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Abstract

As portable electronics are consuming an increased amount of energy, the
current metal-based secondary batteries will be beyond their abilities due to
their physical constraints. Driven by the high power requirements of portable
electronic devices, which can hardly meet the conventional secondary bat-
tery systems, a portable Fuel Cell (FC) is thought to be a possible alternative
with several advantages. It seems that FCs could be competitive in powering
portable devices and billions of money has been put into the research of
Portable FC (PFC). However, practical PFC applications are rare; several
challenges in commercialization of FCs still exist. Solutions that can over-
come the barriers of PFC development will be a great help for both FC re-
search and portable electronics development. Thus, the aim of this disserta-
tion is to study practical FC for portable electronics. The dissertation is ap-
proaching the aim by designing a novel structure Direct Methanol FC
(DMFC).

In this dissertation the original motivation and the research approaching a
Novel structure of DMFC (N-DMFC) is described. By focusing on the pas-
sive systems, design, testing and assembly of the N-DMFC is introduced in
detail. In the N-DMFC, the current collector, gas diffusion layer, and catalyst
layer are embedded together. No clear layer boundaries exist between differ-
ent functional layers. A metal mesh was directly welded onto the Proton Ex-
change Membrane (PEM), and then the catalyst ink was sprayed on to it. The
N-DMFC simplifies the conventional structure mange to save the cost, space
and weight. Compared with the conventional structure, the new structure can
withstand curling to some extent. This means that the structure can be used
in places where flow fields cannot be utilized, such as vaulted or camber
structures. Moreover, this N-DMFC is a ready-made product after welding.
No mechanical pressure is needed to push the layers together.

In the first section of the dissertation, the background knowledge of FC, its
challenges and research status are explained. Based on background infor-
mation, the section is focusing on explaining the origins and motives of the
research, research question, research approach, and the structure of the dis-



sertation. Section two gives a brief introduction of DMFCs. Then a descrip-
tion of the N-DMFC has been made. Based on the design, experimentation
was carried out to test the rationality of the N-DMFC. In section three, the
scale-up of manufacturing process is discussed. Two critical aspects, the cat-
alyst loading and different assembly, are discussed separately. A sub-section
on the entire assembly process concludes the section. The final section, four,
draws the conclusion for the dissertation. The implications of future research
possibilities are also introduced.

Keywords: Portable fuel cell, Direct methanol fuel cell, Novel structure, Assembly
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1. Introduction

The aim of this section is to give a brief introduction of “what has been done and
why” in the thesis work. In this section, the background knowledge of fuel cell
technology, its history and its sub-categories are explained. This leads to the chal-
lenges and the current research status of fuel cells being explained. Based on the
background information, the section focuses on explaining the origins and motives
of the research, research question, research approach, and the structure of the dis-

sertation. All of the above are introduced in individual sub-sections.

1.1. Fuel cell

A Fuel Cell (FC) is a device that converts chemical energy into electricity. It has
several advantages: high power density, perceived environmental friendliness, con-
venient size and weight, and no moving parts. The principle of FC was discovered
in 1838 and was published in one of the scientific journals of that time (Wolf,
Arnold and Hubert 2003). It was explained that electricity was used to split water
molecules into hydrogen and oxygen molecules, thus leading to the understanding

that the reaction should be possible in the other direction as well. Soon after, an



1. Introduction

experiment on reverse electrolysis, or the FC as we now know it, was successful
(Frano 2005).

A FC structure can be divided into layers. The heart of the structure is the ion con-
ducting medium. lons can be cations or anions depending on the FC type. Taking a
Hydrogen (H,) Polymer Electrolyte Membrane FC (PEMFC) as an example, the
ion conducting medium is a polymer membrane. This membrane separates the an-
ode and the cathode electrodes of the FC. In the anode, the fuel (H,) is oxidized
into protons and electrons. The electrons are conducted via an external load to the
cathode side. Protons move through the membrane to the cathode. In the cathode,
the oxygen (O,) gas in the air reacts with protons and electrons to form water mol-
ecules (Figure 1-1). Water formation and decomposition of hydrogen are catalyzed
by a noble metal, usually platinum. These reactions can be presented as reaction

formulas:

Anode: 2H,— 4H' + 4¢ Eq. 1-1
Cathode: 0, + 4H" +4¢” — 2H,0 Eq. 1-2
Overall reaction: 2H, + O, — 2H,0 Eq. 1-3

-14 -



A novel structure of a DMFC

4@'?.
H, 0,
=] =
H2 —_—
H, =
H,0
E— 5—.

Plenum forH; Anode Electrolyte  Cathode Plenum forQ;

(O  H*=proton
. e = electron
O = oxygenion

("‘) H,O = water molecule

Figure 1-1: The working principle of FC.

In their 170 years history, FCs have developed into a variety of sub-groups. If clas-
sified by electrolyte, this includes for example Polymer Electrolyte Membrane
(PEM) FC, Alkaline FC (AFC), Phosphoric Acid FC (PAFC), Molten Carbon FC
(MCFC), and Solid Oxide FC (SOFC). If classified by fuel, it includes for example
H2 FC, ethanol FC, formic acid FC and methanol FC. If classified by working
temperature, FCs would be classified as low temperature FC (<200°C) and high
temperature FC (>500°C). Regardless of the type, FCs have the same overall work-
ing principles. The differences are their electrolyte, working environment or fuel
supply. However, due to the differences, application of different FCs is also varied.

The sub-groups and their applications are reviewed in Figure 1-2.

-15-
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Figure 1-2: The development of FC applications'.

Figure 1-2 shows that in the first 100 years after FCs have been discovered, there
has not been significant development, but during the last 50 years, this technology
has been applied in several practical uses. The low temperature FCs, such as AFC,
PEMFC, and PAFC have had more applications (such as military applications and
vehicles) than the high temperature FCs.

According to FCs’ perceived advantages such as high power density and quick
refilling, it would seem that FCs could compete as a power source in the portable
electronics market. However, to the author’s knowledge and Figure 1-2, the public
is seldom aware of portable FCs. It is because Portable FCs (PFCs) have to over-
come several challenges before they become practical. As reviewed by Suominen
and Tuominen (2010), the challenges of PFC technology can be divided into sever-
al barriers, most significantly to lifetime, cost and commercialization. Technologi-

cal barriers are analyzed in detail by Kamarudin et al. (2009). Cost as a factor is

! Figure is based on the review of references given in Appendix I.

-16 -



A novel structure of a DMFC

also analyzed by several authors. As in the work of Wee (2006), DMFC based fuel
cells were seen as more expensive than conventional lithium-ion batteries in both
manufacturing cost and operational cost’. Dyer (2002), however, found contradic-
tory results. The rare applications of FCs would argue against Dyer’s results. For
detailed analysis on the lifetime and cost barriers refer to e.g. Kamarudin et al.
(2009) and Wee (2006).

Since there are several challenges in PFC commercialization, in both application
and research, several attempts have been made to search the most suitable PFC for
applications. This is discussed in Publication I: Technology foresight and planning
through Morphological analysis. Besides the other researchers’ discussion, we have
chosen the Morphological analysis as our research model. In the Morphological
analysis, we classified the PFC to seven characteristics seen in Table 1-1. They
were overall type of the fuel cell, system type, control electronics system used,

stack structure, fuel phase, operation modes, and operational purpose.

Table 1-1: Parametric possibilities of portable FCs.

Parameter States
PEMFC, AFC, PAFC, MCFC, SOFC
1,2,3,4,5,6 ' ’ ’ ’ ’
p; Fuel cell type MEC
p;” FC system passive, active
py*®  FCelectronic system  hybrid, independent, half-independent
p,’ stack structure bipolar, monopolar
ps**®  fuel phase gas, liquid, solid
pe’ operation continuous, intermittent
py? purpose one time use, cyclical

Review of the currently available products categorized by the above characteristics

can be organized in Table 1-2.

? The low number of applications is also related to difficulty to compete with a ma-
ture well-known and globally spread technology since lacking infra for fuel distri-
bution.

-17 -



1. Introduction

Table 1-2: Morphological analysis summary of FC products.

(6]

g £ A § & 5 ™

= > o °c < = o S

O 2 & B g = 2

L E S L-T_s o o o

[5) o
m (9p]
1  DMFC P Hybrid '\Sgg c;- L intermittent C Dynairo
2 PEMFC p Independent C  MTI Micro
3 PEMFC A Hybrid C Samsung
4 AFC P Independent '\38{; ?' L continuous S  Medis 24/7
. Lilliputian
5 SOFC A Hybrid C Systems
6 PEMFC p G intermittent C MiniPAK
7 PEMFC p Hybrid G intermittent C  PowerTrekk
8 DMFC A . Half- L intermittent C EFOY 1200
independent

9 PEMFC A Hybrid G intermittent C XX25
10 PEMFC P Independent G intermittent C G2 source
11 PEMFC G intermittent C ANg-
strom Micro
12 PEMFC A G intermittent Horizon’s
racing car

C = Cyclic, S= Single-use, L= liquid, G= gas, P=Passive, A=Active

Referring to Table 1-1 and Table 1-2, the H, PEMFCs and DMFCs are the first
leaders in the PFC application. SOFC and AFC are rare, but they do exist. In addi-
tion to type, two system approaches to FCs have been adopted, the passive system
and active system. The active and passive characteristics are of equal importance in
the PFC development. In the active system, the accessorial system (heater, pump or
fan) is used to help the mass/heat transport. It can offer a better reaction environ-
ment to produce electricity (Qian, et al. 2006). In the passive system, without addi-
tional power-consuming active sensors and actuators for operation, the mass/heat
transport is completed by the natural capillary forces of diffusion; convection and
evaporation are the driving forces behind the processes (J. Liu, et al. 2006). The
compactness, reliability, and relatively low cost make the passive system an intri-

guing solution for portable applications. But on the contrary, an active system pro-

-18 -



A novel structure of a DMFC

duces more electricity and offers more power than the passive system. No conclu-
sion about either of the two systems has been reached so far; the purpose of use
ultimately decides which system will be applied.

Looking at current portable-type solutions, we see a hybrid power management
system emerging as a design of choice for PFC applications. A hybrid system inte-
grates a FC to a secondary battery system. In this, the FC works as a battery-life
extension, loading the battery while the device in unplugged from the mains. The
benefits of adopting a hybrid system come from keeping the power management
design of the device fairly similar although adopting a new technology. The hybrid
system requires a significant amount of balance of plant to operate. This ultimately
increases size, weight and cost. Size, weight, and cost are also of importance when
focusing on the stack structure.

In stack structures, we see the basic unit cell configured as a unit single cell or a
unit bi-cell. In a bipolar structure, two cells are placed with their anodes spaced
apart and facing each other the cells use the same fuel tank/channel. With this lay-
out, fuel is distributed to the sealed anode space by either active or passive means.
On the other hand, atmospheric oxygen air is easily accessed from the outside-
facing cathodes. (Qian, et al. 2006). (Figure 1-3)

Anode Fuel and water

Cathode Oxygen

Monopolar stack
MEA

Fuel and water [

Cathode

Bipolar structure
MEA

Figure 1-3: Monopolar stack and bipolar structure of PEMFC.

-19 -
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As seen in Table 1-2, passive systems are often based on the simpler monopolar
structure consisting of a unit single cell. The fuel supply and balance of a bipolarity
structure would be challenging for a passive system. Stack structure also affects the
dynamics of the fuel. Fuel-phase, solid, liquid or gas, limits the design of a PFC.
The fuel-phase, in Table 1-2, describes the fuel supplied. Liquid and gas forms of
fuel are usually used in PFC. No solid fuels have been introduced to PFCs. The gas
form is monopolar stack usually stored in a hydride metal, while liquid fuel is often
in cartridges.

By considering the high cost of a FC, the FC usually is not intended for single-use.
But for some special purposes or special applications, such as emergency/military,
the cost can be neglected. There is a single-use continuous FC product available in
the market as shown in Table 1-2, and they claim to manage saving the cost by
using AFC rather than PEMFC. The other types are designed for cyclic use.

Although no successful solution is available, the results in Publication I also show
that, the applications of PFC are currently focused on PEMFC. When searching the
“PFC” and the different types of FCs in the Science Direct database, seen in Figure
1-4, the same conclusion can be reached. As seen in the figure, the PEMFCs have
been researched the most in the field of PFCs (Urbani, et al. 2007, Taber, et al.
2003, Shimpalee, et al. 2009, Oszcipok, Zedda and Hesselmann, et al. 2006,
Oszcipok, Zedda and Riemann, et al. 2006, Kim, Kim and Ha 2008, Miesse, et al.
2006, Liu, Li and Suda 2008, Farhad and Hamdullahpur 2010, Raman, Prashant
and Shukla 2006). This is followed by DMFC (Achmad, et al. 2011, Baglio, et al.
2009, Pan 2006, Eccarius, et al. 2008, Blum, et al. 2003, Chen, Shiu and Lee 2006)
and SOFC (Achmad, et al. 2011, Cheekatamarla, et al. 2009, Ding, Liu and Yin
2011, Kuhn, et al. 2008, Kundu, et al. 2007). AFC, Phosphoric Acid Fuel Cell
(PAFC), Molten Carbonate Fuel Cell (MCFC) and microbial FC are rarely studied
in this context. (Ascoli, Pandya and Redaelli 1989, Zervas, et al. 2008, Lan, et al.
2010, Ward, et al. 1993, Sung and Choi 2007, Modestov, et al. 2009, Sollogoub, et
al. 2009, Li, Zhao and Liang 2009, Hou, et al. 2011, Jain, et al. 2008)

-20-



A novel structure of a DMFC

B SOFC
B AFC

B PAFC
B MCFC
B MFC
B DFAFC

1 DBFC
1%
2%
4% Hz PEMFC

= DMFC

4%4%

Figure 1-4: Research paper numbers in Science Direct Database’.

A conclusion from Figure 1-4 is that even if there are several different types of
FCs, not all of them are practical in portable applications. It is surprising that the
high temperature FC, SOFC, has been studied in regard to portable applications.
However, currently the PFC research and applications are focused on the PEMFC,
especially to its sub-category, DMFC*.

’ There are some overlaps in the results. The PEMFC also contains parts of the
DMEFC, DFAFC, Direct borohydride fuel cell (DBFC) articles.

*1t has to be clear that the DMFC and PEMFC are two different categories. DMFC
is categorized by its fuel, and PEMFC is categorized by its electrolyte. DMFCs do
not need to be a PEMFC, and PEMFC does not only include DMFCs. Recently,
most of the DMFCs are using PEM as its electrolyte, so most of the DMFCs are
currently PEMFC. In this dissertation, we categorize DMFC as a sub-group of
PEMEFC.

-21-



1. Introduction

1.2. Origins and motives

In the previous section, it is stated that the FCs are not mature for portable applica-
tion. But as portable electronic devices have been designed with an increasing
amount of functions, more energy is needed. Mobile phones for example, can be
used as a GPS device, mini-computer, or as a camera. Even if consumers would
accept a day to day load cycle, secondary battery technology will face challenges if
even a little more power is needed. Driven by the high power and lifetime require-
ments of portable devices, that are hardly met by the conventional secondary bat-
tery systems, PFCs will be the alternative in the future (Michel and Graham 2004,
Eckfeld, Manders and Stevenson 2003, Dillon, et al. 2004).

To be a viable alternative, FCs should overcome several barriers, most significantly
the cost. This leads us to the research idea “could we find out a way to reduce the
cost of PFC significantly in order to produce a commercially available end prod-
uct?”. If this idea could be realized, it would change the current approaches toward

portable power sources. This is the motivation for this work.

In the beginning of this work, we were supported by Tekes to study the new oppor-
tunities of PFCs and their commercialization. This resulted in the funding of a pro-
ject called Portable fuel cell Research and Productization. The project focused on
applied research and evaluating the commercial possibilities of PFCs. During this
project, the idea of creating a novel PFC structure that would be cost effective and

simple was thought of.

1.3. Research questions

Going back to the background of FCs, the research questions are based on the no-
tion, “what can we do with the PFCs in order to reduce cost?”” Based on the previ-
ous discussion and Publication I, we selected the DMFC as our research target.
Usually the DMFC structure is sandwich-like, with the polymer electrolyte mem-
brane (PEM) in the middle, with a catalyst layer, gas diffusion layer, and flow field
on each side, and sometimes with an additional metal plate for electricity conduc-
tivity. (Coutanceau, et al. 2006, Rayment and Sherwin 2003, Alexandre 2005, J.
Liu, et al. 2006, McLean 2005, Chen and Zhao 2007, Yalcinoz and Alam 2008,

-22 -



A novel structure of a DMFC

Zhao, et al. 2009, Yang, Chou and Shu 2007, Guo and Cao 2004). The structure
has its advantages when considering liquid/gas transport and methanol crossover
(Frano 2005). However, this structure also leads to additional impedance, weight,
and volume. For example, current collectors can account for 10-15% of the total

fuel cell stack cost, more than 80% of the stack weight, and nearly all the stack
volume (Qian, et al. 2006).

By reviewing several works (Neburchilov, et al. 2007, Cindrella, et al. 2009, Liu,
et al. 2006, Mehta and Cooper 2003, J. Wee 2007), it has been thought whether “a
passive PFC needs to be as complex as an active PFC?”. Since without additional
power consumption, a passive system usually operates at a low current density. It
means that the passive system needs a reduced cooling load, fewer water manage-

ment issues, less produced heat, and a lower fuel delivery rate.

From the background and origins of the study the following research targets were

made:
Could a novel structure FC be designed, for passive operation, to save
cost?

If so,
How well does this PFC design work when compared with others?

If so,

Is there a practical assembly process for this novel PFC?

The questions propose an entire process from the design of the novel structure FC
to the analysis of the mass production possibility of it. The whole dissertation is

structured to answer the above questions.

1.4. Structure of the dissertation

As described in the background, the research has been first carried out by a mor-
phological analysis of PFC in Publication I. The morphological analyses classify
the available PFC products and summarize current research directions. This publi-
cation also points out the possibilities of PFC applications. Based on this paper, we
have chosen the DMFC as our FC sub-category.
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In order to create a baseline of knowledge, an analysis of the DMFC structure was
carried out. A statistic approach to the DMFC functional structure was done by
using a design-of-experiment method in Publication II. The result shows that the
balance of a DMFC structure itself and its environment are more important than
catalyst’s loading amount or membrane quality which has often been studied. It
offered an idea of changing the structure of DMFC to meet the balance instead of

improving the performance by studying one part of DMFC.

After creating a knowledge base, the study focused on the mass transfer phenome-
non of DMFC, trying to build a computer model to explain what has happened
during the mass transfer in Publication III. During the study, an idea was created
that the structure could be formed without any actual boundary. Function of the

structure is a more important criterion than the structure itself.

With the knowledge created, a Novel DMFC design (N-DMFC) was suggested in
Publication IV. This creates the core of the research done. In the publication, sev-
eral experiments were conducted with the N-DMFC. The result suggested that
when the N-DMFC was compared with the current passive DMFC research, using
(maximum power output)/(catalyst amount), the new structure demonstrates an
average performance with a simpler structure. It saves cost, simplifies production
process, and is thinner than conventional DMFC designs. It may have better ap-

plicability and can lead to a new passive DMFC design.

In conclusion, two publications, Publication V & VI, discuss the assembly process
of a N-DMFC. The Publication V analyzes the ultrasonic welding and its applica-
tion in the N-DMFC assembly. The analysis includes two parts, the qualitative
analysis and quantitative analysis. It concludes that ultrasonic welding is suitable
for N-DMFC and it is a practical choice for the DMFC assembly. The Publication
VI discusses the catalyst loading process of DMFC. It first reviews the different
loading methods and gives a comparison study concerning the mass production.
The final result shows that the screen printing is the most practical method for
DMEFC scale-up.

The dissertation is, in addition to the sections included and original publications
listed, mainly focused on the N-DMFC. The other part, other than the contents
mentioned, also includes discussion on the raw material selection, the screen print-

ing used for N-DMFC and the assembly process analysis.
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The dissertation is structured as follows. The following section, section two, gives
a brief introduction to DMFCs. Then a description of the N-DMFC has been made.
Based on the design, experimentation was carried out to test the rationality of the
N-DMFC. In section three, the scale-up of the manufacturing process is discussed.
Two critical aspects, the catalyst loading and different assembly, are discussed
separately. A sub-section on the entire assembly process concludes the section. The
final section, four, draws a conclusion for the dissertation. The implications of
future research possibilities are also introduced.
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2. A novel structure of
passive DMFC

In this Section, a N-DMFC is introduced to answer research questions one and two.

“Could a novel structure FC be designed, for passive operation, to save

cost?
If so,
How well does this PFC design work when compared with others?”

A N-DMFC has been designed, tested and discussed. This section is divided into
three parts. In the first part, the DMFC is introduced. This is followed by a descrip-
tion of the structure of N-DMFC. The selection of raw materials is discussed in

part three. The section is concluded by the tests and discussion on the N-DMFC.

2.1. Introduction to DMFCs

DMFCs are one type of FCs. By definition, DMFCs use methanol directly as fuel.
A DMFC is a viable FC solution as it operates at ambient temperatures and has
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good energy density due to its high specific energy of the methanol. Since using a
liquid fuel, the DMFC is easy to refuel, store and transport (Shimizu, et al. 2004).
DMFCs will significantly reduce the thermal management challenges for a small
system and may extend the stand-by time of laptops or mobile phones. Thus,
DMEFCs are one of the possible alternative power sources for future portable elec-
tronic devices. However, there are several questions that should be solved before
this technology is applied into products. Besides the slow reaction rate on the an-
ode side and crossover of methanol, the first and most important challenge is cost
(Agnolucci 2007, Kim, Kim and Ha 2008, J. Wee 2007). The price of a DMFC can
be accounted to membrane, catalyst materials, and to the overall structure of the

stack. Cost is a huge barrier keeping this technology from commercialization.

In a DMFC, the working principle is the same as in the H, PEMFC. Differences
exist in the fuel, catalysts and reaction products. In a DMFC, the fuel is a metha-
nol/water mixture. When methanol is oxidized into electrons and protons, carbon
dioxide is formed. Carbon dioxide is waste, formed at the anode, in addition to
water that is formed at the cathode.’ The catalytic decomposition of methanol oc-
curs on a platinum-ruthenium catalyst (Abdelkareem, Tsujiguchi and Nakagawa
2010). The DMFC reaction formula can be written as follows:

Anode: CH;0H + H,0 — CO, + 6H" + 6¢” Eq. 2-1
Cathode: 4H" + 0, +4 ¢ — 2H,0 Eq. 2-2
Overall reaction: CH;0H + O, — CO, + 2H,0O Eq. 2-3

The basic structure of DMFC is (also) a layer sandwich model as previously dis-
cussed and illustrated in Figure 2-1.

3 It has to be mentioned that, during the reaction, there is also a significant amount
of heat produced. This is, however, not related to our topic.
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Catalystlayer

|

Flow Field =3,

T Polymer electrolyte membrane
Gas diffusion layer

Figure 2-1: Basic structure of DMFC.

As shown in Figure 2-1, the structure has the PEM surrounded by a catalyst layer,
a gas diffusion layer, and a flow field on each side. In this structure, each layer is
clearly separated from each other. Additional forces are needed to press the layers
together in order to make it work properly and to avoid fuel leaking in operation.
The working principle of a DMFC is shown in Figure 2-2 in a diagram.
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Figure 2-2: The basic working process of DMFC.

In Figure 2-2, it can be seen that the start of the whole reaction is when H,O,
CH;0H and O, are fed into the DMFC. The protons are going through the mem-
brane while the electrons are going through the load which produces the electricity.
The final products of the reaction are H,O, CO, and heat.

2.2. Description of the novel structure

By analyzing the DMFC structure, applying DOE methods and computer simula-
tion in Publication II and III, several notices were made. The results showed that
the balance of a DMFC structure is more important than improving one functional
structure performance. As the research question called for a simpler structure of a
DMFC, which is discussed in Publication IV, the N-DMFC, where the current col-
lector, gas diffusion layers, and catalyst layers are embedded together, was de-

signed. In the design, no clear layer boundaries exist between the different layers.
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A metal mesh was welded directly onto the PEM, and then sprayed with catalyst

ink forming the FC. The structure is shown in Figure 2-3.

Flow Field Catalystlayer
Metal
mesh
- Conventional il
structure
‘C—ezf‘alyst
Polymer ink
electrolyte
membrane
New ) |
structure IR
8
2 ol
Gas diffusion layer olymer electrolyte membrane

Figure 2-3: N-DMFC structure.

The metal mesh in the N-DMFC is the critical part. It is the electrode that holds the
catalyst, and it acts as part of the gas/water diffusion layer and a mechanical sup-
port. Compared with a conventional structure, the novel structure can withstand
curling to some extent. This means that this structure can be used in places where
flow fields cannot be utilized, such as vaulted or camber structures. Moreover, this
N-DMEFC is a ready-made product after welding. No mechanical pressure is needed

to press the layers together.
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2.3. Material selection

The characteristics of materials are vital to the application of the N-DMFC, since
the materials are directly related to the DMFC performance and the total cost.

Choices have to be made to balance between price and performance.

2.3.1 Membranes

Plenty of research has been done to discover new kinds of membrane materials,
such as DOW Chemical’s XUS membrane, 3P energy membrane, and organic-
inorganic composite membranes (Neburchilov, et al. 2007). In this specific case,
simple and high proton conductive membranes were used. Three different mem-
branes, PVDF-g-PSSA, Nafion, and Fumatech are discussed as possible alterna-

tives.

PVDF-g-PSSA
Poly vinylidene fluoride (PVDF) itself is not a proton conductor. It can be made to
conduct protons by adding other polymers, in this case styrene and sulphonation-

other. As a result, a co-polymer chemical structure is formed in Figure 2-4.

—{-CF:CHZ-]; +

SO4H

Figure 2-4: Chemical structure of PVDF-g-PSSA.

PVDF-g-PSSA membranes are well-suited for use in FCs. The open circuit voltage
can reach the level 0.7 voltage even if the current collector connection is inade-
quate. The downside of using PVDF-g-PSSA membranes is their swelling proper-
ty. In addition, they are difficult to attach to the electrode. Generally, PVDF-g-
PSSA is not intolerant to water, but it swells a lot if ion exchange capacity is high
and the membrane is not crosslinked. In this case, the membrane’s water uptake is
relatively high compared to Nafion or Fumapem F-14100.
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Nafion

The most commonly used membrane in DMFCs is DuPont’s Nafion membrane.
Nafion is relatively durable and has a high ionic conductivity and good chemical
stability. Nafion’s hydrophobic polytetrafluoroethylene (PTFE) backbone provides
thermal and chemical stability. Its structure holds a PTFE backbone and perfluori-
nated side chains containing sulfonic acid groups. This basic structure of Nafion is
illustrated in Figure 2-5.

polytetrafluoroethylene (PTFE)
back bone

gl
et
b,
0
cm—CF—o—on—CFz—g—OH
perfluorinated carbon chain (|3F3 g

Figure 2-5: Chemical structure of Nafion.

Nafion membranes do have several disadvantages (Cowey, et al. 2004), which are:

1. High cost, 600-1200 $/m’.
High methanol crossover rate.

3. High ruthenium crossover (in the case that the anode catalyst contains Ru)
from the anode and its re-deposition on the cathode.

Despite of the mentioned disadvantages the properties of Nafion are superior to the
other membranes at the moment (Neburchilov, et al. 2007). However, since cost is
considered more in N-DMFC, Nafion membrane is not considered the most suita-

ble membrane in this dissertation.

Fumapem F-14100

The German company Fumatech GmbH has developed cost effective sulfonated
polyaryletherketone membranes (FKE Series, 50 pm thick) that have a high me-
chanical stability while demonstrating increased efficiency and significantly higher
power density. This is due to considerably lower methanol permeability, compared

to that demonstrated in Nafion membranes.
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The Fumapem F-14100 is a perfluorinated sulfonic acid membrane. It is cheaper
than the Nafion membrane. It is more suitable for the ultra-sonic welding process

than the other two membranes mentioned, since it has the lowest water uptake rate.

Comparisons of these three membranes are described in Table 2-1.

Table 2-1: Membrane comparison.

Membrane Thickness (dry) / pm  Water uptake / wt%
PVDF-g-PSSA 50um (DOG = 20.3%)  58.2+2.2 16.1
PVDF-g-PSSA 100um (DOG =49.5%) 135%12 36.1
Nafion 115 103+6 154
Fumapem F-14100 77.7£2.2 10.8

The general methods of measuring and evaluating the PEM properties have been
investigated: proton conductivity, ion exchange capacity, water uptake, gas perme-
ability, methanol permeability, durability, thermal stability and performance test
(Peighambardousta, Rowshanzamir and Amjadi 2010). In a N-DMFC, the first
important factor for membrane is if it can attach with the meshes. Second and third,
there are two important technical characteristics for the membrane used for N-
DMFC, thickness and water uptake. Water uptake describes the membrane volume
changes. It is especially important in N-DMFC. In the N-DMFC, the metal meshes
are connected to the membrane directly. If the membrane volume changes too
much after feeding the fuel, disconnection between the mesh and membrane will be
caused. In the N-DMFC, the low water uptake is mandatory. The thickness of the
membrane also needs to be considered. It has to be thick enough to connect to the
metal meshes without detaching, but not too thick to influence the membrane per-
formance. When comparing the three different membranes, Fumapem has the high-
est ion exchange capacity, and the lowest water uptake. It means that Fumapem is
the best choice for the N-DMFC. As it is also reasonably priced, Fumapem was

selected as the membrane in our research.

2.3.2 Other structural elements

Catalyst

When developing the N-DMFC, the catalyst (Pt) content was kept at a low level,
around 0.5 mgxcm™. This was done to keep the total cost of one unit cell competi-

tive. As the catalyst load used was low, carbon should be used to support the plati-
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num. This will give a suitable layer, with an acceptable high surface area. The most
commonly used catalyst Pt(Pt/Ru) on carbon (BASF) was chosen as the catalyst.
Also, it is argued that 28% ionomer content is the best ratio with the FC catalysts
(Barbir 2005). In our project, a 30% Fumion ionomer solution was used in the cata-
lyst ink.

Metal mesh

In comparison to the conventional structure, a metal mesh is used in the N-DMFC.
As mentioned, the metal mesh in the N-DMFC is a critical part in the structure.
Three characteristics are used to define the metal mesh: material, thickness, and
eye size. Experiments have been applied to exam the best suitable mesh in Publica-
tion IV.

In the experiment, three metal meshes were tested. The first two were stainless
steel meshes with different thicknesses, and the third was a stainless steel mesh but
gold-plated. Parameters are shown in Table 2-2.

Table 2-2: List of the metal meshes and their physical characteristics (Gandy 2007).

Thick- Eye Electrical resistivity
ness/pm size/pm (20°C)/22.14 nQm
Thicker acid-proof steel 125 100 96.1
meshes
Thinner acid-proof steel 70 50 96.1
meshes
Gold-plated meshes 70 50 22.14

The test result showed that the use of gold-plated meshes on both the anode side
and the cathode side increased the performance of a passive DMFC (Figure 2-6).
The maximum usable current density and the open cell voltage increased. However,
voltage reduced when the load was connected, and then the voltage stayed at a
level similar to the other tested cells. This indicates that the current collector has a
great influence on the fuel cell performance before the load is connected. Once the
load was connected, the current density was limited by electrochemical reactions,

and the current collector did not have such a significant influence.
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Figure 2-6: N-DMFC performance with different metal meshes.

Considering cost and performance, a thinner acid-proof steel mesh is the best
choice, as there is no significant difference between the gold-plated mesh and acid

proof mesh in loadings.

2.4. Experiment and discussion

Practical experiments were done after the material was selected. As described in
Publication IV, the experiments were carried out by the following procedures: the
membrane used is Fumapem F-14100 (Fumatech GmbH). It was pretreated as fol-
lows. The membrane samples were placed in an aqueous 10 wt-% HNO; solution
for 12 hours at t=80 °C, treated for 1 hour in dimineralised water at t=80 °C, and

then rinsed with dimineralised water. Finally, the membrane is dried in ambient air.

The mesh used in experiment is stainless steel 304 (thickness: 70 pum, eye size:

50um) cut to 1.5x1.5 cm with an extra current collector tail (as shown in Figure 2-
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7), which was cleaned with an ultrasonic cleaner. Then the mesh was left to dry in
ambient air. The meshes were then assembled to the membrane with ultrasonic
welding equipment (MP702, Ritmacon Oy) opposed to the commonly used hot-
pressing method. The probe area of welding equipment was 2.5 mm. Parameters
in the welding device are shown in Table 2-3. In the experiment, meshes are
placed both above and beneath the membrane. The ultrasonic probe will contact the
surface of the upper mesh and then weld the whole parts. This process joins the

three parts, membrane, anode-side mesh, and cathode-side mesh, together.

Table 2-3. Ultrasonic welding parameters.

Parameters Value
Welding energy 4.0Ws
Pressure 0.5MPa
Trigger6 5

Hold time Is
Amplitude’ 7

After the welding process, the catalyst ink was prepared by dispersing 60% carbon-
supported Pt/PtRu (BASF) into iso-propanol water (5:1) solution with 30 wt-%
ionomer (FLNA-905, Fumatech GmbH). The catalyst ink 0.5 mgxcm™ produced

was loaded with an air brush onto the membrane-mesh-assembly.

The pictures of N-DMFC ready-made samples are shown in Figure 2-7.

%This parameter adjusts the triggering of the ultrasonic generator. The higher the
value, the higher the pressure on the object to be welded. The value range is 0-9.9
without unit.

" The output amplitude can be set to one of five levels from 100% down to 60%.

-37 -



2. Anovel structure of passive DMFC

Membrane
. Metal Mesh

Catalystink
J

Cross—secti.c;%
figure From
, SEM

Current
Collector
tail

Figure 2-7: Ready-made samples.

As seen in Figure 2-8, an open fuel tank was used for testing. Fuel is supplied to
the anode side, and the cathode side is open to air, and therefore the whole DMFC
is a pump-free system and self-activated by electrochemical reactions. The metha-
nol concentration is 2 molxL™" (6 wt%). The whole experiment was conducted at
room temperature (20 °C). Polarization curves were obtained by using an electronic
load system (3711A, DC, Array Electronic). An active area of MEA was 1 cm’in
the testing.

Fuel tank Film cover Electronicload

Fuel and water z}ﬂ

y

Opento air \

Electronicload

Membrane N-DMFC

Figure 2-8: N-DMFC testing setup.

-38 -



A novel structure of a DMFC

In the experiment, voltage-current measurements were taken after the methanol
solution had been in contact with the cell for 20 minutes. Each data point repre-
sents a typical steady state voltage that was measured after continuous operation of
5 minutes at the indicated current density.

Results show that the N-DMFC runs successfully with the 2 molxL" methanol
concentration. It produces a power density of 1.61 mWxcm™, which was reached at
a current density of SmAxcm™ at a voltage of 0.202 V. Results are shown in Fig-
ure 2-9.

The results were compared with conventional designs (Shimizu, et al. 2004, Ali
Abdelkareem and Nakagawa 2006, Bae, et al. 2006, Baglio, et al. 2009, Lai, et al.
2008, J. G. Liu, et al. 2005, Martin, et al. 2007) in Figure 2-10°. It seems that the
N-DMFC performance ranks in the middle of the samples. Considering its simple
structure, it may have better applicability at 2 molxL™" and it can lead to better cost
efficiency than the conventional DMFC. These results all stem from methanol op-

erating in a totally passive situation with no fans or pumps installed.

0.6 ———T——T—— — 2
—4— Voltage
—u— Power Density
0.5 4 .
1 // \.——l
]
0.4 - = \ g
_a\ / [ ] @
. fﬁr\&\ - S o
T, 0.3 &71 \ 3
= A z
= T =
=} \A& =
g R %
0.2 " 4*\ %
/ B g
&:\ [ ] :N
s
014 = Ry \
\‘-é. ]
4 \$
.
0.0 T T T T T T T T 0
0 2 4 6 8 10 12 14 16

- " -2
Current Density/mA*em

Figure 2-9: N-DMFC performance chart.

¥ It has to be mentioned that other scholars are using Nafion membrane and we are
using Fumapem membrane in the experiment. This may influence the results.
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Figure 2-10: Performance/catalyst figure with different samples (Shimizu, et al.
2004, Ali Abdelkareem and Nakagawa 2006, Bae, et al. 2006, Baglio, et al. 2009,
Lai, et al. 2008, J. G. Liu, et al. 2005, Martin, et al. 2007).

The properties of the N-DMFC can be summarized as follows: in the N-DMFC, the
current collector, gas diffusion layer, and catalyst layer are embedded together. No
clear layer boundaries exist between different functional layers. A metal mesh was
directly welded onto the PEM, and then the catalyst ink was sprayed on to it. The
N-DMFC overcomes the cost-barrier and simplifies the structure in order to save
the cost, space and weight. Compared with the conventional structures, the new
structure can withstand curling to some extent. This means that the structure can be
used in places where flow fields cannot be utilized, such as vaulted or camber
structures. Moreover, this N-DMFC is a ready-made product after welding. It can
be used directly. No mechanical pressure is needed to push the layers together. It

may have better applicability and lead to new application areas for passive DMFC.
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After establishing that the N-DMFC could work properly, our research focused on
how to assemble this structure in a simple way that can easily be scaled-up. In gen-
eral, the assembly of a DMFC MEA is not complicated. It includes two steps: the
loading of the catalyst and the assembly of all the different layers. In this section,
the contents are divided as these two steps. First the assembly of all the different
layers is discussed, and then the loading process is reviewed. At last, a discussion

about the automated process and cost analysis is carried out.

3.1. Welding

Assembling different layers together will influence the performance of the DMFC
heavily (Tang, et al. 2007, Hu, et al. 2006). A good connection will help the mass
and heat transfer and at the same time will not change the catalyst and membrane
properties. Currently, a hot-pressing method is used. There are several advantages
in hot-pressing for the MEA assembly. It is a simple process with simple joint
preparation, the equipment is relatively inexpensive, it is fast, joints are of high
quality, no additives are needed, few skilled operators are required, and it is easy to

apply into mass production. Much research has been done in this field (Park, et al.
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2011, Yang, Lin and Chiu 2008, Wang, Liu and Linkov 2006). However, hot-
pressing is not the only method to connect different layers. Some other methods are
also applied for the DMFC assembly (Steven and Pratt 2000). In this dissertation,
N-DMFC is assembled by using ultrasonic welding, since in our structure the mesh

and the membrane cannot easily connect with hot-pressing.

The discussion on ultra-sonic welding used for N-DMFC is divided into two parts
in Publication V. It has been separated to a qualitative analysis and a quantitative

analysis.

Qualitative analysis is used to test if the ultrasonic welding changed the organic
PEM structure, which will indicate whether ultrasonic welding can be applied.
Quantitative analysis via microscope is used to test the ultrasonic welding quality,

i.e., how well these two materials join together.

Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) were
used in the quantitative test. FTIR is used to examine different organic functional

groups, and XRD is used as a reference to examine the space structure of the mem-

brane.
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Figure 3-1: IR spectrum for membrane before welding and after welding.
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The qualitative analysis confirms (Figure 3-1) that no significant changes to the
membrane have happened in the welding process. Ultrasonic welding can be used

on the membrane without changing its properties.

A quantitative approach is used to study the embedded distance between the mem-
brane and the mesh. This distance should be deep enough to avoid detaching after
the welding. The distance should also be as low as possible to avoid too much
crossover while the DMFC operates. The measurements were carried out for 10
samples with the same welding parameter. Measuring was made via microscope
from cross-section samples that were embedded in epoxy. The cross-section analy-

sis was conducted from the center of the weld.

These tests indicate that there were no visible damages on the membrane surface.
There was no detachment of the membrane and the meshes or structural change
after absorbing the fuel. The membrane can be bent and can withstand tensile force
which, if exceeded, will break the membrane without detachment. Measurements

of each sample are shown in Figure 3-2.
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Figure 3-2 : I-MR SPC Chart of Embedded distance.
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Individual Moving Range (I-MR) Statistical Process Control (SPC) chart is used to
test if the process is stable or not (Shewhart 1930, Wheeler 1995). In Figure 3-2,
the measurements of each sample’s embedded distance are shown in an I-MR SPC

chart. It indicates that the welding results are stable’.

3.2. Catalystink loading process

Several methods have been developed for the DMFC catalyst loading, such as
spreading, spraying, sputtering, painting, screen printing, decaling, electro-
deposition, evaporative deposition, and impregnation reduction (Frano 2005). Dis-

cussion on why a specific catalyst loading process is used is, however, scarce.

We have analyzed the most efficient methods to scale-up the catalyst loading pro-
cess in Publication VI. It shows that the screen printing method is one of the most

suitable processes as shown in Figure 3-3.

? It has to be mentioned that traditionally in SPC charts there are 3-sigma limits used
as control limits. In individual charts this is not the right way to do it. The assump-
tion for most continuous data SPC charts is normal distribution. Normal distribu-
tion could be characterized as follows: x~N(y,6°). This means that x follows nor-
mal distribution with two parameters u (=population mean) and ° (=variance). In
different Xbar charts, the mean of subgroups is calculated. Based on central limit
theorem (CLT), the distribution of these means could be characterized as
xbar~N(p,(c*/n). This means that the mean of the subgroups follows normal dis-
tribution with two parameters p (=population mean) and (c’)/n
(=variance/subgroup size). Because these variances are different, different limits
need to be used. If the same limits are used, the charts give fault signals. This is
why 4-sigma limits are used for individual charts.
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Figure 3-3: Comparisons of the common methods.

The assumptions made suggest that applying screen printing would be practical. In
screen printing, the ink is a paste form ink. The thickness of the catalyst layer has
to be controlled since a too thin layer will cause an open circuit; on the other hand,
a too thick layer will influence the mass transfer and may cause deformation and
cracks on the catalyst layer.

Based on the experiment, a reasonable catalyst content rate for screen printing is
shown in Table 3-1. It is imperative to mention here that liquid should be added
drop by drop in order to keep it in paste form. Adding superfluous liquid in a short

period of time may transfer the paste into liquid form.
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Table 3-1: Catalyst paste content.

Amount
Pt 60% on Carbon black (Cathode) 16.7 mg
Pt 30% Ru 30% on Carbon black (Anode) 16.7 mg
Fumion 5mg
Carbon black 173.3 mg
Distilled water 5 ml
Iso-propanol 10 ml

After the paste was ready, a screen printing machine was used (AP25, MPM Cor-
poration) to print the catalyst ink on the membrane. The membrane is placed on the
surface of a Printed Circuit Board (PCB) for an added structural support. The cata-
lyst ink was used as a paste, and stainless steel plate, with an opening of 1cm by 1
cm was used as a stencil. The membrane used in this experiment was Fumapem F-
14100 (dry thickness: 100-120 um, Fumatech GmbH). This membrane was pre-
treated as described in Section two. The catalyst ink was prepared as described
above.

The experimental results showed that the screen printing method could be applied
to the N-DMFC. From the cross-section and microscopic figures, seen in Figure
3-4, the catalyst layer is as thick as the membrane and it is uniform. The N-DMFC
has no problems of membrane swelling or wrinkling.

Membrane Catalystarea

Membrane
Metal mesh

100 pm Catalyst

Figure 3-4: Screen printing results.
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The advantages of this method are:

1. quick process,

2. easy paste preparation,
3. low waste.

4. ability to print,

5. impurity tolerance,

6. easy scale-up.

However, the process also presents challenges. First, screen printing a large area
such as 1 cm by 1 cm will require the catalyst paste to have precise geometries
allowing complex interconnection patterns to be generated. A too dry paste will
fracture the catalyst layer; a too wet paste will cause a boundary effect, which
causes the edge of the catalyst layer to be thicker than the middle. In this case
study, silk threads were applied as a mesh on top of the membrane, which divide
the membrane into six small areas. It helps to reduce the boundary effect influence.
Therefore, the screen printing properties should be considered case by case, in or-

der to get the optimized results.

3.3. Overall N-DMFC assembly process

As in Figure 2-2, the N-DMFC assembly can be divided into three steps: pretreat-
ment, assembling and loading. A batch process was discussed previously in section

two. In this section, the automatic production period is discussed.

Step 1: Pretreatment

Step 1 includes the pretreatment of the membrane, the mesh and the catalyst ink. In
this step, the meshes were cut into two mesh tapes, with size 3.5x40cm, then
cleaned with ultrasonic cleaner. It took around six minutes. The catalyst was pre-
pared as described in screen printing experiment. It took another six minutes. The
membrane was cut into a 4x40cm piece, then resin and cleaned. It took eight hours:

five hours for resin, three hours for cleaning.

Step 2: Assembly
Ultrasonic welding is used for the membrane and mesh assembly; the quality of
which has been discussed in Section 3.1. It is suitable for DMFC assembling.

However, ultra-sonic welding utilizes high-frequency ultrasonic acoustic vibrations
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to weld different parts together. In this case, the metal mesh and membrane should
be held together. Otherwise, shaking and movement of the materials can occur,

resulting in bad quality and poor uniformity.

In the assembly, a roll-to-roll system has been seen practical in creating a feasible
solution. This system does not need neither pretreatment nor after-treatment for the
materials and can be easily applied into an automatic assembly line.

Step 3: Catalyst loading
The screen printing method was used for catalyst loading, it took around six

minutes.

The time consumption of the assembly process is portrayed in Table 3-2.

Table 3-2: DMFC process.

Process Start time _Processing time (hour) End time
Membrane preparation 0.00 8 8

Mesh preparation 0.00 0.10 0.10

Ink preparation 0.00 0.10 0.10
Welding 8 0.05 8.05
Printing 8 0.1 8.1

The production rate is a critical parameter for an automatic production line. In this
N-DMFC production, the process is semi-continuous or semi-batch. The prepara-
tion of the membrane is a batch process, and the membrane preparation of one
membrane takes the same amount of time as it takes to prepare 100 membranes (8
hours). When assuming that we are going to prepare 8/n DMFCs at a time, the pro-
duction rate is 8/n per DMFC. In the manufacturing process, welding can com-
mence after the preparation of the membrane and mesh, and printing can com-
mence after welding and ink preparation. The welding and printing for each MEA
takes a certain amount of time, and it is a continuous process. The mesh prepara-
tion could be performed simultaneously with the membrane preparation. The mesh
preparation process is much easier than the membrane preparation process and thus
does not consume as much time. The bottle neck process is the membrane prepara-
tion, which always takes 8 hours, making the production rate per cell 8/n. While
the printing is being performed, the welding could already be executed, thus elimi-

nating the influence of welding on production time. Comparing the printing process
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which takes 0.1 hours to the welding process which takes 0.05 hours, the printing
process is the bottle neck.

Production time for each cell is:

T=2+005+0.1(n=1) Eq.3-1

T= % +0.1(n € (1,100]) Eq.3-2

T= production time for one cell
n = number of cells

These equations show that the more we produce, the less time each manufactured
unit will require. The limit T is 0.18 hours, while n=100. Thus, the timing of the
entire process is mainly controlled by the printing process. If we wish to shorten
the processing time, the number of printing equipment should be increased. The
optimized result for the manufacturing of one cell is 0.2 hours, which is 12 min.

3.4. Cost analysis

In the N-DMFC, several materials have been used for manufacturing. The costs of
important materials used in a 3x3 cm N-DMFC is listed in Table 3-3. Other mate-
rials used, such as carbon black, iso-propanol and distilled water, are neglected due

to their inexpensive price.

Table 3-3: Price list of each material.

Item Amount/size Price (Euro)
1 Metal Meshes 3.5x3.5cm’x2  24.5x350/50000=0.1715
2 Fumatech membrane 4x4 cm’ 370x16/10000=0.592
3 Catalyst (anode) 0.5 mg x9 4.5%816/1000=3.672
4 Catalyst (cathode) 0.5 mg x9 4.5%x816/1000=3.672
5 TIonomer 1.35 ml 1.35x75/100=1.0125
Total 9.12
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From the table, it can be seen that a single N-DMFC’s cost is around 9 € without
the shell. If it is divided by its size, the price is around 1 euroxcm™. It also means
1.61 mW per € and 621 € per watt.'

As it is discussed by Agnolucci (2007), the prospect PFC price is 3 $ per watt.
Even through the mass production price could be cheaper than the price in the la-
boratory, the cost estimation of the N-DMFC is still far away from being commer-
cially available. The cost of N-DMFC is mainly due to the catalyst used. It takes
more than 90% of the total price. By using this N-DMFC, the price of the other
parts of the DMFC has been limited to a very small amount, less than 10%. It can
be claimed that the N-DMFC has a simple structure and it saves the costs also.
However, at this stage, the efficiency of the catalyst in N-DMFC has been the more
prominent problem. More studies focusing on this are required. In the future re-
search, it could be the key point to farther enhance the N-DMFC performance, and

make it commercially available.

' The cost analysis is made for materials only and based on laboratory experiments.

-50-



4. Conclusions

The final section 4 draws the conclusions to the dissertation. The implications of
future research possibilities are also introduced. The section is sub-sectioned as
follows. Section 4.1 Summary of the publications elaborates on the original publi-
cations included in the thesis. The publications are discussed individually and in-
sights to the origins of the publications are given. Section 4.2 Contribution elabo-
rates the overall findings of the publications. Section 4.3 analyzes the limitations of

the work and simultaneously suggests future research efforts.

4.1. Summary of the publications

As discussed in the first section, each publication has its own contributions to the
whole dissertation. The structure of how the publications are organized is shown in

Figure 4-1.



4. Conclusions

Introduction

Technology foresight and
| planningthrough
Morphological analysis

Analysisof DMFC functional

structure
Design of Experiment method applied A 2D model for CO2/fuel
1 into DMFC characterization testing " multiphase flow on the
andresearch anodeside of a DMFC

Design of the novel DMFC

A new Structure of a Passive
v Direct Methanol Fuel Cell

DMFCassembly process

discussion
Discussion on the challenges of Ultra sonic welding
V1| DMFCcatalyst loading process for vV applicationin DMFC MEA
mass production manufacture

Figure 4-1: Structure of publications.

In Figure 4-1, the publications are shown in a logical flow. Publication I is an
overall suggestion of a portable FC research direction, which is the original idea of
why and where we should start our research. Publication II and III are the technical
papers which analyze the DMFC function structure. Publication IV is the core pa-
per of this research, and Publications V and VI are focused on the DMFC assembly

process.

4.2. Contribution and conclusion

In this dissertation, a N-DMFC was researched to meet our goal. The N-DMFC
overcomes the cost barrier, as well as saves space and weight. Compared with the
conventional structure, the new structure can withstand curling to some extent.
This means that the structure can be used in places where flow fields cannot be

utilized, such as vaulted or camber structures. Moreover, this N-DMFC is a ready-
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made product after welding. It can be used directly. No mechanical pressure is
needed to push the layers together. The original analysis, new structure description,

and assembly process research have been discussed herein.

Results show that, the N-DMFC works with a maximum peak power density as
high as 1.52 mWxcm™ reached at current densities of 9 mAxcm™ at a voltage of
0.169 V. Compared with the other current passive DMFCs, the new structure
demonstrates an average performance with the simplest structure. It saves cost,

simplifies production, and is thinner than conventional DMFC designs.

It has been calculated that a single N-DMFC’s cost is around 9 €. If it is divided by
its size, the price is around 1 €/cm’. It also means 1.61 mW/€ and 621 €/W. Even
though the mass production price could be cheaper than the price in the laboratory,
the cost estimation for the N-DMFC is still far away from being commercially
available. The cost of the N-DMFC is mainly due to the catalyst used. It takes more
than 90% of the total price. By using this N-DMFC, the price of other parts of the
DMEFC can be reduced to a very low price, less than 10% of the total price. It can
be claimed from the cost estimation that the N-DMFC has a simple structure which
saves the cost. However, more studies have to focus on improving the efficiency of

the catalyst to make the system commercially available.

Experiments have been designed and operated for testing the flexibility of the
DMFC manufacturing. The results were discussed, and basically, it is possible to
have an automatic DMFC production line. Performance evaluations and further
developments that were not done within the scope of this feasibility study need to

be explored.

4.3. Future work and limitations

Even though the N-DMFC has its advantages, it is not perfect. The present aim
“commercial feasibility” was not reached. The performance 621 €/W was due to
problems of low power output and high crossover rate. There are several things that

can be done to improve its performance.

In the future, the efficiency of the catalyst in N-DMFC has to be a more prominent

problem. More studies have to focus on this aspect. In the future research, it could
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be the key point to further enhances the N-DMFC performance. It has been report-
ed that in some other research, carbonized TiO, nanotubes have showed over 700%
increase in the catalytic activity for methanol oxidation with the same Pt/Ru load,
compared to untreated nanotubes. This could be tested with the N-DMFC structure.
Hopefully, it will also increase the performance of N-DMFC. For further develop-
ment, a thicker membrane could be tested in order to decrease the crossover rate.
Also some other membranes which we have not tested with N-DMFC should be

tested, such as Nafion.

For the assembly process, more specific tests concerning ultrasonic welding quality
such as the influence of welding parameters on welding results and DMFC perfor-
mance should be considered. Probably a Six Sigma method could be applied into
managing the manufacturing process. At last, a small-scale N-DMFC production
line should also be built and tested.

The work is limited by the project time and project funding. It is also limited by the
current FC catalyst research status. In the future, with development of the catalyst
and FC technology, hopefully, our N-DMFC design could be a practical solution
for PFC and will be available in the market.
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