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Abstract 
 
Nucleation and growth of ice in the fibrous gas-diffusion layer (GDL) of a proton-exchange 

membrane fuel cell (PEMFC) are investigated using isothermal differential scanning calorimetry 

(DSC).  Isothermal crystallization rates and pseudo-steady-state nucleation rates are obtained as 

a function of subcooling from heat-flow and induction-time measurements.  Kinetics of ice 

nucleation and growth are studied at two polytetrafluoroethylene (PTFE) loadings (0 and          

10 wt %) in a commercial GDL for temperatures between 240 and 273 K.  A nonlinear ice-

crystallization rate expression is developed using Johnson-Mehl-Avrami-Kolmogorov (JMAK) 

theory, in which the heat-transfer-limited growth rate is determined from the moving-boundary 

Stefan problem.  Induction times follow a Poisson distribution and increase upon addition of 

PTFE, indicating that nucleation occurs more slowly on a hydrophobic fiber than on a 

hydrophilic fiber.  The determined nucleation rates and induction times follow expected trends 

from classical nucleation theory.  A validated rate expression is now available for predicting ice-

crystallization kinetics in GDLs. 

Key Words: Nucleation, crystallization, kinetics, induction time, differential scanning 

calorimetry, gas-diffusion layer. 
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Introduction 

 

 Proton-exchange-membrane fuel cells (PEMFCs) show promise in automotive 

applications because of their high efficiency, high power density, and potentially low emissions.  

In a PEMFC, reduction of oxygen to water occurs in the cathode. Under subfreezing conditions, 

water solidifies and hinders access of reactant gases to the catalytic sites in the cathode, thereby 

severely inhibiting cell performance and possibly causing cell failure.1 For this reason, 

understanding the mechanism and kinetics of ice formation is critical to achieving successful cell 

startup and sustaining high performance at low temperatures. 

 Because of cell failure under subfreezing conditions, much attention has been given to 

understanding the fundamentals of cold-start.  To date, experimental studies of PEMFC cold-

start primarily focus on characterizing overall low-temperature cell performance including: 

degradation after freeze-thaw cycles1, effects of cell material properties2-6, and in-situ 

visualization of ice formation.7,8  Numerous studies show that the cell electrical potential decays 

rapidly at low temperatures and/or at high current densities due to ice formation at the reactive 

area of the cathode.1-6   Few studies, however, focus on understanding the mechanism of ice 

crystallization.  In two cases, the formation of liquid water and ice within the cathode was 

visualized using infrared and visible imaging.7,8  It was shown that water was generated in the 

subcooled state at 10 °C.8 Although water did not freeze immediately in the cathode, 

crystallization kinetics and its dependence on subcooling were not investigated. 

 Several multiphase, multidimensional cold-start continuum models have been 

developed.9,10  These models assume that product water vapor instantaneously solidifies when 
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the vapor partial pressure exceeds the saturation value. As a result, liquid water within the 

PEMFC is not accounted for.  Recently, cold-start models have been extended to include all 

phases of water, using the equilibrium Gibbs-Thomson equation to predict freezing-point 

depressions.11,12  These models estimate the amount of water and ice in a distribution of pores.  

However, they invoke instantaneous equilibrium and circumvent the use of a rate equation for 

ice formation since, at this time, one does not exist for PEMFC media. 

 Previous work on ice-crystallization kinetics in porous media is also limited in scope with 

primary applications to frost heave in soils.13,14 Bronfenbrener and Korin13,14 experimentally 

determined kinetic and thermodynamic parameters for ice formation in fine-grained soil. They 

assumed that the water-crystallization rate is first-order in water content. Other studies of 

crystallization kinetics in porous media include solidification of water in gel networks and 

cement pastes, and characterization of polymer-crystallization kinetics in silica gels.15-18 Because 

the properties of fuel-cell materials differ considerably from the aforementioned media in 

wettability, pore size, and microstructure, the proposed crystallization rates are not necessarily 

applicable. 

 The goal of the present work is to provide a rate equation for ice formation as a function 

of ice amount, temperature, and wettability valid within the gas-diffusion layer (GDL) of a 

PEMFC.  Specifically, ice formation is studied within a GDL because this layer retains a 

significant amount of product water upon cell shutdown.7, 8 We present a general method for 

experimentally determining crystallization and nucleation rates using isothermal differential 

scanning calorimetry (DSC).  Further, we develop a nonlinear ice-crystallization rate expression 

using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) framework that allows extension to the 

other porous-transport layers within the PEMFC. 
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Materials and Methods 

GDL Characterization.  GDLs containing 0 and 10-wt % polytetrafluoroethylene 

(PTFE) were obtained from Toray (Toray Corp., Tokyo, Japan) and Fuel Cell Earth (FCE, 

Stoneham, MA), respectively.  The FCE GDL is a Toray GDL that contains 10-wt % (PTFE), 

and GDLs are referred to as GDL(0) and GDL(10), respectively.  Relevant material properties 

are listed in Table 1.   

 Figure 1 shows scanning-electron-microscopy (SEM) images of a dry GDL(0) (a) and a 

dry GDL(10) (b).  These commercial GDLs are highly porous carbon-fiber papers with porosities 

ranging from 70 to 90 % and fiber sizes varying between 5 and 10 µm.19 GDLs are generally 

treated with nonwetting PTFE to allow for efficient water removal and to prevent flooding.  

However, addition of PTFE decreases both the medium electrical conductivity and porosity.  As 

a result, there exists a wettability that optimizes overall cell performance.19  

Sample Preparation.  GDL samples were bored into 3.75-mm diameter circles and 

saturated with Ultrapure Milli-Q® (Millipore, Billerica, MA) distilled/deionized water in a home-

built vacuum chamber for 45 min at 4.7 kPa.  Excess surface water was blotted with 

Fisherbrand® (Fisher Scientific, Pittsburg, PA) weighing paper.  Water content was determined 

gravimetrically and measured values were consistent with integrated peak areas generated from 

DSC. Water loss by evaporation during DSC experiments was determined to be negligible.  

Additionally, capillary-pressure-saturation measurements show that water does not drain from 

the GDL interior under atmospheric pressure.20 Water content was converted to saturation by the 

expression 
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where S is liquid-water saturation, Vo is the initial-water volume, Vp is the pore volume, m is 

mass, ε is porosity, l  is the mass density of water, and dry  is the mass density of the dry GDL. 

Porosities and dry densities were estimated following Lim and Wang.21 From the material 

properties in Table 1 and eq 1, GDL water saturations were calculated between 75 and 85%, 

consistent with the end points of corresponding capillary-pressure-saturation measurements.20 

Differential Scanning Calorimetry.  A PerkinElmer 6000 DSC (PerkinElmer Inc., 

Waltham, MA) with a liquid-nitrogen chiller measured the heat-flow rate from the sample over 

time.  The DSC was calibrated from the melting points of 99.999% indium (429.78 K) and zinc 

(692.68 K) (PerkinElmer Inc., Waltham, MA), as well as from dodecane (263.55 K) (Sigma 

Chemical Co., St. Louis, MO) at lower temperatures. Heat flow to the calorimeter was calibrated 

using the heat of fusion of indium (28.47 J/g), following Gmelin and Sarge.22  Nitrogen served as 

the purge gas at a flow rate of 20 mL/min.  Water-saturated GDL samples, weighing between 1 

and 5 mg, were placed into 20-µL PerkinElmer hermetically-sealed aluminum pans. 

Isothermal crystallization was carried out in the temperature range of 240 to 273 K. 

Water-saturated GDL samples were placed into the DSC at 300 K and cooled to the desired 

temperature at 105 K/min.  This rapid cooling rate was chosen such that the lowest temperature 

was reached well before the onset of crystallization.  Samples were then held at the subcooled 

temperature until crystallization was complete.  Experiments were performed at two PTFE 

loadings (0 and 10 wt %) and at various subcoolings, ΔT, defined as the magnitude of the 

difference in the temperature of freezing and 273 K.   
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Results 

Isothermal Crystallization Kinetics.  Figure 2 shows a typical exotherm of heat flow 

and sample temperature versus time for the GDL(0).  Baseline heat flow was adjusted by 

subtracting the heat measured for the same cycle in an empty furnace. The sample was cooled at 

105 K/min to 247 K, where isothermal crystallization commenced (point A in Figure 2).  Heat 

flow due to liberation of the enthalpy of crystallization from point A is evident until a maximum 

is observed at point B, after which crystallization slows significantly until complete 

crystallization occurs at point C.  To obtain the gas-free volume fraction of ice within the GDL 

pores,  , as a function of time, crystallization exotherms were integrated from point A to point C 

according to the expression 

 

 

 




0

0

dttQ

dttQ
t







            

(2)  

where  tQ  is the heat-flow rate (mW) from the DSC.  Agreement is excellent between total-heat 

flow for complete crystallization divided by the heat of fusion and the gravimetric water content 

of the sample.  From Figure 2, it is observed that crystallization is preceded by an induction time, 

i .  We define i  as the time elapsed between the sample temperature becoming isothermal and 

the onset of the crystallization peak (point A), about 8 s in Figure 2.   

Figures 3 and 4 show the crystallization kinetics,   versus t, calculated from eq  2 at 

three values of ΔT for GDL(0) and GDL(10), respectively. At each subcooling, i  was 

subtracted from the total time so that all curves are compared on a single time scale. Open 
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symbols represent an average of two exotherms measured for two distinct samples. An integrated 

exotherm for the GDL(0) at a ΔT of 22 K is included in Figure 4 for ease of comparison (filled 

triangles).  Solid lines in the figures are best least-squares fits to the data as described below.  

From Figure 4, we observe that at about 20-K subcooling, the time for complete crystallization 

increases from 9.2 to 14 s for the GDL(0) and GDL(10), respectively.  This result suggests that 

the wettability of the fiber surface plays a role in the crystallization process.  More importantly in 

both figures, the characteristic time for complete crystallization (beyond i ) decreases 

significantly as ΔT increases, indicating that the crystallization rate depends strongly on ΔT.    

In many DSC studies, the Avrami relation is adopted to describe crystallization  

kinetics23-26 

   n
itTk   exp1                     (3) 

where k is the overall rate constant and n is the Avrami exponent.  To obtain k as function of T, 

eq 3 is fit to the integrated crystallization exotherms in Figures 3 and 4.  Based on heat-transfer-

limited volume growth, as justified below, we take n = 5/2.  Resulting fit values of )(Tk from the 

solid lines in Figures 3 and 4 are listed in Table 2.  In agreement with the trends observed in the 

figures, k increases as ΔT increases and decreases upon addition of PTFE.  With n = 5/2, the 

Avrami equation is in good agreement with integrated exotherms for both GDL(0) and GDL(10). 

Induction Time.  Repeated crystallization exotherms reveal that i  is not constant at a 

given value of ΔT.  To investigate the statistical nature of the crystallization process, i  was 

measured repeatedly (a minimum of 35 measurements) at four values of ΔT.  Figure 5 shows 38 

induction times measured at subcoolings of (a) 11 K and (b) 22 K, where the dotted line indicates 
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the number-average induction time, i . For both subcoolings, i  generally lies below the mean 

with intermittent excursions to long times.  The average induction time decreases significantly 

from 34.7 s at a subcooling of 11 K to 5.0 s at 22 K.  This latter result suggests that similar to the 

crystallization rate, the induction process also depends strongly on ΔT. 

 To investigate further the effect of subcooling on i , single induction-time measurements 

were performed at a number of intermediate values of ΔT.  Figure 6 displays i  as a function of 

ΔT for GDL(0).  Filled symbols denote a single- i measurement, whereas open symbols 

represent the number-average induction time, i , for at least 35 measurements.  Error bars on the 

open symbols indicate the maximum range of observed i  and are included from Figure 5 for 

reference.  The solid line is drawn according to classical nucleation theory (CNT) and is 

discussed later.  As with the data in Figure 5, as ΔT  increases, i  decreases substantially.  Our 

measured values are qualitatively similar to induction times reported by Heneghan et al.27 for 

bulk water and for AgI-seeded water. 

To quantify the effect of PTFE on crystallization, similar i  measurements were 

performed on GDL(10).  Figure 7 shows a plot of single- i  measurements as a function of ΔT 

for GDL(10) with the results included from Figure 6 for reference. Open symbols reflect 

GDL(0), whereas closed symbols correspond to GDL(10). The solid, dashed, and dotted lines are 

from classical nucleation theory (CNT) as discussed below. Addition of PTFE to the carbon-fiber 

network increases i  at nearly all values of ΔT.  The GDL(0) curve is identical to the GDL(10) 

curve, but is shifted to longer ΔT  by about 4.5 K.  Thus, the formation of ice on hydrophobic 

fibers commences at a longer induction time for a given subcooling.  Similar results have been 
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reported elsewhere28,29 showing that the time for complete ice crystallization is longer on a 

hydrophobic surface than on a hydrophilic surface. 

Theory 

Parameters k and i  in eq 3 are obtained empirically. As shown in Table 2 and in Figures 

3 through 7, these parameters are strong functions of both subcooling and wettability.  To obtain 

a predictive rate equation, however, k and i  must be specified a priori.  For this task, we adopt 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory. 

Crystallization Kinetics. Within the JMAK framework, crystallization occurs via a 

continuing two-step  process,23-26  shown schematically in Figure 8.  Crystallization begins in 

Figure 8a with nucleation, during which time a critical nucleus forms at the critical radius, r*, 

corresponding to an average nucleation rate, J (nuclei/volume/time), and to a contact angle,   

(measured through the solid phase).  Following nucleation, the critical nucleus grows in Figure 

8b to a macroscopic size, r(t), during the growth step.  This two-step process repeats 

stochastically until the liquid completely solidifies. At long times, impingement (i.e., size 

exclusion) of growing nuclei becomes increasingly important.  To account for impingement, the 

so-called Avrami extended or overlapping volume is used, where theoretically overlapping 

volumes are allowed to grow into remaining free volume. Using this reasoning, JMAK show that 

in a time, t, the volume fraction of solid transformed,  , is well-described by a convolution 

integral over nucleation and growth rates23-26 


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where30 

    2cos1cos2
4

1  g ,                  (5) 

and )(TJ is the overall pseudo-steady-state nucleation rate, θ is the contact angle, and r(t) > r* is 

the radius of a growing nucleus as a function of time. The explicit time dependence of the 

nucleation rate is ignored because the time to establish pseudo-steady state nucleation is 

extremely fast31. Eq 5 corresponds to a solid spherical segment growing on a flat surface. A flat 

surface is a good approximation since the radius of a critical nucleus (nm) is orders of magnitude 

smaller than the radius of a GDL fiber (µm). 

 Nuclei described by eq 4 form heterogeneously on GDL fibers at time, t', and grow 

isotropically in three-dimensions from t' to t. GDLs impregnated with PTFE exhibit hydrophobic 

patches of coated fibers and hydrophilic regions of uncoated fibers at a geometric scale (µm) 

much larger than that of the nucleating ice crystals (nm).  Therefore, we do not estimate an 

average contact angle, but rather consider two distinct wetting domains for nucleation.  To a first 

approximation, the overall nucleation rate is a sum of individual nucleation rates on oxidized 

carbon, OJ , and on PTFE-coated carbon, TJ , weighted by their respective surface-area fractions 

OT JfJfJ  )1(              (6) 

where J is the overall nucleation rate and f  is the surface-area fraction of the PTFE coating.  

Due to the non-uniformity of the PTFE-impregnation process, the surface-area fraction of PTFE 

is difficult to assess.  Consequently, we examine the sensitivity of eq 6 to the choice of f . 
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 Once nuclei form, growth is limited by heat transfer for small Stefan numbers, defined as 

the ratio of sensible to latent heat32 

f

lp

H

TC
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ˆ

ˆ
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


             (7) 

where lpC ,
ˆ  is the liquid specific heat capacity and fĤ  is the magnitude of the heat of fusion 

per mass of solid.  For a single heat-transfer-limited growing hemisphere within a subcooled 

liquid, the so-called Stefan problem33, the growing solid radius is given by32 

  ttr lo 2                        (8) 

where l  is the liquid thermal diffusivity and o  is a temperature-dependent growth parameter 

defined by 

       Steooooo 2

1
erfexpexp 222   .                              (9)     

Eqs 8 and 9 apply strictly at early growth times before single ice crystals impinge and meld with 

those growing nearby. At later times, precise prediction of the crystal growth rate is not 

necessary as liquid exhaustion demands a net zero freezing rate.  

Substitution of eqs 6 and 8 into eq 4 gives 

 2/5*
,

2/5*
, )()1()( exp1 OiOTiT tkftkf          (10) 
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  2/33

15
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)( loOOO JgTk 
 ,          (12) 

where *
i  is a number-average induction time (defined in the subsequent section), with the 

superscript * representing an induction time in a GDL containing mixed-wetting domains. 

Subscripts T and O denote PTFE and oxidized carbon, respectively.  To enable a deterministic 

prediction in eq 10, we replace the single-event induction time appearing in eq 3 by the number-

average of the distribution. 

Eq 10 does not correspond directly to the Avrami relation in eq 3 used to fit the 

crystallization kinetics in Figures 3 and 4.  However, for GDL(10) and the range of ΔT used in 

this study, eq 10 simplifies considerably.  As shown in detail below, )1( fJfJ OT  .  Hence, 

the first term in eq 6 and in the exponential argument of eq 10 is negligible. Application of this 

approximation in eq 10 leads to the Avrami expression in eq 3 with n = 5/2, Okfk )1(  , and 

*
,Oii   . Therefore, eqs 10 (or 3) and 12 provide the tools to predict the overall crystallization 

rate once the unknown parameters OJ , O , and *
,Oi  are specified.  

Parameter Determination.  Eq 12 contains the pseudo-steady-state nucleation rate, OJ .   

We evaluate OJ  from experimental data independent from the measured freezing kinetics in 

Figures 3 and 4.  Jiang and Horst34 show that the cumulative probability,  OiP , , that crystals are 

detected between time zero and the induction time, Oi, , is 

   
M

M
P Oi

Oi
,

,






                      (13) 
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where M is the total number of experiments and  OiM ,
 is the number of experiments in which 

a crystallization peak is detected at an induction time less than or equal to Oi , .  From eq 13, 

 OiP ,  is thus available from repeated induction-time measurements.  Figure 9 shows the 

calculated cumulative probability distributions for GDL(0) as open symbols using the data in 

Figure 5, as well as distributions for two additional values of 16T  and 30 K.   

 Jiang and Horst also demonstrate that the cumulative-distribution function is well-

described by a Poisson distribution34 

    gOioOOi VJP   ,, exp1          (14) 

where oV  is the initial volume of liquid and g  is the time for a critical nucleus to grow to a size 

detectable by the DSC instrument.  Therefore, OJ  and g  are available by fitting eq 14 to the 

measured cumulative-probability distributions in Figure 9.  Solid lines in this figure correspond 

to the best least-squares fit of eq 14 and provide values of OJ  and g  (i.e., the value of P at 

0, Oi ) as functions of T .  Obtained values are listed in Table 3, along with the number-

average induction time, Oi, .  Figure 9 confirms that that the nucleation process in a GDL is 

well-described by a Poisson distribution.  

The dependence of J on ΔT is most often described by classical nucleation theory 

(CNT)30,35 
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Bk  is the Boltzmann constant, sl  is the solid/liquid interfacial energy, sv̂  is the specific volume 

of the solid, To is the equilibrium freezing temperature, and  g  is given by eq 5.  The pre-

exponential factor, A, is assumed to be constant, since its temperature dependence is weak 

compared to the exponential term.30,35  The functional dependence of J on ΔT described by eqs 15 

and 16 indicates that a plot of Jln  versus 21  TT  produces a straight line with an intercept 

Aln  and slope B .  The resulting plot is shown in Figure 10 for the OJ  values listed in     

Table 3. The constants, estimated from linear regression, are 8109.7 A nuclei m-3s-1 and 

4104.9 OB K3, which yield an average nucleation rate for GDL(0) of 

 
13-

2

4
8 m nuclei   

104.9
exp109.7 
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
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
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

 s
TT

JO .                   (17) 

Thus, given an estimate of O ,  TkO  is known from eqs 9, 12, and 17.  Values for   are not 

independently known. We take 60O ° and 140T °, as justified below.  These contact 

angles were chosen such that ice preferentially wets oxidized carbon over PTFE; this preference 

assumes that ice maintains the same relative surface wetting as water against air i.e., the average 

ice contact angle increases with the addition of PTFE to the GDL.28,29  

With OJ  for GDL(0) now known and the contact angles set, we estimate TJ  using eqs 5 

and 15-17. From the known value of OB  (eq 17) for GDL(0) with 60O °, TJ  is determined 

for all T , since A is independent of θ.  We find that 5103.7 TB  K3 for PTFE compared to 
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4104.9 OB  K3 for oxidized carbon.  Accordingly, 1/ OT JJ  and nucleation occurs much 

more slowly on a hydrophobic surface. 

 The oxidized-carbon number-average induction time, *
,Oi , appearing in eq 10 remains to 

be determined.  To obtain i , the definition suggested by Kaschiev36 is adopted with slight 

modification 

g
o

i JV
 

1
.                           (18) 

The first term in eq 18 represents the mean time for the formation of a critical nucleus and the 

second term is included to account for the time elapsed between the formation of a critical 

nucleus and its growth to a size detectable by the DSC.  Values of g  lying between those at 

measured temperatures in Table 3 were obtained by linear interpolation.  Let *
i  represent the 

number-average induction time in a GDL containing mixed-wetting regions.  Substitution of eq 6 

into eq 18 provides the desired expression 

  g
oOT

i VJfJf
 




 )1( 

1*  .                        (19) 

Eq 19 reduces to induction times for nucleation on surfaces of exclusively oxidized carbon, Oi, , 

and PTFE, Ti , , when 0f  and 1f , respectively.  For these cases, the superscript * is 

omitted because the GDLs each contain a single-wetting domain.  

  Since 1/ OT JJ , the first bracketed factor in the denominator of eq 19 is negligible 

provided that OT JJf /1 .  Application of this simplification yields 
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1*
,

*         for   1/ OT JJ         (20) 

where *
,Oi  denotes the number-average induction time for nucleation only on oxidized carbon in 

a mixed-wetting GDL.  Eq 20 determines *
,Oi  in eq 10.  Because nucleation occurs more quickly 

on oxidized carbon than on PTFE, only *
,Oi  is measured in our work.  The solid line in Figure 6 

compares OiOi ,
*
,    for GDL(0) with theory using eq 20 with 0f .  Good agreement is 

achieved between theory and experiment: the entire temperature dependence is correctly 

captured through independent assessment of OJ .   

 Figure 7 shows measured single-induction times for both GDL(0) (open symbols) and 

GDL (10) (closed symbols).  Solid and dash-dotted lines correspond to Oi,  ( 0f ) and Ti ,  

( 1f ) calculated from eq 19, given the measured value of OJ   and the estimated value of TJ .  

Likewise, dotted and dashed lines are calculations of *
,Oi  from eq 20 with 15.0f  and 

7.0f , respectively.  Exact positions of the theoretical predictions depend strongly on the 

choice of OJ  for GDL(0).  In Figure 7, the average value of OJ  is used from Table 3.  Since 

nucleation on the PTFE-coated regions of GDL(10) is negligible in eq 19, the increase in *
,Oi   

with f  is attributed to the decrease in the available surface-area fraction of oxidized carbon.  

Dotted  15.0f  and dashed lines  7.0f  illustrate the sensitivity of *
i  to the choice of the 

surface-area parameter f . Again, the experimental data in Figure 7 are single- i  measurements 

that lie within the Poisson distribution of i . Due to GDL non-uniformity, it is not possible to 

determine f  independently.  As a result, it is difficult to assess quantitative agreement between 
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theory and experiment. Thus in Figure 7, comparison between predicted and measured *
,Oi -

values is qualitative. Nevertheless, as f  increases, *
,Oi  shifts to longer ΔT, in agreement with 

measured trends. 

Discussion 

 Comparison to Experiment.  With the values of OJ , O , and *
,Oi   now specified, 

crystallization kinetics,  t , follow from eq 10 for both GDL(0) and GDL(10). In the 

calculations 0Tk  and Ok  obeys eq 12, since )()( TkTk TO  . Additionally, *
,Oi  is given by 

eq 20 and Ok  is calculated using OJ  from eq 17 and with 60O °.  Accordingly, eq 10 reduces 

to the Avrami expression in eq 3. 

Figure 11 plots k  for GDL(0) (filled circles) and GDL(10) (filled triangles) as a function 

of ΔT from Table 2. Solid and dashed lines are theoretical predictions of Okfk )1(   using eq 

12 with 7104.1 l m2/s, eq 9 for o , 0f  for GDL(0), and 5.0f  for GDL(10).  Error 

bars on the theoretical lines represent the range of k values calculated using the minimum and 

maximum nucleation rates as upper and lower bounds.  Error increases as ΔT increases because 

the nucleation rate increases rapidly as ΔT increases. From Figure 11, good agreement is 

observed between fitted and predicted rate constants, particularly at high values of ΔT (22 and  

30 K).  Similar to the empirical rate constants in Table 2, k increases as ΔT increases. This result 

is primarily due to the temperature dependence of the nucleation rate.  As PTFE is added to the 

GDL, the decrease in k  is quantitatively consistent with experimentally measured values.   
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 Figures 12 and 13 show predicted crystallization kinetics,   versus t, for GDL(0) and 

GDL(10), respectively.  At each subcooling, the single-event induction time was subtracted from 

the total time so that curves are compared on the same time scale. Open symbols represent an 

average of two exotherms measured for two distinct samples.  Solid lines represent model 

predictions using calculated k values from Figure 11 in eq 10, with 0f  and 5.0f  for 

GDL(0) and GDL(10), respectively.  Good agreement is seen between theoretical and measured 

crystallization rates in both Figures 12 and 13.  In all cases, the time for complete crystallization 

is accurately predicted. Crystallization times in Figure 12 range from 5 to 12 s, increasing as 

subcooling decreases from 30 to 11 K. Dependence of the crystallization time (above induction 

time) on the amount of subcooling suggests that the controlling resistance for removing heat is at 

the interface of the growing crystal. Similar to the findings of Feuillebois et al.37, non-

dimensionalizing the ice-crystal/water interface energy balance gives crystallization times in 

agreement with those found in Figure 12. Thus, the characteristic time for ice crystallization is 

limited by heat conduction away from the growing ice-crystal front, not by heat conduction out 

of the sample.   

 For GDLs of differing water wettability, the time for complete crystallization in Figure 

13 increases from 9.2 to 14 s at a ΔT of 20 K for GDL(0) (no PTFE) and GDL(10) (10 wt% 

PTFE), respectively. Similarly, the predicted time for complete crystallization increases from 9.8 

to 14.3 s. Agreement with theory for GDL(10) indicates that, similar to the induction time, the 

decrease in crystallization rate is a result of the decrease in the available surface-area fraction of 

oxidized carbon.   

 Physical Significance.  To validate the parameter B, eq 16 was used to estimate the value 

of the interfacial free energy, sl .  For 6.335ˆ  fH J/g, 916.0ˆ sv g/cm3, 273oT K, and       
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 60o , sl  was calculated to be 20 dynes/cm. Although the value for the ice/water interfacial 

free energy is not directly measureable, commonly cited values17,27,38 lie between 20 and 45 

dynes/cm, indicating reasonable agreement. The determined pre-exponential factor is on the 

same order of measured nucleation prefactors27,34,39,40, although it is orders of magnitude smaller 

than values predicted by CNT (typical CNT prefactors are on the order of 1030 nuclei m-3s-1)29. 

Experimentally-determined values for A are commonly lower than values predicted by 

CNT.27,34,39,40 

 To assess the confidence of the reported nucleation rates, a statistical evaluation of the 

sample size was performed using a power analysis.41 We estimate that with 90 % confidence and 

for a sample size of 35, the reported nucleation rate is within 10 % of the actual rate.  Because 

the nucleation rate depends strongly on temperature, temperature fluctuations are expected to be 

the most prominent source of error.  Our DSC provides measurements with a temperature 

accuracy of ± 0.1 K, which leads to a maximum uncertainty of for example,                  

7102.2  ± 6107.1  nuclei m-3s-1 at a ΔT of 10 K.    

 Relevance to Cold-Start.  To illustrate the importance of ice-formation kinetics in 

automotive cold-start modeling, eqs 10 and 20 were used to estimate the time required for 99% 

crystallization in GDL(0), %99t , for varying ΔT.  A plot of %99t  as a function of ΔT for the 

GDL(0) is shown in Figure 14.  The dotted line estimates the time required for the onset of 

crystallization (eq 20 with 0f ) and the dashed line denotes the time required (from the onset 

of crystallization) to form 99% of ice (eq 10 with 0)( TkT  and )(TkO  given by eq 12).  The 

solid line, %99t , is the sum of the dashed and dotted lines.  This estimate is drawn using the 

average value for OJ , neglecting the Poisson distribution of i . %99t  values in Figure 14 are 
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conservative due to neglect of the thermal mass of the PEMFC, water transport, and the 

assumption that the temperature instantaneously lowers to the subcooled temperature.   

Two limiting regimes for %99t  are shown in Figure 14.  At temperatures above 263 K, 

%99t  is nucleation-rate limited, whereas for temperatures below 263 K %99t  is growth-rate 

limited.   To determine accurately the temperature of transition between the two regimes, 

however, the entire range of OJ  must be included.  Nevertheless, because the system is 

nucleation limited at high temperatures, Figure 14 illustrates that %99t  is on the order of many 

hours.  For example, at 267 K, %99t  is 4.2 hours.  This demonstrates that the assumption of 

instantaneous freezing is not quantitative.  As the nucleation rate increases yielding smaller 

induction times, Figure 14 shows that for 243 K < T < 265 K, %99t  is on the order of a minute.  

Thus, the commonly-used assumption of equilibrium freezing is more reasonable when the 

temperature decreases and the system is limited by growth kinetics.  Even for 265T K, 

however, the overall rate constant is far from infinite, suggesting the need to account for 

crystallization kinetics in understanding cold-start. 

Conclusions  

We determine pseudo-steady-state nucleation rates and crystallization rates as functions 

of subcooling in fuel-cell gas-diffusion layers (GDLs) using isothermal differential scanning 

calorimetry (DSC). Kinetic rates were measured by repeated induction times and heat-flow 

dynamics for two PTFE loadings (0 and 10 wt%) at temperatures between 240 and 273 K.  

Induction-time measurements demonstrate that nucleation is well-described by a Poisson 

distribution and that induction time decreases with increasing subcooling. Experimental 
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nucleation rates and induction times follow classical nucleation theory.  Both induction times and 

complete crystallization times increase with addition of PTFE to the GDL.  Thus, both nucleation 

and crystal growth occur more slowly on hydrophobic fibers.   

Assuming nucleation to a critical radius followed by heat-transfer-limited growth, a 

nonlinear ice-crystallization rate for GDLs was developed within the JMAK framework. The 

proposed rate equation is in good agreement with integrated DSC exotherms. Although model 

crystal growth rates apply specifically to small isolated crystals, the time for complete 

crystallization is accurately predicted in all cases. The temperature dependence of the 

crystallization rate is primarily a result of the nucleation rate, consistent with experimental 

results.  As PTFE is impregnated in a GDL, both crystallization rate and induction times 

decrease because of a reduction in the available surface-area fraction of oxidized carbon.  

Although the predicted crystallization rate is accurate at subcoolings of 19, 22, and 30K, small 

deviations are observed at 11 and 13.5 K.  These small deviations are thought to be a result of the 

heterogeneities of the materials and processing, coupled with the stochastic nature of 

crystallization. 

Nomenclature 
 
 

fĤ  heat of fusion per mass of solid (kJ/kg) 

 
J pseudo steady-state nucleation rate (nuclei/m3/s) 
 
k overall rate constant (s-2.5) 
 

Bk  Boltzmann constant (J/molecule/K) 
 
P cumulative probability 
 
S liquid-water saturation 



 
 

22

 
T Temperature (K) 
 
ΔT subcooling (K) 
 
t time (s) 
 

g  time for nuclei grow to an instrument detectable size (s) 

 
v̂  specific volume (m3/kg) 
 
V volume (m3) 
 
Q  heat-flow rate (mW) 
 
 
Greek Letters 
 
  thermal diffusivity (m2/s) 
 
  surface tension (dyne/cm) 
 
  porosity 
 

o  thermal growth constant 

 
  contact angle 
 
ρ mass density (kg/m3) 
 
τ induction time (s) 
 
  volume fraction 
 
 
Subscripts 
 
o          initial 
 
l water 
 
O oxidized carbon 
 
s ice 
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T PTFE 
 
dry dry gas-diffusion layer 
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Table 1. 
 

GDL Properties 
 

 
a  Mercury-intrusion-porosimetry data provided by Los Alamos National Laboratory. 
b  From eq 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

GDL Thickness (µm) PTFE (wt %) Porosity, ε Water Saturation, S 

GDL(0) 190 0 a80.0 % b84±3 % 

GDL(10) 190 10 a72.8 % b78±2 % 
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Table 2. 

 
Crystallization Rate Constant, k, for GDL(0) and GDL(10) 

 

GDL(0), 
k (s-2.5) 

GDL(10), 
k (s-2.5) 

Subcooling, 
ΔT (K) 

0.009 - 11 
- 0.008 13.5 
- 0.017 19 

0.023  20 
0.029 - 22 
0.053 - 30 
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Table 3. 
 

Nucleation Rates, Average Induction Times,  
and Growth Times for GDL(0) 

 

Subcooling, 
ΔT (K) 

Nucleation Rate, 

OJ  (×10-7 nuclei m-3s-1) 
Induction Time, 

Oi,  (s) 
Growth Time, 

g (s) 

11 3.3 34.7 7.5 
16 12.0 14.3 4.2 
22 40.0 5.0 0.7 
30 63.0 2.7 0.6 
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Figure Captions  

 
Figure 1.  SEM images of the GDL(0) (a) and the GDL(10) (b).  Both are Toray carbon papers 

that have either 0 or 10-wt % PTFE, respectively.   
 
Figure 2. Typical isothermal DSC cooling exotherm of GDL(0) at 247 K.  The solid line                         

corresponds to the sample temperature, whereas the dotted line represents heat flow. 
The symbol i  labels the induction time.  A-C label the onset, extremum, and 

completion of water freezing, respectively. 
 
Figure 3. Isothermal freezing kinetics for GDL(0), containing 0-wt % PTFE, at three 

subcoolings.  Solid lines represent best least-squares fits of eq 3 to the experimental 
data. 

 
Figure 4. Isothermal freezing kinetics for GDL(10) containing 10-wt% PTFE at two subcoolings 

(open symbols). Closed symbols represent GDL(0), containing 0-wt % PTFE for 
comparison. Solid lines represent best least-squares fits of eq 3 to the experimental 
data. 

 
Figure 5.  38 induction-time measurements at a subcooling of (a) 11 K and (b) 22 K for  

GDL(0).  A dotted line indicates the number-average induction time. 
 
Figure 6.  Induction times as a function of subcooling for GDL(0).  Filled symbols are single 

induction-time measurements  Oi, , whereas open symbols represent the number-

average induction times over a minimum of 35 measurements  Oi, .  Error bars 

indicate the maximum range of observed induction times.  The solid line is a 
prediction for Oi,  from classical nucleation theory (CNT). 

 
Figure 7.  Induction times as a function of subcooling for GDL(0) (open symbols) and GDL(10) 

(closed symbols).  Solid, dotted, and dashed lines are predictions for *
i  from CNT 

(eq 20) for nucleation on oxidized carbon fibers at varying  f, where f is the surface-

area fraction of PTFE in the GDL.  The dash-dotted line is a prediction for *
i  from 

CNT (eq 19) for nucleation on completely PTFE-coated fibers. 
 
Figure 8. Schematic of the continuous two-step crystallization process occurring within a 

subcooled liquid: (a) nucleation and (b) growth with continuing nucleation. r* is the 
critical nucleation radius, and θ is the contact angle of the ice/water/substrate triple 
line measured through solid ice. 

 
Figure 9. Cumulative probability distributions for the induction times shown in Figure 5 for 

GDL(0) along with two additional subcoolings at 16T  and 30 K.  Sold lines are a 
fit to the probability distribution in eq 14.  
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Figure 10.    Logarithm of the nucleation rate in GDL(0) as a function of 21  TT  for the values 
given in Table 3.  The intercept of the straight line gives lnA and the slope gives 

OB , following eqs 15 and 16.  

 
Figure 11. Overall rate constant, k, for GDL (0) (filled circles) and GDL(10) (filled triangles) as 

a function of subcooling. Filled symbols correspond to fitted values from eq 3.  
Solid and dashed lines are theoretical predictions of Okfk )1(   with 

7104.1 l m2/s, 60O °, an average value for OJ , and 0f  and 5.0f  for 

GDL(0) and GDL(10), respectively. Error bars on lines indicate the range of 
calculated k using the minimum and maximum OJ  obtained from Figure 6. 

 
Figure 12.  Isothermal freezing kinetics for the GDL(0) at three subcoolings.  Solid lines 

represent theoretical predictions of   using eq 10 and eq 12 for )(TkO  with 
7104.1 l m2/s, 60o °, OJ  from eq 17, o  from eq 9, and 0f  . 

 
Figure 13.  Isothermal freezing kinetics for the GDL(10) at two subcoolings.  Solid lines 

represent theoretical predictions of   using eq 10 and eq 12 for )(TkO  with 
7104.1 l m2/s, 60o °, OJ  from eq 17, and o  from eq 9, and 5.0f . 

 
Figure 14.  Time required for 99% crystallization as a function of temperature for the GDL(0). 

The dotted line estimates time required for the onset of crystallization, given by eq 
19 with 0f . The dashed line represents the time required (from the onset of 

crystallization) to form 99% of ice using eq 10 with 0)( TkT  and )(Tko  given by 

eq 12.  The solid line is the sum of the two dotted lines. 
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Figure 1.  SEM images of the GDL(0) (a) and the GDL(10) (b).  Both are Toray carbon papers 

that have either 0 or 10-wt % PTFE, respectively.   
 
 
 
 

 

 

 

 a) 

 b) 
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Figure 2. Typical isothermal DSC cooling exotherm of GDL(0) at 247 K.  The solid line                         
corresponds to the sample temperature, whereas the dotted line represents heat flow. 
The symbol i  labels the induction time.  A-C label the onset, extremum, and 

completion of water freezing, respectively. 
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Figure 3. Isothermal freezing kinetics for GDL(0), containing 0-wt % PTFE, at three 
subcoolings.  Solid lines represent best least-squares fits of eq 3 to the experimental 
data. 
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Figure 4. Isothermal freezing kinetics for GDL(10) containing 10-wt% PTFE at two subcoolings 

(open symbols). Closed symbols represent GDL(0), containing 0-wt % PTFE for 
comparison. Solid lines represent best least-squares fits of eq 3 to the experimental 
data. 
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Figure 5.  38 induction-time measurements at a subcooling of (a) 11 K and (b) 22 K for  

GDL(0).  A dotted line indicates the number-average induction time. 
 

 a) 

 b) 

GDL(0) 

GDL(0) 

i  

i

ΔT = 11 K 

ΔT = 22 K 
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Figure 6.  Induction times as a function of subcooling for GDL(0).  Filled symbols are single 
induction-time measurements  Oi, , whereas open symbols represent the number-

average induction times over a minimum of 35 measurements  Oi, .  Error bars 

indicate the maximum range of observed induction times.  The solid line is a 
prediction for Oi,  from classical nucleation theory (CNT). 

 
 
 
 
 
 
 
 
 
 

GDL(0) 
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Figure 7.  Induction times as a function of subcooling for GDL(0) (open symbols) and GDL(10) 
(closed symbols).  Solid, dotted, and dashed lines are predictions for *

i  from CNT 

(eq 20) for nucleation on oxidized carbon fibers at varying  f, where f is the surface-

area fraction of PTFE in the GDL.  The dash-dotted line is a prediction for *
i  from 

CNT (eq 19) for nucleation on completely PTFE-coated fibers. 
 
 
 
 
 
 
 
 
 
 

f = 0.15 
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Figure 8. Schematic of the continuous two-step crystallization process occurring within a 

subcooled liquid: (a) nucleation and (b) growth with continuing nucleation. r* is the 
critical nucleation radius, and θ is the contact angle of the ice/water/substrate triple 
line measured through solid ice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nucleation to r*

Growth Continuing Nucleation 
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Figure 9. Cumulative probability distributions for the induction times shown in Figure 5 for 
GDL(0) along with two additional subcoolings at 16T  and 30 K.  Sold lines are a 
fit to the probability distribution in eq 14.  
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Figure 10.    Logarithm of the nucleation rate in GDL(0) as a function of 21  TT  for the values 
given in Table 3.  The intercept of the straight line gives lnA and the slope gives 

OB , following eq 15 and 16.  
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Figure 11. Overall rate constant, k, for GDL (0) (filled circles) and GDL(10) (filled triangles) as 
a function of subcooling. Filled symbols correspond to fitted values from eq 3.  
Solid and dashed lines are theoretical predictions of Okfk )1(   with 

7104.1 l m2/s, 60O °, an average value for OJ , and 0f  and 5.0f  for 

GDL(0) and GDL(10), respectively. Error bars on lines indicate the range of 
calculated k using the minimum and maximum OJ  obtained from Figure 6. 
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Figure 12.  Isothermal freezing kinetics for the GDL(0) at three subcoolings.  Solid lines 
represent theoretical predictions of   using eq 10 and eq 12 for )(TkO  with 

7104.1 l m2/s, 60o °, OJ  from eq 17, o  from eq 9, and 0f  . 
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Figure 13.  Isothermal freezing kinetics for the GDL(10) at two subcoolings.  Solid lines 
represent theoretical predictions of   using eq 10 and eq 12 for )(TkO  with 

7104.1 l m2/s, 60o °, OJ  from eq 17, and o  from eq 9, and 5.0f . 
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Figure 14.  Time required for 99% crystallization as a function of temperature for the GDL(0).    
The dotted line estimates time required for the onset of crystallization, given by eq 
20 with 0f . The dashed line represents the time required (from the onset of 

crystallization) to form 99% of ice using eq 10 with 0)( TkT  and )(Tko  given by 

eq 12.  The solid line is the sum of the two dotted lines. 
 


