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bstract

A fuel cell made with silicon is operated with hydrogen supplied by a reformer and a preferential oxidation (PrOx) reactor those are also made
ith silicon. The performance and durability of the fuel cell is analyzed and tested, then compared with the results obtained with pure hydrogen.
hree components of the system are made using silicon technologies and micro electro-mechanical system (MEMS) technology. The commercial
u-ZnO-Al2O3 catalyst for the reformer and the Pt-Al2O3 catalyst for the PrOx reactor are coated by means of a fill-and-dry method. A conventional

−2 −2
embrane electrode assembly composed of a 0.375 mg cm PtRu/C catalyst for the anode, a 0.4 mg cm Pt/C catalyst for the cathode, and a
afionTM 112 membrane is introduced to the fuel cell. The reformer gives a 27 cm3 min−1 gas production rate with 3177 ppm CO concentration

t a 1 cm3 h−1 methanol feed rate and the PrOx reactor shows almost 100% CO conversion under the experimental conditions. Fuel cells operated
ith this fuel-processing system produce 230 mW cm−2 at 0.6 V, which is similar to that obtained with pure hydrogen.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells and solar cells are the core technologies for future
nergy systems and have been studied extensively since the end
f the 20th century [1,2]. Fuel cells are more favourable than
olar cells because the technologies used for fuel cells are closer
o commercial realization than solar cell technology. Energy for
utomobiles, residential power generators, and portable electric
evices are the main fields in which fuel cells may be adopted
3–6]. The use of fuel cells for portable devices is the most
romising of these applications.

To introduce fuel cells to portable electric devices, various
ystems such as direct methanol fuel cells (DMFCs) and poly-
er electrolyte membrane fuel cells (PEMFCs) with sodium

orohydride or fuel processors have been studied. DMFCs are
elatively simple systems, but their power density is too low for
igh-power devices such as notebook computers. On the other

and, PEMFCs have high power densities but the systems are
omplex because hydrogen is a gas at the operating conditions
7]. Regardless of the type of fuel cell, the important point in their

∗ Corresponding author. Tel.: +82 2 880 8863; fax: +82 2 888 2705.
E-mail address: jjkimm@snu.ac.kr (J.J. Kim).
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pplication to portable electric devices is how to make the sys-
em sufficiently small and compact. Various ideas to miniaturize
hese systems with different materials have been proposed, and
he fuel cell system made with silicon being one of them.

Silicon has already been applied in the fabrication of micro
ensors, micro actuators and lab-on-a-chip units to make the
orresponding conventional system smaller [8–10]. Recently,
ilicon has also been introduced in the fabrication of fuel proces-
ors and fuel cells [11–13]. Small silicon-based reformers have
enerated sufficient hydrogen to operate a notebook computer,
nd silicon-based fuel cells have shown the possibility of replac-
ng graphite-based conventional fuel cells. When reformers and
uel cells are combined, each system affects the other. Thus,
nvestigation of the mutual effects of reformers and fuel cells is
ssential for the development of silicon-based fuel processors
nd fuel cell systems [14,15].

This study focuses on the operation of combined systems,
omposed of a reformer, a preferential oxidation (PrOx) reactor
nd a fuel cell. Silicon-based reformers, PrOx reactors, and fuel
ells are fabricated and their performance is tested individually

o evaluate their own characteristics. The three components are
onnected serially to analyze the mutual effects and to compare
he results with those obtained from a fuel cell operated with
ure hydrogen.

mailto:jjkimm@snu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2006.11.074
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ig. 1. Fabrication process of reformer, PrOx reactor, and fuel cell separator.

. Fabrication

(1 1 0) silicon wafers and Pyrex were the main materials used
or fabrication of the reformer, PrOx reactor, and fuel cell. A
chematic diagram of the reformer, PrOx reactor, and fuel cell
eparator fabrication processes is given in Fig. 1. A silicon wafer
as first wet oxidized to form a SiO2 etch mask, then lithography
as performed to transfer the channel pattern on silicon wafer.

et etching was performed with a KOH etchant at 80 ◦C for 2 h,

nd a 240 �m deep channel was formed [16]. The wet etched
ilicon wafer was bonded with Pyrex for both reactors and fuel
ell separators [17]. Pyrex was used to seal the micro channels

P
t
t
i

Fig. 2. Photographs and FESEM images of: (a) r
Sources 165 (2007) 342–346 343

xcept at the inlet and outlet for the reactors, and to increase
he hardness of the fuel cell separators as reported in a previous
aper. After the silicon wafers were bonded to the Pyrex, a thin
lm heater and gold current collectors were deposited by direct
urrent sputtering on the silicon sides of both of the reactors
nd the fuel cell separator. The thin film heaters were composed
f 80 nm thick TaNx heating material, a few nm of tantalum as
n adhesion layer and a 300 nm gold contact pad. The current
ollectors on the fuel cells were made up of tantalum adhesion
ayer and a 500 nm gold layer.

After finishing the reactor fabrication, the catalysts were
oated inside the micro channels for the steam reforming of
ethanol (SRM) and the PrOx reaction. A Cu-ZnO-Al2O3

eforming catalyst of MDC-3 from Süd-Chemie was used for
he SRM reaction and a 5 wt.% Pt-Al2O3 catalyst from Johnson

atthey for the PrOx reaction were coated on their respective
eactors. Both catalysts were ball-milled with deionized water
o make a slurry. The catalyst slurries were coated inside the

icro channels by a fill-and-dry method. Calcination was car-
ied out at 300 ◦C for the Cu-ZnO-Al2O3 catalyst and at 500 ◦C
or the Pt-Al2O3 catalyst for 3 h, and afterwards a drying process
as performed for 5 days. Fig. 2 shows the enhanced scanning

lectron microscope (FESEM) coating profiles of the Cu-ZnO-
l2O3 and Pt-Al2O3 catalysts, and photographs of the reformer

nd PrOx reactor both with and without packaging. The volumes
f the reformer and the PrOx reactor were 1.03 and 0.57 cm3,
espectively.

A conventional membrane electrode assembly (MEA) was
repared for the silicon-based miniaturized fuel cell. Carbon
aper without wet-proof treatment (Toray TGPH-090, 260 �m)
ere used as the gas diffusion layer (GDL), and 0.375 mg cm−2
tRu/C (HISPEC 5000, Johnson Matthey) was introduced as
he anode catalyst and 0.4 mg cm−2 Pt/C (C1-40, E-TEK) as
he cathode catalyst. PtRu/C was adopted as an anode catalyst
nstead of Pt/C to reduce the catalyst poisoning effect caused by

eformer, (b) PrOx reactor and (c) fuel cell.



344 O.J. Kwon et al. / Journal of Power Sources 165 (2007) 342–346

ram o

C
r
a
o
s
t
2

3

e
v
P
t
c
d
g
o
(

w
w
L
p
a
g
B

i
r
o
w
a
r
p

4

c
I

a
t
p
w
b
a
p
W
t

p
f
w
s
s

P
h
a
O
t
a
from this reformer and PrOx system are given in Fig. 5. The CO
concentration was analyzed by varying the operation temper-
ature of the PrOx reactor with 1 and 2 cm3 h−1 methanol feed
rates. Both tests show a similar trend, in which the CO concentra-
Fig. 3. Schematic diag

O that might still exist in the reformed gas even after the PrOx
eaction. To load the catalyst, a spray coating method with an
ir-brush was employed. On both catalysts layers, 0.3 mg cm−2

f Nafion was impregnated. An assembled single fuel cell is
hown in Fig. 2. The active area of the MEA was 4 cm2, and
he total volume of one single cell, including end plates, was
.25 cm3.

. Experimental

Before combining the reformer, PrOx reactor and fuel cell,
ach component was tested individually to determine its indi-
idual performance. The temperatures of the reformer and the
rOx reactor were controlled by thin film heaters, deposited on

o the back of each reactor, and a temperature controller that was
omposed of a power supply, a relay and a proportional-integral-
ifferential (PID) algorithm program. The flow rate of product
as was measured with a digital flowmeter and the composition
f the product gas was determined with a gas chromatograph
Varian CP 4900).

The polarization and power density curves of the fuel cell
hen operated with pure hydrogen and oxygen were recorded
ith an electrical load system (EL-200P, Deagil electronics Co.
td.). The fuel cell was activated by cycling the potential with
ure hydrogen and oxygen, and analysis was carried out under
tmospheric pressure. The flow rates of the hydrogen and oxy-
en were regulated with mass flowmeter/controllers (EL-Flow®,
ronkhorst High-Tech).

After performance testing, the components were connected
n series to operate the fuel cell with hydrogen generated by the
eformer and purified in the PrOx reactor. A schematic diagram
f the experimental setup is given in Fig. 3. Methanol solution,
ith a steam-to-carbon (S/C) ratio of one, was supplied with
syringe pump. The test results of the fuel cell operated with

eformed hydrogen, were compared with those obtained with
ure hydrogen and oxygen.

. Results and discussion
The reformer, shown in Fig. 2(a), consisted of four parallel
hannels, which had a width of 600 �m and a depth of 240 �m.
nside each channel, a Cu-ZnO-Al2O3 catalyst was coated with

F
a

f experimental setup.

total weight of 20 mg. The temperature of reformer was main-
ained at 280 ◦C by means of a TaNx thin film heater. The
erformance of the reformer is presented in Fig. 4. Methanol
as supplied at a S/C ratio of one and with a feed rate that varied
etween 1 and 2 cm3 h−1. The reformer gave 100% conversion
t a 1 cm3 h−1 methanol feed rate to yield a 27.5 cm3 min−1 gas
roduction rate, which corresponds to 3.2 Wt (thermal watt).
hen the potential of the fuel cell is 0.6 V and hydrogen utiliza-

ion is 100%, the power reduces to 1.6 W.
The CO concentration is reported in Fig. 4. The reformer

roduces 3170 ppm and 3420 ppm at a 1 and 2 cm3 h−1 methanol
eed rate, respectively. Although this is relatively low compared
ith the results for a conventional reformer, both CO levels are

till too high to be applied to fuel cell. The CO concentration
hould be reduced to below 10 ppm [18].

To remove CO to a level that is applicable to fuel cells, a
rOx reactor was connected to the reformer. The PrOx reactor
ad parallel channels that were 600 �m wide and 240 �m deep
nd into which Pt-Al2O3 was coated by a fill-and-dry method.
xygen was supplied between the reformer and the PrOx reac-

or. A cold trap was located before the PrOx reactor to remove
ny unreacted methanol solution and water. The results obtained
ig. 4. Performance of reformer; gas production rate and CO concentration
ccording to methanol feed rate.
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reformed hydrogen does cause any adverse effects. The test was
carried out with reformed hydrogen for 20 h at 250 mA cm−2.
ig. 5. CO concentration vs. PrOx operation temperature at 1 and 2 cm3 h−1

ethanol feed rates.

ion increases after reaching the minimum value as the operation
emperature is increased. This behaviour arises because the PrOx
eaction is exothermic. After passing the optimum temperature
ange, a reverse reaction occurs. The minimum CO concentra-
ion is nearly 0 ppm at 220 ◦C and is independent of the methanol
eed rate, as shown in Fig. 5. This means that the CO concen-
ration is below the detection limit of the gas chromatographic
ystem. Thus, the PrOx reactor is inserted between the reformer
nd fuel cell at an operation temperature of 220 ◦C.

The performance of the miniaturized fuel cells made with
ilicon separators was analyzed with pure hydrogen and oxygen
efore the performance was measured with reformed hydrogen
upplied by the miniaturized reformer and PrOx reactor system.
.375 mg cm−2 of PtRu/C (0.25 mg cm−2 based on Pt weight)
as coated as an anode catalyst instead of a Pt/C catalyst to

educe the catalyst poisoning effect that might occur due to the
emaining CO after the PrOx reaction. The I–V and power den-
ity curves measured with hydrogen and oxygen flow rates of
0 cm3 min−1 are shown in Fig. 6. The I–V curve decreases
nd the power density curve increases smoothly, then both drop
ramatically at a current density of 650 mA cm−2. The latter

bservation is due to a lack of hydrogen at the anode. A flow rate
f 20 cm3 min−1 of hydrogen corresponds to 657 mA cm−2 with
4 cm2 active area. The power density at 0.6 V is 210 mW cm−2.
ven though this value is lower than that for a fuel cell with a

ig. 6. I–V and power density curves of single fuel cell with pure hydrogen and
xygen.
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F
a

ig. 7. I–V and power density curves of single fuel cell with hydrogen generated
y reformer and PrOx reactor.

onventional graphite plate, the small volume compensates for
he low power density. The volumetric power density, including
he end plates, is 360 mW cm−3, which is comparable with that
f a conventional fuel cell.

A miniaturized fuel cell was operated with reformed hydro-
en, to compare the results with those obtained with pure
ydrogen and to monitor the effect of CO effect on the anode
atalyst. The operating conditions of the reformer and the PrOx
eactor were the same as those detailed above, namely, 280 and
20 ◦C, respectively, with a 1 cm3 h−1 methanol feed rate. Pure
xygen was used at the cathode, and the flow rate was controlled
t 20 cm3 min−1. The I–V and power density curves are given
n Fig. 7. The performance with reformed hydrogen is close to
hat with pure hydrogen, as shown in Fig. 6. Even at 0.6 V, the
ower density is 20 mW cm−2 higher, viz., 230 mW cm−2. This
eans that the CO is successfully removed at the PrOx reactor

nd the reformed hydrogen does not affect the performance of
he fuel cell.

The results of a short-term durability test, shown in Fig. 8,
ive further clear evidence that CO is successfully removed and
he potential is 0.67 V and is maintained during the experi-
ent. Given that a very low CO concentration of around 10 ppm

ig. 8. Durability test of single fuel cell at 250 mA cm−2 with hydrogen gener-
ted by reformer and purified by PrOx reactor.
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an deteriorate the anode catalyst, the stable potential over 20 h
eans that the PrOx reactor and the PtRu/C catalyst play their

espective roles very effectively.

. Conclusions

A miniaturized reformer, PrOx reactor and fuel cell, which are
he components to operate a fuel cell with reformed hydrogen,
re successfully made with silicon fabrication technologies and
fill-and-dry catalyst coating method. The reformer gives 100%
onversion at a methanol feed rate of 1 cm3 h−1 at 280 ◦C, with
CO concentration of 3170 ppm. This high CO concentration

enerated by the reformer is reduced to under the detection limit
ith a PrOx reactor operated at 220 ◦C. With pure hydrogen,

he fuel cell delivers a power density of 210 mW cm−2 at 0.6 V.
hen this is converted to volumetric power density, it is similar

o the performance of a conventional fuel cell.
After analyzing the performance of each component, the

omponents were connected serially to operate the fuel cell
ith reformed hydrogen. A power density of 230 mW cm−2 at
.6 V is obtained. A durability test gives more clear evidence
hat the fuel cell can be operated with reformed hydrogen which
s generated and cleaned by a silicon-based reformer and a PrOx
eactor. The fuel cell maintains its potential of 0.67 V for 20 h
t 250 mA cm−2.
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