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Abstract

Ice-Crystallization Kinetics during Fuel-Cell Cold-Start

by

Thomas James Dursch Jr.

Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Clayton J. Radke, Chair

Proton-exchange-membrane fuel cells (PEMFCs) show promise in automotive
applications because of their high efficiency, high power density, and potentially low emissions.
To be successful in automobiles, PEMFCs must permit rapid startup with minimal energy from
subfreezing temperatures, known as cold-start. In a PEMFC, reduction of oxygen to water occurs
in the cathode catalyst layer (CL). Under subfreezing conditions, water generated during startup
solidifies and hinders access of gaseous oxygen to the catalytic sites in the cathode CL, severely
inhibiting cell performance and potentially causing cell failure. Achieving cold-start is difficult
in practice, due to potential flooding, sluggish reaction kinetics, durability loss, and rapid ice
crystallization. Currently, however, few studies focus on the fundamentals of ice crystallization
during cold-start. Elucidation of the mechanisms and kinetics of ice formation within PEMFC
porous media is, therefore, critical to successful cell startup and high performance at low
temperatures.

First, an experimental method is presented for obtaining isothermal ice-crystallization
kinetics in water-saturated gas-diffusion layers (GDLS). Ice formation is initially studied in the
GDL because this layer retains a significant amount of product water during cold-start.
Isothermal ice-crystallization and ice-nucleation rates are obtained in commercial Toray GDLS
as functions of subcooling using differential scanning calorimetry (DSC). 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. Predicted ice-crystallization rates are in excellent agreement with experiment. A
validated rate expression is thus available for predicting ice-crystallization kinetics in GDLSs.

Ice-crystallization kinetics is also considered under experimental settings similar to real
PEMFC operating conditions where ice invariably forms non-isothermally. Non-isothermal ice-
crystallization rates and ice-crystallization temperatures are obtained in water-saturated GDLs as
a function of cooling rate. Our previously developed ice-crystallization rate expression is
extended to non-isothermal crystallization to predict ice-crystallization Kinetics at various
cooling rates. For non-isothermal ice formation, we find that cooling rate has a negligible effect
on the crystallization rate when crystallization times are much faster than the time to decrease the
sample temperature by the subcooling. Therefore, a pseudo-isothermal method is proposed for
non-isothermal crystallization kinetics using isothermal crystallization Kkinetics evaluated at the
non-isothermal crystallization temperature.



Catalyst layers also retain a significant amount of product water during cold-start.
Accordingly, ice nucleation and growth in PEMFC CLs are investigated using isothermal DSC
and compared to isothermal galvanostatic membrane-electrode assembly (MEA) cold-starts.
Measured ice-crystallization and ice-nucleation rates follow expected trends from classical
nucleation theory. Following our previous approach, a quantitative nonlinear ice-crystallization
rate expression is developed from the JIMAK framework. To validate ice-crystallization Kinetics
within PEMFCs, we further measure and predict MEA cell-failure time during isothermal
galvanostatic cold-start. Using a simplified PEMFC isothermal cold-start continuum model,
MEA cell-failure times predicted using the newly obtained rate expression are compared to that
predicted using a traditional thermodynamics-based approach. From this comparison, conditions
are identified under which including ice-crystallization kinetics is critical and to elucidate the
impact of freezing kinetics on low-temperature PEMFC operation.

During cold-start, the time for recovering cell performance strongly depends on the rate
of melting residual ice by reactive heat generation. Non-isothermal ice melting in water-saturated
GDLs is investigated using DSC with various heating rates. In all cases, ice-melting times
decrease nonlinearly with increasing heating rate, whereas melting temperatures remain near the
equilibrium melting temperature of bulk ice, demonstrating that melting is thermodynamic-based
with a rate limited by heat transfer. Ice-melting endotherms are predicted from overall DSC
energy balances coupled with a moving-boundary Stefan problem, where an ice-melting front
within a GDL propagates with volume-averaged properties through an effective medium.
Agreement between theory and experiment is excellent. Furthermore, an analytical expression is
obtained for ice-melting time. Significantly, the new expression elucidates parameters
controlling ice melting and allows for better design of both GDL materials and heating strategies
to enhance the success of PEMFC cold-start.
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Chapter 1

Introduction

1.1. Motivation and Goals

Proton-exchange-membrane fuel cells (PEMFCs) show promise in automotive
applications because of their high efficiency, high power density, and potentially low emissions
[1-4]. To be successful in automobiles, PEMFCs must permit rapid startup with minimal energy
from subfreezing temperatures, known as cold-start [5-8]. In recent years, several cold-start
requirements have been established by the Department of Energy [8]. Two key targets are that
the PEMFC must successfully start unassisted (e.g., no imposed heating) from: (1) —40 °C, and
(2) =20 °C to 50 % net power within 30 s. Achieving such startup is difficult in practice, due to
potential flooding, sluggish reaction kinetics, durability loss, and rapid ice crystallization [5-8].
Currently, few studies focus on the fundamentals of ice crystallization during cold-start. Clearly,
elucidation of the mechanisms and kinetics of ice formation in PEMFC porous media is
necessary. Such knowledge guides the development of both procedural strategies and advanced
materials for improved cell performance at subfreezing temperatures.

This dissertation focuses on two central issues: (1) the rate of ice crystallization in
PEMFC porous media, and (2) the role of ice-crystallization kinetics during PEMFC cold-start.
The first question asks what parameters (e.g., temperature, wettability, and cooling rate) govern
the kinetics of ice crystallization in water-saturated PEMFC porous media and what is the
governing rate expression. The second question asks what is the impact of ice-crystallization
kinetics on low-temperature PEMFC operation and under which cold-start conditions is ice-
crystallization kinetics critical. To appreciate these two questions, the following sections provide
background information on fuel-cell cold-start, as well as a brief overview of previous research.

1.2. Proton-Exchange-Membrane Fuel Cells (PEMFCs)

Understanding ice crystallization during cold-start requires basic knowledge of fuel cells.
This section discusses traditional PEMFC materials and reviews the underlying principles of
PEMFC operation under normal, low, and subfreezing temperatures.

1.2.1. Background:

PEMFCs are electrochemical cells that generate electricity by consuming fuel (e.g.,
hydrogen or methanol) and oxygen, forming water and heat as byproducts. Commonly, fuel cells
are stacked in series to increase the output voltage to that specified by the desired application.
Here, discussion is limited to single-cell PEMFCs fueled by hydrogen gas. Detailed discussion of
PEMFC stacks is found elsewhere [9,10].

Figure 1.1 displays a schematic of a typical PEMFC. The PEMFC consists of a
membrane-electrode assembly (MEA) that is sandwiched between two electrically-conductive
bipolar plates engraved with single- or multi-pass channels for gas flow (i.e., gas channels, GCs)
[11]. The MEA consists of anode and cathode diffusion media (DM) and catalyst layers (CLs),
as well as a proton-exchange membrane (PEM). In the anode, supplied hydrogen gas is oxidized
to protons and electrons in the CL, often by a platinum catalyst. Generated protons are conducted
through the PEM to the cathode, while electrons are forced to travel through an external circuit,
thereby producing an electric current. In the cathode, supplied oxygen, typically
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in the form of air, combines with protons to form byproduct water in the CL. For reference,
Figure 1.1 reports the anode and cathode half-reactions.

Figure 1.2 shows a schematic of a conventional MEA cathode, which highlights the
PEM, a highly-fluorinated membrane containing pendant sulfonic acid groups for enhanced
proton conductivity; the CL, irregularly-shaped carbon aggregates with dispersed platinum
particles; and the DM, which is an electrically conductive single- or double-layer used to
facilitate gas transport to the CL [12]. Squiggly lines in the CL represent ionomer added for
improved proton conductivity. Figure 1.2 displays a traditional single-layer DM consisting of
only a gas-diffusion layer (GDL). Detailed discussion of bilayer DM (i.e., a GDL backed by a
hydrophobic-rich microporous layer (MPL)) is found elsewhere [13].

1.2.2. Normal Operating Temperatures (>60 °C):

Fuel-cell performance is often characterized by a polarization curve, or a plot of cell
potential versus current density (current normalized by cell active area). By way of example,
Figure 1.3 displays a typical polarization curve predicted using a 0-d model by Balliet [14] for a
PEMFC operated at a temperature of 65 °C. For reference, the cell power density is included on
the secondary ordinate (cell power density, P, is given by: P =Vi, where V is cell potential and i
is current density). As shown in Figure 1.3, the cell potential is less than the reversible cell
potential due to irreversible losses that increase with increasing current density [12,14]. Often,
the polarization curve is divided into three regions [12,14]. At low current densities, cell
potential is dictated by kinetic losses stemming primarily from the high overpotential of the
oxygen-reduction reaction. As current density increases, ohmic losses (e.g., ionic losses in the
membrane) become increasingly important. At high current densities, mass-transport limitations
contribute, as reactants are unable to reach catalytic sites in the CL. For example, reactant
oxygen diffusion can be limited by flooding of the cathode by liquid water [12]. As discussed
elsewere [14], power density often exhibits a maximum at high current densities (i.e., near the
limiting current).

1.2.2. Low and Subfreezing Operating Temperatures (<0 to 60 °C):

Fuel-cell performance generally diminshes with decreasing operating temperature. To
illustrate, Figure 1.4 shows polarization curves predicted using a 0-d model by Balliet [14] for a
PEMFC operated at temperatures of -40, -20, 0, 20, 40, 60, and 80 °C. The non-monotonic
decrease in power density with decreasing temperature is discussed elsewhere [14]. At lower
temperatures (i.e., <50 °C), cell performance decays primarly due to: (1) decreased kinetic rates
of the oxygen reduction reaction; (2) decreased ionic conductivity in the catalyst ionomer and
membrane; and (3) increased mass-transport limitations due to the presence of ice or flooding of
the cathode by liquid water. As indicated in Figure 1.4, under subfreezing conditions, water can
solidify to ice in the MEA, further inhibiting cell performance and, in many cases, causing cell
failure [15-18].

1.3. PEMFC Cold-Start
1.3.1. Literature Review:

Because of performance loss and cell failure under subfreezing conditions, significant
effort has been expended toward understanding cold-start fundamentals and improving PEMFC
cold-start capability [6-8,14,15-32]. To date, experiments predominately focus on characterizing
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overall low-temperature cell performance [15-20]. In recent years, however, in-situ visualization
and detection of ice formation within PEMFC porous media has progressed [21-26].
Visualization methods include neutron radiography [21,22], environmental scanning electron
microscopy [23], visible imaging [24-26], and latent-heat detection with infrared thermography
[24,25]. In all cases, generation of by-product water is observed in the subcooled state,
particularly between -2 and -20 °C. Although the generated liquid water did not freeze
instantaneously, the mechanism and kinetics of ice formation were unfortunately not investigated
[21-26].

Over the past decade, several numerical continuum cold-start models have been
developed [6,8,27-32]. To counter difficulties associated with cold-start, models emphasize both
procedural strategies and materials design. For example, Balliet et al. [6,14,31] recommend
higher potentials during startup to optimize performance at —20 °C, as well as increased water
capacity or reservoirs (e.g., increased porosity). Numerous studies have also examined the stack-
level thermal response during cold-start [27,32]. However, relatively few studies model
production and flow of water within the PEMFC [27-30]. Early models assume that product
water vapor instantaneously solidifies when the vapor partial pressure exceeds the saturation
value [27-30]. As a result, they do not account for liquid water within the PEMFC. More
recently, Jiao and Li [32] and Balliet et al. [6,14,31] extended cold-start models to include vapor,
liquid, and solid phases of water within the PEMFC. The equilibrium freezing point of ice within
the GDL, CL, and PEM is based on a characteristic pore size using the Gibbs-Thomson equation.
Although the models include liquid water [6,14,31,32], they currently invoke thermodynamics-
based freezing and circumvent the use of ice-crystallization kinetics, since at the time, none were
available for PEMFC porous media.

1.3.2. Thesis Summary:

Elucidation of the mechanisms and kinetics of ice formation in PEMFC porous media is
necessary. Despite significant attention to PEMFC cold-start, a basic understanding of ice-
crystallization kinetics in PEMFC porous media is lacking. Chapters 2-4 advance knowledge of
the mechanisms and kinetics of ice formation in water-saturated GDLs and CLs.

In Chapter 2, an experimental method is presented to quantify isothermal ice-
crystallization kinetics in commercial GDLs. Following the experimental section, a validated
nonlinear ice-crystallization rate expression is outlined following the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) framework [33-36], in which the heat-transfer-limited growth rate is
determined from the moving-boundary Stefan problem [37]. The newly-proposed ice-
crystallization rate expression agrees well with experiment.

Chapter 3 deals with non-isothermal ice crystallization in water-saturated GDLs. First,
non-isothermal ice-crystallization kinetics is measured in commercial GDLs. The newly
developed ice-crystallization rate expression is then extended to non-isothermal ice
crystallization in GDLs. Here too, the ice-crystallization model agrees well with experiment.
Following the theoretical section, a simplified pseudo-isothermal method is outlined for
obtaining non-isothermal crystallization Kkinetics using isothermal crystallization Kinetics
evaluated at the non-isothermal crystallization temperature.

In Chapter 4, isothermal ice-crystallization Kkinetics is measured in water-saturated CLs
with varying carbon-support materials, ionomer fraction, and platinum loading. Similar to
Chapter 2, a quantitative nonlinear ice-crystallization rate expression is developed for ice
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crystallization in CLs. To validate ice-crystallization kinetics in PEMFCs, in Chapter 4, cell-
failure time is measured and predicted using a cold-start continuum model during isothermal
galvanostatic cold-start. Cell-failure times predicted using ice-freezing kinetics are in good
agreement with experiment. Significantly, the PEMFC continuum cold-start model demonstrates
that ice-crystallization kinetics is critical when induction times are long (i.e., in the “nucleation-
limited"” regime for 273>T > 263 K).

During cold-start, the time for recovering cell performance strongly depends on the rate
of melting residual ice by reactive heat generation. In Chapter 5, a method is presented to obtain
non-isothermal ice-melting rates in water-saturated GDLs. Ice-melting endotherms are predicted
from overall DSC energy balances coupled with a moving-boundary Stefan problem. Following
the theoretical section, an analytical expression is derived for the ice-melting time. Significantly,
the new expression elucidates parameters controlling ice melting and allows for better design of
both GDL materials and heating strategies to enhance the success of PEMFC cold-start.

Chapter 6 of the dissertation concludes with a summary of the new findings on ice-
crystallization kinetics during PEMFC cold-start. Broader impacts are discussed and future work
IS suggested.
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Chapter 2

Isothermal Ice-Crystallization Kinetics in the Gas-Diffusion Layer of a
Proton-Exchange-Membrane Fuel Cell

T.J. Dursch, M.A. Ciontea, C.J. Radke, A.Z. Weber, Isothermal Ice-Crystallization Kinetics in
the Gas-Diffusion Layer of a Proton-Exchange-Membrane Fuel Cell, Langmuir 28 (2012) 1222-
1234,

2.1. 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 GDLSs.

2.2. 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 cycles [1], effects of cell material properties [2-6], 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.
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Several multiphase, multidimensional cold-start continuum models have been
developed [9,10]. These models assume that product water vapor instantaneously solidifies when
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 thermodynamics-based freezing and circumvent ice-crystallization
kinetics, since at this time, validated ice-crystallization kinetics do not exist within 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 Korin [13,14]
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). Furthermore, 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.

2.3. Materials and Methods

2.3.1. 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 2.1.

Table 2.1. GDL Properties

GDL Thickness (um) PTFE (wt %) Porosity, ¢ Water Saturation, S
GDL(0) 190 0 #80.0 % °84+3 %
GDL(10) 190 10 72.8 % b78+2 %

 Mercury-intrusion-porosimetry data provided by Los Alamos National Laboratory
® From equation 2.1
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Figure 2.1 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 um [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].

2.3.2. 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

g Vo _ ™ Pay (2.1)

Vp mdry gpl

where S is liquid-water saturation, V, is the initial-water volume, V, is the pore volume, m is
mass, ¢ is porosity, p, is the mass density of water, and p,, 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 1.1 and equation 2.1, GDL water saturations were calculated between 75 and
85%, consistent with the end points of corresponding capillary-pressure-saturation
measurements [20].

2.3.3. 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 3 and 5 mg, were placed into 20-
ML 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, 4T, defined as the magnitude of the
difference in the temperature of freezing and 273 K.

13
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Figure 2.1. 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.
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2.4. Results
2.4.1. Isothermal Ice-Crystallization Kinetics:

Figure 2.2 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 2.2). 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

[¢
o

0

¢= (2.2)

(t)dt
t)dt
where Q(t) 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 2.2, it is observed that crystallization is preceded by an
induction time, z,. We define z; as the time elapsed between the sample temperature becoming

isothermal and the onset of the crystallization peak (point A), about 8 s in Figure 2.2.

Figures 2.3 and 2.4 show the crystallization kinetics, ¢ versus t, calculated from
equation 2.2 at three values of AT for GDL(0) and GDL(10), respectively. At each subcooling,
7, was subtracted from the total time so that all curves are compared on a single time scale.
Open symbols represent an average of two exotherms measured for two distinct samples. An
integrated exotherm for the GDL(0) at a AT of 22 K is included in Figure 2.4 for ease of
comparison (filled triangles). Solid lines in the figures are best least-squares fits to the data as
described below. From Figure 2.4, 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 7,) decreases significantly as A7 increases, indicating that the crystallization rate

depends strongly on AT.

In many DSC studies, the Avrami relation is adopted to describe crystallization
Kinetics [23-26]

$=1-expl-k(T)t-z,)") (23)

where k is the overall rate constant and n is the Avrami exponent. To obtain k as function of T,
equation 2.3 is fit to the integrated crystallization exotherms in Figures 2.3 and 2.4. Based on
heat-transfer-limited volume growth, as justified below, we take n = 5/2. Resulting fit values of
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Figure 2.2. 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 z; labels the induction time. A-C label the onset, extremum, and
completion of water freezing, respectively.
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Figure 2.3. Isothermal freezing kinetics for GDL(0), containing O-wt % PTFE, at three
subcoolings. Solid lines represent best least-squares fits of equation 2.3 to the
experimental data.
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Figure 2.4. 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 equation 2.3
to the experimental data.
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k(T) from the solid lines in Figures 2.3 and 2.4 are listed in Table 2.2. In agreement with the

trends observed in the figures, k increases as A7 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).

Table 2.2. Crystallization Rate Constant, k, for GDL(0) and GDL(10)

GDL(0), GDL(10), Subcooling,

k (5%°) k (s%°) AT (K)
0.009 - 11

- 0.008 13.5

- 0.017 19
0.023 20
0.029 - 22
0.053 - 30

2.4.2. Induction Time:

Repeated crystallization exotherms reveal that 7, is not constant at a given value of A7.
To investigate the statistical nature of the crystallization process, 7, was measured repeatedly (a

minimum of 35 measurements) at each of four values of A7T. Figure 2.5 shows 38 induction
times measured at subcoolings of (a) 11 K and (b) 22 K, where the dotted line indicates the
number-average induction time, z,. For both subcoolings, z, 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 result suggests that similar to the
crystallization rate, the induction process also depends strongly on AT.

To investigate further the effect of subcooling on z;, single induction-time measurements
were performed at a number of intermediate values of AT. Figure 2.6 displays z; as a function
of 4T for GDL(0). Filled symbols denote a single-z, measurement, whereas open symbols
represent the number-average induction time, 7;, for at least 35 measurements. Error bars on the
open symbols indicate the maximum range of observed z; and are included from Figure 2.5 for

reference. The solid line is drawn according to classical nucleation theory (CNT) and is
discussed later. As with the data in Figure 2.5, as AT increases, z; decreases substantially. Our

measured values are qualitatively similar to induction times reported by Heneghan et al. [27] for
bulk water and for Agl-seeded water.

To quantify the effect of PTFE on crystallization, similar 7z, measurements were
performed on GDL(10). Figure 2.7 shows a plot of single- z, measurements as a function of AT
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Figure 2.5. 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.
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Figure 2.6. Induction times as a function of subcooling for GDL(0). Filled symbols are single
induction-time measurements (z; ), whereas open symbols represent the number-

average induction times over a minimum of 35 measurements (7;,). Error bars

indicate the maximum range of observed induction times. The solid line is a
prediction for 7; , from classical nucleation theory (CNT).
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Figure 2.7. 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 7,

from CNT (equation 2.20) 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 7, from CNT (equation 2.19) for nucleation on completely PTFE-
coated fibers.
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for GDL(10) with the results included from Figure 2.6 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 z; at nearly all values of A47. The GDL(0) curve is identical to the GDL(10)
curve, but is shifted to longer AT 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
reported elsewhere [28,29] showing that the time for complete ice crystallization is longer on a
hydrophobic surface than on a hydrophilic surface.

2.5. Theory

Parameters k and z; in equation 2.3 are obtained empirically. As shown in Table 2.2 and

in Figures 2.3 through 2.7, these parameters are strong functions of both subcooling and
wettability. To obtain a predictive rate equation, however, k and z, must be specified a priori.

For this task, we adopt Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory.
2.5.1. Ice-Crystallization Kinetics:

Within the JMAK framework, crystallization occurs via a continuing two-step
process [23-26], shown schematically in Figure 2.8. Crystallization begins in Figure 2.8a with
nucleation (as outlined in Appendix 2A) 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 2.8b 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 rates [23-26]
A ; N L3 N s
¢ =1—exp —?g(e)jJ(T(t))r (t—t)dt (2.4)
g

where [30]
9(6)= %(2 +cos@)1-cosd)’, (2.5)

and J(T)is the overall pseudo-steady-state nucleation rate, @ 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 fast [31]. Equation 2.5 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 (um).
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Figure 2.8. 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 4 is the contact angle of the ice/water/substrate triple
line measured through solid ice.
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Nuclei described by equation 2.4 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 (um) 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, J,, and on PTFE-coated carbon, J., weighted by their respective

surface-area fractions
J=1J,+1-"1)J, (2.6)

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 equation 2.6 to the choice
of f.

Once nuclei form, growth is limited by heat transfer for small Stefan numbers, defined as
the ratio of sensible to latent heat [32]

~

C, AT
Ste = — 2L (2.7)
AH

where ép,, is the liquid specific heat capacity and AI—AIf 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 problem [33], the growing solid radius is given by [32]

F(t) = 21,/ t (2.8)

where ¢, is the liquid thermal diffusivity and 7, is a temperature-dependent growth parameter
defined by

n? expln? Jexo(— 2 )~ m,ert (n,)] = %Ste : (2.9)

Equations 2.8 and 2.9 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 equations 2.6 and 2.8 into equation 2.4 gives

p=1—expl-fk; (t—77)"% (L ko (t—7,0)""] (2.10)

with
o (T) = 2 9(0, )3, e (2.12)

and
o (1) =2 9(0, onie™, (212)
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where 7, 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 equation 2.10, we replace the single-event induction time appearing in equation 2.3
by the number-average of the distribution.

Equation 2.10 does not correspond directly to the Avrami relation in equation 2.3 used to
fit the crystallization kinetics in Figures 2.3 and 2.4. However, for GDL(10) and the range of AT
used in this study, equation 2.10 simplifies considerably. As shown in detail below,
J; f << J,(@- f). Hence, the first term in equation 2.6 and in the exponential argument of

equation 2.10 is negligible. Application of this approximation in equation 2.10 leads to the
Avrami expression in equation 2.3 with n = 5/2, k=(1-f)k,, and 7, :fifo. Therefore,
equations 2.10 (or 2.3) and 2.12 provide the tools to predict the overall crystallization rate once
the unknown parameters J,, 6, and 7, are specified.

2.5.2. Parameter Determination:

Equation 2.12 contains the pseudo-steady-state nucleation rate, J,. We evaluate J,

from experimental data independent of the measured freezing kinetics in Figures 2.3 and 2.4.
Jiang and Horst [34] show that the cumulative probability, P(Ti,o)’ that crystals are detected

between time zero and the induction time, 7, , is

Pley )= +,\(/|T"°) (2.13)

where M is the total number of experiments and M +(Ti,o) is the number of experiments in
which a crystallization peak is detected at an induction time less than or equal to z;,. From
equation 2.13, P(z,,,) is thus available from repeated induction-time measurements. Figure 2.9

shows the calculated cumulative probability distributions for GDL(0) as open symbols using the
data in Figure 2.5, as well as distributions for two additional values of AT =16 and 30 K.

Jiang and Horst also demonstrate that the cumulative distribution function is well-
described by a Poisson distribution [34]

P(r,0)=1-exp(- IV, (i — 7, )) (2.14)

where V, is the initial volume of liquid and 7 is the time for a critical nucleus to grow to a size
detectable by the DSC instrument. Therefore, J, and z, are available by fitting equation 2.14

to the measured cumulative-probability distributions in Figure 2.9. Solid lines in this figure
correspond to the best least-squares fit of equation 2.14 and provide values of J, and z, (i.e.

the value of P at 7, , = 0) as functions of AT . Obtained values are listed in Table 2.3, along with
the number-average induction time, 7, , . Figure 2.9 confirms that that the nucleation process in a
GDL is well-described by a Poisson distribution.

26



P (ti0)

<

[m]
A
o

GDL(0)

AT=11K
AT=16K
AT=22K
AT=30K

- Poisson Distribution

0 20 40 60 30

Ti,0 (5)

Figure 2.9. Cumulative probability distributions for the induction times shown in Figure 2.5 for
GDL(0) along with two additional subcoolings at AT =16 and 30 K. Solid lines

are a fit to the probability distribution in equation 2.14.
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Table 2.3. Nucleation Rates, Average Induction Times, and Growth Times for GDL(0)

Subcooling, Nucleation Rate, Induction Time, Growth Time,
AT (K) J, (X107 nuclei m3s™) Tio (5) 7,(5)
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

The dependence of J on AT is most often described by classical nucleation theory
(CNT) [30,35]

J= Aexp{— (2.15)

B
T(ATY
where

31252
B =474l % 4(p) (2.16)
3AH 7k,
ks is the Boltzmann constant, y,, is the solid/liquid interfacial energy, V, is the specific volume
of the solid, T, is the equilibrium freezing temperature, and g(@) is given by equation 2.5. 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 AT described by

equations 2.15 and 2.16 indicates that a plot of InJ versus T AT “ produces a straight line with
an intercept In A and slope — B, The resulting plot is shown in Figure 2.10 for the J, values
listed in Table 2.3. The constants, estimated from linear regression, are A = 7.9x10° nuclei m3s™
and B, =9.4x10" K2, which yield an average nucleation rate for GDL(0) of

-9.4x10"
Tty
Thus, given an estimate of 6,, k(T ) is known from equations 2.9, 2.12, and 2.17. Values for
@ are not independently known. We take 6, =60° and 6, =140°, 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].

Jo =7.9x10° exp( J nucleim®s™, (2.17)

With J, for GDL(0) now known and the contact angles set, we estimate J, using
equations 2.5 and 2.15-2.17. From the known value of B, (equation 2.17) for GDL(0) with
6, =60°, J; is determined for all AT, since A is independent of §. We find that
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Figure 2.10. Logarithm of the nucleation rate in GDL(0) as a function of T AT ~ for the values
given in Table 2.3. The intercept of the straight line gives InA and the slope gives
— B, , following equation 2.15 and 2.16.
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B, =7.3x10° K® for PTFE compared to B, =9.4x10* K for oxidized carbon. Accordingly,
J; 13, <<1 and nucleation occurs much more slowly on a hydrophobic surface.

The oxidized-carbon number-average induction time, fifo, appearing in equation 2.10

remains to be determined. To obtain z,, the definition suggested by Kaschiev [36] is adopted
with slight modification

_ 1

7; =E+Tg. (218)

The first term in equation 2.18 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 7, lying between those

at measured temperatures in Table 2.3 were obtained by linear interpolation. Let 7, represent
the number-average induction time in a GDL containing mixed-wetting regions. Substitution of
equation 2.6 into equation 2.18 provides the desired expression

* 1

T; +7, .

C(F A=) TN,
Equation 2.19 reduces to induction times for nucleation on surfaces of exclusively oxidized
carbon, 7;,, and PTFE, 7., when f =0 and f =1, respectively. For these cases, the
superscript * is omitted because the GDLs each contain a single-wetting domain.

(2.19)

Since J; /J, <<1, the first bracketed factor in the denominator of equation 2.19 is
negligible provided that f <1-J;/J,. Application of this simplification yields

—_ —_ l
T. =T, — 47
A=)V,

: for J;/J,<<1 (2.20)
where 7, denotes the number-average induction time only for nucleation on oxidized carbon in
a mixed-wetting GDL. Equation 2.20 determines ffo in equation 2.10. Because nucleation
occurs more quickly on oxidized carbon than on PTFE, only fifo is measured in our work. The
solid line in Figure 2.6 compares fifo =7,, for GDL(0) with theory using equation 2.20 with
f =0. Good agreement is achieved between theory and experiment: the entire temperature
dependence is correctly captured through independent assessment of J,, .

Figure 2.7 shows measured single-induction times for both GDL(0) (open symbols) and
GDL (10) (closed symbols). Solid and dash-dotted lines correspond to 7, (f =0) and 7
( f =1) calculated from equation 2.19, given the measured value of J, and the estimated value
of J,. Likewise, dotted and dashed lines are calculations of 7, from equation 2.20 with
f =0.15 and f =0.7, respectively. Exact positions of the theoretical predictions depend
strongly on the choice of J, for GDL(0). In Figure 2.7, the average value of J, is used from
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Table 2.3. Since nucleation on the PTFE-coated regions of GDL(10) is negligible in equation
2.19, the increase in 7,, with f is attributed to the decrease in the available surface-area
fraction of oxidized carbon. Dotted (f =0.15) and dashed lines (f =0.7) illustrate the
sensitivity of 7, to the choice of the surface-area parameter f . Again, the experimental data in
Figure 2.7 are single- z;, measurements that lie within the Poisson distribution of z,. Due to GDL
non-uniformity, it is not possible to determine f independently. As a result, it is difficult to
assess quantitative agreement between theory and experiment. Thus in Figure 2.7, comparison
between predicted and measured 7, -values is qualitative. Nevertheless, as f increases, 7,,
shifts to longer AT, in agreement with measured trends.

2.6. Discussion
2.6.1. Comparison to Experiment:

With the values of J,, 6, and 7,, now specified, crystallization Kinetics, ¢(t), follow
from equation 2.10 for both GDL(0) and GDL(10). In the calculations k; =0, and k, obeys
equation 2.12, since k,(T)>>k, (T). Additionally, fifo is given by equation 2.20, and k, is
calculated using J, from equation 2.17 and with 6, =60°. Accordingly, equation 2.10 reduces
to the Avrami expression in equation 2.3.

Figure 2.11 plots k for GDL(0) (filled circles) and GDL(10) (filled triangles) as a
function of AT from Table 2.2. Solid and dashed lines are theoretical predictions of
k =(1- f)k, using equation 2.12 with ¢, =1.4x107"m?/s, equation 2.9 for 5., f =0 for
GDL(0), and f =0.5 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 AT increases because the nucleation rate increases rapidly as AT increases.
From Figure 2.11, good agreement is observed between fitted and predicted rate constants,
particularly at high values of 47 (22 and 30 K). Similar to the empirical rate constants in Table
2.2, k increases as AT 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.

Figures 2.12 and 2.13 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 a similar 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 2.11 in equation 2.10, with f =0 and f =0.5
for GDL(0) and GDL(10), respectively. Good agreement is seen between theoretical and
measured crystallization rates in both Figures 2.12 and 2.13. In all cases, the time for complete
crystallization is accurately predicted. Crystallization times in Figure 2.12 range from 5 to 12 s,
increasing as subcooling decreases from 30 to 11 K. The 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], nondimensionalizing the ice-crystal/water interface energy balance gives
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Figure 2.11. 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
equation 2.3. Solid and dashed lines are theoretical predictions of k =(1— )k,

with o, =1.4x107"m%s, 6, =60°, an average value for J,, and f =0 and
f =0.5 for GDL(0) and GDL(10), respectively. Error bars on lines indicate the
range of calculated k using the minimum and maximum J, obtained from
Figure 2.6.
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crystallization times in agreement with those found in Figure 2.12. 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
2.13 increases from 9.2 to 14 s at a AT 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.

2.6.2. Physical Signifance:

To validate the parameter B, equation 2.16 was used to estimate the value of the
interfacial free energy, y,. For AH, =335.6J/g, V, =0.916g/cm®, T, = 273K, and 6, = 60°,

74 was calculated to be 20 mN/m. Although the value for the ice/water interfacial free energy is

not directly measureable, commonly cited values [17,27,38] lie between 20 and 45 mN/m,
indicating reasonable agreement. The determined pre-exponential factor is on the same order of
measured nucleation prefactors [27,34,39,40], although it is orders of magnitude smaller than
values predicted by CNT (typical CNT prefactors are on the order of 10°° nuclei m3s™) [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,

2.2x107+ 1.7x10°%nuclei m3stata AT of 10 K.
2.6.3. Relevance to Cold-Start:

To illustrate the importance of ice-formation kinetics in automotive cold-start modeling,
equations 2.10 and 2.20 were used to estimate the time required for 99% crystallization in
GDL(0), tq,, for varying A7. A plot of t.,, as a function of AT for the GDL(0) is shown in

Figure 2.14. The dotted line estimates the time required for the onset of crystallization (equation
2.20 with f =0) and the dashed line denotes the time required (from the onset of crystallization)

to form 99% of ice (equation 2.10 with k, (T) =0 and k, (T) given by equation 2.12). The solid
line, ty,,, is the sum of the dashed and dotted lines. This estimate is drawn using the average
value for J,, neglecting the Poisson distribution of z,. t,, Vvalues in Figure 2.14 are

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 t.,,, are shown in Figure 2.14. At temperatures above 263 K,
to, IS Nucleation-rate limited, whereas for temperatures below 263 K tg,, is growth-rate
limited. To determine accurately the temperature of transition between the two regimes,
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however, the entire range of J, must be included. Nevertheless, because the system is
nucleation limited at high temperatures, Figure 2.14 illustrates that tg,, is on the order of many
hours. For example, at 267 K, tg,, IS 4.2 hours. This demonstrates that the assumption of

equilibrium-based freezing is not quantitative. As the nucleation rate increases, yielding smaller
induction times, Figure 2.14 shows that for 243 K < T < 265 K, t, 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 T< 265K,

however, the overall rate constant is far from infinite, suggesting the need to account for
crystallization kinetics in understanding cold-start.

2.7. 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
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.

2.8. List of Symbols
AH . heat of fusion per mass of solid (kJ/kg)

pseudo steady-state nucleation rate (nuclei/m?/s)
overall rate constant (s%°)

Boltzmann constant (J/molecule/K)

cumulative probability

liquid-water saturation

Temperature (K)

— »w T x ~ &
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AT subcooling (K)

time (s)

specific volume (m®/kg)
volume (m%)

heat-flow rate (mW)

O < < ™

Greek Letters

a  thermal diffusivity (m?/s)

Y surface tension (mN/m)

& porosity

7, thermal growth constant

% contact angle

P mass density (kg/m°)

T induction time (s)

T, time for nuclei grow to an instrument detectable size (s)
¢

volume fraction

Subscripts

initial

water

oxidized carbon

ice

PTFE

dry  dry gas-diffusion layer

-4 0o —o
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Appendix 2A. Classical Nucleation Theory (CNT)

As illustrated in Figure 2.8a, ice crystallization in the gas-diffusion layer begins with
nucleation, during which time critical nuclei form heterogeneously with an average nucleation
rate, J (e.g., see equations 2.15 and 2.16). As stated previously, we adopt classical nucleation
theory (CNT) to specify the dependence of J on AT. In this appendix, we review CNT
thermodynamics. In Section 2A.1, we review the expression for the homogeneous Gibbs-free

energy of critical-nucleus formation, AG”. In Section 2A.2, we modify homogeneous nucleation

theory to evaluate the heterogeneous critical Gibbs-free energy of nucleation on a flat substrate,
AG;,, . In both cases, the critical Gibbs-free energy of nucleus formation is used to calculate the

average ice-nucleation rate, J, as described in Section 2.5.2 (e.g., see equations 2.15 and 2.16)
[27,30,34-36,39,40].
Appendix 2A.1. Homogeneous Nucleation:

Figure 2A.1a illustrates a simple system to evaluate the homogeneous critical Gibbs-free
energy of nucleation, AG™, for a single component. Consider two configurations for nucleation

of a solid sphere from its liquid. In state I, M molecules of liquid are placed in an inert chamber
at a fixed temperature, T, and pressure, P. Similarly, in state 1, M —n molecules of liquid are
maintained at T and P in an inert chamber, along with a solid sphere containing n molecules at
T and pressure, Ps. The solid sphere and liquid in state Il are not in equilibrium. We begin by
writing the change in Helmholtz free energy between states | and Il, AF . In state I, the
Helmholtz free energy, F,,is

Fi =Mg (T,P)-PV_, constant T (2A.1)
whereas in state |1, the Helmholtz free energy, F,,, is
Fiu =M —nluc (T,P)+nus(T,Ps) —PsVs =PV 1 +ysLA, constant T (2A.2)

where p; is chemical potential of phase i, V, is volume of phase i, ys_ is the solid/liquid

interfacial energy, and A is interfacial surface area. Subscripts L, S, and L,I and L,Il denote
liquid, solid, and liquid in states | and Il, respectively. Subtraction of equation 2A.1 from
equation 2A.2 gives the change in Helmholtz free energy, AF

AF = F|| — F| :—n,LIL(T, P)+n,u5 (T, P5)+V5[P— Ps]— P[\/” —V|]+]/5|_A, (2A3)

where V| =V, and Vj; =V +Vs. In this case, V,, >V, because the bulk density of the liquid

is greater than that of the solid. For convenience, we add and subtract nus(T,P) to the right
side of equation 2A.3, or

AF = _nA/u(T’ P) +n [/Us (T’ Ps) — H (T, P)] +V5[P - Ps] —PAV + 75IA’ (2A4)
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Figure 2A.1. Schematic of the thermodynamic system to calculate the homogeneous Gibbs-free
energy of critical-nucleus formation, AG™.
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where Au(T,P)= u (T,P)—us(T,P) is the supersaturation [27,30,34-36,39,40], as described
in detail below. As written, Au(T,P) is a positive quantity. Upon invoking the Gibbs-Duhem
equation for the solid phase (i.e., us(T,P)— us(T,Ps)=Vs(P—Ps)), equation 2A.4 simplifies to
AF =—-nAu(T,P)—PAV + v A. Rewriting this expression in terms of the change in Gibbs free
energy, AG = AF + PAV , gives the oft-reported result that [27,30,34-36,39,40]

AG =—nAu(T,P) + s A. (2A.5)

Since Au(T,P) is positive, supersaturation drives nucleation, whereas creation of new surface
sets an energy barrier. Once formed, nuclei grow or decay depending on their size and the degree
of supersaturation.

The solid sphere and bulk liquid in state Il (Figure 2.8a) are not necessarily in phase
equilibrium. Only nuclei of a critical size (i.e., critical nuclei) are in metastable equilibrium with
the mother liquid. To evaluate the critical radius, r”, and the subsequent critical Gibbs free
energy of formation, AG™, we maximize equation 2A.5 with respect to r. For a spherical

nucleus, equation 2A.5 simplifies to AG = —4zAu(T,P)r®/30s + 4zys r®, since A=4zr? and
n=4zr®/30s . Thus, we find the classical result that

(o 2Vs s (2A.6)
Ap(T, P)
and
« 167 ( Vs 432 ?
AG = — S VsL . 2A.7)
3 | Au(T,P)

As expected, r” and AG™ in equations 2A.6 and 2A.7 decrease with increasing Au(T,P).

A cursory glance at equation 2A.6 reveals that r” is nearly identical to the critical drop

size given by the classic Kelvin equation [42]
r = AAAN .

Au(v, —Vs)

In the Kelvin formalism, however, the supersaturation is defined as the difference in chemical
potential of the solid with a curved and planar interface, or Ay = us(T,Ps)— us(T,P%) . We
resolve this apparent inconsistency by again invoking Gibbs-Duhem in the liquid and solid
phases. After simplification, we find: (V, — V)[4 (T, Py) — a5 (T, P¥)] =V, [, (T, P) — s (T, P)].

Substituting this result into equation 2A.8 reveals that equation 2A.6 is akin to the classic Kelvin
equation.

(2A.8)

Appendix 2A.2. Heterogeneous Nucleation:

Most phase transitions occur heterogeneously due to particulate impurities and/or the
presence of other surface sites [27,30,34-36,39,40]. It is, therefore, of interest to determine the

heterogeneous critical Gibbs-free energy of nucleation on a flat solid substrate, AG,,, . Consider
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a solid spherical segment nucleating on a flat substrate (i.e., an oxidized-carbon fiber, denoted O)
immersed in liquid, as illustrated in Figure 2.8. As before, the Helmholtz free energy of state I,
F ., is

Fi =Mu (T,P)-PV_, , constant T (2A.9)
whereas in state 11, the Helmholtz free energy, F, , is now
Fiu =[M —n]u (T, P)+nus (T, Ps) —PsVs =PV +ysLAst +[7so —7s0]Aso  (2A.10)

at constant T, where the subscripts SL, SO, and LO denote solid nucleate/liquid, solid/oxidized-
carbon substrate, and liquid/oxidized-carbon substrate, respectively. As discussed
elsewhere [31]: Ao =r?sin?0, Ag =2ar’[L—cos#], and Vs =m3[2-3cosd+cos®0]/3.
Further, ys c0s@=y.0—yso. Following the procedure outlined in Section 2A.1, after some
algebra, the expressions for r”and AG,, are

F o 2Vs ysi (2A.11)
Au(T,P)
and
- 302 2
AGL, —_167[ Vs 75" 0(0) | (2A.12)
3 Au(T,P)

where g(8)=(2+cos@)1-cos@) /4, as discussed in Section 2.5.1 (e.g., see equation 2.5).

Note that equation 2A.11 is identical to equation 2A.6 for homogeneous nucleation. Because
heterogeneous nucleation generally takes place at lower supersaturations than that of
homogeneous nucleation, the critical nucleus radius is, of course, different for the two cases.

Equation 2A.12 reveals that AG,, =g(0)AG", reiterating that for >0, AG,, <AG [31].
Finally, we note that equation 2A.12 is identical to that appearing in equations 2.15 and 2.16.

44



Chapter 3

Pseudo-Isothermal Ice-Crystallization Kinetics in the Gas-Diffusion
Layer of a Fuel Cell from Differential Scanning Calorimetry

T.J. Dursch, M.A. Ciontea, G.J. Trigub, C.J. Radke, A.Z. Weber, Pseudo-isothermal ice-
crystallization kinetics in the gas-diffusion layer of a fuel cell from differential scanning
calorimetry, Int. J. Heat Mass Trans. 60 (2013) 450-458.

3.1. Abstract

Non-isothermal ice-crystallization Kkinetics in the fibrous gas-diffusion layer (GDL) of a
proton-exchange-membrane fuel cell is investigated using differential scanning calorimetry
(DSC). Non-isothermal ice-crystallization rates and ice-crystallization temperatures are obtained
from heat-flow measurements in a water-saturated commercial GDL at cooling rates of 2.5, 5,
10, and 25 K/min. Our previously developed isothermal ice-crystallization rate expression is
extended to non-isothermal crystallization to predict ice-crystallization kinetics in a GDL at
various cooling rates. Agreement between DSC experimental results and theory is good. Both
show that as the cooling rate increases, ice-crystallization rates increase and crystallization
temperatures decrease monotonically. Importantly, we find that the cooling rate during
crystallization has a negligible effect on the crystallization rate when crystallization times are
much faster than the time to decrease the sample temperature by the subcooling. Based on this
finding, we propose a pseudo-isothermal method for obtaining non-isothermal crystallization
kinetics using isothermal crystallization kinetics evaluated at the non-isothermal crystallization
temperature.

3.2. Introduction

Proton-exchange-membrane fuel cells (PEMFCs) reduce oxygen to water in the
cathode catalyst layer (cCL). Under subfreezing conditions, water solidifies and hinders access
of oxygen to the catalytic sites in the cCL, severely inhibiting cell performance and potentially
causing cell failure [1]. Recently, using isothermal differential scanning calorimetry (DSC), we
show that the rate at which ice forms in the fibrous gas-diffusion layer (GDL) of a PEMFC
depends strongly on temperature and medium wettability [2]. Therefore, detailed knowledge of
ice-crystallization Kkinetics within PEMFC media is needed. To date, ice-crystallization kinetics
in the GDL have been analyzed only under isothermal conditions. However, ice-formation
kinetics must be considered under experimental settings similar to actual PEMFC operating
conditions where ice invariably forms non-isothermally.

DSC is a conventional apparatus to obtain crystallization kinetics [2-7]. In DSC, the rate
of a phase transition is determined by measuring heat released or absorbed by a sample over
time. When crystallization experiments are performed isothermally, the resulting exotherms are
directly integrated to provide crystallization rates [2-7]. For non-isothermal DSC, however,
coupling of the crystallization rate with internal heat transfer makes interpretation difficult. As a
result, several models have been presented to describe crystallization and heat transfer within a
DSC under non-isothermal conditions [3, 8, 9]. In these treatments, non-isothermal DSC
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exotherms are predicted from a semi-empirical kinetic expression in conjunction with an overall
energy balance [3, 8, 9], despite the availability of crystallization kinetics via the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) formalism [10-13]. Available models highlight the effects of heat
transfer on crystallization and show good agreement with experiment. In the analyses, however,
an empirical crystallization rate constant with an Arrhenius-temperature dependence is
employed, neglecting contributions from both nucleation and growth processes. Similar to
JMAK theory, in polymer crystallization, the Hoffman-Lauritzen equation combines nucleation
and growth to obtain an overall crystallization rate constant from non-isothermal DSC data [14-
16]. This equation, unfortunately, is limited to polymer crystallization.

In this work, we extend previous isothermal ice-crystallization kinetics in the GDL of a
PEMFC [2] based on JMAK theory to non-isothermal crystallization where the DSC furnace
temperature decreases in time. Experimental non-isothermal ice-crystallization rates and ice-
crystallization temperatures are obtained from DSC heat-flow measurements in a water-saturated
Toray GDL at cooling rates of 2.5, 5, 10, and 25 K/min. Our previously developed isothermal
ice-crystallization rate expression [2] is extended to non-isothermal crystallization, allowing
prediction of DSC crystallization exotherms in GDLs at various cooling rates.

3.3. Materials and Methods
3.3.1. GDL Sample Preparation:

Water-wetting TGP-H-060 carbon-paper GDLs were provided by Toray (Toray Corp.,
Tokyo, Japan). Relevant material properties are listed in Table 3.1. 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. Measured values were consistent with integrated peak
areas generated from DSC. Water loss by evaporation during DSC was negligible. Additionally,
capillary pressure-saturation measurements showed that water does not drain from the GDLs
under atmospheric pressure [17].

Table 3.1. GDL Properties

GDL Thickness (um) PTFE (wt %) Porosity, ¢ Water Saturation, S,

Toray 190 0 #80.0 % "84+3 %

& Mercury-intrusion-porosimetry data provided by Los Alamos National Laboratory.
b Calculated according to Lim and Wang [32]

3.3.2. Differential Scanning Calorimetry:

A PerkinElmer 6000 DSC (PerkinElmer Inc., Waltham, MA) with a liquid-nitrogen
chiller detected the heat-flow rate from the sample over time. The DSC was calibrated against
the known melting points of 99.999% indium (429.78 K) and zinc (692.68 K) (PerkinElmer Inc.,
Waltham, MA), as well as dodecane (263.55 K) (Sigma Chemical Co., St. Louis, MO) for lower
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temperatures. Heat flow to the calorimeter was calibrated using the heat of fusion of indium
(28.47 J/g) following Gmelin and Sarge [18]. Nitrogen at a flow rate of 20 mL/min served as the
purge gas. Water-saturated GDL samples, weighing between 1 and 5 mg, were placed into 20-uL
PerkinElmer hermetically-sealed aluminum pans.

Non-isothermal crystallization was carried out over the temperature range of 240 to
273 K. Water-saturated GDL samples were placed into the DSC at 300 K and cooled to 240 K at
constant cooling rates of 2.5, 5, 10, and 25 K/min. A preliminary cooling and heating cycle at a
rate of 10 K/min erased the thermal history of the sample, and was not included in the data
analysis. Unless otherwise stated, reported results represent the average of two samples. In all
experiments, the sample temperature and DSC heat-flow rate were recorded as functions of time
and programmed temperature.

Figure 3.1 shows a typical crystallization exotherm of heat-flow rate (solid line), Q, and
sample temperature (dashed line), T, versus time for a water-saturated GDL. The sample was

cooled at 5 K/min from 293 K to 240 K. Crystallization commenced at approximately 257.8 K
(point A in Figure 3.1), defined as the crystallization temperature, T.. 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 freezing 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

¢ = 3.1)

where Q(t) is the heat-flow rate (mW) from the DSC. Crystallization in Figure 3.1 is preceded
by a non-isothermal induction time, z,, corresponding to the crystallization temperature, T.. We
define 7, as the time elapsed between when the sample temperature reaches 273 K and the onset
of crystallization, approximately 168 s (point A) in Figure 3.1.

For each exotherm, the initial mass of water present, m__, is calculated by

w,0 !

1 Te (fag04)

-—— Qa(Te (1)) dT: (3.2)
B AH ¢ TF(J;]) ( )

where T.(z,) is the furnace temperature at the crystallization onset, T (t.,,) is the furnace

mw,o =

temperature at complete crystallization defined below, g is the cooling rate (K/min), AH { is the
enthalpy of fusion (taken as positive), and Q, is heat-flow rate adjusted by subtracting the

baseline heat-flow rate, Qg (t), or Q. =Q —Qs(t). Agreement is excellent between the water
mass calculated from equation 3.2 and the gravimetric water content of the sample.
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Figure 3.1. Typical non-isothermal DSC cooling exotherm of a water-saturated GDL, cooled at
a rate of 5 K/min to 240 K. The solid line corresponds to heat-flow rate, whereas

the dashed line represents the sample temperature. 7, denotes the non-isothermal

induction time, defined as the time from 273 K to point A. Points A-C label the
onset, extremum, and completion of water freezing, respectively. Point D labels the

final baseline heat-flow rate, Q.
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3.4. Experimental Results

Figure 3.2 shows measured ice-crystallization exotherms (filled symbols) of heat-flow
rate versus furnace temperature, T, at cooling rates, g, of 2.5, 5, 10, and 25 K/min. Lines in
Figure 3.2 correspond to theory discussed below. As g increases from 2.5 to 25 K/min,

crystallization exotherms both broaden and reach greater peak heat-flow rates, consonant with
identical water mass in each sample and equation 3.2. Concomitantly, the number-average

crystallization temperature, T, decreases from 264.2 to 259.2 K (not shown in Figure 3.2), and
the final baseline heat-flow rate (taken as point D in Figure 3.1), Qg , increases from 0.33 to

3.2 mW (not seen on the scale of Figure 3.2). For ease of comparison, final baseline heat-flow
rates are listed in Table 3.2. A similar dependence of final baseline heat-flow rate on g is

reported elsewhere [19-21]. The observed trends are examined in greater detail below.
To quantify the effect of g on the non-isothermal crystallization temperature, T, -

measurements were performed for three separate Toray GDLs. Filled symbols in Figures 3.3 and
3.4 display number-average 7, and T, values measured at cooling rates of =25, 5, 10, 25,

and 50 K/min. Solid lines in Figures 3.3 and 3.4 correspond to theory as discussed below. As g
increases, both 7, and T. decrease monotonically. Higher cooling rates yield lower

crystallization temperatures and smaller non-isothermal induction times. Similar monotonic
dependences of 7, and T on S are reported for polymer crystallization [3, 4, 7, 22-24].

Error bars reported at 10 K/min in Figures 3.3 and 3.4 correspond to the observed range
of 16 repeated T. and 7, measurements. The statistical nature of the induction process results in

a Poisson distribution for single-z, measurements [2]. Since a single z; corresponds to a given
crystallization temperature, T. values are similarly Poisson distributed. Figure 3.5 displays 16
measured T. values for a Toray GDL cooled at 10 K/min, where the dotted line indicates the
number-average crystallization temperature, T.. Generally, T. lies below the mean with
intermittent excursions to high temperatures. Significantly, Figure 3.5 shows that T. can vary by

as much as 4 K at a cooling rate of 10 K/min. Unfortunately, the distribution of crystallization
temperatures is often ignored [3, 4, 7, 14, 22, 25].

Table 3.2. Final Baseline DSC Heat-flow Rates, Qg

£ (K/min) QBf exp (MW) QBf theory (MW)
2.5 0.33 0.37
5 0.64 0.71
10 1.28 1.42
25 3.55 3.63
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Figure 3.2. Measured and predicted non-isothermal DSC cooling exotherms as a function of
furnace temperature, T., for a water-saturated Toray GDL at cooling rates of
£=25,5, 10, and 25 K/min. Filled symbols are measured exotherms, whereas
solid lines are predicted exotherms as described in Appendix 3B.
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Average non-isothermal induction time, 7,, as a function of cooling rate, #. Filled
symbols are measured non-isothermal induction times averaged over three water-
saturated Toray GDLs. The solid line is a prediction of 7, using equations 3.6,
3.16, and 3.17, with A=9.1x10" nuclei m®s™ and B =1.1x10° K®. The error bar
indicates the range of observed induction times for 16 repeated r, -measurements
on a single Toray GDL.
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Figure 3.4. Average non-isothermal crystallization temperature, Tc, as a function of cooling
rate, A. Filled symbols are measured T. values averaged over three water-
saturated Toray GDLs. The solid line is a prediction of T, using equation 3.6 with
7, from Figure 3.3, i.e., the sample temperature evaluated at the non-isothermal

induction time, 7,. The error bar indicates the range of observed crystallization
temperatures for 16 repeated T. -measurements on a single Toray GDL.
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Figure 3.5. 16 crystallization-temperature measurements at a cooling rate of 10 K/min for a
water-saturated Toray GDL. The horizontal dash-dotted line indicates the number-

average crystallization temperature, T .

53



Plotting Q versus T, although common [3, 4, 7, 14, 22], makes it difficult to compare
complete crystallization times among exotherms. Since the furnace temperature depends directly
on the cooling rate, a graph of Q versus Tg stretches the exotherm by the respective cooling rate.

Consequently, complete crystallization times are best obtained by ascertaining the fractional
crystallization, ¢(t), from equation 3.1, as a function of time. Figure 3.6 shows ¢(t) as filled
symbols, obtained from the measured exotherms for cooling rates of 2.5, 5, 10, and 25 K/min,
respectively. Solid, dashed, dash-dotted, and dotted lines are non-isothermal ¢(t) predictions
discussed below. At each cooling rate, 7, was subtracted from the total time so that all curves
are compared on a single time scale. Complete crystallization times are taken as the time
required after the induction time to transform 99% of the initial water to ice. In Figure 3.6,
measured complete crystallization times are 10.5, 7.8, 6.5, and 5.7 s for cooling rates of 2.5, 5,
10, and 25 K/min, respectively. Thus, as g increases, the time for complete crystallization
decreases monotonically.

3.5. Non-isothermal DSC Theory

We desire quantitative prediction of DSC-measured non-isothermal ice-crystallization
kinetics within a GDL. Sample temperature, T, and DSC heat-flow rate, Q, are determined by

solving overall energy balances, using a non-isothermal ice-crystallization rate expression based
on the Johnson-Mehl-Avrami-Kolmogorov (JMAK) formalism [2].

Heat transfer within a DSC has been thoroughly investigated [8, 9, 14, 26]. Sample and
reference pans in a DSC are placed onto separate highly-conductive aluminum platforms and
encased in a furnace. Using a liquid-nitrogen chiller, the furnace temperature, T_, is lowered at a
programmed linear rate

Te =T, - pt (3.3)

where T, is the initial furnace temperature and g is the cooling rate (K/min). Instrument-

reported heat-flow rate, Q (mW), is given by the temperature difference between the sample and
reference pans [26]

Q :UAp (Ts _TR) (3-4)
where U is the overall heat transfer coefficient, A, is the pan area in contact with the DSC
platform, T is the sample temperature, and Tj is the reference or empty-pan temperature.

Following Eder [4] and Wu et al. [8], energy balances describe the temperatures of the
reference and sample pans, respectively

-~ dT
MpCop.p dtR‘:UAp (Te =Tg), (3.5
. . . dT,
(meCp‘cf + mW]OCp]W + mpCp’p)T = UAp (TF —TS) for t< T, (36)

and
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Figure 3.6. Average non-isothermal freezing kinetics for three water-saturated Toray GDLs at
cooling rates of g =2.5, 5, 10, and 25 K/min. The gas-free volume fraction of ice

within the GDL pores, ¢, is calculated using equation 3.1 for the exotherms in
Figure 3.2. Dotted, dash-dotted, dashed, and solid lines are predicted using equation

3.15, as detailed in Appendix 3B. Measured 7, and T values are from Figures 3.3
and 3.4, respectively.
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2 2 2 m,, C ipi\dT
(Mg Cper +M,Cop + MyoCoum(— ) + "’p il 4y dts _

UA, (Tr —T¢) + ef

fort>r, (3.7)
AH; R,

Pu

where m is mass, m,, is initial water mass, ép is heat capacity per unit mass, AH . 1s the latent

heat of fusion per unit mass (taken as positive), z, is the non-isothermal induction time, and R

is the rate of ice formation (generated ice volume/water plus ice volume per unit time).
Subscripts S, R, p, cf, w, and i denote sample, reference, aluminum pan, carbon fibers, water, and

ice, respectively. In equation 3.7, we assume that p, ~ p; and C,,, ~ ép,i. Additionally, heat
transfer to the purge gas is neglected [26]. The product UA, is obtained by DSC calibration using
indium, as described in Appendix 3A [3, 8].

The second term on the right in equation 3.7 reflects the ice-formation rate, R;, which in
the closed sample pan follows from

(=S, )R = d[(l—dtsg)¢] (3.8)

where ¢ is the gas-free volume fraction of ice within the GDL pores, S, is the gas saturation,
and R; has dimensions of ice volume/initial water volume/time. In a DSC experiment, S, is
constant, and equation 3.8 reduces to R, =dg¢/dt. Using a heat-transfer-limited growth rate [2],

#(t) is well-described by JMAK theory and is determined by a convolution integral over
nucleation and growth rates [2, 10-13]

o(t)=0 fort<z,, (3.9)
and
4 t
#(t) =1—exp —?ﬂg(e)J.J(t')rS(t—t')dt' fort>z,, (3.10)
1
where [2, 27]
g(@):%(Z +c0s@)1—coshY, (3.11)

J is the pseudo-steady-state nucleation rate (nuclei m?s™), r is the growing nucleus radius as a
function of time t. Equation 3.10 accounts not only for nucleation and growth, but also for
impingement of the growing nuclei (i.e., size exclusion). In equation 3.10, nuclei are assumed to
form at a time, t', and grow as spherical caps from t' to t, with a contact angle, 6, defined through
the ice phase.

J and r in equation 3.10 depend implicitly on time through the sample temperature,
T (t). Our previous isothermal DSC measurements (see Chapter 2) show that the temperature

dependence of J, interpreted from classical nucleation theory, is [2]
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-B
J =Aexp| ——— 3.12
(Ts) p[TS T _Ts)zJ (312)
where T, =273 K, and A and B are constants discussed below. For heat-transfer-limited
growth, r (t) is described by the Stefan problem [2, 28, 29]

r(t) = 2n,Ja,t (3.13)

where «,, is the liquid thermal diffusivity, and 7, is a dimensionless temperature-dependent
growth parameter given by [2, 28, 29]

n? explnd Jexpl—n2 )~ mneert (n, )| = % (3.14)

where Ste = ép‘WAT /AI—AIf is the Stefan number. Substitution of equation 3.13 into equation 3.10
gives an integral expression for the gas-free volume fraction of ice within the GDL pores

t
#(t) =1—exp —”T”a;’zg(e) [3Ts ) me(Ts e —t)) (t—t)™ dt (3.15)
7|
where the temperature dependencies of J and 7, are given by equations 3.12 and 3.14,
respectively.

Equation 3.15 applies only after the number-average non-isothermal induction time, 7, .
To determine 7,, the approach of Sifleet et al. [18] is adopted in which 7, is approximated by a
series of infinitesimal isothermal time steps

7y

_da
0 zT|(Ts(t))

where 7, (T4 (t)) is the isothermal induction time as a function of the sample temperature. In

equation 3.16, dt is the time interval of a single isothermal increment corresponding to an
average isothermal induction time, 7,(T(t)). Division of dt by z,(T(t)) provides the fractional

contribution to 7, of each time increment. The non-isothermal induction time is reached when
the fractional contributions integrate to unity.

(3.16)

For three-dimensional, heat-transfer-limited growth, the temperature dependence of 7; in
equation 3.16 is specified by

2/5
7 Pu +£ 150 j (3.17)

T I(T)My,  \6479(0)d (Ts )3 (Ts el

where @ is an instrument-specific constant representing the first measurable heat released from
a frozen volume fraction of initial liquid [28]. Equation 3.17 from Kashchiev [30] is a more
global form of our previous approach [2] (i.e., see equation 2.18), where the first term in
equation 3.17 is the expectation time for the appearance of a critical nucleus and the second term
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is the time required for critical nuclei to form and grow to a size detectable by the DSC (7, in
equation 2.18). From previously measured 7,(T) values [2], the second term in equation 3.17

establishes @ =0.0173 for our instrument. The second term in equation 3.17 then accounts for
approximately 10to 25 % of 7;.

3.5.1. Numerical Solution:

The coupled integro-differential equations 3.5-3.8, 3.10, 3.12, and 3.14-3.17 are solved
numerically using a forward Euler marching scheme in Matlab R2010a (The Math Works Inc.,
Natick, MA) using a time step of 10* s, as described in Appendix 3B. Equations are solved in
two time regimes. First, prior to crystallization, the energy balances, equations 3.5 and 3.6, and
the induction-time relations, equations 3.16 and 3.17, are solved to provide the average non-
isothermal induction time, 7,, and the corresponding average crystallization temperature, T, at
a given cooling rate. Second, during crystallization, the energy balances in equations 3.5 and 3.7
are solved in conjunction with the non-isothermal ice-crystallization rate, equation 3.15
substituted into equation 3.8. During each time period, sample temperature and DSC heat-flow
rate are calculated as functions of time.

3.6. Discussion

3.61. Model Comparison to Experiment:

Lines in Figure 3.2 show predicted ice-crystallization exotherms of heat-flow rate versus
furnace temperature at cooling rates of g =2.5, 5, 10, and 25 K/min. All model parameters were
independently evaluated from experimental data and are listed in Table 3.3. Overall, theory and

Table 3.3. Model Parameters

Aluminum Pan Water Carbon Fibers Saturated GDL
m (mg) 24.5 13 1.1 27.1
C,(kg'K?) 910 4210 710 _
AH ¢ (k) kg ~ 335.6 B ~
ke, (W m™ K™ 250 0.9 1.7 _
UA, (W K™ - - - 0.035
A, (mm?) 9.6 9.6 9.6 9.6
A (nuclei m3®s™) _ 9.1x10’ _ _
B (K°) _ 1.1x10° _ _
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experiment are in excellent agreement. With no adjustable parameters, all observed trends are
quantitatively explained below using the proposed crystallization/heat transfer model.

In Figure 3.2, the final base-line heat-flow rate, Qg , increases from 0.33 to 3.35 mW as
B increases from 2.5 to 25 K/min. Similarly, predicted values, using equation 3.4 and listed as
Q'Bf meory 1IN Table 3.2, increase from 0.37 to 3.63 mW, in quantitative agreement with measured

values. A simple analytical expression for Qg (t) (valid between points C and D in Figure 3.1) is

available in equation 3C.1 of Appendix 3C. As t approaches infinity after complete
crystallization (point D in Figure 3.1), equation 3C.1 reduces to

Qg = ﬂ(mcfép,cf + miép,ipi /Pw)- (3.18)

Equation 3.18 reveals that the baseline heat-flow rate increases linearly as g increases. Thus, for

constant thermal mass, the ratio of final baseline heat-flow rates is simply equal to the ratio of
the cooling rates. From Table 3.2, the measured baseline heat-flow rate ratios are 1.94 (from 2.5
to 5 K/min), 2.01 (from 5 to 10 K/min), and 2.61 (10 to 25 K/min), in good agreement with

equation 3.18. Additionally, the predicted dependence of Qg on both thermal mass and cooling
rate in equation 3.18 was confirmed using empty aluminum DSC pans. A similar expression for
Qs (t) exists prior to ice crystallization. In this case, however, the unknown heat capacity for
subcooled water makes equation 3.18 difficult to validate quantitatively.

Our proposed non-isothermal kinetic theory also predicts 7, and T as functions of
cooling rate, . Solid lines in Figures 3.3 and 3.4 correspond to predictions of 7, and T¢ using

equations 3.6, 3.16, and 3.17 with A=9.1x10 nucleim®s*and B =1.1x10° K. As illustrated
in Figure 3.5, nucleation is a random statistical process, so that isothermal induction times follow
a Poisson distribution at a given subcooling [2]. Accordingly, A and B were chosen in equation
3.17 from a range of measured isothermal induction times [2] (see Chapter 2) to best-fit the data
shown in Figure 3.3, and are listed in Table 3.3. Good quantitative agreement is seen between
theory and experiment in both Figures 3.3 and 3.4. Significantly, these results illustrate that
measured isothermal induction times in equation 3.17 can be used to predict reliable non-
isothermal crystallization temperatures.

Lines in Figure 3.6 show predicted transient gas-free volume fractions of ice within the
GDL pores, ¢(t), for cooling rates of 2.5, 5, 10, and 25 K/min. Lines are calculated from
equation 3.15 using 7,, Tc, A, and B values from the individual experiments in Figures 3.3

and 3.4. For all cooling rates, predicted complete-crystallization times are in good agreement
with measured values. Measured and predicted complete-crystallization times are: 13.3, 9.2, 8.2,
and 7.0 s; 11.5, 7.9, 7.4, and 6.7 s for cooling rates of 2.5, 5, 10, and 25 K/min, respectively.

Due to the statistical nature of nucleation (see Figure 3.5), values of A and B vary
significantly among repeated crystallization exotherms [2]. To examine the sensitivity of #(t) to
A and B, ¢(t) was predicted for the range of A and B values previously determined [2]. The

solid line in Figure 3.7 is a prediction of ¢(t) and 7, at a cooling rate of 10 K/min using average
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Figure 3.7. Predicted non-isothermal freezing kinetics for a water-saturated Toray GDL at
cooling rate of 10 K/min. The open symbols denote measured ¢(t) from Figure 3.6.

The solid line represents predictions of ¢(t) and 7, as described in Appendix 3B.
Error bars denote minimum and maximum ¢(t) predictions using a range
previously reported of A and B values [2]. 7| min, 71, @nd 7, . label predictions

for the minimum, average, and maximum non-isothermal induction time,
respectively.
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A and B values, while open symbols represent a single measurement of ¢(t) and 7,. Error
bars denote minimum and maximum ¢(t) predictions using the range of previously reported A
and B values (see Chapter 2) [2]. 7| mn, 7,, and 7, .. label, respectively, predictions for the

minimum, average, and maximum non-isothermal induction times. In Figure 3.7, measured
values lie within the range of theoretical predictions indicating excellent agreement. The
statistical range of A and B decreases as AT increases, so that model predictions are more
precise for larger 3.

3.6.2. Pseudo-Isothermal Ice Crystallization:

The direct effect of cooling rate on freezing kinetics can be neglected when the time for
crystallization is much shorter than the time required to decrease the sample temperature by
subcooling, ATc =T, —Tc . From non-dimensionalization of equation 3.7, the effect of S on
#(t) is insignificant when

te | Mei sCoe
Q:{ﬂ_f} Meit 5% pelf S I5te <] (3.19)
ATc MyoCpw

where t; is the characteristic time for crystallization and Ste = ép,w ATc /Al:lf is the Stefan
number at the crystallization temperature. When applicable, this approximation greatly simplifies
the kinetic expression, since the convolution integral in equation 3.15 solves explicitly.

For non-isothermal ice crystallization under heat-transfer-limited volume growth, t; may
be established as L?7? (Ste) /[e,,Ste], where L is the sample thickness and 7?2 (Ste) is given by
equation 3.14. This definition of t; is conservative since the sample thickness is adopted as the
characteristic length, L. Substitution of t; into equation 3.19 gives the criterion for pseudo-
isothermal ice crystallization

P2 72(Ste)Mer sC ot s

Q= —
aWATC mW'oC p.W

<<1. (3.20)

During pseudo-isothermal ice crystallization, equations 3.8 and 3.15 simplify considerably

Ri (Tc.¢) = k(Te)*°[1- g][- In(1— )1 for t>7,, (3.21)
where

k(Te) = 6;1—5”053’29(9)3@ (). (3.22)
Equations 3.21 and 3.22 are readily solved to determine ¢(t) for varying 7, and Tc. Thus, for
pseudo-isothermal crystallization kinetics, the effect of cooling rate appears only in the

dependences of 7, and T on S (see Figures 3.3 and 3.4).

Figure 3.8 compares non-isothermal (solid lines) and pseudo-isothermal (dashed lines)
model-predicted ¢(t) for cooling rates of g =25, 10, and 25 K/min, corresponding to

Q2 =0.008, 0.032, and 0.102, respectively. As Q decreases, the pseudo-isothermal
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Figure 3.8.

1.2
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Predicted freezing kinetics for a water-saturated GDL at cooling rates of 2.5, 10, and

25 K/min, corresponding to Q=0.008, 0.032, and 0.102 in equation 3.20,
respectively. Solid lines are non-isothermal ¢#(t) predictions (described in Appendix

3B), whereas dashed lines are pseudo-isothermal predictions from equations 3.20
and 3.21.
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approximation becomes increasingly accurate. This observation confirms that the pseudo-
isothermal approximation is valid whenever Q <<1. Since equation 3.15 directly integrates,
adoption of the pseudo-isothermal approximation provides a greatly simplified methodology to
estimate heterogeneous crystallization Kkinetics. Additionally, this approximation agrees well
with previous work in polymer crystallization, where non-isothermal effects are unimportant for
low cooling rates [33, 34].

With the model parameters in Table 3.3, Q=0.008, 0.011, 0.032, and 0.102 for
B =25,5,10, and 25 K/min, respectively. Accordingly, the direct effect of cooling rate on ¢(t)
is negligible in our DSC experiments. Thus, ¢(t) is well-predicted assuming isothermal
crystallization, but only when nucleation and growth rates are evaluated at the non-isothermal
crystallization temperature, T, which in turn depends on g (see Figure 3.3).

3.7. Conclusions

We determine non-isothermal ice-crystallization rates and non-isothermal induction times
as a function of cooling rate in fuel-cell gas-diffusion layers (GDLS) using differential scanning
calorimetry (DSC). Kinetic rates were measured by DSC heat-flow dynamics for a commercial
Toray GDL at cooling rates of 2.5, 5, 10, and 25 K/min. Induction-time measurements reveal
that non-isothermal induction times decrease monotonically with increasing cooling rate.
Similarly, heat-flow measurements reveal that complete-crystallization times decrease with
increasing cooling rate. Importantly, we find that the decrease in complete-crystallization time is
primarily a result of the decrease in crystallization temperature.

Our previously developed isothermal ice-crystallization rate expression is extended to
non-isothermal crystallization to predict DSC ice-freezing kinetics in a GDL as a function of
cooling rate. Agreement between experiment and theory is good. Most importantly, our
calculations show that during solidification, cooling rate has a negligible effect on the
crystallization rate since ice-crystallization times are much faster than the time to decrease the
sample temperature by the subcooling. Therefore, we find that non-isothermal ice-crystallization
kinetics in the GDL are well approximated using pseudo-isothermal ice-crystallization kinetics
but evaluated at the determined non-isothermal crystallization temperature.

3.8. List of Symbols

0.056 K™ in equation 3B.8
nucleation constant (nuclei/m*/s)

a

A

A, pan area containing DSC platform

B induction-time constant (K?)

J pseudo steady-state nucleation rate (nuclei/m?/s)
k overall kinetic rate constant (s2°)

Kin thermal conductivity (W/m/K)

L sample thickness (um)

m mass (kg)
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Ri
Ste

AT

toges
S
U

heat-flow rate (mW)

ice-formation rate (ice volume/water plus ice volume/s)
Stefan number

Temperature (K)

273 K

subcooling, T, - T (K)

time (s)

complete-crystallization time (s)

saturation
overall heat transfer coefficient

Greek Letters

a  thermal diffusivity (m?/s)

yij cooling rate (K/min)

£ porosity of GDL

K instrument-detectable volume fraction of the initial liquid
7, thermal-growth constant

0 contact angle

& defined in equation 3B.1

P mass density (kg/m°)

T induction time (s)

¢ volume fraction

) instrument constant in equation 3.17

Q dimensionless time in equations 3.19 and 3.20
Subscripts

B baseline

C crystallization

cf carbon fibers

eff effective

f final

F furnace
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g gas
i ice

indium
initial
pan
reference
sample

s »w W T O

water

3.9. Acknowledgements

This work was funded by the Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of Fuel Cell Technologies, of the U. S. Department of Energy under contract
number DE-AC02-05CH11231. We thank Los Alamos National Laboratory for providing
mercury-porosimetry-intrusion data.

3.10. References

[1] E. Cho, JJ. Jo, H.Y. Ha, S. Hong, K. Lee, T. Lim, I. Oh, Characteristics of the PEMFC
repetitively brought to temperatures below 0 °C, J. Electrochem. Soc. 150 (2003) A1667-A1670.

[2] T.J. Dursch, M.A. Ciontea, C.J. Radke, A.Z. Weber, Isothermal ice-crystallization kinetics in
the gas-diffusion layer of a proton-exchange-membrane fuel cell, Langmuir 28 (2012) 1222-
1234,

[3] T.W. Chan, A.l. Isayev, Quiescent polymer crystallization: modeling and measurements,
Polym. Eng. Sci. 34 (1994) 461-471.

[4] M. Eder, A. Wlochowicz, Kinetics of non-isothermal crystallization of polyethylene and
polypropylene, Polymer 24 (1983) 1593-1595.

[5] T. Liu, Z. Mo, S. Wang, H. Zhang, Non-isothermal melt and cold crystallization kinetics of
poly (aryl ether ether ketone ketone), Polym. Eng. Sci. 37 (1997) 568-575.

[6] T. Ozawa, Kinetics of non-isothermal crystallization, Polymer 12 (1970) 150-158.

[7] T.V. Chan, G.D. Shyu, A.l. Isayev, Master curve approach to polymer crystallization
kinetics, Polym. Eng. Sci. 35 (1995) 733-740.

[8] C.H. Wu, G. Eder, H. Janeschitz-Kriegl, Polymer crystallization dynamics, as reflected by
differential scanning calorimetry. Part 2: Numerical simulations, Coll. Polym. Sci. 271 (1993)
1116-1128.

[9] G. Lamberti, Importance of heat transfer phenomena during DSC polymer solidification, Int.
J. Heat Mass Trans. 41 (2004) 23-31.

[10] M. Avrami, Kinetics of phase change I general theory, J. Chem. Phys. 7 (1939) 1103-1112.

[11] M. Avrami, Kinetics of phase change Il transformation-time relations for random
distribution of nuclei, J. Chem. Phys. 8 (1940) 212-224.

65



[12] W.A. Johnson, R.F. Mehl, Reaction kinetics in processes of nucleation and growth, AIME
Trans.135 (1939) 416.

[13] A.N. Kolmogorov, Selected Works of A.N. Kolmogorv, vol. 1, Kluwer Academic
Publishers, Dodrecht, 1985, pp. 530-560.

[14] CJ.G. Plummer, H.-H. Kaush, DSC non-isothermal crystallization curves in
polyoxymethylene, Coll. Polym. Sci. 273 (1995) 227-232.

[15] A. Hammami, J.E. Spruiell, Quiescent non-isothermal crystallization kinetics of isotactic
polypropylenes, Polym. Eng. Sci. 35 (2004) 797-804.

[16] S. Vyazovkin, J. Stone, N. Shirrazzuoli, Hoffman-Lauritzen parameters for non-isothermal
crystallization of poly(ethylene terephthlate) and poly(ethylene oxide) melts, J. Thermal Analysis
Calorimetry 80 (2005) 177-180.

[17] J.T. Gostick, M.W. Fowler, M.A. loannidis, M.D. Pritzker, Y.M. Volfkovich, A. Sakars,
Capillary pressure and hydrophilic porosity in gas diffusion layers for polymer electrolyte fuel
cells, J. Power Sources 156 (2006) 375-387.

[18] E. Gmelin, St. M. Sarge, Calibration of differential scanning calorimeters, Pure Appl.
Chem. 67(1995) 1789-1800.

[19] K.H. Kim, A. I. Isayev, K. Kwon, Crystallization kinetics for simulation of processing of
various polyesters, J. Appl. Polym. Sci. 102 (2006) 2847-2855.

[20] W. Xu, M. Ge, P. He, Nonisothermal crystallization kinetics of polyoxymethylene/
montmorillonite nanocomposite, Journal of Applied Polymer Science 82 (2001) 2281-2289.

[21] P. Supaphol, N. Dangseeyun, P. Srimoaon, M. Nithitanakul, Nonisothermal melt-
crystallization Kkinetics for three linear aromatic polyesters, Thermochim. Acta 406 (2003) 207-
220.

[22] W.L. Sifleet, N. Dinos, J.R. Collier, Unsteady-state heat transfer in a crystallizing polymer,
Polym. Eng. Sci.13 (2004) 10-16.

[23] G. Lamberti, Some issues on polymer crystallization Kinetics studied by DSC non
isothermal tests, Polym. Bulletin 56 (2006) 591-598.

[24] G. Lamberti, Isotactic polypropylene crystallization: analysis and modeling, Euro. Polym. J.
47 (2011) 1097-1112.

[25] Z. Ding, J.E. Spruiell, An experimental method for studying nonisothermal crystallization
of polymers at very high cooling rates, J. Polym. Sci. B: Polym. Phys. 34 (1998) 2783-2804.

[26] G.W.H. Hohne, W.F. Hemminger, H.J. Flammersheim, Differential Scanning Calorimetry,
second ed., Springer, Heidelberg, 2003, pp. 31-63.

[27] D.R. Uhlmann, B. Chalmers, The energetics of nucleation, Ind. Eng. Chem. 57 (1965) 19-
31.

[28] H.S. Carslaw, J.C. Jaeger, Conduction of Heat in Solids, second edition, Oxford University
Press, Oxford, 1959, chapter 11.

[29] L. I. Rubinstein, The Stefan Problem, American Mathematical Society, Rhode Island,
1971, chapter 1.

66



[30] D. Kashchiev, D. Verdoes, G.M. van Rosmalen, Induction time and metastability limit in
new phase formation, J. Crystal Growth 110 (1991) 373-380.

[31] A.V. Bitsadze, Integral Equations of First Kind, Volume 7, World Scientific Publishing,
New Jersey, 1995, chapter 7.

[32] C. Lim, C.Y. Wang, Effects of hydrophobic polymer content in GDL on power performance
of a PEM fuel cell, Electrochim. Acta 49 (2004) 4149-4156.

[33] N. Nakamura, T. Watanabe, K. Katayama, T. Amano, Some aspects of nonisothermal
crystallization of polymers. I. Relationship between crystallization temperature, crystallinity, and
cooling conditions, J. Appl. Polym. Sci. 16 (1972) 1077-1091.

[34] A. Ziabicki, Kinetics of polymer crystallization and molecular orientation in the course of
fiber spinning, Appl. Polym. Sym. 6 (1967) 1-18.

Appendix 3A. Overall Heat Transfer Coefficient

Following Wu et al. [8], the overall heat transfer coefficient, U, is obtained from sample
temperature versus time in a heating cycle of an indium sample. When sample spatial
temperature gradients are negligible, an overall energy balance applies for estimating the indium
sample temperature, T, , as a function of time [8]

2 \dT,
(m¢,, +mC, )L <= UA, (T -T,) (3A.1)
with the initial condition T, (0) =T,,, and where A, is area underneath the pan, m is mass, ép IS

the specific heat capacity, and the subscripts | and p denote indium and the aluminum pan,
respectively. The integrated form of equation 3A.1 for T,(t) is fit to the measured transient
indium temperature from the heating cycle to provide the product UA,.

Figure 3A.1 shows a plot of indium sample temperature versus time for a heating rate of
20 K/min. Masses of indium and the aluminum pan are 5.6 and 27.6 mg, respectively. Solid

lines correspond to T, (t) from equation 3A.1 at three values of UA,, with ép,, =233 J kgt K?

and épyp =710 J kg™ K. The best-fit value of UA, is 0.035 W/K, which corresponds closely to
the previously reported values of 0.032 W/K [10], 0.016 W/K [8], and 0.0041 W/K [3].

Appendix 3B. Numerical Solution

Solution to the transient model for the DSC described in Section 3.4 consists of two
steps: calculation of the average non-isothermal induction time, 7,, followed by solving the non-

isothermal ice-crystallization rate equation along with the overall energy balances. Each step is
amplified below.

3B.1. Non-isothermal Induction Time, t<7,:

We define a new dimensionless variable & as

t
3B.1
“Jrrm e
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Figure 3A.1. Indium sample temperature versus time at a cooling rate of 20 K/min (open
symbols). Solid lines correspond to T, (t) calculated from equation 3A.1 at three
values of UA,,.
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where following equation 3.16, £ =1 when t =7,. Equation 3B.1 expressed in differential form
gives

[

dt 7(Ts (1)
with £(0)= 0. Equations 3B.2 and 3.17 provide an initial-value ordinary differential equation for
& that is solved along with equation 3.6 to establish the number-average non-isothermal
induction time, 7,. Once 7, is established, equations 3.4 through 3.6 are solved for 0<t< 7, to
determine Ts and Q as a function of time for various cooling rates, subject to the initial
conditions Tz (0) =Tg, and Ts(0) =Ts,.

(3B.2)

3B.2. Non-isothermal Ice-crystallization Rate, t > 7, :

At t=7, , crystallization begins. Therefore, for t>7, the sample energy balance in
equation 3.7 includes the enthalpic source term and the crystallization rate from equation 3.8

Mt C o dth _UA(TE —Ts )+ Wp‘:vp' Aﬁfzi’ (3B.3)
where
t
#(t) =1—exp| - 3 au’g G)TJJ(TS(t‘))nS(Ts(t—t'))(t—t')3’2dt', (38.4)
and
Mest (fpyeﬁ = mcf(fp,cf +mW,0CA:p,W +mpép,p. (3B.5)
Initial conditions are
Ts(r))=Tc and ¢(7,)=0. (3B.6)

To evaluate Ts(t) in equation 3B.3, the Volterra integral of the first-kind [31] appearing
in equation 3B.4 is approximated using the trapezoidal rule. For all t >z, the integral results in
the following recurrence relation

j I(Ts (t)s (Ts (t—t)Xt —t‘)3’2 dt' = %J (Ts(r1 ) 3 (Ts (At)) AL32 +
' k-1 , (3B.7)

> I(Ts (jat)7s (Ts [((k — DAOD[(k — j)atP'?

j:T|

where the first term on the right represents k =1 and the second term is applies for k >1 to
the total number of time steps.

69



Equations 3.12 and 3.14 specify J and 7, as functions of Ts, respectively. To minimize
computation time, we replace the implicit equation for 7, in equation 3.14 by the following
simplified expression

aAT

o AT )= 3B.8
77( ) 1+aAT ( )

where a=0.056 K*. To obtain the constant a, equation 3B.8 was best fit to 7, versus

AT =T, —Ts. Substitution of equations 3B.7 and 3B.8 into equation 3B.4 provides an expression
for ¢, that contains only the one unknown dependent variable, Ts(kAt). To solve for Ts(kAt),
equation 3B.3 is discretized to give

N

T =Te My, o Oi ~ — Q)
Mets C p et {%}zUA(TF“—TSMH bp AHka Afk 1} (3B.9)

where Ts, =Ts(kAt) and Ts,, = Ts((k —1)At). Substitution of the expressions for ¢ and ¢,
into equation 3B.9 results in an implicit equation for Ts,, that is solved using the Regula-Falsi
root-seeking algorithm (fzero in Matlab R2010a).

Appendix 3C. Baseline Heat-Flow Rate, Q, (t)

A simple analytical expression for Qg (t) (valid between points C and D in Figure 3.1) is
found by solving equations 3.3, 3.5, and 3.6, followed by substitution into equation 3.4

QB (t) = [UAp (Ts (tooss) — Te (tgg%))_ ﬂ(meff ,Sép,eff S ) EXP(_ U—e\th -

me C eff ,
ff .S\ p,eff ,S (3Cl)
- UA ~ ~
[UA, (T (ts) — T (tgg%))—ﬂ(mpcp,p)]exp(— - t]+ﬂ(meﬁ Couts —mCos, )
p~p.p
with initial conditions Ts (0) = Ts (teey, ) and Tg (0) = Tg (teess ) , and where
Mgt ’sép’eff’s = mcfépvcf + mpép'p + mwvoép,ipi /pw (3C2)
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Chapter 4

Ice-Crystallization Kinetics in the Catalyst Layer of a Proton-Exchange-
Membrane Fuel Cell

T.J. Dursch, G.J. Trigub, R. Lujan, J.F. Liu, R. Mukundan, C.J. Radke, A.Z. Weber, Ice-
crystallization kinetics in the catalyst layer of a proton-exchange-membrane fuel cell, J.
Electrochem. Soc. 161 (2014) F199-F207.

4.1. Abstract

Nucleation and growth of ice in the catalyst layer of a proton-exchange-membrane fuel
cell (PEMFC) are investigated using isothermal differential scanning calorimetry and isothermal
galvanostatic cold-starts. Isothermal ice-crystallization rates and ice-nucleation rates are obtained
from heat-flow and induction-time measurements at temperatures between 240 and 273 K for
four commercial carbon-support materials with various ionomer fractions and platinum loadings.
Measured induction times follow expected trends from classical nucleation theory and reveal that
the carbon-support material and ionomer fraction strongly impact the onset of ice crystallization.
Conversely, dispersed platinum particles play little role in ice crystallization. Following our
previous approach, a nonlinear ice-crystallization rate expression is obtained from Johnson-
Mehl-Avrami-Kolmogorov (JMAK) theory. A validated rate expression is now available for
predicting ice crystallization within water-saturated catalyst layers.

Using a simplified PEMFC isothermal cold-start continuum model, we compare cell-
failure time predicted using the newly obtained rate expression to that predicted using a
traditional thermodynamic-based approach. From this comparison, we identify conditions under
which including ice-crystallization kinetics is critical and elucidate the impact of freezing
kinetics on low-temperature PEMFC operation. The numerical model illustrates that cell-failure
time increases with increasing temperature due to a longer required time for ice nucleation.
Hence, ice-crystallization kinetics is critical when induction times are long (i.e., in the
“nucleation-limited” regime for T >263 K). Cell-failure times predicted using ice-freezing
kinetics are in good agreement with the isothermal cold-starts, which also exhibit long and
distributed cell-failure times for T > 263 K. These findings demonstrate a significant departure
from cell-failure times predicted using the thermodynamic-based approach.

4.2. Introduction

Proton-exchange-membrane fuel cells (PEMFCs) show promise in automotive
applications because of their high efficiency, high power density, and potentially low emissions.
To be successful in automotive applications, PEMFCs must permit rapid startup with minimal
energy from sub-freezing temperatures, known as cold-start. In a PEMFC, reduction of oxygen
to water occurs in the cathode catalyst layer (cCL). Under subfreezing conditions, water
solidifies and hinders access of gaseous oxygen to the catalytic sites in the cCL, severely
inhibiting cell performance and potentially causing cell failure [1-3]. Elucidation of the
mechanisms and kinetics of ice formation within the cCL is, therefore, critical to successful cell
startup and high performance at low temperatures.
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Because of degradation and cell failure under subfreezing conditions, much attention has
been given to understanding cold-start fundamentals. To date, experiments predominately focus
on characterizing overall low-temperature cell performance [1-7]. In recent years, however, in-
situ visualization and detection of ice formation within PEMFC porous media has progressed [7-
14]. Visualization methods include neutron radiography [8,9], environmental scanning electron
microscopy [10], visible imaging[11-13], and latent-heat detection with infrared
thermography [11,12]. In all cases, generation of by-product water was observed in the
subcooled state, particularly between —2 and —-20 °C. Although the generated liquid water did
not freeze instantaneously, crystallization kinetics and its dependence on subcooling were not
investigated [7-13].

Several PEMFC numerical cold-start models have also been recently developed [14-19].
Currently, however, no models include ice-crystallization kinetics, and consequently, do not
account for subcooled liquid [14-19]. Commonly, models assume that product water vapor
instantaneously solidifies when the vapor partial pressure exceeds the saturation value [14-16].
As a result, they do not account for liquid water within the PEMFC. More recently,
Jiao et al. [17] and Balliet et al. [18,19] extended cold-start models to include vapor, liquid, and
solid phases of water within the PEMFC. The freezing point of ice within the GDL, cCL, and
PEM is based on a characteristic pore size using the Gibbs-Thomson equation. Furthermore, the
ice-formation rate, R, is assumed linear with liquid-water saturation [18]

R| zkaL (41)

where K¢ is the freezing rate constant (e.g., see equation 14 in Balliet et al. [18]). Although the

models include liquid water [17-19], they currently invoke thermodynamic-based freezing and
circumvent ice-crystallization kinetics.

In this work, we measure isothermal ice-crystallization kinetics within PEMFC catalyst
layers. Experimental ice-nucleation rates and ice-crystallization Kkinetics are obtained as
functions of subcooling from isothermal differential-scanning-calorimetry (DSC) heat-flow
measurements in water-saturated cCLs. Following our previous approach [20,21], we determine
a rate expression for ice crystallization within cCLs. To validate ice-crystallization Kinetics
within PEMFCs, we further measure and predict cell-failure time during isothermal galvanostatic
cold-start. Using a simplified PEMFC isothermal cold-start continuum model, we compare cell-
failure time predicted using the newly obtained rate expression to that predicted using a
traditional thermodynamic-based approach (i.e., equation 4.1). From this comparison, we
identify conditions under which including ice-crystallization kinetics is critical and elucidate the
impact of freezing kinetics on low-temperature PEMFC operation.

4.3. Materials and Methods
4.3.1. Catalyst Preparation:

Catalyst inks were prepared following Huang et al. [22] Inks were made by mixing 20-
wt % Pt on Vulcan XC72 carbon black (Pt/C) (Sigma Aldrich, St. Louis, MO, Cat. No.: 738549-
1G) with a 5-wt % Nafion solution (Sigma Aldrich, Cat. No.: 70160-25ML) in a 5:2 mass ratio
(carbon:Nafion). After stirring for 15 min, 1-M tetrabutylammonium hydroxide (TBAOH)
(Sigma Aldrich, Cat. No.: 86854-100ML) and glycerol (Sigma Aldrich, Cat. No.: G5516-
100ML) were added in a mass ratio of 1:20:20 (glycerol: TBAOH:Nafion). The resulting solution
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was stirred overnight. Following the same procedure, catalyst inks were prepared for three other
carbon supports (containing no Pt): Black Pearls BP120, BP460, and BP800 (Cabot Corporation,
Boston, MA). Additionally, catalyst inks were made for Vulcan XC72 without Pt and with
varying carbon:Nafion mass ratios (5:1, 5:4, and 5:8) for BP800 and Vulcan XC72. Unless
otherwise stated, the carbon:Nafion mass ratio is 5:2.

In all cases, catalyst inks (approximately 6 pL) were pipetted directly into 20-uL
aluminum DSC pans (PerkinElmer Inc., Waltham, MA) and dried at 298 K under vacuum
(4.7 kPa) to avoid cracking caused by rapid solvent evaporation. Dried samples were then
saturated with Ultrapure Milli-Q (Millipore, Billerica, MA) distilled/deionized water in a home-
built vacuum chamber for 1 h at 4.7 kPa. Following evacuation, excess surface water was
removed by lightly blotting with Fisherbrand weighing paper (Fisher Scientific, Pittsburgh, PA).
Water content was determined gravimetrically; measured values were consistent with integrated
peak areas generated from DSC. Water loss by evaporation during DSC experiments was
negligible. All catalyst water saturations are calculated from measured water contents to be
between 78 and 94%, corresponding to typical porosities of 0.5 and 0.6, respectively
[5,18,19,23].

4.3.2. Differential Scanning Calorimetry:

A PerkinElmer 6000 DSC (PerkinElmer Inc., Waltham, MA) with a liquid-nitrogen
chiller measured heat-flow rate from the sample over time. The DSC was calibrated as described
previously [20]. Nitrogen served as the purge gas at a flow rate of 20 mL/min. Isothermal
crystallization was carried out from 240 to 273 K. Water-saturated catalyst samples were placed
into the DSC at 300 K and cooled to the desired temperature at 105 K/min. A rapid cooling rate
was chosen to reach the isothermal freezing temperature well before the onset of crystallization.
Samples were then held at the subcooled temperature until crystallization was complete.

Experiments were performed at various subcoolings, AT =T, — T, defined as the magnitude of
the difference in the temperature of freezing and 273 K.

4.3.3. Isothermal Cold-Start:

Membrane electrode assemblies (MEAS) were provided by lon Power (lon Power, Inc.,
New Castle, DE). MEAs consisted of a Dupont™ Nafion® XL membrane, a TEC10EA40E
cathode, and a TEC10V20E anode with 0.15 and 0.07 mg/cm? Pt loading, respectively. lon
Power purchased the cathode and anode catalysts from Tanaka Kikinzoku Kogyo K.K. (Tanaka
Kikinzoku Kogyo K.K., Tokyo, Japan) and mixed them with a Nafion® solution to form an ink
that was then painted on a web prior to transfer to the membrane. MEAs were assembled in
single 50-cm? quad-serpentine fuel-cell hardware with cooling loops machined into both end
plates. Cells were tested on a Fuel Cell Technologies testing stand (Fuel Cell Technologies, Inc.,
Albuquerque, NM) and cooled using a Neslab ULT-80 bath circulator.

Prior to each isothermal cold-start experiment, cells were conditioned at a current density
of 1000 mA/cm? at 353 K and 100 % relative humidity. Following conditioning, cathode and
anode flow channels were purged with 1000 mL/min of nitrogen gas for 30 seconds to prevent
water from forming ice and clogging the flow fields. Cells were then cooled down to the desired
isothermal freezing temperature and equilibrated at that temperature for 30 min. Isothermal cold-
start experiments were carried out with 500 sccm of dry hydrogen and air. Following an initial
current ramp of 0.4 mA/cm?-s, current of 20 mA/cm? was applied until the cell voltage decayed
to 0 mV. The cells were then heated to 353 K for characterization and cycling was repeated.
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4.4. Experimental Results
4.4.1. Ice-Crystallization Kinetics:

Figure 4.1 shows a typical exotherm of heat flow and sample temperature versus time for
a water-saturated Vulcan XC72 catalyst. The sample was cooled at 105 K/min to 257 K (i.e.,
AT =16 K), where isothermal crystallization commenced (point A in Figure 4.1). Heat flow due
to liberation of the enthalpy of crystallization from point A is evident until a minimum is
observed at point B, after which crystallization slows significantly until complete crystallization
at point C. To obtain the gas-free ice volume fraction within the catalyst pores as a function of
time, ¢(t), crystallization exotherms were integrated from point A to point C, according to

[20,21]
t
[t

() = -
[ dt

(4.2)

where Q(t) is heat-flow rate from the DSC. Crystallization is preceded by an induction time, z,,

defined as the time elapsed between the sample temperature becoming isothermal and the onset
of the crystallization peak (point A), about 225 s in Figure 4.1.

Figure 4.2 displays number-average induction time, 7;, as a function of subcooling, AT,
for five water-saturated catalysts: 20 wt % Pt on Vulcan XC72 (triangles), Vulcan XC72 without
Pt (squares), BP120 (inverted triangles), BP460 (diamonds), and BP800 (circles). Symbols
denote average- z; measurements for a minimum of 25 experiments. Typical error bars for
BP120 are discussed below. Solid lines are drawn according to classical nucleation theory
(CNT), as discussed later. Several features are salient. In all cases, 7; decreases with increasing

AT , as expected [20,21,24]. 7. measurements for Vulcan XC72 are similar to those for BP120

and BP460/800, but are shifted to larger AT by about 3 and 8 K, compared to those for BP120
and BP460/800, respectively. This result indicates that the specific carbon-support material
impacts the onset of ice crystallization. Similar 7, measurements for Vulcan XC72 with and

without added platinum (compare triangles and squares) at nearly all AT reveals that dispersed
platinum particles, with diameters ranging from 3-5 nm [10], play little role in ice crystallization
at typical loadings.

Example error bars in Figure 4.2 indicate the maximum range of observed z,. For all
catalysts, z, was measured repeatedly to investigate the statistical nature of ice crystallization

and to obtain pseudo-steady-state ice-nucleation rates, as discussed below. Representative results
for BP120 are shown in Figure 4.3. Figure 4.3 displays 25 induction times measured at
subcoolings of (a) 14.75 K and (b) 20 K for BP120, where the horizontal dashed line indicates

the number-average induction time, 7,. For both subcoolings, AT, z, generally lies below the
mean with intermittent excursions to long times. Increased subcoolings result in narrower z;-
distributions. Due to the stochastic nature of ice nucleation (see Chapter 2), z; measurements
follow a Poisson distribution, as discussed elsewhere [20,21,24].
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Figure 4.1. Typical isothermal DSC cooling exotherm of a water-saturated Vulcan XC72
catalyst at 257 K. The dashed line corresponds to the sample temperature, T,

whereas the solid line represents heat-flow rate, Q. The symbol z; labels the
induction time. A—C label the onset, extremum, and completion of water freezing,

respectively.
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Figure 4.2. Isothermal number-average induction time, 7, as a function of subcooling, AT , for

five PEMFC catalysts. Symbols correspond to 20 wt % Pt on Vulcan XC72
(triangles), Vulcan XC72 without Pt (squares), BP120 (inverted triangles), BP460
(diamonds), and BP800 (circles). Example error bars indicate the maximum range
of observed ;. Solid lines are predictions of 7;(AT) from classical nucleation
theory using equations 4.5 and 4.6.
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BP120. Horizontal dashed lines indicate the number-average induction time, 7;.
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Figure 4.4 shows ice-crystallization kinetics, ¢(t) versus t, calculated from equation 4.2
for the five water-saturated catalysts in Figure 4.2 (for specific samples with z, = 7;). Symbols

denote 20-wt % Pt on Vulcan XC72 (triangles), Vulcan XC72 without Pt (squares), BP120
(inverted triangles), BP460 (diamonds), and BP800 (circles). Filled symbols correspond to a
subcooling of 17.5 K, whereas open symbols (circles) correspond to a subcooling of 11 K. Solid
and dashed lines are predictions of ¢(t) from Johnson-Mehl-Avrami-Kolmogorov (JMAK)

theory at AT =17.5 K and 11 K, respectively, as discussed below. At each subcooling, z; was
subtracted from the total time so that all curves are compared on a single time scale. Complete
ice-crystallization times (taken when ¢(t) =0.99) are 13.3, 13.7, 22.0, and 24.1 s for BP460,
BP800, BP120, and Vulcan XC72 at 17.5 K, respectively. Similar to Figure 4.2, Figure 4.4
illustrates that the carbon-support material appreciably impacts ice-freezing kinetics. Likewise,
nearly identical ¢(t) for Vulcan XC72 with and without platinum demonstrates that dispersed
platinum does not significantly affect the kinetics of ice-crystallization. As AT decreases from
17.5 to 11 K for BP800, complete-ice-crystallization times increase from 13.3 to 27.7 s. This
result reiterates that subcooling, AT , is the driving force for ice crystallization [20].

4.4.2. I1sothermal Cold-Start:

Figure 4.5 shows a typical evolution of MEA cell voltage (squares) during isothermal
cold-start from a subcooling of 6 K at a current density (circles) of 20 mA/cm?. Initially, cell
voltage decreases from 1.0 to 0.8 V during the current ramp of 0.4 mA/cm?-s. Following a
constant current density of 20 mA/cm?, cell voltage remains constant until failure (i.e., when cell
voltage rapidly decreases to 0 mV) as a result of ice formation within the cathode [1-19,35]. We
define the cell-failure time, t., as the time elapsed between the onset of constant cell voltage

fail ?
and 0 mV. We do not include the 30-min stabilization period when determining measured t

fail *

To demonstrate applicability of ice-freezing kinetics to PEMFC cold-start, isothermal t.. was

measured as a function of AT .

fail

Figure 4.6 plots isothermal t,, versus AT at a current density of 20 mA/cm?. Solid and
dashed lines are discussed below in Section 4.6 and Appendix 4A. As AT increases, t

fail
decreases substantially due to a shorter time required for ice nucleation (i.e., decreased 7;(AT)
in Figure 4.2). For example, t., decreases from 15.5 and 33 h to 0.19 and 0.2 h for an increase
in AT from 5 to 10 K, respectively. The variance (not shown) between repeated t,,
measurements also decreases significantly with increasing AT, suggesting that stochastic
nucleation events are critical at low subcoolings. This finding is consistent with narrowing z, -
distributions for increased AT (compare Figure 4.2a and Figure 4.2b). Since a single induction
time corresponds to a given cell-failure time, t,, values are similarly distributed. Our measured
isothermal cell-failure times are similar to those obtained by Oberholzer et al. [8], who observed
a Poisson distribution of MEA-cell-failure times during isothermal galvanostatic cold-start from
258 to 268 K using neutron imaging.
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Isothermal freezing kinetics for five PEMFC catalysts. Symbols denote 20 wt % Pt
on Vulcan XC72 (triangles), Vulcan XC72 without Pt (squares), BP120 (inverted
triangles), BP460 (diamonds), and BP80O0 (circles). Filled symbols correspond to a
subcooling of 17.5 K, whereas open symbols (circles) correspond to a subcooling of
11 K. Solid and dashed lines are predictions of ¢(t) using equations 4.3 and 4.4, at

subcoolings of 17.5 and 11 K, respectively.
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Figure 4.5. Typical evolution of MEA cell voltage during isothermal galvanostatic cold-start
from 267 K. Squares denote cell voltage, whereas circles represent current density.

The symbol t; labels the cell-failure time.
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Figure 4.6. MEA-cell-failure time, tg;, for isothermal galvanostatic start-up as a function of

subcooling, AT, at a current density of 20 mA/cm?. Solid lines are calculated using
ice-crystallization kinetics for BP460 and Vulcan XC72 (with 20 wt % Pt) catalysts
in a PEMFC continuum model (Appendix 4A). The dashed line is calculated using
a typical thermodynamics-based rate expression (i.e., equation 4.1) [18].
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4.5. Ice-Crystallization Rate Expression

To obtain a predictive ice-crystallization rate equation, ¢(t) and 7; must be specified a
priori.  Following our previous development [20], we employ Johnson-Mehl-Avrami-
Kolmogorov (JMAK) theory and classical nucleation theory (CNT). We summarize the
procedure below. Additional detail is available elsewhere (i.e., see Chapter 2)[20]

Within the IMAK framework [20,25-28], #(t) is determined by a convolution integral

over nucleation and growth rates (see equation 4 of Dursch et al. [20]). For spherical, heat-
transfer-limited growth under isothermal conditions in a closed system, the convolution integral
reduces considerably. In this case, ¢(t;T) is given by [20,21]

(6T) =1—exp|- k(T)[t— 7 (T)]*2] 4.3)
with
M) =2 9O M Mat’, (4.4)

where « is liquid thermal diffusivity, J(T) is the pseudo-steady-state nucleation rate, 77,(T) is
a dimensionless temperature-dependent growth parameter (see equation 9 of Dursch et al. [20]),
0 is the contact angle of the ice/water/substrate triple line, and g(6) = (2 + cos8)(1—cos®)? /4
for heterogeneous nucleus growth on a flat surface. Equations 4.3 and 4.4 predict the ice-
crystallization rates, R, (t;T,¢)=0¢(t;T)/ot [21], once the unknowns J(T), &, and 7;(T) are
specified.

To obtain 7;(T), the definition suggested by Kaschiev [29] is adopted

1
7i(T) BT YA Ve +74(T), (4.5)

where V, is liquid volume of a water-saturated cCL. The first term on the right of equation 4.5 is
the expectation time for the appearance of a critical nucleus while the second term is the time
required for critical nuclei to form and grow to a size detectable by the DSC. For spherical, heat-

transfer-limited growth [24,29] 7 (T) = (150/647 g(6)I(T)nS(T)e'?)*®, where @, an
instrument-specific constant, is 0.0173 for our DSC [21]. Thus, estimation of 7;(T) requires
both J(T) and 6.

Following our previous work [20,21], J(T) is obtained from repeated z; measurements
at a minimum of five subcoolings (e.g., see Figure 4.3). To acquire J(T), a Poisson distribution

is fit to measured +; probability distributions obtained from the repeated t;
measurements [20,24]. CNT specifies the temperature-dependence of J [20,30,31]

Equation 4.6 indicates that a plot of InJ versus T‘l(AT)‘2 produces a straight line with an
intercept In A and slope — B . Figure 4.7 confirms this behavior for the four PEMFC catalysts
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Figure 4.7. Logarithm of the nucleation rate, J, in units of nuclei/m*s as a function of
T(AT)™? for a Toray gas-diffusion layer (open symbols) and four PEMFC

catalysts (filled symbols). Filled symbols represents 20 wt % Pt on Vulcan XC72
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shown in Figure 4.2 (filled symbols). A Toray gas-diffusion layer (GDL) (open symbols) is
included for comparison [20]. In all cases, InJ versus T~*(AT ) islinear with 0.91< R* <0.99,
where R? is the square of the Pearson correlation coefficient. Obtained ice-nucleation-rate
parameters, A and B in equation 4.6, are provided in Table 4.1, and their physical significance
is discussed in Appendix 4B.

With J(T) specified, equations 4.3-4.6 provide a predictive ice-crystallization rate valid
within PEMFC cCLs. In all subsequent calculations, o, =1.4x107 m?/s and 6 =60 and 110 for
BP460/BP800 and XC72/BP120, respectively. Values of @ are discussed in detail in Appendix
4B. With these independently determined parameters, lines in Figures 4.2 and 4.4 predict 7,(T)
and ¢(t;T) for three PEMFC catalysts: BP800, BP120, and 20-wt % Pt on Vulcan XC72. In all

cases, we neglect separate ice formation within the ionomer, since the fraction of freezable water
is negligible compared to that in the liquid-filled voids [32]. For clarity, predictions for BP460
and Vulcan XC72 without Pt are omitted. Agreement between theory and experiment is good.
Through independent assessment of J(T), 7,(T), and z,(T), the temperature dependences of

both 7, and ¢(t) are correctly captured. Importantly, lines in Figure 4.4 at AT =17.5K show

that complete ice-crystallization times are shorter for BP800 and BP120 than those for Vulcan
XC72 due to an increased ice-nucleation rate (i.e., larger A and/or smaller B in Table 4.1) and

consequently, a decreased 7;.

Table 4.1. Ice-Nucleation Rate Parameters

cCL/GDL A (x10® nuclei m3s") B (x 10" K3

Vulcan XC72 112.7 40.3
BP120 287.0 44.1
BP460 9.0 12.8
BP800 6.6 10.6

Toray GDL 7.9 9.4

# From Dursch et al. [20]

4.6. Isothermal PEMFC Cold-Start Model
4.6.1. Continuum Model:

Equations 4.3-4.6 provide an ice-crystallization rate expression valid within PEMFC
catalyst layers. To investigate the importance of ice-crystallization kinetics, we compare
predicted tg; with the newly obtained rate expression relative to that predicted using a

traditional thermodynamics-based approach (e.g., equation 4.1) [17-19] in a simplified
isothermal PEMFC cold-start continuum-finite-difference model (see Appendix 4A).

Figure 4.8 illustrates the simplified 1-D geometry of the PEMFC. Dashed lines outline
the spatial domain (i.e., we consider only the cCL and cGDL). Symbols a and c label the anode
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Figure 4.8. Schematic and boundary conditions for the simplified 1-D PEMFC cold-start model.
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85



and cathode, respectively. We neglect water transport and subsequent freezing within the anode,
since the diffusivity of water in a PEM is negligible at subfreezing temperatures [5]. Meng [14],
Mao et al. [15,16], Jiao et al. [17], and Balliet et al. [18,19] give more detailed 2-D and 3-D cold-
start models including thermodynamics-based ice formation in both the anode and cathode. Here,
we illustrate the importance of ice-crystallization kinetics.

Continuum energy and mass conservation balances are written in the cCL and cGDL for
gas (G), liquid (L), and ice (1). Appendix 4A outlines the PEMFC cold-start numerical
model. It is similar to those of Mao et al.[15,16] and Balliet et al. [18,19], but with important
differences in the underlying physics for the ice-crystallization rate, R,. In the current study, the
ice-crystallization rate depends on the kinetics of ice nucleation and growth rather than on
ice/water phase equilibria. Following our previous work [21], the ice-generation rate under

pseudo-isothermal conditions, R, (Tc,¢) ((generated ice volume)/(water plus ice volume)/time)
is given by

R (Te, ) =k(Te)*-gll-In@-p)F"*  for t=7, .7

where T. is number-average crystallization temperature, 7, is number-average non-isothermal
induction time, ¢ is gas-free volume fraction of ice within the pores defined by
#=S,/(S; +S.), and k(Tc) is given by equation 4.4, but evaluated at the number-average
crystallization temperature, T. [21]. Equation 4.7 applies only for t>7, (i.e., the non-
isothermal induction time). 7, is given by [21]

Ta
a)

1, (4.8)
0
where 7;(T) follows from the first term on the right of equation 4.5, as well as equation 4.6. We
note that for calculation of 7;(T) during PEMFC cold-start, the instrument-specific growth term
does not apply. In equation 4.5, 7; (T) depends on liquid volume in either the cCL or GDL, V,.
To eliminate the volume dependence of 7;(T) in the continuum MEA-cold-start model, we
evaluate 7;(T) for large V, (i.e., the fastest onset of ice crystallization). The approximation of
"large volume" is valid since for small AT, 7;(T) depends only on J(T) and noton V, [21].

Coupled, nonlinear differential-algebraic equations (equations 4.4-4.8 and 4A.1-4A.6) are
solved simultaneously subject to the boundary conditions provided in Figure 4.8. Uy is the
overall effective heat-transfer coefficient that includes heat conduction through the anode and
external convection. In all cases, temperature is uniform at the isothermal ambient subcooling,
AT =273.15-T,, where T, is the ambient temperature. Similar to Jiao et al. [17] and Balliet et
al. [18,19], the initial liquid-water saturation, S, , is 0.34 and 0.22 in the cCL and cGDL,
respectively. In both the cCL and cGDL, initial gas pressure is uniform at 101.3 kPa. Equations
are solved numerically in Matlab R2010a (The Math Works Inc., Natick, MA) using finite
differencing and Newton iteration to resolve nonlinearities with a tolerance of 10, a time step of
10 s, and 50 mesh elements. A Thomas algorithm inversion scheme BAND( j) solves the
resulting tridiagonal matrices [33]. All model parameters are reported in Table 4.2.

86



Table 4.2. Model Parameters

Parameter cCL cGDL
& 0.6 [18] 0.8 [20]
A (kI m® K 990 [19] 970 [19]
ke (Wm™'K? 1.2 [18] 1.5[18, 35]
ko (M?) 1.6x1075[19] 3.4x1072 [19]
1, (V) 0.55° -
I1 (V) -0.012 [19] =
U(Wm?K?% 100 [18] 90 [18]
Ax107® (nuclei m3sh) 9to 112.7 7.9 [20]
Bx10™ (K% 12.8 to 40.3 9.4 [20]

& calculated from measured cell voltage in Figure 4.5

4.6.2. Model Results:

Figure 4.9 displays typical calculated liquid-water saturations, S, , as a function of time,
t, at the coldest boundaries of the cCL (x=L) and cGDL (x =0) at equal subcoolings, AT, of
10 K at x=0,L and i =20 mA/cm® Solid lines reflect the proposed ice-crystallization kinetic
model (i.e., equations 4.4-4.8) for the Vulcan XC72 catalyst and the Toray cGDL in Table 4.1.
Initially, S_ slightly increases in both the cCL and cGDL as a result of water generation in the
cCL and subsequent migration to the cGDL due to a gradient in capillary pressure. S, continues
to increase until crystallization first commences in the cGDL at the number-average non-
isothermal induction time, 7, ., , where liquid water rapidly transforms into ice [20,21,34]. In

the cCL, 7, is considerably longer than that in the cGDL due to slower ice nucleation rates

(see Table 4.1). Consequently, S, increases over a longer time period prior to freezing. S, and
T profiles at given times are omitted, as both are essentially uniform due to a small Biot number
( Bi=0.002) and a fast time-scale for water movement.

Conversely, dashed and dotted lines in Figure 4.9 are calculated using a thermodynamics-
based approach (i.e., equation 4.1) [18]. Dashed and dotted lines correspond to k; =0.25 and

1 kg/m?s, respectively [18]. In this approach, freezing begins once the local liquid temperature is
less than the equilibrium freezing temperature, T,. For AT =10 K, T is well below T, within
the cCL (270.2 to 271.1 K [11]) and within the cGDL (273.0 K [11,35]). Accordingly, S,
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Figure 4.9. Calculated liquid-water saturation, S_, as a function of time, t, at the coldest
boundary of the cCL (x=L) and cGDL (x=0) for equal subcoolings, AT, of 10
K. Solid lines are calculated using ice-crystallization kinetics for the Vulcan XC72
cCL and the Toray cGDL. Dashed and dotted lines are predicted using equation 4.1
with k; = 0.25 and 1 kg/m?®s, respectively [18]. Symbols 7, opL and 7, ., label the

number-average non-isothermal induction times in the cCL and the cGDL,
respectively. The symbol t,, labels the MEA-cell-failure time.
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decreases abruptly in both cases due to nearly immediate freezing. In this calculation, we neglect
the relatively narrow pore-size distributions of the cGDL or cCL [18,19]. Figure 4.9 highlights
the importance of 7, for forestalling freezing especially in the cCL.

The likelihood of successful cold-start depends strongly on temperature through 7, .
Thus, to elucidate those conditions for which including ice-crystallization kinetics is critical, we
examine isothermal cell-failure time for various subcoolings, AT . We define a cell-failure time,
t+i , as the time when ice reaches a critical saturation, S, , thereby choking the cell [34]. In all

cases, S, IS taken as 0.38 or 0.55 in the cCL and cGDL, respectively. In the cCL, S, =0.38
is obtained from a fit of measured cell voltage versus time at AT =10 K and i =20 mA/cm?. In
the cGDL, however, S, =0.55 is taken as the saturation when the effective oxygen diffusion
coefficient reaches a limiting value [36,37], taken as 0.03 in all cases. A partially ice-saturated
cCL and cGDL (i.e., Syaii<1) at cell failure is consistent with experimental
observation [3,4,38].

Solid and dashed lines in Figure 4.6 compare predicted to measured (symbols) t¢,;

versus AT for an isothermal galvanostatic cold-start. Solid lines correspond to ice-
crystallization Kinetics (i.e., equations 4.4-4.8) for two cCL carbon-support materials with
considerably different ice-crystallization kinetics: Vulcan XC72 and BP460. The dashed line is
predicted using a traditional thermodynamics-based approach with k¢ =0.25 kg/m®s [18]. In all

cases, t¢; decreases substantially with increasing AT, in good agreement with experiment. In
both the kinetic and thermodynamic approaches, tg,; decreases to a limiting value of
approximately 0.1 h. Accordingly, two limiting regimes for tg,; are evident in Figure 4.6. For
small subcoolings (i.e., AT <3 K and AT <11 K for thermodynamic and kinetic freezing,
respectively), tg; is limited by freezing, whereas for larger subcoolings, t¢,; is limited by water
production. Figure 4.9 illustrates the latter case. Here, predicted tg; is larger than the time
required for ice crystallization (i.e., 40 and 260 s in the cGDL and cCL, respectively), since
S, < S, upon complete crystallization of all liquid water present. S, increases further to S,
only as newly-generated water freezes. In Figure 4.6, measured and predicted tg; is for a

current density, i, of 20 mA/cm?. Significantly, our numerical model reveals that current
densities greater than 20 mA/cm? likewise exhibit cell-failure times with two limiting regimes, as
in Figure 4.6. Furthermore, ts,; decreases monotonically with increasing current density in the

water-production-limited regime (i.e., AT >11 K), as discussed elsewhere [3,6-8,19,38].

In both the cCL and cGDL, 7, decreases significantly with increasing subcooling (e.g.,
see Figure 4.2). Consequently, as subcooling extends beyond AT =11 K, 7, is negligible in
both cell domains, and ice-crystallization kinetics is well approximated by the thermodynamic-
based approach. We conclude that including ice-crystallization Kinetics is critical in the
“nucleation-limited” regime (see Figure 14 of Dursch et al. [20]) where induction times are long
(i.e.,, from 3<AT <10 K in Figure 4.6). However, the particular AT that establishes the
“nucleation-limited” regime relies heavily on all heat transfer and kinetic parameters (e.g., U ,
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Uer, k7, and J(T)). These controlling parameters can be adjusted to lengthen 7, , significantly
delaying or even preventing ice formation [34].
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Figure 4.10. Ratio of the average ice saturation in the cGDL to that in the cCL, S, ccpL /Si ccL »

as a function of subcooling, AT, at a current density of 20 mA/cm?. Solid lines are
calculated using ice-crystallization kinetics in the BP460 and Vulcan XC72 cCLs
and the Toray cGDL. The dashed line is calculated using a typical thermodynamics-
based rate expression (i.e., equation 4.1) [18].
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The ice distribution at cell failure in both the cCL and cGDL depends strongly on
subcooling through 7, oL (T) and 7, .c.(T). Figure 4.10 displays the ratio of spatially-

averaged ice saturation in the cGDL to that in the cCL, S, cepL/SiccL, as a function of

subcooling, AT, for i =20 mA/cm? Solid lines are calculated using ice-crystallization kinetics
in the BP460 and Vulcan XC72 cCLs and the Toray cGDL. The dashed line is calculated using

the previous thermodynamics-based rate expression (see equation 4.1) [18]. Similar to tg; in
Figure 4.6, S, cepL /S| ccL decreases substantially with increasing AT in all cases. In both the

kinetic and thermodynamic approaches, S;ccpL/Sicc. decreases to a limiting value of

approximately 0.6. At these subcoolings (i.e., AT >3K and AT >9 K for thermodynamic and
kinetic freezing, respectively), rapid ice crystallization occurs within the cCL, preventing water

migration into the cGDL. Accordingly, there are also two limiting regimes for S; cgpL /S ccL in
Figure 4.10. For small subcoolings (i.e., AT <9 K), S, oL /SiccL is limited by 7 «gp (T),

whereas for larger subcoolings S, ccoL / S, ccL Is limited by 7, ¢ (T) . This finding is consistent

with Ge et al. [2], who observed two limiting regimes in an operating PEMFC during cold-start
using in-situ visible imaging. Equations 4.4-4.8 and 4A.1-4A.6 do not allow for ice propagation
between the cCL and cGDL, since the shortest induction time controls cell failure. Accordingly,
the two limiting regimes in Figure 4.10 emphasize the importance of ice-crystallization kinetics
in both the cCL and cGDL.

4.7. Conclusions

We determine isothermal ice-crystallization rates and ice-nucleation rates from heat-flow
and induction-time measurements in fuel-cell catalysts layers using differential scanning
calorimetry. Isothermal ice-crystallization rates and ice-nucleation rates are obtained as a
function of subcooling for four commercial carbon-support materials, with various ionomer
fractions and platinum loadings. Measured induction times follow expected trends from classical
nucleation theory and reveal that both the carbon-support material and ionomer fraction
considerably impact the rate of ice formation. Conversely, dispersed platinum particles play
little role in ice crystallization. Following our previous approach, a nonlinear ice-crystallization
rate expression is obtained from Johnson-Mehl-Avrami-Kolmogorov theory.

To validate ice-crystallization kinetics within PEMFCs, we measure cell-failure time as a
function of subcooling during isothermal galvanostatic cold-start in a commercial MEA.
Significantly, cell-failure time decreases with decreasing temperature due to a shorter required
time for ice nucleation. Using a 1D PEMFC isothermal numerical cold-start model, we compare
cell-failure times predicted using the newly obtained rate expression to those predicted using a
traditional thermodynamics-based approach. Cell-failure times predicted using ice-freezing
kinetics are in good agreement with experiment. The PEMFC cold-start model demonstrates that
ice-crystallization kinetics is critical when induction times are long (i.e., in the “nucleation-
limited” regime for T >263 K). However, the particular temperature that establishes the
“nucleation-limited” regime relies heavily on all heat-transfer and Kkinetic parameters.
Accordingly, these controlling parameters can be adjusted to lengthen induction times,
significantly delaying or even preventing ice formation.
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4.8. List of Symbols

Uett
V

ice-nucleation-rate constant (nuclei/m*/s)
ice-nucleation-rate constant (K?)

current density (A/m°)

pseudo-steady-state nucleation rate (nuclei/m?/s)
overall crystallization rate constant (s%°)
equilibrium freezing rate constant (kg/m>/s)
effective permeability of phase k (m™)

Boltzmann constant (J/molecule/K)
capillary pressure, P; —P_ (Pa)
heat-flow rate (mW)

critical-nucleus radius (nm)

ice-generation rate ((generated ice volume)/(water plus ice volume)/time)

seed-particle radius (nm)
saturation

time (s)
MEA-cell-failure time (s)

temperature (K)

crystallization temperature (K)

subcooling (K)

overall heat transfer coefficient (W/m?%/K)
effective overall heat transfer coefficient (W/m?/K)
volume (m%)

Greek Letters

a
&
€o

/4
Mo

thermal diffusivity (m?/s)
volume fraction
bulk porosity

surface tension (mN/m)

dimensionless thermal-growth constant
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s surface overpotential (V)

% contact angle

T, time for nuclei grow to an instrument-detectable size (s)
T, isothermal induction time (s)

T, non-isothermal induction time (s)

¢ gas-free ice volume fraction

w instrument constant, 0.0173

g heterogeneous nucleation shape factor in equation 4B.1

Subscripts

a anode
C cathode
G gas

I ice

k phase

L water

0 initial
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Appendix 4A. PEMFC Cold-Start Continuum Model
Within the cCL and cGDL, we write continuum differential energy and mass

conservation balances for gas (G ), liquid (L), and ice (I). In each subdomain, phase
saturations sum to unity, i.e., Sg +S_ +S, =1, where the saturation of a phase k, S,, is

defined as volume of phase k per pore volume, or ¢,/ ¢,, where g is porosity of phase k and

&, 1s bulk porosity. Upon thermal equilibrium among all phases [15-19], the 1-D, transient
energy balance to calculate transient temperature distributions, T (x,t), in each subdomain is
= oT - 07T

pCpEZET a7+p|gOA|:|f(SL +S|)R| +ern ) (4A1)

where pép is volume-averaged heat capacity, kr is volume-averaged thermal conductivity, p

is ice mass density, and R, is the rate of ice formation ((generated ice volume)/(water plus ice
volume)/time) [21]. In equation 4A.1, Qun =i(77s +T1)/Lecy in the cCL and zero in the cGDL,
where i is volumetric current density, 7, is total overpotential (calculated from measured cell
voltage in Figure 4.5 [40]), Lo is cCL thickness, and IT is the Peltier coefficient [40]. The
second and third terms on the right side of equation 4A.1 represent enthalpy liberation due to

crystallization and reaction, respectively. Because of the low subcoolings used in the
calculations, heat generation (or consumption) due to evaporation, condensation, sublimation,

and deposition (i.e., frosting) are neglected. Additionally, current density in Q.. increases

linearly with increasing Sg , so that higher ice and water saturations choke the electrochemical
production of liquid water [19]. More involved models are discussed elsewhere [15-19].

In each subdomain, gas-, liquid-, and ice-phase saturations obey the following mass-
conservation equations combined with Darcy’s law [15-19]

0Sg _i pcKc[Sc] OPs 4A.2
gWGa_m( T a) (4A2)

oS _ 0 ( pkL[SL] oP
0 = - 0 S S R Ran 4A3
EoPL at 8X( -~ axj ,0|<9(|_+ |)|+ ( )

and
oS

Eo P Elzpl & (SL+Si)R (4A.4)

where Ry =iMy,0/2F in the cCL and R\, equals zero in the cGDL, # is viscosity, P is
pressure, My,o is the molar mass of water, and ki [Sk] is the effective permeability of phase
k as a function of S, . The first, second, and third terms on the right of equation 4A.3 represent

water movement due to a gradient in capillary pressure, Pc = P; —P_, water depletion due to
freezing, and water generation due to reaction, respectively. The effective permeabilities in
equations 4A.2 and 4A.3 follow the relation kg = koS¢, where k, is absolute permeability [19].
Following others [15-19], residual saturations are neglected. To relate capillary pressure,
P. =P — P_, to liquid saturation, capillary equilibrium (i.e., Young-Laplace) and a bundle-of-
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capillaries model are used [41]. Capillary pressure-saturation relationships used in this work are
identical to those measured by Kusoglu et al. [23] A detailed description of mixed-wettability for
the cCL and cGDL is found in Balliet et al. [19].

Appendix 4B. Ice-Nucleation-Rate Parameters
ot;T) and 7;(T)in equations 4.3-4.5 require independent assessment of the
ice/water/substrate triple line contact angle, #. Since A is independent of ¢, J(T) depends on

6 only through the parameter B. From CNT, B is related to the Gibbs-free energy of critical-
nucleus formation, AG", by [20,30] (e.g., see equation 2A.7 of Appendix 2A)

(AT)’AG™ _ Azyd Tt
Kg 3AH ?kB

B(0) = 9(8) (4B.1)

where k; is the Boltzmann constant, y is solid/liquid interfacial energy, and v, is ice specific
volume.

From Table 4.1 and equation 4B.1, similar values of B for BP460/BP800 and a Toray
GDL [21] suggest that 6 for BP460/BP800 is approximately equal to that of the GDL, or

6 =60°. Unlike BP460/BP800, however, BP120/VVulcan XC72 has significantly decreased ice-
nucleation rates (evidenced by larger B in Table 4.1). Values of B are roughly 4 times larger
for BP120/Vulcan XC72 than for BP460/BP800, characteristic of an increased contact angle, 4.

Equation 4B.1 demonstrates that B (and AG) increases with &. Thus, for an increase in 6

from 60 to 110  for BP120/Vulcan XC72, AG" increases by a factor of 4-5, consistent with
measured B values. For BP120/Vulcan XC72, a larger & is conceivably due to an increased
coverage of the ionomer, comprised of a non-ice-wetting PTFE backbone [39]. This result is
similar to our previous finding where ice nucleation occurs more slowly on hydrophobic PTFE-
coated GDL fibers than hydrophilic oxidized-carbon fibers [20].

To investigate further the effect of ionomer coverage on ice nucleation, the
carbon:Nafion mass ratio was varied from 5:1 to 5:8 for BP800 and Vulcan XC72. Measured
values of A and B, obtained as in Section 4.5, are listed in Table 4B.1. For BP800, B increases
from 10.6 to 43.5 as the carbon:Nafion mass ratio increases from 5:2 to 5:8. This result suggests
an increase in ionomer coverage, and consequently, an increase in 6 from 60 to approximately
110’ as for BP120/Vulcan XC72. For Vulcan XC72, however, an increased carbon:Nafion mass
ratio results in no further increase in B (likely due to a smaller particle surface area).
Conversely for Vulcan XC72, as the carbon:Nafion mass ratio is decreased, B decreases
significantly from 41.6 to 18.9. This indicates decreased ionomer coverage and, similar to
BP800 (with 5:2 carbon:Nafion), a smaller value of 6.

To account for contributions of curvature and seed-particle (particle serving as a
nucleation site, e.g., platinum and carbon) size to AG", we replace g(#) in equation 4B.1 with

P3(0,x") (see equation 18.10 in Kashchiev [29]), where X =Rs/r (T) is the ratio of seed-
particle to critical-nucleus radius. For heterogeneous growth of a nucleus on a flat surface,
¥3(0,x")=g(0) as expected [30]. Figure 4B.1 shows calculated dimensionless Gibbs-free

energy of critical-nucleus formation, AG” /kgT, versus dimensionless seed-particle radius,
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X" =Rs/r"(T), for #=60 and 110 Solid and dashed lines denote subcoolings of 12.5 K and

15 K, respectively. Arrows label minimum and maximum x~ for platinum (3-5 nm diameter)
and the carbon support (30-50 nm diameter) within the cCLs. Several features are salient.
Primary carbon particles are much larger than growing nuclei (ranging from 2-4 nm diameter

depending on AT). Thus, in this case, x” >>1, and nuclei grow as solid segments on a flat

surface, similar to those in a GDL [20,21]. Compared to the carbon support, AG™ is significantly
larger for dispersed platinum. Since platinum particles are similar in size to growing nuclei, a

larger surface area is required to maintain a given @, increasing AG”. As a result, ice nuclei
form preferentially on the carbon support, in agreement with the 7,(T) and ¢(t;T)

measurements (see Figures 4.2 and 4.4). Furthermore, lines in Figure 4B.1 illustrate that AG"
(and B) increases with @ as discussed previously.

Table 4B.1. Ice-Nucleation Rate Parameters with VVarying Carbon:Nafion Mass Ratio

Carbon:Nafion

Catalyst Mass Ratio A (x 10% nuclei m3s?) B (x 10 K3
Vulcan XC72 5:1 13.3 18.9
5:2 112.7 40.3
5:4 103.4 41.6
BP800 52 4.6 10.6
54 110.0 17.1
5:8 305.9 435
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Figure 4B.1. Calculated dimensionless Gibbs-free energy of critical-nucleus formation,
AG” /kgT, versus dimensionless seed radius, X =Rs/r’(T), for

ice/water/substrate contact angles of 60° and 110°, where r” (T) is the radius of a

critical nucleus. Solid and dashed lines denote subcoolings of 12.5 K and 15 K,
respectively. Arrows establish minimum and maximum dimensionless seed radii
calculated for platinum and carbon within the PEMFC catalysts.
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Chapter 5

Non-lIsothermal Melting of Ice in the Gas-Diffusion Layer of a Proton-
Exchange-Membrane Fuel Cell

T.J. Dursch, G.J. Trigub, J.F. Liu, C.J. Radke, A.Z. Weber, Non-isothermal melting of ice in the
gas-diffusion layer of a proton-exchange-membrane fuel cell, Int. J. Heat Mass Trans. 67 (2013)
896-901.

5.1. Abstract

Non-isothermal ice melting in the fibrous gas-diffusion layer (GDL) of a proton-
exchange-membrane fuel cell (PEMFC) is investigated using differential scanning calorimetry
(DSC). Non-isothermal ice-melting rates and ice-melting times are obtained from heat-flow
measurements in water-saturated Toray GDLs at heating rates of 1, 2.5, 5, 10, and 25 K/min. In
all cases, ice-melting times decrease nonlinearly with increasing heating rate. Nevertheless,
melting temperatures remain at 272.9+0.5 K and 272.7 +0.4 K for bulk ice and ice within the
GDL, respectively, reiterating that melting is thermodynamic-based at a rate limited by heat
transfer. The slight GDL ice melting-point depression is consistent with the Gibbs-Thomson
equation for equilibrium melting using an average pore diameter of 30 um. Ice-melting
endotherms are predicted from overall DSC energy balances coupled with a moving-boundary
Stefan problem, where an ice-melting front within a GDL propagates with volume-averaged
properties through an effective medium. Agreement between DSC experiment and theory is
excellent. The proposed model accurately predicts ice-melting endotherms for Toray GDLs with
two ice saturations and for bulk ice. Further, a pseudo-steady-state analysis obtains an analytical
expression for ice-melting time, which is controlled by the time for heat addition to the
propagating solid/liquid interface. Significantly, the new expression elucidates parameters
controlling ice melting and allows for better design of both GDL materials and heating strategies
to enhance the success of PEMFC cold-start.

5.2. 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 successful automotive applications, PEMFCs permit rapid startup from sub-freezing
temperatures, known as cold-start. In a PEMFC, reduction of oxygen to water occurs in the
cathode catalyst layer (cCL). Under subfreezing conditions, water solidifies and hinders access
of gaseous oxygen to the catalytic sites in the cCL, severely inhibiting cell performance [1, 2].
During cold-start, the time for recovering cell performance strongly depends on the rate of
melting residual ice by reactive heat generation [3]. Elucidation of the mechanism and rate of ice
melting within PEMFC porous media is, therefore, critical to rapid cell startup and high
performance at low temperatures.

Because of cell failure under subfreezing conditions, much attention has been given to
understanding cold-start fundamentals. To date, experimental studies of PEMFC cold-start
primarily focus on characterizing overall low-temperature cell performance including:
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degradation after freeze-thaw cycles [1], effects of cell material properties [2, 4-6], and in-situ
visualization of ice formation [7]. Numerous studies show that the cell electrical potential decays
rapidly at low temperatures due to ice formation at the reactive area of the cathode [1-8].
Currently, no studies focus on understanding the mechanism and rate of ice melting within
PEMFC porous media. Recently, several PEMFC cold-start models have also been developed [3,
8-11]. These models, however, adopt empirical melting rate expressions from ice-saturated-soil
literature [12, 13], since at this time one does not exist for PEMFC porous media.

In the past few decades, significant effort has been expended on understanding melting
both experimentally and theoretically because of the enormous variety of applications, including
thermal energy storage using phase-change materials [14-17], metal casting [18-20], and
polymer processing and sintering [21-23]. Numerous studies focus on melting of bulk ice [24-
26] and ice within porous media [27-29], especially soils, rocks, and clays, due to potential
mechanical damage from frost heave. In nearly all cases [14-26], melting is described by a
moving-boundary heat-transfer (Stefan) analysis. However, because the properties of fuel-cell
materials differ considerably from soil media in wettability, pore size, and microstructure,
proposed melting rates and mechanisms are not necessarily applicable.

This work measures and predicts non-isothermal ice melting in the fibrous GDL of a
PEMFC. Ice melting is studied within the GDL because this layer is significantly ice saturated
during PEMFC cold-start [3, 7, 10, 11]. We use differential scanning calorimetry (DSC) to
obtain non-isothermal ice-melting rates and ice-melting times as functions of heating rate for a
commercial Toray GDL with two ice saturations and for bulk ice. We predict ice-melting
endotherms by solving overall DSC energy balances coupled with the moving-boundary Stefan
problem, where an ice-melting front within a GDL propagates with volume-averaged properties
through an effective medium. Additionally, we utilize a pseudo-steady-state analysis to obtain
an analytical expression for the time for complete ice melting. Notably, this expression
elucidates parameters controlling ice melting and allows for better design of both GDL materials
and heating strategies to enhance success of PEMFC cold-start.

5.3. Materials and Methods
5.3.1. Sample Preparation:

Water-wetting TGP-H-060 carbon-paper GDLs were provided by Toray (Toray Corp.,
Tokyo, Japan). GDL samples were bored into 3.25-mm diameter circles and saturated with
Ultrapure Milli-Q® (Millipore, Billerica, MA) distilled/deionized water in a home-built vacuum
chamber for 1 h at 4.7 kPa. Following evacuation, excess surface water was removed by lightly
blotting with Fisherbrand® weighing paper (Fisher Scientific, Pittsburgh, PA). GDL liquid-water
saturations were controlled using a relative-humidity chamber [30]. Water content was
determined gravimetrically; measured values were consistent with integrated peak areas
generated from DSC. GDLs at two liquid-water saturations were studied: 20% and 85% [31].
Water loss by evaporation during DSC experiments was negligible. Additionally, capillary-
pressure-saturation measurements showed that water does not drain from the GDLs under
atmospheric pressure [32].

5.3.2. Differential Scanning Calorimetry:

A PerkinElmer 6000 DSC (PerkinElmer Inc., Waltham, MA) with a liquid-nitrogen
chiller measured sample heat-flow rate over time. The DSC was calibrated as described
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previously [31]. Nitrogen served as the purge gas at a flow rate of 20 mL/min. Water-saturated
GDL samples, weighing between 1.4 and 2.2 mg, were placed into 20-pL PerkinElmer
hermetically-sealed aluminum pans. For bulk-ice melting experiments, 8 or 19 pL of Ultrapure
Milli-Q® distilled/deionized water was pipetted directly into 20-yL DSC pans. In all
experiments, DSC pans were encircled by a 1-mm thick insulating polydimethylsiloxane
(PDMS) ring to minimize radial heat loss. Non-isothermal melting was carried out over the
temperature range of 273 to 300 K. Samples were placed into the DSC at 300 K, cooled to 235
K at 105 K/min, and held isothermally for 5 min. Following complete ice crystallization, samples
were heated from 235 to 300 K at constant heating rates, g3, of 1, 2.5, 5, 10, and 25 K/min.

In all cases, t =0 corresponds to the sample temperature, T , of 272 K.

5.4. Experimental Results

Figure 5.1 displays a typical melting endotherm of heat-flow rate, Q (mW), versus time,

t, for bulk ice (8 pL) at a heating rate, S, of 10 K/min. For reference, furnace temperature, T¢,

is plotted on the superior abscissa. The sample was heated at 10 K/min from 235 to 300 K. For
clarity, heat-flow rate is shown only from 272 to 300 K. Melting commenced at 10 s (point A in
Figure 5.1) corresponding to furnace and sample temperatures of 273.6 and 273.1 K,
respectively. From point A, heat flow due to absorption of the enthalpy of melting is evident
until complete melting is observed at point B, after which declining heat flow reflects the
sensible heat necessary to raise the liquid-saturated sample temperature to the furnace

temperature. Melting time, t_,, is taken as that from melting onset to maximum heat-flow rate
(point A to B), approximately 55 s in Figure 5.1.

Figure 5.2 shows measured melting endotherms of heat-flow rate versus time for bulk ice
(8 pL) at heating rates, A, of 1 (inverted triangles), 2.5 (circles), 5 (triangles), 10 (squares), and
25 K/min (diamonds). Lines in Figure 5.2 are drawn according to theory discussed below. As
increases from 1 to 25 K/min, melting endotherms both narrow and reach greater peak heat-flow
rates, consonant with identical water mass in each sample. Concurrently, the melting time, t_,,

decreases from 150 to 35 s. For all heating rates, however, the melting temperature is
272.9+0.5 K corresponding to the melting point of bulk ice. This result suggests that melting is
thermodynamic with a rate limited by heat transfer, in accordance with previous findings [14-
29].

Similar measurements for two GDLs with varying ice saturation and a larger bulk ice
volume (19 pL) were performed to quantify further the effect of £ on the non-isothermal
melting time, t_ .. Figure 5.3 plots non-isothermal melting time, t, ., as a function of heating
rate, S, for a Toray GDL with ice saturations of 80% (open diamonds) and 19% (open squares),
and 8 pL (filled triangles) and 19 pL (filled circles) of bulk ice. Solid and dashed lines
correspond to theory, as described below. In all cases, t_, decreases monotonically with
increasing f. Ata given S, t_, is longest for 19 pL of bulk ice and is shortest for the ice-
saturated GDLs, corresponding to 1.2 puL and 0.3 pL of ice. For all £, the melting temperature

of ice within the GDL is 272.7+0.4 K (near bulk ice), consistent with a slight melting-point
depression calculated from the Gibbs-Thomson relation with an average pore diameter of

melt ?
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Figure 5.1. Typical non-isothermal melting endotherm of heat-flow rate, Q, versus time, t, for
bulk ice (8 pL) at a heating rate, g, of 10 K/min. A and B label the onset and
completion of ice melting, respectively. The symbol t..; defines the melting time.
Furnace temperature, T, is shown in the upper abscissa.
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Figure 5.2. Non-isothermal melting endotherms, Q versus t, for bulk ice (8 pL) at heating rates,
B, 1 (inverted triangles), 2.5 (circles), 5 (triangles), 10 (squares), and 25 K/min
(diamonds). Lines are Q(t) predictions using equations 5.1-5.4.
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using equations 5.2-5.4, whereas dashed lines are calculated using equation 5.7.
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30-um [32]. This result indicates that the large pore diameters do not significantly alter the
equilibrium melting temperature of ice within a GDL compared to that of bulk ice.

5.5. Non-isothermal DSC Theory

We desire quantitative prediction of DSC-measured ice-melting endotherms (i.e., heat-
flow rate, Q, versus time, t). DSC heat-flow rate and sample temperature, T (x,t), are
determined by solving overall energy balances coupled with the moving-boundary Stefan
problem [33].

Figure 5.4 illustrates the simplified geometry for ice melting within an ice-saturated GDL
of sample thickness L in a DSC pan insulated by a surrounding polydimethylsiloxane ring. At
x=0, heat supplied by the DSC furnace initiates ice melting at the equilibrium melting
temperature, Ts(0,t) =T,, where S§(t) denotes the time-dependent position of the advancing

ice/water interface. For x> o(t), sample temperature remains uniform at T, during melting. For
X < 5(t), however, Ts(x,t) increases in time from heat supply by the DSC furnace. To establish
the DSC-measured ice-melting endotherms, such as in Figure 5.2 (i.e., Q(t)), T (x,t) and o(t)
must be specified.

Heat transfer within a DSC has been thoroughly investigated [34-37]. DSC sample and
reference pans are encased in a temperature-controlled furnace. Upon heating, the furnace
temperature, T¢(t), is increased at a constant programmed rate, here linear, T_(t) =T, + ft,
where T, is initial furnace temperature and £ is heating rate (K/min). Instrument-reported

heat-flow rate is proportional to the temperature difference between sample and reference pans
[34]

Q(t) = UA, [T, (t) = T5 (0,1)] (5.1)

where U is the overall heat transfer coefficient, A, is pan area in contact with the DSC platform,

TR (t) is reference temperature, and T, (0,t) is sample temperature at the lower boundary of the
sample pan in contact with the furnace.

As described previously [34], the product UA, in equation 5.1 is obtained from DSC
calibration using indium. Accordingly, T(t) and T,(0,t) in equation 5.1 remain to be
established. Following Eder [37], an overall energy balance describes the temperature of the
reference pan

é dTR (t)

mp p.p dt

=UA, [T (1) - T, ()] (5.2)

where m_ and ép,p are pan mass and specific heat capacity, respectively.

To obtain T (0,t), we adopt a 1-D moving-boundary Stefan problem [33], where a

uniform liquid front propagates due to melting, at a rate limited by heat supply to the advancing
solid/liquid interface. GDLs are highly porous carbon-fiber networks (0.7 < &, (porosity) < 0.9
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Figure 5.4. Schematic for the 1-D DSC geometry. Cross-hatching indicates presence of a GDL.
Symbols Q(t) and &(t) label DSC heat-flow rate and time-dependent position of

the ice/water interface, respectively. PDMS represents a 1-mm thick insulating
polydimethylsiloxane ring. Drawing is not to scale.
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[31]) demanding that ice melts at a uniform equilibrium melting temperature, T,. Accordingly,

the progressing liquid front propagates with volume-averaged properties through an effective
medium following a 1-D Stefan problem. T¢(x,t) and &(t) follow from liquid-phase and

interfacial energy balances

oT, (x,1) 07T (x,1)
ST:aeﬁ T 0<x<d(t) (5.3)

and
do(t) dTs(0,1)

OX

PLAH f£,SL = Kett Ay X =35(t) (5.4)

where p, is liquid mass density, AI—A|f is latent heat of fusion per unit mass of ice (taken as
positive), ¢, is porosity (void volume per GDL volume), S, is liquid-water saturation, and o
and k, are effective thermal diffusivity and conductivity, respectively. In equations 5.3 and 5.4,

we neglect natural convection in the melted region of the effective medium (i.e., a low Rayleigh
number [38], radial conduction due to a GDL diameter-to-thickness ratio of over 20, and heat
supply through the insulating air gap surrounding the GDL due to large thermal resistance.
Effective properties in equations 5.3 and 5.4 are calculated from liquid-phase, gas-phase, and

carbon-fiber properties as Ker = Sy &0kl + Sgéoke + (L—&0)Ke and  aesr = Kegt /(pép)eﬁ , Where
(pép)eﬁ :SLgopLép,LJrSGgopGép,G +(1—eo)pcép,c, and subscripts L, G, and C denote
liquid, gas, and carbon fiber, respectively. Accordingly, for ice melting in a DSC pan, ¢, =1 and
SL =1, giving k =k, .

Equation 5.3 is solved numerically subject to the boundary conditions

JTs (0,t)

UA,[TE (t) = Ts (0,1)] = ket A, ™

(5.5)

and
Ts(0,t)=T,. (5.6)

Equation 5.5 specifies continuity of heat flux at the GDL/furnace boundary while equation 5.6
sets the advancing ice/water interface temperature equal to the equilibrium melting temperature,
T

5
5.5.1. Numerical solution:

To convert equations 5.3 and 5.4 from a time-dependent to a time-independent domain, a
Landau transformation is adopted [24], in which a new spatial variable is defined as
n(x,t)=x/o(t). Equations 5.1 and 5.2, and coordinate-transformed forms of equations 5.3 and
5.4 given in Appendix 5A, are solved numerically in Matlab R2010a (The Math Works Inc.,
Natick, MA) using finite differencing and Crank-Nicholson iteration to resolve nonlinearities
with a tolerance of 107, a time step of 102 s, and 50 mesh elements. The inversion scheme
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BAND( j) solves resulting tridiagonal matrices [39]. In all cases, resulting T (7,t) profiles are
converted to the original coordinate systems T (x,t) profiles based on calculated &(t) .

5.6. Discussion
5.6.1. Model Comparison to Experiment:

Figure 5.5 plots a representative sample-temperature profile, T (x,t), calculated at times
of 0, 40, 80, and 120 s for bulk ice (8 uL) heated at a rate of 2.5 K/min. From numerical solution
of equations 5.3-5.6, Ts(X,t) increases in time due to continued heat supply from the DSC
furnace and resulting conduction through the liquid-phase. Accordingly, &§(t) advances non-

linearly in time as ice continues to melt, at a rate limited by heat addition to the ice/water
interface. Since the time for heat addition to the propagating solid/liquid interface is limiting
compared to the time for heat conduction through the effective medium, sample temperature is

linear with position, as given by equation 5B.3 of Appendix 5B. In all cases, Ts(0,t) is used to
calculate Q(t) following equation 5.1.

Lines in Figure 5.2 show predicted ice-melting endotherms of heat-flow rate, Q(t),
versus time for bulk ice (8 pL) at heating rates of =1, 2.5, 5, 10, and 25 K/min. All model

parameters were independently evaluated and are listed in Table 5.1. Agreement is excellent
between theory and experiment. With no adjustable parameters, the melting/heat transfer model

quantitatively predicts Q(t) and tyer for all 4. Base-line heat-flow rate (Q(t) , pre- and post-

Table 5.1. Model Parameters

Aluminum Pan (p)  Water (L) Carbon Fibers (C) Gas (G)

C,( kgt K™ 910 [40] 4210 [40] 710 [11] 1000 [40]
k(WmtK? 250 [40] 0.6 [40] 1.3[41] 0.025 [40]
p (kg m?) 2700 [40] 990 [40] 490 1.2 [40]

UA, (W K 0.035 [34] _ ~ ~

A, (mm?) 9.6 _ _ _

AH ¢ (kJ kg™ _ 335.6 [40] _ _
St _ 0.2,0.85 _ 0.8,0.15

g, _ _ 0.8 [31] _
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Figure 5.5. Calculated sample-temperature profile, T¢ (x,t), at times of 0, 40, 80, and 120 s for

bulk ice (8 pL) heated at a rate of 2.5 K/min. Symbols T, and o&(t) label the

equilibrium melting temperature and normalized time-dependent position of the
ice/water interface, respectively.
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melting) increases linearly with £, as discussed elsewhere [34, 35]. As expected, Q(t) during
melting increases more rapidly with increasing /£ due to greater heat supply at the
sample/furnace interface. Thus, as g increases from 1 to 25 K/min, predicted tnq: decreases
monotonically.

The proposed melting/heat transfer model also accurately predicts Q(t) and tmer; for two
GDLs with different ice saturations and a for larger bulk ice volume (19 pL). Solid lines in
Figure 5.3 are model predictions for tye; (dashed lines are discussed below). For all £, melting

kinetics of the ice-saturated GDLs are well predicted using the 1-D Stefan problem with volume-
averaged properties (i.e., an effective medium). Significantly, this result confirms that GDL ice

melts at T, in the highly porous carbon-fiber matrix. Equations 5.3 and 5.4 constitute a new
formalism to model melting of ice within GDLs of varying ice saturation during PEMFC cold-
start (along with an appropriate heat-transfer model).

5.6.2. Pseudo-Steady-State Ice Melting:

To elucidate parameters controlling tmeit, specifically g, we utilize a pseudo-steady-state

analysis [24]. Equations 5.3 and 5.4 contain two time scales: the time for heat conduction
through the effective medium and the time for heat addition to the propagating solid/liquid
interface. When sensible heat is negligible compared to latent heat, i.e., low effective Stefan

numbers ( Stegs :(pép)eff (TFO—TO)/pLSLgoAﬁf), the time for movement of the advancing

solid/liquid interface is rate limiting. Accordingly, the effective-medium temperature profile is
pseudo-steady as confirmed in Figure 5.5; Equation 5.3 simplifies considerably (see
Appendix 5B). Under pseudo-steady-state conditions, pseudo-steady forms of equation 5.3 and

equations 5.4, 5.5, and 5.6 are solved to obtain an explicit analytical expression for tpe

sad (2 o)

&

tmeit = ofLoL f +— ) (5-7)
ﬁ keff U

where L denotes bulk-ice or GDL thickness. Figure 5.3 compares effective-medium (solid
lines) and pseudo-steady (dashed lines) model-predicted tn: versus g for two GDLs with
varying ice saturation (19% and 80%) and two volumes of bulk ice (8 and 19 pL). As expected
for bulk ice, tye: decreases considerably with decreasing ice volume (V, is related to sample
thickness by V, = ApL). For the ice-saturated GDLs, however, tqg; is relatively insensitive to
S., since effective thermal conductivity, ke , also decreases significantly with decreasing S, . In
all cases, excellent agreement indicates that equation 5.7 correctly scales with £, L, Kes, Si,

and &, .

Equation 5.7 permits design of both GDL materials and heating strategies to enhance the
success of PEMFC cold-start. For example, from equation 5.7 tne; is decreased using thinner,
less porous, more-thermally conductive GDLs. However, equation 5.7 reveals two limiting tme

contributions: conduction through ( L? / ke ) and heat transfer to (2L/U ) the GDL, elucidating

111



that melting in even extremely thin, highly conductive GDLs is still limited by heat transfer to
the GDL. Importantly, equation 5.7 allows optimization of tye; through manipulation of material
properties and heating strategies.

5.7. Conclusions

We determined ice-melting endotherms and ice-melting times as functions of heating rate
in a fuel-cell gas-diffusion layer (GDL) using non-isothermal differential scanning calorimetry
(DSC). Ice-melting rates were measured by DSC heat-flow dynamics for a commercial Toray
GDL at two ice saturations and for bulk ice at heating rates of 1, 2.5, 5, 10, and 25 K/min. In all
cases, ice-melting times decrease nonlinearly with increasing heating rate while melting
temperatures remain 272.9+0.5 K and 272.7+0.4 K for bulk ice and ice within the GDL,
respectively. Accordingly, melting is thermodynamic-based with a rate limited by heat transfer.
The slight GDL ice melting-point depression is consistent with the Gibbs-Thomson equation
using an average pore diameter of 30 um. Importantly, this result suggests that large pore
diameters do not significantly alter the equilibrium melting temperature of ice within GDLs.

Ice-melting endotherms and ice-melting times are well-predicted from overall DSC
energy balances coupled with a moving boundary. Since ice melts at the equilibrium melting
temperature within the highly-porous GDL, we assume that the ice-melting front propagates with
volume-averaged properties through an effective medium following a 1-D Stefan problem.
Agreement is excellent between theory and experiment. At all heating rates, the model accurately
predicts ice-melting endotherms and ice-melting times for Toray GDLs with two ice saturations
and bulk ice. To elucidate parameters controlling ice-melting times, we utilize a pseudo-steady-
state analysis. For ice melting at low Stefan numbers, the time for heat addition to the
propagating solid/liquid interface limits the process leading to an analytical expression for ice-
melting time. Significantly, the proposed new expression allows for better design of both GDL
materials and heating strategies to enhance the success of PEMFC cold-start.

5.8. List of Symbols

Ap pan area containing DSC platform
k thermal conductivity (W/m/K)
L sample thickness (um)

m mass (kg)

Q  heat-flow rate (mW)

S saturation

Ste  Stefan number

T temperature (K)

T,  273.15K
t time (s)
U overall heat transfer coefficient
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Greek Letters
a  thermal diffusivity (m?/s)

y/j cooling rate (K/min)

) time-dependent ice/water interface position
&, GDL porosity
n coordinate-transformed position in equations 5A.1 and 5A.2

p  mass density (kg/m®)

Subscripts

C carbon fibers
eff effective
furnace

gas

liquid

o - o T

initial

ice
p pan

R reference
S sample
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Appendix 5A. Coordinate-Transformed Equations

To overcome the ice-melting moving boundary, we define the new dimensionless
variable 77(x,t) = x/5(t) [24]. Coordinate-transformed equations 5.3 and 5.4 are

52(t) 8TS (Uat) = Qleft a2TS (gvt) +5(t)7]

aTSa(”’t) da(t) O<y<1 (5A.1)

ot dt
and
- do(t oTs (Lt
dt on
Eq. (Al) is subject to the coordinate-transformed boundary conditions
dTs (0,t
UAGS O[T (1) — Ts (0,t)] = ket A, s(0.9) (5A.3)
and
T, Lt)=T,. (5A.4)

Appendix 5B. Pseudo-Steady-State Ice Melting

To elucidate the limiting melting time scale, equations 5.3 and 5.4 are non-
dimensionalized to give

oTs (X',t°)  8%Ts (X',t%)
ff * = *2

OX

Ste. (5B.1)

and

_do’(t") _aTs (57,t) (58.2)
dt” x
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where X =X, t" = Stey ettt Ts = Ts—To C 5 =2 and Stegr = (£Cp)etr (Tro —To)
L L2 Teo —To L PLSLEAH ¢
the liquid-phase Stefan number within the effective medium, and T, is furnace temperature at
the melting onset. When sensible heat is negligible compared to latent heat, Stes <<1. For ice
melting within our fibrous GDL, Ste is at most equal to 0.08 (for T, —To =1 K at g =25
K/min). Thus, the left side of equation 5B.1 is neglected. Accordingly, equation 5B.1 solves
analytically with boundary conditions Ts (57,t) =0 and

i [Te (1) = T= (0,17)|= T3 (0,t") /X" to give

is

. Biet T (1 )] x
= SO o] w83
where Bies =UL/key is effective-medium Biot number and Te (t7) = (Te () = To) /(Teo = To) .

To solve for tye, equation 5B.2 is integrated from 0 to &, with T-(t) =T, + At and Ts (x,t)
given by equation 5B.3, resulting in dimensional form

2 Ste U
Kets O + Uo™ _ Steert et [(TFo ~Tokt +£t2}. (5B.4)
2 (TFo _To) 2

Since pt2/2>> (T —To)t and O(tmeit) =L, equation 5B.4, after rearrangement, reduces to
equation 5.7 of the text.
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Chapter 6

Conclusion

6.1. Summary

To be successful in automotive applications, proton-exchange-membrane fuel cells
(PEMFCs) must permit rapid startup with minimal energy from subfreezing temperatures [1-4].
Achieving such startup is difficult in practice, due to potential flooding, sluggish reaction
kinetics, durability loss, and rapid ice crystallization [5-8]. Despite its importance, few studies
focus on the fundamentals of ice formation during cold-start. A limited fundamental
understanding of the role of ice-crystallization kinetics during PEMFC cold-start impedes
progress in developing procedural strategies and advanced materials for improved cell
performance at subfreezing temperatures. In an effort to advance knowledge in this field, this
thesis focuses on the rate of ice-crystallization kinetics in water-saturated PEMFC porous media
and on the role of ice-crystallization kinetics during PEMFC cold-start.

Differential scanning calorimetry (DSC) introduced in Chapters 2-4 provides new
understanding of ice-crystallization kinetics in water-saturated PEMFC porous media. To
understand what parameters govern the kinetics of ice crystallization in gas-diffusion (GDLs)
and catalyst layers (CLs), the dependence of ice-crystallization and ice-nucleation rates on
subcooling, cooling rate, and surface wettability was investigated. Subcooling is the most
important driver of ice formation, and, therefore, plays a central role in PEMFC cold-start. To
obtain an expression for the rate of ice formation, a nonlinear ice-crystallization rate expression
was developed from the Johnson-Mehl-Avrami-Kolmogorov (JMAK) framework, in which the
heat-transfer-limited growth rate was determined from the moving-boundary Stefan problem.
Predicted ice-crystallization rates agree well with experiment. Validated rate expressions are thus
available for predicting ice-crystallization kinetics in GDLs and CLs.

Membrane-electrode assembly (MEA) cold-start experiments featured in Chapter 4
measure MEA cell-failure time during isothermal galvanostatic cold-start. Using a simplified
PEMFC isothermal cold-start continuum model, MEA cell-failure times predicted using the
newly obtained rate expressions are compared to those predicted using a traditional
thermodynamics-based approach. From this comparison, conditions were identified under which
including ice-crystallization Kinetics is critical and to elucidate the impact of freezing kinetics on
low-temperature PEMFC operation. The numerical model illustrates that cell-failure times
increases with increasing temperature due to a longer required time for ice nucleation. Hence,
ice-crystallization kinetics is critical when induction times are long (i.e., in the “nucleation-
limited” regime for 273 >T > 263 K). Cell-failure times predicted using ice-freezing kinetics
agree well with the isothermal MEA cold-start experimental results. These findings demonstrate
a significant departure from cell-failure times predicted using a thermodynamics-based approach.

Experiments on ice melting in Chapter 5 measure ice-melting rates in water-saturated
gas-diffusion layers with careful attention to heat transfer and melting physics. Our findings
demonstrate that melting is thermodynamics-based with a rate limited by heat transfer. As a
result, ice-melting endotherms are well predicted from overall DSC energy balances coupled
with a moving-boundary Stefan problem, where an ice-melting front within a GDL propagates
with volume-averaged properties through an effective medium. Importantly, the newly proposed
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model elucidates parameters controlling ice melting and allows for better design of both GDL
materials and heating strategies to aid PEMFC cold-start.

6.2. Future Work

Despite the important new information on ice-crystallization kinetics during PEMFC
cold-start in Chapters 2-4, questions still remain. Fortunately, there are several ways in which the
framework developed in the present work can be expanded to improve cell performance at
subfreezing temperatures. In this section, we present a few examples which are thought to be
high priority.

6.2.1. PEMFC Cold-Start Modeling and Experiments:

In Chapter 4, a simplified PEMFC isothermal cold-start continuum model is presented to
validate ice-crystallization kinetics in PEMFCs. As discussed in Appendix 4A, however, the
proposed cold-start model contains several simplifying assumptions. For example, the cold-start
model assumes a uniform current density in the cathode CL and neglects water transport and
freezing in both the anode and PEM. Clearly, more involved cold-start models (e.g., Balliet and
Newman [6,9]) must be modified to include ice-crystallization kinetics. Further MEA cold-start
experiments are also required to validate ice-crystallization Kinetics over a range of PEMFC
operating conditions. Two examples discussed in Chapter 4 are: (1) repeated MEA cell-failure
time measurements at a given subcooling to investigate ice-crystallization statistics, and
(2) MEA cell-failure time measurements as a function of current density. Further research
coupling cold-start modeling and experiments could provide valuable insights into procedural
strategies and materials design for improved PEMFC cold-start performance.

6.2.2. Ice-Crystallization Kinetics in State-of-the-Art Materials:

In Chapters 2-4, validated ice-crystallization rate expressions are posed for predicting ice
formation in traditional PEMFC porous media. The ice-formation model focuses on conventional
gas-diffusion and catalyst layers; however, nucleation and growth Kkinetics are readily extended
to other non-traditional GDLs and CLs. Examples include: carbon cloth GDLs, Freudenberg
GDLs, and “state-of-the-art materials” such as nanostructured thin-film (NSTF) CLs. Of
particular importance are NSTF CLs, which were designed to reduce precious-metal
loadings [10]. These CLs contain platinum-coated “whiskers” of a stable organic pigment and
are 20-40 times thinner than conventional platinum-on-carbon porous CLs. Unfortunately, a
disadvantage of decreased thickness is the tendency to flood/plug during low-temperature
operation due to diminished water/ice-uptake capacity. Due to the relative scarcity of knowledge
about the mechanisms and kinetics of ice crystallization in non-traditional PEMFC porous
media, much remains to be discovered.

6.2.3. Effect of External Mechanical Vibrations on Ice-Nucleation Rates:

In Chapters 2-4, ice-nucleation rates are obtained from repeated induction-time
measurements in a differential scanning calorimeter that is, for the most part, isolated from
mechanical vibrations. In Appendix 6A, we present preliminary experiments demonstrating that
applied mechanical vibrations can significantly enhance ice-nucleation rates, especially at low
subcoolings. Additional research is necessary to investigate the effect of mechanical vibrations
on ice-nucleation rates in PEMFC porous media.
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Appendix 6A. Effect of External Mechanical Vibrations on Ice-Nucleation Rates

T.J. Dursch, G.J. Trigub, J.F. Liu, C.J. Radke, A.Z. Weber, Effect of External Vibrations on Non-
Isothermal Ice-Nucleation Rates, AIChE Annual Meeting, Nov. 5™, 2013, San Francisco, CA.

Chapters 2-4 demonstrate that ice-nucleation rates can be obtained from DSC induction-
time measurements. In nearly all cases, large driving forces (e.g., subcoolings of 10-30 K in
Figures 2.6 and 4.2) are required for sufficiently large nucleation rates and, consequently,
measurable induction times (within experimental limitations). In this appendix, we study the
effect of an external driving force, specifically, applied mechanical vibrations, on ice-nucleation
rates of bulk water. Preliminary results show that external vibrations can significantly enhance
ice-nucleation rates, especially at low subcoolings when induction times are long.

Appendix 6A.1. Mechanical-Vibration Apparatus:

Figure 6A.1 schematically illustrates the experimental mechanical-vibration apparatus.
10-100 pL of distilled/deionized (DDI) water, placed in a thermally insulating Plexiglas cylinder
(inner diameter of 1 cm with a wall thickness of 3 cm) mounted on a thermally conductive
aluminum disc, was cooled from below by a copper heat exchanger containing a recirculating
water-ethylene glycol mixture. To induce vibrations in the DDI water, an aluminum or copper
cylindrical weight (3.1 cm in diameter and 9.5 cm in height) was released from heights ranging
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Figure 6A.1. Schematic for the mechanical-vibrations apparatus. Drawing is not to scale.
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from 2.5 to 30 cm onto an aluminum block supporting the Plexiglas cylinder and copper heat
exchanger. In all cases, the cylindrical weight was released every 5 s, 4 cm from the Plexiglas
cylinder. Similar to DSC experiments, the water (sample) temperature was measured until
complete ice crystallization. Here, the thermocouple was immersed in the water and affixed to
the Plexiglas cylinder interior. As in Section 3.3.2, the non-isothermal induction time is defined
as the time elapsed between when the sample temperature reaches 273 K and the onset of
crystallization.

Appendix 6A.2. Experimental Results:

Figure 6A.2 displays measured induction times as a function of subcooling for 50 pL of
bulk water with (open symbols) and without (filled symbols) applied mechanical vibrations.
Dotted lines are drawn from classical nucleation theory extended to include work input from
mechanical vibrations, as discussed below. Several features are salient. Induction times follow
trends expected from classical nucleation theory, as detailed in Chapters 2-4. For example,
induction times follow a Poisson distribution and monotonically decrease with increasing
subcooling. Importantly, in all cases, work input from mechanical vibrations yields substantially
shorter induction times (and therefore, larger ice-nucleation rates), dramatically so at low
subcoolings. We report the maximum work input from mechanical vibrations as the gravitational
potential energy, PE = mgh, of the dropped weight.

Appendix 6A.3. Discussion:

To investigate the dependence of induction time on mgh in Figure 6A.2, mechanical work
was done on the system in three ways: (1) a copper cylinder was released from a set height,
setting a potential energy of PE = 0.05 J; (2) an aluminum cylinder was released a larger height
than the copper cylinder, such that that the potential energy remained at a constant PE = 0.05 J;
and (3) the aluminum cylinder was released from half the height of the copper cylinder to halve
potential energy, PE =0.001 J.

No theory is currently available to predict the role of vibrations in ice nucleation. We
postulate that mechanical work done on the bulk-water system enhances ice nucleation by
reducing the Gibbs-free energy barrier of critical-nucleus formation (AG"). Accordingly, we
define an effective Gibbs-free energy barrier, AGes, as AG less a fraction of the maximum
gravitational potential energy, fmgh, or

AGgt = AG™ — fmgh (6A.1)

where f represents the fraction of gravitational potential energy input into the bulk water from
the applied vibrations.

By way of example, Figure 6A.3 plots the calculated dimensionless Gibbs-free energy
barrier of critical-nucleus formation, plotted as In[‘AGgﬁ /kgTo|+1], versus subcooling for ice

nucleation in bulk water with work input from mechanical vibrations. Similar to Figure 6A.2,
Figure 6A.3 reveals that mechanical vibrations significantly decreases AGq (i.e., enhances ice

nucleation) at low subcoolings AT <5 K. Dotted lines in Figure 6A.2 are drawn using equation
6A.1 with f taken as a constant value of 102, In all cases, agreement is excellent, indicating

that measured induction times are qualitatively predicted by classical nucleation theory extended
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to account for work input from mechanical vibrations. Unfortunately, the miniscule value of f

suggests that only an extremely small fraction of the maximum gravitational potential energy is
transferred to the liquid water. Future work hinges upon design of an apparatus that allows for
precise measurement of the actual work done on the bulk-water system.
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Figure 6A.2. Induction time as a function of subcooling for 50 uL of bulk water with (open
symbols) and without (filled symbols) applied mechanical vibrations. Typical
error bars indicate the maximum range of observed induction times (n = 6).
Dotted lines are drawn from classical nucleation theory extended to include work
input from mechanical vibrations.
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Figure 6A.3. Calculated dimensionless effective Gibbs-free energy of critical-nucleus formation,
AGas 1 kgTo, Versus subcooling for ice nucleation in bulk water with work input

from mechanical vibrations. f represents the fraction of gravitational potential
energy input into the bulk water from the applied vibrations.
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