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HIGHLIGHTS

« Effects of PTFE impregnation and MPL are studied experimentally and computationally.
+ EDX images show more PTFE exists on the surface of the GDL than in the bulk.

« The tortuosity to porosity ratio of the MPL is around 6.2 under compression.

« Increasing PTFE loading in the GDL is not sufficient to prevent electrode flooding.

+ Adding hydrophobic MPL on the cathode is crucial for wet operating conditions.

ARTICLE INFO ABSTRACT
Keywords: Enabling fuel cell operation at high current density is critical for developing competitive alternative power
PEMFC system to replace internal combustion engine. However, liquid water management continues to be a challenge

Gas diffusion layer

for high humidity or high current density operation. Water condensation in the porous media hinders efficient
PTFE impregnation

Microporous layer oxygen transport t(.). the catalyst .laygr, which 'in turnﬁ, reduces fuel' cell performance. To improve water
Oxygen transport resistance management capability, the gas d1ffus1011 layer is often impregnated with Polytetrafluoroethylene (PTFE) and
COMSOL coated with a thin microporous layer, which have shown to improve fuel cell performance, especially under wet
conditions. However, the fundamental mechanism that drives the performance enhancement is still not well
understood. In this work, the effects of PTFE impregnation and MPL were studied using both experimental and
computational techniques. Both limiting current and polarization tests under dry and wet operating condition
are conducted to study the oxygen transport resistance and fuel cell performance. In addition, a 2-D, two-phase,
multi-physics PEMFC model is developed to simulate performance and gain a fundamental understanding of
local water saturation and oxygen concentration. The combined results show that 5 wt% PTFE impregnation
with MPL significantly enhances liquid water management, which enables higher current density operation of

a fuel cell.
1. Introduction there still exists several technical challenges for PEMFCs to become
fully commercialized. The use of PEMFCs in automotive and heavy duty
A proton exchange membrane fuel cell (PEMFC) is an energy con- vehicles requires high current and power densities, which is primarily
version device that generates electricity from electrochemical reactions limited by the liquid water condensation inside the cell.

between hydrogen and oxygen with only water and heat as the resulting
byproducts. Hydrogen powered fuel cells are considered as one of the
most promising technologies to replace automotive internal combustion
engines due to its inherent advantage of zero greenhouse gas emissions,
high efficiency, quick start-up, and quiet operation [1,2]. However,

A PEMFC consists of five major components: flow field, gas diffu-
sion layer (GDL), microporous layer (MPL), catalyst layer, and mem-
brane [3]. Depending on the cell architecture, the porous media, cata-
lyst layer and membrane are often referred as the membrane electrode
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List of Symbols
The list describes the mathematical symbols that have been

used in the paper for the development of the model.

a Transfer coefficient

€ Porosity

n Overpotential, V

K Permeability, m?

A Membrane water content

(é) Ionomer to Carbon weight ratio in the
catalyst layer

" Viscosity, Pa-s

) Potential, V

i Density of i

aﬁf 4 Effective electron conductivity, S/cm

a;ff Effective proton conductivity, S/cm

T Tortuosity

0 Contact angle

Opion Pt oxide coverage in cathode

a, Activity of water

C Concentration, mol/cm3

C, Heat capacity, J/kg-K

D; Diffusivity of species i, cm?/s

D, Knudsen diffusivity, cm?/s

D, Water diffusivity in ionomer, cm?/s

D; yix Diffusivity of component i in mixture

D,oiecular Molecular diffusivity, cm?/s

EW Membrane equivalent weight

F Faraday constant

Sgeo Factor to include increased diffusion length
reactant travel under the land

Hy, Latent heat for evaporation/condensation

ig Exchange current density, A/cm?

k Thermal conductivity, W/m-K

"y, Platinum loading, mg/cm?

n! Molar flux of species i

nfj“r;g Electro-osmotic drag coefficient

P, Water saturation pressure, Pa

r, Mean pore radius, m

R iher Pressure independent transport resistance,
s/cm

rf Roughness factor, cmﬁ,/crnéwmmy

sbw Source term for dissolved water

Sf’h‘”e Source term for phase change between
liquid water and vapor

S Electrochemical reaction source term,
mol/cm?-s

X; Mole fraction of species i

H Henry’s constant

P Pressure, Pa

RH Relative humidity

T Temperature, K

assembly (MEA) [4,5]. The key functions of the GDL are to provide
transport pathways for reactant gases, remove product water and waste
heat from the catalyst layer, conduct electrons to the current collector,
and ensure mechanical integrity of the MEA during cell compres-
sion [6]. The MPL is a thin layer often made of carbon powders and
polytetrafluoroethylene (PTFE), and has small mean pore radius in
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the order of 100 nm. Due to its hydrophobicity and small pore size,
the MPL acts as a barrier to liquid water transport [7,8]. In addition,
the MPL reduces the electronic contact resistance between the GDL
and catalyst layer [5,9]. When fuel cells operate under high relative
humidity or high current density, the local vapor pressure may exceed
the saturation pressure, which leads to condensation inside the cell.
Depending on material properties, liquid water may condense inside
the channel, GDL or catalyst layer and block the pores available for
oxygen transport [10,11]. This phenomenon is commonly referred as
“flooding”, which results in significant mass transport losses [12].
There are ways to quantify and enhance mass transport properties
for minimizing flooding [13,14]. In general, to prevent severe flood-
ing in the GDL, PTFE is impregnated in the carbon fiber layer to
increase its hydrophobicity and prevent liquid water from saturating
all pores [11,15,16]. However, excessive amount of PTFE inside or on
the surface of the GDL can reduce the porosity and increase thermal and
electrical resistances, which are detrimental to fuel cell operation [17—
19]. There have been many ex-situ characterization tools developed
to study the properties of the GDL including porosity, diffusivity [20],
permeability [21], wettability [22,23], and thermal/electrical conduc-
tivity [24-26]. However, the effect of PTFE impregnation and MPL in
an operating fuel cell is not fully understood and requires a reliable in-
situ diagnostic tool. In addition, the experimental studies on the effect
of PTFE are primarily focused on high PTFE loading (10-60 wt%) in
the GDL [27-30], which is higher than what is being used in actual
applications [31].

Besides experimental work, numerous modeling studies have also
been conducted on PTFE impregnation and its effect on water trans-
port, flooding and PEMFC performance. Microstructure regeneration
technique has been used for quantifying the porosity and tortuosity of
the GDL [32]. Lattice Boltzmann simulations were conducted on the
reconstructed geometry [33,34] to study water dynamics. Pore network
modeling [34,35] has also been widely used to simulate water transport
in GDL from a microscopic view. However these studies only focuses
on micro-structural transport of liquid water, which is not coupled
with electrochemical reaction. Thus, effects of GDL properties on mass
transport, specially under wet conditions, cannot be quantified from
these studies. Simulations based on finite element or Computational
Fluid Dynamics techniques are useful tools for design optimization as
they can directly correlate the material transport properties with fuel
cell performance [36]. PTFE impregnation in the GDL has several intri-
cate multiphysics effects on PEMFCs, including changes in thermal and
electronic conductivity, effective diffusivity and liquid permeability.
However, none of the previous works in the literature fully capture
these physical phenomena. A simplified constant GDL saturation ap-
proach or porosity sensitivity was often utilized, which is not adequate
to investigate the PTFE loading effects on fuel cell performance [37,38].
In addition, most of the models did not consider water transport in
the membrane, which is critical for two-phase analysis in the entire
cell. Therefore, there is a lack of comprehensive understanding of the
combined effect of PTFE impregnation and MPL in a fuel cell.

Here, the efficacy of PTFE loading and MPL are investigated through
carefully designed experiments and via numerical simulation. The GDL
is impregnated with three levels of PTFE content (i.e. 2, 5, and 8 wt%)
and compared with the untreated GDL as well as the 5 wt% with
MPL to study the effect of PTFE impregnation and MPL under both
dry and wet conditions. Energy Dispersive X-ray Spectroscopy (EDS) is
utilized to study the PTFE distribution in the GDL. In addition, limiting
current experiments [39] has been conducted to quantify in-situ oxygen
transport properties in the GDL and the MPL. Lastly, a two-phase
and two-dimensional fuel cell model is developed that incorporates
electrochemical charge transport, gas and liquid transport, membrane
water balance, and heat transfer. A robust agglomerate model is imple-
mented in the cathode to accurately capture mass transfer effects on the
oxygen reduction reaction kinetics. The effects of PTFE impregnation
on thermal and electronic conductivity, hydrophobicity, gas and liquid
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permeability, and effective diffusivity have been considered to develop
a fundamental understanding of the multiphysics phenomena occurring
inside the cell. The model results are compared with the experimental
data and show good agreement. The findings of this work provide a new
insight into optimizing design and materials of the diffusion media in
a fuel cell.

2. Experiments
2.1. Fuel cell components

A commercially available Toray TGP-H-060 GDL was used for all
fuel cell experiments and EDS mapping. PTFE impregnation was done
by submerging 5 x 5 cm? GDL samples in a PTFE suspension (DISP 30,
Chemorous™) with different concentrations for 2 min [40]. The samples
were then transferred to a needle point holder for drying in an oven at
100 °C for an hour, followed by a slow cooling process of 10 h to reach
room temperature. The MPL comprised of 25 wt% PTFE and 75 wt%
acetylene black carbon powder was then coated onto the GDL sample
with a loading of 1.5 mg/cm?. After drying, a multi-step sintering of the
sample was done in a furnace following the procedures: (i) ramping
up temperature to 300 °C with a rate of 7 °C/min, (ii) holding at
300 °C for 45 min, (iii) further ramping up to 380 °C with a rate of
19 °C/min, (iv) holding at 380 °C for 20 min, and (v) ramping down
to room temperature with a rate of 0.5 °C/min. For fuel cell testing,
the commercially available catalyst coated membrane from Ion Power,
PTFE gaskets, and a straight-parallel channel flowfield were used. The
flowfield was machined from POCO graphite plates, which have high
electrical and thermal conductivity. The catalyst coated membrane
consists of a Nafion NR211 membrane and 0.30 mgp,/cm? of carbon
supported platinum catalyst on both anode and cathode sides. The
electrochemical active surface area of all MEAs used in this study were
measured to be around 35 m?/gp, by hydrogen adsorption/desorption
method. The channel dimensions are 660 pm wide and 800 pm deep
with 1:1 channel-to-land ratio.

2.2. Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) elemental mapping
were performed on GDL samples with 2, 5, and 8 wt% PTFE impreg-
nation to evaluate the fluorine content and distribution on the GDL
surface. The data presented are weight percentage of each element on
the surface of the SEM 2-D images obtained using an AMETEK Element
EDS accessory attached to a FEI Quanta 200 ESEM at the Voltage of 10
keV with 200x magnification.

2.3. Fuel cell testing

A Greenlight G20 Fuel Cell Test Station was used to perform po-
larization and limiting current tests [41]. Electrochemical impedance
spectroscopy (EIS) with an AC perturbation of 0.5% of the DC voltage
between 100k and 0.1 Hz was performed to measure the cell resistance
using Gamry Reference 3000 [42]. Ultra-high purity (99.999%) hydro-
gen, air, and nitrogen gases were used for all fuel cell experiments.
Limiting current experiments were conducted under both dry and wet
conditions to measure the oxygen transport resistance [39,43]. The
testing protocols include (1) dry limiting current tests at 80 °C and 64%
RH at 110, 150, 200, and 300 kPa with 1, 2, 3, and 4% dry oxygen mole
fractions, (2) wet limiting current tests at 70 °C, 100% RH and 300 kPa
with twelve dry oxygen mole fractions ranging between 1%-21%, and
(3) steady-state fuel cell polarization curves at dry (70 °C, 64% RH and
100 kPa) and wet (70 °C, 100% RH and 300 kPa) conditions. The active
area of the cell was 2 cm?. The flow rate of hydrogen and air was 0.4
and 2.0 NLPM, respectively, to maintain consistent channel conditions.
For steady-state tests, the cell was controlled using potentiostatic mode
at each potential for 13 min to obtain the polarization curve.
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Fig. 1. The computational domain of the 2-D fuel cell model and the associated
boundary conditions. The schematic is not drawn to scale and the prefix “a” and “c”
represent the anode and the cathode, respectively.

3. Numerical model

To study the effect of PTFE impregnation and MPL on fuel cell per-
formance, a 2-D, non-isothermal and two-phase model was developed.
The coupled charge, mass, and energy conservation equations were
solved using PDE solver from COMSOL Multiphysics. Fig. 1 shows the
simulation domain including gas diffusion layer (GDL), microporous
layer (MPL), catalyst layer (CL), and membrane (Mem). The dimension
of each domain is provided in Table S1 in the supplementary mate-
rial. The proton and electron charge conservation equations in each
corresponding domain can be solved by:

Ve (—opf Vou ) = s ©)
Vo (=0l V) = 5P @

where ¢°// is the effective conductivity, ¢ is the electrostatic potential,
and S7™ is the source term from electrochemical reactions. Constant
electronic conductivity in the CL, MPL and GDL is assumed and the
values were obtained from Djilali et al. [44]. Proton conductivity, o+,
in the CL and membrane is dependent on the local water uptake, A,
in the ionomer, which can be obtained by solving the water balance
equation:

Mo iO'H+V‘7H+> DW
1

V- <—DAV/1—ndmg T F =5 3)
where D, is the water diffusivity of the ionomer, n,,,, is the electro-
osmotic drag coefficient, M,,,, is the membrane equivalent weight,
and p,,., is the dry density of the membrane. The source term for
the dissolved water transport, S,.DW, can be calculated from the water
adsorption and desorption rates in the ionomer.

The mass conservation equation used to solve the oxygen, hydrogen
and water vapor concentrations in the GDL, MPL and catalyst layer can
be written as:

V. (—fo s vc,.) +u-VC = S sPhase . gDW )

where u is the local velocity and D
will be discussed in Section 3.2.

Liquid water transport in the porous media can be modeled by
applying Darcy’s law to the gas and liquid phase:

ff 1 is the effective diffusivity, which

—p-k?ff
v < — VpG> =SP4 PO 4 SPW (5)

ff
—pik; _
V- <;VPL> = th”“ 6)
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Table 1
Summary of all source and sink terms used in each domain and computational physics.
Source term Domain
aGDL aMPL aCL Mem cCL
Proton current ST igor —ioRrR
Electric current ST —igor iorR
Hydrogen Srn - %
Oxygen Sran —%
Water vapor Sran —%
SR ase Ripase Ripase Ripase
S,DW Ryp Ryp
Dissolved Water SPW -R,p —R,p
Gas pressure N _% _i/;/’;z + ”":;za
S Roase L L L
S,D v R,p R,p
Liquid pressure S”"* —R ;.. R pase “Rppase “Ryase
Temperature s igorMHOR ioRRMORR
S,phm —AH; Rypgse —AHp Rppose —AH 1o Ry, —AH o Rypgse
2 2 2 2 2 2 2

where «¢// is the effective permeability, u is the viscosity, p is density,
pg is the gas pressure, p; is the liquid pressure, and the subscript i
represents the species. The capillary pressure in the porous media can
be calculated from the difference between the pressure in the liquid-
and gas-phase. The local saturation in the GDL is obtained using an
empirical approach based on the pore size distribution [45]. To capture
the effect of PTFE content on gas/liquid phase transport, different
permeability values were used based on the literature [46,47].
Accurately predicting the temperature distribution in the fuel cell is
critical for modeling two-phase transport. The energy balance equation
is solved in all fuel cell domains to calculate temperature distribution:

piCpt - VT +V - (=kVT) = S 4 P14 4 gloule )

The values of the thermal conductivity of each layer can be obtained
from the literature [18].

In summary, Table 1 summarizes all the source and sink terms in
each domain and different computation physics.

3.1. Model input parameters

The input properties of the GDL and MPL are either obtained from
the literature or measured directly as shown in Table 2. In addition, all
of the constituent relations used to obtain properties in the model are
summarized in Table 3.

3.2. Gas transport

The mass conservation equation considers both diffusive and con-
vective transport in the modeling domain. For highly porous materials,
such as the GDL, MPL and catalyst layers, the effective diffusivity is a
function of liquid saturation and can be calculated as:

DY = (1 = san’/? £, (8
where the subscript i represents each gas species, ¢ is the porosity,
7 is the tortuosity, sat is the local water saturation and D; is the
nominal diffusivity. The ratio of porosity to tortuosity of the GDL is
measured directly from the dry limiting current experiment [11,43].
For the catalyst layer, the porous properties were obtained from the
literature [56]. Due to its small mean pore radius, molecular and
Knudsen diffusion are considered in parallel in the MPL and CL [10].
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Molecular diffusivity, calculated from the mixture averaged theory, and
the Knudsen diffusion can be calculated as:

. 1-x;
D" = ————— )
j=n (0 X
j# \ D
. 2r, (8RT 172
pi = £ (28 10
. 3 <”Mi> (1o
-1
D, = <L{_ . ;> an
Dk Dmolzcular
where r, is the mean pore radius, x; is the mole fraction of species i,

and D, ; is the pressure dependent binary diffusivity.
3.3. Liquid water transport

The two-phase water transport model is based on the simulation
framework established by Weber et al. [45]. The gas and liquid pressure
in the PEMFC domain is calculated using Darcy’s law. The liquid water
saturation in each domain is determined by the correlation of capillary
pressure as a function of saturation. The capillary pressure, p., can be
calculated by the pressure difference between the liquid phase, p; , and
the gas phase, pg, as:

Pe=DPL—Pg 12)

Within a porous medium, the gas and liquid pressure difference is de-
termined by the liquid menisci and radii of curvature within the pores.
Accordingly, the critical radius for water transport can be calculated
by:

2y cos b, p,

PrL —Pg
where y is the surface tension and 6 is the contact angle of water.

The diffusion media in a PEMFC is comprised of both hydrophilic

and hydrophobic pores and the liquid water saturation can be calcu-
lated by integrating the saturation over hydrophilic and hydrophobic
pore size distribution as:

Srk Inre, —Inrgy
Sy = — |1 +verf| ——— 14
" ; 2 [ ! ( Sk\/z )]

where the subscript k and v, are I and 1 for hydrophilic pores and O
and —1 for hydrophobic pores, and erf is the error function. The values
of the material characteristic properties including ry, s, and f,, are
listed in Table S2 (supplementary material). The final overall saturation
can be calculated by averaging over the fractions of hydrophilic (f;)
and hydrophobic (fj ) domain as:

Sat = frSur+ (1= fur) Sno (1s)

The final saturation as a function of the capillary pressure in the GDL,
MPL, and CL are shown in Fig. 2. All input parameters used in the
simulation model are provided in the supplementary information.

Fen = 13)

3.4. Electrochemical kinetics

The kinetics reactions include hydrogen oxidation reaction (HOR)
on the anode side and oxygen reduction reaction (ORR) on the cathode
side. The HOR exhibits very fast kinetics and can be approximated using
the Butler-Volmer equation as:

mp, ECSA Cu
igor =" x =2 X 2
. ICL CHZJef

X <exp<%)—exp<%>> (16)

where z;i{ is the HOR exchange current density, m,, is the platinum

loading, ECS A is the electrochemically active Pt surface area, 1, is
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Table 2
Input values for GDL and MPL properties used in the model.
Parameter GDL GDL MPL
(0 wt% PTFE) (5 wt% PTFE)
Thermal conductivity (W/m-K) 1.80 [19] 0.66 [48] 0.30 [49]
Electronic conductivity (S/m) 300 [24] 210 [24] 350 [24]
Permeability (x10~'2 m?) 2.79 [46] 10.7 [46] 1.54 [47]
Tortuosity over porosity (measured) 4.48 4.70 4.90
Porosity (measured/literature) 0.78 0.74 0.4 [50]
Contact angle 80° [16] 104° [16] 126° [51]
Table 3
Constituent relationships for properties used in the model.
Parameter Constituent relationship
Rate of evaporation [52], R,,, Revp = kevp€ipu,05at; (Pyar —PHzo)
. X0 M0
Rate of condensation [52], R, Reong = Keona (1= sat;) (%) (Pu,0 = Pour)
R, if Pyo>P
Rate of phase change [52], R R = { cond - H,0 sat
e 795 ™\ Ry 1f Prr > Prio
Proton conductivity in bulk membrane [53], o (s/cm) " =(0.00151932 — 0.00326) exp [1268 (% - %)]
Proton conductivity in catalyst layer, ¢/ (s/cm) ok = (e/7) X ohik
Water diffusivity in ionomer, D, (cm?/s) D, =exp 2416 (5 = 1 )] x (2563 — 0334 +0.02642% ~ 0.0006714°) x 10

Equilibrated water content [53], 4,,

0.0043 + 17.81a,, — 39.85d% +36.0a>, for 0<a, <1
14414 (a,—1) fora,>1

Water activity, a,,

Cito RT
P,

Dissolved water concentration, Cpy,

Copw =

Py

Water adsorption/desorption rate [54]

hap="2 (1 - loowovi] ) +h (1 + Lol )

Cpw ~Vhey Cow —VAeg

— pref -E
Kup = K exp (—R;’ )

Water exchange rate [54], R,,

Rap = hap (cpw = VAeq)

Henry’s constant [54], H

H=268x107 exp(52'° (IL - ;))

R 323

Oxygen diffusivity in Nafion [55], Dy_o,

Dy_o, =438 10 exp ( 225107

RT

1.0

L [——GDL 0% PTFE -
09| — obLs%PTFE -
| feees MPL =
—-cL
0.8 |

0.7
0.6
0.5
04

Saturation, S

03
0.2
0.1 F

0.0 |-

-0.1 | IR I R P R S R S
-10 -5 0 5 10 15 20 25 30

Capillary pressure, p. (kPa)

Fig. 2. The saturation distribution as a function of capillary pressure in the gas
diffusion layer with and without PTFE, microporous layer, and catalyst layer.

the catalyst layer thickness, Cy, is the concentration of hydrogen in
the catalyst layer, « is the HOR charge transfer coefficient, and # is the
HOR kinetic overpotential.

Compared with the HOR, ORR is more complicated due to its
sluggish kinetics. Therefore, resolving oxygen diffusion and mass trans-
port losses in the cathode heterogeneous catalyst layer is critical in
determining ORR kinetic overpotential. For modeling ORR, a spherical

agglomerate model developed by Sun et al. is used [55]. The agglomer-
ates are assumed to be of constant and uniform size covered by a thin
film of ionomer with local current density given by:

5 -1

(r agg T 5agg) agg

PO
iorr = 4F —= L

17
H \ Ek. (1-€cp) an

agglagg Dn-0,

where k_ is the ORR reaction rate, ec is the catalyst layer porosity, r,,,
and §,,, are the radius of the agglomerate and ionomer thin film thick-
ness, H and Dy _,, is the Henry’s constant of the oxygen solubility and
the oxygen diffusion coefficient in the ionomer thin film, and P, is the
oxygen partial pressure in the catalyst layer. The agglomerate current
is related to the volumetric local ORR reaction rate. Assuming a first
order dependence, the reaction effectiveness factor can be calculated

as:

1 1 1
E=—|——ro 18
" ¢r \ tanh (3¢,) a8

where ¢; is the Theiele modulus for ORR reaction and can be calcu-
lated as:

r

¢, = =% 19)
3

where €,,, is the porosity of the agglomerate and the ORR reaction rate,

k., can be calculated by:

ref
gmp, ECSA lge

k= =227 ) (1-9 U
© \4Fic (1-ecy) (1 =6riox) cy!
(1 —ac) Fn

(20)

a.F
x |exp (— IC(T,I> —exp =T
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Table 4
Model boundary conditions and additional specified conditions.
Variable Boundary condition Boundary

Electric potential, ¢, ¢ =0V Anode GDL-Land/channel
P P o =V Cathode GDL-Land/channel
Co, =Co,.in Cathode GDL-channel

Gas concentration, C; Cy, = Cy, Anode GDL-channel
Cy,0 = Ch,o,n based Cathode and Anode

on inlet RH GDL-channel
Temperature, T T=T,, Anode and Cathode GDL-channel/land
Gas pressure, pg PG = piht Cathode and Anode GDL-channel
Liquid pressure, p; PL = D6 Cathode and Anode GDL-channel

where 0p,,y is the Pt oxide coverage and can be determined by [57]:

al’IF
CXp | w7 PioH

Opion = - 7 (2D
exp [ﬁWPxOH] +exp [R—‘T'?PxOH]

where np, oy = ¢po_ — ¢4 — Up,on and is the local overpotential, and
the thermodynamic potential for the PtOH reaction, Up,y, is equal to
0.76 V.

3.5. Boundary conditions

The boundary conditions for the state variables of the two-phase
model are listed in Table 4. In addition, symmetric boundary condition
is applied to the symmetry line in the model shown in Fig. 1. The
charge, mass, and energy conservation equations are discretized and
solved using a commercial finite element solver COMSOL Multiphysics.
The grid Independence study was conducted to ensure the model results
are accurate based on the mesh size.

4. Results and discussion
4.1. Energy dispersive X-ray spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) images were obtained
by scanning electron microscopy to investigate the concentration and
distribution of fluorine. Fig. 3 shows the EDS elemental mapping of
Toray 060 GDL with 2, 5 and 8 wt% PTFE impregnation. It can be
observed that the fluorine concentration increases with increasing PTFE
loading. The detected fluorine on the surface (5, 15 and 22 wt%) is
greater than the actual PTFE loading indicating higher PTFE content
is distributed near the surface than those imbibed into the bulk of the
GDL. This is consistent with the literature as the PTFE impregnation
is done by dipping the GDL into a PTFE bath [58]. The increased
fluorine content tends to increase the thermal and electrical contact
resistances [59] and also reduce the average pore size of the GDL [46].

4.2. Oxygen transport resistance

To study the effect of PTFE impregnation and MPL on oxygen
transport resistance, limiting current experiments are performed under
both dry and wet operating conditions. The dry limiting current tests
were conducted at 80 °C, 64% RH and 100~300 kPa. Results from
the dry limiting current are used to quantify the oxygen transport
properties of the GDL when no liquid water is present in the cell. As
shown in Fig. 4(a), the dry oxygen transport resistance for all GDL
samples show a linear trend as a function of pressure validating no
liquid water condensation during the experiment. The ratio of tortu-
osity and porosity can be calculated from the slope of the dry transport
resistance and the non-pressure dependent transport resistance, Rogerss
can be calculated from the intercept [43]. The properties of each GDL
measured by the dry oxygen transport resistance are summarized in
Table 5.
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Table 5
The properties of Toray-H-060 with different post-processing steps measured by the
dry limiting current tests at 80°C and 64%RH under similar compression strain rate
of 22%.

Diffusion media Compressed cathode  Strain Tortuosity/  Rppers

GDL thickness (pm) rate (%)  Porosity /e  (s/cm)
0 wt% PTFE 148.2 22.0 4.48 0.180
2 wt% PTFE 146.3 21.3 4.58 0.181
5 wt% PTFE 147.4 21.4 4.70 0.183
8 wt% PTFE 152.0 23.2 4.90 0.179
5 wt% PTFE+MPL 170.2 21.3 4.90 0.235

For Toray-H-060 under 22% compression, the tortuosity to poros-
ity ratio increases from 4.5 to 4.9 with increasing PTFE loading,
which is consistent with prior results in the literature [60,61]. In
addition, the non-pressure dependent transport resistances are similar
(0.181 + 0.002 s/cm) for all GDLs without MPL validating Fick’s diffu-
sion in the GDL and the Rgers is from the catalyst layer. Comparing
between the GDLs of 5 wt% PTFE with and without the MPL, the
7/e and Rog,ers are higher for the sample with MPL. Since the z/e is
obtained by averaging the thickness, the z/e¢ of the MPL is estimated
to be 6.2 with a thickness of 23 pm. Besides higher z /¢, the MPL also
increases the non-pressure dependent transport resistance due to the
Knudsen diffusion accompanied by its small pore sizes. As a result, the
GDL with 5 wt% PTFE and MPL shows the steepest slope and highest
intercept in Fig. 4(a).

Wet limiting current experiments are conducted at 70 °C, 100%
RH, and 300 kPa abs with O, mole fractions ranging from 1% to 21%
to quantify the oxygen transport resistance with and without liquid
water inside the cell [11]. The results from the wet limiting current
experiments are shown in Fig. 4(b). It can be observed that the GDL
is dry when the current density is less than 1.0 A/cm? and the oxygen
transport resistance is consistent with the results shown in Fig. 4(a).
When liquid water condensation occurs in the GDL, the total oxygen
transport resistance starts to increase as shown in Fig. 4(b) and the
current density of the onset condensation is summarized in Fig. 4(c).
As seen in Fig. 4(b), the total transport resistances all increase rapidly
towards infinity, which is a sign of electrode flooding, except for the
sample with MPL validating its essential function for liquid water man-
agement in a fuel cell. The maximum current density at 21% oxygen
mole fraction is also summarized in Fig. 4(c). In summary, increasing
PTFE impregnation to 8 wt% can delay liquid water condensation,
but cannot prevent liquid water flooding in the catalyst layer, which
hinders the kinetic reaction. On the other hand, the GDL with 5 wt%
PTFE and MPL has slightly higher resistance under dry condition, but
successfully manage liquid water transport at more than 2.5 A/cm?.
Although with higher 7 /e ratio, the hydrophobic nature and small pores
of the MPL successfully block liquid water in the GDL from entering the
catalyst layer.

4.3. Fuel cell performance

Besides limiting current tests, polarization curves under both dry
and wet conditions are performed to compare these GDL samples as
shown in Fig. 5. Under dry operating conditions, no significant differ-
ence is observed since the polarization curve is dominated by kinetic
and ohmic losses. The GDL with 8 wt% PTFE loading shows a slightly
lower performance due to increased high frequency resistance (HFR),
which represents the ohmic resistance, as shown in Fig. 5(a). This
higher HFR can be attributed to the higher electrical and thermal con-
tact resistances caused by excessive PTFE content on the GDL surface as
observed from Fig. 3(c). As a result, the membrane has a higher proton
resistance due to increasing temperature. Although the difference is
minor, the trend of increasing HFR with increasing PTFE loading can
be observed from Fig. 5. Different from the dry polarization curves,
the effect of PTFE impregnation and MPL can be more clearly observed
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under wet operating conditions, especially in the mass transport region,
as shown in Fig. 5(b). The wet performance of the GDLs agree very
well with the oxygen transport resistance measured using wet limiting
current shown in Fig. 4(b) validating their capability in handling liquid
water as discussed in Section 4.2.

4.4. Comparison with model simulation

To develop a fundamental understanding of the performance differ-
ence caused by the PTFE impregnation and MPL, the experimental data
of Toray-H-060 with 0 wt% PTFE and 5 wt% PTFE+MPL are compared
to the simulation results of the two-phase model under both dry and
wet conditions as shown in Fig. 6. All input parameters of the two-phase
simulation model are listed in Table S1 (supplementary material). Over-
all, the model predictions agree well with the PEMFC performance data
under both dry and wet conditions. To further evaluate the performance
differences, the distribution of liquid water saturation and oxygen
concentration in the through-plane direction under both dry and wet
conditions at 1.5 A/cm? are plotted in Fig. 7.

Under dry conditions, experimental data are almost identical for two
GDLs while the simulation results show slightly lower ohmic loss and
higher mass transport loss for the sample with 5 wt% PTFE and MPL.
This can be attributed to its higher oxygen resistance shown in Table 5.
As discussed in Section 4.2, MPL has high transport resistance due to its
high 7/e ratio and small pores. Consequently, the oxygen concentration
at the catalyst layer for the sample with 5 wt% PTFE and MPL is always
less than that for the bare Toray GDL due to the sharp concentration
loss in the MPL as shown in Fig. 7(c). Fig. 7(a) shows that the saturation
distribution under dry conditions at 1.5 A/cm? are close to zero in the
MPL and GDL for both GDLs. Therefore, minimal concentration loss is
observed from the dry polarization curve and the overall performance
between the two GDL samples are similar.

Under wet operating conditions, post-processing of PTFE impregna-
tion and MPL significantly improves PEMFC performance compared to
the 0 wt% PTFE as shown in Fig. 6(b). As discussed in Section 4.2, PTFE
impregnation primarily improves the liquid water management in the
GDL. Adding the super hydrophobic MPL with small pores not only acts
as a diffusion and thermal resistive layer, but also successfully keeps
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liquid water away from the catalyst. The phenomena can be clearly ob-
served from through-plane saturation distribution at 1.5 A/cm? shown
in Fig. 7(b). The 0 wt% PTFE GDL already shows 30% liquid saturation,
while the sample with 5 wt% PTFE and MPL is still relatively dry and
open for oxygen transport at 1.5 A/cm? due to its improved liquid
water management. As a result, the oxygen concentration at the catalyst
layer for 5 wt% PTFE and MPL sample is much higher as shown in
Fig. 7(d), which in turn, improves the fuel cell performance than that
of the bare GDL. To better evaluate the effect of mass transport loss
caused by liquid water, the 2-D spatial distribution of saturation of the
cathode side is plotted in Fig. 8 at 0.40 V. Based on the experimental
data shown in Fig. 6(b), both samples exhibit mass transport loss
due to liquid water at 0.40 V. There is minimal difference in GDL
saturation distribution in the in-plane direction due to high in-plane
conductivity and permeability. Adding the MPL and PTFE treatment,
the GDL saturation reduces from around 30% down to near 6% due
to the increased thermal resistance and hydrophobicity. Because of the
high saturation in the 0 wt% PTFE, GDL oxygen transport is strongly
inhibited and as a result the cell can only reach a limiting current
near 1.7 A/cm? as shown in Fig. 6(b). In contrast, the MPL and PTFE
impregnation reduce the overall saturation in the GDL and remains
fairly dry even at current densities greater than 2.0 A/cm?2. Since
the water saturation is relatively low in both the GDL and MPL, the
oxygen concentration distribution is significantly improved similar to
the trend shown in Fig. 7(d). The simulation results agree well with
the wet oxygen transport resistance measured by the limiting current
experiments shown in Fig. 4(b).

5. Conclusion

A comprehensive experimental and computational study is con-
ducted to investigate the effect of PTFE impregnation and MPL on
fuel cell performance. Five Toray-H-060 samples with varying PTFE
content and MPL are examined by limiting current and polarization
tests to measure their oxygen transport resistance and fuel cell per-
formance under both dry and wet conditions. Results from the dry
limiting current experiment show that the oxygen transport resistance
of the GDL rise slightly with increasing PTFE loading. Under 22%

compression, the 7 /e ratio increases from 4.5 to 4.9 with PTFE loading
from 0 to 8 wt%. Based on the analysis, the microporous layer has
a 7/e ratio of 6.2 with additional pressure independent resistance
resulted from Knudsen diffusion. Therefore, the 5 wt% PTFE with MPL
sample shows around 15% increase of the overall oxygen transport
resistance compared to the bare GDL under dry conditions. However,
no significant performance loss is observed among these five samples
under dry conditions, except of 8 wt% PTFE sample with higher HFR.
The EDS images show that around 22 wt% PTFE exists on the surface
of the 8 wt% PTFE sample, which can attribute to the increase of
the thermal and electrical contact resistances. Different from the dry
conditions, significant differences can be observed from wet oxygen
transport resistance and performance among the 5 samples under wet
conditions. Increasing PTFE loading to 8 wt% can delay the onset of
water condensation, but cannot establish stable water transport at high
current density under wet conditions without the addition of a MPL. To
develop a fundamental understanding of the wet performance, a two-
phase model is established to compare the performance of a bare GDL
and the 5 wt% PTFE with MPL sample. The combined results show
that water condenses quickly and reach high saturation level in the
bare GDL, while the sample with 5 wt% PTFE impregnation and MPL
successfully keep water saturation at a low level, which enables oxygen
transport at high current densities. Increasing the hydrophobicity of the
GDL is helpful in reducing the water saturation level, but adding the
MPL to the cathode GDL is crucial in establishing a stable operation
under wet conditions. Although the research was carried out based
on Toray GDL, the fundamental understanding of water transport can
be applied to other porous media with similar materials and pore
structure. Our systematic approach not only quantify the transport
resistances, but also successfully demonstrate the critical roles of the
PTFE impregnation and the MPL for high current density operations.
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