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a b s t r a c t

In this paper, the electrochemical kinetics, oxygen transport and solid water formation within the cath-
ode electrode of polymer electrolyte fuel cells (PEFCs) during cold start is investigated. We specifically
evaluate the key parameters that govern the self-startup of PEFCs by considering a wide range of the rel-
evant factors. These parameters include characteristic time scales of cell warm-up, ionomer hydration in
the catalyst layer, ice build-up and melting, as well as the ratios of the time constants. Supporting exper-
imental observation using neutron imaging and isothermal cold start experiment is discussed. Gas purge
is found to facilitate the PEFC cold start but the improvement may be relatively small compared with
other methods such as selecting suitable materials and modifying the cell design. We define a three-step
electrode process for cold start and conduct a one-dimensional analysis, which enables the evaluation of
the impact of ice volume fraction and temperature variations on the cell cold start performance. The ionic
conductivity data of Nafion® 117 membrane at subfreezing temperature, evaluated from experiment, is
utilized to analyze the temperature dependence of the ohmic polarization during cold start.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The polymer electrolyte fuel cell (PEFC) is widely regarded as a
potential power source for portable and mobile applications due
to its noteworthy features of high efficiency and zero emission.
PEFCs must have the ability to survive and start up from subfreezing
temperatures, also called cold start, to be successfully deployed in
automobiles. Under freezing environmental conditions, water pro-
duced has a tendency to freeze in open pores in the catalyst layer
and GDL, rather than be removed from the fuel cell, thus creat-
ing mass transport limitations which eventually end the ability for
operation.

Cold start is essentially a transient phenomenon. Currently, the
majority of the efforts are focused on the steady-state character-
istics of PEFCs. There is a lack of thorough investigation on the
dynamic behavior, though the importance of dynamic character-
istics is obvious for automobile and portable applications of fuel
cells which are frequently subjected to fast load variations. While
the characteristics of PEFC dynamics have been studied by several
groups [1–11], research on PEFC cold start is relatively new [12–20].
Hishinuma et al. [12], Wilson et al. [13], McDonald et al. [14] and
Cho et al. [15] conducted early studies on cold start. Hishinuma et al.
[12] investigated cold start down to ∼−25 ◦C and found waste heat
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generated by fuel cell might be sufficient to increase the PEFC tem-
perature to 0 ◦C. Wilson et al. [13] investigated the impact of the
freeze/thaw cycles on the electrode performance and concluded
that freezing may not be detrimental to the integrity of the catalyst
layer and membrane assembly. McDonald et al. [14] also conducted
experiments to investigate the physical change in the electrolyte
membrane due to freeze/thaw cycling. Cho et al. [15] carried out
a study on cell degradation related to the thermal cycle and con-
cluded that water freezing may be a source of cell degradation.
Recently, Oszcipok et al. [16] examined the isothermal potentio-
static cold start and observed that water freezes in the cathode
electrode, microporous layer, and the GDL. Yana et al. [17] inves-
tigated the impact of subfreezing temperatures on components
and observed delamination of the catalyst layer during cold start.
Mukundan et al. examined the fuel cell performance at subfreezing
temperature and studied the influence of carbon paper and carbon
cloth GDLs [18]. Wang [19] presented theoretical analyses of PEFC
cold start operation and identified different stages during cold start.
Refs. [20–23] proposed cold start models and examined the distri-
butions of ice. Thompson et al. [24] investigated the isothermal
operations at −20 ◦C.

Saito et al. [25] and Cappadonia et al. [26] investigated the
membrane performance down to freezing temperatures. Saito et
al. [25] investigated the ion and water transport in the membrane
and concluded that part of the water is frozen around −20 ◦C, but
nonfreezing water remains active for transport. Cappadonia et al.
[26] measured the conductance of Nafion® membranes in a wide
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Nomenclature

Am electrode area (m2)
a water activity; effective catalyst area per unit vol-

ume (m2/m3)
ao catalyst surface area per unit volume (m2/m3)
BP bipolar plate
C molar concentration of species k (mol/m3)
Cp specific heat (J/kg K)
D species diffusivity (m2/s)
EW equivalent weight of dry membrane (kg/mol)
F Faraday’s constant (96,487 C/equivalent)
I current density (A/cm2)
i superficial current density (A/cm2)
j transfer current density (A/cm3)
k thermal conductivity (W/m K)
M molecular weight (kg/mol)
P pressure (Pa)
R universal gas constant, 8.134 J/mol K; ohmic resis-

tance (m� cm2)
S source term
sice ice volume fraction
t time (s)
T temperature (K)
Uo equilibrium potential (V)

Greek symbols
˛ transfer coefficient; net water flux per proton flux
� density (kg/m3)
� phase potential (V)
� ionic conductivity (S/m)
� membrane water content, # of H2O/SO3H− group
ε porosity
� surface overpotential (V)
	 tortuosity/coverage coefficient; time constant (s)
ı thickness (m)

Superscripts and subscripts
c cathode
CL catalyst layer
d diffusion
e electrolyte
eff effective value
g gas phase
m membrane phase
o reference value; initial value
ref reference value
w water

range of temperatures including the subzero regime. Song et al.
[27] conducted a study on the oxygen reduction reaction (ORR) per-
formance at subfreezing temperature and indicated that the ORR
kinetics remains the same. Thompson et al. [28] investigated the
ORR kinetics at subfreezing temperatures.

In view of the afore-mentioned approaches to cold start, the-
oretical analysis is highly desirable, particularly to identify and
evaluate the key parameters governing the PEFC cold start oper-
ation. In our recent work [19], a theoretical framework was
developed for PEFC cold start analysis. However, no extensive dis-
cussion has been made about the key parameters, particularly in
the wide range of fuel cell properties that are considered in the lit-
erature. Building upon the theoretical framework [19], this paper
defines three stages of cold start and presents a detailed analysis
of the pertinent parameters, which are critical to the fundamental

understanding of the PEFC cold start operation. Observations from
neutron imaging and isothermal cold start experiments are also
provided along with the theoretical analysis. Further, this paper
also discusses the temperature dependence of the ohmic polar-
ization during cold start based on experimental data of Nafion®

membrane ionic conductivity.

2. Simplified analysis and stages of cold start process

Fig. 1 schematically shows a PEFC and a high resolution TEM
(transmission electron microscope) image of the catalyst layer [29].
A PEFC consists of many components that are essential for its proper
functioning including: bipolar plate (BP), gas diffusion layer (GDL),
catalyst layer (CL), and proton conducting membrane. The geomet-
rical and physical parameters of these components are summarized
in Table 1. At the electrochemical reaction surface in the cathode CL,
oxygen reacts with protons and electrons from the hydrogen disso-
ciation in the anode (see Fig. 1). Water and heat are the by-products
of this reaction.

In the subzero environment, the above oxygen reduction
reaction (ORR) is still active and able to produce water. Water pro-
duction under subfreezing conditions has been observed indirectly
by several experiments [12,14] (which show current production)
and directly by neutron images, (see Fig. 2). Fig. 2 shows the
evolution of the average water content under the channel and
land, respectively, obtained from the neutron images. The neutron
imaging was conducted at the NIST Center for Neutron Research
(NCNR) on the thermal beam tube 2. The measurements were con-
ducted using beam #1 and aperture #4 with a fluence rate of
2 × 107 neutrons/(cm2 s). The fuel cell operates at subfreezing tem-
perature of −10 and −20 ◦C, respectively, therefore the water will
exist in solid state. It can be seen that the water content increases
steadily with time due to the water production by the ORR. At sub-
freezing temperature, water freezing in the pores of the catalyst
layer blocks the open pores required for reactant diffusion. To avoid
cold start failure, the fuel cell needs to be heated by either exter-
nal sources or self-heating, to at least 0 ◦C before ice in the catalyst
layer causes severe reactant starvation.

2.1. Heat transfer in the cathode

The majority of heat is generated in the cathode catalyst layer
primarily due to the large overpotential present at the reaction
interface [30,31]. In a single PEFC, assuming all the waste heat is
generated in the cathode catalyst layer, the upper limit of tem-
perature variation across the catalyst layer can be estimated by
considering a uniform heat generation removed via heat conduc-
tion [19]:


TCL∼
ıCLI(Eo − Vcell)

2keff
CL

(1)

Note that the above equation considers a volumetric heat genera-
tion distributed within the catalyst layer, therefore the right side in
the above is half of the one used in Ref. [19] where heat generation
is treated as a surface flux added to the catalyst layer. The range
of the effective thermal conductivity, keff, considered is from ∼0.3
to 3.0 W/m K. The typical thickness of the catalyst layer in PEFCs
is varied from 7.5 to 25 �m. For standard cold start operation, i.e.
0.5 V and 0.1 A/cm2, 
TCL ranges from 0.001 to 0.03 K, (which is
negligible comparing with the overall temperature change during
cold start).

The most common GDL materials are the carbon-fiber based
papers and cloths. The through-plane thermal conductivity of such
materials typically ranges between 0.3 and 3 W/m K. In addition,
compression (e.g. under the land) will increase the thermal conduc-
tivity value by improving the contact between fibers. Graphite is the
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Fig. 1. Schematic of a PEFC and TEM image of the cathode catalyst layer. Water is a product of the oxygen reduction reaction (ORR).

typical bipolar plate material used in PEFCs and with a high ther-
mal conductivity (∼20 W/m K [4]). Some metals, such as stainless
steels, are also considered as potential BP materials characterized
by a comparable thermal conductivity and excellent elasticity (so
they can be made thinner). The temperature variations in these
two components 
TGDL and 
TBP can also be evaluated from Eq.
(1) with the GDL/BP thermal conductivities. Given the range of the
relevant parameters, one can obtain 
TGDL and 
TBP of <0.3 and
0.05 K, respectively. Note that these variations are small compared
to those during cold start (∼10 K), thus the lumped system analysis
can be applied.

Considering the fuel cell as a lumped system, the cell tempera-
ture evolution is then proportional to the waste heat produced. For
constant heat generation, self-heating and negligible heat loss to
the surrounding, the time that is required to heat the cell up to 0 ◦C
can be evaluated by using:

	T,1 = mc̄p

I(Eo − Vcell)Am
(273.15 − To) (2)

where m is the mass of the fuel cell, c̄p the average specific heat, and
Am the reaction area. For evaluation purposes, the thermal mass of

Fig. 2. The water content evolutions from the neutron images during fuel cell oper-
ation at two subfreezing temperature −10 and −20 ◦C.

Table 1
Geometrical, physical, and operating parameters.

Components Value

Catalyst layer/GDL/BP thickness, ıCL/ıGDL/ıBP 0.01/0.2/1.0 mm
Porosity of GDLs/catalyst layers,εGDL/εCL 0.6/0.5
Volume fraction of ionomer in catalyst layers,εm 0.2
Activation energy for oxygen reduction reaction, Ea 73269 J/mol
Thermal conductivity of catalyst layer/GDL/BP, keff

CL /keff
GDL/keff

BP 0.3–3.0/0.28–3.0/20 W/m K
Density of ice/dry membrane, �ice/�m 917/1980 kg/m3

O2 diffusivity in cathode gas at standard condition, DO2
M,0 3.24 × 10−5 m2/s

Net water transport per proton,˛ 0.1
Transfer coefficient, ˛c 1.0
Exchange current density × reaction surface area, a0ic0 10000.0 A/m3

EW (equivalent weight) 1.1
Latent heat of ice fusion, hfusion 3.34 × 105 J/kg
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Fig. 3. The three stages of fuel cell cold start.

the bipolar plates (BP) can be considered to dominate. Note that
the BP thermal mass depends upon the material properties and the
thickness. In addition, in practice coolant channels are embedded
in the bipolar plate. Coolant flow could facilitate heat transfer from
an external source to improve fuel cell cold start. In the case of self-
heating, which is considered in this paper, coolant either remains
stagnant in the fuel cell or is drained out during the cold start. In the
former case, the residual coolant will contribute to the heat capac-
ity, which may be comparable with that of the bipolar plate. For
simplicity in this analysis, we assume that the coolant is drained out
during cold start. For the material of choice, e.g. graphite, �BPcp,BP
of ∼1600 kJ/K m3. ıBP of ∼2 mm yields 	T,1 of ∼100 s for cold start
at −30 ◦C @ 0.1 A/cm2. While for metals such as stainless steel (e.g.
316 grade), �BPcp,BP is ∼4000 kJ/K m3 which leads to 	T,1 of ∼300 s
for a similar BP thickness. In some cases, the cold start current may
be as low as 0.04 A/cm2 and 	T,1 then nearly doubles to over 10 min
for the stainless steel BP. Note that the stainless steel BP can be fab-
ricated thinner, for ıBP of ∼0.5 mm 	T,1 may decrease to half of the
graphite one.

In addition, the assumption of constant heat generation rate is
a good approximation for constant current operation during cold
start. This is due to the small cell voltage variation until the fast
drop of cell voltage arising from the mass transport polarization
(which typically takes place in a short time period) [19]. Under this
assumption, the temperature evolution can be estimated by

T = t

	T,1
(273.15 − To) + To (3)

2.2. Stages of cold start process

In the cathode catalyst layer, the net water change rate equals
the sum of the production rate due to ORR and that transported
through the boundaries. Water in the cathode may exist in the
ionomer, gaseous, and ice phases at subfreezing condition (assum-
ing no super cooled liquid exists). Assuming equilibrium among
water in the phases prevails due to the small dimension of the pores
(∼0.1 �m), solid water emerges after the gaseous phase reaches
saturation. Therefore, the first stage of the cold start is water accu-
mulation in the ionomer and gas phases till the saturation vapor
pressure limit is reached. In the second stage, the ionomer and
gaseous phases are saturated, and water is added to the solid phase,
therefore this stage is characterized by ice volume growth within
the catalyst layer. The third stage starts when the fuel cell reaches
0 ◦C, leading to melting of the residual ice in the catalyst layer due
to fuel cell heat generation, see Fig. 3.

For analysis purposes, we consider constant current operation
during cold start in the following discussion. A constant net water
transfer coefficient, ˛, and heat generation rate are also assumed.

The first stage: In the ionomer phase, water molecules are asso-
ciated with the sulfonic acid groups. The ionomer is able to hold a
large amount of water compared to that in the gaseous phase [2].
Water added to the cathode may be from the water production by
the ORR and water osmosis from the anode and membrane. The
location of added water is still unclear: Ref. [19] indicates that the
amount of water removed by the channel flow is negligible. Consid-
ering instantaneous freezing of water and no transport mechanism
for solid water, the catalyst layer may be the place that holds most
added water [19]. The Las Alamos National Laboratory (LANL) also
indicates that solid water may exist in the GDL; one reason may be
the transport of supercooled liquid water [31]. Assuming no liquid
exists at the supercooled state, the time constant 	ice,1 for the first
stage can be estimated by excluding the water accumulation in the
gas phase in the catalyst layer [19]:

	ice,1 = 2F�mεmıCL(14 − �0)
EW(1 + 2˛)I

(4)

In general, the membrane ionomer density and EW vary negligibly,
but the ionomer volumetric content in the electrode may range
from 0.13 to 0.4, leading to 	ice,1 of ∼0–30 s with ıCL of 10 �m,
˛ of 0.1, and I of 0.1 A/cm2. Refs. [32–35] discussed the impact of
ionomer content on the electrode performance at standard condi-
tions. At this stage, product water is added to the ionomer phase,
increasing the hydration level of the cathode and hence the ionic
conductivity. Our experimental data provide evidence of such an
initial period of a decreasing HFR, see Fig. 4. The decreasing duration
(∼150 s) is at the same magnitude of the time constant calculated
through Eq. (4) for 0.02 A/cm2.

Note that in the above we consider an overall water loss of the
anode and membrane to the cathode due to the electro-osmotic
drag, i.e. a positive net water transfer coefficient ˛ (=0.1 in our
case). In the transient case, ˛ may be a function of time as discussed
in Ref. [19]. It characterizes the net water flux due to the water
electro-osmotic drag and water back-diffusion. At subfreezing tem-
perature, water diffusivity in the membrane becomes low, which
may result in a net water flow to the cathode. This phenomenon can
be qualitatively verified through our isothermal cold start experi-
ment, see Fig. 4. Fig. 4 shows the HFR (high frequency resistance)
evolutions during cold start from −10 and −20 ◦C, respectively. Ini-
tially the HFR decreases which may due to the net water addition
in the cathode ionomer phase from water production. After the
cathode ionomer is saturated (i.e. the second stage), the water addi-
tion is to the solid phase instead of to the ionomer phase, while
the anode and membrane keep losing water to the cathode, which

Fig. 4. The HFR (high frequency resistance) and cell voltage evolutions during fuel
cell operation at two subfreezing temperature −10 and −20 ◦C.
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increases the HFR as indicated in Fig. 4. Details of the experiments
regarding Figs. 2 and 4 can be found in Ref. [36].

The second stage: Assuming no liquid water exists at super cooled
state, solid water will emerge at t > 	ice,1 and its production rate is
proportional to the water addition rate on the cathode side. Consid-
ering all the water addition is in the cathode catalyst layer, the ice
volume fraction in the void space, sice, can be expressed as follows:

sice(t) = t

	ice,2
− k	 	ice,1 < t ≤ 	ice,2 + 	ice,1 (5)

where 	ice,2 and k	 are defined as follows:

	ice,2 = 2FεCL�iceıCL

(1 + 2˛)MwI
and k	 = 	ice,1

	ice,2
= �mεm(14 − �0)Mw

�iceεCLEW
(6)

Note that k	 is the ratio of the two time constants and determined
by the composition and material properties as well as initial mem-
brane condition. Given the typical values of these parameters, the
ratio ranges from 0 to 0.35.

The time constant 	ice,2 relates the ice accumulation capacity
of the catalyst layer to the solid water production rate. Consid-
ering the ranges of the parameters as shown in Table 1, 	ice,2 is
around 50–150 s at 0.1 A/cm2. Note that 	sice , the sum of 	ice,2 and
	ice,1, represents the time that ice fully occupies the open pores in
the catalyst layer (i.e. sice = 1). A dimensionless parameter ˇ2 can
be defined based on our earlier work [19] as the ratio of the time
constants for ice formation and temperature increase and can be
expressed by

ˇ2 = 	T,1

	sice

= (273.15 − To)(1 + 2˛)c̄p

2F(Eo − Vcell)

× 1
(�mεm(14 − �0))/(�BPEW) + (εCL�ice)/(Mw�BP)

ıBP

ıCL

(7)

In the above, we assume the thermal mass of the fuel cell approxi-
mates that of the bipolar plate (BP), i.e. mc̄p/A = �BPc̄pıBP. At ˇ2 < 1,
the fuel cell can start up successfully, otherwise, it will fail due to ice
build-up. The above equation also indicates selection of the bipolar
plate material (e.g. �BP and c̄p) and the ratio of BP thickness to that
of the catalyst layer affect fuel cell cold start characteristics. For the
case of ˇ2 < 1, the maximum average of the ice volume fraction
smax

ice in the catalyst layer can be estimated by

smax
ice = 	T,1

	ice,2
− k	 (8)

Note that even though physically smax
ice must not be over 1, the

expression of Eq. (8) can mathematically be extended to the case
of ˇ2 > 1. In that case, similar to ˇ2, Eq. (8) can be used as another
criterion to evaluate the cold start operation. At smax

ice > 1, the cold
start will fail.

The third stage: For ˇ2 > 1, the PEFC will encounter the third
stage of cold start, i.e. ice melting. This stage is characterized by a
constant cell temperature of 0 ◦C. The characteristic time scale 	T,2
can be estimated by comparing the heat generation rate with the
ice melting latent heat:

	T,2 = �icehfusionıCLεCL

I(E′
o − Vcell)

smax
ice (9)

Here E′
o is defined for the condition with liquid water at 0 ◦C as

product. The ratio of 	T,2 to 	ice,2 is then expressed as follows:

	T,2

	ice,2
= hfusion(1 + 2˛)Mw

2F(E′
o − Vcell)

smax
ice (10)

Note that the electrode properties and current vanish in the above
equation. The ratio varies from 0 to 0.04, indicating that the third

region is short. During this third stage, the ice volume fraction can
be expressed as follows:

sice =
(

	T,1

	ice,2
− k	

)
	T,2 + 	T,1 − t

	T,2
	T,1 < t ≤ 	T,1 + 	T,2 (11)

2.3. The pseudo one-dimensional analysis

For single-layer electrodes or homogenous electrodes, the spa-
tial variation of the reaction rate across the catalyst layer is almost
uniform at small h̄ s [32], which is satisfied for most cold start
operation. h̄ is the non-uniformity factor that quantifies the degree
of the reaction spatial variation across the cathode electrode (h̄ =

U/(2(RT/˛cF)) where 
U = Iı/�eff

m = IRı). However, when oxy-
gen transport becomes a limiting factor due to solid water presence,
the local reaction rate will vary in the electrode. At high hs (e.g.
large current densities), even without solid water the reaction cur-
rent will differ spatially. During cold start, the reaction rate in the
cathode can be expressed as [19]:

j = −a0iref
0,c(1 − sice)	a exp[

−Ea

R

(
1
T

− 1
353.15

)]
CO2

CO2,ref exp
(

−˛cF

RT
· �
)

(12)

The surface overpotential � is defined as follows:

� = ˚s − �e − Uo (13)

where ˚s and ˚e are the electronic and electrolyte phase potentials,
respectively.

Eq. (12) directly shows that the reaction rate is a function of
the local ice volume fraction as well as the local oxygen concen-
tration. Note that the temperature spatial variation is negligible
as estimated previously. Both local ice volume fraction and oxy-
gen concentration may vary spatially due to the local reaction and
oxygen/water transport within the cathode. Therefore, in order to
obtain the local reaction rate, solving the coupled oxygen/water
transport equations and electrochemical kinetics Eq. (12) is a must.
A simplified treatment is to consider a constant reaction rate in
the electrode and hence a uniform ice formation. Note that this
assumption considers the catalyst layer as a number of separated
small reactors in the through-plane direction. The reactors are
operated at a constant reaction rate, allowing the surface over-
potentials to adjust according to the local oxygen content and ice
volume fraction. This treatment greatly simplifies the model and
enables the impact of ice on electrode performance to be directly
evaluated through temporal and spatial variations of the surface
overpotential. We herein term this technique the pseudo-1D anal-
ysis. The uniform local transfer current and oxygen consumption
rate can be expressed as follows:

j = − I

ıCL
and SO2 = − I

4FıCL
(14)

In addition, in the following analysis, we only consider the second
stage of cold start when ice starts to form in the cathode. Following
the analysis of Ref. [19], the oxygen profile can be obtained:

CO2

CO2
cCL

= 1 − Da
1 − x̄2

ε	d−	d,0
CL [(1 − sice)]	d

where x̄ = 1 − xcCL − x

ıCL
(15)

where x̄ is the dimensionless distance from the interface between
the membrane and catalyst layer, and the dimensionless parameter,
Da, is called the Damköhler number. Detailed discussion on Da can
be found in Ref. [19]. In addition, severe local oxygen starvation will
first occur at x̄ = 0 when CO2 = 0, i.e.:

1 = Da
1

ε	d−	d,0
CL [(1 − sstarvation

ice )]
	d

(16)
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Assuming 	d = 	d,0, the above equation can be simplified as follows:

sstarvation
ice = 1 − 	d

√
Da (17)

For 	d = 2 and Da ∼ 1.0 × 10−4, sstarvation
ice ∼99%. Note that 	d plays a

critical role in determining the value of sstarvation
ice .

The oxygen profile in the catalyst layer of Eq. (15) can be sub-
stituted to Eq. (12), yielding:

�(sice, x̄)

= − RT

˛cF
ln

{
ICO2,ref

a0iref
0,c

exp
[
− Ea

R

(
1
To

− 1
353.15

)]
CO2

cCLıCL

exp

[
Ea

R

(
1
T

− 1
To

)]}

+ RT

˛cF
ln

[
(1 − sice)	a

(
1 − Da

1 − x̄2

ε	d−	d,0
CL (1 − sice)	d

)]
(18)

Note that the impacts of ice are all included in the second term
on the right while the first primarily accounts for the temperature
dependence of the exchange current density. The overpotential can
further be written as follows:

�(sice, T, x̄) = − RT

˛cF
ln

(
ICO2,ref

a0iref
0,c exp

[
− Ea

R

(
1
To

− 1
353.15

)]
CO2

cCLıCL

)

− TEa

˛cF

(
1
T

− 1
To

)
+ RT	a

˛cF
ln(1 − sice)

+ RT

˛cF
ln

(
1 − Da

1 − x̄2

ε	d−	d,0
CL (1 − sice)	d

)
= �o + 
�T + 
�c,1 + 
�c,2 (19)

where

�o = − RT

˛cF
ln

(
ICO2,ref

a0iref
0,c exp

[
− Ea

R

(
1
To

− 1
353.15

)]
CO2

cCLıCL

)
,


�T = − TEa

˛cF

(
1
T

− 1
To

)
, 
�c,1 = RT	a

˛cF
ln(1 − sice) and


�c,2 = RT

˛cF
ln

(
1 − Da

1 − x̄2

ε	d−	d,0
CL (1 − sice)	d

)
(20)

Physically, �o denotes the overpotential at the interface between
the cathode catalyst layer and GDL at To when no ice is present,
while 
�T represents the overpotential variation due to depen-
dence of the exchange current on temperature. 
�c,1 and 
�c,2
arise from the ice presence in the catalyst layer and are defined fol-
lowing Ref. [19] which conducted an extensive discussion on these
two overpotential changes and their ratio ˇ3 = ��c,1/��c,2, and
the voltage drops observed in Fig. 4, which considers isothermal
subfreezing operation, are primarily due to these two mechanisms
of the voltage loss. Note that the Tafel slope −(RT/˛cF) also con-
tains temperature. In general, the dependence of the Tafel slope
on temperature is not the dominant mechanism, rather the one of
the exchange current density is more important for the electro-
chemical kinetics. Also, there has been extensive discussion on the
temperature dependence of the Tafel slope. Some claim [37,38] that
the Tafel slope is temperature invariant for the oxygen reduction
reaction in certain cases due to fact that the transfer coefficient ˛c

may be temperature-dependent [39]. Ref. [40] discussed several
possible mechanisms that contribute to the temperature depen-
dence of the transfer coefficient. Therefore, in expression of 
�T

we can treat T/˛c as a constant. The maximum value, 
�max
T ,

during cold start can be calculated by −(ToEa/˛cF)((1/273.15) −
(1/To)).

2.4. Temperature dependence of the ohmic polarization

Temperature can affect the ionic conductivity and therefore the
ohmic voltage loss (
Vohm = R˝I). The ohmic resistance due to
proton transport RH+

˝
can be expressed by [19]:

RH+
˝ = ım

�m
+ ıaCL

2�aCL,eff
m

+ ıcCL

2�cCL,eff
m

(21)

The above ionic conductivities �m, �aCL,eff
m , and �cCL,eff

m are the
averages over the membrane, anode and cathode catalyst layers,
respectively. The latter two can be calculated by considering the
Bruggeman correlation:

�aCL,eff
m = εm

1.5�aCL
m and �cCL,eff

m = εm
1.5�cCL

m (22)

The ionic conductivity �m is a function of the local water content
and temperature, as indicated by Springer et al. [41] for standard
(above-zero) operating condition. At subfreezing temperature, part
of the water in the membrane may freeze and affect the ionic
conductivity. Our previous experiment [42] measured the ionic
conductivity of Nafion® 117 from −30 to 0 ◦C. The fitted ionic con-
ductivity expression (considering a similar form as Springer et al.
[41]) is as follow and shown in Fig. 5, together with the experimen-
tal data:

�m = (0.01862� − 0.02854) exp
[

4029
(

1
303

− 1
T

)]
or

= (0.004320� − 0.006620) exp
[

4029
(

1
273

− 1
T

)]
= �m,0(�) exp

[
4029

(
1

273
− 1

T

)]
for � ≤ 7.22

�m = �m(� = 7.22) for � > 7.22 (23)

It can be seen that the ionic conductivity above � > 7.22 (the water
activity, a > 80%) shows a complex pattern of changing with the
water content �, which may due to the fact that part of water in
the ionomer phase freezes. Note that a higher water content may
reduce the portion of nonfreezing water through interacting with
the sulfonic groups. More discussions on the ionic conductivity
for � > 7.22 can be found in our previous work [42]. For model-

Fig. 5. The dependence of the ionic conductivity on temperature and water content,
and comparison of the fitting curve of Eq. (23) and experimental data based on the
Nafion® 117.
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ing/simulation purposes, Eq. (23) assumes the ionic conductivity is
independent of � for � > 7.22:


VH+
ohm = RH+

˝ I

=
(

ım

�m,0(�m)
+ ıaCL

2�m,0(�aCL)ε1.5
m

+ ıcCL

2�m,0(�cCL)ε1.5
m

)
exp

×
[
−4029

(
1

273
− 1

T

)]
I

= RH+
˝,273 K(�̄) exp

[
−4029

(
1

273
− 1

T

)]
I (24)

where �̄ is average over the whole MEA. To assess the temperature
impact, one can differentiate the above equation and consider a
temperature change of dT:

d(
VH+
ohm) =

[
dRH+

˝,273 K

d�
exp
[
−4029

(
1

273
− 1

T

)]
d�

−4029
T2

RH+
˝,273 K exp

[
−4029

(
1

273
− 1

T

)]
dT
]

I (25)

Note that if the hydration level of the MEA is always above 7.22,
the first term in the bracket is zero. The second one can be used
to estimate the magnitude of the ohmic voltage loss variation
by integrating from T to T + dT. Considering � = 14, T = −30 ◦C and
dT = 30 ◦C as well as other parameters in Table 1, the value of
RH+

˝,273 K is ∼700 m� cm2, which renders d(
VH+
ohm) | ∼0.18 V @

0.1 A/cm2. Note that the calculated d(
VH+
ohm)

∣∣0 ◦C

−30 ◦C
is much higher

than 
�max
T . In addition, using the data of Springer et al. [41], the

value of d(
VH+
ohm)

∣∣0 ◦C

−30 ◦C
∼0.03 V, which underestimates the degree

of temperature dependence of the ohmic polarization.

3. Results and discussion

Fig. 6 shows evolution of the ice volume fraction sice at differ-
ent initial membrane water contents �0. The three stages of the
cold start are shown for the cases of �0 = 1 and 7. For all the cases,
	T,1 is ∼50 s as indicated in Fig. 6. For �0 = 13, sice reaches 1 before
time of 	T,1, demonstrating that the cold start would fail due to ice
build-up in the catalyst layer. Purging the fuel cell with dry air upon
shut-down is a typical method to improve cold start characteris-
tics, in which the membrane hydration level is reduced to increase

Fig. 6. The ice volume fraction vs. time at constant current density of 0.1 A/cm2.

Fig. 7. The theoretical maximum ice volume fraction as a function of cold start
temperature and bipolar plate thermal properties.

the time scale of 	ice,1. However, even though the purge technique
enhances cold start characteristics, the improvement is not signifi-
cant when the time scale of the first stage of cold start 	ice,1 is much
smaller than the second one, (see k	 which indicates the ratio of the
two time constants and is evaluated around 0–0.35). Further, the
third stage is short as shown for the cases of �0 = 1 and 7, which is
consistent with the preceding analysis, i.e. (	T,2/	ice,2)∼0 − 0.04.

Fig. 7 displays the theoretical maximum ice volume fraction
smax

ice within the cathode catalyst layer as a function of cold start
temperature T0. For the cases with the graphite bipolar plate, i.e.
�BPcp,BP = 1600 kJ/K m3, it shows that smax

ice increases as the cold
start temperature is reduced. The temperature regime where smax

ice
reaches 1 corresponds to a failed cold start. In addition, it also shows
reducing the initial �0 (e.g. the gas purge) has limited impact on
cold start characteristics, particularly to that with different bipolar
plate materials. Further, for the fuel cell with the considered bipo-
lar plates, self-cold starts above −10 ◦C are likely successful as smax

ice
is less than 1.

Fig. 8. Profiles of ˇ2 as a function of cold start temperature at different initial �0s
and cathode catalyst layer thicknesses.
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Fig. 9. Profiles of 
�c,1 + 
�c,2 across the cathode catalyst layer for different ice
volume fractions.

Fig. 8 presents the profiles of ˇ2 as a function of cold start tem-
perature at different initial water contents �0 and catalyst layer
thicknesses. As discussed previously, ˇ2 is another key parameter
defined in Ref. [19] that characterizes the cold start operation. In
the gray region that ˇ2 < 1, the cold start can succeed, while it fails
in the area above. In addition, similar to the previous figure, ˇ2
increases with decreasing initial cold start temperatures. Reducing
�0 shows a small improvement on cold start characteristics com-
pared to the change in fuel cell design, i.e. increasing the catalyst
layer thickness as shown in Fig. 8.

Fig. 9 displays the profiles of the sum of the two overpotential
variations related to solid water, 
�c,1 + 
�c,2, across the cathode
catalyst layer for different ice volume fractions. Between the two
components in the plotted overpotential variation, only the sec-
ond overpotential variation is dependent on location while the first
one is solely a function of the local ice volume fraction. Consistent
with the discussion in Ref. [19], the local oxygen transport polar-
ization starts to become important at the high ice volume fraction,
i.e. sice = 99.7%. Even at sice = 99%, the variation is still small and not
evident. Further, the potential drop with sice primarily results from
the first term in most range of the cold start, i.e. the mechanism of
the ice coverage over the active reaction surface, which has been
extensively discussed in Ref. [19].

Fig. 10 compares the magnitudes of ��max
T and ��c,1. ��c,1

characterizes the impact of the ice coverage over the electrochem-
ical reaction surface, and increases in magnitude quickly with sice
as shown in Fig. 10. Note that the ice coverage just temporarily
blocks the oxygen access to the active reaction site, while the dis-
abled interface, still accessible to electrons and protons, is generally
able to recover after the solid water is removed. The figure shows
that temperature has little impact on the value of 
�c,1, instead the
influence of the coefficient 	˛ is evident. Further, the magnitudes
of 
�max

T are also indicated in Fig. 10. Two values of the activation
energy are considered [37]. Note that these values are according
to different Tafel slopes with the higher value 73.3 kJ/mol corre-
sponding to −60 mV/decade or low-current-density region while
the other to −120 mV/decade or high-current-density region. The
values of 
�max

T plotted in the figure exclude the temperature-
difference of the Tafel slope. Therefore the value primarily gives
the magnitude of the overpotential change due to the temperature
dependence of exchange current density. From this figure, it can
be seen that 
�c,1 is comparable with 
�T at low and intermedi-
ate ice volume fraction regions, while 
�c,1 dominates at the high

Fig. 10. Comparison of the magnitudes of 
�max
T

and 
�c,1.

fraction of sice. At sice > 95%, the adverse impact of the solid water
will lead to a fast drop of the cell voltage that has been observed in
most studies [19,22].

4. Conclusions

In this paper, a theoretical study is presented on the electro-
chemical and transport phenomena in the cathode catalyst layer
of fuel cells for cold start operation. The spatial variations of tem-
perature within fuel cell components were evaluated. A lumped
system analysis was performed to investigate the characteristics
of cell temperature evolution and ice volume fraction within fuel
cells. Through examining the time scales for temperature and solid
water evolution, three stages of cold start were identified and inves-
tigated. Gas purge can enhance cell cold start characteristics but the
improvement potential is limited compared to other methods such
as materials property modification and cell design optimization.
Further, pseudo-1D analysis was developed and spatial variations
of the oxygen concentration and overpotential were investigated.
Oxygen transport limitation was found to occur at high ice volume
fraction regions, especially in CL with high tortuosities. In addi-
tion, we decoupled the impacts from the temperature variation,
ice coverage over the electrochemical reaction surface, and oxygen
transport limitation during the cold start and compared their mag-
nitudes. The temperature dependence of the ohmic polarization
during cold start was estimated based on the ionic conductivity of
the Nafion membrane at subfreezing temperature.
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