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SUMMARY

In this work, a hybrid power module comprising of a direct methanol fuel cell
(DMFC) and a Li-ion battery has been proposed for low power applications. The
challenges associated with low power and small DMFCs were investigated and the
performance of commercial Li-ion batteries was evaluated. At low current demand (or
low power), methanol leakage through the proton exchange membrane (PEM) reduces
the efficiency of a DMFC. Consequently, a proton conducting methanol barrier layer is
needed. Since volume restrictions make it infeasible to use balance of plant components
(active fuel channels) in DMFCs, passive fuel delivery systems are the only available
option. When using a passive fuel delivery system, a CO, vent is required to release the
pressure built in the fuel tank of these DMFCs. In this work, the above challenges in
advancing the performance of a low power DMFC have been addressed. Finally, Li-ion
batteries have been evaluated for low self-discharge and high voltage efficiency.

Phospho- silica glass (PSG) was formed as a methanol resistant PEM. It was
demonstrated that phosphorus doping in the silica matrix increased the ionic conductivity
of the glass membrane. The doping increased the number of non-bridging type bonds (P-
OH) in the silica matrix, which in turn increased the acidic-OH groups that allow proton
conduction. It was also observed that the plasma deposition condition of the glass
membrane could be altered to achieve a desired ionic conductivity in the membrane. At
low temperature and high RF power, the PSG films demonstrated high ionic conductivity

and structural integrity. When compared to PEMs with pure Nafion membranes, the

XV



PEMs fabricated with Nafion-PSG hybrid membranes not only showed a reduction in the
methanol permeability but also an improvement in the DMFC performance.

A CO; vent was fabricated from poly (dimethyl siloxane) (PDMS) and poly (1-
trimethyl silyl propyne) (PTMSP) base polymers. It was observed that the vent
membrane had higher permeability coefficient for CO, than methanol. Addition of
hydrophobic additives like 1, 6-divinylperfluorohexane to the base polymer further
enhanced the selectivity of the vent for CO;, transport. When operated at high
temperatures, the rate of CO, flux increased, which in turn increased its permeability
coefficient. However, the sorption of methanol molecules limited their transport through
the polymer backbone and, as a result, their permeability coefficient decreased with
temperature. The experimental results validated the theoretical model developed for
estimating the vent efficiency. It was observed that at high selectivity (o of 9.2), the vent
was 95% efficient.

The use of Li-ion battery in a power module as a secondary energy storage device
results in a non-traditional duty cycle. This unique duty cycle requires the battery to be
active for a very short span of time compared to its dormant or sleep stage. Under such a
load, the effects of self-discharge and voltage loss were evaluated for Panasonic coin
cells and thin film LiPON cells. It was observed that the thin film battery outperformed
the others in terms of low energy loss. Nonetheless, the performance of small Panasonic
coin cells with vanadium oxide cathode was comparable at low discharge rates of less
than 0.01% depth of discharge. Lastly, it was also observed that the batteries have stable

cycles at low discharge rates.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Increasing the efficiency of portable electronics is a continuing effort, owing to the
increasing market demand for smaller but longer-lasting devices. These electronic
devices typically require an average power in the range of microwatts to watts, depending
on function and duty cycle. The power source of such devices must have a small form
factor, light weight and high energy density.

One growing market for these devices is electronic sensors. These devices
communicate wirelessly and are deployed in locations where plug-in power is not readily
available, and a portable power source is essential to their implementation. A second area
is the use of wireless sensors in commercial buildings. The sensing and control of
heating, ventilation, and air-conditioning systems will improve the energy efficiency and
make building more environmentally friendly. A third technological area is automated
meter readers that can allow wireless sensors to form self-assembled networks. A fourth
area of interest is home automation. Again, energy efficiency can be improved by
monitoring and selectively controlling heating, air-conditioning, and lighting. Finally,
wireless sensors, especially those forming networks, are useful in environmental and
homeland security situations.

In each of these applications, the cost, lifetime, size and weight of the power

source are critical to the value of the overall system. Many of these sensors have simple



function and low duty cycles, i.e., they acquire data only occasionally, and as such, they
require low-power to operate. Such devices may require 10’s of mW for milliseconds to
acquire or transmit data, and 10’s uW for long periods in sleep-mode. This style of
operation — low, intermittent power over a long time period is far different from how
traditional power sources such as in transportation, high-power electronic devices, or
electric power operate.

While batteries can be considered as an economical means of powering these
wireless electronic devices, they suffer from a few drawbacks. The complex recharging,
replacement and disposal of batteries limit the portability and uninterrupted operation of
the wireless devices. Fuel cells, in particular direct methanol fuel cells (DMFCs), with
their high energy density can be explored as a power source for electronic devices.
However, like the current batteries, the state-of-the-art fuel cells also suffer from a few
drawbacks. Most importantly, the slow kinetics of electrochemical reactions makes these
fuel cells incapable of responding to transient load demand with acceptable efficiency.

A hybrid power module, comprising a DMFC integrated in parallel with a battery,
can address the shortcomings of the two individual components [1]. The resulting hybrid
power system will utilize the energy from a highly efficient renewable energy source
(fuel cell) to recharge the secondary storage device (battery) such that the module
together can run an electronic device without interruption[1, 2]. Figure 1.1 shows the
architecture of a hybrid power module. In such a module, the role of the fuel cell is to
provide sleep current and recharge the battery as and when needed, while the Li-ion
battery provides the burst current when demanded by the load. The remaining component
of the module is a charger-mixer circuit which converts the energy derived from fuel cells

to useful voltage.



@7

Regulator

Charger

Figure 1.1: Hybrid fuel cell Li-lon power supply

1.2 Dissertation Overview

Based on the motivations discussed above, the key objectives of this dissertation
can be outlined. Each of these objectives will ultimately assist in the design of an
efficient power module shown in Figure 1.1. Since the architecture shown in Figure 1.1
introduces volume and size restriction on fuel cells, it is of interest to understand and
define the challenges associated with the design of a small Direct Methanol Fuel Cells
(DMFC). The first objective of this study is to develop a proton exchange membrane
system (PEM) that can address the issues of methanol crossover without compromising
on its ionic conductivity. The second objective is to address the CO, accumulation in a
closed fuel tank of DMFCs and develop an efficient CO, release system. Understanding

the mechanism of transport is a key parameter in the design of a competent CO; release



system. Finally, since the hybrid power module is designed for low power applications, it
is essential to identify an efficient secondary energy storage device that suffers from
minimal energy loss over time. Thus, the third and final objective of this dissertation is to

evaluate the loss and performance of commercial Li-lon batteries.



CHAPTER 2

BACKGROUND

2.1 Direct Methanol Fuel Cells

Fuel cells are galvanic cells that convert chemical energy to electrical energy[3].
The electrochemical reaction at the anode of a fuel cell oxidizes the fuel source to
produce protons (H") and electrons (€7). The protons transfers through the proton
exchange membrane (PEM) and in the presence of electrons, they catalytically reduce
oxygen to form water. The electrons moving in the external circuit can be harnessed to
generate electricity. For low temperature operation (room temperature), PEM fuel cells
often utilize hydrogen, methanol or formic acid as the source of protons [4-8]. Of these,
methanol is the most feasible choice for portable applications due to its non-corrosive
nature and easy storage. At the anode of a Direct Methanol Fuel Cell (DMFC), methanol
is catalytically reduced in the presence of Pt-Ru to generate protons. Equation 2.1 shows

the oxidation of methanol.
CH,0H+H,0 »>CO, +6H" +6e" (2.1)
At the cathode, oxygen from air is catalytically reduced in the presence of Pt to form
water, as shown in Equation 1.2 [8]
O, +4H" +4e~ —2H,0 (2.2)
Based on the above reactions a 17 M methanol anode feed is theoretically possible.

However, in conventional systems, the highest currents and powers are achieved with



dilute methanol solutions in 0.5 M to 12 M methanol range [9]. The concentration
optimization is thus, a balance of three effects. First, if the methanol concentration is too
high, permeation of fuel through the electrolyte is prohibitive. Second, if the methanol
concentration is too low, the reaction Kkinetics is sluggish and mass transport of the
methanol reactant to the anode limits the current density. Finally, up to 15 water
molecules can be transported by electroosmotic drag from the anode to the cathode for
each methanol molecule oxidized [10]. This dilution of the fuel is highly undesirable
because it decreases the energy density of the cell and can cause water management
problems. As a result, careful optimization of the above listed effects will impart higher
energy efficiency to DMFCs.

Fuel cells have very high theoretical energy densities because concentrated liquid
fuels with high equivalence (e.g. six electrons from methanol) can be used, and the
oxidizing agent (species to be reduced at the cathode) is readily available (oxygen from
air)[3, 11, 12]. The theoretical energy density of pure methanol is 6100 Whr/kg,
however, thermodynamic efficiency limits the discharge of methanol fuel at the
theoretical thermodynamic voltage. Moreover, since methanol oxidation can takes place
only in the presence of water, dilute (12 M) methanol discharged at 0.5 V represents a
more realistic DMFC operating point. Under these conditions, the energy density of
DMFC would be over 1200 Whr/kg.

As a result, DMFCs have received significant attention as a likely power source
for fully integrated low power applications (1-1000 uW) installed directly on a single,
stand-alone chip[6]. In a hybrid power module application, the role of a DMFC is to

provide the constant power for the sleep-mode and to recharge the battery. Therefore, the



design parameter for a DMFC shifts from the traditional high power mode, to low power
high efficiency mode. The operating efficiency of a DMFC can be considered to be a
function of useful methanol consumption (methanol consumed through electrochemical
reaction) and high ionic conductivity of the PEM. Thus, it is essential that the two
primary energy loss mechanisms be mitigated to achieve high efficiency and long
operating time. First, the permeation of methanol through the electrolyte membranes
should be reduced and second, the internal resistance of the PEM should be mitigated.

An expression for the energy conversion efficiency of a fuel cell can be derived
by considering the energy available relative to the energy delivered. The useful energy
delivered from a fuel cell, Ey, is given in Equation 2.3.

E, =iV (2.3)

op
Where i is the fuel cell current and Vo, is the operating voltage. Resistive losses caused
by ionic transport through the proton exchange membrane, Eg, is expressed by Equation

2.4.

i2P51
Er=| — 2.4
. &

Where p is the ionic resistivity of the electrolyte, d; is ionic path length, and A; is the
electrochemically active area.
Fuel can be lost by permeation through the electrolyte and is often referred to as

methanol crossover. This loss, Ey, is given by Equation 2.5.

E, = [PlAg—pAZJanw (2.5)
2



Where P; is the permeation coefficient of the membrane, Ap is the pressure drop across
the membrane, A; is the exposed membrane area available for fuel transport through the
membrane, 9, is the electrolyte thickness, n is the number of electrons transferred in the
reaction, and F is Faraday’s constant. It should be noted that generally 8 is the same as
82, however A; and A, need not be the same. Appropriately engineering the electrode
structure may block the membrane from crossover loss while maintaining a large
membrane area for low resistive losses (i.e. A;<A;). Combining Equations 2.3-2.5, the
energy efficiency, ¢, is given by Equation 2.6.

\Y

&= » (2.6)

=2
(' p 5} ; ( RAPA, janocv iV,
A s

Fuel loss from permeation through the PEM membrane is especially important in
ultra low-power fuel cells compared to intermediate and high power cells because of
three main reasons. First, the rate of fuel consumption through electrochemical oxidation
is orders of magnitude lower; second, the ohmic loss is negligible for low current ranges
since it a function of the square of the operating current; and third, the electrolyte aspect
ratio (x=AJ/d) is high. That is, the current in the numerator of Eq. 2.6 is smaller (can be
much smaller) than in high-power systems, making it more important to have tight
control of losses (terms in the denominator of Eq. 2.6), especially the permeation losses.

In order to truly realize a fully functional, long life, low power direct methanol
fuel cell, there are several components that need to be considered. Since most of the
solutions in the literature focus on high power, short life systems, challenges associated
with low power, long life DMFCs have not been explored. In this study, the challenges

pertaining to the design and performance of a low power, long life DMFC have been



identified and addressed. The first of these is the proton exchange membrane (PEM).
Nafion® is a logical choice for initial studies, as it the most commonly used solid
electrolyte. Nonetheless, its permeability to methanol limits it use for long-life devices.
Second, in order to contain the methanol fuel, which is highly volatile, the fuel container
must be near-hermetically sealed. However, at the anode surface, carbon dioxide gas is
produced as the reaction byproduct. If this is not released to the environment, the
pressure in the fuel container will increase significantly and quickly, leading to rupture
and, perhaps, explosion. Therefore, a CO; selective vent needs to be invented and
implemented. Also, due to the small size constraints considered here, it is essential to
eliminate any balance-of-plant components such as heaters, piping, pumps, etc. This
leads to room-temperature device operation, atmospheric oxygen harvesting at the
cathode as well as the need for a passive fuel delivery system at the anode.

With all of this taken into account, the proposed DMFC battery hybrid module is
shown in Figure 2.1. In this module, the microporous substrate impregnated with the
polymer electrolyte is used as the structural base of the device with a thin-walled metal
can to hold the methanol. The novel carbon dioxide vent is incorporated into the metal
fuel container; the container also contacts the fuel cell anode (inner side of the
membrane) and provides the negative contact for the device to the board. The fuel cell,
electronics and the lithium-ion battery are then mounted on a patterned board in order to

make electrical contact.



Inductor Sensor Capacitor

Figure 2.1: DMFC and Li-ion battery hybrid power module
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2.2 Proton Exchange Membrane (PEM) for DMFCs

Silicate glasses deposited by plasma enhanced chemical vapor deposition
(PECVD) have traditionally been used as low-loss electrical insulators in microelectronic
devices. However, in recent years it has been reported that introducing minority
additives into the silicate matrix allows researchers to tune the physical properties of
these glasses, making them attractive for a variety of applications. It has been shown that
introducing limited amounts of a secondary oxide in the glass can tailor its structure,
mechanical strength, and both the electrical and ionic conductivity[13]. One possible
application of silicate glasses with increased ionic conductivity is fully inorganic
electrolyte materials for low temperature proton exchange membrane fuel cells. Silicate
glasses with adequate proton conductivity are ideal because they are inexpensive,
reliable, easily fabricated over a wide range of thicknesses and can serve as a methanol
barrier layer to lower the fuel crossover rate in direct methanol fuel cells (DMFCs).

Silicate glasses have a tetrahedral structure where defect sites, -OH terminated
silicon groups, assist in ion transport by providing nano-porous regions that are tens of
angstroms in diameter. These imperfections retain the high electrical loss characteristics
of the structure, while providing a surface-site ionic pathway along the length of the
pores. The ionic conductivity is achieved by liberation of protons from silanol hydroxyl
groups in glass structure pores[14]. Abe et al. have shown that oxides prepared at low
temperature incorporate a large number of hydroxide and water impurities that impart

high porosity to the glass as compared to those formed at high temperature[15].
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It has also been shown that doping of silicate glasses with Group V elements,
such as phosphorus, increases the conductivity of the silicate glasses. This is
accomplished by introducing gaps in the tetrahedral glass network as the requisite Si-O-
Si bond formation is sterically hindered and replaced by either —Si-OH or —Si-O-POH
surface groups. This increases both the free volume and pore wall surface area, thus
increasing the ion-exchange capacity of the prepared glass. It should also be considered
that the Group V hydroxyl groups have a higher acidity when compared to silanol. This
indicates that the associated proton in the P-OH group is more strongly bonded with
neighboring water molecules[13], which should increase its mobility.

Further studies in this area have shown that proton mobility is also a function of
the hydrogen bonding that occurs between the hydroxyl groups attached to a network-
forming cation (X = Si** or P°>*) and a hydroxide ion (X-O-H"0-X)[16, 17]. It has been
shown that the strength of the hydrogen bond between the hydroxyl groups depends on
the type of counter ion it is bonded to. The hydrogen bonding is extremely weak in cases
where the counter ion is of the bridging type (X-O-X) compared to those where the
counter ion is of the non-bridging type (X-O"). Uma et al. found that in phosphorus-doped
silicate glasses (PSG), the phosphorus is bonded to one bridging and three non-bridging
oxygen atoms[18]. It is believed that the increase in non-bridging oxygen bonds increases
the ion conduction sites, leading to higher conductivity for phosphorus-doped silicate
glasses.

Additional enhancement in the ionic conductivity of silicate glasses occurs by
water absorption into the pores. The defect sites located within the glass film provide a

high local charge density and electrostatic field, promoting the chemisorption of water
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molecules that provide a bulk transport mechanism for the charge carrying protons.
Therefore, the magnitude of the ionic conductivity in phosphorus doped silica glasses
depends on free volume and pore surface area (for ion transport), chemical structures in
the glass (e.g. -Si-OH and —P-OH concentration), intermediate range order and the local
bonding environment in the glass network[15, 19, 20].

It has been well established that high quality phosphorous-doped silicate glasses
can be fabricated by melt-quenching techniques. However, the high processing
temperature of melt casting makes it incompatible with many microelectronic and
electrochemical applications. Also, glasses fabricated by this technique have low proton
conductivity, making it undesirable as an electrolyte material [21, 22]. Therefore,
alternative fabrication methods have been explored in order to deposit the proton-
conducting silicate glasses, including sol-gel and plasma enhanced chemical vapor
deposition (PECVD). Sol-gel processes have been commonly used, though they often
suffer from low mechanical strength and stability [22-24].

On the other hand, the low temperature, PECVD glasses yield high mechanical
strength and stability glasses as well as a fabrication technique that is compatible with
state-of-the-art microelectronic materials and processes. Plasma deposited oxides can
also have higher porosity than high-temperature sol-gel glasses due to increased silanol
concentration and water impurities, especially when deposited at low temperature [25],
which should provide enhanced ionic conductivity. Furthermore, the PECVD technique
provides better control of the surface reactions, adsorbate mobility, and desorption of

reaction byproducts by controlling the number of active radicals and ions in the plasma,
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which may be adjusted by control of several variables, including substrate temperature,

chamber pressure, RF power and reactant flow-rate[14].

2.3 CO, vents for DMFCs

The process of CO; discharge from the anode chamber without significant loss of
methanol raises a key challenge in fuel cells designed with minimal volume and passive
components. One mole of CO; is produced for each mole of oxidized methanol. Since
CO;, has limited solubility in methanol, CO, bubbles are formed at the anode and reduce
the effective anode area, as studied by Yang et al. [26]. CO; buildup also causes an
increase in pressure inside the DMFC fuel tank which will increase the fuel crossover
problem and finally lead to tank or seal rupture. This issue becomes critical for all-
passive fuel cells that strive for volumetric efficiency and have no pressure relief
mechanism. To further understand the severity of CO, accumulations, consider a DMFC
with 1 cm® head space in the fuel tank. If the cell operates at 20 pA current, and the CO,
molecules were not vented, the overpressure inside the fuel tank would increase by about
1 psi day™ (7 kPa day™).

Previous small DMFC studies have evaded this important issue of an efficient
mechanism for CO; venting [27-29]. One approach to deal with the build-up of CO; is to
design a mechanical pressure relief valve. However, the loss of methanol vapor,
complexity of valve design, and space limitations make this approach undesirable. A
selective membrane for separation of the carbon dioxide from methanol is preferred
because of its size and simplicity. The mechanism of gas transport through polymeric

membranes is governed by Knudsen diffusion, molecular diffusion or solution diffusion
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[30]. The transport mechanism of a gas or vapor molecule through a polymer layer is a
function of the intrinsic interaction among transporting species, polymer matrix and the
polymer structure. The overall polymer transport process is broadly dependent on two
factors: polymer chain segmental mobility and the presence of defects in the form of
voids and pores that influences the diffusion and sorption of a transporting moiety
through the polymer [31]. Thus, it is important that the polymer membrane used for gas
separation exhibit certain intrinsic properties that facilitate separation. According to
Nakagawa et al., these intrinsic properties include high gas permeability coefficient, high
separation factor between transporting molecules, the ability to form non-porous thin
layer, and chemical and mechanical durability [32].

The polymer matrix must be paired with a fast moving permeate to achieve high
gas permeabilities. The transport of a gas molecule through a polymeric matrix depends
on the proficiency of small penetrants to diffuse and permeate in response to a gradient in
the chemical potential [33, 34]. Additionally, the individual components in a mixture
must exhibit a difference in their interaction with the polymer backbone for high
separation. As an example, the volatile and non-volatile species in a permeating mixture
can interrelate uniquely with the voids and pores in a polymer structure and affect the
chain mobility of the polymer backbone. While the non-volatile molecules diffuse
through the porous interface of the membrane due to their unique interaction with the
polymer backbone, the transport of volatile organic compounds (VOC) entails complex
sorption and desorption process. The transport mechanism of VOC across a membrane

layer involves three distinct steps: (1) adsorption on the upstream surface of the
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membrane, (2) diffusion through the bulk of the membrane matrix, and (3) desorption at
the downstream interface of the membrane[35].

Like mentioned before, the mode of transport of a species through a polymer
matrix is dictated predominantly by the interaction between transporting moiety and the
polymer backbone. Thus to increase the gas separation between a mixture, individual
components in the permeating mixture should demonstrate difference in their properties
and how they interact with the polymer backbone. With this guideline in sight, the
performance of two polymer membranes (i) poly (dimethyl siloxane) (PDMS), and (ii)
poly (1-trimethyl silyl propyne) (PTMSP) for designing CO, vents have been discussed

[36].

2.4 Li-lon batteries in low power, hybrid power modules

The recent growth in the deployment of ultra low power (< 100 W average
power) wireless devices for sensing and communication has led to the search for a
suitable high energy density power supply. Ultra low power direct methanol fuel cells
(DMFC) have the promise to provide power with the highest possible energy density.
However, micro DMFCs suffer from the same drawbacks as traditional DMFCs and PEM
fuel cells for portable power applications, namely their inability to adjust to transient
loads with acceptable efficiency. Therefore, many fuel cell systems must rely on a hybrid
architecture, such as the one shown earlier in Figure 1, where a secondary energy storage

device provides the high current response to the transient load and the fuel cell provides a
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steady-state current that operates the circuit controls and recharges the energy storage
device.

Secondary lithium ion (Li-ion) batteries are the preferred energy storage device
for many high power portable applications including cellular phones, laptop computers,
and hybrid electric vehicles. Li-ion cells are the best option for the fuel cell-battery
hybrid power source due to their high energy density, good cyclability, and high energy
efficiency compared to previous battery technologies, including nickel-cadmium, nickel-
metal hydride, and zinc-air. However, Li-ion batteries also suffer from energy losses
during cycling and self-discharge, both of which are a function of the state-of-charge. In
this hybrid fuel cell-battery application, there are losses due to self discharge and the
discharge polarization. The purpose of this study was to evaluate the trade-offs between
battery type, state of charge, and battery capacity in order to find the most energy
efficient operating condition.

The kinetics of self discharge will vary greatly depending on the battery
chemistry, electrode composition and electrolyte formulation. Most Li-ion manufacturers
use similar non-agueous electrolytes, which consist of LiPFg solvated in linear and cyclic
carbonates such as dimethyl carbonate and ethylene carbonate, respectively [37, 38]. The
most widely used cathode since the 1990’s is LixCo0O, [39-43]. However several other
cathodes are used including LixMn,0O4 [44-46], LixNiO, [47, 48], and LixV,0s [41-43, 46,
49]. In an attempt to provide long shelf life and stable performance during life cycles to
batteries, thin film solid electrolytes have been studied widely. One of the more studied
versions of thin film Li-ion battery is Lipon cells where “Lipon” refers to lithium

phosphorus oxynitride electrolyte [50]. The glassy behavior of the electrolyte imparts
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stability upon contact with lithium metal and accounts for their low self-discharge
properties. Few studies have also suggested the presence of nitrogen atoms in amorphous
matrix of lithium phosphate responsible for increased stability of the system [51].

In a previous study by Johnson and White , it was shown that the self discharge of
a commercial Sony 18 650 battery, which has a LiCoO, cathode, operating at
approximately 4.0 V is 11 pA cm™, which the authors noted as “negligible” [52]. This
self discharge current can be considered negligible when the average discharge rate is
high, such as a laptop with a 1.2 A-h battery operating at a C/4 discharge. However, in
small sensor applications, the steady state current may be only 100 to 500 pA and the
battery may only operate at C/4 discharge rate less than 0.1% of the devices’ life.

Small Li-ion batteries can be used in hybrid power supply applications, however,
they must meet the peak power needs of the system, which can be from 1 mA to 50 mA,
without wasting excessive energy through self-discharge. Very small sensors which
require only a steady state trickle charge, for example 10 uW, are very vulnerable to self-
discharge problems. Over-sizing the battery would waste fuel cell energy in self-
discharge while under-sizing the battery would result in system failure because the peak
power needs would not be met.

Thus, the self discharge current of Li-ion batteries is an important parameter in
designing ultra low power, hybrid power sources. One design parameter of importance in
the battery is the active area. It should be as low as possible in order to minimize the self
discharge but be large enough to supply the peak power. Many sensors have low average
power with short bursts of activity. For example, in many cases the peak current, iy

(Figure 2.2) can be 1000 times greater than the steady state sleep current, i,, unlike larger
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electronic systems where the current ratio may only be 5:1. Also, the duty cycle is low,
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Figure 2.2: Current pulse profile of a secondary Li-ion cell in a hybrid power module

It is clear that the use of Li-ion cells in ultra low power applications is altogether
different than their use in larger electronic systems. The depth of discharge during the
brief, high current bursts is typically less than 1% of the stored charge. The battery is
recharged between events so that the battery spends most of its life a zero net current,

except for the recharge current which must be supplied to compensate for self-discharge.
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Therefore, cell selection requires a balance between the polarization and self-discharge
loss. The goal here is to find the Li-ion technology which can provide brief, high current

bursts with as low as possible self-discharge.
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CHAPTER 3

EXPERIMENTAL

In this chapter, the experimental procedure related to each key objective is
outlined. For the study of PEM systems, the experimental conditions and characterization
of glass membranes are discussed. In the case of CO, vent membrane, fabrication
procedure of polymer vent membranes is outlined and the experimental setup for their
characterization has been discussed. Finally, the evaluation processes of batteries are

reported.

3.1Glass Deposition

Thin films of phosphorous-doped SiO, were deposited on (100) n-type
silicon substrates. The first step in preparing the silicate glasses involved metallization of
the silicon substrate to provide a conductive plane underneath the glass. For this purpose,
a thin layer (200A) of aluminum metal was deposited on the substrate by DC sputtering.
Oxide deposition was carried out using a Unaxis 78324 RF PECVD (plasma enhanced
chemical vapor deposition) system operating at a frequency of 13.56 MHz. The
semiconductor grade reaction precursors were 5% SiH, in He, 1% PH3 in He and pure
N,O. The SiH4 and PH3 flow rates were both kept constant at 200 sccm in order to
maintain a molar ratio of phosphorus to silicon at 1:5 in the plasma chamber. The N,O
flow rate was set to one of the two values: 80 and 450 sccm.

For the study of PECVD glass as a PEM film, three deposition parameters: RF

power of plasma, substrate temperature and chamber pressure were investigated. First,
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the temperature of the metallized silicon substrate was varied from 100 to 200°C while
holding the chamber pressure and RF power constant at 400 mTorr and 400 W,
respectively. Next, the RF power was adjusted between 100 and 400 W at constant
substrate temperature (100°C) and chamber pressure (400 mTorr). Finally, the chamber
pressure was varied from 400 to 800 mTorr with a substrate temperature of 100°C and a
chamber pressure of 400 mTorr.

The thickness of the deposited phosphorus doped glass film was typically 2 to 3
um for a 30 minute deposition time. The resulting thin oxide membranes deposited were
amorphous in nature and formed translucent films. The ionic conductivity of the films
was measured by AC impedance spectroscopy using a Perkins Elmer PARSTAT 2263
electrochemical system with a MSI Electronics Model Hg-412 mercury probe. The
frequency range of the impedance measurement was 100 mHz to 1 MHz with an AC
signal amplitude of 10 mV. Phosphorus concentration in the films was determined by x-
ray photoelectron spectroscopy (XPS) using the Perkin Elmer 540 XPS system. A Perkin-
Elmer 1600-FTIR was used to obtain infrared spectra. Refractive index measurements

were carried out by Woollam Ellipsometer.

3.2 CO, Vent Synthesis and Characterization

A two-part silicone elastomer (base and curing agent, SYLGARD) was obtained
from Dow Corning to fabricate PDMS membranes. The elastomer curing agent was
added to the base in a 1:10 (wt) ratio. This mixture was mechanically stirred for 30

minutes to ensure complete mixing. This was followed by a 1 hour room temperature
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degassing step at1l8 kPa absolute pressure in a vacuum oven (Isotemp Vacuum Oven,
Model 281A). Once the mixture was degassed, it was spin coated on a Teflon substrate to
form a thin film using a CEE-100 CB Spinner. The membrane was cured at 100 °C for 1
hour (Fischer Scientific Isotemp Oven). The cured membrane was then peeled off from

the substrate.

PTMSP was obtained from Gelest Corporation. It was dissolved in toluene at
room temperature, and mixed for 1 week using a rotary mixer. The amount of solvent in
the polymer was adjusted to obtain a desired viscosity of the polymer mixture so as to
facilitate spin coating. Thin films of the membrane were spin coated on a Teflon
substrate. Slow evaporation of the solvent was achieved by placing the cast membrane
under a pressure of 90 psia (600 kPa absolute) at 60° C for 3 hours. The resulting

membranes were then peeled from the substrate.

Two kinds of additives were mixed with PDMS and PTMSP membranes: 1,9-
decadiene (Alfa Aesar) and 1,6 divinyl perfluorohexane (97%) (Matrix Scientific). These
additives were included in the polymer mixtures in different weight ratios prior to the
curing step. Figure 3.1 lists the chemical structure of PDMS and PTMSP along with the

two additives mentioned above.
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(b) Poly(trimethylsilyl)propyne (PTMSP)

Figure 3.1: Chemical structures of CO, vent candidate: (a) PDMS, (b) PTMSP, (c) 1, 6-
divinylperluorohexane, (d) 1,9-decadiene
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Figure 3.1: Chemical structures of CO, vent candidate: (a) PDMS, (b) PTMSP, (c) 1, 6-
divinylperluorohexane, (d) 1,9-decadiene
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Water contact angle measurements were conducted using the ACT video contact
angle system (VCA 2500XE). All measurements were taken using DI water at room
temperature. Two sets of experiments were conducted to measure the permeability
coefficient of CO, and methanol through the polymer membranes. First, the permeability
rate of CO, and methanol was measured independent of each other and second, the
permeability was measured when CO, and methanol were both present together as a
binary mixture. In each case, the thickness of the fabricated membranes was measured
using precision calipers.

In the first experimental setup, the permeation rates of methanol and CO, were
measured independently. Methanol permeation studies were carried out by methanol
gravimetric analysis as methanol was lost from a closed container through a membrane
sealed onto a glass vessel. The rate of mass loss of methanol through the PDMS and the
PTMSP membranes were recorded as a function of time. All measurements were made at
STP. The PDMS membrane used in this experiment was 105 pum thick with an exposed
area (to methanol) of 0.352 cm?. The thickness of the PTMSP membrane was 33 um with
an exposed area of 0.608 cm?.

CO; permeation studies were carried out by measuring the pressure increase due
to CO, transport through a thin polymer film. The membrane was tightly sealed to a
pressure chamber using an o-ring and clamp. The CO; which permeates through the
membrane was captured in a closed chamber. The upstream pressure of CO, was
maintained between 2 and 5 psig and the downstream pressure (of the sealed capture

chamber) was recorded as a function of time at ambient temperature. The thickness of the
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PDMS membrane was 300 um and the PTMSP membrane was 118 um with an exposed

area of 0.015 cm? for each.

Mass
Flow
Controller

Computer

Temperature
Controller

Window

Permeation
chamber

Figure 3.2: Permeation Cell setup.
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In the second experiment setup, to mimic the true polymer film
performance and evaluate the permeability coefficients of CO, vent membranes, a
permeation cell was constructed to house both methanol and CO,. This ‘binary
experiment’ is shown schematically in Figure 3.2. The upstream pressure of CO, inside
the cell was maintained between 4 and 5 psig (28-32 kPa) and the gas inside the
permeation cell was saturated with methanol at all times. On the exit or downstream side
if the membrane, nitrogen was used as a sweep gas to carry permeates from the
membrane to a quadrapole mass spectrometer. The rate of CO, and methanol permeation
through a 255 pm thick PDMS membrane having an area of 2.85 cm? was measured. A
similar permeation experiment was conducted for a 120 um PTMSP membrane, with an

area of 2.85 cm?.

Small, 0.5mm x 0.5mm membrane samples were prepared for thermogravametric
analysis (TGA) using a TA Instruments TGA Q500. The temperature was ramped at 10
°C-min™* and the N, flow rate was maintained at 90 ml min™. The permeability
coefficient of CO, and methanol were measured using a quadruple mass spectrometer
QMS 100 Series Gas Analyzer by Stanford Research Systems. The QMS was paired with

a pressure vessel and a 4836 Parr Temperature controller as shown in Fig. 3.2.

3.3 Battery Characterization

Ten low capacity Li-ion coin-type cells were used in this investigation. Each
study used a minimum of three cells. The response across each set of cells was consistent.
In order to maintain similarity between the electrode and electrolyte a single

manufacturer, Panasonic, was used for nine of the cells. In order to look at the effect of
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the electrolyte, a thin film LiPON electrolyte cell was purchased from Front Edge
Technology, Inc. The physical parameters of the commercial cells is presented in Table

3.1.
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All electrochemical measurements were made with an Arbin battery test system.
For each experiment, new cells were used in order to eliminate the effect of capacity and
performance fading caused by cycling.

In order to confirm the cell capacity, cycling tests were done between 2.5 and 4.2
V in the galvanostatic mode with charge and discharge currents of 100 pA. Following
cycling, the cells were dissected and the normalizing area for all other experiments was
taken as the cathode geometric area. Cell polarization and charge-loss experiments were
conducted by charging the cells at 1/100 C to the desired voltage. Four cell voltages
were of interest in this study: 3.5, 3.75, 4.0 and 4.2 V. For the polarization experiments,
the cells were immediately discharged (immediately following the charge cycle) at 1/10,
1/5, 1/2, 1, or 2 C relative to their rated capacity for 1 s. The cells were recharged at
1/100 C until the original voltage was achieved and the charge/discharge cycle was
repeated 50 times with each cell. The discharge potential was taken as the peak
(minimum) value measured using the Arbin system. The value reported here was
calculated by taking the mean of the final five discharge values for each of the tested
cells.

The self discharge rate of the battery during hybrid power source operation was
investigated by cycling at four discharge rates. The cell was first charged to one of four
voltages of interest: 3.5, 3.75, 4.0 or 4.2 V. The cell was then discharged for 100 s at
constant current. The cell was then recharge at the same current as that used in the
discharge until the original cell voltage was reached. The recharge time was greater than
100 s and the time varied based on cell size, chemistry and charge/discharge current. For

smaller cells, with capacities lower than 20 mA-h, the cells were discharged and
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recharged at 2, 6, 8 and 10 pA. For larger cells, the current was increased by a factor of

either 2 or 5.
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CHAPTER 4
PROTON EXCHANGE MEMBRANE (PEM) FOR DIRECT

METHANOL FUEL CELLS

4.1 Objective

This chapter discusses the performance of a phosphorus doped silicon dioxide
glass (PSG) as ion exchange membrane. Phosphorus doped silicon dioxide glass (PSG)
was deposited via plasma enhanced chemical vapor deposition (PECVD). The effect of
plasma deposition parameters, substrate temperature, RF power, and chamber pressure,
on the ionic conductivity of the PSG films is elucidated in this chapter. The objective of
this chapter is to present optimized plasma deposition condition for high ionic
conductivity. The work presented in this chapter has been previously published in the

Journal of Power Sources [53].
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4.2 Results and Discussion

Figure 4.1 shows the ionic conductivity of PECVD deposited PSG thin films as a
function of substrate temperature at constant RF power and chamber pressure. The
samples were prepared at an RF power of 400 W and a pressure of 400 mTorr. The trend
observed in Figure 1 indicates that increasing the deposition temperature leads to a

decrease in the conductivity of PSG films.
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Figure 4.1: lonic conductivity of P-doped SiO, thin films as a function of substrate
temperature at 400 mTorr chamber pressure, 400 W RF power and N,O flow-rates of 80
and 450 sccm
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This trend can be explained by two factors. First, it has been well established that
the silane oxidation reaction can proceed through two reaction pathways, the complete
oxidation to SiO,, Equation 4.1, or the so-called non-bridging defect SiOH structure,
where at least one of the oxygen bonds is not condensed.

SiH, +4N,0 — 4N, +SiO, + 2H,0 (4.1)

Since the ionic conductivity of the silicate glasses is a function of the defect
content of the prepared film[14], the reaction selectivity is a key control parameter. Due
to differences in the activation energy of these two reactions, if a typical Arrhenius
expression is assumed, the selectivity will be an exponential function of the temperature,

shown in Equation 4.2.

) E. .. —E..
S = ":S|OH — AeXp|: S|02RT S|OH:| (42)
Sio2

Where S is the reaction selectivity, r; is the overall reaction rate, R is the ideal gas
constant, T is the reaction temperature in Kelvin and E; is the reaction activation energy.
Since the activation barrier for the complete condensation reaction is greater than that for
silanol, it is clear from Equation 4.2 that at low temperatures the selectivity increases,
leading to an increase in the ionic conductivity, which is in agreement with previous
observations by Abe and coworkers[15].

Second, it has already been established that the ionic conductivity of silicate
glasses is enhanced by the presence of secondary oxides formed by doping with Group V
elements including phosphorus and the amount of phosphorus that gets incorporated in
the glass matrix directly influences the ionic conductivity of the deposited PSG films.
Similar to the previous discussion, the relative reaction rates for the phosphorus and

silicon precursor species is also a function of the substrate temperature due to changes in
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the selectivity between the total reaction rate of silane and phosphine, Equations 4.1 and
4.33, at the surface. However, it should be noted that during the phosphorus oxidation,
incomplete condensation can also occur, forming defect P-OH bonds that may increase
the ionic conductivity[54].

2PH, +8N,0 —» 8N, + P,0, +3H,0 (4.3)
Figure 4.2 shows the phosphorus content of the prepared films as a function of substrate
temperature. It is observed that as the temperature of the substrate increases, the
phosphorus content in the film decreases, leading to a decrease in the number defect sites

at elevated temperature and, hence, the ionic conductivity.
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Figure 4.2: Phosphorus content of PSG films as a function of substrate temperature at 400
mTorr chamber pressure, 400 W RF power and 450 sccm N,O flow-rate.

Furthermore, Digiovanni et al. have shown that at high temperature, the thermal
activity of phosphorus causes it to volatilize into the gas phase, thus decreasing the
overall content of P-OH bonding in the glass network[55]. Since the P-OH moiety is
more acidic in nature than silanol (Si-OH), a decrease in phosphorus content could lead

to a decrease in the conductivity of the deposited film, other factors remaining equal.
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Also, Nogami and coworkers have shown that the activation energy of proton
disassociation from Si-OH bonds is much higher than that of P-O-H making —P-OH more
acidic unit[56]. Visual inspection of the PSG samples also showed that films deposited at
higher temperature tended to crack due to thermal expansion mismatches with the
metallized substrate.

Finally, at higher temperatures, the substrate surface is activated leading to an
increase in the kinetic energy of the reactive ions on the surface. Chapple-Sokol et al.
showed that in the plasma deposition of pure silicon dioxide at elevated temperature, the
formation of hydroxyl bonds may be inhibited due to thermal activation of the
surface[14]. Also as the temperature increases, the residence time of the reactants on the
surface decreases due to the accelerated rate of collisions and high kinetic energy of
moieties at the heated substrate. This low residence time of the reactants on the substrate
forces the reaction to take place in the gas phase and the depletion of reactants at the
growing surface of the substrate causes a decline in the overall deposition rate of glass at
higher temperature, as shown in Figure 4.3. Thus, low temperature deposition results in

thinner films with higher intrinsic conductivity.

38



26 -

24 - # 450 scem

m 80 scecm

22 A

20 A

18 1

16

Deposition rate (A/s)

14

12

10 T T T T T 1
90 110 130 150 170 190 210

Temperature ( C)

Figure 4.3: PSG deposition rate as a function of substrate temperature at N,O flow-rates
of 80 and 450 sccm, 400 mTorr chamber pressure, 400 W RF power

Next, the effect of the RF plasma power on the film properties was investigated
by depositing glass films at two N,O flow rates, 80 and 420 sccm, while maintaining the
same silicon to phosphorus ratio. The plasma chamber pressure was held at 400 mTorr
and the substrate temperature was set to the optimum value obtained in Figure 1, 100°C.

Increasing the RF plasma power results in a steady rise in the conductivity of the
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deposited PSG films, as shown in Figure 4.4. The phosphorus concentration, estimated

by XPS, as a function of RF power is shown in Figure 4.5.
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Figure 4.4: lonic conductivity as a function of PECVD RF power at 100°C substrate
temperature, 400 mTorr chamber pressure and N,O flow-rates of 80 and 450 sccm
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Figure 4.5: Phosphorus concentration determined by X-ray Photoelectron Spectroscopy
as a function of RF power at 100°C, 400 W and N0 flow-rate of 80 sccm.

Figure 4.5 shows that the phosphorus content in the prepared films decreases as
plasma power increases. The decrease in phosphorus content at higher RF power likely
originates from the differences in the disassociation energy between SiH, and PHs.
Phosphorus is more electronegative than silicon meaning that the bond disassociation

energy of PHs s higher than that of SiH,4. At high RF power, the fraction of SiH,4
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undergoing disassociation is comparatively higher than PH3; and hence the overall
phosphorus concentration decreases. It is also observed that the ionic conductivity of the
film increases with decreasing phosphorus content. This appears to be a direct
contradiction to earlier results; however, it was previously noted that imperfections in
pure silicate glass from incomplete oxidation also lead to the formation of conductive
species in the form of —OH. Therefore, the hydroxide concentration in the films was
analyzed by examining the —OH stretch in the FTIR spectra.

Figure 4.6 shows the FTIR spectra for PSG films prepared with 80 sccm N,O
flowrate at 200, 300 and 400 W. Two important observations can be made. First, the
P=0 stretch at 1400 cm™ decreases with increasing power, in agreement with the XPS
results that the phosphorus content decreases with RF power. Second, the films
deposited at higher power showed a greater hydroxide concentration, as evidenced by
increased area under the broad peak observed for all samples in the 3000-3300 cm™

range.
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Figure 4.6:Fourier Transform Infrared spectra of PSG films prepared with RF powers of
200, 300 and 400 W with a 100°C substrate temperature, 400 mTorr chamber pressure
and 80 sccm N,O flowrate

It is also observed that the density of reactive ions in the plasma is a function of
plasma power. At higher plasma power, the numbers of reactive ions present in the
plasma increases, which results in a more rapid and imperfect oxide formation. This
increase in the glass deposition rate, shown in Figure 4.7, points to an increase in the

reaction selectivity, Equation 4.3, indicating that more non-bridging moieties have been
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formed. Thus, the faster deposition rate results in an increase in the defect density and
the enhancement from the elevated —OH content appears to counteract any decrease in

the ionic conductivity that is caused by a decrease in phosphorus content.
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Figure 4.7: P-doped glass deposition rate as a function of RF Power at 100°C, 400 mTorr
and N,O flow-rates of 80 and 450 sccm.
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The ionic conductivity of the deposited PSG films as a function of chamber
pressure at constant substrate temperature and RF power is presented in Figure 4.8. The
temperature and RF power for each of the experiments was 100°C and 400 W,
respectively, and corresponds to the peak values obtained in Figures 4.1 and 4.4. Itis
observed that increasing the pressure from 200 to 400 mTorr, results in higher ionic

conductivity. However on further increasing the pressure, the conductivity decreased.
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Figure 4.8: lonic conductivity of prepared PSG thin films as a function of chamber

pressure at 100°C substrate temperature, 400 W RF power and N,O flow-rates of 80 and
450 sccm.
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It is also observed that increasing the chamber pressure resulted in a decrease in
refractive index of the film, shown in Figure 4.9. According to Ceiler et al., as the
polarity of molecules in a material decreases, the light velocity through the material also
decreases, yielding reduced values for the material refractive index[25]. The decrease in
refractive index observed at high pressure, as shown in Figure 4.9, indicates that as the
pressure is increased inside the plasma chamber, the amount of polar species, most likely

-OH, incorporated in the glass matrix decreases; thus lowering the conductivity of the

films.
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Figure 4.9: Refractive Index as a function of chamber pressure at N,O flow rate of 450
sccm, 100°C and 400 W
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The PSG deposition rate with pressure is given in Figure 4.10. Apart from the
initial increase, the deposition rate was not a strong function of pressure, though a slight
decrease was observed. Diffusion models prepared by Dobkin et al. confirms that with
increasing pressure, the deposition rate of oxides increases before stabilizing at high
pressures[57]. Models prepared by the authors indicate a large increase in deposition rate

until pressure reaches approximately 400 mTorr, in agreement with what is observed in

Figure 4.10.
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Figure 4.10: Phosphosilicate glass deposition rate as a function of chamber pressure at a
substrate temperature of 100°C, 400 W RF power and N,O flow-rates of 80 and 450 sccm
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Hey et al. have shown that at higher chamber pressures, the number of collisions
between reactive ions increases[58]. The authors explain that with every subsequent
collision, the reactive ion lose energy and come in close vicinity of each other, thus
reducing the mean free path between them. This promotes the reaction to take place in
gas phase in preference to that on the substrate. This explains the observed decrease in
the deposition rate with pressure and the corresponding decrease in conductivity of the
films. The phosphorus content of the films was also investigated by XPS and the results
are presented in Figure 4.11. It is clear that the phosphorus content of the prepared films
steadily decreases with pressure, which further explains the observed decline in

conductivity.
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Figure 4.11: Phosphorus concentration as a function of chamber pressure at 100°C
substrate temperature, 400 W RF power and N,O flow-rate of 80 sccm.
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To characterize the performance of PSG as a proton exchange membrane, DMFCs
with PSG-Nafion hybrid electrolyte membrane were fabricated. For this purpose, porous
glass substrates (1 mm in thick) were first soaked in 5% Nafion solution and cured at 150
°C. The Nafion-filled substrates were then exposed to plasma and 3 um of PSG
membrane was deposited at the plasma conditions that showed the maximum ionic
conductivity; 100 °C substrate temperature, 400 W RF power and 400 mTorr chamber
pressure. The anode (PtRu/C) and cathode (Pt/C) catalyst layers were prepared by
painting typical catalyst inks, which contained 30 weight percent Nafion solids. Gold
paint was used as the current collector on both anode and the cathode. The passive
delivery of fuel (methanol) to the electrolyte was achieved by attaching a methanol tank
to the composite electrolyte filled substrate such that the painted anode was in contact
with methanol and cathode was exposed to ambient air. To compare the performance of
the DMFC made with Nafion-PSG composite membrane to those made with just Nafion,
a fuel cell was constructed in the same manner as has been mentioned before except the
no PSG was deposited on the substrate.

Polarization curves for both Nafion and PSG-Nafion hybrid membrane passive
DMFCs are given in Figure 4.12. Both polarization curves were measured at room
temperature (23°C) with 12 M aqueous methanol fuel. It is clear from Figure 4.12 that
the performance of the DMFC is markedly improved with the hybrid membrane. The
open circuit voltage has been increased by approximately 65 mV and the current density
at 0.4 V has nearly tripled. The improvement in the performance is likely due to lower
methanol permeation through the PSG film when compared to Nafion alone. This is

evident in the increase in the open circuit voltage where less internal short circuiting is
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observed. Also, the current density is improved by the lower crossover by removing
methanol and methanol oxidation intermediates from the catalyst surface. The reduced
methanol crossover also limits the amount of water that is transported from the anode to

cathode, which could lead to local flooding issues within the electrode structure.
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Figure 4.12: Polarization experiments for fully passive DMFCs with PSG-Hybrid and
Nafion electrolytes; 23°C, 12 M methanol, 10 mV/s.
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The steady state performance of the DMFC was also measured and is presented in
Figure 13. The cell was operated under a constant load of 76 kQ at room temperature
and 12 M methanol fuel. It was observed that the cell performance is quite stable, even
following refueling, indicating that the hybrid membrane maintains stable ionic

performance over the device life.
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Figure 4.13: Steady-state performance of the passive DMFC with PSG-Hybrid proton-
conducting electrolyte; 76 kQ load, 23°C, 12 M methanol.
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Figure 4.13 shows that from 700-1300 min of operation, the cell voltage dips by
approximately 10%. This is most likely due to the entrapped carbon dioxide bubles at the
anode surface, which leads to a reduction in the electrochemically active surface area,
and the voltage under constant load declines. As the tank is refueled, at ~ 1300 min. of
operation, the CO; bubbles are released and the voltage is increased above the initial
operating cell potential. This increase is most likely a result of catalyst activation over

time.
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4.3 Summary

PSG films were deposited by PECVD and a systematic variation of deposition
conditions was carried out in order to optimize the plasma for both high film quality and
ionic conductivity. The results presented in this chapter indicate that the plasma
deposition conditions play an important role in the oxide growth rate, reaction selectivity
and phosphorus content, which directly affect the ionic conductivity of the PSG films. It
was observed that increasing the deposition temperature led to a decrease in conductivity
of the PSG films due to elevated phosphorus and silanol content. Increasing the plasma
chamber pressure had a negative effect on the conductivity since the oxide reaction took
place in gas phase in preference to the substrate at higher pressures, which lead to a
decrease in the defect density of the prepared films. Finally, increases in RF power lead
an increase in the conductivity. It was found that despite the decrease in phosphorus
content of the PSG films, the number of silanol defect sites increased, leading to a
substantial increase in the conductivity. It was also observed that the film growth rate
was higher with 80 sccm flow rate of nitrous oxide indicating complete oxidation of
silicon and phosphorus on the substrate.

Having elucidated the trends in the ionic conductivity as a function of various
plasma conditions, a peak conductivity of 2.52 x 10 S/cm was achieved for PSG
deposited at 400 W RF Power, 400 mTorr chamber pressure, 100 °C substrate
temperature and a nitrous oxide flow rate of 80 sccm. This value is 2.5 times greater than

the target conductivity value to 1x 10* S/cm and 250 times greater than the ionic
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conductivity of pure silicon dioxide films. Therefore, it is clear that doping of silicate
glasses with phosphorus significantly improved the ionic conductivity of the oxide films.
The optimized PSG film was then used to make DMFCs with lower methanol
permeability than pure Nafion electrolytes. Polarization experiments with both Nafion
and PSG-Hybrid membrane passive DMFCs indicated that the presence of the P-doped
silicate glass significantly improves cell performance. The open circuit voltage was
increased by approximately 65 mV and the current density at 0.4 VV was nearly tripled.
The PSG-Hybrid electrolyte DMFC was also exposed to a constant load of 76 kQ and

showed excellent stability characteristics at room temperature and 12 M methanol fuel.
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CHAPTER 5
CARBON DIOXIDE VENTS FOR DIRECT METHANOL FUEL

CELLS

5.1 Objective

Passive, stand alone, direct methanol fuel cells require a pressure management
system that releases product CO, from the anode chamber. However, this must be done
without allowing the methanol fuel to escape.

The objective of this chapter is to study the performance of a polymer membrane
for gas transport and CO,/methanol separation. The design and operational parameters of
a novel CO, venting technology in DMFC using polymer membranes have been
described. The key parameter in the selective membrane is to maximize the transport of
carbon dioxide with respect to methanol. The performance of two polymers: (i) poly
(dimethyl siloxane) (PDMS) and (ii) poly (1-trimethyl silyl propyne) (PTMSP) have been
investigated because of their hydrophobic nature, which supports the diffusivity of carbon
dioxide over methanol. Compared to common polymeric materials (e.g. natural rubber
and poly-ethylene), both PDMS and PTMSP are known to exhibit extremely high gas
permeabilities.

Table 5.1 compares the permeability coefficients of oxygen and carbon dioxide
through natural rubber and polyethylene with PDMS and PTMSP membranes. The
permeability coefficient of CO, through PDMS is 100 times higher than polyethylene and
30 times higher than natural rubber. The corresponding permeability coefficients through

PTMSP are 1,000 to 10,000 times higher than natural rubber or polyethylene. However,
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the transport of methanol through these membranes as well as their performance in the

presence of a non-ideal of methanol and CO, has not been previously explored.

. Furthermore, the role of two hydrophobic additives, 1, 6-divinylperfluorohexane

and 1, 9-decadiene in improving the selectivity of the membranes has been discussed.

This chapter also discusses the performance of vent membrane as a function of

temperature. The theoretical and experimental efficiency of the vent has been discussed.

The work presented in this chapter has been previously published in the Journal of Power

Sources [36].

Table 5.1: Permeability coefficient for CO, and O, in Barrers

Polymer

Permeability Coefficient at STP (Barrers)

0O, CO,
Poly ethylene 2.2 9.5
Natural Rubber 24 131
Silicone Rubber (PDMS) 540-600 3230
PTMSP 7725 28000
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5.2 Theory

The permeability coefficient of a permeate (gas or vapor) through a polymer
matrix can be estimated using the Nernst Distribution function [59-61]. The permeability
coefficient of species i, Pj, is defined as the product of its diffusion coefficient (D;) and its
solubility coefficient (S;) and is given as Equation 5.1.

P =D;. S (5.1)

Under steady state conditions, the solubility of a material is fixed and the rate of
permeate transport can be looked at as the flux of permeate through the solid polymer
matrix. Therefore, the permeability coefficient of species i through a polymer matrix can

be expressed using Equation 5.2.
P=— (5.2)

where N; is the steady state rate of mass transfer of species i through the polymer matrix,

| is the thickness of the polymer membrane, A is the area, and Apis the pressure gradient

of species i between the upstream and the downstream side. Since the permeability
coefficient is an intrinsic property of the material, it represents a useful tool in comparing
the performance of different permeates through a material. For the study of a CO, vent in
a passive DMFC, a useful figure of merit is the ratio of the permeability coefficient of

CO2 (Peo,) to methanol ( By, ), denoted in Equation 5.3 by a..

P
a=—2 (5.3)

I:)MeOH
Values of o greater than 1 indicate that the membrane is intrinsically more selective to

CO, than methanol. However, a is not the absolute difference in CO, and methanol mass
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transport through the film because the composition or partial pressure of CO, and
methanol are different in the fuel container and may change with time. This would lead to
a different permeation rate, though permeability coefficient, being an intrinsic property of
the membrane, remains the same. As such, the selectivity of the membrane, S, is defined
as the ratio of the absolutes rates of mass transport of CO, and methanol through the

polymer film.

N A t
szﬁza.(Mj (5.4)
N MeOH ApME}OH (t)

Assuming ideal gas behavior, S can be expressed in terms of the partial pressure of CO,

($co, (t)) and methanol (.04 (t)) in the fuel tank headspace. The resulting expression

for S is given by Equation 5.5.

$co, (1)
S=qge| ——— 55
“ (SoMeOH (t)J (3)

Eq.5.5 can be further simplified by assuming that the partial pressure of methanol in the
headspace of a stand alone DMFC is the same as the saturated vapor pressure, which is
occurs when the two phases are in equilibrium. Eq. 5.5 can be rewritten in terms of the
saturated vapor pressure of methanol and the absolute pressure of CO; in the headspace
as shown in Equation 5.6:

S :ao(pC%zt(t)] (5.6)

pMeoH

While S represents a more useful diagnostic tool for the prepared films during operation,
o is a more convenient comparative tool between candidate materials for the CO; vent.

Also, if it is assumed that the vent releases CO, at the same rate as its electrochemical

58



generation in the anode tank, the theoretical flux of CO, can be written in terms of the
current (i) as shown in Equation 5.7.

i
CO, theoreticd — F (57)

N

Where n is the number of electrons transferred and F is the Faraday’s constant.
Furthermore, since the selectivity is directly related to the absolute rate of the permeate

mass transport, we can define a theoretical fuel utilization efficiency, ¥ oreica » 85 the

ratio of the electrochemical consumption of methanol to total methanol consumption
(methanol consumed via electrochemical reaction and methanol lost though the polymer

vent permeation), as shown in Equation 5.8.

Yo (5.8)

ytheoreticd ==
P e+N
nF MeOH

However the experimental efficiency of the vent can be calculated for the measured flux

of CO; and methanol through the vent, as shown in Equation 5.9.

N 1
7/experimental = °2 = N (59)
Nco2 + NMeOH MeOH 1
Nco2

Combining the definition of the selectivity, Equation 5.4, with Equation 5.9,

yields a simple expression for the CO, vent efficiency, Equation 5.10.

S
=— 5.10
"5 (.10)
At steady state, the rate of electrochemical oxidation of methanol is equal to the
rate of CO, permeation through the film. Therefore, the membrane aspect ratio (A) is

directly proportional to the operating current of a fuel cell and the rate of permeation of

CO; through the membrane, as shown in Equation 5.11
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i
E = Nco2 = F:'coz pcoz/1 (5.11)

Where p.,, is the absolute overpressure of CO; in the fuel container and X is the aspect
ratio of the film. Given that there are three variables in Equation 5.11, i, p.,, and A, it is

helpful to parametrically adjust one and plot the other two. Since the membrane
efficiency is a function of selectivity, which is linearly related to the pressure, isobaric
lines on an i-A curve would establish constant efficiency (y) trends. This relationship is

shown in Equation 5.12

A=t (5.12)
NFR.o, Peo,

The mode of transport of a molecule through a glassy polymer matrix is a
function of the intersegmental attraction between the permeating species and the polymer
matrix. The permeation of gases is generally diffusion controlled, while the permeation of
a condensable vapor is sorption controlled. Often the mechanism of permeation and its
dependence on diffusion and sorption is explained through the solution-diffusion model,
Equation 5.13 [32, 62].

E, =E, + AH, (5.13)
Where Ep is the activation energy of permeation, Ep is the activation energy for diffusion,
and AHq is the enthalpy of sorption. The Ep can be estimated using an Arrhenius

relationship between P; and temperature, T, as given in Equation 5.12 [62].

R=P, exp(_Ripj (5.14)

Where Pa is the pre-exponential constant and R is the gas constant.
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5.3 Results

The study of CO, and methanol permeation was carried out through two
sets of experiments. In the first experimental setup, the permeation rates of methanol and
CO, were measured independently. Methanol permeation studies were carried out by
methanol gravimetric analysis. Figure 5.1 shows the weight loss of methanol as a

function of time through the PDMS and the PTMSP membranes.
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Figure 5.1: Methanol loss as a function of time through a PDMS and PTMSP membrane
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The curves shown in the Figure 5.1 reflect a linear relationship between weight
loss and time, as expected under steady state conditions for a fixed exposure area. The
rate of methanol weight loss is 0.008 and 0.0512 g day™ through the PDMS and the
PTMSP membranes, respectively. Using Eq. 5.2, the corresponding permeability
coefficient of methanol is 4.76 x 10*° mol-cm cm-day™-Pa™ through PDMS and 5.1 x
10" mol-cm cm-day™*-Pa™* through PTMSP membranes.

CO;, permeation studies were carried out by measuring the pressure increase due
to CO, transport through a thin polymer film. Figures 5.2a and 5.2b show the rate of
pressure increase on the downstream side of the PDMS and the PTMSP membranes due
to CO, permeation and accumulation in the sealed chamber. It is observed from Figures
5.2a and 5.2b that the pressure of CO, on the downstream side increases until it reaches a
steady state value which is equal to the upstream pressure of CO, across the membrane.
At this point, the CO, is in mechanical equilibrium across the membrane. The rate of
pressure increase in the sealed chamber is calculated from the slope of the curve in Fig.
5.2 before it reaches steady state conditions. For the PDMS membrane, the CO, pressure
increases at an initial rate of 9.21 x 10 psi min™ and PTMSP at 0.631 psi min™. The
resulting permeability coefficient (Eq. 4) of CO, was 9.5 x 10" and 1.25 x 10”° mol-cm

cm?-day™-Pa for the PDMS and PTMSP membranes, respectively.
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Figure 5.2a: Rate of pressure increase due to CO, permeation through PDMS membrane.
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Figure 5.2b: Rate of pressure increase due to CO, permeation through PTMSP membrane
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Based on the permeability coefficients of methanol and CO, through the PDMS
and the PTMSP membranes, the magnitudes of o were estimated for each membrane
using Equation 5.3. A value of 1.98 for a was obtained for the PDMS membrane and the
corresponding value of o for the PTMSP membrane was 2.45.

The values of o obtained from the independent experiment setup were promising;
however, o may vary under real operating conditions due to the non-ideal effects of
having a methanol and CO, mixture. The relative amount of CO, and methanol detected
as a function of time is shown in Figure 5.3. The instantaneous flux of CO, and methanol
through the membrane was calculated using mass spectrometry sensitivity factors, which
were obtained under known flow rate conditions in separate experiments. The equivalent
steady state flux of CO, and methanol was 4.2 x 10 and 5.96 x 10" moles-day *-cm?,
respectively. The resulting permeability coefficient of CO, and methanol through the

PDMS membrane was 1.6 x 10”° and 9.05 x 10™° mol-cm cm-day*-Pa™ respectively.
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Figure 5.3: Pressure signal detected by RGA for CO, and methanol through PDMS
membrane

A similar permeation experiment was conducted for a 120 um PTMSP
membrane, with an area of 2.85 cm?®. The relative amounts of methanol and CO, are
shown in Figure 5.4 as a function of time. The steady state flux of CO, and methanol
through PTMSP, calculated from Figure 5.4, are 4.91 x 10 and 1.12 x 10" moles-day™-
cm’, respectively. The corresponding permeability coefficients of CO, and methanol
through the PTMSP membrane are 1.7 x 10”° and 8 x 10 mol-cm cm™-day™*-Pa*,

respectively.
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Figure 5.4: Pressure signal detected by RGA for CO, and methanol through PTMSP
membrane

Table 5.2: Permeability coefficients (moles-cm/cm?-day-Pa) and o value of methanol and
CO; through PDMS and PTMSP membranes

PDMS PTMSP

Individual Setup Binary Setup Individual Setup Binary Setup

CO, 9.50E-10 1.60E-09 1.25E-09 1.70E-09
Methanol 4.80E-10 9.05E-10 5.10E-10 8.00E-10
a
1.98 1.77 2.45 2.13
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The values for a were determined from the permeability coefficients of CO, and
methanol through the PDMS and PTMSP membranes from their fluxes in separate
permeation experiments and when mixed together. These values are shown in Table 5.2.

In all cases, the permeability coefficients for CO, through the PDMS and the
PTMSP membranes were higher than the permeability coefficients of methanol through
the same materials. Also, PDMS has higher permeability for methanol than PTMSP. The
value of o was 1.98 through the PDMS and 2.45 through PTMSP as was obtained from
the individual permeation experiments. The mass spectrometry results for the CO,-
methanol mixtures yielded permeability coefficients and o values in agreement with the
separate-chemical experiments. The resulting o values were 1.8 for PDMS membranes
and 2.13 for PTMSP membranes.

As discussed previously, a values greater than unity are good, since both PDMS
and PTMSP membranes are intrinsically more selective to CO, than methanol. Most
likely the hydrophobicity of the PDMS and the PTMSP membranes leads to an increased
transport of CO,, compared to methanol. To further increase the hydrophobicity of the
PDMS and the PTMSP membranes, hydrophobic additives were incorporated into the
polymer during membrane casting. To this end, two different additives, 1, 6-
divinylperfluorohexane and 1, 9-decadiene, were used. Contact angle measurements were
used to investigate the hydrophobic nature of the additives in the polymer matrix. Figure
5.4 shows the water contact angles for PDMS and PTMSP membranes as a function of
the weight percent of 1, 6-divinylperfluorohexane in each polymer. As shown in Fig.5.4,
the contact angle increased with increasing amount of 1, 6-divinylperfluorohexane in the

polymer matrix showing the enhanced hydrophobic nature of the mixture.
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Figure 5.5: Water contact angle measurement for PDMS and PTMSP as a function of 1,6-
divinylperflurohexane.

To quantify the effect hydrophobicity of the PDMS and PTMSP films on the
separation performance with the two additives (1, 6-divinylperfluorohexane and 1,9-
decadiene), permeability experiments were carried out for CO, and methanol, and their
mixtures. Polymer membranes with an average thickness of 250 um were cast for the

mixtures of 1, 6-divinylperfluorohexane and PDMS. The flux of CO, and methanol were
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measured at ambient temperature across an area of 2.85 cm?. Using Equation 5.2, the
molecular fluxes were translated into a permeability coefficient as a function of the
additive content. The corresponding values of a were estimated from Equation 5.3.
Figures 5.5a and 5.5b show the permeability coefficients and o for CO, and methanol as
a function of 1,6-divinylperfluorohexane content in PDMS. The solid lines in Figures
5.5a and 5.5b correspond to the results for CO, and methanol, and the dotted lines are for
CO;, and methanol mixtures. Figure 5.5 shows that as the amount of 1, 6-
divinylperfluorohexane increases in the PDMS matrix, the permeability coefficient of
CO; increases while that for methanol decreases, as shown by the solid lines. The
permeability of CO, and methanol, when measured separately, through a membrane

composed of 35 wt% of 1, 6-divinylperfluorohexane in PDMS is P, = 1.8 X 10 moles-
cm cm?-day™-Pa™ and P, =5 x 10™° moles mol-cm cm?-day*-Pa™*. This corresponds

to a value of o of 3.6, which is about twice that of the pure PDMS membrane. However,
the permeability coefficient and a trends when CO, and methanol were measured as
mixtures did not comply with the independent measurement trend. It was observed that
for CO, and methanol mixtures, the permeability coefficients of methanol increased at
approximately the same rate as CO, for all compositions of PDMS and 1, 6-
divinylperfluorohexane. As a result, the values of o for the polymer blend remained

constant around 2.0.
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Next, the performance of PTMSP and 1, 6-divinylperfluorohexane blends as
membrane candidates for CO, vent were studied. Permeation rates of methanol and CO,
were obtained by themselves and in CO, and methanol mixtures. In these experiments,
the PTMSP blends had an average thickness of 11 pm and area of 2.85 cm?. In each case,
the fluxes of CO, and methanol were measured and translated into permeability
coefficients and a values. Figures 5.6a and 5.6b shows the permeability coefficients and
a of CO, and methanol through the polymer blend. The solid lines in these figures
correspond to the results when the molecules were measured independently and the
dotted lines correspond to the values obtained for mixtures of CO, and methanol. In both
kinds of experiments, the permeability coefficient of CO, increased as the concentration
of 1, 6-divinylperfluorohexane in the polymer increased, and the permeability coefficient
for methanol decreased. The permeability coefficient and o trends when CO; and
methanol were measured separately matched the values obtained for the mixtures. At 50
wit% of 1, 6-divinylperfluorohexane in PTMSP, the CO, permeability coefficient was 1.6
x 10”° mol-cm cm-day*-Pa™* and methanol was 1.8 x 10" mol-cm cm™-day*-Pa™. As a

result, «=9.2 was almost 5 times higher than the neat PTMSP membrane.
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Since PTMSP blends showed higher permeability coefficients than PDMS and its
mixtures, the addition of a second additive, 1, 9-decadiene in PTMSP matrix was
investigated. Like previous experiments, the rate of transport of methanol and CO, was
measured by the independent and the binary system setups. In this case, membranes with
average thickness of 120 um were cast and the flux of CO, and methanol were measured
at STP across an area of 2.85 cm?. Figures 5.7a and 5.7b show both the permeability
coefficients and a for CO, and methanol as a function of 1, 9-decadiene content in the
PTMSP blend. The solid lines in Figure 5.7 are for CO, and methanol measured
separately and the dotted lines are for CO, and methanol in a mixture. The 1, 9-
decadiene/PTMSP membranes shows somewhat different permeabilities for the neat
chemicals and their mixtures. For the separate permeability measurements of CO, and
methanol, the permeability coefficient of carbon dioxide slightly increases with
increasing 1, 9-decadiene content while the permeability coefficient of methanol through
the film appears to be significantly hindered. Thus, a steadily increases with increased 1,
9-decadiene in the polymer film. The largest a obtained with this blend, 9.0, occurred
with a 50:50 wt % mixture. However, the behavior observed for the vapor phase mixture
of CO,and methanol was entirely different. In this case, the carbon dioxide permeation
rate increased drastically with the addition of 1, 9-decadiene and the methanol
permeation rate was nearly unchanged. Therefore, the obtained o was significantly

reduced and the maximum value measured was 3.0 with 30 wt % 1, 9-decadiene.
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In the above sections, the permeation behavior of CO, and methanol through
different hydrophobic blends of PDMS and PTMSP membranes was studied. The best
performing CO, vent was a polymer matrix with a 1:1 wt% of PTMSP and 1, 6-
divinylperfluorohexane with a value of 9.2. It was also observed that the performance of
this membrane remained constant when both methanol and CO, were present as a non-
ideal mixture which yielded the top performance under fuel cell operating conditions.
Based on these values, a theoretical model to predict the size of a CO, vent for a passive,
stand alone DMFC was developed and is shown in Equation 5.8 and 5.11. The only
parameter to be considered for the selective CO; vent is its aspect ratio (area-to-thickness
ratio). Thus, three independent variables: pressure, current, and membrane aspect ratio
(A) fully define the fuel cell operating parameters and vent efficiency (fractional loss of
methanol through the vent with respect to transport of all carbon dioxide and methanol
through the vent).

Figure 5.9 shows the design conditions for a passive DMFC relating the operating
current with CO;, vent aspect ratio at a desired efficiency, as predicted by the theoretical
models in Equation 5.11 and 5.12.. This design specification plot was generated using the
experimental results for 1:1 mixture of PTMSP and 1, 6-divinylpefluorohexane where o
was equal to 9. Figure 5.10 shows the effect of changes in operating current (i) on vy,
keeping a constant aspect ratio (A). The effect of current on the aspect ratio was estimated
from Equation 5.12. It is observed that the change in the operating current has a

negligible effect on the aspect ratio of a CO; vent.
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The performance of PTMSP and 1, 6-divinylperfluorohexane showed promising
results and demonstrated high selectivity for CO; release. The next part of the result
evaluates the performance of the CO, vent under different DMFC operating conditions.
For this part of the experiment, membrane samples were prepared by mixing PTMSP
with 1, 6-divinylperflurohexane at a 1:0.1 weight ratio.

In a real fuel cell operation, CO, vent installed on a DMFC can undergo the same
thermal cycle as the DMFC itself. Thus, it is necessary to investigate thermal stability and
temperature dependent performance of the CO, vent to validate its application.
Thermogravimetric analysis was used to test the thermal stability of the vent material.
Figure 5.11 shows the thermogravemetric degradation profile of a PTMSP and 1, 6-
divinylperfluorohexane blend. The polymer film shows no sign of weight loss or thermal
degradation from 20°C to 90°C. The weight loss starts at about 90°C to 100°C and
continues at the rate of 0.03% per degree to about 210°C. Between 210°C and 350°C, the
polymer film shows a negligible weight loss. Beyond 350°C, the polymer film’s weight

drops sharply, indicating bulk polymer degradation.
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Figure 5.12 shows the permeability coefficient of CO, and methanol as a function
of temperature from 20°C to 50°C for the individual-component and mixture
experimental setups. The flux of methanol and CO, through a PTMSP and 1,6-
divinylperfluorohexane blend were measured at 22, 30, 40, 45, and 50°C. The
permeability coefficients were not measured at temperatures above 50°C to avoid
methanol boiling. Using Equation 5.2, the measured fluxes were translated into the
corresponding permeability coefficients. For consistent results, the same membrane (2.85

cm? area and 150 pum thick) was used in both experimental setups. The permeability
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coefficient of methanol decreased with increase in temperature, and the permeability
coefficient of CO; increased. This trend was observed in both individual-component and
mixture setups. At ambient temperature, the permeability coefficient of CO, was 9 x 10™*°
and 1.2 x 10”° mol-cm-cm-day™-Pa™* for the individual and the mixture setup,
respectively. The CO, permeability coefficient at 50°C was estimated to be 1.21 x 107
moles-cm cm™-day™*-Pa for individual-component experiment. In the presence of
methanol, the CO, permeability was essentially the same; 1.35 x 10 mole-cm-cm™-day”
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Figure 5.12: Permeability coefficients of CO, and methanol through PTMSP
and 1,6-divinylperflurohexane.
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Figure 5.13 shows the value of a for both the individual-component and mixture
experiments. The value of a was determined from the permeability coefficients of CO,
and methanol using Equation 5.3. The values of o increased as the temperature increased
from 20°C to 50°C. While it increased from 4.2 to 10.6 for the individual-component

experiment, the increase for the mixture experiment was comparatively lower (2.8 to 5.3).
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Figure 5.13: Values of a as measured through PTMSP and 1, 6- divinylperfluorohexane
membrane
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Figures 5.14 and 5.15 show the Arrhenius relationship for CO, and methanol
permeability coefficient. The activation energy of permeation (Ep) through PTMSP and 1,
6-divinlyperfluorohexane was estimated from the slope of the curve in Figures 5.14 and
5.15, using Equation 5.14. The Ep of pure CO; through the vent membrane was 3.603 kJ
mole™. However, in the presence of methanol, Ep for CO, was comparatively lower at
1.296 kJ mole™*. While the Ep for pure methanol was -9.03 kJ/mole, the Ep for methanol

in mixture was -8.08 kJ/mole.
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Figure 5.14: Arrhenius plot of CO, permeability coefficient through PTMSP and 1,6-
divinylperfluorohexane
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function of the operating current. At each operating current, the theoretical and

experimental efficiencies were estimated from Eq.8 and 9 in conjunction with the
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calculated and the measured fluxes. The permeability coefficients used for theoretical
flux estimation are 7.56 x 10 and 2.16 x 10" mol-cm-cm2-day™-Pa™, for CO, and
methanol, respectively. The steady state flux of CO, and methanol was measured using
the response from the quadruple mass spectrometer at each operating current, which
corresponded to a unique CO,, flow rate. The theoretical and experimental efficiencies
are very close to each other. The overall efficiency for a 10-to-1 PTMSP-to-1,6-

divinylperfluorohexane membrane is approximately 80%.
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Figure 5.16: Theoretical and Experimental Efficiency of CO;, vent membrane as a
function of operating current

83



When a DMFC is operating in an upright condition, the CO, vent is in contact
with methanol vapor and CO, gas. However, if the orientation is changed (or the tank is
full), it is likely that the vent will be in direct contact with liquid methanol (wet
condition). A permeation experiment, with the vent window below the liquid level, was
designed to evaluate the performance of the CO, vent in contact with liquid methanol.
The total driving force for liquid methanol transport is due to the saturated vapor pressure
of methanol and the pressure due to the liquid column of methanol. The driving force for
CO,, transport in wet condition is a function of Henry’s Law for CO; solubility in
methanol and its partial pressure in gas phase. Table 1 shows the permeability coefficient
of methanol and CO, under wet (liquid methanol) and dry (methanol vapor) conditions.
The permeability coefficient of CO, under liquid methanol conditions is lower than that
under methanol vapor conditions. The permeability coefficient of methanol in liquid and
vapor conditions is approximately the same (1.9 x 10 vs. 2.1 x 10 mol cm cm™day*Pa

1. As a result, the value of o is higher in vapor conditions than in liquid conditions.

Table 5.3: Permeability Coefficients of CO, and methanol (mol-cm-cm?-day™-Pa) in wet
and dry conditions.

CO, Methanol o
.y -9
Dry Conditions 756 % 10° 2.1x10 3.6
e -9
Wet Conditions 28x107° 1.9x10 15
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5.4 Discussion

The performance of PDMS and PTMSP polymer membranes as a selective CO;
vent material has been demonstrated in this study. The permeability coefficients of CO,
and methanol as pure species and as a non-ideal mixture through the polymer membranes
were estimated. The results obtained from the permeability experiments of pristine
PDMS and PTMSP membranes (Figs. 5.1, 5.2, 5.3 and 5.4) have been summarized in
Table 5.2. It was observed that the overall permeability coefficient of CO, was higher
than methanol for both the PDMS and the PTMSP membranes. The results shown in
Table 5.2 shows that both membranes are hydrophobic in nature and allow the transport
of CO, molecules with less hindrance than the polar, hydrophilic methanol molecules. It
was also observed that the PTMSP membranes showed higher values for o in comparison
to the PDMS membranes.

The higher value of o obtained for PTMSP membranes emphasizes the
differences in the polymer structure of the PDMS and PTMSP membranes and their
relative hydrophobicity. The higher permeability coefficients of CO, observed for the
PTMSP membranes are because of the four methyl groups attached to each repeat unit in
the PTMSP monomer in comparison to the two methyl groups in the PDMS monomer as
shown earlier in Figure 5.2a and 5.2b. As a result, hydrophilic methanol molecules
experience added hindrance in their transport through the PTMSP membranes than
through the PDMS membranes thereby generating higher values for a.

The higher permeability coefficients obtained through PTMSP may also be due to
its higher free volume. Unlike PDMS matrix, PTMSP has alternating double bonds and a

tertiary silicon moiety that causes unsymmetrical monomer packing in the matrix.
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Consequently, the PTMSP matrix has a lower polymer density (or high free volume
density) than the PDMS matrix (0.75 g cm?vs.1.227 g cm™). Another feature that
distinguishes the permeation properties and void density of the PTMSP membranes from
the PDMS membranes is its glassy nature. PTMSP is considered as a glassy polymer
because of its high glass transition temperature (> 200 °C).

Conventionally, the highly rigid structure associated with glassy polymers should
restrict the transport of permeates through it. However, unlike traditional glassy
polymers, PTMSP exhibits extremely large gas permeabilities that are in some cases
several orders of magnitude higher than otherwise expected. This behavior can be
explained on the basis of the dual mode sorption theory [63]. According to this theory,
glassy polymers consist of mixed matrix structure where “dense” regions of intertwined,
tangled polymer chains exist with micro-voids scattered amongst them. Because of the
low enthalpy of sorption associated with PTMSP and weak sorption properties, it is
believed that the density of micro-voids in the PTMSP is very high [30]. Unlike rubbery
polymers, where the transport mechanism of permeate is mostly a result of the diffusion
and sorption, glassy polymers act as sieving media and allow for a size-selective transport
mechanism. In this mechanism the transport of a species through the membrane is
strongly influenced by the size of the penetrants and the number of micro-voids available
in the transport pathway. Since the transport mechanism is a size-related fundamental
property, it is evident that the PTMSP backbone with a continuum of micro-voids will
show a higher permeability coefficient for CO, than the PDMS membrane while their

hydrophobic end groups will ensure low permeability coefficients for methanol.
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In the independent permeation experiments, Figures 5.6a and 5.6b, the
permeability coefficients of CO, increases while that of methanol decreases as a function
of the 1, 6-divinylperfluorohexane content in the PDMS membrane. This is likely due to
the fact that the PDMS polymer blends are more hydrophobic than the pristine PDMS
due to the addition of 1,6-divinylperfluorohexane. As a result, higher permeability
coefficients of CO,and lower permeability coefficients of methanol are expected.

Previous studies by Sohn et. al have shown that in a polymer matrix with
relatively high cross linking density, permeability is dictated by the diffusion of species
thorough the polymer [64]. Because of the “mutually alike” nature of fluorinated PDMS
matrix and CO,, its permeability coefficient increases. The polar methanol molecules
(electron withdrawing/proton donating) have a tendency to form hydrogen bonds with
their neighboring atoms. Thus, they aggregate together forming clusters of methanol.
This observation has also been studied in the work done by Favre et al., who supported
the cluster formation of methanol molecules and have suggested the non-random mixing
between permeate-polymer or the degree of clustering depends on the solvent properties
[63]. The authors have observed a high degree of clustering for methanol molecules,
which explains their low diffusion coefficients and low solubility coefficients. Not only
does the hydrophilic methanol suffer from the formation of large clusters, but it also
suffers from a more tortuous path for transport through the hydrophobic fluorinated sites
of the PDMS matrix. As a result, methanol molecules suffer from lower permeability
coefficients through the fluorinated PDMS membranes.

However, unlike the individual permeability coefficients, the permeability

coefficients of methanol and CO, in the mixture experiments increased at the same rate,
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when both species were present in a mixture. The disparity observed in the trends of the
methanol permeability coefficient between the individual and the binary system setups
can be explained based on the interaction (attraction/repulsion) between the transporting
moiety and the polymer matrix. It is likely that the swelling of the polymer membranes
upon being exposed to methanol vapors provides an easier route for the transport of the
bigger methanol clusters. In this case, one species with relatively similar properties as the
polymer matrix could drag the other non-similar species with it, much like CO; dragging
methanol clusters. Hence, a similar increase in the rates of mass transport for methanol
and CO;, were observed.

In the study of PTMSP blends with 1, 6-divinylperfluorohexane, the permeability
coefficients of CO; increased as a function of the additive content in the blend and that
for methanol decreased, as shown in figures 5.7a and 5.7b. The trends of the permeability
coefficients of the two species remained the same in both individual and the binary
experiment setups, thereby emphasizing on the accuracy of the membrane vent
performance under fuel cell conditions. Interestingly, while the difference in the
permeability coefficients of CO, between pure PTMSP membrane and PTMSP with 40%
1,6-divinylperfluorohexane membrane is about 4%, the difference between the methanol
permeability coefficients for the two membranes is 75%. Thus, the rise in o that were
observed in polymer blends of PTMSP with 1, 6-divinylperfluorohexane are affected
more by the greater decline in the permeability coefficient of methanol than by the
permeability coefficient of CO,.

The lower permeability coefficient of methanol through all compositions of

PTMSP and 1,6-divinylperfluorohexane is due to its polarity and the relatively larger size
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of methanol molecule clusters in comparison to CO,. The average void size in PTMSP
matrix is 3.3 A°, as has been previously reported [30]. The average diameter of methanol
molecule is 6.5 A°, which is more than two times the size of the void present in PTMSP.
Moreover, as has been discussed before, methanol molecules tend to form large clusters
due to the intra-molecular hydrogen bonding and as a result the relative size of the
molecules becomes larger. Since it is known that the diffusion coefficient is proportional
to the square of the difference in the penetrants size and the gap size of the pore, itis
apparent that because of its larger size in comparison to the pore size of PTMSP,
methanol molecules have lower transport through the matrix [30]. As a result, methanol
molecules have lower permeability coefficients than CO,. Furthermore, upon addition of
1, 6-divinylperfluorohexane, the pore size not only becomes smaller, but it also creates
more hydrophobic sites due to the presence of a large number of fluorine atoms.
Consequently, the methanol permeability coefficient declines continuously as the weight
percent of the additive increases. Therefore, due to the high CO, permeability and the
continuously decreasing methanol permeability, the values of o is observed to increase
with increasing amount of the additive in the polymer blend.

The similarity between the binary and the independent permeation experiments
for PTMSP and 1, 6-divinylperfluorohexane polymer blends was not observed in the
PDMS and 1, 6-divinylperfluorohexane blends. In the case of PTMSP and its composites,
the transport mechanism was dictated predominantly by the free volume available in the
matrix and the relative size of the permeating molecule. While in PDMS composite
membranes, the methanol molecules could be more easily dragged through the matrix by

CO;, molecules. In the PTMSP composite membrane, the size of micro-voids restricts the
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rate at which methanol gets transported through. Thus, the permeability coefficients
remain unaltered in the binary system and the trend in both cases is the same for the
PTMSP blends.

The performance of the second additive, 1, 9-decadiene, in PTMSP membranes is
shown in Figures 5.8a and 5.8b. It was observed that the permeability coefficient trends
for the mixture of CO, and methanol were different than their individual permeability
coefficients. It is observed that for the mixed systems, as the amount of additive in the
matrix is increased, the permeability coefficients of methanol increased along with CO..
As a result the o value is muted, much unlike the independent experiment setup. It is
likely that due to the presence of longer chains of 1, 9-decadiene, more flexibility was
imparted to the PTMSP backbone. Therefore, the mechanism of methanol being dragged
with CO, faced less hindrance, which reflected a more facile transport mechanism when
both methanol and CO, were present together. As a result, the high values of o that were
observed in the independent setup is not replicated in the binary setup, and the blend
cannot be considered as an optimum choice for CO, vent material.

Figure 5.9 shows the theoretically modeled design conditions for a passive
DMFC and predicts the vent aspect ratio at a desired efficiency and operating current.
Again, each solid line in Figure 5.9 corresponds to the absolute pressure in the DMFC
fuel tank. Using the line corresponding to a chosen pressure and a known value of the
operating current, we can obtain the aspect ratio, selectivity and efficiency for the CO,
vent. For example, if a direct methanol fuel cell operates at 500 pA output current, and
the allowed pressure inside the tank equals 1.4 atm (1400 kPa)., the corresponding aspect

ratio (A) for the vent design will be 0.94 cm. The fuel efficiency of the CO, vent or y in
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this cell is 95%, meaning that only 5% of the consumed fuel is lost through the vent and a
CO; selectivity of 19. Based on the value of y of the vent, we can correctly size the fuel
tank to provide for a specific mission life. For this particular example, a fuel tank with 2
cm?® of 12 M methanol will allow the stand alone DMFC to operate at 500 pA for
approximately a period of 1 year without refueling. Thus, the inclusion of a CO, vent in
a stand alone DMFC helps to size the fuel reservoir.

Figure 5.10 shows the dependence of vent efficiency on operating current, as
predicted by the theoretical model. The results show that even if the operating current of
a passive DMFC decreased by 20%, the efficiency of the vent would exhibit a 1.4%
decline. This implies that if a passive DMFC designed to operate at 500 pA experiences
an abrupt change in current (e.g. 20% decline), the vent will release CO, with 93.6%
efficiency and maintain the pressure inside the fuel tank at 1.32 atm. As such, the passive
DMFC will not experience a burst in pressure that would have otherwise resulted in
significant damages to the DMFC through increased methanol crossover, sealant ruptures
and decreased its performance and lifetime.

The above results show that a CO, vent fabricated with polymer blends of
PTMSP and PDMS membranes have high selectivity for CO, over methanol. The results
generated from models for the CO, vent ( Figure 5.9 and 5.10) show high-selectivity,
controlled methanol loss, and negligible sensitivity to abrupt changes in operating current
of the DMFC. The next section evaluates the performance of the CO, vent as a function
of temperature and provides experimental validation for carbon dioxide and methanol

mixtures.

91



Figure 5.10 shows the thermogravimetric analysis of PTMSP with 1, 6-
divinylperfluorohexane (10:1 wt%) membrane. The negligible weight loss from 20°C to
90°C shows that the vent membrane is thermally stable at the normal DMFC operating
temperatures. The onset of first weight loss at 90°C t0100°C corresponds to the removal
of 1, 6-divinylperfluorohexane, according to the manufacturer’s data. The accumulated
weight loss at 210°C corresponds to the volatilization of the 10% of 1, 6-
divinylperfluorohexane contained in the mixture. The sharp decline observed at about
350°C corresponds to the weight loss due to the PTMSP backbone. The high
decomposition temperature suggests that the polymer blend formed by the mixture of
PTMSP and 1, 6- divinylperfluorohexane is glassy in nature, and exhibits behavior
similar to that observed by Nakagawa et al. for pure PTMSP with a T4 above 300°C [32].

The temperature dependence of the CO, and methanol permeability coefficients
(Fig. 5.12) shows that while the overall permeability coefficient of CO, through PTMSP
and 1,6-divinylperflurohexane increased with temperature, the permeability of methanol
decreased with temperature. At high temperature, CO, molecules acquire sufficient
kinetic energy to increase their diffusivity and flux through the membrane. The flux of
hydrophobic CO, molecules through the pores of the PTMSP matrix is governed by
molecular and Knudsen diffusion. This observation is supported by Koros et al. who
describe diffusion-dominated transport through the permeating polymer [30].
Furthermore, Wijmans et al. found that the large free volume available in a glassy matrix
facilitates diffusion of non-condensable molecules and allows for a pore-flow mechanism
[65]. Thus, at higher temperature, the diffusion of CO, molecules through the pores

increases, leading to an increase in their permeability coefficient.
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On the other hand, the transport of methanol through a hydrophobic polymer is a
sorption-dominated process. The phenomenon is similar to the behavior observed by
Morliere et al. where the decrease in permeability coefficient of the permeate vapors with
temperature is due to the decrease in their sorption properties [66]. Chandak et al. have
also shown a sorption-based transport mechanism for volatile organic compounds (VOC)
[35]. The transport mechanism involves sorption of VOC at the membrane interface,
followed by diffusion through the polymer bulk, and desorption at the downstream
interface of the polymer membrane [35].

During pervaporation, the VOC molecules come in contact with the upstream
interface of the glassy membrane and undergo a phase change resulting in condensation
on the porous surface [67]. Barrer et al. have found that the presence of a fine-mesh
supported micro-porous structure of PTMSP matrix facilitates the adsorption of
condensed vapors [68]. As a result, the pores fill with VOC molecules producing
capillary condensation, which blocks the open face of the pores and prevents further
adsorption [68, 69]. Prabhakar et al. have also reported a similar observation where the
entrapped methanol in the pores of the polymer create bottlenecks in the free volume
network[70]. These bottlenecks restrict the flow of methanol through the bulk of the
polymer matrix. As temperature increases, more energy is spent in overcoming the
barriers to transport, compared to the actual transport mechanism. Consequently, the
adsorption of methanol into the porous microstructure of PTMSP and 1,6-
divinylperfluorohexane becomes a relatively slow process. Thus, as the temperature
increases, sluggish transport of methanol is observed through the polymer matrix

resulting in a decrease in the permeability coefficient.
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Figure 5.12 also shows that the overall permeability coefficient of methanol is
higher in the presence of CO, (mixture experiment) than in the individual-component
experiment. In the absence of a second species (i.e. CO,), the bottlenecks for transport
formed within the free volume network of the polymer impedes the transport of
methanol. However, in a binary system (i.e. combined carbon dioxide and methanol
experiments), some of the trapped methanol within the polymer free volume network is
flushed out with CO,. As a result, the permeability coefficient of methanol is higher in
the mixture experiment than in individual-component experiment. As a consequence, the
figure of merit a, as shown in Figure 5.13, is higher for the individual-component
experiment than for the mixture experiment. In both cases, the values of o increase with
temperature, indicating a more favorable CO, transport mechanism through the polymer
matrix.

The Arrhenius relationship, as shown in Equation 5.14, can be used to describe
the transport pathway of a molecule through a polymer matrix and understand the
transport mechanism. From Figure 5.14, the activation energy of permeation (Ep) of CO,
was 3.6 and 1.3 kJ/mole for the individual-component experiment and mixture
experiment experiment, respectively. A positive Ep value indicates a diffusion controlled
mechanism for CO; transport. The lower Ep value for CO, in the mixture experiment
indicates a lower barrier for CO, permeation through the polymer matrix in the presence
of methanol vapor. The lower value of Ep, and thus better permeability for the mixture
experiment is a consequence of the synergistic nature of the combined CO,-methanol

transport.
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In a previous study, Merekel et al. reported that the CO, permeation activation
energy through pure PTMSP is -6.8 kJ/moles [71]. The difference between this
activation energy for pure PTMSP and the value here for the PTMSP and 1, 6-
divinylperfluorohexane blend, can be attributed to the difference in the polymer
properties. Since the polymer blend studied here is more hydrophobic than pure PTMSP
[36], CO; experiences a smaller barrier to transport. As a result, the hydrophobic CO, can
more easily diffuse through the polymer blend (lower magnitude of activation energy) in
comparison to pure PTMSP.

The activation energy for permeation is a negative quantity (-9 and -8 kJ/mole)
for methanol transport through the polymer blend, Figure 5.15. The negative value
supports the sorption-dominated transport model for methanol and can be explained by
the solution-diffusion theory, Equation 5.13 [32]. The activation energy of permeation is
the sum of the activation energy of diffusion (Ep) and the change in enthalpy of sorption
(AHs). The enthalpy of sorption of methanol decreases as the methanol vapors condense
(compared to methanol in the vapor phase) within the polymer matrix. Thus, AHs for
methanol in the polymer blend is a large negative value for vapor at elevated temperature.
This causes the value of Ep for methanol to be dominated by the more negative AHs at
high temperature. It is not compensated by the small positive value of Ep. As a result, the
activation energy for permeation for methanol through the PTMSP and 1, 6-
divinylperflurohexane membrane is a negative value.

Figure 5.16 shows the theoretical and experimental efficiency of the CO, vent as a
function of the operating current. At 10:1 ratio of PTMSP-to-1, 6-

divinylperfluorohexane, the efficiency of the vent is approximately 80%, for both
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theoretical and experimental cases regardless of the operating current. That is, if the
DMFC where to operate with this vent, only 20% of the available fuel would be lost
through the CO, vent. If a higher PTMSP-to-1, 6-divinylperfluorohexane ratio were used,
the efficiency would be higher, reaching to 95% at 1:1 weight ratio of PTMSP-to-1, 6-
divinylperflurohexane.

The comparison between the liquid and vapor permeation of methanol (Table 5.3)
shows a slight decrease in the permeability coefficient for CO, when in the liquid
condition, which is due to the low solubility of CO, in methanol (Henry’s law constant of
0.489 MPa) at room temperature [72]. The permeability coefficient for liquid and vapor
methanol are about the same. Methanol vapor forms a thin layer of condensed liquid
when it comes in contact with the polymer surface. Thus, the permeability coefficient for

methanol liquid and vapor are similar.

96



5.5 Summary

The permeation behavior of CO, and methanol through various compositions of
PDMS and PTMSP with 1,6-divinylperfluorohexane and 1,9-decadiene membranes were
studied. The results presented in this study indicate that both PDMS and PTMSP
membranes were more selective towards CO, permeation than methanol. It was also
observed that under the same experimental conditions, PTMSP membranes showed
higher figure of merit (o) than the PDMS membranes. The better performance of the
PTMSP membranes was mostly due to the presence of four hydrophobic methyl groups
in each repeat unit that hindered the transport of hydrophilic methanol clusters.
Furthermore, upon the addition of 1, 6-divinylperfluorohexane, both PDMS and PTMSP
membranes exhibited higher selectivity towards the transport of CO, than methanol. The
permeation trends of CO, and methanol through all compositions of PTMSP and 1, 6-
divinylperfluorohexane remained unchanged when both moieties were present as a non-
ideal mixture, much like a fuel cell operating condition.

The best performance was obtained with 50 wt% of 1,6-divinylperfluorohexane in
PTMSP membrane, such that the permeability coefficient of CO, was 1.6 x 10 mole-
cm-cm®-day*-Pa™ and methanol was 1.8 x 10*° mole-cm-cm™-day*-Pa™. The
corresponding o was 9.2, which is approximately 5 times higher than pure PTMSP and
10 times higher than pure PDMS membranes. Based on these results a stand alone DMFC
with CO, vent was designed. The dependence of the membrane aspect ratio (A) on the
fuel cell operating current has been demonstrated. It was observed that at a given aspect
ratio, the efficiency of a CO, vent (y) had limited sensitivity towards abrupt changes in

current. As a result, the novel CO, vent can tolerate unforeseen bursts in pressure due to
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changes in current without having a drastic impact on the fuel cell design and
performance.

The selectivity of a 10 to 1, PTMSP to 1, 6-divinylperfluorohexane membrane as
a function of temperature was studied. It was observed that the permeability coefficient of
CO; increased with temperature while that for methanol decreased. The observed
behavior was due to the difference in transport mechanism of CO, and methanol through
the polymer blend. The transport process of small, hydrophobic CO, molecules through
the hydrophobic membrane is diffusion controlled and the rate of transfer increased with
temperature. On the contrary, since the transport of methanol is sorption controlled and
requires condensation, the permeability coefficient of methanol decreased with increase
in temperature. Furthermore, the solution-diffusion model in conjunction with the
measured activation energies of permeation (Ep) also supported the transport process of
CO;, and methanol molecules. The positive Ep for CO, suggested high rates of diffusivity
while the negative Ep for methanol vapors suggested that the value of Ep was strongly
influenced by the large negative change in enthalpy of sorption (AHs). It was also
observed that the activation energy of permeation of CO; through this polymer blend was

lower than the corresponding value through pure PTMSP.

The theoretical model for CO, vent was validated with experimental results. At 10:1
ratio of PTMSP-to-1, 6-divinylperfluorohexane, the efficiency of the vent was
approximately 80%, regardless of the operating current. Based on the above results, at
higher concentrations of 1, 6-divinylperfluorohexane in the polymer blend, higher
efficiencies could be achieved. It was observed that on contact with liquid methanol, the

vent membrane showed small decreases in CO, permeability due to low solubility of CO,
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in methanol. However, overall, the vent membrane was still more selective to CO, than
methanol.

The above results show that the CO, vent is a feasible method of
discharging CO; from the fuel tank of a DMFC. Its selectivity towards CO, over
methanol remains unaltered at high temperatures and when in contact with liquid
methanol. Moreover, the vent can be customized using theoretical model to achieve a

desired efficiency and performance.
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CHAPTER 6
LI-ION BATTERIES FOR LOW POWER, HYBRID POWER

MODULES

6.1 Objective

Small, portable electronic devices need power supplies that have long life, high
energy efficiency, high energy density, and can deliver short power bursts. Hybrid power
sources that combine a high energy density fuel cell, or an energy scavenging device,
with a high power secondary battery are of interest in sensors and wireless devices.
However, fuel cells with low self-discharge have low power density and have a poor
response to transient loads. A low capacity secondary lithium ion cell can provide short
burst power needed in a hybrid fuel cell-battery power supply.

The objective of this chapter is to study the polarization, cycling, and self
discharge of commercial lithium ion batteries as they would be used in the small, hybrid
power source. The performance of 10 Li-ion variations, including organic electrolytes
with LixV,0s and LixyMn,0,4 cathodes and LiPON electrolyte with a LiCoO, cathode were
evaluated. This chapter presents work that has been previous published in the Journal of

Power Sources [2].
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6.2 Result and Discussion

The capacity of the commercial Li-ion cells was tested in order to determine the
portion of the rated capacity available between 2.5 and 4.2 V. The results for ML621,
VL621 and NX0201 cells are shown in Figure 6.1. For the ML621, the available
capacity is nearly a linear function of the charge voltage. This was repeated for 20 cycles
for three different cells. This is somewhat different than results previously reported for
laboratory prepared Li-ion cells with a LixMn;O, cathode [73, 74]. However, this
phenomenon has been observed previously in the literature with solid electrolytes [75]

and carbon composite electrodes [76].
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Figure 6.1: Cell voltage vs. rated capacity for ML621, VL621 and NX0201 cells

The vanadium oxide cell, VL621, showed two regions during cycling, which is
consistent with reported behavior of polycrystalline V,0s cathode Li-ion cells [77, 78].
Between 2.5 and 3 V, there is nearly zero stored charge. Between 3.0 and 3.2 V, 110 %

of the rated capacity is available. This provides a stable and desirable performance range.
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That is, one can use the full capacity of the battery at nearly constant voltage.
Overcharging of the V,0s cells resulted in a steep rise in the voltage with minimal gains
in the stored charge. Finally, the NX0201 cell with the LiPON electrolyte and LixCoO;
cathode showed minimal charge storage capability below 3.8 V. At voltages higher than
3.8V, a steady, linear voltage increase was observed throughout the duration of the
charge cycle.

Li-ion cells are operated at relatively high voltage corresponding to a high free
energy change between the reactant and product states. There are several contributors to
self discharge in electrochemical systems including faradaic processes due to
decomposition of either the electrode or the electrolyte. A portion of the self discharge
occurs during recharge, where the cell voltage is raised higher than the open circuit
voltage.

Self discharge is especially important in hybrid, portable power sources because it
compromises the energy density of the primary energy source, the fuel cell, by adding an
additional load. In the hybrid sources considered here, the battery spends most of its time
at open circuit or being recharged at a low C-rate. Typically, the self discharge rate is
used to evaluate the shelf-life of an electrochemical cell and is measured by fully
charging the cell, allowing it to sit at open circuit for a period of time and then
discharging the cell at low current. The columbic difference between the charge and
discharge steps is then divided by the open circuit time. The self discharge is given as the
average current accounting for the lost charge. In the case of a hybrid power supply,

open circuit shelf-life is not an issue. Rather, the charge lost during recharge at low C-
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rate following a shallow discharge cycle more closely captures the operating mode of the
hybrid power source.

In this work, the self-discharge was evaluated as function of cell potential for an
operation mode which closely matches the performance of a battery in the hybrid power
source. The batteries were charged to the operating voltage of interest: 3.5V, 3.75V, 4.0
V, and 4.2 V. The cells were then discharged at low current for 100 s corresponding to a
very low depth-of-discharge, below 0.1%, which is typical of the discharge of the battery
during operation in the hybrid power source. The cells were recharged at the same
current to the original operating voltage. The recharge time was greater than 100 s in each
case. The time in excess 100 s accounts for the excess charge which has be supplied due
to self-discharge. The loss in charge is represented as a self-discharge current, isp, by

averaging the charge over the time for the whole cycle, Equation 6.1.

ic (tc _td) (61)

Pt 4t
Where i is the charging current, t. is the recharge time, and tq the discharge time, 100 s.
The self-discharge were evaluated for all 10 Li-ion cells listed, shown earlier in Chapter
3, Table 3.1. A representative summary of those results, providing a full picture of the
performance, is provided. At least three duplication cells were tested in each case. The
data points shown are the result of the average of the final five cycles of each cell and the
error in all measurements was taken as 3 times the standard deviation.

The self discharge for VL621 Lithium ion cells was measured at 4.2 V with
charge/discharge currents of 10, 8, 6 and 2 pA and is shown in Figure 6.2. The loss due

to self-discharge increased with the charge current. As expected, the self discharge

increased with charging current when the electrode overpotentials were the highest.
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Figure 6.2: Self Discharge current vs. charge/discharge current for VL621 Li-ion cells
charged to 4.2V

Identical experiments were performed with the NX0201 cells at 4.2 V with
charge/discharge currents of 1.0, 0.8, 0.6 and 0.2 pA, as shown in Figure 6.3. The

magnitude of the self discharge was less than the VL621. The self-discharge current for
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the NX0201 was much less than with self discharge for the vanadium oxide cell, even
though its electrochemically active area is significantly larger. This is consistent with
literature reports that LiPON electrolyte cells show significantly lower self-discharge

than their counterparts with organic electrolytes [75, 79-81].
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Figure 6.3: Self-discharge current vs. charge/discharge current for FrontEdge NX0201
thin film Li-ion cells charged to 4.2V
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The self discharge for all cells was also investigated as a function of the operating
voltage. The self-discharge of VL1220 and ML414 cells as a function of voltage are

shown in Figure 6.4 and Figure 6.5, respectively.
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Figure 6.4: Self discharge current vs. charge voltage for VL1220 cells.
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Figure 6.5: Self discharge current vs. charge voltage for ML414 cells

Overall, the self-discharge of the Lithium ion cells increased with cell voltage due
to the higher overpotentials at the electrode surfaces during recharge. This was also the
case for the LiPON electrolyte thin film cell. V. The self-discharge is function of the
state-of-charge for the vanadium oxide cells and rapidly increases at higher a higher

state-of-charge (higher voltage). For example, the self-discharge increases more than 10
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times when the voltage increased from 3.5 to 4.0 V. For the manganese cells, the effect
is less pronounced, showing only a 2.5 fold increase over the same voltage range. This
may be due to similar states of charge for the manganese cells at 3.5 and 4.0 V, shown in
the Figure 6.1. The geometric area of the cells was measured by disassembling three of
each type of battery and measuring the area of the cathode pellet. This was done for the
vanadium oxide and manganese oxide cathode cells. The self-discharge density (self-
discharge per unit area) can be determined for the ML and VL series cells, as shown in
Figures 6.6 and 6.7, respectively, at 3.75 V. The self-discharge for the VL series and ML
series cells compares favorably with previously reported LiCoO, cathode cells measured
at open circuit at similar voltages, 11 pA cm™ [52]. Improvements in the Li-ion cathode
have led to a reduction in the self discharge. Also, the results for the self-discharge of
VL2320 and VL2330 cells shown in Figure 6.6 verify that the self discharge is a function

of the electrode surface area exposed to the electrolyte and not the cell capacity.
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Figure 6.6: Self discharge of VL series lithium ion button cells at 3.75V.
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Figure 6.7: Self discharge of ML series lithium ion button cells at 3.75V.

The vanadium cells generally have lower self-discharge than their manganese
counterparts, even though the cells were constantly operated in the overcharge region.
The overcharge caused the self-discharge of the VL cells to significantly increase at high
voltage where it surpassed that of the ML cells above 4.0 V. Both the ML and VL series

cells have inferior performance to the NX0201 thin film LiPON cell.
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Although the self-discharge can play an important role in energy efficiency, the
self-discharge rates were generally acceptable for hybrid power supplies. The main
energy loss encountered in the hybrid power supply is the energy loss due to electrode
polarization. When a cell is discharged, the potential difference between the two
electrodes is less than during charging due to electrode polarization. At zero current, the
cell remains at open circuit voltage. As the cell is discharged, the cell voltage drops, due
to activation and concentration overpotential. The potential difference between charging
and discharging increases with current density and thus lowers the energy efficiency.
The discharge efficiency, €, can be defined as the discharge voltage, Vg, divided by

charging voltage, V., as shown in Equation 6.2.

s Ve (6.2)

The discharge efficiency is not a significant concern when plug-power is used to
recharge the lithium ion cell because of the virtually unlimited supply of current. In the
case of a fuel cell powered hybrid, the energy loss due to discharge efficiency can be a
significant energy drain.

Cell polarization measurements were performed on all cells at 2C, 1C, 1/2C,
1/5C, and 1/10C rates. The results for the ML414 cells is presented in Table 6.1. The
cells show two clear trends. First, the discharge efficiency improves as the C-rate is
decreased. This was true for all the cells tested at 4.2, 4.0, 3.75 and 3.5 V. Second, the
peak efficiency at all rates was observed at 4.0 V. This is likely a balance of two effects.
First, the activation overpotential increases as the discharge rate increases. Second, as the
discharge rate is increased, the number of lithium ions available for deintercalation at the

Li-ion anode is reduced, leading to a depletion overpotential at the electrode surface due
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to mass transport. Thus, the higher state of charge and lower discharge C-rate favor

improved energy efficiency.

Table 6.1: Discharge efficiency as a function of discharge rate and charge potential for
ML414 cells.

Discharge Rate

Voltage 2C 1C 1/2C 1/5C 1/10C
4.20 0.26 0.59 0.77 0.91 0.94
4.00 0.60 0.78 0.88 0.96 0.97
3.75 0.45 0.68 0.82 0.93 0.95
3.50 0.43 0.67 0.81 0.93 0.95

Table 6.2: Discharge efficiency as a function of discharge rate and charge potential for
VL1220 cells.

Discharge Rate

Voltage 2C 1C 1/2 C 1/5C 1/10C
4.20 0.69 0.79 0.86 0.92 0.94
4.00 0.75 0.85 0.91 0.97 0.98
3.75 0.76 0.85 0.91 0.97 0.98
3.50 0.78 0.86 0.92 0.97 0.98
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Identical experiments were conducted with VL1220 cells and are given as Table
6.2. As in the previous case, the cell polarization decreases at lower C-rate. However,
for the vanadium oxide cells, the highest efficiencies were observed at the lowest tested
cell voltage, 3.5V, at all rates, although there was only a modest increase over the
performance at 4.0 V. In the most extreme case, 4.2 V operating voltage and 2C
discharge, the efficiency for the VL series cell is 165 % greater than the ML series. At
modest conditions, 3.5 V and C/10, only a 3 % improvement was realized.

Polarization experiments were also performed with the NX0201 thin film LiPON
cell, which are summarized in Table 6.3. As with other cells, the discharge efficiency
increased with decreasing C-rate. However, in this case the efficiency steadily improved
from 3.5t0 4.2 V. This is clearly due to the LIPON operating window and higher state-
of-charge at high voltage, as shown in Fig. 6.1. The LiPON cell had nearly zero stored

charge below 3.8 V.

Table 6.3: Discharge efficiency as a function of discharge rate and charge potential for
NX0201 cells.

Discharge Rate

\oltage 2C 1C 1/2C 1/5C 1/10C
4.20 0.982 0.991 0.995 0.998 0.999
4.00 0.981 0.991 0.995 0.998 0.999
3.75 0.843 0.922 0.963 0.989 0.995
3.50 0.737 0.864 0.922 - 0.981
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The cell polarization experiments are useful in determining the performance of
the cells during operation, however, other factors contribute to the battery’s performance
during the hybrid cell’s lifetime. First, capacity-fade of Li-ion cells during cycling has
been documented and is accompanied by increased self discharge and increased cell
polarization during operation. However, in this investigation, the depth-of-discharge for
each cycle is low, which reduces these effects. Second, a 2C discharge rate for the
NX0201 cell corresponds to less than C/10 for the ML621 and 0.5C for the VL 621, both
of which have a much higher capacity at the same cell volume and lower surface area.

In order to compare the performance of the thin-film LiPON cell with the higher
capacity VL cell of comparable volume, the discharge experiments were performed at 1
and 3 mA with NX0201 and VL621 cells charged to 3.5 V. Figure 6.8 shows the cell
voltage during discharge for the NX0201 (at 1 and 3 mA) and the VL621 cell (at 1 mA)
as a function of cycle number. All three cells show stable performance with cycle
number during these shallow discharge experiments. However, the discharge voltage at 1
mA was significantly higher than for the VL 621 cell than the NX0201. The volume of
the two cells were approximately the same, however the capacity of the VL 621 was
higher than the NX0201. A 1 mA discharge represents only a 0.67C discharge for the
VL621, whereas the same current is a 2.5C discharge for the NX0201. However, the
NX0201 has a larger electrode area than the VL621 and the NX0201 has limited capacity

at low discharge voltages, whereas the VL series cell is almost fully charged (Fig. 6.1).

115



3.5
3_
- A AN A S I A T T YA
2
> 251
o)
S n n
? 2- " g g
>
Q
D 15,
T A A A A A 4o A
=
Q
w17
= #VL 621 (1mA)
0.5 1 B NX0201 (1mA)
ANX0201 (3mA)
0 I I I
0 10000 20000 30000

Cycle Number

Figure 6.8: Discharge Voltage as a function of cycle number for shallow discharge
experiments with vanadium oxide cathode VL621 and LiPON electrolyte NX0201 cells.

The voltage efficiency of all cells decreased slowly with cycling. The VL621
cells showed a 4.5% decrease in the discharge voltage after 30,000 cycles. On the other
hand, the LiPON cells showed a decrease of 7.5% and 5.7% for the 1 and 3 mA
experiments, respectively. The NX0201 cell performance became erratic at 21,000
cycles, sometimes showing negative discharge potentials or an inability to reach the

desired discharge rate and the experiments were terminated. The high discharge rate for
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the NX0201 (3 mA corresponds to 7.5C) is likely a contributing factor in overstressing
the cell.

Figure 6.9 shows the low depth-of-discharge cycling performance for the VL621
cell with a 3 mA discharge pulse. The cell shows a rapid decrease in performance with
cycle number and no useful work is obtained after 250 cycles. Therefore, for the
vanadium oxide cells to be competitive, one needs to oversize the cell such that the
discharge is no greater than 1 C, while the thin film LiPON cells are clearly superior at

high C rates, although efficiency is sacrificed.
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Figure 6.9: Discharge Voltage as a function of cycle number for VL621 cells discharged
at 3 mA.
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6.3 Summary

Several commercial secondary Li-ion cells have been investigated for use in low
power hybrid power supplies. The self discharge of the LiPON electrolyte cells was
found to be more than an order of magnitude superior to the manganese and vanadium
oxide cathode cells with organic electrolytes despite their larger electrode area.

However, the manganese oxide and vanadium oxide cell showed a superior self discharge
behavior to previously reported commercial cells with a LiCoO, cathode and similar
electrolyte. Their self discharge values were 9.76 and 2.59 pA cm™.

The cells were also tested for their polarization performance and lifetime stability
with low depth of discharge pulses. The LIPON NX0201 cell showed the best
polarization performance to any other cell, though it should be noted that the vanadium
oxide cells showed a much higher efficiency, as high as 165%, than manganese oxide
cells under identical operating conditions. Finally, both the vanadium oxide cathode and
LiPON electrolyte cells showed excellent cycling performance at low depth of discharge,
< 0.01 % depth of discharge. The performance of the LiPON cells was stable for 21,000
cycles at 7.5 C, while the vanadium oxide cells were stable at 2/3 C for over 30,000
cycles. However, at 2 C the cycling performance of the vanadium oxide cells was poor,

yielding usable power for only 250 cycles with efficiencies always less than 45 %.
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CHAPTER 7

CONCLUSIONS

The objective of this dissertation was to explore the issues in designing a hybrid
power module for low power electronics. This work advances the DMFC performance
for systems where space and volume are a premium. The performance of phospho-silicate
glass (PSG) membrane as a barrier to methanol transport has been investigated and the
optimum fabrication condition has been demonstrated. New polymer blends have been
synthesized and investigated for fabricating CO; vent in a DMFC. This technique
provides a low cost and simple solution to the CO, accumulation problem inside the fuel
tank of a DMFC. Finally, low loss commercial Li-ion batteries were identified and their
performance as a function of self-discharge and voltage efficiency were studied.

Silicate glasses deposited by plasma enhanced chemical vapor deposition
(PECVD) have traditionally been used as low-loss electrical insulators in microelectronic
devices. Incomplete oxidation of silane and phosphine in the plasma chamber introduced
defect sites (-OH) groups in the otherwise dense tetrahedral structure. Careful and
systematic variation of deposition condition increased the percentage of phosphorus and
—OH groups in the glass structure. A peak conductivity of 2.52 x 10 S/cm was achieved
for PSG deposited at 400 W RF Power, 400 mTorr chamber pressure, 100 °C substrate
temperature and a nitrous oxide flow rate of 80 sccm. This value is 2.5 times greater than
the target conductivity value of 1 x 10 S/cm and 250 times greater than the ionic
conductivity of pure silicon dioxide films. DMFC performance with Nafion-PSG hybrid
PEM showed lower methanol permeability and improved current density compared to

pure Nafion PEM.
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The process of CO, discharge from the anode chamber without significant loss of
methanol raises a key challenge in fuel cells designed with minimal volume and passive
components. The performance of two polymer membranes, poly (dimethyl siloxane)
(PDMS) and poly (1-trimethyl silyl propyne) (PTMSP), for use as a CO, vent has been
presented. In both cases, the membrane was more selective to CO, than methanol. The
addition of hydrophobic additives like 1, 6-divinylperfluorohexane and 1,9-decadiene to
PDMS and PTMSP membranes enhanced the selectivity resulting in values of o as high
as 9.2. It was also observed that the performance of the vent improved with increase in
temperature. Furthermore, an experimentally validated model was developed to predict
the efficiency of CO, vent. At o of 9.2, the vent was 95% efficient.

The study of Li-ion batteries evaluated the trade-offs between battery type,
state of charge, and battery capacity to find the most energy efficient operating condition.
The LiPON NX0201 cell showed better polarization performance than the two Panasonic
coin cells (manganese oxide cells and vanadium oxide cells). The vanadium oxide cells
showed a much higher efficiency, as high as 165%, than manganese oxide cells under
identical operating conditions. Finally, both the vanadium oxide cells and LiPON
electrolyte cells showed excellent cycling performance at low depth of discharge, i.e.,
less than 0.01 % depth of discharge. The performance of the LiPON cells was stable for
21,000 cycles at 7.5 C, while the vanadium oxide cells were stable at 2/3 C for over
30,000 cycles. However, at 2 C the cycling performance of the vanadium oxide cells was

poor, yielding usable power for only 250 cycles with efficiencies always less than 45 %.
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