
LA-UR-
Approved for public release: 
distribution is unlimited. 

Los Alamos 
N A TI ON A L LA BO RATO RY 

--- EST. 19 43 ---

Tille: Pseudo One-Dimensional Analysis of Polymer Electrolyte 
Fuel Cel l Cold-Start 

Author(s) . Yun Wang (not LANL) 
Jeff Mishlera (not LANL) 
Partha P. Mukherjee 
Rangachary Mukundan 
Rodney L. Borup 

Intended for: 216th ECS Meeting 
Vienna, Austria 
October 4-9, 2009 

Los Alamos National Laboratory. an aHirmative action/equal opponunity employer, is operated by the Los Alamos National Security, LLC 
for the National Nuclear Security Administration of the US Depanment of Energy under contract DE-AC52-06NA25396. By acceptance 
of this art icle, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free ticense to publish or reproduce the 
pubtished form of this contribution, or to allow others to do so, for U.S. Government purposes . Los Alamos National Laboratory requests 
that the publisher identify this anicle as work performed under the auspices of the U.S Depanment of Energy. Los Alamos National 
Laboratory strongly suppons academic freedom and a researcher's right to publish: as an institution, however, the Laboratory does not 
endorse the viewpoint of a publication or guarantee ils technical correctness . 

Form 836 (7/06) 
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This paper investigates the electrochemical kinetics, oxygen 
transport, and solid water formation in polymer electrolyte fuel cell 
(PEFC) during cold start. Following [Yo Wang, J. Electrochem. 
Soc., 154 (2007) BI041-BI048. ] we develop a pseudo one­
dimensional analysis, which enables the evaluation of the impact 
of ice volmne fraction and temperature variations on cell 
performance during cold-start. The oxygen profile, starvation ice 
volume fraction, and relevant overpotentials are obtained. This 
study is valuable for studying the characteristics of PEFC cold­
start. 

INTRODUCTION 

The polymer el ctrolyte fuel cell (PEFC) has been widely regarded as a potential power 
source for portable and automotive applications. PEFCs must have the ability to surv ive 
and start up from sub-freezing temperatures, also called cold start, if they are to be 
successfully deployed in automobiles. Under freezing environmental conditions, 
produced water within the membrane electrode assembly (NffiA) of a fuel cell will freeze 
to form ice, which reduces cell performance and even shuts down fuel cell operati n. 

C ld-start is essentially a transient phenomenon. Currently, the majority of the effo rts are 
focused on the steady-state characteristics of PEFCs. There is a lack of thorough 
invest igation on the dynamic behavior, though the impOitance of dynamic characterist ics 
is obvious for automobile and portable applications of fuel c Ils which are frequently 
subjected to fast load variations. While the characteristics of PEFC dynamics have been 
stud ied by several groups [1-11], research on PEFC cold start is relatively new [12-20]. 
Hishinuma et al. [12], Wilson et al. [13], McDonald el a1.[I4] and Cho et al. [15] 
conducted early studies on cold start. Hishinuma et a1.[12] investigated cold-start dow n to 
~-25°C and found waste heat generated by fuel cell might be sufficient to increase the 
PEFC temperature to 0 dc. Wilson et ai. [13] investigated the impact of the freeze/thaw 
cycles on the electrode performance and concluded that freezing may not be detrim ntal 
to the integrity of the catalyst layer and membrane assembly. McDonald el ai. [14] also 
conducted experiments to investigate the physical change in the electrolyte membrane 
due to freeze/thaw cycling. Cho et ai. [15] carried out a study on cell degradation related 
to the thermal cycle and concluded that water freezing may be a source of cell 
degradation. Recently , Oszcipok et ai. [16] examined the isothermal potentiostatic cold 
start and observed that water fre zes in the cathode electrode, microporous layer, and the 
GDL. Yana et aI. [17] investigated the impact of sub-fre zing temp ratures on 
components and observed delamination of the catalyst layer during cold start. Mukundan 
et al. examined the fuel cell performance at subfreezing temperature and studi d the 



influence of carbon paper and carbon cloth GDLs [18]. Wang [19] presented theoretical 
ana lyses of PEFC cold start operation. Wang [19] identified diffi rent stag s during cold 
tart . Mao and Wang [20] and Meng [21] proposed multi-dimension cold-start m dels 

and examined the distributions of ice within the PE FC fuel cell assembly. 

In view of the afore-mentioned approaches to cold start, theoretical analysis is highly 
des irable, part icularly to identify and evaluate the key parameters govern ing the PEFC 
cold start operation. This paper develops a detailed analysis of cold start mechanisms via 
the pseud o 1 D analysis of solid water variations along with the re lated overpotential 
chang , which are critical to the fundamental understanding of fuel cell co ld-start 
operation . 

MODELING APPROACH 

Figur 1 schematically shows the components of a PEFC and detail of cathode electrode. 
A P FC consists of many components that are essential for its proper functioning 
including: bipolar plate, gas diffusion layer (ODL), catalyst layer (CL), and proton 
conducting membrane. The geometrical and physical parameters of these components are 
summari zed in Tab le I. At the electrochemical reaction surface in the cathode CL, 
oxygen reacts with protons and electrons from the hydrogen dissociation in the anode 
(see Fig. I). Water and heat are byproducts of this reaction. 
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Fig. 1. Schematics of a PEFC and cathode electrode during cold start. 

In the subz ro envirorunent, the above oxygen reduction reaction (ORR) is still active and 
able to produce wate r. Water production under subfreezing conditions has been observed 
indirectly by several experiments [12,14] (which show cun-ent production) and dir ctly 
by neutron imaging, (see Fig. 2.). The neutron imaging shows water density images 
during operation under sub-freezing conditions (-20°C). Cell was initially operated at 
SOoC and the channels were purged dry before shut-down and cooling in an 
environmental chamber to -20°C. After the cell reached -20°C, fuel cell operation was 
initiated at a constant cun-ent density of 0.02 A/cm2 and anode and cathode fl ow of dry 
H2 and dry air at 100 cc!m.in. The left side is the average water content during the initial 
260 seconds of operation, while the right side is the average water content during the 
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final 260 seconds of an approximately 20 minute isothermal op ration, which clearly 
shows water/ice accumulation in the fuel cell. The OCV at -20°C was 0.96V and when a 
current of 0.02A/cm2 was applied, the voltage initially started at 0 .79V and decayed to 
OV over a time of 1130 seconds. At subfreezing temperature, water fre zing 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 external sources or self-heating, to 

at least O°C before ice in the catalyst layer callses severe reactant starvation. 

0 - 260 s 1040 -1300 5 

Fig. 2. Water density images in an operating PEFC by Neutron imaging at initial (left) 
and latter (right) stages of subfreezing operation (-20°C). The left figure is the average 

water content during the initial 4.33 (260 sec) minutes of operation, while the right side is 
the final 4.33 (260 sec) minute average water content after approx imately 20 minutes of a 

constant current (0.02 Alcm2) operation. 

For single-layer electrodes or homogenolls electrodes, the spatial variation of the reaction 

rate across the catalyst layer is almost uniform at small Ii s ( Ii = ~ 
2 R,J 

a ,F 

where !J.U = 15 = iit .) [22,23] (see Fig. 3), which is satisfied for most cold-start 
e(( <Y 

0",;/ 

operation. 
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Fig. 3. Spatial variation of the reaction current densities at differentn s [22,23]. 

However, when oxygen 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 CUlTent densities), 
even without solid water the reaction current will differ spatially. During cold start , the 
reaction rate in the cathode can be expressed as [19,22]: 

(1) 

In Eq. (l), a c is the cathode transfer coefficient and its valu depends on temperatu re 

[24]. The surface overpotential is defined as: 

n=$ - $ - U 
"' ,~ C' 0 

(2) 

$" and $ c are electronic and electrolyte phase potentials, respectively. Typically due to 

the high electronic conductivity, <l> e remains constant in the cathode, while $ s usually 

varies spatially due to the ionic resistance. The equilibrium potential, Ua , is a functi n of 

temperature: 

U" = 1.23 - 0.9 x 10-3 (T - 298) (3) 

Eq. (l) directly shows that the reaction rate is a function of the local ice volume fraction 
as well as the local oxygen concentration. Both local ice volume fraction and oxygen 
concentration may vary spatially due to the local reaction and oxygen and water transport 
within the cathode. Therefore, the local reaction rate variation requires solving the 
coupl d oxygen and water transport equations and electrochemical kinetics Eq. (1). A 
simplified assumption is to consider constant reaction rate in the electrode leading to 
uniform ice formation. Note that this assumption treats the catalyst layer as a number of 
separated small reactors in the through-plane direction. The reactors are operated at the 
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I uniform reaction rate, allowing the surface overpotentials to vary according to the local 
,oxygen content and ice volume fraction. This treatment greatly simplifies the model and 

I 
enables the impact of ice on electrode performance to be evaluated through temporal and 
spatial variations of the surface overpotential. We refer to this analysis as the pseudo-I D 

J 

analysis. The uniform local transfer current and oxygen consumption rate can be 
expressed as: 

. J [ 
} = -- and SOl = --- (4) 

rSCL 4F rSCL 

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

CO2 1- x2 
X - X -- = 1 - Da -------- where x = 1 _ ----'-'cC=/. __ 

C 02 c-T.d-r"" [(l_s )JTd rS 
eCL "CL lee CL 

(5) 

where x is the dimensionless distance from the interface betw en the membrane and 
I catalyst layer, and the dimensionless parameter, Da , is called the Damkbhler nwnber: 

J rSCL Reaction rate 
Da=- (6) 

8F CO2 D02 [/,10 Mass transport rate 
eCL K CL 

Discussion on Da can be found in Ref. [19]. In addition, severe local oxygen starvation 

I will first occur at x =0 when C 02 =0, i.e., 

Assuming, J = 'dO' the above equation can be simplified as: 

slGrvOrlOTi 

Sice 

For , = 2 and Da~l 0 X 10-4 sfUrvalJon ~99o/c cI ., S,ce O. 

d termining the value of s;:I;r"ulion . 

Note tha1 

(7) 

(8) 

'J plays a critical role tn 

The oxygen profile in the catalyst layer of Eq. (5) can be substituted to Eq. (1), 

yielding [25]: 
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+ _R_T_In[ (l - S y " [ 1 - Da ___ -I---X-
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a F It, £'J-'J.o (1- S )'d 
• a = 

Note that the impacts of ice are all included in the second tenn on the right while the first 

primarily accounts for the temperature-dependence of the exchange current densi ty. The 

overpotential can further be written as [25]: 

TEa [ II I --- ---
a, F T To 

(10) 

wh re 

RT lc02,re! 
r; = - -- In ------;=-----------:::----

o a cF . ref [ Ea ( 1 1 llCO.2 s;: , a I exp -- - - --- u 
00.( R \7;, 353.1 5 . eCL CL 

r;r = - TEa [~-~l' 
aeF T To 

(11 ) 

RTr RT [ 1 - x2 J !!.. '7c I = __ a In(l- s ) and !!..r; 2 = --In 1- Da-_- . -----
. a F <ee <. a F ' !- · d.O (1- )TJ 

c C & CL S icc 

RESUL TS AND DISCUSSIONS 
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I Table 1 Geometrical, physical and operating parameters 
Com onents 
Catalyst layer/GDLIBP thickness, 0CL IOCDL loS? 

Porosity of GDLs/catalyst layers, GCDL I GC[ 

Volume fraction of ionomer in catalyst layers, 8 m 

Activation energy for oxygen reduction reaction, Ea 

Thermal conductivity of catalyst layer/GDLIBP, 
Density of ice/dry membrane, p,c) Pm 

O2 diffusivity in cathode gas at standard condition, D,~~o 

Value 

0.0110.211.0 mm 

0.6/0 .5 

0.2 

73269 J/mol 

0.3-3.010.28-3.0/20 Wlm K 

91711980 kg/m3 

3.24x 10.5 m2/s 

Figure 4 shows the profiles of dimensionless oxygen concentration within the cathode 
catalyst layer. The oxygen concentration decreases when approaching the membrane due 
to the oxygen reduction reaction. The oxygen concentration vari ation is small in most 

cases, even at s'ce =98%, about 5% drop is indicated (using I'd = 1.5). However, the 

oxygen profile is sensitive to the tortuosity of the catalyst layer. Mukherj ee et ul. [26) 
estimated the to rtuosity from reconstructed CL microstructures between 2. 5 and 3.0. At 
CL tortuosity, I'd = 2.5 , a considerable drop of oxygen concentration is present at 

s,ce =96%. As the oxygen concentration affects the mass transport polarization, the 

associated cell voltage loss becomes important only at high s,ec. 
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Fig. 4. Oxygen profiles in the cathode catalyst layer at different 0C! s and GCL s at ice 

volume fraction of 0.98. 

Figure 5 displays the profiles of the sum of the two overpotential variations related to 
solid water, I'H7c.J + /'1,, 77, .2' across the cathode catalyst layer for diff! rent ice volume 

fractions . Among the two components in the plotted overpotential variation , only the 
second overpotential variation is dependent on location while the fi rst one is solely a 
function of the 'local ice volume fraction. Consistent with the previous figure 4, the local 
oxygen transport polarization starts to become important at the high ice vo lum fraction, 

i.e. s"e =99.7% in Figure 8. Even at s'ce =99%, the variation is still small and not evi dent. 

Further, the potential drop with s'ce primarily results from the fi rst term in most range of 
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the cold-start, i.e . the mechanism of the ice coverage over the ac tive reaction surface, 
which has been extensively discussed in Ref. [19]. 
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Figure 5. Profiles of t"l77c,\ + t"l17c,2 across the cathode catalyst layer for diffe rent ice 

volume fractions. 

Figur 6 compares the magnitudes of t"l17;,ax and t"l 17c,I' t"l17c,\ charact rizes the impact of 

the ice coverage over the electrochemical reaction surface, and increases in magni Ide 

quickly with sice as shown in Figure 6. Note that th ice coverage j ust temporarily blocks 

the oxygen access to the active reaction site, while the disabled interface, sti ll acce sible 
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 t"l17c\ ' instead the 

influence of the coefficient "a is evident. Further, the magnitudes o f t"l 17tX are also 

indicated in Figure 6. Two values of the activation energy are considered [24]. ote that 
these values are according to different Tafel slopes with the higher value 73,3 Kllmol 
corresponding to -60 m V /decade or low-current-density region while the other to - 120 

mY/decade or high-cLUTent-density region. The values of t"ll7;1JX 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 t"l77c ,\ is comparable wi th 

t"l 'lr at low and intermediate ice volume frac tion regions, while t"l 'ltl dominates at the 

high frac tion of sice' At sice >95%, the adverse impact of the sol id water will lead to a fa st 

drop of the cell voltage that has been observed in most stud ies [19, 21], 
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Figure 6. Comparison of the magnitudes of t:,'7~nax and t:, T/c.1 . 

CONCLUSIONS 

Thts paper presents a theoretical study on the electrochemical and transport phenomena 
in the cathode catalyst layer of fuel cells for cold-start operation . Pseudo- lD analysis was 
developed and spatial variations of the oxygen concentration and overpotential were 
investigated. Oxygen transport limitation was fOWld to occur at high ice volume fraction 
regions, especially in CL with high tortuosities. In addition, we decoup led the impacts 
from the temperature variation, ice coverage over the electrochemical reaction surface, 
and oxygen transport limitation during the cold-start and compared their magni tudes. 
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