Vesa Koiramaki

Development of printable membrane electrode
assembly for a passive direct methanol fuel
cell-based biosensor

Helsinki Metropolia University of Applied Sciences
Bachelor of Engineering

Biotechnology and Food Engineering

Bachelor's Thesis

30 August 2016

Metropolia



Abstract

Author Vesa Koiramaki

Title Development of printable membrane electrode assembly for
a passive direct methanol fuel cell-based biosensor

Number of Pages 58 pages + 6 appendices

Date 30 August 2016

Degree Bachelor of Engineering

Degree Programme Biotechnology and Food Engineering

Specialisation option Biomedicine

Instructors Saara Tuurala, Senior Scientist
Pentti Viluksela, Principal Lecturer

This bachelor’'s thesis was carried out in co-operation with VTT at Micronova (Centre for
Micro and Nanotechnology) in Dr Maria Smolander’s research team (printed sensors and
electronic devices) as part of the European Union co-funded Symbiotic project under the
Future and Emerging Technologies (FET) programme.

Biosensors are important tools for recognising specific biomarkers that can be used to de-
termine a person’s state of health. A common problem is that amperometric biosensors
require electricity and therefore their use is limited by the proximity of an electricity genera-
tor system. In-situ-constructed printable direct methanol fuel cell offers a compact power
source for such applications.

The aim of this work was to develop and build prototype membrane electrode assembly for
a passive air-breathing direct methanol fuel cell by using inkjet printing technology. Addi-
tionally, the methanol oxidation catalysis activity of the ink (Pt-Ru/C) used in production
was verified.

The catalysis activity of the production ink was investigated in cyclic voltammetry by com-
paring it to inactive carbon black (Vulcan XC-72R) ink in both active and inactive electro-
lyte solution. The direct methanol fuel cell membrane electrode assembly prototype was
constructed using Pt-Ru/C ink.

The results obtained support the methanol oxidation catalysis activity of the Pt-Ru/C ink
and its potential usage in inkjet printing for direct methanol membrane electrode assembly
construction. However, more research is still needed in membrane electrode assembly
construction.
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Opinnaytety® toteutettiin yhteistydssa mikro- ja nanotekniikan keskuksen kanssa tri Maria
Smolanderin tutkimusryhméssa osana Euroopan Unionin FET-ohjelman rahoittamaa Sym-
biotic-projektia. Symbiotic-projektin lopputavoitteena on kehittdd taysin omavarainen sah-
kokemiallinen biosensori.

Biosensorit ovat tarkeita diagnostisia tydvalineita tunnistamaan spesifisia biomerkkiaineita,
joita voidaan kayttda henkilon terveydentilan arviointiin. Yleinen ongelma on kuitenkin, etta
amperometriset biosensorit vaativat sahkoa toimiakseen ja siten niiden kayttoetaisyys on
rajattu sdhkogeneraattorin laheisyyteen. Biosensoriin paikallisesti asennettava tulostettava
metanolipolttokenno mahdollistaa kompaktin séhkdnlahteen tallaisiin sovellutuksiin.

Opinnaytety6n aiheena oli tulostustekniikkaa hyddyntavan membraani-elektrodi-
kokoonpanoprototyypin kehittdminen ja rakentaminen ilmahengitteiseen suoratoimiseen
metanolipolttokennoon. Lisdksi katalyyttikerroksen valmistuksessa kaytettavan platina-
ruthenium-hiilimusteen (Pt-Ru/C) sopivuuden varmistaminen tulostettavan metanolipoltto-
kennon anodikatalyytiksi.

Musteen katalyysiaktiivisuutta tutkittiin syklisella voltammetrialla vertaamalla musteen ak-
tiivisuutta puhtaasta hiilimustasta (Vulcan XC-72R) valmistettuun musteeseen seka aktiivi-
sessa etta ei-aktiivisessa elektrolyytissa. Myos suora metanolipolttokennoprototyyppi ra-
kennettiin kayttaen Pt-Ru/C-pohjaista mustetta.

Tulokset tukevat valmistetun musteen sopivuutta passiivin metanolimembraanielektrodiko-
koonpanon valmistamiseen, toisaalta lisatutkimusta vaaditaan tulostuskomponenttien yh-
teen liittamiseen kokoonpanossa.

Avainsanat membraani-elektrodikokoonpano, passiivi suora metanoli-
polttokenno, biosensori
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Nomenclature

Symbol Description

A Area
Thermodynamic activity

Electrode potential

3>}

Elementary charge

F Faraday constant

G Gibbs free energy

H Entalphy

I Electric current

m Mass

Ny Avogadro constant

n Amount of substance in moles
Q Reaction quotient

R Gas constant

T Temperature

t Time

U Electric potential difference
%4 Volume

A Change in something

n Efficiency

v Stoichiometric coefficient

p Density

Value / unit

m2

\

1.6022 x 10 C
96485 C mol*

J

J

A

kg

6.0221 x 10% mol*

mol

8.3145 m® Pa K mol*

kg m3
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Abbreviations

AC
AFC
BFC
CMP
CNT
cv
DAA
DC
DET
DIW
DMFC
GDL
1JP
MEA
MET
MeOH
MIP
MPL
ocv
PAFC
PEMFC
PET
PTFE
RHE
SATP
SHE
SOFC
SPAM
STP
YSZ

mil

ppm

Alternating current

Alkaline fuel cell

Biological fuel cell

Carbon monoxide poisoning
Carbon nanotube

Cyclic voltammetry

Diacetone alcohol

Direct current

Direct electron transfer
Deionised water

Direct methanol fuel cell

Gas diffusion layer

Inkjet printing

Membrane electrode assembly
Mediated electron transfer
Methanol

Molecularly imprinted polymer
Microporous layer

Open-circuit voltage

Phosphoric acid fuel cell

Proton exchange membrane fuel cell
Polyethylene terephthalate
Polytetrafluoroethylene
Reversible hydrogen electrode
Standard ambient temperature and pressure (298.15 K, 100 kPa)
Standard hydrogen electrode
Solid oxide fuel cell

Smart plastic antibody material
Standard temperature and pressure (273.15 K, 100 kPa)
Yttria-stabilized zirconia
Angstréom (0.1 nm)
Thousandth of an inch (25.4 um)

Parts per million
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Subscripts

Chem Chemical
Elec Electrical
Ox Oxidation
Reag Reagent
Red Reduction
Redox Reduction-oxidation
Rxn Reaction
Prod Product
(aq) Aqueous
(9) Gas

)] Liquid

(s) Solid
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1 Introduction

This Bachelor’'s thesis was carried out in co-operation with VTT at Micronova (Centre
for Micro and Nanotechnology) in Dr Maria Smolander’s research team (printed sen-
sors and electronic devices) as part of the European Union co-funded Symbiotic project

under the Future and Emerging Technologies (FET) programme.

Symbiotic is an intereuropean European Union co-funded project between the Imperial
College London (The Imperial College of Science, Technology and Medicine), UNINO-
VA (Institute for the Development of New Technologies), Aarhus University, Instituto
Superior de Engenharia do Porto (Polytechnic of Porto - School of Engineering) and
VTT (Technical Research Centre of Finland Ltd). The name Symbiotic is for “innovative
autonomous electrical biosensor synergistically assembled inside a passive direct

methanol fuel cell for screening cancer biomarkers”. [1]

The intention of the Symbiotic project is to develop an autonomous electrochemical
biosensor that is lightweight, disposable and low cost. As part of the project VTT is de-
veloping low cost, disposable fuel cells using printable technology on passive DMFC

development for the Symbiotic biosensor. [2]

Cancer is a general term for describing a group of diseases that leads to abnormal cell
growth in affected cells, i.e. cancer cells. Generally, cancer cells will keep proliferating
and redistributing these cancer properties and, in some cases, forming tumours. The
type of cancer and how it is located, e.g. accessibility to blood circulatory system, will
determine if the cancer cells will stay benignly local or malignantly spread to the other
parts of the body. The rate of cancer being able to spread new cancer cells is directly

proportional to the number of viable cancer cells and thus also to time.

Biosensors are important tools for recognising specific biomolecules such as bi-
omarkers, which can be used to determine a person’s state of health. Amperometric
biosensors can detect specific bioanalytes by converting biological entity (e.g. protein,
nucleic acids and metabolic compounds) into an electrical signal that can be detected
and analysed. The measurable changes in electrical properties of bio-recognition ele-
ment enables making biosensors that can have high specificity and sensitivity, which

holds vast potential for early disease detection and treatment. [3]



A common problem is that amperometric biosensors require electricity and therefore
their use is limited by the proximity of an electricity generator system. Electricity is
movement of electrons in electric gradient between the two sources of different electric

potential energy. In daily life, the null potential is often referred as ground.

Classically, electricity is generated from fuels through a process which involves four
conversion steps. First, the fuel is combusted that converts chemical energy into heat
and produces exhaust gas. The heat is then used to boil water to make steam. The
steam provides mechanical energy that runs a steam turbine. Finally, the mechanical

energy turns into electricity in a running electric generator.[4]

A fuel cell, conversely, skips all these required steps and generates electricity in a one
single step without any mechanical parts. The concept and scientific fundamentals for a
fuel cell have existed over the past one and a half century, meaning that the fuel cell
concept is actually older than the starting point of modern petroleum industry[5]. Still,
only the last half of a century has actually seen the real practical utilisation of fuel cells.
Now the trend has changed; new technologies are being developed and matured. The
interest for the fuel cells is also strongly increasing due to the efficiency, environmental
concerns and the decrease in fossil fuel resources. [4,6]

Inkjet printing technology offers the ability to accurately and in a controlled manner print
a fixed amount of functional materials, such as catalysis layer of direct methanol fuel
cell. This can help to reduce the overall costs of a disposable methanol fuel cell as the

usage of expensive materials, such as platinum, can be reduced to minimum level.

The theory part of this thesis serves as an introduction to the diverse world of fuel cells.
In the experimental part, the activity of catalysis properties of prepared Pt-Ru/C ink is
investigated using cyclic voltammetry. Finally, a primitive prototype of PEM-based di-
rect methanol fuel cell with five MEAs is constructed using Pt-Ru/C inkjet-printed com-

ponents and tested.



2 Theory

2.1 Symbiotic biosensor

Symbiotic is a project for developing a low-cost autonomous electrochemical biosensor
for cancer screening (See Figure 1). The electricity is generated in situ by an integrated
direct methanol fuel cell (DMFC) system. Methanol offers good energy density in liquid
form for compact and portable devices that can be operated at ambient temperature.

Anode End Plate
and Display

Anode Flow Field

Anode Current Collector

Anode Spacer and
Bonding Layer

5 cell MEA

Cathode Spacer and
Bonding Layers

Cathode End Plate
and Current Collector

28.0mm

Figure 1. Concept (version 0.1 by Imperial College) stack design of Symbiotic biosensor

The main idea behind the concept is to incorporate an economical plastic bio-
recognition element inside polymer membrane. The biosensor element with molecularly
imprinted polymers (MIPs) is fixed to the anode of a passive DMFC. MIPs can be made
sensitive to specific cancer biomarkers, thus activated by the presence of these bi-
omarkers resulting change in the material’s electrical properties that can be then
measured. Generally, MIPs are more or less synthesised counterparts of biological



antibodies and they are commonly referred as plastic antibodies. Fairly new and inter-

esting MIP synthesis technique is SPAM (see chapter 2.2).

Aqueous methanol is passively fed to the fuel cell anode and oxygen is provided from
the air to the cathode for generating electricity to the biosensor system. Finally, this will
result electrical current that is directly related to the resistance of MIP material that is
related to the concentration of bound cancer biomarkers. This can be presented as a
result. [7]

2.2 Smart plastic antibody material (SPAM)

Molecularly imprinted polymers (MIPs) are synthesised on top of an imprint target ma-
terial. The imprinted molecule is then removed leaving a cavity in the MIP material. The
cavity can then bind a new target molecule.

Generally, MIPs offer an inexpensive alternative to antibody-based immunoassays for
recognising specific molecules by their active binding site. A target molecule that binds
to the cavity will change some measurable property (e.g. conductivity) in MIP; there-
fore, the total concentration of target molecules can be evaluated by the overall total
change in the measured property. Plastic antibodies are environmentally stable and
specific for simple molecules [8]. Although MIPs work fairly well with small molecules,
there are some issues with larger and more complex molecules; for instance, the speci-

ficity is often subpar compared to authentic biological protein antibodies.

SPAM is a new and promising synthesis technique for MIPs offering more specific
binding to larger molecules. Synthesis of SPAM[9] is a five-step process that is pre-
sented in Figure 2. [9]

A layer of carboxylic acid (part A) is first activated. Then a template (e.g. protein) is
allowed to attach to the surface (part B) of the activated carboxylic layer. The layer will
bind with the biomolecule, in this example with functional carboxylic acid forming an

amide bond with the protein.

Next, the electrically charged functional monomers are introduced (part C), in this case

AMPSA with negative sulfonic acid group and AEMA with positive amine group. How-



ever, they are not completely in ionized form because the physiological conditions have
to be ensured. If the physiological conditions are not met, the compatibility of the im-
print for physiologically active molecule conformation cannot be guaranteed [10]. The
unbound monomers are then washed. The unbound charged monomers could be prob-
lematic by replacing the neutral monomers in final polymerization, thus reducing the

imprint specificity.
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Figure 2. Schematic[9] for the synthetize of SPAM binding to myoglobin.

In the final polymerization (part D), the bound monomers are polymerized using neutral
monomers. This will leave the imprint cavity for a biomolecule in the polymerized frame
with specifically located functional groups. Finally, the imprint molecule (e.g. protein) is
removed by clipping (e.g. utilising protease) it into smaller molecules and finally wash-

ing them away (part E). After washing, SPAM is ready to be collected.

2.3 Introduction to electricity and fuel cells

There are four generally accepted fundamental interactions that are supported by the

evidence found in studies of nature and universe: gravity between masses (i), weak



interactions between elementary particles (ii), electromagnetic interactions between
electrically charged particles (iii) and strong interactions between colour charges in
atomic nuclei (iv). Table 1[11] presents the magnitudes of strength relative to the gravi-
ty interaction, other estimates exist[12].

Table 1. Strengths of fundamental interactions (according to W. Greiner and B. Mduller) are

presented relatively to the strength of gravity.

Interaction Relative strength Range (fm)
Gravitational interaction 1 Infinite
Weak nuclear interaction 10%° K1
Electromagnetic interaction 1038 Infinite
Strong nuclear interaction 10% =1

Every single atom has at least one proton. If the number of electrons in an atomic unit
is greater than the number of protons the atom is called an anion, whereas if the num-
ber of electrons is less than the number of protons, it is then called a positively charged
atom or a cation. The atom is said to be neutral if the count is same for electrons and
protons. The opposite charges attract and the similar charges repel each other. The

same principles are applied to polyatomic molecules.

Material's tendency to be reduced or oxidised, i.e. to acquire or release electron, is
measured in reduction-oxidation (redox) potential, respectively. An electric current is
produced by the movement of electrons in a conductive material between the two elec-
trodes that have a different electrical potential, generating potential gradient between
them. In DC electricity electrons move between two electrodes from the more negative
anode to the more positive charged cathode. Alternatively, in AC electricity the direc-
tion of charged particles is reversed at constant intervals (e.g. 50 Hz) by switching the

cathode and anode at the terminal ends.

Electric current travels via the path of least resistance through electric potential gradi-
ent. The movement of electrons is always less restricted than the movement of protons
due to the electrons multitudes smaller mass. For this reason, electrons work as
charge carriers in electricity [13]. Static electricity is asymmetry of charge in a matter,
e.g. excess of electrons. A discharge of static electricity can be seen in a lightning phe-

nomenon.



Materials known as insulators resist more the movement of charged particles and other
materials correspondingly known as conductors allow more efficient movement of
charged particles. Excluding superconductors, every material is a resistor to some de-
gree.

Fuel cell transfers chemical energy into electrical energy, but some of this energy is
lost as energy changes into a partially irreversible form of energy, e.g. heat (Equation
2.3.1), where Eekc is electrical energy, Ecnem is chemical energy and Eess iS energy loss.
Gibbs energy (Equation 2.3.2) is the maximum available work that can be performed by
the reaction, where AH is change in enthalpy, T is temperature and AS change in en-
tropy. The electrical energy equals to the change in Gibbs energy (AG) of reaction
(Equation 2.3.3), where | is current, U electrical potential difference and t time. Howev-

er it should be noted that it is theoretically applied to reversible fuel cells [14].

Ectec = Echem — Eloss (2.3.1)
AG = AH—T X AS (2.3.2)
AGpyn =TI XU X t — Ejpgs (2.3.3)
Iim(U X I Xt — Ejpss) = U X Nepectron X F (2.3.4)

t—-0

As time and therefore the number of electrons transferred approaches null, energy is
not lost due to resistance and energy losses approaches null as well (Equation 2.3.4).
In the equation Neecron IS Moles of electrons transferred per mole of reactant and F is
Faraday constant (charge per mole of electrons). This is referred as open-circuit volt-
age (OCV).

Assuming that the fuel cell is reversible and that, therefore all reaction energy is con-
served and no energy is lost in electron transfer, the ideal voltage potential is approxi-
mately 1.2 V for a hydrogen fuel cell operating at standard ambient temperature and
temperature (SATP) (Equation 2.3.7), where E° is standard electrode potential. See

Appendix 1 for formation energies and Appendix 5 for calculus details.



2H,(g)+0,(g) — 2H,0 () (2.3.5)
Aern = Zprod(vprod X AGprod,fo) - Zreag(vreag X AGreazcg,fo) (2-3-6)
o = —A0mm (2.3.7)

NelectronXF

Efficiency (Equation 2.3.7) of a fuel cell can be compared to the energy released if the
fuel is burned, i.e. change in enthalpy of formation (Equation 2.3.6), where v is stoichi-
ometric constant and AHr is standard heat of formation. This can be referred to either
higher heating value (HHV) or lower heating value (LHV) depending the final state (lig-
uid or gas) of water end-product. Although in practice not all fuel is reacted, a fuel utili-

sation coefficient (u) can be used.

Aern = Zprod(vprod X AHprod,fo) - Zreag(vreag X AI—lreag,fo) (2-3-6)
AGrxn
n= Ry X (2.3.7)

Additionally, it should be clearly clarified that hardly any fuel cell has an environment
that support constant temperature and pressure, therefore, Nernst equation (Equation
2.3.9) is often used to predict ideal potential more precisely, where R is gas constant
and Qredox iS reaction quotient for reduction-oxidation reaction (Equation 2.3.8), where a

is thermodynamic activity. [14]

Vred
Q _ Hred(amfé ) __ [reduction activity]
- v
redox Hox(ao;x

(2.3.8)

- [oxidation activity]

RXT

Eceny = E° — In Qregox (2-3-9)

NelectronXF

2.4 Cyclic voltammetry (CV)

Cyclic voltammetry is a technique that has become popular tool since the 1970s to ob-
tain information about electron transfer processes. For instance, it can be used to study
reaction pathways in biosynthesis or generation of free radicals in electrochemical re-

actions. [15]



The reaction of interest occurs on the working electrode. An auxiliary electrode (plati-
num) serves as a source or a sink for electrons. The potentials of other electrodes are
measured against constant potential provided by a reference electrode (e.g. Ag/AgCl).
[16]

In CV, current is measured as a function of voltage. Voltage is applied to the investi-
gated working (testing) electrode that is scanned by changing voltages by scan rate
(Estep/T, Where Esep is absolute value of voltage change and r is interval) from the initial
value (E)) to the limit voltage value (E,s). At the limit value the scan is reversed, and it is
scanned to the other limit voltage value (E,2). The cathodic (reduction) peak can be
seen at +0.1 V and the anodic (oxidation) peak at +0.2 V in the example voltammo-

gram, see Figure 3.

Reference
Auxiliary (Ag/AgCl)
(Pt wire)

Working
(Pt, Au or C)

Movable nitrogen
or helium inlet

Electrode geometries

Spade
IZO»A
Y

Disk E
LI
+05 [+ -0.5

APPLIED VOLTS

APPLIED VOLTAGE

Glass cell

Porous frit

.

Cylinder

Epa

Figure 3. lllustration of typical setup in cyclic voltammetry is presented at left. Applied potential
program (A) showing the potential limits Ex1 and Ex2 and an example of typical cyclic
voltammogram (B) [15].

For successful electron transfer kinetics, it is essential that the surface of working elec-
trode is polished and cleaned. Attention should also be paid to the choice of materials
in the working electrode, for instance carbon electrodes are useful for detecting reac-

tions of oxidation[17]. In some cases, especially when working with carbon electrodes,
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it is advocated that the electrode surface should be activated by applying sequences of

extreme positive and negative potentials. [15]

Depending on measurement environment the peak potentials in voltammograms may
be affected by changes in pH that can directly contribute to electron-proton transfer

reaction mechanisms[17].

2.5 Fuel cell technologies

Fuel cell is a device or a unit that converts chemical energy into DC electricity and pro-
duces heat and by-products such as water. In a minimalistic structure, a fuel cell con-
sists of an intermediate electrolyte membrane with the two electrode layers on the op-
posite planes, i.e. electrolyte is technically sandwiched between the anode and the
cathode (see Figure 4). Analogously it is quite similar to a battery, but, unlike a battery,
a fuel cell produces waste by-products and heat. The electricity is generated directly
from the oxidation of fuel, e.g. hydrogen through redox reaction. [6]

Additionally, there are different types of biological fuel cells which may be based on
either direct enzymatic activity or more complex microbiological activities. These are
still mostly at concept level but under moderately active research. New innovative fuel
cells are compelling because various types of current fuel cell generation utilise expen-

sive platinum-based catalyst materials. [18]
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Figure 4. Presentation of the PEMFC structure by M. Fedkin[19]. Hydrogen circulates anode
and oxygen circulates cathode. The catalyst layers are presented in this picture as an
integral part of electrodes, catalyst layer is located at the interface of electrode and
electrolyte (PEM).

Fuel cell technologies can primarily be classified (see Table 2) into major categories by
the kind of electrolyte the cells utilise. These main categories include inter alia alkaline
fuel cell (AFC), proton exchange membrane fuel cell (PEMFC), phosphoric acid fuel
cell (PAFC), molten carbon fuel cell (MCFC) and solid oxide fuel cell (SOFC). Alterna-
tively, fuel cells can be classified by the type of fuel consumed. For example, direct
methanol fuel cell (DMFC) that oxidises directly methanol. DMFC is often PEM-based
hence PEMDMFC or sometimes DM-PEMFCJ[20].

Fuel cell can be active or passive. In a passive fuel cell, no external force is applied to
supply the fuel and oxygen to the cell. It is completely fed by using internal forces such
as gravity, diffusion et cetera and combination of them, e.g. capillary action through
wick[21] utilising adhesion and cohesion. In an active fuel cell, a pump can be used

instead.
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Table 2. Different fuel cell types listed with typical properties according to O. Sharaf and M.
Orhan[6].

Type Electrolyte Anode Cathode Conduction Fuel Charge Power Efficiency Contaminants

carrier density (%)

PEMFC Solid Platinum, Platinum, Graphite Hydrogen Proton High 40 - 60 Carbon mon-
Nafion carbon carbon oxide, hydro-

support support gen sulphide

AFC Potassium  Nickel Silver, Graphite Hydrogen Hydroxide Low 60-70 Carbon diox-
hydroxide, carbon ide
liquid support
solution

PAFC Phosphoric  Platinum, Platinum, Graphite Hydrogen Proton Low 40 Carbon mon-
acid carbon carbon oxide, silox-

support support ane, hydrogen
sulphide

MCFC Liquid Nickel Lithiated Stainless Methane Carbonate Low Above 50 Sulphides,
alkali chromium  nickel steel halides
carbonate oxide

SOFC Solid Nickel-YSZ  Strontium-  Ceramics Methane Oxideion Low Above 50 Sulphides
yttria- composite  doped
stabilized lanthanum
zirconia manganite

DMFC Solid Platinum- Platinum, Graphite Methanol Proton Low 35-60 Carbon mon-
polymer Ruthenium, carbon oxide
membrane carbon support

support

Microbial  lon ex- Biocatalyst, Platinum, N/A Organic Proton Very 15-65 Microbial
change carbon carbon (e.g. low contamination
membrane support support glucose,

biowaste)

Enzymatic No mem- Biocatalyst, Biocatalyst, N/A Organic Proton Low 30 External
brane /lon carbon carbon (e.g. physical or
exchange  support support glucose) chemical
membrane exposure

Some predictions expect that in the current century fuel cells will be replacing the con-

ventional heat engines. Since fuel cells are not heat engines, their efficiency is not sub-

jectable to the theoretical limitations defined by the Carnot cycle. Also electrochemical

properties in fuel cells make them very interesting and applicable to many different

problems found in today’s electricity-dependent world. Fuel cells can be scaled from

powering milliwatts to a microscale biosensor to hundreds of kilowatts to a full-scale

industrial setting [22]. [4,6]
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2.5.1 Proton exchange membrane fuel cell (PEMFC)

PEMFCs utilise a proton exchange membrane (PEM) that is ideally conductive to pro-
tons (proton exchange) but impermeable to gases and electrons. The PEM is sand-
wiched between two electrodes; an anode and a cathode.

The electrodes gas diffusion layer (GDL) is porous material that allows free flow for
molecules. It is commonly made of carbon fabric. Additionally, there is a catalyst layer
often with platinum particles at the interface between the electrode and the sandwiched
membrane [4]. The catalyst layer is considered part of electrode layer. See Figure 5 for

schematics.

-\t
\ X
g
Membrane

Electrode
Assembly (MEA)
Electrode «r—»

Cathode

\
\ \ Proton Exchange
\‘ Membrane (PEM)

/ \ Catalyst Layer
/ \
/ ' Gas Dittusion Layer (GDL)
£ —— Gas Channel Current Collector

Figure 5. Schematics[23] for basic hydrogen fed PEM. Protons are able to pass the proton ex-
change membrane but the electrons travel via external circuit from the anode to the
cathode.

The electrochemical reactions take place simultaneously on both electrodes. However,
the reaction can be understood as it starts at anode catalyst interface between catalyst
and membrane. The provided hydrogen through GDL is decomposed into protons and
electrons (Equation 2.5.1.1). Protons then travel through the PEM to the cathode but
the PEM blocks the direct movement of electrons. This prevents short circuit. Electrons
move via external circuit through path of least resistance to the cathode producing
electrical current. At the cathode catalyst, they come together with protons and oxygen

producing final product water (Equation 2.5.1.2). [4]
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Hy —2H"+2e” (2.5.1.1)
2H* + 2™ +3 0, — H,0 (2.5.1.2)
The overall net reaction (Equation 2.5.1.3) for typical PEM fuel cell is presented below.
2H, + 0, — 2 H,0 (2.5.1.3)

Typically PEMFCs operate at temperatures between 30 and 100 °C[14].

2.5.2 Alkaline fuel cell (AFC)

One of the pioneer AFCs was developed to provide electric power for the Apollo space
vehicle in the beginning of 1960. It is an archetype for a modern fuel cell. Analogously
to the name the electrolyte matrix is alkaline and the charger carrier is hydroxide anion
[24]. The structure is illustrated in Figure 6[25].

Anion exchange membrane

Figure 6. Schematic illustration[25] of an AFC with an anion exchange membrane (AEM).

Although, the reactions are simultaneous at cathode (Equation 2.5.2.2) and anode
(Equation 2.5.2.1) similarly to PEMFCs an AFC can be comprehended working re-
versed in electrolyte matrix. First, at the cathode side oxygen reacts with two electrons

and a water molecule producing two hydroxide ions. Next, hydroxide ions move
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through the anion exchange intermediate matrix to the anode where the two hydroxide
ions react with hydrogen producing water and two electrons. The two electrons move
via the circuit back to the cathode generating electrical current.

Hy+20H™ —2H,0+2e" (2.5.2.1)
20,4+ Hy0+2e” — 20H" (2.5.2.2)
2Hy + 0, — 2 Hy0 (2.5.2.3)

The overall reaction (Equation 2.5.2.3) is that two hydrogen gas molecules react with

oxygen generating two water molecules.

AFCs typically operate in medium temperature range of 50-200 °C[14].

2.5.3 Solid oxide fuel cell (SOFC)

SOFCs, as the name suggests, uses as an electrolyte solid ceramic oxide and the
charge carrier is oxide ion (O%). The ceramic layer is made of metallic oxides, like yt-
tria-stabilised zirconia. It is crystal structure of zirconium dioxide (ZrO;) and stabilized
by adding around 8 mol-% yttrium oxide (Y203) [26]. SOFCs can make use of variety of
fuels to generate electricity from common pure hydrogen to carbon monoxide, methane
and other hydrocarbons[18]. The schematics for methane fed SOFC is presented in
Figure 7.

The main interest in SOFC technology is that they can implement less expensive mate-
rials for electrodes such as nickel-YSZ-composite material on anodes compared to the
cost of noble metals in the platinum group that are commonly used in proton carrier
based PEMFC technologies. Due to high temperature and high oxidation doped mate-
rials are often preferred such as strontium-doped lanthanum manganite (LSM) in cath-
odes. [24]
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Figure 7. Schematics[26] for solid oxide fuel cell. The oxide ions are transferred from the cath-
ode to the anode though a ceramic electrolyte.

Disadvantageously, SOFC systems require more time to cool down and heat up when
compared to the other fuel cell technologies. This is particularly true in applications that
require quick start-up and cool down. SOFCs operate typically at high temperatures
ranging from 500 to 1000 °C[27]. [26]

2.5.4 Biological fuel cell (BFC)

Biological fuel cells are an emerging versatile and low-temperature fuel cell technology.
BFCs are generally divided into two subgroups. One utilise either immobilized catalysts
that are directly extracted from biological cells, potential catalysts include enzymes and
even mitochondrion. The other subtype of BFC utilises metabolic processes of living

microbes in order to generate electricity.

The current main interest in BFC technology is due to the possibility to generate addi-
tional cheap energy at wastewater treatment plants. Additionally, BFCs could be used

to power compact biodegradable electrical devices.

However, prominent issues need to be solved before the biological fuel cell technology
is ready to be accepted by the public markets. These issues are related to general op-
erational stability, includes problems in cell voltage, current density and power density.
[28]
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Enzymatic fuel cell contains enzymes that provide electricity to the circuit. In most sim-
plistic version of an enzymatic fuel cell no electrolyte membrane is needed. This is be-
cause the structure is based on two enzymes at electrodes. The first enzyme oxidises
fuel (substrate) at the anode end and passes the electron to the electrode. At the cath-
ode side the second enzyme reduces an oxidant (substrate) with the passed electron.

Electron transfer can be implemented by either direct or mediated method (see Figure
8 [28]).

(A) Direct Electron Transfer (DET) (B) Mediated Electron Transfer (MET)

iSubstrate | Product

LT T T -

Product
Enzyme Mediator (reduced

form)

Enzyme
Active Site

Electrode

Electron
Tunnelling
Distance

Mediator (oxidised

Regenerated form)

oxidised form

Figure 8. lllustration[28] of two different methods using enzyme for an electron transfer to the
electrode. The direct electron transfer (DET) transfers directly the electron from the
substrate (e.g. fuel) to the anode (A). In the other method, mediated electron transfer
(MET), the mediator first grabs the electron from the substrate with greater reduction
potential and then the mediator hands over the electron to the anode (B).

Redox enzymes are composed of the protein component (apoenzyme) and electroac-
tive cofactors. The companionship of the cofactors enables successful electron transfer
between the enzyme and substrate [28]. Related to the redox reactions the common
cofactors in main glucose-oxidizing enzyme groups like glucose oxidases (GOx) and
glucose dehydrogenase (GDH) are FAD (flavin adenine dinucleotide), NAD(P) (nicotin-
amide adenine dinucleotide [phosphate]) and PQQ (pyrroloquinoline quinone). It should
also be added that unlike the enzymes in GOx-group the GDHs are unable to utilize
oxygen in electron transfer reactions even if utilizing the same redox cofactors as GOX,

which may be relevant for methods utilising MET. [29]

The other subtype of biological fuel cell is a microbial fuel cell that utilise microbes to

generate electricity. Many different types of microbes can be used to power a fuel cell.
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Commonly microbes either generate hydrogen to the normal hydrogen fed fuel cell or
more interestingly provide directly free electrons to the fuel cell by oxidizing organic
matter. However, in general biological methods for generating hydrogen should be dis-
tinguished from direct biological fuel cells and think them as some sort of reformers that
provide hydrogen to fuel cells. [14]

In 2006 it was demonstrated by A. L. Walker and C. W. Walker Jr [30] that Saccharo-

myces cerevisiae is capable to run a microbial fuel cell.

The choice to use dry components including dry Baker’s yeast that can be stored in dry
conditions make it very fascinating idea for a compact and biodegradable fuel cell sys-

tem that is ready to use after hydration.

The demonstration[30] (see Figure 9) explained that the best results in demonstration
were obtained when the anode side contained 0.1 M glucose and 0.005 M methylene
blue in solution. The cathode side contained equal volume 0.1 M potassium ferricya-
nide. Methylene blue will participate in the electron transfer reaction in ATP formation
reaction by capturing an electron in reduction-oxidation reaction [31]. In the next step
the methylene blue is oxidized again by losing the electron to the oxidizing agent ferri-

cyanide via circuit. The protons are able to penetrate through the PEM electrolyte.

Although yeasts are facultative aerobes, it is theoretically desirable for a yeast based
fuel cell to be running in aerobic condition for sufficient power density due to the meta-
bolic pathways of S. cerevisiae (Equation 2.5.4.1, 2.5.4.2). The end products of the two
reactions are different, thus directly affecting to the production of ATP (adenosine tri-

phosphate)[32] and therefore to the number of available electrons to the electrode.

Yeast (aerobic)

Yeast (anaerobic)

CoHy,06 2 C,H;OH + 2 CO, + 2 ATP (2.5.4.2)

The ATP-electron ratio used in the demonstration is based on full oxidation of glucose
with water (Equation 2.5.4.3). The overly simplified ATP-electron ratio is 3/2, therefore
the anaerobic pathway can provide only 4/3 electrons while anaerobic pathway theoret-

ically yields sufficient 24 electrons per glucose molecule [30].
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CoHy206 + 6 H,0 — 6 CO, + 24 HY + 24 ¢~ (2.5.4.3)

It is advisable to note that this demands, especially in aerobic conditions, that the me-
diator (methylene blue) is able to capture an electron. Otherwise the electron is lost to
the oxygen that is reduced and no electron is available to the ferricyanide anion at the
cathode side. For this reason, the study concluded that it is the anaerobic conditions
that are preferred in the fuel cell. However it was also mentioned in the study that the
preferred conditions may change if the fuel cell is operating longer periods of time. [30]

Additionally, it should be emphasized that the choice of mediators is limited because
the hydrophilic mediators cannot penetrate the cell membrane of a eukaryotic (e.g.
yeast) cell. Lipophilic mediators are able to access the catabolic redox sites in cyto-
plasm and mitochondria in eukaryote cells. Although hydrophilic mediators are able to

access the major catabolic redox sites in a prokaryotic cell (e.g. bacterium). [33]

le-
Anode e I Cathode

Glucose Methylene Blue
S Fe(CN)Z'

(Reduced)
e

YEAST

l Methylene Blue
(Oxidized)

Carbon +
Dioxide H——

?//W///%

Cation (proto ) Exchange Membrane

Figure 9. Schematics for the microbial fuel cell by A. L. Walker and C. W. Walker[30].

Microbial fuel cell technologies based on reducing bacteria without mediators are also
presented[34]. The microbial fuel cells are still generally at concept level but they do
offer an interesting take on generating electricity especially disposability in mind. How-
ever, the general issues are the same as presented in the beginning of this chapter

related to operational stability.
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2.6 Proton exchange membrane direct methanol fuel cell (PEMDMFC)

Methanol is fairly rich source of hydrogen and sometimes used in fuel cells instead of
hydrogen for practical and safety reasons. Advantages for using methanol include that
methanol is in liquid form at standard pressure and temperature range of -97 °C and 65
°C making it denser than hydrogen gas. However safety-wise it cannot be unanimously
said that methanol is safer option, for example in enclosed space hydrogen is consid-

ered to be even safer option by some. [35]

PEM technology is currently the most typical in methanol fuel cells[6]. Additionally,
AFC-based DMFCs are proposed [24]. DMFCs in general typically operate at lower
temperatures, 20-90 °C[14].

Similarly, to the PEMFCs, the PEMDMFCs utilise proton exchange membrane as an
electrolyte but is fed with methanol instead of hydrogen. Despite the compact size of
DMFC, the use of rare noble metals such as platinum and ruthenium in the catalyst

layer make the DMFCs fairly expensive [6] for disposable products.

Platinum used on the anode catalyst (Equation 2.6.1) layer catalyses the oxidation of
agueous methanol fuel mixture into desired electrons and protons, and additionally into
carbon dioxide [36]. The protons move through the electrolyte membrane and electrons
move via circuit generating electricity. At the cathode (Equation 2.6.2) catalyst layer the
atmospheric oxygen reacts with electrons and protons producing water [37]. This
leaves the overall cell net reaction (Equation 2.6.3) for the DMFC. More precise reac-
tion pathways with platinum and ruthenium catalysts are presented in chapter 2.8.2.

CHs0H + H,0 — CO, + 6 H* + 6 e~ (2.6.1)
6H* + 6™+ 0, — 3 H,0 (2.6.2)
2 CH;0H + 3 0, — 2 CO, + 4 H,0 (2.6.3)

The component structure (see Figure 4 in chapter 2.5) in PEMDMFC is homologous to

PEMFC. This structure is represented with function compartments in Table 3.



21

Table 3. Different compartments in methanol fuel cell with their primary functions listed

Compartment Description Typical material (material property needs)
Anode current collector Conducts current  N/A (high conduction, inert for reactions)
Anode flow channel Sealing layer Carbon/plastic (input for methanol aq., output for

carbon dioxide)
Anode gas/liquid diffusion layer Diffusion layer Carbon fabric (diffusion, electric conductivity, heat
transfer, mechanical strength)

Anode catalyst layer Catalyst layer Platinum (redox reaction catalysis, methanol oxi-
dation)

Membrane layer Active membrane Nafion (prevent the flow of charged particles ex-

for charge carrier cept carrier particles, e.g. protons)

Cathode catalyst layer Catalyst layer Platinum (redox reaction catalysis, oxygen reduc-
tion)

Cathode gas diffusion layer Diffusion layer Carbon fabric (diffusion, electric conductivity, heat
transfer, mechanical strength)

Cathode flow channel Sealing layer Carbon/plastic (input for oxygen, output for water)

Cathode current collector Conducts current N/A (high conduction, inert for reactions)

Methanol fuel cells can either be direct or indirect. DMFC means that the methanol is
oxidised directly. Alternatively, indirect methanol fuel cells (IMFC) utilise some sort of a
reformer. Methanol reformer is a device that converts methanol and water into hydro-
gen and carbon dioxide. Alternative name for reformer based methanol fuel cells is

reformed methanol fuel cell.

2.7 Carbon monoxide poisoning (CMP)

Carbon monoxide (CO) is a small bipolar molecule and it behaves in some cases simi-
larly to bipolar water molecule. Those characteristics make carbon monoxide able to

penetrate PEM, which leads to loss in fuel and mixed potential at the air cathode.

Increased total pressure and lower relative humidity increases the carbon monoxide
equilibrium concentration through chemical reaction presented in Equation 2.7.1. Alt-
hough not much data is available of CMP in low temperature PEMDMFC, it is reported
that PEM-based hydrogen fed fuel cells tend to tolerate higher concentrations of car-
bon monoxide at higher temperatures. This is can be explained by the increased partial
pressure of water that reduces the concentration of carbon monoxide[38] in equilibrium.
[27]
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€0, + H, — CO + H,0 (2.7.1)

€O, +2H* +2e~ —> CO + H,0 (2.7.2)

In literature is reported that CMP can occur on platinum at both electrodes reducing the
overall cell performance. This is reported to occur with carbon monoxide levels as low
as 1 ppm[39] in hydrogen fuel cells. It is also reported that with concentrations of 10
ppm carbon monoxide it took approximately 120 minutes to carbon monoxide cover
half the platinum adhesion sites and 360 minutes to take full coverage [40]. More re-
sistant platinum alloys such as platinum-ruthenium and platinum-molybdenum can tol-
erate carbon monoxide concentrations of 20-50 ppm and the electrical potential drop is
not as steep compared to pure platinum.

In relation to CMP carbon dioxide may be reduced to carbon monoxide (Equation
2.7.2) at voltages over 0.6 V, this phenomenon is directly referred as carbon dioxide
poisoning[41], although, essentially it is carbon monoxide poisoning. In passive fuel
cells the oxygen is most likely taken from air. Composition of air[42] (see Table 4) con-
tains approx. 330 ppm carbon dioxide, which is most probably trivial due to the low
ratio of reduced carbon dioxide[39]. Moreover, Equation 2.7.1 is believed to be more
prevalent than Equation 2.7.2 because it requires only contact with catalyst site and

gases whereas the latter reaction demands gas, ionic and electronic access.

Table 4. Composition of dry air[42]. Additionally, air contains water vapour depending the tem-

perature and humidity, it is commonly varying between 0.1 % and 6 % of total volume.

Substance Volume-%
Nitrogen (N2) 78.08
Oxygen (O2) 20.95
Argon (Ar) 0.93
Carbon dioxide (CO2) 0.033
Neon (Ne) 0.0018
Helium (He) 0.00052
Methane (CHa) 0.0002
Krypton (Kr) 0.00011
Nitrous oxide (N20) 0.00005
Hydrogen (H2) 0.00005
Xenon (Xe) 0.0000087

Ozone (03) 0.000001
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Related to carbon monoxide poisoning, it is suggested that methanol oxidation typically
results a gas mixture approximately 74 % hydrogen, 25 % carbon dioxide and 1-2 %

carbon monoxide [41].

2.8 Membrane electrode assembly (MEA)

Membrane electrode assembly (MEA) is a term for describing assembled fuel cell stack
structure with an electrolyte membrane. The end number refers to the number of lay-
ers. In MEA-3 form (see Figure 10, MEA-3) it contains a membrane (B) with two cata-
lyst layers on both opposite planes (A) forming an anode and a cathode to the fuel cell.
Alternative name for the explained MEA-3 structure is catalyst coated membrane
(CCM). [43]

MEA7 Anode Cathode
f_H
MEAS ’

‘ MEA3

I Anode backing layer
2 Anode micro-porous layer

3 Anode catalyst layer

% k3
‘A == . 4 Nafion membrane
‘ 3 ". & 5 Cathode catalyst layer
B - 2 " D 6 Cathode micro-porous layer
7 Cathode backing layer
(| E | IL

Sealing Gas Catalyst (A) Gas Sealing
Material Diffusion Layer Membrane (B)  Diffusion Layer Material Anode gas diffusion layer

Figure 10.lllustration[44] of membrane electrode assembly and layers in Nafion based
DMFCI45].

In MEA-5 (see Figure 10 MEA-5) porous GDL is added to MEA-3. GDL provides high
thermal and electrical conductivity and allows proper flow for the fuel and atmospheric
oxygen to catalysts. It also removes efficiently the fuel oxidation by-products, e.g. water
and carbon dioxide from the fuel cell. It is commonly untreated carbon paper or carbon

cloth but can be wet-proofed for example with PTFE. [44,45]

MEA-7 adds sealing layers to MEA-5 assembly. Sometimes it is referred as edge-
sealed MEA-5 [43]. Sealing layer is often added to resist deformation, i.e. to support

the rigidity of assembly. Layer structure is presented at right in Figure 10.
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2.8.1 Electrolyte membrane materials

Electrolyte is the intermediary layer in a MEA. The most important properties for the
electrolyte membrane are the ability to provide infrastructure for the carrier particles to
travel between the two electrodes and also prevent the direct flow of electrons through
the membrane from anode to cathode, which would result to short circuit. Additionally,
membrane should prevent methanol crossover from anode to cathode, which results
mixed potential reducing electric potential of the fuel cell and cause loss of fuel.

In PEM-based DMFC designs the most typical material for the electrolyte layer is poly-
perfluorosulfonic acid such as Nafion. Nafion is currently considered the state-of-the-art

material for proton exchange membrane[46].

Nafion (see Figure 11) is perfluorinated ion-exchange membrane and a registered

trademark of The Chemours Company FC, LLC. Chemours is DuPont’s spin-off com-

pany.

Nafion provides a solid and stable superacidic (compared >100 % H,SO.) environment
for successful proton conductivity that can, in some extend, to be attributed to the
backbone perfluorocarbon chain interacting with the sulfonic group. Perfluorocarbon
chain favours the mobility of protons, therefore increasing the tendency to sulfonic acid
to lose a proton[47]. However Nafion is neither hazardous nor corrosive chemical [48].
Nafion is stable for oxidation, which is important in fuel cell environment[46].

Figure 11.Chemical structure of Nafion polymer containing sulfonic acid as a functional group
(left) [49]. Latin alphabets m and n imply the molar compositions of copolymers, not
the length of sequence. Bright field TEM images of undamaged membrane (middle,
a) and 4x section magnification (middle, b) [50]. Picture[51] of a Nafion sheet roll

(right).

Currently Nafion is most commonly supplied at equivalent weight of 1100 g (87 mol-%)

per sulfonic acid group and in approximated thicknesses of 50 um (N112), 125 um
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(N115), 175 um (N117) and 255 pm (N1110). However different compositions of copol-
ymers are commercially available as the ion exchange specifications can be modified
by altering the ratio of copolymers [46].

The problem using perfluorinated hydrocarbons in DMFCs is that the methanol diffu-
sion is high. Methanol crossover is reported to be as high as 40 % [52]. It is also noted
that Nafion dehydrates at environments with temperatures over 80 °C and relative hu-
midity below 100 %. Dehydration reduces the ionic conductivity for protons in Nafion
membrane. Solution-cast Nafion membranes with carefully selected dispersants are
presented to overcome these problems, although more research is still needed. Addi-
tionally the synthesis of Nafion is laborious and the current costs for raw materials are

undesirable making Nafion expensive [46]. [53,54]

Nafion is typically prepared before using it as electrolyte membrane. The preparation
can be done by boiling Nafion in 3 wt. % hydrogen peroxide (H-O-) solution for 1 hour
and then in deionised water (DIW) for another 1 h. Next membrane’s proton exchange
properties are activated by boiling in 0.5 M sulfuric acid (H.SO.) solution. Finally, the
residual sulfuric acid is removed by washing Nafion by boiling it again in DIW. [55]

In literature is suggested that cells operating with lower methanol concentrations (2.0
M) and lower current densities benefits from thicker membrane. However, at higher
current densities the thinner layer turned out to produce better performance. At higher
methanol concentrations (4.0 M) cells yielded similar voltages. Overall thicker mem-

branes exhibited higher efficiencies. [56]

2.8.2 Electrode catalyst layer materials

Material selection is important in catalyst layer. The properties of the selected materials
need to offer good capacities for electric transfer. It is also important that the material
allows good methanol and oxygen intake and outtake for waste products such water
and carbon dioxide to support optimal reaction environment. Similarly, adequate gas
exhaust to other molecules not used in reaction, e.g. atmospheric nitrogen, is im-

portant.

Electrocatalyst layers provide an environment that support sufficient kinetics of redox

reaction. Most common catalysts are platinum and ruthenium. Such catalyst layers can
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be produced by using either impregnation or colloidal dispersion for carbon black. The
problem with impregnation is that high dispersions are hard to achieve with high metal
catalyst concentrations. Alternatively, colloidal method offers higher surface area with
high metal catalyst loading but generally it has higher complexity of the formulation and
preparation. [57]

Platinum is highly dense, soft and silvery white noble metal, and part of six metals in
platinum group metals. Platinum is considered more precious than gold because it is
more expensive to produce pure platinum than gold. It is used in wide variety of appli-
cations from the decorative items to industrial items, it is estimated that around one
fifth[58] of all the goods made in factories in the US the platinum is involved either di-

rectly in the product material or used as part of the processing as catalyst. [59]

Chemically platinum is very unreactive metal. Platinum dissolves into temperated aqua
regia to form chloroplatinic acid. It resists well corrosion by water, oxygen or other
chemicals even at high heat. Still, some halogens, cyanides, sulphur and strong corro-
sive alkalis can corrode platinum. [59,60]

Platinum is important in low temperature fuel cells, because it is needed to catalyse the
redox reaction between oxygen and methanol. It allows the momentary adhesion of
hydrogen atom. Fuel cell technologies that operate at higher temperature (>600 °C)
such MCFC and SOFC can achieve adequate reaction rate without platinum
catalyst[14].

Basic mechanism for platinum in methanol electro-oxidation reaction is presented be-
low via widely believed adsorption intermediates forming exhaust carbon dioxide. First,
methanol is adsorbed to platinum surface. Then hydrogens of methanol is oxidised
(Equation 2.8.2.2-2.8.2.4). [61]

CH3;0H + Pt(s)— Pt CH,OH + H* + e~ (2.8.2.1)
Pt CH,0H + Pt(s) — Pt, CHOH+ H* + e~ (2.8.2.2)
Pt, CHOH + Pt(s) — Pt; COH + H* + e~ (2.8.2.3)

Pty COH —> Pt CO + 2 Pt(s) + H* + e~ (2.8.2.4)
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The both pathways for post-intermediates are possible (Equation 2.8.2.6-A and 2.8.2.6-
B), although it is suggested that methanol oxidation favour the latter with water co-
adsorbed. Additionally, other post-intermediates are suggested trough HCHO and
HCOOH. Finally, carbon dioxide is desorbed (Equation 2.8.2.7). Post-intermediate re-
actions need an oxygen donor, e.g. water (Equation 2.8.2.5).

Pt(s) + H,0 — Pt OH + H* + e~ (2.8.2.5)
PtOH + Pt CO — Pt COOH (2.8.2.6-A)
PtCO + H,0 — Pt COOH + H* + e~ (2.8.2.6-B)
Pt COOH — Pt(s) + CO,H* + e~ (2.8.2.7)

Finally, univalent aldehyde is desorbed freeing the active binding site on platinum cata-
lyst (Equation 2.8.2.7).

Furthermore, it should be noted that pre-intermediates require free platinum neighbours
at surface and voltages near 0.2 V/RHE to occur. Post-intermediate reactions need the
presence of water and voltages above 0.4—0.45 V/RHE. However, pure platinum does
not provide good reactivity below voltages 0.7 V/RHE. [62]

Pure platinum is vulnerable to carbon monoxide poisoning that occurs commonly at
anode in methanol fuel cells. CMP is caused either by incomplete oxidation of metha-
nol or the reduction of carbon dioxide at voltage range 0.6—0.9 V and above. It reduces
fuel cell's electric potential and energy conversion efficiency [41]. Carbon monoxide

poisoning is discussed in chapter 2.7.

Alternative materials for fuel cell catalysts are investigated due to rarity and expensive

nature of platinum.

Ruthenium is fairly expensive and silvery white metal in platinum group. It is effective
for reducing nitrogen monoxide (NO) in reactions with carbon monoxide and hydrogen
gas. Although in fuel cells more commonly ruthenium is added to reduce carbon mon-

oxide poisoning of platinum. Carbon monoxide poisoning is because the carbon mon-
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oxide is adsorbed to the surface of platinum, therefore reducing the number of active

catalyst sites on platinum for redox reaction, see chapter 2.7.

The protective chemical mechanism of ruthenium can be presented in two equations.
First, the ruthenium activates water molecules on the surface forming hydroxide. Next
the formed hydroxide oxidizes the carbon monoxide on the platinum producing carbon
dioxide. [62,63]

Ru(s)+ H,0 — RuOH+H™* + e~ (2.8.2.1)

Pt CO + RuOH —> CO, + H* + e~ + Pt(s) + Ru(s) (2.8.2.2)

Added ruthenium increases the rate of freeing active but occupied catalyst sites on

platinum.

2.8.3 Gas diffusion layer (GDL) materials

Main importance of GDL is to provide a stable medium to that provides good gas diffu-
sion for fuel cell by transporting reactant gasses and removing water. GDL should also

provide low resistance for electron conductivity. [64]

Carbon is often used due to the fact that it is inexpensive, extremely versatile and
abundant material on Earth. Although, synthetic carbon products especially carbon

nanotubes are still fairly expensive even at bulk quantities.

Carbon black refers to industrial products that essentially consist of near spherical col-
loidal sized particles of carbon. They are produced by partial or thermally controlled
combustion of various hydrocarbons, often preferably aromatic hydrocarbons. Tradi-
tionally it is used as black pigment in ink. [65].

Literally, graphene is a term for infinite hypothetical two-dimensional layer of sp?-
crystalline carbon in hexagonal lattice. Although, commonly a layer of graphite is re-
ferred as graphene sheet. The naturally occurring three-dimensional counterpart is
graphite. It is the most stable form of carbon in STP conditions. Graphite offers high
thermal stability and electrical conductivity but oxidizes at around 800 °C with oxygen in
air. [66]
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Carbon nanotubes (CNT) are cylindrical nanostructures for carbon allotropes of fuller-
ene family. The properties include exceptional tailorable heat and electric conductivity
and the hollow structure of a cylinder can offer benefits for the controlled fluid flow
through the material[67]. Generally, carbon nanotubes are formed by rolling graphene
at specific angles (see Figure 12, A), which contributes directly to their diameter, but
the total spectrum is extremely broad. Multi-walled nanotubes are complexes of multi-
ple nanotubes put together by making the innermost tube smallest and outermost larg-

est by diameter. [68]

The diameter of carbon nanotubes varies by the structural composition, typical outer
range is between 0.8 nm to 20 nm, but is not limited and currently multi-walled nano-
tubes can exceed 100 nm. One study found that single-walled nanotubes that had an
outer diameter of 1.85 nm had the inner diameter around 1.7 nm[69]. This potentially
allows pathways for exchange gases associated to methanol fuel cells such nitrogen,
carbon dioxide and oxygen based on their kinetic diameters [70] that are in ranges be-
low 1 nm. Naturally, potential buckling[68] under strain reduces the diameter in carbon
nanotube. The CNT lengths can vary between 100 nm to centimetres and beyond. [71]

WERER

\ \
\ \

Figure 12.Schematic (A) showing the orientating aspects for rolling a single layer graphite into a
CNT. Micrographs (B and C) demonstrate the stability of the outer diameter in CNTSs,
the long axis vertically oriented. Scale is 1 um. TEM micrograph (D, scale 1 nm) and
simulation rendering (E) showing the buckling. [68]

Carbon fibre is usually a fibre that is made by stacking graphite sheets parallel to an-
other. Weak intermolecular forces keep the sheets in place and form a solid structure.
Alternatively, carbon fibre can be carbon nanotube or any other relatively long structure

of pure carbon.
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Carbon Cloth Carbon Paper

Figure 13.Two micrographs to illustrate the difference between woven (left) and non-woven
fabric (right). [72]

Carbon fabric such as cloth or paper is a combination of anisotropic carbon fibres that
provide conductivity and structural porosity for sufficient diffusion of gases. It is often
used as material of choice to GDL [73]. Non-woven fabric is often considered carbon
paper and cloth is woven. Typically carbon cloths are thicker and offer more
flexibility[72]. Carbon cloths are generally also more robust compared to more brittle
carbon papers. In the end all properties come to the type of used fibres in fabric and

the fabric structure contributes to the properties of carbon fabric.

2.9 Fuel cell construction techniques

2.9.1 Inkjet printing (1JP)

Inkjet printing is a technique used for depositing liquid phase material on substrate. The
printing material, ink, consists of solvent component and dispersed solute. In the last
few decades I1JP has matured to the point where it is has become interesting and ca-
pable tool for printing different functional materials on many kinds of substrates. IJP is
widely studied technology and the possibilities to print electrically conductive micro-
structures directly to substrates make it rapid and adequate technique for quick proto-

typing.

The advantages of 1JP include minimal material consumption and flexibility to print var-
ious materials, e.g. organic diodes or transistors[74]. It is possible to print multiple lay-
ers on top of other layer. [75]

The general idea behind IJP is that a fixed amount of ink is ejected from a print-head
nozzle. The two main inkjet printing technologies are continuous inkjet (CIJ) and drop-
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on-demand inkjet (DOD). CIJ is mainly used for printing coding and information mark-
ings on packages, whereas DOD is more familiar with office and home printing as well
as for industrial printing, including large format graphics printing. DOD printing technol-
ogy can further be divided into thermal inkjet and piezoelectric inkjet printing, and the

latter is used for printing functional materials.

The mechanism behind the ejection in piezoelectric print heads is based on pressure
waves, i.e. shockwaves. The shockwaves are generated by using piezoelectric material
that changes its dimensions when electrical field is applied. After an ink droplet is
pushed out of the nozzle, the droplet fall is affected by air resistance and gravity until
the droplet hits the substrate and spreads. The formation of a viscous ink droplet is
presented in Figure 14. Finally the droplet adheres to the substrate due to wetting pen-

etration and drying trough solvent evaporation forming the final print shape. [76]
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Figure 14. lllustration (top left) of piezoelectric inkjet print head and presentation of shockwave
mechanism (top right) inside the nozzle cavity. Droplet formation (middle) of an ink
(polystyrene in acetophenone) droplet[77] as a function of time (us). General ink dry-
ing process (bottom) [78]. [79]
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In general droplet ejection cycle starts when electrical voltage is applied. Applied volt-
age causes the piezoelectric material (e.g. PZT) to expand increasing the diameter of
the nozzle cavity (Figure 14 b, 1). This generates a negative shockwave to the liquid
that splits into two smaller waves with half amplitude and opposite directions. The
shockwaves then travel to the open and closed terminals (Figure 14 b, 2). The wave
travelling to the closed terminal is reflected back from the closed end, while the other
shockwave hitting to the open end is reflected back in reversed phase (Figure 14 b, 3).
[80]

Voltage is next dropped when the two shockwaves meet in the centre of nozzle cavity
(along L axis in Figure 14 b, 4) causing the cavity diameter decrease now. This sudden
decrease in volume generates a positive shockwave that interacts with the two former
shockwaves. The former negative shockwave is destructed and the former positive
shockwave is constructed (Figure 14 b, 5) to the new generated positive shockwave.
The newly generated positive shockwave with doubled amplitude is travelling to the
nozzle tip pushing the fluid outwards (Figure 14 b, 5). [79]
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Figure 15. Graph (A, left) is presented the simplest on-off pulse. Graph (B, right) shows a sam-
ple of more complex waveform that takes residual vibration in consideration. Vertical
axis presents voltage and horizontal axis time in microseconds. [81]

The most basic jetting waveform resembles trapezoidal function; however, many differ-
ent ink properties should be taken in consideration (see Figure 15) when generating
jetting waveform. For example, viscosity, residual vibration and surface tension of ink
affect to the stability of droplet formation and therefore complicating the ink flow. All

these properties affect the overall print quality. [81]
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2.9.2 Passive PEMDMFC MEA design

Multiple stack designs are presented in literature for a functional passive PEMDMFC
MEA. Optimal stack design is important for fuel cell functionality. It enables the sepa-
rated components to work together. This chapter presents some of those found in liter-
ature. Summary can be found in Table 5.

In a study by Falcédo et al[82], four MEAs were produced with different materials in
membrane and gas diffusion layer. However, catalysts loadings in anode and cathode
were identical in all MEAS, respectively, 3 mg/cm? Pt/Ru and 0.5 mg/cm? Pt-B loadings.
Anode gas diffusion layers (AGDL) were constructed in all MEAs identically using un-
hydrophobised carbon paper (Freudenberg H2315). However, in cathode gas diffusion
layers (CGDL) different two types of carbon paper (Freudenberg H2315 with hydro-
phobised MPL and Sigracet 10 BC 5 % hydrophobised with MPL) were tested. Both
CGDL choices were tested with Nafion 117 and Nafion 115 membrane. MEAs were
constructed between two acrylic end plates. Anode plate contained methanol reservoir

and cathode plate was opened for air diffusion. Two silicon gaskets were also used.

Y. Tang et al[55] used two different openings at current collectors for testing free open
ratio (38.5 % and 28.3 %) influence to methanol and air diffusion. Additionally, these
were tested by using two different construction methods. The first type used hot
pressed diffusion layer (HPDL) that was pressed together at 120 °C and 10 MPa for 2
min. The second type used non-bonded diffusion layer (NBDL). See Figure 16. Both
construction approaches were also tested with three different thicknesses of Nafion
membrane; Nafion 212, Nafion 115 and Nafion 117. Catalysts layers were coated with
4 mg/cm? Pt-Ru (nominal 1:1) at anode and 2 mg/cm? Pt at cathode. Diffusion layers
were composed of TGP-H-060 carbon paper coated with PTFE/C mixture medially to-
wards the electrolyte. Study concluded that higher open ratio provides better mass
transfer and helps gas exhaust. However, on the flipside, it also increased methanol
consumption and cross-over, thus reducing efficiency. NBDL MEA exhibited similar

properties increasing mass transfer versus HPDL MEA.
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Figure 16. Schematics for PDMFC configuration used in study by Yong Tang et al (left) and hot
pressed diffusion layer (right, a) and non-bonded diffusion layer (right, b). [55]

Study published by O. Barbera et al[83] presented a stack design utilising doctor blade
technique to rotogravure catalyst layers directly on diffusion layers. In mini-stack design
(see Figure 17) at anode they used Pt-Ru mixed with 15 wt. % Nafion ionomer solution
printed on 360 um thick GDL and at cathode Pt mixed with 15 wt. % Nafion ionomer to
280 um thick GDL. Nafion 115 served as a membrane. Carbon cloth was used as
backing material. MEAs were hot pressed at 130 °C and approx. 2 MPa for 3 minutes.
Unfortunately, more exact specifications for the mini-stacks design are not published.
However, for larger tested bipolar stacks in the same study they reported using catalyst
loadings of 1.8 mg/cm? Pt-Ru/C (Pt-Ru 1:1) and 1.2 mg/cm? Pt/C respectively for an-
ode and cathode. GDL material was SGL35DC. Similar to mini-stack design Nafion 115

was used as a membrane.
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Figure 17.Design presented in a study published by O. Barbera et al. Single string assembly
(top left, a) and two string assemblies with methanol reservoir in the middle (bottom
left, b). Assembled mini-stack design (top right, a) and mini-stack built (bottom right,
b). [83]

X. H. Yan et al[84] reported that methanol cross-over can be reduced by implementing
a graphene monolayer between two thin Nafion 212 membranes to constitute more
methanol resistant electrolyte layer. Commercial electrodes from Johnson Matthey
were used. At anode the catalyst layer consisted of Pt-Ru/C (Pt-Ru 50%:25%) and at
cathode Pt/C (60 %), loadings were respectively 4.0 mg/cm? and 2.0 mg/cm?. For
GDLs at both electrodes SGL carbon paper treated with 5 wt. % PTFE and a MPL were
used. Anode, electrolyte membrane and cathode were sandwiched using hot pressing
at 135 °C and 3.0 MPa for 3 min.



36

Figure 18.Setup for PDMFC (left) and schematic illustration for graphene between two Nafion
membranes (right). [84]

Yang[85] et al presented a fuel cell design with separate methanol delivery system on
top. MEA-3 stack was build using Nafion 117 membrane with catalyst loadings of 2
mg/cm? Pt-Ru/C (Pt-Ru 1:1) and 2 mg/cm? Pt/C to anode and cathode, respectively.
Carbon paper (E-TEK B-1 Type A) was used for AGDL and carbon paper (E-TEK
ELAT LT21400) for CGDL. Current collectors were made of stainless steel.

Table 5. Different MEA designs presented in literature

Reference Membrane Anode loading ACL material Cathode CCL mate-  AGDL material CGDL mate-
loading rial rial
O. Barbera et al Nafion 115 1.8 mg/cm2 Pt-Ru/C 1.2 mg/cm2  Pt/C SGL35DC SGL35DC
2016 (Pt:Ru 1:1)
D.S. Falcdo at al Nafion 117 3 mg/cm2 Pt-Ru 0.5 mg/cm2  Pt-B Freudenberg Freudenberg
2014 H2315 (UHP) H213 with
MPL (HP)
Y. Tang et al Nafion NR212, 4 mg/cm2 Pt-Ru 2 mg/cm2 Pt PTFE/C layer with  PTFE/C layer
2010 Nafion 115, (Pt:Ru 1:1) TGP-H-060 (BL) with TGP-H-
Nafion 117 060 (BL)
X.H. Yan et al 2 x Nafion 212, 4 mg/cm?2 Pt-Ru/C 2 mg/cm2 Pt/C SGL carbon paper SGL carbon
2016 graphene film (Pt 50 %, Ru (Pt 60 %) (5 wt. % PTFE) paper (5 wt.
sandwiched 25 %) with MPL % PTFE)
with MPL
Y. Yang et al Nafion 117 2 mg/cm2 Pt-Ru/C 2 mg/cm2 Pt/C E-TEKB-1 Type A  E-TEK-ELAT
2007 (Pt:Ru 1:1) LT1400-W

*ACL anode catalyst layer, CCL cathode catalyst layer, HP hydrophobised, UHP unhydrophobised, BL backing layer

In reviewed material, the anode Pt-Ru/C loadings are between 1.8 to 4 mg/cm?. At
cathode pure platinum with carbon black and smaller amount is typically used 1.2 to 2
mg/cm?. Additionally, MEA is commonly hot pressed tightly together. It is essential that

anode and cathode catalyst layers are in direct contact with electrolyte membrane. In
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literature, it is also suggested that Nafion (e.g. 0.6 mg/cm?) should be added to catalyst
layer loadings to improve proton conductivity[23]. It is also presented that low pure plat-
inum loadings like 0.04 mg/cm? exhibited dramatic increase in resistance due to lower
active area of catalysis compared to commercial MEA with 0.4 mg/cm? of pure platinum
loading. However in lower-power applications (200 mA/cm?) MEA with 0.04 mg/cm2
loadings featured decent power density of 160 mW/cm?, although, it should be noted

that these were measured using hydrogen feeding. [86]
Pt-Ru ratios of 25:1 are also suggested to show better electrocatalytic activity and car-

bon monoxide resistance compared to Pt-Ru ratios of 1:1, 1:0 and 1:3. The most opti-

mal ratios are still under debate and more research is needed.

3 Experimental

3.1 Materials and methods

3.1.1 List of materials and equipment

All relevant materials used in this work are presented in Table 6 and used equipment

and accessories are presented in Table 7.

Table 6. List of materials.

Supplier Material CAS No. Product No. Lot No.
Quintech C-30/15-PT/RU Mixture 43990 23239
Fuel Cell Store Vulcan XC-72R 1333-86-4 590106-1 1584452-1700
Aldrich Nafion 5 wt. % perfluorinated  31175-20-9 274704 MKBS6176V
resin solution
Aldrich 4-Hydroxy-4-methyl-2- 123-42-2 H41544 STBF9927V
pentanone (Diacetone alcohol)
PSG Group Melinex ST506 (PET) N/A PE153-125- N/A
RL
Testbourne Itd Gold 7440-57-5 G4-5005-M  W41015-6
Fuel Cells Etc  Nafion 117 31175-20-9 N117 1509F54345
Fuel Cell Store Toray carbon paper 060 7782-42-5 591037 1855-2
Rathburn Methanol 67-56-1 RH1019 13H28FA

Fluka Sulfuric acid 7664-93-9 258105 BCBF3336V
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Table 7. List of equipment and accessories.

Manufacturer Model Equipment ID

IKA T 25 Basic Homogenizer N/A

Branson Digital Sonifier 450 Sonifier TLO6057

Fujifilm DMP-2831 Materials printer TL12681

VTT Thermal evaporation system  Evaporator TL14967

Ivium Technologies Iviumstat Potentiostat TLO2668
Bio-Logic SAS VMP Potentiostat Potentiostat TL14974

IKA VWR Lab Dancer S40 Vortex mixer TL12979
Manufacturer  Accessory Equipment Product No. Lot No.
Whatman Rezist 30 / 1.0 PTFE 1.0 um filter unit 10463523 9153799
Whatman Rezist 30 / 5.0 PTFE 5.0 um filter unit 10463533 G9966198
Fujifilm DMC-11610 10 pL cartridge 2100201146 N/A

CH Instruments Ag/AgCl reference electrode Ref. electrode CHI111 N/A

3.1.2 Ink preparation

Ink mixture is prepared by adding 1 wt. % carbon black with platinum and ruthenium
into solvent base. Solvent base contains 10 wt. % Nafion (5 wt. % solution) and 90 wt.
% diacetone alcohol (DAA)

The ink mixture was cooled, dispersed with homogenizer and magnetic stirred over-
night. Finally, the ink was filtered through a 5 pum filter. A finer 1 um filter was tried but

rejected due to congestion.

3.1.3 Current collector preparation

11 cm x 11 cm x 125 uym PET substrate was cut and cleaned with isopropyl alcohol.
Excess static charge of the substrate was removed with antistatic air blower in semi-
clean room. The pattern mask and end-plate were cleaned and prepared as well. Sub-
strate was sandwiched between the pattern mask and the end-plate. After preparation

substrate is ready to be processed in vacuum evaporator.

In total five current collectors were produced. Alumina coated tungsten boat (~6.9 V)
was used. Relative humidity was in 42—-53 % range. Reasonable vacuum state (4.9-6.6
x 10 mbar) was achieved. Electrical current was gradually increased to 30 A to start

evaporation process. The first 10 nm were evaporated to cover plate to prevent sub-
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strate from contaminants, e.g. dust. Then the cover plate was removed and next 35 nm
gold was evaporated directly to the substrate at rate of 0.2—0.3 A/s. Finally, the cover
plate was repositioned to prevent thicker formation of gold adhesion. Final vacuum
pressure was in range of 5.0-9.9 x 10° mbar. Individual sample data is presented in
appendix 3.
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Figure 19. Photograph of current collector sample (left) and the gold surface of same sample
(right) at 90x magnification (sample 5/5).

3.1.4 Electrode preparation

Carbon paper (Toray paper 060) and Nafion 117 were prepared in same fashion. Sub-
strate was cut into approximately 20 cm x 5 cm sheet. Next the sheet was fixed to the
PET support with adhesive tape. In total five layers of catalyst (Pt-Ru/C) were printed.
In each layer an area of 2.5 cm x 2.5 cm was printed to the sample location. Five sam-
ples in total were printed on each substrate.

Cartridge used yields droplet volume of around 10 pL. Printing resolution was set to
1270 dpi (20 um drop spacing) using 14 out of 16 jets (jets no. 3 to 16) with head angle
set to 4.5°. Platen temperature was set to 30 °C. The print settings with more details

are presented in appendix 4.
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Figure 20. Carbon paper samples processed with C-Pt-Ru ink (top). Magnification of the sample
no. 3 at 20x magnification (bottom left) and 90x magnification (bottom right).

Carbon paper was processed normally (Figure 20). Although same processing was
applied to Nafion 117, the printing process for sheet of Nafion 117 was found to be
problematic. Nafion sheet deformed due to wetting causing irregularities to the printing
quality (i). The problem was solved by fixing the substrate more tightly to the platen by
direct vacuum. This was achieved by making holes through the PET support sheet and
superiorly sealing the holes to the substrate with adhesive tape. However final Nafion

117 samples (ii) were reprinted. See Figure 21.
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Figure 21.Nafion 117 samples processed with C-Pt-Ru ink. Printed Nafion samples before re-
printing (top left), the irregularities in the printing pattern are shown. Final reprinted
samples (bottom left) with smoother printing surface. Macroscopic deformation on
surface is shown in the final sample no. 3 (top right) at 20x magnifications and the
same sample surface is presented at 90x magnification (bottom right).

All samples were cut with scalpel from the sheet. Carbon paper samples were cut
along the boundary of printing area (2.5 cm x 2.5 cm). Nafion samples were cut to
square (3.5 cm x 3.5 cm) leaving 0.5 cm margin to the printing area. These Nafion

prints were used for visual inspection only.

Additional two Nafion samples were printed in with same settings. The sample print
size was 5 (9 mm distance) x 6 mm x 15 mm to match the current collector pattern. A

sample with 10 layers and a sample with 20 layers were printed.

3.1.5 Cyclic voltammetry measurements

Active electrolyte solution (EA) with 0.5 M methanol (MeOH) and 0.5 M H,SO. was
prepared by measuring 3.8 g 99 % MeOH and 11.8 g H.SO, and adding rest DIW to
240 mL. The solution was sonicated for 10 minutes and degassed another 10 minutes.
Blank electrolyte (EB) solution was prepared in same fashion but leaving MeOH out.
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Working electrodes were prepared by washing with DIW and sonicated in DIW for 10
minutes. Next they were polished with aluminium powder and washed with DIW and
sonicated for 20 minutes in DIW. The electrodes were dried with nitrogen gas. Finally,
two layers of sample ink were applied to the surface (8 pL + 8 pL) of the electrode.
Each layer was given time to dry well before applying the second layer.

Active ink samples (A1, A2 and A3) were prepared by adding 7.5 mg Pt-Ru/C, 75 mg 5
wt. % Nafion perfluorinated resin solution and 675 mg DAA. Blank ink sample (B1, B2
and B3) were prepared same but adding 7.5 mg carbon black (Vulcan XC-72R) instead

of Pt-Ru/C. All samples were dispersed for 30 minutes.

All samples were measured running 50 cycles using lviumstat potentiostat. Reference
electrode was Ag/AgCI (0.197 V vs. standard hydrogen electrode (SHE)) and auxiliary
electrode was platinum. Graphite (disk geometry) electrodes were used as a working
electrode. Measuring attributes were Ei = Ex>=-0.2 V and E;s = 1.0 V. Scan rate was
setto 50 mV/s, Esiep = 10 mV, 1=0.2 s.

Measuring orders were ALEA, B3EA, B2EA, B1EA, A3EA, A2EA and A1EB, A3EB,
B3EB, B2EB, B1EB, A2EB. All samples were reapplied and electrodes were cleaned
and polished between the measurements of EA and EB. Numbers provided by ran-

dom.org were used for randomization of the measuring order.

3.1.6 Cell assembly

Carbon paper GDL with 5 layers of Pt-Ru/C catalysts were carefully cut into ten 6 mm x
15 mm sheets. This forms cathode catalysts, the printing side is facing towards the
Nafion membrane. Nafion with 20 layers Pt-Ru/C was used to form PEM and anode
catalyst. Feeding and ventilation holes (8 holes per area) were punctured to the current
collectors with 0.9 mm needle. See Figure 22 for schematics. All parts used are pre-

sented in Figure 23 and the completed assembly in Figure 24.
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Figure 22.Schematics for prototype cell assembly

Figure 23. All parts ready before prototype cell assembly
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Figure 24. Assembled prototype direct methanol fuel cell in acrylic case with five individual
methanol input ports for each MEA unit.

0.5 M MeOH and 0.5 H,SO4 in DIW injection (approx. 600 puL per MEA) was used as
fuel. Electric potentials were measured for each individual MEA and in series to the
complete DMFC. Bio-Logics SAS potentiostat was used for OCV measurements.

The second prototype was built using same construction but contained additional sili-
cone gasket at anode between the anode current collector and Nafion print. Additional-
ly, extra carbon paper sheets were added to anode to provide conductivity through the
gasket opening.
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4 Results

4.1 Cyclic voltammetry results for ink catalysis activity

Results were obtained by taking arithmetic mean of each sample quality for voltammet-
ric cycles of 10, 20, 30, 40 and 50. Sample qualities were AEA (Pt-Ru/C ink with active
electrolyte), AEB (Pt-Ru/C ink with blank electrolyte), BEA (Vulcan ink with active elec-
trolyte) and BEB (Vulcan ink with blank electrolyte).

The highest current (9.3 mA) was exhibited by AEA at 0.78 V (1st scan phase, vs. sat.
Ag/AgCl) in cycle no 50. AEB exhibited similar properties but lower current peak (4.5
mA) at 0.83 V (1st scan phase, vs. sat. Ag/AgCI). See Figure 25. Inactive Vulcan sam-
ples exhibited much lower reduction peaks both in EA and EB electrolytes compared to

active Pt-Ru-C ink samples (see Figure 26).
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Figure 25.Cyclic voltammetry results, average of sample cycle no. 10, 20, 30, 40 and 50 per
sample quality. Measured against saturated Ag/AgCl reference electrode.
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Figure 26.Average of 50th cycle per sample quality and average of cycles (no. 10, 20, 30, 40,
50) per sample quality. Measured against saturated Ag/AgCI reference electrode.

Difference (AEA_AVG)
0.01
0.008
0.006
0.004
0.002
- == AEA-BEA
=L
= = = AFB-BEB
o ! |AEA-BEA)-{AEB-BEB)
-0.4 12
-0.002
-0.004 1)
{
[
-0.006
-0.008
EfV

Figure 27.Difference of AEA_AVG compared to other sample average qualities. For example,
AEA-BEA presents AEA_AVG where BEA AVG is removed as background. Meas-
ured against saturated Ag/AgCl reference electrode

Average standard deviations in the sample qualities were 7.14 x 104, 1.84 x 103, 9.78
x 10 and 6.84 x 10 respectively to AEA, AEB, BEA, BEB. The highest standard devi-
ation 2.29 x 102 between samples was found in samples A1EB50, A2EB50 and
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A3EB50, AEB samples overall exhibited higher standard deviation compared to the
other sample qualities.

4.2 Open-circuit voltage measurements for prototype DMFC assembly

Methanol was injected to the cells at 5 minutes (approx. 300 s). MEA1l, MEA2, MEA3
and MEA4 exhibited no activity.

Only MEAS presented some sort of electrical potential activity in the constructed DMFC
prototype (see Figure 28). The adequate operation phase starts after 18 minutes of
methanol injection, continuing 10 minutes (between 1400 s and 2000 s). The strongest
potential peak (18.5 mV) observed at adequate operation phase is after 25 minutes of
methanol injection (at 1824 s). The operation phase ends after approx. 28 minutes of
methanol injection (at 2000 s).

Strong electric potential fluctuation starts at 40 minutes (MEAS) after methanol injection
(at approx. 2700 s). MEAS exhibited its peak voltage (18.7 mV) at strong fluctuation
phase after 53 minutes (approx. 3180 s) of methanol injection and starts after that
strongly fluctuating and decreasing to null. The activity ends after 235 minutes of meth-

anol injection, not shown in Figure 28.
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Figure 28. Measured open-circuit voltages per MEA in the first prototype DMFC.
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5 Discussion

5.1 Pt-Ru/C loadings

Assuming complete distribution of Pt-Ru/C in ink, Pt-Ru/C catalyst loadings for sub-
strates can be estimated per layer (Equation 5.1.1) and layered substrate, whereas x
represents the number of layers (N) (Equation 5.1.2). Ink formulation yields approx.
100 pg Pt-Ru/C per droplet (10 pL). Print spacing was set to 20 pm. Mpwruc/Mink ratio
0.01 and the density of ink (oin) can be estimated to be 940 kg/m?.

__ Mmptruc XPinkXVdroplet -~ —4 -2
kLayerPtRuC = . - = 235 x 10 kgm (511)
print_area XMink

N
Mpiruc = A X f krayerptruc dx (5.1.2)
0

Loadings of ink samples on electrodes (5 mm, disk) were 767 pg/cm? (2 layers, Varoplet
= 80 X 10-15 m3, Aprint_area = 785 X 10-6 m2)

The total loadings in the Nafion print (10 and 20 layers, Aprint area = 4.0 X 10™° M2, Varoplet
= 1.0 x 10 m3) can be estimated to be 235 pg/cm? and 470 pg/cm?. Respectively,
pure platinum loadings would be 0.07 mg/cm? and 0.14 mg/cm?. Typical anode Pt-Ru/C
loadings in PEMDMFCs presented in literature are 2—4 mg/cm?, this would require 85
to 170 layers of printing. As low as 0.04 mg/cm? pure platinum loadings without carbon
are used in low-power hydrogen fed fuel cells, however, in methanol fuel cells plati-
num-ruthenium is often preferred due to increased activity of active platinum binding

sites. See Appendix 5 for calculation details.

5.2 Pt-Ru/C ink cyclic voltammetry measurements

A clear trend of increasing measured current as a function of cycles (time) in CV
measurements of active Pt-Ru/C ink could be related to some kind of wetting issue due

to nature of hydrophobic properties of Nafion. In the experiment situation, a visible
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bubble was inspected between the electrode surface and electrolyte. This may partially
be caused by the formation of carbon dioxide in methanol oxidation reaction. However,
hydrophilic properties of Nafion in ink may additionally have their influence to the size
of bubble or air pocket.

Reduction peak anomalies observed at 0.6 V (vs. sat. Ag/AgCl) with AEB samples
could be related to possible interactions with Nafion[87] or to unknown contaminant,
however, the reduction peaks observed on electrode were not as high compared to the
AEA samples, which supports the increased oxidation of methanol. The measurement
reliability of the methanol oxidation catalysis activity of Pt-Ru/C ink could potentially be

improved by using different polymer instead of Nafion as fixing agent.

Overall, the results obtained support the Pt-Ru/C ink catalysis activity for methanol oxi-
dation. However wetting issues with aqueous methanol can be problematic for a stable
and quick function of direct methanol fuel cell. Potential solutions could be pre-wetting
the anode surface before methanol solution is applied.

5.3 DMFC prototype open-circuit voltage measurements

In the prototype only MEAS presented OCV activity. This can partially be explained that
the prototype construction was not tight enough for optimal proton and electron con-
ductivity. Additionally, some methanol spreading was detected, which may result to
short circuit. Optimal MEA construction should be tightly packed to enable optimal pro-
ton conductivity between anode and cathode via PEM layer. Hot pressing technique
could offer benefits to overcome the problem in operational functionality by strongly
sandwiching the components together. Moreover, the catalyst layers could be bound
more tightly to PEM by printing the both anode and cathode catalyst layers on opposite
planes of the same PEM.

However, more research is needed. Other types of cell assemblies may offer better

structures for controlled methanol flow.

The strong electric potential fluctuation that starts after 40 minutes of methanol injec-
tion could indicate to the methanol crossover, which would cause the mixed potential to

anode and cathode.
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Anode: CH;0H + H,0 — CO, + 6 H* + 6 ¢~ (5.3.1)
Cathode: 6 H* + 6™ +2 0, — 3 H,0 (5.3.2)
Cell: CH;0H +3> 0, — €0, + 2 H,0 (5.3.3)
o — __ AGram (5.3.4)

NelectronXF

py = “measured (5.3.5)
Anode, cathode and overall net reaction in cell are presented in Equations 5.3.1-5.3.3.
In the Equation 5.3.4 AGx» represents Gibbs free energy for a mole of methanol oxida-
tion in DMFC (-702.07 kJ/mol), Nelectrons iS the number of moles electrons transferred per
mole of methanol (6 mol) and F is the faraday constant (96485 C/mol). Therefore, the
standard electrode potential (E°) for methanol oxidation reaction is 1.2 V. AHix, is the
standard heat of formation in combustion (higher heating value, HHV) reaction (Equa-

tion 5.3.6) for a mole of methanol with oxygen (-724.07 kJ/mol). See appendix 1.

2 CH30H () +3 0, (g) — 2 CO, (g) + 4 H,0 () (5.3.6)

—702.07 x10~3J mol~?
—724.07x1073 J mol~1

N =X AAI‘;—:: = 0.015 X ~ 0.015 (5.3.7)
Overall even MEA5 exhibited very low fuel coefficient (Equation 5.3.5) approx. 1.5 %
based on its peak operational potential (Emeasureda = 0.0185 V) and comparing it to the
theoretical ideal OCV (1.2 V). This could be due to many reasons mentioned at the
beginning of this chapter. However, many other reasons can be additionally related to
this, for example the oxygen breathing rate or even the methanol adsorption rate to
anode catalyst, which may be reduced due to hydrophilic properties of Nafion, which is
included to the Pt-Ru/C ink as fixation agent due to polymeric properties. Additionally,
same Pt-Ru/C ink was utilised to print cathode catalyst layer on carbon paper, typically
in literature Pt/C is preferred. More research is needed to systematically answer these

questions.
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Overall the prototype DMFC MEAS efficiency (Equation 5.3.7) was very low 1.5 %
(HHV) and the total prototype fuel cell efficiency even lower. Virtually MEA1, MEAZ2,
MEA3, MEA4 exhibiting null efficiency.

6 Conclusions

Pt-Ru/C ink exhibited higher reduction activity in active methanol electrolyte compared
to the activity in inactive electrolyte, which supports the activity for methanol oxidation.
However peak reduction anomalies presented in Pt-Ru/C in inactive electrolyte could
be related to some interactions with Nafion itself, which may have affected the reduc-
tion peaks in active electrolyte as well. The reduction peaks of Pt-Ru/C ink in the active
electrolyte are twice the amplitude compared to the reduction peaks in inactive electro-
lyte, which supports the increased methanol oxidation activity.

At current prototype stage the MEA construction is not reliable enough for adequate
operational functionality. The overall exhibited efficiency is extremely low. More re-
search is needed for optimal DMFC assembly using printed components, which would
enable all its components work reliably together. Additionally, potential wetting issues

with Nafion and methanol needs to be resolved.

Overall Inkjet printing technology can be used to produce functional passive direct
methanol fuel cell. Additionally, inkjet printing reduces material waste due to well con-
trolled printing. However, problems can arise at larger production quantities from the
overall printing speed and the cost of printer parts compared to other production tech-

niques.
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Appendix 1

1(1)

Standard heats and free energies of formation and absolute entropies

Compound State AH(f°) (kJ/mol) AG(f°) S° C(p°)

(kJ/mol) (J/(deg*mol))  (J/(deg*mol))

Methanol liquid -239,1 -166,6 126,8 81,2
Methanol gas -201 -162,3 239,9 44,1
Carbon monoxide gas -110,53 -137,16 197,66 29,14
Carbon dioxide gas -391,51 -394,39 213,785 37,13
Dioxygen gas 0 0 205,152 29,4
Water solid -292,72 37,11
Water liquid -285,83 -237,14 69,95 75,35
Water gas -241,826 -228,61 188,853 33,6
Dihydrogen (H2) gas 0 0 130,68 28,84
Hydrogen (H) gas 217,998 203,3 114,717 20,8
Proton (H+) aqueous 0 0 0 0

References N. Lange, Handbook of Chemistry. 1999



Appendix 2
1(2)

Certificate of analysis: C-30/15-Platinum/Ruthenium

ertificate of Analysis

Product Number: 43980

Product: Platinum, nominally 30 %, Ruthenium
nominally 15 % on carbon black

Lot no: 023239

Platinum 2973 %

Ruthenium 15.01 %

Moisture 0.26 %

Platinum atomic 50.64 %

Ruthenium atomic 49.36 %

Hydrolyzable chloride 106 ppm

XRD Crystallite size 2.25 nm

Total Ca+Co+Cr+Cu+Fe+Mg+Ni+Pb 208 ppm

This document has been electronically generated and does not require a signature.



Notes from gold evaporation procedure

Date
27.6.2016
28.6.2016
29.6.2016

1.7.2016
5.7.2016

Name
Symbiotic Au 1
Symbiotic Au 2
Symbiotic Au 3
Symbiotic Au 4
Symbiotic Au 5

Material (Au)

G4-5005-M
G4-5005-M
G4-5005-M
G4-5005-M
G4-5005-M

EU Symbiotic / Current collector (Au)

Vesa Koiramaki

5.7.2016

Lot#
W41015-6
W41015-6
W41015-6
W41015-6
W41015-6

Substrate
PET 125 pum
PET 125 pm
PET 125 um
PET 125 pm
PET 125 um

p_min (mbar)
6,6E-06
5,4E-06
5,3E-06
5,4E-06
4,9E-06

p_max (mbar)
9,9E-05
6,3E-05
5,6E-05
5,4E-05
5,0E-05

RH-%
53
50
52
45
42

d (nm)
35
35
35
35
35

Appendix 3

Rate (A/s)
0,2-0,3
0,2-0,3
0,2-0,3
0,2-0,3
0,2-0,3

1 (1)

~ (A)
30
30
30
30
30
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1(1)
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Appendix 5

1(2)
Calculation details
Calculations for hydrogen fuel cell (2 H, (g) + 02 (8) —> 2 H,0; 2 H, —>4 H + 4 ¢)
Quantity Dihydrogen(g) Dioxygen (g) Water () Water (g)
dG(f) 0 0 -237,14 -228,61
dH(f) 0 0 -285,83 -241,826
n_| 2 1 2 0
n_g 2 1 0 2
n_| x dG(f) 0 0 -474,28 0
n_gx dG(f) 0 0 0 -457,22
n_| x dH(f) 0 0 -571,66 0
n_gxdG(f) 0 0 0 -483,652
dG(rxn_l) -474,28 kI 474280 |
dG(rxn_g) -457,22 kJ -457220 J
dH(rxn_l) -571,66 kIl -571660 J
dH(rxn_g) -483,652 kI -483652 J
Voltage | 0,001228896 kV 1,22889568 V
Voltage g 0,001184692 kV 1,18469192 V
Efficiency HHV 0,82965399 82,965399 %
Efficiency LHV 0,945349135 94,5349135 %
Calculations for estimated Pt-Ru/C loadings
Substance Density (kg/m”3) INK Wt. % Pt-Ru/C
Nafion 874  Pt-Ru/C 1% Pt 0,2973
DAA 938 Nafion 10% Ru 0,1501
DAA/Naf (est) 931,6 Diacetone alcohol 0% C 0,8528
Ink (est.) 940,916
Substance Volume (m#3) Drying area (m”2) Mass (kg)  Pt-Ru/C (kg)
Droplet (10 pL) 1,00E-14 4,00E-10 9,41E-12 9,41E-14
Number of layers Pt-Ru/C (kg) Pt-Ru/C (mg) A (m~2) A (cm”2) kg/m"2 mg/cmA"2
1 9,41E-14 9,41E-08 4,00E-10 4,00E-06 2,35E-04 2,35E-02
5 4,70E-13 4,70E-07 4,00E-10 4,00E-06 1,18E-03 1,18E-01
10 9,41E-13 9,41E-07 4,00E-10 4,00E-06 2,35E-03 2,35E-01
20 1,88E-12 1,88E-06 4,00E-10 4,00E-06 4,70E-03 4,70E-01
100 9,41E-12 9,41E-06 4,00E-10 4,00E-06 2,35E-02 2,35E+00
Conversions
1,00E+06 mg/kg
1,00E+04 cm”™2/mA2



Appendix 6
1(1)

1 IUPAC Periodic Table of the Elements 18

1 2
H He
hydrogen helium
[1.007, 1.009] 2 Key: 13 14 15 16 17 4.003
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B C N o F Ne
lithium beryllium name boron carbon nitrogen oxygen fluorine neon
(6,938, 6.997] 9.012 standard atomic weight (10.80, 10.83] | [12.00,12.02) | [14.00,14.01] | [(15.99, 16.00] 19.00 20.18
" 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
22.99 [24.30, 24.31] 3 4 5 6 7 8 9 10 " 12 26.98 [28.08, 28.09] 30.97 [32.05,32.08] | [35.44,35.46] 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.38(2) 69.72 72.63 74.92 78.97 [79.90, 79.91] 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
rubidium strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.47 87.62 88.91 91.22 92.91 95.95 101.1 102.9 106.4 107.9 1124 114.8 18.7 121.8 127.6 126.9 131.3
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba | enthanoiss | HF Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
132.9 137.3 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 [204.3, 204.4] 207.2 209.0
87 88 89-103 104 105 106 107 108 109 110 m 12 13 114 115 116 17 118
Fr Ra actinoids Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus | Uuo
francium radium rutherfordium dubnium seaborgium bohrium hassium meitnerium | darmstadtium | roentgenium | copernicium ununtrium flerovium ununpentium | livermorium | ununseptium | ununoctium
57 58 59 60 61 62 63 64 65 66 67 68 69 70 74
La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
lanthanum cerium ymil dymi it samarium europium gadolinium terbium dysprosium holmium erbium thulium yiterbium lutetium
138.9 140.1 140.9 144.2 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 175.0
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
INTERNATIONAL UNION OF
Ac Th Pa U Np Pu Am | Cm Bk Cf Es Fm Md No Lr
PU RE AN D APPLI ED CH EMISTRY actinium thorium protactinium uranium i ici curium berkelium californium einsteinium fermium i beli i
232.0 231.0 238.0

For notes and updates fo this table, see www.iupac.org. This version is dated 8 January 2016.
Copyright © 2016 IUPAC, the International Union of Pure and Applied Chemistry.



