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a b s t r a c t

Portable fuel cell systems consist of three essential parts: the fuel cell stack, the fuel storage and the
balance of plant (BOP) which contains all required peripheral components. Scaling down fuel cell systems
to smaller dimensions in the power range of 1 mW to 1 W currently leads to an increased volume fraction
of the peripheral components. Consequently it is necessary to forego peripheral components in small
systems and develop passive systems. Furthermore fuel storage is a challenging issue for portable micro
fuel cell systems. Common approaches for hydrogen storage, e.g. pressure cartridges or reversible metal
hydrides yield a low energy density for the entire system. In our approach a gas evolving cell (GEC) is
used to generate hydrogen “on demand”. This allows to develop small micro fuel cell systems with a
high energy density. The GEC is electrically connected in series to the fuel cell. Hydrogen is generated
through the electro catalytic Zn-H2O reaction and proportional to the cell current according to Faraday’s
law, which leads to a simple and passive system.

The dynamic and long-term behavior of the GEC is studied experimentally in this work. The electrical
and chemical behavior of the GEC plays an important role in the design and operation of the micro fuel
cell system. Portable applications generally imply dynamic load profiles. Therefore the study focuses on
the dynamic response of the GEC. The electric response of the GEC is examined for load pulses in the range

of milliseconds with an amplitude of up to 150 mA for the lifecycle of a cell. The results are compared
to the behavior of the GECs under an equivalent static load in order to draw conclusions on the effect of
the dynamic load. Furthermore the electrical and chemical capacity of the GECs is examined for different
loads.

The obtained results provide an insight into the dynamic behavior of the GEC and provide the basis for
of th
the design and operation

. Introduction

The ongoing miniaturisation of electronic devices leads to an
ncreasing spread of self-contained portable and highly integrated
mall size applications. Related to this there is a strong need for
ew concepts to power these portable applications. Because of the
irect conversion from chemical energy to electric energy fuel cells
re a promising approach and have achieved a broad attention
uring the last couple of years. Portable fuel cell systems consist
f three essential parts: the fuel cell stack itself, the fuel storage

nd the balance of plant (BOP) which contains all required periph-
ral components. When scaling down fuel cell systems to smaller
imensions in the power range of 1 mW to 1 W, currently the vol-
me fraction of peripheral components is strongly increased. This
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results in a demand for passive systems. The development and opti-
mization of our self-breathing passive micro fuel cells is discussed
in [1–4]. Another key issue for portable systems however is the
fuel storage. Common approaches like gaseous storage in pressure
cartridges and reversible metal hydrides implicate high weights
which in turn lead to a smaller energy density for the entire sys-
tem [5]. The approach to store hydrogen chemically usually leads
to an increased BOP due to the need of additional components
like reformers, pumps and reactors. In our approach a gas evolv-
ing cell (GEC) is used to generate hydrogen “on demand” through
the electro catalytic Zn-H2O reaction. The generated hydrogen is
proportional to the GEC current according to Faraday’s law. Con-
necting the GEC in series to a micro fuel cell thus leads to a simple

and passive system, with no need for any valves or pressure con-
trollers. In principle the energy density of zinc-air batteries can be
achieved with this system. In contrast to usual zinc-air batteries
however environmental driven degradation [6,7] is prevented as
the cathode of the GEC is directly connected to the anode of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:matthias.weiland@becap.tu-berlin.de
dx.doi.org/10.1016/j.jpowsour.2009.11.063
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Nomenclature

Ldl thickness of the double layer [m]
a specific area [m−1]
C double layer capacitance [F m−2]
� ionic conductivity [S m−1]
� electronic conductivity [S m−1]
LD diffusion length/boundary-layer thickness [m]
D diffusion coefficient [m2 s−1]
R universal gas constant [Pa m3 mol−1 K−1]
T temperature [K]
P pressure [Pa]
F Faraday constant [C mol−1]
CH2 hydrogen concentration [mol m−3]
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A cross-sectional area of the pneumatic tray [m2]
� time constant dynamic response [s]

icro fuel cell and thus separated from the environment, which
ields a higher long time stability. Although not intended at the
oment, the cells theoretically can be recharged mechanically by

eplacing the anode.

. Theory

.1. Concept of the GEC

In principle the studied GEC is a modified button type zinc-air
attery. According to the manufacturer VARTA Microbattery GmbH
he gas generating cathode of the cell is modified and optimized for
ydrogen generation. The general structure of the GEC is illustrated

n Fig. 1. The GEC volume is approximately 3 cm3. Similar to a typical
inc-air battery the zinc anode is consisting of zinc granules and the
queous electrolyte is stored in the anode can, which is insulated
rom the cathode by a separator and a plastic gasket. On the cathode
ide a metallic mesh is coated with Raney nickel, which is used as
he catalyst. An additional hydrogen permeable PTFE-layer is used
s a gasket. Furthermore the GEC is sealed off with an adhesive tape
t the hydrogen outlet in order to prevent oxygen from getting into
he cathode compartment when stored.

The discharge reaction of the typical zinc-air battery can be
tated as [6]:

zinc oxidation (anode) : 2Zn + 4OH− → 2ZnO + 2H2O + 4e−

oxygen reduction (cathode) : 2H2O + O2 + 4e− → 4OH−

overall reaction : 2Zn + O2 → 2ZnO
(1)

y suppressing the oxygen supply on the cathode side of the GEC
he reactions are changed to:

zinc oxidation (anode) : 2Zn + 4OH− → 2ZnO + 2H2O + 4e−

water reduction (cathode) : 4H2O + 4e− → 2H2O + 4OH−

overall reaction : 2Zn + 2H2O → 2ZnO + 2H2

(2)
Resulting from the overall reactions in above Eqs. (1) and (2)
decrease of the resulting change in Gibbs free energy can be

bserved. This leads to a drop of the nominal cell voltage of the
EC from 1.65 V down to 0.42 V assuming standard conditions.

Fig. 1. Schematic of the general structure of the GEC.
Fig. 2. Schematic of the reactions of the GEC: (a) anode and (b) cathode.

The cell reactions for the GEC are illustrated in Fig. 2. As illus-
trated solely the anode of the cell is consumed during discharge.
With increasing discharge time the fraction of ZnO is increasing
within the anode volume, whereas the fraction of Zn is decreased.
This might yield a change of the mean ionic and electric conductiv-
ities leading to a change of the total impedance of the cell.

2.2. Dynamic characteristics of the GEC

In addition to the need for high energy densities in portable
applications, the dynamic behavior of the power supply plays an
important role. Due to the self-contained design portable applica-
tions generally imply dynamic load profiles. There is a specific time
period where the system is in stand-by and hardly consumes any
power followed by a short period of activity where for example
data is gathered and transmitted in sensor-nodes. Therefore this
study focuses on the dynamic response of the GEC. Due to the com-
plexity of the electrochemical system several dynamic effects are
superposed in the GEC.

One effect leading to a dynamic response of electrochemical sys-
tems is the double layer charging effect. It originates from charge
separation at the two electrodes where ions and electrons are sepa-
rated. While the ions are transferred to the other electrode through
the electrolyte, the electrons are blocked by the electrolyte and
have to pass through an external load. Two layers of opposite charge
are formed at the boundary of each electrode. In an electric circuit
model this can be represented by a double layer capacitor in par-
allel to the charge transfer resistance that represents the Faradaic
reaction [5,8]. The resulting time constant can be calculated [8]:

�dl = Ldl
2aC

(
1
�

+ 1
�

)
(3)

Ong and Newman [8] showed the values of 12.77 ms and 17.8 ms
for the discussed lithium cell. Wang and Wang [9] estimated a value
of 0.2 �s for a PEM fuel cell. The difference mainly originates in the
thickness Ldl of the double layer, with 100 �m and 174 �m in [8]
and 10 �m in [9]. As no detailed data is available for the GEC, no
specific estimations can be made for the studied GEC. However a
magnitude of milliseconds can be expected as the electrodes of a
polymer electrolyte membrane used in fuel cells are rather thin.
Another important effect that needs to be considered when
studying the dynamic behavior of electrochemical systems is
mass transport. Within the passive GEC it is assumed that this
is dominated by diffusion. Water needs to be transported from
the anode to the cathode and hydroxide ions vice versa. Assum-
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ng one-dimensional Fickian diffusion the diffusion time can be
pproximated [10]:

diff = LD
2

D
(4)

However as no detailed parameters are available for the studied
EC, no estimations can be given at this point.

There are several methods to characterize the dynamic behav-
or of electrochemical systems, e.g. electro impedance spectroscopy
nd the current interrupt technique [5,6]. Although the current
nterrupt technique is error-prone in separating the vertical tran-
ition from the dynamic transition and an accurate identification
f the parameters related to the dynamic transition is difficult, it
s chosen over the electro impedance spectroscopy in this study
ecause of the simple direct approach that allows for in situ mea-
urements.

Mathematically the transient behavior of the cell voltage on
urrent interrupt can be described using a series of exponential
unctions:

cell = U0 −
n∑
i

Ui exp
(

t0 − t

�i

)
(5)

here U0 is the open-circuit voltage, t0 is the point time where the
urrent is switched off, and Ui and �i are the amplitude and time
onstant of the ith exponential, respectively. If the time constant
f one process is similar to the time constant of another process,
he two are not distinguishable and result in the same exponential
unction.

. Experiment

.1. Experimental setup

During the experiment different GECs were discharged with a
ontinuous and pulsed current. A Maccor Series 4000 battery test
ystem was used as an electronic load. For the pulsed experiments a
ulse width of 20 ms and rest time of 80 ms was employed, resulting

n a pulse period of 100 ms and duty cycle of 0.2. As the mini-
um temporal resolution of the battery test system (10 ms) is not

ufficient for measuring the transient response of the GEC a Keith-
ey 2601 Source Meter together with a self-programmed LabVIEW
rogram was employed to measure the voltage response with a
esolution of 0.3 ms. However in order be able to measure with this
esolution the acquisition, transfer and storage of readings had to
e separated, leading to an actual measurement interval of 2 s.

The GEC was housed in an evacuated case and the outlet was
et into a pneumatic tray in order to collect the generated gas and

easure the hydrogen capacity of the GEC during the long-term

xperiments. The saturation of the water used in the pneumatic tray
as ensured by leaving a certain amount of hydrogen within the

ray for at least 24 h prior to every experiment. During all long-term
xperiments readings of the hydrogen volume within the pneu-
atic tray as well as environmental air pressure and water column

able 1
ummarized final values of the discharge.

I [mA] DC [1] Imean [mA] tdischarge [h] Energy [Wh] Electric charge [A

30 1 30 61.97 0.34 1.86
50 1 50 35.26 0.26 1.76
30 0.2 6 336.97 0.70 2.10

100 0.2 20 81.88 0.33 1.58
150 0.2 30 56.91 0.22 1.63

a Measured using pneumatic tray and considering pressure conditions.
b Calculated using measured electric charge and losses due to diffusion.
c Calculated using pneumatic tray measurement and theoretical losses due to diffusion
ources 195 (2010) 6024–6030

height were taken repeatedly. All experiments were carried out at
room temperature.

3.2. Measurements

First of all two GECs were discharged with continuous con-
stant loads of 30 mA and 50 mA (the maximum continuous current
specified by the manufacturer). These experiments were followed
by three experiments with a pulsed load of 30 mA, 100 mA, and
150 mA. With a duty cycle of 0.2 a 150 mA pulse current is equiv-
alent to a mean current of 30 mA. In these experiments the GECs
were under load until the cell voltage dropped down to 0.0 V.

In order to characterize the dynamic response for additional cur-
rents a pulsed scan was utilized. With the same setup pulses of
different amplitudes were forced onto the GEC, a sequence of 100
pulses for current levels in between 5 mA and 150 mA.

4. Experimental results and discussion

4.1. Long-term discharge experiments

The actual discharge time, electric charge and energy as well
as generated hydrogen volume are given in Table 1. The measured
hydrogen volume given considers ambient pressure conditions. For
comparison the amount of generated hydrogen is calculated from
the electric charge Q according to Faraday’s law [5] and assuming
an ideal gas and considering losses by diffusion through the water
in the pneumatic tray (DH2 = 3.9 × 10−9 m2 s−1[11]):

VH2,calc = RT

p

Q

2F
− VH2,loss (6)

VH2,loss = RT

p
DH2

CH2

LD
At (7)

The calculated and measured hydrogen volumes show a very
good agreement. Thus the generated volume is given as well in the
table, neglecting the loss due to diffusion.

Fig. 3 shows the cell voltage over time for all long-term exper-
iments. For each experiment with pulsed currents two curves
illustrate the load level voltage and rest voltage for the entire dis-
charge. It can be seen, that the discharge with a pulsed current at
30 mA results in the longest discharge time and most even volt-
age profile with a load level voltage above 0.3 V for 300 h. All other
experiments show a non-uniform voltage profile.

It can be noticed that the load level voltage for the 30 mA
pulsed load is not as low as the voltage level of the comparable
continuous discharge at 30 mA. During the 20 ms load pulse the
cell voltage does not drop down to a steady state. The electric
charge and hydrogen generated during this experiment is about

13% higher compared to the comparable continuous discharge at
30 mA (Table 1). More interesting though and resulting from the
voltage profile is the energy drawn from the cell, which is twice
as high with 0.70 Wh in contrast to 0.34 Wh. Although the GEC
is intended to be used solely for hydrogen generation together

h] Measured hydrogen
volumea [ml]

Calculated hydrogen
volumeb [ml]

Generated hydrogen
volumec [ml]

824 827 848
794 793 804
832 824 956
694 696 720
724 726 742

.
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ation, which is mainly due to the smaller amplitude of the load
current. Furthermore it can be noticed, that the longer time con-
stant around 40 ms generally shows a greater variation than the
shorter time constant around 3 ms. This is due to the short rest time
in between subsequent pulses. Nevertheless it can be seen that the
ig. 3. Cell voltage during continuous and pulsed discharge: (a) all long-term exper-
ments and (b) close-up of experiments with short discharge time, for comparison.

ith a micro fuel cell, this should be considered for an applica-
ion as the voltage level and power of the GEC add to the micro
uel cell voltage and power as both components are connected in
eries.

Assuming a voltage level of 0.87 V for the micro fuel cell [4]
nd considering a mean voltage level of 0.33 V for the GEC at
0 mA pulse load a gravimetric energy density of approximately
87 Wh kg−1 can be achieved neglecting the weight of the fuel
ell. Compared to 252 Wh kg−1 with a commercially available
etal hydride storage canister (Horizon FCC-020) under the same

ssumptions this leads to a 14% gain in energy density. It should
e noted that additional pressure regulators and valves, which are
ecessary for the metal hydride storage, are not considered in the
pproximations and decrease the energy density of a system using
metal hydride storage canister even further.

Fig. 3b shows a close-up of the shorter long-term experiments.
s already noted all of these experiments show a non-uniform volt-
ge profile. The cell voltage of the continuous discharge at 30 mA
hows a local minimum after 36 h, about 58% of the discharge time.
fterwards the cell voltage recovers again. The cell voltage of the
ontinuous discharge at 50 mA shows a little dent after 21 h, as well
bout 58% of the discharge time. The pulsed experiments show an

brupt voltage decline after about 70% of the discharge time. It is
ssumed, that this behavior might be due to a change of the bulk
onductivity within the GEC as described before. The pulsed dis-
harge leads to a delay of this effect. Presumably higher currents
Fig. 4. Transient response to current interrupt, pulse current 30 mA.

lead to a change in the structure of the formed ZnO or a change of
the cell reactions.

The principle dynamic response to the current interrupt after a
load pulse is displayed in Fig. 4. As illustrated there is an imme-
diate rise due to ohmic resistance followed by a slow rise due to
the dynamic characteristics of the GEC. The data analysis software
OriginLab is used to determine the parameters of the represent-
ing exponential function. Within this short current interrupt of
80 ms two superposed exponential functions can be identified. The
first strong rise from 0.361 V to 0.366 V is characterized by a time
constant �1 of 3 ms, the subsequent slow rise up to 0.369 V is char-
acterized by a time constant �2 of 36 ms. Furthermore the ohmic
resistance can be quantified to approximately 450 m� from the
immediate rise.

The calculated time constants for two long-term experiments
with 30 mA and 150 mA pulsed current are illustrated in Fig. 5. As
both experiments lead to different discharge times, the time scale
is normalized to allow comparison. It can be seen that under both
load currents the GEC shows a similar transient response. The time
constants calculated for the 30 mA discharge show a greater vari-
Fig. 5. Measured time constants for long time discharge, 30 mA and 150 mA pulse
currents, DC = 0.2.



6028 M. Weiland et al. / Journal of Power Sources 195 (2010) 6024–6030

F
D

p
t
a
3

d
t
r
a
r
(

U

C

t
r
s
m
g
w
n
t
d
n
h
r
m
d
m
T
b
T
a

r
c
v
o
o
a
p
p
T

ig. 6. Equivalent circuit resistance for long time, 30 mA and 150 mA pulse currents,
C = 0.2.

roceeding discharge of the GEC does not show an impact on any of
he time constants. The mean time constants of both experiments
gree fairly well with 4.0 ms and 42.1 ms for 30 mA and 3.1 ms and
9.8 ms for 150 mA.

Assuming that the dynamic response related to �1 and �2 is
ue to the electrochemical double layer at the cathode and anode
he parameters of an equivalent electric circuit with a resistance
epresenting the activation overvoltage (which is assumed to be
lmost constant at the used currents) in parallel to a capacitance
epresenting the double layer [5] can be calculated according to Eq.
5):

i = icellRi (8)

i = �i

Ri
(9)

The calculated resistances are illustrated in Fig. 6. In addition to
he resistances derived from the exponential approach the ohmic
esistance derived from the immediate rise of the cell voltage is
hown as well in Fig. 6. The results show a broad variation as the
easurement noise is amplified with the calculations. However

eneral trends can be seen. Again the results from the experiment
ith the bigger amplitude show a smoother curve. At the begin-
ing of the experiment the ohmic resistance drops down. During
he experiment with the higher load current the resistance slowly
ecreases for about 60% of the discharge time. Then there is a sig-
ificant rise after 70% of the time and the resistance remains at a
igh level until the end of the experiment. In contrast to the ohmic
esistance R1 and R2 both are low at the beginning of the experi-
ent. However both are increasing as well after about 70% of the

ischarge and remain on this high level until the end of the experi-
ent. This behavior correlates to the voltage drop noted in Fig. 3b.

he resistances of the lower amplitude discharge do not show this
ehavior, but rise continuously until the end of the experiment.
his corresponds to the measured cell voltage as discussed before
s well.

Fig. 7 shows the resulting equivalent capacitances. Whereas C1
emains fairly constant during the whole experiment for both dis-
harge currents, there is a big variation in C2. Neglecting the big
ariation, which once again is attributed to the amplified error
f the second exponential term, the capacitance is in the order

f 300 mF at the beginning of the experiment and drops down to
bout 150 mF at the end of the experiment. Considering a simple
arallel-plate capacitor the capacitance decreases with decreasing
ermittivity or surface area or increasing separation of the plates.
his behavior cannot directly be transformed to the model of the
Fig. 7. Equivalent circuit capacitance from long time discharge, 30 mA and 150 mA
pulse currents, DC = 0.2.

electrochemical double layer which usually is described by the
Helmholtz and Gouy-Chapman theories [6], but due to the changing
composition of the anode an influence on the double layer behavior
might be possible.

An impact of the mass transport is not considered in the long-
term experiments, as it usually is assumed to be proportional to the
current [6] and thus has a constant impact on the voltage response.
The continuous decrease of the cell voltage within the first 2 h of
the long-term measurements might be attributed to this.

4.2. Response to different amplitude of pulse currents

In order to characterize the dynamic response for additional
currents another experiment was conducted using a pulsed scan.
Pulses of current levels in between 5 mA and 150 mA were drawn
from the GEC in a sequence of 100 each.

In addition to the dynamic behavior observed during the long-
term experiments an additional relaxation was observed after each
pulse sequence. Fig. 8 illustrates the calculated time constants in
reference to the pulse current. The time constants derived from the
current interrupt within a pulse sequence are illustrated in Fig. 8a.
There is a big variation of the time constants for smaller currents
which is due to the small amplitude. As the actual response to a
pulse current of 5 mA was too small, the measurement was not con-
sidered in the analysis. Nevertheless it can be seen that in general
the time constant is not depending on the load current. With mean
magnitudes of 3.1 ms for �1 and 37.5 ms for �2 both time constants
agree fairly well with the time constants derived from the measure-
ments of the long-term experiments. The time constants observed
for the current interrupt after a pulse sequence are illustrated in
Fig. 8b. The calculated values originate from measurements made
with the electronic load, which does not measure with a high reso-
lution, but can be directly related to the current interrupt at the end
of a sequence. Again the impact of the small amplitudes onto the
calculated time constants is visible. Nevertheless it can be seen that
both time constants are increasing with increasing pulse current.
Assuming that this behavior is due to mass transport dominated by
diffusion a boundary-layer thickness of 50 �m and 220 �m can be
estimated using a diffusion coefficient of 5 × 10−9 m2 s−1.
Similar to Section 4.1 equivalent resistances and capacitances
are calculated and illustrated in Figs. 9 and 10. Furthermore the
ohmic resistance resulting from this experiment is shown in Fig. 9.
The calculated ohmic resistance seems to be bigger at smaller cur-
rents. In general it is assumed that the electronic load manages to
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ig. 8. Measured time constants for pulsed scan, pulsed currents from 10 mA to
50 mA, DC = 0.2: (a) current interrupt within pulse sequence and (b) current inter-
upt after pulse sequence.
djust the load current to the programmed current until the end
f a pulse and thus that it is valid for calculating the resistances.
ittle differences in the load current have a bigger impact on the
alculated resistances and the actual current might be bigger than
ssumed (being at the lower end of the load range) and leading

ig. 9. Equivalent circuit resistances from current interrupt within pulse sequence,
ulsed currents from 10 mA to 150 mA, DC = 0.2.
Fig. 10. Equivalent circuit capacitance from current interrupt within pulse
sequence, pulsed currents from 10 mA to 150 mA, DC = 0.2.

to a higher calculated resistance. The impact of a bigger load cur-
rent might result in higher calculated resistances R1 and R2 at the
lower end of the current range as well. One should be able to see
the impact of the activation overvoltage here, which should lead to
smaller resistances. In general however the calculated resistances
show a small variation being independent of the load current. The
ohmic resistance dominates over the resistances in the dynamic
elements for all load currents.

Fig. 10 illustrates the calculated capacitances. In contrast to the
results of the long-term experiments the capacitances do not show
such a great variation. With mean values of 37 mF for C1 and 256 mF
for C2 both agree fairly well with the capacitances measured at the
beginning of the long-term experiments.

5. Conclusion

A Zn-based gas evolving cell was studied in this paper. Con-
sidering the highly dynamic requirements posed by portable
applications the dynamic characteristics of the GEC are studied
experimentally. Long-term experiments are conducted to analyze
the performance under continuous and pulsed load currents. A
maximum hydrogen volume of 956 ml was measured for a pulsed
load current of 30 mA (DC = 0.2) with an electrical energy den-
sity of 233 Wh l−1 and 73 Wh kg−1 at a cell volume of 3 cm3 and
weight of 9.58 g, respectively. Considering the generated hydrogen
an energy density of 287 Wh kg−1 could be achieved in connection
with a fuel cell. The dynamic behavior of the GEC was moni-
tored during discharge. Time constants with a magnitude of 3 ms
and 40 ms are derived from the measured voltage characteristics.
These are assigned to the dynamic behavior of the electrochemical
double layer at the cathode and the anode and equivalent circuit
elements are calculated. The resulting resistances show a behav-
ior increasing to a higher level after 70% of the discharge time
which is similar to observed voltage characteristics, which show
a significant decrease at this time. This behavior is explained by
a change of the bulk conductivity within the cell. The resulting
equivalent capacitances are decreasing with increasing discharge
time, which also is attributed to a change in the composition
of the anode. Further experiments with different load currents

show a similar behavior. Additional time constants in the order
of 500 ms and 10 s are observed, which are related to diffusion
processes.

Variations in the measurement results can be attributed to the
imprecise approach of the current interrupt technique but also to
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he measurement equipment operating close to specification lim-
ts. A future characterization using electro impedance spectroscopy

ight yield more accurate results and could include a more detailed
lassification of the observed behavior, by using additional circuit
lements like a Nernstian element or Warburg impedance. Due to
issing material data a specific assignment of the observed pro-

esses cannot be final at this point.
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