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H I G H L I G H T S

� Fuel cell stoichiometric regime is evidenced at global and local scale. 
� Cathode channel mass transport governs the fuel cell performance in this regime. 
� Low frequency spectral signature of stoichiometric regime is measured using EIS. 
� Current density distributions are measured using a segmented flow field. 
� Fuel cell kinetic parameters can be easily measured in stoichiometric regime.  
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A B S T R A C T

In this work, we report the existence of a stoichiometric regime where the performances of operating polymer 
electrolyte membrane (PEM) fuel cells are entirely governed by the mass transport in the cathode channels. An 
analytical model of the fuel cell stoichiometric regime is derived and evidenced experimentally: from the cell 
spectral signature at low frequency based on electrochemical impedance spectroscopy, and from the current 
density distribution measured using a segmented current collector. The existence of such regime provides a 
simple way to characterize, model and predict PEM fuel cell performances.   

1. Introduction

Alternative engines to convert and store energy which do not pro
duce any greenhouse gas are a must need. Among the large variety of 
processes such as wind turbine or solar panel for example, Polymer 
Electrolyte Membrane (PEM) fuel cells are one of the most promising 
candidates. They convert hydrogen and air into electricity and heat with 
water as the only by-product. The efficiency of the direct conversion of 
the chemical energy into electrical energy is also an important asset of 
this technology. Today, PEM fuel cells are close to the commercializa
tion, but their cost still needs to be decreased to reach the full market 
deployment [1,2]. To make the fuel cells less costly, one way is to in
crease the electrical power density for a given cell. This can be achieved 
by both improving the electrochemistry [3] and the mass transport in all 
the fuel cell materials [4]. 

To study and improve the mass transport in fuel cells, numerous 
numerical models have been developed by the research community from 

the cell scale to the pore scale in the GDL or in the catalyst layer [5–7]. 
Comprehensive reviews of fuel cell mass transport mechanisms are 
available in the literature [4,8,9] which summarise all the recent ad
vances in fuel cell modeling. An ubiquitous drawback to all the models 
reported in the previous references is the large number of parameters 
required (more than ten in general, see Refs. [10,11] for example). If few 
of them can be easily obtained such as the cell dimensions, or operating 
conditions, most parameters related to the GDL properties (conductivity, 
permeability), catalyst layer properties (kinetic reaction coefficients) or 
PEM properties (drag coefficient [12], ionic conductivity) are – in most 
cases – not accurately known, which introduce a lot of uncertainty in 
fuel cell model results. In this context, and to overcome this problem, 
some authors have developed simplified models which rely onto a very 
limited sets of fuel cell parameters [13–20]. Such less parametrised 
models usually work under strong assumptions and over a limited range 
of operating regimes – which allow for neglecting some of the fuel cell 
phenomena such as the anode electrochemical reactions for example. In 
counter part, these simplified models are well suited to make accurate 
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fuel cell properties measurements such as electrochemical properties. 
Alongside fuel cell model developments, experimental character

izations of fuel cell properties have been widely reported in the litera
ture. These works were focused at different scales: from the system scale 
where a whole fuel cell stack is studied [21,22], to component scale 
where the liquid water transport was imaged in the GDL pores via X-rays 
radiography for example [23–26]. In between, the single fuel cell 
behaviour was also studied using mainly electrochemical techniques 
such as Electrochemical Impedance Spectroscopy (EIS) [27]. This 
technique is particularly well suited to characterize fuel cell kinetics 
[28], membrane resistance [29] and mass transport in both GDLs and 
channels [16,30,31]. A comprehensive review of the fuel cell phenom
ena which can be characterized through EIS is given in Ref. [32]. 
However, EIS applied to the cell gives a global characterization of the 
physical phenomena whereas it is well admitted that the fuel cell 
properties can change along the channel [33,34]. Thus, segmented fuel 
cells were developed in order to measure local current densities [35] and 
to perform local electrochemical characterizations [33]. Different de
signs of segmented fuel cell were developed, using segmented straight 
channels [36], serpentine channels [37], or combining segmented fuel 
cell with optical visualisations [38]. In all the previous works, the great 
interest of segmented fuel cells was clearly proven to study the local 
changes of fuel cell current density, water concentration, or 
temperature. 

In authors’ previous works [16], it was shown that a stoichiometric 
regime can be identified in operating fuel cells. Such regime appears at 
low to moderate current density (less than 1 A/cm2) when the mass 
transport limitations in the GDL can be neglected [15,16,39]. It can be 
identified using the EIS signature at low frequency (between 3 and 
0.5 Hz). It was shown that this low frequency signature is a consequence 
of the oxygen transport in the channel [40] which is different from the 
inductive low frequency behavior pointed out by Pivac et al. [41,42] to 
monitor fuel cell aging. Low frequency capacitive loop can also be 
observed in case of dehydrated membrane as reported by Chevalier et al. 
[43], but at frequency lower than 1 Hz and in case of very dry operating 
conditions. Therefore, low frequency capacitive loop measured at low 
stoichiometry using relatively well hydrated membrane are likely 
related to oxygen transport in the channel. 

Going further, we extend these previous works [16,39] to the local 

scale, where the current density distribution should depend only on the 
oxygen stoichiometry in the stoichiometric regime [44]. A segmented 
fuel cell was specially designed to measure the current density distri
butions. Once the stoichiometric regime clearly identified, a method
ology to characterize the fuel cell electrochemical properties (Tafel slope 
and exchange current density) is derived from the equations of this fuel 
cell operating regime. These findings answer the need of less para
metrised models for accurate fuel cell properties characterisations and 
bring two original results compared to the authors’ previous works: (i) 
the evidence of a stoichiometric regime at the local scale (through 
current density distribution), and (ii) a methodology to accurately 
characterize the fuel cell kinetics parameters under the stoichiometric 
regime. 

Subsequently in the paper, what is called the global scale is the cell 
scale at which the cell impedance is measured. The local scale designates 
the channel scale at which the segmented current density measurements 
are performed. 

2. Methods

2.1. Current density distribution in the stoichiometric regime 

The analytical model used to describe the current density and the low 
frequency impedance in stoichiometric regime is derived from the au
thors’ previous work [15,16]. It was shown that under the assumption of 
negligible performance losses at the anode and the absence of liquid 
water in GDLs and channels, fuel cell models can be reduced to a 
simplified model governed by three dimensionless parameters. The 
Wagner number, Wa ¼ b=ðrΩj0Þ, which compares the voltage losses in 
the CL to the voltage losses in the membrane. The Damkh€oler number, 
Da ¼ iceðE

0 � EÞ=bhg=ð4Fcref Deff Þ, which compares the kinetics of the reac
tion to diffusive flux of oxygen in the GDL. And the Peclet number, Pe ¼
uchchg=ðDeff LcÞ, which compares the ratio of oxygen transported in the 
channel to the mass transport in fuel cell porous media. At low current 
density and low membrane resistance, the stoichiometric regime exists 
for a particular set of these parameter values, i.e. when the Wagner 
number is found to be large enough to neglect the overpotential gradi
ents along the channel in the PEM, and when the Damkh€oler is small 
enough to neglect the concentration gradient in the GDL, i.e. the oxygen 

Nomenclature 

Parameters and variables 
b V, Tafel slope 
cc mol/m3, oxygen concentration in the channel 
cref mol/m3, Reference concentration at the channel inlet 
Da Damkholer number 
Deff m2/s, Effective diffusivity of the GDL 
Ecell V, Fuel cell potential 
F C/mol, Faraday constant 
hc m, Channel depth 
hg m, GDL thickness 
i Complex unity 
ic mA/cm2,Exchange current density 
Icell A/cm2, Fuel cell current density measured by the FC station 
j A/cm2, Local current density 
j0 A/cm2, Inlet current density 
lc m, Cell width 
Lc m, Channel length 
M g/mol, Molar mass 
Pe Peclet number 
_Q ml/min, Air flow rate in operating pressure and 

temperature 
_QSCPT ml/min, Air flow rate in standard condition of pressure and 

temperature 
rHF mΩ, Fuel cell ohmic resistance 
R J/mol/K, Ideal gas constant 
Rct Ω.cm2, Charge transfer resistance 
T K, Temperature 
uc m/s, Air velocity 
Wa Wagner number 
x Molar fraction 
y m, Spatial coordinate 
Z Ω.cm2, Complex fuel cell impedance 

Greek letter 
αc Dimensionless charge transfer coefficient 
δ Periodic state 
φ �, Phase 
η V, Overpotential in the CL 
λ Oxygen stoichiometry 
ρ kg/m3, Density 
τ s, Characteristic time 
ω rad/s, Angular frequency  



concentration in the CL is equal to the one in the channel. Under these 
conditions, the fuel cell is assumed to be operating in the stoichiometric 
regime [6,15,39], and the fuel cell geometry can be simplified as 
depicted in Fig. 1. Thus, in the stoichiometric regime, the fuel cell can be 
viewed as a flow field directly in contact with the catalyst layer; the GDL 
has no impact onto the fuel cell performances since the concentration 
gradients in the GDL are neglected as well as its ohmic losses. 

The other main assumptions of the model concern the transport of 
liquid water and the value of the fuel cell parameters. In the present 
model, the liquid water is not explicitly modelled. It is considered that 
its impact can be seen through the values of the fuel cell parameters, 
such as the PEM ohmic resistance or the catalyst layer kinetics among 
others. In addition, fuel cell parameters are considered to be effective 
values which are constant along the channel (y-direction in Fig. 1(b)). 
To simplify the calculations and the model, we also consider that the fuel 
cell is isothermal with ideal current collectors (no ohmic losses in them). 
The oxygen transport in the channel is assumed to be a plug-flow with an 
averaged air velocity, uc. In addition, a plane CL is considered at the 
cathode, meaning that the electrochemical reaction takes place homo
geneously throughout the CL thickness. This last assumption is valid in 
case of rapid oxygen and charge transport in the CL [14]. Finally, the 
present stoichiometric model takes into account only the slowest tran
sient phenomena occurring in fuel cells, i.e. the charging/discharging 
phenomenon in the double capacity layer is neglected. 

Thus, under all these assumptions, a relatively simple expression of 
the transient current density distribution can be written as: 

jðy; tÞ ¼ ic
ccðy; tÞ

cref eηðtÞ=b; (1)  

where j is the current density, ic is the exchange current density, cc is the 
oxygen concentration in the channel, η is the overpotential, and b is the 
Tafel slope. The transport of the oxygen concentration in the channel is 
governed as follows: 

∂cc

∂t
ðy; tÞ þ uc

∂cc

∂y
ðy; tÞ ¼ �

jðy; tÞ
4Fhc

; (2)  

where uc is the air velocity, F is the Faraday constant and hc stands for 
the channel depth. Equations (1) and (2) are rewritten in dimensionless 

form using the following parameters: j
�

¼ j=j0 where j0 ¼ jð0Þ is the inlet 
current density, ~cc ¼ cc=cref , ~η ¼ η=b, ~y ¼ y=Lc, and ~t ¼ t= τc where τc ¼

Lc=uc is the oxygen residence time in the fuel cell. Notice that in this 
model, the oxygen velocity, uc, is the 2D velocity of the oxygen that 
would flow in a cell without ribs [16] since these latter are not taking 

 into account in our model. Using these 

parameters, it leads to: 

j
�

¼ αcc�c; (3)  

where αc ¼ ic=j0eηðtÞ=b, and 

∂c�c

∂ t
� þ

∂c�c

∂y�
¼ � λ* j

�

; (4)  

where λ* ¼ j0Lc=ð4Fcref uchcÞ. A more convenient expression of λ* is 
given at the end of this subsection, see Equation (8). 

In periodic regime, equations (3) and (4) can be decomposed into 
steady part (real, denoted with the superscript 0) and a periodic part 
(complex, denoted with δ) in the frequency domain as:  

� j
�

ðy
�
; t
�
Þ ¼ j

�0
ð y
�
Þþ δ j

�

ðy
�
;ω�Þeiω� t

�

, where ~ω ¼ ωτc, ~ω is the dimensionless 
frequency, and ω is the angular frequency;  
� ~ccð~y;~tÞ ¼ ~c0

c ð~yÞþ δ~ccð~y; ~ωÞei~ω~t ;  

� ~ηð~tÞ ¼ ~η0 þ δ~ηð~ωÞei~ω~t ;  

� αcðtÞ ¼ α0
c ð1þ δ~ηð~ωÞei~ω~tÞ, where α0

c ¼ ic=j0e
η0
b . 

Before to be solved in periodic regime, equations (3) and (4) are 

solved in steady states. Using the inlet conditions ~c0
c ð0Þ ¼ 1 and j

�0
ð0Þ ¼

1, it implies that α0
c ¼ 1 and c

�0
c ¼ j

�0
. So, the steady state equation of the

current density distribution writes 

j
�0
ð y�Þ ¼ e� λ* y�: (5) 

Then, a relationship between λ* and the oxygen stoichiometric, λ, can 
be found by computing the mean current density produced by the cell as 

Icell ¼ j0

Z 1

0
j
�0
ð y�Þdy� ¼

j0

λ*

�
1 � e� λ*� (6) 

Rearranging Equation (6) with the definition of λ* given in equation 
(4) leads to 

Icellλ*

j0
¼

IcellLc

4Fcref uchc
¼ λ� 1; (7)  

and by combining equations (6) and (7) one can write 

λ*¼ � ln
�
1 � λ� 1�: (8) 

Finally, a convenient expression of the current density distribution, 
j0ð~yÞ, which depends only on the oxygen stoichiometry is found by 
combining Equations (2), (4) and (6) as 

j0ð~yÞ
Icell
¼ λ*λe� λ*~y: (9) 

A similar expression for the current density distribution was reported 
by Kulikovsky [6]. 

2.2. Low frequency spectral signature in stoichiometric regime 

Equations (3) and (4) are now solved in the periodic regime. Using 
the complex decomposition previously introduced, the periodic state of 
Equation (1) writes 

δj
�

¼ δc�c þ e� λ* y�δη�: (10)  

where δ~cc is obtained from the periodic state of equation (2) as: 

iω�δc�c þ
d
dy�

δc�c ¼ � λ*δj
�

; (11) Fig. 1. Simplified geometry of a fuel cell operating in stoichiometric regime 
(GDL neglected). (a), 3D view of a fuel cell with two parallels channels. (b), 2D 
geometry used to model the fuel cell mass transport phenomena. 
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Combining (10) and (11), and solving them, using the inlet condition 

δ j
�

ð0Þ ¼ 0, leads to the following expression of the periodic current 
density: 

δ j
�

ð y�Þ ¼ iλ*δη�
ω�
��

1 �
iω�

λ*

�

e� λ* y� � e� λ* y�ð1þiω�=λ*Þ

�

(12) 

Finally, one can compute the dimensionless fuel cell impedance ~Z, 
whose expression can be obtained from the following equation: 

1
Z
� ¼

Z 1

0

δj
�

ð y�Þ
δη�

dy�; (13)  

developing equation (13) leads to: 

1
~Z
¼

i
~ω

��

1 �
i~ω
λ�

�
�
1 � e� λ*�

�
1 � e� λ�ð1þi~ω=λ�ÞÞ

1þ i~ω=λ�

�

: (14) 

Equation (14) describes the low frequency impedance of the fuel cell 
in the stoichiometric regime. This equation is identical to the impedance 

reported in Ref. [16] when Da≪1 which is the case in such stoichio
metric regime. Moreover, like the current density in steady state, it is 
interesting to note that this dimensionless impedance is governed only 
by the oxygen stoichiometry. 

From equation (14), two quantities can be computed, namely the 
phase and the modulus of the impedance. The phase of the impedance Z 
is then defined as: 

tanφ ¼ �
Imð1=Z

�

Þ

Reð1=Z
�

Þ
; (15)  

and one can notice that this quantity is function of τc and λ only. 
Therefore, only the knowledge of the fuel cell operating conditions (air 
flow rate, pressure, temperature and current) is required to predict the 
fuel cell phase in stoichiometric regime. This latter will be used in the 
results section to evidence the stoichiometric regime. In contrast, the 
modulus is computed as: 

Figure 2. (a) 3D rendering view of the single cell used in the experiments. (b), segmented current collector used to measure the current density distribution. It 
replaces one of the copper current collector in the single cell. 
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jZj ¼
�
�
�
�

Rct

~Zðτc; λÞ

�
�
�
�

� 1

; (16)  

with Rct ¼ b=j0. Thus, the modulus is governed by τc, λ, and the cell 
electrochemical parameters. In absence of knowledge of b and j0 it is not 
possible to predict the modulus of the stoichiometric regime. However, 
Equation (16) is used at the end the next section to validate the model 
after measuring the Tafel slope. 

2.3. Experimental measurements 

Two kinds of experiments are performed in this study to validate 
both the steady state model using the current density distribution 
measurements and the periodic state using the EIS response of the fuel 
cell. To measure the local current density distributions, a segmented 
flow field was built directly onto a printed circuit board (PCB), see Fig. 2, 
where the current is measured through eleven segments. Each segment 
is connected in series to a Hall effect current sensor (Allegro Micro
system, ACS723LLCTR-05AB-T), which converts the current that flows 
through the segment into voltage. All the 11 voltages are then read by a 
data acquisition system every second. Each sensor was carefully cali
brated prior to the fuel cell current measurements (see section S1 in 
supplementary material). According to the datasheet of the sensor and 
all the experimental uncertainties, it is assumed that the current den
sities are measured with an accuracy of �10%. Such uncertainty was 
also verified when comparing the current measured by the segmented 
flow field to the current read by the fuel cell test station (see details in 
the supplementary materials). 

The position, the area and the length of each segment are summar
ised in Table 1. The segmented flow field was gold plated to ensure 
minimal contact resistance and to prevent copper oxidation when placed 
inside the cell. Holes were drilled into the flow field to allow an optical 
access and verify that no liquid water was present in the channel as 
assumed in the model. The segmented flow field is inserted at the anode 
side. 

The second kind of measurements are the classical EIS. To do so, the 
fuel cell was connected to a FCT 50 test station (BioLogic®) to measure 
the cell current, voltage and impedance. The fuel cell impedance was 
recorded from 10 kHz to 0.1 Hz with 10 points per decade using an AC 
sine wave signal equal to 10% of the DC current. The FCT 50 test station 
was also used to control air and hydrogen flow rates, temperatures, 
humidity and pressure. The protocol used to record EIS data is detailed 
in supplementary materials. 

In all the experiments, a 12 cm2 (200 mm-long by 6 mm-wide) single 
cell was used to validate the model. It comprises two parallel channels of 
200 mm-long by 1.5 mm-deep. At the cathode side, the flow field was 
machined directly in the copper current collector to enable an optical 
access inside the channels via a transparent plexiglass plate inserted on 
the top of the channels (see Fig. 2(b)). The current collector was gold 
plated to ensure minimal ohmic resistance (and large Wa). Between the 
current collectors, a membrane electrode assembly (MEA) was inserted; 
it is made of a 15 μm-thick Gore PEM with 0.5 mg/cm2 platinum loading 
in both anode and cathode CL. The very thin membrane and high plat
inum loading were specially chosen to ensure low membrane resistance 
and efficient electrochemical reaction which match our model as
sumptions (negligible ohmic losses in the membrane and no over
potential gradients in the CL). The MEA was sandwiched between two 
10BC GDLs from SGL® compressed at 250 μm using two rigid spacers. 

Finally, two aluminum end-plates were used to assemble all the fuel cell 
components. A water cooling circuit connected to a temperature control 
system was drilled inside the end plates to keep the fuel cell temperature 
constant at 70 �C. 

Hydrogen flow rate was kept constant throughout all the measure
ments at 300 ml/min, 70 �C and 30% relative humidly to ensure enough 
membrane hydration and negligible overpotential losses in the anode. 
The air flow rate was modulated based on the desired stoichiometry, but 
for all the experiments air enters fully dry at a fixed temperature of 70 �C 
at the cell inlet. 

The oxygen stoichiometry and oxygen residence time are computed 
based on the experimental conditions. The mean air density in the 
cathode channel is estimated as follows: 

ρair ¼
Ptot

RT
ðxH2OMH2O þ xO2 MO2 þ xN2 MN2 Þ; (17)  

with xO2 ¼ 0:79=0:21 xN2 and xN2 þ x02 þ xH2O ¼ 1. Although the cell is 
fed using dry air, the water produced by the electrochemical reaction 
makes the air relative humidity close to 100%. Therefore, it is assumed 
that xH2O ¼ PsatðTÞ=Ptot. The relationship (15) is then used to compute 
the air flow rate at the cell temperature and pressure, i.e.: _QðT; pÞ ¼
_QSCPT:ρSCPT=ρair where _QSCPT and ρSCPT are the flow rate and the density 

of air in standard condition of pressure and temperature. Then, the ox
ygen stoichiometry is obtained as 

λ ¼
_QðT; pÞcref

Icell=ð4FÞ
; (18)  

where _QðT; pÞ is the volume flow rate given for the cell operating pres
sure and temperature, Icell is the cell operating current, and cref is the 
oxygen concentration at the channel inlet given by the ideal gas law as: 

cref ¼ xinlet
O2

ptot

RT
; (19)  

where xinlet
O2 

is the inlet oxygen mole fraction taken to be 0.21 as dry air is 
used, and ptot is the total air pressure in the fuel cell. 

The model derived in section 2.1 is based on a two-dimensional (2D) 
geometry which does not take into account the effect of the ribs. 
Therefore, the velocity defined in Equation (1) is a 2D velocity that 
would flow without any rib. Experimentally the 2D velocity is given by 

u2D
c ¼

_QðT; pÞ
lchc

; (20)  

where lc is the cell width, e.g. 6 mm. Finally, the oxygen residence time 
is based on the u2D

c as 

τc ¼
Lc

u2D
c
: (21) 

In our flow field geometry, the ratio of the cell active surface to the 
channel surface is 0.5, thus u2D

c is equal to the half the 3D velocity that 
flows inside the fuel cell channels. 

3. Results & discussion 

3.1. Multiscale evidence of the stoichiometric regime 

Before to be able to use the stoichiometric model to characterize the 

Table 1 
Geometrical characteristics of the segmented current collector.  

Segment # 1 2 3 4 5 6 7 8 9 10 11 

Length (mm) 19 18 18 18 18 18 18 18 18 18 19 
Area (cm2) 1.14 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.14 
Dimensionless position 0.95 0.86 0.77 0.68 0.59 0.50 0.41 0.32 0.23 0.14 0.05  

S. Chevalier et al.                                                                                                                                                                                                                               
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fuel cell electrochemical kinetics, evidences of the stoichiometric re
gimes have to be observed. This was done at the previously mentioned 
scales: at the global scale where the EIS signatures at low frequency are 
measured and at the local scale based on the current density distribution 
measurements. 

3.1.1. At the global scale using low frequency EIS measurements 
Like in the authors’ previous works [16], the low frequency EIS 

signature is used to evidence the stoichiometric regime. In the previous 
section, it was shown that the low frequency phase in the stoichiometric 
regime is a function of τc and λ (see Equation (15)), so it can be predicted 
easily knowing the fuel cell operating conditions. The low frequency fuel 
cell phase is measured from the fuel cell impedance as follows: 

tanφexp ¼
Im
�
Zexp
�

Re
�
Zexp
�
� rHF

; (22)  

where Zexp is the measured fuel cell impedance, and rHF is the high 
frequency resistance taken as the average of the real part of the fuel cell 
impedance between 10 Hz and 5 kHz. rHF is subtracted from the fuel cell 
impedance to match the assumption of negligible charge transport in the 
model. The fuel cell phase is measured for a range of oxygen stoichi
ometries and fuel cell currents. Details about the operating conditions 
used can be found in Table (2). 

The comparison between Equation (15) and the low frequency phase 
measurements (Equation (22)) for a range of oxygen stoichiometries and 
a range of currents is presented in Fig. 3. The model is computed for the 
stoichiometry at which the cell is operating (see Equation (18)) and an 
interval at �10% of this oxygen stoichiometry is depicted in dash line. 
To validate that the cell is operating in stoichiometric regime one can 

expect that the measured fuel cell phases fall within this interval. As it 
can be observed in Fig. 3, this is particularly true at λ ¼ 1.30 and 1.60 for 
all the currents (0.25, 0.375 and 0.5 A/cm2). However, more deviation is 
noticed at λ ¼ 2.15, and the measured phase is out of the interval at 
λ ¼ 3.15. Therefore, it can be concluded that the cell is operating in 
stoichiometric regime for a range of stoichiometric from 1.30 to 2.15 for 
all the currents tested. This result is in line with the work reported in 
Ref. [16], and confirms that the assumption made concerning negligible 
ohmic losses in the membrane and the absence of overpotential gradient 
in the CL are valid. 

Another interesting result concerns the scaling of all the measure
ments regardless the operating current used. This confirms that the low 
frequency phase depends only on the oxygen stoichiometry when 
plotted as a function of ~ω. If the same data were plotted versus the 
angular frequency, the effect of the operating current would have been 
shown through a shift of the maximum of the fuel cell phase (see 
Ref. [16]). 

3.1.2. At the local scale using current density distribution measurements 
The same kind of evidence of the stoichiometric regime is now 

sought at the local scale. In the stoichiometric regime the current dis
tribution is given by equation (9). If the measurements of the current in 
each segment follow the same distribution, then one can conclude that 
the fuel cell is operating in the stoichiometric regime. 

The same operating conditions previously mentioned in Table 2 are 
used, and the results are presented in Fig. 4. The methodology to 
compute the error bars on the dimensionless currents is detailed in ap
pendix. Globally, it can be noticed that the measurements agree well 
with the model regardless the operating currents used and the oxygen 
stoichiometries. For each stoichiometry, all the data points scale with 
the model with a very small dispersion with respect to the current level, 
concluding – once again – that only the stoichiometry governed the 
current distribution not the value of the current itself justifying the name 
of stoichiometric regime. Therefore, from the results presented in Fig. 4 
and associated to those in Fig. 3, it is concluded that the fuel cell 
operates in stoichiometric regime for all the operating conditions given 
in Table 2. 

As noticed in Fig. 4(d), surprisingly, the stoichiometric regime may 
still occur at λ ¼ 3.15 also whereas it was not identified on the low 
frequency phase (see Fig. 3). This result may be due to some transients’ 
phenomena which hinder the frequential signature such as oxygen 
transport delay in the GDL. When λ increases, τc also increases to the 
same order of magnitude than the characteristic time of the GDL oxygen 
transport (see Ref. [16]). Thus, it may be concluded that the measure
ments of the current density distribution would be a more reliable 
technique to evidence the stoichiometric regime since they are not 
perturbed by GDL transient phenomena. 

The model and the measurements are observed to deviate the most at 
the cell extremities, i.e. at ~y � 0:05 and 0.95. At the channel inlet, air 
enters dry and become humidified after few millimetres. The membrane 
humidity could therefore be lower at the first segment leading to a lower 

Fig. 3. Fuel cell low frequency phase measured by EIS for a range of current 
and oxygen stoichiometry. 

Table 2 
Summary of the operating conditions used in the stoichiometric regime.  

Current 
density (A/ 
cm2) 

Air flow 
rate (ml/ 
min) 

Pressure 
(bar) 

ρair (kg/ 
m3)  

uc 

(m/s)  
λ τc  

0.5 123 1.9 2.82 0.31 1.29 0.64 
0.25 63 1.87 2.79 0.16 1.32 1.24 
0.375 94 1.98 2.904 0.24 1.313 0.86 
0.5 153 2.00 2.93 0.39 1.6 0.53 
0.25 78 2.02 2.92 0.20 1.63 1.05 
0.375 113 1.97 2.894 0.29 1.578 0.72 
0.5 204 1.94 2.85 0.52 2.14 0.39 
0.25 103 1.90 2.16 0.26 2.16 0.77 
0.5 304 2.013 2.93 0.78 3.18 0.27  
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current production. This effect was observed in the literature on a larger 
scale [40,45], but here due to the very thin membrane used (15 μm), this 
non-uniform membrane humidity is only located at the first segment. A 
second source of uncertainty in the local current density measurement 
can stem from the uncertainty of the area of the MEA in the segments 
located at the extremities. During the fuel cell assembly with the 
segmented current collector, the MEA may have moved a bit toward one 
of the cell extremities (few millimetres) changing the surface area in 
contact with the segments at the extremities. This effect was pointed out 
by Kulkarni et al. [46] using X-rays radiography. 

3.2. Characterisation of kinetic parameters in stoichiometric regime 

3.2.1. Parameters identification 
In the previous section, it was shown that the fuel cell is operating in 

the stoichiometric regime, validating the use of equations (1) and (2) to 
model the fuel cell behavior. Using these equations, one can show that 
c0

c ðyÞ =cref ¼ e� λ*~y, and j0 ¼ iceη=b. Thus, by integrating equation (1) it 
leads to: 

Icell¼

Z 1

0
jð~yÞd~y ¼ iceη=b

Z 1

0
e� λ*~yd~y ¼

iceη=b

λλ* : (23) 

Equation (23), is then rewritten in linear form using the decimal 
logarithm to obtain: 

η¼ 2:3b� logðIcellλλ*Þ � 2:3b� logðicÞ: (24) 

Equation (24) can be viewed as the Tafel equation but for a 2D cell 
where the current density Icell is corrected by the effect of the stoichi
ometry in the channel, i.e. λλ*. Thus, by measuring the cell overpotential 
and current density, it is possible to accurately fit the Tafel slope and the 
exchange current density to characterize the cell electrochemical 
kinetics. 

In Fig. 5, the overpotential measurement versus the corrected current 
density is shown for all the measurements summarised in Table 2. The 
methodology to compute the uncertainty of the current density is 
explained in appendix. The overpotential is computed as 

η¼ 1:23 � Ecell � rHF � Icell; (25)  

where Ecell, rHF and Icell are the cell voltage, ohmic resistance and current 
density measured. These values are summarised in Table 3. Using 
equation (24) and a linear regression, the Tafel slope and the exchange 
current are obtained (see Table 3 for the values). 

In their review, Eslamibidgoli et al. [3] recalled that three regimes of 
electrochemical kinetics are theoretically expected. From medium to 
high overpotentials, these regimes are characterised by a value of Tafel 
slope that varies from 80 mV to 120 mV [3]. Our results presented in 
Fig. 5 show a similar trend where the slope varies between the data 
points measured at medium and high overpotential with a Tafel slope 
equal to 143 � 21 mV and 229 � 52 mV, respectively. We found that the 
value of the Tafel slope is larger than what is theoretically predicted, but 
the ratio between them is correct (2/3). The larger than expected Tafel 
slopes measured in his study are in-situ values in sense that some other 
physical phenomena may have impacted it: heterogeneities in the fuel 
cell assembly, effect of the channel/rib, catalyst degradations/aging. 
However, this Tafel slope can be considered as the correct values in the 
framework of the stoichiometric regime and become an accurate crite
rion to assess the kinetic performances of different fuel cell assemblies 
for example. 

A similar conclusion can be drawn concerning the values of the ex
change currents. We found two regimes at medium and high over
potential where the values of ic vary significatively. Although it is 
difficult to link these in situ values to fuel cell characteristics (platinum 
loading, ECSA, catalyst layer composition …), they can be used in the 
similar way as the Tafel slope: using ic to characterize the fuel cell ki
netics in the framework of the stoichiometric regime and compare them 
to study different catalyst layer or aging impact for example. 

3.2.2. Model validation 
Going further to validate the consistency of the measured value of b 

and ic with the stoichiometric regime, we check the assumption made in 
section 2 where αc ¼ ic=j0eηðtÞ=b � 1. In the stoichiometric regime, we can 
write that αc ¼ ice

ηðtÞ
b =ðIcellλλ*Þ: These values are computed in Table 3. As 

it can be observed, αc is found to be very close to 1 validating the 
assumption made earlier and meaning that the value b and ic are 

Fig. 4. Non-dimensional local current density distributions for a range of 
current and oxygen stoichiometry. 

Fig. 5. Linear fit of the Tafel slope and exchange current density in the stoi
chiometric regime. 
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consistent with the assumptions made to derive the stoichiometric 
model. 

The second validation is based on the fuel cell impedance modulus. 
Only the phase was used previously to verify that the fuel cell is oper
ating in stoichiometric regime. To compute the dimensionless fuel cell 
impedance, 

�
�Zexp

�
�, the charge transfer resistance is needed as it is shown 

in Equation (16). The charge transfer resistance is given by Rct ¼ b= ðj0Þ
with j0 ¼ Icellλλ* according to Equation (23). The uncertainty associated 
to the dimensionless modulus is given in appendix. These data are pre
sented in Fig. 6 and compared to the modulus of the impedance in 
stoichiometric regime given by Equation (14) as j~Zj ¼ j1=~Zj� 1. 

The experimental modulus measured in stoichiometric regime scales 
quite well with the model (red lines in Fig. 6) for all the oxygen stoi
chiometries. Although some deviations can be observed (at λ ¼ 2.15 and 
3 A for example), the general trend is well reproduced. This result shows 
that the fuel cell can be fully characterized where all the parameters of 
the stoichiometric regime can be measured (membrane resistance, 
electrochemical kinetics, oxygen transport in the channel) and used to 
predict both the steady state of the cell (current and current density) and 
periodic state (fuel cell impedance). 

4. Conclusions 

The aim of this paper was to evidence the stoichiometric regime in an 
operating fuel cell both at the global and local scale using EIS mea
surements and current density distribution measurements with a 
segmented flow field. This was successfully done for a range of stoi
chiometry from 1.30 to 3.18 and a range of current from 3 A to 6 A 
(0.25–0.5 A/cm2). At the local scale it may have been easier to evidence 
the stoichiometric regime, particularly at λ ¼ 3.18 where the low fre
quency phase can be altered by the oxygen transport in the GDL (see 
Ref. [16]). However, the use of segmented cell is not mandatory to 
obtain a signature of the stoichiometric regime since it is well observed 
through the low frequency phase for most of the measurements pre
sented in this paper. 

Operating a fuel cell in this particular regime is a great advantage 
from the modelling point of view as only two equations govern the main 
physical mechanisms. Therefore, few parameters are needed to predict 
the fuel cell behavior. Moreover, in the case they are not known, such as 
the kinetics parameters (Tafel slope and exchange current), a method
ology is presented to measure them accurately. Thus, within the 
framework of this stoichiometric regime, PEM fuel cells can be better 
controlled, their performances better predicted, and their physical 
properties better characterized. 

Another application of these works concerns the hydrogen/oxygen 
fuel cells where mass transport in the GDL are not limiting. Thus, these 
fuel cells operating conditions fall within the assumption needed to 
derive the stoichiometric regime, and our work can be transpose to this 

technology to characterize the kinetic parameters or to control 
hydrogen/oxygen fuel cell performances. 
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Table 3 
Summary of the fuel cell characterisation in stoichiometric regime for a range of current and oxygen stoichiometry.  

Current (A) Icell (A/cm2)  λ rHF (mΩ)  E (V) η (V)  b (mV) s(mA/cm2) αc  

6 0.500 1.29 13 0.53 0.62 229 � 52 65 � 18 1,01 
3 0.250 1.32 16 0.69 0.49 143 � 21 21 � 4 0,96 
4.5 0.375 1.31 15 0.64 0.52 229 � 52 65 � 18 0,89 
6 0.500 1.60 13 0.60 0.55 229 � 52 65 � 18 0,91 
3 0.250 1.63 16 0.71 0.47 143 � 21 21 � 4 1,01 
4.5 0.375 1.58 15 0.68 0.48 229 � 52 65 � 18 0,89 
6 0.500 2.14 13 0.60 0.55 229 � 52 65 � 18 1,06 
3 0.250 2.16 14 0.74 0.45 143 � 21 21 � 4 1,01 
6 0.500 3.18 13 0.65 0.51 229 � 52 65 � 18 1,00  

Fig. 6. Impedance modulus versus dimensionless frequency for a range of air 
stoichiometry and cell current. 
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Appendix. Uncertainty calculations 

Dimensionless current 

We consider that the N current densities measured by the segmented current collector are known within �10% of the measured value. So, the 
uncertainty on the mean value is: 

umean ¼
0:1
N

ffiffiffiffiffiffiffiffiffiffiffi

XN

n¼1
j2
n

v
u
u
t ; (A.1) 

This is the root sum of squares of the measured current density. 
Thus, one can deduce that the uncertainty of the dimensionless current is: 

uIadim ¼ 0:1Iadim

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
PN

n¼1j2
n

N2I2
mean

s

; (A.2)  

Flow rate, velocity and stoichiometry 

In this study, the air flow rate, velocity and stoichiometry are considered to be known at �10%. This uncertainty stems from the mass flow 
controller, the cell temperature controller and the back pressure controller. For sake of simplicity, all these uncertainties are embedded in a single one 
where the velocity is assumed to known at �10% of uc. 
Tafel slope 

Calculation of the uncertainty on the Tafel slope and the exchange current density obtained from the linear fit. For the Tafel slope, it is trivial: ub ¼

ua1=2:3 where ua1 is the uncertainty computed by the linear fit including the weight of each data (error bar on x-axis). Concerning the exchange 
current, it is given by the following formula: ic ¼ 10� a2=a1 where a1 and a2 are the slope and the intercept, respectively. Thus, the uncertainty on ic is 
given by: 

u2
ic ¼

�

ua1

∂ic

∂a1

�2

þ

�

ua2

∂ic

∂a2

�2

; (A.3) 

which lead to 

uic ¼ ic

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

a2

a2
2
þ

u2
a1

a2
1

a2
2

a2
1

s

: (A.4)  

Modulus 

The uncertainty of the modulus depends of the uncertainty of the charge transfer resistance computed as: 

u2
Rct
¼

�
ub

λλ*Icell

�2

þ u2
λ

b2

I2
cell

�
ð1 � λÞλ* þ 1
ð1 � λÞλ*2λ2

�2

; (A.5) 

which lead to 

u2
Rct

R2
ct
¼
�ub

b

�2
þ

u2
λ

λ2

�
ð1 � λÞλ* þ 1
ð1 � λÞλ*

�2

: (A.6)  

where uλ ¼ 0:1� λ and ub is given in Table 3. Finally, one can obtain 

uRct ¼ Rct

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ub

b

�2
þ 0:12

�
ð1 � λÞλ* þ 1
ð1 � λÞλ*

�2
s

; (A.7)  

and, the uncertainty on the dimensionless modulus is given by 

u
j~Zj ¼ j

~Zj
uRct

Rct
: (A.8)  

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2019.227100. 
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