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a b s t r a c t

The newly designed proton exchange membrane fuel cell with a piezoelectric actuation structure, called
a PZT-PEMFC, can force air into an air-breathing PEMFC system. Previous studies indicated the PZT-
PEMFC may solve the water-flooding problem and improve cell performance. In this experimental study,
a PZT-PEMFC with nozzle and diffuser, PZT-PEMFC-ND, is built to verify the previous theoretical study.
This innovative design may direct air flow into the cathode channel through the diffuser and prevent
air backflow without valves. The performance test includes an analysis of PZT vibration frequencies, cell
eywords:
iezoelectric
uel cell
ozzle
iffuser

operation temperatures, gravity effect, and designs of the nozzle and diffuser. The optimal operating
temperature for the PZT-PEMFC-ND is 323 K to avoid the risk of higher temperatures drying out the
membrane electrode assembly (MEA). The optimal vibration frequency of the PZT-PEMFC-ND is 180 Hz,
which may pump in enough air and solve the water-flooding problem in the cathode channel. This study
also concludes that the innovative design of the PZT-PEMFC-ND, may reach the performance of an open

on, 0 −2
requency
ir-breathing

cathode stack configurati

. Introduction

Previous studies [1–4] indicated each flow field design of the
EMFC may have different fuel cell performances. For the interdig-
tated flow field, the reactant gas can be delivered to the catalyst
ayer and increase the electrochemical reaction rate. However, the
in-type flow fields have a lower reactant pressure, uneven gas
istribution, poor water removal, and poor cell performance. On
he other hand, the parallel flow field with an incorporated baf-
e exhibits better performance because the baffle effect forces
he reactant gas to pass through the diffusion layer. The single-
erpentine flow field exhibits better performance than double-
nd triple-serpentine flow fields. Most studies have indicated
he serpentine field may lead to better performance than other
ow field designs. Therefore, the serpentine flow field is another

mportant study topic. In addition, a new convection-enhanced
erpentine flow field has been proposed to increase the mass trans-
ort rate and remove liquid water trapped in the porous media

5].

Air-breathing proton exchange membrane fuel cells (AB-
EMFCs) have attracted attention because they do not need an
dditional oxygen supply device. The chemical reactions in AB-

∗ Corresponding author. Tel.: +886 2 23629976; fax: +886 2 23631755.
E-mail address: skma@ntu.edu.tw (H.-K. Ma).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.09.033
.18 W cm , without an external air supply device.
© 2009 Elsevier B.V. All rights reserved.

PEMFCs mainly depend on natural convection, which is caused
by temperature and oxygen concentration gradients [6]. In order
to deliver sufficient oxygen into the cathode channel, an open-air
cathode PEMFC stack with a fan as the oxygen supplier was pro-
posed [7]. In addition, dehydrating phenomena slightly affected the
performance of AB-PEMFCs [8]. Moreover, catalyst loading, rela-
tive humidity, temperature, hydrogen stoichiometry, gas-diffusion
layer thickness, and cathode structure are important parameters
in the performance of AB-PEMFCs [9,10]. The open-air direction is
another important parameter in air-breathing PEMFCs. The upward
open-air direction may have better performance than the down-
ward free-convection mode [11].

During AB-PEMFC operation, liquid water is transported by
electro-osmotic drag, back diffusion, and convection in the mem-
brane. The electro-osmotic drag coefficient has been found to be
a function of the water content of the membrane and tempera-
ture [12–15]. Water content is the ratio of water molecules to the
number of charge (SO3

−H+) sites, which is an important parameter
to determine the activity of water vapor between the membrane
and electrode interface [16]. Generally, the electro-osmotic drag
coefficient increases with increasing water content in the mem-

brane. At high water content, the electro-osmotic drag coefficient
increases with increasing temperature. Yi and Nguyen [17] showed
that PEMFC performance was improved by anode humidification
and positive differential pressure between the cathode and anode,
which is also proved by the Nernst equation. Ge and Yi [18] pre-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:skma@ntu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.09.033
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Nomenclature

A cross section area
APZT piezoelectric area (m2)
AR aspect ratio
C conductivity coefficient
D channel opening width
f frequency of PZT (Hz)
k proportionality constant
L channel path
P pressure (N m−2)
Pc channel pressure
Pin inlet pressure
Pout outlet pressure
R gas constant (J mol−1 K−1)
Re Reynolds number
t time (s)
T temperature (K)
Vc cathode inlet velocity (m s−1)
VPZT motion equation of the piezoelectric device (m s−1)

Greek letters
� loss coefficient
� diffuser angle
� density (kg m−3)
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ber pressure to be lower than the atmospheric pressure thus
sucking air into the chamber. In pump mode, the diaphragm
moves inward and causes the cathode channel volume to decrease.
Because the pressure inside the cell is higher than atmospheric
pressure, the air is pushed into the catalyst layer and the produced
∀ volume displacement (m3)
∀0 amplitude volume (m3)

icted that the dry reactant gases would be successfully humidified
nternally and would maintain high performance when the PEMFC

as operated in counter-flow mode. Thus, water transport and
anagement is dependent upon the structure and properties of the

ell components, reactant stream humidification, flow field layout,
nd structural and wetting properties of the gas-diffusion media
nd micro porous layer [19].

The micropump has been developed with several actuation
ethods, including piezoelectric (PZT), electromagnetic, shape
emory alloy, electrostatic, and thermo-pneumatic devices. How-

ver, most of them have complex structures and low pumping
erformance. Micro-diaphragm pumps are classified based on the
resence or absence of valves [20,21]. For fuel cell applications, a
as pump with a novel bimorph actuation structure can also feed
ir into the micro direct methanol fuel cell (DMFC) [22]. These
esults showed that the air-diaphragm pump worked at a flow rate
f 85.3 ml min−1 in resonance with 3.18 mW, and at a low-power
onsumption of below 20 V. Previous studies [23–27] indicated that
novel design for proton exchange membrane fuel cells with a

iezoelectric device, PZT-PEMFC, which is regarded as an actu-
tor for pumping air onto the cathode channel, can offer better
erformance with higher current generation. The novel design of
ZT-PEMFC is applied in the micro system with a low-power unit.
lthough an external air blower or fan may suck enough air into

he cathode channel and increase current generation, they require
igher power and larger space. Thus, the smaller PZT device has
n advantage to replace the existed air blower or fan in a micro
EMFC system. Previous results also indicate that a PZT-PEMFC can
ompress more air into the catalyst layer and thus enhance elec-
rochemical reactions, resulting in higher current output. At the
ame time, produced water vapor is pumped out from the cathode

hannel.

The objective of this study is to build a PZT-PEMFC with a noz-
le and diffuser, a PZT-PEMFC-ND, and prove that this innovative
esign could solve the water-flooding problem and improve cell
erformance. The experimental parameters include PZT vibration
Fig. 1. The cathode channel design of a PZT-PEMFC.

frequency, cell operation temperature, gravity effect, current den-
sity, and design of nozzle and diffuser.

2. Design of the air-breathing PZT-PEMFC-ND

The PZT-PEMFC without valves may attract the air into the cath-
ode channel; however, both the channel path (L) and the channel
opening width (D) of the cathode channel affect the cell perfor-
mance. If the channel path is too long, the pressure in the cathode
channel will be dissipated by friction in the channel path, as shown
in Fig. 1. The efficiency ratio of a micropump diffuser depends on its
geometry and Reynolds number [28–30]. Ahmadian and Mehrabian
[30] concluded the optimized diffuser angle, ODA, can be written as
a function of actuation pressure, AP. If it is desired to set high actua-
tion pressures, smaller diffuser angles should be utilized in order to
approach the maximum possible rectification of the diffuser. Thus,
the PZT-PEMFC-ND, which is shown in Fig. 2, is proposed to direct
more the air flow into the cathode [31,32].

Fig. 3 shows that the pumping process has three steps: transi-
tion mode (Pout > Pc > Pin), supply mode (Pout > Pin > Pc), and pump
mode (Pc > Pout > Pin) [33]. The inlet pressure, Pin, is always smaller
than the outlet pressure, Pout, an assumption due to the noz-
zle/diffuser design. In supply mode, the diaphragm moves outward
and increases the cathode channel volume, which causes the cham-
Fig. 2. The operation of the PZT-PEMFC.
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Fig. 3. The flow mode

ater is pumped out of the cell. Between pump mode and supply
ode there is a transition mode, which occurs when outlet pressure

s higher than chamber pressure and inlet pressure, Pout > Pc > Pin.
The orientation of the nozzle/diffuser and the position of the

ZT device are important parameters for the PZT-PEMFC due to its
umping efficiency and pressure distribution in the cathode chan-
el. For this study, a one-sided actuator was chosen; therefore, the
osition of maximum PZT deformation was decided by the fixed
ide of PZT. Fig. 4 shows that there are three directions of the nozzle
nd diffuser: up, down, and horizontal.

The driving forces at the anode and cathode inlets are differ-
nt in PZT-PEMFC-ND systems. The hydrogen is supplied from the
ydrogen storage bottle, and hydrogen flow rate at the anode is con-
rolled by a mass flow controller. In this study, the hydrogen mass
ow rate is always a constant, 60 ml min−1. On the other hand, the
ir flow at the cathode is driven by PZT vibrations.

For analyzing air flow rate of the PZT-PEMFC-ND system, the
ontrol volume of the system is chosen in the cathode channel
Fig. 5). The inlet velocity V is divided into the anode velocity Va and
athode velocity Vc due to different supply methods. The equation
f motion for the PZT device is a sine function, which is given by

q. (1).

�PZT = d

dt
[−0.0005 × (sin(2�ft))] (1)

Fig. 4. The different directions of nozzle and d
ng pumping process.

The inflow and outflow periods in the channel as induced by the
sine/step function. The inlet velocity at the cathode, −→

Vc, is derived
by the Reynolds Transport Theorem [23,24] as:

�Vc = 1
�A

[
1
R

∂

∂t

∫
C∀

P

T
d∀ + � �VPZTAPZT

]
(2)

Thus, the flow rate can be written as:

Qc = 1
R

∂

∂t

∫
C∀

P

T
d∀ + � �VPZTAPZT (3)

The lumped system is a simple method for analyzing the valve-
less micropump, which is proposed by Ullmann [34]. This method
neglected the spatial variation and focused on the time variation,
which does not need complex CFD methods such as Navier-Stokes
equations. The method was carried out for the three regions: pump
mode, supply mode, and transition mode. This method also vali-
dated nozzle/diffuser design and compared it with the CFD method
[33]. The results indicated that the agreements of these two meth-
ods are quite different in transition mode due to neglect of the

inertial effect. Pan et al. [35] proved the inertial force could not
be neglected, as compared with viscous loss. The cross section area
of the cathode side in PZT-PEMFC-ND is shown in Fig. 1.

The pressure loss in the nozzle can be expressed in terms of the
loss coefficient, �, from Eq. (4), which is an important parameter for

irection and different PZT fix locations.
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Fig. 5. The diagram of control volume in PZT-PEMFC.

ozzle and diffuser.

P = 1
2

��V̄2 (4)

here �V is the mean velocity at the narrowest part of the noz-
le/diffuser. In addition, the loss coefficients of nozzle/diffuser
nclude three parts: inlet, exit, and nozzle/diffuser [36–41].

The diaphragm of the PZT-PEMFC-ND is the PDMS, which is
ssumed as a sinusoidal motion. With no pressure difference acting
n the PDMS, the volumetric amplitude is ∀0. On the other hand,
he maximum volumetric displacement is 2∀0. In addition, the PZT
ibrates with time; thus, the volume displacement is also a function
f time,

= ∀0 [1 − cos(2�ft)] (5)

0 = k(Pb − Patm) (6)

here Pb is the blocking pressure. The volume change can be writ-
en as Eq. (7):

∀ = ∀0

[
(P − Patm)
(Pb − Patm)

]
(7)

The blocking pressure, Pb, is associated with stiffness value;
herefore, the volume change rate can be written as Eq. (8):[ ]

d∀
dt

= 2�f ∀0 sin(2�ft) − ∀0
dP/dt

(Pb − Patm)
(8)

The same theory can be applied to the air flow rate in the cathode
hannel of PZT-PEMFC-ND. Then, the inlet flow rate can be found

Fig. 6. Schematic of the PZT-
urces 195 (2010) 1393–1400

as:

Qin,l = Cn

√
(Pin − Pc) for the air flow from left to right,

shown in Fig. 5 (9)

Qin,r = Cd

√
(Pc − Pin) for the air flow from right to

left,shown in Fig. 5 (10)

where the conductivity coefficient can be separated into nozzle, Cn,
and diffuser, Cd.

Cn = A√
(1/2)�n�

(11)

Cd = A√
(1/2)�d�

(12)

Although the net flow rate can be calculated from this method,
the outflow rate is irrelevant to this study. The major reason is that
the air in the cathode channel is reacted through the electrochem-
ical reaction.

3. Experimental set-up

Fig. 6 shows the test platform for analyzing the PZT-PEMFC-ND
performance. On the anode side, the hydrogen is humidified under a
different temperature due to its different fuel and air composition.
High pressure hydrogen from the hydrogen storage flows to the
mass flow controller, then enters the humidifier. The humidifier is
a water tank with a heater, which the reactant gas passes through at
a specific temperature. Then, the hydrogen with water is delivered
to the PZT-PEMFC-ND for the electrochemical reaction.

The equipment on the cathode side is more complex than on
the anode side. First, the sine-wave signal of PZT vibrations is gen-
erated by a function generator. Next, the signal from the function
generator goes to an amplifier to magnify the signal for a piezoelec-
tric device. The piezoelectric device then vibrates when it receives
the signal.
The PZT device of the PZT-PEMFC-ND is driven by a 150 V sine-
wave signal generated by a function generator, which may supply
air to the cathode side. The amplifier is required to magnify voltage
to the designated dB. The vibration frequency of the PZT device is
shifted from 0 Hz to 210 Hz; thus, the PZT device controls the air

PEMFC testing system.



H.-K. Ma et al. / Journal of Power Sources 195 (2010) 1393–1400 1397

draw

fl
g
c
s
T

Fig. 7. An exploded

ow on the cathode side. In the anode side, the humidified hydro-

en, under a temperature of 303 K to 343 K, flows into the anode
hannel. The hydrogen in the anode side is supplied by hydrogen
torage and controlled by the mass flow controller at 60 ml min−1.
he DC electronic load can simulate the electronic loading of volt-

Fig. 8. Photos showing water
ing of PZT-PEMFC.

age and current. In this study, a constant voltage mode was chosen,

and power output data was recorded for every 0.1 V from open
circuit voltage to 0.2 V by using LabVIEW software.

The PZT-PEMFC-ND, which is shown in Fig. 7, is composed of two
current collectors, two flow field plates, one membrane electrode

removal within 1 min.
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Fig. 9. The I–V curves under different PZT vibration frequencies at T = 50 ◦C.

ssembly (MEA), one PZT device, and a PZT stand. The reactive area
f the MEA is 2 cm × 2 cm, the membrane is Nafion®212, and the
atio of open-air and reactive areas is 49% in the cathode. The PZT
ump, which is made of PDMS, is attached to a gasket film to pre-
ent gas leakage and to increase the volume change of the cathode
hannel.

. Results and discussion

The experimental results indicated that the previous design of
ZT-PEMFC may not reach the same performance as the open cath-
de case. Therefore, the nozzle and diffuser were applied between
he environment and cathode channel, which may induce more
ir flow into the cathode channel, solve the water-flooding prob-
em, and increase the cell performance. Fig. 8a shows the presence
f accumulated water in the cathode channel, which cannot be
emoved from the cathode side. However, the amount of water is
educed in the cathode channel once the PZT starts to vibrate within
0 s (Fig. 8b). After 1 min, most of the water is pumped out from the

athode channel (Fig. 8c). These results show that PZT-PEMFC-ND
olves the water-flooding problem in the cathode side, and proves
hat the theoretical study of the PZT-PEMFC can be carried out in
n experimental study.

Fig. 10. The I–V curves under different operation temperatures at f = 180 Hz.
Fig. 11. The I–V curves under different gravity and vibration effects.

4.1. The effect of PZT-PEMFC-ND under different PZT vibration
frequencies

A previous study [31] indicated that the PZT device, acted as
the PZT pump in the cathode channel, providing insufficient air
for an electrochemical reaction. Therefore, the nozzle and dif-
fuser are used in the cathode side. The actuation force of the fluid
motion depends on PZT material, chamber size, and PZT vibra-
tion frequency. While the designed PZT device is operated at a
harmonic frequency, the cell performance can be improved by
sucking more air into the chamber and pumping more water out.
In this study the PZT harmonic frequencies are found near 90 Hz
and 180 Hz. The I–V curves of f = 0 Hz and f = 30 Hz have almost the
same poor cell performance because of low pumping efficiency
due to less air being sucked into the cathode channel (Fig. 9).
At PZT vibration frequencies of f = 60 Hz and f = 90 Hz, more air is
sucked in and more water pumped out to prevent water-flooding
in the cathode side; thus, cell performance improves. However,
at f = 120 Hz, the I–V curve does not show continuous improve-
ment due to the inharmonic resonance of the design. At the PZT

vibration frequencies of f = 150 Hz and f = 180 Hz, cell performance
greatly improves. The maximum current reaches 0.49 A cm−2 at
f = 180 Hz, which is almost six times greater than the case with-
out PZT vibration, f = 0 Hz. Considering the air stoichiometric ratio,
the maximum current of PZT-PEMFC-ND is around 2 A; there-

Fig. 12. I–V curves under different designs of nozzle and diffuser in PZT-PEMFC.



H.-K. Ma et al. / Journal of Power So

f
l
f
c
s
l
f
d
T
i
c
d

4

i
p
u
i
p
i
s
3
t
i

4.5. Required power of PZT-PEMFC-ND
Fig. 13. Different designs of nozzle and diffuser in PZT-PEMFC.

ore, the air flow rate of the PZT-PEMFC-ND is 35 ml min−1 at
east. Additionally, maximum power can reach 0.18 W cm−2 at
= 180 Hz, which is approximately four times greater than the
ase without PZT vibration, f = 0 Hz. This phenomenon proves that
ufficient air intake is needed to overcome the concentration
osses under certain PZT vibration frequencies. However, when a
requency of 210 Hz is applied, the efficiency of the cell imme-
iately drops due to the inharmonic vibration of the PZT device.
hese results show that the PZT-PEMFC-ND does work, thus solv-
ng the water-flooding problem in the cathode and improving
ell performance to equal the performance of the open cathode
esign.

.2. The effect of operation temperature

Previous studies [42,43] showed that an appropriate increase
n cell temperature is an important parameter to ensure high cell
erformance. Fig. 10 shows I–V curves at different temperatures
nder the PZT vibration frequency of 180 Hz. As the temperature

ncreases from 303 K to 323 K, the average current density and cell
erformance also increases. This is because a high cell temperature

mproves the chemical reaction rate. In addition, the current den-

ity and cell performance decrease as temperature increases from
23 K to 343 K. This is because the membrane dries out under high
emperatures. On the contrary, serious water-flooding can be seen
n open cathodes at an operation temperature of 303 K. This flood-

Fig. 14. Different designs of nozzle and dif
urces 195 (2010) 1393–1400 1399

ing problem can be solved by adding a PZT device on the cathode
channel, which is shown in Fig. 8.

4.3. The gravity and vibration effect for PZT-PEMFC-ND

The gravity effect may affect the water removal ability and air
intake of a PZT-PEMFC-ND with a nozzle/diffuser design. Fig. 11
shows that different nozzle/diffuser orientations result in different
cell performances. The cases of L-PZT-R and L-PZT-D (Fig. 4) have
similar performances; however, the performance of the L-PZT-U
decreases in the region of concentration losses. The reason is that
the produced liquid water blocks the exit of the nozzle/diffuser
due to gravity, and cannot be removed from the cathode channel.
Thus, fresh air cannot be sucked from the nozzle into the cath-
ode side. Additionally, the location of the maximum deflection of
PZT vibration in the nozzle/diffuser also affects cell performance.
Results indicate that the performances of the cases of the R-PZT are
lower than the cases of the L-PZT. The main reason is that the max-
imum deflection may induce a higher pressure difference near the
outlet (nozzle); however, the maximum pressure difference must
be induced near the inlet (diffuser) to attract the most air in supply
mode under the cases of R-PZT. Therefore, the gravity and the orien-
tation of maximum deflection of PZT vibration may affect air intake,
water removal rate, and cell performance. The cases of L-PZT-R and
L-PZT-D are the better designs in this study.

4.4. Influence of nozzle and diffuser

The pump performance of PZT-PEMFC-ND is a function of geom-
etry parameters, aspect ratio (AR) and diffuser angle (�). Fig. 12
indicates that the geometries of the nozzle/diffuser in the PZT-
PEMFC-ND influence the I–V curve significantly. In order to have
optimal pump efficiency, a larger value for the diffuser angle (�)
should be chosen when the Reynolds number is decreasing. In this
study, the diffuser angle is around 21–23◦ due to the lower average
Reynolds number. For a lower AR of 5.63, as shown in Fig. 13a, the
I–V curves drop in the regions of ohmic and concentration losses
due to the low pump efficiency. On the other hand, the higher AR of
11.25 may induce a higher air flow rate into the cathode channel,
and thereby increase the cell performance in the I–V curve. Fig. 14
indicates that the pressure of the higher AR design is twice that of
the lower AR design. If the pressure between channel and atmo-
sphere is not strong enough, sufficient air cannot be attracted into
the cathode channel. Therefore, the AR of the nozzle and diffuser
is an important parameter for PZT-PEMFC-ND performance. The
optimal AR is 11.25 under � = 22.89◦ in this study.
The PZT-PEMFC-ND, which needs 50–150 V and a low current a
0.1–0.01 A, is suitable to be installed as a stack or as a part of stack
for removing the water. The stack can be installed with a DC–AC

fuser in PZT-PEMFC (f = 8 Hz, t = 1 s).
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nverter to invert the DC voltage into a higher AC voltage such as
0–150 V. For example, a typical inverter could invert DC 4.5 V to
C 110 V, which requires about 150 mW. Thus, in this case, a stack
ith a power higher than 150 mW is suitable for the PZT pack.

. Conclusion

An innovative design for a PZT-PEMFC with a nozzle and diffuser
PZT-PEMFC-ND) which may solve the water-flooding problem
ith a high performance, was successfully built. The major exper-

mental findings are as follows:

. The pump performance of the PZT-PEMFC-ND is a function of the
aspect ratio (AR) and diffuser angle (�). The optimal geometry
parameters AR is 11.25 under � = 22.89◦.

. PZT vibration frequency and cell temperature are the major
operating parameters for increasing the performance of the PZT-
PEMFC-ND. The optimal PZT vibration frequency is f = 180 Hz
under a temperature of 323 K.

. Air intake, water removal rate, and cell performance are affected
by the gravity effect and the orientation of the PZT’s maximum
vibration deflection. Both the L-PZT-R and L-PZT-D cases are the
better designs in this study.

. The power density can reach up to 0.18 W cm−2, which is under
f = 180 Hz and 0.6 V, approximately four times greater than the
case without PZT vibration.

. The PZT-PEMFC-ND, which needs 50–150 V and a low current a
0.1–0.01 A, is suitable to be installed as a stack or as a part of
stack for removing the water.
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