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bstract

Research and development was conducted on a H2/air micro proton exchange membrane (PEM) fuel cell stack to investigate the polarization

urves under different operating conditions, such as temperature, pressure, and humidification of the H2 gas streams. A novel design of copper
etal bipolar plates (BPs) was developed as well as fabricated in-house and used in this fuel cell stack. The performance of the stack was tested

nd the methodology as well as associated technology found to be promising for the first time on micro PEM fuel cell stack with an innovative
ipolar plate design and fabrication.

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

The use of microfabrication technology for fulfillment of
ower generation has ever been increased with being widely
nd generally demanded in portable electronic applications espe-
ially for 3C products. One of the notable and promising exam-
les is micro fuel cell system, for instance, micro PEM fuel
ell/or micro direct methanol (DM) fuel cell, which is now
arget for battery replacements for portable electronic devices
nd miniature power source. In general, the fuel cells produce
etween 30 mW (single cell) and 500 mW (cell stack) of power
1–3]. In fact, micro fuel cells are expected to attain higher
nergy density than that of a lithium ion battery by convert-
ng hydrocarbon fuel to electric power at several percentage or
igher efficiency.

A miniaturized fuel cell power source can be considered as an
pproach that combines thin film materials with micro-electro-
echanical system (MEMS) technology. Micro fuel cells as
entioned before, which generate less than 5 W electricity for a
ingle cell are generally developed either by silicon/polymeric
icro machinery with current collectors normally embedded in

he flow channels [1,2,4]. Although few papers dealt with micro
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uel cells in both PEM/and DM fuel cells, very few papers have
eported work on micro fuel cell stacks in either PEM/or DM
uel cell stack.

The present study has developed/fabricated in-house an inno-
ative micro proton exchange membrane (PEM) fuel cell stack
ith a new/novel bipolar plate design. Performance tests were

onducted through a series of laboratory experiments with dif-
erent operating conditions of temperature, pressure as well as
umidification of the H2 gas streams.

For a fuel cell stack with series connected single cells, oper-
ting conditions may vary significantly not only in the plane of
he MEA but also along the stack axis. The effect and influence
ould be totally different from that operated in a single cell.

n fact, an even fluid distribution to all the individual cells and
homogenous temperature distribution are difficult to achieve

6]. Such an examination of operating parameters on polariza-
ion curves is essential and necessary.

The objective of this study was to complement/advance
ur previous work from a single cell of micro PEM fuel
ell [1,2,5] to a fuel cell stack in both fabrication tech-
ique and performance demonstration. Salient feature of micro
EM fuel cell stack technology was examined, including
he BPs material selection, operating conditions (stack tem-
erature, anode back-pressure and humidification of the H2
as streams) on stack performance, and stack reactant feed
onfigurations.

mailto:sshsieh@mail.nsysu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.09.027
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. Experimental

Major development activities [7] were focused on the micro-
abrication of cell stack including bipolar plates design and
abrication assembling/bonding cell stack, and performance test
f entire cell stack.

.1. Copper (Cu) electroforming bipolar plates (BPs)/end
lates

As stated previously, the applications of fuel cell to portable
ower is motivated by numerous occasions, such as 3C products
communication, computing, camcorder) and challenged by sev-
ral factors, for example, high power density and high energy
o weight ratio. For micro PEMFCs to become a commercial
eality as cell stacks, a lot of work needs to be done [5]. One
f major issues concerned is the bipolar plates material selected
nd fabrication technique used for a PEM fuel cell stack.

The BPs were designed based on the stacking concept where
ll the components of the micro fuel cell are layed in a stack
nd fabricated to achieve the demands as stated previously. The
aterials that BPs are made of would have different physical

nd chemical properties related to each functions. Therefore, it
s extremely difficult to find a material to qualify all the major
equirements mentioned above. Although metal plates have
lenty of aforementioned merits, they are prone to corrosion
r dissolution. The dissolved metal ions may lead to poisoning
f PEM membrane and hence lowering of ionic conductivity.
onsequently, these impede cell stack performance. For those
sed/considered metal plate materials, copper is seldom to be
entioned. This is perhaps because it has a comparable high
eight and has more corrosive. Despite of these deficiencies
f copper material, the present study would like to examine its
uperiority carefully and quantitatively based on the operating
ondition, which might provide a different thinking and an alter-
ative as far as BPs material selection is concerned. In fact, the
resent study is for micro PEM fuel cell stacks of which their
orking condition most likely is less than 70 ◦C and the presence
f gas diffusion layer (GDL), which can also acted as a passivat-

ng layer. All of these can be considered as protection strategy
o avoid the Cu bipolar plates cell stacks operating under a harsh
nvironment (e.g. acid solution, relative high temperature, etc.).
able 1 lists the relevant comparison among these potential BPs

t
(
t
c

able 1
roperties of several bipolar plate materials at 300 K

Graphite (commercial)

hermal conductivity (W mK−1) 25–80
lectrical conductivity (S m−1) 2 × 105

ensity (kg m−3) 1950
odulus of elasticity (GPa) 8–15
oefficient of thermal expansion (10−6 K−1) 1.2–8.2
orrosion rate (mm year−1) ≤2.8 × 10−3

as permeability (cm3 min−1 cm−2) 0.8–2 × 10−5

pecific heat (J kg−1 K−1) 710–830
ost (NTD* kg−1) 1025
oisson’s ratio 0.1–0.29

* NTD: new Taiwan dollar.
Fig. 1. Microfabrication processes of bipolar plate.

aterials including cost estimate. The value shown in Table 1
ndicates Cu metal can be more saved up to one fifth of that of
raphite plate.

In view of the above discussion, copper metals, as sheets,
ere thus used to make bipolar plates by using LIGA-like
icrofabrication process of deep UV lithography to obtain SU-
(2100) resist patterns/and SU-8 mould. Fujifilm transparency

HPB7S) designs were created and used as masks in contact pho-
olithography to yield master. Using transparencies printed from
igh resolution printer, we can rapidly and reliably create fea-
ures in photoresist with width ≥15 �m for the associated flow
hannels in bipolar plates. Through electroforming process, the
atterned SU-8 channel structure, 200 �m depth, 300 �m width
ith a 150 �m rib, was electroplated in a copper sulfa mate bath
sing direct current (dc) at a current density 20 mA cm−2. Redo

he processes again, Cu bipolar plates/end plates with serpentine
meander) flow channels well thus obtained. Detailed fabrica-
ion steps in sequence and fabrication parameters and operating
onditions are shown in Fig. 1 and given in Table 2, respectively,

Stainless steel (SS316) Copper Nickel

15.9 401 90.7
1.35 × 106 8.7 × 107 3.54 × 107

8000 8940 8900
193 110 207
10–11.7 17 12.9–13.3
≤10−2 ≤10−2 ≤10−2

≤10−6 ≤10−6 ≤10−6

420–500 386 456
160–200 190 170–200
0.3 0.34 0.31
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Table 2
Fabrication parameters and conditions

PR coating SU-8 2100
PR property Negative
PR type Thick film
Dehydration bake (◦C) 150
Speed (rpm) 400 (40 s); 700 (60 s)
Soft bake (95 ◦C) (min) 70
UV light wave length (nm) 365
Light intensity (mW cm−2) 33
Exposure time (s) 75
Post exposure bake (95 ◦C) (min) 17
Development (min) 3
Hard bake (95 ◦C) (min) 5
Electroforming solution Copper sulfate, H2SO4 solution
Solution pH 4
Solution temperature (◦C) 31.6
C
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urrent density (mA cm−2) 20
hotoresist remover Remover propylene glycol

nd the results are shown in Fig. 2 for the BPs configuration and
-D image.

.2. Stack configuration

To meet our power requirement, the stack design selected had
he following configuration:

small stack (2 cells) and large stack (7 cells);
5 cm2 active area;
commercial Pt on carbon anode/cathode catalyst;
serpentine flow channel (H2/air) with an innovative bipolar
plate design and fabrication (Cu microelectroforming);
Cu microelectroforming end plates.

All stacks were designed and built in-house. It was a 2-cell/7-
ell stack with an active area of 5 cm2. The flow field plates

onsisted of a serpentine (meander) flow pattern electroplated
nto a copper plate (i.e., BPs). The anode was operated with a
eries flow pattern, meaning the effluent from cell 1 is the inlet
o cell 2, the effluent from cell 2 is the inlet to cell 3, etc. This

Fig. 2. Three-dimensional image of electroforming bipolar plate.
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eries flow pattern ensured that anode side reactant distribution
ould not affect the experimental results. The cathode reactant

nlet was distributed in parallel with individual side exhausts.
here is no internal cooling or humidification in this system.

.3. Fuel cell system and H2/air circulating loop

The computer controlled fuel cell system and circulating loop
s designed (see Fig. 3 for details) for operation with hydro-
en and air. The fuel cell stack consists of 2/7 single cells,
ach with an active area of 5 cm2. The MEAs in these stacks
sed Nation 117 (Electrochem) membrane and a platinum load-
ng (Lynntech) of 0.5 mg cm−2 on the anode and cathode side,
espectively. Two 290 �m corbon paper (ELAT) of gas diffu-
ion layers (GDLs) are from E-TEK gas diffusion media. The
eactant gases are fed in series to the individed cells of the stack
ydrogen (H2) and air are conducted parallel-flow mode by three
hannel/eight pass (serpentine) on both the anode side and cath-
de side of each single cell.

Purified (99.9%) hydrogen is fed into the stack from a gas
ottle through a mass flow meter, humidifier, and back-pressure
alve. All of the experiments were conducted at 97, 153, and
07 kPa of hydrogen inlet pressure (see Table 3 for details),
espectively. Incidentally, H2 was recycled for another purpose.
mbient air is provided to the stack by a variable speed air com-
ressor (SWAN, SVP-205) with capacity of 1–3 atm as also illus-
rated in Fig. 3. The air supply was controlled by a pressure regu-
ator and varied between 97 and 207 kPa. Exhaust air is released
nto the environment via a back-pressure valve. Flow rates were
xed following the values listed in Table 3 for anode and cath-
de inlet. These parameters were controlled by a microprocessor
ased temperature controller and two back-pressure regulators.
urrent density versus voltage curves of 2-cell/7-cell stack were

aken using a Gamry 4/750 potentiostat (scanning period 10 min)
nterfaced to a PC at constant current and recorded after the sys-
em reached a stable steady state (about 1.5 h) under the different
perating conditions at a reasonable current density.

.4. Experimental conditions, system control, and data
cquisition

The cell stack system was tested using a test stand, also see
ig. 3 for details, which controls air and hydrogen flow rates,
tack temperature, hydrogen humidification temperature, hydro-
en/air back-pressure, and current draw. The stand includes a
otentiostat system (Gamry, PC4/750) for fuel cell operation
nd data acquisition. The test allowed for generation of a polar-
zation curve (both VI and PI curve) to compare performance.
he PC control program is continuously monitoring the oper-
ting parameters and keeps all the conditions normal during
he experiments running. The experiments were started with the
ower switch on the in-house made fuel cell stand and turning on
he valves for H2, N2, and air supply chamber. Before running the

xperiments the anode was purged with N2 to ensure no O2 pres-
nce. Finally, set the maximum/minimum voltage and voltage
ncrement as well as the time delay between two voltages in the
amry PC4/750 potentiostat software. The present experiments
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Fig. 3. Schematic of
ere performed in a clean room at University Microsystem
esearch Laboratory. Fig. 4(a) shows a photograph of a 7-cell

tack in operation. Fig. 4(b) indicates the stack lateral image of
7-cell stack assembly.

c
s
c

Table 3
Operating parameter and bipolar plate configur
rimental apparatus.
Since this study is the first time to consider copper (Cu) as a
andidate for BPs material, most results were only suitable for
hort term performance. For long term performance, Cu plate
orrosion rate, cell stack performance decay rate, durability as

ation
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ig. 4. Images of 7-cell stack. (a) Image for 7-cell stack during operation. (b)
ateral image of 7-cell stack.

ell as contamination of MEAs by copper (Cu) should be care-
ully examined. Further study may include these aspects.

. Results and discussion

Before formal tests for cell stacks, the corresponding sin-
le cell tests with various operating conditions which can be
onsidered as a reference to verify the consistency and valid-
ty of the present cell stack experiments were also made. One
f the single cell performance results was shown in Fig. 5(a
nd b) at fixed anode pressure of 97 kPa and cell temperature
f 25 ◦C, respectively, where the VI/PI curves are very simi-
ar in both trend and magnitude to one of authors’ earlier work
5].

The small 2-cell stack and large 7-cell stack assembled from 2
nd 7 repeated units of membrane electrolyte assembly (MEAs)
nd bipolar plates (including two end plates) with a thickness
f 3.05 and 10.05 mm, respectively. As stated previously, the

EA is composed of two electrodes and electrolyte membrane

such as Nafion 117). The bipolar plate has many flow chan-
els on each side designed for supply of H2 and air. Electricity
asses through each bipolar plate, forming electric polarization

f
i

a

ig. 5. The performance test for single cell. (a) Fixed anode P = 97 kPa and
ifferent cell temperature. (b) Fixed Tcell = 25 ◦C and different anode pressure.

etween both sides. The experiments with ambient air (relative
umidity ∼= 40%) were directed to the examination of the effect
f the relevant parameters of different cell operating tempera-
ures and back-pressures of the anode with dry H2/and wet H2
Thum = 25, 35, and 50 ◦C) supply in serpentine channels as listed
n Table 3.

.1. Effect of stack operating temperature

Three operating temperature 25, 35, and 50 ◦C were
mployed to study the effect of stack operating temperature on
he micro fuel cell stack. During the experiments, the H2 mass
ow rate for each unit cell was fixed at 10 sccm, which was
ound as an optimum in one of authors’ papers [2]. The back-
ressures on the anode were kept at 97, 153, and 207 kPa with a
xed cathode back-pressure of 97 kPa for forced air. The H2 gas
as humidified before entering to the anode flow channels. One
f the polarization curves at the anode back-pressure of 97 kPa

or each experiment was selected as a typical example, shown
n Fig. 6 to illustrate such effect.

In general, the performance of PEM fuel cell stack shows
strong dependence of operating temperature. Although the
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eversible potential decreases with increasing temperature, the
erformance actually increases due to an increase in reaction
nd a fast mass transfer rate with dry H2 gas fed in. Mean-
ime, because of such an increase in operating temperature, a
igher rate of evaporation occurs and the reactant gases can take
p more water vapor due to higher saturation pressure as stack
emperature ≤50 ◦C of the present study.

It is known that the cell polarization curve is generally com-
osed of three stages, which are concerned with the chemical
ctivation losses, the ohmic losses, and the mass transport losses.
ig. 6(a) shows that the present 2-cell stack performance also
as these three stages as the usual PEM single cell does. The
pen circuit voltage (OCV) was found to be about 1.9 V, and the
hort circuit current density at the stack temperature of 25 ◦C
ith dry H2 gas was about 163 mA cm−2. Again, the delayed

ransition of mass transport activation occurs at a higher current
ensity was found like the single cell.

With operating stack temperature increase, the limiting cur-
ent density can be extended to 220 mA cm−2 at 50 ◦C as
xpected due to an ion conductivity of the ionomer increases

ith stack temperature. As a result, the slope of the linear portion
f the curve decreases as the stack temperature increases. Simul-
aneously, the performance increase in terms of power density
lso shown in Fig. 6(a) is also based on the improved kinetics

ig. 6. The performance test for 2-cell stack and 7-cell stack at fixed anode
= 97 kPa and different stack temperature. (a) 2-Cell stack. (b) 7-Cell stack.
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nd mass transport with increasing temperatures. The trend and
hape of the VI and PI curves are similar to those in conventional
ell stacks. Fig. 6(b) shows the stack performance in terms of
I/PI curve for 7-cell stacks. Again, the similar trend with dif-

erent stack voltage scale but the same current density level was
ound. However, due to non-uniformity for H2/air supply condi-
ions, the VI/PI distribution are not as smooth as that for 2-cell
tack as expected. In fact, the limiting current density of 7-cell
tack is a little bit smaller than that for 2-cell stacks after taking
further look. Moreover, the stacks could be dried out with time
s the stack temperature increases. This would deteriorate the
tack performance. Due to the present short term performance,
uch behavior did not happen. Further study may include this
egard.

.2. Effect of anode back-pressure

The effect of the back-pressure of the flow field in the anode
hannels on the stack performance can be seen, as one of typical
esults shown in Fig. 7 with dry H2 back-pressures at 97, 153,
nd 207 kPa, respectively, and a fixed air back-pressure at 25 ◦C
f stack temperature for 2-cell and 7-cell stacks. Generally, a
igher back-pressure would enhance the stack performance via
ccelerating the reaction at the both anode and cathode of the cell
ue to a partial pressure increase of the reactant gases. In addi-
ion, based on Nernst equation, a higher voltage can be reached
t a higher pressure. Fig. 7(a) shows such trend in the VI and
I curves. It can be seen that the open circuit voltage (OCV)
nd the limiting current density all increase with the increase in
ack-pressure. Additionally, like single cell results [5], it is also
ound that a back-pressure increase on the anode would cause
ess stack performance increase than that on the cathode. This
s because such a pressure drop across the membrane results in
barrier for back diffusion, which takes place to keep the mem-
rane hydrated. Some situation and consequence were happened
or 7-cell stack as depicted in Fig. 7(b). The OCV in Fig. 7(b) can
each to about 6.5 V and the maximum power density is about
25 mW cm−2 with the current density about 125 mA cm−2 at
tack temperature of 25 ◦C.

.3. Effect of the anode humidification

In Fig. 8(a), polarization curves with three different stack tem-
eratures at a fixed humidification temperature are presented.
nly H2 stream is externally humidified with a dew temper-

ture at 25 ◦C before entering the fuel cell. Generally, the VI
urves shown in Fig. 8(a) have an initial rapid potential drop
ifferent from those for dry H2 streams at very small current
ange (<10 mA cm−2) due to electrochemical activation fol-
owed by the ohmic polarization in the remaining part of the
urve. There seems no mass transport region as the conventional
EMFC and the present study for dry H2 streams case does.

he best stack performance was found at stack temperature of
5 ◦C, followed by 35 and 50 ◦C. The maximum stack power
s about 240 mW cm−2 at current density of 350 mA cm−2 for
stack = 25 ◦C as also shown in Fig. 8(a).



446 S.-S. Hsieh et al. / Journal of Power Sources 163 (2006) 440–449

F
T

d
a
s
t
d
h
V
i

c
b
i
f
p
h
d
w
r

o
p
t
t

F
T
7

a
t
f
a
t
a
d
t
G
v
r
a
O
a
r

p
s
s

ig. 7. The performance test for 2-cell stack and 7-cell stack at fixed

stack = 25 ◦C and different anode pressure. (a) 2-Cell stack. (b) 7-Cell stack.

With increasing stack temperature, the stack performance
ecreases. This is majorly because the drying condition occurs
nd slightly because the liquid block due to water vapor conden-
ation exists in the reactant gas channel. This would deteriorate
he stack performance. Of course, the stack performance of the
ry H2 was the worst in this case. Similarly, the same situation
appens for 7-cell stacks as illustrated in Fig. 8(b) except the
I/PI curves shown in Fig. 8(b) which is not as smooth as that

n Fig. 8(a).
It is obvious, from Fig. 9 that the curves do show signifi-

ant temperature dependence for 2-cell and 7-cell stacks. For
oth Fig. 9(a and b) the stack voltage also seems to be an
mportant parameter. The stack shows consistently best per-
ormance in terms of current density at 25 ◦C operating tem-
erature for both fuel cell stacks. As operating temperature
igher than 25 ◦C, the performance decreases which suggests
ehydration, which adversely affects the ionomeric component
ithin the catalyst layer and increases the interfacial charge

esistance.
Taking a closeup examination of stack temperature, effect
n current density in Fig. 9 was thus plotted against stack tem-
erature at several stack voltage with H2 stream humidification
emperature at 25 ◦C for anode back-pressure of 97 kPa. When
he stack temperature is higher than the humidification temper-

G
i
c
s

ig. 8. The performance test for 2-cell stack and 7-cell stack at fixed

hum = 25 ◦C, P = 97 kPa and different stack temperature. (a) 2-Cell stack. (b)
-Cell stack.

ture, the current density decreases drastically, which indicates
hat the membrane is dehydrated and the active catalyst sur-
ace area may also decrease. The situation becomes less distinct
s the stack voltage increases. In fact, at 1.5 V/5 V, the stack
emperature effect is of no significance. Namely, at stack volt-
ge of 1.5 V/5 V, the stack current density seems very weakly
ependent on Tstack in Fig. 9(a and b), respectively. However,
his situation is gradually changed as stack voltage decreases.
enerally, the current density decreases monotonically for stack
oltage from 1.2 V/4 V down to 0.6 V/2.0 V. The descending
ate becomes lower as Tstack ≥ 40 ◦C as evidenced in Fig. 9(a
nd b). Following the curves shown in Fig. 9, the maximum
CV is about 1.5 V/5.0 V and the limiting current density is

bout 375 mA cm−2 at Tstack = 25 ◦C for 2-cell and 7-cell stacks,
espectively.

Fig. 10(a and b) shows the stack voltage versus stack tem-
erature with different current density for 2-cell and 7-cell
tacks, respectively. Again, the best performance was found at
tack temperature of 25 ◦C and current density of 100 mA cm−2.

enerally, the stack voltage decreases as the current density

ncreases at the same stack temperature. The dashed line indi-
ates that the relative humidity of H2 gases at the corresponding
tack temperature of 25, 35, and 50 ◦C. This curve decreases
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ig. 9. Variation of current density for 2-cell stack and 7-cell stack at different
tack voltage and stack temperature. (a) 2-Cell stack. (b) 7-Cell stack.

s the stack temperature increases because the humidifica-
ion temperature of H2 gases is fixed. It is can be seen that
he stack temperature equals the humidification temperature
f 25 ◦C where the relative humidity is 100% would give the
est stack performance. This performance would be decreased
s the relative humidity is down to 25% at stack temperature
f 50 ◦C. When the anode becomes drying like Tstack = 50 ◦C
n Fig. 10, the membrane becomes dehydrated which results
n a stack performance depression. Again, due to membrane
ehydration, the situation becomes worse at higher current
ensity.

As stack temperature keeps at 35 ◦C with different gas humid-
fication temperature of 25, 35, 50 ◦C at 97 kPa, the VI and PI
urves show the best stack performance as noted in Fig. 11(a).
he best stack limiting current density can be reached to
75 mA cm−2 and the maximum power is about 300 mW cm−2

t current density of 410 mA cm−2 and Thum = 50 ◦C. The VI and

I curves shown in Fig. 11(a) strongly suggested that there are

wo patterns on performance results. At Thum = 25 ◦C, it obvi-
usly gives the lower stack performance because there seems a
ower ion conductively at Tstack = 35 ◦C; however at Thum = 35

d
d
c

erature for 2-cell stack and 7-cell stack. (a) 2-Cell stack. (b) 7-Cell stack.

nd 50 ◦C, the membrane is nearly fully hydrated. Consequently,
higher stack performance is expected. The best performance is

ound at Tstack = 50 ◦C, which indicates that there is no observ-
ble “drying” even when the stack temperature reaches 50 ◦C.
gain, the similar but a little bit small limiting current density

650 mA cm−2) with an OCV about 6.0 V was found for 7-cell
tack at Tstack = 50 ◦C as shown in Fig. 11(b).

Taking a closeup view of Figs. 11 and 12(a and b) can be
educed and plotted as current density versus anode humid-
fier temperature with different stack voltage for with 2-cell
nd 7-cell stacks, respectively. It is found that the current den-
ity increases as the H2 gas humidifier temperature increases.
hey are two different increments as shown in Fig. 12. The

ate of increase was higher in 25 ◦C ≤ Thum ≤ 35 ◦C than that in
5 ◦C ≤ Thum ≤ 50 ◦C. This is because the extent of hydration
t Thum = 35 and 50 ◦C seems equal and, consequently results
n the curves of current density increase to be level-off (i.e.,

constant) especially at high voltage.

Generally, the stack performance (VI/PI curves) is strongly

ependent on anode back-pressure, stack temperature, and
ry/wet H2 condition (Thum) regardless of small (2-cell)/large
ell (7-cell) stacks under the cases studied herein.
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Fig. 11. The performance test for 2-cell stack and 7-cell stack at fixed
T
s
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condition.
stack = 35 ◦C, P = 97 kPa and different anode humidifier temperature. (a) 2-Cell
tack. (b) 7-Cell stack.

.4. Stack reactant feed configurations

H2 gas and air supply based on the present BPs design
ave their own delivering system. In PEM fuel cell stack, the
ethod of reactant distribution to individual cells is also of

reat importance. H2 gas and air were fed in series for the
resent study. The serial configuration forces a reactant feed
nd product removal flow stream from one cell to another
ell in series. Higher pressure drop is expected as a result
f the longer travelling length for the stream. The reactant
istribution is normally not uniform from cell to cell along
he reactant feed path evidenced by the present 7-cell stack
I and PI performance curves in ohmic polarization region

hown in Figs. 6–8 except for small stack outcome in which
he VI and PI curves exhibited similar results to those of sin-
le PEM fuel cells. In fact, the present 2-cell stack results of
CV are very close two-fold of the value for a single cell with
early the same limiting current density. Such situation becomes
little changed as the number of cell increases in which a
ower OCV and lower limiting current density are expected
ue to possibly uneven flow distribution of reactants to each
ell.

3

ig. 12. Variation of current density for 2-cell stack and 7-cell stack at different
tack voltage and anode humidifier temperature. (a) 2-Cell stack. (b) 7-Cell stack.

. Conclusions

For the first time, a micro PEM fuel cell stack with copper
etal bipolar plates (BPs) was developed and tested with opera-

ional parameters. In-house-made 2-cell and 7-cell stacks with a
ross section of 5 cm2 and thickness of about 3.05 and 10.05 mm,
espectively, used for the study. The operational parameters
nclude the stack temperature, anode back-pressure, and the
node gas humidification temperature. The major results can
e drawn as follows:

. A low cost and high-mass production with high stack perfor-
mance (250 mW cm−2 at 0.8 V for 2-cell) at stack tempera-
ture of 25 ◦C has been fabricated and tested.

. With humidified H2 gas, the stack polarization showed only
two stages. It seems that no mass transport process took
place; however, this situation does not happen for dry H2
. The effect of operational parameters on stack performance
seems similar to that of single cell in both trend and magni-
tude.
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S.-S. Hsieh et al. / Journal of P

. Stack reactant feed configuration indicates that the present
in series fed for 2-cell stack is more suitable than that for
7-cell stack. The reasons caused this difference seems due to
the uniformity of the reactant feeding. In spite of the defi-
ciency, the present 2-cell and 7-cell stack results still show a
reasonable performance.

. Based on the present study for short-term stack performance,
copper metal can be considered as one of the promising and
powerful BP material candidates as far as the performance
and cost are concerned if the weight and chemical activation
can be reduced/or if these two factors are not important.
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