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Abstract

Hydrogen proton exchange membrane fuel cell (PEMFC) vehicles present a viable

solution for decarbonizing the heavy-duty and long-distance transportation sector.

They convert the chemical energy of hydrogen directly into electricity, with the only

by-products being heat and water and, therefore, they are completely environmental-

friendly. However, challenges related to hydrogen infrastructure and PEMFC cost

and durability hinder their wider market-adoption. Enhancing the power density of

PEMFCs can reduce their size and subsequent costs; however, high current density

operation is limited by the cell’s ability to efficiently evacuate the water produced

from the oxygen reduction reaction (ORR) in the cathode catalyst layer. Efficient

removal of fast ORR product water at high currents, from the anode and cathode

compartments of the cell, is imperative to prevent the reactant starvation arising

from electrode flooding. Water accumulation has also been identified as a factor

affecting catalyst degradation and as a result, the durability of PEMFCs. Therefore,

a comprehensive understanding of water transport and liquid water accumulation

during PEMFCs operation becomes paramount in improving their performance and

durability and ultimately reducing their cost.

A water balance setup, enabling real-time quantification of water transport and

accumulation inside operating PEMFCs, is developed and validated in this work (see

Chapter 2). The setup integrates sensors for measuring relative humidity, temper-

ature, and absolute pressure of the gas-vapor mixture, and dry reactant flow rate.

Moreover, a fast and reliable approach is proposed for distinguishing between the

water accumulated in the membrane and liquid water within the porous media. This
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method holds promise for real-time control strategies aimed at mitigating membrane

dehydration and electrode flooding concerns.

The established water balance setup was used to investigate several aspects of

interest in the literature: (a) water transport in polymer electrolyte membranes (see

Chapter 3); (b) the influence of operating conditions and the addition of a micro-

porous layer to cathode gas diffusion layer on cell performance and water transport

and accumulation (see Chapter 4); and (c) the influence of the cathode catalyst layer

Nafion and platinum loadings on cell performance, water crossover between the elec-

trodes and water accumulation in the membrane-electrode-assemble (see Chapter 5).

Analysis of water transport in proton-exchange (Nafion® N211, N212, N115 and

N117) and anion-exchange (Aemion® AH1-HNN8-50-X, Fumapem® FAA-3-30/50,

and Versogen™ PiperION-A40) membranes confirmed that interfacial transport is

the key limiting. Using the experimental setup in combination with a numerical

model, water desorption rate and its activation energy were estimated. The water

desorption rate of AH1-HNN8-50-X aligns closely with Nafion® N115 and N117,

and the activation energy for this process is similar. In contrast, FAA-3-30/50 and

PiperION-A40 exhibit two to three times faster desorption and a lower activation

energy.

The study of operating conditions and micro-porous layer (MPL) addition showed

that changing operating conditions has a dramatic effect on the water transport across

the membrane, while the ratio of water transported to produced water remained

relatively constant with current density. Under very dry conditions, water moved from

anode to cathode while increasing humidity and decreasing temperature enhanced the

cathode-to-anode water crossover. Adding an MPL to the cathode gas diffusion layer

increased the cathode-to-anode water crossover at all operating conditions, but the

increase was not as pronounced as with changing operating conditions, resulting in

only a significant performance increase at 60 ◦C and 70% RH likely due to increased

water vaporization and improved in-plane oxygen pathways.
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Lastly, this work demonstrates that increasing the cathode Nafion loading reduces

cathode-to-anode water crossover at all conditions, i.e., helps the cathode retain water.

Cells with 20 wt.% Nafion loading were able to operate at the highest current density

retaining less water inside the electrode. Varying the platinum loading had a negligible

influence on water transport between the electrodes at all conditions. This contradicts

the common hypothesis that thin CL will flood more quickly.

In summary, this thesis contributed a novel experimental setup and analysis strat-

egy to be able to estimate the real-time water crossover and accumulation in an op-

erating PEMFC. Using the setup, this thesis offers a comprehensive exploration of

how modifications to PEMFC components impact the dynamics of water crossover

and liquid water accumulation within the operating PEMFCs. The developed water

balance setup stands as a reliable tool for real-time measurement of water fluxes and

liquid water accumulations, providing insights into water management within oper-

ating PEMFCs. These insights can contribute to enhance PEMFCs performance and

thus to reduce their cost.

Keywords: proton exchange membrane fuel cell, membrane, micro-porous layer,

catalyst layer, water management, water crossover, liquid water accumulation.
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Chapter 1

Introduction1

1.1 Motivation

Anthropogenic greenhouse gas (GHG) emissions have become an urgent worldwide

issue due to their global warming potential, prompting the establishment of the Paris

Agreement in 2015 aimed at reducing them [9]. Countries such as the United States,

China, Canada, and Germany, have committed to decarbonizing their energy sys-

tems by 2050 or 2060 [10–13]. According to the Intergovernmental Panel on Climate

Change, approximately 15% of total anthropogenic GHG emissions came from the

transportation sector in 2019 [14]. Proton exchange membrane fuel cell vehicles are

a feasible technology to decarbonize the heavy-duty and long-distance transportation

sector [15, 16]. Hydrogen PEMFCs electrochemically convert the chemical energy

of hydrogen into electricity and heat with water and heat as the by-products. Be-

cause of the direct energy conversion, the overall efficiency of PEMFCs is higher than

1Parts of this chapter are reproduced from the following publications:

1. F. Wei, A. Kosakian, J. Liu, J. Kracher, R. Khan, and M. Secanell, “Water transport in anion
and proton exchange membranes,” Journal of Power Sources, vol. 557, p. 232 494, 2023. doi:
https://doi.org/10.1016/j.jpowsour.2022.232494.

2. F. Wei, A. Kosakian, and M. Secanell, “Effect of operating conditions and micro-porous layer
on the water transport and accumulation in proton exchange membrane fuel cells,” Chemical
Engineering Journal, p. 144 423, 2023. doi: https://doi.org/10.1016/j.cej.2023.144423.

3. F. Wei, A. Kosakian, J. Liu, and M. Secanell, “Effect of Cathode Catalyst Layer Nafion and
Platinum Loading on the Dynamic Transport and Accumulation of Water Inside an Operating
PEMFC,” (under review).

Author contributions are detailed in the Preface of this thesis.
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that of the conventional internal combustion engines [17, 18]. Compared with other

fuel cells, e.g., phosphoric acid fuel cell, solid oxide fuel cell and molten carbonate

fuel cell, hydrogen PEMFCs operate under relatively low temperatures, i.e., generally

60−80 ◦C, which allows them to start up and shut down quickly, making them well

suited for vehicles [19, 20]. Fast refueling time and longer driving range also allow hy-

drogen PEMFCs vehicles to compete with the battery-powered counterparts, despite

the higher efficiency of the latter [21].

Although hydrogen PEMFCs have already met the U.S. Department of Energy

(DOE) targets for specific power (650 W/kg), power density (650 W/L), and cold

start-up time (start from −20 ◦C < 30 seconds) [22, 23], the cost and durability of

fuel-cell systems still need to be addressed to meet the ultimate DOE targets, i.e., a

cost of $30/kW and 8,000-hour durability [23, 24], and thus to increase their market

adoption. One of the key factors negatively impacting both the cost and durability of

PEMFCs is the accumulation of liquid water within the cells. For example, increasing

fuel cell current density at the same cell voltage can reduce its size and, therefore,

cost; however, high current density operation is currently limited by the cell’s ability

to efficiently evacuate the water produced in the oxygen reduction reaction in the

cathode catalyst layer. Excessive liquid water must be removed efficiently to avoid

electrode flooding and thus blockage of the reactant transport pathways [19, 25–

27]. Moreover, previous studies have demonstrated that water accumulation can

have a detrimental effect on catalyst degradation and, consequently, the durability of

PEMFCs [28–32].

During the past two decades, efforts have been made to improve water manage-

ment by modifying PEMFC components [33–37]; however, rarely is the quantified

effect of these modifications studied in terms of their importance on real-time wa-

ter transport and accumulation via experimental approach. The overall objective of

this thesis is, therefore, to experimentally quantify the impact of modifications to

PEMFC components on the crucial processes of dynamic water transport and liquid

2



Figure 1.1: A typical cross-sectional schematic of a PEMFC. Entrained water in the
reactant gases is neglected.

water accumulation within the cell.

1.2 PEMFC background

1.2.1 Operation principle

Figure 1.1 shows a schematic of PEMFC components and their corresponding thick-

ness, porosity, and characteristic pore size. As shown in the figure, a typical PEMFC

consists of a PEM, two CLs, MPLs, GDLs, and graphite bipolar plates (BPPs). The

PEM is used to transport protons and prevent the crossover of the reactant gas and

electrons. In order to catalyze the electrochemical reactions, each side of the PEM is

coated with a CL, and the complete assembly is termed as catalyst-coated-membrane

(CCM). Hydrogen oxidizes at the anode CL, releasing protons (H+), electrons (e−)

and heat according to the hydrogen oxidation reaction (HOR):

H2 ⇌ 2H+ + 2e− +Heat. (1.1)

The HOR products protons and electrons are transported to the cathode CL through

the PEM and an external circuit, respectively. At the cathode CL, they react with

3



oxygen, producing water and heat according to the oxygen reduction reaction (ORR):

1

2
O2 + 2H+ + 2e− ⇌ H2O+Heat. (1.2)

The overall electrochemical reaction taking place in a PEMFC is

H2 +
1

2
O2 ⇌ H2O+ Electricity + Heat, (1.3)

where the produced water can be in the liquid and/or vapor form, depending on

the operating condition; electricity is gained by passing the HOR product electrons

through the external circuit before they take place in ORR; the overall electrochemical

reaction is exothermic, and the majority of the total heat is generated from the

ORR [38–41].

1.2.2 PEMFC configuration

A gas diffusion layer with a micro-porous layer, termed as porous transport layer

(PTL), is commonly introduced to each side of the CCM, which is used to: 1) dis-

tribute the reactant gases to the CLs uniformly, 2) collect electrons and heat from the

catalyst layer, 3) protect the thin CLs from mechanical deformation, and 4) facilitate

water removal [25, 42]. The assembly of the CCM, MPLs, and GDLs, termed as mem-

brane electrode assembly (MEA), is sandwiched between two electron-conductive flow

field plates (FFPs), which are electrically connected by an external circuit. The flow

fields, engraved or stamped on the surface of the plates, serve to deliver reactants to

the CLs and to remove the produced water. Both reactant gases and produced water,

in either vapor or liquid form, are transported through the void spaces of the CLs,

MPLs, and GDLs. Electrons transport through the carbon in the MPLs and GDLs,

and platinum and carbon black support in the CLs. Protons and sorbed water are

transported through the PEM and the ionomer presented in the CLs. Due to their

multi-functional nature, PEM, CLs, MPLs, and GDLs are made up of multiple ma-

terials and have complex micro-structures. A detailed description of the PEM, GDL,

MPL, and CL is provided below.
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Figure 1.2: Scanning electron microscopy images of: (a) commercial GDL (SGL
29BA) and (b) inkjet printed CL (30 wt.% Nafion loading). Image courtesy of Dr.
Manas Mandal (ESDLab).

1.2.2.1 Proton exchange membrane

The proton exchange membrane employed in PEMFCs, typically a Nafion® mem-

brane, is a proton-conductive polymer membrane composed of an electrically neutral

semicrystalline polymer backbone (polytetrafluoroethylene, PTFE) and a randomly

tethered side-chain (polysulfonyl fluoride vinyl ether) with a pendant ionic group

(SO−
3 ) [43, 44]. Kusoglu and Weber [43] conducted a comprehensive review of pro-

ton exchange membranes. Membrane thickness is on the order of 1−100 µm, with

the state-of-art PEMs being 5−25 µm thick [43, 45]. The pendant ionic group is

associated with a proton to form SO3H [43, 44, 46], to which water is bound via

the hydrogen bond
(︁
SO−

3 · H3O
+
)︁
[43]. Water uptake by the membrane (from the

surrounding vapor or liquid water) enables hydrogen-proton dissociation from SO3H

and proton conduction by two mechanisms: the translational motion of hydronium(︁
H3O

+
)︁
[43] and Grotthuss hopping (exchange of H+ in the hydrogen bonds of wa-

ter molecules) [43, 44, 46]. Protonic conductivity of Nafion® membranes increases

with water content [43, 44] and, therefore, it is imperative to maintain the membrane

hydrated to make it protonic conductive and thus to minimize ohmic losses.
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1.2.2.2 Gas diffusion layer

There exist two distinct categories of commercially accessible GDL materials [47,

48], i.e., carbon paper (non-woven, see Figure 1.2a) and carbon cloth (woven). Both

of them are based on electrically conductive carbon fibers derived from polyacryloni-

trile [49]. The electrically conductive nature of the GDLs enables the electron transfer

between CLs and BPPs. Owing to their porous structure, GDLs serve as mediators,

uniformly conveying reactants to the CLs, thus enhancing catalyst utilization. More-

over, GDLs furnish pathways that facilitate the removal of ORR product water at

the cathode CL [50]. In order to prevent the blockage of pores with liquid water, a

hydrophobic agent, e.g., polytetrafluoroethylene (PTFE), is usually integrated into

the GDLs [49, 51, 52]. Additionally, GDL provides structural support for the CLs,

which are highly susceptible to mechanical deformation.

1.2.2.3 Micro-porous layer

The MPL is usually introduced between CL and GDL to improve PEMFC perfor-

mance and water management at high current density, especially under wet condi-

tions [50, 53–56]. For example, Owejan et al. [50] observed a 20% to 30% polarization

performance increase under fully humidified conditions after adding an MPL. Gener-

ally, the MPL is fabricated by brush painting or spraying a slurry of solvents (e.g.,

deionized water and IPA), carbon black, and hydrophobic binder (e.g., PTFE) or

hydrophilic binder (e.g., ionomer), over the GDL which acts as a substrate [57–60].

Table 1.1 lists the proposed mechanisms by which MPL improves PEMFC perfor-

mance and water management. As shown in the table, the effect of MPL on water

removal from anode or cathode is still under debate.

1.2.2.4 Catalyst layer

Catalyst layers (see Figure 1.2b), where the ORR and HOR take place, are the heart of

the PEMFC. Besides their imperative role of catalyzing the electrochemical reactions,
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Table 1.1: Role of MPL in water management of PEMFCs

MPL effect on water management
References

Support Against

Increased water back diffusion from cathode to anode [54, 61–63] [53, 64, 65]

Increased liquid water removal from CL to GDL [54, 61–64, 66–68] [50, 55]

Enhanced O2 transport due to water distribution im-
provement

[50, 61, 69, 70]

Forms a liquid water barrier which hinders the con-
densed water at GDL from reaching CL

[50, 71] –

Decreased electrode saturation by increasing electrode
temperature and removing water in vapor phase

[25, 50, 71] –

Effective role of MPL cracks in the water management
as water removal pathways

[50, 55, 72–76] –

catalyst layers are also responsible for the reactants (hydrogen and oxygen), charges

(electrons and protons), and produced water transport. Therefore, catalyst layers

must consist of three phases, i.e., the void phase for reactants and water transport,

the electron-conductive phase, and the proton-conductive phase. In order to achieve

these functionalities, catalyst layers are commonly fabricated by depositing a catalyst

ink consisting of solvents, e.g., propylene glycol and IPA, ionomer, and catalyst, e.g.,

carbon black supported platinum particles (Pt/C), over each side of the PEM [77,

78] or the PTL [79–82].

1.2.3 Water crossover and liquid water accumulation

Cost reduction can be accomplished by increasing the fuel cell power output per

gram of catalyst [83]. This requires optimization in PEMFC components to enable

operation at higher current density at a given voltage, for which enhanced water

management is of crucial importance. Water is necessary for maintaining sufficient

electrolyte conductivity [43, 44], but fast ORR water production at high current

may induce electrode flooding, causing instability and performance degradation [84–
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Figure 1.3: A typical schematic of water transport in a PEMFC.

91] and accelerating platinum degradation and thus shortening the lifetime of PEM-

FCs [28, 30].

The water produced at the cathode CL can be removed not only through the

cathode gas flow channels, but also through the anode gas flow channels via the

membrane, as depicted in Figure 1.3. To increase the water removal rate from the

cathode, strategies such as adding an MPL to the GDL [25, 54, 56, 61–63, 92–100],

vaporizing the water [25, 50, 55], creating groove or perforation on a PTL to provide

pathways for liquid water removal [72, 101–104], creating cracks on an MPL [33, 50,

70, 72, 96, 97, 105–108], changing wettability and microstructure of CL [36, 37, 109–

111], MPL [25, 34, 35, 54, 72, 112, 113] and GDL [33, 56, 62, 101, 103, 114, 115] have

been proved to be applicable.

Water removal from cathode to anode not only enables higher hydration of the

membrane, increasing the protonic conductivity to reduce ohmic resistance, but

also enhances the removal rate of ORR product water, eliminating the flooding in

the MEA. There are four kinds of water transport mechanisms through the mem-
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brane, i.e., electro-osmotic drag, back diffusion, thermo-osmosis, and hydraulic per-

meation [116–119]. Due to the difficulty of experimentally separating water transport

values through the membrane for each mechanism, the combined effect of all mech-

anisms is generally considered instead, which is termed as water crossover [61, 120,

121]. To enhance the cathode-to-anode water crossover, strategies such as applying

temperature and/or RH gradient between the cathode and anode [55, 122] and in-

troducing an MPL to the cathode [54, 61–63, 123] have been demonstrated to be

applicable.

Understanding the water transport behaviors inside an operating PEMFC is critical

in designing strategies of the PEM, CL, MPL, and GDL to promote water crossover

and to eliminate flooding, and thus to improve PEMFC performance and durabil-

ity and cut down its cost. Therefore, the accurate measurement of water crossover

and liquid water accumulation must be an integral part of the fuel cell performance

analysis, which is either not reported in the experimental work or only studied with

numerical models.

1.2.4 PEMFC performance and characterization

1.2.4.1 Polarization curve

The polarization curve (or iV curve), describing the relationship between cell voltage

and current, is commonly used to characterize PEMFC electrochemical performance.

Since the active area (in-plane area) of the MEA may vary between analyzed fuel cells,

the current is generally normalized per MEA area to give current density so that the

performance of different cells can be compared. Figure 1.4 shows a schematic of

typical polarization curve with corresponding voltage losses.

The standard theoretical potential (thermodynamic potential) of a PEMFC is de-

termined from the change in the standard Gibbs free energy (∆G0) of the reac-

tion eq. (1.3) [124]:

E0
theor = −∆G0

n · F , (1.4)
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Figure 1.4: Representative PEMFC polarization curve with corresponding voltage
losses.

where n is the number of electrons per mole of hydrogen required to complete the

reaction (n = 2) and F is the Faraday’s constant (94,485 C/mol). At standard

conditions, i.e., 298.15 K and 1 atm, E0
theor is approximately 1.23 V and 1.18 V when

the ORR product water is in liquid and vapor form, respectively [124]. To correct for

the activity of the reactants and products, the temperature at which the reactions

occurs, and the final phase of the water, Nernst equation is generally used to calculate

the theoretical cell voltage (Etheor) at non-standard conditions [38, 124]:

Etheor = E0
theor +

∆S

2 · F
(︁
T − T 0

)︁
+

R · T
2 · F ln

(︄
aH2 (aO2)

1/2

aH2O

)︄
, (1.5)

where E0
theor is the theoretical potential determined at temperature T 0, ∆S is the ad-

ditional entropy generated at temperature T , and aH2 , aO2 and aH2O are the activities

of hydrogen, oxygen and ORR product water, respectively.

A potential difference (over-potential) between Etheor and the operating cell voltage

leads to the generation of the faradaic current. However, not all of faradaic current

flows through the external circuit. A few milliamperes of current generated in the

10



cathode due to hydrogen crossover through the membrane, which are offset by the

ORR thereby requiring an over-potential [124, 125]. This compensation, known as

parasitic loss, results in an offset of the potential at which the net current is zero from

the theoretical potential to a lower value named open circuit voltage (OCV). The

magnitude of this deviation depends on the rate of reactant crossover and, therefore,

membrane that is impermeable to reactants can sensationally reduce the parasitic

loss.

When the over-potential is further increased, current starts to flow through the

external circuit, forming a relationship between voltage and current, i.e., polarization

curve. As current is drawn from the cell, three types of irreversible voltage losses oc-

cur: a) kinetic loss, predominant at low current; b) ohmic loss; and c) mass-transport

loss, predominant at high current.

The sharp non-linear drop in cell voltage at low current densities in Figure 1.4,

known as the kinetic or activation losses, is associated with overcoming the energy

barriers to the HOR and, mainly, the ORR. Kinetic losses can be reduced by increasing

the concentration and pressure of the reactant, elevating cell operating temperature,

and employing more active catalyst.

The linear cell potential drop in Figure 1.4 represents the ohmic losses, which are

due to the proton transport resistance in the polymer electrolyte, electron transport

resistance in the electrodes, external circuit and FFPs, and contact resistances be-

tween layers. Ohmic losses due to electron transport resistances are usually much

smaller than those that arise from the resistance to protons transport through the

PEM and CLs [19, 124]. The ohmic losses due to the protonic resistance can be sub-

stantially reduced by increasing the hydration of the membrane and ionomer phase in

CLs [19, 43]. Reducing the thickness of each MEA components, using more conduc-

tive materials, and improving the contact between each layer can also help to reduce

the ohmic losses [124].

The last sharp non-linear cell voltage drop in Figure 1.4 is due to mass transport
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losses, which arise from the insufficient reactant supply to the catalyst sites. The

higher the current, the greater rates of reactants supply are required to align with the

electrochemical consumption rate and, therefore, mass transport can be influenced

by the rate at which the ORR product water is being removed. At high current

densities, more water is produced at the cathode CL. If this produced water cannot

be efficiently removed from the MEA, it can flood the pores of CLs, MPLs, and GDLs,

and thus block reactant transport pathways [25, 50, 72, 108, 126]. During the past

two decades, efforts such as modifying the structure and wettability of the GDLs [33,

56, 62, 101, 103, 114, 115], MPLs [25, 34, 35, 54, 72, 112, 113] and CLs [36, 37,

109–111] have been found to be capable of improving the water management towards

the electrode flooding due to the fast ORR water production at high currents.

Polarization curves are usually measured by applying a linear or staircase sweep,

either in voltage or current, to the cell. A comprehensive sweep generally encom-

passes a forward scan from high to low voltage (or from low to high current), followed

by a backward scan conducted in the converse direction. Depending on the cell op-

erating conditions and the scan rate, dynamic membrane hydration and platinum

oxide, and liquid water accumulation may result in the appearance of hysteresis in

the measured polarization curves [84–86, 88–90]. If no significant flooding occurs, as

shown in Figure 1.5a, cell performance during the backward scan is better than the

forward scan due to the better hydration of the electrolyte from the ORR product

water [86, 88, 90, 127–129] and/or the reduced platinum-oxide coverage during the

backward scan [130, 131]. Conversely, in the scenario where electrode flooding be-

comes prevalent, reactant transport is impeded by liquid water blockage in the pore

space of the porous media and thus, the backward-scan performance is worse than

the forward-scan performance [84–90], as seen in Figure 1.5b.
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1.2.4.2 Ohmic resistance

As discussed above, ohmic resistance plays a significant role in the fuel cell perfor-

mance. Albeit a typical ohmic resistance of a fuel cell is on the order of milliohms, the

cell voltage loss due to the ohmic loss becomes significant at high current densities.

Since the ohmic losses of the MEA are dominated by the proton transport resistance

through the membrane, the protonic resistance of the membrane can be an indicator

to assess the water management in an operating PEMFC.

To be capable of being integrated into operating fuel cell systems, the approach em-

ployed for measuring the protonic resistance of the membrane must be non-intrusive

to avoid interfering with cell performance, easy to implement, and yield results that

are easily interpreted. Typically, there are four methods used to measure the ohmic

resistance, i.e., current interrupt resistance (CIR) method, AC resistance method,

electrochemical impedance spectroscopy (EIS) method, and high frequency resistance

(HFR) method. A detailed discussion of these ohmic resistance measurement tech-

niques can be found in Refs. [124, 132]

During the polarization curve measurement, a single data value of the membrane

protonic resistance at each current is preferred as multiple data points may affect

the polarization curve. As such, the CIR and HFR methods are suitable. Current

interrupt resistance method is based on the principle that the resistive potential drop

within the cell disappears almost instantaneously when the steady-state current is mo-

mentarily interrupted for a short duration [124, 132]. The protonic resistance of the

membrane is then calculated by subtracting the resistance of fuel cell hardware, PTLs

and CLs from the instantaneous voltage change divided by the cell current just before

the interrupt event. High frequency resistance method applies a small AC signal to

the electronic load to modulate the dc load current. The resulting magnitude and

phase of the AC voltage and current response are measured by a frequency response

analyzer. The CIR method is reported to over-estimate the protonic resistance of the
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membrane, which is attributed to the additional voltage change as a result of a rapid

potential change after the interrupt that arises because of the potential distribution

within porous electrodes with non-negligible electrolyte resistance [132]. The inherent

difference in the response of a porous electrode with non-negligible ohmic resistance

to a large perturbation (current interrupt event) as compared to a small perturbation

(impedance measurement) is the source of discrepancy in measured ohmic resistance

for current interrupt resistance and high frequency resistance methods. However, due

to the limited accessibility of the frequency response analyzer to conduct HFR mea-

surements and in order to simplify the experiments, the current interrupt resistance

method was used in this thesis to measure the protonic resistance of the membrane

during the electrochemical experiments as this technique is integrated in the fuel cell

test stand used.

1.3 Literature review

The initial segment of this literature review section presents a comprehensive overview

of the existing experimental setups employed for quantifying water fluxes within op-

erational PEMFCs. Subsequently, the focus shifts towards a thorough exploration

of the water transport within polymer electrolyte membranes. The literature review

extends further to encompass a comprehensive scrutiny of the impact of operating

conditions and the introduction of an MPL to the cathode GDL. Finally, a literature

review on the effect of cathode CL Nafion and platinum loadings on cell performance

is conducted.

1.3.1 Methods used to measure water transport in fuel cells

Different experimental setups have been developed in the literature to measure the

water fluxes in operating PEMFCs. The net water flux between the electrodes is

normally estimated as the difference between the inlet and outlet water fluxes in the

anode and cathode electrode. Inlet water fluxes are usually estimated by assuming
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that the dew point and absolute pressure are equal to the prescribed reactant temper-

ature and backpressure, respectively. However, care is needed when estimating the

inlet flux, as the cell backpressure can differ from the inlet pressure, resulting in an

inaccurate estimation. Outlet water fluxes are commonly measured by weighing the

condensed water that has been collected downstream of the fuel cell using devices such

as ice baths [133], cold traps [99, 134, 135], water chilled condensers [55, 65, 136–138]

and desiccants [139]. These devices are precise and easy to incorporate into a fuel

cell setup. However, a lengthy collecting period (from 30 min to 3 hours) and a siz-

able active area are needed to collect enough condensed water to study the impact of

operating conditions or transport layer modifications on the water crossover between

the cathode and anode electrodes [55, 99, 140]. The inaccurate inlet flux, combined

with the long collection period, means that these methods only give a time-averaged

estimation and cannot be used for real-time water flux tracking. Furthermore, these

methods cannot distinguish between liquid and vapor that exit the electrodes. To

address these limitations, techniques for transient water measurement in fuel cells

have been developed, including infrared adsorption sensors [100, 120, 141, 142], gas

chromatography [143, 144], and setups involving relative humidity and temperature

sensors [145, 146]. Among these, the relative humidity and temperature sensors are

the cheapest and can be used to quantify transient water transport in PEMFCs with

high accuracy.

To study water transport in operating PEMFCs, a reliable technique is also needed

to quantify the amount of liquid water in the electrodes. To date, this has been done

with either ex-situ experiments [63, 147], analyzing in-situ tomography images [27,

33–35, 93, 105, 107, 108, 148–154] or via two-phase numerical modeling [25, 54, 155–

164]. The use of imaging techniques requires specialized equipment and training,

thus is costly and takes a long time, and the accuracy of the results is limited by

spatial and temporal resolutions and the domain size. To the best of the authors’

knowledge, there is no experimental work except imaging on estimating the real-time
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porous transport layer saturation in an operating PEMFC.

1.3.2 Water transport in polymer electrolyte membrane

The water transport properties of Nafion® membranes have been widely measured us-

ing techniques such as dynamic vapor sorption (DVS) [165, 166], pulsed field gradient

nuclear magnetic resonance (PFG-NMR) spectroscopy [167–169], quasi-elastic neu-

tron scattering (QENS) [170, 171], dynamic infrared spectroscopy [172], and liquid-

vapor (L-V) or vapor-vapor (V-V) permeation [133, 173–177]. Kusoglu andWeber [43]

conducted a comprehensive review of these techniques and observed that the reported

bulk diffusivities of Nafion® (proton exchange membrane) varied widely, i.e., from

10−9 to 10−5 cm2/s, depending on experimental techniques used to obtain and in-

terpret the measured data (whether or not interfacial resistances were considered).

For example, the L-V [133, 173–176, 178] and V-V permeation methods [133, 174,

175, 179] provided very different diffusivity estimates because the exchange of wa-

ter at the interfaces limited the overall transport in Nafion® membranes [133, 166,

173–175, 180–183]. The challenge of using the V-V setup is that it involves bulk and

interfacial transport across two interfaces: absorption on the wet side and desorption

on the dry side. The L-V configuration allows for the wet interface to be eliminated

from the analysis, as the interfacial transport resistance across the boundary between

liquid water and the membrane is negligible [43, 175, 177, 184]. The relative im-

portance of interfacial exchange depends on the thickness and water content of the

membranes. Monroe et al. [174] argued that interfacial transport was limiting in

Nafion® membranes of thickness less than 300 µm, which is significantly thicker than

commercial PEMs of 20-50 µm [146, 178, 185–187]. Kienitz et al. [175] concluded

that interfacial resistance can be dominant, especially in thin and dry membranes.

Based on the previous literature, L-V permeation setups are well established for the

estimation of the rate of water desorption from membranes. This rate can then be

used as an initial estimate in the V-V analysis, where, according to Ge et al. [133],
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the desorption rate might be lower and depends on the membrane water content.

Only a few articles have discussed the water transport properties of anion exchange

membranes [146, 178, 185–187]. Marino et al. [186] measured the water diffusion co-

efficient for the Fumapem® FAA-3 membrane using PFG-NMR method. Eriksson et

al. [146] and Myles et al. [185] used the permeation setup to measure the water diffu-

sivity for the Tokuyama A201 (L-V and V-V) and SnowPure Excellion™ I-200 (V-V),

respectively. However, interfacial resistances were not considered in the data analy-

sis [146, 185, 186]. Luo et al. [178] used the L-V permeation method to measure the

water diffusivity and the interfacial desorption rate for the HMT-PMBI (Aemion®)

and Fumapem® FAA-3 membranes. During their measurements, the dry side was

equilibrated with water vapor at a fixed relative humidity (RH) of 40% and a mem-

brane temperature of 70 ◦C, and the diffusivity and interfacial desorption rate were

given under this specific condition. Li et al. [187] measured the bulk diffusivity and

the interfacial desorption rate of the Tokuyama A201 membrane using an L-V per-

meation setup, where the wet and dry sides were equilibrated with liquid water and

dry oxygen, respectively. When the water diffusivity and the interfacial desorption

rate were determined from the experimental data, the RH variation along the dry

flow channel due to water crossover was not considered and instead the membrane

was assumed to be equilibrated with an averaged RH on the dry side. As a result,

the reported interfacial exchange rate varied with the gas flow rate. The literature

review shows that interfacial transport rates were either not considered in the data

analysis [146, 185, 186] or not given as a function of the membrane water content [178,

187]. Thus, development of an experimental methodology and an appropriate model

to interpret the data and to quantify the interfacial transport rate as a function of

the water content and temperature for anion exchange membranes is required.
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1.3.3 Impact of MPL introduction and operating conditions
on water management

Although there is a consensus in the literature that the introduction of MPLs in

membrane electrode assemblies improves interfacial contact [32, 72, 94, 114, 188] and

prevents the carbon fibers of GDL from penetrating the membrane and shorting the

cell [114, 188], there is less agreement on the exact influence of MPLs on water man-

agement. Some researchers concluded that the cathode MPL increases the amount of

water transport from the cathode to the anode to facilitate the removal of water from

the anode side [25, 54, 56, 61–63, 92–100]; however, others showed that the impact

of MPL on water crossover is limited [55, 65, 136–138].

It is hypothesized that the contradictory conclusions on the impact of the MPL on

water transport between the cathode and anode might be due to the varying operating

conditions and the water phase in the catalyst-coated-membrane. For example, fully

humidified or over-saturated conditions were used in at least one side of the electrodes

in [55, 65, 136–138]. Under these conditions, the membrane can come into contact

with liquid water and become fully hydrated [1, 43, 133, 189]. This likely switches the

primary mode of bulk water transport in the membrane from diffusive to hydraulic [43,

44, 123, 159, 190], and overall water transport might increase compared to the case

where the PEM is vapor equilibrated.

Previous water transport studies have not measured the average water saturation

in the electrodes; however, operating conditions and the MPL also have a crucial

impact on the water accumulation. The small and hydrophobic pores of the MPL

might prevent small interfacial droplets at the CL surface from growing into large

ones, merging and eventually forming a liquid water film [15, 34, 35, 50, 56, 61,

72, 93, 94, 96, 155, 156]. Similarly, high temperature operation could result in the

quick evaporation of produced liquid water in the electrode [25, 50, 55]. Thus, high

temperature and MPLs might reduce the saturation level at the CL and PTL interface

and increases the supply of reactant to the catalyst sites by providing pathways for
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the reactant to diffuse around the localized liquid water blockages in the GDL [25,

50, 61]. Cracks in MPLs, such as those observed in commercial SGL BC-series [33,

72, 191], were also found to increase the removal rate of liquid water by providing

additional transport pathways [33, 50, 70, 72, 96, 97, 105–108]. With higher capillary

pressure due to the small pores of MPL, the rate of liquid water removal at break-

through from cathode CL to cathode gas flow channels [33, 63, 188, 192] is increased.

For example, Gostick et al. [63] showed that liquid water break-through from the CL

to the GDL via the MPL resulted in a reduction of overall water saturation in GDL

from 27% to 3%.

Based on the above, it is of paramount importance to study the effect of operating

conditions on water crossover and accumulation. Furthermore, the effect of the MPL

on water crossover and accumulation should be evaluated at varying conditions to

assess the reason for the discrepancies observed in the literature. Basically, does the

MPL improve the cathode-to-anode water crossover? And under what conditions?

1.3.4 Impact of CL composition and loading on water man-
agement

Catalyst layer ionomer loading affects the reactant supply to the catalyst sites, the

removal of ORR product water, and proton transport [43, 193, 194]. It has been

reported that high Nafion loading can substantially enhance proton conductivity

of CLs, but result in a high resistance to oxygen transport to the active site by

reducing the porosity of the catalyst layers [111, 195], thereby reducing transport

and possibly inducing significant water flooding [110], especially when operating the

PEMFC at high current densities under wet/cold conditions. Furthermore, Nafion

has a different wettability than carbon and, therefore, changes in ionomer loading are

likely to influence water retention in the catalyst layer. Therefore, an optimal Nafion

loading that achieves a balance between protonic conductivity and water transport

and accumulation is needed. Many studies have been conducted in the literature to
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explore the optimal Nafion loading [78, 110, 196–207], as well as ionomer-gradient

designs [202, 208–214]; however, these studies have focused on the impact of Nafion

loading on in-situ performance, e.g., electrochemical surface area, protonic resistance,

and polarization-curve, but none have quantified its effect on water transport and liq-

uid water accumulation in operating PEMFCs.

Developing low platinum loading CL while preserving fuel cell performance is cru-

cial for reducing PEMFC cost; however, water management of low PL catalyst layers

is more critical, due to their inherently low water capacity, which has been suggested

to make them more susceptible to flooding [91, 159]. For example, Kongkanand and

Sinha [91] experimentally found that thin CL showed large voltage undershoots dur-

ing current up-transients from 0.02 to 1.0 A/cm2 at 80 ◦C and 100% RH, whereas

thicker CLs exhibited a more robust voltage response. They postulated that thin

CLs, owing to their limited water storage capacity, do not allow sufficient time for

water removal and, therefore, are easier to flood during current up-transients at wet

condition; however, this conclusion was based on a non-isothermal transient model

but was not experimentally validated. Zenyuk et al. [159] also observed a significant

impact of CL thickness on saturation in catalyst layer via mathematical modeling,

e.g., 2.2 times higher at 5 µm than 2 µm. An experimental study analyzing the rela-

tionship between CL loading and flooding for carbon-supported platinum electrodes

is needed to validate numerical results and has not yet been reported.

Adachi et al. [215] demonstrated that the introduction of a catalyst layer onto one

or both sides of the PEM did not discernibly alter the water transport flux crossing

the membrane via ex-situ vapor-vapor permeation method. This indicates that the

CL might have a negligible effect on water transport across the membrane, implying

that water crossover should not be modified by CL composition and loading; how-

ever, in-situ polarization-curve measurements suggested that both Nafion loading [78,

110, 196–207] and CL thickness [91, 159] have a noticeable influence on cell perfor-

mance. The divergent observations obtained from ex-situ and in-situ experiments
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underscore the importance of accurately quantifying the impact of these changes on

water transport in operating PEMFCs.

1.4 Thesis Objectives

The overall objective of this thesis is to experimentally quantify the impact of cell

component and operating conditions modifications on the real-time water transport

and liquid water accumulation within an operating PEMFC. To achieve this goal, the

following objectives will be addressed:

1. Objective #1: Develop a water balance setup that enables the real-time mea-

surement of water transport between the anode and cathode electrodes and

liquid water accumulation in the MEA inside operating PEMFCs.

2. Objective #2: Characterize water transport in proton and anion exchange mem-

branes using the developed water balance setup.

3. Objective #3: Study the impact of operating conditions and MPL addition

to the cathode transport layer on the performance, water transport and liquid

water accumulation in PEMFCs using the developed water balance setup.

4. Objective #4: Study the impact of cathode CL Nafion and platinum loadings

on the performance, water transport and liquid water accumulation in PEMFCs

using the developed water balance setup.

1.5 Thesis Outline

There are six chapters in this thesis. The current chapter establishes the foundational

context by presenting the motivation for this thesis, introducing the background of

PEMFC operation principles, conducting a literature review of the pertinent subject

matter, and outlining the set objectives. A detailed description of the developed wa-

ter balance setup, which allows for real-time measurement of water fluxes entering
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and leaving the anode and cathode of an operating PEMFC and liquid water accu-

mulations in PTL, is given in Chapter 2. The developed water balance setup is then

used in Chapters 3−5 to address the objectives formulated above. The water balance

setup was first used to quantify the water transport in proton and anion exchange

membranes in Chapter 3. Then, the impact of operating conditions and micro-porous

layers on the water transport and accumulation in PEMFCs was studied in Chapter 4.

Lastly, the impact of cathode catalyst layer Nafion and platinum loadings on the wa-

ter transport and accumulation in PEMFCs was studied in Chapter 5. Summarizing

the culmination of these extensive investigations, Chapter 6 provides an overview of

the main findings from this thesis. Moreover, it serves as a launchpad for future

research endeavors, outlining prospective avenues that merit exploration.
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Chapter 2

Methodology1

The focus of this chapter is to introduce the water balance setup used in the next

chapters to quantify the real-time water transport and liquid water accumulation in

operating PEMFCs. Ex-situ and in-situ experiments were conducted to validate the

developed water balance setup, and an uncertainty analysis was also performed based

on error propagation of relative humidity and temperature sensors, absolute pressure

transducers and gas flowmeters uncertainties. Based on the measured water fluxes

entering and leaving the anode and cathode of the operating PEMFC, a comprehen-

sive approach is proposed for estimating the cathode-to-anode water crossover and

distinguishing the water accumulated in the membrane from the liquid water in the

porous media. This chapter also outlines the experimental conditions and electro-

chemical characterizations used to analyze the impact of operating conditions and

MPL addition to cathode GDL (see Chapter 4) and cathode catalyst layer Nafion

1Parts of this chapter are reproduced from the following publications:

a F. Wei, A. Kosakian, J. Liu, J. Kracher, R. Khan, and M. Secanell, “Water transport in anion
and proton exchange membranes,” Journal of Power Sources, vol. 557, p. 232 494, 2023. doi:
https://doi.org/10.1016/j.jpowsour.2022.232494.

b F. Wei, A. Kosakian, and M. Secanell, “Effect of operating conditions and micro-porous layer
on the water transport and accumulation in proton exchange membrane fuel cells,” Chemical
Engineering Journal, p. 144 423, 2023. doi: https://doi.org/10.1016/j.cej.2023.144423.

c F. Wei, A. Kosakian, J. Liu, and M. Secanell, “Effect of Cathode Catalyst Layer Nafion and
Platinum Loading on the Dynamic Transport and Accumulation of Water Inside an Operating
PEMFC,” (under review).

Author contributions are detailed in the Preface of this thesis.
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and platinum loading (see Chapter 5) on water management.

2.1 Experimental setup

The experimental setup to measure water transport, shown in Figure 2.1a and 2.1b,

consisted mainly of a Scribner 850e fuel cell testing station, four custom-built sensor

boxes (referred as water balances in this thesis), and fuel cell hardware. The four water

balances, consisting of a relative humidity and temperature sensor (Sensirion SHT85)

and a pressure transducer (Omega MMA030USBHK2C0T8A6CE), were located at

the inlet and outlet of the tested cell to measure the relative humidity, temperature,

and absolute pressure of the gas-vapor mixture. Special measures were taken to

eliminate the presence of liquid water in the tubing so as to not underestimate the

water flux and to avoid electrical shorts in the RH and temperature sensors. To

achieve a stable temperature at the sensors and prevent condensation, the inlet and

outlet water balances were immersed in heated water baths set to 95 ◦C, and heating

tape was used to cover the exposed pipes between the fuel cell and the water balance.

The heating tape at the cell inlet (tape #1 in Figure 2.1b) was set to 5 ◦C higher than

the cell temperature, and the tapes down stream of the cell (tapes #2 and #3) were

set to 115 ◦C. During the experiments, the flow rates of dry reactants entering the

fuel cell were measured separately from the test station mass flow controllers using

two flowmeters (Alicat, M-5SLPM-D/5M) located between the gas cylinders and the

test station as shown in Figure 2.1b in order to increase the accuracy of the inlet

water flux estimation. The temperature of the anode and cathode end plates of the

fuel cell hardware was controlled separately to provide accurate temperature control.
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Figure 2.1: (a) Experimental setup for the in-situ testing, (b) schematic of the setup,
(c) fuel cell flow field and (d) schematic of the water transport.
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2.2 Theory

2.2.1 Water flux determination

The molar flow rates of the water entering the anode and cathode of the operating

PEMFC were calculated using the dry flow rates of the gas supply (hydrogen and air in

the anode and cathode, respectively) corrected to standard conditions of 101.325 kPa

and 273.15 K (V̇ gas,in), the relative humidity (RHsensor,in), temperature (Tsensor,in), and

the absolute pressure (P∞,in) of the gas-vapor mixture. The molar flow rates of dry

hydrogen and air were calculated using the ideal gas law as

Ndry,gas,in =
P0 · (V̇ gas,in [slpm])

R · T0 · (60 [s])
, (2.1)

where P0 is 101.325 kPa, T0 is 273.15 K, andR is the gas constant, i.e., 8.3145 J/(mol·K).

The molar flow rates of water entering the anode and cathode of the tested cell were

calculated as

Nwater,in = Ndry,gas,in ·
Pvapor,in

P∞,in − Pvapor,in

, (2.2)

where Pvapor,in is the inlet vapor pressure calculated using the Buck equation [216]:

Pvapor,in = RHsensor,in · 0.61121 · exp
(︃[︃

18.678− Tsensor,in

234.5

)︃(︃
Tsensor,in

257.14 + Tsensor,in

)︃]︃
.

(2.3)

It should be noted that Tsensor deviated from the water bath temperature, i.e., 95 ◦C.

This is because the gas-vapor mixtures were pre-heated, either by the Scribner test

station or custom-built heating tapes, before their temperature was measured by the

SHT85 sensors.

Due to the higher temperature of the water baths than the cell, the RH readings

from the Sensirion SHT85 sensors (RHsensor,in) were different from the inlet (RHin)

and outlet (RHout) RHs in the gas flow channels; therefore, RHin and RHout were

calculated as

RHin =
Pvapor,in

Psat

, (2.4)
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and

RHout =
Pvapor,out

Psat

, (2.5)

where Psat is the saturation pressure calculated using eq. (2.3) with RH and T equal

to 100% and cell temperature, respectively; Pvapor,out is the outlet vapor pressure

calculated using eq. (2.3) with RH and T measured by the outlet relative humidity

and temperature sensors.

Calculating the molar flow rates of the water leaving the anode and cathode of

the operating PEMFC (Nwater,out) is similar to the water entering the fuel cell us-

ing eq. (2.2). However, the dry molar gas flow rate leaving the fuel cell (Ndry,gas,out)

must be corrected to account for the consumption of hydrogen in the HOR and oxy-

gen in the ORR and for the reactant crossover. Since reactant crossover was found

negligible, the dry molar flow rate of hydrogen and nitrogen-oxygen mixture leaving

the anode and cathode of the operating PEMFC at given cell current were calculated

as

Ndry,gas,out,a = Ndry,gas,in,a −
I

2 · F (2.6)

and

Ndry,gas,out,c = Ndry,gas,in,c −
I

4 · F (2.7)

for the anode and the cathode, respectively, where I is the current and F is the

Faraday constant, i.e., 96485 C/mol.

2.2.2 Water crossover determination

The anode and cathode electrodes were considered to be two coupled control volumes

separated by the membrane, as indicated in Figure 2.1d, in order to calculate the

overall water distribution and net water flux across the membrane within an operating

PEMFC. The net molar water crossover flux through the membrane (Ncrossover) was

defined as the difference in the molar flow rates between the water entering and leaving

the anode or cathode. A positive value represented a net water transport from anode
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to cathode. Note that, in Chapter 5, the direction of water crossover was reversed as

the net water was found to transport from the cathode to the anode. For the anode,

the water crossover flux was

Ncrossover,a = Nwater,in,a −Nwater,out,a, (2.8)

and for the cathode,

Ncrossover,c = Nwater,out,c −Nwater,in,c −Nwater,prod, (2.9)

where Nwater,prod is the molar flow rate of water produced in ORR calculated as

Nwater,prod =
I

2 · F . (2.10)

In the absence of liquid water accumulation, Ncrossover = Ncrossover,a = Ncrossover,c.

When RHout at the cathode was 100%, Ncrossover,a ̸= Ncrossover,c due to water accu-

mulation in the cathode. In this case, Ncrossover was measured using the anode water

crossover, i.e., Ncrossover,a.

In this thesis, the dimensionless water crossover (β) represents the water flux ratio

of crossover to produced water by the ORR, which was calculated as

β =
Ncrossover

Nwater,prod

. (2.11)

2.2.3 Determination of accumulation and saturation

2.2.3.1 Water accumulation in the MEA

If water is accumulated in the MEA at a given time instant, the total amount of

water leaving the operating PEMFC (Nwater,out,a + Nwater,out,c) will be lower than

the sum of the amounts of water entering the cell (Nwater,in,a + Nwater,in,c) and water

produced in ORR (Nwater,prod). Thus, the total amount of water accumulated in the

MEA (VMEA,water(t)) can be determined by

VMEA,water(t) =
Mwater

ρwater

∫︂ t

t0

(︂
Nwater,in,a +Nwater,in,c +Nwater,prod −Nwater,out,a −Nwater,out,c

)︂
dt,

(2.12)
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where Mwater and ρwater are the molecular weight and density of liquid water, respec-

tively.

The total amount of water in the MEA can be divided into water accumulated in

the polymer electrolyte and in the porous media. Compared with the membrane and

the PTLs, accumulation of water in the ionomer and pore phases of catalyst layers

can be neglected due to their relatively small volume, and thus

VMEA,water(t) = ∆VPEM,water(t) + VPTL,water(t), (2.13)

where ∆VPEM,water(t) and VPTL,water(t) are the amounts of water accumulated in the

membrane and in the PTLs, respectively.

2.2.3.2 Water accumulation in the membrane

The volume of water accumulated in the membrane (∆VPEM,water(t)) was determined

as the difference between the water content at a given time t (VPEM,water(t)) and the

initial water content (V 0
PEM,water), i.e.,

∆VPEM,water(t) = VPEM,water(t)− V 0
PEM,water. (2.14)

The total volume of water contained inside the membrane was calculated as

VPEM,water =
ρPEM

EWPEM

· λPEM · Mwater

ρwater
· VPEM, (2.15)

where λPEM is the water content of the membrane, ρPEM is the dry polymer density

(2 gPEM/cm
3
PEM [43, 217, 218]), EWPEM is its equivalent weight (1100 gPEM/molSO−

3

[218, 219]), and VPEM is the volume of the dry membrane, calculated as

VPEM = LPEM · APEM = 25 µm · 5 cm2 = 1.25× 10−2 cm3
PEM, (2.16)

where LPEM and APEM are the dry thickness and active area of the Nafion NR-211

membrane, respectively. The initial water content for the calculation of V 0
PEM,water

in eq. (2.14) was determined from the sorption isotherm (see Chapter 3), assuming

the water activity (aw) of the inlet,

λPEM = 14.25aw − 23.95a2w + 21.11a3w. (2.17)
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For the real-time measurements, the water content was estimated based on [220]

σPEM,H+ = (−0.020634 + 0.01052 λPEM − 1.0125 · 10−4 λ2
PEM) exp

[︃
6248

R

(︃
1

303
− 1

Tcell

)︃]︃
,

(2.18)

where R is the gas constant (8.3145 J/(mol·K)), and Tcell is the cell temperature, and

σPEM,H+ is the protonic conductivity of the membrane, determined from the current

interrupt resistance (CIR) using

σPEM,H+ =
LPEM

CIR−Rextra

, (2.19)

where Rextra is the resistance from fuel cell hardware, PTLs and CLs, and it was

found to be approximately 28 mOhm·cm2 by measuring the ohmic resistance of an

electrochemical cell with a CCM replaced with a 3-mil-thick copper foil.

In order to make sure the method outlined above provided physically meaningful

values, the water activity was estimated and compared to the outlet RH assuming

the membrane is in equilibrium with the water vapor. In this case, the water activity

was estimated from the inverse of eq. (2.17),

aw =
1.77λPEM + 0.121λ2

PEM + 0.0317λ3
PEM

28.3− 5.32λPEM + 0.907λ2
PEM

. (2.20)

2.2.3.3 Water accumulation and saturation in the PTLs

With the amount of water accumulated in the MEA (VMEA,water(t)) and the change

in the water content in the membrane (∆VPEM,water(t)) known, the amount of wa-

ter accumulated in the PTLs (VPTL,water(t)) at a given time instant was found from

eq. (2.13). Due to the relatively small density of vapor, water accumulated in the

PTLs was assumed to be in liquid form, and the corresponding saturation was found

using

SPTL(t) =
VPTL,water(t)

Vvoid

, (2.21)

where Vvoid is the total PTL pore volume. The method described above does not

allow for the direct differentiation between liquid water accumulation in the anode
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and cathode PTLs. In the calculations, the pore volume of the cathode PTL was used

under the assumption of predominant cathode flooding. The assumption is based on

observations showing the RH first reaches 100% at the cathode outlet. Saturation

above one would indicate flooding of both anode and cathode PTLs. In this thesis,

either the SGL 29BA or 29BC with a pinch of approximately 68µm was used as the

cathode PTL.

The total pore volume of SGL 29BA was calculated as

Vvoid = εAL = 82.87% · 5 cm2 · 122 µm = 5.055× 10−8 m3, (2.22)

where A is the in-plane area of the GDL (5 cm2), L is the thickness of the compressed

GDL (122 µm) based on the 5 mil rigid gasket used, and ε is the porosity of the

compressed GDL, which was calculated as [92]

ε = 1− L0

L
(1− ε0) = 1− 190 µm

122 µm
(1− 0.89) = 82.87%, (2.23)

where L0 and ε0 are the thickness and porosity of the uncompressed GDL, respectively.

SGL BC samples are composed of three sub-regions, i.e., pure MPL, MPL-GDL

intermediate and pure GDL regions [107, 221, 222]. Unfortunately, there are no

studies in the literature that characterize the thickness and porosity of each sub-

region of SGL 29BC with the same pinch as in this thesis. Porosity profile of SGL

25BC, a predecessor of 29BC, under the pinch of 75 µm has been measured using

µCT technique by Lee et al. [107] The thickness of pure MPL, MPL-GDL intermediate

and pure GDL regions were 22, 119 and 35 µm, respectively. The porosity profile

was found to monotonically increase from the pure MPL to the pure GDL regions as

the amount of MPL intrusion diminished. In this thesis, the total pore volume of the

SGL 29BC was found by integrating the local 25BC porosity reported in [107], which

gave 4.144× 10−8 m3. The total pore volume of SGL 25BC is lower than that of SGL

29BA with the pinch of 68 µm due to the intrusion of MPL into the GDL.
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2.2.4 Uncertainty analysis

In this thesis, the dry nitrogen flow rate, RH, temperature, and absolute pressure were

measured using the sensors discussed above. An uncertainty analysis was performed

based on error propagation [223, 224] from each of the sensors. The estimated overall

error for the water crossover measurements was

ωNcrossover =
√︂
ω2
Nwater,in

+ ω2
Nwater,out

, (2.24)

where ωNwv,in
and ωNwv,out are the uncertainties for the inlet and outlet water flux in

the anode or cathode side, respectively. They are given as

ωNwater =

√︄(︃
ωNgas

∂Nwater

∂Ngas

)︃2

+

(︃
ωPvap

∂Nwater

∂Pvap

)︃2

+

(︃
ωP∞

∂Nwater

∂P∞

)︃2

=

√︄(︃
ωNgas

Pvap

P∞ − Pvap

)︃2

+

(︃
ωPvap

Ngas P∞

(P∞ − Pvap)
2

)︃2

+

(︃
ωP∞

Ngas Pvap

(P∞ − Pvap)
2

)︃2

,

(2.25)

where ωNgas , ωP∞ and ωPvap are the uncertainty for the dry gas flow rate, absolute

pressure and vapor pressure, respectively. The uncertainty for the dry gas flow rate

(ωNgas) is calculated using the manufacturer data (Alicat M-5SLPM-D/5M flow me-

ter):

ωNgas =
P0 ·

(︂√︂
B2

Ngas
+ P 2

Ngas
[slpm]

)︂
R · T0 · (60 [s])

[mol/s]

=
101.325 [kPa] · (

√︁
(0.1% · 5 [slpm])2 + (0.0063 [slpm])2)

8.3145 [J/(mol·K)] · 273.15 [K] · (60 [s])
[mol/s]

= 5.981× 10−6 [mol/s],

(2.26)

where BNgas is the systematic or bias uncertainty provided by the manufacturer,

and PNgas is the precision uncertainty determined from the standard deviation of the

measurements. The accuracy of the Alicat M-5SLPM-D/5M flow meter is ±0.1% of

full scale (5 slpm), and the precision uncertainty was found to be ±0.0063 slpm.
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Next, the uncertainty for the absolute pressure (ωP∞) in eq. (2.25) was calculated

as

ωP∞ =
√︂

B2
P∞

+ P 2
P∞

=
√︁

(0.05% · 200 [kPa])2 + (0.040 [kPa])2

= 0.11 [kPa],

(2.27)

where ±0.05% of full scale (200 kPa) is the accuracy of the pressure transducers and

±0.040 kPa is the precision uncertainty found in this thesis.

The uncertainty for the vapor pressure (ωPvap) in eq. (2.25) is calculated as

ωPvap =

{︄(︃
ωRH · ∂Pvap

∂RH

)︃2

+

(︃
ωT · ∂Pvap

∂T

)︃2
}︄1/2

=

{︄(︃
2% · Pvap

RH

)︃2

+

[︃
(0.0033 · T − 0.06) · Pvap ·

(︃(︃
− T

234.5 · (257.14 + T )

)︃

+

(︄
257.14

(257.14 + T )2

)︄(︃
18.678− T

234.5

)︃)︄]︄2⎫⎬⎭
1/2

,

(2.28)

where ωRH and ωT are the accuracies of the relative humidity and temperature mea-

sured using the Sensirion SHT85 sensors [225], respectively. They are given as{︄
ωRH = ±2%

ωT = ±(0.0033 · T − 0.06).
(2.29)

Once the individual uncertainties are known, rearranging eq. (2.25) gives,

ωNwv =

{︄(︃
5.981× 10−6

Pvap

P∞ − Pvap

)︃2

+

(︄
ωPvap

4.05× 10−4 P∞

(P∞ − Pvap)
2

)︄2

+

(︄
0.11

4.05× 10−4 Pvap

(P∞ − Pvap)
2

)︄2
⎫⎬⎭

1/2

.

(2.30)

The relative uncertainty in the water crossover, i.e.,

ωNcrossover

Ncrossover

, (2.31)
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Figure 2.2: Uncertainty analysis for water crossover.

was found to be less than 23.6% in this thesis. Figure 2.2 shows the water crossover

uncertainty (calculated using eqs. (2.24) to (2.30)) at varying operating conditions

for the outlet RH ranged from 75 to 100%. A lower relative uncertainty of water

crossover could be achieved by increasing the active area and thus water crossover

flux (Ncrossover). However, this would have likely resulted in either super-saturated

conditions or large pressure drops in the channels as larger flow rates would have

been necessary to avoid super-saturation of the gas stream.

2.2.5 Bias estimation

Two bias estimation experiments were performed, before and after any electrochemi-

cal experiment at each operating condition, by holding the cell at OCV for 10 minutes

and measuring any difference between the inlet and outlet water fluxes. The second

bias estimation experiment was conducted to make sure that the water flux bias was

the same after the experiments. The averaged bias between the two experiments was
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assumed to be due to the measurement uncertainty and used to correct the measured

water fluxes.

2.3 Validation of experimental setup

The capability of the developed water balance setup to accurately track the water

fluxes that enter and leave the anode and cathode of the PEMFC was verified via

ex-situ and in-situ validation tests.

2.3.1 Ex-situ validation

Before any water transport measurements were conducted, the capability of the ex-

perimental setup to accurately measure the water flux in the gas-vapor stream was

verified. To validate the experimental setup developed in this thesis, humidified ni-

trogen was routed from the fuel cell test station directly to the inlet water balance

setup, then the outlet water balance, and finally a forced air condensing unit. The

inlet and outlet water balances were connected using a stainless steel tube heated to

105 ◦C; the tested cell was not included in the validation experiments. The exper-

imental setup was validated by comparing the mass of water measured by the inlet

and outlet water balances and the combined mass of the condensed water and the wa-

ter vapor retained in the exhaust gas-vapor mixture. The exhaust gas-vapor stream

was assumed to be fully saturated (100% RH) under the room temperature (around

25 ◦C) and pressure (around 93.5 kPa). The water mass in the nitrogen-vapor stream

was calculated using eqs. (2.1) to (2.3), and the condensed water was weighed with a

precision balance (Denver Instruments SI-603, ± 0.1 mg).

In this thesis, validation experiments were carried out using 1.0 slpm nitrogen flow

with dew points corresponding to approximately 30, 50 and 70% RH at 80 ◦C. To

accumulate enough condensed water, the three experiments were run for 2, 1 and 1

hours, respectively. The results of the ex-situ validation experiments are summarized

in Table 2.1. As shown in the table, the three water masses in all three cases were in
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Table 2.1: Ex-situ validation of the experimental setup.

Validation
Water mass by

inlet water
balancea (g)

Water mass by
outlet water
balancea (g)

Water mass by
condenserb (g)

Anode 30% RH 18.16±0.25 18.55±0.26 18.12±0.01

50% RH 16.14±0.24 16.33±0.25 16.51±0.01

70% RH 26.09±0.44 26.28±0.45 26.63±0.01

Cathode 30% RH 18.01±0.25 17.76±0.25 18.09±0.01

50% RH 16.06±0.24 16.01±0.25 16.26±0.01

70% RH 25.76±0.44 26.00±0.45 26.32±0.01

a The error is the uncertainty of the water balance setup.
b The error is the uncertainty of the precision balance used to weigh the condensed water.

good agreement with each other, confirming the capability of the experimental setup

developed in this thesis to measure water flux in the gas-vapor mixture.

2.3.2 In-situ validation

The in-situ validation experiments were carried out using the same experimental con-

figuration as later discussed in Chapter 4 under 80 ◦C with 70% RH. The water

balance setup was validated by comparing: (1) the molar rates of water produced in

ORR measured using the developed water balance and estimated using eq. (2.10);

and (2) the molar rates of water transport between the electrodes measured using

the anode and cathode water balances during galvanodynamic polarization sweeps

and current holds. The molar rate of water production in ORR measured using the

developed water balance was calculated as the difference in the molar rates of water

leaving and entering the fuel cell, and the molar rates of water transport between

the electrodes measured using anode and cathode water balances were calculated us-

ing eqs. (2.8) and (2.9), respectively. The results of the in-situ validation experiments

in Figure 2.3 show that the molar rate of water production that was measured us-

ing the developed water balance was in good agreement with the theoretical value
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Figure 2.3: In-situ validation results obtained from (a) polarization and (b) current
hold experiments at 80 ◦C and 70% RH with 29BC in the cathode. Positive values
of water crossover direct from the anode to the cathode electrode.
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estimated using eq. (2.10). This also indicates that there was no significant liquid

water accumulation in the porous media under 80 ◦C and 70% RH. The molar rate

of water transport between the electrodes measured using the anode and cathode

water balances was also in good agreement. Furthermore, as seen in Figure 2.3a,

both anode and cathode results indicated that the water crossover stopped increasing

when current density reached approximately 1.1 A/cm2, which was likely due to the

increased electro-osmotic drag of water from anode to cathode. These observations

confirm the capability of the water balance setup developed in this thesis to track the

real-time water fluxes entering and leaving the anode and cathode of an operating

PEMFC and thus to calculate the water crossover and liquid water accumulation in

the electrodes.

2.4 Electrochemical characterization

2.4.1 Experimental conditions

In this thesis, two cells were assembled and tested for each PEMFC configuration

to verify the reproducibility of the measurements. Water transport in PEMFCs was

investigated under four conditions using hydrogen in the anode (0.5 slpm) and air in

the cathode (0.5 slpm): 1) 60 ◦C with 70% RH; 2) 80 ◦C with 30% RH; 3) 80 ◦C

with 50% RH; and 4) 80 ◦C with 70% RH. The flow rates were fixed at 0.5 slpm for

hydrogen and air, respectively corresponding to stoichiometric factors between 8.5

and 11.2 and from 3.5 to 4.7 at 1 A/cm2 for the selected operating conditions. In all

tests, a backpressure of 50 kPa (gauge) was applied and controlled by an automatic

backpressure regulator (Scribner 850BP). During all experiments, absolute pressures,

RHs, temperatures and reactant flow rates were recorded every second to calculate the

real-time fluxes of water that enter and leave the anode and cathode of the operating

PEMFCs.
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2.4.2 Electrochemical characterization

In this thesis, electrochemical characterizations were carried out as follows. During

polarization-curve and current hold experiments, current density, voltage and current

interrupt resistance (CIR, estimated using the current interrupt method [132]) were

measured every second.

2.4.2.1 Cell conditioning

After fuel cell assembly, the cell was conditioned at 80 ◦C and 80% RH using hydrogen

(fixed 0.3 slpm) and air (fixed 0.6 slpm) for 16 half-hour-long steps from 0.1 to 4 A

(except 0.1 to 0.5 A for CL design 3 with 40 wt.% NL in Chapter 5) with 30-second

open circuit voltage (OCV) intervals between each step.

2.4.2.2 Electrochemical surface area measurement

Electrochemical surface area was obtained from cyclic voltammetry (CV), before and

after all in-situ tests, with 40 mV/s scan rate from 0.05 to 0.8 V at 50 ◦C using fully

humidified hydrogen (0.2 slpm) and nitrogen (0.05 slpm) as the gas supply to the

anode and cathode, respectively. The ECSAs at the beginning of tests (BOT) and

the end of tests (EOT) were estimated from the hydrogen adsorption and desorption

peaks (between 0.05 and 0.4 V) using the method discussed in Ref. [132].

2.4.2.3 Polarization curve measurement

At each operating condition, the cell was first preconditioned by holding for 10 minutes

at 0.2 A/cm2. The polarization curve was then measured forward and backward in

the galvanodynamic mode with currents ranging from 0 A (OCV) to 10 A (or 0.3 V,

whichever was reached earlier) in 5 mA steps every second with one full sweep.

2.4.2.4 Current hold experiment

Current hold experiments were performed by holding the cell at current densities

from 0.2 to 1.4 A/cm2 for 15 minutes at each current density. The initial 10 minutes
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were used to stabilize the cell under the given current density, and the averaged data

measured during the last 5 minutes were used to calculate the water fluxes.

2.5 Conclusions

An experimental water balance setup for quantifying the real-time water transport

between the electrodes and accumulation in the operating PEMFCs was developed

and validated in this chapter. The water balance setup, composed of four relative

humidity and temperature sensors, four absolute pressure transducers and two gas

flowmeters, was used to track the real-time molar flow rates of water that enter and

leave the anode and cathode of the operating PEMFCs. The developed setup makes

it possible to detect when flooding starts in the MEA and in which compartment it

takes place. Therefore, the presented setup can be turned into a relatively simple and

cost-effective strategy for real-time monitoring, detection, and prevention of flooding

in industrial applications.
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Chapter 3

Water Transport in Anion and
Proton Exchange Membranes1

Water transport in proton exchange membrane fuel cells is crucial because water

not only affects the supply of reactant but also the durability of the catalyst. In

anion exchange membrane fuel cells, water transport is even more important because

water not only is produced in the anode but also functions as a reactant in the

cathode. Therefore, accurate measurement of water transport properties of proton

and anion exchange membranes is paramount for membrane design to improve fuel cell

performance and durability. The water transport properties of Nafion® membranes

have been widely measured, and the relative importance of interfacial exchange was

found to depend on the thickness and water content; however, results in the literature

for diffusivity and interfacial rates in Nafion® vary by several orders of magnitude.

Only few studies reported water transport properties of AEMs; and even in those

limited studies, interfacial transport rates were either not considered in data analysis

or not given as a function of water activity. In this chapter, the water balance setup,

1Parts of this chapter are reproduced from the following publication:

1. F. Wei, A. Kosakian, J. Liu, J. Kracher, R. Khan, and M. Secanell, “Water transport in anion
and proton exchange membranes,” Journal of Power Sources, vol. 557, p. 232 494, 2023. doi:
https://doi.org/10.1016/j.jpowsour.2022.232494.

2. F. Wei, A. Kosakian, J. Liu, J. Kracher, R. Khan, and M. Secanell, “Corrigendum to “Water
transport in anion and proton exchange membranes” [J. Power Sources 557 (2023) 232494],”
Journal of Power Sources, vol. 576, p. 233 214, 2023, issn: 0378-7753

Author contributions are detailed in the Preface of this thesis.
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based on the liquid-vapor permeation method, was used to determine the water flux

across the Nafion® N211, N212, N115 and N117 with varying thicknesses (from 1 to

7 mil) and fabrication methods (cast and extruded) at multiple operating conditions.

Using three numerical models developed in this chapter, i.e., diffusion-dominated,

desorption-dominated and combined diffusion-and-desorption transport, the results

of water flux across the membrane were analyzed. The measured rates of water

desorption were compared with literature to verify whether the developed setup is

capable of correctly identifying interfacial transport as limiting water transport mode

in liquid-equilibrated Nafion® membranes. The same methodology was applied to

analyze the anion exchange membranes, i.e., Aemion® AH1-HNN8-50-X, Fumapem®

FAA-3-30/50, and Versogen™ PiperION-A40.

3.1 Materials and experiments

3.1.1 Sample preparation and cell assembly

Four proton exchange (Nafion® N115, N117, N211 and N212) and four anion ex-

change (Aemion® AH1-HNN8-50-X, Fumapem® FAA-3-30, Fumapem® FAA-3-50

and Versogen™ PiperION-A40) membranes were investigated (Table 3.1). Two sam-

ples, 4 cm by 4 cm in size, of each membrane (three samples in the case of N117) were

prepared and tested to assess repeatability. Nafion® N115 and N117 were pre-treated

in boiling deionized (DI) water for 30 minutes before testing, while N211 and N212

were tested as received. Anion exchange membranes were converted to bicarbonate

form (HCO−
3 ) by first immersing them in an aqueous solution of 1 M sodium bicar-

bonate (NaHCO3) at room temperature for 48 hours, replacing the solution after the

first 24 hours, and then soaking them in DI water for 24 hours before rinsing them

with DI water three times to remove the residual sodium bicarbonate.

The membranes were sandwiched between 25 mm by 25 mm SGL 29AA gas dif-

fusion layers (GDLs). The GDL-membrane assembly was then introduced into a
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Scribner fuel cell hardware with 14 parallel flow channels. The length, width, depth

and number of the flow channels was 25 mm, 0.86 mm, 1 mm and 14, respectively.

The width of the land between two flow channels was 0.82 mm. Two 6-mil PTFE-

coated fiberglass gaskets with a 25 mm by 25 mm window were used on each side

of the GDL-membrane assembly to prevent gas leakage and provide consistent con-

tact between the membrane and GDL, which was confirmed using pressure-sensitive

paper.

3.1.2 Experimental setup and conditions

Figure 3.1 shows the experimental setup used to measure the water transport proper-

ties of the membranes. As shown in Figures 3.1a and 3.1b, the setup consisted mainly

of a Scribner 850e fuel cell station, two custom-built water balances, the cell hardware

and a peristaltic pump (GILSON® MINIPULS 3). The temperature of the anode

and cathode end plates of the fuel cell hardware was controlled separately. In this

chapter, the water transport properties were measured at 60, 70 and 80 ◦C. The two

sides of the tested cell were fed a nitrogen-vapor mixture and liquid water, respec-

tively. On the dry side, nitrogen gas at 0.5 slpm with varying RH (10–50%) was fed

to the cell. On the wet side, DI water was first preheated to a temperature of 10 ◦C

higher than that of the cell and then circulated through the cell using the peristaltic

pump at a fixed rate of 150 cm3/min, where it was assumed to have reached thermal

equilibrium with the cell hardware. Two custom-built water balances, consisting of

relative humidity and temperature sensors (Sensirion SHT85) and pressure transduc-

ers (Omega MMA030USBHK2C0T8A6CE), were located at the inlet and outlet of

the tested cell to measure the relative humidity, temperature, and absolute pressure

of the gas-vapor mixture. Special measures were taken to eliminate the presence of

liquid water in the cell’s channel and the setup’s tubing so as to not underestimate

the water flux and to avoid electrical short of the RH and temperature sensors. To

prevent condensation, the inlet and outlet water balances were immersed in heated
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water baths set at the same temperature as the tested cell and heating tapes were

used to cover exposed pipes with the inlet and outlet heating tape temperature set

to the cell temperature and 105 ◦C, respectively. The outlet water balance was open

to the atmosphere.

During the experiments, the dry nitrogen flow rate measured using an Alicat

flowmeter (M-5SLPM-D/5M), the RH and temperature, and the absolute pressure

were recorded at 1 Hz. For each experimental condition in this chapter, the measure-

ment was carried out for 1.5 hours and the experimental data obtained in the last 30

minutes were averaged and used in the simulations discussed in Section 3.2.

3.2 Mathematical model

The experimental data measured in this chapter was analyzed with the mathematical

model developed by Aslan Kosakian, a post-doctoral fellow at ESDLab. The model

is described in detail as follows.

The developed model is pseudo-2D, with the first dimension across the membrane

(z) and the second dimension along the dry channel (x), as shown in Figure 3.1c. A

single dry channel of effective width equal to the product of the number of the parallel

channels and the width of a single channel is considered. Assuming the interfacial

resistance to water transport across the membrane-liquid boundary is negligible [43,

175, 177, 184], the water content on that side of the membrane is assumed constant

and equal to the known liquid-equilibrated value. Therefore, mass transport in the

wet channel is not considered. Since GDLs do not contribute significantly to the

overall resistance to water transport in permeation setups [232], mass transport in

those layers is not modeled, and distribution of water vapor in GDLs is assumed

uniform. The rest of the model assumptions are as follows:

• the setup is operated at steady state;

• membrane swelling is not considered, and its thickness is assumed constant;
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Figure 3.1: Experimental setup for the water transport properties measurements of
AEM and PEM materials: a) the experimental setup, b) schematic of the setup and
c) schematic of water transport in the cell.
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• all gases are assumed to obey the ideal-gas law;

• bulk transport of water in the membrane is governed by Fick’s law;

• since both sides of the cell are maintained at similar pressure, diffusion is as-

sumed to be the main mode of transport of water within the membrane, and

its permeation is assumed negligible.

To analyze the relative contribution of the bulk and interfacial transport mecha-

nisms to the overall water transport across the membrane, three model modifications

were considered. In the first mathematical model, identical to that of Motupally et

al. [189], only the diffusion of water across the sample was simulated. In that case,

the exchange of water at the membrane-gas interface was assumed infinitely fast. In

the second model, the membrane was assumed to be fully liquid-equilibrated with no

concentration gradient within it, and the transport was assumed to be fully governed

by desorption at the membrane-gas interface. Both diffusion and desorption were

taken into account in the third model.

3.2.1 Governing equations

3.2.1.1 Model 1: Diffusion-dominated transport

Water conservation and transport in the dry channel is described with the following

equation [189]:
dNwv,x

dx
− wPEM

wchh
Nwv,z = 0, (3.1)

where Nwv is the molar flux of water vapor (mol/ (cm2 · s)), wPEM and wch are the

width of the membrane (cm) and the effective width of the channel (cm), respectively,

and h is the channel depth (cm). The flux of water vapor along the channel is related

to the inlet flux of nitrogen through

Nwv,x =
xwv

1− xwv

NN2,x. (3.2)

48



Note that the nitrogen flux is constant along the channel due to the assumption

that no gas crosses the membrane. Inside the membrane, Nwv,z is a diffusive flux of

absorbed water and is given by [189]

Nwv,z = −ρm,dry

EW
Dλ(λ, T )

dλ

dz
, (3.3)

where ρm,dry is the dry membrane density (g/cm3), EW is its equivalent weight

(g/molSO−
3
in Nafion® and g/molmolN+ in the alkaline counterparts), λ is the water

content (molH2O/molSO−
3
for Nafion® and molH2O/molN+ for AEMs), and Dλ(λ, T ) is

the diffusion coefficient (cm2/s). At a given location along the channel and at steady

state, the water vapor flux in eq. (3.3) is the same throughout the membrane, and

thus its integration across the membrane gives

Nwv,z = − ρm,dry

EWδm

λ(z=δm)∫︂
λ(z=0)

Dλ(λ, T )dλ, (3.4)

where δm is membrane thickness (cm), λ(z = 0) is the known liquid-equilibrated

water content, and λ(z = δm) is the water content at the membrane-gas interface.

Substituting this result into eq. (3.1), the following ordinary differential equation

(ODE) is obtained with respect to the molar fraction of water vapor in the channel,

xwv [189]:

dxwv

dx
= − wm

wchh

(1− xwv)
2

NN2,x

ρm,dry

EWδm

λ(z=δm)∫︂
λ(z=0)

Dλ(λ, T )dλ. (3.5)

The molar fraction of water vapor at the starting point of the channel, xin
wv, is used

as the initial condition. It is calculated from the experimentally measured inlet vapor

pressure, pinwv, and the absolute gas pressure at the inlet, pintot:

xin
wv =

pinwv

pintot
.

While the lower limit of the integral in eq. (3.5) is the liquid-equilibrated water

content in the membrane and is constant, the upper limit depends on the relative
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humidity at the given location z of the channel. This relative humidity is related to

the molar fraction of water vapor through

RH =
xwv ptot
pwv,sat

, (3.6)

where pwv,sat is the pressure of saturated water vapor at the given temperature. Be-

cause the upper limit of the integration depends on the solution variable and because

Dλ is a highly nonlinear function of λ, ODE eq. (3.5) is solved numerically using the

solve ivp function from SciPy [233] with the adaptive LSODA algorithm [234, 235].

The absolute and relative solution tolerances of 10−3 in the ODE solver were found

optimal in terms of accuracy and computational time. Ten times stricter tolerances

resulted in an insignificant change in the outlet vapor molar fractions (e.g., within

0.05% for Nafion® N211). The computational time of each diffusion simulation for a

single experimental condition was on the order of 0.1 s using Intel® Xeon® E5-2690

v2 CPU at 3.00 GHz.

3.2.1.2 Model 2: Desorption-dominated transport

Equations (3.1) and (3.2) describe the change in water molar fraction along the dry

channel due to the crossover through the membrane. They are still valid in this

modification of the model where only desorption at the membrane-gas interface is

considered. However, the crossover flux Nwv,z in eq. (3.1) is no longer assumed to be

diffusive. This flux is now described by the desorption of water at the membrane-gas

interface:

Nwv,z =
ρm,dry

EW
kdes(λ(z = δm)− λeq(xwv)), (3.7)

where kdes = kdes(λ(z = δm), T ) is the desorption rate that depends on water content

at the interface and temperature [133]. Equilibrium water content, λeq(xwv), is deter-

mined from a sorption isotherm. Substituting eqs. (3.2) and (3.7) into eq. (3.1) and

rearranging, one obtains an ODE for the water molar fraction along the dry channel:

dxwv

dx
=

wm

wchh

(1− xwv)
2

NN2,x

ρm,dry

EW
kdes(λ(z = δm)− λeq(xwv)). (3.8)
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Due to the assumption of no concentration gradient across the membrane, the

water content at the membrane-gas interface, λ(z = δm), is known in this case and is

equal to the equilibrium water content of the given membrane in contact with liquid

water. Equation (3.8) is solved the same way as eq. (3.5). The computational time

was on the order of 1 ms for a single simulation.

3.2.1.3 Model 3: Combined diffusion-and-desorption transport

When the concentration gradient across the membrane cannot be neglected, λ(z = δm)

in eq. (3.8) is unknown. It is determined from the balance of the flux of water diffusion

across the membrane (eq. (3.4)) and the flux of water desorption (eq. (3.7)):

− 1

δm

λ(z=δm)∫︂
λ(z=0)

Dλdλ = kdes(λ(z = δm)− λeq(xwv)). (3.9)

Equations (3.8) and (3.9) represent a system of governing equations for the diffusion-

desorption model. This system must be solved iteratively, as it is implicit in λ(z =

δm).

At the first iteration of the ODE solver, xwv corresponds to the known inlet RH.

Therefore, λeq(xwv) is known at that point, and eq. (3.9) is solved with respect

to λ(z = δm) using Brent’s bracketing method [236, 237] from SciPy [233]. Then,

eq. (3.8) is advanced to determine xwv at the next channel location, and the process

repeats. The computational time for a single simulation was on the order of 1 s.

3.2.2 Water uptake

Equations (3.5), (3.8), and (3.9) involve the water content at the membrane-gas in-

terface, λeq(xwv). Its value is found through the sorption isotherm (the water-uptake

curve) for the given material. For all of the samples tested in this chapter, the sorp-

tion isotherm is given by the following polynomial for water activity, aw (equilibrium

RH):

λeq = α0 + α1aw + α2a
2
w + α3a

3
w, 0 < aw < 1. (3.10)
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Equation (3.10) does not contain a temperature correction due to the weak depen-

dence of water uptake in Nafion® membranes on temperature (the available uptake

data at 25–80 ◦C [168, 227, 228, 238–244] does not exhibit a clear temperature trend

and has a relatively low sensitivity to the change in temperature) and the scarcity of

data for AEMs.

The polynomial coefficients for each membrane are listed in Table A.1. The uptake

curve for Nafion® N117 was obtained by Springer et al. [239] by fitting Zawodzinski

et al.’s [168] measurements at 30 ◦C. The same uptake was assumed for Nafion®

N115, which differs from N117 only in thickness. The rest of the sorption isotherms

were obtained in this chapter as discussed in Section A.1.1 of the Appendix by fitting

experimental data from Refs. [228, 231, 238, 243–247].
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Figure 3.2: Comparison of the sorption isotherms for Nafion® N11X, Nafion® N21X,
Aemion® AH1-HNN8-50-X (HMT-PMBI), Fumapem® FAA-3, and Versogen™
PiperION-A40 membranes (eq. (3.10) and Table A.1). The individual fits are shown
in Figures A.1a, A.2a, A.3a, and A.4a.

Figure 3.2 shows a comparison of the sorption isotherms (eq. (3.10)) with coeffi-
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cients from Table A.1. It can be seen from the comparison (Figures 3.2 and A.1a)

that the fabrication method of Nafion® does not seem to have a strong influence

on its water uptake. The water uptake by the considered alkaline membranes is not

too different from that by acidic Nafion®. The uptake by Aemion® and Fumapem®

materials (Figures 3.2, A.2a and A.3a), similarly to that by Nafion®, does not appear

to have a strong dependence on temperature, although more experimental data are

needed to verify this conclusion.

The maximum water content in vapor-equilibrated Nafion® is 14.0 molH2O/molSO−
3

and 11.4 molH2O/molSO−
3
for N11X and N21X, respectively, as seen in Figure 3.2. Both

values are significantly lower than the water content in liquid-equilibrated Nafion®,

22 molH2O/molSO−
3
(Table 3.1). This discrepancy in the amount of water in Nafion®

equilibrated with saturated vapor and with liquid water is known as Schröder’s para-

dox [43, 248]. One possible explanation for this phenomenon is the difference in the

morphological structure of Nafion® in contact with gaseous and liquid water: a hy-

drophobic, fluorine-rich skin layer is formed at the Nafion®-gas interface and causes

an additional transport resistance as compared with the Nafion®-liquid boundary [43,

172, 184, 249]. It is noteworthy that Schröder’s paradox does not imply discontinuity

in the water content. For instance, Hwang et al. [184] conducted X-ray microto-

mography measurements of water-content distribution across a Nafion® membrane

exposed to dry gas and liquid water on its opposite sites; the reported distributions

are continuous with no abrupt changes in the internal water content.

Schröder’s paradox appears to occur in AEMs as well. It is as significant in

Aemion® AH1-HNN8-50-X as it is in Nafion®, with the water content changing from

13.8 molH2O/molN+ under vapor-equilibrated conditions (Figure 3.2) to 25 molH2O/molN+

in contact with liquid water (Table 3.1). This difference in the water content is far less

noticeable in Versogen™ PiperION-A4 (12.7 and 13.8 molH2O/molN+) and Fumapem®

FAA-3 (9.9 and 12.5 molH2O/molN+).
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3.2.3 Water diffusivity

Water diffusivity in the polymer electrolyte in eqs. (3.5) and (3.9) was computed

as [133, 168, 189, 190, 239]

Dλ =
∂ ln aw
∂ lnλ

Dµ =
∂ ln aw
∂ lnλ

βDαλfV exp

[︃
βE

Ea

R

(︃
1

303
− 1

T

)︃]︃
, (3.11)

where Dµ is the empirical expression for the diffusion coefficient of water related

to the chemical-potential gradient suggested by Weber and Newman [190] based on

the analysis of experimental data. Coefficient αλ (cm2/s) in eq. (3.11) is a constant

prefactor,

fV =
λVw

Ve + λVw

is the volume fraction of water in the ionomer,

Vw =
MH2O

ρlw

is the molar volume of water (cm3/mol),

Ve =
EW

ρm,dry

is the molar volume of the dry polymer (cm3/mol), and Ea is the activation energy

(J/mol). Scaling factors βD and βE in eq. (3.11) that modify the values of αλ and Ea

were estimated based on the experimental data obtained in this chapter as discussed

later. This approach was selected over the direct quantification of αλ and Ea in an

attempt to make the optimization parameters as close to each other by magnitude

as possible and thus improve the quality of the fit. For all membranes, reference

values αλ = 2.72 · 10−5 cm2/s and Ea = 20 kJ/mol were used as estimated by Ge et

al. [133] and Yeo and Eisenberg [250] for Nafion®. The fitted scaling factors indicate

the relative change in the diffusivity prefactor and the activation energy with respect

to their reference values.

The Darken factor [43, 133, 189, 190],

D =
∂ ln aw
∂ lnλ

(3.12)
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in eq. (3.11) was computed by inverting the experimentally measured isotherms from

Refs. [228, 231, 238, 239, 243, 244, 247], fitting the resulting curves with eq. (A.8) us-

ing the SLSQP algorithm in SciPy [233] following the same procedure that was used for

the water-uptake curves, and analytically differentiating the fit using Maxima [251].

The details of this approach are provided in Section A.1.2 of the Appendix. As

discussed in that section, this approach results in a single diffusivity expression (as

opposed to the separate expressions for the low and high water content [133, 189])

and involves only one curve-fitting procedure, which minimizes the numerical error.

The fitted inverse sorption isotherms are provided in eq. (A.8) and Table A.2. The

analytically computed Darken factor was of the form

D =
δ0 + δ1λ+ δ2λ

2 + δ3λ
3 + δ4λ

4

ε0 + ε1λ+ ε2λ
2 + ε3λ

3 + ε4λ
4 + ε5λ

5
. (3.13)

The coefficients of the equation above are given in Table A.3. The Darken factors

derived in this chapter for Nafion® N11X, Nafion® N21X, Aemion® AH1-HNN8-

50-X, Fumapem® FAA-3, and Versogen™ PiperION-A40 membranes are compared

in Figure A.5.

The peak in the Darken factor at the water content of about 2–3 molH2O/molion is

due to the plateau in the sorption isotherms at the intermediate water activity (Fig-

ure 3.2). The Darken factors shown in Figure A.5 are extended beyond the maximum

water content in vapor-equilibrated membranes at unit water activity found from the

sorption isotherms (eq. (3.10) and Table A.1) to the liquid-equilibrated water content

from Table 3.1. In that region, the Darken factors are quasi-linear, in agreement with

the results of Motupally et al. [189] and Ge et al. [133]. As in references [133, 189],

it was assumed in this chapter that the derived Darken factors and thus diffusion co-

efficients of water were valid between the vapor-equilibrated and liquid-equilibrated

water contents.
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3.2.4 Interfacial water transport

The expression for the rate of water desorption at the membrane-gas interface was

adopted from Ge et al. [133]:

kdes = βdαdesfV exp

[︃
βE

Ea

R

(︃
1

303
− 1

T

)︃]︃
, (3.14)

where αdes = 4.59·10−3 cm/s and Ea is assumed the same as for the diffusion coefficient

(eq. (3.11)) [133]. Coefficients βd and βE are scaling factors that are determined as

discussed later. The fitted scaling factors indicate the relative change in αdes and Ea

with respect to their reference values.

3.2.5 Input parameters

Cell-geometry parameters of the model and operating conditions are listed in Ta-

ble 3.2. Properties of the membranes that were considered in this chapter are sum-

marized in Table 3.1.

3.2.6 Fitting methodology

The scaling factors βD, βE, and βd in eqs. (3.11) and (3.14) were used as fitting param-

eters and were adjusted so that the model reproduced the experimentally measured

water flux across the given membrane. The residual of the fit was defined as

Residual =

⌜⃓⃓⃓
⎷ N∑︁

i=1

(︃
Nexp

wv,i−Nsim
wv,i

Nexp
wv,i

)︃2

N
, (3.15)

where N is the total number of the experimental data points.

The fitting was performed in Python in two stages. First, a grid search was per-

formed for the scaling factors with the brute-force method from SciPy [233]. Once

the grid point with the lowest residual was found, it was supplied as an initial guess

to the Nelder-Mead method [233] so that a more optimal solution would be found.

The Nelder-Mead iterations were considered converged when the residual stopped

changing within the given absolute tolerance, which was set to 10−4.

56



Table 3.2: Input parameters of the model: cell geometry and operating conditions.

Parameter Value

Geometry

Number of channels (nch) 14

Effective channel width (wch), mm 11.48

Width of each channel (wch/nch), mm 0.82

Channel depth (h), mm 1

Channel length (Lch), cm 2.5

Membrane width (wPEM), cm 2.5

Membrane thickness (δm), cm Table 3.1

Operating conditions

Flow rate of dry N2, slpm 0.545

Temperature, ◦C 60, 70, 80

Inlet RH, % 10–50%

For all of the three models discussed in Section 3.2, the search bounds were 10−3 ≤

βD ≤ 10, 0.1 ≤ βE ≤ 5, and 10−3 ≤ βd ≤ 100. Due to the large variation in the

order of magnitude in βD and βd, the respective search bounds were split into smaller

regions, and fitting was repeated until a solution that did not lie at the boundary

was obtained. For model 1 (diffusion), fifty points were used in each direction (βD

and βE). Fifty nodes in βE and two hundred nodes in βd were used for model 2

(desorption). Twenty points in each direction (βD, βE, and βd) were used in model 3

(diffusion and desorption).
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3.3 Results and discussion

3.3.1 Nafion® proton exchange membranes

3.3.1.1 Identification of the limiting mode of water transport via experi-
ments and simulations

The molar flow rate of water crossing the tested membrane was measured and com-

pared for Nafion® materials of different thickness in order to verify that the developed

experimental setup and mathematical model correctly capture the dominance of the

interfacial exchange in the overall transport of water [133, 166, 173–175, 178, 180–

183]. Four Nafion® membranes were used for this purpose: N211 (25 µm), N212

(50 µm), N115 (127 µm), and N117 (183 µm).

The experimentally measured outlet RH and water flux across the Nafion® mem-

branes are shown in Figure 3.3. The error bars are a combination of the experimental

uncertainty (see Section 2.2.4 for their calculation) and the standard deviation be-

tween the measurements. As shown in the figure, outlet RH increased with the inlet

RH but never reached saturation for the considered operating conditions and mem-

branes. There were no significant differences in the measured outlet RH and water

flux across the membranes of the same type (N21X or N11X) at 60, 70 and 80 ◦C.

Since the water flux was independent of the sample thickness in each membrane pair

(extruded or cast), the interfacial exchange was likely limiting the overall transport

of water in Nafion®, in agreement with the previous literature [133, 166, 173–175,

178, 180–183]. The water flux measured across the cast N21X membranes was signif-

icantly different from that across the extruded N11X samples, and the discrepancy

increased with temperature. One possible explanation for this could be that Nafion®

N11X dried out more than N21X at the elevated temperature and thus bulk transport

became non-negligible. Alternatively, the N11X and N21X samples may have had dif-

ferent sensitivity of water desorption to temperature due to their distinct fabrication

methods. The mathematical models developed and discussed in Section 3.2 were used

to analyze the measurements and to test the aforementioned hypotheses.

58



W
at

er
 c

ro
ss

ov
er

, 1
0-5

 m
ol

/s

2.5

3

3.5

4

4.5

5

5.5

Inlet RH, %
25 30 35 40 45 50 55

 N115
 N117
 N211
 N212

60 oC

60 oC

 N115
 N117
 N211
 N212

a)

O
ut

le
t R

H
, %

65

70

75

80

85

Inlet RH, %
25 30 35 40 45 50 55

 N115
 N117
 N211
 N212

60 oC

b)

W
at

er
 c

ro
ss

ov
er

, 1
0-5

 m
ol

/s

4

5

6

7

8

9

10

Inlet RH, %
15 20 25 30 35 40 45 50 55

 N115
 N117
 N211
 N212

70 oC

70 oC

 N115
 N117
 N211
 N212

c)

O
ut

le
t R

H
, %

55

60

65

70

75

80

85

Inlet RH, %
15 20 25 30 35 40 45 50 55

 N115
 N117
 N211
 N212

70 oC

d)

W
at

er
 c

ro
ss

ov
er

, 1
0-5

 m
ol

/s

6

8

10

12

14

16

18

Inlet RH, %
10 20 30 40 50

 N115
 N117
 N211
 N212

80 oC

80 oC

 N115
 N117
 N211
 N212

e)

O
ut

le
t R

H
, %

45

50

55

60

65

70

75

80

Inlet RH, %
10 20 30 40 50

 N115
 N117
 N211
 N212

80 oC

f)

Figure 3.3: Experimental measurements of water transport through Nafion® N115,
N117, N211 and N212 at 60, 70 and 80 ◦C: a), c) and e) water crossover; and b), d)
and f) outlet RH.

59



The scaling factors for diffusivity, activation energy, and desorption rate (eqs. (3.11)

and (3.14)) obtained by fitting the measured water fluxes are provided in Table 3.3.

A good fit was obtained in all cases with the relative residual (eq. (3.15)) of 9–

12%, which was reasonable considering the experimental water-flux uncertainty within

23.6%. The three fits were equivalent in the sense that the fitting residual was lower

than the experimental uncertainty. The example data fits obtained with model 2

(desorption) are shown in Figure A.6 and discussed in Section A.2.1 of the Appen-

dices. Models 1 (diffusion) and 3 (diffusion and desorption) produced nearly identical

activation-energy scaling factors for each individual Nafion® membrane but an order

of magnitude different diffusivity scaling factors. Models 2 (desorption) and 3, on

the other hand, resulted not only in a matching activation energy but also in similar

desorption coefficients. Since the combined model 3 encapsulates both diffusion- and

desorption-limited scenarios, it is possible for it to achieve the same solution as the

diffusion-limited model 1 if a large desorption scaling factor is used (making desorp-

tion fast). However, the fits with models 2 and 3 are more in line with the observation

of desorption-limited transport made earlier based on the experimental data in Fig-

ure 3.3, where water flux across Nafion® N11X and N21X samples did not scale with

their thickness. Therefore, the fits obtained with models 2 and 3 are deemed more

realistic as compared with the results of the diffusion-dominated model 1. Since dif-

fusion likely did not contribute significantly to the overall water transport through

Nafion® membranes, it is possible that the lower water flux through the N11X mem-

branes at the elevated temperature seen in Figure 3.3 was due to the different surface

morphology of the considered Nafion® samples prepared with extrusion (N11X) and

casting (N21X).

To further verify the dominance of interfacial transport in Nafion®, water-content

drop across all membranes, computed with models 1 (diffusion) and 3 (diffusion and

desorption), was plotted as illustrated in Figure 3.5 at the dry-channel inlet (solid

lines) and outlet (dashed lines). All data are shown for the extreme case of 80 ◦C and
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Table 3.3: Fitted scaling factors for diffusion, desorption, and activation energy for
Nafion® membranes and the corresponding fitting residual and R2 values. The
physical properties without scaling (βD = βd = βE = 1) are 2.72 · 10−5 cm2/s,
4.59 · 10−3 cm/s, and 20 kJ/mol, respectively.

Result
Model 1
Diffusion

Model 2
Desorption

Model 3
Diffusion and desorption

Nafion® N115

Diffusion (βD) 0.158 — 3.74

Desorption (βd) — 0.0175 0.0184

Activation energy (βE) 2.31 2.29 2.29

Relative residual, % 10.8 11.6 11.5

R2 0.918 0.900 0.902

Nafion® N117

Diffusion (βD) 0.268 — 2.74

Desorption (βd) — 0.0202 0.0224

Activation energy (βE) 2.17 2.17 2.18

Relative residual, % 10.1 10.8 10.8

R2 0.930 0.913 0.913

Nafion® N211

Diffusion (βD) 0.0231 — 0.260

Desorption (βd) — 0.0158 0.0160

Activation energy (βE) 2.72 2.72 2.79

Relative residual, % 9.37 9.52 9.59

R2 0.950 0.948 0.947

Nafion® N212

Diffusion (βD) 0.0530 — 0.314

Desorption (βd) — 0.0179 0.0211

Activation energy (βE) 2.54 2.55 2.54

Relative residual, % 8.79 9.02 9.14

R2 0.951 0.948 0.947
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Figure 3.4: Comparison of the water diffusivities fitted for Nafion® N117, N211, and
N212 with the literature data at a) 50 ◦C and b) 80 ◦C. The results were obtained
with model 3 (diffusion and desorption). Markers indicate the vapor-equilibrated
water content at 100% RH from Figure 3.2. Each graph is plotted up to the liquid-
equilibrated water content from Table 3.1. The literature data are from Refs. [133,
189, 239, 252, 253].

12 or 13% inlet RH in the dry channel; the water-content drop was smaller at the

lower temperature and/or higher inlet RH. Since the diffusive flux was integrated

(eqs. (3.5) and (3.9)) and the water content in the membrane was not solved for,

the distributions in the figure are shown as linear approximations. Both models

resulted in similar equilibrium water activity in the dry channel for each membrane,

with a higher water concentration upstream due to vapor accumulation, since the

inlet RH was taken from the experiments and the outlet RH was fitted to the same

data for each sample. However, the model with infinitely fast desorption (model 1)

predicted a large drop in water content across each membrane while the concentration

gradient obtained with model 3 was insignificant and nearly all of the water-content

change occurred at the dry-channel interface. These results are consistent with the

observation of significant water-transport resistance at the Nafion®-gas interface in

the literature [133, 166, 173–175, 178, 180–183].

The low sensitivity of the overall transport across membranes equilibrated with

liquid water on one side to the bulk transport made the determination of water dif-
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Figure 3.5: Comparison of the water-content drop across Nafion® membranes at the
dry-channel inlet (solid lines) and outlet (dashed lines) computed with: a) model 1
(diffusion) and b) model 3 (diffusion and desorption). All data are at 80 ◦C and 12
or 13% inlet RH in the dry channel.

fusivity using liquid-vapor permeation setups challenging and potentially inaccurate.

This is illustrated in Figure 3.4, where diffusion coefficients of water in Nafion® fitted

with model 3 (diffusion and desorption) are compared with the literature values from

Refs. [43, 133, 189, 239, 252, 253] [20, 151, 232, 310, 326, 327].

3.3.1.2 Rate of water desorption

The desorption coefficients calculated with eq. (3.14) and the fitted scaling factors

from Table 3.3 are plotted in Figure 3.6 at 60 and 80 ◦C. The presented results were

obtained with model 2 (desorption), as the contribution of diffusion to the overall

transport was small. The desorption rates may have been underestimated with model

2 which does not account for the plausible (albeit small) change in the water content

across the membranes suggested by the simulations with model 3 (Figure 3.5b). On

the other hand, transport in the bulk of the membrane was assumed to be purely

diffusive in model 3, which might not have been the case [43]. Nevertheless, both
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Figure 3.6: Comparison of the fitted water-desorption rates for Nafion® N117, N211,
N212, Aemion® AH1-HNN8-50-X, Fumapem® FAA-3-50, and Versogen™ PiperION-
A40 at a) 60 ◦C and b) 80 ◦C. The results were obtained with model 2 (desorption).
Markers indicate the vapor-equilibrated water content at 100% RH from Figure 3.2.
Each graph is plotted up to the liquid-equilibrated water content from Table 3.1.

models 2 and 3 yielded relatively similar desorption rates for each membrane. The

desorption rates obtained with model 3 are reported in Figure A.12.

The desorption rates for Nafion® membranes obtained in this chapter are of the

order 10−5–10−4 cm/s at 60–80 ◦C, which is in agreement with some of the previous

literature [92, 175, 180, 181, 183, 254–256]. A significantly higher desorption rate,

sometimes by several orders of magnitude, was reported in other studies [133, 166,

172–174, 176, 178, 182, 257, 258]. There appears to be no correlation between the

reported interfacial transport rate and the experimental technique used to measure

it, the operating temperature, or the type and thickness of the samples. There-

fore, the causes for the wide range of the desorption rates reported in the literature

(10−5–10 cm/s by magnitude) might be the specifics of the experimental apparatus

and methods, as well as the varying complexity of the mathematical models employed

in the data analysis.

As expected, the fitted exchange rate is similar for the Nafion® membranes of

the same type (N11X or N21X; Figure 3.6). Despite the higher desorption scaling

factor, a lower overall desorption rate (3.14) was estimated for Nafion® N11X than
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for N21X due to the lower activation energy for the former, as will be shown later. It is

hypothesized that the desorption rate and its activation energy depend on the nature

of the sites at the Nafion® surface that water is leaving (water clusters, sulfonic

groups, and fluoropolymers) [172]. Therefore, it is natural to expect some variability

in the measured desorption rate with the fabrication method of these membranes that

may affect the surface morphology.

3.3.1.3 Activation energy for water desorption

The activation energy calculated using the reference value of 20 kJ/mol [250] and

the scaling factors from Table 3.3 is 45.8 kJ/mol for Nafion® N115, 43.4 kJ/mol for

N117, 54.4 kJ/mol for N211, and 51.0 kJ/mol for N212. These values were obtained

with the desorption model; the diffusion-desorption model resulted in similar, within

2.6%, activation energies. Activation energy estimated in this chapter for Nafion®

is in line with that measured for the interfacial transport of water by Romero and

Mérida [257] but higher than experimentally estimated by others [166, 172, 255].

The activation energy for desorption obtained in this chapter and in the literature is

higher than the activation energy for water diffusion in Nafion® (20 kJ/mol [250],

9.1/11.6 kJ/mol [254], 18 kJ/mol [259], and 23 kJ/mol [260]), suggesting different

sensitivity of the interfacial and bulk water transport in these materials to temper-

ature. The activation energy for diffusion and desorption was assumed the same in

the mathematical model developed in this chapter (eqs. (3.11) and (3.14) share the

same scaling factor βd). However, as discussed before, the overall contribution of bulk

transport was small.

3.3.1.4 Can liquid-vapor permeation setups be used to measure water
diffusivity?

Since the concentration gradient across the membrane in liquid-vapor permeation

setups was small (Figure 3.5b), the fits with the diffusion-desorption model were

relatively insensitive to the diffusion coefficient as compared with the desorption rate.
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This is illustrated in Figure A.10, where the distributions of the residual (3.15) around

the fitted scaling factors βD, βE, and βd (Table 3.3) are shown.

Diffusion coefficients of water in Nafion® fitted with model 3 (diffusion and des-

orption) are shown in Figure 3.4. As expected, the measured water diffusivities for

Nafion® N211 and N212 matched. At the lower temperature (50 or 60 ◦C), these coef-

ficients were of the order 10−6 cm2/s, which was within the range 10−9–10−5 cm2/s re-

ported in a number of experimental studies using various techniques, such as tran-

sient gravimetric measurements, steady-state permeation, and nuclear magnetic res-

onance [43, 133, 189, 239, 252, 253]. However, the N211 and N212 diffusivities esti-

mated in this chapter exceeded the expected range at 80 ◦C. The diffusion coefficients

for N115 and N117 were an order of magnitude higher than that for the cast mem-

branes at both low and high temperature and nearly two orders higher than reported

for Nafion® N11X with similar liquid-vapor permeation setups [133, 189]. Addition-

ally, the diffusivities estimated for N115 and N117 did not match, even though the

two membranes differ only in their thickness. The observed discrepancy is due to the

low sensitivity of the overall transport of water to diffusion in membranes that are

liquid-equilibrated on one side. The relatively insignificant contribution of diffusion

makes it challenging to accurately estimate the water diffusivity using liquid-vapor

permeation setups. Furthermore, the high value of the activation energy fitted in

this chapter that mainly corresponded to the desorption process and not diffusion

resulted in a more rapid increase in diffusivity with temperature than expected from

the literature (Figure 3.4). Therefore, a combination of liquid-vapor and vapor-vapor

permeation setups with accurate numerical models for each case is recommended for

water-transport characterization of PEMs and AEMs. A vapor-vapor permeation

setup and a model where activation energy is different for diffusion and interfacial

transport may improve the diffusivity estimate. In that case, the number of fitting

scaling factors would increase from three (diffusivity, desorption rate, combined acti-

vation energy) to five (diffusivity and its activation energy, desorption and absorption
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rates, and activation energy of the interfacial transport). Vapor-vapor experiments

will be performed in future work to complement the current analysis.

3.3.2 Anion exchange membranes

3.3.2.1 Limiting mode of transport

The measured outlet RH and the crossover water flux for Aemion® AH1-HNN8-50-

X, Fumapem® FAA-3-30 and FAA-3-50, and Versogen™ PiperION-A40 are shown

in Figure 3.7. The crossover flux and the outlet RH measured with Fumapem®

FAA-3-30 and FAA-3-50 samples (30 µm and 50 µm, respectively) were within the

experimental uncertainty in all cases. This suggests that the interfacial transport

was dominating in Fumapem® membranes, in agreement with the results of Luo

et al. [178]. The difference between the water fluxes across the four AEMs was the

lowest at 60 ◦C and increased with temperature. Since the tested samples had similar

thickness (30 to 50 µm), the observed variability in the water flux was likely due to

the difference in the membrane materials and morphology.

Because Aemion® and Versogen™ PiperION samples of different thickness were

not available, conclusions on the limiting mode of transport could not be made based

on the experimental data. The measured water flux was processed with the three

developed mathematical models as discussed before. The fitted scaling factors for

diffusion, desorption, and activation energy are listed in Table 3.4. As it was the

case for Nafion®, models 1 (diffusion) and 3 (diffusion and desorption) resulted in

similar activation-energy scaling factors for each membrane but an order of magnitude

different diffusivity scaling factors while models 2 (desorption) and 3 produced similar

activation energy and desorption coefficients.

Water-content drop across the tested AEMs computed with models 1 (diffusion)

and 3 (diffusion and desorption) is illustrated in Figure 3.8 for the extreme case

of 80 ◦C and 12 or 13% inlet RH. Similarly to Nafion®, AEMs exhibited a large

water-content drop when infinitely fast desorption was assumed (Figure 3.8a) and
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Figure 3.7: Experimental measurements of water transport through Aemion® AH1-
HNN8-50-X, Fumapem® FAA-3-30/50, and Versogen™ PiperION-A40 at 60, 70 and
80 ◦C: a), c) and e) water crossover; and b), d) and f) outlet RH.
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Table 3.4: Fitted scaling factors for diffusion, desorption, and activation energy for
AEMs and the corresponding fitting residual and R2 values. The physical properties
without scaling (βD = βd = βE = 1) are 2.72 · 10−5 cm2/s, 4.59 · 10−3 cm/s, and
20 kJ/mol, respectively.

Result
Model 1
Diffusion

Model 2
Desorption

Model 3
Diffusion and desorption

Aemion® AH1-HNN8-50-X

Diffusion (βD) 0.0183 — 0.111

Desorption (βd) — 0.00768 0.0109

Activation energy (βE) 2.67 2.67 2.56

Relative residual, % 8.17 8.26 8.76

R2 0.961 0.959 0.959

Fumapem® FAA-3-30

Diffusion (βD) 0.0387 — 0.366

Desorption (βd) — 0.0313 0.0358

Activation energy (βE) 2.30 2.30 2.29

Relative residual, % 5.97 6.75 6.89

R2 0.977 0.971 0.970

Fumapem® FAA-3-50

Diffusion (βD) 0.0776 — 0.577

Desorption (βd) — 0.0369 0.0448

Activation energy (βE) 2.07 2.09 2.07

Relative residual, % 5.06 5.73 5.95

R2 0.983 0.977 0.976

Versogen™ PiperION-A40

Diffusion (βD) 0.0335 — 0.270

Desorption (βd) — 0.0259 0.0307

Activation energy (βE) 2.37 2.34 2.31

Relative residual, % 5.64 5.08 5.27

R2 0.979 0.983 0.982
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Figure 3.8: Comparison of the water-content drop across AEM membranes at the
dry-channel inlet (solid lines) and outlet (dashed lines) computed with: a) model 1
(diffusion) and b) model 3 (diffusion and desorption). All data are at 80 ◦C and 12
or 13% inlet RH in the dry channel.

a negligible concentration gradient when finite diffusion was included in the model

(Figure 3.8b). The nearly uniform water content close to the liquid-equilibrated

value for each membrane is consistent with the similarity of the fitted scaling factors

between the desorption-dominated and the combined diffusion-desorption models in

Table 3.4.

The experimentally measured water flux and the simulation results for Aemion®

and Versogen™ PiperION samples followed the same trends as those observed for

Nafion® and Fumapem® membranes where multiple thicknesses were available and

for which desorption was identified as the limiting mode of water transport in the

liquid-vapor scenario. Therefore, it is likely that desorption was limiting in Aemion®

and Versogen™ PiperION membranes as well. These results are in agreement with

the AEM literature [146, 178, 187].

3.3.2.2 Rate of water desorption

As shown in Figure 3.6, the exchange rates estimated for AEMs at 60–80 ◦C are of

the same order of magnitude as those for Nafion®, 10−5–10−4 cm/s. They are an
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order of magnitude lower than reported for Tokuyama A201 AEM (28 µm) by Li

et al. [187] (1.5 · 10−4–2.5 · 10−3 cm/s at 30–40 ◦C). Luo et al. [178] measured the

interfacial exchange rate to be 2.6 ·10−3 cm/s for HMT-PMBI (Aemion®, 12–70 µm)

and 3.0 · 10−3 cm/s for Fumapem® FAA3 (19–50 µm) at 70 ◦C and 40% RH. The

corresponding desorption rates estimated in this chapter are about 8.9 · 10−5 cm/s

and 2.0 · 10−4 cm/s at the same conditions, i.e., 29 and 15 times lower, respectively.

It is not clear how the interfacial exchange rate was computed by Luo et al., so the

discrepancy could be either due to the experimental setup or the method used to

extract this quantity, which might have resulted in coefficients with slightly different

physical interpretation. Given the scarcity of AEM data in the literature and the

large variability in the interfacial exchange rates in Nafion®, the desorption rates

obtained in this chapter for alkaline membranes are deemed reasonable.

As seen in Figure 3.6, Aemion® AH1-HNN8-50-X exhibits an exchange rate sim-

ilar to that of Nafion® N117. The smaller discrepancy between liquid- and vapor-

equilibrated water content (Schröder’s paradox) in Fumapem® FAA-3 and Versogen™

PiperION-A40 results in a less substantial differential water content in equation (3.7).

Despite the smaller water flux (Figures 3.3 and 3.7), this leads to two to three times

higher desorption rate measured for these materials as compared with those obtained

for Nafion® and Aemion® membranes. However, it is difficult to correlate the mea-

sured desorption rates directly with the magnitude of Schröder’s paradox: it is weaker

in Fumapem® FAA-3 and Versogen™ PiperION-A40 than in Aemion® AH1-HNN8-

50-X and also weaker in N11X than in N21X, yet the desorption rates follow the

opposite trends for AEMs and PEMs.

3.3.2.3 Activation energy for water desorption

The activation energy for water desorption from Aemion® AH1-HNN8-50-X was

found to be 53.4 kJ/mol, which is close to 52.7 kJ/mol estimated for Nafion® N21X

(average of N211 and N212). Nevertheless, the overall desorption rate for Aemion®
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shown in Figure 3.6 is lower than for N211 and N212 due to the lower scaling factor βd

(Table 3.4). Conversely, the lower activation energy of 46.0 kJ/mol and 41.8 kJ/mol

for Fumapem® FAA-3-30 and FAA-3-50, respectively, and 46.8 kJ/mol for Versogen™

PiperION-A40 did not result in a lower desorption rate in Figure 3.6 due to the sig-

nificantly higher βd (Tables 3.3 and 3.4). The provided activation energies for AEMs

were obtained with model 2 (desorption), and model 3 (diffusion and desorption)

resulted in activation energies that were within 4.3%.

3.4 Conclusions

An experimental setup and a numerical model were developed for the characteri-

zation of water transport in proton-exchange and anion-exchange membranes. The

presented setup, conceptually similar to the one described in Chapter 2, was used

to measure water flux across proton-exchange and anion-exchange membranes equili-

brated with liquid water on one side and vapor on the other side. These are the first

such measurements reported for Versogen™ PiperION membranes and the first for

Aemion® and Fumapem® performed at multiple temperature and RH conditions.

Three 1D mathematical models accounting for water diffusion, desorption, or the

combined transport were then used to analyze the experimental measurements. In

agreement with the literature [133, 146, 166, 173–175, 178, 180–183, 187], interfacial

exchange of water at the membrane-gas interface was identified as the limiting mode

of water transport in both PEMs and AEMs.

The rate of water desorption from Nafion® membranes measured in this chapter

was of the order 10−5–10−4 cm/s at 60–80 ◦C, within the range previously reported

in the literature [43], thereby validating the experimental setup and the analysis

approach used in this chapter. Water was found to desorb from Aemion® AH1-HNN8-

50-X at about the same rate as Nafion® N115 and N117, and the activation energy

for this process is also similar at 53.4 kJ/mol. On the other hand, Fumapem® FAA-

3-30 and FAA-3-50 and Versogen™ PiperION-A40 exhibit two to three times faster
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desorption and a lower activation energy: 46.0, 41.8, and 46.8 kJ/mol, respectively.

The liquid-vapor permeation analysis performed in this chapter allowed for the iso-

lation of the desorption process from the bulk transport and absorption of water that

would otherwise also take place in a vapor-vapor setup. This simplified the experi-

mental apparatus, the mathematical model used for the analysis, and the optimization

algorithm for fitting the measured data. The desorption rate and the corresponding

activation energy reported in this chapter can be used as initial estimates for the

combined absorption, diffusion, and desorption characterization of PEMs and AEMs

with vapor-vapor permeation setups.
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Chapter 4

Effect of Operating Conditions and
Micro-porous Layer on the Water
Transport and Accumulation in
Proton Exchange Membrane Fuel
Cells1

The water balance developed in Chapter 2 was used to measure water crossover be-

tween the anode and cathode electrodes and water accumulation in the MEA inside

operating PEMFCs and thus to understand the impact of operating conditions and

transport layer configurations on cell performance. The impact of operating condi-

tions on water crossover had not been previously studied in the literature. Similarly,

the literature was ambiguous regarding the role of the MPL on modifying water

transport across the membrane.

1Parts of this chapter are reproduced from the following publication:

1. F. Wei, A. Kosakian, and M. Secanell, “Effect of operating conditions and micro-porous layer
on the water transport and accumulation in proton exchange membrane fuel cells,” Chemical
Engineering Journal, p. 144 423, 2023. doi: https://doi.org/10.1016/j.cej.2023.144423

Author contributions are detailed in the Preface of this thesis.
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4.1 Materials and experiments

4.1.1 Sample preparation and cell assembly

Catalyst coated membranes were manufactured by inkjet printing 5 cm2 of catalyst

ink on a Nafion membrane (Ion Power, NR-211, 25.4 µm) [77, 261, 262]. The rela-

tively small active area was chosen to minimize the changes in concentration along

the channel and reduce the occurrence of two-phase flow in the channel, as large

liquid droplets might not be detected by the sensors. The catalyst layer ink, with a

30 wt.% Nafion loading, was first prepared by mixing isopropyl alcohol, propylene gly-

col, Nafion ionomer solution (Ion Power, Liquion solution LQ-1105 1100EW 5 wt.%)

and Pt/C catalyst (HyPlat, 40 wt.% platinum supported on Ketjenblack EC-300J)

using the procedures described in Refs. [25, 261]. A commercial piezo-electric printer

(Dimatix DMP-2831, Fujifilm Inc.) was then used to fabricate the cathode CL by

printing the ink layer-by-layer over the membrane until it reached a platinum loading

of 0.2 mgPt/cm
2
CL. Once the cathode CL was printed, it was dried overnight under

ambient conditions before printing the anode CL using the same protocol. The an-

ode side had a catalyst loading of 0.1 mgPt/cm
2
CL. The inkjet printed anode CL of

0.1 mgPt/cm
2
CL was found to have a thickness of 2.8 µm based on SEM measurement

in Ref. [92] and the cathode CL of 0.2 mgPt/cm
2
CL was assumed to have a thickness

of 5.6 µm.

The catalyst-coated-membrane was then sandwiched between a 5 cm2 Sigracet

SGL 29BC (GDL and MPL) on the anode and either a 5 cm2 SGL 29BA (only

GDL) or 29BC on the cathode. The MEA was then introduced into a Scribner fuel

cell hardware with 14 parallel flow channels, as shown in Figure 2.1c. The channel

length, width and depth were 22.4 mm, 0.86 mm and 1 mm, respectively. The width

of the land between two flow channels was 0.82 mm. Rigid gaskets of 7 mil and 5 mil

with a 5 cm2 window were used on the side of SGL 29BC and 29BA, respectively, to

prevent gas leakage and provide consistent contact between the CCM and the porous
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transport layers. The thickness and porosity were 182.8±3.9 µm and 88.6±0.2% for

uncompressed SGL 29BA (GDL only), respectively; and for uncompressed SGL 29BC

(MPL + GDL), they were 210.3±2.2 µm and 77.2±0.3%, respectively [4]. Assuming

CL deformation is negligible [92], and the compression is uniformly distributed for

SGL 29BA but not for SGL 29BC based on the literature results of imaging-based

analysis in the through-plane direction [107], the average thickness of compressed

SGL 29BA and 29BC is around 122 and 170 µm, respectively, i.e., approximate 34%

and 20% pinch.

4.2 Results and Discussion

Figure 4.1 shows polarization curve and dimensionless water crossover vs. current

density for two cells with (SGL 29BC) and without (SGL 29BA) MPL in the cathode

under varying operating conditions (current interrupt resistance and water crossover

are provided in Figure 4.2 and 4.3, respectively). Excellent reproducibility was

achieved between two cells. Figure 4.4 shows the real-time voltage, dimensionless wa-

ter crossover, and liquid water accumulation and saturation in the cathode electrode

obtained from the quasi-steady current hold experiments with 15 min for current

density ranging from 0.2 to 1.2 A/cm2. The dimensionless water crossover in this

chapter represents the ratio of the water crossover flux to the water production flux

with positive values indicating water transport from the anode to the cathode.

4.2.1 Effect of operating conditions

4.2.1.1 PEMFC performance.

Figure 4.1a shows that the best galvanodynamic performance with the cells without

an MPL in the cathode was achieved at 80 ◦C and 70% RH. At 60 ◦C and 70% RH,

a decrease in performance was observed at high current densities due to water accu-

mulation in the cathode (will be discussed in Section 4.2.1.3); and for 80 ◦C and 30

and 50% RH, ohmic losses reduced cell performance substantially. A similar effect
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Figure 4.1: Polarization curves (a) without and (b) with MPL and corresponding
dimensionless water crossover (c) without and (d) with MPL obtained from galvano-
dynamic polarization experiments under varying experimental conditions.
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Figure 4.2: Polarization curves and corresponding current interrupt resistance for
cells with (SGL 29BC) and without (SGL 29BA) MPL in the cathode. Scan rate:
5 mA/s between OCV and 0.3 V with a full forward and backward scan. Experimental
conditions: (a) 80 ◦C and 30% RH, (b) 80 ◦C and 50%, (c) 80 ◦C and 70% and (d)
60 ◦C and 70% RH. Reactant: 0.5 slpm hydrogen (anode) and 0.5 slpm air (cathode).
Backpressure: 50 kPa (gauge).
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Figure 4.4: Real-time (a) voltage, (b) dimensionless water crossover, and (c) cathode
PTL water accumulation and (d) saturation obtained from quasi-steady current hold
experiments. Kartouzian et al. [154]: neutron imaging taken after 30 min current hold
at 1 A/cm2 and then shut down reactant supply, 8 cm2 cell with 3-channel serpentine
flow fields, 0.3/0.3 mgpt/cm

2
CL CLs, NR212 Nafion membrane, anode of SGL 29BC,

0.2 nL/min 120% RH hydrogen and 70 kPa backpressure, cathode of MPL (40 µm and
20 wt.% PTFE) on SGL 29BA, 0.5 nL/min 120% RH air and 60 kPa backpressure,
50 ◦C cell temperature. Nagai et al. [34]: operando X-ray tomographic microscopy
taken at 1 A/cm2, 0.4/0.4 mgpt/cm

2
CL CLs, anode with MPL (30-40 µm and 61%

porosity) on TGP-H060 GDL and 153 mL/min 100% RH hydrogen, cathode with
MPL (30-40 µm and 46% porosity) on TGP-H060 GDL and 219 mL/min 105% RH
air, no backpressure, 40 ◦C cell temperature. Lee et al. [107]: XTM taken at 1 A/cm2,
20.3 µm Nafion HP membrane, 0.3/0.3 mgpt/cm

2
CL CLs, anode with SGL 25BA or

25BC and 1 slpm 100% RH hydrogen, cathode with 25BA or 25BC and 1 slpm
100% RH air, 150 kPa backpressure, 60 ◦C cell temperature.
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of operating conditions was observed for the quasi-steady performance obtained from

the current hold experiments (shown in Figure 4.4a).

Hysteresis in the galvanodynamic polarization was observed at all experimental

conditions, with the backward scan showing better performance (hollow markers)

than the forward scan performance (solid markers). Such polarization hysteresis is

commonly attributed to the better membrane hydration during the backward scan [86,

88, 90, 127–129]. Indeed, the current interrupt resistance was lower during the back-

ward scan (hollow markers in Figure 4.2) than during the forward scan (solid markers

in Figure 4.2) due to increased membrane hydration; however, the measured reduc-

tion in the current interrupt resistance was not sufficient to result in such significant

improvement in polarization during the backward scan. For example, at the current

density of 0.6 A/cm2 at 60 ◦C and 70% RH, the voltage hysteresis magnitude was

72 mV but the change in the current interrupt resistance of 8.27 mOhm·cm2 could

only result in a 5 mV improvement. Therefore, membrane hydration was not the

main contributor to the polarization-curve hysteresis; instead, it might have been

induced mostly by the platinum oxide dynamics [130, 131]; however, further research

is needed in this area.

4.2.1.2 Water crossover.

The galvanodynamic and quasi-steady dimensionless water crossover is shown in Fig-

ure 4.1c and Figure 4.4b, respectively. The dimensionless water crossover shown in

Figure 4.1c was measured using the anode water balances, since liquid water accu-

mulation occurred in the cathode electrode (see Section 4.2.1.3). The dimensionless

water crossover shown in Figure 4.4b was determined by averaging the dimensionless

water crossover values measured using the anode and cathode water balances for the

last 5 min of 15 min for each current as the water transport reached stabilization.

The operating conditions were found to have a considerable effect on the water

crossover. At 80 ◦C and 30% RH, water crossover was from the anode to the cathode,
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while for the other three cases it was in the opposite direction. The total amount

of water transported from the cathode to the anode during the backward scan was

higher than during the forward scan, and the difference at 60 ◦C and 70% RH was

the highest because liquid water accumulated in the cathode electrode during the

forward scan at high current densities and was removed during the backward scan.

Figures 4.1c and 4.4b also show that at 80 ◦C, the net water that transports from the

cathode to the anode increased with increasing inlet RH, mainly due to the improved

water transport properties of the Nafion membrane [43, 133, 189]. At 60 ◦C and

70% RH, the total amount of water crossing the membranes was the highest among

all experimental conditions. When cells were operated at lower cell temperature, the

saturation pressure calculated using eq. (2.3) was lower and the RH gradient across

the CCM was higher at 60 ◦C than at 80 ◦C. Therefore, more water was transported

from the cathode to the anode at 60 ◦C and 70% RH as a result of the larger RH

gradient.

The measured dimensionless water crossover flux is compared in Figure 4.5 with

the literature. At 60 ◦C with 70% RH, a dimensionless water crossover of about −0.42

was measured in this chapter. A similar value was reported by Thomas et al. [55]

(solid red diamond markers in Figure 4.5a), although in their work it was higher below

0.4 A/cm2 and lower above 0.4 A/cm2. This discrepancy might be because of either

the different cells or the assumption made by Thomas et al. that the inlet absolute

pressure was equal to the backpressure, which could have affected the estimation of

the inlet water flux. Deviation from the experimental work of Kim et al. [99] (solid

violet square markers) was more significant. They reported water transport in the

opposite direction, i.e., from the anode to the cathode, which might have been the

result of increased vaporization due to the thicker GDLs (400 vs. 190 µm). The water

flux measured in this chapter at 60 ◦C with 80% RH and 60 ◦C with 50% RH did not

agree with the modeling results of Zhou et al. [25] (solid blue triangular markers), who

reported a net water flux from the anode to the cathode at both conditions except for
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low current density at 60 ◦C with 70% RH highlighting the importance of validating

water fluxes in addition to cell performance. Zhou et al. [25] also reported that the

water flux predicted with their model did not agree with the experimental data from

Thomas et al. [55] and was highly sensitive to the selection of the membrane transport

properties [263].

4.2.1.3 Water accumulation.

Figure 4.6a shows the comparison of the measured molar rate of ORR product water

and the theoretical values obtained from galvanodynamic polarization experiments

at 60 ◦C and 70% RH. A difference between the two can be observed starting in

the forward scan at high current densities. During the forward scan, less than the

theoretical amount of water was leaving the cell, while during the backward scan the

water flux was higher than the theoretical. It was hypothesized that the deviation

was due to the accumulation of liquid water in the MEA. Since only the cathode

outlet RH reached 100% at high current densities (shown in Figure 4.6b), it is more

likely that liquid water accumulated in the cathode.

Using the methodology discussed in Section 2.2.3, the total amount of water ac-

cumulation in the cathode 29BA and its saturation at 60 ◦C and 70% RH were

determined and shown in Figures 4.4c, 4.4d, 4.6c and 4.6d. Figure 4.6c shows that,

at the same current density, more water accumulated in the cathode without an MPL,

and that with an MPL higher current densities could be achieved even though there

was more water. Saturation was obtained using eq. (2.21), and a value as high as

35% was estimated at the highest current density without an MPL in the cathode.

Current hold experiments can be used to study the dynamics of water accumula-

tion. Figures 4.4c and 4.4d show that, at current densities of 0.2−0.6 A/cm2, the

water accumulation and saturation in SGL 29BA increased with operating time and

did not stabilize during the 15 min of operation at constant current density, indicating

a higher rate of water accumulation than removal. The lower rate of water removal
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was probably because less heat was produced in the ORR at these current densities,

and the small interfacial gas-liquid area in SGL 29BA at low saturation also limited

liquid water evaporation. At current densities of 0.8 and 1.0 A/cm2, the water accu-

mulation and saturation in SGL 29BA were initially increased with operating time

and finally stabilized, indicating the balance between the rates of liquid water accu-

mulation and water removal. The saturation in SGL 29BA stabilized around 0.31 and

0.4 at 0.8 and 1.0 A/cm2, respectively. At these current densities, the rate of liquid

water accumulation was lower as a result of the faster evaporation due to the increased

heat production in the ORR and the higher interfacial liquid-gas area in the GDL

at higher saturation. Therefore, it took a shorter time to achieve a water transport

balance in the SGL 29BA at high current densities. The rate of water production

increased at 1.2 A/cm2, tipping the balance again in favor of accumulation.

Figure 4.4d compares the estimated cathode saturation with data obtained from the

literature. In our case, the measured saturation of SGL 29BA at 1 A/cm2 stabilized

around 0.4, which is higher than reported by Lee et al. [107] using X-ray tomographic

microscopy (XTM), 0.23±0.06. This deviation could be due to errors in the estimation

of the pore volume, errors associated with imaging setup resolution (10 µm [35]) and

segmentation in the XTM, and whether water transport has reached the steady-state,

which was not mentioned in [107].

4.2.2 Effect of cathode MPL

4.2.2.1 PEMFC performance.

In the literature, the introduction of an MPL in the cathode has been shown to

have little effect under dry conditions other than a reduction in the current interrupt

resistance [25, 96], but to significantly improve the PEMFC performance under wet

conditions [27, 50, 54–56, 94–96, 107, 137, 188, 264]. In this chapter, a similar effect

was observed. As shown in Figure 4.2, at 80 ◦C with 30, 50 and 70% RH, the

addition of an MPL had only a limited effect on the galvanodynamic polarization
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performance and hysteresis. This was likely because the small decrease in current

interrupt resistance with the introduction of a cathode MPL (see Figure 4.2) resulted

in only a small voltage recovery (up to 8 mV), which could also have been offset by

the increased loss of reactant transport due to the small size of the MPL pores [32,

33, 265]. However, at 60 ◦C and 70% RH (Figure 4.2d), the improvement in PEMFC

performance was considerable, i.e., 14% increase in the maximum power density.

This was likely because the addition of an MPL to the cathode helped reduce water

accumulation, including increasing water back-diffusion from the cathode to the anode

(see Section 4.2.2.2), increasing water vaporization, and creating in-plane oxygen

pathways around the localized liquid water blockages in the GDL (see Section 4.2.2.3).

After adding an MPL to the cathode GDL, the best cell performance was achieved at

60 ◦C with 70% RH and 80 ◦C with 70% RH as shown in Figure 4.1b. Furthermore,

as shown in Figure 4.4a, the voltage vs. time results obtained from the quasi-steady

current hold experiments indicate that the cathode MPL enabled stable fuel cell

operation at high current densities during 15 min even at 60 ◦C and 70% RH (note that

water accumulation at 1.2 A/cm2 was still increasing after 15 min, see Figure 4.4c).

4.2.2.2 Water crossover.

Figures 4.1d and 4.4b show that the impact of introducing an MPL to the cathode

was significant. Under the four experimental conditions, the cathode MPL increased

the amount of net water transported from the cathode to the anode. For example,

Figure 4.4b shows that the increase in the quasi-steady dimensionless water crossover

with the MPL introduction was around 0.05 at all operating conditions. This im-

proved membrane hydration and reduced current interrupt resistance, as shown in

Figure 4.2. Furthermore, the galvanodynamic water crossover shown in Figure 4.1d

indicates that the cathode MPL reduced the hysteresis in the dimensionless water

crossover between the forward and backward scans. The low reproducibility of di-

mensionless water crossover observed at low current densities, was most likely due to
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Figure 4.7: Pore size distribution of SGL 29BA and 29BC measured in-house using
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the accuracy of the water balance setup, as a very small amount of water was trans-

ported through the membrane, which is also the reason for the low reproducibility at

80 ◦C and 30% RH.

The quasi-steady current hold experiments in Figure 4.4b also suggest that cathode

MPL increased the reproducibility of dimensionless water crossover. The low repro-

ducibility is most likely due to the large morphological pores in SGL 29BA adjacent

to the cathode CL. As shown in the pore size distribution of SGL 29BA and 29BC

based on mercury intrusion porosimetry (see Figure 4.7), the pore radius of the GDL

is much larger than that of MPL, i.e., 40 µm vs. 45 nm for the main peak.

The observed increased back-diffusion was in agreement with Refs. [25, 99], albeit

this effect was stronger in the literature. However, Thomas et al. [55] observed a

decrease in back-diffusion with the addition of the cathode MPL. This comparison

highlights the significant discrepancy in the direction of water transport across the

membrane and the impact of the cathode MPL on it that exists in the literature.

Because the experimental setup developed in this chapter was thoroughly validated,

it is possible that the differences in the observations are due to the dissimilarities of
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the equipment, methods, and membranes used.

4.2.2.3 Water accumulation.

When an MPL was introduced to the cathode, the measured molar rates of the ORR

product water at 60 ◦C with 70% RH still deviated from the theoretical values starting

in the forward scan at high current densities as shown in Figure 4.6a, indicating that

MPL did not prevent the water accumulation in the cathode. This was also validated

by only the cathode outlet RH reaching 100% RH in Figure 4.6b.

The impact of cathode MPL on water accumulation and saturation in SGL 29BC

is illustrated in Figures 4.4c, 4.4d, 4.6c, and 4.6d. As shown in Figure 4.6c, at the

same current density, the total amount of water accumulated in the cells without

MPL (29BA shown in triangles) was higher than for cells with MPL (29BC shown

in circles). This is because the addition of a cathode MPL increased the electrode

temperature [19, 25, 50, 266], which led to an increase in the water vaporization.

This difference in the total amount of water accumulation between cells with and

without MPL was observed to increase during the current hold experiments with the

operating time as shown in Figure 4.4d. However, due to the estimated smaller total

pore volume, i.e., 4.144 vs. 5.055×10−8 m3, the saturation in SGL 29BC was similar

to that of 29BA shown in Figures 4.4d and 4.6d.

At high current density (1.2 A/cm2), the current hold experiment was not carried

out for cells without MPL because their voltage was lower than 0.3 V as shown in

Figure 4.1b. With an MPL, Figure 4.4a show that, although the saturation in the

SGL 29BC reached values of nearly 60%, the cells were still able to achieve good

performance and stability. It is hypothesized the reason is that the MPL prevented

liquid water accumulation in the large pores of the GDL on the cathode CL surface

from contacting and forming liquid water films as discussed in [50]. Furthermore, the

MPL could provide an in-plane oxygen diffusion pathway around such liquid water

blockages [25, 50, 61]. It should be noted that at the highest current density with an
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MPL water accumulation did not reach an equilibrium (see Figure 4.4c); therefore,

it is likely that eventually the cell would start to show transport limitations. This

behavior was observed in our laboratory with different cell configurations and will be

reported in a future study.

Figure 4.4d compares the measured saturation in SGL 29BC with the results de-

termined by imaging [34, 107, 154]. In this chapter, the saturation stabilized around

0.39, higher than 0.27±0.06 [154], 0.16±0.07 [107] and 0.32 [34] reported in the lit-

erature. The deviation in saturation might be induced by the different cells used,

imaging resolution and segmentation, and the different experimental configurations

and conditions. The saturation stabilized in this chapter after around 300 s, which is

longer than 200 s reported by Nagai et al. [34] This was likely due to the higher cell

temperature (60 ◦C vs. 40 ◦C) and lower inlet RH (70% vs. 105%) in this chapter.

4.3 Conclusions

Operating conditions have the most significant impact on PEMFC performance, water

crossover, and water accumulation. For PEMFC with a cathode MPL, performance

improved with increasing inlet RH from 30% to 70% at 80 ◦C, and performance

at 60 ◦C and 70% RH was similar to 80 ◦C and 50% RH. The water crossover to

produced water ratio remained nearly constant with the current density and only at

80 ◦C and 30% RH, it was from the anode to the cathode. Water crossover changed

from approximately 0.1 moles of water per mole of water produced going from anode

to cathode (80 ◦C and 30% RH) to 0.6 moles of water per mole of water produced

going from cathode to anode (60 ◦C and 70% RH). At 80 ◦C, the total amount

of water crossover increased with increasing inlet RH, likely due to increased PEM

humidification. Furthermore, due to the low saturation pressure at 60 ◦C, the total

amount of water transported from the cathode to the anode was the highest among

the four experimental conditions in this chapter. Liquid water accumulation in the

MEA was tracked with the developed setup at 60 ◦C and 70% RH. The cathode
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outlet RH reached 100% in the course of the measurements, indicating that flooding

took place in that compartment, and the saturation was estimated to reach 40% at

1 A/cm2.

The impact of adding an MPL to the cathode on the performance, water crossover,

and water accumulation was also considerable. The addition of an MPL had only a

limited effect on the performance at 80 ◦C and 30, 50 and 70% RH, but significantly

improved the performance at 60 ◦C and 70% RH. The MPL was found to marginally

increase the water back-diffusion from the cathode to the anode, i.e., approximately

an extra 0.05 moles per mole of water produced. Although the cathode MPL did

not prevent water accumulation in the cathode, the overall amount of liquid water

was reduced possibly due to the increased internal MEA temperature and thus va-

porization. Cells with a cathode MPL were found to achieve higher and more stable

performance at higher current densities, despite reaching a saturation of nearly 70%

at the highest current density (1.2 A/cm2). The improved performance was ratio-

nalized by the provision of in-plane oxygen transport pathways in the MPL around

the local water blockage sites in the cathode GDL, as well as by their inhibition by

improving the mismatch in pore sizes between the CL and the GDL.
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Chapter 5

Effect of Cathode Catalyst Layer
Nafion and Platinum Loading on
the Dynamic Transport and
Accumulation of Water Inside an
Operating PEMFC1

Previous proton exchange membrane fuel cell (PEMFC) catalyst layer (CL) compo-

sition and loading optimization studies focused on improving cell performance but

did not quantify the impact of these changes on water transport and liquid wa-

ter accumulation. Considering water transport and accumulation have a significant

impact on ohmic and mass-transport losses as well as catalyst degradation, under-

standing how they change with changing CL ionomer and platinum loading could

help elucidate its relationship to cell performance and durability. In this chapter, the

custom-built device described in Chapter 2 was used to measure the real-time water

transport and liquid water accumulation in the electrode of PEMFCs with cathode

CLs fabricated using varying Nafion (NLs, 10−40 wt.%) and platinum loadings (PLs,

0.133−0.317 mgPt/cm
2
CL) under multiple operating conditions ranging from hot/dry

1Parts of this chapter are reproduced from the following publication:

1. F. Wei, A. Kosakian, J. Liu, and M. Secanell, “Effect of Cathode Catalyst Layer Nafion and
Platinum Loading on the Dynamic Transport and Accumulation of Water Inside an Operating
PEMFC,” (under review).

Author contributions are detailed in the Preface of this thesis.
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to cold/wet.

5.1 Materials and experiments

5.1.1 Sample preparation and cell assembly

Six cathode catalyst layer designs were studied, as summarized in Table 5.1. To verify

the reproducibility of the measurements, two cells were assembled and tested for each

cathode catalyst layer design. Cathode CL designs 1-3 had a cathode platinum loading

(PL) of 0.2 mgPt/cm
2
CL and Nafion loadings (NLs) of 10, 20 and 30 wt.%, respectively,

and designs 4-6 had 30 wt.% NL and PLs of 0.133, 0.219 and 0.317 mgPt/cm
2
CL,

respectively. Designs 4-6 were chosen to have 30 wt.% NL as it is close to the optimal

ionomer loading previously reported in the literature [78, 198, 205]. The anode CL

PL was maintained at 0.1 mgPt/cm
2
CL with 30 wt.% NL.

Catalyst coated membranes (CCMs) were manufactured by inkjet printing 5 cm2

(approximately 2.24 cm by 2.24 cm) of catalyst ink using a piezo-electric printer

(Dimatix DMP-2831, Fujifilm Inc.) on a Nafion membrane (Ion Power, NR-211,

25.4 µm) [77, 261, 262]. The relatively small active area was chosen to minimize the

changes in concentration along the channel and reduce the occurrence of two-phase

flow in the channel, as large liquid droplets might not be detected by the sensors.

The catalyst layer ink, with varying NLs, was first prepared by mixing isopropyl

alcohol, propylene glycol, Nafion ionomer solution (Ion Power, Liquion solution LQ-

1105 1100EW 5 wt.%) and Pt/C catalyst (HyPlat, 40 wt.% platinum supported on

Ketjenblack EC-300J) using the procedures described in Refs. [25, 261].

The catalyst coated membrane was then sandwiched between two 5 cm2 Sigracet

SGL 29BC porous transport layers (PTLs). Subsequently, the membrane electrode

assembly (MEA) was integrated into a Scribner fuel cell hardware with an in-house

flow field plate with 14 parallel flow channels (see Figure 2.1c). The gas flow channel

width and depth were 0.86 mm and 1 mm, respectively. The width of the land
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between two flow channels was 0.82 mm. Two 7 mil rigid gaskets (composed of one

2-mil Kapton Polyimide film (2271K2) and one 5 mil PTFE-coated fiberglass fabric

sheet (8577K82) from McMASTER-CARR) with a 5 cm2 window were used on each

side of the MEA to prevent gas leakage and provide consistent contact between the

CCM and the PTLs. The thickness and porosity of the uncompressed SGL 29BC

was 210.3±2.2 µm and 77.2±0.3%, respectively [4]. Assuming CL and membrane

deformation is negligible [92], the average thickness of compressed SGL 29BC in each

side was approximately 170 µm, i.e., about 20% pinch.

5.1.2 Microstructure characterization

After all electrochemical characterization tests, cathode CLs were embedded in epoxy,

polished to expose the CL edge, and coated with carbon powder to become electron-

ically conductive. Their cross-sectional scanning electron microscopy images were

then taken using back-scattered mode at three different locations (SEM, conducted

with 300 VP-FESEM, Zeiss Sigma). Catalyst layer thickness was measured at 20 lo-

cations in each cross-sectional SEM image using the software ImageJ 1.52v [267]. The

porosity of each cathode CL was estimated based on the density of each component

and SEM thickness using the following equations [4]:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
VCL,pore = VCL,bulk − VCL,solid,

VCL,bulk = A · L,
VCL,solid = A ·mPt

(︂
1

ρPt
+

1−ωPt

ωPt ρC
+

ωN

(1−ωN) ωPt ρN

)︂
,

ϵCL =
VCL,pore

VCL,bulk
,

(5.1)

where VCL,solid, VCL,bulk, VCL,pore, mPt, ωN and ϵCL are solid volume, bulk volume, pore

volume, platinum loading, Nafion loading and porosity of the CL, respectively; A and

L are the in-plane area (5 cm2) and SEM thickness of the CL, respectively; ρC, ρPt

and ρN are the densities of the carbon black support (2 g/cm3), platinum (21.5 g/cm3)

and Nafion (2 g/cm3), respectively [4, 208]; ωPt is the mass fraction of platinum in

Pt/C catalyst (40 wt.%).
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(a) 10 wt.% NL, 0.194 mgPt/cm2
CL, 

L = 6.2 ± 0.8 µm, ε = 70.4 ± 3.7 %
(b) 20 wt.% NL, 0.205 mgPt/cm2

CL, 

L = 6.2 ± 0.9 µm, ε = 62.6 ± 5.1 %
(c) 40 wt.% NL, 0.206 mgPt/cm2

CL, 

L = 4.3 ± 0.8 µm, ε = 19.5 ± 15.9 %

(d) 30 wt.% NL, 0.133 mgPt/cm2
CL, 

L = 3.2 ± 0.4 µm, ε = 43.6 ± 6.8 %
(e) 30 wt.% NL, 0.219 mgPt/cm2

CL, 

L = 5.9 ± 0.5 µm, ε = 49.1 ± 4.8 %

30 wt.% NL, 0.317 mgPt/cm2
CL, 

L = 7.8 ± 0.5 µm, ε = 44.8 ± 3.3 %
(f)

Figure 5.1: Cross-sectional SEM images of the cathode catalyst layers (after all in-
situ tests): (a) design 1; (b) design 2; (c) design 3; (d) design 4; (e) design 5; and (f)
design 6.

5.2 Results and Discussion

5.2.1 Effect of Nafion loading

5.2.1.1 Thickness, porosity and ECSA

Cross-sectional SEM images, shown in Figure 5.1, were used to estimate CL thickness

and porosity. The SEM thickness and porosity of each analyzed CL design are shown

in Table 5.1 and Figure 5.1. Catalyst layer thicknesses decreased from 6.2±0.8 µm

to 4.3±0.8 µm as Nafion loading increased from 10 to 40 wt.%. In this work, when

the Nafion loading increased from 10 to 20 wt.%, catalyst layer thickness remained

unchanged. Further increasing Nafion loading from 20 to 40 wt.% reduced the thick-

ness of CL, which is consistent with Shukla et al. [4] (29.6 to 39.8 wt.% NL) and

Soboleva et al. [110] (30 to 50 wt.% NL) but not with Gode et al. [268], where a

negligible impact of Nafion loading (30 to 43 wt.%) on CL thickness was observed.

The reduction in CL thickness in this case could be due to the ionomer shrinking the

CL upon drying.

96



C
ur
re
nt
	d
en
si
ty
	(m

A
/c
m

2 )

−30

−20

−10

0

10

20

Voltage	(V)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(a)

	10	wt.%	NL
	20	wt.%	NL
	30	wt.%	NL
	40	wt.%	NL

C
ur
re
nt
	d
en
si
ty
	(m

A
/c
m

2 )
−30

−20

−10

0

10

20

Voltage	(V)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(b)

	10	wt.%	NL
	20	wt.%	NL
	30	wt.%	NL
	40	wt.%	NL

C
ur
re
nt
	d
en
si
ty
	(m

A
/c
m

2 )

−30

−20

−10

0

10

20

Voltage	(V)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(c)

0.1	mgPt/cm2
CL

0.2	mgPt/cm2
CL

0.3	mgPt/cm2
CL

C
ur
re
nt
	d
en
si
ty
	(m

A
/c
m

2 )

−30

−20

−10

0

10

20

Voltage	(V)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(d)

0.1	mgPt/cm2
CL

0.2	mgPt/cm2
CL

0.3	mgPt/cm2
CL

Figure 5.2: Cyclic voltammetry results for cells with varying Nafion loadings (a)
before and (c) after all tests and platinum loadings (c) before and (d) after all tests.
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Catalyst layer porosity, estimated using eq. (5.1), was observed to decrease with

increasing Nafion loading [4, 78, 269]. Porosity decreased only slightly from 10 to

20 wt.% NL, whereas it decreased dramatically from 20 to 40 wt.% NL, in agreement

with the observations by Gode et al. [268]

Figures 5.2a and 5.2b show the cyclic voltammetry results for the cathode CL

designs with varying Nafion loadings. Table 5.1 lists the ECSAs estimated from these

measurements. Nafion loading was found to have a negligible impact on ECSA, which

was about 60 m2
Pt/gPt in all cases (10−40 wt.%), in agreement with the observations

in Ref. [78] for inkjet printed CLs.

5.2.1.2 Fuel cell performance

Figure 5.3 shows the polarization curves and current interrupt resistances for cells with

10, 20, 30, and 40 wt.% Nafion loading under varying operating conditions. Nafion

loading was found to have a significant impact on PEMFC performance. Under all

operating conditions, the cell with 40 wt.% NL exhibited the worst performance likely

due to the highest resistance to oxygen transport through the bulk void space of the

CL, since its porosity was the lowest (19.5%, see Table 5.1 and Figure 5.1).

Dry and intermediate conditions At 80 ◦C and 30, 50 and 70% RH, the best

performance was achieved at 20 wt.% NL. For cells with 30 wt.% NL, a lower perfor-

mance was obtained at high current densities as compared with 20 wt.% NL, which

could be attributed to significant oxygen transport resistance because of lower poros-

ity (49.1% vs. 62.6%). The cathode CL with 10 wt.% NL is likely limited by CL

protonic transport resistance and, therefore, it exhibited the largest sensitivity to RH.

Cold/wet condition The observations made above were also valid for 60 ◦C and

70% RH; however, stability of the cell performance varied significantly among Nafion

loadings due to liquid water accumulation in the MEA. As shown in Figure 5.3d, cells

with 10 and 20 wt.% NLs shut down at high current densities during the backward
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Figure 5.3: Polarization curves and current interrupt resistances for cells with 10, 20,
30 and 40 wt.% Nafion loading obtained at (a) 80 ◦C and 30% RH, (b) 80 ◦C and
50% RH, (c) 80 ◦C and 70% RH and (d) 60 ◦C and 70% RH. Experimental conditions:
0.5 slpm hydrogen and 0.5 slpm air, 50 kPa(gauge) backpressure, and 5 mA/s scan
rate.
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scan due to MEA flooding. The performance progressively recovered likely due to the

removal of liquid water, with the cell having 10 wt.% NL recovering first. Despite the

comparable amount of liquid water in the MEA with 30 wt.% NL at the same current

densities (about from 0 to 1.3 A/cm2 shown in Figure 5.7c), those cells continued to

operate normally, as the maximum amount of liquid water in the electrode was lower

due to the lower maximum current density at 0.3 V (at which point the scan reversed

direction).

5.2.1.3 Water crossover

Figure 5.4a shows the real-time water crossover flux during current hold experiments

at 60 ◦C and 70% RH. In all cases, water moves from cathode to anode and the

flux increases with current density. At low current densities, i.e., 0.2−0.6 A/cm2,

the water crossover measured using the anode water balance quickly matched the

cathode, and water crossover promptly stabilized. At higher current densities, i.e.,

0.8−1.2 A/cm2, the anode and cathode measured water crossover did not match

after the current was increased and then progressively converged to the same value,

after about 5 min. The discrepancy in water crossover is attributed to liquid water

accumulation in the PEM and cathode electrode. At a current density of 1.4 A/cm2,

a much higher water crossover was measured using the cathode water balance than

the anode, due to significant liquid water accumulation in the cathode, as evidenced

by the poor cell voltage stability (see Figure 5.6a). As shown in Figure 5.5, at 80 ◦C,

the measured anode and cathode water crossover instantly matched and converged to

the same value at all current densities because liquid water accumulation is negligible

at this condition due to increased evaporation rate [119, 270].

Figures 5.4b and 5.4c show the averaged cathode-to-anode water crossover re-

sults during the last 5-min of current hold experiments. The cathode-to-anode water

crossover decreased with increasing Nafion loading at all operating conditions, likely

as a result of increasing ORR activity closer to the CCL-PTL interface due to the CL
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reduced porosity and increased protonic conductivity. This promoted water removal

from the cathode and, therefore, decreased the crossover flux of water to the anode.

This effect was especially prominent in the cells with 40 wt.% NL (porosity is around

19.5%). The increase in water crossover flux from cells with 20 wt.% to 30 wt.%

NL at 1.2 A/cm2 is approximately equivalent to removing the water produced by

0.044 A/cm2 of current.

Figures 5.4b and 5.4c show that operating condition had a significant effect on

water crossover, in agreement with our previous publication [2]. At 80 ◦C, water

crossover from cathode to anode increased with increasing inlet RH, likely due to

the improved water transport properties of the humidified Nafion membrane [1, 43,

133, 189]. At 60 ◦C and 70% RH, the total amount of water crossing the membranes

was the highest among all experimental conditions. When cells operate at lower

cell temperature, the saturation pressure is lower, resulting in higher water vapor

activity at low current and thus, ionomer water content even at low current, leading

to a larger water content gradient in the membrane enhancing the cathode-to-anode

water transport.

5.2.1.4 Liquid water accumulation

Current-hold measurements Figure 5.6 shows water accumulation results ob-

tained from current hold experiments at 60 ◦C and 70% RH. Figure 5.6a shows that

the cell voltage during the current hold was stable for all cells until 1.4 A/cm2. The

cell voltage was also in agreement with polarization curve voltage at the same current

density during forward scan, as seen in Figure 5.3d. Figure 5.6b shows that the mem-

brane protonic resistance decreases with increasing current density as the membrane

is hydrated.

The measured (NORR,measured) and theoretical ORR product water fluxes are shown

in Figure 5.6c and are obtained using

NORR,measured = (Nwater,out,a +Nwater,out,c)− (Nwater,in,a +Nwater,in,c) (5.2)
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Figure 5.7: Galvanodynamic results at 60 ◦C and 70% RH for cells with 10, 20, 30
and 40 wt.% Nafion loading: (a) membrane protonic resistance, (b) ORR product
water flux, (c) total amount of water accumulation in the MEA, (d) total amount
of water accumulation in the membrane, (e) total amount of water accumulation in
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105



and eq. (2.10), respectively. These fluxes noticeably deviated at the initial stages of

the current hold from 0.6 to 1.2 A/cm2 and at all times at 1.4 A/cm2. This deviation

is hypothesized to be due to water accumulation in the membrane and in the porous

media.

Figure 5.6d shows the total amount of water accumulation in the MEA estimated

using eq. (2.12), i.e., by integrating the difference between theoretical and measured

ORR product water flux in Figure 5.6c. The negative values at the current densities

of 0.2 and 0.4 A/cm2 for the cells with 20 wt.% NL were assumed to be a result of

experimental uncertainty, and the total amount of accumulated water is considered

negligible. The amount of water accumulated in the MEA was then separated into

water accumulation in the membrane (Figure 5.6e) and in the cathode PTL (Fig-

ure 5.6f) using the approach discussed in Section 2.2.3. Initially, water accumulated

in the membrane, followed by water accumulation in the porous media at current

densities above 0.4 A/cm2.

To verify that the membrane-conductivity-based approach to estimate the water

content in the membrane was physically meaningful, the average water activity ob-

tained using eq. (2.20), and shown in Figure 5.6g, was compared to the outlet RH in

Figure 5.6h. Both the estimated water activity and outlet RH follow similar trend

and have similar values. The average water activity exceeded unity at 1.4 A/cm2

likely because eq. (2.20) was obtained for vapor-equilibrated Nafion membrane while

the membrane might be in contact with liquid water (Figure 5.6f).

Figures 5.6f and 5.6i show that Nafion loading has a significant impact on the

dynamics of liquid water accumulation and saturation in the porous media, where

saturation was obtained from water accumulation using eq. (2.21). For cells with

30 wt.% NL, at each current hold between 0.2 to 1.0 A/cm2, the total saturation

in the porous media quickly increased with operating time and then stabilized. The

stable region indicated that a balance was established between water evaporation,

which increases with increasing liquid-vapor interfacial area [119], water crossover
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and water production. As current density increased to 1.2 A/cm2, this balance could

no longer be established and liquid water accumulated in the porous media during

the full duration of the current hold step, indicating that cells were not stable at this

current density.

For cells with 10 and 20 wt.% NL on the other hand, at 0.8−1.2 A/cm2, PTL

saturation increased but then decreased over time as seen in Figures 5.6f and 5.6i.

In these cells, liquid water content reduced over time after a brief increase due to

the increased current density (and thus increased water production rate). The rea-

son for the reduction in liquid water is not clear, as the cathode over-potential is

similar (Figure 5.6a), but might have been due to the higher CL porosity allowing

a larger vapor flux, thereby tipping the balance between water rejection and water

accumulation towards the former. At 1.4 A/cm2, water could not be evaporated at

a sufficient rate, and the amount of liquid water in the PTLs significantly increased

over time. This rapid increase in saturation resulted in the cell voltage instability

seen in Figure 5.6a. Saturation exceeded unity at 1.4 A/cm2 in Figure 5.6i, possibly

indicating either flooding of both cathode and anode PTLs or water in the cathode

channel.

In the entire tested range of current densities, the cells with 30 wt.% NL had the

highest saturation in the porous media compared with the cells with lower Nafion

loadings. This was likely due to the reduced cathode-to-anode water crossover flux

(see Figures 5.4b and 5.4c) and hindered water vapor diffusion toward the cathode

channel as a result of lower porosity (see Table 5.1). The difference in water crossover

between 10 and 20 wt.% NL in Figures 5.4b and 5.4c was marginal, however the

overall PTL saturation was considerably lower for the 20 wt.% NL cells compared

with 10 wt.% NL. This might have been due to the shift of the ORR in the cathode

CL from the PEM-CCL interface at low Nafion loading to a more uniform distribution

at higher Nafion loading. The more uniform production of water in the cathode

CL could result in a larger liquid-vapor interfacial area, leading to a higher rate of
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evaporation.

Galvanodynamic measurements Figure 5.7 shows the water accumulation re-

sults during the galvanodynamic polarization curve experiments in Figure 5.3d which

were obtained at a scan rate of 5 mA/s, 60 ◦C and 70% RH. Figure 5.7a shows the

membrane protonic resistance. Since reliable CIR measurements could not be ob-

tained during the flooding-induced voltage drop (see Figure 5.3d), the missing data

was interpolated so as to enable the conversion of the CIR into water content as

discussed in Section 2.2.3.2.

A significant difference between the measured and theoretical ORR product wa-

ter fluxes at 60 ◦C and 70% RH was observed at high current densities as seen in

Figure 5.7b. Similar to that in the current hold experiments, this discrepancy was

attributed to water accumulation in the membrane and in the porous media.

The total amount of water accumulation in the MEA, membrane and porous me-

dia estimated using the methodology discussed in Section 2.2.3 is shown in Fig-

ures 5.7c, 5.7d and 5.7e, respectively. During the galvanodynamic experiments, a

steady increase in membrane water content and PTL saturation is observed as a

balance between water production and water rejection cannot be established.

Figure 5.7f shows that the PTL saturation for cells with 10 and 20 wt.% NL reached

100% at the end of the forward scan and even 170% during the backward scan,

indicating that liquid water accumulated in either both anode and cathode electrodes

or cathode PTL and channel. This is in line with the cell voltage instability during the

backward scan (see Figure 5.3d) and the membrane water activity being greater than

1 as seen in Figure 5.7g, which implies presence of liquid water near the membrane.

In contrast, saturation only reached 40% for cells with 30 wt.% NL, likely due to

lower maximum current density achieved in the galvanodynamic measurements. At

the same current densities during the forward scan, Nafion loading had a negligible

impact on the water accumulation, because the scan rate (5 mA/s) was too fast to
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accumulate enough water to affect cell performance. The cells with 30 wt.% NL

accumulated significantly less liquid water during backward scan because they spent

less time operating at high current densities.

Figure 5.7h shows the measured cell outlet RHs. For the cells with 30 wt.% NL,

only the cathode outlet RH reached 100% at high current densities and, therefore,

it is likely that most of the liquid water was accumulated in the cathode. However,

for 10 and 20 wt.% NLs, both anode and cathode outlet RHs reached 100% at high

current densities, indicating the possible presence of liquid water in both electrodes.

This was in agreement with saturation being greater than 1 shown in Figure 5.7f.

5.2.2 Effect of platinum loading

5.2.2.1 Thickness, porosity and ECSA

Table 5.1 and Figure 5.1 show the SEM thickness and porosity for the inkjet printed

CLs with varying platinum loadings. An approximately linear increase in the SEM

thickness was observed, with a relatively small variation in the volumetric platinum

loading (371, 406, and 416 mgPt/cm
3
CL). This is in contrast to the nonlinear increase

in thickness of inkjet printed CLs observed in Ref. [261], where the volumetric load-

ing changed from 74 to 205 mgPt/cm
3
CL. This difference is attributed to the use of

propylene glycol instead of ethylene glycol in the CL ink preparation. As discussed

in Ref. [271], the lower boiling point of propylene glycol decreases drying time and

increases CL porosity.

Catalyst layer porosity was found to be nearly independent of platinum loading,

which is consistent with the nearly constant volumetric platinum loading but contrary

to the observations in Ref. [261] that PL negatively impacts CL porosity. The differ-

ence in the CL ink preparation discussed above might be the reason for the different

impact of platinum loading on CL porosity made in this work and Ref. [261]

Figures 5.2c and 5.2d show the CV results for cathode CL designs with varying

platinum loadings, and the corresponding ECSAs are listed in Table 5.1. As shown
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in the table, there was no clear trend in the impact of platinum loading on ECSA,

which was around 55−60 m2
Pt/gPt.

5.2.2.2 Fuel cell performance

Figure 5.8 shows the polarization curves and CIRs of cells with varying platinum load-

ings. The best performance was achieved with 0.317 mgPt/cm
2
CL PL at all operating

conditions, with the largest improvement observed at low RH and high temperature,

i.e., 80 ◦C and 30% RH shown in Figure 5.8a. Cells with 0.133 and 0.219 mgPt/cm
2
CL

PL had comparable performance at all operating conditions but in the kinetic region

where performance correlated with loading, in agreement with Shukla et al. [261] and

Saha et al. [272]

5.2.2.3 Water crossover

Figure 5.9a shows the cathode-to-anode water crossover flux during current holds

at 60 ◦C and 70% RH. The same behavior was observed at all platinum loadings.

Figures 5.9b and 5.9c show that increasing platinum loading had a negligible effect on

cathode-to-anode water crossover, in contrast with the significant influence of Nafion

loading shown in Figures 5.4b and 5.4c. The limited impact of PL on water crossing

the membrane contradicts the numerical modeling results of Zenyuk et al. [159], where

they reported a significant increase in water crossover with increasing CL thickness,

such as approximately twice higher at 5 µm compared to 2 µm.

5.2.2.4 Liquid water accumulation

Current hold measurements Figure 5.10 shows current hold results for cells

with varying platinum loadings at 60 ◦C and 70% RH. As seen in Figure 5.10a,

all cells had stable voltage until 1.2 A/cm2. Additionally, the voltage of cells with

0.133 mgPt/cm
2
CL was comparable with 0.219 mgPt/cm

2
CL but was significantly lower

than 0.317 mgPt/cm
2
CL. The cell voltage, as in the previous case, was similar to the

polarization curve cell voltage during the forward scan at the same current density.
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Figure 5.11: Galvanodynamic results at 60 ◦C and 70% RH for cells with 0.133,
0.219 and 0.317 mgPt/cm

2
CL platinum loading: (a) membrane protonic resistance,

(b) ORR product water flux, (c) total amount of water accumulation in the MEA,
(d) total amount of water accumulation in the membrane, (e) total amount of water
accumulation in the porous media, (f) cathode PTL saturation, (g) membrane water
activity, and (h) outlet RH.
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The membrane protonic resistance in Figure 5.10b decreases with current density as

a result of increased membrane hydration.

Figure 5.10c compares the measured and theoretical ORR product water fluxes,

where the former is significantly lower at the initial stages of the current hold from

0.6 to 1.2 A/cm2 and at all times at 1.4 A/cm2. Similar to the hypothesis made

regarding the impact of Nafion loading on liquid water accumulation (Section 5.2.1.4),

the discrepancy in the ORR product water flux was attributed to water accumulation

in the membrane and in the porous media.

The total amount of water accumulation in the MEA, membrane and porous media

for cells with varying platinum loadings is shown in Figures 5.10d, 5.10e and 5.10f,

respectively. The observation of water initially accumulating in the MEA and then

in the porous media made earlier for cells with varying Nafion loading was also made

herein. Furthermore, both the estimated water activity (Figure 5.10g) and outlet

RH (Figure 5.10h) exhibit similar trends and values, ensuring the estimated water

content in the membrane was physically meaningful.

Figures 5.10f and 5.10i show that platinum loading affects the dynamics of liquid

water accumulation and saturation in the porous media. In the case of cells with

0.219 and 0.317 mgPt/cm
2
CL, at each current hold from 0.2 to 1.0 A/cm2, PTL satu-

ration exhibited a quick increase over time, followed by a subsequent stabilization, as

discussed in Section 5.2.1.4. When current density increased to 1.2 A/cm2, however

this balance could no longer be established for cells with 0.219 mgPt/cm
2
CL and liquid

water significantly accumulated in the porous media but did not noticeably affect

cell voltage shown in Figure 5.10a. In the case of 0.317 mgPt/cm
2
CL, the current den-

sity had to increase to 1.4 A/cm2 for water accumulation to dominate. This prompt

increase in PTL saturation resulted in the significant cell voltage instability seen in

Figure 5.10a.

Cells with 0.133 mgPt/cm
2
CL did not show the same behavior. At 0.8 to 1.2 A/cm2,

PTL saturation initially increased but then decreased over operating time as seen in
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Figures 5.10f and 5.10i. This occurred because the balance was tipped toward water

crossover and evaporation, and flooding reduced over time after a brief increase due to

the increased water production. The authors do not have a clear explanation for this

imbalance, as the cathode over-potential was almost identical to 0.219 mgPt/cm
2
CL

(Figure 5.6a) and thus heat production was similar. A possible reason might be a

larger vapor transport flux through the thin CL with 0.133 mgPt/cm
2
CL.

Figures 5.10f and 5.10i shows that at current densities from 0.2 to 0.6 A/cm2, PTL

saturation was nearly independent of platinum loading. When current density was

increased to 0.8 A/cm2 and above, cells with 0.133 mgPt/cm
2
CL and 0.219 mgPt/cm

2
CL

PL had the lowest and highest saturation, respectively. Different electrode designs

achieved different saturation levels once a balance between water production and re-

jection via evaporation and cathode-to-anode water crossover was established. The

lowest loading CL was able to reach that balance at lower PTL saturation, which is

in line with numerical findings of Goshtasbi et al. [158] but contradicts the simula-

tion results of Zenyuk et al. [159]. To the best of authors’ knowledge, there is no

experimental work estimating PTL saturation in operating PEMFCs with varying

PLs.

Galvanodynamic measurements Figure 5.11 shows the water accumulation re-

sults during galvanodynamic experiments for cells with varying platinum loadings at

60 ◦C and 70% RH. Figure 5.11a shows the membrane protonic resistance steadily

decreased with increasing current density as the membrane was hydrated with the

ORR product water and then increased as the current was reduced. An asymmetric

shape was observed; however, indicating the scan rate (5 mA/s) is faster than the

time required to re-equilibrate the membrane.

A significant disparity between the measured and theoretical ORR product water

fluxes was observed at high current densities, as seen in Figure 5.11b. This discrep-

ancy was used to estimate the total amount of water accumulation in the MEA,
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membrane and porous media, as shown in Figures 5.11c, 5.11d and 5.11e, respec-

tively. During the galvanodynamic experiments, water was first used to hydrate the

membrane and, from 0.8 A/cm2 onward, started to fill the pore space in the PTL.

Furthermore, the estimated water content in the membrane was verified to be physi-

cally meaningful: the estimated water activity (Figure 5.11g) was similar to the outlet

RH (Figure 5.11h).

As seen in Figure 5.11f, at the same current densities during the forward scan, the

impact of platinum loading on the PTL saturation was marginal as compared with

the current hold experiments. This was likely because the operating period was insuf-

ficient to accumulate larger amounts of liquid water. The cells with 0.317 mgPt/cm
2
CL

flooded to a greater extent during the backward scan, which was due to higher max-

imum current density achieved at the end of the forward scan (0.3 V). The high level

of saturation however did not result in cell instabilities, as also observed in the Nafion

loading study when loading was 30 wt.%.

5.3 Conclusions

In this chapter, the water balance setup described in Chapter 2 was employed to

concurrently quantify the impact of cathode catalyst layer Nafion (10−40 wt.%) and

platinum (0.133−0.317 mgPt/cm
2
CL) loadings on cell performance, real-time cathode-

to-anode water crossover, and dynamics of water accumulation in the MEA at four

operating conditions ranging from hot/dry to cold/wet.

The influence of cathode catalyst layer composition and loading on porosity, thick-

ness and ECSA was first analyzed. Increasing ionomer loading from 10 to 20 wt.%

decreased the CL porosity by 8% and increasing it from 20 to 40 wt.% resulted in a

43% reduction. Furthermore, catalyst layer porosity was found to be nearly indepen-

dent of platinum loading. Nafion and platinum loadings did not have a significant

impact on ECSA, yielding a value of approximately 60 m2
Pt/gPt for all layer compo-

sitions.
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Nafion loading in the CCL notably influenced fuel cell performance, water crossover,

and water accumulation. The cathode-to-anode water crossover decreased with in-

creasing Nafion loading at all operating conditions, possibly because of the shift of the

ORR away from the PEM-CL interface with increasing NL due to the lower porosity

and higher protonic conductivity. Under all experimental conditions, the best and

worst fuel cell performance during the forward polarization scan (from low to high

current) was achieved at 20 and 40 wt.% NL, respectively, likely as a result of the

interplay between proton and reactant transport. Significant PTL flooding caused

shut down of the cells with 10 and 20 wt.% Nafion loadings during the backward scan

at 60 ◦C and 70% RH. The cells with 30 wt.% NL showed stable polarization curves;

however, it could not reach the same maximum currents due to already large water

accumulation.

Current hold and galvanodynamic measurements did not show a clear tread be-

tween water accumulation and Nafion loading. The cells with 30 wt.% NL retained

more water in the electrode and as a result were able to achieve: i) lower maximum

current density; and, ii) reduced sensitivity to RH. However, the 20 wt.% NL cells

repeatedly showed lower levels of saturation than the 10 wt.% counter part. It is

hypothesized the former is due to a better reaction distribution due to enhanced pro-

tonic conductivity. Overall, the cells with 20 wt.% NL performed better under any

conditions while the 30 wt.% NL cells were the least sensitive to RH.

For cells with 30 wt.% NL, the impact of cathode CL platinum loading on the per-

formance, water crossover, and water accumulation in PEMFCs was less prominent

than the effect of Nafion loading. Cathode-to-anode water crossover was not affected

by platinum loading. Cells with 0.317 mgPt/cm
2
CL PL had the best performance under

all experimental conditions, but the improvement over 0.133 and 0.219 mgPt/cm
2
CL

was reduced with increasing RH and/or lowering cell temperature. Overall, porous

media saturation increased when more current was produced but then quickly stabi-

lized during low current holds. At higher current densities, steady state could not be
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achieved due to steadily increasing water accumulation. A clear trend between water

accumulation and platinum loading was not observed, contradicting the commonly

held hypothesis that thin CL would flood more quickly.
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Chapter 6

Conclusions and Future Work1

A widespread hydrogen infrastructure, and cost and durability of PEMFC stacks

are the primary limitations to the market penetration of hydrogen PEMFCs [273].

One of the promising methods to cut down the cost of PEMFCs is by increasing

fuel cell current density at the same cell voltage while using the same amount of

platinum [273]. However, fuel cell performance improvement is affected by its ability

to efficiently remove the ORR product water, since water accumulation in the porous

media will result in reactant starvation. The ORR product water can be removed

from anode and cathode compartments of a PEMFC and, therefore, it is necessary to

increase the water removal rates from both sides. The overall objective of this thesis

was to experimentally quantify the impact of modifications to PEMFC components

on the crucial processes of dynamic water transport and liquid water accumulation

within the PEMFCs.

1Parts of this chapter are reproduced from the following publications:

1. F. Wei, A. Kosakian, J. Liu, J. Kracher, R. Khan, and M. Secanell, “Water transport in anion
and proton exchange membranes,” Journal of Power Sources, vol. 557, p. 232 494, 2023. doi:
https://doi.org/10.1016/j.jpowsour.2022.232494.

2. F. Wei, A. Kosakian, and M. Secanell, “Effect of operating conditions and micro-porous layer
on the water transport and accumulation in proton exchange membrane fuel cells,” Chemical
Engineering Journal, p. 144 423, 2023. doi: https://doi.org/10.1016/j.cej.2023.144423.

3. F. Wei, A. Kosakian, J. Liu, and M. Secanell, “Effect of Cathode Catalyst Layer Nafion and
Platinum Loading on the Dynamic Transport and Accumulation of Water Inside an Operating
PEMFC,” (under review).

Author contributions are detailed in the Preface of this thesis.
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6.1 Conclusions

To study water management inside operating PEMFCs, a reliable technique is re-

quired to quantify the real-time water removal fluxes from both compartments of the

cell and liquid water accumulation in the electrodes. In Chapter 2, a water balance

setup, which enables real-time measurement of water fluxes that enter and leave the

anode and cathode of an operating PEMFC, was developed and validated. The water

balance setup not only allows for the quantification of water fluxes but it also provides

a fast and reliable method to estimate the water accumulated in the membrane and

liquid water in the porous media. The developed setup and the proposed method-

ology to analyze the results can be used in real-time control strategies addressing

membrane dehydration and electrode flooding.

Increasing the cathode-to-anode water crossover rate is one of the promising ways

to mitigate cathode flooding arising from inefficient removal of the fast ORR water

production at high current. However, this water crossover rate is affected by the water

transport properties of the proton exchange membrane. Therefore, in Chapter 3, the

developed water balance setup, along with three proposed 1D mathematical models,

was used to estimate water desorption rate of PEMs, i.e., Nafion® N211, N212, N115

and N117 with varying thickness and fabrication methods, at multiple conditions.

Results indicate that interfacial transport is limiting for all the analyzed membrane

samples. The obtained desorption rate was found to be similar for the Nafion®

membranes of the same type (cast N21X or extruded N11X), but a lower overall

desorption rate was estimated for Nafion® N11X than for N21X due to the lower

activation energy for the former. Furthermore, the desorption rate was found to

increase with operating temperature and RH gradient between the membrane and

the surroundings. The developed methodology was also employed to analyze water

transport in several types of AEMs (Aemion® AH1-HNN8-50-X, Fumapem® FAA-

3-30/50, and Versogen™ PiperION-A40), for which only limited data is available in
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the literature.

Accurate measurement of the cathode-to-anode water crossover and water accu-

mulation in the porous media inside operating PEMFCs is crucial for understanding

the impact of modifications to cell operating conditions and component designs on

cell performance and thus, providing strategies for mitigating electrode flooding at

high current operation. Therefore, in Chapters 4 and 5 of this thesis, the developed

water balance setup was employed to quantify the impact of operating conditions,

MPL addition to the cathode transport layer and cathode CLs fabricated with vary-

ing Nafion (10−40 wt.%) and platinum loadings (0.133−0.317 mgPt/cm
2
CL) on cell

performance, cathode-to-anode water crossover and liquid water accumulation.

Operating conditions were found to have the most significant impact. Increasing

reactant relative humidity and/or decreasing cell temperature enhanced cathode-to-

anode water movement. Among the experimental conditions, liquid water accumula-

tion in the MEA was only tracked at 60 ◦C and 70% RH and found to occur within

the cathode, leading to an estimated saturation of approximately 40% at 1 A/cm2.

Cell performance also improved with increasing inlet RH at hot conditions, and per-

formance at 60 ◦C and 70% RH was similar to 80 ◦C and 50% RH. The ratio of water

crossover to produced remained relatively constant with current density and only at

hot/dry condition, net water moved from anode to cathode.

The addition of an MPL was found to lead to a slight increase in the cathode-to-

anode water crossover, i.e., approximately 0.05 moles per mole of water produced, but

it substantially reduced the total amount of liquid water accumulation. The cathode

MPL significantly improved fuel cell performance at cold/wet condition, while its

effect at hot conditions was limited. Even though a saturation of nearly 70% was

reached at 1.2 A/cm2 under cold/wet condition, cells with a cathode MPL continued

to operate normally and achieved a higher and more stable performance than cells

without MPL. The performance improvement at cold/wet condition in the case of

MPL addition was attributed to the increased water vaporization, as a result of
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enhanced internal MEA temperature, and the provision of in-plane oxygen pathways

in the MPL around the local water blockage sites in the cathode GDL.

Cathode catalyst layer Nafion loading also had a significant impact. Increasing

Nafion loading reduced the cathode-to-anode water crossover, possibly because of the

shift of the ORR away from the PEM-CL interface due to reduced porosity and higher

protonic conductivity. Due to the trade-off between proton and reactant transport

resistance arising from the Nafion loading, at all operating conditions, the best and

worst fuel cell performance during the forward polarization scan was achieved at 20

and 40 wt.% NL, respectively. It was also found that the maximum attainable current

for cells with 40 wt.% NL was too low to result in liquid water accumulation, but cells

with 30 wt.% NL retained the most water in the electrode. Furthermore, the 10 wt.%

NL cells exhibited higher levels of saturation than the 20 wt.% counter part, which

is hypothesized to be to a better ORR reaction distribution because of enhanced

protonic conductivity.

For cells with 30 wt.% NL, cathode CL platinum loading have minimal impact. In-

creasing platinum loading had a negligible effect on cathode-to-anode water crossover.

At all experimental conditions, cells with 0.317 mgPt/cm
2
CL PL had the best perfor-

mance, but the improvement over 0.133 and 0.219 mgPt/cm
2
CL was reduced with

increasing RH and/or lowering cell temperature. Surprisingly, a clear trend between

water accumulation and platinum loading was not observed and the 0.133 mgPt/cm
2
CL

CL appeared to have the smallest water accumulation at 1.2 A/cm2, contradicting

the commonly held hypothesis that thin CL would flood more quickly.

6.2 Contributions

The contributions of this dissertation to the advancement of the scientific knowledge

in the area of water management in PEMFCs are:

1. the development of a cost-effective and accurate water balance setup for the
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real-time measurement of water crossover between the electrodes and liquid

water accumulation in the electrodes of operating PEMFCs (see Chapter 2 and

publications [1, 2]);

2. the measurement of water desorption rate of proton and anion exchange mem-

branes (see Chapter 3 and publication [1]);

3. quantifying the impact of operating conditions and addition of an MPL to the

cathode GDL on cell performance, water transport and liquid water accumula-

tion of operating PEMFCs (see Chapter 4 and publication [2]);

4. quantifying the impact of cathode CL Nafion and platinum loadings on cell per-

formance, water transport and liquid water accumulation of operating PEMFCs

(see Chapter 5 and upcoming publication);

Three journal papers [1, 2, 4] were published as the first or co-first author during

this Ph.D. Research findings were presented at a number of domestic and international

conferences. Another journal paper, based on Chapter 5, is currently under review.

6.3 Future Work

6.3.1 Membrane property characterization

Liquid-vapor (L-V) [133, 173–176, 178] and vapor-vapor (V-V) permeation meth-

ods [133, 174, 175, 179] have measured very different diffusivity of Nafion membranes.

This disparity was hypothesized to be due to the effect of the interfaces, which limit

the overall water transport through the Nafion® membranes [133, 166, 173–175, 180–

183]. The challenge of using a V-V setup is that it involves bulk and interfacial trans-

port across two interfaces: absorption on the wet side and desorption on the dry

side. In Chapter 3, a L-V permeation method was used to characterize the water des-

orption rate of membranes. Liquid-vapor permeation setups are well established for

the estimation of the rate of water desorption from membranes but can not estimate
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the absorption rate. Therefore, in the future, a V-V permeation method based on

the developed water balance setup and the combined diffusion-and-desorption trans-

port model will be used to estimate the sorption rates at the interfaces and diffusion

coefficient through the bulk volume of the proton and anion exchange membranes.

6.3.2 Water accumulation validation with imaging data

In the literature, the liquid water accumulation in the porous media is generally

quantified by either ex-situ experiments [63, 147], analyzing in-situ tomography im-

ages [27, 33–35, 93, 105, 107, 108, 148–154] or via two-phase numerical modeling [25,

54, 155–164]. This thesis introduces a water balance setup that allows to measure

the real-time water accumulation in operating PEMFCs. In Chapter 4, the measured

saturation using the water balance was compared with the results determined by

imaging [34, 107, 154]. A deviation was observed and it was attributed to the differ-

ent cells used, imaging resolution and segmentation, and the different experimental

configurations and conditions. In th future, the accuracy of the water balance to

quantify the liquid water accumulation can be validated by imaging technique.

6.3.3 Effect of GDL, MPL and CL PSD on water manage-
ment

Water crossover between the anode and cathode electrodes and liquid water accumu-

lation in the MEA have been found to be affected by the pore size distribution of

GDL, MPL and CL using numerical models [109, 119]; however, experimental work

is limited in the literature on studying the effect of pore size on water transport and

accumulation. The proposed water balance setup can be used for this purpose.

6.3.4 Application to AEMFC

In anion exchange membrane fuel cells, water balance is even more important because

water not only is produced in the anode but also functions as a reactant in the cathode.

Therefore, the developed water balance setup can be used to optimize the membrane,
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CL, MPL, GDL and operating conditions to achieve better water management in

AEMFCs and thus improved cell performance and durability.

Over the past two decades, numerous efforts have been made to reduce platinum

loading, including the designs of: (1) novel carbon supports that enable high platinum

utilization, e.g., carbon nanotube [274], graphene [275], carbon aerogel [276], N-doped

mesoporous graphitized carbon [277, 278], and mesoporous carbon materials [279]; (2)

new architectures of platinum-based catalyst with high activity, e.g., nanocages [280],

core shell [281], nanowires [282], nanocrystals [283], and nanoframes [284]; and (3)

platinum-free catalysts [285–288]. In the literature, the electrochemical surface area,

current densities in the kinetic region and polarization curves are the main charac-

teristic parameters used to evaluate the success of newly designed catalyst layers.

However, durable catalyst layers require a better understanding of their impact on

water management, which requires evaluation of water transport and liquid water

accumulation in operating AEMFCs. Therefore, in the future, the developed wa-

ter balance setup can be used to understand the impact of these changes on water

transport and liquid water accumulation in operating AEMFCs, which will provide

additional insights that cannot be developed based on ECSA, mass activity, and

polarization curve measurements alone.
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[16] O. Gröger, H. A. Gasteiger, and J.-P. Suchsland, “Review—Electromobility:
Batteries or Fuel Cells?” Journal of The Electrochemical Society, vol. 162,
no. 14, A2605, 2015.

[17] S. Ramachandran and U. Stimming, “Well to wheel analysis of low carbon
alternatives for road traffic,” Energy & Environmental Science, vol. 8, no. 11,
pp. 3313–3324, 2015.

[18] Where the Energy Goes: Gasoline Vehicles, https://www.fueleconomy.gov/
feg/atv.shtml, Accessed: 07th September, 2023, no date.

[19] A. Z. Weber, R. L. Borup, R. M. Darling, P. K. Das, T. J. Dursch, W. Gu,
D. Harvey, A. Kusoglu, S. Litster, M. M. Mench, et al., “A critical review of
modeling transport phenomena in polymer-electrolyte fuel cells,” Journal of
The Electrochemical Society, vol. 161, no. 12, F1254, 2014.

[20] I. Staffell, D. Scamman, A. V. Abad, P. Balcombe, P. E. Dodds, P. Ekins,
N. Shah, and K. R. Ward, “The role of hydrogen and fuel cells in the global
energy system,” Energy & Environmental Science, vol. 12, no. 2, pp. 463–491,
2019.

[21] C. Thomas, “Fuel cell and battery electric vehicles compared,” International
Journal of Hydrogen Energy, vol. 34, no. 15, pp. 6005–6020, 2009.

[22] U.S. Department of Energy, Fuel cell technologies office multi-year research,
development, and demonstration plan: Fuel cells, https://energy.gov/sites/
prod/files/2017/05/ f34/ fcto myrdd fuel cells .pdf, 2017, Accessed June 1,
2023.

128

https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SPM.pdf
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SPM.pdf
https://www.fueleconomy.gov/feg/atv.shtml
https://www.fueleconomy.gov/feg/atv.shtml
https://energy.gov/sites/prod/files/2017/05/f34/fcto_myrdd_fuel_cells.pdf
https://energy.gov/sites/prod/files/2017/05/f34/fcto_myrdd_fuel_cells.pdf


[23] D. Papageorgopoulos, Fuel cell R&D overview, https://www.hydrogen.energy.
gov/pdfs/review19/plenary fuel cell papageorgopoulos 2019 .pdf, 2019, Ac-
cessed June 1, 2023.

[24] R Borup and A Weber, Fuel cell R&D overview: Fuel cell performance and
durability consortium, https ://www.hydrogen .energy.gov/pdfs/review20/
fc135 borup weber 2020 o.pdf, 2019, Accessed June 1, 2023.

[25] J. Zhou, S. Shukla, A. Putz, and M. Secanell, “Analysis of the role of the
microporous layer in improving polymer electrolyte fuel cell performance,”
Electrochimica Acta, vol. 268, pp. 366–382, 2018, issn: 0013-4686.

[26] A. Kosakian, “Transient numerical modeling of proton-exchange-membrane
fuel cells,” PhD dissertation, University of Alberta (Canada), 2021.

[27] J Lee, J Hinebaugh, and A Bazylak, “Synchrotron X-ray radiographic inves-
tigations of liquid water transport behavior in a PEMFC with MPL-coated
GDLs,” Journal of Power Sources, vol. 227, pp. 123–130, 2013.

[28] K. Khedekar, M. Rezaei Talarposhti, M. M. Besli, S. Kuppan, A. Perego,
Y. Chen, M. Metzger, S. Stewart, P. Atanassov, N. Tamura, et al., “Prob-
ing Heterogeneous Degradation of Catalyst in PEM Fuel Cells under Realistic
Automotive Conditions with Multi-Modal Techniques,” Advanced Energy Ma-
terials, vol. 11, no. 35, p. 2 101 794, 2021.

[29] K. Khedekar, P. Satjaritanun, S. Stewart, J. Braaten, P. Atanassov, N. Tamura,
L. Cheng, C. M. Johnston, and I. V. Zenyuk, “Effect of Commercial Gas
Diffusion Layers on Catalyst Durability of Polymer Electrolyte Fuel Cells in
Varied Cathode Gas Environment,” Small, vol. 18, no. 33, p. 2 201 750, 2022.

[30] L. Cheng, K. Khedekar, M. Rezaei Talarposhti, A. Perego, M. Metzger, S.
Kuppan, S. Stewart, P. Atanassov, N. Tamura, N. Craig, et al., “Mapping of
heterogeneous catalyst degradation in polymer electrolyte fuel cells,” Advanced
Energy Materials, vol. 10, no. 28, p. 2 000 623, 2020.

[31] R. L. Borup, A. Kusoglu, K. C. Neyerlin, R. Mukundan, R. K. Ahluwalia, D. A.
Cullen, K. L. More, A. Z. Weber, and D. J. Myers, “Recent developments in
catalyst-related PEM fuel cell durability,” Current Opinion in Electrochem-
istry, vol. 21, pp. 192–200, 2020.

[32] L. Zuo, Q. Jian, and Y. Yang, “Durability improvement mechanism of proton
exchange membrane fuel cell by microporous layer,” International Journal of
Energy Research, vol. 46, no. 13, pp. 18 809–18 818, 2022.

[33] R. W. Atkinson III, Y. Garsany, B. D. Gould, K. E. Swider-Lyons, and I. V.
Zenyuk, “The role of compressive stress on gas diffusion media morphology and
fuel cell performance,” ACS Applied Energy Materials, vol. 1, no. 1, pp. 191–
201, 2017.

129

https://www.hydrogen.energy.gov/pdfs/review19/plenary_fuel_cell_papageorgopoulos_2019.pdf
https://www.hydrogen.energy.gov/pdfs/review19/plenary_fuel_cell_papageorgopoulos_2019.pdf
https://www.hydrogen.energy.gov/pdfs/review20/fc135_borup_weber_2020_o.pdf
https://www.hydrogen.energy.gov/pdfs/review20/fc135_borup_weber_2020_o.pdf


[34] Y. Nagai, J. Eller, T. Hatanaka, S. Yamaguchi, S. Kato, A. Kato, F. Marone,
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Appendix A: Supplementary
Information for Chapter 3: Water
Transport in Anion and Proton
Exchange Membranes

A.1 Mathematical model

A.1.1 Water uptake

The water-uptake data for Nafion® N211 and N212 at 25–80 ◦C from references [228,

238, 243, 244] were fitted with eq. (3.10). The fitting was performed using the Sequen-

tial Least Squares Programming (SLSQP) algorithm in SciPy [233] by minimizing the

root-mean-square deviation (RMSD)

RMSD =

⌜⃓⃓⃓
⎷ N∑︁

i=1

(︁
λexp
eq (aexpw,i )− λfit

eq(a
exp
w,i )
)︁2

N
(A.1)

between the experimental data and the fitting function (3.10). Since multiple data

sets were available, the overall fitting residual was defined as a root-mean square of

RMSDs of the individual data sets:

RMS =

⌜⃓⃓⃓
⎷ M∑︁

i=1

RMSD2
i

M
, (A.2)

where M is the number of the data sets. The fitted coefficients of eq. (3.10) are

provided in Table A.1. The coefficient of determination (R2) of the fit was at least

0.9784 (0.9917 on average).
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Table A.1: Coefficients of the water-uptake curve eq. (3.10).

Membrane α0α0α0 α1α1α1 α2α2α2 α3α3α3 Reference

Nafion® N11X 0.043 17.81 -39.85 36.0 Refs. [168, 239]

Nafion® N21X 0 14.25 -23.95 21.11 This work

Aemion® AH1-HNN8-50-X 0 18.31 -32.57 28.06 This work

Fumapem® FAA-3 0 12.11 -15.76 13.56 This work

Versogen™ PiperION-A40 0 13.13 -14.81 14.41 This work

Water-uptake curves for the cast Nafion® N211 and N212 membranes at 25–

80 ◦C from references [228, 238, 243, 244] are plotted in Figure A.1a along with

their fit obtained in this work (eq. (3.10) and Table A.1) and the sorption isotherm

for the extruded Nafion® N117 from references [168, 239] (also eq. (3.10) and Ta-

ble A.1). The sorption isotherm fitted by Kosakian et al. [92, 289] for a variety of

Nafion® membranes (mostly extruded),

λeq =
(︂
18.37aw − 37.46a2w + 31.70a3w

)︂
· exp

[︃
−66.28

(︃
1

T
− 1

303.15

)︃]︃
, (A.3)

is shown in Figure A.1 for comparison. It can be seen from the figure that the water

uptake by cast Nafion® membranes (N211, N212) is similar to that by extruded

membranes (N117).

Water-uptake data for alkaline membranes are more scarce as compared with the

Nafion® materials. Since Aemion® membranes are based on hexamethyl-p-terphenyl

poly(methylbenzimidazolium) (HMT-PMBI) [290–293], water uptake by HMT-PMBI

reported in references [245–247] was used to approximate that for Aemion® AH1-

HNN8-50-X. The only data for HMT-PMBI in bicarbonate (HCO−
3 ) form were found

in the work of Ziv et al. [247], where the uptake was reported for the RH of and

above 50%. Since the minimum RH used in this work was 10%, sorption data at a

wider range of water activity was required. Water uptake for the entire range of RH

was reported by Novitski et al. [245] and Zheng et al. [246], but for HMT-PMBI in

the hydroxide (OH−) form. The data reported by Ziv et al. [247] indicate that the

153



0.0 0.2 0.4 0.6 0.8 1.0
Water activity

0

2

4

6

8

10

12

14

W
at

er
co

nt
en

t

a)

0 2 4 6 8 10 12 14
Water content

0.0

0.2

0.4

0.6

0.8

1.0

W
at

er
ac

ti
vi

ty

b)

Nafion 211 at 25 °C (Peron et al.)

Nafion 212 at 25 °C (Kusoglu et al.)

Nafion 212 at 25 °C (Shi et al.)

Nafion 212 at 70 °C (Shi et al.)

Nafion 212 at 80 °C (Naudy et al.)

Nafion 211/212 fit (this work)

Nafion 117 at 30 °C (Zawodzinski et al.)

Nafion 117 fit (this work)

Nafion at 25 °C (Kosakian et al.)

Nafion at 80 °C (Kosakian et al.)

Figure A.1: Water-uptake curves for the cast Nafion® N211 and N212 membranes at
25–80 ◦C from references [228, 238, 243, 244] and their fit obtained in this work: a) the
sorption isotherm (eq. (3.10) and Table A.1) and b) the inverse sorption isotherm
(eq. (A.8) and Table A.2). Sorption isotherms for Nafion® N117 (eq. (3.10) and Ta-
ble A.1) and a variety of Nafion membranes (eq. (A.3)) are also shown for comparison.

uptake by HMT-PMBI membranes in the bicarbonate form is approximately 8–13%

higher than in the hydroxide form at 50–90% RH, and the difference is smaller at

lower RH. In the absence of a complete data set for HMT-PMBI in the HCO−
3 form,

water uptake in the OH− form at 40–60 ◦C from references [245, 246] was used as an

estimate. The data were fitted following the procedure discussed above for Nafion®,

and the sorption isotherm obtained with R2 of at least 0.998 is provided in eq. (3.10)

and Table A.1.

Ziv et al. [247] also reported water uptake by HMT-PMBI in the OH− form at

50–90% RH. Fitting all three data sets [245–247] resulted in no significant change

in the sorption isotherm in the entire range of RH as shown in Figure A.2a (the

coefficient of determination for the original fit with respect to the data from Ziv et

al. was reasonably high at 0.943). Fitting the inverted isotherm to compute water
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Figure A.2: Water-uptake curves for Aemion® AH1-HNN8-50-X (HMT-PMBI) mem-
branes at 30–60 ◦C from references [245–247] and their fits obtained in this work:
a) the sorption isotherm (eq. (3.10) and Table A.1) and b) the inverse sorption
isotherm (eq. (A.8) and Table A.2).

diffusivity (see Section 3.2.3) also resulted in a water-activity curve that was nearly

identical to the fit to only two data sets [245, 246] up to the water content of about

10 molH2O/molN+ (90% RH), as seen in Figure A.2b. However, the water-activity

curve did not tend to unity at high water content, i.e., did not cover the entire range

of RH, when the data from Ziv et al. [247] were included. For that reason, only the

sorption isotherm obtained by fitting the data from Novitski et al. [245] and Zheng

et al. [246] is reported in this work.

The experimentally measured water uptake by Fumapem® FAA-3 membranes in

bicarbonate form at 25 and 40 ◦C from references [231, 247] was fitted with eq. (3.10)

to give the polynomial coefficients in Table A.1 with R2 of 0.9773 and 0.9994. The

resulting isotherm is plotted in Figure A.3a along with the original data [231, 247].

Only one reference for the water uptake by PiperION® membranes was found [231].

The sorption isotherm was measured for PAP-TP-85 [231] and was assumed in this

work to be representative of Versogen™ PiperION-A40. Fitting of the data (measured

at 25 ◦C) with eq. (3.10) yielded the coefficients in Table A.1 with R2 of 0.9996. The

experimental data and the plot of the fitted isotherm are shown in Figure A.4a.
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Figure A.3: Water-uptake curves for Fumapem® FAA3 membranes at 25 and
40 ◦C from references [231, 247] and their fit obtained in this work: a) the sorption
isotherm (eq. (3.10) and Table A.1) and b) the inverse sorption isotherm (eq. (A.8)
and Table A.2).

0.0 0.5 1.0
Water activity

0.0

2.5

5.0

7.5

10.0

12.5

W
at

er
co

nt
en

t

a)

Luo et al.

Fit

0 5 10
Water content

0.0

0.2

0.4

0.6

0.8

1.0

W
at

er
ac

ti
vi

ty

b)

Luo et al.

Fit

Figure A.4: Water-uptake curves for PiperION® PAP-TP-85 from reference [231]
and its fit obtained in this work: a) the sorption isotherm (eq. (3.10) and Table A.1)
and b) the inverse sorption isotherm (eq. (A.8) and Table A.2).
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A.1.2 Darken factor

In order to find an expression for water diffusivity in the polymer electrolyte, the flux

of water due to the water-content gradient is equated in this work to the water flux

due to the chemical-potential gradient [190, 239]:

NNNλ =NNNµ = −Dµ
cwv

RT
∇µ. (A.4)

Noting that concentration of water is related to the water content through

cwv =
ρm,dryλ

EW
,

using the definition of the chemical potential µ = RT ln aw [239], and assuming

isothermal conditions,

−Dµ
cwv

RT
∇µ = −Dµ

ρm,dry

EW
λ∇ ln aw.

Application of the chain rule to the gradient in the equation above results in

NNNµ = −Dµ
ρm,dry

EW

∂ ln aw
∂ lnλ

∇λ. (A.5)

Since

NNNλ = −Dλ
ρm,dry

EW
∇λ, (A.6)

equating the water fluxes (A.4) gives

Dλ =
∂ ln aw
∂ lnλ

Dµ, (A.7)

a result often found in the fuel-cell literature [133, 168, 189, 190, 239].

One way to compute the Darken factor (eq. (3.12)) is to find the derivative ∂λ/∂aw

from the sorption isotherm and then substitute it into

D =
∂ ln aw
∂ lnλ

=

(︃
aw
λ

∂λ

∂aw

)︃−1

.

This, however, results in a large expression that is a function of water activity, while,

for modeling purposes, the Darken factor should be related to the water content. A
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common approach to overcoming this issue is to differentiate the sorption isotherm

λeq(aw, T ) plotted in the logarithmic scale and then to fit the resulting curve with

an empirical relationship. The plateau at the intermediate water activity seen in

Figures A.1a, A.3a, and A.4a results in a peak in the Darken factor, and the expres-

sions for water diffusivity found through this method are separated into two parts, for

low and high water contents [133, 189]. Apart from the inconvenience of having two

diffusivity expressions instead of one, this approach also relies on two curve-fitting

procedures, one for water uptake and one for diffusivity, each of which contributes to

the overall numerical error in the final relationships.

As discussed in the main text, a different approach to computing the Darken factor

was taken in this work that is free of the shortcomings of the aforementioned methods.

The uptake data from references [228, 231, 238, 239, 243, 244, 247] were inverted,

fitted, and the Darken factor was computed analytically. This approach results in

a single relationship Dλ(λ, T ) for the entire range of water content (or RH) that

contains a numerical error associated with only one curve-fitting procedure.

The general expression used for fitting the inverted water-uptake curves was

aw =
β1λ+ β2λ

2 + β3λ
3

γ0 + γ1λ+ γ2λ2 + γ3λ3
. (A.8)

The fitted polynomial coefficients are listed in Table A.2. They were obtained with

the R2 of at least 0.99998, 0.993, 0.999, 0.981, and 0.99996 for Nafion® N117,

Nafion® N211, Aemion® AH1-HNN8-50-X, Fumapem® FAA-3-50, and Versogen™

PiperION-A40, respectively. The inverted isotherms are shown in Figures A.1b, A.2b,

A.3b, and A.4b alongside the original data. The analytically computed Darken factors

are given in eq. (3.13) and Table A.3 and are plotted in Figure A.5.

The peak in the Darken factor at the water content of about 2–3 molH2O/molion is

due to the plateau in the sorption isotherms at the intermediate water activity (Fig-

ure 3.2). The Darken factors shown in Figure A.5 are extended beyond the maximum

water content in vapor-equilibrated membranes at unit water activity found from the
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Table A.2: Coefficients of the inverted water-uptake curve (A.8).

Membrane β1β1β1 β2β2β2 β3β3β3 γ0γ0γ0 γ1γ1γ1 γ2γ2γ2 γ3γ3γ3

Nafion® N11X 0.532 -0.245 0.0826 8.93 -3.41 0.488 0.0469

Nafion® N21X 1.77 0.121 0.0317 28.3 -5.32 0.907 0

Aemion® AH1-HNN8-50-X 1.32 0.341 0.0429 40.2 -7.25 1.35 0

Fumapem® FAA-3 2.37 -0.0662 0.0642 31.5 -6.63 1.17 0

Versogen™ PiperION-A40 2.01 -0.371 0.0575 27.6 -7.08 0.897 0

sorption isotherms (eq. (3.10) and Table A.1) to the liquid-equilibrated water content

from Table 3.1. In that region, the Darken factors are quasi-linear, in agreement

with the results of Motupally et al. [189] and Ge et al. [133]. As in references [133,

189], it was assumed in this work that the derived Darken factors and thus diffusion

coefficients of water were valid between the vapor-equilibrated and liquid-equilibrated

water contents.

A.2 Results and discussion

A.2.1 Fitting

The experimentally measured crossover flux for each membrane and the corresponding

fitted values are shown in Figures A.6 and A.7 for the example of model 2 (desorption).

The coefficient of determination, R2, was 0.900–0.983. It was higher, 0.972–0.994,

when computed for the outlet vapor pressure (which was not fitted), as the measured

data were not influenced by the inlet uncertainty. The measured and calculated outlet

vapor pressure is illustrated in Figures A.8 and A.9.

Distributions of the fitting residual (3.15) around the fitted scaling factors βD, βE,

and βd obtained with model 3 (diffusion and desorption; see Tables 3.3 and 3.4) are

shown in Figures A.10 and A.11.

Diffusion coefficients of water in Nafion® fitted with model 3 (diffusion and desorp-

tion) are shown in Figure A.13. The obtained water diffusivity in Nafion® is higher
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Figure A.5: Comparison of the Darken factors for Nafion® N11X, Nafion® N21X,
Aemion® AH1-HNN8-50-X, Fumapem® FAA-3, and Versogen™ PiperION-A40 mem-
branes (eq. (3.13) and Table A.3). Markers correspond to the maximum water con-
tent in vapor-equilibrated membranes at unit water activity found from the sorption
isotherms (eq. (3.10) and Table A.1).
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(a) (b)

(c) (d)

Figure A.6: Results of fitting the experimental crossover flux with model 2 (desorption
only; see Table 3.3) for Nafion®: a) N115; b) N117; c) N211; and d) N212. The
shadow is added to guide the eye through the experimental conditions.
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(a) (b)

(c) (d)

Figure A.7: Results of fitting the experimental crossover flux with model 2 (desorption
only; see Table 3.4) for: a) Aemion® AH1-HNN8-50-X; b) Versogen™ PiperION-A40;
c) Fumapem® FAA-3-30; and d) Fumapem® FAA-3-50. The shadow is added to
guide the eye through the experimental conditions.
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(a) (b)

(c) (d)

Figure A.8: Comparison of the measured and simulated outlet vapor pressure in the
dry channel for the fitting results in Table 3.3 and Figure A.6 obtained with model 2
(desorption only) for Nafion®: a) N115; b) N117; c) N211; and d) N212. The shadow
is added to guide the eye through the experimental conditions.
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(a) (b)

(c) (d)

Figure A.9: Comparison of the measured and simulated outlet vapor pressure in the
dry channel for the fitting results in Table 3.4 and Figure A.7 obtained with model 2
(desorption only) for: a) Aemion® AH1-HNN8-50-X; b) Versogen™ PiperION-A40;
c) Fumapem® FAA-3-30; and d) Fumapem® FAA-3-50. The shadow is added to
guide the eye through the experimental conditions.
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a) b)

c) d)

Figure A.10: Residual distributions around the fitted scaling factors in Tables 3.3
and 3.4 for Nafion®: a) N115; b) N117; c) N211; and d) N212.

166



a) b)

c) d)

Figure A.11: Residual distributions around the fitted scaling factors in Ta-
bles 3.3 and 3.4 for: a) Aemion® AH1-HNN8-50-X; b) Versogen™ PiperION-A40;
c) Fumapem® FAA-3-30; and d) Fumapem® FAA-3-50.
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Figure A.12: Comparison of the fitted water-desorption rates for Nafion® N117, N211,
N212, Aemion® AH1-HNN8-50-X, Fumapem® FAA-3-50, and Versogen™ PiperION-
A40 at a) 60 ◦C and b) 80 ◦C. The results were obtained with model 3 (diffusion and
desorption). Markers indicate the vapor-equilibrated water content at 100% RH from
Figure 3.2. Each graph is plotted up to the liquid-equilibrated water content from
Table 3.1.

than reported in the literature [43, 133, 189, 239, 252, 253], especially at the elevated

temperature. As discussed in the main text, this is because of the low sensitivity of

the overall transport across membranes equilibrated with liquid water on one side to

the bulk transport, which makes the determination of water diffusivity using liquid-

vapor permeation setups challenging and potentially inaccurate. The desorption rate

of water and its activation energy can still be estimated.
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Figure A.13: Comparison of the water diffusivities fitted for Nafion® N117, N211, and
N212 with the literature data at a) 50 ◦C and b) 80 ◦C. The results were obtained
with model 3 (diffusion and desorption). Markers indicate the vapor-equilibrated
water content at 100% RH from Figure 3.2. Each graph is plotted up to the liquid-
equilibrated water content from Table 3.1. The literature data are from Refs. [133,
189, 239, 252, 253].
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