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a  b  s  t  r  a  c  t

The  separate  anodic  and  cathodic  overpotentials  in  a  proton  exchange  membrane  fuel  cell  (activation,
ohmic,  concentration  and  mass  transport)  were  measured  in  conventional  and  segmented  hardware  via
reference  electrodes,  and multi-component  gas  analysis.  The  results  show  that  the  anodic  overpotentials
cannot  be  ignored,  even  when  the  operating  conditions  are  changed  at the  cathode  only.

Under  drying  conditions  the  difference  in the  current  density  across  the  active  area  creates  in-plane
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thermal  gradients  due  to  inhomogeneous  reaction  rates,  and  water  phase  changes.  The  resulting  inho-
mogeneous  temperature  distributions  can result  in membrane  and  electrode  degradation.

The  combination  of  reference  electrodes  and  multi-component  gas  analysis  enables  the  measurement
and  calculation  of  kinetic  and  diffusion  parameters  that can  be  used  for  modeling,  and  improved  fuel  cell
design, efficiency,  and  durability.
hermal effects

. Introduction

The proton exchange membrane fuel cell (PEMFC) working volt-
ge is determined by the intrinsic losses within the ionic conductor,
nd the membrane electrode assembly (MEA.) The deviations from
he ideal equilibrium potential Ee are called overpotentials (�), and
hey reduce the useful cell voltage (Ecell). The overpotentials are
ommonly classified into four main categories: activation, diffu-
ion, ohmic, and crossover:

cell = Ee − �A,a + �A,c − �D,a + �D,c − E˝ = Ee − ˙� (1)

n Eq. (1),  the crossover overpotential does not appear explicitly,
ut its effect can be included by correcting the measured current
ensity to account for fuel and oxidant leaks across the membrane.

n conventional PEMFC technology, the hydrogen crossover is more
ommon, and it translates into small current losses ranging from
.12 to 7.8 mA  cm−2. The actual magnitudes depend on the mem-
rane thickness, the temperature, the pressure, and the relative
umidity (RH) during operation [1–3].

The effective current density (i) reported in this work is the
um of the measured current density (i*) plus the crossover current

ensity (ix) as shown in Eq. (2):

 = i∗ + ix (2)

∗ Corresponding author at: Department of Mechanical Engineering, University of
ritish Columbia, Vancouver, BC V6T 1Z4, Canada. Tel.: +1 604 822 4189;

ax:  +1 604 822 2403.
E-mail address: walter.merida@ubc.ca (W.  Mérida).

378-7753/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2011.09.042
Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

The magnitude of ix can be obtained by voltammetric measure-
ments and may  vary depending on the humidity, temperature and
pressure. However, it is a small correction at practical current loads,
and hereinafter we  use the constant ix = 2.8 mA cm−2, which was
obtained from a hydrogen/nitrogen cell operating at 2.04 atm and
298 K with a fully humidified membrane [4].

The ohmic losses, E�, include electronic and ionic contributions
from the anode, the cathode, and the membrane. The total elec-
tronic resistance includes contact and bulk components (Rcontact,
and Relectronic, respectively) resulting from the overall assembly
(MEA, bipolar plates, etc.).

E˝ = iR = i(Ra + Rc + Rm) + i(Relectronic + Rcontact) (3)

The combined contact and bulk resistances
(Rcontact + Relectronic = 5 × 10−3 � cm2) were measured using a
graphite separator instead of the MEA. We  assumed that these
contributions remain constant for our experimental configuration
and operating conditions. After correcting the ohmic potential for
these resistances, the ionic resistances in the membrane (Rm), the
anode (Ra), and the cathode (Rc) can be measured. The cathodic
and anodic resistances can be isolated through the use of a ref-
erence electrode, and the membrane contribution can be further
separated into two topological contributions (from the anode and
cathode sides):
E˝ = i(Ra + ˛Rm) + i(Rc + ˇRm) + i(5 × 10−3
 ̋ cm2) (4)

In Eq. (4),   ̨ and  ̌ are two experimental anodic and cathodic fac-
tors (  ̨ +  ̌ = 1), whose dependence on the experimental geometry

ghts reserved.
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Nomenclature

List of symbols
APt,elec mass-specific surface area of supported Pt available

for the reaction (m2
Pt g−1

Pt)
ba anodic Tafel slope (V decade−1)

bc cathodic Tafel slope (V decade−1)
D diffusion coefficient (m2 s−1)
Eair cell potential when using air (V)
Ee equilibrium potential (V)
EO2 potential when using pure oxygen (V)
E� ohmic potential losses (V)
F Faraday’s constant (96485 C mol−1)
i current density (A cm−2)
i0 exchange current density (A cm−2)
iL limiting current density (A cm−2)
ix crossover current density (2.8 mA  cm−2)
K thermal conductivity (mW  m−1 K−1)
L electrode areal loading of supported Pt catalyst

(mgPt cm−2)
m equivalence constant (0.85–1)
n number of electrons involved in a reaction
pair partial pressure of air (atm)
pH2 partial pressure of hydrogen (atm)
pO2 partial pressure of oxygen (atm)
Qa anodic heat (W)
Qc cathodic heat (W)
QTotal total heat (W)
R resistance (� cm2)
Ra anode resistance (� cm2)
Rc cathode resistance (� cm2)
Rcontact contact resistance (� cm2)
Relectronic electronic resistance (� cm2)
Rg universal gas constant (8.3145 J mol−1 K−1)
RH relative humidity (%)
Rm membrane resistance (� cm2)
T temperature (K)

 ̨ anode resistance coefficient
˛a anodic charge transfer coefficient
˛c cathodic charge transfer coefficient

 ̌ cathode resistance coefficient
�EO2/air potential difference between the potential when

using pure oxygen and air (V)
�G343,a Gibbs free energy change at 343 K at the anode

(J mol−1)
�G343,c Gibbs free energy at 343 K at the cathode (J mol−1)
�H343,a enthalpy change at 343 K at the anode (J mol−1)
�H343,c enthalpy change at 343 K at the cathode (J mol−1)
�Hvap enthalpy of vaporization at 343 K at the cathode

(J mol−1)
�Pc gas pressure drop at the cathode (atm)
�Pc gas pressure drop at the anode (atm)
� overpotential (V)
�A,a anodic activation overpotential (V)
�A,c cathodic activation overpotential (V)
�D,a anodic diffusion overpotential (V)
�D,c cathodic diffusion overpotential (V)
�MT mass transport overpotential (V)

i
i

d

chambers were located around the perimeter of the fuel cell’s active
� standard deviation (V)

s explained in Section 2. The resistances in Eq. (4) include the

onomer ionic resistance for the anode and cathode, separately.

The activation loss or activation overpotential is mainly
ue to the cathodic oxygen reduction reaction (ORR). Its
 Sources 198 (2012) 132– 142 133

relationship to the current density (i) can be described using the
Butler–Erdey–Grúz-Volmer equation:

i = i0

(
exp

(
˛aF

RgT

)
× �Act,a − exp

(
˛cF

RgT

)
× �Act,c

)
(5)

In Eq. (5) the exchange current density (i0) is the magnitude of
the current density of both the anode and cathode at equilibrium.
The factors ˛a and ˛c represent the anodic and cathodic transfer
coefficients, respectively. They can be interpreted as the fractional
change in the overpotential that leads to a change in the electron
transfer rate.

Assuming that one of the reactions is dominant, the anodic and
cathodic activation losses can be expressed by a Tafel approxima-
tion:

�A,a/c = ba/c × ln

(
i

i0,a/c

)
(6)

where �a/c is the dominant anodic or cathodic overpotential, ba/c
is the anodic or cathodic Tafel slope, and i0,a/c is the exchange cur-
rent density for the anode or the cathode, respectively. To account
for differences in experimental setups, the cell potential must also
incorporate the characteristics of the catalyst layers [2,5]. With
these considerations, equation 6 becomes:

�A,a/c = ba/c × ln

(
i

10 × La/c × APt,elec × i0,a/c(p)

)
(7)

where L is the electrode areal loading of supported Pt catalyst in
mgPt cm−2 geometric, APt,elec is the mass-specific surface area of
supported Pt available for the reaction in m2

Pt g−1
Pt (average of

75 m2
Pt g−1

Pt, from the literature [2]), and i0 is a function of the reac-
tant partial pressures at the anode and the cathode (i0,a(pH2 ) and
i0,c(pO2 ), respectively). At low current densities (i < 200 mA  cm−2)
the typical values of the Tafel slope for the cathode range between
59 and 64 mV  decade−1. At higher current densities, the slope may
be greater, non-constant or inaccessible. The exchange current den-
sity (i0,c) ranges between 0.8 × 10−9 and 8.7 × 10−9 A cm−2 [2].

In most of the reported work, the anodic activation overpoten-
tial was  either neglected or considered insignificant. In this work,
the anodic overpotentials are not neglected because our results
indicate that they can be significant even at open circuit conditions
(see Section 3).

The diffusion overpotential includes transport or concentration
losses, and it can be described after obtaining the effective current
density (i) and the limiting current density (iL) as shown in Eq. (8).

�d = RgT

F
× ln

(
1 − i

iL

)
(8)

The expression in Eq. (8) is derived for a reaction under mass trans-
port control, provided that the electron transfer rate constant is
always large and that the surface concentration is negligibly small
or zero [6].

The distinct losses (and their associated physical phenomena)
make it evident that voltage measurements across whole cells do
not provide electrode-specific information. Hence, especial tech-
niques are required to discern the effects occurring at the anode
and the cathode (e.g., reference electrodes and multi-component
gas analysis).

In prior work, we  have reported overpotential measurements
via reference electrodes at constant conditions [7].  Six reference
electrodes were located in isolated chambers with a constant sup-
ply of humidified H2at a constant temperature and pressure. The
area. In this work, the reference electrode potentials were corrected
with proton concentrations of [H+] = 0.54 M,  and [H+] = 0.95 M for
fully saturated and dehydrated Nafion® membranes, respectively.
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Fig. 1. Schematics of the anodic graphite plate with flow-field and the 6 reference
electrodes locations in the isolated chambers.

Table 1
Membrane electrode assembly and flow-field details.

Catalyst loading anode 20% Pt/C (La, mg Pt) 0.3
Catalyst loading cathode 20% Pt/C (Lc, mg Pt) 0.7
Membrane Nafion 115
Gas diffusion layer with microporous layer SGL carbon 25 BC
Active area (cm2) 49
Number of channels 27
Channel length (mm)  176.8
Cathode channel width (mm) 1.575
Cathode channel depth (mm) 1.270
Cathode landing width (mm) 0.864
Anode channel width (mm) 1.270
Anode channel depth (mm) 0.508
Anode landing width (mm)  1.168

Table 2
Operating conditions for normal, flooding and dry experiments. The stoichiomet-
ric  flows, the inlet pressure, the temperature of the cell and the dry gases were
maintained constant.

Test Conditions Value

Normal DPT anode (◦C) 75
DPT cathode (◦C) 75

Flooding DPT anode (◦C) 95
DPT cathode (◦C) 95

Dry DPT anode (◦C) 0
DPT cathode (◦C) 0

Fuel cell and gas temperatures are
maintained constant (◦C)

75

Bladder pressure (atm) 8.15
34 O.E. Herrera et al. / Journal of 

ecent work by Spry and Feyer determined these values using
yrene derivative photoacids and compared the pH values to HCl
inetics [8].

The reference electrode measurements were coupled with
ulti-component gas analysis and high frequency resistance (RHF)
easurements. The RHF corresponds to the extrapolated real-

xis intercept for electrochemical impedance spectroscopy spectra
lotted on the Argand plane [9].  The reported frequency ranges
ary, but they usually include measurements at frequencies larger
han 1 kHz.

The principle behind multi-component gas analysis is the
se of pure oxygen, heliox (helium 79%/oxygen 21%), and nitro-
en/oxygen (79/21%), as the oxidant streams [2,10–13]. The varying
omposition and oxygen concentration result in changes in the oxy-
en and water diffusivity in the gases and through the membrane.
ith these three combinations it is possible to obtain quantita-

ive values of the activation, mass transport and concentration
osses [10,11,13].  The potential response while using pure oxy-
en can be used to calculate the activation overpotentials because
he corresponding diffusion overpotentials are small or negligi-
le. The difference between the cell potential running on heliox
nd the potential while using oxygen can be used to calculate the
oncentration losses. The mass transport overpotentials in heliox
re negligible up to 1 A cm−2 [2,14,15] due to the higher diffu-
ivity of O2 in helium (DO2/He = 0.42 cm2 s−1 at 270 kPaabs and
0 ◦C) compared to the corresponding value in nitrogen (DO2/N2

=
.11 cm2 s−1 at 270 kPaabs and 80 ◦C)[2].  Thus, the difference
etween the potential response while using air and the potential
esponse while using heliox can be used for obtaining the mass
ransport losses. The combined concentration and mass transport
osses represent the overall diffusion overpotential.

All the overpotentials vary across the active area as the temper-
ture, the relevant reactant pressures, and the relative humidity
hange throughout the flow-field. Previous efforts have investi-
ated these variations via segmented cell hardware, and localized
urrent, temperature, and pressure measurements [10,16–21].  In
he present work, we extend these techniques by correlating
ocalized overpotential measurements to the associated current
istributions via thermal analysis. We  begin by noting that the net
eat generation rates depend on the (exothermic) enthalpy of reac-
ion at the cathode, the (endothermic) enthalpy of reaction at the
node, and the phase changes of water in the MEA layers [10,22].

The heat capacity of liquid water (74.5 J mol−1 K−1 at 298 K and
05 Pa) is approximately three times larger than that of the relevant
ases (oxygen, nitrogen and hydrogen) at similar conditions. More-
ver, the heat of vaporization or condensation (±43.98 kJ mol−1 at
98 K, and 105 Pa) corresponds to approximately 15%or 18% of the
nthalpy of reaction (−285.8 kJ mol−1or −241.82 kJ mol−1 at 298 K
nd 105 Pa, for water produced in liquid or vapour form respec-
ively). Hence, the thermal gradients associated with water phase
hanges are significant, and they can stress, modify, or degrade the
EA  layers and interfaces [22].
In the following sections, we present spatially resolved and iso-

ated overpotential measurements at the anode and the cathode of
 PEMFC under load. We  then correlate these losses to the operating
onditions and the heat production in the MEA.

. Experimental

.1. Hardware and MEA

The fuel cell hardware used in the present work has been

escribed previously [7,23].  The flow-fields consisted of a single
ass serpentine channel in a co-flow configuration (Fig. 1). The
uel cell was heated with water flowing at the back of the anode
nd cathode plates. All the experiments were carried out with
Inlet  pressure (atm) 3.04
Stoichiometry of anode 1.5
Stoichiometry of cathode 2

custom-made, 49 cm2MEA  described in Table 1 (IonPower, New
Castle, DE, USA). The MEA  type was  selected to facilitate the repro-
ducible simulation of flooding and dehydration failures, not to
obtain optimum performance. A 500 W Fuel Cell Test Station (Arbin

Instruments, College Station, TX, USA) was  used to control the flow
rate, humidity, temperature and pressure of the gases supplied.
In all cases, the cell temperature was approximately 75 ◦C (see
Table 2 and Section 3). The gas inlet temperatures were maintained
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onstant and the dew point temperatures (DPT) were modified to
hange the level of hydration in the fuel cell. A separate subsystem
as used to provide the constant conditions required for the refer-

nce electrodes in the isolated chambers (a constant flow of fully
umidified hydrogen at 75 ◦C and 1 atm). The reference electrodes
onsisted of small patches of the catalyst used on the anode side in
ontact with 50 �m platinum wires coated with a 25 �m layer of
eflon®. A short (2 mm)  section of the Teflon® layer was  removed
o expose the platinum. The platinum was then platinised and
laced in the isolated chambers. An applied pressure of 7.82 atm

as sufficient to maintain electrical contact between the reference

lectrodes and the platinum wires.
The high frequency resistances were measured by a Solartron

250 Frequency Response Analyzer (London Scientific, London,

ig. 2. Reference electrode HFR measurements from node A to B and node B to P. The d
lectrode.

ig. 3. Printed circuit board (PCB) with the current collectors (a), thermistors (b), resistor
 Sources 198 (2012) 132– 142 135

Ontario, Canada) to validate the use of a GwINSTEK LCR-821
impedance meter (Instek, Concord, Ontario, Canada) operating at
1 kHz. The resistances were measured between the anode and the
cathode, the anode and the reference electrode, and the cathode
and the reference electrode. Previous work indicates that electrode
misalignment [9,10,24] and water concentration gradients through
the membrane can affect the impedance measurements [25]. In our
measurements, both effects were minimised by separating the ref-
erence electrodes from the active area by a distance that was  more
than ten times the thickness of the membrane as recommended by

Gerteisen [25]. Moreover, both sides of the membrane where the
reference electrode was located were exposed to fully humidified
gases. The resistance measured between the reference electrode
and the cathode included the membrane resistance (B–P in Fig. 2).

rawing is not to scale, but the potential lines remain constant up to the reference

s (c), and contact for the reference electrodes (d) for the segmented cathode plate.
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ith this arrangement, the potential lines, created by the anode
nd cathode, remain constant at point P (where there reference
lectrode measurement was carried out).

For the segmented cell results, the cathode flow field was
ivided into 16 segments and used in a co-flow configuration with
he anode flow-field. The anode and cathode plates had the same
ow-field profile to enhance sealing and maintain a homogeneous
ressure distribution. The current from the segmented plate was
ollected by a printed circuit board (PCB) with gold plated contacts
s shown in Fig. 3. The current was then converted to voltage via
hunt resistors (c) and the associated voltage was  amplified prior
o being recorded by a data-acquisition system. Each of the current
ollectors (a) shown in Fig. 3 had a General Electric MC65F103B
hermistor in the middle (b). The PCB also had 20 extra contacts for
he connection of the reference electrodes, (d) and all the signals
ere collected by a PXI 6255 card with compatible LabViewsoft-
are (National Instruments, Austin, TX, USA).

.2. Operating conditions

The fuel cell was  operated under different loads
5–1200 mA  cm−2) for 15–30 min  to obtain the average potential
alues for the polarization curves. Each polarization curve was
un at least two times with increasing current and one time with
ecreasing current to quantify the possible hysteresis. Table 2
ummarizes the operating conditions for the normal, flooding, and
ehydrating experiments.

. Results

.1. Fuel cell overpotentials

Fuel cell performance losses for the anode and the cathode were
solated as shown in Fig. 4. These losses were further separated by
dopting the following conventions for both electrodes.

The activation losses were obtained by subtracting the pressure-
nd temperature-corrected ideal equilibrium potential from the

R corrected performance with pure oxygen (�A = Ee − EO2 ). The
oncentration losses were the difference between the iR cor-
ected potential with oxygen and the iR corrected potential with
eliox. The mass transport losses are the difference between the iR

able 3
easured values for the potential losses obtained from Fig. 4 and their values at a curre
embrane. The limiting current (iL) was calculated at 3 different current densities (L: 5, 

verpotential value has a large effect on the calculation of iL.

Expression Parameters Anode 

�A = b ln i
ió

{b} {0.006} 

(io) (7.70 × 10−5) 

E˝ = iR i�R + i�R 0.0411 

�d = RgT
nF ln

(
1 − i

iL

)
iL L, M,  H

9, 1125, 1216

able 4
afel kinetic parameters for the anode and cathode for different humidification condition
s  described in Section 1.

b (V decade−1) 

Anode Cathode 

Baseline Oxygen 0.008 0.068 

Heliox 0.011 0.076 

Air  0.006 0.073 

Flooding Oxygen 0.019 0.067 

Heliox 0.025 0.060 

Air 0.005 0.069 

Drying Oxygen 0.004 0.068 

Heliox 0.004 0.147 

Air  0.004 0.068 
 Sources 198 (2012) 132– 142

corrected potential with heliox and the iR corrected potential with
air. The measured overpotentials and their calculated constants are
summarized in Table 3. The differences between the calculated and
the measured limiting current density (Table 3 and Fig. 4, respec-
tively) can be related to voltage differences of 10–20 mV,  which
were within our experimental error range (e.g., the standard devia-
tion, �, between different MEA  samples was approximately 15 mV).
Even these small error scan cause large variations in the exponen-
tial expressions used in Table 3.

Under all the conditions, the largest contributions are from the
cathodic activation overpotentials. These losses are attributed to
the poor kinetics of ORR, and they are the limiting performance
factor for state-of-the-art MEAs [26,27]. More detailed information
on the ORR can be obtained by several methods [2,5,28]. In most
cases, the analysis begins with two fundamental equations:
Fig. 4. Measured anodic and cathodic overpotentials obtained from using differ-
ent gases with different diffusion coefficients in the cathode and the ohmic losses
obtained from high frequency impedance measurements.

nt density of 1 A cm−2. ix = 2.8 mA cm−2 at 2.04 atm, 298 K, and a fully humidified
M:  500, H: 1000 mA  cm−2). The values of iL are different because a small measured

Cathode Units Measurement method

{0.073} {V} Tafel diagram

(1.13 × 10−9) (A cm−2)
0.0749 � cm2 HFR measurement

L, M,  H
10, 505, 1001

mA cm−2 From �MT and �conc

s. The exchange current densities were corrected for the partial pressure of oxygen

i0 (mA  cm−2)

Total Anode Cathode Total

0.069 5.54E−05 0.66E−09 0.66E−09
0.076 3.99E−05 1.73E−09 1.15E−09
0.073 7.70E−05 1.13E−09 0.92E−09

0.073 2.05E−04 0.18E−09 0.51E−09
0.071 1.73E−04 0.04E−09 0.12E−09
0.069 5.66E−05 0.21E−09 0.17E−09

0.060 7.13E−11 0.23E−09 0.02E−09
0.085 6.68E−06 53.0E−09 0.03E−09
0.060 7.13E−11 0.23E−09 0.02E−09
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Table 5
Diffusion coefficient of water in the respective gases, and thermal conductivity of air, helium and nitrogen.

K (mW  m−1 K−1) D (m2 s−1)

T (K) 100 200 300 400 500 600 298

w
R
w
t
o
p
O
t
f
t

�

F
i
l
c
t

m
c
r
t
t
w
(
a

F
d
l

Air 9.4 18.4 26.2 

Helium 75.5 119.3 156.7 

Nitrogen 9.8 18.7 26 

here pO2 is the pressure, m is the reaction order and b = 2.303
T/F. Taking the logarithms on both sides, and partial derivatives
ith respect to pO2 , three equations can relate pO2 to linear func-

ions of m under constant potential, constant current, and at zero
verpotential, respectively. With this analysis, it is possible to use a
air of performance curves (with air and oxygen) to determine the
RR reaction order, MEA  state at startup, and mass-transfer limita-

ions in kinetically controlled currents. Following the full analysis
rom several sources [2,5,28], the voltage difference between the
wo curves can be derived (Eq. (11)).

EO2/air = EO2 − Eair = m × (Rg × T)/F × ln
(pO2

pair

)
(11)

or operation under normal conditions, the anodic contributions
n our measurements represent 5–18.5% of the total cell potential
osses, depending on the current density. These percentages were
alculated as the ratios of anode and cathode overpotentials to the
otal cell potential (see Fig. 5)

Under normal conditions, the activation overpotential is the
ost significant anodic loss. However, the anodic diffusion and con-

entration losses (as defined in our nomenclature) also play a major
ole, contributing up to 30% of the total losses at the anode. Since
he fuel composition was not altered, we can only speculate that

hese changes are due to an indirect effect (from the cathode side)
hen the cell is operated under varying oxygen concentrations

i.e., increasing anodic losses for operation with oxygen, heliox and
ir.)

ig. 5. (i) Polarization curves for all humidity conditions and air as cathodic gas feed. (ii) Ca
ivided  by the total overpotential. The red lines show the cathode and anode behaviour du

egend,  the reader is referred to the web version of this article.)
33.3 39.7 45.7 2.51 × 10−5

190.6 222.3 252.4 3.14 × 10−4

32.3 38.3 44 3.90 × 10−5

Following the nomenclature in Section 3.1,  the different over-
potentials can be calculated from H2/air polarization data for
simulated flooding and drying conditions (Fig. 6) and compared to
the corresponding overpotentials from the baseline performance.
As illustrated, all the overpotentials changed with deviations from
the baseline conditions at 100% RH.

During a simulated flooding event, the anodic overpotential
increases with the current density. The increase can be related to
water production increases at the cathode, and larger water fluxes
toward the anode. The resulting liquid water within the porous
MEA  layers reduces the effective porosity on both electrodes. The
reduced void volume and the lower concentration of reactants
result in an overall lower fuel cell performance.

Under drying conditions, the anodic contributions increase
rapidly as soon as the overall fuel cell potential starts to devi-
ate from its value at 100% RH conditions. As the current and the
required reactant flow rates increase, the ionomer in the cata-
lyst layer becomes dehydrated increasing the resistances to proton
transport.

The results show that the anodic overpotentials increase sig-
nificantly, reinforcing the importance of including these losses in
the analysis. During flooding conditions, the anodic overpoten-
tials increase to 10–23% of the total potential loss contributions
(increasing proportionally with current density), mainly due to

water accumulation. During dry conditions, the anodic overpo-
tentials contribute up to the 30% of the total performance losses,
mainly due to the lack of proton mobility (e.g., the inability to

thode overpotential divided by the total overpotential. (iii) The anode overpotential
ring normal conditions. (For interpretation of the references to colour in this figure
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ig. 6. Anodic and cathodic overpotentials of dry and flooding conditions normalize
osses  for dry conditions as heliox dries the cell faster and the potential response is

olvate the proton completely), shown by the increases in anodic
esistances.

With increasing current density, the calculated activation losses
emain approximately constant for the cathode, but they increase
n the anode, particularly under dry conditions. This suggests, that
he hydrogen oxidation reaction is affected, as noted by Weng [29].

Table 4 shows the calculated experimental kinetic parameters
ased on the Tafel equation. The calculation of the exchange current
ensity takes into account the partial pressure of the gas, the load-

ng and the mass-specific surface area (this value was  estimated
o be 60 m2

Pt g−1
Pt from the literature [2]). The values of both the

xchange current density and the Tafel slope of the cathode are in
ood agreement with published data (0.8–8.7 × 10−9 A cm−2 and
.053–0.066 V decade−1, respectively) [2].  The total values shown

n Table 4 refer to the sum of anode and cathode contributions, and

t assumes that the anode overpotentials are negligible. However,
his assumption is only valid for normal humidification conditions.

Considering the limitations of the Butler–Erdy–Grutz–Volmer
quation and those of the Tafel approximation it is evident that the
inst normal conditions (baseline). �/�0 MT  (mass transport) includes concentration
 than the potential response when using air.

anode kinetics are fast compared to the cathode kinetics. However,
the exchange current densities of the anode under dry conditions
are as low as those at the cathode, when using oxygen or air as
oxidant. These values indicate that the anodic contributions to the
fuel cell losses should not be neglected, and that the Tafel approxi-
mation is not valid under drying conditions. The exchange current
densities with heliox under dry conditions are not in agreement
with the values of air and oxygen. This discrepancy may  be due to
the increased dehydration when using helium as the supporting
gas. Water has a larger diffusivity in helium (3.14 × 10−4 m2 s−1)
than in nitrogen (3.90 × 10−5 m2 s−1, about 10 times larger) and
helium has a higher thermal conductivity as shown in Table 5.
Hence, the gas temperature near the cathode electrode can be
higher while running with heliox thereby increasing the amount
of water vapour carrying more water and drying the MEA

faster.

The concentration losses during flooding conditions increase by
up to 3 times on the cathode and up to 2.5 times on the anode,
compared to normal conditions. The gas partial pressure is reduced
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Fig. 7. Average ohmic resistances (stacked) and temperature averages (white open
circles) for anode and cathode during normal, flooding, and dry conditions for the
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y the total pressure change created by the presence of water.
oreover, the liquid water in the flow field channels during flood-

ng creates greater pressure drops for both the anode and the
athode, as shown in Table 6. For the cathode, the pressure drop
s highest when using air, then heliox and finally pure oxygen, due
o the different mass flow rates. The different gases in the cathode
lso affect the anode because the water concentration increases,
hanging the diffusion flux from the cathode to the anode. This is
eflected in the pressure drop of the anode that is highest when
sing oxygen, then heliox and finally air; implying that there is a
igher concentration of liquid water in the flow-fields and proba-
ly in the MEA  when running the fuel cell with pure oxygen. During
ooding conditions, there is a higher pressure difference between
he inlet (kept constant at 3.04 atm) and the outlet, as shown in
able 6. As both sides are flooded, we speculate that the water
iffusion from the cathode to the anode is still the predominant
echanism of water transport through the membrane. The pres-

ure drop is smaller during dry conditions at both the anode and
he cathode, indicating the lack of liquid water and single-phase
ow in agreement with the work of Basu et al. [30].
The mass transport overpotential decreased during flooding
onditions for all current densities for the cathode, and for cur-
ent densities above 300 mA  cm−2, for the anode. Possible causes

ig. 8. Current distribution of air/H2 for different operating conditions (a) 100% RH, (b) 5
f  522 mA cm−2. The cell is operated in co-flow, segment 1–1 and segment 4–4 are the se
air  and oxygen. Only normal and flooding conditions are presented for heliox.

0% RH, and (c) 0% RH. The current was kept constant at an average current density
gments where the inlet and outlet are located, respectively.
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Fig. 9. Fuel cell energy profiles. The gray areas represent the heat consum

nclude the differences in diffusivity and thermal conductivity
etween helium and nitrogen, and convective transport by the dif-
erences in reactant flow rates. The analysis based on diffusivity
ifferences is only valid when the gas is not completely saturated
i.e., if the gas is saturated, the water content in the gas only depends
n the temperature).

Under dry conditions, the mass transport and concentration
osses cannot be isolated because the heliox dries the MEA  more
apidly than air as explained before [2,10].  Therefore, the limiting
urrent is smaller when heliox is used. The mass transport and con-
entration overpotentials for the dry case increase approximately
00% on the cathode closer to the limiting current, mainly due to
he lack of ionic movement through the dehydrated MEA. For the
node, the highest mass transport and concentration losses occur at
ow current densities, only reducing after larger amounts of water
re produced.

Average ohmic resistances are shown for the 3 gas composi-
ions in Fig. 7. The ohmic losses remain fairly constant for the
athode. However, the anodic losses increase, especially under dry
onditions. The average temperature of the fuel cell segments, mea-

ured by the thermistors in the middle of the current collectors in
he PCB, slightly increases with current density (3–5◦ from 5 to
00 mA  cm−2). The increase is lower under dry conditions, espe-
ially for oxygen, as shown in Fig. 7. As evaporation is endothermic,
e shaded area the usable work and the areas in white the released heat.

drying conditions provide additional cooling. The enthalpy of evap-
oration at 75 ◦C is 41.06 kJ mol−1, so this is a significant effect, but
the local cooling is masked by the constant temperature provided
by the heating plates.

3.2. Overpotential distribution

To understand the effect of the in-plane gradients on the over-
potentials, a segmented cell was used to monitor the current
distribution. Fig. 8 illustrates the current, temperature and overpo-
tentials measured under three inlet relative humidity conditions:
(a) 100% RH, (b) 50% RH and (c) 0% RH (dew point <0 ◦C).

The cell is operated in co-flow and the hydrogen and oxygen
concentrations decrease from the top to the bottom. Under 100%
RH conditions the temperature remains fairly constant throughout
the active area (±2 ◦C), indicating homogeneous cooling, and no
significant temperature effects on the current measurements. The
overall current for the fuel cell was held constant at 25 A (an average
of 522 mA cm−2). The segments start with a uniform current density
between 1.3 and 1.8 A per segment or 0.425 and 0.588 A cm−2.
When the humidity is lowered and the membrane starts to
dehydrate, the segments closer to the inlet (row 1) start producing
less current and the middle segments compensate for this current
loss. The anode overpotential at row 1 is low compared to the other
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Table  6
Pressure drop values at the inlet and outlet of the fuel cell for all gases and conditions
at  800 mA  cm−2.

Condition Gas �Pc (atm) �Pa (atm)

Normal Air 0.231 0.145
Heliox 0.141 0.141
Oxygen 0.029 0.15

Flooding Air 0.247 0.17
Heliox 0.154 0.176
Oxygen 0.045 0.179

Drying Air 0.124 0.104
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Fig. 10. In-plane heat generation distribution of the cathode (top) and anode (bot-
tom) catalyst layers for 100% RH (i) and under dry conditions (ii). No heat of

rent distribution as the iR losses contribute to about 30% of its total
Oxygen 0.021 0.152

ows at 50% RH because the anodic overall average resistance is
ust starting to increase (0.119 �cm2). However, considering that
he ohmic losses are a function of the current, the value still sug-
ests an increment in the anodic overpotentials. Also, the cathode
verpotentials start to increase creating current and overpoten-
ial gradients that increase as the MEA  dries. When the membrane
s completely dehydrated, the highest current density is produced
y the segments of row 3 and the segments closer to the outlet
row 4), while the segments closest to the inlet barely produce
ny current. Due to the increasing inhomogeneous dehydration
f the MEA  at dry conditions, the current in-plane gradients are
arger and they create large heat differences in the catalyst layer.
owever, the water-heated plates transfer enough heat to main-

ain an approximate homogeneous temperature distribution in the
raphite plates. The high thermal conductivity of the graphite com-
ared to that of the GDL and electrode, reduces the measureable
hermal gradients to only a fraction of the gradients which are
resent in the electrode.

The fuel cell potential depends on the overpotentials from
he anode and the cathode as shown in Fig. 9. Assuming that
ll the water produced is evaporated under dry conditions, the
eat profiles in the MEA  change in accordance with the current
nd water produced. Fig. 10 shows these profiles of heat flux
ver the active area for both the anode and the cathode under
ry conditions (assuming complete evaporation.) The heat pro-
les were only calculated for the dry condition, because it is
nphysical to assume complete water evaporation under normal
nd flooding conditions. The power profiles were calculated based
n the enthalpy of reaction for the anodic half-cell endothermic
eaction (440.487 kJ mol−1 at 343 K), the enthalpy of reaction for
he cathodic half-cell exothermic reaction (−683.371 kJ mol−1 at
43 K), the enthalpy of vaporization of water (41.787 kJ mol−1 at
43 K) using Eqs. (10), (11), and (12), for the fuel cell. The total heat
eleased by the fuel cell is defined by the heat of reactions for the
uel cell (cathode and anode) minus the electrical work.

Total = Qc + Qa − Work (12)

c = �H343,c − �G343,c − n × F × ˙(�c) + �Hvap (13)

a = �H343,a − �G343,a − n × F × ˙(�a) (14)

As expected, the maximum heat production occurs where the
argest current densities are, but the largest usable work is in row

 for the dry conditions. The difference between the anode and the
athode is lower in the initial row (closer to the inlets) because
here is less current and consequently less ohmic heating. These

ocalized heat differences can create stresses that may  damage the

EA, as discussed by Gasteiger et.al. [2] and Pharoah and Burheim
22]
evaporation is considered for the 100% RH case. The values were calculated using
the spatially resolved current generation and the overpotential values and then
interpolated to create a continuous function.

4. Conclusions

The anodic and cathodic individual overpotentials were
obtained in a segmented and unsegmented fuel cell via reference
electrodes and multi-component gas analysis. The results show that
the anodic overpotentials cannot be ignored, even if the anode con-
ditions remain constant and changes are imposed on the cathode
only. The anode can contribute up to 20% of the losses under normal
and flooding conditions and above 30% under dry conditions. The
measured and calculated kinetic parameters support these results:
under dry conditions the exchange current density of the anode is
smaller than that of the cathode.

The anode overpotentials are affected by the oxygen concentra-
tion that limits the cathodic reaction and has an indirect effect on
the anode. The anode potential is also largely affected by the cur-
overpotentials.
The activation losses for both the anode and the cathode

are the largest, even for state-of-the-art electrodes [5].  Cathode
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ctivation overpotentials are the largest, but anodic overpotentials
an be significant, especially under dry conditions. The activation
verpotentials increase in the order from normal to flooding to
ry conditions. Under dry conditions, the membrane conductivity
ecreases leading to higher ionic resistances. Ohmic losses increase
ith current density and vary depending on the humidity condi-

ions. These conditions also affect the temperature profile in the fuel
ell by, for example, cooling it under dry conditions due to water
aporization. Based on the calculated overpotentials and enthalpies
f the half-cell reactions, it was possible to calculate the temper-
ture distribution over the active area. The results show that the
eat from the cathodic exothermic reaction is highly affected by
he water vaporization for dry conditions, and that large current
radients exist. However, in order to confirm these temperature
rofiles, it would be necessary to measure the temperature as close
o the catalyst layers as possible.

The activation, ohmic, concentration and mass transport losses
ncrease proportionally with current density and vary locally with
ifferent gradients across the fuel cell, especially during dry condi-
ions. By combining reference electrodes with current mapping, it
s possible to measure and calculate different parameters that can
e used for modeling, and to understand the behavior of the anode
nd the cathode independently.
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