of the PVA
acrificial layer.

.2. Patterning procedure on a wafer

Overall patterning procedure is depicted in Fig. 2. First, 25%
olution of PVA was prepared by dissolving PVA in deionized
ater at 70 ◦C. By spin coating of this solution, PVA layer was
eposited on the wafer with PR (AZ6612) patterns (Fig. 2(4)).
he thickness of PVA layer was controlled by the rotational fre-

uency of spin coater. The ratio of PR to PVA was controlled
nto 3. When the PR pattern was removed, PVA pattern was left
n the wafer surface (Fig. 2(5)). Then the catalyst was coated
y the precipitation method on this substrate (Fig. 2(6)). A fir-
or the steam reforming of methanol.

ng process of 500 ◦C, which is required for the calcination of
Fig. 2. Overall patterning procedure of the catalyst layer.
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Fig. 3. Schematic of the fabrication process of a prototype micro fuel reformer; step A–G is wet anisotropic etching process for reactor structure, step H–J is coating
a K.
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nd patterning process of catalyst layer, and lastly three layers is bonded at step

. Fabrication of micro fuel reformer

A prototype micro fuel reformer was fabricated. A photoetch-
ble glass wafer, Foturan® (made by Schott), was chosen as a
tructural material since the thermal insulation and gas sealing
an be achieved easily with a material [31]. Fig. 3 depicts the
verall fabrication procedure, which includes wet anisotropic
tching of the photoetchable glass wafer (Fig. 3(A–G)), coat-
ng and patterning of catalyst layer on the wafer (Fig. 3(H–J)),
nd bonding of each layer (Fig. 3(K)). Structuring of the
hotoetchable glass wafer consists of chromium mask pat-
erning (Fig. 3(A–D)), UV light exposure (Fig. 3(E)), heat
reatment for crystallization (Fig. 3(F)), and hydrofluoric acid
HF) etching (Fig. 3(G)) [32]. Three wafer layers were fusion-
onded for a single reactor structure. Reactant entrance and
roduct exit were fabricated on the top layer. Microchan-

el was engraved in the center layer and the catalyst was
oated and patterned on the internal surface. Fig. 4 shows
he completed device which is coated with the catalyst of
2 mg.

Fig. 4. The fabricated micro fuel reformer with the Cu/ZnO catalyst coated
in the microchannel. The channel width is 500 �m, reactor chamber size is
1.5 cm × 2 cm × 0.1 cm.
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. Results and discussion

.1. Effect of precipitation conditions on characteristics of
u/ZnO catalysts

The results of BET measurement are included in Table 1. The
urface area increased as the precipitation temperature increased
rom 30 to 80 ◦C within the same co-precipitation condition. Co-
nd sequential precipitation did not show much difference in
he surface area when the precipitation temperature remains the
ame.

XRD patterns of Cu/ZnO catalysts after preparation were
hown in Fig. 5. For all three catalysts prepared by different
recipitation methods, Cu and Zn species in the catalysts
ainly existed as metal oxides and no XRD peaks of species

ontaining both Cu and Zn were observed. Intensity of XRD
eaks changed with the precipitation method and temperature.
rystal structure of the catalyst prepared by CP at 30 ◦C was
etter defined than that of catalysts prepared by CP and SP at
0 ◦C. As known from XRD pattern of the catalyst prepared by
P at 80 ◦C, the Cu crystal was not observed well because the Zn
ddition during the Cu precipitation affected the crystallization
f Cu.

Fig. 6 is SEM images of catalysts precipitated by the three
onditions described in Table 1. Typical grain size of all
atalysts ranged 20–50 nm. The individual catalyst grains were
ell defined in CP at 30 ◦C case. Catalyst grains in CP and
P at 80 ◦C coagulated into larger lumps than that of in CP
t 30 ◦C. This is caused by the difference of Zeta-potential
f the colloid mixed with Cu and Zn precursor. Among

he test conditions, the catalyst prepared by CP at 30 ◦C
esulted in a satisfactory dispersion characteristics in deionized
ater.

ig. 5. XRD patterns of Cu/ZnO catalysts after calcination at 350 ◦C for 2 h;
A) CP at 30 ◦C, (B) CP at 80 ◦C, (C) SP at 80 ◦C (CP: co-precipitation, SP:
equential precipitation).
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ig. 6. SEM images of Cu/ZnO catalysts after calcination at 350 C for 6 h; (a)
P at 30 ◦C, (b) CP at 80 ◦C, (c) SP at 80 ◦C (CP: co-precipitation, SP: sequential
recipitation).

.2. Catalytic activity of Cu/ZnO catalysts

Fig. 7 is a methanol conversion performance of catalysts pre-
ipitated in different conditions. Catalyst prepared by SP at 80 ◦C
esulted in slightly better conversion performance than other
recipitation conditions. The effect of reaction temperature on
he methanol conversion performance is shown in Fig. 8. In
emperature higher than 250 ◦C, all catalysts resulted in the sim-
lar conversion performance. In temperature lower than 250 ◦C,
owever, the catalyst prepared by CP at 30 ◦C had the low-
st conversion performance in all catalysts. This means that

he catalyst prepared by CP at 30 ◦C has the low dispersion
f Cu. This can be seen in its lower surface area as shown in
able 1.
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ig. 7. Methanol conversion as a function of the space time in each catalyst at
50 ◦C and S/C = 1.1.

.3. Coated catalyst layer on a wafer

Typical coating procedure can deposit 5–8 mg/cm2 of cata-
ysts, and the thickness of the coated layer was approximately
0 �m. Fig. 9 shows SEM images of the surface and cross-
ection of the catalyst-coated wafer. To obtain the required
mount of the catalyst for the increased reactivity, the repeti-
ion of the coating procedure was performed. Cu/ZnO catalysts
repared in different precipitation conditions were different in
he quality of repeated coating from each other. Catalyst pre-
ared by CP at 30 ◦C had a crack-free and uniform surface for
hree times of the coating procedure. Fig. 10 is images that

how the coated surface of the catalyst prepared by CP and
P at 80 ◦C. The surface had many cracks because the cata-

yst layer stripped the previous catalyst layer when the coating

ig. 8. Methanol conversion as a function of the temperature in each catalyst at
/F = 66.3 kgcat. s/mol and S/C = 1.1.
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ig. 9. SEM images of the catalyst layer coated by the precipitation method on
he wafer: (a) the surface, (b) the cross-section.

rocedure was repeated. Fig. 11 shows the catalyst amount for
he number of coated layers. By repeating the precipitating pro-
edure of the catalyst prepared by CP at 30 ◦C, the catalyst
mount was increased to 15 mg/cm2. The adhesion of the cat-
lyst coated on a wafer can be improved by controlling the
recipitation time. This method can lessen a catalyst loss for
he coating process compared with the spin coating and dip
oating.

.4. Activity test of a wafer coated with Cu/ZnO catalyst

The size of the catalyst-coated wafer is 1 cm × 2 cm. For
he activity test, the wafer was crashed into 10 pieces and
nset the reactor (5.3 mm i.d.). From this method, the activ-
ty of the catalyst-coated wafer can be measured without the
ffect of resident time. Fig. 12 is a plot that shows the effect
f repeated coating on the methanol conversion as a function
f the feed rate at the reaction temperature of 250 ◦C. The
ethanol feed rate ranged 0.1–2 ml/h. As the thickness of the
oated catalyst increased with repeated coating, the methanol
onversion increased. The dependence of the methanol conver-
ion on the feed rate diminished as the catalyst amount increase
ue to repeated coating. In general, the coating process itself
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Fig. 10. Image of the coated surface of catalyst prepare
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etchant exposure. This catalyst patterning process can be used
Fig. 11. The catalyst amount for the number of the coated layer.
id not seem to affect the catalyst reactivity. Fig. 13 is a result
f the dependence of the methanol conversion and hydrogen
roduction rate on the reacting temperature for the case with
he feed rate of 0.1 ml/h. Like a experiment with the powder

ig. 12. Methanol conversion as a function of the feed rate in each catalyst layer
t 250 ◦C and S/C = 1.1.

t
r
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d by CP at 80 ◦C (left) and by SP at 80 ◦C (right).

tate catalyst, more than 80% of methanol was converted for the
eaction temperature higher than 250 ◦C. These similar results
emonstrate that the binder addition and the subsequent heat
reatment for coating the catalyst did not affect the catalyst
eactivity.

.5. Patterned catalyst layer on a wafer

The result of catalyst patterning is presented in Fig. 14. The
atalyst pattern whose width was 1 mm was obtained by the
VA lift-off process. However, micro catalyst pattern less than
mm width was not able to be obtained by this patterning
ethod. When the ratio of thickness to width of the catalyst

ayer on the PVA layer are more than 0.03, the PVA decom-
osition by heating was not able to remove the catalyst layer.
he advantage of this patterning process is that the sacrificial

ayer is removed by heating the substrate instead of etching
hich caused the subsequent degradation of the catalyst by the
o the selective coating of the catalyst in the reacting area and
emoving in the other parts for the fabrication of micro catalytic
eactor.

ig. 13. Methanol conversion and hydrogen production rate as a function of the
eaction temperature in the 1 layered catalyst at 0.1 ml/h and S/C = 1.1.
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the lift-off process of the PVA sacrificial layer.

6
r

s
o
c
0
3
p
t
2

M
o
i
o
v
m
2
u
m
r
c
p
h

Table 2
Optimum operating conditions of the micro fuel reformer and comparison with
packed-bed reactor

Micro reformer Packed-bed reactor

Reactor temperature (◦C) 250 250
Pressure (atm) 1 1
S/C (steam to carbon ratio) 1.1 1.1
Feed flow rate (ml/h) 0.2 0.2
WHSV (h−1) 9.1 2.2
Methanol conversion (%) 93.1 65.1
H2 production rate (mmol/kg s) 220.6 45.2
CO composition (%) 1.1 1.1
I 3

C

t
c
d
t
I
m
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F
o

Fig. 14. Result of the catalyst patterning by

.6. Performance measurement of the fabricated fuel
eformer

The performance of the fabricated fuel reformer was mea-
ured using the same experimental setup for the activity test
f catalysts. The tubular reactor was replaced by the fabri-
ated reformer. The feed rate of reactants was between 0.01 and
.5 ml/h and the reaction temperature was varied from 200 to
00 ◦C. The catalyst was oxidized state because of the bonding
rocess of reactor layers at the high temperature. Before tests,
he catalyst was reduced by 4% H2/N2 mixed gas of 10 sccm at
80 ◦C for 4 h.

Fig. 15 shows the performance of the micro fuel reformer.
ethanol conversion and hydrogen production as a function

f the WHSV (weight hourly space velocity) are presented
n Fig. 15(a). The WHSV is defined by the mass flow rate
f methanol divided by the catalyst mass. The methanol con-
ersion decreased as the space velocity increased. A typical
ethanol conversion was more than 80% to the space velocity of

2.8 h−1. At 9.1 h−1 space velocity, the produced hydrogen per
nit methanol was maximum value because the minimum carbon
onoxide was produced. The effect of temperature on the micro
eformer performance was shown in Fig. 15(b). The methanol
onversion and the hydrogen production increased with the tem-
erature. However, at the temperature higher than 250 ◦C, the
ydrogen production decreased with the temperature because

d
c
f
m

ig. 15. Performance of the micro fuel reformer; methanol conversion and hydrogen
f temperature (WHSV = 9.1 h−1, S/C = 1.1).
nner volume of reactor (cm ) 0.3 0.62
atalyst amount (mg) 12 50

he production of the carbon monoxide increased. The optimum
onditions are listed in Table 2. The carbon monoxide, which
eactivates the anode catalyst of PEMFC, can be removed by
he palladium membrane [33] and preferential oxidation [34].
n Table 2, the performance comparison of the catalyst-coated
icro reformer and packed-bed reactor is presented. The micro

eformer had a higher methanol conversion and hydrogen pro-
uction rate than the packed-bed reactor. The microchannel,

oated with the catalysts, enhanced the heat and mass trans-
er in a micro reformer [35] and this can be seen in its higher
easured performance.

production (a) as a function of WHSV (250 ◦C and S/C = 1.1), (b) as a function
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. Conclusion

Catalyst preparation, coating, and patterning on a wafer are
resented. The techniques were integrated into lithography pro-
edures of a glass wafer and the complete fabrication process of
MEMS-based catalytic reactor was set up.

First, Cu/ZnO catalysts were prepared in three different con-
itions. The effect of temperature and sequence of precipitation
n the catalyst characteristics was investigated by performing
ET, XRD, SEM and activity test. It can be seen that the catalyst
repared by CP at 30 ◦C resulted in a good dispersion in deion-
zed water with acceptable methanol conversion rate. Second,
he coating procedure of the catalyst on a wafer was developed,
esulting in the uniform and crack-free catalyst layer. By repeat-
ng the coating procedure, the catalyst amount can be controlled.
rom the activity test of the catalyst-coated wafer, it can be seen

hat the coating procedure did not affect the reactivity. Third, the
ovel patterning technology of the catalyst layer was attempted
nd then the patterned catalyst layer was obtained. PVA sacri-
cial layer was removed by heating instead of etching. This is
n etchant-free process, preventing being exposed to the strong
cid which damages the catalyst. Finally, based on the newly
eveloped procedure, a micro fuel reformer was fabricated and
ts performance was evaluated.

The concept of MEMS-based catalytic reactor was demon-
trated. The coating and patterning of the catalyst on a wafer
roposed in the present study would be utilized for developing
arious micro catalytic reactors.
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