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bstract

This paper presents experimental data on the effects of varying ambient temperature (10–40 ◦C) and relative humidity (20–80%) on the operation
f a free-breathing fuel cell operated on dry-hydrogen in dead ended mode. We visualize the natural convection plume around the cathode using
hadowgraphy, measure the gas diffusion layer (GDL) surface temperature and accumulation of water at the cathode, as well as obtain polarization
urves and impedance spectra. The average free-convection air speed was 9.1 cm s−1 and 11.2 cm s−1 in horizontal and vertical cell orientations,
espectively. We identified three regions of operation characterized by increasing current density: partial membrane hydration, full membrane
ydration with GDL flooding, and membrane dry-out. The membrane transitions from the fully hydrated state to a dry out regime at a GDL

emperature of approximately 60 ◦C, irrespective of the ambient temperature and humidity conditions. The cell exhibits strong hysteresis and the
ry membrane regime cannot be captured by a sweeping polarization scan without complete removal of accumulated water after each measurement
oint. Maximum power density of 356 mW cm−2 was measured at an ambient temperature of 20 ◦C and relative humidity of 40%.

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

Diffusion and free convection are the primary transport mech-
nisms for delivering oxygen to the cathode of air-breathing fuel
ells. Air-breathing cells are typically characterized by low out-
ut power densities compared to forced-convection fuel cells
1–3]. They are nevertheless attractive for the portable-power
pplications where the simplicity of free-convection oxidant
elivery can outweigh the cost, limited lifetime, reliability, com-
lexity, noise, volume, weight, and parasitic power consumption
f an auxiliary fan or compressor [4,5]. Balancing water in
ree-convection cells is challenging due the lack of control of

mbient air stream conditions (flow stoichiometry, temperature,
nd humidity).

∗ Corresponding author. Tel.: +1 650 723 7629; fax: +1 650 723 5034.
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Mass transport at the cathode of an air-breathing fuel cell
s driven by natural convection due to density gradients in the
ir. Air density gradients arise from temperature and chemical
pecies gradients around the cathode. The density of air above
he fuel cell cathode is a function of the local temperature, pres-
ure, relative humidity, and oxygen partial pressure. Generally
he cathode surface is warm and wet and conducts heat and
iffuses water vapor to the surrounding fluid. Warm, humid,
nd oxygen starved air near the cathode has a lower density
han the ambient air and drives buoyant flow with forces per
nit volume of the form F = g(ρ−ρamb). Here g is the accel-
ration due to gravity, ρ is the density of the air in the point
f interest, and ρamb is the density of the ambient air. These
uoyant forces are balanced by viscosity and when a critical
ondimensional Grashof number [6] is exceeded, natural con-

ection develops which entrains fresh oxidant to the cathode.
he operation of a free-convection cathode is therefore a com-
lex coupling between heat and mass transfer at fuel cell/air
nterfaces.

mailto:tfabian@stanford.edu
dx.doi.org/10.1016/j.jpowsour.2006.03.054
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Early experimental studies of free-breathing fuel cells
ocused on fuel cells having cathode flow field plates with
traight parallel channels with both ends opened to ambient air
1–3]. These investigations included studies of mass transport
t the cathode [7], water balance [8], and current distribution
9]. The performance of this type of fuel cell is limited by mass
ransport at the cathode, and suffers from uneven current distri-
ution due to humidity redistribution by the hydrogen and air
ows. These cell designs tend to dry-out at high temperatures
nd low humidity and flood at high temperature and high humid-
ty. The maximum reported power density at ambient conditions
as approximately 70 mW cm−2.
Planar air-breathing cells, similar to ones presented here,

acilitate oxygen diffusion and advection of ambient air to the
DL surface by using a thin, stiff current collection plate that
as a large open area [10,11]. Similar to the “open tube” design
iscussed above, experimental studies suggest that planar fuel
ell performance can be severely limited by flooding. Power
ensities as large as 360 mW cm−2 have been reported [12] for
lanar air-breathing cells.

In this paper, we visualize the free convection air-flow at the
athode of a planar, air-breathing fuel cell by means of shadow-
raph imaging. We characterize the cell performance as a func-
ion of ambient temperature and humidity. The fuel cell anode
as operated using dry hydrogen gas in a dead-ended mode

o simulate operating conditions in portable power applications
here fuel efficiency and absence of auxiliary humidification
nits are crucial.

. Experimental methodology

In this section we present the planar fuel cell design, the
xperimental setups for recording polarization curves, electro-
hemical impedance spectra, cathode temperatures, shadow-
raph images, as well as the operation of the environmental
ontrol chamber.

.1. Cell hardware

The fuel cell assembly is shown in Fig. 1. The outer dimen-
ions of the system were 7 cm × 7 cm × 1 cm. The hydrogen
eed chamber is a Delrin back-plate with two hydrogen distri-
ution channels (each 5 mm wide, 5 mm deep, and 3 cm long).
e use a printed circuit board (PCB)-based anode with 1.5 mm
ide parallel flow channels spaced 1.5 mm apart [13,14]. We use
self-humidifying, Nafion 112-based 5-layer membrane elec-

rode assembly (MEA) (BCS Fuel Cells Inc., Bryan, Texas) with
cm × 3 cm active area and 1 mg cm−2 catalyst loading on both

ides. The uncompressed GDL thickness was about 400 �m. A
16 L stainless steel mesh coated with 10 �m Ni and 1 �m Au
erved as the cathode current collector. The top layer of the cath-
de is rigid PCB super structure with 16 square openings 6.4 mm
ide. We deposit 66 �m of Cu, 10 �m Ni, and 1 �m Au on the

CB super structure to facilitate conductance and inhibit corro-
ion [15]. Eight bolts hold the assembly together and the torque
n each bolt is 1 Nm. Silicone rubber gaskets placed between
ndividual layers seal the anode compartment and provide for

(
W
o
T

ig. 1. Exploded view of the air-breathing fuel cell stack comprising anode
eed chamber, parallel channel anode current collector, 3 cm × 3 cm active area

EA, current collecting mesh, and rigid cathode current collector.

ptimal MEA compression. The uncompressed thickness of the
askets between anode current collector and MEA, and cathode
esh and MEA was 380 �m, and 200 �m, respectively.

.2. Thermal plume visualization

We visualized the plume of hot and humid gases near the
uel cell cathode using shadowgraphy. The intensity of shad-
wgraph images is proportional to the second spatial deriva-
ive of the index of refraction [16]. The refractive index of
aseous media is a function of the radiation wavelength, the gas
ensity, and composition as expressed by the Gladstone–Dale
aw. The index of refraction of humid air over the visible and

nfrared spectra is known very accurately due to its importance
n meteorology. The index of refraction of humid air can be
uantified using Edlén’s equation [17] or more contemporary
ormulae [18,19]. The index of refraction is rather insensitive
o the relative humidity of air. For example, using the formu-
ae in [19] at 25 ◦C (assuming constant wavelength and ambient
ressure), the difference in refractivity of dry air to air satu-
ated with water vapor is smaller than the refractivity change
ue to a change in temperature of �T = 3 × 10−7 ◦C. For this
eason, the intensity variations in the shadowgraph images are
argely due to variations in temperature and not water vapor
ontent.

Fig. 2 shows a schematic of the shadowgraphy optical sys-
em. We used a continuous wave, single-line argon-ion laser

National Laser, Salt Lake City, Utah) as a 488 nm light source.

e first expand and spatially filter the beam using a microscope
bjective and pinhole combination (Newport Corp., Irvine, CA).
he diverging beam was collimated by the first of two 1.9 m
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Fig. 2. Schematic of the shadowgraph imaging system. The intensity of shad-
owgraph images is proportional to the second spatial derivative of the index
of refraction. A continuous wave, single-line argon-ion laser beam is expanded
and spatially filtered using a microscope objective and a pinhole. The diverging
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Fig. 3. Schematic of the experimental setup in an environmental chamber. The
cell is surrounded by a hemispherical wire mesh shell to diminish the effects
of forced convection inside the environmental chamber. Inside the chamber the
air temperature and humidity were kept constant at a preset value. We fed cold,
dry air into the chamber for improved humidity control and to retain constant
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eam is first collimated by the first concave spherical mirror, it passes through
he field of interest, and finally it is focused by the second spherical mirror onto
diffuser glass where it is imaged by a CCD camera.

ocal length concave spherical mirrors. The collimated beam
assed through the field of interest and was focused by the second
pherical mirror onto diffuser glass (Edmund Optics, Barring-
on, NJ). We recorded the images at a frame rate of 25 s−1

ith a 1024 × 1024 CCD camera (Cooke, Romulus, Michi-
an). The background external convection was minimized with
300 mm × 300 mm × 300 mm enclosure. The collimated beam
ntered and exited the enclosure through two 100 mm diameter
penings cut into the enclosure.

.3. Environmental chamber setup

We evaluate the effects of the ambient temperature and
umidity on the operation of the air-breathing cell by enclos-
ng the cell in a controlled environment chamber. Fig. 3 shows
he schematic of the experimental setup. It consists of the air-
reathing fuel cell placed inside an environmental chamber
SM-3.5S, Thermotron, Holland, MI). The fuel cell anode com-
artment was fed with 99.999% pure dry hydrogen at a gauge
ressure of 5 psi. The hydrogen flow was monitored with a flow
eter (Series 16, Allicat Scientific Inc., Tucson, AZ). We con-

rolled the operating point of the fuel cell with a computer
ontrolled DC electronic load (6063B, Hewlett Packard, Palo
lto, CA). The electronic load was operated in a four-wire
ode and required a 3.3 V boost power supply (W3.3MT65,
copian, Easton, PA) [20]. The remote sense wires were con-
ected directly to the fuel cell. We monitored the temperature
f the fuel cell with a precision, fine-wire (0.003 in. diameter),
-type thermocouple (Omega Engineering, Stamford, CT) con-

ected to an electronic cold-junction (Fluke 085, Fluke, Everett,
A), digitized by a data acquisition board (DAQPad-6020E,
ational Instruments, Austin, TX). A custom LabView script

ontrolled the experiment and recorded the data. A potentiostat

s
b
t

artial pressure of oxygen. An active load controlled the operating point of the
ell. The cell temperature was monitored by a thermocouple and cell impedance
as measured with a potentiostat.

PCI4/750, Gamry Instruments, Warminster, PA), connected to
second personal computer, measured the fuel cell impedance.

The environmental chamber simultaneously controls the tem-
erature and humidity. The range of environmental conditions
ithin the chamber is limited to a dewpoint of approximately
◦C. We feed the chamber with cold, dry air at a rate of approx-

mately 10 slpm to reduce the dewpoint to nearly −12 ◦C. The
ir supply generates a positive airflow out of the chamber that
nhibits ambient water vapor from diffusing into the chamber
hrough the door seals or wiring ports. Finally, the external air-
upply replenishes the oxygen inside the chamber consumed by
he fuel cell during operation.

The environmental chamber has a fan that re-circulates the
ir inside the chamber and homogenizes the temperature and
ater vapor pressure. This forced convection affects the natural-

onvection at the cathode. We reduce the forced convection
ffects with a hemispherical enclosure, 30 cm in diameter, made
f fine wire stainless-steel mesh surrounding the cell.

We evaluate the effects of forced convection in the environ-
ental chamber on the performance of the cell by measuring

olarization curves and impedance spectra. Fig. 4a shows polar-
zation curves for the environmental chamber deactivated, with
o air supplied, and the chamber door open to the ambient envi-
onment. A second polarization curve was recorded with the
hamber door closed, with dry-air supply on, and the chamber
et to the ambient temperature and relative humidity. The polar-
zation curves differ less than 10 mV up to a current density
f approximately 650 mA cm−2. With further increase in cur-
ent density the difference grows up to a maximum of 55 mV at
00 mA cm−2. This marginal difference in cell potential is likely
ue to the improved mass transfer by the forced convection air-
ow around the fuel cell cathode. The ambient conditions during

his experiment were 21 ◦C and 50% relative humidity.

We also measure the temperature profile across the cathode

urface using a type-K thermocouple. The temperature distri-
ution across the fuel cell surface was nonuniform and the
emperature difference between the center and the edge of the
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Fig. 4. (a) Overall effect of the environmental chamber on performance of the air-breathing cell under following conditions: 21 ◦C, 50% RH, Nafion 112 MEA with
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mg cm−2 Pt loading, 30 s delay between each data point. (b) Effect of the inp
erformed with and without the active load. In both instances the fuel cell opera

pen cathode was as large as 8 ◦C. To ensure reproducible tem-
erature measurements we placed the thermocouple in the center
f the same inner rectangular opening of the cathode superstruc-
ure in a direct contact with the cathode gas diffusion layer.

.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a com-
only used diagnostic tool for the investigation of fuel cell

lectrode processes. It measures system impedance by imposing
small magnitude sinusoidal voltage or current at a given oper-
ting point. The electrical current delivered by our air-breathing
uel cell exceeds the maximum DC polarization current of com-
ercially available potentiostats. We circumvent this limitation

y connecting the potentiostat in parallel with the fuel cell and
he active load (see Fig. 3). During an EIS measurement the fuel
ell was first loaded with a DC polarization current drawn by the
ctive load operated in a constant current mode. Then, the poten-
iostat was set to potentiostatic mode at open cell voltage (OCV),
orresponding to cell voltage at the DC load current, with 10 mV
xcitation voltage. Thus the active load drew the DC current and
he potentiostat supplied the AC current. A disadvantage of this
mpedance measurement approach is that the AC current mea-
ured by the potentiostat is a sum of currents flowing through
he fuel cell and through the DC load due to the finite input
mpedance of the load. Thus, the measured impedance equals
uel cell impedance in parallel with the input impedance of the
ctive load.

We examined the influence of the DC load on the impedance
easurement experimentally. First, the DC load was set to

50 mA. After 10 min stabilization the fuel cell potential settled
o 806 mV and the first impedance spectra was recorded with
he DC load connected in parallel to the fuel cell. Immediately
fterwards, the DC load was disconnected from the fuel cell
nd a second impedance spectra was recorded. The potentio-
tat was operated in potentiostatic mode with the polarization
otential set to 806 mV, matching the potential in the previ-
us measurement with the active DC load. Fig. 4b shows the

mpedance spectra with and without the DC load in parallel.
he two measurements deviate less than 3 m� at low frequen-
ies. The impedance difference at low frequencies (right side)
ay be an effect of the load impedance as well as drift of the

a

a
t

edance of the active load on impedance spectra. The EIS measurements were
oint was 450 mA at 806 mV and the excitation voltage was 10 mV.

uel cell operating point. Overall, the effect of the DC load oper-
ted in the constant current mode on the EIS measurement is
egligible at the impedances of interest.

We interpret the impedance spectra in accordance with previ-
us work [21,22]. Generic fuel cell cathode impedance spectra
nclude a curve with two arcs representing kinetic and mass
ransport losses. The first, high frequency arc represents kinetic
osses due to oxygen reduction reaction (ORR) in the catalyst
ayer and the second, lower-frequency arc represents mass trans-
er losses due to diffusion of oxygen in the gas diffusion layer.

The typical impedance spectrum of an air-breathing fuel
ell operating near OCV consists of a single, high frequency
emicircle, similar to those shown in Fig. 4b. The intercept of
he high frequency arc (left side) with the real axis (abscissa),
hf corresponds to the total ohmic resistance of the cell. The
hmic resistance can be expressed as a sum of ionic resistance
f the membrane, Rion, and electronic resistance, Relec, of the
ell components: current collectors, cathode mesh, gas diffu-
ion backings, catalyst layers, and the contact interfaces between
hem. The electronic resistance component is relatively constant
nd only marginally degrades over the lifetime of the compo-
ents. We approximate the electronic resistance of the system
s 11 m� by measuring the resistance of the stack without the
afion membrane and assume that it remains constant during our

xperiments. The membrane ionic resistance is a strong function
f the membrane water content and membrane temperature.

The typical impedance spectrum plots the negative imagi-
ary part of cell impedance as a function of the real part of the
ell impedance at a given operating point. The shapes and posi-
ions of impedance spectra vary depending on the cell operating
ondition. It is therefore difficult to compare impedance spectra
or different operating conditions in a single plot. The most dra-
atic variation of the impedance spectra is due to changes in the

hmic resistance leading to large shifts of the impedance plots
long the abscissa. We use a modified impedance plot where
he negative imaginary part of the cell impedance is plotted as a
unction of the ohmic resistance-corrected real part of the fuel
ell impedance. This allows for easy comparison of the kinetic

nd mass transfer arcs at different operating conditions.

The cell potential at a given operating point is affected by
ctivation, kinetic, and ohmic loss mechanisms. We can visualize
he kinetic and mass transfer losses independent of the ohmic
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osses by plotting the IR-compensated potential as a function of
urrent density. The IR-compensated potential is the measured
otential plus the voltage drop due ohmic resistance, given as

IR = V + IRhf,

here V is the cell potential, I is the cell current, and Rhf is the
otal ohmic resistance. The slope of the IR-compensated polar-
zation voltage as a function of current density is proportional
o the low frequency intercept of the modified impedance spec-
ra and represents the sum of the equivalent kinetic and mass
ransfer resistances [23].

.5. Dead ended operation

The hydrogen flow rate at OCV was 0.3 sccm corresponding
o approximately 4.5 mA cm−2 equivalent current density. This
as flow rate arises from hydrogen crossover through the Nafion
embrane [24,25]. We observed no hydrogen leaks when we

mmersed the pressurized cell in a de-ionized water bath.
The anode compartment of dead-ended fuel cells must be

eriodically purged. Purging is required to remove product
ater, inert impurities present in the hydrogen, and the nitro-
en diffusing from the cathode to the anode. The accumulated
itrogen decreases the partial pressure of hydrogen and there-
ore reduces fuel cell current density [26]. This effect can couple
ith fuel cell performance changes due to water imbalance and

hould therefore be avoided. We evaluated the effects of inert
as accumulation over a time period typical to a single experi-
ent (approximately 2 h). We operated the fuel cell at a constant

oltage of 0.85 V for a total time of 2 h. During this experiment,
e purged the anode compartment for 3 s after 40 min and after
05 min. The immediate change of fuel cell current after the
nert gas purge was less than 7 mA or 2% of the total fuel cell
urrent.

.6. Measurement procedure

A new MEA experiences a “break in” period where the resis-
ance gradually decreases during the initial use [27]. We avoid
iasing due to break-in period by conditioning each new mem-
rane in the cell for 10 h at 0.5 V at an ambient temperature of
0 ◦C and relative humidity of 80%.

The fuel cell was conditioned prior to each experiment. First,
e remove any condensed water by purging the anode compart-
ent and cathode surface with dry air. Next, we purge the anode

ompartment with hydrogen and seal off the anode. At each
nvironmental set point we place the fuel cell inside the cham-
er and operate the cell at OCV for 15 min followed by a 900 mA
100 mA cm−2) constant current conditioning for 10 min.

We characterize the performance of the air-breathing fuel cell
y continuous and point-by-point polarization scans. In a con-
inuous scan, the fuel cell current increases by 450 mA steps
50 mA cm−2) in 5 min intervals until the cell voltage drops

elow a certain threshold level, typically 0.4 V. After each cur-
ent step, we allow the fuel cell voltage to stabilize and measure
he cell potential and record an impedance spectrum. The dura-
ion of a single impedance spectrum measurement is about 1 min

o
d
c
o

Sources 161 (2006) 168–182

nd begins roughly 4 min after each current step. During the EIS
easurements the potentiostat is operated in potentiostatic mode

t the cell potential. The amplitude of the applied excitation volt-
ge is 10 mV and the excitation frequency is varies from 10 kHz
o 1 Hz. We record the fuel cell voltage and temperature over the
ntire duration of the scan.

In a point-by-point scan, the fuel cell current is increased in
00 mA (100 mA cm−2) steps. Prior to each current set point
he fuel cell is disconnected from the measurement appara-
us, disassembled and both the cathode mesh as well as anode
ow channels are purged with dry air. We reassemble the cell
nd weigh it on a microbalance (XE-510, Denver Instruments,
enver, CO). Next, we reconnect the cell to the measurement

pparatus inside the environmental chamber, let the cell temper-
ture and membrane humidity stabilize for 15 min, condition at
00 mA for 10 min, and operate the cell for 2 h at a constant cur-
ent. After 2 h of operation the impedance spectrum is recorded.
inally, the fuel cell is disconnected from the measurement setup
nd weighed. We interpret the difference in weight before and
fter the run as a measure of the accumulated water. We record
he fuel cell voltage and temperature over the duration of the
ntire scan. At higher current densities the fuel cell typically
xperiences a catastrophic dry-out within the 2 h time interval.
n these cases we restart the measurement with the DC load
perated in a constant potential mode. We set the cell potential
o the voltage recorded at the last stable DC load current setting
nd repeat the measurement with 0.1 V voltage steps down to
.4 V.

. Results and discussion

In this section we first present shadowgraphy images of the
hermal plume and measurements of the average plume velocity.
ext, we present cell potential, GDL temperature, impedance

pectra, and membrane resistance using the continuous scan over
wide range of environmental and operating conditions. We

nd this section with point-by-point measurements of the cell
ower density and accumulated liquid water over a range of
nvironmental conditions.

.1. Free convection visualization

Fig. 5 shows a representative series of shadowgraphy images
f the plume surrounding the air-breathing fuel cell in the hori-
ontal (top) and vertical (bottom) positions. The ambient condi-
ions in the room were 25 ◦C and 35% relative humidity. The fuel
ell was run in a potentiostatic mode at a cell potential of 0.4 V
nd a resulting current density of approximately 700 mA cm−2.
e measured an average, steady state cathode GDL temperature

f 65 ◦C.
When the fuel cell was oriented with the cathode surface

orizontal (in the x–y plane), we observed buoyant jets intermit-
ently rise from the surface. The first few images in the top row

f Fig. 5 show the start of one such event (near the surface) and
issipation of a jet already well away from the surface. Heat
onduction as well as diffusion of water vapor and molecular
xygen from the cathode surface into the surrounding air
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ig. 5. Thermal plume shadowgraph visualizations of air-breathing fuel cell. Th
o a horizontal fuel cell cathode surface (gravity is in the negative z-direction). B
he case where the fuel cell surface is vertical (gravity is in the negative x-direc
xperiments were performed in the horizontal orientation shown above.

rovide for density gradients and therefore buoyancy forces,
hich are dissipated by viscous stresses. When the cell active

urface was oriented perpendicular to gravity, plumes of hot,
umid, and oxygen starved gases were periodically shed from
he fuel cell surface at a rate of roughly 2.5 s−1. The observable
radients of these buoyant jets convected upwards at a velocity
f about 9.1 cm s−1. We measured these velocities using a
ross-covariance of a region of interest of consecutive shad-
wgraph images (top). The region of interest begins just above
he cathode surface and extends to the top edge of the image.
he pockets of hot, humid gas expanded in the x–y direction
s they convected upward, and then appeared to “burst” and
isperse into the ambient air. Each new plume was formed near
he center of the cell (see the small dark hemispherical structure
ear the fuel cell surface in the first image of the top sequence).

When the cell cathode surface was oriented vertically (bot-
om of Fig. 5) the density gradients of the plume were much
tronger and the plume was confined to a smaller region roughly
orresponding to the 7 cm2 projected area (in the x-direction) of
he fuel cell. In this orientation, the shear layers of the plume
eriodically rolled up into loose vortices. The vertical struc-
ures convected upwards at a velocity of roughly 11.2 cm s−1,

arginally greater than those of the horizontal orientation. A
reater buoyant velocity is expected in the vertical orientation
ecause the same heat must be convected away from the cell sur-
ace by a smaller projected surface area (in respect to gravity).
he measured natural convection velocities were on the same

rder as the forced convection velocities typically measured in
ndoor air spaces [28,29]. To our knowledge, this is the first shad-
wgraph visualization of natural convection around the cathode
f a planar air-breathing fuel cell.

d
s
t
p

l cell boundaries are shown as a white box. The top row of images corresponds
nt plumes of hot, humid air convect upwards. The bottom row of images shows
nd the open cathode is facing in the positive z-direction). The majority of the

.2. Effects of scan rate on cell potential and GDL
emperature

The time interval at which the current density is stepped dur-
ng a polarization scan affects the measured results. In particular,
he stabilization time between changes in the current density

ust be long enough for the cell to reach steady state oper-
tion, which often results in long experiment durations. The
ime required to achieve steady state operation is a function
f many factors including current density, ambient temperature
nd humidity, initial water content of the membrane, as well
s the GDL properties, cell temperature, thermal mass of the
uel cell assembly, etc. We measured polarization data in con-
inuous mode for stabilization time intervals of 10 s and 5 min
s discussed in Section 2.6. Fig. 6a shows continuous polariza-
ion scans for 10 s and 5 min time intervals in the forward and
everse directions. The polarization curve recorded with 10 s
etween current increments shows strong hysteresis. The differ-
nce in fuel cell voltage between forward and reverse scan is
s large as 60 mV at some current densities. The second polar-
zation curve recorded with a 5 min delay between the current
ncrements shows less than 15 mV hysteresis. The cathode GDL
emperature for the two time intervals is shown in Fig. 6b. The
verage cell temperature hysteresis is 15 ◦C and 4 ◦C for the 10 s
nd 5 min time intervals, respectively.

We select the 5 min interval time for the remainder of the
ontinuous scan experiments because it showed only marginal

ifferences in the forward and reverse polarization scans. A
ingle forward continuous polarization scan, including stabiliza-
ion and conditioning, takes up to 2 h. Later, in Section 3.5, we
resent experiments with 2 h durations to study water accumu-
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ig. 6. Effect of 10 s and 5 min interval time on the continuous mode polariza
1 ◦C and 50% relative humidity.

ation and membrane hydration. The quantitative data presented
n this paper represents over 150 h of total cell run time.

.3. Effects of ambient temperature and humidity on fuel
ell performance

In this section we present results of the cell performance as a
unction of the ambient temperature and humidity. For each set
f experiments we keep the temperature constant and vary the
mbient humidity and operating conditions. Figs. 7–10 show the
ffect of ambient humidity on cell potential, cathode GDL tem-
erature, and impedance spectra at ambient temperature of 40,
0, 20, and 10 ◦C, respectively. These data were recorded over
four day period. The chamber temperature was varied from

0 ◦C to 10 ◦C in 10 ◦C increments. During each day, the cham-

er temperature was kept constant and then decreased between
easurement days. Each day four continuous polarization scans
ere recorded at relative humidity of 20, 40, 60 and 80%,

espectively.

a
m
r
b

ig. 7. Measured fuel cell data at 40 ◦C ambient temperature: (a) polarization (solid)
s a function of current density; (c) modified fuel cell impedance at 40% relative hum
ensity and the IR-compensated fuel cell potential; and (d) GDL surface temperature
urves (a) and the cathode GDL temperature (b). The ambient conditions were

.3.1. Humidity variations on fuel cell performance at
0 ◦C

At an ambient temperature of 40 ◦C the relative humidity has
strong impact on the fuel cell performance, as shown in Fig. 7a.
his figure shows both measured potentials and IR-compensated
otentials as a function of the current density. The fuel cell
erformance improves with increasing ambient humidity. The
easured peak power increases from 250 mW cm−2 at 20%

elative humidity to 310 mW cm−2 at 80% relative humidity.
he IR-compensated polarization curves show only a marginal
ependence on ambient humidity. The rapid drop in fuel cell
otential at the end of the polarization scans is not apparent in
he IR-compensated curves. This suggests that the ionic resis-
ance of the membrane is the dominant loss mechanism at 40 ◦C.

Fig. 7b shows strong variation of the membrane resistance as

function of current density and relative humidity at 40 ◦C. The
embrane resistance initially decreases with current density,

eaches a minimum value, and then increases rapidly. The mem-
rane resistance decreases due to membrane self-humidification

and IR-compensated polarization curves (open); (b) high frequency resistance
idity, and with current density as parameter. The plot legend shows the current
.
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ig. 8. Measured fuel cell data at 30 C ambient temperature: (a) polarization (
s a function of current density; (c) modified impedance plot of fuel cell imped
lot legend shows the current density and the IR-compensated fuel cell potentia

ith product water and self-heating with reaction heat. When the
uel cell current density exceeds approximately 300 mA cm−2

he GDL surface temperature equals or exceeds 55 ◦C (see
ig. 7d) and membrane resistance increases due to excessive

vaporation from the cathode surface.

Fig. 7c shows a modified impedance plot for six of the larger
urrent densities at a relative humidity of 40%. The impedance
pectra at 40 ◦C consist of a single high frequency arc with

o
f
i
c

ig. 9. Measured fuel cell data at 20 ◦C ambient temperature: (a) polarization (solid)
s a function of current density; (c) modified impedance plot of fuel cell impedance
lot legend shows the current density and the IR-compensated fuel cell potential; and
and IR-compensated (open) polarization curves; (b) high frequency resistance
at 40% ambient relative humidity, and with current density as parameter. The
(d) surface temperature of the GDL as a function of current density.

he exception of the impedance spectra obtained at 80% rela-
ive humidity where onset of second arc at the current densities
bove 550 mA cm−2 is observed but not shown here. Upon care-
ul inspection, we observe a decrease in the radius of curvature

f the high frequency arc when the current density increases
rom 250 to 450 mA cm−2. The arc radius increases with further
ncrease in the current density to 500 mA cm−2. The radius of
urvature of the high frequency arc is a measure of the oxygen

and IR-compensated (open) polarization curves; (b) high frequency resistance
at 40% ambient relative humidity, and with current density as parameter. The
(d) surface temperature of the GDL.
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Fig. 10. Measured fuel cell data at 10 ◦C ambient temperature: (a) polarization (solid) and IR-compensated (open) polarization curves; (b) high frequency resistance
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s a function of current density; (c) modified impedance plot of fuel cell imped
ensity as parameter. The plot legend shows the current density and the IR-com
ensity.

eduction reaction kinetic resistance and it is affected by the cath-
de overpotential as well as the oxygen concentration and the
rotonic conductivity in the catalyst layer [30]. Hence, both lim-
ted protonic conductivity in the catalyst layer due to insufficient
atalyst ionomer humidification and low cathode oxygen con-
entration due to mass transport limitations increase the radius
f curvature of the high frequency arc. A single large arc with
pronounced 45◦ angle at the high frequency intercept indi-

ates a kinetic limitation due to decreased ionic conductivity in
he catalyst. A large primary arc with the presence of a second
rc indicates losses due to oxygen mass transport limitations.
he modified impedance spectra shown in Fig. 7c consist of a
ingle high frequency arc without any indication of a mass trans-
ort indicating second arc. This suggests that there are no mass
ransfer limitations at ambient temperatures of 40 ◦C, relative
umidity of 40%, and current densities as large as 500 mA cm−2.
he uniform radius of curvature of the high frequency arc is in
greement with the nearly constant slope of the IR-compensated
olarization scan.

Fig. 7d shows the GDL surface temperature as a function of
urrent density for four values of relative humidity. The tem-
eratures overlap at low current density and diverge at higher
urrent density. At higher current densities, we measure lower
emperatures with increasing ambient humidity. This behavior is
onsistent with a more hydrated membrane, lower ohmic losses,
nd reduced joule heating.

.3.2. Humidity variations on fuel cell performance at

0 ◦C

At an ambient temperature of 30 ◦C the impact of relative
umidity on the overall fuel cell performance is less than at
0 ◦C. Fig. 8a shows polarization scans as a function of relative

p
r
7
h

t 10 ◦C ambient temperature, 40% ambient relative humidity, and with current
ated fuel cell potential; and (d) GLD temperature as a function of the current

umidity. The cell performance improves with increasing ambi-
nt humidity as in the 40 ◦C case. The peak power increases from
14 mW cm−2 at 20% relative humidity to 348 mW cm−2 at 80%
elative humidity. The IR-compensated polarization curves show
inor dependence on ambient humidity. The slight change of

lope of the IR-compensated curves at current densities above
00 mA cm−2 suggest kinetic and/or onset of mass transfer
osses.

Fig. 8b shows the membrane resistance at 30 ◦C as a function
f current density at four relative humidities. The membrane
esistance behavior at 30 ◦C is similar to the 40 ◦C case. At
0 ◦C the cell reaches the minimum resistance at approximately
00 mA cm−2 (in contrast to 300 mA cm−2 at 40 ◦C). At this
ower temperature, the region of low membrane resistance is
roadened over a wider range of current densities and becomes
nsensitive to humidity at higher relative humidity. This result
uggests that the membrane is fully humidified, hence insen-
itive to further ambient humidity increases, and the variation
f membrane resistance is only due to changes in membrane
emperature.

Fig. 8c shows a modified impedance plot for the six largest
urrent densities of the polarization scan at an ambient tem-
erature of 30 ◦C and relative humidity of 40%. The measured
mpedance spectra consist of a single high frequency arc with
adius of curvature that initially decreases with increasing cur-
ent density. However, at current densities above 550 mA cm−2

he onset of a second arc is visible, which is an indication of cath-
de losses due to oxygen diffusion in the gas diffusion layer. We

resent the surface temperature of the GDL as a function of cur-
ent density in Fig. 8d. The temperature increases from 30 ◦C to
3 ◦C with current density. The temperature does not vary with
umidity except at current densities exceeding 650 mA cm−2.
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.3.3. Humidity variations on fuel cell performance at
0 ◦C

At an ambient temperature of 20 ◦C the cell performs dif-
erently than at higher ambient temperatures. The polarization
ata in Fig. 9a shows that cell potential increases with increas-
ng ambient humidity in the range of 20–40%. We attribute this
ncrease to increasing membrane hydration. The cell potential
ecreases with further increases in ambient relative humidity
n the range of 60–80%. The performance decreases at these
igher humidities due to reaction product water flooding of the
DL. A flooded GDL inhibits the diffusive transport of oxy-
en to the cathode. We measure a peak power of 356 mW cm−2

t 40% ambient relative humidity. The IR-compensated polar-
zation curves show improvement with increasing humidity in
he first half of the polarization scan (at current densities below
50 mA cm−2), suggesting improved protonic conductivity of
he catalyst layer with increasing humidity. In the second part of
he polarization scan, at current densities above 450 mA cm−2

he IR-compensated cell potential decreases with increasing
umidity due to growing mass transfer impedance caused by
he onset of flooding.

Fig. 9b shows membrane resistance as a function of current
ensity at four discrete relative humidities and 20 ◦C ambient
emperature. At this lower ambient temperature, we observe that
he membrane resistance varies much less over the tested cur-
ent density range as compared to membrane resistance at 30 ◦C
nd 40 ◦C. The resistance curves converge and remain relatively
nvariant over a wide range of current densities. The minimum
esistance is located at approximately 600 mA cm−2 at a GDL
urface temperature of approximately 59 ◦C. These results sug-
est that the membrane is well hydrated at moderate current
ensities and variations in membrane resistance are largely due
o membrane temperature.

Fig. 9c shows a modified impedance plot for largest six cur-
ent densities tested at the ambient temperature of 20 ◦C and
elative humidity of 40%. The impedance spectra show charac-
eristic mass transfer limitations where the high frequency radius
f curvature increases with current density. We present the GDL
urface temperature as a function of current density at four dis-
rete ambient humidities in Fig. 9d. The temperature increases
rom 20 ◦C at OCV to 68 ◦C at current density of 700 mA cm−2.
t 20 ◦C the GDL temperature profiles do not vary with relative
umidity.

.3.4. Humidity variations on fuel cell performance at
0 ◦C

At an ambient temperature of 10 ◦C we observe that the
uel cell performance decreases with increasing ambient humid-
ty, which suggests that the GDL is flooding. We measure

decrease in the peak power from 302 mW cm−2 at 20%
elative humidity to 285 mW cm−2 at 80% relative humidity.
he IR-compensated polarization curves show minimal depen-
ence on ambient humidity in the first half of the polariza-

ion scan and mass transfer losses at current densities above
00 mA cm−2. The IR-compensated polarization curves show
dramatic change of slope above about 400 mA cm−2 (see

ig. 10a).
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Fig. 10b shows the membrane resistance as a function of cur-
ent density at four discrete relative humidities. The resistance
s approximately a linear function of the current density and
o longer a function of ambient humidity. The minimum resis-
ance is reached at a current density of about 650 mA cm−2 at a
DL surface temperature of nearly 59 ◦C. These results sug-
est that the membrane is well hydrated with product water
nd the variation of the membrane resistance is due solely
o membrane temperature (see also Fig. 10d). The modified
mpedance data recorded at a relative humidity of 40% in
ig. 10c also show evidence of GDL flooding. Flooding is
vident from an increase in arc radius with increasing current
ensity.

The surface temperature of the GDL as a function of current
ensity is shown in Fig. 10d. The plots for different relative
umidity overlap over the entire range of measured current
ensities with slight variations at the highest current densities.
he GDL surface temperature gradually increases from about
0 ◦C with the cell at OCV, to 59 ◦C at a current density of
50 mA cm−2.

.4. Role of temperature on cell performance

In this section we concentrate on the role of temperature on
ell performance. Fig. 11 shows polarization scans and mem-
rane resistances as a function of temperature and humidity.
he data in these plots are obtained from the experiments pre-
ented in Section 3.3. The polarization curves in Fig. 11a show
hat at 20% ambient humidity the maximum cell power out-
ut is obtained at 20 ◦C. At lower temperatures (10 ◦C) the cell
oods and at higher temperatures (30 ◦C and 40 ◦C) the cell
ries out. The membrane resistance plots of Fig. 11b reinforce
hat the membrane dries out at low relative humidities and tem-
eratures above 30 ◦C. At 40% relative humidity we observe
nly minor change in fuel cell performance as a function of
emperature compared to operation at 20% relative humidity
see Fig. 11c). At this increased humidity, flooding at 10 ◦C is
ore apparent as indicated by a rapidly falling IR-compensated

ell potential at high current densities. At 60% relative humidity
he maximum fuel cell performance is obtained in a range of
0–30 ◦C (see Fig. 11e). Outside of this range there is a loss in
ell potential due to flooding (lower temperatures) or insufficient
embrane hydration (higher ambient temperatures). At 80%

elative humidity we obtain maximum performance at 30 ◦C.
t low current densities the membrane resistance decreases
ith increasing temperature as shown in Fig. 11h. The mini-
um resistance is a function of the ambient temperature. As we

ncrease the ambient temperature the current density value at
hich the membrane resistance reaches a minimum decreases.
t larger current densities (e.g. past the minimum resistance)

he membrane dries out.
These results suggest that the rise in the cell temperature

ue to reaction heat and ohmic losses greatly affects the per-

ormance of the cell. The temperature difference between the
DL surface temperature, TGDL, and the ambient air tem-
erature, Tamb, is plotted as a function of produced fuel
ell heat, Qtot, in Fig. 12a. We define the fuel cell heat
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Fig. 11. Cell potential and high frequency membrane resistance, Rhf, as a function of current density at varying ambient temperature and humidity: (a, b) rh = 20%;
(c, d) rh = 40%; (e, f) rh = 60%; and (g, h) rh = 80%.

Fig. 12. (a) Temperature difference between GDL surface and ambient as a function of heat generated by the cell at 80% relative humidity and four ambient
temperatures and (b) high frequency resistance as a function of GDL surface temperature, at 80% relative humidity and four ambient temperatures. The high
frequency resistance is a good measure of membrane resistance and membrane hydration.
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s,

tot =
(

−�Hrxn

nF
− E

)
× I (1)

ere E is the fuel cell voltage, I is the fuel cell current, n is
he number of electrons transferred per mol in the reaction,

the Faraday constant, and �Hrxn, is the molar enthalpy of
xygen–hydrogen combustion reaction assuming the product
ater is a liquid. The slope of the plot in Fig. 12a is inversely
roportional to the average heat transfer coefficient between the
ell and the environment. The heat is transferred from the cell
y natural convection at the bottom and at the top of the cell,
y radiation from the cell surfaces, by conduction to the mesh
n top of which the cell is placed, and by partial evaporation
f product water from the open cathode surface. In theory, heat
ransfer rates due to radiation, natural convection, and evapora-
ion increase with cell temperature. Our data suggests only weak
ependence of the average heat transfer coefficient on surface
emperature.

The cell self-heating dramatically impacts the membrane
onductivity. Fig. 12b shows the ohmic resistance as a func-
ion of GDL temperature at 80% ambient relative humidity for
our ambient temperatures. For temperatures between 10 ◦C and
0 ◦C the membrane is well hydrated with product water and
he membrane resistance is, to a good approximation, only a
unction of the GDL temperature. In this range the membrane
esistances collapse to a single curve and are not a function of
he ambient temperature. At temperatures greater than 60 ◦C
he resistance increases as the membrane dries out. Note that
he minimum resistance value of 20 m� is reached at approx-
mately 55–60 ◦C independent of the ambient temperature. We
t these results with the empirical Nafion conductivity model of
pringer et al. [30], given as

hf = Relec + Rion = Relec

+ tmem

Amemσ30 exp(1268((1/303) − (1/(273 + TGDL))))
(2)

here Relec is the electronic part of the high frequency resistance,
mem is the active area of the membrane, tmem is the thickness
f the membrane, σ30 is the membrane conductivity at 30 ◦C
nder full water saturation, and TGDL is the membrane tempera-
ure. We measured the electronic resistance as 11 m�, the active

embrane area as 9 cm2, and use a Nafion 112 membrane thick-
ess of 51 �m. Using σ30 as the sole fitting parameter we fit Eq.
2) to all of the data in Fig. 12b for temperatures below 50 ◦C.
sing this method we estimate the Nafion 112 membrane ionic

onductivity of 0.048 S cm−1 at 30 ◦C. The published values
or proton conductivity of Nafion membranes vary consider-
bly due to a variety of environments (H2SO4, water, water
apor, humidified gasses), temperatures (20–95 ◦C), experimen-
al methods (DC, AC impedance spectroscopy) adopted during

he conductivity measurements. For a recent review of published
onductivity measurements see [31]. Our measured value may
e biased towards lower conductivity due to temperature gradi-
nts along the membrane surface.

i
n
s
d
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Fig. 12b shows that the membrane resistance deviates from
he model at surface temperatures above approximately 55 ◦C.
t these larger surface temperatures the cell tends to dry out.
bove 60 ◦C the water flux due to evaporation from the GDL

urface exceeds the water flux generated at the cathode, result-
ng in a dry membrane and an increase in membrane resis-
ance. The cell experienced a thermal runaway when operated
n constant current mode and when surface temperature due to
elf-heating exceeded the critical dry-out temperature of approx-
mately 55–60 ◦C. As the GDL surface temperature exceeded
0 ◦C the membrane water content decreased and resulted in an
ncrease of membrane resistance, which in turn increased the
mount of generated heat and consequently the GDL surface
emperature. Consequently, the cell voltage rapidly collapsed
ue to rapid increase in membrane resistance.

.5. Water accumulation

In this section we investigate water accumulation in the dead-
nded, air-breathing fuel cell with point-by-point polarization
cans. The relative humidity was kept constant at 40% while the
mbient temperature was varied from 10 ◦C to 30 ◦C in 10 ◦C
teps.

Fig. 13 compares fuel cell potential, high frequency resis-
ance, and GDL temperature obtained by the continuous polar-
zation scan (5 min stabilization between data points) and the
oint-by-point polarization scan (2 h operation at each oper-
ting point with water purge after each measurement point).
he dotted lines in the polarization plots represent fuel cell
perating points with heat losses that result in a GDL surface
emperature of approximately 60 ◦C. The area to the right of the
sothermal line is the regime of where the cell membrane dries
ut.

Fig. 13a shows that the point-by-point polarization scan over-
aps with the continuous scan at 10 ◦C and current densities of
00 mA cm−2 or less. In the range of 200–600 mA cm−2, the
h measurements drop slightly below the continuous scan. At
urrent densities greater than 600 mA cm−2 the cell operated
n continuous mode outperforms the cell operated in the point-
y-point mode. At current densities between 200 mA cm−2 and
00 mA cm−2 the cathode is severely flooded during the 2 h
peration time. Water accumulation at the cathode occurs in
everal phases. First, small water droplets condense on the
athode mesh typically along the edges of the super structure
penings. The droplets grow in size and eventually coalesce
nto a single large droplet roughly centered at each cathode
pening. In some cases, these larger droplets fully block the
uper-structure openings. For the point-by-point scan and at
urrent densities in excess of 600 mA cm−2, self-heating leads
o faster evaporation, reduction of cathode flooding, improved

ass transfer and the point-by-point scan outperformed the
ontinuous scan. At current densities above 700 mA cm−2, the
embrane begins to dry out and the high frequency resistance
ncreases. In the continuous scan mode the membrane does
ot dry out at these high current densities since the cell has
tored water from the measurements made at lower current
ensities.



180 T. Fabian et al. / Journal of Power Sources 161 (2006) 168–182

F tance
a (c, d)
t

a
m
d
c
p
i
0
b
s
d
s
t
d
a
c
i
i
p
w
f
o
t
d

2
b
current density, reaches a maximum, and then quickly drops to
zero. Large volumes of water suggest that the cell is flooding.
Each data point in Fig. 14a is labeled with a percentage value
of accumulated water. This percentage of condensed water is
ig. 13. Comparison of IV curves, GDL temperature, and high frequency resis
mbient humidity of 40% and varying ambient temperatures: 10 ◦C (a, b); 20 ◦C
emperature due to self-heating reaches 60 ◦C.

Fig. 13(c) and (e) show that at 20 ◦C and 30 ◦C we observe
reduction in the cell potential at larger current densities as the
embrane dries out. As is presented for the 10 ◦C case, the cell

ries out when it reaches 60 ◦C. Fig. 13(c)–(f) show that the
ell reaches 60 ◦C (shown as dotted isotherm in (c) and (e)) at
rogressively lower current densities as the ambient temperature
ncreases. In Fig. 13c, the cell reaches 625 mA cm−2 at both
.55 V and 0.3 V. The operating point at 0.3 V was obtained
y operating the cell in potentiostatic mode. The continuous
cans fail to capture the rapid membrane drying at high current
ensities measured by the point-by-point scan. The continuous
can over predicted cell performance under ambient condi-
ions where water condensation occurred at medium current
ensities. The condensed water stored on the cathode surface
s well as in the anode manifold transiently improved the
ell performance in continuous scans where dry-out occurred
n point-by-point scan. Increasing the time between current
ncrements during the continuous scan will not resolve this
roblem, since longer dwell time between current increments
ill lead to proportionally more condensed water stored in the
uel cell. These results show that the performance of the cell is
peration path dependent. Therefore it is important to consider
he operation history of the cell when interpreting fuel cell
ata.

F
e
o
A

obtained with a point-by-point and continuous polarization scans at a relative
; and 30 ◦C (e, f). Dotted line in a, c, and e indicates isotherm where the surface

Fig. 14a shows the measured volume of condensed water after
h of operation at each operating point of the cell using the point-
y-point mode. The amount of condensed water increases with
ig. 14. Volume of water condensed in the fuel cell after 2 h of operation at
ach operating point. The labels next to the data points represent the amount
f condensed water as a fraction of the produced water at each operating point.
ccumulated liquid water volume was deduced from weight measurements.
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Fig. 15. Contour map of power density: (a) condensed water volume and (b) after 2 h of operation as a function of ambient temperature and humidity. The values
w he p
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ere measured at discrete operating conditions denoted by the circle markers. T
elative humidity and near T = 20 ◦C. Power density is limited by dry-out at hig
s a strong function of ambient temperature and increases with decreasing temp

easured as the accumulated water normalized by the amount
f water that is theoretically generated by the cell during 2 h of
peration at a given current density. This fraction is expressed
y

ma

t(I/nF )MH2O
, (3)

here ma is the weight of accumulated water, t is the duration
f experiment, I is the time averaged cell current, n is the num-
er of electrons transferred per mol of reaction, F is Faraday’s
onstant, and MH2O is the molecular weight of water. At 10 ◦C,
early 50% of the product water condenses, at 20 ◦C approxi-
ately 30% condenses, and at 30 ◦C only 17% condenses. The

ocation of water condensate was not restricted to the cathode
urface but also occurred in the anode gas manifold. In fact, the
node condensation occurred in areas closest to the outer cor-
ers of the fuel cell where the temperatures are lowest. We could
ot distinguish the anode and cathode contributions to the total
ccumulated water. Note that both the anode and cathode con-
ensate is a consequence of thermal gradients, flow field, and
peration, and strongly depends on the cell design and coupling
ith the ambient conditions.
Finally, we investigate the effect of ambient conditions on fuel

ell performance at a constant operating voltage of 0.6 V. We run
he fuel cell for 2 h at ambient temperatures of 10, 20, 30 and
0 ◦C and at relative humidities of 20, 40, 60, and 80%. Fig. 15a
hows a contour map of power density measured as a function
f the ambient temperature and humidity that was extrapo-
ated from the measurements (measured data points shown as
olid circles). The power density map shows a 260 mW cm−2

lateau region at temperatures between 20 ◦C and 30 ◦C. The
ell achieves a maximum power of 300 mW cm−2 at 20 ◦C and
umidities from 40% to 60%. Note that the optimal ambient con-
itions correspond to typical indoor air conditions of 20 ◦C and
0% humidity. The power density is mostly a function of ambi-
nt temperature and only a weak function of ambient relative

umidity. The power density was limited by dry-out at tempera-
ures above 30 ◦C and by flooding below 20 ◦C. The membrane
ry-out was exacerbated by low ambient humidity. These power
alues are not the maximum the cell can produce, but serve to

c
a
t
t

ower density reaches a maximum at an operation point between 40% and 60%
peratures and by flooding at low temperatures. The accumulated water volume
e.

emonstrate how ambient conditions govern power at a single
oad condition.

Fig. 15b shows the condensed water volume as a function of
mbient temperature and humidity. The water volume increases
ith decreasing ambient temperature and increasing ambient

elative humidity. At 40 ◦C ambient temperature there is approx-
mately no condensation while at 10 ◦C the cell is flooded. These
esults suggest that more water is evaporated from the cell sur-
ace in dry and hot ambient conditions.

. Conclusions

We have presented an experimental investigation of a free-
reathing, hydrogen fuel cell at varying ambient temperature and
elative humidity. Mass and heat transfer at the cathode surface
ccurs predominantly by natural convection. Shadowgraph flow
isualization of the unsteady thermal plume above the cathode
hows that pockets of warm humid air are shed from the cell 2.5
imes per second with a velocity that depends on the orientation
f the cell (9.1 cm s−1 in horizontal and 11.2 cm s−1 in vertical
athode surface orientation). The plume’s velocity is compa-
able to naturally occurring flows in a laboratory environment
nd suggests that forced convection due to slight room currents
s an important factor in air-breathing fuel cell mass and heat
ransfer.

The performance of the free-breathing cell is dependent on
he membrane electrode assembly water content. The net water
alance of the cell is a complex coupling of cell self-heating and
ater production as well as the convection of heat and water
apor to the environment. We identified three regions of fuel cell
peration, which are characterized by the membrane hydration
evel (listed in order of increasing current density): partial mem-
rane hydration, full membrane hydration with GDL flooding,
nd membrane dry-out. We find that the membrane transitions
rom well hydrated to dry at a critical GDL temperature of
pproximately 60 ◦C. The 60 ◦C transition temperature is the

ondition at which the water removal due to evaporation bal-
nces the water generation rate due to reaction. This critical
ransition temperature is nearly independent of ambient condi-
ions as the evaporation rate is an exponential function of the
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DL temperature while the water generation flux increases lin-
arly with temperature.

Although the critical membrane transition temperature does
ot depend on the ambient conditions, the current density at
hich the cell reaches the critical temperature does depend on

he ambient temperature and humidity. As the ambient temper-
ture increases, the current density required to reach the critical
DL temperature decreases. When the ambient is warmer, the

ell rejects less heat and the GDL temperature increases. At high
emperature and low relative humidity the membrane dries out,
nd the cell potential drops rapidly at higher current densities.
t low temperature and high relative humidity the cell floods at
igh current density.

Ambient conditions impacted all three major electrochem-
cal loss components of the air-breathing fuel cell: activation,
esistive, and mass transfer. Activation losses were typically
he largest loss component. However, these were affected neg-
igibly by varying ambient conditions. A small increase in
ctivation losses was observed at high ambient temperature
nd low humidity (probably due to catalyst dry-out). Resistive
osses were most strongly affected by ambient conditions and
ominated fuel cell losses during dry-out at high current den-
ities. Mass transfer losses typically became important above
bout 400 mA cm−2. Furthermore, low ambient temperatures,
nd high ambient humidity both tended to increase mass trans-
er losses due to flooding of the GDL.

We found that continuous polarization scans (even at slow
can rates) fail to capture the rapid membrane drying at high
urrent densities measured by the point-by-point scan. The con-
inuous scan over predicts the cell performance because of the
ater stored in the fuel cell assembly at moderate current densi-

ies. The point-by-point scan procedure that allows for complete
emoval of accumulated water between two operating points can
apture rapid dry-out phenomena. Therefore, it is important to
onsider the operation history of cell when interpreting fuel cell
ata.

In conclusion, the self-heating and self-humidifying effects of
assive fuel cells are balanced by the transfer of heat and water
o the ambient. Optimal performance of air-breathing cells is

herefore a complex function of ambient and load conditions as
ell as the cell design. A focus of our future efforts will be to
evelop an engineering model to predict performance of these
ells and provide design guidelines.
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