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A silicon-based miniaturized reformer for high power electric devices
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bstract

A reformer stack was made using a silicon technology and a fill-and-dry catalyst coating method. Before fabricating the reformer stack, various
onditions were considered to find out an optimum operating condition. To coat a catalyst layer inside micro-channels, an Al2O3 layer and a SiO2

ayer were deposited and investigated as an adhesion layer. The performances of a parallel channel reformer and a serpentine channel reformer were
xamined to determine the effect of varying channel designs. The parallel channel reformer and the serpentine channel reformer were fabricated
sing a SiO2 layer and deionized (D.I.) water-based catalyst those showed better adhesion and improved catalytic activity than the Al2O3 adhesion
ayer and than the Al2O3 sol-based catalyst. Based on the hydrogen production rate per unit volume of the reformer (hydrogen production rate
ivided by the volume of the reformer), the parallel channel reformer was superior to the serpentine channel reformer, when the performances of

he two designs were compared. The parallel channel reformer yielded a hydrogen production rate of 177 cm3 min−1 per unit reformer volume.
ecause of a high volumetric hydrogen production rate and simple fabrication process, the parallel channel reformers were used to construct a

eformer stack. The hydrogen production rate of the reformer stack was 754 cm3 min−1, and its volume was 15 cm3.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells have been highlighted in various areas as an energy
ource which can replace secondary batteries since 1990s. High
nergy density and eco-friendly characteristics are the issues of a
uture energy system and fuel cells are the energy systems which
an satisfy these requirements. Thus, they have been studied
xtensively and have substituted into existing energy systems in
ecent years. An energy source for automobiles, Residual Power
enerators (RPGs), plants and buildings are the areas in which

uel cells are going to be utilized. At the same time, fuel cells
re extending their application areas from large systems to small
ystems such as micro-sensors, cellular phones, Personal Digital
ssistants (PDAs), and notebook computers [1–4]. However,

caling down the application is far more difficult than scaling
p, due to the necessity of miniaturizing both the fuel cell and

he peripheral devices.

A fuel storing and supplying component occupies the largest
olume among peripheral devices. To reduce the volume needed
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or the fuel storage, several methods such as a metal hydride,
chemical hydride, compressed hydrogen and a miniaturized

eformer have been researched. Among them, the miniatur-
zed reformer is considered as the fuel source with high
otential for supplying hydrogen to the fuel cell, because it
as high energy density and fast load response. Miniatur-
zed reformers are made using a conventional micro-machining
echnology and silicon fabrication technologies [5–8]. Minia-
urized reformers made using silicon fabrication technologies
se different concepts compared to the conventional packed
ed type reformer. They use micro-channels and layer type
atalysts instead of tubular type reactors and packed bed type
atalysts [9]. Micro-channel systems give many advantages to
he reformer by enabling fast mass transfer and heat trans-
er, and silicon technologies have the advantages of simple
nd accurate fabrication process, integrated control system
nd sensors with the reactor, and small reactor volume that
s obtained by applying thin film heater and direct bonding

ethod.

Silicon fabrication technologies have been developed through

emiconductor industries. The fabrication processes for minia-
urized reformers employ these established technologies. A
ithography, silicon wet etching, an anodic bonding and a thin

mailto:jjkimm@snu.ac.kr
dx.doi.org/10.1016/j.cej.2007.03.010
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lm deposition have been adopted from silicon technologies, and
abrication of miniaturized reformers was successfully accom-
lished using these technologies [10–13]. But, the amount of
ydrogen supplied from a unit miniaturized reformer is too low
o introduce the miniaturized reformer to high power electric
evices, thus the scaling up of the miniaturized reformer is
equired.

To scale up the silicon-based reformer, the parallel channels
re essential to reduce a pressure drop caused by high reactant
nd product flow rates. However, the Al2O3 layer, which has
een used as the adhesion layer in the silicon-based reformer,
estricts the channel design. To coat the Al2O3 layer inside of
re-assembled micro-channels, an air pushing step is necessary
o remove excessive sol at the center of the channel. To remove
xcessive sol with the air pushing, channels of the reformer
hould be only in the serpentine configuration. If parallel chan-
els are used for a reformer, many channels are blocked by the
ol with the present Al2O3 layer coating method. Thus, new fab-
ication process for the adhesion layer is required to scale up the
ilicon-based reformers, and this paper suggests the SiO2 layer,
hich can be formed by oxidizing the silicon substrate, as an

dhesion layer.
This study tested the adhesion property of a SiO2 layer and

easured the catalyst activity on the SiO2 adhesion layer. The
est results were compared with results obtained from Al2O3
dhesion layer, and the SiO2 layer was applied into the par-
llel channel reformer. After checking the performance of the
arallel channel reformer, the scaling up of the silicon-based
eformer was carried out with the parallel channel design. The
erformance of a reformer stack was focused on a hydrogen
roduction rate and a CO concentration.

. Fabrication

Fig. 1 shows the schematic diagram of a catalyst layer of
reformer. A Cu–ZnO–Al2O3 catalyst coated either on the
l2O3 or the SiO2 layer was used for a methanol steam reform-

ng reaction. Miniaturized reformer fabrication processes were

xactly the same as our previous study except the SiO2 adhe-
ion layer and the reformer channel design [13]. (1 1 0) silicon
afers were etched with a 30 wt% KOH solution at 80 ◦C for
h. After bonding etched silicon wafers with PyrexTM, the

Fig. 1. A schematic diagram of a catalyst layer of a reformer.
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l2O3 layer or the SiO2 layer was formed inside of the chan-
els as an adhesion layer. The Al2O3 layer was formed using
n Al2O3 slurry prepared through Yoldas process, and the SiO2
ayer was prepared by dry oxidation of the Si substrate [14]. A
hin film heater composed of TaNx (80 nm)/Ta (a few nm)/Au
300 nm) was deposited on the back of the silicon wafers by
irect current (dc) magnetron sputter. Following this step, a D.I.
ater-based Cu–ZnO–Al2O3 catalyst slurry was coated by a
ll-and-dry coating method, and it was calcined at 300 ◦C for
h [13]. The commercial Cu–ZnO–Al2O3 reforming catalyst

MDC-3, Süd-Chemie) was used in all experiments. After finish-
ng the fabrication of a silicon-based reformer, the silicon-based
eformer was packaged with stainless steel plates to analyze
he performance. Fig. 2(c) and (d) shows the photo images of
n as-prepared and packaged parallel channel reformer. The
olume of the as-prepared parallel channel reformer and the
ackaged parallel channel reformer were 1.03 and 8.3 cm3,
espectively.

. Experiment

A schematic diagram of the experimental setup is shown in
ig. 3. A methanol solution was fed by a syringe pump and the

emperature of the reformer was controlled by a power supply,
relay, and a Proportional-Integrate-Derivative (PID) algorithm
rogrammed by LabVIEWTM. Product gas flow rates and com-
ositions were measured by a digital flow meter (Optiflow 650,
gilent) and a gas chromatograph (Varian CP 4900), respec-

ively, during the duration of the experiments.
Physical property analysis of the Al2O3 layer and the SiO2

ayer was carried out. After Cu–ZnO–Al2O3 catalysts were
oated on both adhesion layers, the adhesion was measured
y 3M tape test method recommend by the American Society
or Testing and Materials (ASTM), and by a Field Emission
canning Electron Microscopy (FESEM). And then, catalytic
ctivities of Cu–ZnO–Al2O3 were measured on both SiO2 adhe-
ion layer and on Al2O3 adhesion layer to find out the adhesion
ayer effect on the performance of catalysts.

The Al2O3 layer coating process has restricted the channel
esign to the serpentine configuration, because it requires the
xcessive sol removal step, that is only possible when the chan-
el is serpentine. However, with the introduction of the SiO2
dhesion layer, reformers could have various designs by over-
oming the coating process limitation. Thus, the SiO2 layer was
pplied to micro-channels of the parallel channel reformer. The
erformance of the parallel channel reformer was compared with
he result of the serpentine channel reformer and was focused
n a specific hydrogen production rate and a CO concentration.

A reformer stack was fabricated with the parallel channel
eformer, because it was superior to the serpentine channel
eformer in the aspect of a fabrication simplicity and of a hydro-
en production rate per unit volume of the reformer (hydrogen

roduction rate divided with the volume of reformer). The hydro-
en production rate and the CO concentration were measured
ith digital flow meter and gas chromatograph (GC), respec-

ively.
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ig. 2. (a) A schematic diagram of a serpentine channel reformer, (b) a photo im
mage of a parallel channel reformer, and (d) a photo image of a parallel channe

. Results and discussion

Fig. 4(a) and (b) show the coating profiles of the adhesion
ayers formed inside of micro-channels. An Al2O3 layer was
oated by a wash coating method using an Al2O3 sol prepared
y the Yoldas process. As shown in Fig. 4(a), the thickness of the
l2O3 adhesion layer was 0.43 �m at the side wall and 0.37 �m

t the bottom wall, respectively. On the other hand, the SiO2
dhesion layer was formed by oxidizing a Si substrate at 300 ◦C,
ut it was not identified from a FESEM image due to the FESEM
esolution limitation. Thus, XPS was used to measure the SiO2
dhesion layer thickness. Fig. 5 shows the result of XPS data
or a bare Si substrate, and Eq. (1) was applied to calculate the
hickness from XPS data [15]:
ox = λSiO2 sin θ ln

{[(
1

β

)(
I

exp
SiO2

I
exp
Si

)]
+ 1

}
(1)

s
n
n
w

Fig. 3. A schematic diagram o
f a serpentine channel reformer packaged with stainless steel plate, (c) a photo
rmer packaged with stainless steel plate.

Each symbol means that λSiO2 = attenuation length of the Si
p photoelectrons in SiO2, θ = angle between the sample sur-
ace plane and the electron analyzer, β = I∞

SiO2
/I∞

Si (the Si 2p
ntensity from infinitely thick SiO2 and Si, respectively) and
exp
SiO2

/I
exp
Si = the ratio of intensities from unknown film. The

ngle between the sample surface plane and the electron analyzer
as 90◦, and the I

exp
SiO2

/I
exp
SiO2

value was 1.254 in this analysis. The
hickness of SiO2 layer calculated by inserting these values into
q. (1) (attenuation length = 2.7 nm, and β = 0.83) was 2.4 nm,
hich was very similar with the result obtained by theoretical

alculation at 300 ◦C for 3 h [15,16].
Although the thicknesses of the SiO2 layer and the Al2O3

ayer were quite different, both adhesion layers showed good
dhesion property as shown in Fig. 6(a) and (b). In both adhe-

ion layers, the Cu–ZnO–Al2O3 catalyst layer adhered strongly
ot only at the lateral side but also at the corner of the chan-
el. From this result, it could be known that the SiO2 layer
as able to replace the conventionally used Al2O3 adhesion

f an experimental setup.
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operation temperature, 100% conversion in the parallel channel
reformer might be achieved over 320 ◦C. However, due to the
deactivation of a catalyst at high temperature, the temperature
was limited up to 320 ◦C in this study.
Fig. 4. FESEM images of (a) an Al2O3

ayer. Moreover, the SiO2 layer gave not only simple fabrication
rocess but also more space to cross-sectional area of channel
ithout loosing or reducing the adhesion of Cu–ZnO–Al2O3

atalyst layer due to the thin layer thickness. Thus, the SiO2
ayer was introduced instead of the Al2O3 layer for all following
xperiments.

Besides the good adhesion property, a simple fabrication pro-
ess and a large cross-sectional area, the SiO2 layer makes it
ossible to fabricate various design channels, because it does
ot require air pushing step that has restricted channel design
nto serpentine channel. Using SiO2 layer, two types of reform-
rs were fabricated to compare the effect of channel design on
he performances of reformers. One was a serpentine channel
eformer which had a continuous single channel, and the other
as a parallel channel reformer which had four parallel sub-

hannels as shown in Fig. 2. Although both reformers showed
ifferent channel design, a channel volume and a coated catalyst
eight (20 mg for each reactor) were controlled to be same to
ake reactants feel same experimental condition in both reform-

rs. The same channel volume and the catalyst weight were
ecessary to only compare channel design effect. As appear-
ng in Fig. 7, the maximum gas production rates obtained with

3 −1 3 −1
0 cm h methanol feed rate were 300 cm min (hydrogen
25 cm3 min−1) in serpentine channel at 300 ◦C with 100%
onversion, and 243 cm3 min−1 (hydrogen 182 cm3 min−1) in
arallel channel at 320 ◦C with 80.2% conversion. Since the gas

ig. 5. Angle resolved XPS data of a bare Si substrate obtained in the take-off
ngle of 90◦.

F
l
e

ion layer and (b) a SiO2 adhesion layer.

roduction rate rose according to both methanol feed rate and
ig. 6. The FESEM images of catalyst coating profiles (a) with a SiO2 adhesion
ayer, (b) with an Al2O3 adhesion layer, (c) without an adhesion layer, and (d)
nlargement of (c).
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Fig. 7. The gas production rate and the conversion of (a) a serpentine channel
reformer and (b) a parallel channel reformer. The % number in the figure means
the conversion.
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Fig. 8. The CO concentrations of (a) a parallel channel reformer integrated with a vap
an as-prepared parallel channel reformer and (d) the schematic diagram of a parallel
ng Journal 133 (2007) 157–163 161

In the gas production rate comparison, the serpentine and the
arallel channel reformers gave different performance, in spite
f they were designed to have the same channel volume and the
atalyst weight. It is thought that this is due to pressure drop
ifference. The higher pressure drop of the serpentine channel
esults in that the partial pressures of reactants of the serpentine
hannel are higher than those of reactants of the parallel channel.
igher partial pressure of reactants enhances the reaction rate
f steam reforming of methanol. This is the reason why the
erpentine channel reformer showed the higher conversion than
he parallel channel reformer at the same channel volume and
he catalyst weight condition.

Fig. 8(a) shows the CO concentration of the parallel chan-
el reformer in which vaporizing zone was formed at the front
f the reformer without connecting an additional vaporizer as
hown in Fig. 8(c). The result of the parallel channel reformer
ives different trend in CO concentration variation, when it is
ompared with the result of the serpentine channel reformer.
he CO concentration is proportional to the methanol feed rate

n the parallel channel reformer as shown in Fig. 8(a), whereas
he CO concentration decreases as methanol feed rate is raised
n the case of the serpentine channel reformer [13]. Thus, the
arallel channel reformer shows higher CO concentration than
he serpentine channel reformer at high methanol feed rate. For
xample, it is 4000 ppm higher at 10 cm3 h−1 methanol feed rate.

The vaporization occurring in vaporization region removes
eat from a inlet area, leading to a heat flux from the outlet to the

nlet. Thus, the temperature drop at the inlet and the temperature
levation at the outlet increases as methanol feed rate is raised.
ith the increase in a methanol feed, the reverse water gas shift

eaction which is an endothermic reaction is more favorable at

orizer and (b) an as-prepared parallel channel reformer, and the structure of (c)
channel reformer integrated with a vaporizer.
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Fig. 9. The photo images of the reformer stack (a) without packaging and (b)
with packaging.
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he end of the reforming region than an exothermic water gas
hift reaction. This explains why the CO concentration in the
arallel channel reformer is proportional to the methanol feed
ate at a fixed operation temperature as shown in Fig. 8(a). To
ertify that temperature gradient was the reason for the high CO
oncentration at high methanol feed rate, additionally, a sepa-
ated vaporizer was connected to the parallel channel reformer as
how in Fig. 8(d). With the adoption of the separated vaporizer,
he concentration of CO decreased according to the methanol
eed rate as shown in Fig. 8(b). This result makes sure that the
emperature gradient caused by the vaporization of methanol at
he vaporization region generates high CO concentration in the
arallel channel reformer. The temperature gradient of the par-
llel channel reformer is caused by the setup which has only
ne heating element and one thermocouple to control the tem-
erature. Thus, two different heating elements with separated
ontrol loops would solve the problem. Although two differ-
nt heating elements could not be applied to one reformer due
o the heat conductivity of the silicon in this experiment, the
eparated control loops those were introduced by adding the sep-
rated vaporizer demonstrate the effect of two different heating
lements.

In the comparison of a serpentine channel reformer and a
arallel channel reformer, the serpentine channel reformer was
uperior to the parallel channel reformer in both the conver-
ion and the CO concentration. Nonetheless the parallel channel
eformer was more suitable for the scaling up of the reformer,
ecause its hydrogen production rate per unit volume of the
eformer was higher than that of the serpentine channel reformer.
arallel channel reformer showed 177 cm3 min−1 ml−1 (hydro-
en production rate per unit volume). Furthermore, it gave much
reedom in designing reformer. Thus, to take these advantages
f the parallel channel reformer, the scaling up of reformers was
arried out with the parallel channel reformer as shown in Fig. 9.
ig. 9 showed the reformer stack which was made up of six par-
llel channel reformers. For this experiment, 120 mg of catalyst
ere used. The stacking of reformer was performed with eutec-

ic bonding and heat resistant silicon. The reformer stack has
he volume of 15 cm−3 without packaging and 44.8 cm−3 with
ackaging.

The gas production rate and the CO concentration of the
eformer stack are shown in Fig. 10. They were monitored
arying the methanol feed rate. The gas production rate is pro-
ortional to the methanol feed rate, and finally reached the gas
roduction rate of 1054 cm3 min−1 with the standard deviation
f 72 cm3 min−1. When it is converted into power, it corresponds
o 133 Wt (thermal watt), and 75.77 W if a fuel cell has 0.7 V
nd 100% hydrogen utilization. The superiority of the miniatur-
zed reformer can be proved by comparing the result with the
ork of Purnama et al. who used the conventional packed bed

eformer [17]. When the methanol conversion is compared as
function of the W/Fm ratio (W: mass of the catalyst (kg) and
m: flow rate of methanol (mmol s−1)), the conversion of the

iniaturized reformer is higher than Purnama’s result that uses
commercial Cu–ZnO–Al2O3 (Süd-Chemie) catalyst at same

peration conditions (W/Fm ratio, operation temperature, steam
o carbon ratio of the methanol solution). For example, the minia-

Fig. 10. (a) The gas production rate and (b) the CO concentration of a reformer
stack.
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urized reformer gave 88% conversion whereas the conventional
eformer showed around 45% conversion at the W/Fm ratio of
.00083.

The CO concentration of reformer stack shows same trend
ith a single parallel channel reformer. The concentration

ncreases according to a methanol feed rate. The highest value
f 1.172% was detected at a 36 cm3 h−1 methanol feed rate.
lthough it is too high to directly supply for fuel cells, if prefer-

ntial oxidation reactor is introduced between the reformer stack
nd fuel cells, this reformer stack is able to be applied for high
lectrical power notebook computer.

. Conclusion

A miniaturized reformer was made by a silicon fabrication
echnology and a fill-and-dry catalyst coating method. Two kinds
f adhesion layers of a conventionally used Al2O3 layer and a
ewly introduced SiO2 layer were tested as the adhesion layers
n micro-channels. Both of them showed good adhesion property
nd demonstrated the similar gas production rate with D.I. water-
ased catalyst. The SiO2 layer was applied as an adhesion layer
n this study because of its outstanding advantage for designing
arious channels. With the SiO2 adhesion layer, the performance
f reformer was analyzed with varying channel design from the
erpentine to the parallel.

The parallel channel reformer gave better hydrogen pro-
uction rate than the serpentine channel reformer showing the
77 cm3 min−1 ml−1 (hydrogen production rate per unit volume
f reformer), even though the CO concentration was higher than
he serpentine channel reformer at high methanol feed rate. To
ake advantage of a high hydrogen production rate of the parallel
hannel reformer, a reformer stack was made with six parallel

hannel reformers by stacking them using an eutectic bonding
nd a heat resistant silicon. It showed the hydrogen production
ate of 754 cm3 min−1 and 1.172% CO concentration. If hydro-
en is converted into power, it corresponds to 71 W when a fuel

[

[

ng Journal 133 (2007) 157–163 163

ell has 0.7 V operation potential and 100% conversion, and the
ower is sufficient for high electrical power notebook computer.
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