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Glossary

Variables

AG Gibbs free energy change (kJ/mol)
AH Enthalpy change (kJ/mol)

AS Entropy change (J/(mol K))

m Mass flow (cm3/s)

€ Porosity

n Losses (V)

0 Surface tension (N/cm)

Yi Activity coefficient of species i

A Stoichiometry

) Potential (V)

o Conductivity (S/cm)

T Tortuosity

i Outward—-pointing normal vector
A Area (cm?)

a Activity, Inner surface (cm?/cm?)
A;j Species—specific parameters

c Concentration (mol/cm?)

D Diffusion coefficient (cm?/s)

d thickness (cm?)

F Faraday constant (9.648 - 10* C/mol)
f Fugacity (Pa)

1 Current (A)

i Current density (A/cm?)

10 Exchange current density (A/cm?)
k Mass transfer coefficient (cm?/s)
M; amu Molar mass of species i (g/mol)
N Flux (mol/(cm?s))

n Number of electrons

P Total pressure (Pa)

D Partial pressure (Pa)

Perm; Permeability of species i ((¢cm?mol) / (Js))



viii GLOSSARY

Q Sink or source term

q Heat flux (W /cm?)

R Universal gas constant (8.314472 J /(K mol))
r Radius (cm)

R, Resistance of x (2)

U Voltage (V)

Vin Standard molar volume of an ideal gas (22.414 - 103 cm? /mol)
x; Mole fraction of species i (liquid)
Yi Mole fraction of species i (gaseous)
Indices

A Activation

an Anode

aq Aqueous

ca Cathode

cap Capillary

chem Chemical

CO, Carbon dioxide

el Electronic

eq Equilibrium

G Galvani

g Gaseous

hc half—cell

l Liquid

leak Leakage

mem Membrane

O Oxygen

ohm Ohmic

ox Oxidant

P Protonic

red Reductant

ref Reference electrode

rev Reversible

th Thermo neutral, thermodynamic
therm Thermal

vap Vapor

we Working electrode
Abbreviations

ACL Anode catalyst layer

CCL Cathode catalyst layer

CCM Catalyst—coated membrane

DEFC Direct ethanol fuel cell
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DMEC
FR-4
laser
LDMEC
MAF
MEA
MeOH
MOR
MPP
NHE
ocv
ORR
PCB
PDMS
PEM
PEMFC
PTFE
VDMEC
VLE

Direct methanol fuel cell
Flame resistant 4

Light amplification by stimulated emission of radiation

liquid-fed DMFC

Misalignment factor

Membrane electrode assembly
Methanol, Methyl alcohol

MeOH oxidation reaction
Maximum power point

Normal hydrogen electrode

Open circuit voltage

Oxygen reduction reaction

Printed circuit board
Polydimethyl siloxane

Polymer electrolyte membrane
Polymer electrolyte membrane fuel cell
Polytetrafluorethylene

Vapor-fed direct methanol fuel cell
Vapor-liquid equilibrium
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Chapter 1

Introduction

The portable electronic device market is quickly outgrowing the capabilities of existing battery
technology. A need for higher capacities to power new functions and enhanced features of con-
sumer electronics is growing faster than battery energy densities can increase. Portable fuel cells
are believed to be one possible solution which allows longer intervals between refueling [1]. En-
ergy densities of various electrochemical battery and fuel cell systems are given in Table 1.1. These
theoretical values are based on the active anode and cathode materials only. Other materials that
may be involved in the reaction are neglected in the calculation. It should be noted that the theo-
retical energy densities for liquids or gases used in fuel cells exceed actual electrochemical systems
of batteries by more than one order of magnitude.

Unlike a battery that incorporates its reactants as intrinsic component of the device, fuel cells
require a continuous supply of reactants from a storage reservoir. The advantage of separating
storage from electrochemical conversion is twofold. First, a separate reservoir allows for instan-
taneous refueling that can be repeated many times. Batteries require several minutes to hours
for recharging and degrade seriously when subjected to frequent charging cycles. Second, the
lifespan of the storage reservoir is not linked to the energy converter. Effects that are common in
battery technology, like self-discharging, can be overcome by new design and operating protocols.
In addition, the feature of separating storage from electrochemical conversion offers a variety of
customized applications.

In the power range of several watts and less, the fuel cell has to meet challenging specifications.
Fuel cell units must be small in order to fit into portable devices. A planar serial connection of fuel
cells is favored over the classical stack design. The flat design offers easy integration into the hous-
ing [2,3]. Furthermore passive approaches like air breathing cathodes, passive cooling/heating or
a passive fuel supply, are needed to minimize energy losses of a fuel cell system. Peripheral com-
ponents like pumps, fans, valves or humidity regulators reduce the total efficiency of a fuel cell
system, which is significant for low power fuel cells. Passive approaches also imply fewer parts,
which increases the durability and the reliability of the fuel cell components. Energy densities of
up to 1000 Wh/1, a durability of at least 1000 h and costs below 5 €/W are current bench marks [4].
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Voltage | Energy
System | Anode | Cathode Reaction mechanism A% Wh/kg

Primary batteries:

Mercury | Zn HgO Zn + HgO — ZnO + Hg 1.34 255

Alkaline | Zn MnO, Zn + 2MnOy — ZnO + Mn,Og4 1.5 358

Zn/air 7n air Zn + %OQ — Zn0O 1.65 1353
Secondary batteries:

Ni/Cd Cd Ni oxide Cd + 2NiOOH + 2H,0 — 2Ni(OH),, + Cd(OH), 1.35 244

Ni/MH | MH Ni oxide MH + NiOOH — M + Ni(OH), 1.35 240

Li-ion Li Cg Li;_,CoO,4 | Li,Cy + Li; _,Co0Oy — LiCoO4 + Cy 4.1 410

Fuel cells:

H,/air H, 0O, H, + %OQ — H,0 1.23 39306
DMEC CH,O 0O, CH,;OH + %OQ — CO, + 2H,0 1.21 6086
DEFC C,H;0 | O, C,H;0H + 30, — 2CO, + 3H,0 1.15 7992

Table 1.1: Theoretical voltages and energy densities for different electrochemical systems. Data for batteries
is taken from [5], data for fuel cells calculated from Gibbs free energies [6]. Values are based on active anode
and cathode materials (electrolyte is not included).

Efficient storage of gases like hydrogen is still a major obstacle in terms of weight, size and safety.
Accordingly, low power fuel cells for portable applications usually operate with liquid fuels.
Liquid fuels, mostly hydrocarbons like methanol, ethanol or formic acid, are either reformed to
hydrogen-rich gas or directly converted into electricity. Direct conversion is advantageous for low
power systemes, as it eliminates the need for complicated fuel reforming and simplifies the system
considerably. Furthermore, it is convenient to combine solid polymer electrolytes like Nafion®
with liquid fuel instead of hydrogen, as complex humidification and thermal management can be
avoided [7].

Direct methanol fuel cells, operated with methanol in the liquid phase, have received by far the
most extensive attention and efforts compared to other liquid fuels and comprehensive reviews
can be found in the literature [7-10]. A direct methanol fuel cell shows good electrochemical
activity and a high energy density. Methanol itself as a fuel is readily available with a global
production capacity of 34 Mt/a in 1999 [11]. It is mainly produced using synthesis gas derived
from methane components in natural gas. Nevertheless, it can also be produced from biomass,
like biodegradable waste or wood—chips. Another option is a heterogeneous catalysis of CO, and
renewable hydrogen [12]. One great disadvantage of methanol is its toxicity. Methanol is not
directly poisonous, but toxicity occurs when enzymes in the liver decompose it to formic acid and
formaldehyde. Thus safeguards and safety regulations are needed.

Despite the fact that various prototypes of direct methanol fuel cells have been constructed and
demonstrated, there are still some major drawbacks that hinder commercialization of the direct
methanol fuel cell, such as slow anode kinetics and fuel crossover. A complex reaction pathway



of the methanol oxidation reaction leads to noticeable polarization losses at the anode, unlike a
hydrogen-fed fuel cell, which are in the same range as cathodic losses for the oxygen reduction
reaction. Methanol crossover across the membrane causes two detrimental effects. First, the par-
asitic oxidation of methanol at the cathode produces heat and additional water, which increases
flooding. The Faradaic efficiency of the system is lowered due to the parasitic fuel loss. Second, a
mixed potential of oxygen reduction reaction and methanol oxidation reaction at the cathode elec-
trode drastically increases cathode losses. Many new or altered membrane materials have been
studied and are currently under investigation to decrease methanol crossover [13-21].

A conventional hybrid design of a direct methanol fuel cell /battery system consists of a fuel stor-
age reservoir of diluted methanol, a methanol pump, an air pump or fan, the fuel cell, an electronic
controller and a battery for peak power demands [22]. Diluted methanol is used to minimize fuel
losses and mixed potentials at the cathode because of crossover. The fuel cell is operated at a point
that can be optimized with respect to e.g. power density or lifetime. These systems suffer the
major disadvantages of large volumes, increased weight and, especially, a low system efficiency
because of high parasitic energy consumption of the auxiliary devices. In addition the theoreti-
cal energy density of methanol is drastically reduced using 1 M solutions of methanol diluted in
water.

Several approaches have been discussed to decrease the complexity of direct methanol fuel cell
systems for portable applications. The use of pure methanol in the storage tank, that is then
diluted within the direct methanol fuel cell system has been successfully demonstrated [23-26].
Other approaches have combined high molarities with a rate-controlling diffusion layer [27-29],
which reduced methanol crossover. Air-breathing cathodes that use atmospheric oxygen to feed
the oxygen reduction reaction have been developed [25, 26, 30-33]. A great risk of flooding at
the cathode because of limited water evaporation into the surrounding atmosphere, especially at
increased crossover, is one major difficulty of this approach. Oxygen access to the cathode catalyst
layer is impeded by blocked pores and the overall performance decreases. Various concepts based
on MEMS technology, mainly using silicon technology [34-38], with reduced size and weight have
been reported.

Completely passive operation with a liquid methanol solution at the anode has been studied
[31,39,40]. One difficulty of passive operation of a direct methanol fuel cell is the formation of
gaseous COs in the liquid fuel at the anode. For pumped systems the convective flow of fuel is
used to flush out dissolved CO, before bubbles can block channels or pores of the gas diffusion
layer and catalyst layer. For passive operation the bubbles become immobile, block fuel access
to anode catalyst sites and thus decrease the overall performance. Innovative designs that use
natural circulation [41] or a combination of hydrophobic and hydrophilic layers [42] have been
introduced to overcome this obstacle.

The object of this thesis is to investigate new approaches to passively operate direct methanol
fuel cells and compare these passive concepts to existing technology. Two different technological
concepts will be pursued. One concept includes diluted liquid methanol that is fed to a micro-
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structured anode to facilitate bubble removal of gaseous CO». The other concept utilizes a passive
evaporation of highly concentrated methanol which feeds the anode compartment with methanol
in the vapor-phase. Finally, the two concepts will be compared and evaluated with respect to the
electric performance and methanol crossover from anode to cathode. Various effects such as e.g.
mass transport problems or slow kinetics lead to voltage losses at the electrodes of a fuel cell. A
reference electrode will be used as a tool to distinguish between voltage losses occurring at the
anode and cathode electrode. Measurements including a reference electrode are fault-prone and
subject to large measurement errors. Thus, the reliability of the reference electrode will be studied
and optimization measures obtained.



Chapter 2

Fundamentals of a DMFC

A fuel cell converts chemical energy directly into electricity without intermediate thermal steps.
An electrolyte separates reactants of the electrochemical reaction to eliminate direct combustion
of fuels. Thus, efficiency is not limited to the Carnot efficiency which is especially advantageous
at low temperatures. Principles of various fuel cells are extensively discussed in the literature
[43-45].

In this chapter, the fundamentals of a direct methanol fuel cell (DMFC) are discussed. Besides
introducing typical configurations, thermodynamics and kinetics of the electrochemical methanol
oxidation reaction (MOR) and oxygen reduction reaction (ORR) are clarified and loss mechanisms
are given. Several efficiencies with respect to different loss mechanism are defined. Finally, the
methods for single electrode measurements are looked at.

2.1 Functionality and configuration

In DMFCs, methanol (MeOH) is oxidized at the anode electrode. Protons originating from this
reaction migrate through the electrolyte to the cathode electrode. Here, oxygen is reduced and
water is produced. The electrochemical reaction mechanism can be described as followed.

MOR (Anode): CH30H(1) + HQO(]) — COQ(g) +6H' + 6e” (2.1)
ORR (Cathode): gOg(g) +6H' + 6e” «— 3H20 (2.2)
Total cell reaction: CH30H) + gOg(g) «— COqyy) + 2H20y)) (2.3)

The reaction is driven by a negative Gibbs free energy change. While protons migrate through
the electrolyte, electrons are consumed within an external electric circuit. The electronically iso-
lating electrolyte, which is a solid polymer electrolyte membrane, physically separates MeOH
and oxygen at the anode and cathode and prevents direct combustion. For Nafion®, a commonly
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CHs0OH
CO2 H2
CHsOH O:
H20
\__ | Currentcollector |
H20 [ ]c-Matrix (GDL)
|:|Reactants
CHsOH
|:|Polymer electrolyte
CO» w & catalyst

Figure 2.1: Principal assembly of a DMFC. Reaction is taking place at the triple—phase boundary within
the catalyst layers.

used polymer electrolyte membrane developed by DuPont!, protonic conductivity is ensured by
sulfonic acid groups that are chemically bonded to a fluor carbon polymer backbone. In combi-
nation with water hydrogen bonds of the acid groups are split, allowing protons to migrate freely
through the electrolyte. Thus, conductivity is directly correlated to water uptake of the mem-
brane. One problem in using Nafion® as an electrolyte for DMFCs is the physical similarity of
water and MeOH, resulting in an uptake of MeOH as well as water. A flux of MeOH across the
membrane to the cathode, the so—called MeOH crossover, reduces performance and efficiency of
a DMEFC significantly. Because of a parasitic MeOH oxidation at the cathode, a mixed potential
between the equilibrium potentials of the MOR and ORR is formed and voltage efficiency as well
as Faradaic efficiency is lowered. As a consequence, highly diluted MeOH in deionized water
(typically between 0.5 M and 2 M) is used instead of the stoichiometric 1:1 molar ratio.

'http:/ /www.dupont.com/
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A schematic drawing of a DMFC single cell is shown in Fig. 2.1. Diluted MeOH is typically
pumped into flow channels of the anode flowfield. Diffusion and convection transport both re-
actants through the gas diffusion layer (GDL) to the reaction zone of the anode catalyst layer
(ACL). Electrochemical oxidation of MeOH takes place at the triple-phase boundary of the anode
electrode, where the proton—conductive polymer, the electron—conductive GDL and the fuel are
linked to a catalyst site. As already mentioned, protons are transported to the reaction zone of
the cathode electrode. Electrons migrate through the GDL and the anode flowfield to a current
collector. CO», a product of the MOR at the anode electrode, is either diluted in the liquid fuel
or forms gas bubbles and leaves the anode flowfield because of forced convection. It is necessary
to ensure a design where gas bubbles cannot become stationary and block reactant access to the
ACL. Therefore, pumped operation with single serpentine flow channels is frequently used.

In general, a stream of oxygen or air is supplied to the flow channels of the cathode flowfield. It
is transported to the reaction zone of the cathode catalyst layer (CCL) by diffusion and convec-
tion through the GDL. Oxygen is electrochemically reduced at the triple-phase boundary using
protons that migrated through the electrolyte and electrons from the external circuit. Water is
produced during the ORR. In the system investigated here, it is believed that this water is in the
liquid phase initially and than evaporates into the gas stream. Additional water is produced at the
cathode because of the parasitic oxidation of crossover MeOH. If the saturation vapor pressure of
water in the gas stream is reached, droplets of water form. These are either driven out by con-
vection or fill some pores of the CCL or GDL, a phenomena called flooding. When this happens,
oxygen transport to the catalyst is hindered and the ORR is slowed down, resulting in reduced
performance of the fuel cell. Specially treated GDLs (e.g. having an additional microporous layer)
are used to minimize flooding of the CCL.

For DMFCs, mostly carbon-supported PtRu for the MOR and carbon-supported Pt for the ORR
are utilized for the porous electrodes. Small catalyst particles between 1-5nm are placed on the
surface of carbon particles and mixed with a proton—conductive electrolyte (e.g. impregnation
with Nafion® solution) to increase the active sites along the triple-phase boundary. The catalysts
can be applied directly to the membrane, which is then called a catalyst-coated membrane (CCM)
or 3-layer membrane electrode assembly (MEA). If the catalyst is applied to the GDL, the termi-
nology of catalyst—coated backing or 5-layer MEA is used. Besides being the support for catalysts
for 5-layer MEAs, GDLs are employed to distribute reactants homogeneously to the electrodes,
reduce damage to the membrane by mechanical forces and electronically connect the electrodes
and the flowfields. Commonly used materials are carbon cloth, carbon papers or metal meshes.

It is usually advantageous to increase the single cell voltage for a DMFC system and adapt the
system voltage to the characteristics of the connected load. This is realized by a serial connection
of several single cells. Two different concepts are currently being pursued. A pile of single cells is
called a stack, and electric connection is realized by a conductive material (bipolar plate) which is
sandwiched between two singles cells. When space is limited, the serial connection is realized in
a single plane. The term “planar fuel cell” is often used for this concept.
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2.2 Operation at open circuit

The voltage of a DMFC reaches its maximum when the external circuit is disconnected and no
current is drawn from the fuel cell. This condition is called open circuit voltage (OCV).

221 Thermodynamic OCV

The change of enthalpy AH of the electrochemical reaction describes the maximum work that
can be obtained at a constant temperature and pressure. If the complete change in enthalpy were
transformed into electric work, a potential difference called Uy, would be achieved.

= —— 24
Utn, ™o (2.4)

Here n describes the numbers of electrons involved in the electrochemical reaction, which would
be 6 for the given case, and F is the Faraday constant. The change of entropy AS of the system
cannot be converted into electric work according to the second law of thermodynamics. Only the
part that is called Gibbs free energy AG can be converted and the reversible cell voltage is gained.
It equals the potential difference between reversible cathode potential @, ., and the reversible
anode potential ®;.c;, .-

AG  AH-TAS _

Urev = _niF’ - nF - q)re'u,ca - (I)re'u,an (25)

Thermodynamic data for a DMFC are given in Table 2.1. According to eq. (2.3), a thermo neutral
voltage of U = 1.255V and a reversible voltage of U_,, = 1.213V can be calculated for standard
conditions. It is assumed that CO, at the ACL is in the gas phase and water at the CCL is in the
liquid phase. These assumptions hold true if the anode liquid phase is saturated with CO2 and
the cathode gas phase is saturated with water vapor.

| CH30H()) | H30(;) | COyg) | Oy |

AH/kJ mol ™! —238.66 | —285.83 | —393.51 0
SY/Tmol~t K1 126.8 69.91 | 213.74 | 205.14
AGO/kJ mol~* —166.27 | —237.13 | —394.36 0

Table 2.1: Thermodynamic data of reactants involved in the electrochemical reactions within a DMFC under
standard conditions at 298.15 K and 1.013 - 10° Pa [6].
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A thermodynamic conversion efficiency 7, is defined as the ratio of the maximal electric work
that can be extracted from the system to the change of enthalpy of the electrochemical reaction
AH. Using eq. (2.4) and eq. (2.5) it can be further defined as the ratio of reversible to thermo
neutral voltage.

_&_Urev
Uth—AH— U,

(2.6)

The thermodynamic efficiency 7y, for a DMFC reaches a high value of 97 % under standard con-
ditions for the values of Table 2.1 because of low reaction entropies (9, = 83 % for a Ha/O> fuel
cell [46]).

As long as the overall pressure remains constant and no phase changes occur for any involved
species, the Gibbs free energy is lowered with increasing temperature.

AS
Ug;v = U?e’u(Toa PO) + — (T - TO) (27)
nE P=P,

Variation in values for the potential can be very small within the operation conditions of a DMFC.
An increase from 30 °C to 80°C lowers Uy, of the electrochemical reaction of eq. (2.3) by only
19mV. The dependence of U,., on pressure is well described in [43,44] and is of no importance to
this work as the pressure is kept constant at ambient values.

2.2.2 Experimental OCV

The OCV that can be measured across a DMFC is much lower than the value of 1.23V that can
be calculated by thermodynamics. Various effects reduce the OCV for real systems, a voltage loss
labeled nocy occurs.

The electrochemical equilibrium of the electrodes describes the dependence of the reversible cell
voltage on the activity a of each species. The Nernst equation is used to describe these depen-
dences [6] and can be determined according to eq. (2.3).

T ari a*k T al’ . q
Urev _ UT + R7F <ln ;;1,033 —In ;jzln,o:c ) _ Ug;v + Rf In ( O2 MeOH (2.8)
n

rev 2
a nkF ai1,0 * ACO,

ca,red an,red

Stoichiometric factors x of the electrochemical reaction are used as exponents of the activity for
each species. It can be noted that the reversible cell voltage is dependent on the activity of the
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reactants. The activities for the different species depend on many factors such as morphology,
material properties, reaction paths, concentrations, partial pressures, etc. For instance, in DMFCs
the OCV is greatly reduced because of CO poisoning of anode catalyst sites at low anode potentials
with reference to the normal hydrogen electrode (NHE) [47]. Contamination of the catalyst sites
with organic or inorganic substances, caused during production, assembly or operation, or gas
permeation from cathode to anode, decrease catalyst activity.

Although the conductivity of the electrolyte is mainly protonic, still a slight electronic conductivity
remains. Thus electrons migrate from the anode to the cathode, causing an internal short circuit.
Even if no electrons are transported within the external circuit, the internal circuit causes the OCV
to decrease.

MeOH crossover causes an electrochemical MeOH oxidation with oxygen at the cathode, espe-
cially at OCV when cathode potentials versus NHE are high. This generation and consumption
of electrons and protons under open circuit conditions can be regarded as an internal short circuit
that decreases the cathode potential because of polarization losses. The amount of MeOH per-
meating to the cathode greatly depends on operating conditions (such as temperature, pressure,
methanol concentration, cathodic gas stream, etc.) as well as structural parameters (membrane
thickness, morphology and thickness of the catalyst layer, etc.).

2.3 Operation under load

When a fuel cell powers an electric device, a current has to be drawn from the fuel cell. Typically
fuel cells are operated at a designated working point galvanostatically, when the current is con-
trolled, or potentiostatically, when the voltage is controlled. The voltage and current change at
different working points according to the IV characteristics of the fuel cell.

2.3.1 Methanol oxidation

The basic MOR, as given in eq. (2.1), has been studied by many researchers [48-50]. Compared to
the rapid oxidation of hydrogen in polymer electrolyte fuel cells (PEMFC), it is a complex reaction
with a large number of reaction steps involved and intermediates formed. A basic reaction scheme
is given in Fig. 2.2 in the form of squares.

PtRu catalyst are commonly used to shift the MOR to lower anode potentials. Although various
parallel reactions paths are possible, a reaction mechanism as shown below is most likely [50, 52,
53].
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CH,OH —>» CH,OH —> CHOH —> C-OH
X

XX XXX

' oo

CHO —> CHO —> CO
X X

vy

HCOOH—> COOH
X

¢

CO,

Figure 2.2: Oxidation reaction of methanol depicted as a reaction scheme in the form of squares [51]. A
Pt-C bond is symbolized by x.

CH30H + Pt — Pt—CH,OH+H" e (2.9)

Pt — CH,OH+Pt — Pty — CHOH+HT 4 ¢~ (2.10)
Pty — CHOH +Pt — Ptz —COH-+HT +e” (2.11)
Pt — COH+Pt — Pt—CO+2Pt+H" +e” (2.12)

Methanol is adsorbed on a platinum site, followed by a stepwise stripping of protons and electrons
to CO. Strong adsorbents like CO on Pt sites reduce the activity of the catalyst. The terminology of
CO poisoning is often used. Oxidation of an adsorbent is facilitated by adding Ru to the catalyst.

HyO+Ru — Ru—OH+H" +e” (2.13)
Pt—CO+Ru—OH — Pt+Ru+COy+H" +e” (2.14)

Formation of Ru — OH takes place at much lower potentials than formation of Pt — OH. Thus the
impact of CO poisoning at high cell voltages, when anode potentials are low, can be lowered by
adding Ru, typically in a 1:1 atomic ratio.

When the oxidation of MeOH is incomplete, intermediate products (e.g. formaldehyde, formic
acid) can be found at the anode outlet. In this case, the energy density of MeOH is only partially
utilized and Faradaic efficiency decreases. Several groups have reported intermediate products in
the anode outlet stream [49,54].
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Figure 2.3: Polarization plot of a DMFC. Different loss mechanisms are illustrated that cause irreversible
voltage losses in the fuel cell. See section 2.3.2 for an explanation of the symbols.

2.3.2 Loss mechanisms

At OCV, a dynamic equilibrium is established at the electrodes of the fuel cell. This equilibrium is
disturbed when a current is drawn from the cell and a new electrode potential is established. The
deviation of the electrode potential under load ®(i) from the reversible electrode potential ®,, is
defined as the overpotential or polarization loss 7.

n=2 () = Prey (2.15)

The total loss can be split into activation losses, ohmic losses and concentration losses. The impact
of the different loss mechanisms on the IV characteristic of a DMFC is schematically illustrated in
Fig. 2.3. The contribution of each mechanism changes with current density as can be seen in the
graph. The voltage can be split into the reversible cell voltage and different loss mechanisms.

U=Urew —nocv — |77A,0m| - |nA,ca‘ — Nlohm — Tlconce (216)
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Figure 2.4: Helmholtz model of an electric double layer between the electrode and solvated ions within the

electrolyte.

Activation losses 74

A finite charge transfer through the phase boundary between the protonic and the electronic
phase, which is typical for electrochemical reactions, causes the activation losses. In general, a
reversible electrochemical reaction between an electrode and a species in an electrolyte involving

n electrons can be formulated as

Sox + ne” «—— Sica (2.17)

where S is the oxidized form and S,¢q the reduced form of species S. A simple model that de-
scribes the separation of charges between the electrode and the electrolyte is the Helmholtz model

that is depicted in Fig. 2.4.
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It describes the formation of an electric double layer due to solvated ions and neglects thermal
movements of the molecules [55]. The solvated ions approach the surface of the electrode as
closely as possible (called the outer Helmholtz surface) and the double layer acts as a capacitor.
The double layer causes a potential difference between the electrode and electrolyte. The forward
respectively reverse reaction of eq. (2.17) is favored until an electrochemical equilibrium is es-
tablished at the phase boundary between the electrode and the electrolyte [55]. The difference
between the protonic potential in the electrolyte ®, and the electronic potential in the electrode
®, is called the Galvani potential difference ADC,

ADC =, — D, (2.18)
The equilibrium is disturbed when a current is forced through the system and the charge of the
capacitor is changed. The Galvani potential difference changes from its equilibrium value A®§ to
its value under load A®“. The protonic charge has to move across the double layer which occurs

during a quantum mechanical tunneling process. Therefore an activation loss 14 occurs that can
be defined as

na = APE — ADS (2.19)

The Butler—Volmer equation couples 14 and the cell current density i.

L 1—a)nF —ankF
1=1dp- |exp ((RYE '77A) —exp ( mT 77A> (2.20)
Oxidation Reduction

Both the anodic oxidation reaction and the cathodic reduction reaction of eq. (2.17) are summed
up in one equation. At equilibrium, when 74 is zero, no net current is produced at the electrodes
and the oxidation and reduction current densities of eq. (2.20) are equal. The modulus of the
anodic and the cathodic current density in equilibrium is called the exchange current density i, a
measure for the rate of electron transfer at equilibrium. It depends, besides many other factors, on
the concentration of the oxidized and reduced species respectively. The parameter « is called the
transfer coefficient and is in the range between 0 and 1 and n is the number of electrons involved
in the electrochemical reaction. A detailed derivation of the Butler—Volmer equation can be found
in [6,43,55].
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In the case of high anodic activation losses (74 > £L), the reduction current is negligible. There-
fore eq. (2.20) can be simplified to the Tafel approximation.

1= 1g - exp ((1—Ro;2nF . UA) (2.21)

Analogously, at high cathodic activation losses the oxidation current can be neglected.

—anF
1= —ig-exp ( g; : 77,4) (2.22)

Besides activation losses further kinetic losses occur when the coupled chemical reactions cannot
keep pace with a quicker electron transfer step. Dissociation, adsorption or desorption of reactants
as rate limiting steps cause a change in the Galvani potential difference. These losses are called
reaction losses and are attributed to the activation losses in this thesis.

Ohmic losses 7,p:m

Electronic and protonic currents in the fuel cell lead to a voltage drop due to finite resistances of
the components. According to Ohm’s law, these losses are summed up into the ohmic losses.

Tlohm = I- Rx (2-23)

In this case, the ohmic resistance R, contains all resistivities and contact resistances of the fuel cell.
The contact resistance depends on the clamping pressure of the fuel cell sandwich. In addition,
the ionic resistance of the membrane, which gives a high contribution to the overall resistance,
is also included in R,. The ionic resistance is highly dependent on the humidification of the
membrane and thus on the operating conditions of the fuel cell. Thicker membranes are used
for DMFCs compared to hydrogen—fed PEMFCs. Hence, in most cases, the ionic resistance is the
major contributor to the overall ohmic resistance.

As a consequence, the ohmic resistance is a good parameter to characterize the water content of
the membrane. For convenience it is typically normalized to the active area of the fuel cell.
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Figure 2.5: Influence of a decreasing MeOH feed concentration on the IV characteristics of a DMFC that
results in smaller limiting current densities.

Concentration losses 7.y

Mass transport losses arise at higher current densities as a result of insufficient transport of re-
actants to the electrode. For instance, the oxidation of MeOH at the anode electrode of a DMFC
cannot be faster than the supply of MeOH to the anode electrode. Current generation diminishes
with decreasing MeOH concentration at the anode and consequently the cell voltage has to be
lowered to maintain current density. The additional term that decreases cell voltage is labeled
concentration loss.

At the anode electrode, MeOH consumption increases with current density. Assuming that the
MeOH concentration at the electrode is limiting performance, the cell voltage decreases rapidly as
the concentration of MeOH approaches zero. A maximum current density called limiting current
density is reached when the supply of MeOH limits the electrochemical reaction. Polarization plots
for decreasing methanol feed concentrations and limiting current densities are shown in Fig. 2.5.

At the cathode electrode, decreasing partial pressures of oxygen can cause a concentration loss as
well. For a liquid-fed DMFC, a common problem is the flooding of the porous cathode electrode
or the GDL due to water and MeOH crossover across the membrane. Large amounts of water
block the oxygen access to the catalyst sites, which causes a high concentration loss.
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Figure 2.6: Influence of the cathodic activation losses with and without a leakage current density on the cell
current density of the DMFC [56].

2.3.3 Methanol crossover

As already mentioned above, protonic conductivity at acidic solid polymer electrolytes like Naf-

ion® is established by an uptake of water into the membrane. High water contents have to be
maintained during fuel cell operation to guarantee good protonic conductivity of the membrane.

Due to its similarity to water, MeOH is easily taken up by the membrane as well.

Two different transport mechanism cause a MeOH crossover from the anode to the cathode side
across the membrane, diffusion and active transport together with protons and their solvation
shell water called electroosmotic drag. For a better comparison the crossover flux of MeOH is
commonly converted into an equivalent current density using Faraday’s law. This crossover cur-
rent is labeled the leakage current density i;.qx. If all MeOH is oxidized at the cathode electrode,
one obtains

CMeOH,an
5 ’ DMeOH,mem + ~ ST 5 (224)
mem CH50,an F

. CMeOH,an i
Ueak = nk ( )
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where d,,em is the thickness of the membrane and n the number of electrons. The MeOH concen-
tration care0 H,an and the water concentration ¢, 0,41, is applied at the anode electrode. Dareom,mem
is the effective diffusion coefficient of the membrane. The electroosmotic drag factor £ describes
the number of molecules that are dragged along with each proton. Thus the electroosmotic drag
depends on the current density i of the fuel cell.

In a DMFC, MeOH reaching the cathode electrode is oxidized at the Pt catalyst sites due to high
cathode potentials. Oxygen is reduced during this reaction and CO2, water and heat are produced.
This parasitic reaction causes an internal short circuit of the fuel cell. It occurs even under open
circuit conditions as long as enough oxygen is present at the cathode electrode. Under load, the
leakage current density has to be generated additionally to the cell current density.

Electrons and protons that are generated by the parasitic MOR influence the potential of the dou-
ble layer between the cathode electrode and the electrolyte. The disturbance results in a new
potential, a so called mixed potential. Its value is located between the potential of the MOR and
the ORR [57]. For this work a superposition of the two reactions is assumed that is coupled by the
Galvani potential difference. Qualitatively the formation of a mixed potential can be explained
using Fig. 2.6. The system reaches equilibrium when the leakage current density is compensated
by the ORR.

2.4 Efficiencies

A fuel cell converts chemical energy directly into electric energy and thus is not subject to the
Carnot efficiency of a heat engine. In general the total efficiency can be defined as the ratio of
the electric energy E,; and thermal energy Eiperp, that is derived from the system to the chemical
energy E pen that is stored within the system.

_ Eel + Etherm

2.25
Echem ( )

Gibbs free energy AG defines the maximum energy and consequently also U,.,, as derived in
eq. (2.5), the maximum potential that can be extracted from the electrochemical system. The
thermodynamic efficiency n., was already defined above in eq. (2.6).

In reality, the operating potential U of a fuel cell is much lower than the maximum value U,
derived from Gibbs free energy. The voltage efficiency n,, which is also termed electrochemical
efficiency, can be defined accordingly.

_ nFU U
WETAG T Ures

(2.26)
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The Faradaic efficiency n; compares the actual cell current / to the theoretically expected cell current
Iiot, when all reactants are consumed in the overall reaction of the fuel cell and electrochemical
conversion is complete.

= — = (2.27)

A convenient way to determine 7); is to compare the total mass of fuel m;, at the beginning of an
experiment and compare it to the mass of fuel m at a designated point of time. For a DMFC, 7 is
much less than 100 %, which is mainly caused by the MeOH crossover to the cathode electrode.

The total efficiency derived in eq. (2.25) can now be rewritten as

=1 Nu Nth (2.28)

2.5 Single electrode measurements

Reference electrodes are used to measure potentials of single electrodes in an electrochemical sys-
tem. This method can determine the losses of anode potential and cathode potential separately
in a fuel cell. If additionally the ohmic resistance is known, the total loss of a fuel cell 7;,; can be
devided into its components.

Ntot = Nan + Nohm + Nea = Urev — U (229)

Here 7,y and 7., stand for the anode and cathode electrode polarization losses, which will also be
named anode loss and cathode loss throughout this thesis. Furthermore, 7,1, stands for the ohmic
losses and U for the actual voltage of the fuel cell. The standard or normal hydrogen electrode
(NHE) is commonly used as a reference electrode and its equilibrium potential is defined to be
zero. It consists of a platinum sheet immersed into an aqueous solution in contact with gaseous
hydrogen [55]. The potential-determining reaction has the form

2H '

(aq) T 2e” «—— Hy (2.30)
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Figure 2.7: Schematic diagram of an equipotential line distribution throughout the membrane. For this
symmetric case the membrane losses are equally distributed between anode and cathode electrodes. A region
of constant potential exists far away from the working electrode.

For a DMFC, it is of great interest to distinguish between cathode and anode losses to gain en-
hanced knowledge of the electrode processes and consequently improve structural parameters
and operating conditions. Effects like flooding of the cathode, MeOH depletion at the anode or
the temperature dependence of the MOR have a strong influence on the overall performance of
a DMEFC. Therefore, single electrode data provides valuable information and helps to character-
ize loss mechanisms such as activation losses due to kinetics or concentration losses due to mass
transfer limitations.

Data of single electrode potentials can be obtained by using a reference cell that is either connected
directly to the same substrate as the working electrode or attached to the membrane by using a
salt bridge. Another method to reveal a single electrode potential is half—cell operation of the fuel
cell, where one of the working electrodes acts as a NHE.

2.5.1 Reference cell

Several concepts of reference cells, including a dynamic hydrogen electrode (DHE) [58-60] and
a normal hydrogen electrode [61, 62], have been reported on both PEMFC and solid oxide fuel
cells. In a DHE, hydrogen is usually produced by placing a Pt working electrode on both sides
of the membrane and applying a small cathodic current. One major advantage is assumed to be
the constant coverage of hydrogen at the working electrode, resulting in a stable potential [60].
Conversely, the induced current leads to polarization resistances that can influence the reference
cell measurement. Also a drift of the DHE has been reported by Kiiver et al. [58]. The concept of
a NHE provides an electronically separated electrode on the same substrate as the working elec-
trodes. Hydrogen is typically provided to the NHE due to its high reversibility in order to stabilize
the reference potential. As no current is drawn from the reference electrode, no polarization losses
occur.
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It is necessary to know the contributions of the ohmic drop across the fuel cell to deduct the correct
fraction of the ohmic losses from the respective electrode potential that is gained by the reference
cell. Thus, it is necessary either to identify the ohmic contributions of the fuel cell that affect
the reference readings for both the anode and the cathode or to guarantee a known position of
the equipotential line inside the membrane that is sensed by the reference cell. If the potential
U,eyr between the reference electrode and the working electrode, the ohmic loss R, and the
contribution of the ohmic losses to the electrode polarization losses are known, the anode losses
Nan and the cathode losses 7., can be calculated.

A schematic diagram of equipotential lines inside the membrane is shown in Fig. 2.7. The case
is depicted where the potential that the reference cell senses is located exactly in the center of
the membrane — resulting in symmetric equipotential lines. In this case, an equal distribution
of the ohmic loss between anode and cathode losses occurs and the following equations can be
obtained [59, 60].

Rohm -1

Nan = Uref - (2.31)

Rohm -1

; (2.32)

Nea = Upev — U — Uref -

Here I stands for the actual current of the fuel cell. R,p,, denotes the ohmic impedances such
as flowfield and contact resistances, electrode resistances and the membrane resistance. Slight
deviations of the symmetric potential distribution can lead to significant different contributions to
the membrane loss for the reference readings, as will be discussed in Appendix A. Therefore great
experimental care must be taken to guarantee that the assumption of an even distribution of the
membrane loss throughout the ionomer is correct.

2.5.2 Half-cell operation

Half—cell operation can be achieved by filling the cathode compartment with hydrogen [63], ni-
trogen [64] or an inert gas such as argon [65]. Instead of the cell voltage resulting from an electro-
chemical potential gradient, an intermediate voltage is imposed between the anode and cathode
that forces the electrochemical reactions. When the voltage of the power supply is adjusted, the
current changes and the balance of the oxidation reaction at the anode can be shifted. For DMFCs,
it is important that the voltage does not exceed a value of 0.6 V; otherwise, degradation effects
such as irreversible ruthenium oxidation of the PtRu catalyst occur [66]. At the same time, hydro-
gen is produced at the cathode electrode according to the imposed current density.
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6H' + 6e~ «— 3H, (2.33)

The imposed current causes a constant coverage of the electrode with Hy and the cathode acts as
a DHE. Due to fast kinetics, the cathodic hydrogen evolution reaction experiences only a small
overvoltage compared to the large anode overvoltage because of the MOR. Thus, the losses due
to hydrogen evolution are usually neglected [67, 68].

The anode losses can be determined by correcting the impressed cell voltage Uy, between the
anode and cathode for the ohmic drop of the fuel cell.

TNan = Uhc - Rohm I (234-)



Chapter 3

Experimental Details

3.1 MEA preparation

Two differently prepared MEAs were used throughout this work. As the catalyst was applied
directly onto the membrane the terminology of catalyst coated membrane (CCM) will be used in
this thesis. CCMs used for investigations about MeOH crossover in Chapter 4 were transferred
from a decal film whereas all other experiments were carried out with screen—printed CCMs.

3.1.1 CCM production by “decal transfer”

Nafion® was used as the ionomer for the CCMs. The catalyst layers of the CCM’s were prepared
in two steps [69]:

1. knife coating of the catalyst ink onto a decal film.

2. transfer from the decal film to either a Nafion® 117 or Nafion® 1135 membrane by hot-
pressing.

The anode catalyst consists of 60 wt% Pt/Ru and 40 wt% carbon (Johnson Mattheyl HiSpec10000).
The Pt/Ru loading of the anodes was 1.5 and 2.5 mg/cm? respectively. The cathode catalyst has a
composition of 60 wt% Pt and 40 wt.% carbon (Johnson Matthey HiSpec9000), with a Pt loading of
either 1.5 or 2.5 mg/cm?. All catalyst layers were prepared with a Nafion® content of 20 wt%. The
hot-pressing temperature was 130 °C and the pressure was 0.5 kN/cm?. The reference electrodes
had the same composition as the respective electrode, i.e. working anode or cathode, on the same
side of the membrane.

Thttp:/ /www.jmfuelcells.com/
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3.1.2 CCM production by “screen—printing”

Nafion® was used as the ionomer for the CCMs. During pre-treatment of the membranes, a tem-
pering step was performed at 150 °C for 30 minutes. DMFC membranes were screen printed on
an EKRA E1 semi-automatic screen printer, equipped with a screen having the working electrode
and reference electrode design. The anode side of the membrane was printed two, three or four
times, depending on the loading required, using a screen—printing paste based on PtRu black
and Nafion® ionomer. After drying overnight, the anode loading was determined gravimetri-
cally. The cathode side was printed with the same procedure, using an electrode paste based on
high surface-area, carbon-supported Pt and Nafion® ionomer. After drying for another night, the
loading of the cathode was determined.

For post treatment of the CCMs, the air-dried CCMs were tempered at 145°C for 30 minutes
and slowly cooled down. After tempering, the CCMs were placed in boiling 5 wt% nitric acid
for 30 minutes, then placed in boiling demineralised water twice for 30 minutes each, and after
cooling down put in cold water, also for 30 minutes. The CCMs were then dried between lint-
free paper, pressed between wooden plates. Unless stated otherwise in the text CCMs of Naf-
ion® 1135 that had been screen—printed 3-times with Johnson Matthey’s HiSPEC11100 (resulting
in 1 mg/cm? Pt) at the cathode electrode and that had been screen—printed 3-times with Johnson
Matthey’s HiSPEC6000 (resulting in 3mg/cm? Pt/Ru) at the anode electrode, were used. The
reference electrodes had the same composition as the respective electrode, i.e. working anode or
cathode, on the same side of the membrane.

3.2 MEA post-processing

A misalignment of the electrodes during the preparation step, as shown in Fig. 3.1a, is inevitable
for the given methods. The purpose of post—processing is to improve the alignment of the two
electrodes. High geometric resolution is needed as the ionomer is very thin and therefore only
slight geometric deviations between anode and cathode electrode result in large misalignment
factors [70]. Using a laser ablation process is a convenient way to fulfill two goals, segmentation
of the catalyst layer combined with high spatial resolution.

Two different membranes, Nafion® 117 and Nafion® 1135 with a thickness of 90 ym and 180 xm
respectively were used to evaluate the effect of membrane thickness on the ablation process. The
distance between the two electrodes was 30 mm. To minimize the misalignment of the working
electrodes ¢, the catalyst layer was ablated by a laser beam on both the cathode and the anode
side, as depicted in Fig. 3.1b. Since the catalyst was removed in one step on both sides, a minimal
value of § could be achieved.

The laser ablation was performed using a Nd:YAG laser that was working at a wavelength of
1064 nm (near infrared). In the focus of the fixed laser optics was a probe chuck that could be
moved in the xy—plane by a micro-stepping motor. The chuck could be positioned with an ac-
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a) Misalignment of the
8 electrodes

C) /—‘ Laser-ablated area /_‘ Si mask

/

Working electrode ’_/ Reference electrode H

Figure 3.1: a) Misalignment of the electrodes after preparation. b) Single—step laser segmentation of both
electrodes decreased misalignment. c) Silicon blend used for the laser ablation process to absorb initial higher
energies. The laser beam started and stopped on the mask.

curacy of 1 um at a speed of 200 mm/s. The beam itself had a diameter of approximately 30 zm.
In order to avoid local overheating of the membrane, the lowest possible pulse energy density of
0.25J cm~2 with a high pulse frequency of 20 kHz was selected. One severe risk was self-ignition
of the MEA, since catalyst and oxygen were present during the ablation process. Because the pro-
cess area could not be flooded with an inert gas due to limitations of the laser system, the MEA
was covered with a highly transparent glass substrate. Another problem appeared when the shut-
ter of the beam was opened. The laser pulses used for segmentation initially had higher energy
densities than later during stable operation. Thus, it burnt holes into the ionomer at the point the
laser started. To prevent this, a Si-mask (Fig. 3.1c) absorbing the initial energy was used on top of
the glass substrate. The laser started and stopped on the Si-mask.
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Figure 3.2: a) Top view of a segmented MEEA showing the interface between the catalyst layer and the pure
ionomer at the ablated area. The beam width of the laser ablation process can be seen as lines in the ionomer.
b) Cross—section through the MEA with segmented catalyst layers. The electrode ablation was processed in
one step because of the transparency of the ionomer to the laser radiation so the two catalyst layers were well
aligned above each other.

During the ablation process, the chuck was moved and the laser beam scanned in lines over the
MEA. After each line, the chuck was shifted 30 m, the diameter of the laser beam. These “lines”
can also be seen on the ionomer, as illustrated in Fig. 3.2a on the left side. They had a thickness
of approximately 30 um that indicated that the ionomer was not totally transparent to the laser
light. During the ablation process the catalyst layer was either evaporated or the adhesion to the
substrate is lost. Remaining particles could easily be removed using an air jet. Structuring larger
areas was a time—consuming process. In order to ablate an area with a width of 2mm, the beam
had to be moved and shifted more than 60 times over the MEA.

Fig. 3.2b shows a cross section through a MEA with segmented catalyst layers. The “lines” seen in
the top view a) do not appear to penetrate deep into the ionomer. Therefore, it can be concluded
that the membrane, in this case Nafion® 1135, was not damaged structurally. It can be seen in
the magnification on the right that the catalyst layers on the cathode and anode side were aligned
precisely above each other. This was due to the one-step ablation process. The laser energy was
adsorbed on both electrodes at the same time as the beam passed through the partially transparent
ionomer.

Additional experiments to study the transmission of Nafion® 117 and Nafion® 1135 were per-
formed, using a Cary 500i from Varian. A light source (a tungsten halogen lamp in the near in-
frared) was followed by two grating monochromators to select the desired wavelength. A chopper
split the beam into the beam that was transmitted by the sample and a reference beam. Both beams
were directed into an integrating sphere, where multiple diffuse reflection distributed the flux of
light homogeneously throughout the sphere. Detectors measured the total intensity at the given
wavelength. A transmission of 95 % at the given wavelength of the laser was determined for both
membranes as shown in Fig. 3.3.
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Figure 3.3: Transmittance spectra of Nafion® 1135 and Nafion® 117. At 1064 nm, the wavelength of the
laser beam for post—processing, the transmittance is greater than 95 % for both materials.

Figure 3.4: Energy dispersive x-ray analysis of the segmented areas, showing the amount of fluorine on the
left and platinum on the right according to their element density on the investigated area. The scanning
electron microscopy image in the background of the same investigated area shows the ablated area on the
upper half and the electrode on the lower half of the image (top view).
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Figure 3.5: Schematic drawing of DMFCs under investigation. The MEA including the GDL and sealing
was sandwiched between anode and cathode plates. A reference electrode was located adjacent to the working
electrodes. Thick metal heating plates at the anode and cathode were kept at a controlled temperature by an
external cryostat. The clamping force was applied with four springs.

Finally energy dispersive x-ray analysis of the interface between the catalyst layer and the ionomer
was performed. Fig. 3.4 depicts the results of element mapping of the MEA. In the background,
the scanning electron microscopy image of this area can be seen. The foreground shows the ele-
ment density images for platinum and fluorine. Whenever an element was detected on a specific
position, a pixel was printed at the same point in the element picture. Therefore, many pixels
represent a high concentration of this particular element at this position. As can be seen, nearly all
of the platinum is removed on the ablated area whereas high concentrations can be found, as ex-
pected, on the catalyst layer. The interface can also be seen as a clear line. The element picture for
fluorine reveals a high concentration on the ionomer and a lower concentration inside the catalyst
layer. This indicates that the catalyst layer was treated with a Nafion® suspension, as mentioned
earlier in the MEA preparation section.

3.3 Fuel cell assembly

The test cell that is schematically shown in Fig. 3.5 consisted of several components that could
be modularly assembled. Cathode plates were constructed from SIGRACET® 2 BMAS5, a graphite
compound material with both the working electrode flowfield and the isolated reference electrode
flowfield milled 0.8 mm deep into the material. Anode plates are described in detail in Chapter

*http:/ /www.sglcarbon.com/sgl_t/fuelcell/index.html
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Figure 3.6: Open cathode plate used for the air—breathing operation in both the liquid-fed and the vapor-fed
DMEFC.

4 and Chapter 5. The cathode plate was identical to the anode plate used for the liquid-phase
operation, except when the cathode was operated at air-breathing conditions. In this case open
structures in an additional cathode plate allowed surrounding air to diffuse into the cathode as
depicted in Fig. 3.6. Connectors allowing direct measurement of the voltage without measur-
ing at the current collectors were attached to the graphite material. A thermo—couple was placed
directly at the center of the working electrode on the back of each graphite plate. The working

2. The reference electrode, which was offset 30 mm to one side

electrode had an area of 10cm
of the working electrode, had an area of 1cm? and a 1 mm serpentine flowfield. The large dis-
tance between the working electrode and the reference electrode was chosen to guarantee that no
methanol could diffuse in—plane between the working and the reference electrode. If methanol
diffuses from the working anode electrode to the reference electrode the reference potential of the

NHE could change during operation, leading to additional errors in the measurement.

Different SIGRACET® GDLs that were produced by SGL Technologies GmbH could be used by
varying the thickness of the gaskets. Viton sealing rings were used for both the anode and cath-
ode sides. The post—processed MEA was sandwiched between with four centering pins to obtain
precise alignment. Two copper plates were used as current collectors on the anode and cathode,
followed by two thick end plates made of stainless steel. The steel plates could be temperature—
controlled by an external cryostat and were effective in distributing temperature and contact pres-
sure homogeneously over the whole assembly. Four springs were used to adjust the desired pres-
sure on the MEA.

Homogeneous contact pressure is very important to guarantee a symmetric potential distribution
inside the membrane, as will be shown in Appendix A. Therefore, several experiments were
performed to study the impact of different sealing materials and thicknesses on the pressure inside
the cell. A force transducer was placed within a hollow metal block that covered the gaskets of the
working electrode. Freely moving plates within the block adjusted the height of the transducer to
the height of the metal block and guaranteed a homogeneous pressure distribution between the
GDL and transducer. Both anode and cathode GDLs were compressed when a force was applied
by compressing the springs.



30 CHAPTER 3. EXPERIMENTAL DETAILS

E 75 — /./: _
Z | - * ]
1 60} /°/ / ]
o K ° / |
o | ./ %

C /:

S 451 . R Za .
s | / //

73

30 N 7
5_ i 04:/

8) i 4*/ —*x—\Viton 1.01mm

S o1 —a—Viton 1.03mm i
= I /* —e—Silicone 1.0 mm

S | ™

(_-) O 1 A/./. 1 . 1 N | N 1 N 1 N 1 1 |

00 05 10 15 20 25 30 35 40
clamping force / kN

Figure 3.7: Pressure on the GDL at different compressions of the springs. Viton and silicone with different
thicknesses were used as sealing materials for the active area.

Results of the force transducer measurement can be seen in Fig. 3.7. Silicone as a sealing material
displayed a noticeable nonlinear effect whereas Viton had a linear dependence up to 3.5kN total
clamping force. In addition, slight deviations of the thickness of this material did not considerably
affect the pressure on the GDL. Uncertainty about the nonlinear effect of silicone on the pressure
distribution determined the choice of Viton as the sealing material.

3.4 Fuel cell operation

The fuel cell was connected to external devices within the test rig for operation. Methanol was
supplied using a pulse—free Cat Microdosing Pump HPLH 200-PF. The gas flow for the cathode was
adjusted by a MKS Multi Gas Controller 647C. The reference cell could be operated by two extra
mass flow controllers with Ny, Hy, Oy or air. A Fisherbrand FBC 735 cryostat controlled the cell
temperature, making isothermal measurement possible.

Current was drawn by Hocherl&Hackl Electronic Load Z5512, which could be operated in constant
current or constant voltage mode and had the capability to force a closed circuit. Currents and
voltages were recorded every 100 ms using an Agilent Data Acquisition System N6700A. The actual
cell resistance was obtained using an Agilent Milliohmmeter 4338B which recorded the real part of
the impedance at 1 kHz and sent averaged data to the PC every 2s. Itis important to be very careful
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with this data as the internal resistance of the attached devices can influence the measurement
significantly. Therefore, the influence of such parasitic effects (e.g. internal resistance of the power
supply) were deducted when necessary. Half-cell experiments were performed using a Steiber
High Precision Power Supply PNG-202.

The whole measurement sequence was automated and controlled using a computer that also
saved the results of the experiment. Stoichiometric control of the cathode flow rate was imple-
mented according to Faraday’s law.

) Teens
=Acg Vin - ce 3.1
mqa Ca* Vm Y0, - AF ( )

The cathodic mass flow 7ivc, in units of sccm is dependent on the cathode stoichiometry Ay,
molar mass V;,, total cell current I..;; and molar fraction of oxygen yo,.

3.4.1 MEA activation

After each new fuel cell had been assembled, a conditioning procedure was applied. The cell was
flooded with distilled water overnight. Then humidified Hy was supplied to the anode and hu-
midified O, to the cathode flowfield at 60 °C. Under these conditions the electrodes were activated
much faster than if the cell were operated with methanol. A current of 0.05 A /cm? was drawn from
the cell to humidify the membrane until a reasonable membrane resistance was reached. Cell volt-
age was cycled four times from 0.9V down to 0.05V and up to 0.9V again in 50 mV steps, each
step lasting 30s. This procedure was repeated using methanol at the anode and air at the cathode
instead of hydrogen and oxygen, starting at 0.6 V. The reference electrodes were activated as well
to clean the catalyst surface. Reference electrodes were printed on both sides of the membrane.
Thus, the reference cell was operated like a PEMFC, with hydrogen on one side and oxygen on
the other. The cell voltage was kept constant at 0.1 V for 30 min.

3.4.2 Electric measurements

In addition to initial treatment of a new MEA, the fuel cell was preconditioned before each exper-
iment. Therefore, the cell voltage was cycled four times from 0.6 V down to 0.05 V and up to 0.6 V
again in 50 mV steps, each step lasting 10s. This procedure was repeated if a strong hysteresis was
detected between the third and fourth cycle. Polarization measurements started at the OCV. The
voltage was decreased in 25 mV-steps to short circuit or voltages slightly above short circuit with
each step lasting 20 s. This measurement was repeated in order to study hysteresis effects.

Fig. 3.8 depicts an equivalent circuit of the fuel cell with its losses under load. Polarization losses
of anode and cathode occur in addition to pure ohmic losses of the membrane and the flowfield.



32 CHAPTER 3. EXPERIMENTAL DETAILS

1 ]

Flowfield Uref an-we_ca
Cathode a h

Working Ref.
Cathode Ca.

/@’ embrane || ; /@’

UceII Uref

\a

load

Load

Working Ref.
Anode An.
Flowfield U

Anode ref_an-we_an ?

Figure 3.8: Equivalent circuit of a fuel cell including a reference cell. The current path is displayed with
bold lines, voltage readings with thin lines. The fuel cell set—up is displayed schematically. Resistances
shown in white denote ohmic impedances, resistances in black are complex impedances.

All ohmic losses are summed up in the cell resistance which is measured by the milliohmmeter.
Several voltages were recorded during experiments. In addition to the cell potential U, the
potential of the reference cell U,.;, the potential of the reference anode relative to the working
electrode anode U,cf gn—we_an and the potential of the reference anode relative to the working
electrode cathode U,cf on—we_co Were logged. Polarization plots were extracted by averaging the
sampled data of each operating point. Effects of the transient change between operating condi-
tions were eliminated by neglecting the initial ten measurements. The standard deviation of the
averaging procedure is displayed as error bars in each measurement.

3.4.3 Crossover measurements

Crossover measurements were performed by sampling the cathode exit gas each second using a
mass spectrometer (MKS Mini-Lab). Before the experiments started, the mass spectrometer was
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calibrated with gas mixtures similar to those expected. Compressed air was analyzed in order to
get the baseline for differential measurements.

The CO; crossover from the anode to the cathode was determined in half—cell operation of the
DMEC [71]. During half-cell experiments, the cell was potentiostated with hydrogen supplied to
the cathode at a flow rate of 15sccm. The absence of oxygen prevented methanol on the cathode
side from being oxidized. For this case, all of the CO2 measured in the cathode outlet stream must
have crossed the membrane from the anode.

In full-cell operation, air or oxygen is provided to the cathode electrode. In addition to CO.
crossing over from the anode, CO is formed by the parasitic oxidation of methanol at the cathode.
If not all of the methanol is oxidised inside the CCL, methanol should be present inside the cathode
flowfield. Thus both the CO5 and the methanol concentrations were measured inside the cathode
outlet stream during functional DMFC operation. An equivalent current density was calculated
from the mass flow for better comparison to the cell current.

NMeOH,ca

o (3.2)

ileak =

Faraday’s law is applied to calculate the leakage current density %;c.;. Electrochemical oxidation
of MeOH as shown in Chapter 2 as a 6-electron transfer process is assumed. Vielstich et al. [72]
suggested that parallel chemical oxidation of MeOH occurs at high cathode potentials (> 0.5V vs.
NHE). Nevertheless for simplicity eq. (3.2) is commonly used in the literature [73,74] and is also
applied in this thesis.
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Chapter 4

Liquid-Phase Operation

DMFCs are most commonly operated with a liquid fuel at present. Many researchers have stud-
ied the influence of operating conditions, crossover and structural parameters on the performance
of the cell. So far, only a few have used reference electrodes to gain knowledge about individual
electrode processes [59,75,76]. Difficulties in handling and high potential errors are probably one
reason for the infrequent use of this powerful method. It is demonstrated in Appendix A that a
reliable measurement with a connected NHE can be performed when several aspects are consid-
ered and measures to minimize measurement errors are taken. Distinguishing between anode and
cathode losses is especially important for passive operation, as many effects are superimposed in
the IV characteristic.

Different anode and cathode flowfield geometries, catalysts, catalyst loadings, MEA preparation
techniques and structural parameters such as clamping pressure considerably affect the perfor-
mance as well as activation and concentration losses of a liquid-fed DMFC (LDMFC), so compar-
ison to literature values is difficult. Furthermore, literature data for single electrode losses are
limited, as stated above. Thus a thorough parameter study was performed. A DMFC cell config-
uration as described in Chapter 3 was used for all experiments. The anode plate was machined as
illustrated in Fig. 4.1 with its integrated reference electrode.

MeOH crossover from the anode to the cathode across the membrane is still a major issue for
LDMECs. Parasitic MeOH oxidation at the cathode results not only in a mixed potential but also
in a high water production rate within the CCL, which causes flooding effects within the pores
of the CCL and the GDL. This is especially severe for air-breathing cathodes, as water removal
is limited to evaporation into the surrounding air. Furthermore, voltage efficiency and Faradaic
efficiency are decreased. The impact of operating conditions and structural parameters on MeOH
crossover has to be known to optimize efficiency. Therefore, experiments including crossover
measurements analyzing the cathode outlet stream were performed. A crossover model was fit-
ted to experimental results and revealed contributions of diffusion and electroosmotic drag. Addi-
tionally, conclusions about temperature, membrane thickness, molarity and anode flow rate were
drawn from the model.
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Figure 4.1: Anode with a 1 mm serpentine flowfield that was used throughout LDMFC experiments unless
stated otherwise. The reference electrode was electrically insulated and mechanically fixed using synthetic
resin.

One of the problems concerning passive operation of a LDMFC is caused by the production of CO»
during the oxidation of MeOH on the anode side of the fuel cell. This reaction results in two—phase
flow of the liquid fuel and the gaseous CO3. The gas bubbles reduce efficiency since they block
parts of the MEA as they become immobile or even block a flow channel completely, a problem
that is well known in microfluidics [77]. Another obstacle toward passive operation is the supply
of MeOH to the anode compartment. Typically, the MeOH supply is implemented as a continuous
flow forced by pumps. Convective flow is also used to flush out dissolved CO2 before bubbles
can block the channels and reactant access to the MEA. However, continuous pumping is not
consistent with passive concepts, as it consumes a non-negligible amount of energy. Due to this, it
is favorable to reduce the pumping energy or even to completely eliminate pumps from a LDMFC
system. This is only possible if the gas bubbles are removed passively from the liquid MeOH. A
flowfield layout was developed that removed the gas bubbles by capillary forces only and thus
improved system efficiency, since continuous convective flow was not required for operation.

4.1 Parameter study

The impact of operating conditions and structural parameters on performance as well as activation
and concentration losses of a LDMFC was studied and compared to literature data. The connected
NHE was used to assess polarization losses of anode and cathode individually. A 0.5 M solution
of MeOH dissolved in deionized water was used and pumped into the anode flow channel at a
flow rate of 1.5ml/min. Dry air was supplied to the cathode flow channel. A minimum air flow
rate of 30 sccm was set before switching to a stoichiometry of 6 at a current density of 0.03 A /cm?.
Hydrogen, which was humidified inside a washing bottle at ambient conditions, was fed to one
electrode of the reference electrode. The other electrode was flooded with deionized water to
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Figure 4.2: Electric properties of a LDMFC at different MeOH molarities. Anode and cathode polarization
losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air stream
30 sccm/X\ 6 and the anode flow rate 1.5 ml/min.

guarantee a stable reference potential as mentioned in Appendix A. The temperature of the cell
was kept constant at 50 °C. SIGRACET® GDL 35AA was used on both the anode and cathode
sides. For the CCM, Nafion® 1135 was used with 3 mg/cm? Pt/Ru at the anode and 1 mg/cm? Pt
at the cathode (“screen—printing”). A total clamping force of 2850 N was applied, which creates a
pressure of 285 kPa on the GDL. These standard conditions were applied unless stated otherwise
in the text.

41.1 Methanol concentration

The MeOH molarity was varied between 0.25M and 2M to investigate concentration effects on
the LDMFC. Results are depicted in Fig. 4.2. The 0.5 M solution of MeOH displayed the best per-
formance for the given operating conditions. Improved performance with molarity and a decrease
from a certain concentration on is reported in the literature, with values depending on structural
parameters and operating conditions [76,78,79].
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At 0.25M, a lack of MeOH inside the ACL could be assumed as the anode losses rose significantly
at high current densities. A high MeOH concentration of 2 M, which did not display any mass
transport problem at the anode, turned out to have only one quarter of the peak power density
compared to 0.5 M. High cathode losses of 700 mV caused a shift of the IV characteristics of about
250mV toward zero. Crossover of MeOH across the membrane caused a mixed potential at the
cathode as MeOH oxidizes parasitically at the CCL. Catalyst sites were blocked by strong CO
bonds that occurred during the MOR (eq. (2.3)) and flooding effects due to excess water reduced
the active area. The exponential rise of the electrochemical reaction following Butler—Volmer char-
acteristics, that is apparent for the anode losses, cannot be found for the cathode losses due to
internal currents. This was reported by Ren et al. [59] and Paganin et al. [80] as well using an in-
ternal DHE to assess losses separately. Increased losses at the cathode at higher MeOH concentra-
tions were also found by Oedegaard [68] during half—cell experiments. Cathode losses increased
slightly with current density, which probably can be attributed to a superposition of increased
losses of the ORR and a decrease in MeOH crossover. A systematic analysis of phenomena related
to crossover is presented in the Methanol crossover section of this chapter.

4.1.2 Cathode stoichiometry

Cathode flow rates can influence the performance of a LDMFC. Ge et al. [79] has stated that air
flow plays a critical role in preventing flooding effects by removing liquid water from the GDL
and from the cathode flow channels. Improved performance at high cathode air flow rates has
been reported by Cowart [81] and Nakagawa et al. [27]. Nakagawa found that by replacing air
with oxygen, performance did not change for different flow rates, which was probably due to
the high initial flow rate of oxygen he used in his experiments. He has also mentioned unstable
operation at low cathode flow rates. As these experiments were performed without a reference
electrode or half—cell operation, no conclusion about individual losses were drawn.

Fig. 4.3 describes results of an experiment at different air stoichiometries. A large error bar reflects
the unstable behavior of the cell, which is especially apparent for a low stoichiometry of 2. Ata
current density of 0.09 A/cm?, the voltage drops significantly compared to the other experiments.
At this point, the cathode flow was switched from a constant flow rate of 30 sccm to a stoichio-
metrically controlled flow of 2. A significant increase of the cathode losses appeared while anode
losses remained relatively stable. Partial flooding of the cathode caused this steep rise in losses,
as access of oxygen to the catalyst sites was severely hindered. This is also indicated by the un-
stable operation reflected by high standard deviations. For stoichiometries of 4 and 6, the cathode
losses decreased with increasing stoichiometry, in particular at high current densities. The par-
tial pressure of oxygen inside the CCL increases and partial flooding is minimized. The MeOH
concentration at the cathode decreases at higher partial pressures of oxygen as more MeOH is oxi-
dized. From a particular air flow rate on, the MeOH concentration inside the CCL equals zero and
cathode losses do not improve further. This phenomenon is described in detail in the following
section about Methanol crossover of this chapter.
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Figure 4.3: Electric properties of a LDMFC at different cathode stoichiometries. Anode and cathode po-
larization losses were calculated using a connected reference NHE. The temperature was 50 °C, minimum
cathode air stream was 30 sccm. A 0.5 M MeOH solutions was fed to the anode at a flow rate of 1.5 ml/min.

4.1.3 Anode flow rate

Different phenomena of a LDMFC are affected by anode flow rate. On the one hand, anode flow
is one parameter that affects mass transport of MeOH to the ACL. High concentration losses have
been reported when the flow rate was too low [63,78,79,81]. On the other hand, CO; is formed
in the vicinity of the ACL as a product of the MOR. At higher flow rates, more gaseous CO,
can be dissolved in the liquid and blocking of pores in the catalyst or within the GDL can be
minimized. Furthermore, the anode flow rate should be higher than the CO; generation rate to
prevent clogging by gaseous COs in the anode flow channels. Cowart stated [81] that this can be
caused by the volumetric dominance of CO; relative to the base liquid methanol-water reactant.
Finally, higher MeOH concentrations within the ACL at higher anode flow rates will increase
crossover of MeOH across the membrane and lower the overall performance.

Results for different anode flow rates of 0.225, 1.5 and 5 ml/min are presented in Fig. 4.4. High con-
centration losses for the lowest flow rate are apparent, starting at a current density of 0.06 A /cm?.
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Figure 4.4: Electric properties of a LDMFC at different anode flow rates. Anode and cathode polarization
losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air stream
30sccm/A 6. A 0.5 M MeOH solutions was fed to the anode.

This cannot be found for the other two flow rates, where anode losses increased much slower
with current density. Cathode losses close to OCV increased with flow rate. As mentioned before,
high MeOH concentrations inside the ACL lead to enhanced crossover, which is reflected by the
cathode losses. An anode flow rate of 1.5ml/min resulted in the best performance of 25 mW /cm?,
which was a result of low crossover at a flow rate where no mass transport problems occurred.
Similar results have been reported by Gurau et al. [63] using consecutive half—cell and full—cell ex-
periments. Structural parameters as well as operating conditions will influence phenomena which
depend on the the flow rate. Thus the anode flow rate has to be optimized for different types of
DMECs.
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Figure 4.5: Electric properties of a LDMFC at different cell temperatures. Anode and cathode polarization
losses were calculated using a connected reference NHE. The cathode air stream was 30 sccm/A 6. A 0.5 M
MeOH solutions was fed to the anode at a flow rate of 1.5 ml/min.

414 Temperature

The influence of temperature on a LDMFC has been studied by many researchers, often in the
integrated form of IV plots [27,30,34,64,78] or consecutive half—cell and full-cell experiments [63,
68]. A connected DHE to distinguish between anode and cathode losses at different temperatures
has been used as well [59,75,76]. The kinetics of the MOR, which is considered to be a slow reaction
with a strongly adsorbed intermediate, increase significantly with temperature. Some researchers
[27,68] have stated that performance of the fuel cell increased up to a certain temperature and
leveled or decreased as the temperature rose further. Nakagawa et al. [27] has concluded that
performance reached its maximum just before boiling point. Gurau et al. [63] has shown that the
anode losses display Arrhenius behavior while total losses do not. Cathode losses are influenced
by crossover of MeOH across the membrane. The water uptake of the membrane is higher at high
temperatures [82]. Elevated temperatures increase both the electroosmotic drag and diffusion of
MeOH and water, which leads to enhanced flooding and a mixed potential at the cathode. In
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conclusion the overall performance of a LDMFC depends on a superposition of anode, cathode
and membrane losses and changes for different types and operating conditions.

The results for temperatures between ambient conditions of 30 °C and 70 °C are depicted in Fig.
4.5. Improvement of performance is obvious, with the power densities at the maximum power
point (MPP) nearly tripling between 30°C and 70°C. This was caused by a significant decrease
in anode losses in accordance with the theory stated above. The impact of crossover can be noted
in the cathode losses. At OCV, cathode overvoltages were higher for elevated temperatures, indi-
cating increased crossover. This finding will be verified in the Methanol crossover section later.
The impact of crossover diminishes at higher current densities, when more MeOH is consumed
during MOR and the MeOH concentration inside the ACL decreases.

4.1.5 Air-breathing cathode

With the need to reduce complexity, size and weight of a fuel cell system, especially for portable
applications, a concept of “air-breathing” cathodes has been introduced for hydrogen—fed PEM-
FCs [3,83-85]. Instead of a forced flow of oxygen or air inside the cathodic flow channels an open
design that allowed diffusive supply of oxygen to the CCL from surrounding air has been imple-
mented at the cathode. Later, this concept was transferred to DMFCs [30, 31,37, 40,86-89]. While
PEMEFCs that have been supplied with dry hydrogen suffer simultaneously from drying effects
and flooding effects of the membrane [3,84], flooding is much more pronounced for a LDMFC, as
water accumulates at the cathode [30,40, 87]. In addition to a higher uptake of water in Nafion®
within the liquid phase [90] and thus increased water transport across the membrane, crossover
MeOH that is oxidized at the cathode produces additional water at the CCL. Water production at
the cathode increases with MeOH molarity due to elevated crossover [59].

A comparison between forced flow through a closed cathode and diffusive supply of oxygen at
an air-breathing cathode is depicted in Fig. 4.6. Instead of Nafion® 1135 the thicker Nafion® 117
was used to minimize MeOH crossover. As expected, the cathode losses of the air-breathing cell
start higher and rise much faster with increasing current density. More molecules of water are
produced at high current densities and accumulation of water leads to the predicted flooding of
the cathode.

4.2 Methanol crossover

Major efforts have been made to investigate and understand MeOH crossover from the anode
to the cathode in DMFCs. Measurements of COs in the cathode outlet stream have been made
by mass spectroscopy, infrared spectroscopy or gas chromatography. However, the majority of
this work has been done at elevated temperatures and/or pressures. In a first approach Fuller
et al. [91] and Zawodzinski et al. [92] studied the water uptake and transport through Nafion®
117. MeOH crossover has been studied by Wang et al. [93] and Cruickshank et al. [94]. They
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Figure 4.6: Electric properties of a LDMFC with Nafion® 117 using an air-breathing cathode and forced
flow through a closed cathode. Anode and cathode polarization losses were calculated using a connected
reference NHE. The temperature was 50 °C, the cathode air stream 30 sccm/A 6. A 0.5 M MeOH solutions
was fed to the anode at a flow rate of 1.5 ml/min.

assumed complete conversion of cathodic MeOH to CO; and neglected CO, crossover from the
anode to the cathode. Heinzel et al. [95] summarized the research on crossover in DMFCs in
1999. Dohle et al. [73] found that MeOH was not completely oxidized at the cathode and used a
catalytic burner before measuring. He also found CO; crossover from the anode to the cathode
to be non—negligible. Meier et al. [71] has compared MeOH crossover and electrode polarization,
Gogel et al. [96] has compared MeOH crossover and cell voltages at temperatures greater than
60 °C'. Recently some research has been done at near-ambient conditions [68, 76].

In this section MeOH crossover is investigated at ambient and near-ambient conditions, which
is favorable for passive operation. By applying an experimental design approach, the number of
experiments could be reduced from 256 to 64. These experiments included crossover measure-
ments and were performed with changing parameters. The independent variables which were
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Parameter ‘ Value ‘ Unit ‘
MeOH concentration 05/15 | M
Temperature 30/50 | °C
Cathode stoichiometry 3/6
MeOH flow rate 1/3 | mlmin~!
Clamping force 2/35 | kN
Anode catalyst loading | 1.5/2.5 | mgem ™2
Cathode catalyst loading | 1.5/2.5 | mgem™2
Membrane thickness 90 /180 | pm

Table 4.1: Parameters and their two values that were varied during the series of crossover experiments.

varied through the series of experiments are specified in Table 4.1. A one-dimensional model was
utilized and enhanced to assess contributions of diffusion and electroosmotic drag.

4.2.1 Crossover experiments

Fig. 4.7 depicts one result of a cell operating at 30°C and a 1.5 M solution of MeOH at a high
air stoichiometry of 6. SIGRACET® GDL 35AA was used on both the anode and cathode sides.
A total clamping force of 2850 N was applied, which creates a pressure of 285 kPa on the GDL.
Nafion® 1135 was used with a catalyst loading of 2.5 mg/cm? on both electrodes (prepared by the
decal transfer method). The equivalent current density of the CO5 crossover from the anode to the
cathode ico2 crossover Was determined in half—cell experiments as described in the measurement
section. In addition to CO, unreacted MeOH i/coH,unreacted Was found in the cathode outlet
stream. The right axis refers to ico2,crossover aNd 107c0 H unreacted While (ijear + ic02,crossover), the
total amount of COy measured in the cathode outlet stream, is plotted using the scale of the left
axis. The MeOH oxidation current that originates at the cathode during full-cell operation can be
calculated by subtracting ico2 crossover from the total CO2 measurement.

ileak = (ileak + Z.C'OQ,crossover) - iC’OQ,crossover (41)

It is shown in Fig. 4.7 that the MeOH on the cathode side is not completely oxidized, as MeOH
is detected in small amounts in the mass spectrometer. The amount of MeOH exiting the cathode
flux increases with increasing current. The CO2 crossover measured during half-cell experiments
and depicted as ico2, crossover Stabilizes at a certain value and does not change significantly further
on. It slightly changes the value of the leakage current density ;... for a given cell current density.
A relative error of 4% at a current density of 0.2 A/cm?, caused by neglecting CO crossover was
calculated. In other experiments, relative errors up to 20 % were found.

Fig. 4.8 illustrates another result with different operating conditions. The cell was operated at
50 °C with a 0.5 M solution of MeOH concentration and at a low air stoichiometry of 2. Again Naf-
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Figure 4.8: Mass spectrometric measurements of the cathode outlet stream at a cell temperature of 50°C,
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as ic02,crossover, Unreacted MeOH for full—cell operation as ipreo H unreacted-



46 CHAPTER 4. LIQUID-PHASE OPERATION

o
N
(6}

o
-
N
I
.\
[ ]
1

o o
RN N
N w
T T T T
[ ]
.\
[ ]
1 1

\

A}
1 \\

A}

leak, full cell operation

leakage current density / Alem®
|

0.03 + - Ileak, half cell operation —
0.02 |- _
(————————4
001} " i
4"
000 1 L | L 1 L 1 " | L |
0.00 0.05 0.10 0.15 0.20 0.25

cell current density / Alcm’®

Figure 4.9: Comparison of the equivalent MeOH crossover current density in half—cell and full—cell exper-
iments. The cell had a temperature of 30°C, a 1.5 M MeOH solution, air stoichiometry of 6 for full—cell
operation or a Hy flow rate of 15sccm for half-cell operation. Nafion® 1135 and a catalyst loading of
2.5 mg/cm? on both electrodes was used.

ion® 1135 was used with a catalyst loading of 2.5 mg/cm? on both electrodes. No MeOH could be
detected in the cathode outlet stream for this measurement. The CO; crossover stabilizes at about
6mA /cm?. The relative error due to this can be calculated to be 18.5% at 0.2 A/cm?. Thus, the
impact of CO3 crossover from the anode to the cathode should not be neglected in the evaluation
of the measurement data [73,97].

A comparison between MeOH crossover in a full-cell experiment and a half-cell experiment is
depicted in Fig. 4.9. The same operating conditions as in Fig. 4.7 were applied. It can be seen
that the crossover current density in the cathode outlet for the half—cell experiment is one order
of magnitude lower than for the full-cell experiment. Nevertheless, the slope of the two curves
shows similar behavior. The crossover current density for the half-cell experiment starts close to
zero and it can be concluded that the diffusive term of the crossover nearly vanishes. Therefore
the gradient of the MeOH concentration between anode and cathode has to decrease. One phe-
nomenon that could cause this is the formation of diluted MeOH, creating a liquid film on the
pore walls of the CCL [98]. If a liquid film containing MeOH is formed on the cathode, the con-
centration gradient between ACL and CCL will decrease for all currents, thus reducing diffusion.
The concentrations can equilibrate as the reductive hydrogen atmosphere at the cathode prevents
MeOH from being oxidised and thus from being consumed. Evaporation of MeOH was low in
this experiment because of a temperature of 30 °C and a low cathode flow rate of 15 sccm.
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Figure 4.10: Model domains that were used in the model. The CCL was modeled as an interface at zrrr. An
example for the relative MeOH concentration in the different model domains is shown.

4.2.2 Crossover Model

The mathematical model developed by Garcia et al. [99,100] is extended to include oxygen diffu-
sion through the cathode backing layer (CBL) to enable the experimental data to be fitted data with
the model. Also, the assumption that all the MeOH that crosses to the cathode is completely oxi-
dized at the CCL is relaxed such that some MeOH may pass through the cathode unoxidized. The
CCL is modeled as an interface between the membrane and the CBL. Fig. 4.10 shows a schematic
drawing of the different model domains.

The model includes a mass transfer resistance between the anode flow channel (AFC) and the
anode backing layer (ABL) as described in [100]. It is an isothermal, steady—state model with
variations only in one coordinate. Convective transport of MeOH is neglected and CO; is as-
sumed to be dissolved in solution. The anode kinetic expression is taken from [101] assuming a
homogeneous reaction in the ACL.

Methanol transport in the cathode

As shown before, a small concentration of MeOH was measured in the cathode outlet stream, even
under open circuit conditions during some experiments. This led to the conclusion that MeOH is
not completely oxidized in the CCL but a small fraction leaves the CCL unreacted. In this work,
it is therefore assumed that there can be transport of MeOH through the cathode, resulting in
a MeOH concentration greater than zero within the CCL. This transport is described by a mass
transfer coefficient in the CBL.

NyeoH,21v = kMeOH,CBL * C2I11 (4.2)
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Consequently the flux of MeOH through the membrane in [99] is rewritten with the term ¢,y for
the MeOH concentration in the CCL.

(carr — czr11) Dareo H mem L CMeOHII Geell 43)

NyreoH 2111 = 5
mem CH20,z1T F

The flux of MeOH at position 27 is described by Narecon z111- DavieoH,mem denotes the MeOH
diffusion coefficient in the membrane, §,,¢,, the thickness of the membrane and i..j; the cell cur-
rent density, and £ the electroosmotic drag coefficient. In addition to the diffusion term the elec-
troosmotic drag with its coefficient £ and the actual cell current i, is taken into account as well.
The pressure on both sides of the fuel cell throughout experiments equaled atmospheric pressure.
Thus this equation neglects the transport of MeOH across the membrane due to convection.

The leakage current density can be calculated according to Faraday’s law via eq. (4.3).

tieak = 6F (NaeoH, 2111 — NMeOH 21V) (4.4)

Oxygen transport in the cathode

Oxygen flux through the CBL to the CCL is modeled as a diffusion process through the CBL. The
mass balance in the CBL is described as

dNoz,cBL

o =2 =" (4.5)

The flux of oxygen through the membrane is assumed to be negligible. Oxygen is consumed inside
the CCL according to the cell current density and the crossover current density.

Z.cell + ileak (4 6)

Nog 111 = Wa

Solving eq. (4.5) for the CBL, one obtains

(cOw,2111 = €CO,21v) DOxz,cBL
dcBL

Nogz111 = 4.7)
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Here co, .rv is the concentration of oxygen in the cathode flow channel. Using eq. (4.6) and
eq. (4.7) the concentration of oxygen inside the CCL can be determined. Knowing the oxygen
concentration at the CCL a concentration term can be added to the Tafel equation for the oxygen
reduction reaction (ORR).

(4.8)

. . . COz 2111 acaFnea
Leell T Ueak = 02,0 * TP\ ————%5Fm

COx,2IV RT

Losses occurring due to parasitic oxidation at the cathode are accounted for by ;.1 from eq. (4.4).

4.2.3 Model validation

The assumption that all MeOH is oxidized at the Mem-CCL interface is often applied in DMFC
modeling [94,102-105]. Even models that include a term for a MeOH transport concentration
within the CCL in the cathode [106, 107] assume the MeOH to be rapidly oxidized under given
operating conditions and thus set the MeOH concentration at z77; to zero.

Due to the findings of MeOH in the cathode outlet stream, additional experiments were performed
to study for which operating conditions the MeOH concentration at z;;; was zero. In these exper-
iments, the fuel cell was operated at OCV while the MeOH concentration inside the AFC and
the flow rate in the cathode flow channel were varied. These experiments were conducted using
different concentrations between 0.2 M and 2 M in the anode. At OCV, the electroosmotic drag
in eq. (4.3) is zero. If the air or oxygen stream at the cathode inlet is high enough, then all the
MeOH concentration at the CCL should go to zero as all of the liquid MeOH is either oxidized,
evaporated or driven out by convection. Thus, at OCV and a high cathode flow rate, the crossover
reaches a maximal flux and eq. (4.3) can be reduced to

(CzI] - O)DMeOH,mem

NreOH 2111 maz = (4.9)

5mem

The limiting parameters are the MeOH concentration at z;;, the diffusion coefficient within the
membrane D /0 H,mem and the thickness of the membrane d,,em,.

Results from these experiments can be seen in Fig. 4.11. Nafion® 117 was used at a cell tempera-
ture of 70°C. Air was supplied to the cathode at a back pressure of 2 bar. At lower cathode flow
rates a strong increase of the leakage current density can be seen. At cathode flow rates above ap-
proximately 200 sccm, the MeOH flux from the anode to the cathode levels out at a certain value
and depends only on the MeOH concentration within the AFC. This behavior at high flow rates is
predicted by eq. (4.9) assuming a well hydrated membrane with the same diffusion coefficient for
all molarities. Thus, this method of MeOH crossover measurements at OCV with different MeOH
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Figure 4.11: Dependence of the flux of COq in the cathode outlet stream on the cathode inlet flow for different
MeOH solutions. No current was drawn from the fuel cell. The cell temperature was 70 °C and the cathode
back pressure was 2 bar. Methanol was supplied at 2 ml/min to the anode.

concentrations can be used to determine the effective diffusion coefficient for MeOH crossing over
from the ACL to the CCL in the Nafion® membrane. At cathode flow rates lower than 200 sccm,
the crossover current density depends strongly on the air flow rate in the cathode. The formation
of a liquid film on the cathode may explain the dependence of MeOH crossover on cathode flow
rate at low current densities. A MeOH and water film on the cathode reduced the concentration
gradients of MeOH and water across the membrane, thus reducing crossover. The MeOH concen-
tration c, 777 inside the CCL varied depending on the mass transfer coefficient in the cathode. The
mass transfer coefficient itself depended strongly on the cathode flow rate and becomes large at
higher flow rates.

The MeOH concentration at the Mem-CCL interface is not zero for all operating conditions. Model
parameters for the diffusion coefficients can be found in Table 4.2. Values for the ACL and the
membrane were taken from findings of Scott et al. [108]. The experimentally fitted value for the
diffusion coefficient at the ABL was one order of magnitude higher than the values for pure diffu-
sion in water. Thus it can be concluded that not only diffusional but also convectional forces were
present inside the ABL throughout the experiments.

The dependence of the MeOH mass transfer coefficient in the cathode on the cell current density
and the concentration of liquid MeOH inside the CCL has not been clarified yet. Furthermore, the
flux of MeOH into the cathode outlet stream arbitrarily depended on structural parameters as well
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Parameter Value ‘ Source ‘
Dyreon,aBL 3.0-107%cm?s™! fitted
Dyreonacr | 2.8-107%exp (2436 (1/353 — 1/T)) cm?s™! [108]
Diteotmem | 49106 exp (2436 (1/333 — 1/T)) cm? s~ [108]
kymeoH,CBL 2-107"cm?s~! | assumed
darc 0.1cm | measured
0ABL 0.028 cm | measured
dacr 0.002 cm | measured
Omem 0.018 cm | measured
dcBL 0.03cm | measured

Table 4.2: Model parameters used for the simulation results that are depicted in Fig. 4.12.

as operation conditions. Therefore, a constant concentration of MeOH inside the CCL at ¢,r7; and
a constant MeOH mass transfer coefficient for all cell current densities was assumed in the model.
Introducing these terms into the model, simulation results agreed well with experiments as shown
in Fig. 4.12. During operation of the fuel cell, electroosmotic drag causes crossover of MeOH
besides diffusion. The cathode MeOH mass transfer coefficient at z;;; and the electroosmotic
drag coefficient were used as model parameters to fit measurement results to the model. The flux
of MeOH at OCV where no electroosmotic drag occurred was used to fit c.;;; the cathode MeOH
mass transfer coefficient, to experimental values. The electroosmotic drag coefficient was changed
to fit the shape of the leakage current density as a function of different cell current densities data
to experimental values.

One result of the fitting procedure can be seen in Fig. 4.12. The cell had a high catalyst loading
of 2.5mg/cm? on both sides, Nafion® 117, a temperature of 50 °C and a 1.5 M solution of MeOH
was pumped at 3ml/min to the anode. The cathode stoichiometry was 6. Experimental values
of the leakage current density are displayed as dots. Fitting the proposed model to these data
an electroosmotic drag coefficient of 2.2 was determined, which is in accordance with literature
values [109]. The concentration of MeOH inside the CCL was found to be 0.56 M (37 %). Once
these values had been determined, the different contributions of diffusion through the membrane,
labeled as “diffusive flux”, and the electroosmotic drag, labeled as “electroosmotic flux” of MeOH
through the membrane, could be extracted from model results.

Table 4.3 documents mean values for experiments having the same operation conditions, speci-
tied in column two, and their standard deviation for the electroosmotic drag coefficient £ and the
concentration within the CCL ¢, 7. The electrode catalyst loadings were equal for both sides, and
the molarity and temperature were as specified in the operation condition column. The electroos-
motic drag coefficient was found to be independent of all parameters except the temperature. The
MeOH concentration inside the CCL depended on the molarity of the MeOH solution and the
loading of the ACL.

A thicker ACL decreases the MeOH concentration at the interface z;; between the anode electrode
and the membrane and hence reduces the MeOH concentration gradient between z;; and zj;.
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Figure 4.13: a) Simulation results for the leakage current density and experimental validation for Naf-
ion® 1135 with a catalyst loading of 2.5mg/cm? on both electrodes, a 0.5M solution of MeOH flowing
at 1 ml/min and an air stoichiometry of 2 at different temperatures. b) Contributions of the electroosmotic
drag and diffusion on the leakage current density. For each temperature, the values at OCV, 0.1, 0.2 and

0.3 A/cm? are displayed from left to right.



4.2. METHANOL CROSSOVER 53

’ Parameter ‘ Operating conditions ‘ Fitted value ‘ Standard deviation

3 30°C 1.2 0.133
3 50°C 2.3 0.197
CaIIT L.5mgem=2,0.5M | 0.37M (74 %) 0.029 M
CaIlT 1.5mgem=2,1.5M 1.20 M (80 %) 0.188 M
CaIlT 2.5mgem=2,0.5M | 0.19M (38 %) 0.021M
CaIIT 2.5mgem=2,1.5M | 0.56 M (37 %) 0.050 M

Table 4.3: Values for the electroosmotic drag coefficient and the MeOH concentration inside the CCL with
respect to feed concentration. Values were determined by fitting and averaging measurement results to the
proposed model and only changed with given operating conditions. Standard deviations from the averaging
procedure are also presented.

Experimental results support this conclusion. At a high catalyst loading of 2.5 mg/cm? (which
equals a thickness of the ACL of 20 um), the extracted values of c,;;; were half of values calculated
for a catalyst loading of 1.5 mg/cm? (which equals a thickness of the ACL of 10 um) for both the
high and the low MeOH concentrations.

4.2.4 Influence of temperature

During the experiments, the leakage current density was measured at 30 °C and 50 °C. The results
indicated that the electroosmotic drag was only a function of the temperature and no structural
parameters, e.g. membrane thickness, showed an influence on the electroosmotic drag. The elec-
troosmotic drag coefficient could be gained from model results as documented in Table 4.3. Ex-
tracted values are in good agreement with literature values [92,108,110]. The membrane model of
Meyers et al. [101] predicts more open pores for liquid transport within the membrane at higher
temperatures, which can be one cause for a higher drag coefficient at elevated temperatures. Ge
et al. [111] has reviewed the literature from 4 different sources on the effect of temperature on the
electroosmotic drag coefficient at different temperatures. He has shown that the electroosmotic
drag coefficient increases linearly with temperature in a temperature range between 20°C and
70°C. He has also shown that the drag coefficient is independent of the cell current density.

Consequently, in this work the drag was assumed to increase linearly with temperature at the
given temperature between 30 °C and 50 °C. A linear extrapolation of the drag coefficient values
at 30°C and 50 °C was used in the model.

The predicted leakage current density at different temperatures can be seen in Fig. 4.13a. The
leakage current densities increased significantly with temperature, up to 0.1 A/cm? were predicted
with the maximum value at OCV and 70°C. Black dots represent experimental values of the
experiments at 30 °C and 50 °C. It can be noted that the increase of the leakage current density
at small cell current densities is much higher compared to large cell current densities. Simulation
results for the electroosmotic and diffusion parts of the leakage current density at OCV, 0.1, 0.2
and 0.3 A /cm? can be seen in Fig. 4.13b for a selection of temperatures.
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Figure 4.14: a) Simulation results for the leakage current density and experimental validation at a catalyst
loading of 2.5mg/cm?® on both electrodes, 50°C, a MeOH concentration of 0.5 M at an anode flow rate of
1 ml/min and an air stoichiometry of 6 for different membrane thicknesses. b) Contributions of the electroos-
motic drag and diffusion on the leakage current density. For each membrane thickness the values at OCV,
0.1, 0.2 and 0.3 A/fem? are displayed from left to right.

Obviously diffusion is the only driving force for the MeOH crossover at OCV. At 0.3 A /cm?, the
diffusion part of the leakage current density nearly vanishes and the leakage current density is
dominated by the electroosmotic drag. At this current density, the MeOH concentration at z;7 is
nearly equal to the film concentration inside the CCL. The leakage current density at 0.3 A /cm? is
only one third of the leakage current density at OCV. Thus, fuel cell operation at high cell current
densities at near-ambient temperatures is favorable in terms of fuel economy.

4.2.5 Influence of membrane thickness

The thickness of the membrane influences crossover of MeOH to the cathode. The leakage current
density for different membrane thicknesses can be seen in Fig. 4.14a. Experimental values derived
from the experiments for Nafion® 117 (180 pm) and Nafion® 1135 (90 ym) are depicted as dots and
validate the model.

The different contributions of electroosmotic drag and diffusion are shown in Fig. 4.14b. Ac-
cording to eq. (4.3), the flux of MeOH at z77r at OCV is reciprocally proportional to the mem-
brane thickness ;. When a current is applied to the cell, the flux of MeOH to the cathode
side increases due to electroosmotic drag and thus the MeOH concentration at z;7 is lowered. In
consequence, the concentration gradient of MeOH across the membrane between the ACL-Mem
and CCL-Mem interfaces is lowered and the contribution of diffusion to the leakage current den-
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Figure 4.15: Influence of the molarity on the leakage current density at different cathode flow rates and
OCYV. The operating conditions are as specified for Fig. 4.11.

sity decreases. It can be seen that for the given operating conditions, the diffusional part totally
vanished at cell current densities of 0.3 A /cm?.

It can be concluded that fuel losses can be minimized by using thicker membranes. Especially at
OCV or low current densities, the parasitic losses due to crossover of MeOH to the cathode can be
minimized, optimizing the Faradaic efficiency.

4.2.6 Influence of molarity

While the electroosmotic drag coefficient changed the form of the function relating the leakage cur-
rent density 7., to the current density, the MeOH concentration inside the CCL ¢, ;77 determined
the value of 7., at OCV. Besides the thickness of the ACL the MeOH concentration significantly
influenced c. ;s in the cathode, as shown in Table 4.3.

If no MeOH is consumed or evaporated inside the CCL and no current is drawn from the fuel
cell, c.rrr should equilibrate with the MeOH concentration of the AFC for the OCV. Thus for this
limiting case, a strong dependence of the MeOH concentration of the AFC is expected. For the
other limiting case, when all MeOH is consumed inside the CCL, only mass transfer resistances
control the flux. Therefore a thicker ACL acts as a larger barrier for MeOH to cross to the CCL and
decreases the flux of MeOH.
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Figure 4.16: a) Simulation results for the leakage current density and experimental validation for Nafion®
117 with a catalyst loading of 2.5 mg/cm? on both electrodes, 50 °C, an anode flow rate of 1 ml/min and an
air stoichiometry of 6 at different molarities. b) Contributions of the electroosmotic drag and diffusion on
the leakage current density. For each molarity the values at OCV, 0.1, 0.2 and 0.3 A/em? are displayed from
left to right.

As the electroosmotic drag vanishes at OCV, MeOH permeates through the membrane only by
diffusion. Fig. 4.15 shows the leakage current density for different molarities and cathode air flow
rates. The leakage current density showed a linear behavior on the MeOH concentration in the
feed and declined with the cathode flow rate. A linear dependence between MeOH concentration
in the feed and MeOH concentration at z;;; is assumed in the given range, an assumption that
holds true if consumption of MeOH at z;;; is constant for different molarities. Values extracted
from experimental results at 0.5 M and 1.5 M are extrapolated and introduced into the model.

Simulation results for the leakage current density at various MeOH concentrations can be seen
in Fig. 4.16a. At 0.5M and 1.5 M it was validated using experimental values. Simulation results
at a MeOH concentration of 4 M have to be regarded as a qualitative projection as the linear de-
pendence was not verified for concentrations greater than 2 M. The molarity has a much higher
impact on the leakage current density than the temperature (Fig. 4.13) or the membrane thick-
ness (Fig. 4.14). It also changes the gradient from a decrease with cell current density at lower
MeOH concentrations to rising values at higher concentrations. The cause can be seen in Fig.
4.16b. Although the diffusion part of the leakage current density is decreasing with increasing cell
current density at MeOH concentrations greater than 0.5 M, the superposition of diffusion and
electroosmotic drag is increasing.

In conclusion, it is favorable to operate a LDMFC at lower MeOH concentrations, especially at the
interface between ACL and membrane, to keep crossover small. For higher MeOH concentrations,
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Figure 4.17: Simulation results and experimental values for the total leakage current density and the MeOH
concentration at zr; at OCV and varying flow rates. A 0.5 M solution of MeOH and Nafion® 1135 having
a catalyst loading at each electrode of 2.5mg/cm? at 30°C was used. Air was supplied to the cathode at a
constant flow rate of 20 sccm.

the crossover even increases with cell current density. At4M and 0.3 A/cm? the leakage current
density exceeds the cell current density by a factor of almost two.

4.2.7 Influence of anode flow rate

Experiments were performed at a flow rate of 1 ml/min and 3 ml/min to study the influence of
anodic flow. Results indicated that the flow rate of MeOH at the anode had an noticeable impact
on the crossover. This was introduced as a dependence on flow rate for the mass transfer between
the anode flow channel and the backing. The model was tested with parameters fixed to a 0.5 M
solution of MeOH at 30 °C and a thickness of 90 um. The flow rate was parameterized between
0.5 ml/min and 7 ml/min.

To verify the model predictions, additional experiments were performed at OCV and different
anode flow rates. Fig. 4.17 shows experimental values for Nafion® 1135 having a catalyst loading
at each electrode of 2.5 mg/cm?, the same operating conditions as for the simulation. Air was sup-
plied to the cathode at a constant flow rate of 20 sccm. The model agreed well with the experimen-
tal values. As can be seen in the model predictions, the leakage current density at OCV increases
sharply near OCV at first an then goes into saturation as the cell current density is increased.
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Figure 4.18: Simulation results for the leakage current density at 30 °C and a membrane thickness of 90 jum.
The shape of the total leakage current density changes significantly between 0.5 ml/min and 7 ml/min due
to much lower MeOH concentrations at zry for low flow rates.

On examining the modeled MeOH concentrations at the ACL-Mem interface, it is obvious that a
decreases at low flow rates in the MeOH concentration at z;; is the cause for the lower leakage
current densities at low flow rates.

Changing the anode flow rate lead to a significant change in the shape of the total leakage cur-
rent density on the cell current density as model predictions indicate in Fig. 4.18. Here the total
crossover density and the contributions of electroosmotic drag and diffusion are plotted for a
MeOH flow rate of 0.5 ml/min and 7 ml/min respectively. It is obvious that the superposition of
drag and diffusion leads to totally different behavior on the leakage current density, depending
on which process dominates. For a high anode flow rate, the crossover increases with increasing
current density, whereas it decreases for the lower flow rates. A high flow rate of MeOH also re-
duces the performance of the fuel cell. Therefore, one can conclude that for high power densities
or high current densities, a low MeOH flow rate is preferable with respect to the crossover.

In addition to the model results, it is possible that a pressure difference between the anode and
cathode compartment, which was neglected in the model, is more pronounced at higher flow rates
and consequently causes higher leakage current densities [112,113].
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4.3 Structures for passive CO, removal

If operation of a LDMFC is to be completely passive, no external devices can be used. This includes
the fuel pump, which continuously supplies new fuel to the anode and drives out the product CO,
of the MOR. Operating a fuel cell without any flow would yield a power breakdown if the whole
electrochemically active surface of the anode were blocked by CO2 bubbles or after all the MeOH
had been oxidized.

Concerning CO; bubbles, passive structures could aid bubble removal and thus might ensure
that electrochemically active surface was sufficient for the MOR. Special micro—channel designs,
for example, have been reported to increase the mobility of gas bubbles trapped in liquid—filled
channels [114,115]. The channel geometry and the capillary forces can be used to shape bubbles
and increase their mobility. A further improvement of the micro—channel design allows passive
CO2 gas bubble removal from the anode flowfield of a LDMFC as described in the following
section.

To overcome the problem of MeOH depletion, a possible solution is to pump fuel into the system
at certain intervals to replace the reaction volume and to increase the MeOH concentration again.
Regarding the efficiency of the fuel cell system, the benefit is twofold. As will be shown the fuel
cell efficiency itself is higher than for a continuously pumped system. Additionally, there is no
continuous energy demand for the pump as it is idle most of the time and the system efficiency is
increased.

4.3.1 Flowfield concept

In brief, the working principle of the flowfield layout is based on the non—uniform capillary pres-
sure (P.qp =y (r; ' 4+ 1, ')) exerted by a tapered channel. The considered situation is sketched
in Fig. 4.19. The two ends of an elongated gas bubble exhibit different curvatures r and thus
experience different capillary pressures F.q,. The pressure difference forces the bubble to move
toward the wider channel part until both capillary pressures are in equilibrium as sketched Fig.
4.19c. In this case, the bubble takes on a spherical form and the movement stops. In the fuel cell
application, the bubble might even increase in size during its movement along the channel. This

(a) _ (b) _ (¢) —
X —2V | IZ x>V = v=0( )
P(r)>Py(r,) P(r)>P(r,) P(r)=P(r)

Figure 4.19: a) and b) Two-dimensional representation of gas bubble movement in a tapered channel, driven
by different capillary pressures. c) Equilibrium state with no bubble movement.
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Figure 4.20: a) Sketch of the original T-shaped channel design [114]. b) Photographs of the three possible
gas bubble positions in a T-shaped channel [115] filled with liquid (dark gray).

happens, if one wall is formed by the MEA and other bubbles growing there are wiped off and
merge with the passing bubble.

A prerequisite for sufficiently fast bubble movement is a channel design which allows liquid to
bypass the gas bubble. A design that provides such a bypass is a channel with a T-shaped cross
section as shown in Fig. 4.20a. This channel design has already been presented by Kohnle et
al. [114] together with an analytical model describing the movement of a gas bubble in this specific
geometry. Based on this work and the study of geometric variations of the T-shaped cross—section,
Litterst et al. presented a model to determine the bubble position in channels with this cross—
sectional layout [115]. Depending on the geometrical parameters (W,w,D,d) shown in Fig. 4.20a,
any one of the three stable bubble positions referred to as “horizontal”, “blocking” and “vertical”
can be adopted as shown in Fig. 4.20b.

Since the T-shaped cross section itself only influences the bubble position inside the channel but
does not provide the necessary capillary forces to move the gas bubble passively, tapered channel
walls have been added to the basic T-shaped channel design as shown in Fig. 4.21a. However,
the channel dimensions have been chosen to guarantee a vertical bubble position by assuming
the worst case at the shallowest part of the central channel. To form a flowfield for the fuel cell,
the T-shaped tapered channels are arranged as two parallel rows connected to a central supply
channel. The other side of the channel is connected to an outlet channel placed on the outer side
of the flowfield. In each of the two rows, 18 T-shaped channels are placed with a spacing of
0.3 mm between each other as indicated in Fig. 4.21b. The T-shaped channels are tapered in two
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Figure 4.21: a) Sketch of the channel dimensions of the test samples in millimeters (not to scale). b) Plan
of one side of the flowfield indicating the supply and the outlet channel as well as the T-shaped parallel
channels with their taper angles, o and 3.

dimensions: first symmetrically by a tapering angle o = 5° across their profile and by an angle
B = 1.5° along their longitudinal section opening toward the outlet channel.

As shown in Fig. 4.21b, the CCM or GDL (e.g. carbon paper or metal mesh) forms the bottom
of the parallel channels while the remaining channel walls are formed by the substrate. Since the
MEA covers the whole bottom of the T-channels, the largest possible area is used for fuel cell op-
eration. The bubbles can grow on that surface and as soon as a bubble comes into contact with the
upper wall, capillary action starts to move it toward the larger cross—section of the channel. Due
to the ongoing reaction, the bubble size increases continually, so the bubble is forced to deform its
spherical shape into a stretched oval shape as already sketched in Fig. 4.19. The pressure gradi-
ent created by the unbalanced capillary forces causes a bubble movement toward the central part
of the T-shaped channel. This motion continues toward the central channel as already described
above for tapered channels. Once the central part has been reached, the bubble takes on a shape
that only fills the central part due to the T-shaped design. When the bubble is inside the central
channel, the tapering again makes the bubble move to the final outlet.

4.3.2 Sample preparation

In the preparation of experiments, a negative of the flowfield design with the dimensions given
in Fig. 4.21 was milled into a brass plate to form a hot embossing tool. The embossing tool
was placed into a frame to prevent polymer spilling out sideways during the embossing process.
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Figure 4.22: Photograph of one of the transparent test samples illustrating the fuel supply and the outlet
channels at the edges of the micro—structured array of channels.

Two different polymers were chosen as substrates for the test samples: PMMA and a conductive
graphite-filled polymer SIGRACET®! PPG86 (SGL Technologies GmbH). The two polymers were
chosen to serve for two kinds of experiments: the transparent PMMA for experiments where
the bubble development and movement were observed by a camera and the opaque, conductive
graphite—filled polymer to assemble a fully functional LDMFC. After the hot embossing process,
the mounting holes and the fluid interconnections were drilled in a second step to complete the
sample as shown in Fig. 4.22. The samples were supplied with fuel through a channel along the
central axis. CO3 was removed through the outlet channels on the edges of the flowfield.

4.3.3 Visual experiments

To study the bubble behavior the configuration shown in Fig. 4.23 was assembled. The setup
consisted of a lower mounting frame, two sheets of metal mesh sandwiching the MEA, the PMMA
sample and finally an upper mounting frame. In this frame, a notch was milled to allow a direct
view of the PMMA sample. To avoid MeOH leakage, the stack was sealed with silicone and then
tightly screwed together.

For the experiment, the metal meshes were electrically connected and the system was primed with
a 2M MeOH solution that had been dyed with red ink to achieve higher contrast. The evolution
of gas bubbles was forced by applying a current of 50 mA /cm? at a voltage of about 0.2 V between
the metal meshes. A fuel cartridge was connected to the supply channel during the experiments
to allow passive refueling of the flowfield. The CO2 bubbles could be released through the outlet
channel located at the left edge of the photos in Fig. 4.24 that show a detail of the flowfield. During
the experiment, a video camera was used to observe the bubble behavior. The bubbles first had to
pass through the metal mesh before they moved toward the central part of the micro—structured
channel. Since the mesh used is rather coarse, some bubbles were trapped inside the mesh until

'http:/ /www.sglcarbon.com/sgl_t/fuelcell/index.html
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Figure 4.24: Picture sequence of the developing gas bubbles and their movement inside one test sample
with a 2M MeOH solution. To improve visibility, the spaces between each particular micro—channel (ribs)
have been marked as black bars, while the edges of the central part of the channel and the bubbles have been
marked in white.
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Figure 4.25: Power densities of a T-shaped micro—structured flowfield and a parallel flowfield at no—flow
conditions. The MeOH supply tube was either mechanically open or closed.

they got wiped off by another bubble or had grown to a sufficient size to detach. The bubbles first
moved toward the central channel and once there grew further until they started to move again.
This time their movement was directed toward the outlet channel as anticipated.

4.3.4 Electric experiments

As well as the visual proof of concept for the micro-structure, electric measurements were per-
formed under no—flow conditions. Isothermal experiments were conducted using the test cell that
is described in Chapter 3. Instead of the anode flowfield that was used for the Parameter study
and the Methanol crossover section of this chapter (Fig. 4.1), the anode flowfield used here in-
corporated the micro-structure given in Fig. 4.20b. An additional flowfield with parallel channels

served as a reference.

A 0.5 M solution of MeOH was fed to the anode. The cathodic air flow was set to 100 ml/min. The
temperature was kept constant at 50 °C. Two different configurations at the anode were chosen
for the experiments. For one, the pump was stopped and closed the supply tube mechanically.
For the other, hydrostatic pressure because of an elevated supply tube fed the anode and was
kept open throughout the experiment. The MPP was determined for both the parallel and the
micro—-structured flowfield. Therefore the fuel cell could be operated galvanostatically at MPP,
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which was 80 mA /cm? for the T-shaped structure and 30 mA /cm? for the parallel channels. Each
measurement was stopped when the cell voltage reached zero.

Although a reference electrode was attached to the setup, bubbles close to the reference electrode
disturbed the symmetric potential within the membrane and reference readings were heavily bi-
ased. Experimental errors in performing reference electrode measurements are discussed in detail
in Appendix A. As a result, the anode and cathode losses could not be determined individually.
Nevertheless, the cathode losses should have remained stable, as the cell was operated galvanos-
tatically and the operating conditions for the cathode were not altered. Hence all changes in cell
voltage should have been caused by effects taking place on the anode side.

Results of these measurements can be found in Fig. 4.25. It is obvious that the T-shape micro—-
structure outperforms the parallel flowfield by far. Probably several channels of the parallel flow-
tield were blocked by CO; bubbles so that the active area was drastically reduced. The slight
changes at the beginning of the measurements between “open” and “closed” for both flowfields
can be explained by bubbles that remained immobile within the GDL. Reproducibility was espe-
cially difficult to achieve for the T-shaped flowfield. The area below the curves reflects the total
energy density for the given systems. It can be noted that it is higher for the open supply tube,
which means that MeOH is transported into the flowfield as gas bubbles leave the anode.

4.3.5 Prototype cell

The massive endplates and the thick flowfields of the test cell caused a high thermal mass for the
setup. In order to study the impact of non-isothermal operation, a planar prototype cell was built
as illustrated in Fig. 4.26, including the micro-structured flowfield. The assembly differs from the
cell for visual experiments although the same flowfield design has been used. In this assembly, the
cathode was made of an ordinary printed circuit board (PCB). The PCB is a laminate of glass fiber
and epoxy sandwiched between two copper layers of 35 um thickness. In the cathode, parallel
rectangular openings of 3mm x 21 mm with a spacing of 1 mm were milled to form the cathode
flowfield to allow for air-breathing operation. The electrochemically active area of the fuel cell
was 2mm x 43mm. The copper layer of the PCB was used as the current collector and electrical
contact to the outside of the fuel cell. A hot embossed and drilled graphite plate of PPG86 with
the flowfield structure described above was used as the fuel cell’s anode. For the electrical contact,
a copper plate was placed on top of the graphite plate. CCMs produced by the “decal transfer”
method, consisting of Nafion® 117 with catalyst loadings of 2.5 mg/cm?, and 350 um thick Toray
carbon paper, were stacked together as the MEA. To avoid short circuits between the electrodes,
the MEA was sandwiched between two polymer films with a thickness of 100 yum. The whole
assembly was pressed together by six M3 screws with a torque of 0.5 Nm each. To ensure sufficient
contact pressure between the plates, an adhesive was applied onto the edges and pressed together
while curing. Furthermore, the adhesive was used to prevent leakage.
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Figure 4.26: a) Draft of the prototype fuel cell assembly (not to scale). b) Photograph of the assembled
prototype fuel cell.

Extended—duration potentiostatic measurements at 0.25V with a 4 M MeOH solution were per-
formed at ambient temperatures. The cathode was passively operated under air-breathing con-
ditions. The micro-structured anode flowfield layout was designed for totally passive as well as
for active, pump-assisted operation. Thus a direct comparison of the experimental results in the
active and passive modes could be made. Three set of conditions at the anode were chosen for the
experiments: pumping continuous (0.225 ml/min), pumping at the same flow rate but in intervals
and an open cartridge without any pump.

In the configuration refueled by pumping at intervals the fuel cell was operated for approximately
23 min and then new fuel was pumped into the system for 15s. During the time that the pump was
switched off, the connection between the fuel cartridge and the cell was mechanically interrupted.
Thus no gas or liquid could enter or leave the cell at the supply port during this time. In the last
configuration, the connection between the reservoir and the fuel cell was mechanically open dur-
ing the whole operating time. Due to a small hydrostatic height difference (about 10 mm) between
the cartridge and the fuel cell, MeOH was allowed to enter the cell by diffusion and convection
during the whole measurement. After about 25 min the hydrostatic height of the cartridge was
increased for a few seconds to flush new fuel into the flowfield by hydrostatic pressure.
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Figure 4.27: Long—time measurements with a 4 M MeOH solution at 0.25V. Continuously pumped
(“0.225ml/min”), pumping at intervals (“closed”, 23 min pause and 15 s pumping) and passive with refu-
eling by hydrostatic pressure after 25 min (“open”).

The results of all three configurations are given in Fig. 4.27. In the case of continuously pumped
fuel cell operation, a stable current of about 14.5mA /cm? was reached. The results for the other
two configurations did not show a stable current level during the extended operation as antici-
pated. The current density increased significantly until depletion of MeOH caused a decline in
current density. Without any convective flow the temperature inside the fuel cell increased in
contrast to the continuously flushed fuel cell where the flow also continually cooled the cell. The
increased temperature led to better kinetics and consequently higher current densities in the cell.
This phenomenon, which is especially significant for the MOR at the anode, was studied and
discussed in detail in the Parameter study section of this chapter. The current densities for the
LDMEFC fed by hydrostatic pressure exceeded the current densities for the configuration with in-
termittent pumping. Higher energy densities for mechanically open connections between the fuel
reservoir and the fuel cell were also found for isothermal operation as shown in Fig. 4.25. There-
fore it can be concluded that for a micro—structured LDMFC system a pump should be used that
does not interrupt the connection and allows passive MeOH supply from the reservoir either by
diffusion or by convection.
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Chapter 5

Vapor-Phase Operation

Two-phase problems, like COy bubble removal, can be avoided if methanol is delivered in the
vapor phase to the anode electrode. The first papers on vapor-fed DMFCs (VDMEFC), which
were published in the 1990s, reported using a vaporizer at high temperatures between 130 °C and
200°C [116-118]. The fuel cell itself was kept well above the boiling point of methanol at around
100°C. Hogarth et al. [118] stated that the performance of their vapor-fed system exceeded by
some margin performance of their liquid-fed systems. Power densities up to 0.22 W /cm? using
air at the cathode were achieved. The impedance of VDMFCs has been studied by Fukunaga
et al. [119] and Furukawa et al. [120]. Kallo et al. [121] found that membrane conductivity is
an important parameter for a VDMFC and that MeOH crossover is lowered for vapor-phase op-
eration and decreases with increasing temperature. He also studied the transient behavior of a
VDMEC [47].

Vapor-phase operation at high temperatures is incompatible with the need for passive approaches
for portable DMFCs. In addition, the vaporizer has a high energy consumption, and thus de-
creases the system efficiency. Recently, much has been published on MeOH mass transfer resis-
tances at the anode, e.g. by using a microporous plate, to lessen the impact of methanol crossover
for liquid-fed DMFCs [28,122,123]. W.-J. Kim et al. [29] used hydrogels in a methanol fuel cartridge
as a diffusion-rate—controlling agent that suppressed methanol crossover in passively operated
LDMECs. Although he did not specify vapor-phase operation, probably most of the liquid MeOH
that had soaked into the hydrogel he used during his experiments was in vapor-liquid equilibrium
inside the anode chamber, as similar OCVs for the 4 M and 8 M MeOH solution indicate.

Thermodynamically driven evaporation of MeOH at ambient temperatures was utilized for this
work. Instead of hydrogels, membranes were used as phase barriers between the liquid and the
gaseous methanol. Usually phase separation membranes are used to separate mixtures of liquids
by partial vaporization through the dense membrane, a process called pervaporation [124]. One
side is kept at ambient pressures while the other side is under vacuum to increase the driving
force, the chemical potential difference. For the vapor-phase operation, these membranes were
used as an evaporator under ambient conditions. The chemical potential difference in this case
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Figure 5.1: Test cell used for experiments with the vapor-fed DMFC. Liquid methanol is stored in the tank
and is evaporated into the vapor chamber using the phase separation membrane. The vapor chamber has one
outlet to release CO into the atmosphere.

was created by consumption of MeOH during the anodic MOR that disturbed the thermodynamic
equilibrium and forced MeOH to diffuse from the storage tank into the anode chamber. As experi-
mental data are difficult to gain due to the small volume of the vapor chamber, a one-dimensional
model of the evaporator was developed to study gas composition and its transient behavior inside
the vapor chamber. Just recently a similar concept has been published by H. Kim [125].

The design of the evaporator and the anode that were used throughout vapor-phase operation
experiments is shown in Fig. 5.1. A complete description of the test cell is given in Chapter 3.
Liquid MeOH was stored in a temperature—controlled storage tank and a needle valve was used
to equalize the pressure between the tank and the surroundings. A plate of FR-4, a material used
for making printed circuit boards, was used to change opening ratios. This plate and the phase
separation membrane were attached between VITON sealing rings. The anode plate was used to
give mechanical strength as well as to collect current. Vaporized MeOH diffused into the anodic
vapor chamber and was oxidized at the ACL. Atmospheric pressure was maintained through an
outlet, where in particular CO; could leave the vapor chamber.

The impact of structural parameters and operating conditions has not been researched yet for
vapor-fed operation of a DMFC at near-ambient conditions. Thus a detailed parameter study
that included reference cell measurements to assess anode losses and cathode losses separately
was performed. Among other parameters, different opening ratios that controlled evaporation
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of MeOH into the vapor chamber were examined. Experimental results were compared to the
evaporator model.

Water management was found to be a critical parameter for a VDMFC. Depletion of water inside
the ACL, especially at higher current densities, decreased performance of the fuel cell substan-
tially. Back diffusion of water from the cathode to the anode was examined. A micro—structured
cathode electrode that increased water back diffusion due to a reduced mass transfer resistance
was developed and investigated. Finally, efficiencies and heat losses of a VDMFC were deter-
mined.

5.1 Evaporator

Vapor-phase operation of a DMFC greatly depends on the properties of the evaporator and the
vapor chamber. Transient experimental characterization of evaporation is difficult to perform
inside a working DMFC, as the fluxes of the reactants, MeOH, water and COs, are very small.
Thus an approach utilizing a bulk and membrane evaporation model was chosen and parame-
ters were determined by additional experiments. Two different methods were considered, bulk
evaporation and evaporation through a dense membrane. Simulation results at equilibrium and
pseudo—equilibrium revealed partial pressures of the reactants at steady state as well as transient
changes inside the vapor chamber.

5.1.1 Vapor chamber model

This section concerns the evaporation and behavior of MeOH and water vapor in a vapor cham-
ber which is separated from the liquid reservoir by one of two means. These two methods of
separation have been labeled “Bulk Evaporation” and “Dense Membrane”.

* Bulk Evaporation: This geometry refers to the lack of any physical separation between the
liquid reservoir and the vapor chamber, with only a stagnant film present to resist mass
transfer [126]. Equilibrium is assumed at the liquid-vapor interface. This model was cre-
ated as a first example to develop equations of interest. It might be inapplicable to actual
applications as the fuel cell system would be highly position—-dependent. The variable pa-
rameter is the thickness of the stagnant layer.

¢ Dense Membrane: This configuration uses a polymer membrane to separate phases and
transport MeOH and water from the liquid reservoir to the vapor chamber. This model
assumes that transport through the membrane is the limiting process and that equilibrium
between the gas phase and the solvated liquid phase is established at the surface of the
membrane. The variable parameter is the permeability of species diffusing through the
membrane.
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Figure 5.2: Geometry of the one—dimensional evaporator model for bulk evaporation and dense membrane
evaporation. Water and MeOH are denoted as species 1 and 2, COq as species 3.

Vapor Chamber and Model Geometry

A model of a vapor chamber from which the fuel cell draws MeOH and water vapor by a given
current was developed. Because the vapor chamber is the focus of the model, its structure and
geometry are important considerations. Fig. 5.2 shows the basic geometry for the model of bulk
evaporation and the dense membrane.

The two subdomains considered are the liquid reservoir and the vapor chamber with both the
fuel cell and phase boundary represented as two boundaries straddling the vapor chamber. The
liquid reservoir has two variables for masses of MeOH and water, while the vapor chamber is
characterized by the mass of MeOH and water vapor and CO,. Finally, both subdomains are
considered to be well mixed due to strong intermolecular forces in the liquid phase and turbulence
in the gas phase.

In the proposed scheme, MeOH and water are evaporated from the liquid reservoir into the vapor
chamber while passing through the vapor-liquid barrier which offers resistance to transport. The
fuel cell consumes the MeOH and water vapor while releasing heat into the vapor chamber which
is then transported to the liquid reservoir. The fuel cell also releases CO; into the vapor chamber
with CO; leaving or entering to maintain atmospheric pressure within the vapor chamber.
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Thermodynamics

While evaporation is a mass transport phenomena, thermodynamics must be considered for at
least two reasons: first, thermodynamics defines what is feasible and unfeasible and second, ther-
modynamics determines the driving force behind evaporation and mass transport. In the pro-
posed system for fuel (MeOH and/or water) delivery, vapor and liquid phases are in equilibrium
whenever no current is drawn from the cell. In this equilibrated state, the fugacities of each phase
and species are equal and a system of equations describing the equilibrium can be written as a
result. The vapor phase fugacity is described as follows.

Jg = vyiviP 6.1)

Here, y; refers to the vapor mole fraction, v; the activity coefficient which is a measure of the in-
terspecies molecular interactions, and P the total system pressure. Since operating pressures for
passive VDMEFCs should not exceed atmospheric pressure, it is a common and correct simplifica-
tion to ignore the activity coefficient and to describe the fugacity by the ideal gas law [127]. The
liquid phase fugacity is described in a similar fashion.

fl = xi’)/ipi,vap (52)

Here, x; refers to the liquid phase mole fraction, 7; the activity coefficient, and P; ,,, the liquid
vapor pressure. Unlike the vapor phase, the activity coefficient cannot be ignored in the liquid
phase as the intermolecular interactions are much greater than in the low pressure vapor chamber.

To evaluate values for v; and P;,,p, one can refer to an excess Gibbs energy function and the
Antoine equation, respectively. Examples of excess Gibbs energy functions for binary species
include the two-suffix Margules, Van Larr, Wilson, and NRTL equations, which can be found
in Perry’s Chemical Engineering Handbook [128]. In the models presented here, the two—suffix
Margules equation was chosen because the parameters were readily available.

Inv;, = 22(A1g + 221 (A — Ara)) (5.3)

Here A; ; are the species specific parameters for the two-suffix Margules equation, z; and z the

molar fractions of species 1 and 2. The Antoine equation is the standard equation to relate a
liquid’s vapor pressure to its temperature.
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log Pyop = a — (5.4)

T+ c

Both of these equations require constants for their usage. Antoine constants can be found in
Perry’s [128]. The excess Gibbs energy constants require a more specialized reference and will
vary based on the species in the system. An excellent reference for these constants is the Dechema
Data Series [129].

These thermodynamic expressions are used twice in the following models. First, solving these
thermodynamic expressions for a binary system where the temperature and liquid phase compo-
sitions are known provides the gas phase composition and pressure. The initial condition for each
model is solved using this technique. Second, the driving force is based on these thermodynamic
expressions. The driving force represents how far the system is removed from equilibrium and is
expressed as the difference between the partial pressures of the liquid and gas phase for a partic-
ular species. This driving force A f is the difference in fugacities between the liquid fugacity of eq.
(5.2) and the gas phase fugacity of eq. (5.1).

Af = xi’YiPi,vap - sz (55)

Thus, the maximum driving force for MeOH evaporation is realized when there is no MeOH in
the vapor phase (yycor = 0). Conversely, when in equilibrium, the driving force is zero and no
net evaporation occurs.

Kinetics

Although thermodynamics determines what is and is not possible, it is the kinetics of the system
which describes the actual rates of evaporation and mass transport. Because it is assumed that the
only resistance to mass transport is a stagnant layer or a dense membrane, the definition of mass
transfer can be refined to include only diffusion and not convection. Fickian diffusion was used
for this model.

Ni = DZ‘J'VCZ' (56)

The proportionality constant is often called the diffusivity or diffusion constant D; ; which is the

diffusivity of species i through species j. In the bulk evaporation model, diffusion is only consid-
ered in the gas phase. As such partial pressures are used instead of concentrations in the gradient
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term. Further, CO, is assumed to make up most of the gas phase, to bring the total pressure
inside the vapor chamber to atmospheric pressure. Therefore, a simplifying assumption was to
determine the diffusivity of MeOH or water through CO; instead of the mixture as a whole. Last,
because it was assumed that diffusion only occurs in a very thin stagnant layer, the constant gra-
dient can be replaced by a slope over the thickness of the film where the partial pressure at the
liquid interface is subtracted from the partial pressure in the bulk vapor chamber. It is assumed
that liquid phase and vapor phase are always in equilibrium at the liquid-vapor interface because
the limiting process is diffusion. These assumptions transform eq. (5.6) into

D; co,
Ny = ’

=~ (@iViPivap — YiP 7
RTdfilm(x’y wap — YilP) (5.7)

Notice also that the maximum rate of mass transport is controlled by the difference in partial pres-
sures and that a partial pressure of zero in the vapor chamber will yield a finite value. Estimating
values for the diffusivity D; ; is a complex procedure in and of itself. There are several available
equations available which describe different mixtures of gases. For this thesis, an equation pro-
posed by Brokaw [130] as a correlation to the Chapman-Enskog equation [128] was used. This
equation is fitted expressly for combinations of polar gases. The reader is referred to these two
sources for further details.

: (xi’Yi‘Pi,vap - sz) (58)

dmem

Transport through the dense membrane as stated in eq. (5.8) differs somewhat from bulk evap-
oration. The so—called solution—diffusion model is accepted by many membrane researchers
[131-133]. It is still based on the principle of flux being proportional to the gradient in concen-
tration, or the difference in partial pressures. The distinguishing feature is the replacement of the
diffusivity by the permeability, Perm;. Perm; is a convenient term which encompasses many
physical characteristics of the membrane and the transported species. Among others, it includes
the degree of solvation of the transported species by the membrane fibers (itself a function of
many properties including polarity and size of the transported species and size of the polymer
molecule), the drag of one transported species on the other, and the mass transfer resistance of
the membrane. Literature is available to estimate this parameter [134, 135]. In the context of this
work, these interactions were lumped into the permeability coefficient which was then fit to ex-
perimental data.
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Balances

The last portion of the vapor chamber models are the mass and heat balances. Since MeOH and
water exist in both the vapor chamber and the liquid reservoir, there must be four different bal-
ances to account for these two species. In addition, CO3 requires another balance for just the gas
phase. All balances observe the conservation of mass. Expressed in terms of known and differen-
tial variables, the balance for the liquid phase is given as:

oM,
< = _Nil‘Miamu'A (59)
ot ’ ’
For the gas phase, the balance is given as:
oM;
ot L= (Niy = Nig) - M gy - A (5.10)

Here A is the total area and M; 4., the molar mass of species i. The CO, balance is expressed as
no change in the total pressure of the gas phase. That is, COs is allowed to enter or leave as long
as the pressure remains at atmospheric pressure.

5P

=0 (5.11)

The gas phase flux variable, N; 4, is considered to be constant and set by the total current of the
fuel cell, itself a constant.

5.1.2 Membrane parameters

Both phase separation boundaries have a single fitting parameter. For the dense membrane and
bulk evaporation this parameter is the permeability and stagnant film thickness, respectively. Both
of these parameters were calibrated against experimental evidence in two similar experiments.

Dense membrane:

The experimental setup for the dense membrane positioned the dense membrane between the
liquid reservoir and the open atmosphere with a silicone sealant to maintain a liquid-impermeable
connection between the membrane and the apparatus. Once the liquid reservoir was filled with
pure MeOH and the membrane attached, the apparatus was flipped to maintain hydrodynamic
pressure on the membrane. The convective airflow in the vapor chamber again assured a MeOH
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Figure 5.3: Measurements of the change in mass for bulk evaporation and dense membrane evaporation as
a MeOH vapor delivery system at different temperatures.

partial pressure of approximately zero during the experiment and thus provided the maximum
driving force for evaporation. The results from this experiment can be seen in Fig. 5.3 as well.
During the first two hours the rate of evaporation is highest before it slows down to a constant
rate. This effect might be the result of swelling within the membrane during the first two hours.
After two hours, the rate of evaporation slows to a steady state value. A linear curve fit, neglecting
the first two hours, identified the gradient and thus the permeability of the membrane could be
calculated.

Bulk Evaporation:

The experiment for bulk evaporation was similar in concept to that for the dense membrane. How-
ever, without a real vapor-liquid separation membrane, this experiment simply allowed MeOH
to evaporate out of a receptacle while the mass was recorded as a function of time. Convective
airflow within the climate chamber maintained a MeOH partial pressure of approximately zero
maximizing the evaporative driving force. The results from this experiment can be seen in Fig. 5.3.
Linear—curve fitting identified the gradient and thus the thickness of the stagnant film assumed in
the model could be determined.

The rate of evaporation for the bulk case is roughly 50 % higher than for the dense membrane
which intuitively makes sense. Bulk evaporation offers a larger vapor-liquid interface than a
dense membrane where liquid MeOH molecules must share space with the membrane fibers.
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Figure 5.4: Maximum theoretical current densities at different temperatures and evaporator ares that could
be achieved. Model parameters for the evaporation rate are derived from Fig. 5.3.

To gain an engineering perspective on the potential of both methods of MeOH evaporation, Fig.
5.4 shows theoretical currents according to MOR. This figure uses the maximum evaporative rate
determined from Fig. 5.3 and converts that flux to a current using Faraday’s law. This calculation
makes no consideration of losses caused by MeOH crossover and assumes that every evaporated
MeOH molecule is immediately converted to electric current. However, this graph is useful to
find a rough dimensioning estimate for a fuel cell of known performance. At a working point of
the fuel cell of 200 mV at 50 °C and a power density of 50 mW /cm?, the area of the evaporator is
1/8 for the dense membrane and 1/10 for bulk evaporation compared to the the active area of the
fuel cell.

5.1.3 Vapor chamber in equilibrium

The establishment of vapor-liquid equilibrium (VLE) is important because evaporation is simply
a system moving toward VLE. In all cases, equilibrium between vapor and liquid phases was
assumed at the boundary between liquid reservoir and vapor chamber. The system in question
is a binary mixture of water and MeOH. For such binary systems, it is convenient to express
equilibrium in an x-y diagram, which is shown in Fig. 5.5 for the MeOH /water binary system.

The x and y axes show the mole fraction of MeOH in the liquid and gas phases respectively.
The curve reflects the actual behavior of the two components and matches very closely to the
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Figure 5.5: Vapor-liquid equilibrium for a MeOH/water system at 50°C and different molar fractions.
Interactions between the two species are taken into account according to eq. (5.5) and compared to [129].

literature data provided in [129]. The curve represents vapor-liquid equilibrium when factors
such as different vapor pressures and intermolecular interactions are taken into account.

5.1.4 Vapor chamber in pseudo-equilibrium

The system only reaches equilibrium when the fuel cell is not drawing MeOH and water from the
vapor chamber for reaction. As soon as the fuel cell begins consuming these reactants, the equilib-
rium is disrupted and the concentration of MeOH and water in the vapor chamber decreases until
a new pseudo—equilibrium is established. The establishment of the new pseudo—equilibrium for
50 wt% of MeOH and water at 50 °C can be observed in Fig. 5.6 after approximately 30s.

The system starts at equilibrium. At time zero, the fuel cell begins drawing enough MeOH and
water to run at 0.75 A /cm? (assuming that the active area of the active fuel cell area is 10-times
larger than the evaporative area). As the fuel cell draws off MeOH and water, the concentration
in the gas phase decreases until a new steady state is reached, the pseudo-equilibrium. At this
point, the flux of MeOH and water into the fuel cell is equal to the rate that it is being replenished
by evaporation from the liquid reservoir.

As already stated, evaporation is proportional to (z;v;F;vap — Pi). When the system is in equi-
librium, the rate of evaporation is zero and thus x;v; P; vop = P;. However, to make the rate of
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evaporation non—zero, the condition z;v; P; vap > F; must be fulfilled. Hence, the partial pressure
in the vapor chamber falls until the condition of pseudo—equilibrium, consumption equals evap-
oration, is met. How much the partial pressure must fall before pseudo-equilibrium has been
established is a function of the diffusivity, permeability, and thickness of the phase separation
boundary where systems that do not offer much resistance to mass transfer have minimal offsets
from equilibrium and vice versa.

To find the pseudo—equilibrium for a variety of liquid phase conditions, Fig. 5.7 may be used.
The x-axis is the mole fraction of MeOH in the liquid reservoir which covers all potential binary
combinations of water and MeOH. The lines labeled “bulk evaporation” and “dense membrane”
show pseudo—equilibrium values. If a pseudo—equilibrium value is zero, the rate of evaporation
is not able to keep up with the rate of consumption. In all cases, 0.75 A /cm? and an area that was
10-times larger for the fuel cell as for the evaporator was assumed.

Also noteworthy in both Fig. 5.6 and Fig. 5.7 is that the performance of the dense membrane and
the bulk evaporation are similar. This is the result of an identical thermodynamic driving force
which motivates evaporation.

5.2 Parameter study

The impact of operating conditions and structural parameters on the performance as well as on
polarization and concentration losses of a VDMFC was studied. The connected NHE was used to
assess losses individually. A PDMS membrane at an opening ratio of 6.8 % was used to evaporate
a 50 wt% solution of MeOH in deionized water into the vapor chamber. Dry air was supplied
to the cathode flow channel. A minimum air flow rate of 40 sccm was set before switching to a
stoichiometry of 2 at a current density of 0.11 A /ecm?. Hydrogen, which was humidified inside a
washing bottle at ambient conditions, was fed to one electrode of the NHE. The other electrode of
the NHE was flooded with deionized water to guarantee a stable reference potential as mentioned
in Appendix A. The temperature of the cell was kept constant at 50 °C. A SIGRACET® 31AA GDL
was used on both the anode and the cathode side. For the CCM, Nafion® 1135 being screenprinted
with 3 mg/cm? Pt/Ru at the anode and 1 mg/cm? Pt at the cathode was used. The clamping force
on the cell was set to 3450 N, which results in a pressure of 345kPa on the GDL. These standard
conditions were applied unless stated otherwise in the text.

5.2.1 Structural parameters of the MEA

The influence of two different membrane thicknesses and catalyst loadings on the electric prop-
erties of the VDMFC were studied. Besides the commonly used Nafion® 117, which had a high
Pt/Ru catalyst loading of 3 mg/cm? at the anode electrode for this work and provided low crossover
at sufficiently high current densities, thinner Nafion® 1135 and low anode loadings of 1 mg/cm?
were also studied.
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Figure 5.8: Electric properties of a VDMEFC for different membranes and catalyst loadings. Anode and
cathode polarization losses were calculated using a connected reference NHE. The temperature was 50 °C,
the cathode air stream 40 sccm/\ 6, the evaporator opening ratio 6.8 % and MeOH concentration 75 wt%.

The following CCMs were investigated:

* Nafion® 117 screen—printed 3 times using HiSPEC 11100 at the cathode electrode (equal to
1 mg/cm? Pt) and 3 times using HiSPEC 6000 at the anode electrode (equal to 3 mg/cm?
Pt/Ru)

* Nafion® 117 screen—printed 3 times using HiSPEC 11100 at the cathode electrode (equal to
1 mg/cm? Pt) and once using HiSPEC 6000 at the anode electrode (equal to 1 mg/cm? Pt/Ru)

* Nafion® 1135 screen—printed 3 times using HiSPEC 11100 at the cathode electrode (equal
to 1 mg/cm? Pt) and 3 times using HiSPEC 6000 at the anode electrode (equal to 3 mg/cm?
Pt/Ru)

* Nafion® 1135 screen—printed 3 times using HiSPEC 11100 at the cathode electrode (equal to
1 mg/cm? Pt) and once using HiSPEC 6000 at the anode electrode (equal to 1 mg/cm? Pt/Ru)
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Results of this characterization can be found in Fig. 5.8. It is obvious that the CCMs having
a high anode catalyst loading outperformed the others. It can also be observed that Nafion®
117 had a slightly better performance compared to the thinner Nafion® 1135. Looking at the
individual electrode polarization losses, it is interesting to note that the thickness of the membrane
did not seem to affect cathode losses, which reflected MeOH crossover among other effects. This is
especially obvious at OCV, when no MeOH was consumed and the electroosmotic drag vanished.
The catalyst loading at the anode had a much higher impact on the crossover as the thicker anode
electrode offered a higher mass transfer resistance to the MeOH. Besides these effects, better anode
performance at high catalyst loadings is displayed.

The different IV characteristics between the two membranes were caused on the anode side. Naf-
ion® 117 displayed lower anode losses. This is surprising as back diffusion of product water from
the cathode, which greatly influences anode performance as will be shown later, should be higher
at thinner membranes. Apparently water transport was enhanced by Nafion® 117, especially at
higher current densities.

5.2.2 Methanol Concentration

Experiments with different MeOH solutions in deionized water at 25, 50 and 75 wt% and pure
MeOH were conducted to study the impact of MeOH concentration on a VDMEFC. All other oper-
ational and structural parameters were kept constant.

The IV characteristics and the electrode losses are depicted in Fig. 5.9. It should be mentioned
that these results are valid only for an opening ratio of the evaporator of 6.8 % and will change
when the opening ratio is varied. Optimal performance for the given conditions was achieved
by having a 50 wt% solution of MeOH; it decreased for higher and lower concentrations. Two
opposing effects could be studied on the anode and the cathode. Crossover increased with MeOH
concentration and consequently cathode losses increased as shown. The great difference between
pure MeOH and the three solutions indicated a much higher crossover, probably combined with
partial flooding of the cathode.

Anode losses decreased as expected with increasing MeOH concentration. Besides having higher
partial pressures of MeOH at the anode electrode, resulting in higher anodic current densities
according to eq. (2.20), the water concentration at the anode also greatly influenced the electrode
losses. In the Evaporator section of this chapter, it was shown that the amount of evaporated water
is only a fraction of the evaporated MeOH, depending on the MeOH concentration. Because one
mole of water is needed to oxidize one mole of MeOH, the lack of water is slowing down the
MOR.

As already mentioned, high MeOH concentrations result in a high crossover rate. Usually most of
this cathodic MeOH is oxidized to CO5 and water. Thus, the water concentration at the cathode
increases with crossover and back diffusion of water to the anode is enforced because of a large
concentration gradient between the anode and the cathode. This assumption is validated by the
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Figure 5.9: Electric properties of a VDMEFC for different MeOH concentrations. Anode and cathode polar-
ization losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air
stream 40 sccm/A\ 2 and the evaporator opening ratio 6.8 %.

electrode losses of pure MeOH, where high cathode losses indicate high crossover and thus high
water concentration that hinders oxygen access to the CCL. The anode electrode for pure MeOH
performed slightly better than at 50 wt% and 75 wt% and much better than at 25 wt%.

This conclusion was supported by examining the ohmic high frequency resistances at 1kHz for
all cases, as shown in Fig. 5.10. The membrane resistance is a major part of the overall ohmic re-
sistance, which therefore strongly correlates with the water content of the membrane. The ohmic
resistance decreases with increasing water saturation of the ionomer [90] and thus reveals infor-
mation about the humidification of the membrane. It can be noted that for a 25 wt% solution of
MeOH, the resistance was much higher than for pure MeOH. This clearly indicated less water sat-
uration inside the ionomer at lower MeOH concentrations due to lower crossover. Therefore the
water concentration at the cathode and back diffusion of water to the anode was reduced as well.
Effects of these mass transport problems could be seen in the anode losses. For pure methanol,
the membrane resistance was only slightly smaller than for 75 wt%, and it can be concluded that
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Figure 5.10: Ohmic resistance of the VDMFC versus current density. The temperature was 50 °C, the
cathode air stream 40 sccm/A 2 and the evaporator opening ratio 6.8 %. The MeOH concentration in the
storage tank was varied.

product water at the cathode was no longer uptaken significantly by the ionomer. Thus flooding
at the cathode, reflected by high cathode losses, occurred and water back diffusion to the anode
increased, lowering the anode losses.

5.2.3 Cathode stoichiometry

The cathode flow rate was varied during this parameter study. Air was forced through the cathode
flowfield at stoichiometries of 2, 4 and 6.

Results of this study can be seen in Fig. 5.11. A sharp drop at higher current densities indicat-
ing high concentration losses was found in the IV plots for all stoichiometries. Surprisingly the
performance of the VDMFC declines with increasing air flow rate. For LDMFCs, the performance
increases when the cathode stoichiometry is increased, which is described in Chapter 4. Here
flooding can be prevented at higher stoichiometries and the impact of the parasitic MeOH oxida-
tion at the cathode electrode can be reduced because of higher oxygen partial pressures. Lower
cathode losses at higher flow rates were also found for the VDMFC, having the same cause as in
the liquid-fed case.

The reason for the sharp drop in the IV curve could be found at the anode electrode. The maximum
current density decreased from 130 mA /cm? at an air stoichiometry of 2 to only 60 mA/cm? at
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Figure 5.11: Electric properties of a VDMEFC for different cathode air stoichiometries. Anode and cath-
ode polarization losses were calculated using a connected reference NHE. The temperature was 50 °C, the
cathode air stream 40 sccm/A 2 and the evaporator opening ratio 6.8 %.

an air stoichiometry of 6. The sharp drop of the anode losses further implied limited access to
one of the reactants of the MOR. As the evaporator of MeOH was not changed in this series of
experiments the water concentration within the anode and thus the limiting current densities
were changed at different stoichiometries. At lower cathode flow rates, less product water could
be transported away from the cathode. The concentration gradient between the cathode and the
anode increased as most water molecules at the anode were consumed during the MOR. Thus,
back diffusion of water to the anode increased at lower stoichiometries.

5.2.4 Phase-separation membrane
In the given set-up, a phase-separation membrane guaranteed that no liquid MeOH had access

to the anode electrode and that the evaporation rate of MeOH was high enough to enable stable
operation of the VDMEFC. Two different concepts were investigated: a dense membrane where
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MeOH molecules were transported in the matrix of the membrane and a porous membrane with
a highly hydrophobic surface and/or very small pore sizes that could not be wetted by MeOH.
MeOH was held back in the pores by capillary forces.

Two different dense membranes were evaluated:

¢ PDMS on a porous polyacryl nitrile substrate

e Nafion® 115

For the 125 — 250 ym thick porous membranes, a specially treated polymer from Pall! that is highly
hydrophobic was investigated along with 1 mm thick porous ceramics:

Pall Versapor R 900 nm

TiO2 5nm on an a-Al;O3 support

NF (Nanofiltration membrane, ZrO; 3 nm on an a-Al,O3 support, hydrophobized)

TiO2 0.9nm on an a-Al,O3 support

The characterization of these materials can be seen in Fig. 5.12, with graphs for porous membranes
on the left and for dense membranes on the right side of the figure. The use of the porous Versapor
membrane and the 5 nm ceramic as evaporators led to the lowest anode losses and highest cathode
losses. Parasitic oxidation of crossover MeOH at the cathode and flooding of the cathode electrode
increased cathode losses. Especially the Versapor membrane with its 100-times greater pore size
caused high MeOH crossover and probably severe flooding of the cathode electrode with water.
Conversely, with increasing water concentration at the cathode, the back diffusion of water to the
anode was enforced and anode losses were decreased.

Cathode losses of the NF ceramic were practically the same as for the 5 nm TiO,. Thus back diffu-
sion of water to the anode should be the same. Conversly, high anode losses suggested increased
concentration losses because of the ceramic’s hydrophobized structure. TiOy with a pore size of
0.9 nm caused the lowest cathode losses for the porous membranes. High anode losses at the same
time caused by the limited supply of MeOH and water to the anode led to poor performance for
given operating and structural parameters.

One problem in handling porous membranes is their tendency to leak, especially when clamping
forces or the hydraulic pressure of MeOH on the membrane are high. The uptake of water for Naf-
ion® is higher if the ionomer has access to liquid instead of gaseous water, known as Schroeder’s
Paradox [136,137]. Therefore MeOH crossover across the membrane increases. High cathode
losses, in particular for the Versapor membrane, indicated liquid MeOH and water at the anode
electrode.

1h’ctp: / /www.pall.com/
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Figure 5.12: Electric properties of a VDMEFC for different phase—separation membranes. Anode and cathode
losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air stream
40 sccm/A 2 and the evaporator opening ratio 6.8 %. Porous membranes are depicted on the left side, dense

membranes on the right side of the figure.



5.2. PARAMETER STUDY 89

Leakage of liquid MeOH can be avoided if dense membranes are used. Chemical affinity between
molecules of the liquid and the membrane cause sorption and solution of water and MeOH in the
matrix of membrane. Desorption on the permeate side takes place in the vapor phase. The driving
force between the liquid and gaseous sides is a difference of the fugacities, often expressed as
chemical potentials. This separation technology is also known as pervaporation [124]. Transport
and evaporation at dense membranes is studied in detail in the Evaporator section.

It can be observed in the IV plot of Fig. 5.12 that in particular the PDMS membrane exhibited better
performance compared to the porous membranes. Nafion® 115 and the PDMS polymer as phase
separation membranes lead to similar anode losses of the VDMFC. For the PDMS membrane,
anode losses dominate close to the limiting current density, a phenomenon which did not appear
for Nafion® 115. Cathode losses when using Nafion® 115 as an evaporator were 80mV larger
than for PDMS. Consequently the flux of MeOH to the cathode was elevated and more water was
produced at the cathode. Increased water back diffusion for Nafion® 115 could cope with the
demand of water for the MOR, whereas the PDMS membrane displayed significant concentration
losses.

Comparing the porous 5 nm ceramic and the Versapor to the two dense membranes, anode losses
close to OCV were higher for the dense membranes and equalized at 100 mA /cm?. It seemed very
likely that for the dense membranes at high cell voltages, the water concentration at the anode
was lower and reduced the kinetics of the MOR. This conclusion agrees well with the educated
guess that the 5 nm ceramic and the Versapor membrane would tend to leak.

5.2.5 Temperature

The large thermal masses of the test cell that could be thermostatted externally allowed isothermal
operation of the VDMEFC. The impact of temperature was studied at 30, 50 and 70 °C and results
are shown in Fig. 5.13. In Chapter 4, it was shown that the performance of LDMFCs increases
with temperature. For the VDMEFC, the performance increases significantly between 30 °C and
50°C and then stays stable, reaching an MPP of 20 mW /cm?, whereas the limiting current density
increases further. The cause therefore can again be found at the cathode electrode. Higher temper-
atures facilitate crossover, which was also found for liquid-fed DMFCs, and thus yield increased
cathode losses. Conversely, higher crossover increases water production at the cathode and back
diffusion of water to the anode electrode is enhanced.

Temperature influenced several effects on the anode side that can be noticed in the anode losses.
First, more MeOH was evaporated from the liquid reservoir at higher temperatures, as was de-
termined in the Evaporator section of this chapter. The partial pressure of MeOH at the anode in-
creased, causing a higher current production. Second, MeOH oxidation is a highly temperature—
dependent reaction, especially in the given temperature range. This was also demonstrated in
Chapter 4 for diluted MeOH in LDMFCs. Here, the anode losses were significantly decreased
going from 30 °C to 50 °C so that the limiting current density could be doubled. This effect holds
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Figure 5.13: Electric properties of a VDMEFC for different temperatures. Anode and cathode polarization
losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air stream
40 sccm/\ 2 and the evaporator opening ratio 6.8 %.

true for the VDMFC as well and the limiting current density could be tripled. Third higher back
diffusion of water from the cathode improves the kinetics of the MOR. This is apparent at 30°C
and 50 °C where a steep rise of the anode losses close to limiting current occurs, which cannot be
seen at 70 °C.

5.2.6 Gas diffusion layer

SIGRACET® 35 Series GDLs were used at different PTFE loadings with and without a microp-
orous layer. Adding PTFE increases the hydrophobicity of the material. Four different GDLs were
prepared and each was studied for both the anode and the cathode at the same time:

e GDL 35 AA (not modified)

e GDL 35 BA (5wt% PTFE)
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Figure 5.14: Electric properties of a VDMEFC for different GDL parameters. Anode and cathode polarization
losses were calculated using a connected reference NHE. The temperature was 50 °C, the cathode air stream
40 sccm/\ 2 and the evaporator opening ratio 6.8 %.

¢ GDL 35 BC (5 wt% PTFE including a microporous layer)

¢ GDL 35 DC (20 wt% PTFE including a microporous layer)

Experimental results for this study are shown in Fig. 5.14. The performance for all GDLs under
investigation was quite similar. Significant deviations could be seen only close to limiting current
density. The cathode losses were least when the unmodified GDL was mounted on both sides.
Treatment of the GDL with PTFE slightly decreases pore sizes and hydrophobizes the material.
Therefore flooding is expected to be smallest for unmodified GDLs, which was supported by the
low cathode losses. A microporous layer on the cathode does not seem to influence cathode losses
considerably.

On the anode, a large difference between GDL 35 BA without and 35 BC with a microporous layer
can be noticed. The limiting current density was increased by 40 mA /cm? without the microporous
layer. Similar behavior occurred for unmodified GDLs and hydrophobized GDLs having 5 wt% of
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Experiment | MeOH Conc. ‘ Temperature | Opening ratio ‘ Air stoichiometry ‘

Pas25_Act2 25 wt% 50°C 27.2wt% 2 (min. 40 sccm)
Pas100_Act2 100 wt% 50°C 1.7wt% 2 (min. 40 sccm)
Pas25_Pas 25 wt% 50°C 27.2wt% -
Pas100_Pas 100 wt% 50°C 1.7 wt% -

Table 5.1: Structural parameters and operating conditions of the comparison between air breathing operation
and forced air flow at the cathode.

PTFE. For unmodified GDLs, large amounts of product water could leave the cathode electrode,
reducing back diffusion to the anode. A lack of water at the anode caused high concentration
losses at high current densities. Hydrophobic GDLs improved the back diffusion of water, as
can be seen for GDL 35 BA. The microporous layer that caused slightly lower anode losses at
low current densities exhibited high concentration losses at higher current densities. Probably
transport of MeOH to the anode electrode was limited by the higher mass transfer resistance of
the microporous layer, reducing current generation.

5.2.7 Air-breathing cathode

Besides concepts for passive fuel delivery to the ACL, concepts for the cathode have to be ex-
amined with regard to complete passive operation of a VDMFC. The concept of air breathing
operation is most commonly used. In this approach, the cathode plate has openings to the sur-
rounding air and oxygen is transported to the CCL by diffusion only. The open cathode plate that
was used for this experiments is described in Chapter 3.

A comparison between air-breathing operation and forced air flow at the cathode can be seen in
Fig. 5.15. Nafion® 117 was used to minimize MeOH crossover. All other deviations from standard
conditions are given in Table 5.1. The notation Pas(xzx)_Act(y) is used throughout this section. The
methanol concentration (zx) at the anode in wt% and the cathode air stoichiometry (y) is included
in the notation. The air-breathing cathode is denoted as _Pas.

It can be noted that active operation of the cathode outperformed air-breathing operation. While
anode losses were similar except close to short circuit, the reason for the difference in performance
can be seen in the cathode losses. During air-breathing operation, product water at the cathode
can only be removed by thermodynamically driven evaporation into the surrounding atmosphere
and back diffusion to the ACL. Accumulation of water within the pores of the catalyst layer and
the GDL hindered oxygen transport to catalyst sites and thus increased concentration losses.

One interesting result of the experiments was the fact that close to limiting current densities, a
forced air flow at the cathode tremendously increased anode losses, which cannot be seen for
air-breathing operation. Water supply to the ACL driven by back diffusion from the cathode
cannot meet the increased demand at higher current densities, as water was constantly removed
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Figure 5.15: Electric properties of a VDMFC with Nafion® 117 for forced air flow and air-breathing opera-
tion at the cathode side. Experimental conditions can be found in Table 5.1. Anode and cathode losses were
calculated using a connected reference NHE.

by the forced gas stream at the cathode. Accordingly, this phenomena was less pronounced for air
breathing operation, which on the other hand led to increased flooding of the cathode.

The lower anode losses for a higher anode concentration of 100 wt% are noteworthy as well.
According to the theory described above, crossover increases with the concentration of MeOH.
Higher crossover increases water production at the cathode because of the parasitic cathodic
MOR, a fact that is apparent on analyzing the cathode losses. Thus, water back diffusion was
increased and the concentration losses of the anodic MOR were lowered.

5.2.8 Evaporator Opening Ratio

The concentration of MeOH inside the vapor chamber at different current densities is inherently
coupled with geometric and material properties of the evaporator as well as with MeOH concen-
tration in the storage tank. Inlays with five different opening ratios of 1.7, 3.4, 6.8, 13.6 and 27.2 %
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Figure 5.16: Anode losses and cathode losses of a VDMEFC for different MeOH concentrations and evap-
orator opening ratios. Anode and cathode losses were calculated using a connected reference NHE. The
temperature was 50 °C and the cathode air stream 40 sccm/ 2.

were manufactured to study the influence of the opening ratio. Four different MeOH solutions
of 25, 50 and 75 wt% in deionized water and pure MeOH were used throughout the epxeriments.
Nafion® 117 was used as a membrane throughout these experiments.

The dependence of anode and cathode losses of the fuel cell on three different opening ratios of
1.7, 3.4 and 27.2% at a MeOH concentration of 25 wt% and 100 wt% is illustrated in Fig. 5.16.
Two different behaviors at the two MeOH concentrations can be noted. Anode losses for the
25 wt% MeOH solution decreased with increasing opening ratio. This behavior can be attributed
to concentration losses of MeOH and water at the anode electrode. Cathode losses increased
with increasing opening ratios. Therefore MeOH concentration in the vapor chamber and con-
sequently MeOH crossover from anode to cathode increased at higher opening ratios, a fact that
will be discussed later in this section. Water production at the cathode electrode was facilitated at
higher leakage currents and water back diffusion to the anode increased, which minimized water
concentration losses of the MOR.
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Figure 5.17: Influence of different MeOH concentrations and evaporator opening ratios on the limiting
current density. The temperature was 50 °C and the cathode air stream 40sccm. “Evaporation” is the
product of the opening ratio and the evaporative flux for a dense membrane at 50 °C derived from Fig. 5.3.

Anode losses for the 100 wt% MeOH solution did not change significantly with different opening
ratios except close to limiting current density for an opening ratio of 1.7 % where concentration
losses occured. Polarization losses for this opening ratio were similar to polarization losses of the
25 wt% MeOH solution at 27.2 % opening ratio, which reckoned same partial pressures of MeOH
within the vapor chamber. Cathode losses at the highest opening ratio were extremly large at
values of 750 mV vs. NHE, indicating large flooded areas because of a high MeOH crossover.

It can be concluded from the polarization plots that MeOH crossover increased with opening ratio
as well as with MeOH concentration. Partial pressures of MeOH in the vapor chamber increased
with MeOH concentration as already shown in Fig. 5.7 of the Evaporator section of this chapter.
At high partial pressures the concentration gradient of MeOH between anode and cathode rose
and crossover was enlarged.

The complex interaction between opening ratio and MeOH concentration on the limiting current
density is depicted in Fig. 5.17. The partial pressure of water and MeOH in the vapor chamber,
which influenced MeOH crossover to the cathode and water back diffusion from the cathode,
greatly affected the maximal current density. It is interesting to note that the current densities that
were achieved exceeded the maximal current densities that could be achieved when multiplying
the opening ratio to the evaporative flux for a dense membrane at 50 °C (the active area of the fuel
cell equaled the active area of the evaporator). The values determined in the Evaporator section
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Figure 5.18: Influence of different MeOH concentrations and evaporator opening ratios on the MeOH
crossover at OCV and 0.04 A/em?. The temperature was 50 °C and the cathode air stream 40 sccm/\ 2.

(Fig. 5.4) were multiplied by the opening ratio and introduced in Fig. 5.17 as a dotted line. Thus it
is not evaporation, but diffusion or adsorption in the dense membrane that was the rate limiting
step for the mass transport. The relation between opening ratio and evaporative flux into the
vapor chamber is not necessarily linear as it depends e.g. on geometric properties of the opening
ratio plate.

It was already mentioned that MeOH crossover was greatly affected by changing opening ratios
and MeOH concentrations. Fig. 5.18 depicts leakage current densities at OCV and 0.04 A /cm?.
The leakage current density decreased for all conditions when current was drawn from the cell
which indicates that diffusion was the dominating transport process inside the membrane. At
larger opening ratios the leakage current density increased due to higher MeOH partial pressures
in the vapor chamber and thus enlarged the MeOH crossover.

5.3 Water management

One conclusion of the parameter study was that especially at high current densities, fuel cell per-
formance decreased because of a lack of water at the anode electrode. It was shown that high
crossover of MeOH led to higher water concentrations at the cathode which increased membrane
humidification and decreased membrane resistance. Anode losses close to the limiting current
density dropped compared to experiments with lower crossover. A higher back diffusion of wa-
ter from the cathode to the anode could cope with stoichiometric water consumption during the
MOR. As a consequence, higher water concentrations at the cathode electrode seem to be favor-
able for a VDMEC.
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Figure 5.19: Influence of several actions to the cathode air stream on the performance and the ohmic resis-
tance of a VDMEFC. The cell voltage was kept constant at 250 mV.

Elevated crossover of MeOH decreases Faradaic efficiency of the fuel cell and additionally raises
the risk of flooding within the pores of the cathode electrode and GDL. Therefore active supply of
water to the cathode electrode was investigated along with a micro-structured cathode electrode
that facilitated water back diffusion.

5.3.1 Active supply of water

Performance of a VDFMC at increased cathodic water concentrations was evaluated by actively
injecting liquid deionized water into the air supply of the cathode. Most of the conditions from
the Parameter study section of this chapter were applied: PDMS membrane with an evaporator
opening ratio 6.8 %, 50°C, SIGRACET® GDL 35AA and changing air flow rates at the cathode.
Nafion® 117 with an Pt/Ru anode loading of 3mg/cm? and a Pt cathode loading of 1 mg/cm?
was used instead of Nafion® 1135 because of its better performance. Instead of using 50 wt%, the
MeOH concentration was raised to 100 wt%.

The response of the fuel cell to several actions is shown in Fig. 5.19. The cell voltage was kept con-
stant at 250 mV throughout this experiment. After injecting 0.25 ml of water into an air stream of
400 sccm, the current increased significantly. When the air stream was reduced to 100 sccm, flood-
ing inside the cathode electrode occurred. Flooding decreased after some seconds and current
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Figure 5.20: Segmentation of the CCL to increase water back diffusion from cathode to anode. a) Schematic
drawing of the path of the laser beam. b) Magnification of an ablated CCL.

reached its maximum of more than 0.2 A /cm?. Injection of water at 100 sccm caused severe flood-
ing, which was relieved when the flow rate was increased to 400 sccm again. The improvement
in performance was reproducible, also for lower air flow rates of 40 sccm. The crossover current
density responded as expected to cathodic flow rates. It increased with flow rate because more
MeOH molecules inside the cathode were consumed during parasitic oxidation. Adding liquid
water to the air stream did not have any effect on the crossover current density.

5.3.2 Cathode geometries for increased water back diffusion

For completely passive operation, it is convenient to use water which is produced at the cathode
to supply the MOR at the anode. For such a VDMEFC system, pure MeOH can be used and energy
densities for a complete system are increased. Furthermore, performance can be increased, as
shown in the previous section.

The CCL and the membrane act as mass transport barriers and reduce water back diffusion. A
partial ablation of the CCL can decrease this mass transport barrier. It was achieved by laser
ablation of the catalyst layer, a process which is described in Chapter 3. The laser optics was
focused on top of the CCL. Therefore in particular the cathode side was ablated and the ACL
remained mostly unsegmented. The actual pattern is shown in Fig. 5.20 with dimensions of
Az = 571 pm and Ay = 577 um for each rectangle. The line width was limited by the laser optic
and had a thickness of 30 pm. The active area of the CCL was reduced by 10 % by the applied
reticule.

Experiments having an unsegmented cathode, a segmented cathode and a segmented cathode
with externally applied water were performed. Pure MeOH within the storage tank was used
with an opening ratio for the PDMS-membrane evaporator of 1.7 % to keep crossover small. Air
was supplied to the cathode at a stoichiometry of 2 with a minimum flow rate of 40 sccm. For
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Figure 5.21: Electric properties of a VDMFC for unsegmented and segmented CCLs and pure MeOH in the
storage tank. Additional 0.5 ml of water was injected into the cathode air stream for “segmented + water”.
Anode and cathode polarization losses were calculated using a connected reference NHE. The temperature
was 50 °C, the cathode air stream 40 sccm/A 2 and the evaporator opening ratio 6.8 %.

these experiments the hydrophobic GDL 35 DC (20 wt% PTFE including a microporous layer) was
assembled on the cathode side to keep water inside the electrode while 35 AA was used as the
anode GDL.

The three cases are compared in Fig. 5.21. Performance between the unsegmented and the seg-
mented CCLs increased significantly and the limiting current density nearly doubled. It can be
seen that anode losses of the unsegmented and the segmented CCL differ by 50mV, a fact caused
by higher water concentrations within the ACL. This conclusion was verified when additional
0.5ml of water was injected into the segmented CCL and anode losses dropped further. On
the other hand water injection into the cathode partially flooded the cathode and cathode losses
raised. During the measurement water concentration at the CCL declined with time. Mass trans-
fer of oxygen to the CCL improved and cathode losses decreased. At the same time water back
diffusion to the anode diminished and anode losses raised.
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Figure 5.22: Ohmic resistance of the VDMFC versus current density for unsegmented and segmented
CCLs. Additional 0.5 ml of water was injected into the cathode air stream for “segmented + water”. The
temperature was 50 °C, the cathode air stream 40 sccm/\ 2 and the evaporator opening ratio 6.8 %.

The ohmic high frequency resistance at 1kHz and which is related to the water content of the
membrane is depicted in Fig. 5.22. As expected from the electric properties, the resistance was
lower for the segmented CCLs and decreased further when water was added to the cathode. A
sharp increase of the ohmic resistance was recorded for the segmented CCL at 0.13 A /cm?. Here
less water could diffuse into the membrane than was consumed at the ACL and consequently
the membrane was drying up. During the consecutive experiment when water was added to the
segmented CCL it took some time for the membrane to get into a well humidified state again.

It can be concluded that water management is the critical issue for a VDMFC. Excess water at the
cathode limits the oxygen mass transport to the CCL. Low cathodic water concentrations reduce
water back diffusion to the ACL, a fact that reduces performance significantly when operating the
VDMEC at high MeOH concentrations.
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5.4 Efficiency

The efficiency of a fuel cell system is a convenient parameter to make comparison to other electro-
chemical systems, e.g. primary or secondary batteries. In this section heat production of a VDMFC
is looked at. Additionally, Faradaic and voltage efficiencies are evaluated for different structural
parameters and operating conditions.

5.4.1 Heat losses

During the electrochemical reactions, MOR at the anode and ORR at the cathode, heat is gener-
ated. The common convention that heat production has a negative sign and heat consumption a
positive sign, is used for this thesis. The enthalpy change is calculated according to eq. (2.3) with
values of Table 2.1 (AHpype = —726.51 kJ /mol).

AH
—qpMFC = —1 (DMFC + U) (5.12)
nkF

An additional term has to be added that accounts for MeOH crossover which is parasitically oxi-
dized at the cathode. It equals Faradaic losses in the case of a VDMFC with a closed fuel cartridge.
For simplicity it is assumed that all MeOH at the cathode is electrochemically oxidized with a 6
electron transfer process as described in eq. (2.3).

 AHpuyre
00y = —ileqy ——EC (5.13)
nkF

The leakage current density 4., describes the equivalent current density of MeOH crossover.
Using eq. (5.12) and eq. (5.13) the total heat output can be calculated.

AHpyrc

o (5.14)

. < AHpyrc

—Qtot = —4DMFC — qCO, = —1 + U) — Ueak
nkF

Among other effects, MeOH crossover is highly dependent on the fuel cell temperature. Fig. 5.23
shows power densities and heat losses of the fuel cell and MeOH crossover for three different
temperatures. A screen—printed CCM having Nafion® 117 as a membrane with 3 mg/cm? Pt/Ru
at the anode and 1mg/cm? Pt at the cathode attached to SIGRACET® 35AA GDLs was used.
Cathode stoichiometry was 2 with a minimum air stream of 30 sccm. A 75 wt% solution of MeOH
was evaporated through a PDMS membrane with an opening ration of 1.7 %.
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Figure 5.23: Heat fluxes and power densities of a VDMEFC for different temperatures. The cathode air
stream was 40 sccm/\ 2 and the evaporator opening ratio 6.8 % with a 75 wt% solution of MeOH.

It can be noted in the graph that the highest difference in heat production between the tempera-
tures was gained at OCV, when heat production of the fuel cell is least. Crossover of MeOH across
the membrane causes a heat production that is significantly higher than the heat of the fuel cell
losses. Therefore even for 30 °C, a heat output of 140 mW / cm? remained at OCV. This means that a
large amount of fuel is consumed while the fuel cell is on “Standby”. Consequently, a mechanical
separation between the storage and the anode vapor chamber has to be considered for VDMFC
systems.

On the other hand, heat production can be of advantage for non-isothermal operation of a VDMFC
system. As can be seen in the graph heat production at 70 °C remained relatively constant at dif-
ferent current densities. While fuel cell losses increased with current density MeOH crossover
declined so that the superposition of these two heat sources according to eq. (5.14) stabilized. It
was shown in the Parameter study section of this chapter that temperatures between 50 °C and
70 °C increase the performance drastically compared to ambient conditions. Heat production can
be used to keep a VDMEC system at elevated temperatures. This would also decrease the risk of
freezing at temperatures below freezing point for outdoor applications.
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Figure 5.24: Operation time At of a VDMFC with limited fuel supply as mentioned as Exp. No. 1 in Table
5.2. The fuel cell was operated galvanostatically at 50 °C with a cathode air stream of 40 sccm.

5.4.2 Total efficiency

Extended—duration experiments at a constant current were performed to gain knowledge about
system efficiencies of the VDMFC test cell. Most conditions of the Parameter study section of this
chapter were applied: PDMS-membrane, 50 °C and SIGRACET® 35AA GDL. Nafion® 117 with
an Pt/Ru anode loading of 3mg/cm? and a Pt cathode loading of 1mg/cm? was used instead
of Nafion® 1135 because of its better performance. Thermodynamic efficiency according to eq.
(2.6), voltage efficiency according to eq. (2.26) and Faradaic efficiency according to eq. (2.27) were
used to calculate the total efficiency 7;,:. Table 5.2 summarizes structural parameters, operating
conditions and total operation times for the different experiments.

Mot = Mi * T * Tth (5.15)

The current and voltage response of the VDMEFC over time during experiment no. 1 can be seen in
Fig. 5.24. A 25 wt% solution of MeOH in deionized water was used for this experiment with air—
breathing cathode conditions. The opening ratio of the evaporator was 27.2 %. The external load
drew a constant current of 90 mA /cm? from the fuel cell. After a time At ~ 3h voltage dropped
to zero and no power could be drawn from the cell. Averaging current and voltage in this period
the Faradaic, voltage und total efficiencies could be obtained.
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Faradaic, voltage and total efficiencies for the four experiments can be seen in Fig. 5.25. Fuel
crossover, fuel losses through the outlet vent for CO3 and residual concentrations caused a Faradaic
efficiency of only 60 % and below.

The OCV of a DMFC is strongly reduced compared to its theoretical value, mostly because of the
mixed potential at the cathode electrode. At the working point, if MeOH is not totally consumed
inside the ACL during the MOR, crossover occurs and the same mechanism that reduces OCV
leads to smaller cell potentials. Therefore the voltage efficiency is usually quite low for DMFCs.
This conclusion is also valid for the given conditions of the VDMFC, and the voltage efficiencies
are slightly above 10 %.

In conclusion, MeOH crossover strongly affects both, Faraday and voltage efficiency. Working
points where most of the MeOH is consumed at the anode electrode in addition to membrane
materials that reduce crossover flux of MeOH are needed to increase system efficiencies.
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Exp. No. | MeOH Conc. | Opening ratio | Liquid vol. | Working point At

Air-breathing conditions:

1 25 wt% 27.2% 5ml 90 mA cm 2 11309 s
2 50 wt% 6.8% 2.5ml 90 mA cm 2 11702s
3 100 wt% 1.7% 2ml 62 mA cm 2 12949 s

Cathode air flow 30 sccm:

4 | 50wt | 68% | 2ml | 90mAcm > [10140s

Table 5.2: Structural and operating conditions of experiments to the study system efficiency of a VDMFC.
The oeration time At is obtained as mentioned in the text.

60 HEEn B, [n .

efficiency / %
s & &
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o
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Figure 5.25: Faraday, voltage and total efficiency of different VDMFCs. If values differ from standard values
defined in the Parameter study section, structural parameters and operating conditions are summarized in
Table 5.2.
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Chapter 6

Liquid-Phase Operation versus
Vapor-Phase Operation

In this chapter, experimental results for the LDMFC (Chapter 4) are compared to results for the
VDMFC (Chapter 5). Four combinations are evaluated with respect to electric performance and
two with respect to MeOH crossover.

actively pumped liquid MeOH supply and actively forced cathode flow (Act_Act)

actively pumped liquid MeOH supply and passive air-breathing cathode (Act_Pas)
¢ passive vapor MeOH supply and actively forced cathode flow (Pas_Act)

* passive vapor MeOH supply and passive air-breathing cathode (Pas_Pas)

The given notation is used throughout this chapter. Additionally, the methanol concentration (zx)
at the anode in M for the LDMFC and wt% for the VDMFC and the cathode air stoichiometry (y)
is included in the notation: Act(zx)_Act(y) for the LDMFC and Pas(zz)_Act(y) for the VDMEFC.

The air-breathing cathode is denoted as _Pas.

Standard conditions, which are described in the Parameter study section of the respective chapter,
were applied. Instead of Nafion® 1135, the thicker Nafion® 117 was used throughout all experi-
ments to minimize crossover. For the VDMFC results displayed in Fig. 6.2, a SSGRACET® GDL
35 DC was chosen on the cathode side instead of 35 AA, which was used otherwise. Further dif-
ferent operating conditions and structural properties that were chosen for each experiment are
summarized in Table 6.1.

6.1 Electric performance

A comparison between an actively pumped liquid MeOH supply to the anode at 0.5M and a
passive evaporation supply of gaseous MeOH at 50 wt% is made. Additionally, the cathode was
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Experiment ‘ MeOH Conc. | Pump rate | Opening ratio ‘ Stoichiometry ‘

Liquid-fed operation:

Act0.5_Act6 0.5M 1mlmin~! - 6 (min. 30 sccm)
Act0.5_Pas 0.5M 1.5mlmin~! - -
Actl.5_Act6 0.5M 3mlmin~! - 6 (min. 30 sccm)
Vapor-fed operation:

Pas25_Act2 25 wt% - 27.2% 2 (min. 40 sccm)
Pas50_Act2 50 wt % - 6.8% 2 (min. 40 sccm)
Pas50_Pas 50 wt% - 6.8% -
Pas75_Act2 75wt % - 6.8% 2 (min. 40 sccm)
Pas100_Act2 100 wt% - 1.7% 2 (min. 40 sccm)

Table 6.1: Structural parameters and operating conditions of the experiments which differ from the standard
conditions as described in the text.

either air-breathing or was supplied with an air stream with stoichiometry 6 for the LDMFC and 2
for the VDMEC as displayed in Fig. 6.1. The higher cathode air stream for the LDMFC was chosen
to prevent flooding of the cathode electrode. For the VDMEFEC, the cathode stoichiometry was low
to increase water back diffusion to the anode electrode. It is shown in Chapter 5 that a low water
concentration at the anode electrode decreases the limiting current density for a vapor-fed DMFC.

The LDMFC with a forced cathode air flow and stoichiometry 6 resulted in the best performance
of 45mW/cm?. The peak power density of the VDMFC with a forced cathode flow reached
20mW /cm?, a value that was often gained for the vapor-fed operation (see Chapter 5). Passive
air-breathing operation at the cathode resulted in the poorest performance of 13 mW /cm? at MPP
for both LDMFC and VDMFC. The electrode polarization losses will be used for a detailed discus-
sion of the different phenomena:

Anode polarization losses:

The anode polarization losses for the LDMFC in both cathode operation modes (air-breathing
and forced flow) were practically identical, as shown in Fig. 6.1. Apparently the cathode oper-
ation mode did not affect the MOR at the anode electrode for the LDMFC. For the VDMEFC, a
strong dependence of the anode electrode polarization losses on the cathode operation mode was
obtained. The different behaviors for the LDMFC and VDMFC between the two cathode operation
modes can be attributed to different water concentration profiles inside the fuel cell.

Excess water exists at the anode electrode for the LDMFC due to a highly diluted feed of MeOH
in water. Additionally, the water uptake of the membrane is much greater when in contact with
a liquid instead of a gas, a fact that is known in the literature as Schroeder’s paradox [136-138].
Therefore, the anode electrode was always well humidified. Changes at the cathode did not limit
the water concentration at the anode and thus the anode polarization losses did not change.

For the VDMFC, a lower vapor pressure for water compared to the one for methanol caused a
low partial pressure of water inside the vapor chamber. Consequently, the water concentration
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Figure 6.1: Electric properties of a LDMFC and a VDMFC for different structural parameters and operating
conditions as given in Table 6.1. Anode and cathode losses were calculated using a connected reference NHE.
Nafion® 117 was used as the membrane and the temperature was set to 50 °C.

at the anode electrode depended mainly on the water gradient between the anode and cathode.
It can be seen in Fig. 6.1 that the anode polarization losses for the VDMFC under air-breathing
conditions were much lower than for the forced air flow. The constant air flow at the cathode
removed a large amount of product water from the electrochemical ORR. The water concentration
gradient between the cathode and anode was lowered and less water diffused back to the anode.
As a result, the MOR was hindered due to the limited water supply and the anode electrode
polarization losses increased.

Cathode polarization losses:

The cathode polarization losses that are presented in Fig. 6.1 showed noticeable differences be-
tween forced cathodic flow and air-breathing conditions for both the LDMFC and the VDMEFC.
Under air-breathing conditions, less product water could be removed from the cathode electrode,
a fact that is well known and discussed in literature [30,40,87]. Accordingly, the excess water for



110 CHAPTER 6. LIQUID-PHASE OPERATION VERSUS VAPOR-PHASE OPERATION

the air-breathing cathode blocked pores of the electrode and the GDL. Oxygen transport to the
CCL was hindered and the cathode polarization losses increased.

The cathode polarization losses increased significantly with current density for the LDMFC. Con-
sequently flooding of the cathode electrode was high at high current densities. The almost linear
increase of the cathode polarization losses at both cathode operation modes (air-breathing and
forced air flow) indicates that this phenomenon should be attributed to the electroosmotic drag of
water and MeOH inside the membrane, which rises linearly with current density [94,139].

The results were different for the VDMFC. Cathode polarization losses decreased at forced ca-
thodic flow with increasing current density. As already mentioned, the water uptake of the mem-
brane is much higher when in contact with a liquid than with a gas. Therefore the humidification
of the membrane was much lower for the vapor-fed operation and the contribution of the elec-
troosmotic drag on the concentration profiles of water and MeOH in the fuel cell diminished.
More water was consumed inside the ACL at higher current densities. Hence, flooding effects
at the cathode were minimized due to increased back diffusion of water to the anode electrode
combined with higher air flow rates at the cathode due to the stoichiometric control. Cathode
polarization losses for the air-breathing cathode increased slightly with current density due to
equilibrium-limited evaporation of water at the cathode electrode into the surrounding air.

Given the fact that cathode losses for both air-breathing and forced cathodic flow were lower for
the VDMEFC than for the LDMFC at high current densities, the VDMFC could outperform the
LDMEC if anode losses were comparable. Therefore the partial pressure of water inside the ACL
has to be raised to minimize concentration losses for the VDMFC.

6.2 Micro-structured cathode

The most natural approach to increase the water concentration at the ACL for the VDMFC uses
product water from the cathode. The laser segmentation process of only the CCL to facilitate
water back diffusion to the anode electrode was presented in the Water management section of
Chapter 5. The partial ablation of the electrode reduced the mass transfer resistance of the CCL
and resulted in a better water uptake of the membrane. Consequently the flux of water to the
anode electrode was higher.

Fig. 6.2 presents a comparison of anode losses for a standard LDMFC, a standard VDMFC and a
VDMEFC with a segmented CCL. Operating conditions were set according to the introduced nota-
tion. For the VDMFC with the segmented CCL (“segmented”), an additional measurement was
performed where 0.5 ml of deionized water was injected into the cathode air stream (“segmented
+ water”). It can be noted in the graph that the anode performance of the VDMFC experiments
improved for the segmented CCL and further improved when additional water was added at the
cathode. Thus it can be concluded that the water concentration at the anode was highest for the
segmented CCL experiment with additional cathodic water and lowest for the unsegmented CCL.
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Figure 6.2: Anode polarization losses and ohmic resistances of a LDMFC, a VDMFC and a VDMFC with
a segmented CCL for different structural parameters and operating conditions as given in Table 6.1. Extra
0.5 ml of water was added to the cathode air stream for the “segmented + water” experiment. The anode
losses were calculated using a connected reference NHE. Nafion® 117 was used as the membrane and the
temperature was set to 50 °C.

Anode polarization losses for the VDMFC with a segmented CCL were already comparable to
the LDMFC up to a certain cell current density, where high concentration losses due to a lack of
water occurred. With additional water added to the cathode, the VDMFC even outperformed the
LDMEC with respect to anode polarization losses under the given operating conditions. Never-
theless, the limiting current densities of a VDMFC were still only half of those for a LDMFC and
good water management of a VDMFC continues to be a major challenge.

Ohmic parts of the high frequency resistances at 1 kHz are given in Fig. 6.2 on the right. In addition
to ohmic losses due to fuel cell components such as connectors, current collectors, flowfields etc.,
the ohmic resistance of the membrane accounts for most of the total ohmic losses. The ohmic
resistance is a good parameter to measure the water content of the membrane as the membrane
resistance for Nafion® greatly depends on the state of humidification [140]. The ohmic resistance
of 0.7Q cm? for the VDMFC was almost twice the resistance for the LDMFC at 0.4 Q2 cm?, which
supports the conclusion that the water uptake of the membrane is higher when in contact with a
liquid. The ohmic resistance for the VDMFC was lowered by using the micro—structured CCL, due
to a better water uptake at the cathode. The sharp increase close to the limiting current density
reflects a drying of the membrane as the water consumption of the anodic MOR exceeded water
back diffusion. Ohmic resistances of the segmented VDMEFC further decreased when additional
water was added to the cathode air stream. The gradual improvement of the ohmic resistance
suggests that the membrane was in a dry state at the beginning and humidification took about
one minute before a stable membrane resistance was established. The duration of this experiment
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Figure 6.3: Leakage current densities and power densities of a LDMFC and a VDMEFC for different struc-
tural parameters and operating conditions as explained in Table 6.1. Nafion® 117 was used as the membrane
and the temperature was set to 50 °C.

can be derived from the experimental details, as measurements started at OCV and the voltage
was reduced by 25mV every 20s as stated in Chapter 3. This means that every data point in the
graph represents 20s.

6.3 Methanol crossover

The driving force for MeOH crossover from the anode to the cathode side across the membrane
differs between liquid-fed and vapor-fed operation of a DMFC. While diffusion due to a concen-
tration gradient between the anode and cathode is the major mechanism for VDMEFCs, contribu-
tions of the electroosmotic drag are significant and cannot be neglected for LDMFCs, as described
in the Methanol crossover section of Chapter 4. Additionally, methanol crossover is much smaller
for the VDMEC, a fact also found by Kallo et al. [121].

Leakage current densities at 50 °C for a LDMFC and two methanol concentrations of 0.5 M and
1.5 M are compared to a VDMFC at 25 wt% and 75 wt% in Fig. 6.3 along with the respective power
densities. It should be noted that the methanol feed concentration for the VDMFC was much
higher (e.g. 75wt% =19.5M and 1.5 M =5wt%). Further structural parameters and operating
conditions are given in Table 6.1 and the Parameter study section of the respective chapter.

The different behavior of the leakage current densities between vapor-fed operation and liquid-
fed operation is apparent in the graph. The MeOH crossover decreased linearly for the VDMFC
with increasing cell current density. The linear decrease can be attributed to two effects. First, the
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methanol concentration inside the ACL decreases with current density, as more MeOH is needed
for the anodic MOR. Second, humidification of the membrane was lowered at higher current den-
sities due to the high consumption of water at the anode electrode. It is a valid assumption that
methanol crossover decreases due to a decreased amount of water in the membrane [121]. For
the LDMFC, the contribution of the electroosmotic drag changed the slope of the leakage current
density and rose with cell current density. A liquid film of methanol solution inside the cathode
electrode (see Methanol crossover section of Chapter 4) affecting the concentration gradient of
methanol between anode and cathode and therefore the diffusive flux could have further changed
the slope of the leakage current density. At a MeOH concentration of 1.5 M, the MeOH crossover
increased with cell current density for the LDMFC.

Usually the working point of a DMFC is chosen to be at MPP, which was 0.09 A /cm? and 0.13 A /cm?
for the VDMFC and 0.18 A /em? and 0.22 A /cm? for the LDMFC in the given case. MeOH crossover
and thus leakage current densities for the LDMFC experiment with a 0.5 M solution of MeOH and
air stoichiometry 6 and for the VDMFC experiment with a 25 wt% solution of MeOH and air stoi-
chiometry 2 were similar for the given cell current density at MPP. For the 1.5 M/ 6 liquid-fed and
the 75 wt%/\ 2 vapor-fed experiments, the VDMFC had a significantly lower crossover of MeOH
at MPP.

In a comparison between liquid-fed and vapor-fed operation, the water uptake of Nafion® is much
lower for a VDMEFC and crossover of MeOH is reduced, which was also found by Ren et al. [139].
Additionally, the electroosmotic drag plays a minor role for a VDMFC. The evaporative flux of
MeOH from a highly concentrated MeOH solution in the storage tank can be controlled by addi-
tional mass transfer resistances. As a consequence, MeOH crossover during vapor-phase opera-
tion is drastically reduced compared to liquid-phase operation.
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Chapter 7

Summary and Outlook

The object of this thesis was to investigate new approaches to passively operate direct methanol
fuel cells and to compare these passive concepts to existing technology. A reference electrode was
used as a tool to distinguish between anode and cathode losses. Two different methods have been
pursued to achieve passive operation, one applying liquid methanol at ambient temperatures to
a micro-structured anode that facilitated bubble removal and the other using methanol in the
vapor-phase inside the anode compartment.

71 Summary

Data for active operation had to be obtained first in order to evaluate the passive concepts that are
presented in this thesis. Literature values for active operation differ greatly as a variety of catalyst
loadings, precursors, preparation methods and operating conditions are used. In addition reliable
data for quantifying polarization losses of the anode and cathode electrode are seldom found.
Therefore, a liquid-fed direct methanol fuel cell, including a methanol pump at the anode, flowing
gas at the cathode and a heating system, was thoroughly characterized.

Results of this characterization are shown in Chapter 4. The influence of operating conditions was
studied in detail, and the effect on polarization losses of the anode and cathode electrode was
identified. In addition, passive air-breathing operation at the cathode side was investigated. An-
other focus was on quantifying crossover of methanol from the anode to the cathode through the
membrane. A one-dimensional, steady-state model including methanol crossover was refined
and validated with experimental data. It revealed contributions of electroosmotic drag and dif-
fusion under different operating conditions. It was shown that especially for small cathodic flow
rates, crossover methanol at the cathode was not completely oxidized.

One problem in having liquid methanol as the fuel is the formation of CO; bubbles due to the elec-
trochemical reaction at the anode, resulting in a two-phase system. In the liquid-fed and pumped
direct methanol fuel cell, these bubbles were either dissolved in the liquid or driven out by a con-
stant flow of methanol inside the flowfield. If methanol is supplied passively or only pumped
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intermittently, these bubbles grow within the flowfield and consequently block the reactant access
to the anode electrode. A flowfield configuration was introduced that removed the gas bubbles by
capillary forces only. It also improved the fuel cell system’s efficiency since continuous convective
flow was not required for operation. Successful bubble removal was demonstrated visually in
transparent cells. The long term behavior of a discontinuously pumped and hydrostatically fed
direct methanol fuel cells under isothermal conditions, including the proposed micro-structure,
confirmed advantages over commonly used channel structures. Better performance compared
to continuously pumped direct methanol fuel cells, due to higher temperatures and thus better
kinetics at the anode, was demonstrated for non—isothermal operation.

Two—phase problems can be avoided if methanol is delivered to the anode as a gas. Usually
methanol is heated above boiling point to guarantee vapor-phase operation. An alternative con-
cept for the passive approach was pursued in Chapter 5. Instead of using heated evaporators,
thermodynamically driven evaporation at ambient temperatures was utilized. Therefore mem-
branes were used as phase barriers between the liquid and gaseous methanol.

A model for evaporation of methanol inside the vapor chamber was developed. The model was
validated against evaporation experiments, and predicted the gas composition including the tran-
sient behavior inside the vapor chamber. During experiments with a vapor—fed direct methanol
fuel cell, several structural parameters were studied along with operating conditions. Water con-
centration at the anode electrode was found to be a major factor that influenced performance of
a vapor-fed direct methanol fuel cell significantly. Water transport to the anode electrode was
mainly caused by a large concentration gradient between the anode and the cathode. Therefore
all actions that reduced water concentration at the cathode, such as increased air flow rates at the
cathode or decreased methanol concentrations at the anode resulting in lower methanol crossover,
limited the performance and especially the limiting current density of the fuel cell.

The effective evaporation area was identified to be an important factor that interacts with the
methanol concentration in the liquid reservoir, fuel cell performance and crossover of methanol
across the membrane. It was shown that operation with pure methanol was possible, as product
water from the cathode diffused back through the ionomer to the anode as a reactant. As already
mentioned, water supply to the anode electrode is a critical issue for vapor-fed direct methanol
fuel cells. Back diffusion of cathodic product water was enhanced by introducing hydrophobic
layers at the cathode side and by partial ablation of the cathode catalyst layer. Faraday and voltage
efficiencies including heat production by the parasitic methanol oxidation at the cathode were
determined under various operating conditions.

Active and passive operation modes of liquid-fed and vapor-fed direct methanol fuel cells are
compared and discussed in Chapter 6. Passive air-breathing operation at the cathode resulted in
comparable performance for both liquid-fed and vapor-fed direct methanol fuel cells. Good water
management for the vapor-fed operation resulted in similar or even smaller polarization losses
for the anode electrode than for liquid-fed operation. MeOH crossover for liquid-fed operation
was recognized as a superposition of electroosmotic drag and diffusion across the membrane. For
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vapor-fed operation, the contribution of electroosmotic drag was negligible and MeOH crossover
dropped faster with increasing cell current density.

Passive operation of a fuel cell causes various loss mechanism on the anode or cathode side which
overlap in the IV characteristics. Air-breathing conditions at the cathode for example reduce
the partial pressure of oxygen inside the catalyst layer and consequently reduce performance.
In order to distinguish these effects, it is necessary to separate losses into cathodic and anodic
contributions. Reference electrode measurement is one tool to identify polarization losses of the
anode and cathode electrode separately.

One major obstacle in using a reference cell on a very thin substrate, such as a direct methanol
fuel cell , is a misalignment of the electrodes. Errors in the results of the reference cell measure-
ment can be significant due to an asymmetrical potential distribution inside the membrane. The
equipotential line sensed by the reference cell can be driven from the center of the electrolyte be-
yond the physical boundaries of the system because of the resistance of the overlapping electrode.
Therefore a post-processing method, as introduced in Chapter 3, was developed and evaluated
which used laser ablation of both catalyst layers simultaneously to minimize the misalignment of
the electrodes considerably.

Various other effects can influence the symmetry of the equipotential lines inside the ionomer as
well. A displaced gasket for example can block direct access of the reactants through the GDL
to one electrode. Completely blocked areas in proximity to the reference electrode impede the
reactant flux to the electrode and thus lead to asymmetrical potential distributions and significant
errors. Besides structural parameters, operating conditions influence the potential distribution.
Low cathodic flow rates provoke inhomogeneously distributed hydrogen evolution at the anode
which significantly changes the symmetry of the potential distribution inside the ionomer. Ad-
ditionally, water droplets forming at the cathode locally influence the potential distribution. The
stability of the normal hydrogen electrode itself was revealed to be dependent on the humidi-
fication of the gases. All of these factors that caused a disturbance in the symmetric potential
distribution were studied in Appendix A along with their relative significance. Knowledge about
the reliability of the reference cell measurements is mandatory to gain not only qualitative but also
quantitative data about anode and cathode polarization losses.

7.2 Outlook

For passive operation of a direct methanol fuel cell, the approach applying vapor-fed operation
seems to be preferable to liquid-fed operation. Water management to provide sufficient water for
the methanol oxidation reaction at the anode is still challenging. Back diffusion of water from the
cathode to the anode is an elegant method to meet the two demands of a passive direct methanol
fuel cell: high water concentrations at the anode electrode and release of product water at the cath-
ode. Various additional geometries for the patterned cathode catalyst layer should be evaluated
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in combination with hydrophobic and hydrophilic gas diffusion layers to achieve an increase in
the back diffusion of water.

Exhaust gas treatment of the anode side of a vapor-fed direct methanol fuel cell is another big issue
in terms of safety and fuel efficiency. Besides CO2, gaseous methanol leaves the vapor chamber
through the anodic outlet vent as well. Catalytic burning of gaseous methanol in the exhaust
stream is one possible solution and can heat a passive system and therefore improve the kinetics
of the methanol oxidation reaction.

A two-dimensional, spatially resolved model of a vapor-fed direct methanol fuel cell can help
to optimize the channel design and the vapor chamber at the anode. In addition, the complex
dependence of back diffusion of water on structural parameters and operating conditions could
be included in the model. This would allow for new design rules given by model predictions.
Furthermore, control strategies for steady-state operation or dynamic operation of a vapor-fed
direct methanol fuel could be derived.



Appendix A

Reliability of reference electrode
measurements

Reference electrode measurement is a powerful tool that is commonly used in electrochemistry
to assess overpotentials of electrodes. For fuel cells this technique can be used to separate total
losses into their anodic and cathodic contributions. In the case of a DMFC a reference electrode can
either be connected using a salt bridge or be printed directly on the same ionomer as the working
electrode. Several effects disturb the symmetrical potential distribution of the working electrode
inside the membrane, thereby affecting the reference readings in this set-up. Thus the difficulty
in using working electrodes with connected reference electrodes for DMFCs is the need to know
where the equipotential line sensed by the reference electrode is geometrically located within the
ionomer.

If the kinetics on both sides of the electrodes are equally fast and the working electrodes are per-
fectly aligned, the potential distribution within the electrolyte is symmetric and the reference elec-
trode senses an equipotential line located in the middle of the ionomer. If additionally the ohmic
drop of the fuel cell is known, half of the ohmic losses can be deducted on each side and the total
losses can be split into anode and cathode polarization losses. It is important to confirm that no
boundary effects influence the potential distribution inside the ionomer. Otherwise, additional
electrode polarization losses in the lateral direction might occur and influence the potential dis-
tribution significantly. The reliability of a connected reference electrode, which is described in
Chapter 3, is studied in this chapter both by experiment and modeling. Electrode polarization
losses derived from half—cell experiments are compared to losses derived from reference readings
and the results are discussed.

One prerequisite for an accurate measurement including a connected reference cell is a perfectly
symmetric potential distribution in the proton—conducting phase of the membrane — or at least
knowledge of the different contributions of the ohmic drop of the fuel cell on the electrode po-
larization losses. To investigate the impact of an asymmetric potential that might be caused by a
misalignment between the anode and the cathode, a simple mathematical model of a DMFC was
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Figure A.1: Model geometry and dimensions used for the simulations. A misalignment 6 was introduced
between the anode and cathode electrode.
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developed. Two different aspects of potential errors during an experiment will be discussed: a
misalignment of the electrodes and boundary effects due to a partial change in the diffusivity of
the GDL or changing boundary conditions. For the misalignment, a misalignment factor (MAF) is
defined according to [70].

MAF =1 (A1)

Here d is the thickness of the membrane and § the absolute geometric misalignment between the
edges of the electrodes.

A.1 Model description

The two—dimensional model is isothermal and steady—state. The model geometry of the fuel cell
with its geometric properties is shown in Fig. A.1. The boundaries and the four model domains
are shown in Fig. A.2. The model describes the transport of protons in subdomains €23 3 4 as well
as the transport of electrons in subdomains 25 4. Diffusion of oxygen is modeled in subdomain
Q14,15 on the cathode side. Transport of methanol to the anode is neglected. The electrochemical
reactions are described by the Butler—Volmer equation. Crossover of methanol from the anode to
the cathode side and the occurrence of mixed potentials is neglected as these phenomena are not
essential for drawing conclusions. All model parameters can be found in Table A.1.
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Figure A.2: The figure shows the geometry of the model domain. The model consists of a GDL on the
cathode side, cathode (Ca) and anode (An) catalyst layer and the membrane. Subdomains are denoted as (),
boundaries of the subdomains are denoted as OS2y, or Oy, j41.

Parameter Value Unit Ref.
Anode exchange current density Joan =3-10"1 | Am~? fitted
Anode charge transfer coefficient agn = 0.9 fitted
Anode equilibrium potential Deg, =0 A%

Cathode exchange current density Joca =4-1071 Am~? fitted
Cathode charge transfer coefficient Qeq = 0.2 [141]
Cathode equilibrium potential Oeg 0, =1.21 A%

Temperature T =323 K

Protonic conductivity of membrane Op,mem = 13 Sm~! [90]
Protonic conductivity of electrodes op =5 Sm™! assumed
Electronic conductivity of electrodes O = 3-102 Sm™! [142]
Inner surface are a=1-10° m?m—3 [110]
Oxygen diffusion coefficient of GDL | Do, =1.8-107° | m?s™! [6]
Porosity of GDL e=0.4 [143]
Tortuosity of GDL T=26 [143]
Reference pressure Drey = 1.013 - 10° | Pa

Molar fraction of oxygen at inlet Yo, = 0.21

Table A.1: Model parameters used for the charge transport and the mass transport in the DMFC model.
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A.1.1 Charge transport

The governing equation for the transport of protons in the MEA, which occurs in subdomain
22 3 4, is the Poisson equation.

=V 0p VO, =Q)p (A2)

Here o, denotes the proton conductivity of subdomain k, and &, the potential of the proton-
conducting phase. @), is a source or sink term that describes the electrochemical reactions.

. (1—aan)6F (—aan)6F .
Jo.an - @ - <€ RT  lan _ " RT na”) in 2y
Qp= 0 in Q3 (A.3)
. (A—aca)2F (—aca)2F. .
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’ pOz,O

The methanol oxidation takes place inside the catalyst layer of the anode, subdomain €2y, . It can
be represented as shown by Kauranen et al. [144].

CH30H — CO,qs + 4H" + 4e™
2H50 — 20H,4¢ + 2H" + 2¢~
CO,4s + 20H,4s — CO4y + Hy0O (A.4)

A single rate determining step is assumed in the model. This step is the reaction of CO,qs and
OH,qs on the catalytic sites [145]. Thus, a simple Butler—Volmer approach is used to describe
the charge generation rate. The electrode has an active surface area per unit volume a due to its
porosity. The anodic exchange current density is denoted as jo .. The anode overvoltage 7, is
defined as the difference between the potential of the electron conductor ®; and the potential of
the proton conducting phase ®,. As the reference equilibrium potential ®., , for the methanol
oxidation is very small, it is neglected for the simulations.

Nan = Per,0y — Ppas — Pegy = Per0, — Pp iy (A.5)

A zero flux boundary condition is applied at the boundary 0€2,.

~0p VP 7= 0], (A.6)
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Here 7 is the outward—pointing normal vector. The continuity of the protonic current holds at the
interface 9€)34 between the membrane and the anode.

0p.03VPpas = 0p0, VP04 ‘0934 (A7)

No generation or consumption of protons is assumed to happen in the membrane, subdomain 2.

Oxygen is reduced to water inside the catalyst layer of the cathode electrode, domain €25.

Oy 4+ 4H" 4 4e~ — 2H50 (A.8)

Again a Butler—Volmer approach is used to model the sink term for protons on the cathode side.
In addition to €24 a term for the depletion of oxygen from the reference state po2 is added in eq.
(A.3). The cathode overpotential 7, is defined as follows:

Nea = Pel,0y — Pp.2s — Peg,0, (A9)

The equilibrium potential ®., o, equals the reversible cell voltage defined by eq. (2.5). The bound-
ary conditions are likewise set to zero flux at 9212 and to continuity at 9€293.

The electronic potential ®.; o, is assumed to be zero at J€24. The resistance of the GDL and contact
resistances are neglected.

Ucet = Pet,2lg0,, = Pet,0ulon, = Pet,0:150,, (A.10)

The protonic and the electric potentials of the electrodes are coupled through eq. (A.3), (A.5) and
eq. (A.3), (A.9). The electronic conductivity of the electrode is orders of magnitudes higher than
the protonic conductivity. Thus, electronic resistances are neglected in the electrodes.

A.1.2 Mass transport

Mass transport limitations are taken into account on the cathode side. Since one purpose of this
model is to show the influence of inhomogeneous GDLs on the potential sensed by a reference
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electrode it is not necessary to include both diffusion layers. Thus the anode GDL is neglected
in the model. Diffusion through a porous GDL is modeled in €2, and €2y, using Fick’s law of
diffusion.

V- (—;Dozvyog) = Qm (A.11)

Here € and 7 describe the porosity and the tortuosity of the GDL, whereas Do, is the diffusion
coefficient of oxygen. The molar fraction of oxygen is described by yo,. Oxygen is consumed
inside the porous catalyst on the cathode side. The Faraday law couples the charge transfer rate
and the consumption rate of oxygen Q.

_ Qoo RT

Q
" 4F Dref

(A.12)

The charge transfer rate @, o, is given by eq. (A.3). Continuity of flux is applied at the interface
between the GDL and the cathode catalyst layer 0€2;5.

NOngla,lb‘8Q12 = N027Q2‘8Q12 (A.13)

No diffusion of oxygen is allowed through the boundary 0€2s3.

At the outer boundaries, 992, and 92y, the molar fractions of ambient air are used unless stated
otherwise in the text.

Y02 = Yin,0 ’391(1,11; (A.15)
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A.2 Experimental details

Half—cell measurements were used as a tool to evaluate the quality of the reference readings.
The CCMs were prepared by the screen printing method. Nafion® 117 with a catalyst loading
of 1mg/cm? Pt at the cathode electrode and 3mg/cm? Pt/Ru at the anode electrode was used
throughout all experiments. The CCMs were post—processed by the laser ablation process de-
scribed in Chapter 3 unless stated otherwise. Centering pins aligned the CCMs in the fuel cell
assembly. One side of the reference electrode was flooded with deionized water to guarantee a
good humidification of the other side that acted as a NHE.

For all half—cell experiments a 0.5 M solution of methanol diluted in deionized water was pumped
to the anode flowfield at a flow rate of 1.5 ml/min. Hydrogen was supplied to the cathode flow-
tield at a rate of 25 sccm. The cathode electrode acted as a DHE in this measurement set-up. Hence
the anode polarization losses could be determined by both the working electrode and the refer-
ence electrode simultaneously. Comparing these two values a relative error could be calculated.
It was assumed that due to the large area and the laser segmentation of the working electrode
boundary effects could be neglected and the measurement results of the DHE could be trusted.
The relative error €, was defined according to Brondstejn [146], without the absolute value.

(A.16)

Here z is the true value and % the biased value. Unless stated otherwise in the text, the losses
derived from the DHE are taken as x and the losses derived from the reference readings as 2.

A.3 Results and Discussion

The causes of a disturbance in the symmetric potential distribution was studied along with their
relative significance. Therefore several effects were investigated experimentally and the findings
were combined with simulation work. Besides investigations in measurement errors caused by
experimental configurations and operating conditions, the stability of the reference cell itself and
differences between half—cell operation and full-cell operation on the reference readings were
looked at.

Fig. A.3 depicts the results of a half—cell experiment using a post—processed MEA. Special care
was taken in minimizing potential error sources by applying a laser ablated CCM, a homogeneous
pressure, fixing the membrane by centering pins and humidifying the reference electrode. These
steps are described in detail in Chapter 3. The experiments were conducted at half—cell operation
and 30 °C. No deviations between the anode losses determined by the reference electrode and the
losses determined by the working electrode were observed. The relative error was well below 1 %,
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Figure A.3: Measurement results of a half—cell experiment of a DMFC. The cathode was flushed with
hydrogen. The anode polarization losses were determined with both the DHE at the cathode and the reference
electrode. The relative error was calculated as mentioned in the text.

indicating that the experimental effort to guarantee a symmetric potential inside the ionomer led
to tolerable deviations.

A.3.1 Experimental error sources

Various physical phenomena can lead to an inhomogeneous potential distribution inside the mem-
brane. Along with a misalignment of the anode and the cathode electrode, dissimilar flowfields
with respect to the resistance, inhomogeneous pressures inside the cell and obstructed parts of the
GDL can lead to different contributions of the ohmic drop of the membrane to the electrode po-
larization losses. As a result, significant measurement errors can be made when using a reference
electrode.

Several experiments were performed to study the impact of different effects. If possible, only one
source of error was applied to the experiment in order to separate the effects. The reference cell is
said to sense a potential that is located in the middle of the membrane. Thus, half of the ohmic loss
was subtracted from the electrode readings to get the electrode polarization losses. Additionally,
simulations were carried out to study some effects in more detail.
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Figure A.4: Relative errors of the ohmic losses caused by different anode and cathode flowfield resistances.

For the left graph, Ryem was fixed to 500 m§Q em?. For the right graph, Req/Ran was fixed to 2 with
Ran = 2mA.

Different flowfield resistances

Fig. A.4 depicts errors that occur when the ohmic resistances of the anode and cathode flow-
tields are not identical. Different geometries, dimensions or materials of the flowfields can lead
to different resistances. Furthermore, contact resistances differ for each assembled cell. Typical
experimental values were chosen for the calculations. The left graph shows the relative error with
respect to the symmetric case as a function of the ration of cathode to anode flowfield resistances
Rea/Ran. The ohmic resistance was fixed at 500 m$2 cm? with an assumed active area of 10 cm?.
The anode flowfield resistance was set to 2mS2. A current density of 0.1 A/cm? was assumed.
The cathode flowfield resistance was varied between 2 m(2 and 8 m(2. For these parameters a rel-
ative error of the ohmic contributions was calculated. The ohmic losses for the anode 7yp,qn, and
cathode 7,4 cq Were determined by adding half of the membrane losses to the respective ohmic
flowfield losses.

€

(A.17)

ohm’ _ TNohm,an — Mohm,ca
” =

Tlohm,,an

It can be seen that the relative error has a linear dependence and is already significant for small
deviations between the two flowfield resistances.

For the right graph of Fig. A.4, the anode flowfield resistance is fixed at 2m() and the cathode
flowfield resistance at 4 m(2. The relative error was calculated as described above. Again a current
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density of 0.1 A/ cm? was assumed. The membrane resistance R,,.,, was varied, showing a much
more pronounced relative error for smaller resistances.

Considering the results of these calculations, it is obvious that one has to make sure that both
flowfields have the same resistance at the point of voltage measurement. This is especially true
when reactions with negligible polarization resistances, such as the hydrogen evolution reaction,
take place at one electrode. Further resistances occur when copper plates are used to collect the
current and to sense the voltage. These contact resistances between the flowfield and the copper
plate should also be the same on both sides. Alternatively the voltage can be sensed directly at the
electrodes.

Misalignment of the electrodes

Several papers have been published on the impact of a misalignment of the electrodes, using sim-
ulation as the method of investigation [61,62,70,147]. One of their conclusions was that due to the
different kinetics of the reactions on the anode and the cathode, even electrodes in perfect align-
ment have some deviations from the symmetric case [61,70]. Different anode and cathode kinetics
lead to different charge transfer rates as described in eq. (A.3). In consequence, the electrode po-
larization losses differ and the symmetric potential distribution inside the ionomer is disturbed.
In the case of a DMFC, the polarization losses of anode and cathode electrode are of the same
order of magnitude. Therefore, the effect of different kinetics on the potential distribution should
be small. Fig. A.5 shows relative errors for the anode and cathode overpotentials determined
from simulation results. The effects of different kinetics and a misalignment can be studied in the
graph.

The “Anode kinetics” and “Cathode kinetics” curves depict the relative error according to eq.
(A.16) determined by the true overpotentials 7 and the overpotentials calculated from the refer-
ence readings without a misalignment 7. The true polarization losses of the anode and cathode
electrode have been calculated by subtracting the electronic potential ®; from the protonic poten-
tials at the ionomer/electrode interfaces 923 and 9€234.

Nea = et — Byl (A.18)

Nan = (pel - (D]u’Q34 (A19)

The interface is chosen because the protonic polarization losses of the electrodes are maximal at
this position. The electronic potential inside the electrodes is considered to be constant as men-
tioned in the modeling section. The modeled reference potentials are extracted at a point where
the potential inside the membrane is stabilized in a region of constant potential as depicted in Fig.
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Figure A.5: Errors calculated from simulation results. Deviations of the symmetric potential distribution for
a DMFC appeared because of different anode MOR and cathode ORR kinetics and because of a misalignment
of 350 um of the cathode electrode (MAF=2).

2.7. Using the electronic potentials of the electrodes, the simulated reference cell readings from
the reference electrode to the working anode can be calculated.

Uref_an—we_an - (I)el,Q4|8Q4 - (I)Tef (AZO)

Here ®,.s denotes the potential of the reference electrode, which is 0 V' for the NHE. The voltage
losses of the electrodes 7} are calculated according to eq. (2.31) and eq. (2.32). It can be seen in
the figure that the deviations due to different kinetics of the MOR and the ORR are negligible,
especially for the anode readings.

“Anode MAF=2" and “Cathode MAF=2" depict the relative errors determined by simulated ref-
erence readings without and reference readings with a misalignment. The electrode polarization
losses are calculated for each of the two model geometries. Results from the well aligned model
are taken as the true value, results from the misaligned model as the biased value and thus the
relative error can be calculated. The misalignment factor (MAF) as introduced in eq. (A) was set to
2; hence the cathode overlap was twice the thickness of the ionomer in the misaligned model. The
potentials of the reference electrode were extracted for both cases, one with a perfect alignment
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Figure A.6: Top view showing the misalignment of the anode and cathode electrode of a CCM after the
preparation process. The transparent ionomer is masked.

and one with an overlapping cathode electrode of 350 ;ym, with the same set of parameters. They
were evaluated in a region of constant potential, far away from the cathode electrode. Applying
eq. (A.20), Uref_an—we_an and consequently the anode polarization losses could be calculated ac-
cording to eq. (2.31). The voltage drop of the cathode electrode was calculated using eq. (2.32).
The relative error displays a dependence on the current in an order of magnitude that cannot be
neglected, even for low current densities.

Experiments were conducted to verify the results predicted by the model. A CCM after the prepa-
ration step can be seen in Fig. A.6. There was a large geometric deviation between the anode and
cathode of approximately 350 ;zm, which was twice the thickness of the membrane. It can be noted
that the edge was slightly frayed and did not seem to be very homogeneous. The reference elec-
trode was connected to the right side of this set-up. In this case, the post processing with the laser
ablation process was not applied so that the impact of the misalignment could be investigated
experimentally. This half-cell experiment was performed at 50 °C. The readings were disturbed
by the misalignment of the two working electrodes.

Results of this experiment can be seen in Fig. A.7. As indicated by the simulation results of
Fig. A.5, the extension of the cathode beyond the anode leads to an overestimation of the anode
overpotential. This effect increased with increasing current density. Therefore, the relative error
rose at higher currents. In a direct comparison between experiment and simulation, the model
showed much higher relative errors than the experiment. The frayed edge of the CCM appeared to
decrease the error. In addition, the two electrodes were distorted and the misalignment decreased
from top to bottom.

Nevertheless, a misalignment of the electrodes had a considerable effect on the reference read-
ings in both experiment and simulation and severe errors influenced the different losses deducted
from measurement results. Thus, it is apparent that the electrodes in proximity to the reference
electrode must be well aligned, e.g. by using the proposed laser ablation process.
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Figure A.7: Half-cell measurements using the misaligned electrodes of Fig. A.6. The voltage drop of the
anode electrode was determined by both the DHE at the cathode and the reference electrode.

Inhomogeneous pressure on the cell

The influence of inhomogeneous pressure on the cell leading to deviations in the potential distri-
bution was studied experimentally. In one experiment, the force applied to the side where the ref-
erence electrode had been printed was 3760 N. The clamping force on the opposite site was 1966 N.
In all other experiments, a force of 2553 N was applied on both sides. A half—cell experiment at
50 °C with hydrogen on the cathode side and methanol on the anode side was performed to study
the impact of these inhomogeneities. The pressure distribution inside the cell, and specifically on
the GDL, was not measured. Hence the results shown in Fig. A.8 are to be regarded qualitatively.
A relative error which increased for current densities up to 0.15 mA /cm? and then decreased again
for higher current densities was calculated from measurement results. The parabolic form of the
relative error versus the current density indicated that several effects overlap.

A second experiment was performed to study only the influence of different diffusivities of the
GDL. GDLs that vary in thickness, porosity, or mechanical strength can cause different diffusiv-
ities. A small piece of GDL having a width of 2mm and the same thickness and length as the
cathode GDL was appended on the cathode side. It was aligned with the edge of the cathode
GDL on the side of the reference electrode where higher pressure reduced the porosity. The ex-
periment was performed with the same operating conditions at 50 °C. No relative error exceeding
the deviations of the perfectly aligned and homogeneously pressurized case displayed in Fig. A.3
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Figure A.8: Anode polarization losses deducted from the two readings of half—cell measurements with an
inhomogeneous pressure applied to the cell. The side of the reference electrode was subjected to greater
compression than the opposite side.

could be found. Therefore, either errors due to this kind of disturbance are negligible or the ad-
ditional GDL on the cathode side also decreased the porosity of the anode GDL resulting again
in a symmetric potential. Conversely, the compression might have been too weak to change the
symmetry in the potential distribution. Simulations were carried out to study the influence of the
porosity in more detail.

Fig. A.9 depicts simulation results for the relative error between a reference electrode sensing the
middle of a symmetric potential distribution and a reference electrode sensing a non-symmetric
potential due to different porosities inside the GDL. The potentials of the reference electrode were
determined with the same set of parameters, except for the changing porosity of model domain
3. They were evaluated at a region of constant potential, far away from the disturbed cathode
electrode. The voltage between the reference electrode and anode electrode, Uycf an—we_an, Was
calculated according to eq. (A.20) and corrected for half of the ohmic drop of the fuel cell to obtain
the anode electrode overpotentials. The porosity € in model domain €, was varied from 12.5%
to 50 % of the value given in Table A.1; the domain €;; was 300 um long. No such influence
was added to the anode side. Simulation results of anode overpotential where the porosity had
the same value in Q;, and €, were taken as the reference case x. Anode polarization losses
determined with a different porosity were taken as Z and the relative errors were calculated. It can
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Figure A.9: Simulation results of different degrees of compressions of the GDL in model domain Q. The
relative errors of the anode polarization losses were calculated with respect to the symmetric potential dis-
tribution.

be seen in the graph that significant relative errors occur only for very high additional compression
of the GDL which greatly reduces porosity.

The effect of a changing porosity over a certain range is regarded to be minor because simulation
results as well as experimental results do not show a great impact on the relative error. This
conclusion is valid as long as areas are not completely blocked, as discussed in the following
paragraph.

Obstruction of the GDL

Another difficulty in performing a measurement with a connected reference cell might occur when
some parts of the GDL, especially at the interface to the reference electrode, are obstructed or
blocked. Local flooding of the GDL can be one reason for this effect. Another more systematic
effect can be induced during the assembly process, when the gasket is not fixed to the flowfield
and moves onto the GDL. Assuming the case when the anode is perfectly assembled but the gasket
on the cathode side is shifted onto the cathode GDL, two effects occur. First, the GDL is more
compressed in this region due to the higher pressure. It has been shown in the previous section
that this does not affect the reference readings considerably. Second, the GDL is obstructed with
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Figure A.10: Comparison of simulated anode and cathode overpotentials with and without an oxygen de-
pletion at the boundary 0€y,. This boundary had a length of 2 mm.

respect to the flowfield and oxygen can only diffuse in plane to the cathode electrode in this region.
This leads to highly asymmetric potential distributions inside the membrane.

Fig. A.10 shows simulation results for anode and cathode polarization losses with and without
oxygen depletion at the edge of the reference electrode. In the model it is assumed that the bound-
ary 01y, is impermeable for gases. Therefore it is set to zero flux conditions,

The boundary 023, has a length of 2 mm. Exposure to air is assumed at boundary 0€2;,, the molar
fraction yo, is given in Table A.1. As mentioned in the previous section, the potentials of the
reference electrode are determined at a region of constant potential far away from the (disturbed)
cathode electrode. The voltage drops of the anode and cathode are calculated using eq. A.18-
A.20. It can be seen that the anode polarization losses are highly underestimated and the cathode
polarization losses highly overestimated with respect to the case without oxygen depletion.

The relative errors resulting from this deviation can be seen in Fig. A.11. Loss of anode potential
without obstruction are taken as the true value z, results including obstructed areas as z. The
relative error for the anode overpotential is depicted for different lengths of 9€;,. As shown,
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Figure A.11: Simulated relative errors compared to the symmetric case for the anode overpotential when the
GDL was obstructed over different lengths at boundary 0y,

obstruction of the cathode GDL of only 2mm results in severe relative errors exceeding 10 % at
0.2 A/cm?. These errors are a result of the oxygen depletion in this area which leads to lower
current densities as can be seen in the concentration—-dependent term in eq. (A.3). Consequently
the equipotential lines lose their symmetry inside the membrane. Larger obstructed areas lead to
stronger deviations from the symmetric potential disribution resulting in larger errors when using
the reference readings.

Experiments were performed to verify the model predictions. A small piece of sealing material
was placed on the cathode GDL next to the gasket at the side of the reference electrode. It had
a width of 4mm, a thickness of 1 mm and the same length as the GDL. After assembling the cell,
this part of the GDL was obstructed due to the extra sealing material and no oxygen could diffuse
perpendicularly to or from the cathode flowfield. Additionally the GDL was more compressed
due to the thickness of the sealing material and the porosity was lowered because of a higher
pressure in this region. Results of a half—cell experiment performed at 50 °C can be seen in Fig.
A.12. A great deviation between the measurements of the DHE at the cathode electrode and the
connected reference electrode can be seen. The relative error is very high and exceeds 20 % at
0.2mA /cm? as predicted in the simulation results.

Obstructing parts of the GDL, thereby preventing the reactants from diffusing perpendicularly to
the electrodes, can cause considerable changes in the potential distribution. If this happens at the
boundary to the reference electrode, e.g. because of a shifted gasket, the reference readings cannot
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Figure A.12: Depletion of oxygen and an inhomogeneous contact pressure due to a piece of sealing material
on the GDL in a halfcell experiment. The relative errors derived from anode polarization losses were
calculated using the cathodic DHE and the reference electrode.

be corrected for half of the ohmic losses. Otherwise large overestimations or underestimations of
the anode and cathode polarization losses respectively will be made. As a consequence of these
results, one can conclude that the anode and cathode flowfields should have the same dimensions
to prevent boundary effects due to different rib positions. Additionally it must be ensured that no
flooding on the cathode side occurs, e.g. by using sufficiently high stoichiometries for the air flow
rate.

A.3.2 Stability of the reference electrode

Besides errors due to an inhomogeneous potential distribution at the working electrode, a drift
or an instability of the reference electrode potential itself can cause errors in calculating the over-
potentials of the working electrode. Unlike the DHE, the NHE used for the reference cell usually
does not show a drift over time. Experiments were performed to check the stability of the refer-
ence cell. Hydrogen was supplied to the cathode during half—cell operation so that the cathode
working electrode acted as a DHE. On comparing these values to the reference readings, it was
observed that the reference cell displayed unstable behavior.

Results of these half-cell measurements at different cell temperatures can be seen in Fig. A.13. Hy-
drogen for the reference cell was humidified using a vapor liquid equilibrium chamber at ambient
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Figure A.13: Anode polarization losses determined by the DHE of the cathode and the reference electrode
during half—cell operation at different cell temperatures. A 0.5 M solution of methanol was fed at 1.5 ml/min
to the anode.

temperatures. The anode polarization losses were determined by both the DHE and the reference
electrode. A temperature-dependent offset of the overpotentials was seen that was determined by
the reference cell and increased with temperature. This offset did not change with current and dis-
played only a temperature dependence. Additional experiments were performed to study these
phenomena in detail.

The fuel cell was heated to 50 °C and a small current of 10mA was imprinted using the external
power supply to guarantee a constant coverage of the cathode catalyst with hydrogen during the
half-cell operation. The hydrogen supply of the reference cell was connected to a temperature—
controlled gas humidifier. The connection to the reference cell was heated 5°C above the hu-
midifier temperature to prevent condensation inside the tubes. Fig. A.14 depicts the difference
between the DHE and the reference electrode for different temperatures of the humidifier. The
difference decreased with increasing humidifier temperature. Thus the potential of the reference
electrode appeared to be dependent on the humidification of the supplied hydrogen. This was
also found by Stahler [148]. He proposed an equilibrium reaction at the hydrogen electrode.

2H30+ +2e¢~ «—— Hy + 2H50 (A.22)



138 APPENDIX A. RELIABILITY OF REFERENCE ELECTRODE MEASUREMENTS

45 — : : . . - . : .
40 b §:+. -
35 | . i
30 | . -

h . ! '-

20 |- -

offset / mV

15 | ' | . | ' | ' 1
60 55 50 45 40

temperature / °C

Figure A.14: Difference between the values of the cathode DHE and the reference cell. Hydrogen supplied
to the reference cell was humidified at different temperatures. The fuel cell temperature was 50°C, a 0.5 M
solution of methanol was fed to the anode at 1.5 ml/min.

The Nernst equation at a thermodynamically equilibrated mixture of hydrogen and water predicts
that the partial pressure of water and the proton activity within the ionomer phase will both
influence the potential of the reference electrode.

The DHE on the cathode side during half-cell measurements did not show a drift at different cell
temperatures. The membrane was well humidified as it was in contact with a liquid methanol
solution at the anode. This concept was transferred to the reference cell. One side was flooded
with distilled water and hydrogen was supplied to the other side. The difference between the
DHE and the reference electrode vanished and the reference cell potential remained stable when
the fuel cell temperature was changed.

A.3.3 Full—cell operation

In order to separate the different losses of a DMFC, half—cell experiments are often used to deter-
mine the anode polarization losses [63,64,68,149]. Full—cell experiments are performed addition-
ally to get the complete polarization plots. When the ohmic resistances are known as well, the
cathode polarization losses can be calculated according to eq. (2.29). There are several obstacles in
determining the voltage drops of the electrodes using this method. Since the anode overpotential
and the cathode overpotential are determined in two consecutive experiments, the conditions in-
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Figure A.15: Anode polarization losses determined by the DHE of a half—cell experiment in comparison
to anode polarization losses determined with the reference electrode in full—cell operation. The fuel cell
temperature was 30°C, a 0.5 M solution of methanol was fed to the anode at 1.5 ml/min.

side the fuel cell may have changed between the first and the second experiment. If this happens,
the calculated voltage drop of the cathode can differ considerably from the real values. Addition-
ally, since only steady—state experiments can be conducted, the dynamic behavior of the electrode
polarization losses cannot be studied.

Experiments for both half—cell and full-cell operation were performed. The anode overpotentials
were calculated for each in order to see whether deviations between the two operating conditions
occur. The cell temperature was kept constant at 30 °C. In full-cell operation, ambient air was
supplied to the cathode at a stoichiometry of 6. The relative error was calculated using eq. (A.16).
The polarization losses determined by half-cell measurements were taken as the true value z, the
polarization losses determined by full-cell operation as the biased values z.

A large error in the anode overpotentials can be seen in Fig. A.15 for small current densities, up
to 25 % at OCV. The error function decreases exponentially with increasing current density. Thus,
one must be very careful when drawing conclusions about electrode polarization losses when only
half-cell measurements are available.

One uncertainty regarding this method is the extent to which half—cell operation of a DMFC can be
compared to a full-cell operation. With respect to half—cell experiments, hydrogen can cross over
from the cathode to the anode side. This phenomenon was studied by Tapan et al. [65]. He found
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Figure A.16: Anode overpotentials determined by a reference electrode at different cathode oxygen flow
rates. A 0.5 M solution of methanol was fed to the anode at 1.5 ml/min. The fuel cell was heated to 50 °C.

a deviation of 50 mV at 0.22 A /cm? between half—cell experiments with hydrogen and with argon
supplied to the cathode flowfield. Taking the argon experiment as the true value, this corresponds
to a relative error of approximately 8.5 %, which cannot be regarded as insignificant. However,
the paper did not study in detail whether this deviation could also be a result of the DHE at
the cathode electrode not being completely covered with hydrogen. During full-cell operation,
crossover of oxygen to the anode can also occur, changing the MOR. Additionally, a hydrogen
evolution reaction at the anode appears at low current densities and low oxygen flow rates [150,
151]. Electrolysis takes place at parts of the cell that are depleted of oxygen. This electrolysis
is driven by the local fuel cell voltage at oxygen-rich parts of the cell [152]. Hydrogen that is
produced at the anode might lead to a potential of hydrogen or a mixed potential of hydrogen
and methanol at the electrode and thus influence the anode polarization.

Experiments were carried out to investigate these additional effects. Hydrogen or oxygen were
mixed with the methanol stream before it entered the anode compartment during half—cell exper-
iments. The gases with a flow rate of 3 sccm were added to the methanol stream with a flow rate
of 1.5 ml/min via a y—connector. No deviation of the anode overpotentials compared to normal
half—cell operation was found for either gas. Gas crossing over within a working fuel cell is in
close proximity to the catalyst layer and can interact with the catalyst sites. This could not be
guaranteed during these experiments.
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Figure A.17: OCV and reference readings of the anode and cathode electrode over time at different cathode
air flow rates. The cell was kept at 50°C, a 0.5 M solution of methanol was supplied at 1.5 ml/min to the
anode.

The evolution of hydrogen inside the anode catalyst layer was forced in another experiment
during full-cell operation of the DMFC. A 0.5M solution of methanol was fed to the anode at
1.5 ml/min. The fuel cell was heated to 50 °C. Dry oxygen was supplied to the cathode at low flow
rates and varied between 3 sccm and 100 sccm. The anode overpotentials at different cathode flow
rates can be seen in Fig. A.16. At a certain cell current density, a decline of the voltage drop of the
anode can be seen for 3, 5 and 10sccm. The current density, where the decline begins, increases
with flow rate. At these current densities, formation of bubbles within the anode outlet stream
can be observed. At cathode streams greater than 20 sccm no such effects can be observed. The
anode polarization losses also stay the same for a 5-times higher air flow rate of 100 sccm. It can be
concluded that the formation of hydrogen, especially formation close to the reference electrode,
greatly affects the potential distribution and thus the calculated anode polarization losses. As the
hydrogen evolution was not homogeneously distributed over the whole anode catalyst layer, one
must be very careful in quantitatively evaluating the reference readings.

Results displayed in Fig. A.17 reveal another effect at low cathode flow rates. Here the OCV of
a DMFC for changing cathode air flow rates is displayed over time. Again the cell was kept at
50°C and a 0.5 M solution of methanol was supplied at 1.5 ml/min to the anode. The scale for the
cathode flow rates is shown by the right axes of the graph. It can be seen in the left graph that
decreasing the cathode air supply did not affect the cell potential and the reference readings down
to an air flow of 30 sccm. The right graph depicts the OCV and the reference readings at very low
flow rates of 8 sccm and 6sccm. At approximately 5 min, an unstable increase and decrease of the
reference readings can be seen. This occurred simultaneously for the anode and cathode readings
and in the same direction. Since the OCV of the fuel cell was constant during that time, it can
be concluded that the symmetric potential distribution at the working electrodes was disturbed
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during that time. Most likely a water droplet was forming at the cathode electrode close to the
reference cell, as no bubbles in the anode outlet stream indicated a hydrogen evolution reaction
within the fuel cell. The droplet locally influenced the potential of the working electrode and thus
changed the reference readings. Also, a drift of both reference readings toward lower values was
noted. At 10 min, the air flow rate was reduced to 6 sccm, which lowered the cathode potential
and consequently the OCV dropped. Here the reference readings were working correctly again
but yielded an offset of 20mV. This demonstrates that at low cathode flow rates, a symmetric
potential distribution within the ionomer cannot be guaranteed.
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heated to 50°C. . . . . . . L

A.17 OCV and reference readings of the anode and cathode electrode over time at different cathode
air flow rates. The cell was kept at 50°C, a 0.5 M solution of methanol was supplied at
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