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ABSTRACT

Proton exchange membrane fuel cells (PEMFC) are a promising energy conversion
alternative for a number of applications including automotive, small power
generation, and micro applications. However, many issues, such as poor water
management and voltage instability, still have to be addressed in order to remove
technical barriers to commercialization. In this work, water management issues in
PEM fuel cells were investigated in detail with the purpose of developing approaches
to reduce the negative effect of liquid water inside the fuel cell.

The performance of the PEM fuel cell deteriorates when operated at low humidity to
dry conditions. It was demonstrated that the use of perforated sheets as water
barrier layers improved the operational life of the fuel cell significantly (>3x)
compared to a fuel cell with no additional layers. These sheets increase the water
content in the cathode catalyst layer and membrane, via back-diffusion to the anode.
In addition, these perforated sheets were also used as a diagnostic tool in order to
further investigate the role of cathode and anode MPLs. It was shown that the
cathode MPL decreases the water saturation in the catalyst layer and improves
water removal via the cathode GDL. It was also shown that the anode MPL plays a
role in reducing voltage stability at high flow rates and flooding conditions.
Perforated sheets were further explored for use as an engineered gas diffusion
layer. This type of approach has the advantage that it can be tailored to specific

parameters and conditions.

Finally, a new flow field design, used on the cathode side, in which the active area
can be modified, is presented and proven to improve the cell voltage and power
stability at low power levels. This method increases the effective flow rate inside the
flow field by decreasing the active area, resulting in the removal of liquid water and
improving the gas diffusion to the cathode catalyst layer. This novel design can also
be used to improve cell-to-cell water and gas distribution in fuel cell stacks.
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Figure 3.1 — (a) Cell voltage, (b) high frequency resistance, (c) cathode pressure
drop, and (d) anode pressure drop versus current density for PEM fuel cells with
two different GDLs at fully humidified conditions (100% RH) and low humidity
conditions (25% RH). 25BA and 25BC refers to SGL 25BA (GDL without MPL)
and SGL 25BC (GDL with MPL), respectively. The anode GDL for all cases was
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Figure 3.2 — (a) cell voltage and (b) high frequency resistance versus time. For these
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humidification), the air/hydrogen stoichiometry ratio was 2.0/1.5, and the cell was
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SGL 25BA (GDL without MPL) and SGL 25BC (GDL with MPL), respectively.
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Figure 3.3 — Effect of perforation sheet location on the cathode side of the MEA: (a)
cell voltage, (b) standard deviation of cell voltage, (c) cathode pressure drop, and
(d) anode pressure drop versus current density. 1mm PS refers to a perforated
sheet with 1 mm diameter holes. The thickness of the perforated sheets was 0.05
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SGL 25BA (GDL without MPL), and SGL 25BC (GDL with MPL), respectively. All
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Figure 3.4 — Effect of perforated sheet open area on fuel cell performance at
different current densities: (a) perforated sheets with 25BC GDL and (b)
perforated sheets with 25BA GDL. 25BA and 25BC refer to SGL 25BA (GDL
without MPL) and SGL 25BC (GDL with MPL), respectively. 100% Open area
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Figure 3.5 — Effect of perforated sheet open area on the cathode water transport rate
through the GDL at different air flow rates: (a) perforated sheets with 25BC GDL
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area refers to CFP with no perforated sheet. All tests were performed in non-
active mode, at low humidity conditions (25% RH) and an air stoichiometry of 2.0.
The thickness of all the perforated sheets was 0.05 mMm.........cccccceeeiiiiiiinneee. 112

Figure 3.6 — Comparison of stainless steel perforated sheets with 25BC and 25BA
GDLs at dry conditions: (a) cell voltage, (b) high frequency resistance, (c)
resistance corrected cell voltage, (d) standard deviation of cell voltage, (e)
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Figure 3.7 — Average molar flux of water vapor that can be removed by the gas
stream of the cathode flow field channel versus the cathode pressure drop and
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1.5 for all the cases. Tmm PS refers to a perforated sheet with 1 mm diameter
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Figure 4.1 — (a) Cell voltage, and (b) high frequency resistance versus current
density for PEM fuel cells with two different cathode GDLs at three different
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Figure 4.2 — Effect of cathode MPL on the voltage stability at a constant current
density of 1800 mA cm™ and at flooding conditions (Tgp= 95 °C and Tgas= 75 °C).
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25BA and 25BC refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL
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Figure 4.9 — Effect of (a) Pressure and (b) concentration gradients on the water
transport rate inside a proton exchange membrane. ............ccccccceeeiiiiiiiiiineee. 138
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Figure 4.12 — Effect of anode MPL on the (a) voltage stability and (b) pressure drops
at a constant current density of 1800 mA cm™ and at flooding conditions (Tap=95
°C and Tgas = 75 °C). 25DA and 25DC refer to SGL 25DA (GDL without MPL)
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Figure 5.1 — Comparison of peak cell voltage in anode water removal (AWR) tests
for metal perforated sheets with different perforation diameters. The voltage
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Figure 5.2 — Effect of in-plane diffusion when perforated sheets are used as GDLs.
The tests were performed at fully humidified conditions (Tgpo = 95 °C and Tgas =
75 °C). The perforated sheet used had 1 mm diam. holes and was 0.05 mm
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located between the CCM and the PS. All tests were performed at fully
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Figure 5.6 — Effect of heliox as the oxidant gas when using a perforated sheet (PS-L)
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Figure E.2 — Polarization data of three different perforated sheets with a TGPH-030
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LIST OF ABBREVIATIONS

AFC Alkaline fuel cell

AWR Anode water removal

BD Back diffusion

CC Carbon cloth

CCL Cathode catalyst layer

CCM Catalyst coated membrane
CFP Carbon fiber paper

CL Catalyst layer

DI De-ionized

DM Diffusion media

DMFC Direct methanol fuel cell
DMS Dimethyl silicon

EOD Electroosmotic drag

FEP Fluoroethylenepropylene

FF Flow field

GDL Gas diffusion layer

HFR High frequency resistance
HHV Higher heating value

HOR Hydrogen oxidation reaction
LHV Lower heating value

MCFC Molten carbonate fuel cell
MEA Membrane electrode assembly
MEMS Microelectromechanical systems
MPL Microporous layer

OA Open area

ocv Open circuit voltage

ORR Oxygen reduction reaction
PAFC Phosphoric acid fuel cell
PAN Polyacrylonitrile

PEM Proton exchange membrane
PEMFC Proton exchange membrane fuel cell
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PS
PTFE
PTL
SDS
SEM
SOFC
RH
WCO
WML

Perforated sheet
Polytetrafluoroethylene
Porous transport layer
Sodium dodecyl sulphate
Scanning electron microscope
Solid oxide fuel cell

Relative humidity

Water crossover

Water management layer
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LIST OF SYMBOLS

A Active area (m?)

a Cross-sectional area (m?)

Aroduct j Activity of the product species j

@, oactant,j Activity of the reactant species j

ba Anodic Tafel slope (V)

be Cathodic Tafel slope (V)

Cy, Bulk concentration of species j (mol cm™)

C, Channel depth — perforated sheets (mm)

C, Channel width — perforated sheets (mm)

Dy Hydraulic diameter (m)

Dy Water diffusion coefficient in the membrane (m? s™)
D, Diffusion coefficient of species j (cm?s™)

d, Diameter perforations — perforated sheets (mm)

E Potential (V)

E° Potential at standard conditions (V)

E; Cathode potential at standard conditions (V)

E; Anode potential at standard conditions (V)

E, Equilibrium potential (V)

E.; Equilibrium potential with a temperature correction (V)
E.p Equilibrium potential with a pressure correction (V)
Eocy Open circuit potential (V)

F Faraday’s constant (96,485 C mol™)

f Friction factor

F aminar Friction factor for laminar flow

Frorbutent Friction factor for turbulent flow

G Gibb’s free energy (J mol™)

H Enthalpy of reaction (J mol™)
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H, Heat of formation (J mol™)

i Current density (mA cm™)

i Anodic current density (mA cm®)

i Cathodic current density (mA cm™)

i Exchange current density (mA cm™)

o Anodic exchange current density (mA cm)

o Cathodic exchange current density (mA cm™)

i Limiting current density (mA cm)

Iy Anodic limiting current density (mA cm™)

e Cathodic limiting current density (mA cm™)

Kmj Mass transfer coefficient of species j (cm s™)

k Permeability of porous media (m?)

kK, Membrane hydraulic permeability (m?)

L Channel length (m)

m,, Molar flow rate of air (mol s

My 0ap Molar flow rate of water vapor (mol s™)

n Number of electrons per molecule

Na Number of electrons transferred in the cathodic reaction

ne Number of electrons transferred in the cathodic reaction

AN, Change of gaseous moles between products and reactants (mol)
N 0.aiin Molar flux of water vapor at the inlet of air stream (mol s m?)
N,00 Molar flux of water vapor at the due to back diffusion (mol s m?)
N 069 Molar flux of water vapor due to drag (mol s m?®)

Nivom, in Molar flux of water vapor at the inlet ofH, stream (mol s m)

N ome Molar flux of water vapor due to hydraulic permeation (mol s m?)
Nior Molar flux of water vapor due to reaction (mol s m?)

P Pressure (kPa abs)

P Pressure anode (kPa abs)
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P. Pressure cathode (kPa abs)

P° Standard state pressure (kPa abs)

P, Pressure at state 1 (kPa abs)

P, Pressure at state 2 (kPa abs)

P, Partial pressure of air (kPa abs)

Py tota Total pressure in the cathode gas stream (kPa abs)

P ovap Partial pressure of the water vapor (kPa abs)

P, Water vapor saturation pressure (kPa abs)

AP Pressure drop (kPa abs)

AP, Total pressure drop in a flow field (kPa abs)

AP, Pressure drop at the inlet of the flow field (kPa abs)

AP, Pressure drop at the outlet of the flow field (kPa abs)

AP, ion Diffusion pressure drop through the GDL (kPa abs)

p; Partial pressure of gaseous species j (kPa abs)

p Perimeter (m)

R ldeal gas constant (J mol™ K™

Re Reynold’s number

R o Total area-specific cell resistance (Q cm?)

S Entropy (J mol™ K™

T Temperature (K)

Ty Dew point temperature (K or °C)

Too Cell Temperature (K or °C)

T s Gas temperature (K or °C)
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foax Maximum time that the fuel cell can hold a specific current (hr)
u, Superficial velocity (m s™)

AV, Volume change for gaseous components inside fuel cell cell (m?®)
W, Water collected in the reservoir over a period of time (g min™)
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1 INTRODUCTION:

1.1 A brief history and background of fuel cell technology

Fuel cells are electrochemical devices that convert chemical energy stored in the
form of fuel and oxidant into electrical energy. The principles behind fuel cells were
first mentioned by Schoenbein in 1838 [1], and then demonstrated by William Grove
in 1839 with his “gaseous voltaic battery” [2,3]. This “battery” used hydrogen and
oxygen as the reactants, platinum metal as the electrodes, and sulphuric acid as the
electrolyte. Chen [4] describes in great detail, and in chronological order the
specifics of fuel cell development from the early stages. In the late 1930s, an
engineer named Francis Bacon began working on fuel cells and by 1959 his
research group was able to demonstrate a 6 kW hydrogen fuel cell that used an
alkaline electrolyte (KOH) [4]. In the 1960s, fuel cells based on Bacon’s designs
were developed and built by Pratt and Whitney. These cells were extensively used
by the U.S. Space Program, especially during the Gemini Program for the Apollo
spacecrafts [5]. However, the high cost of materials and short lifetime of these fuel
cells prevented their wider application.

In the past thirty years, research in fuel cells has increased significantly because a
great number of applications have been identified as feasible markets. These
include transportation (e.g., automobiles, buses, scooters, bicycles, locomotives,
boats, underwater vehicles), distributed power generation, onsite cogeneration
power, back-up power, portable power, space, airplanes, and material handling [5,6].
Therefore, various types of fuel cells have been investigated for a wide variety of
applications. Usually, fuel cells are classified by their electrolyte and operating
temperatures. Table 1.1 lists some of the most typical fuel cells and their main

applications.

! Sections of these chapter were published in:

Blanco M, Wilkinson DP. Diffusion Layers. In: Wilkinson DP, Zhang JJ, Fergus JW, Hui R, Li X,
editors. Proton Exchange Membrane Fuel Cells: Materials Properties and Performance, Green
Chemistry and Chemical Engineering Series, CRC Press, Boca Raton, FL; 2009, Chapter 4, p. 191-
303.

Anderson R, Zhang L, Ding Y, Blanco M, Bi X, Wilkinson DP. A critical review of two-phase flow in
gas flow channels of proton exchange membrane fuel cells. Journal of Power Sources
2010;195:4531-53.
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Table 1.1 — List of most common types of fuel cells.

FuTe)I,pCeeII Fuel Oxidant Electrolyte @ Temp.[°C] Application
Alkaline Fuel H, O, Potassium 65—220 Spacecraft
Cell (AFC) hydroxide, KOH
PEM Fuel Cell H, Oy, Air Proton exchange 25-80 Automotive,
(PEMFC) membrane small-scale

stationary
power, portable
Phosphoric Natural gas, O,, Air Phosphoric acid 150-205 Stationary
Acid Fuel Cell bio gas, H, power
(PAFC) HzPO,
Direct CH3OH O,, Air Proton exchange 50-130 Portable
Methanol Fuel membrane
Cell (DMFC)
Molten Natural gas, O,, Air Mixture of alkali 600660 Stationary
Carbonate Fuel biogas, coal carbonates power
Cell (MCFC) gas, H, retained in
ceramic matrix of
LIAIO,
Solid Oxide Natural gas, O,, Air Oxygen ions 500-1,000 Stationary
Fuel Cell biogas, coal conducting power, auxiliary
(SOFC) gas, H,, CO ceramic power

1.2 Proton exchange membrane fuel cells

Proton exchange membrane fuel cells (PEMFC) are generally considered to be the
closest to wide scale commercialization and are being considered for a number of
applications including automotive, small power generation, and micro applications.

Figure 1.1 shows a schematic of a typical PEMFC.
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Figure 1.1 — Schematic cross sectional view of a Proton Exchange Membrane Fuel Cell (not
to scale).

In a PEM fuel cell, hydrogen fuel enters the anode flow field (FF) plate, which is
usually made from graphite or stainless steel, and flows through the channels
towards the gas diffusion layer (GDL). The anode GDL, usually made out of carbon
fiber paper or carbon cloth, helps the gas to diffuse evenly through this material
towards the anode catalyst layer (CL). A microporous layer (MPL) could be located
between the GDL and CL in order to improve water management, to decrease
contact resistance between the GDL and CL, and to give mechanical support to the
CL. At the anode catalyst layer, which consists of carbon supported platinum (Pt)
nano particles, the hydrogen oxidation reaction occurs. Equation (1.1) shows the
oxidation reaction of hydrogen which occurs at the anode:



H, — 2H" +2e~, E° = 0.00V (1.1)

The electrons flow from the anode through an external circuit towards the cathode
side. The hydrated protons (H30") diffuse through the proton exchange membrane
(e.g., a perfluorosulfonic acid polymer) and reach the cathode catalyst layer. The
polymeric membrane is kept hydrated to allow sufficient proton conductivity. At the
cathode side, oxygen (usually in air) enters the flow field plate and flows through the
GDL and MPL towards the cathode CL. In this layer, the oxygen reduction reaction
(ORR) occurs and water is produced. Most of the water that is produced is then
forced out of the CL, towards the cathode GDL and the flow field channels. Some
water that is produced diffuses to the anode. Equation (1.2) shows the half-cell
reaction corresponding to the cathode side, ORR:

102+2H++29‘ — H,0, E°=1.23V (1.2)
2

Combining Equations (1.1) and (1.2), we obtain the overall fuel cell reaction:
éOQ+H2—>HZO, E°=1.23V (1.3)

The assembly constituted by the anode GDL (and MPL), anode CL, membrane,
cathode CL, cathode GDL (and MPL) is referred to as the membrane electrode
assembly (MEA). There are two standard ways of preparing an MEA; the first way is
to impregnate or spray both anode and cathode catalyst layers on the corresponding
GDL surfaces. In the second way, both catalyst layers are sprayed directly onto the
membrane, thus forming a catalyst coated membrane (CCM). In order to improve
the proton conductivity in the cathode CL, ionomer particles (Nafion®) are also
added to this layer. In addition, in order for the membrane to transport the protons
easily, it has to be fully hydrated, thus both hydrogen and oxygen gases are usually
humidified before they enter the fuel cell.



Although there has been tremendous development in PEMFCs in the past two
decades, many issues still have to be addressed before they can be commercialized
on a wide scale. Water management issues, dehydration, flooding, and poor fuel
and oxidant distribution in the gas diffusion layer (GDL) and flow field channels are
just some of the issues that researchers have been trying to undertake by improving
the membrane electrode assembly (MEA) and flow field design. The water issues
are usually caused by the accumulation of liquid water in the MEA, which blocks
areas and paths preventing oxygen gas access. Dehydration problems are common
when the cell runs at high gas flow rates, affecting the proton conductivity in the
membrane. Dry gases and dry operating conditions also have a direct impact on the
dehydration of the MEA.

In addition, the following are some of the technology gaps that still have to be dealt
with in order for PEMFCs and other fuel cells to be feasible and viable for different

applications:

e Lack of reliability and durability of fuel cell components such as the
membrane, GDL, catalyst, etc. More work is necessary to fully understand
early and long-term failure modes.

e Material degradation issues of catalysts, catalyst supports, membrane, flow
fields, seals, etc.

e Costs can be a factor of 1.2 to 5 times too high at larger volumes.

e Operational flexibility regarding sub-zero operation, high temperature
operation, start-up and duty cycles, etc.

e Technology simplification and integration of key components, like GDLs and
flow field plates.

e Fuel production and infrastructure, fuel energy density and fuel storage.

e Water management and reactant distribution within the fuel cell.



1.3 Basic operational principles of PEM fuel cells

1.3.1 Thermodynamic and electrochemical aspects

From a thermodynamic point of view, the maximum electrical work that can be
produced by the fuel cell reaction (see Equation (1.3)) is related to the free-energy
change (available energy in an isothermal process) of the reaction at a constant
pressure and temperature. This energy is also known as the Gibbs free energy, AG
(J mol™):

w.

el

=-AG (1.4)
where W,, is the electrical work (J mol™). It is important to note that the overall fuel
cell reaction is spontaneous and is thermodynamically favourable because the

change in the free energy of the reaction is negative. The electrical work can also be
defined as:

W, =nFE (1.5)
where n is the number of electrons per molecule, F is the Faraday’s constant

(96,485 C mol™"), and E is the potential (V). Combining equations (1.4) and (1.5),
the potential can be written as:

g-—4G (1.6)
nF

The value for the potential will change depending on the operating conditions. The

standard potential, E°, is defined as the potential at standard conditions: 298 K,
101.3 kPa (1 atm), and an activity of 1 for all reactants and products. In a fuel cell,
the standard cell potential is the difference between the cathode and anode half-cell

potentials:

E°=E°—E° (1.7)
The previous equations are based on standard conditions; but, both temperature
and pressure can affect equation (1.6), and their effects must be considered. The



effect of temperature change in the potential, at constant pressure, can be
expressed as:

oE, __L(_MGJ _4S (1.8)
oT ). nF\dT ), nF '

where E_ is the equilibrium potential (V) at operating conditions rather than at

standard conditions, and AS is the entropy (J mol” K. In PEM fuel cells, the
entropy does not change significantly at typical operating temperature ranges, thus
equation (1.8) can be approximated as:

E., :E°+A—S(T—298) (1.9)
’ nF

where E_; is the equilibrium potential (V) with a temperature correction, and T is the

operating temperature (K).

The effect of pressure change on the potential, at constant temperature, can be
expressed as:

oF, :_L(MGJ (1.40)
oP ), nF\ oP ), '

From the Maxwell equations [7]:

AV
46,22

where AV, is the volume change for gaseous components inside the cell (m?)

(assuming ideal gas behaviour), thus:

AN,RT
Vo=—Fk

where AN, is the change of gaseous moles between the products and the reactants

(1.12)

(mol), R is the ideal gas constant (J mol" K™, T is the operating temperature.



Substituting equation (1.12) into equation (1.11) and integrating between P, and P,,

results in the following equation:

AN RT (P
E,=E°-—% —In-2 1.13
2 ) 1)

where E,, is the equilibrium potential (V) with a pressure correction at P,, P, is

101.3 kPa, and P, is the operating pressure (kPa).

The gaseous concentration of the reactants and products can also affect the cell
potential. The first step for this correction is to analyze how the Gibbs free energy

changes with reactant concentrations:

H a;\lr’oduct,j
AG=AG° +RTin| <&——— (1.14)
H are’actant, j
J

where a is the activity of the product species j (reduced species), a,q.can; IS

product, j

the activity of the reactant species j (oxidized species), A, is the stoichiometric

coefficient of the product species j, and A, is the stoichiometric coefficient of the
reactant species j. Now, combining this equation with the previous relationship
shown in equation (1.6), the effect of product and reactant concentrations (activities)
on the cell potential, also referred to the Nernst equation, can be obtained:

A
I |a i ;
. product,
E =E° AT d

- In 1.15
‘ nF H a?e’actant, J ( )
J

It is important to note that activity is a measure of the effective concentration of a
species. It is a dimensionless quantity, is difficult to measure and depends on its
chemical nature. For an ideal gas, activity is simply a ratio of its partial pressure and

the pressure in its standard state, then, a, =pj(P°)_1, where p, is the partial

pressure (in kPa) of gaseous species j and P° is the standard state pressure (100



kPa) [7,8]. In ideal gases, p,; = x,P, where y; is the mole fraction of the gaseous
species j, and P is the total pressure (kPa). For non-ideal gases, the activity is then
a;=y;p; (P")_7, where y; is the activity coefficient of gaseous species j [7.,8]. For a

dilute (ideal) solution, the activity can be assumed to be equivalent to the molar
concentration of the species divided by the standard-state molar concentration (both

concentrations in mol cm™). For non-ideal solutions, the activity coefficient (7;) s

then used along the ratio between the concentrations explained above. For pure
components (e.g., liquid water) the activity is equal to 1.

1.3.2 Theoretical fuel cell efficiency

The efficiency of an energy conversion device is usually defined as the ratio

between useful energy output and energy input. Thus, the efficiency of a fuel cell is

defined as:
n:£:1_ls (1.16)
AH AH

where, n is the thermodynamic efficiency and AH is the change in enthalpy of the

reaction (J mol™"), which corresponds to the difference between the heats of

formation, AH,, of products and reactants. Combining this expression with equation

(1.6) gives:
nE_F
n=-— Ale-l (1.17)

The physical state of the products is very important when calculating the overall
efficiency of the reaction. For example, when water is the product, the heat of
formation for liquid and vapor water is substantially different. If the product is liquid
water, then the higher heating value (HHV) (286,020 J mol™) is used. On the other
hand, if the product is water vapor, then the lower heating values (LHV) (241,980 J
mol™) is used. The difference between these two heating values is the molar latent
heat for condensation.



1.3.3 Fuel cell potential losses

In an operational fuel cell, the ideal (or theoretical) cell potential is equal to the

equilibrium potential, E_, and it has a value of 1.23 V at standard conditions.

However, in operating fuel cells, a number of phenomena lead to voltage losses.
These losses are also referred to as polarization losses. The performance of a fuel
cell is typically reported in the form of a polarization curve (see Figure 1.2), in which
the cell potential (V) is plotted versus current density, i (mA cm®). There are four
main voltage losses: (i) fuel crossover, (ii) activation losses, (iii) ohmic losses, and

(iv) mass transport losses. E,., is the open circuit cell voltage at a current density

value of 0 mA cm™.

r 1t 111 71T 71T 71T 717
Theoretical Potential (101.3 kPa, 298 K, a,,, = a5, = 1)

' ~Eocv (value at no current load)
/ Activation Polarization
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Figure 1.2 — A typical polarization curve for a PEM fuel cell. For this curve the fuel cell was
a single cell (49 cm?) and the gases, cell, and dew point temperatures were at 75 °C. The
pressure for both inlet reactant gases was 206.8 kPag (approx. 30 psig), and the
air/hydrogen stoichiometry ratio was 2.0/1.5. The catalyst coated membrane (CCM) was a
Primea® 5510 membrane (0.4 mg Pt cm? on each side) and the anode and cathode gas
diffusion layers (GDL) were SGL 25BC GDLs.
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1.3.3.1 Fuel crossover and internal currents

The first loss is related to the mixed potential due to the fuel crossover from the
anode to the cathode through the electrolyte (membrane). Thus, the fuel reacts
directly with the oxygen because the Pt catalyst of the cathode is active for H,
oxidation as well. In addition, this loss can also occur when small currents can cross
the electrode gap even though the ionic conductor is ideally an insulator. These

losses are the reason that causes the open circuit voltage (OCV), E,, , to decrease

from the theoretical value because the Hy and O, activities are lowered now [8]. In
typical PEM fuel cells, open circuit voltages are around 0.97 and 1.10 when air or
oxygen are used as oxidants, respectively.

1.3.3.2 Activation losses

These losses are related to the kinetics of the reactions that take place on the
surface of the anode and cathode electrodes (at the cathode this loss is more
severe). Thus, a proportion of the voltage generated is lost in driving the chemical
reaction that transfers the electrons to or from the electrode. This energy (or voltage)
loss can be reduced with increasing the temperature and pressure. The overall

activation overpotential or polarization loss, n,, (V), can be estimated with the

following equation:

anF i

N :ﬂ/n(,ij (1.18)
where, a is the exchange transfer coefficient which ranges between 0—1 (0.5 for the
hydrogen electrode and 0.1-0.5 for the oxygen electrode [8]), i is the total current

density (mA cm®), and i, is the exchange current density (mA cm™@), which is the

rate at which the reaction proceeds at equilibrium; thus, a large value of this
exchange current density represents a more active catalyst and results in a lower
activation loss. It is important to note that the oxygen reduction reaction (ORR)
activation losses are generally responsible for up to 70% of the potential losses in a
hydrogen fuel cell (for a cell operating at 0.6 V) [5]. Typical values of the exchange

11



current density for the ORR are ~107 mA cm™, compared to values of ~1 mA cm™
for the hydrogen oxidation reaction (HOR) [8].

The expression for the activation overpotential for the anode and cathode sides,

respectively, can be also expressed with the help of the Tafel equation, thus:

/

o,a

Noia = ba/og[ s ] (1.19)

Nacte = —bC/Og[I—C] (1 20)
loc

where b, and b, are the Tafel slopes for the anode and cathode, i, and i, ¢ are the
exchange current densities for both anode and cathode, and i; and i; are the anodic

and cathodic current densities. The Tafel slopes are defined as:

b=2.3ﬂ (1.21)
aF

Please note that equations 1.19 and 1.20 are the same as equation 1.18 but
modified to reflect the individual anode and cathode reactions.

1.3.3.3 Ohmic losses

As the current density increases, the ohmic losses (second region in the polarization
curve) also become a loss factor. The voltage drop caused by this loss is related to
the resistance of the flow of electrons through the electrodes, flow field plates, and
current collectors. This loss also includes the resistance to the flow of ions through

the electrolyte (membrane). These losses can be expressed by Ohm’s Law:

Notm = 1Riotar (1.22)
where i is the total current density (mA cm™®) and R, is the total area-specific cell

resistance (Q cm?). Usually the total resistance is the sum of the ionic (i.e.,
electrolyte), electronic and contact resistances. The electronic resistance is

12



negligible due to the electronic conductivities of the materials used for most
components (e.g., graphite, metals, etc.). The ionic resistance increases if the
membrane is contaminated or dehydrated.

1.3.3.4 Mass transport losses

At high current densities, mass-transport losses (or concentration losses) become
increasingly important. These losses are due to the reactants’ inability to reach the
electrocatalytic sites on the surface of the electrodes. Usually, transport losses for
oxygen are more important than H, because of the flooding of the cathode by liquid
water. At high current densities, more water is produced in the catalyst layer. If the
reactant gases do not diffuse fast enough to the catalyst layer then the current
density decreases. Thus, these mass transport losses limit the maximum current

density that a cell can provide. Mass transport or concentration overpotential, 1.,

can be expressed as:

Noone = —— Z/ (1——] (1.23)

Iy

. nF D, nF
Iy=- A 5 —~C,; = =1 —— ki Ch, (1.24)

)

where i ; is the limiting current density of species j (mA cm?), A; is the

stoichiometric coefficient for species |, D; is the diffusion coefficient of species | (cm?

s™), & is the diffusion boundary layer thickness (cm), C,, is the bulk concentration

of species j (mol cm™), and k_ . is the mass transfer coefficient of species j (cm s™).

m,j

The overall mass transport loss can be attributed to the anode and cathode sides:

RT i
=——>A In 1--—2 1.25
r’conc,a naF ; a, j iL,a,j J ( )
RT i
=——>» A .In 1—-—= 1.26
n conc,c nc F Z c,j iL,c,/' j ( )
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where n, and n. are the number of electrons transferred in the anodic and cathodic

reactions, respectively. A,; and A,; are the stoichiometric coefficients for species jin

the anode and cathode, and i, 5jand i ¢; are the limiting current densities for species

jin the anode and cathode, respectively.

Overall, PEM fuel cell performance depends on the kinetics of the HOR and ORR,
membrane hydration, contact resistances within the materials used, O, transport,
and H>O content and transport inside the cell. Therefore, efficient fuel cell operation
and performance involves improved rates of the reactions, transport of reactant

gases, and correct water balance for the membrane.

1.4 Literature review

1.4.1 Water management in PEM fuel cells

As mentioned previously, water management is one of the most important issues for
PEM fuel cells. Water flooding and drying inside the cell are two of the main
performance concerns that exist when water management is not satisfactory. More
research is required in order to reduce (or eliminate) the impact of such issues and

hence improve the overall performance of the fuel cell system [9-11].

1.4.1.1  Water transport inside fuel cells

Water transport inside PEM fuel cells is a complex interplay of various processes in
different parts of the cell. Figure 1.3 illustrates some of the most important water

transport processes inside a fuel cell.

14
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Figure 1.3 — Simplified schematic of the water transport within a PEM fuel cell (not to scale).
BD and WCO refer to back diffusion and water crossover, respectively. EOD stands for
electroosmotic drag. The outlet gases in the cathode and anode side are water vapor and
unused oxygen and hydrogen, respectively.

The first source of water originates from the feed reactant gases that are normally

humidified, thus, the molar fluxes of water vapor in the fuel (hydrogen) and oxidant

(air) inlet streams are defined as:

A aPVS i
Nyuom,in = o Pa vl i (1.27)
o 2F Pa _qoans(Ta,-,,)

A qocva(Tcl,-,,)

— air

N ——
H,0,air,in 4F IDC - ¢c PVS(Tc,in)

(1.28)

15



where N, 5, » @and N, ,..;, are the molar fluxes of water vapor at the inlet of the
fuel and oxidant streams (mol s m?), Ay, and A, are the hydrogen and air
stoichiometric coefficients, ¢, and ¢, are the relative humidities for the anode and

cathode sides, F; , and P,

Vs

.., are the water vapor saturation pressures at the

inlet temperatures of the anode and cathode sides (kPa), and P, and P, are the

total pressures at the anode and cathode sides (kPa).

In addition, at the cathode side, water is produced at the catalyst layer by the oxygen
reduction reaction (ORR), thus the molar water flux due to the ORR reaction can be
described as (mol s m™®):

N0 :# (1.29)
The water transport inside the membrane is a complex process since there are a
number of different mechanisms that determine the water transport. One mechanism
is the electroosmotic drag (EOD), which is the phenomenon in which water is
dragged from the anode to the cathode by protons moving through the electrolyte

(membrane). The molar flux of water due to electroosmotic drag (in mol s m?) is:

i
NHZO,drag = f(A)F (1.30)

where &(A) is the electroosmotic drag coefficient defined as the number of water

molecules per proton and is a function of the membrane hydration, A. The water
generated by the reaction in the cathode catalyst layer, equation (1.29), and the
electroosmotic drag create a large concentration gradient across the membrane [5].
Thus, some molar flux of water diffuses from the cathode to the anode (i.e., back
diffusion (BD) or water crossover (WCQ)). The rate of water diffusion in the

membrane (in mol s m?) is:

AC,_,ZO
Az

NHZO,BD = DH20 (A) (1.31)
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where D, ,(A) is the water diffusion coefficient (m? s”) in the membrane at the
membrane hydration of A, and Ac, ,/Az is the water concentration gradient (mol

m™) along the z-direction (through the membrane) (m™). In addition to diffusion due
to concentration gradients, water can also be hydraulically pushed from one side of
the membrane to the other if there is a pressure gradient large enough between the
cathode and the anode. The molar flux of water due to this hydraulic permeation (in

mol s m®) is given essentially by Darcy’s law and can be defined as:

k Pc B Pa
NHZO,hyd ZTpCHzo( ; j (1.32)
where k; is the membrane hydraulic permeability (m?), u is the dynamic viscosity of
water (kg m” s™), P, and P, are the cathode and anode pressures (kPa), and 1 is the

membrane thickness (in the z-direction).

In general, the transport of water located at the GDL, MPL, and catalyst layer is
governed mainly by diffusion (for vapor) and Darcy’s flow through capillary pressure
(for liquid). In the flow field channels, there is a significant flow of gases that moves
the water (and other species) in the direction of flow by means of convection
[5,6,12].

In the case of the gas species, the main transport mechanism inside the GDL and
MPL is through diffusion. In the catalyst layers, it has been shown that the gas
transport is governed by Knudsen diffusion, which is independent of the total
pressure [13]. It is important to note that not all the specifics of the transport
mechanisms in each fuel cell component are yet understood completely, thus, there
is still a great deal of work on these areas.

1.4.1.2 Water flooding mitigation strategies

Water in the PEM fuel cell is an unavoidable product of the electrochemical reaction
and the presence of local oversaturated water vapor. Therefore, mitigation of
negative water effects, as part of the overall water management, will always be an

issue for PEM fuel cells. Even if steps are taken to avoid severe flooding in active
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fuel cells, consideration must be given to the increased parasitic power loss
associated with implementing water mitigation strategies. Parasitic losses are the
waste energy taken from the fuel cell in order to enhance the fuel cell’s ability to
create more energy (e.g., air compressor). The main purpose of these strategies is
to maintain a water balance inside the cell and to reduce the negative effects
associated with two-phase flow inside the flow field channels, the gas diffusion
layers (GDLs), and the catalyst layers (CL). Some of the methods used to improve
water management are based on simply modifying the operating conditions of the
fuel cell, which in part depend on the targeted application. The different components
of a fuel cell system can also be individually designed in order to mitigate the overall
water management issues. In addition, the use of extra systems or components
(e.g., external valves, acoustic woofers, electroosmotic pumps, etc.) has been
developed to improve the cell’s performance by solving durability issues related to
poor water management. However, many water management approaches lead to
increased parastitic loads, system volume and complexity, so continued study into
new methodologies is still essential.

1.4.1.2.1 Operating conditions

Modifying the operating conditions in fuel cell systems is a common water issue
mitigation strategy. A key goal for the PEMFC is to keep all of the water in the vapor
state but close to saturation to prevent membrane dehydration. Some of the
operating conditions that determine the water accumulation (or water dehydration)
inside a fuel cell are gas flow rates, pressures, temperatures, relative humidities, and
specific current loads at which the fuel cell is running.

Usually, gas flow rates are based on stoichiometry, which is defined as the ratio
between the actual gas flow rate used and the minimum stoichiometric amount of
gas flow rate required for the reactions to occur. Since most of the water is
accumulated on the cathode side of the fuel cell, much attention has been paid to
the effect of high air/oxygen flow rates for the removal of water. When pure oxygen
is used, the required stoichiometry is typically between 1.2 and 1.5, and when air is
used the stoichiometry is 2.0 or higher [5]. Higher gas flow rates increase the cell
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performance, but also increase the total parasitic losses since the air compressor
would consume more power [14]. Although the performance of the cell improves with
higher air stoichiometries, excessively high flow rates dry the membrane and the
overall voltage decreases significantly. Natarajan and Nguyen [15] demonstrated
that high flow rates affect the local current densities and ohmic resistances of the
membrane, especially near the inlet of the cathode flow field channel because of
increased membrane dehydration.

High gas flow rates, especially on the cathode side, can also be used to purge
accumulated liquid water inside the channels, the GDL, and the catalyst layer. This
purging step is especially important when the fuel cell is operated at freezing
temperatures. Thus, dry gases are used for both reactant streams during the
shutdown procedure in order to eliminate most of the liquid water [16-18]. In some
cases, anode purging is not necessary since the amount of water is small, thus,
improving fuel efficiency [16]. The timing of the gas purging method is an important
parameter. If the stack is purged right after cell operation (prior to system shutdown),
then there is a high probability that a large amount of liquid water will remain inside
the cell after purging. On the other hand, if the cell is allowed to cool to room
temperature (25 °C), a greater amount of liquid water will condense and the dry gas
can remove it more effectively. Also important is the purge duration period. The
resistance of the membrane can increase significantly after the water near the
membrane is evaporated. Ideally, purging is not performed for extensive periods of
time (longer than 100 seconds) because a dry membrane (high membrane
resistance) will have a direct impact on the current that the stack will be able to
achieve during a cold startup. Normally, gas purging is performed for no longer than
a minute [16,19].

One other parameter that can have a direct impact on the stack’s performance after
purging is the humidity of the purging gas. Dry gases, air or N, for cathode and H, or
N. for anode, are normally used for this procedure, but they can increase the
membrane resistance very rapidly, which would affect the cell performance for the
next start. Introducing humidity to the purging gas can reduce the degradation of the

membrane without significantly affecting the removal of water from the cell [20]. The
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use of humidity in the purging step becomes even more important after a number of
freeze/thaw cycles in order to avoid overall cumulative performance degradation
[21,22]. For more information on purging and its influence with respect to cold starts,
the reader is referred to the following references [23-26].

The pressure of the gases, the pressure drop within the flow field plates, and the
pressure difference between the anode and cathode can be varied in order to
improve water removal inside PEM fuel cells. Pressurizing gases not only improves
fuel cell performance but it also allows for better water management [5]. Pressure
drop within the flow field plates is a key factor when designing cells with improved
water removal capabilities. This depends on the choice of flow field design. Details
about flow field designs and their pressure drops are given in Section 1.4.1.2.3.

Ballard Power Systems proposed and demonstrated a method called anode water
removal [27-29] in which the water concentration profile or gradient of the proton
exchange membrane is modified in order to increase the back diffusion rate of water
from the cathode to the anode. Thus, the water at the cathode catalyst layer diffuses
through the membrane and is removed via the anode reactant gas stream. One way
of creating the water concentration gradient is by using high flow rates of hydrogen
at the anode while reducing the outlet anode pressure substantially. The high flow
rates decrease the water concentration on the anode side, which creates a water
concentration gradient in the membrane between the anode and cathode sides.
Thus, the water back diffusion rate of water from the cathode towards the anode
increases, reducing the amount of water on the cathode side. More details regarding
this method are explained in Chapter 2 (Section 2.1.5).

The temperature of the fuel cell has a great impact on the overall cell performance
and on the liquid water accumulation inside the flow field channels. At low
temperatures (less than 50 °C [30]), more liquid water accumulates in the channels.
This leads to a blockage of airflow and decreases the cell’'s performance due to the
lack of oxygen reaching active sites in the catalyst layer. Once the temperature is
increased (e.g., 75 °C), the amount of liquid water in the channels is reduced since

the capacity for water to stay in vapor state is greater at high temperatures than at
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low temperatures [30]. Therefore, the flow channels are substantially less blocked
with water and the cell’s performance improves. Figure 1.4 shows how the water
accumulation decreases when the cell temperature is increased at the same current
density. At 75 °C, it can be observed that the flow field channels do not have water
accumulation and just one channel has water droplets. In addition, when the cell
temperature is increased the cathode pressure drop decreases since there is less
liquid water present in the gas diffusion layers and the flow channels [31]. Chuang et

al. [32] observed that even slight changes of the cell temperature (76 > 80 -C) are

enough to decrease the amount of liquid water accumulated in the channels and in
the GDLs, especially at high current densities. For example, at 76 °C the water
content, measured using a neutron imaging technique, was 350 mg compared to

317 mg of water when the cell temperature was 80 °C.
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Figure 1.4 — Effect of cell temperature on cathode water build-up in parallel channels. The
fuel cell used was a 5 cm? transparent single cell with 1 mm thick stainless steel cathode
plate (0.8 mm wide channels machined all the way through) and a plexiglass cathode end
plate in order to observe the flow field channels. The MEA was composed of a Nafion® 1135
membrane sandwiched between two carbon fiber papers (not specified). Both anode and
cathode catalyst layers had a Pt loading of 0.4 mg cm?® The cell was operated at
atmospheric pressure, an oxygen flow rate of 30 ml min™" and a hydrogen flow rate of 50 ml
min”, and a constant current density of 400 mA cm?® The gases were not humidified.
(Reprinted from Liu et al. [30] with permission from Elsevier).

Higher temperatures also decrease the surface tension and viscosity of liquid water,
facilitating more convective water removal in the flow channels [31]. Increasing the
temperature between the cathode inlet and outlet to establish a thermal gradient has
been shown to be an effective method for water management [33]. This can be
accomplished through the use of a coolant flow field that can create such
temperature gradients. In addition, temperature gradients can be controlled inside
fuel cell stacks in order to improve fuel cell startup from freezing temperatures. In
general, the use of temperature gradients in order to control the water migration from
one side of the membrane to the other, also referred to as thermo-osmosis, is of
critical importance in the reduction of overall water issues [34,35].
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The relative humidity of the gases is another important operating condition that can
be varied to mitigate water flooding and two-phase flow inside fuel cells. Bernardi
[36] discussed how the water balance in fuel cells is more sensitive to changes in
the relative humidities at the inlet of the air stream than at the inlet of the fuel side,
leading most studies to deal with the relative humidity of the cathode side. Biichi and
Srinivasan [37] performed tests with dry gases and showed the performance of the
cell was around 60% lower compared to the same cell with humidified gases (at 500
mA cm™). This performance loss was attributed to the increase of the membrane’s
resistance due to dehydration (and reduced liquid content in the channels and MEA).
In addition, long exposure to dry (no humidification) conditions has a direct impact
on the fuel cell’s overall performance, thus, compromising the durability of the fuel
cell [5]. In general, the ideal relative humidity for a fuel cell system has to be
determined after consideration of the flow field design, the MEA materials, and the
application for which the fuel cell system will be used. For example, if the GDL does
not have enough porosity it may not remove water efficiently at higher water
production rates. However, at dry conditions, this may be favorable since the water
accumulated in the GDL can keep the membrane humidified.

Figure 1.5 shows an example of a single fuel cell with and without humidified gases.
It is evident that at high current densities (greater than 1200 mA cm™) the membrane
is likely dehydrated, causing the cell performance to quickly deteriorate. Although for
the midrange current densities the cell with dry gases performs similarly to the case
with humidified gases, it is important to note that after prolonged hours of operation
a number of failures are encountered, which are likely associated with the dry gases
(i.e., dehydration due to lack of water content in the fuel cell). In general, there
should be an appropriate water balance inside the fuel cell, and the ideal humidity
for a specific fuel cell design and operating condition(s) should be set to achieve

such a balance.
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Figure 1.5 — Performance comparison for a fuel cell with fully humidified reactant gases
(100% RH) and no humidified reactant gases. The MEA was composed of a Gore 5510
Primea Series membrane (0.4 mg Pt cm? on each side), SGL 25 BC GDLs for both the
anode and cathode sides. The active area was 49 cm? [38].

1.4.1.2.2 Membrane electrode assembly design

Modification of the proton exchange membrane, the catalyst layers, and the gas
diffusion layers are all valid approaches to improve the overall water management
inside fuel cell stacks. It is important to note that one main concept, which can be
implemented in any fuel cell component, is based on creating non-uniformity and in-
plane gradients in the fuel cell structure in order to improve the overall performance
of the cell [39]. These gradients along the MEA’s surface (or between components)
can change the electrochemical activity or modify the water transport along the
whole cell. As discussed, by creating pressure and/or temperature gradients along
the GDLs and the flow field channels (between the inlet and the outlet points of the
gas streams) the accumulation of water and subsequent water removal can be
significantly improved. Many other parameters can be manipulated non-uniformly
such as hydrophobicity (PTFE content) and porosity.
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Membrane and catalyst layers

The use of thin membrane materials improves the back diffusion rates of water from
the cathode side towards the anode side. However, due to mechanical strength
issues the membrane cannot be too thin because pinholes can be formed rapidly
and the membrane can dry out faster. Membranes between 25 and 40 pum in
thickness are recommended for most fuel cell applications [40].

One approach to reduce water accumulation inside the fuel cell is to use membranes
with porous fiber wicks, as proposed by Watanabe et al. [41]. In this method, twisted
threads of porous polyester fibers are placed (and hot pressed) between two Nafion®
117 sheets in order to supply water directly to the membranes. The MEA will be fully
humidified, thus eliminating the need for humidifying the fuel and oxidant gases.
Watanabe et al. also found that reducing the amount of porous fibers can modify the
amount of water supplied through the wicks depending on the current density and
fuel cell application.

Catalyst layer structure can also be modified in order to reduce the effect of flooding
by improving the gas and liquid water transport [40,42,43]. Nguyen et al. [42]
proposed a catalyst layer structure that separates transport channels for gas and
liquid phases. The structure has a number of ionic (Nafion®) and electronic (carbon
with catalyst) interconnected paths for proton and electron transport. The ionic film
must be thick enough to avoid ionic resistance but thin enough to facilitate gas
transport. The best Nafion® to carbon weight ratio found was found to be 1:1. This
structure also has hydrophobic particles (PTFE) filling parts of the empty spaces
between the ionic and electronic networks. Thus, the voids near the ionic film
(hydrophilic) help liquid transport and the voids near the PTFE particles help the gas
transport. Watanabe et al. [44,45] developed thin self-humidifying membranes that
have highly dispersed nanocrystallites of Pt and oxides (such as TiO, or SiOy). The
Pt particles along with the oxides allow the reaction of Hy and O,, while keeping the
product water at the hygroscopic oxide sites.
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Gas diffusion layers

Gas diffusion layers used in PEM fuel cells are normally treated with an agent such
as PTFE or fluoroethylenepropylene (FEP) to increase hydrophobicity. For cathode
GDLs, this coating is vital since most of the water produced and accumulated inside
the cell exits through the cathode side. For the anode GDL, this coating is not as
critical but still important when dealing with back diffusion of water and to give more
structural strength to the GDL. Another strategy for improving the water transport
inside fuel cells is to use a thin microporous layer (MPL) on the surface of the GDL
that faces the catalyst layer and the membrane. This layer is made with carbon black
particles and PTFE (i.e., for hydrophobicity), and is usually deposited only on top of
one of the surfaces of the GDLs, forming a double-layer diffusion layer. Microporous
layers are now commonly used to improve the overall performance and voltage
stability of fuel cells [46]. More details regarding treatments normally used on GDLs
for water management purposes (including MPLs) are discussed in Section 1.4.2.

Diffusion and water barriers

Normally in fuel cells, any type of layer that acts as a barrier (either for gas or liquid)
is avoided since it reduces the gas accessibility to the catalytic sites and increases
the liquid water accumulation inside the cell. However, for specific conditions (e.g.,
low humidity) having these barriers may actually be beneficial. Graftech International
produces laminated graphitic foils with perforations that can be used in fuel cell
applications. They claim that these foils can be used as gas diffusion barriers in
order to improve water hydration inside the cell at dry conditions [47]. However, no
data are available in the literature that demonstrates their claim. In direct methanol
fuel cells (DMFC), the use of liquid barriers on the anode side has been employed in
order to reduce fuel crossover to the cathode side. In fact, Lam [48] was able to
demonstrate a significant fuel crossover reduction, around 73%, when using

perforated graphitic foils as barrier layers.

1.4.1.2.3 Flow field design and configuration

The flow field channels should distribute the reactant gases over the electrode
surfaces as uniformly as possible in order to utilize the active catalyst efficiently.
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These channels also have to collect and remove the product water in order to
minimize flooding effects of liquid water. The fixed channel geometries and fixed
active areas of flow fields determine the reactant flow characteristics over the
operating range of the fuel cell. The most common flow field designs currently in use
are parallel (straight) channels, serpentine, and interdigitated [6,49-51] (see Figure
1.6). The parallel design is comprised of a number of straight channels connected to
common inlet and outlet headers. One issue associated with this design is that water
tends to accumulate in the channels and the pressure drop is too low to remove the
water [6,49]. This issue leads to the maldistribution of the reactant gases in the flow
field, causing reactant starvation in some channels and an excess of reactants in
other channels (i.e., the full active area is not utilized). In order to improve this type
of flow field design, the Ballard automotive fuel cell (Mk900) was designed with
longer parallel channels (i.e., an exaggerated aspect ratio), to increase pressure
drop and to reduce the maldistribution issues [52].

Channels

l Flow in l Flow in l Flow in

Flow out * Flow out * Flow out *

Parallel Serpentine Interdigitated

Figure 1.6 — Schematics of the three most common flow field designs.

In general, the pressure drop for continuous straight channel flow field can be
calculated using Darcy-Weisbach equation [53] as follows:
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where fis the friction factor, v is the average flow velocity (m s™), Dy is the hydraulic
diameter (m), L is the channel length (m), and p is the fluid density (kg m®). The
hydraulic diameter is related to the channel’s cross-sectional area, a, and perimeter,

p, (D, =ﬁ). The friction factor can be considered to be a combination of laminar
p

and turbulent terms given by [50]:
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(1.34)

where Re is the Reynold’s number and u is the fluid viscosity (kg m™ s™).

Substitution of this expression into Darcy-Wesibach equation gives the following

overall expression for pressure drop in the flow field channel:
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The flow velocity v is related to the reactant stoichiometry by
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where A, and A, are the stoichiometric coefficients (inverse of utilization) of the

respective reactants, i is the current density (A cm™), and Ais the cell active area
(cm?). These approximations are at standard conditions.

Serpentine flow fields have one or more continuous channels connected to an inlet
and outlet header and typically follow a path with several bends (see Figure 1.6).
These flow fields generally have longer channel lengths and a greater pressure drop
along the channels due to the bends, which facilitates water removal. Multiple

serpentine channels are used for large active areas in order to avoid excessively
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high pressure drops [50]. Li et al. [54] presented a method for designing serpentine
flow fields based on an appropriate flow channel pressure drop so that all of the
liquid water is evaporated and removed from the cell through the flow fields.
However, it is important to note that the cells designed through this method exhibited
inferior performance (600 mA cm® at 0.6 V) compared to similar serpentine flow
fields found in the literature (= 1000 mA cm™@at 0.6 V).

For interdigitated (or discontinuous) flow fields, there are a number of parallel
discontinuous channels (i.e., the channels are discontinuous from the inlet header to
the outlet header) (see Figure 1.6). The reactant gases are forced to flow through
the porous electrodes (or GDL) in order to reach the channels connected to the
outlet manifolds. Since the gases are forced along a short path through the GDL and
catalyst layer, the liquid water is removed more efficiently, resulting in better
performance at higher current densities. However, these flow fields do not remove
the water located at the inlet of the channels properly, and the voltage stability at low
current densities is very poor [51]. In general, this flow field type is most suitable for
high current densities, but it increases the parasitic losses due to the larger pressure
drops. Equation (1.35) alone does not provide an accurate measure of pressure
drops in interdigitated channels because additional pressure drops caused by the
diffusion of the reactant gases through the gas diffusion layer from one channel to
another are not represented. For an interdigitated flow field the total pressure drop

would be given by the sum of each pressure drop contribution,

AP,

total

where AP,

inlet

= AP

inlet

+ AP,

outlet

+ AP,

diffusion

(1.37)
is the pressure drop at the inlet (kPa), AP, is the pressure drop at

the outlet (kPa), and AP,

diffusion

is the diffusion pressure drop (kPa) through the GDL.

Perry’s Chemical Engineers Handbook [55] gives the diffusion pressure drop as:

AP = _Ustn (1.38)

diffusion k

where u, is the superficial velocity (m s™), L is the channel’s length (m), and k is

the permeability of the media (m?).
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In addition to these pressure drops, for the interdigitated flow field the change in
pressure over the length of the channel can be assumed to be constant, i.e.

Llid = const (1.39)
dL

Using equations (1.35) and (1.39) we have:

2

dP= 32,&\/(:()_‘_ fturbu/entpv(x) dL (140)
D, (x) 2D, (x)

where x is a determined portion of the channel length (m). Now, with equations

(1.38) and (1.40), the overall pressure drop in an interdigitated flow field can be

expressed as:

L 2
APtotal — 2J'|:32:U\£(X) + fturbu/entp V(X) j|dL _ VL:u (1 41 )
| D, 2D, k

Another key factor regarding flow fields channels of a fuel cell is the direction in
which the flow fields (coolant included) are placed, since it also has an influence on
the overall water management and performance of the cell. Depending on the
application, it may be desirable for the coolest region of the coolant channels to
coincide with the area in which the oxygen concentration in the cathode channels is
the highest and where there is the least amount of water in the cell. Wilkinson et al.
[33] used this approach to create a thermal gradient across the cathode electrode in
order to keep the product water in the vapor phase (see Section 1.4.1.2.1). They
also operated a fuel cell with dry gases by using the cathode and coolant flow field in
co-flow and the anode in counter-flow. Similarly, cross-flow operation between the
fuel and the oxidant channels may be preferred to co-flow or counter-flow
configurations. Figure 1.7 shows the schematics of some flow field configuration
examples. In Figure 1.8, it can be observed how the performance of a single cell fuel
cell changes depending on the configurations of the anode and cathode flow fields.
For this specific cell design, the cross-flow arrangement resulted in the best
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performance, approximately 5 to 10% better than the other two arrangements, at
current densities higher than 1000 mA cm™.
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Figure 1.7 — Examples of different anode and cathode flow field arrangements.
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Figure 1.8 — Performance comparison between co-flow, cross-flow and counter-flow
configurations between the anode and cathode flow fields. The MEA was composed of a
Gore 5510 Primea Series membrane (0.4 mg Pt cm 2 on each side), SGL 25 DC GDL for
the anode and SGL 25 BC GDL for the cathode. The anode and cathode flow field plates
had single-path serpentine flow fields. The active area was 49 cm? [38].
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The cross-sectional shape of the flow field channels also plays a key role in effective
water removal. For example, Trabold et al. [56,57] demonstrated how triangular
shaped flow field channels can have designated localized water collection regions.
The water then accumulates away from the gas diffusion layer, which allows more
gas to reach the catalyst layer. In addition, the cross-section of the channels can be
designed to change gradually along the length of the channel, modifying the
pressure drop and gas distribution along the active area [58]. Johnson et al. [59]
developed a differential pressure flow field for water removal by changing the shape
of the flow field channels with respect to each other.

The flow field channels can also be modified with respect to their hydrophilicity.
Hydrophilic channels may improve the transport of gases to the reactant sites by
facilitating the water transport in the edges and surfaces of the channels [60].
However, very hydrophilic channels result in greater pressure drops due to liquid
water blockage. The wetting capabilities of the channels can be modified by using
different cross-sectional geometries and/or by altering the surface characteristics of
the flow field plate materials [61].

The use of porous plates (e.g., porous graphite, porous metals, etc.) with standard
flow fields has improved water management in fuel cells, especially when dealing
with dry conditions and gases at ambient pressures [62]. United Technologies
Company (UTC) developed a fuel cell stack with porous flow field plates in which the
pores are filled with liquid water [63-66]. These plates have coolant flow fields filled
with water on one side and gas flow channels on the other that are in contact with
the MEA. Since the plates are gas impermeable, the gas does not diffuse through
the pores towards the coolant channels. The water accumulated in the gas channels
is wicked towards the coolant side since the gas streams are at higher pressure than
the coolant streams. Thus, issues related to water accumulation in the flow field
channels are reduced significantly. Miachon and Aldebert [67] also used a porous
plate to improve water management by forcing the gases to pass through porous
carbon blocks situated between non-porous graphite plates in order to reach the
GDL instead of flowing through channels.
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Another way of modifying the flow field channels to reduce the accumulation of water
in the GDL and in the flow channels is through the use of absorbent wicking
materials. Examples of these materials include polyvinyl alcohol sponges, absorbent
cotton cloth, and absorbent cotton paper [68-71]. These materials can be located
near the inlet and outlet areas of the flow fields in order to absorb excess water and
to humidify the dry gases that enter the channels. This approach would then

potentially eliminate the need for a humidification system.

1.4.1.2.4 Use of additional systems

There have been a number of proposed add-on systems that attempt to improve
overall fuel cell stack performance without increasing the parasitic energy demand
significantly. Nguyen et al. [72-74] presented a system that used sequential exhaust
or purging of individual cells in a stack as a liquid water management strategy. This
system used a device (electromechanical valves or rotating device located outside
the stack) that allowed each cell in the stack to exhaust separately from the other
cells. Thus, each cell was guaranteed to receive adequate gas flow without water
accumulation. One important issue with this concept is the added complexity to the
system due to the addition of extra valves. Matsumoto et al. [75] proposed a fuel cell
stack that changed the flow field of the cathode plates by changing the external port
arrangement with valves depending on the power that the cell was delivering (e.qg.,
parallel flow field at high power levels and serpentine flow field at low power levels).
Hensel et al. [76,77] have proposed another system in which a stack was designed
to facilitate control of fuel, air and cooling water to each cell. The delivery system for
this stack used micro-valves located outside the stack to manipulate the fuel flows to
each cell. It is claimed that these micro-valves are being developed so they can

potentially be implemented inside the internal manifold of the stack.

Researchers at Stanford University have developed a PEM fuel cell integrated with
an electroosmotic pump to improve the water management of the cells at different
conditions [78-82]. In their latest design, a porous carbon plate with parallel flow field

channels was connected to a small electroosmotic pump placed outside the fuel cell.
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The hydrophilic porous plate acts as a wick and absorbs water from the flow
channels and the GDL until the region is saturated. At this point, the pump is used to
remove the remaining water from the cell. Between the plate and the pump, there is
a polyvinyl alcohol filter that connects both components and filters out any particles
that may damage the pump (see Figure 1.9). It is claimed that this system consumes
just 1% of the overall fuel cell power at low current loads and only up to 0.5% at
medium to high current densities. These tests were performed with single cell fuel
cells, and the implementation of such a system into an actual fuel cell stack has not
been demonstrated. The addition of an electroosmotic pump does not only just
increase the overall complexity and size of a fuel cell stack, but it can also impose a
negative effect on the overall reliability of the system.
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Figure 1.9 — (a) Schematic of a porous plate with an external electroosmotic pump used in
fuel cells and (b) detailed view of the water path with the porous plate and electroosmotic
pump (Reprinted from Litster et al. [81] with permission from The Electrochemical Society).
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Acoustic woofers are another method in which additional systems are incorporated
into fuel cells in order to generate pulsating flows. This has resulted in the
improvement of water management and of fuel cell overall performance [83].
However, the overall fuel cell efficiency is slightly decreased, between 2 to 3%, due
to the use of the woofer. Vibration and acoustic methods have also been considered
as possible approaches for the removal of excess product water in PEM fuel cell
stacks [84,85]. This method would use waves (flexural, acoustic, or surface waves)
to remove the water droplets inside the fuel cell. However, these methods are still in
the theoretical and modeling stages, and no practical experiments have been
reported.

1.4.2 Gas diffusion layers

The gas diffusion layer (GDL) is usually made out of carbon fiber paper (CFP) or
carbon cloth (CC) and is a vital component of the MEA and fuel cell since it provides

the following functions and properties:

e To evenly distribute the reactant gases from the flow field channels to the
catalyst layer. For this, GDLs have to be porous enough so all the gases flow
without major problems.

e To remove the water produced and accumulated in the catalyst layers
towards the flow field channels. The GDL must have large enough pores so
that the condensed water can leave the catalyst layer, MPL and GDL without
blocking any pores that may affect the transport of reactant gases.

e To provide mechanical support to the catalyst layer and the membrane in
order for these two components not to be affected by the pressure that the
landings or ribs of the flow field plate put on them. Therefore, the GDL has to
be made out of a material that does not deform substantially after long hours
of operation so that it is still able to provide mechanical support.

e To conduct electron flow from the bipolar plates to the catalyst layer and vice
versa with low resistance between them. In order for the GDL to be able to do
this successfully, it has to be made of a material that is a good electron

conductor.
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e To transfer the heat produced from the catalyst layer to the bipolar plates in
order to keep the cell at the desired temperature of operation. Thus, the GDL
should be made out of a material that has a high level of thermal conductivity
so the removal of heat is as efficient as possible.

In this thesis, gas diffusion layers will be considered as the porous media that help
the transport of the reactant fluids and products from one surface to another. In
addition, the MPL will be defined as the additional layer or layers (made out of
carbon black and water repellent particles) located between the CL and the GDL. It
is important to note that although “microporous layer” and “gas diffusion layer” are
the common names for these components, as well as the ones used in this thesis,
there are a number of different names that can be found in the literature. For
example, when both the catalyst layer and the GDL are mentioned as one
component, then the name “diffusion electrode” is commonly used. Since the GDL is
of a porous nature, it has also been called the “diffusion media” (DM) or “porous
transport layer” (PTL). Sometimes the GDL is also referred to as the component
formed by an MPL and a backing layer. The MPL has also been called the “water
management layer” (WML) because one of its main purposes is to improve the water
removal inside the fuel cell. In this thesis these components will be referred to as the

MPL and GDL because these names are widely used in the fuel cell industry.

1.4.2.1 Different types of gas diffusion layers

There are a number of different materials that have been considered as potential
candidates to be used as gas diffusion layers in PEM fuel cells. The two materials
that have been used the most so far in fuel cell research and products are carbon
fiber papers (CFPs) and carbon cloths (CCs), also known as carbon woven fabrics.
Both materials are made from carbon fibers. Although these materials have been
quite popular for fuel cells, they have a number of drawbacks, particularly with
respect to their design and model complexity, that have led to the study of other
possible materials.
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1.4.2.1.1 Carbon fiber paper

Carbon fiber papers are made of carbon polyacrylonitrile (PAN) fibers, which are cut
into small pieces then coated with water and a binder (e.g., polyvinyl alcohol). After
rolling the material inside an oven, it is impregnated with a resin (e.g., phenolic resin)
[86]. Figure 1.10 shows SEM (scanning electron microscope) micrographs of a
carbon fiber paper with and without a hydrophobic coating. As seen in Figure 1.10d,
some of the pores of the CFP can be partially blocked if too much coating is used.
For more information and details regarding the fabrication processes of carbon fiber
papers please refer to [87-89].
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Figure 1.10 — Scanning electron microscope (SEM) micrographs of typical carbon fiber
paper sheets used in fuel cells: (a) Toray TGPH-060 carbon fiber paper (CFP) with no PTFE
(reference bar indicates 500 um); (b) close-up view of the TGPH-060 CFP with no PTFE
(reference bar indicates 100 um); (c) Toray TGPH-060 CFP with 20% PTFE (reference bar
indicates 500 pym); (d) close-up view of the TGPH-060 CFP with 20% PTFE (reference bar
indicates 100 um). PTFE stands for polytetrafluoroethylene.

37



1.4.2.1.2 Carbon fiber cloth

Along with CFPs, carbon cloths (CC) have also been widely used materials for gas
diffusion layers in fuel cells. The majority of these fabrics are made from PAN fibers
that are twisted together in rolls. These rolls then go through a process of weaving or
knitting until the cloths are formed [86]. Instead of using a resin to hold these
materials together, their woven structure provides the mechanical strength and
integrity needed. Figure 1.11 shows SEM micrographs of a typical carbon cloth
material used in fuel cells with and without hydrophobic coating, in which it can be
observed that the CCs have a much more organized structured than CFPs.
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Figure 1.11 — Scanning electron microscope (SEM) micrographs of typical carbon fiber
cloths used in fuel cells: (a) E-Tek Carbon Cloth “A” with no PTFE (reference bar indicates
500 um); (b) E-Tek Carbon Cloth “A” with 20% PTFE (reference bar indicates 500 um); (c)
close-up view of the E-Tek Carbon Cltoh “A” with 20% PTFE (reference bar indicates 50

pm).
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1.4.2.1.3 Metal gas diffusion layers

Due to their high electrical and thermal conductivity, materials made out of metal
have been considered for fuel cells. Only a very small amount of work has been
presented on the use of metal materials as gas diffusion layers in the PEM fuel cell
because most of the research has been focused on using metal plates as bipolar
plates [90] and current collectors. The GDLs have to be thin and porous, and have
high thermal and electrical conductivities. They also have to be strong enough to be
able to support the catalyst layers and the membrane. In addition, the fibers of these

metal materials cannot puncture the thin proton electrolyte membrane.

Of the most common GDL materials, carbon fiber papers are widely known for being
mechanically weak since their microstructure is destroyed when excessive
compression forces are applied to them (i.e., when compressing a fuel cell). This
destruction of the materials affects the porosity, which has a direct impact on gas
and liquid transport mechanisms within the GDL and the fuel cell [91]. Carbon cloths
have better mechanical strength due to their lack of compressibility. Compression
forces on GDLs can also affect the overall electrical conductivity of the cell. Thus,
metal meshes (e.g., expanded metals or screens), perforated sheets, felts, and
foams have all been considered as possible GDLs to overcome some of the
conventional GDL limitations.

Metal meshes

In electrochemical systems, metal meshes have been widely used as the backing
layers for catalyst layers (or electrodes) [92-95] and as separators [96]. In fuel cells
where an aqueous electrolyte is employed, metal screens or sheets have been used
as the diffusion layers with catalyst layers coated on them [97]. In direct liquid fuel
cells, such as the direct methanol fuel cell (DMFC), there has been research with
metal meshes as diffusion layers in order to replace the typically used CFP and CC
diffusion layers since they are considered not suitable for the transport and release
of carbon dioxide gas from the anode side of the cell [98]. Shao et al. [99] used a
Titanium mesh as the GDL for the cathode (air) side, which was coated on both
sides with carbon black (Vulcan XC-72) and PTFE (i.e., with microporous layers on
each side). It was shown that this novel cathode GDL performed similar to
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conventional CFP GDLs under comparable conditions. Similar metal sheets have
also been used as GDLs in the cathode of PEMFCs. Wilkinson et al. [100,101]
presented the idea of using fluid distribution layers made out of metal meshes with
electrically conductive fillers inside the holes of the meshes. A very similar idea was

also presented by Hamada et al. [102].

In most of these studies, the meshes used were expanded metals that are readily
available since they are used in many industries. Expanded metals are usually made
with a precision die that slits and stretches the material in a single operation. The
material is then passed through a set of rollers in order to obtain the desired
thickness [103]. Figure 1.12 shows pictures of an expanded metal mesh similar to
those used as GDLs in fuel cells.
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Figure 1.12 — Scanning electron microscope (SEM) micrographs of a typical stainless steel
expanded metal (reference bars indicate 500 um): (a) Picture taken with material sitting flat;
(b) Picture taken with the material tilted at 45°.

Sintered metals

Sintered metals have also been considered as possible GDLs given that these
materials exhibit great mechanical strength and electrical conductivity. Hottinen et al.
[104,105] used titanium sintered meshes as GDLs on the cathode side of a PEMFC
since the porosity of these Ti metal sheets does not reduce when in compression. It
was demonstrated that in order for the cell to achieve at least 90% of baseline
performance, the sintered meshes had to be coated with platinum. However, the
results showed that a cell with CFP (SIGRACET GDL10-BB) as the GDL still
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performed slightly better (especially at high current densities) than the cell with the
Pt-coated sintered Ti mesh. Cisar et al. [106] presented another example in which a
GDL consisting of sintered metal fibers was used on the cathode side of a PEMFC.
These fibers were unified or bonded to the flow field plate (made out of metal) before

assembly in order to combine the two components into one.

Micromachined meshes

Micromachining has also been used to fabricate perforated metal meshes as GDLs
in micro fuel cells. Fushinobu et al. [107] developed thin, perforated Ti films/sheets
using micro fabrication technology (see Figure 1.13). However, the performance of
the PEMFC using these GDLs was substantially lower compared to a cell with CFP
as a GDL. Wan et al. [108] published a study in which a thin Ti substrate with micro-
flow channels machined on it was used in a micro-PEMFC. This Ti sheet was also
used as the cathode current collector, flow field plate, and GDL. Acceptable
performance (approx. 0.6 V at 300 mA cm™@) was achieved with these components

when they were coated on both sides with a microporous layer.

Figure 1.13 — Scanning electron microscope (SEM) image of a Ti gas diffusion layer with 25
um diameter holes (reference bar indicates 100 pm). (Reprinted from Fushinobu et al. [107]
with permission from Elsevier).

Zhang et al. [109,110] also used micro fabrication techniques in order to develop a
thin perforated copper foil and use it as a cathode GDL in a 10 cm? PEMFC. In

addition to the metal GDL, an “enhancement” layer was used that consisted of a
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porous material located between the perforated copper foil and the flow field plate
(CFP was used in this study). This layer improved the overall short-term
performance and water management of the cell. However, the authors did not
discuss any possible long-term issues related to contamination of the membrane

due to the use of a copper GDL.

Lee et al. [111,112] developed thin perforated stainless steel sheets to be used as
GDLs on the cathode side of a micro-PEMFC. The micro holes (50 um in diameter)
in the stainless steel sheet were fabricated by lithography and wet etching.
Unfortunately, no performance data of these GDLs were presented.

Metal foams

Metal foams have been used in the past in the development of flow field plates. For
example, Gamburzev et al. [113] used Ni foams as both a GDL and a flow field plate
with an MPL layer on one of its surfaces. They observed that such a design had high
contact resistance between the nickel foam and the MPL and also increased gas
diffusion resistance due to the required MPL thickness. In another study, Fly et al.
[114] designed a fuel cell stack in which the gas distribution layers were made out of
metal foams (open cell foams). In addition, more than one foam (with different
porosity) could be sandwiched together in order to form a GDL with variable
porosity. However, no experimental data were presented to demonstrate the
advantages of using these GDLs.

1.4.2.1.4 Engineered gas diffusion layers

One of the main issues with the CFPs and CCs used as the gas diffusion layers is
the non-controlled variation in porosity (and other localized properties); for example,
the porosity characteristics between carbon papers are not repeatable [115]. These
materials are hard to improve since only average pore sizes and volume densities
can be measured and most of the development has been based on empirical
parameters (see Figures 1.10 and 1.11). In addition, water management and mass
transport limitations, which are some of the major issues for the fuel cell, could be
improved considerably if the GDLs can be carefully designed, taking into account all
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their parameters [107]. Ideally, GDLs should be designed based on the specific fuel
cell application, taking into account the necessary porosity (i.e., open area),
improved gas diffusion and distribution, water removal capability, etc. Therefore,
engineered materials in which the porosity and perforations used for liquid and gas
transport are specifically designed in order to achieve the desired performance have
started to be considered as possible GDLs. It is important to note that CC materials
are more ordered and property controlled than CFPs; thus, they could be considered
as partially engineered GDLs. In addition, some of the studies explained earlier
regarding the use of micromachined metal GDLs are also considered as engineered
GDLs.

Perforated non-porous materials

One of the first fuel cell designs that used these types of engineered materials was
presented by Wilkinson et al. [100]. They presented the idea of using a fluid
impermeable sheet material (e.g., graphitic foil) as GDLs for both the anode and the
cathode. The sheets had perforations in the regions corresponding to the active area
of the cell, and were filled with electrically conductive filler or with catalyst, thus,
increasing the overall active zone (ideal for liquid fuel cells).

Later, the same group presented a similar design of this perforated material in which
more advanced ideas related to the development of the perforations were introduced
(see Figure 1.14) [101]. They showed that the perforations could increase in size in
a graded or banded manner or their area density could change also in a graded or
banded manner (see Figures 1.14a-1.14d). Also, the perforations could have
different cross sectional shapes, for example, straight, tapered, or any other
combination (see Figure 1.14e); they could also be connected to each other in
different ways with passages or grooves, similar to flow fields (see Figure 1.14f).
Other types of materials such as expanded metals, metal screens, and perforated
metal sheets were also considered. Integrating both the GDL and the flow field plate
into one component, and thus reducing the overall size and cost of the cell even
further, was also explained in detail. All of these designs can also be tailored in order
to improve the overall gas permeability of the specific GDL and reduce the mass

transport limitations within the cell [101]. To the best knowledge of the author, there

43



are limited published results or published experimental data that demonstrate how

these engineered GDLs perform as gas diffusion layers.
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Figure 1.14 — Perforated pores: (a) different sizes in graded manner; (b) different sizes in
banded manner; (c) different density of perforations in a graded manner; (d) different density
of perforations in a banded manner; (e) perforations with different cross-sections; (f) plane
view of perforations with extra passages/grooves [101].

Mercuri [116] of Graftech Inc. developed graphitic sheet materials made out of
compressed expanded graphite particles. In general, these materials consist of a
monolithic graphitic structure that is flexible, conformable, electrically and thermally
conductive, and is not deformed easily when compressed. In order to be used as
gas diffusion layers in electrochemical cells, the sheets or foils were perforated by
mechanical impact. This process was performed with a pressing roller, which had
protrusion elements that were forced through one side of the graphite sheet. Similar
to the earlier work of Wilkinson et al. [100,101], the perforations could also be
designed using different sizes, shapes and placements in order to improve gas
diffusion and reduce water flooding in fuel cells [117]. In addition, these materials
can also be made hydrophobic (waterproof), the perforations can be filled with
catalyst (important in liquid fuel cells), and the overall electrical and thermal
conductivity can be enhanced [118-120]. Figure 1.15 shows pictures of some
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expanded graphite foils fabricated by Graftech Inc. with 2,500 tips per square inch
(Figure 1.15a) and 1,200 tips per square inch (Figure 1.15b).
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Figure 1.15 — Grafcell® flexible graphite diffusion layers by Graftech Inc. with 21% open
area (reference bar indicates 0.5 mm): (a) 2,500 tips per square inch, (b) 1,200 tips per
square inch.

Few experimental data have been published regarding these types of diffusion
layers. Yazici [121] presented a study in which the graphitic foils (Graftech Inc.) were
used as cathode gas diffusion layers in direct methanol fuel cells. These foils had a
2,500 tpi (tips per square inch) and 15% open area. When compared to a CC (ELAT
with MPL), this GDL did 5 to 10% better, especially at dry conditions. Once the cell
temperature was increased from room temperature to 80°C, there was no clear
difference between the CC and the graphitic foil GDL. In another study, a perforated
graphitic foil was used with an MPL on top of one of its surfaces as the cathode GDL
in a cylindrical PEMFC [122,123]. Recently, Gurau et al. [124] tested a number of
different Graftech expanded graphite sheet materials, called Grafcell®, as cathode
gas diffusion layers. It was demonstrated that the best performing GDLs had high
open area and low hole density. However, the tests were performed at reactant
stoichiometric ratios for both cathode and anode sides of 5.0 and 3.0, respectively.
These ratios are unrealistic and significantly greater than those typically used by the
fuel cell industry, which are around 2.0 for the cathode and 1.5 for the anode [5]. In
addition, none of the details regarding the exact open areas, exact amount of
perforations/holes and specific characteristics of the holes (size, shape, etc.) are

given.
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Zhou et al. [125,126] investigated the use of perforated materials as cathode GDLs
in PEMFCs through modelling (no experimental results were reported). However, the
group’s model results were produced based only on conservation of mass and
momentum (i.e., energy and electrochemical equations were not considered). This
model studied only how different shapes of perforations affected the liquid water
removal through the GDL. It was concluded that the GDL with trapezoidal-shape
perforations with the smaller area facing the flow field channels enhanced water
removal inside the MEA. However, neither experiments nor performance-based data

were published.

In Section 1.4.2.1.3, it was mentioned that Zhang et al. [109,110] developed a
technique to micro-machine a thin metal film prepared from copper. This material
had a number of perforations that followed a predetermined pattern and such a
design can be changed fairly easily by just changing one of the masks that were
used in the fabrication process. Lee et al. [127] used a silicon substrate and
machined micro-perforations and micro-channels on it using MEMS (micro-electro-
mechanical systems) techniques in order to use it as the cathode diffusion layer and
flow field channel plate in a micro-PEMFC.

Perforated porous materials

Modifying existing carbon fiber papers in order to improve gas and liquid water
transport through the use of perforations and grooves can also be considered as
part of an engineered GDL approach. Johnson et al. [128] and Wilkinson et al. [39]
used pierced and grooved GDLs in order to improve the liquid water transport inside
the GDL and the MEA. The location of these modifications is highly dependent on
the operating conditions and design of the fuel cell. For example, at fully humidified
conditions more perforations should be located near the outlet of the cathode flow
field channels in order to enhance water removal. In fact, most of the water issues
are usually near the outlet of the flow field plate; hence these grooves and

perforations were located mostly around these areas.
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Gerteisen et al. [129] used a Nd:YAG laser to make 80 um diameter holes in a CFP.
The location of these holes aligned with the serpentine flow field channel of the
cathode plate. Although the active area was fairly small (1 cm?), the MEA with the
perforations presented less liquid water accumulation and oxygen transport
limitations, which resulted in better water management and overall fuel cell
performance. Recently, the same research group presented a similar study in which
a 6-cell fuel cell stack (30.87 cm? active area) with perforations (or water transport
channels) in the cathode GDLs (around 950 holes in each CFP) was tested at
various operating conditions [130]. The perforations were placed 1 mm apart from
each other and were aligned to the serpentine flow field of the cathode plate. It was
observed that in comparison with a stack with normal CFPs, the perforations
improved the water transport from the CL towards the FF plates. In addition, the
modified stack presented a lower overpotential and higher stability in the high
current density range. However, the size of the holes, distance between the holes,
and location of the holes were not analyzed. In addition, this approach under dry
conditions deteriorated cell performance because of the increased water removal

and membrane dehydration.

Manahan et al. [131] used a ytterbium fiber laser to make 300 um perforations in
different CFPs with MPLs. They analyzed these GDLs in order to understand the
effects of tailored internal structure of the CFP on the performance and transport
characteristics of PEMFCs. Their results suggested that proper tailoring of the fuel
cell GDL (e.g., perforation size, geometry, and location) has significant potential to

reduce liquid water accumulation and improve the fuel cell performance.

Nishida et al. [132,133] used small grooves (200 um wide) in a CFP in three different
locations in a 5 cm? fuel cell. These grooves helped with the removal of liquid water,
thus stabilizing the voltage output of the cell and reducing the water issues inside the
GDL. However, no other sizes and shapes of grooves were analyzed, nor were other
operating conditions investigated. Through a mathematical model, Lee et al. [134]
analyzed the use of engineered pore paths (vertical and horizontal) in common
CFPs in order to separate liquid transport paths from the gas-diffusion paths in order

to improve PEMFC performance. It was concluded that using a combination of
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vertical and horizontal engineered paths could reduce the average liquid saturation
levels in typical CFP GDLs.

In general, there is only a limited amount of available data and published literature
demonstrating these concepts regarding rationalized and engineered gas diffusion
layers. It is evident that there is a need to study in more detail engineered GDLs that
can improve fuel cell performance, especially at extreme operating conditions, and
that can facilitate the modeling process and predictive capability due to their

simplified nature.

1.4.2.1.5 Other materials

Other materials studied as gas diffusion layers can be found in the literature. Chen-
Yang et al. [135] made GDLs for PEMFCs from carbon black and un-sintered PTFE,
comprising PTFE powder resin in a colloidal dispersion. The fuel cell performance of
this novel GDL was shown to be 0.25 V less (at 400 mA cm) than the case with the
CFP as GDL. However, because the manufacturing of these carbon black/PTFE

GDLs is inexpensive, they can still be considered as potential candidates.

Gas diffusion layers have been developed that combine more than one type of
material within them. For example, Koschany [136] proposed the use of layered
GDLs made out of two materials, each with different gas permeabilities and
manufactured one on top of the other. Normally, the materials with the lowest
permeability were made either out of expanded graphite or metal, and the other
materials were made out of carbon fibers. Another example of combining more than
one material is the one published by Voss et al. [137], in which a new material called
POLYMET® is described. This is a composite polymer with a porous three-
dimensional polymeric structure metallized with a surface coating of different types
of metals and alloys. The end result is a woven/felt-based material that can be used
as a GDL in fuel cells and that helps to reduce the internal resistance of a PEMFC
with a membrane. Campbell et al. [138] developed gas diffusion layers made out of

glass fiber webs filled with carbon and PTFE particles. The same research group
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later designed special GDLs made with different carbons claiming to improve the
overall fluid diffusion towards the catalyst layer [139].

1.4.2.1.6 Performance comparison of different gas diffusion layers

Most of the studies in which the performances of more than one GDL are compared
deal with CFP and CC GDLs. Publications in which other GDL materials are
compared to conventional designs are scarce (please refer to Sections 1.4.2.1.3,
1.4.2.1.4 and 1.4.2.1.5). Therefore, performance comparison between conventional
GDL materials (CFPs and CCs) will be emphasized in this section. Table 1.2
summarizes the most important studies that investigated the performance
differences between carbon cloths and carbon fiber papers as cathode GDLs.

Ralph et al. [140] compared a CC (Zoltek PWB-3) and CFP (Toray TGP-090) as
cathode GDLs, using a Ballard Mk 5 single PEMFC hardware at 100% relative
humidity (RH) at 80 °C. It was observed that the carbon cloth demonstrated a
distinct advantage over the CFP at current densities greater than 600 mA cm, while
at lower current densities both GDLs performed similarly. It was claimed that this
was because the CC material enhanced mass transport properties and improved the

water management within the cell due to its porosity and hydrophobicity.

Spernjak et al. [141] used a transparent fuel cell (the end plate was made out of
polycarbonate) to visualize the water accumulation inside the flow field channels with
different GDL materials. It was observed that at humidified conditions the CC
(untreated — no PTFE — AvCarbon TM 1071 HCB) was able to perform and remove
the water better than CFP (untreated — no PTFE — TGP-H-60). In fact, it was
concluded that water was trapped inside the GDL when the CFP was used, resulting
in the flooding of the catalyst layer. However, the performance of these two materials

was not compared when they were coated with PTFE and additional MPLs.

Similar results were also reported by Moreira et al. [142] after testing a small single
cell also with both CFP and CC as the GDLs. However, the difference between the

performances of each GDL was not as large; in fact, the CFP did better at lower
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current densities (due to lower ohmic losses). The difference in observation may be
caused by the fact that these tests were performed with dry gases (i.e., no
humidification) and at a lower cell temperature of 25°C. Williams et al. [143,144]
performed an extensive analysis with different materials as GDLs over a wide range
of humidity conditions. The CFP GDL (with an MPL) showed greater performance at
low relative humidity conditions, while the more hydrophobic CC (E-TEK CC with
MPL) was superior at saturated inlet conditions. Antolini et al. [145] had similar

observations and experimental results.

Table 1.2 — Summary of the main studies comparing carbon cloth and carbon fiber paper as
cathode GDLs.

Carbon Fiber

Authors Carbon Cloth Observations

Paper
Ralph et al. TGP-090 (No Panex PWB-3 (No CC performs better at current densities
[140] PTFE content PTFE content greater than 600 mA cm®. At 1300 mA
specified) specified) cm the FC with a CC GDL had a voltage
of ~0.57 V, compared to a voltage of
~0.35 V for the case with a CFP GDL
Spernjak et TGP-060 AvCarbon TM 1071 It was observed with a transparent fuel
al. [141] (0 wt% PTFE) HCB cell that the CC removed more water than
(0 wt% PTFE) the CFP at fully humidified conditions.
Moreira et EC-TP1-060 EC-CC1-060 For dry gases (no humidification) and a
al. [142] ElectroChem. ElectroChem. cell temperature of 25 °C, CFP had better
(30 wit% PTFE) (30 wit% PTFE) performance at low current densities due
to less ohmic losses. CC had better
performance at current densities greater
than 500 mA cm™.
Williams et TGP-120 (No E-TEKV.2.11 (no CFP had better performance at dry
al. [143,144] PTFE content PTFE content conditions (no humidification) than the CC
specified) with specified) with MPL  since the ohmic resistance of CFP was
MPL (13 wt% between 10 to 30% lower than the CC.
PTFE) The CC showed better performance at
saturated inlet conditions due to greater
hydrophobicity.
Akyalgin et SGL Carbon Electrochem CC ~ CC has a coarse fiber network that leads
al. [146] 10BB (30 wt% (30 wt% PTFE) to the catalyst particles entering deeply
PTFE) into the CC, thus, causing high ohmic
resistance due to poor contact with the
CL.
Wilkinson TGP-090 (20 Details not Grooved CFP and half-CFP/half-CC as
et al. wt% PTFE) with specified cathode GDLs presented the best
[39,128] MPL (20 wt% performance at 100% RH. Grooved CFP

PTFE)

improved water removal capability.
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Through mathematical modeling based on experimental results, Wang et al. [147]
were able to conclude that, at high humidity conditions, CC performs better than
CFP because of the highly tortuous structure of the CFP, which leads to an increase
in mass transport limitations under these conditions. In addition, the detachment of
water droplets from the CFP smooth surface is difficult, thus increasing the amount
of water film blocking the pores. On the other hand, at dry conditions, the CFP is
able to retain water within the MEA and maintain the necessary hydration for the

membrane.

Akyalgin et al. [146] were able to draw similar conclusions experimentally. They also
concluded that CFP performs better at dry conditions since CC has a highly coarse
fiber network, which leads to the active catalyst particles entering the pores of the
CC, thus causing high ohmic resistance due to low contact with the CL. However, it
is important to note that Frey et al. [148] stated that the carbon cloth, which is more
flexible with a structure that does not change during pressing, had better electrical
contact with the CL. On the other hand, due to its smooth surface, the CFP had less

impact on the electrode surface, creating an inferior electrical contact with the CL.

In order to improve the performance of fuel cells, Wilkinson et al. [39,128] compared
typical CFP cathode GDLs with modified GDLs (from CFP or CC) that improved the
mass transport at high current densities (> 1000 mA cm™). Figure 1.16 shows the
different GDLs that were used in order to improve the cell’'s performance. The
grooves and perforations in the carbon fiber papers were located near the outlet
region of the active area in order to increase the porosity and improve the water and
oxygen transport (see Section 1.4.2.1.4). It can be seen that the grooved CFP
enhances the water removal capability of the cell, thus, improving the oxygen
transport and overall cell performance. Similar strategies can be implemented with

other types of GDLs, such as metallic or engineered GDLs.
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Figure 1.16 — Polarization curves showing the effect of modified diffusion layers (air/H,,
2/1.5 stoichiometry, 3.1/3.1 bara, 100/100% relative humidity, 80°C). (Modified from
Wilkinson et al. [39] with permission from Elsevier).

Most of these mentioned studies concentrated on the cathode side of the PEMFC
because it has been shown that the difference between materials on the anode side
does not represent a major performance loss due to flooding at high- or low-humidity
conditions [149]. Therefore, the type of GDL used on the anode side does not result

in major performance differences over a wide range of operating conditions.

1.4.2.2 Surface treatments and coatings

After the diffusion materials are fabricated, a number of post-treatments and
coatings are still necessary in order to tailor the final properties of these materials
based on the specific fuel cell application and the associated operating conditions.
The following sections explain in detail the different treatments that are normally
used on gas diffusion layers for fuel cells. Brief examples showing how these
treatments change the performance of the GDLs will also be discussed.
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1.4.2.2.1 Hydrophobic treatments

Gas diffusion layers used in PEMFCs are normally treated with a hydrophobic agent
such as polytetrafluoroethylene (PTFE) or fluoroethylenepropylene (FEP). The most
typical method is to dip the material into a solution of PTFE and then sinter it. This
treatment increases the hydrophobicity of the materials since most of the CFPs and
CCs are not hydrophobic enough after fabrication. An important goal for coating the
GDL with these agents is to coat the whole material (including the fibers), rather than
just the top surface of the sheet. For cathode GDLs, this coating is extremely
important because most of the water produced and accumulated inside the cell exits
through the cathode side. For the anode GDL, this coating is not as critical but still
important (especially when dealing with back diffusion of water) and it can provide
some structural strength to the GDL.

The most common loadings of PTFE and FEP are from 5 to 30 wt% PTFE. Park et
al. [150] concluded that high levels of PTFE content (> 30 wit%) decreased the gas
permeability and porosity of CFPs (TGP-H-060 and TGP-H-090). They also showed
that a CFP (TGP-H-060) with 15 wt% PTFE had the best performance with relatively
dry conditions compared to a thicker paper with the same hydrophobic content.

Lin et al. [43] did an extensive study on the effect of the PTFE content on the
performance of Toray and SGL Carbon Sigracet® carbon fiber papers. It was
observed that increasing the hydrophobicity of the GDL enhanced both the gas and
water transport when the fuel cell operated with high levels of humidity. However,
excessive amounts of PTFE reduced the amount of hydrophilic pores, thus
deteriorating the water flow out of the catalyst layer and the GDL. Velayutam et al.
[151] used carbon fiber papers (Avcarb P50) with different PTFE contents (from 7 to
30 wi%) and with a microporous layer (MPL) having 20 wt% PTFE (the hydrophobic
content of the MPL was not changed). It was observed that when the cell was
operated at 55°C and ambient pressure conditions, the GDL with 23 wit% PTFE
performed very well in both the low and high current density regions (see Figure
1.17). In addition, it was shown that the performance of the GDLs improves at first
when increasing the content of PTFE but once a maximum point is reached the
performance decreases rapidly.
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Figure 1.17 — Effect of PTFE in the GDL of PEM fuel cells. Operating Conditions: fuel cell
temperature of 55°C; anode and cathode dew point temperatures of 65/40°C; hydrogen and
air stoichiometries of 1.5/2.5; ambient pressure for air and hydrogen; serpentine flow field for
anode and cathode. Anode GDL was an AvCarb P50 CFP (PTFE content not specified);
cathode GDL was an AvCarb P50 CFP. Electrodes were fabricated using 20% Pt/C. Anode
catalyst loading of 0.25 mg Pt cm? and 0.5 mg cm? of Nafion® (5% solution); cathode
catalyst loading of 0.50 mg Pt cm® and 1.0 mg cm™® of Nafion® (5% solution). Type of
membrane not specified (Modified from Velayutam et al. [151] with permission from John
Wiley & Sons, Inc.).

Tilber et al. [152] used a transparent PEM fuel cell in order to visualize the water
accumulation inside the flow field channels and on the surface of different GDLs
while operating the fuel cell at room temperature. In the case of the hydrophobic
CFP (TGP-H-090 with 25 wit% PTFE), it was observed that the water appeared
randomly distributed along the flow channels. The water produced at the cathode
side seemed unable to penetrate the CFP until enough pressure was generated and
then small droplets were formed on the surface of the GDL. Similar observations
where presented by Spernjak et al. [141], who also developed a transparent fuel cell
to visualize the different behavior of treated and untreated GDLs. This transparent
cell indicated that with treated GDLs the water produced at the cathode side

emerges as droplets on the surface of the material over the entire visible area. With
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the untreated GDLs, water preferred to be in contact with the side walls of the
channels, and the water formed films and slugs near the channel walls. This
behavior caused greater water management issues and lower gas transport towards

the active areas.

The PTFE content in a GDL also affects thermal conductivity. Usually, the thermal
conductivity decreases with increasing PTFE percentage in the GDL [153]. However,
the electrical conductivity of these materials stays relatively constant at various
PTFE loadings because the structure of the carbon fibers that are part of the overall
paper do not change with the addition of the PTFE [154].

Although in most cases it is necessary to have an even coat of the hydrophobic layer
within the gas diffusion layer, sometimes it is desirable to have different regions
within the surfaces that are more (or less) hydrophobic than others in order to create
gradients within the active area [39]. Mathias et al. [86] developed a PTFE-gradient
process in which the PTFE-coated GDLs are placed over a vacuum fixture. Then,
the outer substrate surface (the one away from the draw) undergoes a grinding step
while still exposed to the vacuum draw. The grinding produces a PTFE dust that is
pulled through the substrate by the vacuum draw, creating high and low hydrophobic
particle density regions within the GDL.

1.4.2.2.2 Hydrophilic treatments

Although, hydrophilic properties in GDLs may also be desired when dealing with
specific conditions (such as dry conditions), the amount of work found in the
literature regarding these treatments in GDLs is very limited.

TOber et al. [152] used a transparent fuel cell at 30°C in order to visualize both
hydrophobic and hydrophilic gas diffusion layers. They discussed the idea of
hydrophilizing a CFP with sodium dodecyl sulphate (SDS) to absorb and distribute
the product water inside the GDL, thus preventing the water clogging of gas
channels. A fuel cell was operated at a constant voltage of 0.5 V with three different
GDLs: a standard, hydrophobic and hydrophilic CFP. It was observed that in all
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three cases the current density decreased at the beginning of the tests; however, the
hydrophilic GDL outperformed the others because the current drop was not as
sudden as with the two hydrophobic GDLs. This result was attributed to the
homogenous distribution of water inside the GDL as a result of the hydrophilic

coating.

Campbell et al. [155] found that the catalyst utilization in the electrode and fuel cell
performance could be improved by making the carbon-supported catalyst
hydrophilic. This was done by treating the carbon-supported catalyst with a suitable
acid such as nitric acid in order to introduce surface oxide groups on the carbon. In
principle, this same approach could be applied to the carbon components of the
GDL and MPL. Jung et al. [156] added SiO; particles, which are hydrophilic, to the
catalyst layer of both the anode and cathode in order to improve the cell's
performance at low relative humidities. This hydrophilic coating could also be applied
to the GDL (or MPL) instead.

1.4.2.2.3 Microporous layers

A layer of carbon black and hydrophobic agent (e.g., PTFE) is usually deposited on
top of one of the GDL surfaces (forming a diffusion double-layer) as shown in Figure
1.18. As is seen in this figure, the MPL is a dense layer with small pores. In fact, this
catalyst backing layer or MPL forms smaller pores than the GDL (20 to 200 nm
pores for MPLs [157] and 0.05 to 100 um pores for typical CFP DLs [158,159]). This
layer also acts as another mechanism to reject water, which is critical especially
when the fuel cell is operated at high humidity levels [158]. The MPL also provides
support for the catalyst layer, which is located either on top of it or on the surface of
the proton exchange membrane. The catalyst layer usually consists of either carbon
supported catalyst or catalyst black mixed with either PTFE and/or proton
conducting ionomer (e.g., Nafion® ionomer). Since the sizes of the pores in a typical
GDL are in the range of 0.05 to 100 ym and the average pore size of the catalyst
layer is just a few hundred nanometers, the risk of having low electrical contact
between both layers is high [157]. MPLs improve the electrical contact and also help
to prevent catalyst particle loss and clogging of the GDL pores with catalyst particles
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[115,144,160,161]. Various research groups have been able to demonstrate that the
best PTFE loading in the MPL is around 20 wt% when operating a fuel cell at fairly
high humidity conditions [151,162-165].

070823 WD14.2mm 20.0kV x300 100um

Figure 1.18 — Scanning electron microscope micrographs of SGL Carbon GDL 25 BC (CFP
with MPL): (a) Top-view of the MPL (reference bar indicates 500 ym); (b) Cross-section of
the GDL with MPL on top (reference bar indicates 100 pum).

The MPL can also be made out of a carbon based polymer porous sheet that is
simply placed between the CL and GDL when assembling the fuel cell [157,166-
168]. The sheet-based MPL approach is not as common and is not widely used. In
fact, in previous years a commercial based MPL film was available (Carbel® MP,
W.L. Gore & Associates, Inc.). Shi et al. [166] prepared an MPL sheet using a two-
roll-shaft roller to roll a mixture of carbon black and PTFE repeatedly. Once the
desired toughness in the film was achieved, it was sintered. This MPL sheet
performed well, especially under high humidification conditions.
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Microporous layers are now commonly used in order to improve the overall
performance of a fuel cell at both fully humidified and low humidity conditions
[43,151]. It is believed that they play a key role in the overall water management
within the fuel cell. However, it is still unclear exactly how the MPL affects the water
transport mechanism inside the GDL and the MEA. Some of the different studies on

the effect of cathode MPLs are now discussed.

Passalacqua et al. [169] were able to show that with an MPL the performance of the
cell improves substantially. They concluded that the MPL reduced the size of the
water droplets, thus enhancing the oxygen diffusion. This layer also prevented the
catalyst particles from penetrating into the GDL. Park et al. [150] also concluded that
with the addition of an MPL both the water management and electrical conductivity

improved.

Similar observations were also presented by Song et al. [170] and Holmstrom et al.
[149], especially when investigating the fuel cell’'s performance at high current
densities. GDLs without an MPL on the cathode side lead to major mass transport
losses at high humidity conditions due to water flooding. The losses were between
60 to 100 mV at 1000 mA cm? [149]. The MPL has also been shown to effectively
improve the start-up performance of a PEMFC by suppressing water accumulation
at the electrode, which is important especially when dealing with sub-zero conditions
[171].

MPLs have also been studied in order to understand how they can affect other
aspects of the fuel cell performance. Mirzazadeh et al. [172] used a three-electrode
electrochemical cell in order to study the oxygen reduction reaction (ORR) and
determine whether this was the main parameter that improved the overall
performance of the cell. From the experiments, it was concluded that the use of the
MPL improves performance at high current densities, but at low current densities a
GDL without MPL shows better performance. Williams et al. [173] observed that a
GDL without MPL had a higher limiting current density compared to a GDL with
MPL. However, the MPL was considered to still be critical since it improves the
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current collection and reduces resistance. None of these studies provide an
explanation or mechanism of how the MPL actually helps fuel cell performance.

After testing a number of GDLs with and without MPLs, Lin et al. [43] postulated that
the MPL seemed to push more liquid water back to the anode through the
membrane. Basically, the small hydrophobic pores in the MPL result in low liquid
water permeability and reduce the water transport from the catalyst layer towards
the GDL. Therefore, more water accumulated in the CL is forced towards the anode
(back-diffusion). This reduces the amount of water that is removed through the
cathode GDL, decreases the number of blocked pores within the cathode gas
diffusion layer, and improves the overall gas transport from the GDL towards the
active zones. One drawback of using the MPL is that the water saturation in the

catalyst layer increases and causes more flooding [43].

One contradictory point regarding how the MPL works is related to the water
saturation in the catalyst layer of the cathode side. Nam et al. [174] stated that by
using a microporous layer near the CL, the water condensed in the GDL cannot
enter the CL, thus reducing the overall saturation of the active catalyst zones. This
idea was also presented by Pasaogullari et al. [175] in which they concluded that in
the presence of an MPL the liquid saturation in the catalyst layer is reduced
substantially. Kitahara et al. [176] demonstrated that the MPL reduced water content
in the catalyst layer and increased water accumulation inside the GDL area closest
to the flow field channels. These concepts contradict those presented earlier since it
is not clear whether the liquid saturation does in fact increase in the cathode catalyst
layer or not. This may depend directly on the rate at which the water goes back (or is
forced) to the anode.

Through neutron radiography imaging, Owejan et al. [177] were able to observe that
MEAs that had cathode GDLs with MPLs had better distribution of water over the
active area at high current densities. GDLs without MPLs tended to have more water
accumulated in one location of the active area (closer to the outlet). One issue with
this work was that the water accumulation observed was for the entire MEA and the

water quantities were not separated between the anode and cathode sides. Lu et al.
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[178] have shown that in GDLs with an MPL the water paths inside the CFP are not
interconnected due to the blocking effect of the MPL, which reduces the water
saturation inside the GDL and the amount of water breakthrough in the GDL/flow
field interface. On the other hand, inside CFPs without MPLs, the water paths are
interconnected to each other causing a larger number of water breakthrough points
at the GDL/flow field interface, causing flooding in the flow field channels. Similarly,
Nam et al. [179] proposed that the MPL reduces the number of liquid water
breakthrough paths towards the GDL, which decreases the liquid water saturation in
the GDL and enhances the overall oxygen diffusion. In addition, they concluded that
the MPL reduces the size and saturation level of interfacial water droplets formed in
the catalyst layer, which increases the oxygen diffusion rate into the catalytic sites
and enhances the electrochemical reactions.

Through the use of a transparent fuel cell, Spernjak et al. [141] were able to
visualize the anode flow field plate (and GDL without MPL) while operating the fuel
cell with different CFPs (with and without MPLs) as cathode GDLs. It was observed
that liquid water was present in the anode flow field only when an MPL on the
cathode side was used. Again, this is an indication that the cathode side creates a
pressure barrier that pushes the water towards the anode. These observations
agree with the ones presented mathematically by Weber et al. [180]. Although they
did not report any experimental work, their two-phase fuel cell model concluded that
the MPL acts as a valve that pushes water away form the cathode GDL towards the
anode though the membrane. Pasaogullari et al. [181] also presented a two-phase
fuel cell model in which the effect of the MPL was studied. They concluded that the
water flux towards the anode is enhanced when the following MPL characteristics
are used: smaller pore size, lower porosity, larger thickness, and higher
hydrophobicity. Kim et al. [182] studied the MPL through electrochemical impedance
spectroscopy (EIS) experiments and water transport coefficient measurements. It
was concluded that the MPL reduced mass transport losses and increased the
oxygen diffusion in the catalyst layer. In addition, the MPL increased the water flux
from cathode to anode compared to the case without MPL.
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To shed some light on the water transport mechanisms when MPLs are used, Atiyeh
et al. [46,183-185] presented an experimental method designed to investigate the
net water drag coefficient in order to have a better indication of the amount of water
flowing from the cathode to the anode. They observed that the performance of the
fuel cell improved when the anode, the cathode, or both, had microporous layers.
However, after implementing the water balance measurements, they were not able
to observe a significant difference on the net water drag coefficient for a fuel cell with
a cathode MPL and an anode without an MPL, compared to a cell without any MPLs.
It is important to note that they were able to observe that the MPL does in fact
improve the fuel cell performance and cell voltage stability when operating at
constant conditions (i.e., the voltage fluctuations are significantly reduced when the
cathode GDL has an MPL). The results related to the net water coefficient do not
correlate with the observations presented previously, thus, more experimental work
is necessary in order to investigate the processes behind how the MPL helps the

performance of the fuel cell.

Recently, Owejan et al. [186] performed in-situ and ex-situ tests in order to elucidate
which water transport mechanism (vapor or liquid) dominates inside a fuel cell when
MPLs are used. It was observed that thermal and vapor concentration gradients
across the GDL are enough to remove product water in the vapor phase, even at
high current densities. The MPL liquid water permeability properties were found to
have an insignificant effect on mass transport losses because the thermal properties
of the GDL had a key role in creating a temperature gradient that pushes the water
vapor from the catalyst layer. It was proposed that the MPL acts as a barrier that
prevents condensed liquid water, accumulated in the larger pores of the CFP, from
diffusing back to the catalyst layer and forming liquid water films. The effects of
water crossover from the cathode to the anode side when a cathode MPL is used

were not studied.
Figure 1.19 summarizes some of the roles that the MPL plays in order to improve

fuel cell performance. Although several studies and theories have emerged in order
to explain how the MPL improves fuel cell performance, there are still doubts and
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questions on how specifically the MPL changes the gas and water transport

mechanisms inside a fuel cell.
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Figure 1.19 — Summary of the different studies regarding the cathode MPL mechanisms to
improve fuel cell performance.

All the previous studies discussed the influence of the cathode MPL; however, very
limited results can be found in the literature regarding the influence of the anode
MPL. Kitahara et al. [187] observed that the small pores in a anode MPL-coated
GDL reduce the amount of water transport, resulting in lower PEFC performance.
Owejan et al. [186] concluded with polarization data that the influence of the anode
MPL in performance was insignificant, however, under dry conditions and high
current densities (>2000 mA cm™) a slight increase in performance was observed
without the anode MPL. Similar observations were also given by Kim et al. [182].
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1.5 Research objectives and thesis layout

Based on the literature review presented in Sections 1.4.1 and 1.4.2 a number of
areas were identified that needed further exploration. The common theme for these
areas is water management in PEM fuel cells and how it affects the cell
performance. Thus, the goals of this work are to understand in more detail water
management related issues in proton exchange membrane fuel cells (PEMFC) and
to design methods that can reduce the negative effects of these issues. One specific
aspect of this research was the use of perforated sheets as a water barrier layer, a
diagnostic tool, and as an engineered gas diffusion layer.

One of the areas chosen as part of this work was fuel cell operation at low to no gas
humidification conditions. Ultimately, the need for humidification systems in fuel cell
systems should be eliminated in order to simplify the fuel cell system and to reduce
operational costs and space. However, there are irreversible losses in fuel cells due
to exposure to low humidity to dry conditions (see Section 1.4.1.2.1). Therefore, a
component of this research is to investigate the improvement of PEM fuel cell
performance and durability with the use of liquid water barrier layers. In order to
achieve this, it is necessary to understand how the performance of a PEM fuel cell
deteriorates at dry or low humidity conditions and how different water barrier layers
affect the performance and durability of the fuel cell. Chapter 3 shows that adding a
non-porous material (such as stainless steel) with perforations between the cathode
flow field plate and the gas diffusion layer (GDL) improves the water saturation in the
cathode GDL and catalyst layer, increases the water content in the anode, and
keeps the membrane hydrated.

As discussed in Section 1.4.2.2.3, microporous layers (MPL) have been widely used
to improve fuel cell performance and water management capabilities inside fuel
cells. However, much is still unknown regarding how the MPL affects both gas and
liquid transport mechanisms depending on the operating conditions. Therefore, in
this work the gas and liquid interplay inside fuel cells is analyzed and further
clarification of the role of the microporous layer on the cathode and anode sides of
the fuel cell is given. In order to reach this goal, different experimental approaches
were used to study oxygen diffusion resistances and the liquid water effect on mass
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transport losses. In addition, perforated sheets were used as a diagnostic tool to
understand how the liquid water transport mechanism changes with different GDLs
(with and without MPLs). Chapter 4 describes in detail each experimental approach
and how the perforated sheets are used as a diagnostic tool since they exacerbate
the mass transfer resistance and liquid water blockage inside the cell analogous to
the MPL. This approach sheds some light on the complex interaction between gas
and liquid transport mechanisms. Conclusions are offered about the role of the
cathode MPL along with a simple analysis of the influence of having an anode MPL.

The use of structured or engineered materials in fuel cells, offers the possibility of
tailoring their parameters and characteristics to match the needs of specific fuel cell
applications and operating conditions (see Section 1.4.2.1.4). In order to look into
benefits and issues of using these engineered materials, this work investigates the
use of perforated sheets (without the addition of carbon fiber papers or carbon
cloths) as gas diffusion layers in PEM fuel cells. Chapter 5 discusses the use of
these structured GDLs for different operating conditions. Sheets with different
thickness, open area, and in-plane diffusion capabilities are also analyzed. Particular
attention is given to the mass transport losses and in-plane diffusion of these
engineered GDLs.

The last area of research identified was related to the improvement of voltage
stability (and water removal) at low current densities (and power densities). As
stated in Section 1.4.1.2.3, a number of flow field designs have been used in the fuel
cell industry and one common issue is the ineffective removal of liquid water at low
flow rates. Currently, fuel cells are designed around their peak power density; thus,
cathode flow channels perform effectively at such conditions. However, these flow
fields have issues when flow rates are significantly lower (i.e., at low power).
Therefore, it was recognized that it is important to develop a flow field capable of
improving voltage stability at low power densities but also with good performance at
peak power levels. Chapter 6 describes the design and development of a new
approach of changing the flow field active area within a cell with changing operating
conditions. Experimental results show that the voltage instability and water

management issues that occur in a fuel cell, particularly at low power levels, can be
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removed by changing the effective active area inside the fuel cell. This method is
also shown to work in a fuel cell stack.

Chapter 7 summarizes the work of this thesis and recommends future studies that

can be developed based on the findings and conclusions of this research.

All the ex-situ and in-situ experimental methods and apparatus used in each of the
mentioned chapters are described in Chapter 2. This includes the different materials
used in the membrane electrode assembly (MEA), all the fuel cells tested, ex-situ
experimental setups, and in-situ fuel cell testing setups. In addition, all the protocols
followed for MEA and fuel cell assembly/testing, and for all the experiments are
explained in detalil.

Figure 1.20 summarizes the thesis layout and structure.

Thesis: Study of Selected Water Management Strategies for Proton
Exchange Membrane Fuel Cells

Chapter 1
Introduction &

Literature Review
I

Chapter 2
Experimental
Procedures
I
I |
Perforated Sheets (PS) Chapter 6
Improvement of
Voltage Stability at
Low Power Levels
Chapter 3 Chapter 4 Chapter 5
Water Barrier | | PS as Diagnostic PS as Gas
Layers Tools Diffusion Layers

Figure 1.20 — Thesis layout.
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2 EXPERIMENTAL PROCEDURES:?

In order to produce reliable and reproducible data it is critical to follow a strict set of
standards and testing protocols. Two types of PEM fuel cell (and corresponding test
stations) were used for most of the work presented here; therefore, this chapter is
divided into two main sections, each related to the type of fuel cell used. Both
sections describe in detail the materials and equipment used for all the performed
experiments. In addition, a brief explanation of each experiment (and the
subsequent steps followed) is described.

2.1 49 cm? fuel cell

The following sections describe in details the 49 cm? fuel cell, materials, and
equipment used for the work presented in Chapters 3, 4, and 5. The experimental
explanations and protocols are also discussed.

2.1.1 Materials

2.1.1.1  Hardware

Figure 2.1 shows a picture of the fuel cell used. The cell used a pneumatic piston,
located on top of all the components, for compression in order to distribute the
pressure evenly across the cell. Compressed nitrogen gas was used to push the
piston. Uniform compression was confirmed with the use of a pressure sensitive film
(Pressurex, super-low, Sensor Products Inc.). All the inlet and outlet lines of the
reactant gases were connected to the manifold, located at the bottom of the cell. De-
ionized (DI) water was used as a coolant in order to maintain the temperature (and
heat) of the cell constant. Thermocouples were inserted inside the cell, in the bottom

2 Sections of this work have been published in:

Blanco M, Wilkinson DP, Wang H. Application of water barrier layers in a proton exchange membrane
fuel cell for improved water management at low humidity operating conditions. International Journal of
Hydrogen Energy 2011;36:3635-48.

Blanco M, Wilkinson DP, Wang H, Liu SZS. Engineered gas diffusion layers for proton exchange
membrane fuel cells. ECS Transactions 2009;25:1507-18.

Blanco M, Wilkinson DP, Yan G, Zhao H, Wang H. Flow control in a fuel cell flow field for improved
performance and reliability. ECS Transactions 2006:1:355-66.

Wilkinson DP, Blanco M, Zhao H, Wu J, Wang H. Dynamic flow field for fuel cells. Electrochemistry
and Solid State Letters 2007;10:B155-60.
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end plate, to monitor the temperature of the reactant gases (inlet and outlet) and
coolant DI water (inlet and outlet), as well as the overall temperature of the fuel cell.

End Plate

(with piston)
Current 5 | = li‘ Flow field
Collectors ‘*’;' e plates

(End Platc|

Figure 2.1 — Picture of the 49 cm? fuel cell used in fuel cell testing.

For the anode and cathode flow field plates, both had single path serpentine flow
fields with an active area of 49 cm?® These plates were made out of graphite
(Tandem Technologies, Vancouver, Canada). Table 2.1 shows the details of both
anode and cathode flow field channels. Both flow field plates had Silicone JRTV

(Dow Corning) gaskets for sealing. Figure 2.2 shows these two flow field plates.

Table 2.1 — Properties of the anode and cathode flow field channels used in the 49 cm? fuel
cell.

Properties Anode Flow Field Cathode Flow Field

Plate Plate
Flow field type Serpentine Serpentine
Number of channel paths 1 1
Number of channel bends 27 27
Cross-sectional shape Trapezoidal Trapezoidal
Channel width — bottom [mm] 1.00 0.89
Channel width — top [mm] 1.27 1.57
Draft angle® 15° 15°
Channel depth [mm] 0.51 1.27
Landing width [mm] 1.17 0.86

®Draft angle is the angle that the channel walls make with vertical.
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Figure 2.2 — Picture of the (a) anode and (b) cathode serpentine flow field plates (with
gaskets) used for fuel cell testing. The active area of the plates is 49 cm?.

Both flow field channels were used in a co-flow configuration for all of the tests
performed, unless specified otherwise. However, this cell is designed in a way that
cross- or counter- flow configurations can also be used if necessary. Figure 1.8
compares the performance of the three flow field configurations possible with the
single cell hardware used in this work. Co-flow configuration was chosen since it
allowed for an easier understanding of the gradient effects over the active area. In
addition, this configuration increases dehydration when gases with low humidity are
used [188]. This is particularly important for the dry and low humidity gas study
described in Chapter 3.

2.1.1.2 Membrane electrode assembly

The membranes used were Primea® 5510 50 um thick catalyst coated membranes
(CCM) from W.L. Gore & Associates with a 0.4 mg cm Pt catalyst loading for both
the anode and cathode catalyst layers. The thickness of the membrane by itself was
approximately 25 ym. Saint-Gobain K250 polyimide films (25 pym thick), with silicon
adhesive on one side, were used as sub-gaskets to protect the edges of the
membranes. The membrane was cut slightly larger than the active area in order to
attach the polyimide films to the CCM and function properly as gaskets. The gas

68



diffusion layers (GDL) were then aligned to this CCM when assembling the fuel cell.
Figure 2.3 shows a picture of a typical membrane electrode assembly with the
polyimide films. For more details on how the MEA was assembled please refer to
Appendix B.

Polyimide

film Gas diffusion

layer

Figure 2.3 — Picture of a typical 49 cm? membrane electrode assembly with the polyimide
sub-gaskets.

2.1.1.3 Gas diffusion layers

A number of GDLs were used for the different components of this work. Most of the
materials tested were carbon fiber papers (CFPs). For the anode side, the GDL that
was mainly used was the Sigracet® 25DC GDL from SGL Carbon. Table 2.2
summarizes the details of the materials used as GDLs.

For Chapters 3, 4, and 5, the baseline MEAs used the 25DC and 25BC GDLs for the
anode side and cathode sides, respectively. Although the cell performance improved
by 14 mV (at 1000 mA cm?, 75°C for the cell and gases, and 100% relative
humidity) when the anode GDL was 25BC, the CFP with higher PTFE content was
used in order to limit the water accumulation on this side of the fuel cell. The
influence of the microporous layer on the anode side is discussed in Chapter 4.
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Table 2.2 — Properties of gas diffusion layers used for fuel cell tests.

Thickness Porosity = PTFE Content

Material [um] [%] [wt. %] Description
Sigracet® 25DC 235 80 20 CFP with MPL
GDL (Anode) (23 wt. % PTFE)
Sigracet® 25DA 213 86 20 CFP without
GDL (Anode) MPL
Sigracet® 25BC 235 80 5 CFP with MPL
GDL (Anode and (23 wt. % PTFE)
Cathode%

Sigracet™ 25BA 190 88 5 CFP without

GDL %Cathode) MPL

Toray  TGPH-030 110 80 20 CFP without
MPL

2.1.1.4 Perforated sheets

For Chapters 3, 4, and 5 different perforated metal sheets were used for various
purposes. These stainless steel 316L sheets were perforated by VACCO Industries
(California, USA) using a photo-etching process. The sheets were not treated with
any hydrophobic agent and their initial contact angle before testing was found to be
approximately 78° i.e., hydrophilic especially in their landing areas (i.e., space
between holes). Firstly, sheets with different perforation diameters of 10 mm, 1 mm,
0.5 mm and 0.15 mm (and corresponding structured patterns of perforations) were
used. Figure 2.4 shows a schematic of typical stainless steel 316L perforated sheets
(PS) used. Table 2.3 summarizes the main characteristics of each metal sheet. The
open flow field area is the open area of the flow field channels with respect to the
perforated sheets i.e., the percentage of area of the flow field that is not blocked by
the landing areas of the perforated sheets. It is also important to note that landing
width here is the shortest distance between the perforations.
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Figure 2.4 — Schematic of stainless steel perforated sheets (70 mm x 70 mm) with (a) 1 mm
and (b) 0.5 mm diameter holes.

Table 2.3 — Characteristics of the perforated stainless steel 316L sheets.

Area of .
Sheet each Thickness Lar_|d|ng # of Open O_pen flow
width holes area field area
Name hole [mm] 2 2 2-1a
2 [mm] percm® [mm~<] [mm?]
[mm7]
10mm PS 78.53 0.050 1 0.73 67.5 66.4
imm PS 0.79 0.050 0.5 37.73 34.7 345
imm PS 0.79 0.100 0.5 37.73 34.7 345
imm PS 0.79 0.200 0.5 37.73 34.7 345
0.5mm PS 0.20 0.050 0.3 133.89 30.7 30.1
0.15mm PS 0.02 0.050 0.3 423.18 8.8 8.5

#0pen area of the flow field channels with respect to the perforated sheets

Photo-etching is a simple and cost effective manufacturing process that is widely
used in industry. Thus, it was chosen for making the perforations. In addition, the
photo-etching process is already well developed and can easily be used for large-
scale manufacturing. The spacing or landing between the perforations in each sheet
was chosen based on the restrictions posed by the photo-etching manufacturing
process and the recommendations give by VACCO in order to not affect the flatness
and structural properties of the sheets. In general, the diameter of the perforations
has to be 1.3 times the thickness of the materials (1.3t), with a minimum size of 0.15
mm. The landings between the perforations must be at least the same size as the
thickness of the metal sheet, with a minimum size of 0.15 mm. However, after
inspecting a number of different perforated sheets with perforations larger than 0.5
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mm it was noticed that the materials were very weak and got damaged after fuel cell
testing due to the small landing widths. Therefore, the landings widths listed in Table
2.3 are those found to give the best structure stability to the sheets, especially after

being compressed inside a fuel cell.

Other designs of perforated sheets were used in order to understand how the in-
plane diffusion (of gases) could be improved in these sheets. Therefore, small
channels were etched on one side of the sheets. These sheets were used in the
analyses shown in Chapters 5. Figure 2.5 shows the schematic for one perforated
metal sheet design with in-plane diffusion capability. Table 2.4 summarizes the
characteristics of the different perforated sheets that were designed to study the
impact of channels and sheet thickness on the in-plane diffusion. The photo-etching
process used restricts the depth of the channels to be at least half the thickness of
the material (0.5t), if the material is 0.05 mm thick. If the thickness of the sheet is
greater than 0.05 mm, then the channel depth has to be less or equal to 1.3 times
the thickness of the sheet (1.3t). It is important to note that sheets with smaller
channels (<0.15 mm) interconnecting the perforations were not possible to fabricate
with the manufacturing method used. In fact, the dimensions shown in Table 2.4

represent the limit of the manufacturing capabilities of this photo-etching process.
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Figure 2.5 — Schematic of a perforated sheet (1 mm diameter holes and 0.05 mm thick) with
0.15 mm width channels etched in one side of the sheet. The channels were 0.025 mm
deep.

Table 2.4 - Characteristics of metal perforated sheets with different thicknesses and
channel widths. These channels were etched on just one side of the sheets. All these sheets
had 1 mm diameter holes. Note that the names of these sheets match those shown in Table
5.1.

Sheet Thickness Lar_1d||r119 Chgnr;‘el C(r;anr;IeI
Name [mm] widt widt ept
[mm] [mm] [mm]
PS-B 0.050 0.5 0.15 0.025
PS-C 0.050 0.5 0.50 0.025
PS-D 0.050 0.5 1.00 0.025
PS-F 0.100 0.5 0.50 0.050
PS-G 0.100 0.5 0.50 0.075
PS-H 0.100 0.5 1.00 0.050
PS-I 0.100 0.5 1.00 0.075
PS-K 0.200 0.5 0.50 0.100
PS-L 0.200 0.5 0.50 0.150
PS-M 0.200 0.5 1.00 0.100
PS-N 0.200 0.5 1.00 0.150

2.1.2 2 kW Hydrogenics fuel cell station

All the experiments presented in Chapters 3, 4, and 5 were performed with a 2 kW
Hydrogenics fuel cell test station (Hydrogenics Test Systems, now Greenlight
Innovations). Figure 2.6 shows the fuel cell station with a single cell fuel cell. This
station controlled the flow rates, inlet pressures, humidity, and temperature of the
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reactant gases. Temperature thermocouples were used to measure the temperature
values of the fuel cell, reactant gases inlet and outlet lines, and coolant inlet and
outlet lines. The test station also controlled the DI water flow rate and temperature
used to cool/heat the fuel cell. An integrated load bank was used to control and
monitor the electrical load to the cell. The data was acquired by the HYWARE Il
software at a rate of one data point per second. This software was also used to
create scripts (with the HyAL™ automation language) in order to perform automated
tests.

_

™

‘T ’ LCR Meter

Fuel Cell

F |

Figure 2.6 — Picture of the 2 kW Hydrogenics fuel cell station and testing set-up.

2.1.3 Polarization measurements
A series of testing protocols were developed to create a standard test method, which

was used throughout the project in order to produce good quality fuel cell test data in
a reliable and safe manner. In addition, these protocols also allowed baseline
performance to be established for commercially available materials (e.g., CCM,
GDLs, etc.). For more details on all the test protocols explained in this section
please refer to Appendix C.
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2.1.3.1 Leak testing and membrane conditioning

An important step prior to polarization measurements was to leak check the fuel cell.
One way to do this was by connecting the assembled fuel cell, with the MEA already
placed inside the cell, to the test station and flow gases at specific flow rates with no
back pressure. These gases were then pressurized slowly making sure that the gas
pressure did not decrease and stayed within 1 kPa of the set value. Similarly, the
cell could also be submerged into a water tank in order to observe any bubble
formation around the cell. This last method is not as effective when finding internal
leaks within the cell. This leak test can be performed with N, for both cathode and

anode sides, or with air and Hy, respectively.

Once it was confirmed that the cell did not have a leak, the next step was to
condition the membrane in order for it to get humidified and work properly. This step
is also referred to as cell break-in or the MEA start-up procedure. There are different
ways of performing this step since each membrane manufacturer recommends
specific procedures that enhance their membranes performance. The procedure
followed here, was found to give the best results for the specific membranes used.
Firstly, the gas flow rates for both reactant gases were set to a minimum flow rate
corresponding to 500 mA cm™ (with an air/hydrogen stoichiometry of 2.0/1.5). The
gases were then pressurized stepwise until the desired back-pressure was reached.
At this point, a small current load was applied ensuring that the cell voltage was
maintained above 0.5 V (e.g., current density of 500 mA cm™ or less). The cell, gas,
and dew point temperatures were then increased step-wise (i.e., 3 to 4 steps) until
the determined set-points were achieved. The cell temperature should always be
slightly above (or equal) to the reactant dew point temperature in order to prevent
water condensation within the cell. While the station heated the gases, cell, and
humidifiers, the current load was increased every 5 to 10 minutes (e.g., 500, 750,
800, and 1000 mA cm™). Once the desired operating conditions were reached, the
fuel cell was operated at a current density in which the cell voltage was
approximately 0.6 V (i.e., 1000 mA cm™). The fuel cell was then operated at these
conditions for 6 to 8 hours, or until the variations in the cell voltage were smaller than
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+10 mV for at least one hour. Figure 2.7 shows the cell voltage as a function of time
during a typical MEA conditioning procedure. This figure also shows in more detail
the last hour of this procedure, in which it can be observed that the cell voltage is
stable (based on the mentioned standards).
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Figure 2.7 — Cell voltage and current density traces for a typical MEA conditioning
procedure. For these tests the gases, cell, and dew point temperatures were 75 °C, the
pressure for both inlet reactant gases was 206.9 kPag (approx. 30 psig), and the
air/hydrogen stoichiometry ratio was 2.0/1.5. The CCM was a Primea® 5510 membrane (0.4
mg Pt cm® on each side) and the anode and cathode GDLs were SGL 25DC GDL and SGL
25BC GDL, respectively.

In the above procedure, constant current was the preferred method to operate the
fuel cell. However, constant voltage could also be employed. In addition, previously
used MEAs were re-conditioned by running the fuel cell at a constant current (similar
to the one used in the last step of the break-in procedure) until the cell voltage was
stable (£10 mV for at least one hour). This re-conditioning procedure was usually
shorter than the conditioning of fresh MEAs.

2.1.3.2 Compression pressure tests

An important parameter in fuel cell performance is the compression pressure for the
whole cell. It is vital to have good electrical contact between all the components
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without damaging them by over-compression. The previous procedures (leak test
and MEA conditioning) for the first baseline MEA were performed at a standard cell
compression pressure of 100 psi, which was acceptable for the tests. However, this
value did not necessarily represent the optimized compression pressure. Thus, the
optimized compression pressure was determined when the fuel cell was operated at
standard conditions and a constant current density of 1000 mA cm™. Once all the
conditions were reached the compression pressure was increased gradually until a
peak cell voltage was achieved, corresponding to the ideal compression pressure.

Figure 2.8 shows an example of this procedure.
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Figure 2.8 — Cell voltage versus compression pressure. For these tests the gases, cell, and
dew point temperatures were 75 °C, the pressure for both inlet reactant gases was 206.9
kPag ( apgrox 30 psig), and the alr/hydrogen stoichiometry ratio was 2.0/1.5. The CCM was
a Primea® 5510 membrane (0.4 mg Pt cm® on each side) and the anode and cathode GDLs
were SGL 25DC GDL and SGL 25BC GDL, respectively.

In addition to the previous procedures, a pressure sensitive film (Pressurex, super-

low, Sensor Products Inc.) was used to confirm uniform compression between the

anode and cathode plates.

77



2.1.3.3 Polarization curve protocol

Following a strict protocol is important when performing polarization curves in order
to be able to collect reliable and repeatable data. The final protocol used for this
work was based on the reports by the US Fuel Cell Council and US Department of
Energy [189,190]. A number of different steps were performed in order to find the
most reliable curves. In general, the first step was to reach the set points for the
desired operating conditions. Once this was completed, the fuel cell was held for 15
minutes at each desired current density, starting from low to high current densities.
The number of points in a polarization curve depends on the areas that are being
investigated. For example, a greater number of points should be tested in the low
current density region in order to study the electrode kinetics of the reactions. More
points can be tested in the middle-range of the current density if ohmic losses are
important. Similarly, more weight can be given to the higher current densities if
analysis of mass transport losses (and limiting current) is desired. In most of the
studies presented here the emphasis was given to the mid- to high current density

range.

After the maximum current density was attained (limited by the load bank) in the
polarization testing, the fuel cell was tested at six more current densities, in a
descending order from high to low current values, for at least 15 minutes at each
point. This was performed to compare the hysteresis associated with increasing or
decreasing current densities. This was especially important when testing at low
humidity conditions since the cell could be degrading. If the difference between the
increasing and decreasing cases was less than or equal to 10 mV at a given current
value then the polarization curve was completed. The cell voltage recorded at each
current measurement was averaged over a time period of at least 3 minutes (one

data point per second) corresponding to the steady state condition of the cell.

Figure 2.9 shows a polarization curve that was performed following the above steps.
As it can be observed the cell voltage values recorded in for the descending order
are higher than those for the ascending order. For this specific polarization curve,
the difference between the increasing and decreasing current densities is around 18
to 26 mV, which would make this specific curve not acceptable based on the
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standards mentioned above. It is important to note that for certain GDL
configurations, especially those with perforated sheets as GDLs, the difference
between the increasing and decreasing cases was greater than 10 mV in most
cases due to water removal limitations. Therefore, for those specific cases

differences lower than 15 to 20 mV were acceptable.
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Figure 2.9 — Example of a typical polarization curve. For these tests the gases, cell, and
dew point temperatures were 75 °C, the pressure for both inlet reactant gases was 206.9
kPag (approx. 30 psig), and the air/hydrogen stoichiometry ratio was 2.0/1.5. The CCM was
a Primea® 5510 membrane (0.4 mg Pt cm™ on each side) and the anode and cathode GDLs
were SGL 25DC GDL and SGL 25BC GDL, respectively.

Ideally, for a polarization curve the conditions at each current density should not be
affected by the previous tested current density. For example, the water produced at
a specific current load should not affect the conditions for the following point if
enough time is allowed to reach steady state. Therefore, gas purging, mainly on the
cathode side, is commonly performed in order to remove all the water accumulated
inside the cell. This step ensures that voltage measurement at a given current
density is not influenced by the state of the cell from the previous measurement. In
our studies, it was found that with the baseline MEAs purging was only necessary

when the dew point temperature of the gases was greater than the temperature of
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the gases (i.e., flooding conditions). However, when other GDL configurations were
used (i.e., with the perforated metal sheets) purging was necessary for the flooding
and 100% RH (fully humidified) conditions. At low relative humidities (e.g., 25% RH)
it was found that purging was not necessary with any GDL configuration since the
water accumulated inside the cell did not affect the current density performance
significantly.

Three main operating conditions were used for polarization tests: fully humidified

(i.e., 100% RH), flooding conditions, and low humidity conditions (i.e., 25% RH).
Table 2.5 gives more details for these experimental conditions.

Table 2.5 — Experimental conditions used for polarization testing.

Condition Teen Tgas Tap Inlet Pressure C_atI?ode/A_node _
[)C] [°C] [°C] [kPa gauge] Stoichiometric Ratio
Z“A'(})’o " LF’{mHi)diﬁed 75 75 75 206.8 2115
Flooding 75 75 95 206.8 2/1.5
'(;g’!/OHSL“)idity 75 75 454 206.8 2115

2.1.3.3.1 Error treatment

As stated previously, the cell voltage recorded at each current measurement was
averaged over a time period of at least 3 minutes (at steady state conditions). The
subsequent standard deviation was calculated for each averaged cell voltage value.
Each standard deviation was then used in order to add error bars for all the
polarization data shown in this work. Most of the polarization tests shown in
Chapters 3, 4, and 5 were performed at least three times in order to obtain
repeatable observations. In all the cases, the voltage differences (at specific current
densities) between each repetition were within 15 mV, which was considered
acceptable. The data shown from these polarization tests is the data corresponding
to one of the three repeated tests.

In addition to repeat the tests, in some cases the same tests were repeated 2 to 4
times with completely new MEA materials. This allowed to observe the repeatability
between materials of different batches. In addition, this process was especially
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important when specific tests showed erratic or unexpected behaviour. In general, if
major differences were observed between tests (e.g., voltage differences >30 mV)
then more repetitions were performed until a pattern was recognized. Figure 2.10
shows the polarization data of four identical MEAs at fully humidified conditions. For
this example, the voltage difference between the four cases was always within £15
mV at all the current densities.
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Figure 2.10 — Polarization data of four different tests with identical MEA materials. For these
tests the gases, dew point, and cell temperatures were 75 °C, the pressure for both inlet
reactant gases was 206.8 kPag, and the air/hydrogen stoichiometry ratio was 2.0/1.5. The
cathode and anode GDLs were SGL 25BC (with MPL) and SGL 25DC (with MPL) carbon
fiber papers, respectively. Note that error bars are not shown for clarity.

Another method used to observe the reproducibility between the materials used for
this project was to compare the membrane conditioning results between MEAs with
same configurations. In most cases, the cell voltages were within £15-20 mV of each
other. Figure 2.11 shows an example of the membrane conditioning tests for four
different MEAs. All these MEASs had perforated sheets (1 mm diam. holes) and 25BC
GDLs in the cathode side. It can be observed that all the MEAs had similar
performances (within the error range) during the conditioning test. The inset in
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Figure 2.11 shows in more detail the cell voltages for each case in the last hour of

the tests.
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Figure 2.11 — Conditioning of four different MEAs with the same GDL configurations. For
these tests the MEAs had a 25BC (with MPL) GDL and a 1 mm perforated sheet in the
cathode side. In the anode side a SGL 25DC (with MPL) GDL was used. For all the
membrane conditioning tests the gases, dew point, and cell temperatures were 75 °C, the
pressure for both inlet reactant gases was 206.8 kPag, and the air/hydrogen stoichiometry
ratio was 2.0/1.5. The current density was 750 mA cm™. The cathode and anode GDLs were
SGL 25BC (with MPL) and SGL 25DC (with MPL) carbon fiber papers, respectively.

The pressure drop data shown in Chapters 3 and 4 have error bars corresponding to

the standard deviations of the pressure drops recorded in each test.

2.1.3.4 High frequency resistance measurements

For all the polarization measurements, the high frequency resistance (HFR) of the
cell was measured at 1 kHz using an LCR meter (GW-Instek LCR-819). The HFR
corresponds to the cell resistance and consists predominantly of the membrane ionic
resistance, and other residual resistances arising from electronic and contact
resistances [191]. The LCR meter can be seen in Figure 2.6. Prior to any testing, the
HF resistance of the fuel cell, with different GDLs but without the CCM, was
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measured at a cell temperature of 75 °C (see Figure 2.12a). A graphitic foil was
placed between the GDLs and flow field plates in order to know the resistance that
the fuel cell (and most of the fuel cell materials) have. This test was performed for
every single GDL configuration used and presented in this thesis. The resistance
obtained from this ex-situ test was then subtracted from the HFR value measured
when performing fuel cell testing (Figure 2.12b). Thus, the final resistance value
represented the resistances of the membrane, catalyst layers, and contact
resistances between the GDLs and the catalyst layers as shown in the classical
equivalent circuit in Figure 2.13. The term Re represents the sum of all the
resistances due to the graphite plates (flow field, coolant, and blank plates), the
current collectors, wires to measure the cell voltage, and cables connected to the
load bank. Please note that the circuit shown here, especially the part regarding the
membrane and catalyst layers represents just a classical equivalent circuit for these
parts. It does not go into more detail regarding the exact (and possibly more precise)
circuit representation of these components since it is beyond the scope of this
thesis. For more detail on equivalent circuits in fuel cells please refer to [192-194].

LCR Meter
1 kHz

LCR Meter
1 kHz

Figure 2.12 — Schematics of the high frequency resistance (HFR) measurements: (a) HFR
measurement of the cell with the cathode and anode GDLs and a graphitic foil placed
between them; (b) HFR measurement of the fuel cell with an MEA while performing fuel cell
testing.
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Figure 2.13 — Classic equivalent circuit of the fuel cell. R, corresponds to the resistances
due to the plates, current collectors, and wires of the load bank.

2.1.3.5 Pressure drop analysis

The pressure drop on both the anode and cathode side was also measured since
this can be used as an indicator of water flooding given that water accumulation in
the MEA and flow field channels can result in larger pressure drops [178,195,196].
However, if the pressure drop for different GDLs is being compared in order to
provide an insight into water accumulation inside the channels, it is important to
determine how much of the pressure drop is affected by the GDL itself. Therefore,
the pressure drops of the different GDL configurations used in this study were also
measured with non-active conditions (i.e., no current) and without humidification
(i.e., single-phase). At these conditions, for the cathode side, the difference in
pressure drops between the 25BA (without MPL) and 25BC (with MPL) GDLs was
less than 5% (see Figure 2.14). However, with the active tests (low humidity
conditions and assumed two-phase flow) this difference increased to greater than
12% for flow rates higher than 1.64 SLPM (corresponding to 1000 mA cm). These
results confirm that the pressure drop for different GDL configurations as an
indicator of water accumulation in the single fuel cell is a good assumption. Similar
observations can be given for all the GDL configurations used in this project. This is
especially important for the analysis presented in Chapters 3 and 4. Figure 2.14 also
shows the cathode pressure drop when a solid material is used instead of a CFP. As
expected, the pressure drop with this solid sheet material (graphitic foil) is greater

than when CFPs are used under non-active conditions since with the porous CFP
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case the gas has more paths to travel through, thus, reducing the overall pressure
drop. However, once the fuel cell is active, the 25BA CFP (without MPL)

experiences a greater pressure drop due to water accumulation.
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Figure 2.14 — Cathode pressure drop versus air flow rate. The solid symbols represent the
single-phase pressure drops (non-active conditions). The open symbols represent the two-
phase pressure drops (active conditions at 25% RH). The anode GDL was SGL 25DC for all
the cases.

2.1.3.6 Multi-component gas analysis

For a more detailed study of mass transport losses originated by different GDL
configurations, multi-component gas analysis was used as a diagnostic tool [197-
199]. This technique consists of performing a number of polarization curves with
different oxidant mixtures such as pure O, air, and heliox (21% O in He). Each
polarization curve provides specific information that can describe different aspects of
the fuel cell performance and how well it was designed. For instance, pure O, and
heliox can be used to provide a better understanding of concentration losses and
mass transport losses in PEM fuel cell, respectively. The reason for this is that,
oxygen diffuses at a higher rate in helium (He) than in nitrogen (N2) (i.e., in air) since
the diffusion coefficient of O, in He is 1.3298 cm? s™' and the diffusion coefficient of
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O, in Ny is 0.1637 cm? s [197,198]. Thus, the performance of the fuel cell with
heliox as the oxidant gas significantly improves the mass transport region of the
polarization curve. Prior to calculating the mass transport losses for a specific GDL
configuration (voltage difference between the heliox and air curves), the polarization
curves were HFR corrected in order to remove the ohmic losses and contact
resistances from the final calculated losses. It is important to note that the
stoichiometries for the different oxidant gases used were kept equal to 2.0. Figure
2.15 shows an example of polarization curves with different oxidant gases.
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Figure 2.15 — Example of multi-component gas analysis. For these tests the gases, cell, and
dew point temperatures were 75 °C, the pressure for both inlet reactant gases was 206.9
kPag (approx. 30 psig), and the oxidant gas/hydrogen stoichiometry ratio was 2.0/1.5. The
CCM was a Primea® 5510 membrane (0.4 mg Pt cm? on each side) and the anode and
cathode GDLs were SGL 25DC GDL and SGL 25BC GDL, respectively. The polarization
curves are HFR compensated.

2.1.4 Water transport rate tests

In order to understand how the perforated sheets affect the water transport capability
of the cathode GDL, the water transport rates of different MEA configurations were
estimated using an ex-situ experimental technique similar to that presented by Dai et

al. [200,201] (see Chapter 3). Figure 2.16 shows a schematic of the experimental
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set-up. Briefly, humidified air (at 75 °C and 25% RH) was fed to the cathode flow
field plate, and deionized (DI) water was fed to the anode and the coolant sides of
the cell (at 75 °C). A Toray® TGPH-060 carbon fibre paper with no water proofing
was used on the anode side in order to give mechanical support to the catalyst
coated membrane and to keep it fully humidified. On the cathode side, different GDL
configurations were used. The air flow rate, corresponding to a specific current
density, was kept constant for 1 hour. The water removed from the cell by the air
stream was then condensed in a high efficiency, water-cooled condenser and
collected into a reservoir. The collected water was then used to calculate the actual
water transport rate from the anode side to the cathode side with different cathode
configurations. The following equation shows how the final water transport rate was

calculated:

WCathode = WC - Vvin + anp (21)

where W, is the total cathode water transport rate (g min™'); W, is the water

collected in the reservoir over a specific period of time (g min™); W, is the water in

the humidified air (g min™") and is calculated using the water saturation pressure at

the dew point temperature; and W,,, is the water vapor in the exhaust air (g min’")

and is calculated using the water saturation pressure at the temperature of the

exhaust air (a thermocouple was used for this).
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Figure 2.16 — Schematic of the testing set-up used for water transport rate measurements.
This is an ex-situ experiment with no current load.

2.1.5 Anode water removal method

Another method used to understand mass transport issues inside fuel cells is the
anode water removal (AWR) technique [27-29]. Ballard Power Systems first
proposed this method in which liquid water accumulated in the cathode can be
drawn by a concentration gradient across the membrane to the anode and removed
in the fuel stream. This concentration gradient is created by drying the anode side.
This method can be used as a diagnostic tool since it can remove water in the
cathode without directly affecting other conditions presented in the cathode (e.g.,
thermal and concentration). Therefore, the effects due to water accumulation in the
cathode are reduced or eliminated, thus separating mass transport from other
effects. The change of the water concentration gradient in the proton exchange
membrane increases the back diffusion rate of water from the cathode to the anode
such that water at the cathode catalyst layer diffuses through the membrane and is
removed via the anode reactant gas stream. Figure 2.17a shows how the water
concentration in a membrane changes when the AWR method is used. Figure 2.17b
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shows how the water collected in the anode outlet stream increased with higher
hydrogen stoichiometries.
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Figure 2.17 (a) Schematic of the water concentration through the membrane when the
anode water removal (AWR) method is performed, and (b) water collected in the outlet
gases during AWR tests (modified from Voss et al. [28] with permission from Elsevier).

This method can be accomplished by modifying the relative humidity or thermal
gradient of the anode side; however, the recommended approach is to create a
pressure gradient along the anode flow field channel in order to increase the ability
of the fuel stream to carry water vapor [28]. As the pressure of the anode gas stream
decreases along the flow channel at high fuel flow rates (high stoichiometries) of the
fuel gas, it can carry a larger mole fraction of water vapor. Once the flow rate
reaches an optimum level, the water concentration gradient draws the optimum

amount of water from the cathode side towards the anode through the membrane
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before dehydration becomes an issue. The cell voltage increases with higher fuel
flow rates until a peak in performance is reached (Figure 2.18), where the cell’s
internal resistance increases with high flow rates due to the membrane drying out
from too much water removal [28]. This peak in performance corresponds to the
removal of water in the cathode catalyst layer. This method allows investigation of
the cell and electrode performance potential in the absence of mass transport
limitations. Thus, various GDL configurations can be studied and compared since
their true performance without mass transport losses can be observed.
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Figure 2.18 — Example of the anode water removal method. For these tests the gases and
cell, temperatures were 75 °C, the air was fully humidified (100% RH) and the hydrogen was
dry (no humidification), the pressure for both inlet reactant gases was 206.8 kPag (approx.
30 psig), and the air stoichiometry was 2.0. The CCM a Primea® 5510 membrane (0.4 mg Pt
cm™ on each side) and the anode and cathode GDLs were SGL 25DC GDL and SGL 25BA
GDL, respectively.

The protocol used for these tests was as follows. The cell, gases, and cathode dew
point temperatures were 75 °C. The air flow rate was kept constant (stoichiometry of
2.0). For the anode side, the hydrogen gas was dry (no humidification) and its
stoichiometry was increased until fuel cell performance peaked and voltage stability
was observed at a specific current density. The hydrogen stoichiometry was
increased step-wise every 2 minutes, while holding the current density at 1000 mA

cm®. During these tests the cathode side was kept hydrated (100% relative
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humidity), thus, the only water inside the cell was that produced in the cathode
catalyst layer and that introduced by the oxidant gas.

2.2 Mk 5 Ballard fuel cell

Two Mk5 Ballard fuel cells, single cell and stack, were used for all the tests related
to Chapter 6.

2.2.1 Hardware

Figure 2.19 shows a Ballard Mk 5 (Ballard Power Systems) fuel cell stack similar to
the ones used for the experiments presented here. Both the single cell and fuel cell
stack used an internal humidification system located before the cathode and anode
plates. This system consisted of a series of Nafion® membranes located between
plates that had flow field channels. One flow field was for DI water and the other for
a reactant gas and it was previously determined that the gas was fully humidified
after flowing through the plate humidifier. Both the single cell and stack had a
pneumatic piston located on top in order to compress the cell evenly. The ideal
compression pressure for these fuel cells was 689.5 kPa (100 psia). All the anode
flow field plates were standard single-pass serpentine flow fields. The standard
cathode flow field plates used for comparison were six-pass serpentine flow fields.
All the flow field plates were made out of graphite. Table 2.6 shows the parameters

of these flow field plates. Both standard flow field plates are shown in Figure 2.20.

91



 End Plate R
(with piston) -

Current
Collectors

Manifold

End Plate

Figure 2.20 — Standard (a) anode and (b) cathode flow field plates for the Mk 5 fuel cells.
These plates were made out of graphite. The active area for these plates is 280 cm®.

The membrane electrode assembly (MEA) used in the Mk 5 fuel cells consisted of a
Nafion 115 membrane, and a total Pt catalyst loading of 1.0 mg cm™ (0.7 mg Pt cm™
on the cathode and 0.3 mg Pt cm™ on the anode) with Toray TGP 090 (20 wt. % of
PTFE) GDLs for both anode and cathode sides. Both the anode and cathode GDLs
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had an MPL with 20 wt% PTFE. No assembly was needed for these MEAs since
Ballard Power Systems manufactured them.

Two different special cathode plates with interdigitated and serpentine flow fields

were designed and used for the single cell tests. For the fuel cell stack tests just the
cathode plates with serpentine flow fields were used.

Table 2.6 — Parameters of the flow field channels used with the Mk5 fuel cell.

Standard Mk5

. Anode Interdigitated Serpentine

Properties  Fiow Field C#h0de FlOW “rioy Field  Flow Field
Flow field type Serpentine Serpentine Interdigitated Serpentine
Number of paths 1 6 N/A 6
Sr:grs)z-sectlonal Trapezoidal Trapezoidal Squared Squared
Channel width - 1.28 1.28 0.50 1.50
bottom [mm]
Channel width —top 1.59 1.59 0.50 1.50
[mm]
Draft angle® 7° 7° 0° 0°
Channel depth [mm] 1.27 1.27 0.20 1.00
Landing width [mm] 0.40 0.92 0.80 0.80

®Draft angle is the angle that the channel walls make with vertical.

2.2.1.1 Cathode interdigitated flow field plate

The active area of the interdigitated cathode flow field (260 cm? active area) was
divided into six separate sections. Figure 2.21 shows a schematic of this plate with
tubing and valves. Table 2.6 shows the specific parameters of this flow field channel.
The sections corresponding to valves 1 and 6 each have an area of 38.5 cm?, the
area for each of the sections controlled by valves 2 and 5 is 52.2 cm? and, finally,
the last two sections (valves 3 and 4) each have an area of 39.4 cm?. Each section
was connected to a valve (closed or opened manually) at the exit of the flow field
located outside of the fuel cell. Thus, if a valve was closed the corresponding area in
the flow field was also closed forcing the reactant flow to go to the other sections of

the cathode.
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Figure 2.21 — (a) Schematic and (b) picture of the interdigitated cathode plate.

2.2.1.2 Cathode serpentine flow field plate

The serpentine flow field (280 cm? active area) was also divided into six separate
sections as shown in Figure 2.22. Table 2.6 shows the specific parameters of this
flow field channel. The channels of this flow field were designed such that all
adjacent channel areas are isobaric in order to prevent gas shorting. The sections
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corresponding to valves 1 and 6 each have an area of 46.6 cm?, the area for each of
the sections controlled by valves 2 and 5 is 47.2 cm?, and the last two sections

(valves 3 and 4) each have an area of 46.2 cm?.

Inlet

Outlet «

#1 #2 #3

b)

Figure 2.22 — (a) Schematic and (b) picture of serpentine flow field plate.

For the fuel cell stack, Figure 2.23 shows a schematic of how the cells and the
external valves were connected. In this case just six valves were used (one for each
flow field section) and each section of each cell was connected together to its

corresponding valve.
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Figure 2.23 — Schematic of the setup of the fuel cell stack with external valves.

2.2.2 1 kW Ballard fuel cell station

All experiments discussed in Chapter 6 were performed using a Ballard 1 kW test
station, custom designed and built by Ballard Power Systems (see Figure 2.24). This
test station was manually controlled and could provide accurate control of the
reactant pressures and gas flow rates for both the fuel and the oxidant gases. It also
regulated the temperature of the DI water used as a coolant and as part of the
internal humidification system of the fuel cells. The flow rate of the DI water was
constant at all times. The cell temperature was characterized by the temperature of
the oxidant out stream that was also equivalent to the coolant out temperature. This
manual station also had a load bank used to draw current from the cell and a chart

recorder for voltage measurements.
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Figure 2.24 — Picture of the Ballard Mk 5 fuel cell station used for fuel cell testing.

2.2.3 Experiments at low gas stoichiometries and low power densities

Most of the experiments performed in Chapter 4 are explained in detail in this
section. The fuel cells used for these tests were the Ballard Mk5 cells explained in
Section 2.2.1. The fuel cell testing for most of the single cell cases was carried out at
75 °C, the pressure for both reactant gases was 206.8 kPag (30 psig), the hydrogen
stoichiometry was kept constant at 1.5, and the air stoichiometry was varied in the
experiments. It is important to note that for the serpentine flow field certain operating
conditions had to be modified in order to complete the tests successfully (details of
these changes are explained in Section 6.3.3) (e.g., lower air/H, stoichiometries).
The main experimental test procedure was to run the cell at low power (50-100 mA
cm?, based on the total active area), with an air stoichiometry of 2.0 and with all the
valves open. Then, the air stoichiometry was changed to lower values (<1.5) until
either significant performance loss and/or voltage instability was observed. At this
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point some active area sections were closed down until performance and/or voltage

stability were recovered.

In order to observe that the system shown in Chapter 6 also works in a fuel cell
stack, the stack was tested with an overall cell temperature of 60°C, which is lower
than the humidification temperature of the reactant gases (75°C). Thus, the gases
were saturated and condensation was present in the cell. This resulted in instability
of the overall performance of the cell as a result of the water condensation, i.e.,
flooding. The pressure of both reactant gases was the same as for the single cell
testing (30 psig), the hydrogen stoichiometry was kept constant at 1.5, and the air
stoichiometry was varied in the experiments. For these tests, once the stack was
running and voltage instability was observed, certain sections/areas in each cell of
the fuel cell stack were closed in order to observe the influence on the stack’s overall

performance.
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3 APPLICATION OF WATER BARRIER LAYERS FOR IMPROVED
DURABILITY AND WATER MANAGEMENT AT LOW HUMIDITY
CONDITIONSs

3.1 Introduction

Large-scale commercialization of proton exchange membrane fuel cells (PEMFCs)
faces a number of challenges including efficiency, cost, reliability, and durability
[202-204]. In addition, a number of applications (e.g., portable back-up power,
material handling, automotive, etc.) require these fuel cell systems to perform
efficiently with restricted space limitations [62,205]. Therefore, it is critical for fuel cell
systems to perform at conditions in which additional equipment (i.e., balance of
plants) can be significantly reduced. One way of performing this task is to run the
system at reduced or zero relative humidity (RH) conditions. This will eliminate the
use of humidification systems currently used to humidify the reactant gases in order
to maintain the necessary hydration level inside the membrane electrode assembly
(MEA) for proton conductivity [206]. These humidification systems not only require
heat and water supplies, which decreases the overall power density and efficiency of
the system, but also account for a significant fraction of system’s volume, weight,
and cost. However, removing these systems is challenging because the durability

and reliability of the overall fuel cell system are normally adversely affected.

It is a well-known phenomenon that the performance of a typical PEM fuel cell
deteriorates when dry gases are used due to the drying of the membrane, which
increases the ohmic resistance and reduces the hydrogen proton flux from the
anode to the cathode [207]. Long exposure to these harsh conditions has a direct
impact on the fuel cell’s overall performance, thus, compromising the longevity of the
fuel cell. Recently, there have been many research studies investigating the effects
of dry conditions on hydrogen fuel cells. It has been shown that with dry feed,
irreversible losses due to damage of the membrane and catalyst layers are created

3 A version of Chapter 3 has been published:

Blanco M, Wilkinson DP, Wang H. Application of water barrier layers in a proton exchange membrane
fuel cell for improved water management at low humidity conditions. International Journal of
Hydrogen Energy 2011;36:3635-48.
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that can potentially reduce the fuel cell stack lifetime expectancy and increase the
probability of failure [208-210]. These irreversible losses mainly occur at the cathode
side since the cathode humidity has a stronger impact on the membrane’s
resistance [211]. This indicates that the diffusion of water through the membrane is a
dominant process for water transport inside the MEA [212]. In addition, the
dehydration rate inside the cell increases significantly with increases in cell and gas
temperatures, large flow stoichiometries, and low gas pressures [143,207,213,214].
Another component that is greatly affected with dry gases is the cathode catalyst
layer in which the ionic, charge-transfer, and mass-transfer resistances increase
when proton transport and humidity levels at the catalytic sites are reduced
[205,207].

In order to improve the cell performance at dry conditions different approaches have
been proposed. As explained in Section 1.4.1.2.2, self-humidifying proton exchange
membranes have been demonstrated and have achieved improved performance
with dry gases [44,45]. However, the manufacturing process for these membranes is
very complex because they contain Pt or metal-oxide catalyst particles. Addition of
Pt in the membrane increases the system’s overall cost. Another approach to
improve the cell performance and avoid dehydration at dry conditions is to design
gas diffusion layers (GDL) with microporous layers (MPL) (or water management
layers) with low hydrophobicity [143]. In addition, the MPLs can also be designed
with PTFE concentration gradients along the GDL’s area in order to change the
hydrophobicity of the layer [215]. More details on MPLs are given in Section
1.4.2.2.3.

Self-humidifying can also be achieved through the use of water absorbent wicks that
can be located near the inlet and outlet areas of the flow field(s) to facilitate
absorption of excess water and to humidify the dry gases that enter the channels
eliminating the need for a humidification system [68-71] (see Section 1.4.1.2.3).
Some of the wicking materials used are: porous polyester fibers, polyvinyl alcohol
sponges, absorbent cotton cloth, absorbent cotton paper, and porous stainless steel
sheets. As stated in Section 1.4.1.2.3, porous flow field plates have also been
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proposed as mechanisms that improve the self-humidifying capabilities of the cell
with dry conditions [62,64,67].

Different flow field designs, mostly for the cathode plate, have been demonstrated as
possible solutions for fuel cell operation with dry reactant gases. Qi et al. [216]
designed serpentine flow channels with two inlets and two outlets for both the anode
and cathode gases. One inlet was located near one of the outlets; thus, the exiting
gas stream would humidify the dry gas entering the plate. In general, for fully
humidified operation the parallel flow field design is considered to have a number of
drawbacks related to flow distribution and water management. However, at dry
conditions this design provides better performance and uniform distribution of water
activity, ionic conductivity, and current density over the active area [217]. Direction of
the flow fields, as shown in Section 1.4.1.2.3, including the coolant channels, of a
fuel cell also influences the overall water management and performance of the cell.
Wilkinson et al. [33] operated a fuel cell successfully with dry gases by using the
cathode and coolant flow field in co-flow and the anode in counter-flow. In addition, a
co-flow configuration between the anode and cathode channels has been proven to
deteriorate the performance at dry conditions since the water content of the
membrane is very low in the inlet region [188].

In this chapter, it is shown that at dry (no humidification) conditions the MPL
improves cell durability compared to a GDL without an MPL. However, GDLs with an
MPL still have a serious issue when operating at low humidity conditions for long
periods of time. Therefore, a method to increase the water accumulation in the
cathode GDL and catalyst layers in order to improve the cell durability at low
humidity conditions is presented. This is achieved by placing non-porous perforated
materials between the cathode flow field channels and the GDL. The impact of
perforated sheets on the performance and durability of PEM fuel cells was examined
at low humidity conditions and results are presented. GDLs with and without
microporous layers (MPL) were used. This analysis is performed using polarization
curves, voltage stability data, and measurements of membrane resistance, pressure

drop, and water transport rates.
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3.2 Experimental

The details of the fuel cell hardware, proton exchange membranes and catalyst
layers, and testing equipment used can be found in Sections 2.1.1.1, 2.1.1.2, and
2.1.2, respectively. For this chapter, the anode GDL was a Sigracet® 25DC carbon
fiber paper from SGL Carbon. For the cathode side two different GDLs were used:
Sigracet® 25BC and 25BA. Section 2.1.1.3 and Table 2.2 give more details
regarding these GDLs. The description of the perforated metal sheets used is in
Section 2.1.1.4, Figure 2.4, and Table 2.3. All the perforated sheets used in this
chapter were 0.05 mm thick.

For the various polarization tests performed, the single fuel cell assembly was
compressed to 792.9 kPa (115 psia), the gases were pressurized to 206.8 kPag (30
psig) at the inlet, and the air and hydrogen stoichiometries were kept constant at 2.0
and 1.5, respectively. Every MEA was initially conditioned following the protocol
explained in Section 2.1.3.1. For all the polarization performance tests, the
temperatures of the gases and the fuel cell were kept constant at 75 °C. The dew
point temperature for both gases was kept constant at 45.4 °C, which corresponded
to a relative humidity (RH) of 25% (i.e., low humidity conditions). A dew point
temperature of 75 °C, which corresponded to 100% RH (i.e., fully humidified
conditions), was used just for the tests analyzed in Section 3.3.1. The protocols used
for all the polarization measurements are explained in detail in Section 2.1.3. The
pressure drop on both the anode and cathode sides was also measured and the

details regarding these measurements are found in Section 2.1.3.5.

In order to understand how the perforated sheets affect the water transport capability
of the cathode GDL, the water transport rates of different MEA configurations were

estimated using an experimental technique explained in Section 2.1.4.

For the durability tests, it was desired to use parameters that would accelerate the
deterioration of the fuel cell performance at dry conditions. For these tests we
operated the fuel cell at a current density of 1000 mA cm™ because this current has
been shown to accelerate degradation [203,218]. In addition, both reactant gases

were introduced with no humidification, the cell and gas temperatures were
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increased to 75 °C, and the pressure of the gases were lowered to 90 kPag (around
13 psig inlet pressure). Lower pressures and higher temperatures in the flow field
channels allow the gas stream to carry more water vapor, thus, drying the cell faster
[28,29]. More details regarding how these specific conditions were chosen are
provided in Section 3.5. A higher current density could have been used in order to
accelerate degradation even further, however, it was desired to keep the resulting
cell voltage between 0.3 to 0.6 V since the peak powers for most fuel cell
applications are found within these voltage ranges [5].

3.3 Results and discussion

3.3.1 Effect of low humidity conditions on fuel cell performance

In order to compare fuel cell performance at low humidity conditions and how they
affect the cell performance, two MEA configurations commonly used in fuel cells
were tested (see Figure 3.1a). Two different operating conditions were used: 100%
RH and 25% RH. The main difference between the two cathode GDLs is that the
25BA does not have an MPL whereas the 25BC does. The anode GDL used was
the same for both cases (i.e., 25DC). At 100% RH, there is a significant voltage
difference between the GDLs with and without an MPL, in the current range of 500
to 1800 mA cm™. This indicates that the presence of an MPL on the cathode side
has a major role on managing the water in PEM fuel cells, and increases the cell
performance by reducing the liquid-water saturation in the GDL pores and active
sites in the catalyst layer, and enhancing oxygen diffusion. At higher flow rates, i.e.,
current densities higher than 1800 mA cm™, the performance difference between the
two GDLs is no longer detectable. It is conjectured that for the 25BC GDL this is the
result of membrane dehydration due to the combination of higher flow rates,
because of higher currents, and the use of the MPL to remove the product water. On
the other hand, at these high current densities the gas flow rate is high enough for
the 25BA GDL to remove sufficient water towards the flow field plates. This opens
the path for the gases to diffuse through, and helps maintaining enough water
content near the membrane to keep it hydrated.
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Figure 3.1 — (a) Cell voltage, (b) high frequency resistance, (c) cathode pressure drop, and
(d) anode pressure drop versus current density for PEM fuel cells with two different GDLs at
fully humidified conditions (100% RH) and low humidity conditions (25% RH). 25BA and
25BC refers to SGL 25BA (GDL without MPL) and SGL 25BC (GDL with MPL), respectively.
The anode GDL for all cases was 25DC (with MPL).

At 25% RH, the performance difference between the two GDLs is similar to that in
the 100% RH condition, however, at high current densities the GDL without MPL
cannot match the performance of GDLs with MPL at low humidity conditions. This
indicates that at low humidity conditions the MPL also enhances water distribution
between the GDL and the catalytic sites, which allows for the hydration of the
membrane. The cell’s high frequency resistance data also support these
observations (Figure 3.1b). At low humidity conditions (25% RH) and high flow rates,
the HFR is lower for the case with MPL than without MPL (68 vs. 76 mOhm cm? at
1900 mA cm™), which indicates that the membrane is more hydrated when the MPL

is present.
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At current densities higher than 1000 mA cm™, the cathode pressure drop for the
25BA GDL is greater than that of the 25BC GDL (with an MPL) for both operating
conditions (see Figure 3.1c). This could be a sign of less water accumulation in the
flow field channels when the 25BC is used. In addition, the anode pressure drop for
the 25BC is 13 to 17% (at 100% RH) and 7 to 14% (at 25% RH) greater than that for
the 25BA GDL due to the positive impact that the MPL has on the water crossover
from the cathode to anode side of the fuel cell (see Figure 3.1d).

For repeatability, the polarization measurements were performed three times. In all
the cases, the voltage differences (at specific current densities) between each
repetition were within 15 mV, which was considered acceptable. To operate for
longer periods at dry or low humidity conditions, it is important for the membrane to
stay hydrated as long as possible without affecting the diffusion paths of the reactant
gases. Figure 3.2 shows how the fuel cell with 25BA and 25BC cathode GDLs
behave when operated at a constant current density of 1000 mA cm™® at dry (no
humidification) conditions. As observed, the GDL with MPL allows the fuel cell to
operate for a longer period of time. In fact, it appears that the MPL acts as a water
barrier layer and this keeps the high frequency resistance low, thus, improving the
membrane hydration (see Fig. 3.2b). In the case of the 25BA CFP, the resistance is
significantly greater, which indicates membrane and catalyst layer dehydration (see
Section 2.1.3.4).
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Figure 3.2 — (a) cell voltage and (b) high frequency resistance versus time. For these tests
the gases and cell temperatures were 75 °C, the pressure for both inlet reactant gases was
70 kPag (approx. 10 psig), the gases were dry (no humidification), the air/hydrogen
stoichiometry ratio was 2.0/1.5, and the cell was kept at a constant current density of 1000
mA cm?. 25BA and 25BC refers to SGL 25BA (GDL without MPL) and SGL 25BC (GDL with
MPL), respectively. The anode GDL for all cases was SGL 25DC (with MPL).

Based on the positive effect that the MPL had on the performance under dry
conditions, it was decided to look at a barrier layer approach for water management
under dry and low humidity conditions. As explained in Section 1.4.1.2.2, barrier
layers have been used in other applications such as direct methanol fuel cells
(DMFCs) to reduce transport of species [48,219-221]. This could also be a useful
approach for PEM fuel cells. Graftech International claims to produce perforated
graphite sheets that can be used as gas diffusion barriers and that could improve
water management inside the fuel cell at dry or low humidity conditions [47].
Unfortunately, to the best of the author’s knowledge, there are no published results
regarding this. We tested a number of perforated graphite sheets from Graftech;

however, the results were inconclusive due to the mechanical issues found with
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these films. It was found that each graphitic sheet deformed during testing and
intruded into the cathode flow field channels. Thus, causing significantly higher
cathode pressure drops (40-50% higher than the 25BC CFP case) that affected the
gas and liquid transport inside the cell. This caused questionable observations. In
addition, these sheets broke very easily after each test and it was nearly impossible
to remove them without damaging them when disassembling the fuel cell. A
summary of these results and findings are shown in Appendix D.

3.3.2 Effect of perforated sheet arrangement inside the MEA

The effect of the location of the perforated sheets in the MEA as water barriers was
examined. The following GDL and perforated sheet (1 mm dia. holes and 0.05 mm
thick) configurations were tested at dry conditions (25% RH): (i) perforated sheet
next to the flow field (FF) and 25BA next to the CCM (FF/1mmPS/25BA/CCM); (ii)
25BA paper next to the FF and the perforated sheet next to the CCM
(FF/25BA/1mmPS/CCM); (iii) perforated sheet next to the FF and 25BC next to the
CCM (FF/1mmPS/25BC/CCM); and (iv) 25BC paper next to the FF and the
perforated sheet next to the CCM (FF/25BC/1mmPS/CCM).

As shown in Figure 3.3, the location of the perforated sheets inside the MEA is
critical, since the performance is significantly lower (cannot reach current densities
higher than 600 mA cm) when they are placed next to the CCM and the GDL is
next to the cathode flow field plate. In addition, the standard deviation of the voltage
measurements increases dramatically compared to the other configurations (see
Figure 3.3b). This appears to be due to increased water accumulation in the catalyst
layers.

The best performance is achieved with the perforated sheet placed between the flow
field and the GDL. An interesting point is that with the 25BA CFP (near the CCM) the
cell experienced a reproducible slight improvement in performance compared to the
case with the 25BC (with MPL) material (near the CCM) at higher current densities.
The tests with the 25BA CFP (near the CCM) were repeated 3 times and in each
repetition the voltage values (at specific current densities) were within 15 mV of each
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other. A possible reason for this is that more water accumulates in the catalyst layer,
due to the lower porosity of the perforated sheets coupled with the smaller pore size
in the MPL.
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Figure 3.3 — Effect of perforation sheet location on the cathode side of the MEA: (a) cell
voltage, (b) standard deviation of cell voltage, (c) cathode pressure drop, and (d) anode
pressure drop versus current density. Tmm PS refers to a perforated sheet with 1 mm
diameter holes. The thickness of the perforated sheets was 0.05 mm. FF, CCM, 25BA, and
25BC refer to flow field, catalyst coated membrane, SGL 25BA (GDL without MPL), and
SGL 25BC (GDL with MPL), respectively. All tests were performed at low humidity
conditions (25% RH).

On the other hand, with the 25BA paper, the larger pores help to improve the overall
gas diffusion (and distribution) along the catalyst layer while still being able to
remove some of the water accumulated in the regions corresponding to the landing
areas of the perforated sheet. It is important to note that in the case of the baseline
tests (see Section 3.2.1), at normal conditions the 25BA had similar performance at
high current densities to that of 25BC paper. Differences in performance behaviour
have been amplified once the perforated sheets were used with these carbon fiber
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papers. Even though the 25BA paper does not have an MPL, it appears that at high
current densities and flow rates it is capable of maintaining a better balance between
water removal and humidification of the membrane than the 25BC paper. The
combination of the greater thickness of the paper and the lower porosity MPL in the
25BC case causes the gas to flow over a longer path, which increases transport
distance and resistance. In addition, it can be observed that at drying conditions the
voltage stability (i.e., standard deviation) of the cell improves with the 25BA material
compared to the 25BC (Figure 3.3b). This further implies that the PS/25BC
combination has a less desirable water removal capability compared to the PS/25BA

combination.

The pressure drops for the cathode and anode sides in these cases are similar at
most current densities (see Figure 3.3c and 3.3d). At large flow rates, the case with
the 25BC next to the CCM experiences greater anode pressure drop compared to
the case with 25BA next to the CCM. This indicates that there is more water on the
anode side when the CFP with MPL was used.

3.3.3 Effect of perforated sheet open area

The main function of the perforated sheets is to help with the water management
inside the MEA at dry and low humidity (£25% RH) conditions. Thus, it is important
for the perforated sheets to act as a barrier and increase the amount of water
saturation in the catalyst layer, and improve the membrane hydration. However, the
effective porosity is smaller than the porosity of the GDLs and this directly affects the
oxygen diffusion and overall fuel cell performance of the cell. Therefore, it is vital to
use a perforated sheet that maintains water accumulation in the cell and

simultaneously allows the cell to maintain an acceptable performance level.

Figure 3.4 shows how perforated sheets with different open areas affect the fuel cell
performance with different GDLs. Please refer to Table 2.3 for the details of the
different perforated sheets used. All the perforated sheets used in this chapter were
0.05 mm thick. The case with no open area is when the entire active area is
covered, and the case with 100% open area corresponds to the situation where no
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perforated sheets are used. At low current densities the performance difference
between all open areas is lower, since water production is low and reactant transport
requirements are not as limiting. However, as the open area decreases and the
current density increases, the performance of the cell deteriorates because water
saturation in the GDL and catalyst layers creates blockages that hinder the diffusion
of oxidant gas. This performance drop becomes more predominant as the rate of
water generation on the cathode side of the cell increases. In addition, perforated
sheets with lower open area(s) have a greater negative effect when the GDL has an
MPL because a greater amount of water accumulates inside the FF and GDL (see
Figure 3.4a). The perforated sheets with 34.5 and 66.4% OA showed the least drop
in performance. It is important to note that for the case with 100% OA (i.e., with no
perforated sheets) the initial performance of the cell is better at all current densities.
However, these values represent the cell voltages after just 15 minutes of fuel cell
operation, which is not long enough to identify dehydration or degradation issues
within the cell. Therefore, a better comparison of durability between commercially
available GDLs with and without perforated sheets is presented in Section 3.2.5.

The difference in performance with and without a perforated sheet is not as severe
when the CFP does not have an MPL (i.e., 25BA). In fact, with current densities
greater than 1000 mA cm™ the performance difference between the 100% OA case
and the perforated sheet with 34.7% OA is relatively small (~65 mV). This indicates
that there is an optimum open area where a balance between water accumulation at
the cathode side and the water forced to the anode due to pressure gradients
(greater hydraulic pressure on the cathode side) is achieved. Therefore, a perforated
sheet with an open area of around 34.5% can be used for operation at low humidity
conditions due to its acceptable performance and capability to enhance water

saturation near the membrane.
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Figure 3.4 — Effect of perforated sheet open area on fuel cell performance at different
current densities: (a) perforated sheets with 25BC GDL and (b) perforated sheets with 25BA
GDL. 25BA and 25BC refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL with
MPL), respectively. 100% Open area refers to CFP with no perforated sheet. All tests were
performed at low humidity conditions (25% RH). The thickness of all the perforated sheets
was 0.05 mm.

Figure 3.5 shows the cathode water transport rate for different perforated sheets
when placed between the cathode flow field plate and GDL. The different air flow
rates correspond to the flows for current densities between 300 and 1400 mA cm™
(at an air stoichiometry of 2). This cathode water transport rate represents the
maximum amount of water that can be transported through the cathode GDL
configuration. Therefore, an adequate perforated sheet for dry and low humidity
conditions should decrease this water flux in order to maintain the membrane
hydrated without affecting the fuel cell performance significantly. As the open area of
the perforated sheets decreases so does the capability of the cathode side to
remove water, thus, more water accumulation is present in the catalyst layer. The
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25BC (with MPL) experienced lower water fluxes through the GDL and perforated
sheet as expected since the MPL prevents water from being transported across the
carbon fiber paper [181]. This is due to the smaller pores that the MPL has
compared to a GDL (20 to 200 nm pores for MPLs [157] versus 0.05-100 um pores
for typical CFP GDLs [158,159]), which increase the influence of capillary effects on
water transport. In addition, Lu et al. [178] have shown that in GDLs with an MPL the
water paths inside the CFP are not interconnected due to the blocking effect of the
MPL, which reduces the water saturation inside the GDL and the amount of water
breakthrough to the GDL/FF interface.
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Figure 3.5 — Effect of perforated sheet open area on the cathode water transport rate
through the GDL at different air flow rates: (a) perforated sheets with 25BC GDL and (b)
perforated sheets with 25BA GDL. 25BA and 25BC refer to SGL 25BA (GDL without MPL)
and SGL 25BC (GDL with MPL), respectively. 100% Open area refers to CFP with no
perforated sheet. All tests were performed in non-active mode, at low humidity conditions
(25% RH) and an air stoichiometry of 2.0. The thickness of all the perforated sheets was
0.05 mm.

112



With the 25BA paper (see Figure 3.5b) the water transport fluxes were greater than
the 25BC paper since no additional MPL layer is present to impede water transport.
In this figure it can also be observed that the difference of the water transport rates
between the perforated sheets is not as significant as observed with the 25BC CFP.
For example, when using 25BC CFPs (Figure 3.5a) the difference between the
67.5% OA and 8.8% OA sheets at a flow rate of 2.3 SLPM is around 0.06 g min™".
On the other hand, this difference is just 0.035 g min" with the 25BA CFP and the
same sheets (see Figure 3.5b). This is due to the water drainage mechanisms that
GDLs without MPL have since these CFPs experience more interconnected water
paths, which causes a larger number of water breakthrough points in the GDL/FF
interface [178]. Thus, more water is transported towards the perforated sheets and
flow field channels. It can also be observed that the perforated sheet with the lowest
open area reduced the water transport rate across the GDL configuration the most.
The perforated sheets with open areas between 30.7 and 67.5% experienced similar

water transport rates at all air flow rates.

Based on these observations, perforated sheets with an open area of 34.7% (1 mm
dia. holes) were chosen for the experiments discussed in the following sections.
Perforated sheets with an OA of 34.7% showed both acceptable performance and a
limited water flux towards the cathode outlet, which is important for long-term tests at
dry conditions to limit performance loss.

3.3.4 Comparison between perforated metal sheets with 25BC and 25BA gas
diffusion layers

Figure 3.6 compares fuel cell performance when a perforated stainless steel sheet is
used with 25BC (with MPL) and 25BA (no MPL) GDLs. Figure 3.6a shows that at
low current densities (less than 200 mA cm™) the performance for all cases was
similar (£15 mV), with the 25BC GDL showing a slight improvement in performance.
In the mid- to high current density range (>400 mA cm™®) the two cases with only
CFPs had better performance due to superior gas diffusion and limited water
saturation in the catalyst layer. The metal sheets reduced the fuel cell performance;
one reason for this is the difference in contact resistances between the stainless
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steel sheets, CFPs and flow field plate (as also observed in the HFR values shown
in Figure 3.6b). After correcting the cell voltages for ohmic losses, the performance
difference between the cases with perforated sheets and without these sheets is
reduced. However, there is still a performance difference, which indicates additional
mass transport resistances for the cases with the metal sheets that affect the overall
oxygen diffusion (see Figure 3.6c). Correcting for the ohmic resistance means that
the concentration and mass transport are the main losses in performance, especially
at mid- to high current densities. The lower open area with the perforated sheets has

a direct impact on the gas diffusion through the GDL towards the catalyst sites.
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Figure 3.6 — Comparison of stainless steel perforated sheets with 25BC and 25BA GDLs at
dry conditions: (a) cell voltage, (b) high frequency resistance, (c) resistance corrected cell
voltage, (d) standard deviation of cell voltage, (e) cathode pressure drop, and (f) anode
pressure drop versus current density. 1mm PS refers to a perforated sheet with 1 mm
diameter holes. The thickness of the perforated sheet used was 0.05 mm. FF, CCM, 25BC,
and 25BA refer to flow field, catalyst coated membrane, SGL 25BC (GDL with MPL), and
SGL 25BA (GDL with MPL), respectively. All tests were performed at low humidity
conditions (25% RH).

The standard deviations of the cell voltage (Figure 3.6d) are related to the voltage

fluctuations of the cell and are a function of water accumulation in the catalyst layer,
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GDL, and flow field channels. The standard deviations of the perforated sheet with
the 25BA GDL are comparable to those of the 25BC and 25BA CFPs by themselves.
However, for the case of the perforated sheet with the 25BC the voltage fluctuations
were greater (0.004 V vs. 0.001 V at 1200 mA cm™), suggesting that for this case
water accumulation inside the cathode side has increased. Normally, an increase in
the voltage standard deviation is a sign of greater water accumulation in the cathode
side and a greater cathode pressure drop (due to water in the flow field channels).
However, the cathode pressure drop with the perforated sheet and the 25BC GDL
decreased compared to the cases without additional layers (see Figure 3.6e). One
reason for this observation is that the perforated metal sheets allow for greater water
accumulation inside the catalyst layer affecting the voltage fluctuations, but
decreasing the amount of water flux towards the flow field channels, thus,
decreasing the cathode pressure drop. The cathode pressure drop of the stainless
steel perforated sheet with the 25BA was also lower than when no sheet was used.

On the other hand, the anode pressure drops for both perforated sheet cases were
around 20% larger compared to the cases with no metal sheets (see Figure 3.6f).
This shows that greater amounts of water are being forced from the cathode towards
the anode side when these additional layers are used. This effect is similar to the
effect of the MPL described in section 3.1. The case with the 25BC CFP and the
metal sheet had the greatest anode pressure drop since the water crossover to the
anode side is increased when both MPL and metal sheet are used in the same cell.
In fact, the anode pressure drop increased by around 32% (at 1400 mA cm™)
compared to the case with the 25BC GDL by itself.

Another important observation is that when the perforated sheet is used with the
25BA GDL, the cell outperforms the case in which the perforated sheet is used with
the 25BC GDL at high current densities (>1300 mA cm®). Even though this
combination (1mm PS/25BA) does not have an MPL, it appears that at high flow
rates it is capable of maintaining a better balance between water removal and
membrane humidification than the other GDL configuration (1mm PS/25BC). The
greater thickness of the paper and lower porosity of the MPL in the 25BC case

results in a decrease of cell performance since the gas has to travel a longer
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distance/path with liquid-water blockage along the way. Thus, the metal perforated
sheet with the 25BA material has better water removal capability. However, for
longer-term tests at dry or low humidity conditions greater water crossover (cathode
to anode) will be more beneficial in keeping the membrane humidified.

3.3.5 Durability tests at dry conditions

Initial polarization tests do not provide enough insight regarding the durability
characteristics of a fuel cell after extended periods of operation time. Therefore,
long-term tests at a constant current of 1000 mA cm™ were performed with the GDLs
and the additional barrier layers (see Section 3.2). Severe dry operating conditions
(no humidification, high temperature, low gas pressure, etc.) can accelerate the
membrane dehydration and performance degradation even when additional layers
used to increase water saturation are present. Temperature, pressure and gas flow
rates (i.e., stoichiometries) in a flow field channel affect the ability of a gas stream to
remove water vapor. In a cathode flow field channel the total pressure is expressed
as:

PC,total = PAir + PHZO,vap (31)
where P, is the total pressure (kPa) in the cathode gas stream (sum of all the
partial pressures), P,, is the partial pressure of air (or oxidant) (kPa), and P, is

the partial pressure of the water vapor (kPa) in the air stream at a specific
temperature. Based on thermodynamic principles, the partial pressures of the gas
and water vapor inside the channel are related to the amount of air and water vapor

present in the channel. This is shown in the following equation:

mHZO,vap — PHZO,vap (32)
mAir PA/’r

where m,, ,.., is the molar flow rate of water vapor (mol s™), which represents the

maximum amount of water that can be carried in a reactant gas stream at a given

temperature and pressure, and m,, is the molar flow rate of air (mol s) in the flow
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field. Equations (3.1) and (3.2) can be combined in order to give an expression for

the molar flow rate of water vapor in a gas stream:

_ H,0,vap
mHZO,vap - mAir P P (33)
C,total

" H,0vap
From this relationship, the average amount of water that can be carried in a gas
stream can be calculated. The molar flow rate of air at the inlet is equal to the rate of
supply air. At the outlet, this molar flow rate is equal to the rate of supply air minus
the amount of oxidant consumed in the reaction. The use of the molar flow rate of
water in a gas stream as a driving force in water removal inside fuel cells has also
being discussed by St-Pierre [222].

For the rest of the chapter we use molar flux (mol s cm™) instead of molar flow rate,
since molar flux is the molar flow rate per unit area, and the specific area used here

is the active area of the cell.

For the durability tests the cell was operated at a constant current density of 1000
mA cm? where the stainless steel sheets had an acceptable performance (17%
lower than the 25BC case). Along with the analysis mentioned above, a number of
different operating conditions (cell and gas temperature, gas pressure and air
stoichiometry) were tested until the fuel cell was not able to hold the desired current

and the output voltage was around 0.1 V. The maximum time, t is referred to as

max >
the maximum time (in hr) that the cell was able to hold the current at the specific
conditions and GDL configurations. Figure 3.7 presents how the average molar flux
(molar flow rate per active area) of water vapor in the gas stream of the cathode flow
field channel affects the difference between the maximum times of the fuel cell with
just the 25BC GDL and with the perforated metal sheet and the GDL (i.e.,
b ax immps+2ssc — tmaxzssc (). As the water vapor carrying capacity of the gas stream
in the flow channels increases (due to the cathode pressure drop, air flow rate,
temperature, and relative humidity) so does the dehydration rate in the membrane
and catalyst layer ionomer, which in turn decreases the lifetime of the cell. In fact,

when the gas stream can remove more than 0.020 pmol s cm™ of water vapor in
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the flow field channels, the cathode pressure drop is so high that it causes severe
membrane dehydration; thus, a desired current density of 1000 mA cm™ cannot be
maintained even if the perforated sheets are used. It is important to note that since
the gases in these tests were dry, all the water vapor in the air stream that will be
carried out originates from the fuel cell reaction (0.005 pmol s cm® at 1000 mA cm’
%). The average molar flux shown in Figure 3.7 is based on the case without the
perforated sheets since it represents the worse case scenario due to the increase in
pressure drop without perforated sheet. However, the difference between the molar
fluxes for each case is less than 3%, thus, the pattern observed with the

b 1mmps+258c — Lmax2sac €M still applies with either molar flux.
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Figure 3.7 — Average molar flux of water vapor that can be removed by the gas stream of
the cathode flow field channel versus the cathode pressure drop and the difference between

the maximum times, ., ;..mps.258c — Emax2ssc » that the fuel cell was able to hold the current

loads at specific conditions and GDL configurations (25BC GDL and 1 mm perforated sheet
placed near the 25BC). The average molar flow rate of water vapor is the average molar
flow rate between the inlet and outlet streams of the flow field. The tests were performed
with dry gases, a constant current (1000 mA cm®), and different air stoichiometries, gas
pressures and temperatures. The anode stoichiometry was 1.5 for all the cases. 1imm PS
refers to a perforated sheet with 1 mm diameter holes. The thickness of the perforated sheet
was 0.05mm. 25BC refers to SGL 25BC GDL (with MPL).
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As it can be observed in Figure 3.7, it is evident that there are conditions that are
more favourable than others in order for the perforated sheet to improve the
durability of the cell. For these specific tests, the largest difference between the two

maximum times for two MEA configurations, ., ;.mes.zssc — tmax2ssc » Was obtained

when the average molar flux of water vapor in the gas stream was around 0.016
umol s cm®?, which was achieved with a gas pressure of 90 kPag (13 psig),
air/hydrogen stoichiometry ratio of 3.0/1.5, and gas/cell temperatures of 75 °C.
These conditions would be less extreme with an optimized cell design (e.g., flow
fields with lower pressure drops) and an optimized perforated sheet (e.g., perforation
design based on the flow field channels). For example, in back-up power
applications the oxidant stoichiometry is significantly larger (>30 vs. 2) due to the
use of cooling fans in order to distribute the air in the stacks. Thus, the flow field
used in these fuel cells must have low pressure drops for the cathode channels.
Therefore, the optimized design of the perforated sheets should take these
parameters and operating conditions into account in order to achieve improved fuel
cell durability at dry conditions.

Figure 3.8 presents the durability tests at the above-mentioned conditions, for three
cases: a perforated stainless steel sheet with the 25BC GDL, and the 25BA and
25BC GDLs by themselves. The 25BC and 25BA cases showed better initial
performance, but both deteriorated quickly so that the current could not be
maintained anymore. In addition, the high frequency resistance for both cases
increases significantly indicating the decrease of water content in the membrane and
catalyst layers (see Figure 3.8b). A decline in water accumulation in the GDL and
flow field channels can also be observed with the cathode and anode pressure drops
for the 25BC and 25BA cases. Both pressure drops decrease with time because of
the lack of water in the MEA and flow field plates (see Figure 3.8c). Barbir et al.
[223] also showed similar observations regarding the decrease in cathode pressure
drop when reducing the gas temperature humidity. The 25BA had the worst
durability since at extreme dry conditions water accumulation is limited inside this
CFP and the catalyst layer. On the other hand, the 25BC GDL allowed a slight
improvement in water accumulation inside this layer due to the use of the MPL, thus,
keeping the membrane and catalyst layers hydrated for a longer time.
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Figure 3.8 — Durability tests with the different GDL configurations at dry conditions: (a) cell
voltage, (b) high frequency resistance (running average values), and (c) cathode and anode
pressure drops versus time. For these tests the gases and cell temperatures were 75 °C,
the pressure for both inlet reactant gases was 90 kPag (approx. 13 psig), the gases were
dry (no humidification), the air/hydrogen stoichiometry ratio was 3.0/1.5, and the cell was
kept at a constant current density of 1000 mA cm®. 1mm PS refers to a perforated sheet
with 1 mm diameter holes. The thickness of the perforated sheet was 0.05mm. 25BC and
25BA refer to SGL 25BC GDL (with MPL) and SGL 25BA GDL (without MPL), respectively.

The case with the perforated sheet improved the durability of the fuel cell and
maintained the set current for approx. 4.6 h and 5.4 h longer than the 25BC and
25BA CFPs, respectively (Figure 3.8a). Although the resistance for the metal sheets
(Figure 3.8b) starts higher than for the 25BC case, it does not increase as much in
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the first 2 h of the test. After this, the resistance values stay constant throughout the
test, which is an indication that the humidity in the membrane and water content in
the catalyst layers do not change substantially during most of the test. This can be
corroborated with the lower cathode and higher anode pressure drops that the fuel
cell experiences with the metal sheet (Figure 3.8c). Thus, less water is accumulated
in the cathode flow field, and more is present in the anode flow field channels. In
general, we attribute the better durability, when using the perforated sheets, to the
greater accumulation of water between the cathode catalyst layer and the
membrane, and to the better water cross-over to the anode side. This improvement
in the durability (and water management in the cathode and anode sides) of the fuel
cell, when an additional layer is placed between the cathode flow field and GDL, can
be increased considerably with an optimized design of the cell and the perforated

sheet.

3.4 Conclusions

In this chapter we studied the performance and durability capabilities of a PEM fuel
cell operating at low humidity to dry conditions. Our results include an experimental
comparison between MEAs with and without additional barrier layers used to
improve the water management of the cell under these dry conditions. Perforated
stainless sheets with different hole diameters, were used in order to understand in
detail how each sheet affected the water accumulation inside the catalyst layer and

flow field. The following conclusions were drawn:

1. Fuel cells at dry conditions experience a voltage drop due to dehydration of
the membrane and ionomer in the catalyst layer. It was demonstrated that a
cell at fully humidified conditions (100% relative humidity) has a better
performance and lower high frequency resistance values than at low humidity
conditions. In addition, the MPL in the cathode GDL improves water
management and allows the cell to have a better performance at both normal
and drying conditions than the GDL with no MPL.

2. The specific location of an additional barrier layer on the cathode side is

important to effectively improve water management at low humidity
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conditions. When the metal perforated sheet was located between the flow
field channel and the GDL, the best performance, voltage stability, and water
crossover from the cathode to the anode were obtained. When the metal
sheet was placed between the GDL and the catalyst coated membrane, the
water flooding increased significantly, so that current densities greater than
600 mA cm™ could not be achieved.

. An acceptable additional barrier layer used to improve durability at low
humidity conditions must have an appropriate open area so there can be
sufficient oxidant transport to the catalyst layer. In addition, it should enhance
water accumulation in the GDL and water crossover towards the anode (i.e.,
reduce water flux from the GDL towards the flow field channels) in order for
the membrane and catalyst layer to stay humidified.

. A perforated metal sheet was tested with the 25BC (with MPL) and 25BA (no
MPL) GDLs. In both cases, the fuel cell with the metal perforated sheets
showed a lower initial performance mainly due to contact and mass transport
resistances. These resistances can be reduced with improved surface
treatment and an improved design of the perforations (e.g., shape, size and
density) based on the operating conditions and the flow field design used.
After all the tests, these metal sheets were still intact and were used a
number of times without any mechanical or corrosion related problems.

. The cell with the stainless steel perforated sheet performed about 5 h longer,
at dry conditions and constant current, than the case with just the 25BC GDL.
During this time, the perforated sheets were able to keep the humidity of the
membrane relatively constant due to the accumulation of water in the cathode
catalyst layer and the increase of water crossover to the anode side indicated
by higher anode pressure drop.

These results presented are relevant for fuel cell applications in which low humidity

or dry conditions are desired in order to reduce the balance of plant costs and

parasitic losses, and improve system simplicity. However, it is still necessary to

optimize the perforation design (e.g., size, hole density, cross-sectional shape, etc.)

and surface treatment of these layers based on the particular application and the

cathode flow field design. Although stainless steel was used in this study, other
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materials should also be considered based on their electrical conductivities and their
machinability and manufacturability.
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4 EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
CATHODE AND ANODE MICROPOROUS LAYERS IN A PROTON
EXCHANGE MEMBRANE FUEL CELL 4

4.1 Introduction

Water management in PEM fuel cells is a critical parameter that determines the
performance and durability of a fuel cell. At humidified conditions the water will
accumulate over time in the catalyst layers, porous GDLs, and flow field channels.
This accumulation of water causes flooding, which in turn, decreases the
performance of the system and can result in critical failure modes [5]. As explained
in Chapter 3, water management also requires maintaining the right water balance
inside the cell in order to keep the membrane humidified at low to no gas
humidification conditions. Microporous layers (MPLs) have been widely used for
their capability to improve fuel cell performance and water management. In addition,
these layers also enhance the contact resistance between the GDLs and the catalyst
layer, and give mechanical support to the catalyst particles.

However, as important as the MPLs are, it is still unclear how exactly the MPL
affects both the water and reactant gas transport mechanisms inside the catalyst
layers and GDLs. There have been a significant number of studies in recent years
focused on understanding and modelling how microporous layers affect mass
transport losses and mechanisms inside the fuel cell. Figure 1.19 summarizes the
main areas and theories that have been targeted by different research groups
regarding the main functions of the MPL. A great emphasis has been given to the
concept that the MPL enhances water back-diffusion (crossover) from the cathode to
the anode side through the membrane [43,141,180-182]. Through modelling and
experimental work, these studies concluded that one of the main methods of water
removal when the cathode MPL is present is via the anode side by water back-
diffusion. However, there are other studies that contradict this theory and give data

4 Sections of this work have been submitted for publication:
Blanco M, Wilkinson DP, Wang H. Experimental investigation of the effect of cathode and anode
microporous layers in a proton exchange membrane fuel cells.
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showing that the overall water found in the anode side does not increase when
cathode MPLs are used [46,183-185].

Other work postulates that the MPL increases the water removal from the cathode
catalyst layer to the cathode GDL [174-176,185,224], yet others conclude that the
MPL has no impact on this mechanism [43,150]. Additional work has been published
stating that the MPL improves the water distribution over the active area enhancing
the oxygen transport in the catalyst layer [177-179]. Recently, Owejan et al. [186]
have identified that the thermal and vapor concentration gradients across the
cathode GDL are sufficient for optimal water removal from the catalyst layer in the
vapor phase at various current density ranges. In addition, the MPL acts a barrier
that does not allow condensed water in the larger pores of the GDL to come back in
contact with the cathode catalyst layer, thus, improving gas diffusion over the whole

active area.

Most of these studies have concentrated on the effect of the cathode MPL because
transport limitations due to gas diffusion and water accumulation are commonly
present at the cathode side. However, it is also important to investigate how MPLs
used on the anode side affect the fuel cell performance since it is a common practice
in industry is to use anode MPLs [187] but only limited studies are found in the

literature that discuss its influence [182,186,187].

In this chapter, a series of experimental studies are performed in order to better
understand the role of the cathode microporous layer in water and gas transport
mechanisms. Perforated metal sheets are used as a diagnostic tool to help
understand the effect of liquid water accumulation in the cathode catalyst layer and
GDL. Two main areas were investigated: i) the effect of the cathode MPL on water
back-diffusion to the anode side and ii) the effect of the cathode MPL on water
removal on the cathode side. These observations are achieved through polarization
data (with air and heliox as oxidant gases), pressure drop measurements, high
frequency resistance data, and the anode water removal (AWR) method. In addition,
the effect that the anode MPL has on fuel cell performance and cell voltage stability

is also investigated.
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4.2 Experimental

The details of the fuel cell hardware, proton exchange membranes and catalyst
layers, and testing equipment used can be found in Sections 2.1.1.1, 2.1.1.2, and
2.1.2, respectively. For this chapter, two anode GDLs, Sigracet® 25DC (with MPL)
and 25DA (without MPL), were used. For the cathode side, two different GDLs were
used: Sigracet® 25BC (with MPL) and 25BA (without MPL). Section 2.1.1.3 and
Table 2.2 give more details regarding these GDLs. The description of the perforated
metal sheets used is found in Section 2.1.1.4, Figure 2.4, and Table 2.3. All the
perforated sheets used in this chapter were 0.05 mm thick in thickness.

The details of the polarization tests are given in Sections 2.1.3.1, 2.1.3, and Chapter
3. Three main operating conditions were tested: fully humidified (100% RH with Ty,
and Tgas = 75 °C); flooding (Tgp = 95 °C and Tges = 75°C); and low humidity
conditions (25% RH with Ty, = 45.4 °C and Ty, = 75°C) (see Table 2.5). Polarization
tests with heliox (21% O, and 79% He) as the oxidant gas were also performed.
Heliox was used to give a better understanding of the mass transport effects (and
losses) in the fuel cell (see Section 2.1.3.6).

In order to evaluate different GDL configurations without the influence of mass
transport losses, the anode water removal (AWR) method was used. Section 2.1.5
explains in detail the steps followed in order to perform these tests. For the work
presented in this chapter, all the AWR tests were performed at 1000 mA cm™.

4.3 Results and discussion

4.3.1 Effect of the microporous layer in the cathode gas diffusion layer

Two different cathode GDLs (with and without MPLs) were tested at three different
operating conditions: fully humidified (100% RH), flooding, and low humidity (25%
RH). The anode GDL used was a 25DC (with MPL) CFP and it was the same for
both cases (and for all the tests presented in this section). Figure 4.1 shows the
polarization and high frequency resistance (HFR) results for the two different
cathode GDLs. For current densities below 400 mA cm™, the influence of the MPL is
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insignificant for all the operating conditions. This indicates that at low flow rates the
water removal capability of the cell is acceptable regardless of the operating
condition. However, at current densities greater than 500 mA cm™, a significant
performance difference between the GDLs with and without MPL is observed at all
three operating conditions. In fact, under flooding conditions the GDL with MPL has
cell voltage values that are 110-112 mV greater than the ones for the GDL without
MPL at current densities between 1200 to 1600 mA cm™. This indicates that the
MPL on the cathode side has a major role in the water removal process by reducing
the liquid-water saturation in the catalyst layer and GDL, and enhancing oxygen

diffusion.

At fully humidified conditions and high current densities (>2000 mA cm), the GDL
without MPL experiences an improvement in performance, thus, decreasing the
performance difference between the two different GDLs. The inset in Figure 4.1
shows in more detail this reduction in performance difference at high current
densities (and flow rates). For 25BC GDL this may be the result of membrane
dehydration (increase in HFR) due to high flow rates and the use of the MPL for
water removal. For the 25BA GDL, the high flow rates enhance the water removal
capability, thus, improving the transport paths for the oxygen to diffuse and reach the
catalyst layer. At low humidity conditions (25% RH) and high current densities
(>1800 mA cm™), it can be observed that the resistance increases for the 25BA GDL
due to membrane dehydration. On the other hand, the 25BC GDL is able to maintain
a lower resistance (57 vs. 68 mOhm cm™) since the MPL allows for better water
distribution within the catalyst layer, hydrating the membrane [177] (see Figure
4.1b).

Please note that error bars in the polarization data for Figure 4.1 were omitted for
clarity. The largest standard deviation (i.e., error bar) was given by the case without
MPL (25BA) at flooding conditions (in the range of 2 mV to 4 mV over the current
density range of 1400 to 2100 mA cm’®).
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Figure 4.1 — (a) Cell voltage, and (b) high frequency resistance versus current density for
PEM fuel cells with two different cathode GDLs at three different conditions: Fully humidified
(100% RH with Tgp = Tgas = 75 °C), flooding (Tg, = 95 °C and Tges = 75 °C), and low humidity
(25% RH with Ty, = 45.4 °C and Ty, = 75 °C). 25BA and 25BC refer to SGL 25BA (GDL
without MPL) and SGL 25BC (GDL with MPL), respectively. The anode GDL for all cases
was 25DC (with MPL).

Voltage stability is another parameter that is affected when a cathode MPL is used.
Figure 4.2 shows the cell voltage for the two GDLs at a constant current density of
1800 mA cm™. The cell voltage of the 25BA GDL (without MPL) is unstable due to
water accumulation in the catalyst layer, thus, affecting the oxygen diffusion. The
MPL enhances the oxygen diffusion in the catalyst layer by reducing the liquid water
accumulation in this layer. Owejan et al. [186] proposed that the MPL acts as a
barrier that prevents condensed water present in the larger pores of the GDL to be
able to make contact with the catalyst layer. Thus, by reducing water pooling inside
the catalyst layer, the MPL enhances voltage stability.
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Figure 4.2 — Effect of cathode MPL on the voltage stability at a constant current density of
1800 mA cm? and at flooding conditions (T4, = 95 °C and Tgs = 75 °C). 25BA and 25BC
refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL with MPL), respectively. The
anode GDL for all cases was 25DC (with MPL).

Figure 4.3 shows the subtraction of the pressure drops between the 25BC and 25BA
cases for both the cathode and anode sides. The raw pressure drop data used for
Figure 4.3 are shown in Appendix E. As shown in Chapter 3, the cathode MPL
increases the anode pressure drop at all operating conditions, due to the positive
impact that the MPL has on the water crossover from the cathode to anode side of
the fuel cell (see Figure 4.3). For example, at flooding conditions and high current
densities (>1400 mA cm™) the anode pressure drop for the 25BC GDL is 1 to 4 kPa
(10 to 19%) greater than that for the 25BA GDL since the MPL increases the water
back diffusion towards the anode side (see Figure 4.3b). The GDL without MPL
shows greater cathode pressure drop at the different operating conditions due to
water saturation in the GDL and flow field channels (see Figure 4.3a). Therefore, the
MPL also has an effect on the reduction of water accumulation inside the GDL and

flow field channels on the cathode side. In fact, Lu et al. [178] demonstrated that the
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MPL stabilizes the water paths/morphology in GDLs lowering the water saturation in
these layers.
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Figure 4.3 — Effect of the cathode MPL on (a) cathode and (b) anode pressure drops at
three different operating conditions: Fully humidified (100% RH with Tg, = Tgas = 75 °C),
flooding (Tgp = 95 °C and Tgas = 75 °C), and low humidity (25% RH with Tq, = 45.4 °C and
Tgas = 75 °C). 25BA and 25BC refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL
with MPL), respectively. The anode GDL for all cases was 25DC (with MPL).

To further investigate the MPL influence in the enhancement of oxygen diffusion in
the cathode catalyst layer, polarization tests with heliox (21% O, and 79% air) as the
oxidant gas were performed at flooding conditions. Heliox reduces mass transport
losses inside a fuel cell due to the greater diffusion coefficient of oxygen in helium
than in nitrogen (see Section 2.1.3.6). Flooding conditions were chosen since at
these conditions greater water condensation occurs on the cathode side of the fuel
cell, which creates mass transport issues. Thus, a better comparison between the

two GDLs can be observed. Results shown in Figure 4.4 demonstrate that the 25BA
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GDL has larger mass transport losses than the GDL with an MPL, especially at
current densities higher than 1000 mA cm™. For example, the mass transport loss
(cell voltage difference between heliox and air) for the 25BC case at 1600 mA cm™
was 39 mV compared to 67 mV for the 25BA (see inset in Figure 4.4). Therefore, the
MPL reduces the oxygen mass transport resistance by increasing water crossover to
the anode side (i.e., greater anode pressure drops) and preventing water from
getting to the catalyst layer from the cathode side.
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Figure 4.4 — Effect of heliox as the oxidant gas with two different cathode GDLs at flooding
conditions (Tgp= 95 °C and Tges = 75 °C). 25BA and 25BC refer to SGL 25BA (GDL without
MPL) and SGL 25BC (GDL with MPL), respectively. The anode GDL for all cases was 25DC
(with MPL).

All the observations mentioned above, demonstrate the ability of the cathode MPL to
improve the overall fuel cell performance when used, and confirm the important role
that the MPL plays in fuel cell performance. However, the observations do not
explain in more detail how the MPL achieves these improvements. The MPL can
improve the fuel cell performance if it increases the back-diffusion of water to
facilitate its removal on the anode side [43,141] (see Figure 4.5). The MPL can also

improve the water removal rate from the cathode catalyst layer to the cathode flow
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field channels due to increased capillary pressure within the small pores of the MPL
[174-176,185]. In addition, the MPL can act as a barrier to condensed water moving
from the GDL/flow filed back to the catalyst layer [186]. In order to shed some light
into the water transport inside the MEA, perforated metal sheets, similar to those
presented in Chapter 3, were used. These perforated sheets, when placed on the
cathode side between the flow field channels and the GDL, exacerbate the mass
transport resistance and liquid water blockages inside the cell (see Figure 4.6).
Thus, conclusions can be drawn regarding the liquid water transport mechanisms
inside the fuel cell.
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Figure 4.5 — Simplified schematic of water transport (a) with and (b) without a cathode MPL.
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Figure 4.6 — Simplified schematic of water transport when a perforated sheet is placed
between the GDL and flow field plate: (a) cathode GDL with MPL and (b) cathode GDL
without MPL.

Figure 4.7 shows the effect of perforated sheet (PS) open area on cathode and
anode pressure drops. 100% open area (OA) corresponds to a GDL without any
additional PS. As mentioned earlier, for all the operating conditions, the 25BA has a
greater cathode and lower anode pressure drop than the 25BC. These effects are
attributed to the increase of water saturation in the cathode side due to poor water
management and reduced water cross-over from the cathode to the anode side (see
Figure 4.5). By using the PS, liquid water condensation and accumulation is
promoted between the cathode catalyst layer and the GDL due to increased
resistance (see Figure 4.6). At all conditions, the sheets are able to decrease the
cathode pressure drops for both GDLs to similar values, indicating that for both
25BC and 25BA GDLs most of the water is accumulated in the catalyst layer and
GDL. This result also illustrates that the perforated sheets decrease the amount of
water breakthrough from the GDL to the flow field channels.
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Figure 4.7 — Effect of perforated sheet open area on cathode and anode pressure drops for
two different cathode GDLs at three operating conditions: (a) Fully humidified (100% RH
with Tgp = Tgas = 75 °C), flooding (Tgp = 95 °C and Tges = 75 °C), and low humidity (25% RH
with Tgo=45.4 °C and Tg4.s = 75 °C). The current density was 1400 mA cm™. 25BA and 25BC
refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL with MPL), respectively. The
anode GDL for all cases was 25DC (with MPL).

In addition, the anode pressure drops increase as the open area of the sheets
decreases, thus, more water is forced from the cathode to the anode side due to the
larger hydraulic pressures imposed by the sheets. For 25BA a lower open area of
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the PS was required to match the anode pressure drop for 25BC. The reason for this
is that the MPL in the 25BC GDL already enhances the water crossover; hence, for
the 25BA GDL (without MPL) more water has to be accumulated in the catalyst layer
in order to achieve similar water crossover rates to the case when an MPL is used.
In addition, at low humidity conditions the 25BA GDL needs a lower open area sheet
(i.e., more blocked area) in order to be capable of forcing water to the anode side.
Without a PS, the 25BA CFP removes most of the water via the cathode side, which
dehydrates the membrane.

These observations demonstrate that the MPL acts as barrier that forces water to
the anode side. However, these results cannot determine whether this water
removal mechanism is the main method of water management inside fuel cells when
cathodes with an MPL are employed. Anode water removal (AWR) experiments
were performed in an attempt to further identify if water removal through the cathode
side is more dominant. Figure 4.8 shows the schematic of how the water
concentration in @ membrane changes when the AWR method is employed. The
liquid water from the cathode catalyst layer is forced to the anode side due to a
concentration gradient. Therefore, the larger the liquid water content accumulated in
the cathode catalyst layer the greater the improvement in cell performance observed
during these tests.
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For the AWR tests, two main water transport mechanisms, hydraulic permeation and
diffusion, dominate how the water can move from one side of the membrane to the
other. Equations (1.32) and (1.31) describe each water transport mechanism,
respectively. In order to have a better idea of which mechanism dominates the water
transport, a quick analysis was performed using the mentioned equations. Figure 4.9
clearly shows that large hydraulic pressures are required in order for small amounts
of water to be able to permeate through the membrane (Nafion 117). Through
diffusion, on the other hand, more water can flow through the membrane. This
indicates that diffusion, through concentration gradients, is the main transport
mechanism through the membrane, especially with the AWR tests. For the
calculations used in Figure 4.9, the following was assumed: a temperature of 75 °C;
Nafion 117 membrane thickness, 1, of 25 um; dynamic water viscosity, u, of 0.3795

kg m''s™ [5]; water concentration, c,,,, of 55000 mol m*®; hydraulic permeability, kp,
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of 3.5 x 107° m? [7]; and a water diffusion coefficient in the membrane, D, ,(A), of 5

x 10" m?s™[7]
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Figure 4.9 — Effect of (a) Pressure and (b) concentration gradients on the water transport
rate inside a proton exchange membrane.

The results shown in Figure 4.10a demonstrate that the GDL without an MPL

experiences a greater increase in performance improvement than the GDL with

MPL. In addition, the peak cell voltage for the 25BA is achieved at a lower hydrogen

stoichiometry than the 25BC (i.e., 9 vs. 11). This indicates that greater amounts of

liquid water were accumulated in the cathode catalyst layer since the cell

improvement was observed immediately after the water concentration gradient in the

membrane started to increase. On the other hand, the cell voltage value for the

25BC GDL did not improve significantly, less than 6 mV, between hydrogen
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stoichiometries values of 1.5 to 8. Once the concentration gradient increased
substantially, the liquid water located in the cathode catalyst layer was forced across
the membrane resulting in the peak voltage for the 25BC. Therefore, it can be
concluded that the cathode MPL does in fact limit the water saturation inside the
catalyst layer and enhances water removal through the cathode side, which confirms
the work recently presented by Owejan et al. [186]. Although we have shown that
the MPL also improves water crossover to the anode side, it is not the main
mechanism for water removal, thus, this effect in Figure 4.5a is actually smaller than

anticipated.
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Figure 4.10 — Anode water removal tests for two different cathode GDLs (a) without and (b)
with perforated sheets. The perforated sheet used for these tests had an open area of
34.7% and 1 mm diam. perforations. For these tests dry hydrogen gas was fed (no
humidification) to the anode side while the oxidant gas was fully humidified (100% RH). The
air stoichiometry was 2.0. 25BA and 25BC refer to SGL 25BA (GDL without MPL) and SGL
25BC (GDL with MPL), respectively. The anode GDL for all cases was 25DC (with MPL).
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The AWR method was also performed with the two GDLs and a perforated sheet (1
mm diam. holes with 34.7% open area). Figure 4.10b confirms that the perforated
sheet increases the liquid water accumulation in the cathode catalyst layer resulting
in a large fuel cell performance improvement (around 120 mV for both cases). This
behavior is similar to the one observed in Figure 4.10a with the 25BA GDL with no
MPL, which again indicates that without an MPL on the cathode side the levels of
water saturation in the catalyst layer are greater than with an MPL. It is interesting to
note that the perforated sheet used here removes any benefit of the MPL with

respect to removal of catalyst layer water.

4.3.2 Effect of the microporous layer in the anode gas diffusion layer
In this section we briefly considered the role of the anode MPL. Figure 4.11 shows

the polarization and high frequency resistance data for two different anode GDLs:
25DC (with MPL) and 25DA (without MPL). The cathode GDL, 25BC (with MPL),
was used in all the tests. It can be observed with these results that the anode MPL
does not have a significant influence on the fuel cell performance at current densities
below 1600 mA cm™. At high current densities, and fully humidified and flooding
conditions, a performance difference between the two cases is observed possibly
due to water saturation in the anode catalyst layer. This can be confirmed with the
HFR data in which the 25DA case has lower resistance over the whole current
density range, likely due to a more hydrated membrane. At low humidity conditions,
the performance difference between the two anode GDLs is insignificant due to the
decrease of water inside the MEA.

It is important to note that tests without anode and cathode MPLs were also
performed at different conditions. However, low open circuit voltage (OCV) values
(<0.92 V) and poor voltage stability at low and high current densities (<200 and
>1000 mA cm®) were observed. Thus, it was decided to study the anode MPL effect
when the cathode MPL is used since it is a common practice in industry to use this

cathode GDL configuration [5].
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Figure 4.11 — Effect of anode MPL on polarization and high frequency resistance data for
(a) fully humidified (100% RH), (b) flooding, and (c) low humidity (25%) conditions. 25DA
and 25DC refer to SGL 25DA (GDL without MPL) and SGL 25DC (GDL with MPL),
respectively. The cathode GDL for all cases was 25BC (with MPL).

Figure 4.12 shows that the 25DA GDL affects the water accumulation, pressure

drops, and cell voltage stability. This confirms that the anode MPL enhances water

removal towards the anode flow field channel resulting in a more stable cell voltage

(and slightly higher anode pressure drop). In addition, it can be observed that

without an anode MPL the cathode GDL experiences a higher pressure drop due to

water accumulation in the flow field channels (see Figure 4.12b). Furthermore, this

unstable voltage was also observed at low current densities (<200 mA cm™) for both
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fully humidified and flooding conditions. Therefore, it is recommended to use an
anode MPL since it reduces water accumulation in the anode catalyst layer due to

the capillary forces within the small pores of the MPL.
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Figure 4.12 — Effect of anode MPL on the (a) voltage stability and (b) pressure drops at a
constant current density of 1800 mA cm™ and at flooding conditions (Tg,= 95 °C and Tgas =
75 °C). 25DA and 25DC refer to SGL 25DA (GDL without MPL) and SGL 25DC (GDL with
MPL), respectively. The cathode GDL for all cases was 25BC (with MPL).

Perforated sheets were also used in order to analyze the effects of the anode MPL.
Figure 4.13 shows that the pressure drops for 25DC and 25DA do not change
significantly when reducing the open area of the perforated sheets. It is
hypothesized that the anode MPL has a small role in enhancing water removal in the
anode catalyst layer since it experiences a higher anode pressure drop than without
an MPL. In addition, the 25DA case has greater cathode pressure drop in all the
cases, indicating that the cathode GDL is removing even more water than when the
anode MPL is used.
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MPL) and SGL 25DC (GDL with MPL), respectively. The cathode GDL for all cases was
25BC (with MPL).

To further test the hypothesis that the anode MPL improves voltage stability and
water removal, experiments with a perforated sheet with an open area of 8.8% (0.15
mm diam. perforations) were performed. This sheet was chosen since it increases
significantly the liquid water blockages inside the cell due to its small open area. The
perforated sheet was placed in the cathode side between the flow field plate and the
25BC GDL. Results shown in Figure 4.14 demonstrate the expected consequence of
increased voltage instability due to flooding when the perforated sheets were added
to the cathode side. It is observed that the anode MPL improves the voltage stability
significantly, thus, confirming that it enhances the water removal towards the anode
side due to the slightly higher anode pressure drop (see Figure 4.14b). The case
without anode MPL experiences severe flooding due to water accumulation inside
the MEA and flow field channels.
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Figure 4.14 — Effect of a perforated sheet on (a) cell voltage stability and (b) pressure drops
for two different anode GDLs The tests were performed at flooding conditions (Tg, = 95 °C
and Tgs = 75 °C) and a current density of 550 mA cm™. The perforated sheet had 0.15 mm
diam. holes and it was placed between the cathode flow field plate and GDL. 25DA and
25DC refer to SGL 25DA (GDL without MPL) and SGL 25DC (GDL with MPL), respectively.
The cathode GDL for all cases was 25BC (with MPL).

The results shown in this section regarding the influence of the anode MPL
contradict those found in the literature [182,186,187], since in this study a
performance improvement was observed at high flow rates when the anode MPL
was used. This difference in conclusions may be directly related to the materials
(e.g., membrane, GDLs, catalyst layer, etc.) and flow field channels used, given that
these components have an effect on water and gas transport inside the fuel cell. In
addition, the work presented in this section gives detail to the influence of the anode
MPL on voltage stability, which was not shown in the previous studies found in the

literature.
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In general, the use of an MPL on the anode side is also beneficial due to the
mechanical support that it gives to the catalyst layer and membrane [186]. This is
important especially from a durability point of view.

Additional data corresponding to the tests with different perforated sheets and
carbon fiber papers can be found in Appendix E.

4.4 Conclusions

In this study, a detailed experimental investigation of the effect of microporous layers
on both anode and cathode GDLs was performed. These experiments were focused
on identifying the possible liquid water transport mechanisms inside the MEA when
cathode and anode MPLs were used at different operating conditions. Perforated
metal sheets with different open areas were used in order to understand in more
detail the liquid water interaction in both the cathode and anode catalyst layers. In
addition, the anode water removal (AWR) method was performed to study how each
GDL modified the peak voltage value when no mass transport losses were present.
The role of the anode MPL was also investigated. The following conclusions were

drawn:

1. The cathode MPL improves fuel cell performance at all the three operating
conditions (fully humidified, flooding, and low humidity). This is due to the
water removal capability and enhancement of oxygen diffusion in the cathode
catalyst layer. The MPL (for cathode and anode) also improves the cell
voltage stability compared to the case without an MPL, indicating that the
MPL reduces the water saturation inside the catalyst layer. In addition,
experiments with heliox as the oxidant gas confirmed that the cathode MPL
reduces the mass transport losses inside a MEA, especially at flooding
conditions.

2. It was identified that the anode pressure drop when a cathode MPL is used
increases compared to a cathode without an MPL. This is a result of the
increase of water crossover from the cathode to the anode side across the
membrane. This phenomenon was confirmed with the use of perforated
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sheets that exacerbate the mass transport resistance and liquid water
blockages inside the cell. With these sheets it was observed that the anode
pressure drops for both cases (with and without MPL) were of similar
magnitude resulting in more water crossover to the anode. This confirms that

the cathode MPL acts as a barrier and enhances this water crossover.

. The anode water removal method was used for the different GDLs in order to

observe the peak cell voltage without mass transport issues related to liquid
water in the catalyst layer. The GDL without an MPL experienced a greater
increase in cell performance improvement since the water accumulated in the
cathode catalyst layer was removed via the anode side. The cathode GDL
with an MPL needed higher hydrogen flow rates in order to achieve the peak
cell voltage since less liquid water was accumulated in the cathode catalyst
layer. This confirms that the MPL improves the cell performance due to the
reduction of water saturation in the cathode catalyst layer resulting in
enhanced oxygen diffusion. With a cathode MPL the water removal occurs
mostly on the cathode side, even though it also improves the water crossover
to the anode.

. The anode MPL influence on fuel cell performance is insignificant for current
densities below 1600 mA cm. However, it is recommended for an anode
MPL to be used since it improves cell voltage stability and reduces water
accumulation in the anode catalyst layer and in the cathode flow field

channels.

The results presented in this work are important in order to have a better

understanding of the main roles of both the cathode and anode MPLs. It is important

to note that the observations and conclusions listed in this chapter reflect the

performance of the specific fuel cell used here. These observations may change

depending on fuel cell characteristics such as the cathode (and anode) flow field

channel design, flow field configuration (e.g., co-flow, cross-flow, or counter-flow),

and the thermal properties of different GDLs and MPLs. Therefore, more work still

needs to be performed in order to take into account a full set of fuel cell parameters.
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5 ENGINEERED PERFORATED SHEETS AS GAS DIFFUSION
LAYERSs

5.1Introduction

As mentioned in Section 1.4.2.1, the two materials used the most as GDLs in the
fuel cell industry are carbon fiber papers and carbon cloths. However, they have a
number of drawbacks, particularly with respect to their design and model complexity.
One of the main issues with the carbon paper/cloth used as GDLs is the non-
controlled variation in porosity (and other localized properties) since the porosity
characteristics between carbon paper are not always repeatable [115]. Many of the
water management and mass transport issues with GDLs could be improved
considerably if the GDLs can be carefully tailored to specific fuel cell applications.
Therefore, these issues have led researchers to study other possible materials in
which the porosity and perforations used for liquid and gas transport are specifically
designed in order to achieve the desired performance.

One approach to design these engineered GDLs is through the use of non-porous
conductive materials that are perforated based on a detailed design. Research
groups from Ballard Power Systems and Graftech Inc. presented designs of
engineered GDLs based on graphitic foils [100,116]. A number of different designs
(e.g., geometry, cross-sectional shape, hole density, etc.) were also proposed (see
Section 1.4.2.1.4 for more details). Unfortunately, to the best of author’'s knowledge,
there are limited published results from Graftech but none from Ballard that show
complete studies of how these perforated graphitic foils perform inside the fuel cell
with different operating conditions. Other groups have also proposed other non-
porous materials as engineered GDLs, such as titanium [107] and copper [110]
films. None of these studies attempted to understand in detail how the proposed
GDLs affected the fuel cell performance.

5 Sections of this work have been published in:

Blanco M, Wilkinson DP, Wang H, Liu SZS. Engineered gas diffusion layers for proton exchange
membrane fuel cells. ECS Trans 2009;25(1):1507-18.

Sections of this work have been submitted for publication:

Blanco M, Wilkinson DP, Wang H. Structured perforated sheets as gas diffusion layers for proton
exchange membrane fuel cells.
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Another approach to develop engineered GDLs is through the use of perforations
and grooves in carbon fiber papers and cloths. Based on the earlier work of
Wilkinson et al. [39,128] the main idea behind the modification of CFPs with
perforations is to improve liquid water transport at specific locations of the GDL.
Gerteisen et al. [129,130,225] have shown that perforations (80 um), made with a
laser, in a CFP allow for lower levels of water accumulation, which improves the
oxygen transport and overall fuel cell performance. However, at dry conditions these
specific perforations (size and location) would increase membrane dehydration.
Manahan et al. [131] have also used a laser to make perforations slightly larger than
that of the previous group (300 um vs 80 um) that improve the cell performance at
low to mid range current densities (<1600 mA cm®) and at 50% RH. It was
concluded that these perforations acted as water pooling locations that collected
and/or channelled water from the catalyst layer and GDL. It is important to note that
at high relative humidities (>50% RH) the performance of the cell with these
perforated CFPs deteriorated significantly due to mass transport losses. Similar
conclusions were also drawn by Nishida et al. [133] and Lee et al. [134] regarding
the use of grooves or engineered pore paths in conventional CFPs for enhanced

water management.

In this study, in-situ experiments of perforated stainless steel sheets as GDLs were
performed to study the effects of different sheet designs on the performance and
transport characteristics inside a PEM fuel cell. An emphasis is given to the
importance of in-plane diffusion in GDLs for gas transport and water removal. The
use of free-standing microporous layers with the perforated sheets was also
investigated in detail in order to understand how specific perforated sheet designs
affect mass transport losses inside the MEA. Identification of key characteristics
required to optimize gas and liquid transport with these perforated sheets are also
established. Finally, this study offers observations regarding the viability of tailoring
these sheets to specific parameters and conditions without deteriorating the overall

cell performance.
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5.2 Experimental

All the perforated sheets used for these tests were explained in detail in Section
2.1.1.4. These sheets were manufactured through photo-etching. This process is
simple, cost effective, and is widely used in industry. Thus, it was chosen for making
the perforations. In addition, the photo-etching process is already well developed
and can easily be used for large-scale manufacturing. The spacing or landing
between the perforations, and the width and depth of the channels connecting the
perforations in each sheet were chosen based on the restrictions posed by the
photo-etching manufacturing process (see Section 2.1.1.4 for more details regarding
these restrictions). It was also important to not affect the flatness and structural

properties of the sheets.

For all the tests, a 25 DC gas diffusion layer (SGL Carbon) was used as the anode
GDL (refer to Table 2.2 for more details on this carbon fiber paper). A Primea® 5510
catalyst coated membrane (CCM) from W.L. Gore & Associates was used and
conditioned based on the protocol explained in Section 2.1.3.1. For the various
polarization tests performed in this chapter, the single fuel cell assembly was
compressed to 792.9 kPa (100 psi), the gases were pressurized to 206.8 kPag (30
psig) at the inlet, and the air and hydrogen stoichiometries were kept constant at 2.0
and 1.5, respectively. For all the polarization performance tests, the temperatures of
the gases, Tyas, and the fuel cell, Tcer, were kept constant at 75 °C. Three different
conditions were tested: fully humidified conditions, 100% RH (T4 and Tgas = 75 °C);
flooding conditions (Tg, = 95 °C and Tgas = 75°C); and low humidity conditions, 25%
RH (Tg = 45.4 °C and Ty = 75°C) (see Table 2.5). Polarization tests with heliox
(21% Oz and 79% He) as the oxidant gas were also performed. Heliox was used to
give a better understanding of the mass transport effects (and losses) in the fuel cell
(see Section 2.1.3.6).

In order to investigate the fuel cell and GDL performance potential in the absence of
mass transport limitations due to water accumulation, the anode water removal
(AWR) method was performed with various perforated sheets as GDLs. Section
2.1.5 explains in detail the steps followed in order to perform these tests. However,
one step that was modified from the original protocol was the current density at
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which the fuel cell performed. For most of the tests presented in this chapter the
current density was kept constant at 200 mA cm, unless specified otherwise. In
general, the gases and cell temperatures were 75 °C, the dew point temperature for
the cathode side was 75 °C, and no humidification was used in the anode side. The
pressure for both inlet gases was 206.8 kPag (approx. 30 psig), the air stoichiometry
was kept constant at 2.0, and the anode stoichiometry was increased stepwise.

For this chapter all polarization tests were conducted three times, as explained in
Section 2.1.3.3.1, in order to obtain repeatable observations. However, due to the
decrease of cell voltage stability with the perforated sheets in some of the tests, it
was decided for the acceptable difference between each test to be between 15 to 20
mV.

5.3 Results and discussion

5.3.1 Effect of perforated sheet open area

A number of stainless steel sheets with different perforation diameters (and
corresponding open areas) were first tested as GDLs in order to evaluate the effect
that each design had on the fuel cell performance. Since it was desired to evaluate
these sheets without the interference of associated mass transport resistances due
to water accumulation in the catalyst layer, the anode water removal (AWR) method
was executed at 200 mA cm™. This current density was chosen since the limiting
current density for these perforated sheets during polarization tests was around 300
to 400 mA cm™. As it can be observed in Figure 5.1, the perforated sheet with the
greatest open area (67.5%) and perforation diameter (10 mm) had the lowest peak
voltage during the test. Since it is assumed that all the water inside the cell is
removed through the anode side when performing these tests (see Section 2.1.5),
one reason for the 10 mm PS to show the lowest peak cell voltage is the oxidant gas
maldistribution along the catalyst layer. Due to the large perforations of this sheet,
the catalyst layer itself becomes one of the main sources (along with the
perforations) of gas diffusion along the active area. In addition, the high frequency
resistance measured for the sheet with the 10 mm perforations was 26 to 32%
greater than the resistances of the other sheets. Thus, indicating additional
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resistances such as contact resistances between the catalyst layers, perforated
sheets, and flow field plates that lower the performance. These resistances
represent approximately 55 mV of losses at this current density (200 mA cm®).
Although these losses are significant, mass transport limitations represent the
dominant contributor of the large performance losses. Moreover, the sheets with
large perforations cannot provide appropriate mechanical support to the CCM, which

can cause failure related issues after long tests (i.e., membrane perforations).
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Figure 5.1 — Comparison of peak cell voltage in anode water removal (AWR) tests for metal
perforated sheets with different perforation diameters. The voltage value for fully humidified
conditions at 200 mA cm? is also shown for comparison. The HFR resistances shown
correspond to the values observed in the AWR tests. All the cell voltage values presented
have been HFR compensated. The perforated sheets were located on the cathode side
between the flow field plate and the CCM. Schematics of some of these sheets are located
in the top right-hand corner of this figure. The anode GDL for all cases was SGL 25DC (with
MPL).

On the other hand, the peak cell voltage difference between the other three
perforated sheets was not as great (54 mV between the 1 mm and the 0.15 mm
PSs). The GDL with the 1 mm perforations (and 34.7 % open area) had the best
performance and lowest resistance, resulting in the best balance between electrical
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contact and gas transport. This sheet also gives enough mechanical support to the
catalyst layer and membrane.

Unfortunately, the performance of these sheets was still poor (even after the anode
water removal test) since the only diffusion mechanism for the gases (and liquid
water) was through-plane diffusion. The very thin catalyst layers (12 to 15 um)
provided all of the in-plane diffusion, which was insufficient for uniform oxygen
distribution throughout the active area. In order to prove that the limited in-plane
diffusion in these GDL configurations was one of the dominant factors for poor
performance, the perforated sheets were placed between the cathode flow field plate
and a carbon fiber paper (CFP). Two CFPs with different in-plane characteristics
were used: TGPH-030 (110 um thick, 80% porous, and 20% PTFE) and 25BA (190
pum thick, 88% porous, and 5% PTFE). The results shown in Figure 5.2 confirm that
limited in-plane diffusion is one of the main issues when perforated sheets are

placed directly to the cathode catalyst layer.
Another dominant factor that decreases the cell performance was the lower open

area of the perforated sheets compared to the porosity of carbon fiber papers, which
limits the area that is accessible for the reactant gases.
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Figure 5.2 — Effect of in-plane diffusion when perforated sheets are used as GDLs. The
tests were performed at fully humidified conditions (T, = 95 °C and Ty = 75 °C). The
perforated sheet used had 1 mm diam. holes and was 0.05 mm thick.

5.3.2 Effect of channels in perforated sheets for improvement of in-plane
diffusion

The use of channels connecting the perforations on one side/surface of the
perforated sheets was tested and investigated (see Figure 2.5). The reasoning
behind the use of the channels is to improve the in-plane diffusion of the oxidant
gases over the catalyst layer. In the previous section, it was shown that the sheets
with 1 mm perforations had the best performance, thus, based on those
observations, sheets with this perforation diameter were chosen for the new sheet
designs with channels. Polarization tests were performed with a number of different
perforated sheet designs used as GDLs. The main parameters changed were the
material thickness, t, channel width, C,, and channel depth, Cq In general, the
limiting current density was between 300 to 500 mA cm™. Anode water removal tests
were also performed (at 200 mA cm™) with the different sheets. Table 5.1 and Figure
5.3 present the data of the mentioned tests. It is important to note that in the case of

the sheets with channels, the side that has the channels is in contact with the CCM.
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Table 5.1 — Cell voltage values at 200 mA cm® and peak cell voltage with anode water
removal tests for perforated sheets with different thicknesses, channel widths, and depths.
The diameter, d, for all the sheets was 1 mm. All the cell voltages are HFR compensated.
The anode GDL for all cases was SGL 25DC (with MPL).

Peak Cell Voltage

Cell Voltage at in Anode Water

d t Cw Cd

-2

Name ' m] [mm] [mm] [mm] 200 mMAcm Removal Test

[mV] b

[mV]

PS-A 1.00 0.05 0.00 0.00 423 +12 677 +4
PS-B 1.00 0.05 0.15 0.04 4197 655+ 6
PS-C 1.00 0.05 0.50 0.04 475+ 9 656 + 9
PS-D 1.00 0.05 1.00 0.04 429 + 11 593 +10
PS-E 1.00 0.10 0.00 0.00 359 15 421 £ 12
PS-F 1.00 0.10 0.50 0.05 447 + 12 517 £13
PS-G 1.00 0.10 0.50 0.08 472 + 10 595 +13
PS-H 1.00 0.10 1.00 0.05 442 +13 535+ 10
PS-I 1.00 0.10 1.00 0.08 461 £ 12 570+ 10
PS-J 1.00 0.20 0.00 0.00 356 + 20 423 + 16
PS-K 1.00 0.20 0.50 0.10 307 +18 437 + 16
PS-L 1.00 0.20 0.50 0.15 577 + 11 700 £ 9
PS-M 1.00 0.20 1.00 0.10 376 +19 502 +15
PS-N 1.00 0.20 1.00 0.15 422 + 16 550 £10

*The gases, dew point, and cell temperatures were 75 °C. The pressure for both gases was 206.8
kPag (approx. 30 psig) and the air/hydrogen stoichiometry ratio was 2.0/1.5.
®These tests were performed at a constant current density of 200 mA cm®.
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Figure 5.3 — (a) Cell voltage values at 200 mA cm™? and (b) peak cell voltage with anode
water removal tests for perforated sheets with different thicknesses, channel widths, and
depths. The perforated sheets without channels are not shown in these plots. All the cell
voltages are HFR compensated. The anode GDL for all cases was SGL 25DC (with MPL).
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For the first two perforated sheets (0.05 mm thickness), the use of a thin channel
(0.15 mm) did not translate into better performance at a current density of 200 mA
cm™. In fact, the PS-A and PS-B cases showed similar performances. On the other
hand, when wider channels are used the performance increases, especially in the
case of the 0.5 mm wide channel (PS-C) as highlighted in the Table 5.1 and Figure
5.3 (dark grey). An interesting point is that with the AWR test, the sheet without
channels showed the greatest peak voltage (677 mV) out of the first four sheets (see
Table 5.1). This indicates that without significant amounts of water inside the catalyst

layer, the channels do not improve the gas diffusion significantly.

Since the use of the channels did not show major improvements with thin metal
sheets, it was decided to test thicker sheets. In addition, narrow channels (0.15 mm)
were not used for thicker sheets since they did not show cell improvement with a
0.05 mm thick sheet. Out of the five 0.1 mm thick perforated sheets, the sheet with
the 0.5 mm channel (0.08 mm deep), PS-G, showed the best performance under
fully humidified conditions (highlighted in Table 5.1 and Figure 5.3). However, the
anode water removal tests show that this sheet does not enhance the peak voltage
value as much compared to the thinner sheets. Thus, the deeper channels do not
improve oxidant gas diffusion further, but instead allow for better water transport
since this sheet can achieve greater limiting current densities (400 mA cm™ vs. 250

mA cm™ for the case without channels at fully humidified conditions) (see Table 5.2).

The overall best performance and peak voltage (during the anode water removal
tests) was shown by the 0.2 mm thick sheet with 0.5 mm wide and 0.15 mm deep
channels (PS-L — highlighted in Table 5.1 and Figure 5.3). This is a surprising result
since thicker materials represent a longer path for the oxidant gas to travel. This may
be due to the deeper channels that allow for enhanced gas diffusion and water
removal. However, the sheet with wider channels but same depth (PS-N) does not
show a significant improvement in gas and water transport. Thus, there has to be a
balance between channel width and depth that allows for enhanced gas diffusion

and liquid water removal.
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Ideally, the perforations should be interconnected in a way in which the oxygen and
water transport are enhanced due to in-plane diffusion. These connections could be
tailored for specific transport mechanisms (i.e., some channels meant for oxygen
transport and other meant for just water). However, current manufacturing
capabilities limit the parameters (size, length, depth, etc.) of such connections
without damaging the sheets. Other manufacturing and machining methods used for
microelectromechanical systems (MEMS) can be considered. However, these
methods are commonly used with materials that have poor electrical conductivity

(e.g., silicon), which makes them difficult to be used in fuel cell systems.

Table 5.2 — Limiting current densities at three different operating conditions for perforated
sheets with different thicknesses, channel widths, and depths. The diameter, d, for all the
sheets was 1 mm. The anode GDL for all cases was SGL 25DC (with MPL).

Limiting Current Density at Three

Name ¢ t C. Cy Operating Conditions [mA cm™]
[mMm] [mm] [mm] [mm] Fully Floodin Low
Humidified 9 Humidity
PS-A 100 005 000 _ 0.00 250 200 250
PS-B 1.00 005 015  0.03 300 300 300
PS-C 100 0.05 050  0.04 300 300 300
PS-D 100 005 100  0.04 300 300 300
PS-E 100 040 000  0.00 250 250 250
PS-F 100 010 050  0.05 300 300 300
PS-G .00 010 050  0.08 400 300 300
PS-H 100 010 100  0.05 300 300 300
PS-| 100 010 100  0.08 300 300 300
PS-J 100 020 000  0.00 250 250 250
PS-K 100 020 050  0.10 300 250 250
PS-L .00 020 050  0.15 400 300 400
PS-M 100 020 100  0.10 300 250 250
PS-N 1.00 020 100  0.15 300 250 250

5.3.3 Effect of MPL film in perforated sheets and reactant transport

Although the addition of channels did improve the perforated sheet performance, it
was not sufficient to meet the necessary in-plane diffusion required by the cathode
side. Therefore, the use of a freestanding microporous layer (MPL) between the
perforated sheets and the CCM was investigated. The MPLs used were 50 ym thick
Gore Carbel (MP30Z) expanded PTFE layers that were impregnated with carbon

black powder. These layers have similar characteristics to those MPLs presented in
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typical PEMFC designs (e.g., mean pore diameter is 30 nm) [186]. The perforated
sheets chosen for these experiments were the ones that showed the best
performance in the previous section, mainly: PS-A, PS-C, PS-G, and PS-L (see
Table 5.1). All the perforated sheets had 1 mm perforations. For the sheets with

channels, the side that had the channels was placed facing the MPL.

Figure 5.4 shows HFR compensated polarization data for the four different GDL
configurations with and without MPL. All the tests were performed at fully humidified
conditions (100% RH). The results for the cases without MPL show similar patterns
as those observed in Table 5.1 and Figure 5.3. Without an MPL, up to a current
density of 100 mA cm, all the perforated sheets have comparable performance;
however, at higher current densities the perforated sheets without channels
experienced greater water accumulation and corresponding mass transport losses.
In addition, the sheets with channels (PS-C, PS-G, and PS-L) showed better voltage
stability (indicated by the error bars) due to improved water removal capabilities. The
PS-L sheet displayed the best overall performance.

The performance of all the perforated sheets with MPL is reasonably similar for the
low current density range (0 to 400 mA cm®) since the cell voltages are within 20 mV
of each other. Above 400 mA cm™, however, the PS-L sheet (0.2 mm thick, channels
0.5 mm wide, and 0.15 mm deep) is observed to exhibit an average of 72 mV
greater potential for current densities from 500 to 1000 mA cm™. This behaviour
indicates decreased mass transport losses compared to the other perforated sheets.
At low current densities, the perforated sheets with additional MPL appeared to
experience similar gas diffusion and water removal capabilities. While at high current
densities, the PS-L sheet avoids severe flooding as a result of improved water
removal capability due to the greater in-plane diffusion spaces given by the deeper
channels connecting the perforations.
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Figure 5.4 — Fuel cell performance with different perforated sheets. All the perforated sheets
had 1 mm diam. perforations. The specifics of each PS are listed in Table 5.1. For all the
cases the MPL films were used between the CCM and the PS. The side of the PS with
channels is in contact with the MPL. All the tests were performed at fully humidified
conditions (100% RH).

In terms of voltage stability, the GDL configurations with channels in the perforated
sheets experienced a drop in voltage fluctuations over all current densities but
especially in the high current density. Figure 5.5 shows the voltage of three GDL
configurations over a time period of 900 s (15 min) at a constant current density of
800 mA cm™. As can be observed, the voltage stability achieved with the sheets with
channels is significantly better than the sheets without channels. In fact, these
reduced fluctuations correspond to voltage standard deviations comparable to those
observed in Chapter 3 (Figure 3.1) with a conventional carbon fiber paper (25BC
with MPL) as the GDL (2.5 mV for PS-L vs. 1.7 mV for 25BC CFP).

In general, voltage fluctuations are a function of water accumulation in the catalyst
layer, GDL, and flow field channels. Thus, the case without channels (PS-A)
experiences more water build up in these regions of the cell (likely more in the

catalyst layer). However, for the case of the PS-B sheet, the decrease in voltage
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fluctuations does not translate into an improvement in performance. This is possibly
an indication that these channels in this sheet (0.5mm wide and 0.03mm deep)
create a capillary or wicking effect in the sheet’s surface that improves the water
removal. However, the channels do not appear to improve gas transport significantly

since there is no significant variation in performance (1.5 mV difference).
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Figure 5.5 — Comparison between perforated sheets with and without channels. The
specifics of each PS are listed in Table 5.1. All perforated sheets had MPL films located
between the CCM and the PS. All tests were performed at fully humidified conditions (100%
RH).

5.3.4 Effect of oxidant gas in reactant transport

In order to understand in more detail how the perforated sheets with channels affect
the gas and liquid water transport inside the MEA, two different oxidant gases were
used: air and heliox (see Section 2.1.3.6). Figure 5.6 compares the HFR
compensated polarization results of the perforated sheet that showed the best
performance in the previous sections, PS-L, with and without an MPL. Three
different conditions were tested: fully humidified conditions, flooding conditions, and
low humidity conditions. Tests with baseline GDLs (25BC CFP on the cathode side)
are also shown in Figure 5.6 for comparison. The perforated sheet (PS-L) without
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the MPL had poor performance for all three operating conditions with both air and
heliox as oxidant gases. This observation is a deviation from the expected results
since oxygen diffuses better in helium than in nitrogen. In theory, it was anticipated
that heliox would improve the oxygen diffusion and the overall performance of the
cell for the PSs without MPLs. However, the lack of in-plane diffusion coupled with
the water accumulation inside the cathode catalyst layer (as observed by the greater
error bars for these cases) affects the mass transport losses significantly. In
addition, for the case of flooding conditions, it achieved the lowest limiting current
density, 300 vs. 400 mA cm (see Figure 5.6b).

In contrast with the previous observations, the perforated sheets with microporous
layers showed improved performance for all three operating conditions with heliox as
the reactant gas. The greatest improvement was for flooding conditions, in which the
heliox improved the current density at 0.4 V by 32%. Therefore, it can be
hypothesized that with these perforated sheets water accumulation is a key factor for
mass transport losses. This can be proven at dry conditions in which the heliox case
improves the current density at 0.4V by only 18% due to the lower water
accumulation that is present at these conditions (see Figure 5.6¢). This leads to the
conclusion that these engineered perforated sheets are better suited to be used as
GDLs at low humidity conditions.

It is important to note that the performance of these sheets is still well below

baseline; however, they have the potential to be used as GDLs with more detailed

optimization.
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Figure 5.6 — Effect of heliox as the oxidant gas when using a perforated sheet (PS-L) with
and without an additional MPL (MP30Z), at three different operating conditions. (a) Fully
humidified, (b) flooding conditions, and (c) low humidity. (—®— ) PS-L without MPL and air,

(--%-- ) PS-L with MPL and air, (—*— ) PS-L without MPL and heliox, (--2- ) PS-L with
MPL and heliox, (- - - - ) baseline and air, and (------ ) baseline and heliox. The baseline
MEA used a 25BC GDL for the cathode. All tests had 25DC GDLs in the anode side.

5.4Conclusions

This chapter presents the investigation of in-situ performance characteristics of
structured perforated sheets used as gas diffusion layers. Different parameters such
as diameters (and open areas), thicknesses, and in-plane diffusion capabilities

through the use of channels were investigated. Microporous layers were also used in
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order to observe the effect of improved in-plane diffusion when coupled with
perforated sheets. The following conclusions resulted from the study:

1. Perforated sheets with just perforations (no channels) showed low
performance due to the lack of in-plane diffusion. Performance decreases
when thicker materials are used due to the increase in the transport travel
path.

2. Although the use of channels that connect perforations on one side of the
sheets was expected to allow for enhanced oxygen diffusion towards the
catalyst layer, it is observed that these channels have a greater effect on the
improvement of water transport. A balance between channel width and depth
is important in order to achieve better performance. From Table 5.1, it can be
concluded that for these specific perforated sheets the optimal channel width
(Cw) is approximately 0.5 mm, and the performance improves with greater
channel depth.

3. Perforated sheets with channels (with and without a microporous layer)
improve voltage stability and water removal capabilities compared to cases of
perforated sheets without channels.

4. Structured GDLs show promise for applications in which dry (no
humidification) to fully humidified conditions are used due to their lower open

area (compared to CFPs).

These results, along with the other investigations found in the literature [110,124],
suggest that engineered GDLs have the potential to be used for specific applications
and operating conditions. Proper design and tailoring of these materials (e.g.,
perforation geometry, density, location, etc.) could result in a reduction of overall fuel
cell costs and an improvement in performance, particularly for more challenging
operating conditions. As mentioned previously, the major issues with these materials
are the lack of open area and in-plane diffusion. Unfortunately, these issues are
closely connected to the manufacturing capabilities/methods of materials that meet
the restrictions set in fuel cell industry (e.g., electrical and thermal conductivities,
thickness, mechanical strength, corrosion resistance, etc.). However, as the field of

manufacturing keeps evolving so will the opportunities of tailoring new materials that
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can work properly in fuel cell applications. It is important to note that the perforated
stainless steel sheets did not puncture or damage any CCM or MPL during testing.
However, for durability purposes softer and more corrosion-resistant materials, such
as graphitic foils or conductive polymers, could be considered instead of stainless

steel sheets.
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6 FLOW CONTROL IN A FUEL CELL FLOW FIELD FOR IMPROVED
PERFORMANCE AND RELIABILTY®

6.1 Introduction

Normally, proton exchange membrane fuel cells and, particularly, the flow fields are
designed around their maximum power operating point in order to maximize the
overall performance. For applications with a wide range of operating conditions, this
means that the fuel cell and flow fields are not optimally designed for the lower
power regime. This is particularly true for automotive fuel cell applications where the
turndown ratio can be very significant (>100). For example, in a typical dynamic
testing profile (DTP), reported by the U.S. Fuel Cell Council, it is shown that a
normal fuel cell stack used in transportation applications experiences a number of
instant changes in power levels (e.g., from 100 to 60% and from 60 to 20%) [226].
These sudden changes in power significantly affect the performance of the fuel cell
stack, especially in the low power range. This is a result of water accumulation in the
bipolar plate flow field channels (after the stack performed at high power levels
where more water is generated) that can no longer be removed because of the
significantly reduced gas flow rates [227] and corresponding lower pressure drops.
This can result in poor cell water management and cell-to-cell reactant distribution in
the whole stack, which in turn can cause temperature gradients across the cell
active area (damaging the membrane), loss of efficiency, and even operating failure.
In fact, this erratic performance can lead to a low cell voltage condition and, in the
worst-case, cell reversal in a fuel cell stack with inherent failure mode issues [203].

In fuel cell stacks, the gas mal-distribution and water management issues that each
cell experiences are increased since each cell is located in parallel with respect to
each other in terms of flow distribution (they are in series in terms of electrical
connection) with one common inlet manifold and one common outlet manifold

(usually both located inside the stack) [73]. In general, it is critical that each cell in

6 Sections of this work have been published in:

M. Blanco, D.P. Wilkinson, G. Yan, H. Zhao, H. Wang. Flow control in a fuel cell flow field for
improved performance and reliability. ECS Transactions 2006;1:355-66.

D.P. Wilkinson, M. Blanco, H. Zhao, J. Wu, H. Wang. Dynamic flow field for fuel cells.
Electrochemistry and Solid State Letters 2007;10:B155-60.
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the stack can receive an adequate amount of reactant gases; however, this can be
difficult to accomplish with parallel manifolding and cell water management issues,
such as water accumulation, in the inlet region of the cells [228]. Numerous studies
of flow distribution in stacks (cell-to-cell distribution) can be found in the literature
[229-233].

As stated in Chapter 1 (Section 1.4.1.2), some of the common approaches to
improve the water management in a cell/stack include performing systematic purges
and/or increasing the reactant flow rate. However, both of these solutions increase
the parasitic loads significantly. Section 1.4.1.2.4 describes a number of proposed
systems that have been attempted in order to improve the overall fuel cell stack
performance without increasing the parasitic energy demand. In this chapter, we
discuss in detail, an approach for changing the flow field active area within a cell with
changing operating conditions. It is shown that the voltage instability and water
management issues that occur in a fuel cell, particularly at low power levels, can be

mitigated by changing the effective active area inside the cell.

6.2 Experimental

The details regarding the fuel cell hardware and fuel cell test station are given in
Section 2.2. The modified flow field plates for single cell and stack testing are
explained in Sections 2.2.1.1 and 2.2.1.2. The membrane electrode assemblies
used for all the tests were conditioned following the protocols explained in Section
2.1.3. The experiments used to test the voltage stability of a fuel cell at low gas
stoichiometries and low power densities are explained in detail in Section 2.2.3. For
all the tests, the gases were pressurized to 206.8 kPag (30 psig) and both the single
cell fuel cell and stack were compressed to 689.5 kPa (100 psia).

6.3 Results and discussion

6.3.1 Comparison performance of standard and modified flow field plates

Figure 6.1 shows the single cell polarization curves (based on current density) and
associated pressure drop curves for both the modified interdigitated and serpentine
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flow field plates. For comparison, a polarization curve of a Mk 5 standard cathode
serpentine flow field (six path) is also shown. All the polarization curves were
performed following the protocol explained in Section 2.1.3. For the interdigitated
flow field, for a typical minimum voltage efficiency design point of 0.6 V the current
density is approximately 1130 mA cm™, the areal power density is 0.68 W cm™, and
the pressure drop is 17.1 kPa (2.48 psi). However, at low power (e.g., 0.083 W cm™
at 100 mA cm™) the pressure drop is 1.6 kPa (0.23 psi), about an order of magnitude
lower. Similarly, for the serpentine flow field the current density at 0.6 V is
approximately 800 mA cm®, the areal power density is 0.48 W cm?, and the
pressure drop is 18 kPa (2.61 psi). At the low power (100 mA cm®) the pressure
drop is around 2.0 kPa (0.29 psi), again about an order of magnitude lower. At this
low power end there can be insufficient flow and pressure drop to remove liquid
water, and to ensure uniform reactant flow over the cell active area and cell-to-cell in

a fuel cell stack.
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Figure 6.1 — Polarization and pressure drop data for the single cell with the interdigitated (all
valves open), serpentine flow field plate (all valves open), and standard serpentine flow field
plate (no pressure drop for this case). The cell, gas, and dew point temperatures were 75°C.
The gases were pressurized to 206.8 kPag (30 psig) and the cell was compressed to 689
kPa (100 psia). The air/H, stoichiometric ratio was 2/1.5.
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Figure 6.2 shows the polarization curves of the modified serpentine flow field for
each cell of the fuel cell stack with all valves opened. It is evident that there are no
significant differences between the performances of each cell, indicating good
reproducibility.
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Figure 6.2 — Polarization curves for the three cells of the fuel cell stack (serpentine flow field
plates with all valves open). The cell and gas temperatures were 75°C and the dew point
temperature was 80°C. The gases were pressurized to 206.8 kPag (30 psig) and the cell
was compressed to 689 kPa (100 psia). The air/H, stoichiometric ratio was 3/1.5.

For the single cell tests, Figure 6.3 shows that the cell performance (with the
interdigitated flow field) is similar on a current density basis for the full active area
(all valves open) and for a partial active area (four valves closed in this case).
Basically, for the case shown here, the combined active cell area of sections 3 and 4
(total area 78.8 cm?) gives similar polarization results to the full active area of 260
cm? (sections 3 and 4 are located in the middle of the active area — see Figure 6.3).
This result indicates that each partial active section of the cell is performing similarly,
which is critical in any approach that involves changing the active area. Figure 6.4
compares polarization curves on an absolute current basis for the full active area (all
valves open) and for a partial active area (four valves closed) with the interdigitated
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flow field in the single cell fuel cell. In the case of the partial active area, the voltage
is lower because of the higher effective current densities. However, the associated
higher effective reactant flow over the reduced area is the main factor that improves

the performance stability in the low power range.
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Figure 6.3 — Voltage vs. current density for all valves open and four valves closed. The cell,

gas, and dew point temperatures were 75°C. The gases were pressurized to 206.8 kPag (30
psig) and the air/H, stoichiometric ratio was 1.5/1.5.
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Figure 6.4 — Voltage vs. current for all valves open and four valves closed. The cell, gas,
and dew point temperatures were 75°C. The gases were pressurized to 206.8 kPag (30
psig) and the air/H, stoichiometric ratio was 1.5/1.5.

The similar polarization results, analyzed on a current density basis, for partial active
areas versus the full active area indicate that the blocked area provides essentially
no current. Any initial reactant in the blocked area would be consumed rapidly and
lateral reactant transport through the diffusion layers is slow. The electrode potential
experienced by the blocked area is largely determined by the partial active area,
which is supplying the current since both areas are in electrical contact. For the
blocked stagnant area the electrode potential is not expected to be in a range that
causes water electrolysis or material decomposition. Future work will involve current
mapping of the active and blocked regions to further elucidate the effects of
changing the active area.

6.3.2 Impact of low air stoichiometry on voltage stability

Figure 6.5 shows the impact of decreasing air stoichiometry on voltage stability at a
fixed low power current density of 100 mA cm? with the interdigitated flow field in the

single cell fuel cell. Clearly, as the air stoichiometry is decreased below 1.3 the

169



voltage oscillations increase significantly indicating an unstable performance
condition. This is often an indication of liquid water blockage in the channel(s) and/or
in the gas diffusion layer (GDL) with insufficient gas flow or pressure drop for water
removal. As mentioned previously, this erratic performance can lead to a low cell
voltage condition and, in the worst-case, cell reversal in a fuel cell stack with

inherent failure mode issues [203].
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Figure 6.5 — Voltage oscillations for decreasing air stoichiometry (all valves open). For this
case the single cell with interdigitated flow field was operated under a load of 100 mA cm?,
H. stoichiometry of 1.5, and cell temperature of 75°C. The gases were pressurized to 206.8
kPag (30 psig).

6.3.3 Improvement of voltage stability in a single cell fuel cell

By decreasing the active area of the interdigitated flow field in the fuel cell, stable
performance was recovered at low power conditions (e.g., 80 mA cm™?) and at low
reactant stoichiometry (see Figure 6.6). In this case, decreasing the active area by
around 70% (from 260 to 78.8 cm?) increases the effective current density (from 80
mA cm? for the full active area to 264 mA cm™ for the reduced active area) and
reactant flow (from 0.38 to 1.27 SLPM) by about 330%, stabilizing the cell voltage
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and removing the large voltage oscillations and spikes. It is important to note that
there are still small voltage oscillations, which are likely a result of residual water in
the channels. More studies on the relationship between voltage stability, voltage
oscillations, and water management can be found in the literature [71,234-236].
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Figure 6.6 — Voltage traces showing recovery of unstable performance with active area
sections closed (valves 1, 2, 5, and 6 closed). For this case the single cell with the
interdigitated flow field was operated under a load of 80 mA cm, air/H, stoichiometries of
1.1/1.5, and cell temperature of 75°C. The gases were pressurized to 206.8 kPag (30 psig).

When a serpentine flow field was used, the cell’'s voltage instabilities were not as
visible and obvious at low currents (<100 mA cm™), as with the interdigitated flow
fields. This is due to the differences between each flow field design for water
management control. The serpentine flow field has better water management control
at low power but the interdigitated flow field performs substantially better at high
power. In order to be able to observe the voltage instability of the serpentine flow
field it was necessary to run the single cell at more severe operating conditions than
for the interdigitated flow field, mainly at lower air/H, stoichiometries of
approximately 1.2/1.1, respectively. Figure 6.7 shows a voltage trace of the single

cell fuel cell with serpentine flow field with all valves open and with two valves

171



closed. Closing the two valves located at the edges of the flow field (i.e., valves 1
and 6) reduces the voltage oscillations observed when all the valves are open.
However, the effects are not as pronounced as for the interdigitated flow field.
Further tests with a lower cell temperature (60°C) were performed in order to
achieve more distinct voltage oscillations at the low power end (<0.08 W cm™) but
the cell’s performance did not deteriorate significantly more with these changes.
These results indicate that the effect of controlling the performance by manipulating
the active area is more effective for flow fields that have more erratic performance at

low power.
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Figure 6.7 — Voltage traces showing recovery of unstable performance with active area
sections closed (valves 1 and 6). For this case the single cell with serpentine flow field was
operated under a load of 100 mA cm?®, air/H, stoichiometries of 1.2/1.1, and a cell
temperature of 75°C. The gases were pressurized to 206.8 kPag (30 psig).

6.3.4 Improvement of voltage stability in a fuel cell stack

Operating conditions can be chosen to enhance the flooding process on the cathode
side of the cell, thus, making the voltage instabilities more apparent, especially when
reducing from high to low power densities. For this reason, the three-cell fuel cell

stack with serpentine flow fields used in this study was over humidified. Figure 6.8
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shows both the voltage instability of the fuel cell stack when running at low power
(current density of 107 mA cm™) and the impact of decreasing the active flow field
area of all the cathode plates (serpentine flow field) in the stack by closing just two
valves (valves 1 and 2 in this specific case; 169 cm? active area for each cell). For
these measurements the gases were humidified at 75°C and the cell and gas
temperatures were kept at 60°C. This temperature difference was used in order to
accelerate the flooding process on the cathode flow fields and promote unstable
performance. As a result, it can be observed that cell 2 is unstable since its voltage
is lower and shows significant oscillations. Given that the other two cells within the
stack seem to be performing well without major difficulties, it can be concluded that
at these operating conditions there is an unequal cell-to-cell reactant distribution
within the stack. Basically, there is insufficient flow rate and pressure drop inside cell
2 to remove the liquid water located in the GDL and flow channels, resulting in major
performance issues (e.g., limited gas permeability, inactivity of certain areas of the
catalyst layer, etc.). Once valves 1 and 2 are closed it can be observed that cell 2
recovers and the performance difference between the cells in the stack is decreased
dramatically. The average voltage of each cell is decreased once the active areas
are reduced due to an increase in the effective current density. Through this
mechanism the overall cell-to-cell flow distribution in the stack has been improved
and potential major failure modes have been mitigated. It was observed that the low
performing cell(s) can move around in the stack for a given set of operating
conditions. In all cases the approach of changing the effective cell active area or

increasing the absolute reactant flow to the cell recovers performance and stability.
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Figure 6.8 — Individual cell voltages at low load without and with valves closed. For these
tests the cell and gases temperatures were kept constant at 60°C, the humidification
temperature was 75°C, the current load was 107 mA cm? (30 A) and the air/H,
stoichiometries were 2.8/1.5. The gases were pressurized to 206.8 kPag (30 psig),

In general, reducing the active area in the low power region increases the effective
current density, and increases the effective reactant flow and associated pressure
drop. However, the absolute current and flow do not change from the normal
situation for the full active area. Thus, improved fuel cell stack performance stability
is achieved without increasing the parasitic load significantly (only a small increase
for the increase in pressure drop). In fact, the overall system’s parasitic load may be
significantly reduced because increased absolute reactant flow and purges are not
required (optimized usage of reactant gases). The suppressed voltage curve at low
power as a result of higher current density may also have benefits in terms of

reduced corrosion issues (and other failure modes).

6.4 Conclusions

In this work we studied the cell voltage stability of a proton exchange membrane fuel
cell at low power densities and low reactant stroichiometries. A new approach used
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to improve the cell’'s performance and stability at these conditions was

demonstrated. The following are the conclusions that were drawn:

1.

It was observed that fuel cells at low current densities (<100 mA cm™®) and
low reactant stoichiometries (<1.5 for the oxidant gas) experience increased
cell voltage oscillations indicating an unstable performance. This is due water
blockage in the channel(s) and/or in the GDL.

. Our research has demonstrated that fuel cell performance stability can be

achieved at low power and low reactant stoichiometry by using the novel
approach of changing the cathode flow field active area with changing
operating conditions.

By reducing the active area of the flow fields, the effective current density and
effective reactant flow and associated pressure drop are increased. However,
the absolute current and flow do not change from the normal situation for the
full active area. Thus, the higher effective reactant flow over the reduced area
is the main factor that improves the performance stability at low power
densities.

This method was verified in a single cell fuel cell and in a three-cell fuel cell
stack. In each case, the fuel cells were able to reach voltage stability after the
active areas were modified, thus improving the water management, and the
cell-to-cell reactant distribution within the stack, and reducing the potential for
low power failure modes.

This approach maintains high and stable performance in the fuel cell system
without significantly increasing the parasitic load. In addition, the optimized
usage of reactant gases is improved with this method since the need of using
high reactant flow rates and purges is reduced significantly.

Changing the active area in a fuel cell flow field (for both anode and cathode flow

fields) with respect to its operating conditions is a very new approach and could

provide significant benefits for future fuel cell designs, particularly for applications

with a wide range of operating conditions such as transportation applications.

However, one drawback of this approach is the addition of more parts and valves to

the overall fuel cell system. Thus, more work must be done in order to use smaller
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valves that could be placed inside the flow field plates. This could be accomplished
by using microelectromechanical (MEMS) valves.
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7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This thesis focused on the understanding of water management issues inside PEM

fuel cells and on the development of methods that can reduce the negative effects of

these issues. Emphasis was given to water management at low to no gas

humidification conditions, voltage and power instability at low power levels, and

further clarification of the role of the cathode and anode microporous layers. The use

of perforated sheets as engineered gas diffusion layers was also investigated. The

following conclusions were drawn from each chapter of this thesis.

Application of water barrier layers in PEM fuel cells:

The performance of fuel cells deteriorates significantly when low to no gas
humidification is used.

Adding a non-porous material with perforations between the cathode flow field
plate and the GDL improves water saturation in the cathode GDL and catalyst
layer, increases water content in the anode, and keeps the membrane
hydrated.

The slight voltage drop in the performance as a result of transport limitations
brought by the use of the perforated sheets is justifiable since the overall
durability of the cell at these extreme conditions is enhanced.

The perforated layer(s) enhanced the operational life of the PEM fuel cell
under completely dry conditions by 3.5 times compared to a fuel cell without
the additional water barrier layers.

Experimental study of the role of the microporous layer:

The cathode MPL improves the fuel cell performance at three different
operating conditions: fully humidified (100% RH), flooding, and low humidity
(25% RH).

The cathode MPL improves the voltage stability of the cell compared to a
GDL without an MPL.
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The MPL increases the water back-diffusion from the cathode to the anode
through the membrane. However, it was shown with the use of perforated
sheets and the anode water removal (AWR) method that this method of water
removal is not the main mechanism that the MPL uses to improve water
management on the cathode side.

The cathode GDL without an MPL allows for greater water accumulation
inside the catalyst layer, thus, resulting in flooding issues.

The main mechanism of water removal that is used when a cathode MPL is
present is through the cathode side of the fuel cell (not the anode as
previously proposed in the literature). The MPL does not allow water
accumulation in the catalyst layer, thus, it improves the water removal from
the catalyst layer to the flow field channels. It is postulated that the water is
rejected by the MPL in vapor form at the catalyst layer and it then condenses
in the GDL. This is a similar conclusion to that proposed by Owejan et al.
[186].

The influence of the anode MPL on fuel cell performance is insignificant for
current densities below 1600 mA cm™; however, it decreases the voltage
stability especially at higher current densities.

It is recommended for the anode MPL to be used in PEM fuel cells due to its
ability to remove water accumulated on the anode side. This was proven by a
decrease in voltage fluctuations when an anode MPL was used.

Use of perforated sheets as engineered GDLs:

In-plane diffusion is an important parameter in order to achieve a better
distribution of oxygen along the catalyst layer.

The use of narrow channels connecting the perforations improves the water
removal capabilities of the perforated sheets but not the oxygen diffusion.
Wider and deeper channels allow both enhanced water and oxygen transport.
The implementation of a free-standing MPL along with the perforated sheets
improves the performance of the fuel cell substantially, compared to the
cases without the MPL. This is a further indication of the importance of in-
plane diffusion.
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The use of channels in perforated sheets with an MPL improves the voltage
stability of the cell at all current densities. This is an indication that the
channels allow the liquid water to be removed more efficiently, compared to
the cases without channels.

Deeper channels improve oxygen diffusion due to the increase in paths that
the gas can travel.

Perforated sheets as GDLs perform well below baseline GDLs (with an MPL),
but show promise to be a viable possibility as a GDL in the future due to their
ability to be tailored and modified (i.e., perforation size and shape,

interconnections, etc.).

Flow control in a fuel cell flow field:

This work showed that fuel cells designed around their maximum power
operating point can experience voltage and power stability issues at low
power levels. This results in cell water management issues and poor cell-to-
cell reactant distribution in a fuel cell stack.

An approach in which the cathode flow field active area is changed with
changing operating conditions was investigated and it showed that it
maintains high and stable performance in the fuel cell system without
increasing the parasitic load significantly.

Reducing the active area with these flow fields in the low power region
increases the effective current density and the effective reactant flow and
associated pressure drop. However, the absolute current and flow do not
change from the normal conditions for the full active area.

This dynamic flow field is beneficial for applications with a range of operating
conditions since it improves cell-to-cell reactant distribution and reduced low

current density failure modes.

7.2 Recommendations for future work

This thesis investigated different water management issues at different operating

conditions within the fuel cell. Throughout this work, various areas were identified as

potential topics that should be investigated even further to build upon this PhD work.
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The following are the proposed research directions for future work. They primarily

involve the optimization of the different approaches and experimental techniques

discussed in Chapters 3, 4, 5 and 6.

Perforated sheets as water barrier layers:

Study the effect of the perforated sheets when located between the anode
flow field channels and GDL. These sheets may improve water management
inside the cell while not affecting the performance as significantly as when
used on the cathode side.

Optimization of the perforated sheets and corresponding flow field design in
order to improve the performance while still allowing the membrane to stay
hydrated at low to no gas humidification conditions:

o Consider a new fuel cell design closer to that used in back-up power
applications in which the oxygen stoichiometries are significantly larger
(>30) due to the use of cooling fans.

o Design perforated sheets to match the open area of the flow field
channels, thus, maximizing the area for oxygen diffusion.

o Investigate the use of perforations with different cross-sections that
could improve oxygen diffusion and water removal, while still
maintaining a balanced distribution of water content in the cathode
catalyst layer.

o Examine various flow field designs (e.g., parallel and multiple-path
serpentine).

Consider other possible electrical and thermal conductive materials that could
be used as water barrier layers based on their machinability and
manufacturability.

o Investigate possible surface treatments (or modifications) that enhance
water and gas transport with these perforated sheets.

Perform different durability tests to observe possible issues with the water
barrier layers

o Long-term testing at dry gases and room temperature conditions.

o Testing at low to freezing temperatures with no gas humidification.

Develop mathematical models that will help the development of new designs:
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o

Study the relationship between perforation size, shape, and location in
order to understand the effect on oxygen diffusion and liquid water
saturation.

Predict long-term failure modes with these water barrier layers. These

results will help the development of new designs.

Perforated sheets as engineered gas diffusion layers:

e Further development is required for engineered GDLs based on non-porous

materials with perforations (see Figure 7.1):

O

Identify the best fuel cell application for these type of GDLs since each
application represents a different set of requirements to be met and
achieved.

Investigate the application of a sprayed MPL on one of the surfaces of
the perforated sheet. This layer enhances in-plane diffusion and water
removal capabilities.

Use mathematical modelling to investigate the gas and liquid water
interaction with different perforation designs (i.e., size, shape, density).
Develop perforations that are specifically designed for liquid water
transport. Different cross sectional shapes of the perforations can be
taken into account. Coating of hydrophobic (or/and hydrophilic) layers
should also be implemented and tested

Investigate the interaction between different cathode flow field channel
designs and the perforated GDLs. These GDLs could be tailored
depending on the flow field channel used.

Investigation of softer and corrosion resistant materials is a critical step
in order for this engineered GDL approach to achieve acceptable
performance. An emphasis on machinability and manufacturability has
to be given.

Investigate the possibility of designing and developing an engineered
GDL and flow field channel plate into one component. This can
possibly reduce the overall costs of the fuel cell system.

e Another approach to achieve engineered gas diffusion layers with improved

fuel cell performance is through the use of porous materials (see Figure 7.1):
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These GDLs that use porous materials as the substrates that are then
perforated and mechanically modified have been shown to have similar
performance to unmodified carbon fiber paper (CFP) GDLs [39,128-131,225].
o Investigate different methods to perforate CFPs taking into account the
feasibility of expanding such method for large-scale production.
o Identify how different sizes of perforations modify the water and gas
transport mechanisms inside the cathode catalyst layer.

GOAL
Approach 1 Structured and Approach 2
Non-porous engineered Porous
materials with ——p GDLs with <4——— materials with
perforations improved perforations
x performance

Low performance due to lower
open area and reduced
active area

Better performance due to the
use of porous materials

Challenges with mass
production of these
components

Difficult to modef

Challenging to find a material
that can be perforated and
taifored to match
requirements (e.g., pore
sfze and porosity)

Easier to model and predict

Figure 7.1 — Two main approaches for development of structured and engineered gas
diffusion layers for PEM fuel cells.

Understanding of water transport inside a fuel cell — the role of the MPL:

e The fact that many competing hypothesis can be found in literature regarding
how the MPL works inside a fuel cell is a sign that there is not a standard in
the investigation of this component. Each fuel cell, flow field channel design,

material, membrane, catalyst layer, and operating condition changes the
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overall gas and water transport inside the fuel cell. Therefore, a thorough
study of the MPL taking into account different parameters is needed:
o Investigate different carbon fiber papers and carbon cloths GDLs with
different thermal properties in order to observe their effect on the MPL.
o Develop a study of the effect of the MPL with different flow field
channels that are designed for optimal performance:
= |Interdigitated
= Serpentine, single and multiple path
= Parallel with adequate aspect ratio
Ideally, these flow field designs should resemble those used by the
state-of-the-art fuel cells found in industry.
o Perform water balance measurements to observe the effect of the MPL
in water back-diffusion to the anode side.
o Study different catalyst layers and membranes since they affect
oxygen and water transport, thus, affecting the MPL’s role.

Dynamic flow field for flow control inside a PEM fuel cell:

e Perform further experiments with the interdigitated flow field in order to
observe how these dynamic flow fields can improve the power stability in a
fuel cell stack. Long-term tests with different loading cycles should be
performed to understand the long-term effects of using this system.

e Investigate the possibility of using microelectromechanical (MEMS) valves
that can be placed inside the flow field channels in order to control the areas
in which the reactant gases are flow through. Conductive polymers can be
possible candidates since they have the ability of changing shape (i.e.,
closing and opening certain areas) when exposed to specific potentials.

e Develop a current mapping technique coupled with the dynamic flow field to
further elucidate the effects of changing the active area at different operating
conditions.

e Develop MEAs that use different types of GDLs that match the area of the
flow field that can be closed or open. Different carbon fiber papers and carbon
cloths should be tested in order to have the best combination of materials that

are better suited to the flow field (when open and closed).
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e Use the dynamic flow fields as diagnostic tools in fuel cell stack testing.
Different sections of the channels can be blocked in order to investigate cell-

to-cell oxygen and water distribution.
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APPENDIX B - FABRICATION PROCEDURES FOR MEMBRANE
ELECTRODE ASSEMBLIES

The following are the steps used to assemble a membrane electrode assemble
(MEA) with catalyst coated membranes (CCM):

1. Cut two square pieces of the polyimide film to be used as sub-gaskets (see
figure B.1). These pieces should be slightly smaller than the stainless steel

brackets/frames.

— T

Polyimide | Stainless steel [
film frame

Figure B.1 — Picture corresponding to step 1 of the MEA assembly process. Note that the
size of the films should be smaller than that of the stainless steel frame.

2. Remove the liner (or transparent film that protects the adhesive in the
polyimide film) and carefully glue the polyimide film to the metal brackets
making sure that there is enough tension around the whole sheet (see figure
B.2). Repeat this step with the other film.
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Figure B.2 — Picture corresponding to step 2 of the MEA assembly process. Peel the liner
from the polyimide film carefully and glue it to the stainless steel frame (a and b). Then
maintain constant tension while removing the liner (c) until the film is glued completely to the
frame (d).

3. Use the rule die labelled “GDL” to cut a hole corresponding to the size of the
GDL in both polyimide films. Use alignment pins (or % inch bolts) in order to
align the rule die with the metal brackets (see figure B.3). Use a rubber
mallet to hit the rule die. A press (or hot press) can also be used here
instead of the rubber mallet.
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pins

Figure B.3 — Align the metal bracket with the GDL rule die with the help of the aligning pins
(a and b), and use the mallet (c) to carefully cut the corresponding hole in the polyimide film

(d).

4. Cut a piece of the CCM with the rule die labelled “CCM” (see figure B.4).
Use a rubber mallet to cut this piece. Use gloves when dealing with the
membrane. This CCM sheet will be around 7.4 cm by 7.4 cm in size, which
is larger than the actual active area, in order to stick to the polyimide films.
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Catalyst coated
membrane

R

Figure B.4 — Picture of the rule die used to cut a piece of the catalyst coated membrane.

5.  Remove the protective layers of the CCM and carefully place it on top of
one of the polyimide films (in the side that has the adhesive). With a
fingertip or with the help of a small spatula glue the edges of the CCM onto

the polyimide film (see figure B.5).

Catalyst coated
membrane

b .
i _;ﬁ,
f o

Figure B.5 — Picture of the CCM placed on top of the polyimide film.
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6. Place the alignment pins (or bolts) in the metal bracket and put the other
metal bracket (the one without the CCM) on top of it (see figure B.6). Make
sure that both adhesive layers are facing each other.

Alignment
pins

Figure B.6 — (a) Picture of both metal brackets placed on top of each other using the
alignment pins. (b) Zoom-in picture of the top polyimide film ready to be attached to the
CCM. Note the KimWipes® placed underneath the brackets in order to protect the CCM.

7. With the help of a spatula, stick both polyimide films together without leaving
any bubbles between the two layers (see figure B.7).
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Spatula

Figure B.7 — Picture corresponding to step 7 of the MEA assembly process. Note that the
spatula should be moved from inwards (near CCM) to outwards.

8. Once the CCM and the two polyimide films are put together, use the
alignment pins (or bolts) and the rule die labelled “MEA” in order to make
the inlet and outlet holes for the reactant gases and coolant line (see figure
B.8). When hitting the rule die with the rubber mallet be careful to not
damage the die. If any of the wholes are not cut completely, then use a hole
punch to finish the holes.
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Rule die

Figure B.8 — (a) Rule die on top of the polyimide film and CCM; (b) Using the rule die with a
rubber mallet; and (c) Hole punch used to finalize holes that were not cut with the rule die.

9. Clean any pieces of the polyimide film and with a scalpel cut the edges of
the polyimide film (see figure B9).
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Figure B.9 — (a) Cleaning any leftover pieces of the polyimide film; (b) Cutting the outside
edges of the polyimide film; and (c) final CCM and sub-gasket assembly.

10. Cut the carbon fiber papers (CFP) with the rule die labelled “GDL”, similarly
to step 3.

11. Place the CFP corresponding to the anode side on top of the anode flow
field plate.

12. Place the CCM/polyimide film assembly on top of the anode plate.
13. Place the cathode GDL on top of the CCM (see figure C.13).

Notes:
e Always use gloves when dealing with the CCMs

e  Make sure that the surface of the CCM is always clean
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APPENDIX C - DETAILED PROCEDURES FOR POLARIZATION
TESTS

C.1 Conditioning of the membrane electrode assembly

The following protocol is for the fuel cells and membrane electrode assemblies
(MEA) described in Chapter 2. If any of these components changes then this
protocol should be taken just as a guide. The steps for the MEA conditioning are:
1. Set the test station to the following typical pressure and flow conditions:
a. Air/hydrogen stoichiometry ratio of 2.0/1.5 (flow corresponding to a 500
mA/cm?)
b. Pressurise gases stepwise to 206.8 kPag (30 psig) in 50 kPa
increments.
2. Set the current density to 500 mA cm™ (a fairly low current so the voltage
output is not lower than 0.5V)
3. Set the test station to the following typical temperature conditions:
a. T,1=75C

b. T, =75C

gas

c. T, =75°C (100% RH for both sides)

4. While the station heats the gases and the humidifiers, continue increasing the
current density around every 5 minutes (e.g., 600, 700, 800, 900 mA cm™).

5. Once the temperature conditions are achieved, operate the fuel cell at a
current density in which the cell’s voltage output is approximately 0.6V (e.g.,
for the 49 cm? fuel cell with a Primea® 5510 Gore CCM and SGL Carbon
25BC (cathode) and 25DC (anode) GDLs try a current density of 1000 mA
cm®)

6. Operate the cell at the above load until the cell’s voltage has stabilized for
more than an hour, this usually takes between 6 to 8 hours. By stabilized
voltage is meant that the variations in the cell voltage are smaller than +10

mV for at least one hour.
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These steps can also be used when conditioning an MEA that is old and has not
been used for more than 3 days. In general, the total time for MEA re-conditioning
for an old MEA is shorter than with a new MEA.

C.2 Polarization curve protocols

The following protocol is for the fuel cells and membrane electrode assemblies
(MEA) described in Chapter 2. If any of these components changes then this
protocol should be taken just as a guide. This protocol is meant for polarization
curve tests with standard materials (i.e, commercially available). For example, SGL
Carbon GDLs, Toray carbon fiber papers, and Primea® Gore CCMs. Depending on
the flow field channels used in both anode and cathode flow field plates the cell’s
overall performance may change substantially. Therefore, certain stages of this
protocol may change accordingly (e.g., the amount of current density points). The
minimum rate of data acquisition is 1 point every 2 seconds. The recommended rate
is 1 point per second (in some cases an even faster rate is preferable). The steps for
a polarization curve are:
1. Set the desired operating conditions (pressure and temperatures)
2. Once the operating conditions are ready, operate the fuel cell at the following
current densities (in mA cm™) and leave the cell at each point for at least 15

minutes (i.e., at constant current):

a. 0

b. 50 More points should be added if the kinetic

c 75 region is the most important to study

d. 100

e. 200 )

f. 300 More points should be added if ohmic
500 >~ | losses are being analyzed in detalil

g.

h. 750 _/

. ~

i. 1000

j. 1200 More points should be added if ohmic

~ losses are being analyzed in detalil
k. 1400
. 1600 -~
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m. 1700 )

More points should be added if mass
n. 1800 -~ transport losses are being are being
analyzed in detail
o. 1900
0. 2000
The lowest cell voltage should be 0.3V,
g. 2100 - unless the limiting current density is
desired.
r. 2200
s. 2300

The cell voltage recorded at each current measurement is averaged over a time
period of at last 3 minutes corresponding to the steady state condition of the cell.
Depending on the MEA and flow fields that are used the amount of points will
change, therefore, the current densities shown here are just examples of the typical
points that are necessary in order to cover the most important areas of the
polarization curve. In addition, in some tests it is desired to study the limiting current
density of the fuel cell, thus, it may be necessary to run the cell at very high current
densities in which the cell’'s voltage would be less than 0.3 V. However, the load
bank of the test station also limits the minimum voltage since for most load banks
need a voltage of around 0.2 V in order to work, thus, an additional power supply

would be necessary.

The value for the open circuit voltage should be recorded after the highest current
density point is completed. After this, the fuel cell has to be tested at least at six
more current densities, in a descending order from high to low current values, for at
least 15 to 20 minutes at each point. This was performed to compare the hysteresis
associated with increasing or decreasing current densities. This is especially
important when testing at low humidity conditions since the cell could be degrading.
If the difference between the increasing and decreasing cases is less than or equal
to 10 mV at a given current value then the polarization curve is completed. If the
difference between the cases is greater than 10 mV then the polarization curve
should be repeated. The most common current densities tested in a descending
order are 2000, 1700, 1400, 1000, 500, and 100 mA cm™.
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At flooding conditions (dew point temperature greater than the temperature of the
gases) it is necessary to purge the cell after each current density, thus, the water
accumulated in the previous point does not affect the future current loads. In
addition, these purging steps may also have to be used when materials more
susceptible to water flooding are used (e.g., CFPs with no PTFE treatment) even at
conditions in which the temperature of the gases are greater than the dew point

temperatures.
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APPENDIX D - TESTS WITH PERFORATED GRAPHITIC FOILS AS
WATER BARRIERS

Perforated graphite foils manufactured by Graftech International Ltd. were used as
additional layers to improve fuel cell performance at low to no gas humidification.
The purpose of these layers was to be similar to that of the stainless steel sheets
mentioned in Chapter 3 and to prove the claims published by Graftech International
[47]. However, severe issues related to the mechanical properties of the graphite
foils were found and did not allow for a clear understanding of the effect of using this
specific material. This appendix briefly explains the results and findings when these

materials were tested in a fuel cell.

The perforated flexible graphitic foils (GF) manufactured by Graftech International
Ltd. These sheets, also called Grafcell®, were composed of compressed expanded
graphite particles, which were then reinforced with resins and perforated by a
mechanical impact process. For this work, graphite sheets with a hole density of
1200 tpi (tips per square inch) (186 tips per square centimetre), 21% open area, and
0.171 mm thick were used. The hole density is directly related to the size of the
perforations, i.e., high hole density results in smaller-sized holes and low hole
density results in larger-sized holes. Due to the manufacturing process used to
perforate the laminated graphite sheets, the shape of the holes is trapezoidal and
their cross-sectional shape has a tapered shape along the thickness of the sheet.
Therefore, the area of each hole on one face of the sheet is 0.47 mm? and the area
of each hole on the other face of the sheet is 0.11 mm?. Figure D.1 shows images of
these graphitic foil materials. Due to this cross-sectional shape of the perforations,
the transport mechanisms of gases and liquids through this material can vary
significantly depending on the sheet’s orientation. After performing fuel cell testing
with these materials it was concluded that the best performance was achieved when
the smaller openings were placed next to the GDL (i.e., Figure D.1b), and the larger
openings faced the cathode flow field channels (i.e., Figure D.1a). Fuel cell
performance was significantly reduced in the other orientation.
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Figure D.1 — Images of the two sides of the graphitic foil (GF): (a) large and (b) small
opening.

Figure D.2 shows the fuel cell performance when perforated stainless steel or
flexible graphitic sheets are placed between the cathode flow field and the GDL (with
MPL). Figure D.2a shows that the cell with only a GDL and no additional layers has
better performance due to better gas diffusion and limited water saturation in the
catalyst layer. The metal sheets reduced the fuel cell performance more than the
graphitic film. One reason for this is the difference in contact resistances (as also
observed in the HFR values shown in Figure D.2b). After correcting the cell voltages
for ohmic losses the performance difference between the two different types of
perforated sheets is less. There is still a performance difference, which indicates
there are still additional mass transport resistances in the case with the metal sheets
that affect the overall oxygen diffusion (see Figure D.2c). Correcting for the ohmic
resistance means that the concentration and mass transport are the main losses in
performance, especially at mid- to high current densities. The lower open area with
the perforated sheets has a direct impact on the gas diffusion through the GDL

towards the catalyst sites.
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Figure D.2 — Comparison between graphitic foil and stainless steel perforated sheets with
25BC GDL at dry conditions: (a) cell voltage, (b) high frequency resistance, (c) resistance
corrected cell voltage, (d) standard deviation of cell voltage, (e) cathode pressure drop, and
(f) anode pressure drop versus current density. 1mm PS refers to a perforated sheet with 1
mm diameter holes. FF, CCM, 25BC, and GF refer to flow field, catalyst coated membrane,
SGL 25BC (GDL with MPL), and graphitic foil, respectively. All tests were performed at dry
conditions (25% RH).

As mentioned previously, the graphitic foil material has smaller mass transport
losses compared to the metal sheet as a result of the tapered cross-sectional shape
of the perforations that may cause an enhanced gas distribution in the catalyst layer
compared to the metal sheets. In addition, the voltage fluctuations (Figure D.2d),

which are a function of water accumulation in the catalyst layer, GDL and flow field
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channels, of the graphitic foils are comparable to those of the 25BC by itself, and
lower than when the perforated SS sheet is used. Normally, a decrease in the
voltage standard deviation is a sign of less water accumulation in cathode side and a
lower cathode pressure drop. However, the cathode pressure drop with the graphite
sheets increases significantly, almost by a factor of two at high current densities
compared to the other two cases (see Figure D.2e). These tests were repeated
three times in order to confirm repeatability. Mechanical deformation of these
materials, which occurs because of the compressive forces exerted inside the cell,
can result in partial obstruction of the channels and increase air flow resistance.
Figure D.3 shows an SEM picture of the deformations caused by the flow field
landing widths of the channels to a graphitic sheet after compression and fuel cell
testing. Analysis of the graphitic foils after fuel cell operation indicated that there was
a reduction of approximately 19% in the cross-sectional area of the channel due to
intrusion. This reduction in the channel area can increase the pressure drop of the
channels up to 60% (at 1000 mA cm™ and assuming laminar flow). If turbulent flow is
present or if water accumulation is taken into account then the pressure drop should
increase even more, which justifies the large cathode pressure drops observed in
Figure D.2e.

Landing

Ghannel Landing -~ Channel

SE 071700 WD13.4mm 20.0kV x50 1mm s 071702 WD1Z.2mm 20.0kV x60

Figure D.3 — Scanning electrode microscope (SEM) micrographs of the graphitic foil after
fuel cell testing. (a) Top view and (b) side view of the graphitic foil with a 25BC GDL. The
region that has been flattened and compressed corresponds to the area of the flow field
landing widths.
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In addition, the graphitic foils were nearly always damaged after testing. These
mechanical failures were not observed with the metal sheets and we were able to

use them a number of times.

When stainless steel sheets were used, higher anode pressure drops were observed
compared to cases where the graphitic sheets and 25BC GDLs (with no additional
layers) were used (see Figure D.2f). This shows that greater amounts of water are
being forced from the cathode towards the anode side when stainless steel sheets
are used. In fact, the anode pressure drops between the other two cases are similar,
thus, the graphitic foils do not seem to influence the water crossover to the anode
even though they have smaller open areas than the metal sheets. However, reasons
for this could be that the open area may increase due to cracks formed in the
graphitic foil under compression, and the high cathode pressure drop changing the

water balance inside the MEA.

When 25BA CFP was used, the case with just the GDL did not significantly
outperform the other two cases (with additional barrier layers). Figure D.4a shows
that at low current densities (less than 400 mA cm™) the performance of all three
cases was similar, with the graphitic sheet showing a slight improvement the
performance. Both polarization curves, uncorrected and corrected, for the graphitic
foil material present an unusual reproducible improvement in the performance at a
current density range of 1200 to 2100 mA cm™. The standard deviation of the cell
voltage increases prior to the mentioned current density range (i.e., at 1000 mA cm’
%), but it quickly decreases indicating removal of water inside the cathode side of the
fuel cell. However, there are no other indicators that could explain this unusual
behaviour. Certainly the increased pressure due to intrusion would improve the

water management and gas diffusion in this current density range.
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Figure D.4 — Comparison between graphitic foil and stainless steel perforated sheets with
25BA GDL at dry conditions: (a) cell voltage, (b) high frequency resistance, (c) resistance
corrected cell voltage, (d) standard deviation of cell voltage, and (e) pressure drop versus
current density. 1mm PS refers to a perforated sheet with 1 mm diameter holes. FF, CCM,
25BA, and GF refer to flow field, catalyst coated membrane, SGL 25BA (GDL with no MPL),
and graphitic foil, respectively. All tests were performed at dry conditions (25% RH).

The cathode pressure drop (Figure D4e) behaviour for the 1 mm metal and graphitic
sheets with the 25BA is similar to the 25BC GDLs (Figure D.2e). For the graphitic
foil, it is unclear if it allows the same level of water accumulation with both GDLs, or
if the similar cathode pressure drops are just the results of the air flow resistance in

the flow field channels due to the deformation of the sheet. Based on the SEM
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image of the foil (see Figure D3) it appears that the intrusion of the foil into the
channels is the dominant factor for the increase in the pressure drop.

Due to the mechanical issues of the graphite foils and their intrusion to the flow field
channels, all the results with the graphite foil are unclear and not fully understood.
Therefore, it was decided to remove this portion of the work presented in Chapter 3.
It is important to note that these findings do show that these graphite sheets may not
be ready as gas diffusion barriers for low to no gas humidification systems, as stated

by Graftech [47], since they have critical issues that still have to be dealt with.
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APPENDIX E - ADDITIONAL SUPPORTING DATA

E.1 Pressure drop data for 25BC and 25BA cathode GDLs
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Figure E.1 — Effect of the cathode MPL on (a) cathode and (b) anode pressure drops at
three different operating conditions: Fully humidified (100% RH with Tg, = Tgas = 75 °C),
flooding (Tgy = 95 °C and Tgas = 75 °C), and low humidity (25% RH with Tq, = 45.4 °C and
Tgas = 75 °C). 25BA and 25BC refer to SGL 25BA (GDL without MPL) and SGL 25BC (GDL
with MPL), respectively. The anode GDL for all cases was 25DC (with MPL).
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E.2 Perforated sheets with different carbon fiber papers
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Figure E.2 — Polarization data of three different perforated sheets with a TGPH-030 CFP at
three different operating conditions: (a) fully humidified, (b) flooding, and (c) low humidity.
The sheets were placed between the cathode flow field plate and CFP. The three perforated
sheets had different diam. holes: 0.15, 1.0, and 10.0 mm.
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Figure E.3 — Polarization data of three different perforated sheets with a 25BA CFP at three
different operating conditions: (a) fully humidified, (b) flooding, and (c) low humidity. The
sheets were placed between the cathode flow field plate and CFP. The three perforated
sheets had different diam. holes: 0.15, 1.0, and 10.0 mm.
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Figure E.4 — Polarization data of four different perforated sheets with a 25BA CFP at three
different operating conditions: (a) fully humidified, (b) flooding, and (c) low humidity. The
sheets were placed between the cathode flow field plate and CFP. The three perforated
sheets had different diam. holes: 0.15, 0.5, 1.0, and 10.0 mm.
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Figure E.5 — Polarization data of four different perforated sheets with a 25BA CFP at fully
humidified conditions. The sheets were placed between the cathode flow field plate and
CFP. The three perforated sheets had different diam. holes: 0.15, 0.5, 1.0, and 10.0 mm.
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