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Abstract

Experimental test and analytical modeling are conducted to investigate the operating behavior of an
alkaline electrolyte membrane (AEM) fuel cell fed by H,/air (or O,) and explore the effect of various
operating pressures on the water transfer mechanism. According to the experimental test, the cell
performance is greatly improved through increasing the operating pressure gradient from anode to
cathode which leads to significant liquid water permeation through the membrane. The high
frequency resistance of the A901 alkaline membrane is observed to be relatively stable as the
operating pressure varies based on the electrochemical impedance spectroscopy (EIS) method.
Correspondingly, based on the modeling prediction, the averaged water content in the membrane
electrode assembly (MEA) does not change too much which leads to the weak variation of
membrane ohmic resistance. This reveals that the performance enhancement should give the credit
to better electro-chemical reaction kinetics for both the anode and cathode, also prone by the EIS
results. The reversion of water back diffusion direction across the membrane is also observed

through analytical solution.
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1. Introduction

Fuel cells have been touted as a popular alternative clean energy conversion device due to its high
power density, low emission, fast startup and high thermal efficiency, acquiring increased interests
from commercial, governmental, military and academic organizations [1-4]. Alkaline electrolyte
membrane (AEM) fuel cell offers potential superiority over the conventional proton exchange
membrane (PEM) fuel cell, most dramatically to surmount the precious catalyst dependence which
greatly encumbers the commercial implementation. AEM fuel cell is considered to generate from
alkaline fuel cell (AFC) which seriously suffers from the carbon dioxide (CO,) poisoning problem.
The fast commercialization of AEM makes it possible for the AFC to overcome to the poisoning

problem [5,6].

Recently, many experimental studies on the AEM fuel cell have been carried out to investigate the
operating behavior with various cell designs and different operational conditions [7-19]. Compared
to the well-developed PEM fuel cell, the researches on AEM fuel cell are still at early stage. A novel
membrane electrode assembly (MEA) based on the porous silver electrode has been designed by
Kucernak et al. [7] and an enhanced performance of 60 mW cm™ at 0.6 V has been obtained. The
effect of the electrode design parameters, including the ionomer content, thickness of catalyst layer
(CL) and membrane and aminating agent of the membrane, on the performance of AEM fuel cell
has been investigated by Mamlouk et al. [8]. The experimental tests were also carried out by Yang
et al. [9] to optimize the design parameters of the gas diffusion layer (GDL), PTFE content and
catalyst loading, and a peak power density of 213 mW cm™ was achieved at 50 °C. In addition, high
performance AEMs and non-precious catalysts have been prepared to enhance the MEA
performance [5,6,10-14]. With the design of AEM fuel cell getting improved, a series of experimental
researches on the performance test, control strategy and water management are emerging in the
literature. The importance of dynamic water balance between membrane and electrode water
uptake was demonstrated by Omasta et al. for the performance enhancement [15]. Anode flooding
issue has been also declared by Oshiba et al. [16] and efficient water management strategies by

changing the membrane thickness and anode flow rate has been proposed. The critical relation
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between the electrochemical stability and water content inside the electrode was addressed based
on the experimental work and molecular dynamics modeling [17]. The overall cell performance
under various operating conditions has been tested using an AEM fuel cell containing A201 alkaline
membrane as the solid electrolyte [18]. Early researches on the fuel cell design and operating
performance has deeply facilitated the development of AEM fuel cell technology. However, the
experimental investigation on the hydrogen AEM fuel cell is still scarce and immature, and the
operating characteristics, especially the water transport behavior and management strategy still

need to be further explored [19].

Water balance should be recognized as a critically pivotal issue for AEM fuel cell with increasing
rigor. Several water transport approaches should be addressed inside the cell, covering the water
back diffusion, electro-osmotic drag effect and liquid permeation though the alkaline membrane.
Considering the complexity and difficulty of the visualization research on fuel cell, modeling study is
viewed to be a more effective and low-cost approach to gain a deep insight into the water transport
in the porous electrodes and alkaline membrane. Modeling study has been proposed and
demonstrated by Raya et al. [20] and the coupling of the membrane conductivity with the water
absorption and temperature has been emphasized. Dekel et al. [21] presented a new model for
hydrogen AEM fuel cell and the critical dependence of cell performance on the cathode hydration
was stated. Sommer et al. [22] also developed a transient model for AEM fuel cell to predict the cell
response with respect to the physical properties and operation/design parameters. A series of
multi-dimensional multiphase modeling work has been conducted for hydrogen AEM fuel cell in the
last several years [23-29], pointing out the importance of water management in AEM fuel cell.
However, in these early modeling studies on AEM fuel cell, the water transport mechanism is still
not impeccable and needs to be further developed. One important issue is that the models for AEM

fuel cell need to be validated more comprehensively to reveal the transport mechanism precisely.

In this present work, experimental and modeling work is conducted to further explore the operating
behavior of AEM fuel cell, as well as the water transport inside the electrode. The polarization

losses are obtained using in-situ electrochemical impedance spectroscopy (EIS) method. An
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analytical model is also developed to simulate the transport characteristics inside the cell based on
the experimental data and promotes understanding of the operating behavior under different
operating conditions. It should be noted that the liquid permeation through the membrane is also
taken into consideration which was often neglected in previous studies and its significant influence
on the cell performance and mass transport is also discussed. The detailed experimental setup and
analytical modeling formulation is introduced in the second and third sections, respectively. The
experimental and analytical results are presented in the fourth section, followed by the conclusion in

the last section.

2. Experiment

2.1 Experimental Setup and Procedures

The schematic of experimental setup is shown in Figure 1, composed of the testing AEM fuel cell,
fuel cell test station, environment chamber, electrochemical station and data processing system.
The fuel cell test station is used for controlling and monitoring the operating parameters for the fuel
cell tests, such as the humidification condition, stoichiometry ratio, flow rate, operational current or
voltage, feed gases species and back pressures. The deionized water is utilized for humidifying the
feed gases based on bubbling humidification. The environment chamber is applied for heating up
(or cooling down) and maintaining the fuel cell and operating environment at a specific operating
temperature. The in-situ polarization losses, as well as the high frequency impedance of the testing
fuel cell can be captured and estimated via the EIS method utilizing the electrochemical station. The
equivalent circuit for the EIS data is also presented in Figure 1. The measurement of back pressure
is implemented at both anode and cathode outlets. Meanwhile, the data are constantly collected by

the data processing system during the fuel cell tests.



Deionized [ - .
Water Environment Chamber Electrochemical station
* Z,and Z : Taradaic impedance of anode and cathode (unit: Q )
Data controlling Data capaturing * 7.: ohmic resistance (unit: € )
* CPE1 and CPE2: constant phase element (unit: F)
Temperature
Pressure
Load —
Flow electrical collector

== Humidification

’.

- .
et co

Serpentine flow chanuel A901 membrane

Data processing systemn

Figure 1. Schematic of the experimental setup.

2.2 Fuel Cell Design and MEA Fabrication

The testing AEM fuel cell consists of end plates (aluminum alloy), electrical collectors (gold coated
aluminum alloy), graphite flow fields with flow channel and catalyst coated membrane (CCM). The
testing AEM fuel cell has a serpentine flow channel with a cross section area of 0.8 mm by 1.0 mm

and active area of 2.5 cm by 2.5 cm. A commercial A901 alkaline membrane from Tokuyama
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Corporation is selected as the solid alkaline electrolyte. The catalyst loading of Pt is set as 0.5 mg
cm? for both electrodes. The MEA is prepared by sandwiching the GDLs with micro-porous,
carbon-based layer (MPL) and the CCM. The GDL used in the test is H23C6 from Freudenberg
Group which contains a macro-porous superstructure (carbon fiber paper) and MPL. The thickness
of GDL is around 250 ym with consideration of the MPL. The weight ratio between Pt/C and
ionomer in the CL is set as 3:1 to maintain effective electrochemical kinetics and ionic conductivity
inside CL. The scanning electron microscope (SEM) images of the CL surface are also given in

Figure 1. The basic information and physical properties of AEM fuel cell are listed in Table 1.

Table 1. Basic information and physical properties of the testing AEM fuel cell.

Parameters Value

Flow channel Serpentine
Length; width; height of flow channel 1 mm; Imm; Imm
Width of the rib on the flow channel 1 mm

Thickness of alkaline anion exchange 10 um

membrane

Thickness of gas diffusion layer (GDL) 250 um
Thickness of catalyst layer (CL) 10 ym

Porosity of GDL;MPL;CL 0.6;0.3;0.15
Contact angles of GDL; MPL; CL 110°; 120°; 95°
Catalyst loading of Pt in CL 0.5 mg cm for both anode and cathode
weight ratio between Pt/C and ionomer in CL  3:1

Active area 6.25*10* m?

As for the preparation of the CCM, the Pt/C (Pt 56.6% wt.) is calculated as 5.52 mg in terms of the
Pt loading of 0.5 mg cm™? and the active area of 6.25 cm?® Pt/C should be firstly infiltrated by the
deionized water of 50 mg and then mixed with the normal propyl alcohol solution (1 mL) due to the
fact that the direct contact between dry Pt/C and normal propyl alcohol solution possibly leads to fire
risk. According to the weight ratio between Pt/C and ionomer in the CL (3:1), the required amount of
the ionomer solution (alkaline electrolyte 5% wt.) is 36.81 mg. The catalyst-ionomer ink is prepared
by mixing the ready-made catalyst ink with the ionomer solution. Sonication is implemented on the
catalyst-ionomer ink for 90 min for better mixture. At last, the CCM is fabricated via spraying the

catalyst-ionomer ink onto the A901 alkaline membrane under infrared spotlight. In order to facilitate



the solidification of Pt/C and the volatilization of normal propyl alcohol, vacuum heating is employed

and the heating temperature is set as 50 °C.

2.3 Experimental test

The polarization test is conducted in constant-voltage mode, which is separated into two cases by
feeding Hy/air and H,/O, for the testing AEM fuel cell. The flow rates at anode and cathode inlets are
0.5 and 1.0 slpm, respectively. Since the gas supply is conducted based on the inlet flow rate via the
fuel cell test station, the actual stoichiometry ratio varies with the operating current density. The
normal operating temperature of AEM fuel cell is set at around 50 °C which is slightly lower than the
conventional PEM fuel cell in order to achieve both the effective membrane performance and
operational durability. Through setting the dew point temperature at 50 °C, fully humidified hydrogen

and air or O, are supplied.

3. Model

3.1 Physical problem

In order to comprehensively understand and quantify the cell performance and mass transport
mechanism inside the AEM fuel cell, modeling work should be carefully formulated. It is known that
water is generated in anode and consumed in cathode of an AEM fuel cell which may generally
result in the water concentration gradient from anode to cathode, further leading to water back
diffusion through the alkaline membrane. The water molecular may be also combined with the
hydroxyl ion (OH") in the cathode CL and attracted by the positive charges in the anode to migrate
towards anode, generally known as electro-osmotic drag effect. Liquid water permeation should be
also accounted as another critical water transport phenomenon through the membrane due to the
intrinsic permeable property of the polymer membrane, which is rarely considered in the previous
modeling studies on AEM fuel cell and should be equally stressed. Since liquid water permeation is
caused by the liquid pressure difference between the anode and cathode and its influence can be
significantly amplified by different operating pressures. A single AEM fuel cell with a single straight
flow channel is considered as the computational domain. The modeling work comprehensively

identifies the electrochemical reactions and multiphase flow throughout the electrodes in which the
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liquid water saturation jump at the interface is also performed using liquid pressure continuity
method. The modeling parameters follow rigidly the physical properties given by Table 1, as well as

the base operating condition.

3.2 Assumptions

(1) The gas flow considered in this model follows the ideal gas law.

(2) The flow is in laminar state due to the small Reynolds number of the flow.

(3) Steady-state and isothermal conditions are assumed.

(4) The amount of liquid water is fixed to be zero in the flow channel which means it will be
immediately removed from the flow field mainly because of the fast flow rate in the flow channel
(anode: 0.5 slpm, cathode: 1.0 slpm) and small size of the computational domain being
implemented in this study.

(5) Owing to the fully humidified gases considered in the experimental test and modeling work, the
water generated in the anode CL is in liquid phase at 50 °C.

(6) The A901 alkaline membrane is considered to be impermeable to the gas phase.

3.3 Formulation
3.3.1 Cell output
The reversible voltage (V,, V) of the electrochemical reaction is determined by the Nernst Equation

[22]:
Voo =1.229+0.846x10°(T T )+E In(p )+1|n(p ) (1)
nernst ref 2F H, 2 0,

where T and T,.r (298 K) denotes the operating temperature and reference operating temperature

of the AEM fuel cell. R refers to the universal gas constant (8.314 J mol™ K*). F stands for the

Faraday’s constant (96487 C mol™). Py, and p, represent the partial pressures for H, and O.

The ohmic overpotential is composed of the ohmic voltage losses in the fuel cell components,

involving the bipolar flow fields (77,5, V), porous electrodes (77,0 » V) and alkaline membrane



(Momm » V), Which can be calculated as follows:

nohmic = 770hm—P + nohm—por + 770hm—m (2)
It should be noted that the ohmic overpotential in the bipolar plates (7,,,,, V) is caused by the

electron transport, which should be determined according to the electrical conductivity of electron.
The same is true with the porous GDL. As for the CL, the electrical conductivity is constituted by the
electron transfer in the carbon backing support and OH" transfer in the alkaline electrolyte.
Therefore, partial thickness of CL needs to be considered in calculations of the electrical
conductivity and ionic conductivity, depending upon the reaction site in CL. In the modeling work,

half thickness of CL is used for the resistances of electron and OH" by assuming the electrochemical

reaction taking place in the middle site of CL. The effective ionic conductivity, a;” (S m™), and

electrical conductivity, o (S m™), inside CL are solved by the Bruggeman'’s correlation [30]:

S

oi'=c, @ (3)

o :as-(l—e;"—a))l'5 (4)
in which o, and o represent the intrinsic ionic and electrical conductivity inside CL, respectively.

o and ¢ denote the volume fraction of ionomer and porosity in the CL, respectively. The
Butler-Volmer Equation relates the reaction rate (J;, A m™) to the activation overpotential (Doetr V)
and mathematically outlines the influences of the operating temperature and reactant concentration
on the cell performance:

‘]i :Jref( Ci

F F
)" [exp(%nm) - eXp(—%mct)} (5)

iref
In the modeling work, the effect of liquid occupation on the electrochemical reaction is accounted.
Therefore, the Butler-Volmer Equation can be corrected by the liquid water amount in the CL and

transformed into the expression as below:

C i nF nF
‘]i = (1_ SIq ) J ref {C : J |:exp(0|;—.|_ 77act) - exp(_OI;—Tnact)j| (6)
iref

in which J (A m?) is the reference exchange current density of the reaction. S, represents the

9



liquid water volume fraction on the reaction site. C, and C, . (mol m?®) are the local molar

i,ref

concentration and reference molar concentration of reactant species i (anode: H,, cathode: O, and

H,O) on the reaction site. r; means the order of the reaction which equals to 1 in this study.

Through mathematical derivation, the activation overpotential for anode and cathode semi-reaction

anode cathode

(7 andn. , V) can be analytically solved by:
2
anode — RT cosh™ " " ! +1 (7)
anF 4Geff2 O'; + O-se ( RT j(l_ S )J anode CHZ
m O'::f(fseﬁ OKnF Iq ref Cszref
2
canode — RT_cosh? — ! +1
ank 4o_eff2 G; + Gse ( RT )(l_ S )J cathode CO2 CHZO
; fnﬁo-fﬁ ank " o COz,ref CHZO,ref

(8)
The detailed derivation has been elaborated upon in our previous study [23,24] which is not

presented in this work. I (A m?) is the operating current density.

By coupling the reversible voltage, ohmic overpotential and activation overpotential, the analytical

solution for the actual cell output voltage can be calculated by the following equation:

V= Vnenrst ~ act = Mohm ( 9 )

Note that the mass transport plays an important role not only in the membrane ionic conductivity but
also in the reaction kinetics. Hence detailed mass transport inside the cell should be carried out in

the upcoming modeling work.

3.3.2 Multiphase Flow
In the modeling study, the mass balance equations for the liquid water, H, and air (or O,) are solved
in the corresponding computational domains. Tables 2 and 3 present the mass balance equation

group for liquid water and gas species, respectively. In the mass balance equations for liquid water,
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C('quL,,\,lF,,_’GDLYa (mol m™®) represents the molar concentration of liquid water at the interface of GDL and

MPL on GDL side of anode and other denominating rules is conducted by the same method. Dr'ﬁ’n

(m? sy means the capillary diffusion coefficient of liquid water. Here the subscript m,n (m = ch,

GDL, MPL and CL) denotes in the location m in the electrode n (n =a and c, a: anode, c: cathode)

side, and for instance, GDL, a means in the GDL of anode. The capillary diffusion coefficient D"

can be obtained with the liquid permeability (K, m?) and capillary pressure (p,, Pa) [30]:

D" :_&.% (10)
lulq dsIq
KIq = KOslq4 (11)

where 14, denotes dynamic viscosity (kg m™ s of liquid water. K4 is solved according to the

intrinsic permeability of the electrode (K,) corrected by the local volume fraction of liquid water (s;q).

pc serves as a correlation of surface tension coefficient of liquid water (o, N m™), hydrophobic

property of the porous electrode (contact angle 6, °), electrode porosity (¢), K, and s;, [32,33]:

0.5
o cose(iJ |142(1-s,)-212(1-5, ) +126(L-s,)’ | if o.<00°
P. = " os (1 2 )
o cosH(Kij [ 1.425,—2.125,% +1.265,° | if 6 >90°
0

OgpL + OwpL » O @nd O, refer to the thicknesses of GDL, MPL, CL and alkaline membrane,

respectively. Nr']q (n =aand c, a:anode, c:cathode) stands for the mass flow rates in the electrode n
in the direction perpendicular to the membrane. MHZO (0.018 kg mol™) is the molar mass of water.

| (A m?) is the operating current density. n,represents the electro-osmotic drag coefficient and is
defined as [34]
ny =0.1831+1.3 (13)

in which 4 is water content in the alkaline membrane and can be defined based on the water activity

(a) the local temperature (T) in the MEA [35].
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4.908-0.0153T —(0.205T —87.596)a

+(0.85T —313.878)a — (0.48T —189.312)a*> if 0.0<a<1.0

1= (14)
(0.05795-0.00265a ) (T —313.15)

+14.817+1.5915(a—1) if1.0<a<3.0

a considered in this study is calculated based on the saturation of liquid phase and vapor phase:

gas
__ " vapor p

psat

a +28, (15)

Y. is the molar fraction of water vapor in the gas mixtures. p,and p, (Pa) are the pressure of the

vapor

gas mixture and saturated pressure of the water vapor, respectively.

p;q and pc'q (kg m?®) are the averaged apparent mass density in anode CL and cathode CL,

respectively. D,, (m? s™) is the water diffusivity in the alkaline membrane and contingent on the

water content in the membrane (A ) and the operating temperature [34]:

(0.00512 x T —1.442)x10™% if 0< 1 <14
(-23.2404 + 45131 - 0.28926 4% +0.0061311° ) x (T - 303.15) x10™°

Pn +[~79.826 +17.9284 ~1.33291° +0.033374° | 10 if 14< <19 (o)
[ (41.916 +0.006134°) x (T —303.15)+8.5139 |x 10 if 2>19

K, (m?) represents the intrinsic permeability which acts as an important role in the liquid permeation

across the membrane. p;q and p;q (Pa) represent the liquid pressure which can be solved based on
the gas pressure and capillary pressure:

p" = p% — p, (17)
Note that liquid pressure is solved in continuous distribution in this study. Since the gas pressure is
continuous, the capillary should be also continuous through the different porous layers. In
consequence, accounting the different physical properties of the neighboring porous layers, such as
the contact angle, permeability and porosity, the saturation jump of liquid water is achieved which

suggests that there should be a sudden change of liquid water volume fraction at the interface of the
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adjacent porous layers (GDL/MPL and MPL/CL). This is considered more reasonable for the liquid

transport between the porous media.

In the mass balance equations of gas species, C' represents the concentration of the gas species
i on the location m. Here the superscript i (i =H,, O, and vapor) means the gas species of H,, O,
and water vapor, the subscript m (m = ch/GDL, GDL/MPL, MPL/CL and CL/AEM) refers to the

location m which points to the interface between the neighboring layers. D' and D;'Eﬁ (m?s™h (i =

H,, O, and vapor) are the intrinsic diffusivity and effective diffusivity of species i in the electrode j
(GDL, MPL and CL). A. (mP) signifies the active area inside the cell. d,, W and L (m) represent
the hydraulic diameter, width and length of the flow channel. In the modeling work, the mass
convection is not directly taken into consideration in the mass conservation equations in the GDL,
MPL and CL because it performs more significantly in the mass flow between flow channel and GDL.

For simplification, the Sherwood number (Sh) is used for quantify the mass transport rate from flow

channel to GDL and can be defined as a non-dimensional number:

Sh=—— (18)

k'L
DAB

in which k'(m s™) is transfer coefficient, L (m) is the feature size of the transfer path, D B (m?s™

is the feature coefficient of solute A inside solvent B.
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Table 2. Mass balance equations for liquid water.

Species Mass balance equation Solved in
(C(IBqDL/MPL,GDL,a - C(I:?\/GDL,GDL,a) D(ISqDL,a — N Anode
SupL a GDL
(Cll\jPL/CL,MPL,a - C(IBqDLIMPL,MPL,a) DII\(/I]PL,a N Anode
Syl a MPL
MHZOI " ndMHzol _ Dm(p;q —péq) " pIqu ( pz!lq - p(ltq) n NellqMHZO
F o, Fo, 0,0, 1,00, 0,
quL Iqcl_ " cL 19%m¥cL cL Anode CL
(CCL/AEM,a ) CCL/MPL,CL,a) DCL,a N
Liquid et ’
I [
water Mol N NM 0! N NchMHZO _ Du (0’ - £¢") + plqu(paq _ pcq)
2F 5 Foe. OeL OncL HiqOnOcr Cathode
(CcI;qL/AEM,c - C(I:qLIMPL,CL,c) DcI;qL,c —N" CL
L j
(Cll\jPL/CL,MPL,C - C(ISqDL/MPL,MPL,c) DuPL,c —NU Cathode
St ’ CL
(C(IBqDL/MPL,GDL,c _C(I:EIGDL,GDL,C) DgDL,c _ N Cathode
-~ GDL

5GDL

14



Table 3. Mass balance equations for gas species.

Species Mass balance equation Solved in
Clz —Cl D™ A Sh
( ch ch/GDL) A — I Anode flow channel
dWL 2F
C H, . C H, D H, eff
( ch/GDL ;DL/MPL) GDL  _ 2I|: Anode GDL
GDL
Hydrogen H, H, H, eff
(CGDL/MPL - CMPL/CL) DMPL |
- Anode MPL
5MPL 2 F
CH2 _CH2 DHz,eff
( MPL/CL — ~CL/AEM ) . _ I Anode CL
SeL 2F
o) o) o
(Co —Cligo )DASh Cathode flow
d WL T 4E channel
CO2 N CO2 Doz,eff
( ch/GDL GDL/MPL) ebr _ _° Cathode GDL
5GDL 4 F
Oxygen (C02 _co ) DOz ¢ff I
GDL/MPL MPL/CL ] “MPL Cathode MPL
5MPL 4 F
Co: _co DOz ff
( MPL/CL AEM/CL) c. _ b Cathode CL
o 4F
(Co™ —Contso ) D™ ASh _ Cathode flow
d, WL 2F channel
(Cieon — Cf;aopﬁrwt) D™ _ # Cathode GDL
Wa.ter Vapor (Cvapor _ C(?/Izg_or ) Dvapor,eff I
GDL/MPL MPLICL) —MmPL T Cathode MPL
5MPL 2 F
Cvapor _ Cvapor Dvapor,eff
( MPL/CL AEM/CL) cL = L Cathode CL
Og, 2F

Before simulation, the modeling formulation, the cell design parameters and transport properties
have been modified accordingly using the experimental data to account for the mass transport
behavior inside the AEM fuel cell and further discuss the resulting performance of the testing AEM

fuel cell. Table 4 gives the related transport properties and correlations inside the AEM fuel cell.
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Table 4. Transport property.

Parameters Correlation/value Unit
Hydrogen dynamic viscosity My, =3.205x10°(T /293.85)"*(T +72)™° kgm's?
Oxygen dynamic viscosity Ho, =8.46x10°(T /293.85)"*(T +127)™° kgm?s?
Water vapor dynamic viscosity My = 7.512x10°(T /291.15)"5(T +120)™° kgm™s?
Liquid water dynamic viscosity g = 2.414 x10° x10747#/(T240) kgm's?
Hydrogen diffusivity in anode D" =1.055x10*(T /333.15)*°(101325/ P)*° m? s™
Water vapor diffusivity in anode D"® =1.055x10"(T /333.15)*°(101325/P)** m?s*
Oxygen diffusivity in cathode D% =2.652 x10°(T /333.15)*°(101325/ P)** m? s
Water vapor diffusivity in cathode D" = 2.982 x10°(T /333.15)*°(101325/ P)*°  m?s™
Effective diffusivity of the gas i _ s
(H,,0,,vap) in the electrode |j D" = Di&}* (1-5, ) m? s
(GDL,MPL,CL)
Liquid water density £, =1000 kg m*
Intrinsic permeability of GDL Ko, =2.0x10™% m?
Intrinsic permeability of MPL Kyp, =5.0x107" m?
Intrinsic permeability of CL Ko =1.0x10™" m?
Intrinsic permeability of membrane K, =7.0x10" m?

log,y (—12) = ~2.1794 + 0.02053(T — 273.15)
Saturated vapor pressure 101325 Pa

-9.1837 x10°(T —273.15)% +1.4454 x 107 (T — 273.15)°
L|qU|qI water surface tension o, =-0.0001676 x T +0.1218 N m?
coefficient a

Transfer coefficients

a=0.5

4. Results and Discussion

This section presents the experimental operating performance of AEM fuel cell under different
operating pressures for anode and cathode and compares the modeling prediction and
experimental data. The AEM fuel cells with H,/air and H,/O, as feed gases are all tested in this
study. In the experimental tests, at least three trials are conducted for each operating condition to
achieve the reliability of the experimental results. The operating behaviors are rigorously explained
based on the analytical modeling results and in-situ EIS data. As mentioned previously, one
important issue of the previous work in the literature is that the models for AEM fuel cell need to be
validated more comprehensively to characterize the transport mechanism precisely, not just
focusing on the I —V curve validation [22]. Therefore, prior to the modeling analysis in this study,
the modeling validation on both the polarization characteristics and ohmic overpotential evolution

has been done to maintain a reasonable modeling formulation. General discussions have been
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rounded explicitly into the following section and recommendations and concerns for water

management strategy have been also addressed.

4.1 Operating behavior of Hy/air AEM fuel cell

Firstly, the operating characteristics of an AEM fuel cell fed by H,/air have been experimentally
tested under various back pressures for anode and cathode, which is displayed in Figure 2(a).
AOCO is used to represent the operation condition with back pressure of 0 kPa and 0 kPa for anode
and cathode, respectively; by this analogy, A50C50 (anode: 50 kPa, cathode: 50 kPa), A70C50
(anode: 70 kPa, cathode: 50 kPa) and A100C50 (anode: 100 kPa, cathode: 50 kPa) are all used for

easy description of various operating back pressures.

Anode: H, / Cathode: Air 016 Anode: H, / Cathode: Air
1.04 A OkPaC: OkPa ¢ Exp —— Model | A: OkPaC: OkPa < Exp—— Model E
’ A: 50kPaC:50kPa o Exp —— Model 0.144 A: 50kPaC:50kPa & Exp—— Model
N A 70kPaC:50kPa A Exp —— Model A100kPaC:50kPa v Exp——Model GV A
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Anode: H, (100 kPa) / Cathode: Air (50 kPa)
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Figure 2. Comparison of (a) polarization curve and (b) ohmic overpotential between the present
model predictions and experimental test data with air as cathode inlet gas, and effect of polarization
potential on impedance plots for AEM fuel cell with various back pressures for anode and cathode:
(c) anode: 0 kPa, cathode: 0 kPa; (d) anode: 50 kPa, cathode: 50 kPa and (e) anode: 100 kPa,

cathode: 50 kPa, with air as cathode inlet gas. Applied DC potential: 0.8V, 0.7V and 0.6V.

The results indicate that increasing the operating back pressure for the electrodes greatly improves
the cell output, being capable of a higher limiting current density. Figure 2(b) depicts the variation of
the ohmic overpotential during the fuel cell operation, which is plotted against current density
according to the in-situ EIS results recorded on the overall fuel cell components, as shown in Figure
2(c), (d) and (e). It indicates that the ohmic resistance remains relatively stable as varying the
operating back pressure. It is obvious that the averaged water amount in the MEA does not change
too much in the four cases as drawn in Figure 3(a) (liquid water distribution) which lies behind the
stable ohmic resistance of alkaline membrane, as well as the overall ohmic overpotential in Figure
2(b). Strictly, AOCO and A50C50 cases do not much affect the water transport inside the cell, as well
as the membrane ionic conductivity, therefore similar liquid water distribution can be observed in
Figure 3(a). However, through further raising the back pressure up to 100 kPa for anode, the liquid
water saturation is greatly reduced in anode and slightly increased in cathode, generating reduced
averaged water content in the MEA and subdued membrane ionic conductivity in A100C50 case
(Figure 2(b)). Moreover, note that the liquid water saturation jump at the interface of the neighboring
porous layers is also achieved in this modeling work, as depicted in Figure 3(a) and matches the

trends in literature.
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Figure 3. (a) Liquid water distribution in the electrodes and (b) liquid water permeation through the

A901 alkaline membrane with air as cathode inlet gas.

The weak variation of ohmic resisntance suggests that the reduced activation overpotential, as well
as enhanced electrochemical kinetics, plays the leading role in the variation of the cell performance.
The analytical modeling work is used to gain a deeper knowledge with the detailed mass transfer
inside the fuel cell. Understanding these internal mass transport mechanism and losses provides
insight into the detailed physics behind the variation of cell output. Through comparing AOCO and
A50C50 cases, the optimized thermodynamic reversible voltage and sufficient reactant supply rate
should be responsible for the output improvement of A50C50 case. On the other hand, the
experimental results in AOCO, A70C50 and A100C50 cases reveal that the operating pressure
gradient from anode to cathode may further lead to better cell output. By inspecting the modeling
simulation, the significant liquid permeation from anode to cathode is beneficial for the operating
capability. 1t should be noted that liquid permeation through the membrane was largely ignored in
literature, as the effect is weak at normal operating pressure (around 1 atm) [20, 21]. Howeuver,
regarding the direct alcohols (liquid fuel) AEM fuel cell and H, AEM fuel cell operating at various
feeding pressures, the significant hydraulic pressure gradient between anode and cathode
suggests that the liquid permeation must be considered for the water transport through the
membrane [36]. Figure 3(b) shows the liquid permeation rate through the alkaline membrane from
anode to cathode. By examination of the liquid permeation data, larger operating pressure gradient
brings about larger liquid pressure gradient, further contributing to more prominent liquid

permeation towards cathode CL. Water is generated in anode CL, possibly generating the anode
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flooding issue, while consumed in cathode CL which brings out an intrinsic dehydrated condition
inside cathode, which was also mentioned by Omasta et al. in their experimental work [15]. Liquid
permeation from anode to cathode theoretically mitigates the anode flooding problem and cathode
water scarcity, giving rise to better catalyst utilization in anode CL and sufficient reactant supply for
cathode reaction, and thus faster reaction rate for both anode and cathode. The modeled enhanced
reaction kinetics for both anode and cathode is also prone by comparing the developing trends for
impedance plots displayed in Figure 2(c), (d) and (e). Furthermore, it should be addressed that the
integrated effect of pressure difference between anode and cathode should be more notable at high
operating current densities attributing to more significant liquid permeation through the membrane

and possible better water balance between anode and cathode.

Figure 4 overlays the water transport variable data through alkaline membrane including the water
back diffusion from anode to cathode, electro-osmotic drag effect from cathode to anode and liquid
water permeation through alkaline membrane. Under the normal operating condition of AOCO as
presented in Figure 4(a), the water back diffusion is intrinsically from anode to cathode due to the
water generation and consumption in anode and cathode CL, respectively; electro-osmotic drag
effect should be away from cathode; and direction of the liquid water permeation is contingent on
liquid pressure distributed across the alkaline membrane. However, modeling results displayed in
Figure 4(b) describes an interesting water transport behavior through the membrane. The model
obtained value of the water back diffusion rate varies from negative to positive gradually with the
current density increasing, which suggests that there exists a turning point of water back diffusion
direction. At lower current densities, water back diffusion is observed to be weaker through holding
a smaller water concentration difference between anode and cathode mainly because of the limited
water generation in anode CL. It is obvious that the liquid permeation is more significant for the
A70C50 case, theoretically bringing about liquid water concentration in cathode CL being higher
than the anode side, which reasonably leading to the water back diffusion turning towards anode.
This is opposite to the trend in AOCO case. At higher current densities, more water is produced and
accumulated in anode CL. This leads ultimately to the highest water concentration remaining inside

anode CL in the electrode components, which reverses the water flow direction of back diffusion. By
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further raising the operating pressure in anode as can be seen in Figure 4(c), the modeling result in

A100C50 case provides further proof of this possible reversion of water back diffusion.
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Figure 4. Water transfer rates through the A901 alkaline membrane with various back pressures of
anode and cathode: (a) anode: 0 kPa, cathode: 0 kPa; (b) anode: 70 kPa, cathode: 50 kPa and (c)

anode: 100 kPa, cathode: 50 kPa, with air as cathode inlet gas.

These results give a typical baseline of the operational capability of AEM fuel cell under various
back pressures, which offers an alternative means to achieve a better water balance in an AEM fuel

cell and enhanced fuel cell output capability.

4.2 Operating behavior of H,/O, AEM fuel cell

To advance the cell output capabilities, the operation of AEM fuel cell flowed by H,/O, are
experimentally tested and modeled. In this section, three typical operating back pressures, AOCO
(anode: 0 kPa, cathode: 0 kPa), A50C50 (anode: 50 kPa, cathode: 50 kPa) and A100C50 (anode:

100 kPa, cathode: 50 kPa) are selected representatively for identifying the operating response.

21



The resulting experimental and modeling polarization characteristics of a H,/O, AEM fuel cell in the
cases of AOCO, A50C50 and A100C50 are demonstrated in Figure 5(a). The fuel cell output
performance is considered to be comparable to the previous experimental work in the literature
[16,37]. The modeling results reach a reasonable agreement with the experimental data, as
indicated in Figure 5(a) and (b). It is observed that the H,/O, AEM fuel cell performs superior to the
H,/air AEM fuel cell because of being capable of higher limiting current density and maximum power
density. Figure 5(b) indicates similar variation of ohmic overpotential to the H/air cases, yielding
sluggish variation under the three operating pressure cases which is displayed utilizing the EIS

method in Figure 6.
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Figure 5. Comparison of (a) polarization curve and (b) ohmic overpotential between the present

model predictions and experimental test data with O, as cathode inlet gas.
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Anode: H, (100 kPa) / Cathode: O, (50 kPa)

———09V

Figure 6. Effect of polarization potential on impedance plots for AEM fuel cell with various back
pressures for anode and cathode: (a) anode: 0 kPa, cathode: 0 kPa; (b) anode: 50 kPa, cathode: 50

kPa and (c) anode: 100 kPa, cathode: 50 kPa, with O, as cathode inlet gas. Applied DC potential:

0.9V, 0.8V, 0.7V and 0.6V.

Figure 7 shows the significant liquid permeation in A100C50 case and how the liquid water
distribution performs as put in for pressure gradient of 50 kPa from anode to cathode. Owing to the
water consumption in cathode semi-reaction, the impact of reaction kinetics on the activation
overpotential highlights the importance of excess water accommodation for the cathode to facilitate
faster electrochemical reaction rate. Comparing the amount of water transport rates depicted in

Figure 8(a), (b) and (c), similar reversion of water back diffusion is also produced with 50 kPa

pressure difference which is guided by the noteworthy liquid permeation.

GDL MPL CL AEM CL MPL /G(DL 700 Anode: H, / Cathode: O, ‘ ‘
0.30 o—o0—o—o0—o—o0——0—0
H/O,-05Acm? | “b| 600+
] A OkPa C: OkP . 2 R
é 025 Co A s0kPa G- 50kPa g 500
Q A—A100KPa C:50kPa, 44! s E
& 0.204 E=1
. - 400 ]
% 0.154 Anode i Cathode % % 300
£ 3004
g 1 5 E —O—A100kPa C:50kPa 1
2 0.0 e
g 4 S £ 2004 —O—A: 50kPa C:50kPa
z 73 z\z ] §, —/—A 0kPa C. OkPa
2 i =
_é’r 0.05 z/ N . 5‘ g 100 ]
0004 4 A 04 NH—D—D—DDAO—0O
0 100 200 300 400 500 600 00 02 04 06 08
Location, pm Current density, A cm?
(a) (b)

Figure 7. (a) Liquid water distribution in the electrodes and (b) liquid water permeation through the

A901 alkaline membrane with O, as cathode inlet gas.
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Figure 8. Water transfer rates through the A901 alkaline membrane with various back pressures for
anode and cathode: (a) anode: 0 kPa, cathode: 0 kPa; (b) anode: 50 kPa, cathode: 50 kPa and (c)
anode: 100 kPa, cathode: 50 kPa, with O, as cathode inlet gas.

Moreover, it can be concluded and noted that: (1) Reasonable operating pressure gradient and thus
sufficient liquid permeation from anode to cathode brings benefits for the water balance between
anode and cathode, such as mitigating the anode flooding issue and cathode water shortage. This
reasonably keeps consistent with the published experimental study conducted by Oshiba et al., in
which water transport analysis was experimentally carried out and suppression of anode flooding
issue was achieved through promoting the liquid permeation from anode to cathode using thin
alkaline membrane and increasing the anode flow rate [16]. (2) Maintaining higher operating
pressure at cathode will surely contribute to worse water balance between anode and cathode, as
well as the slower electrochemical kinetics for both anode and cathode. (3) As for the cathode, the
operating performance is mainly determined by the balance of water supplement for the reaction

and water removal ability. Therefore, the water permeation from the anode should be recognized as
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a double-edged sword for the cathode performance. Regarding the AEM fuel cell, water generation
and consumption coexists simultaneously inside the cell, serving entirely different from the
well-known PEM fuel cell, hence proper pressure managing strategies which actually relies upon
the cell design and operating parameters is viewed to be more serious for the water balance
maintenance. Also importantly, higher operating pressure may lead to more significant pumping
power loss either through the flow channel or the overall fuel cell system. The pros and cons are still

required to be further investigated and weighed.

5. Conclusion

In this study, in-situ experimental tests, impedance analysis based on in-situ EIS method and
analytical modeling on the AEM fuel cell containing A901 alkaline membrane have been
implemented to comprehensively explore the operational macro-performance and multiphase
transport behavior inside the cell under various operating pressures. The modeling results reach a
reasonable agreement with both the experimental polarization and ohmic overpotential data. The
experimental results indicate that the cell capability is persistently improved by pulling up the
operating pressures and enlarging the pressure gradient from anode to cathode. The ameliorative
reaction kinetics should be responsible for the performance improvement. Based on the validated
modeling work, the liquid water permeation from anode to cathode performs the major factor
affecting the cell performance and leading the water transport behavior through the membrane
through maintaining large liquid pressure gradient across the membrane. The possible reversion of
water back diffusion through the membrane is also analyzed. The significant liquid permeation
alleviates the possible anode flooding problem and cathode water scarcity, leading to faster reaction
kinetics. These can also be confirmed by the EIS results. In addition, according to the in-situ EIS
data, the membrane ohmic resistance is metastable under various operating pressures. In a word,
this study gives a typical baseline of the operational capability of AEM fuel cell with various
operating pressures, which offers an alternative approach to achieve a better water balance in an

AEM fuel cell and enhanced fuel cell output capability.
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