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Abstract

The purpose of this project has been to investigate and fabricate small scale Micro
Direct Methanol Fuel Cells (µDMFC). They are investigated as a possible alternative
for Zinc-air batteries in small size consumer devices such as hearing aids. In such
devices the conventional rechargeable batteries such as lithium-ion batteries have
insufficiently low energy density. Methanol is a promising fuel for such devices due
to the high energy density and ease of refueling compared to charging batteries,
making µDMFC a suitable replacement energy source.

In this Ph.D. dissertation, silicon micro fabrication techniques where utilized to
build µDMFCs with the purpose of engineering the structures, both on the micro
and nano scales in order to realize a high level of control over the membrane and
catalyst components.

The work presents four different monolithic fuel cell designs. The primary design
is based on a perforated silicon plate which acts as a mechanical support structure
a proton conducting polymer membrane, which connects catalyst layers deposited
through spray coating on either side of the silicon device.

An improvement of this design is also presented which integrates the catalyst
layer into the current collector electrodes. This design is based on catalytic in situ
growth of carbon nanotubes and atomic layer deposition of active catalyst particles.

The additional two fuel cell designs utilize a porous silicon structure as the
mechanical support, using respectively a spray coated catalyst and atomic layer
deposition for. This method of integration was investigated as a high internal volume
support structure with potential for rapid batch fabrication.

In characterization of the devices the work presents the development of an elec-
trochemical impedance spectroscopy measurement setup capable of determining the
ionic conductance of the devices. Along side this a simple model for the ionic con-
ductance is developed.

A theoretical framework for the device performance is developed, and amongst
the chief theoretical results are the determination of the tradeoff between conduc-
tivity and cross-over which results from variation in the path length through the
proton conductive phase. In addition the trade-off between mass transfer losses and
activation losses deriving from the catalyst layer density is developed.



Resumé

Formålet med dette projekt har været at undersøge og fabrikere små Micro Direct
Methanol Fuel Cells (µDMFC). De er blevet undersøgt som et muligt alternative til
zink-luft batterier til brug i høreapparater. Da litium batterier har for lav energi
tæthed er der ikke mange genopladelige muligheder for sådanne apparater. Methanol
brændselsceller er en lovende mulighed grundet den højre energi tæthed af metanol
og muligheden for hurtig og nem genoptankning. Dette gør µDMFC til en passende
erstatnings energikilde.

I denne Ph.D. afhandling, bliver silicium fremstillingsteknologier anvendt til at
fremstille µDMFC med henblik på at strukturere dem på mikro- og nano-skala for
at opnå et forøget niveau af kontrol over den proton ledende membran og katalyse
lagene.

Arbejdet præsentere fire forskellige monolitiske brændselscelle designs. Det primære
design er baseret på en perforeret silicium plade, der fungerer som en mekanisk
støtte struktur for den proton ledende membran, der agerer som forbindelse mellem
spray-coatede katalyselag på hver sin side af cellen.

Et forbedret design bliver samtidigt præsenteret, hvor katalyselagene er integr-
erede i elektroderne. Dette design er baseret på in-situ katalytisk vækst af kulstof-
nanorør hvor atomic layer deposition teknikken anvendes til at definere katalyse
partikler.

En teoretisk ramme for enhedernes ydeevne bliver udviklet, og bland de primære
resultater er konklusionen at der er en afvejning mellem protonledningsevnen og
diffusionen af brændstof gennem membranen alt afhængig af længden gennem den
protonledende fase. Samtidigt fremvises en lignende afvejning mellem mass-transfer
tab og aktiveringstab afhængig af katalyse lagets densitet.
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1
Introduction

Portable power sources are today used in a wide range of application areas, such
as in consumer electronic devices, medical devices and backup power sources. The
requirements varies widely based on application, and for many of these uses, fuel cells
are a new potential energy source which comes with the potential of higher energy
densities, higher efficiencies and more even the prospect of sustainable production of
the fuels to fight global warming. Since the 1970’s the prospects of a hydrogen society
have been raised [1], with the dream being that the needs for portable power in our
future society would be provided by hydrogen which burns cleanly to water and thus
solves the problem of pollutants emitted through the burning of hydrocarbons. The
hydrogen itself could be created from sustainable sources such as through electrolysis
of water using wind turbines or even directly through photocatalytic splitting of
water [2]. Hydrogen however has its problems as a energy storage media and has
not fared well as a replacement for hydrocarbons, and in most larger application
areas for portable power, hydrocarbons are still dominant.

Depending on the specific application the requirements and thus applicability of

Figure 1.1: Power requirements of a range of application areas where fuel cells show
promises for the future. The figure also shows the power usage of power plants for com-
parison.
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CHAPTER 1. INTRODUCTION

different types of portable energy storage will vary. Figure 1.1 shows an overview of
several application areas where fuel cells show promise as a future power source. As
can be seen, both the power requirements and scale of operations vary by several
orders of magnitude. Fuel cells could for instance be used as uninterruptible power
sources to supply emergency power at hospitals which today uses diesel generators,
or as power generators for houses that are expensive to connect to the power grid.
For such an application the total weight and volume of the fuel cell systems are
of less consideration compared to reliability and performance, therefore systems
weighing tons and taking up multiple cubic meters can still prove competitive. Fuel
cell systems can however also be envisioned as power sources in areas such as mobile
phones and laptops in the future. Consumer products are already available, like the
powertrekk myFC [3], which act as chargers for phones and other small electronic
devices. The fuel cells systems used in these devices are however still to large in
volume to be considered for internal usage in the electronics devices themselves. For
consumer electronics in modern times, size is of the essence.

A multitude of small scale electronic devices have become part of peoples daily
lives. Devices such as mobile phones, digital music players, laptops and digital
cameras have become common to the point where they are no longer considered just
luxuries but rather just everyday tools of communication and productivity. Small
scale electronic medical devices have also begun to play a vital role in the lives
of people such as diabetics who rely on blood sugar measuring devices to balance
their daily sugar intake, and hearing aids provide a boost to the diminished hearing
capability of the hard of hearing. The barrier to further down-scaling of such devices
have historically been the complex electronic circuitry needed for their operation,
however, the evolution of electronic have made them a much smaller concern size-
wise in current generation devices.

The last two decades have seen an accelerated down-scaling trend in consumer
electronics devices. The potential for smaller devices has in large parts been brought
on by the continual down scaling of both semiconductor technology and electronics.
A fixed element of electronic devices which has however not seen a large improvement
towards down-scaling of size, is the battery technology. While battery technology
has increased in merits such as charge cycles and longevity [6], it has not seen large
increases in power density as shown in figure 1.2. This has meant that batteries has
stayed the same size while the devices they powered decreased in size. To increase
device lifetimes the path forwards has been to increase the power efficiency of the
electrical components. This is expected as power density cannot exceed the theo-
retical maximum for the particular chemistry chosen for the battery. Therefore as a

2



Figure 1.2: The plot shows the development of disk capacity, CPU speed and RAM sizes
as well as the development in battery energy density of lithium batteries in a log-linear
plot. While the electrical component lines are seen to follow a Mores law incremental
development, the battery energy density saturates around the year 1999, as it gets closer
to the theoretical limits. Figure from [4], data from [5].

given technology matures and efficiency is steadily increased, the return on invest-
ment with respect to energy capacity decreases. As a consequence manufacturers of
mobile devices pursue longer battery lives primarily through focus on down-scaling
energy requirements of the electronics rather than investing in research targeting
improvements of the batteries.

Figure 1.3a provides an overview of several energy storage technologies, show-
ing the achievable peak power densities as well as specific energy densities. The
comparison shows that few alternatives to gasoline exist when considering specific
energy density. It is, however, possible to achieve almost similar peak powers with
lithium batteries as well as methanol fuel cells. In the region of high power output,
super-capacitors and advanced flywheels are the best performers. Flywheels are ro-
tating disks that amongst other uses are employed to store the energy generated
during braking for buses and trucks. With respect to small mobile electronics de-
vices we see that the different chemical battery technologies are mostly in similar
power range, but with zinc-air having the highest specific energy density. The bat-
teries are, however, surpassed by both methanol and hydrogen fuel cells. Table 1.1
shows a comparison of battery types along side the theoretical values for methanol.
It is shown that rechargeable lithium-ion batteries have lower energy density than
typically one-use alkaline batteries. Even so this technology is by far the preferred
in mobile devices as they are rechargeable. When moving into the small device
region the non-rechargeable zinc-air is the preferred battery due to the need for a

3



CHAPTER 1. INTRODUCTION

(a) The figure highlights the achievable specific
energy density vs. volumetric energy density re-
gions of different energy storage schemes.

(b) Specific energy density of various fuels.

Figure 1.3: Comparison of various energy storage and delivery systems. Reference [7].

higher energy density than can be provided by lithium-ion technology. While small
increases in lithium battery densities can still be achieved there are not prospects
for significantly increasing energy density. Methanol is therefore an interesting al-
ternative as it holds a much higher potential energy density compared to lithium-ion
as seen in figure 1.3b, and is refueling is relatively easy.

Smaller consumer gadgets like flashlights, portable radios etc. will typically
operate using alkaline batteries such as the Duracell AA battery listed in table 1.1.
For mobile phones such batteries have, however, proven insufficient due to poor
rechargeability and here the current market leaders are using lithium-ion batteries,
but the form factor has not been the target of standardization due to high levels of
competition in the market. For smaller devices such as watches, the typical total size
of lithium and alkaline batteries have lead to reliance on primarily zinc-air based
button cell batteries, which refer to small cylindrical standards of form factors.
In hearing aids, the current state of the market is that they are operated almost
exclusively on button cell zinc-air batteries, with only a small fraction operating
with rechargeable systems such as miniature lithium-ion batteries or Nickel-Metal
Hybrid (NiMH) batteries. Such systems, however, put severe restrictions on the
hearing aids operating power consumption due to the very low energy capacities,
with state of the art NiMH’s having below 1/20 the capacity of zinc-air button cells.

The years 2000 to 2005 saw a large increase in the number of publications on
methanol fuel cells as seen in figure 1.4. The primary focus of the general methanol
fuel cell technology is for larger stack system, which are targeted towards power
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Alkaline
Duracell AA Lithium-ion

Zinc-air
cell, A13

PowerOne
p 13, NiMH

Methanol
Theoretically

Rechagable No Yes No Yes Yes*
Nomial cell
potential [V]

1.5 3.6 1.45 1.2 1.2

Volumetric
Energy density

[wh/L]

320 190 1343 280 4400

Graviometric
Energy Density

[wh/kg]

130.4 170 403 100 5473

Current capacity
[mAh]

700 970 310 31 –

System Volume
[µL]

7774 249 885 265 265 –

Volumetric Charge
capacity [mAh/µL]

0.090 0.0039 1.17 0.12 3.97

Table 1.1: Table illustrating the electrical properties of different types of energy storage
systems. *Rechargeable through refueling. [8, 9, 10]
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Figure 1.4: Publication trend for direct methanol fuel cell research. Numbers from SciVerse
ScienceDirect [11].

5



CHAPTER 1. INTRODUCTION

SiliconAsubstrate
CNTTiWALayer
SiliconAdioxideA

SiliconAsupport SiliconAdioxide
GoldAcurrentAcollector CatalystAlayer

Ionomer

}350Aμm

}100Aμm

Anode

Cathode

}100Aμm

}350Aμm

SiliconAsupport CatalystAlayer
Ionomer

A B

D

}350Aμm

SiliconAsupport ALDAcatalystAcoating
LiquidAElectrolyte

C

}350Aμm}300Aμm

Anode

Cathode

Anode

Cathode

Anode

Cathode

Figure 1.5: Overview of the four device types developed during the project. A and B
rely on a conventional spray coated catalyst layer, while C and D utilize an integrated
catalyst layer through atomic layer deposition (ALD). The devices A and D rely on a plate
perforation to integrate the membrane while devices B and C are based on porous silicon.

sources for buses, trucks or ships. These larger systems are also being developed to
act as local power and heating generation for houses [12]. When considering smaller
scale systems, particularly systems based on Proton Exchange Membranes (PEM),
are popular. These are typically based on Nafion. Nafion is a PolyTetraFluoroEthy-
lene (PTFE) based copolymer with sulfonic acid groups. Nafions forms a solid
matrix hydrophobic backbone when cured, and allows proton conductance through
highly acidic hydrophobic regions permeating this matrix. The major advantage of
Nafion lies in its high mechanical strength, high proton conductivity and long life-
time. For larger scale fuel cells the major disadvantage of Nafion is that operation
becomes difficult above 80◦C, and higher working temperatures are typically desired
in order to minimize carbon-monoxide poisoning. For room temperature operation
of smaller fuel cells intended for portable devices this temperature limitation is of
less importance as the working temperatures will be far below 80◦C.

While PEM based methanol fuel cells are a promising candidate as power sources
for small devices, they do have several disadvantages. The practical energy efficiency
is limited greatly by the methanol cross-over effect, where methanol diffuses through
the proton conductive membrane. PEM fuel cells also rely on expensive noble metal
catalysts like platinum and palladium. The challenge of methanol-cross over is typ-
ically addressed in research by engineering the chemical structure of the membrane
or including additives in order to lower the permeability of methanol at the expense
of the conductivity. This work will present a different approach which is based on
mechanical engineering of an integrated membrane.

1.1 Project Outline

The working hypothesis of this project is that the integration of the polymer mem-
brane into the silicon process can lead to benefits in the form of increased mechanical
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1.1. PROJECT OUTLINE

support, better dimensional control, and that it opens up new potentials for micro
and nanostructuring of catalyst layers using clean room technologies. The project
deals with this integration process and studies two separate methods of creating the
mechanical support structure through ionomer integrations into a micro perforated
silicon plate structure and into a porous silicon plate. Catalyst integration has been
accomplished both using conventional spray coating techniques, but also through
in-situ growth of catalytic particles on the microstructures supporting plates. The
four major device designs are shown for overview in figure 1.5, and will be covered
in more detail in the following chapters. Specifically the full fabrication of design
Type A will be covered in chapter 4. The characterization of these devices is cov-
ered in chapter 5. Device designs B and C are based on a much simpler porous
silicon fabrication process and will be covered in chapter 6. Device design D is an
improvement on design A, which integrates catalyst layers directly into the current
collector electrodes, this design will be the focus of chapter 7.

Chapter Overview

The following will describe briefly the structure of the thesis.

Introduction to Fuel Cell For Small Scale Power Storage

This chapter discusses the working principles of fuel cells in relation to down scaling
and describes the state of the art for silicon based micro fuel cells.

Theory of Direct Methanol Fuel Cells

This chapter goes through the theoretical aspects of the methanol fuel cell operating
principles.

Design and Fabrication of a Semi-Monolithic Silicon Direct Methanol
Fuel Cell

This chapter goes through the details of the fabrication of a perforated silicon plate
based fuel-cell (Type A device).

Device Characterization

This chapter describes the characterization of the perforated silicon plate (Type A
device) based fuel-cells, and the conclusions drawn from the results.

7



CHAPTER 1. INTRODUCTION

Porous Silicon Based Methanol Fuel Cell

This chapter describes an alternative approach to fabrication of the membrane sup-
port structure through a metal assisted chemical etch procedure used to create
porous silicon plates. It also covers performance results of type B and C device
types.

Integrated Carbon Nanotube Supported Catalyst Layers

This chapter describes the effort to create an integrated nano-structured catalyst
layer through use of catalytic growth of carbon nanotubes and atomic layer deposi-
tion techniques (Type D device).

Conclusion

This chapter contains a summarisation of the important results gained throughout
the work, as well as a perspective for the future application of the developed devices
towards hearing aid applications.

8



2
Introduction to Fuel Cells For Small Scale Power

Storage

This chapter will provide a general introduction into the working principles of fuel
cells. The chapter will expand upon the merits of silicon technology in down scaling
of fuel cells, with particular focus on the most widely used bi-polar plate design, as
well as a discussion about novel alternatives such as the flow channel design.

2.1 Fuel Cell Operation

Fuel cell systems vary greatly in size depending on their intended application area.
They range from large units weighing several tons used to provide heat and electricity
to houses, so called Micro Combined Heating Power systems (µCHP), to smaller
portable units intended for phone and laptop recharging. Figure 2.1a shows a µCHP
system developed by the company IRD, and figure 2.1b shows the active fuel cell
stack consisting of several layers of what is called a Membrane Electrode Assembly
(MEA)s. The fundamental operational principle in fuel cells is not dependent on
system size, though the auxiliary components for larger systems increase greatly in
complexity. At the core the fuel cell is generating electrical energy by the physical
separation of a combustion process onto two separate catalytically active electrodes.
These electrodes aid the reaction through donating and accepting electrons which
leads to the electrical current. At the anode a fuel is oxidized, while oxygen or an
oxidizing agent is being reduced at the cathode. Depending on the system size, the
transport mechanism of the fuel will vary greatly. For gas phase fuels, closed pressure
control and flow systems are necessary, and these fuels are therefore limited to usage
in larger scale systems. Liquid fuels have less requirements on the feeding system,
and can therefore be used in smaller systems, even down to the smallest scales where
pumps cannot be used and the fuel transport happens passively, typically through

9



CHAPTER 2. INTRODUCTION TO FUEL CELLS FOR SMALL SCALE
POWER STORAGE

(a) Graphical illustration of a
600×381×482mm, 50 kg, µCHP
by IRD, with specification of
800W electrical power and 2 kW
heating power.

(b) The MEA stack component of a
large fuel cell system, showing the
many layered MEAs as well as gas in-
lets to the gas diffusion layers that de-
liver fuel and oxidant to the catalyti-
cally active regions.

Figure 2.1: The figures show the complete and central components of a µCHP system
developed by IRD.

diffusion or capillary action.

2.2 Fuel Considerations

A central element of any fuel cell is naturally the origin of the energy that it supplies.
The origin could be summed up to being the combustion of the fuel, but the details
are of course more involved. Combustion is a redox reaction occurring between the
fuel and an oxidant, which is typically oxygen, supplied either pure or in ambient
air. The driving force of the reaction is the energy difference between the produced
chemical species and the fuel and oxygen in their original states. The energy released
in a combustion can be measured by considering a closed volume with a fuel/ox-
idant mixture. The mixture is heated to the point of combustion and allowed to
expand in volume to keep the pressure constant. The measure attained from such a
measurement is termed the value of heating. Two measures are typically given for
a fuel / oxidant reaction; the lower value of heating (LHV) and the upper value of
heating (HHV). These measures differ by the fact that the upper value of heating
considers the case where the produced chemical species are not in their equilibrium
state. Considering as an example a hydrogen/oxygen reaction, H2 + 1/2O2 ⇒ H2O,
where the resulting water is in vapor form, the energy released would be the LHV,
while if the heat from the water vapor is also captured, the energy release would
be the HHV. Thus the higher heating value includes the latent heat of formation
required to put the reaction products into the equilibrium states.
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Fuel HHV
[kJ/mol]

Molar
volume

[cm3/mol]

Energy
density
[kJ/cm3]

Hexamine (CH2)6 N4 4200 105.4 3158
Benzene C6H6 3270 89.1 3731
Propanol CH3CH2CH2OH 2020 74.1 2514
Acetylene C2H2 1300 23.7 1185
Ethanol CH3CH2OH 1300 58.4 1648
Methanol CH3OH 726 40.4 917
Hydrazine NH4 622 31.4 609
Ammonia NH3 382 23.3 523

Table 2.1: Higher heating values per mole of a range of potential fuel cell fuels.

Fuel Types

Any chemical compound which can store energy could be classified as a fuel, the term
is, however, most often used to describe different classes of hydrocarbon compounds,
which generate energy through combustion to water vapor, carbon dioxide and po-
tentially other side products. As seen in table 2.1, liquid fuels with larger energy
densities than methanol are available, some are even very similar to methanol such
as for instance ethanol or propanol, which simply have more carbohydrate chains.
The reason these fuel types are not as popular for use in fuel cells is that the long
hydrocarbon chains need to be broken down incrementally, which can lead to the for-
mation of unwanted by products such as amorphous carbon which creates a physical
blockage of the electrode surface. In electrochemical cells, it is therefore preferred to
work with simpler fuels which do not posses carbon-carbon bonds. Direct ethanol
fuel cells however have been pursued as a competitor to direct methanol fuel cells.
Here the detrimental effects of the non-dissolved byproducts is balanced against the
non-toxic nature of ethanol compared to methanol neurotic effects. The develop-
ment of catalysts capable of complete combustion of ethanol to carbon dioxide is
therefore an active field of study.

Hydrazine is a promising fuel which is very similar to methanol in that it is a
simple chemical N2H4, which decomposes directly though hydrogen to water and
components already in ambient air as shown by the composition of ambient air in
table 2.2. Research into fuel compositions studying methanol/hydrazine mixtures
have found that current contributions from formic acid and hydrazine were additive,
however co-poisoning still proved to limit the currents [13]. In addition to hydrazine
being strongly corrosive, it is also more expensive and toxic than methanol. Nev-
ertheless in small scale usage it could be speculated that the problems of toxicity
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Compound N2 O2 Ar CO2 Ne He Kr Xe
% by volume 78 21 0.93 0.04 0.002 0.0005 0.0001 9 10−6

% by weight 75 23 1.28 0.046 0.001 0.00007 0.0003 0.00004

Table 2.2: Ratios of some of the most common compounds making up ambient air. [14]

and cohesiveness might be overcome through proper encapsulation and shielded
handling.

Among the disadvantages of methanol is primarily the need for expensive cata-
lysts when operated in acidic media such as Nafion, which greatly increases the cost.
In addition the effects of carbon monoxide poisoning on pure platinum electrodes,
greatly limits the rate of reaction and therefore requires mixtures such as Pt/Ru,
were ruthenium aids the desorption of adsorbed CO.

2.3 Electrochemical Catalysis

One of the major drawbacks of DMFCs is the need for costly catalysts. The methanol
oxidation reactions does not readily occur in acidic media, and expensive catalysts
such as platinum or palladium are needed. The catalytic process takes place on
the surface of the particles. Assuming spherical particles with diameter, d, the sur-
face area per weight scales as 1/d, and therefore catalyst materials are normally
prepared into particles of very small diameters in the nm-regime. Simply having a
dense compact layer of such particles would, however, hinder fuel flow to the active
surfaces, and such particles are therefore supported on a carrier material. Commer-
cially such materials are primarily amorphous high surface area carbon black, formed
through inexpensive scalable fabrication techniques based on incomplete combustion
of petroleum products.

Methanol oxidation on platinum or paladium leads to adsorbed carbon monoxide
which blocks the catalytically active sites and reduces the achievable current. To
alleviate this problem, alloys are typically used which promote the desorption of
CO. Table 2.3 shows the exchange current densities under methanol oxidation in
phosphoric acid at 180◦C [15]. It can be seen that alloys of platinum and ruthenium
show a large improvement in current density compared to pure platinum, while
alloys including tungsten and palladium show even better performance. The most
widely used catalyst for methanol oxidation in fuel cells is PtRu alloys, typically at
1:1 [16].

For comparison the exchange current density for oxygen reduction in 100%
H3PO4 at 190◦C was found to be 0.07µA/cm2[15].
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2.4. PROTON CONDUCTIVE MEMBRANES

Average
particle
size [nm]

IMeOH
ex /Ag
[mA/cm2]

IMeOH
ex /Apt
[µA/cm2]

Pt 2.6 0.025 0.046
Pt/Ru (1:1) 4.1 0.08 0.17
Pt/Ru(1:5) NA* 0.06 0.12
Pt/Ru/W 4.8 0.1 0.2
Pt/Ru/Pd 3.2 0.2 0.4

Table 2.3: Experimentally found values for the exchange current density of methanol
oxidation at platinum alloys. Ag is the geometric electrode area and Apt is the platinum
surface area. *Particle size was not measured for the (1:5) Pt/Ru alloy but was assumed
to be similar to the (1:1) composition for sake of comparison. Data by [15].

2.4 Proton Conductive Membranes

The ionomer Nafion, which is a trade-name of Du Pont de Nemours & Co. Inc, con-
sists of a polytetrafluoroethylene (PTFE, also referred to as Teflon) backbone and
perfluorinated pendent side-chains containing sulfonic acid groups. The system-
atic name is tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid
co-polymer. When cast into a polymer membrane Nafion forms separate hydrophilic
and hydrophobic regimes connected by an interfacial layer. This structure across
the regime boundaries is shown in figure 2.2. The central region is encapsulated
by a surface layer of sulfonic acid groups, leading to a polar interface which allows
the permeation of water. The interfacial layer and the backbone shell layers are,
however, non-polar and highly hydrophobic.

Many models have been proposed for the morphology between the two connect
phases of the membrane, for instance cylindrical, lamellar or spherical. The most
successful model assumes that the hydrophilic regions form clusters which connect
via thin connecting channels, shown in figure 2.3. This model is most directly
supported through examinations of stained Nafion sheets, in the absence of continues
streaks of staining reject the cylindrical or lamellar models. This model asserts that
as the membrane is hydrated, the clusters will increase in size and the connecting
channels increase in diameter.

Halim et al. [19] have shown through both Small and Wide-Angle X-ray Scatter-
ing (SAXS andWAXS) that the humidity plays an important role in the conductivity
of Nafion membranes. Notably it is shown that the ionic cluster size increases with
increasing humidity. It is also determined that films cast at higher humidity shows
higher proton conductivity. The proton conductance mechanism through Nafion is
simple proton transport through the very acidic water phase that permeates the
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Figure 2.2: Illustration of the two phase composition of Nafion membranes. From [17].

Figure 2.3: Illustration of the cluster-network model for the morphology of Nafion. From
[18].
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(a) Proton conductivity of Nafion at differ-
ent levels of hydration at room temperature
conditions.
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(b) Illustration of the proton conductivity of
Nafion with respect to increasing tempera-
ture at 100% relative hydration.

Figure 2.4: Humidity and temperature dependence curves for the proton conductivity of
Nafion. Numbers as reported by [22]

polymer. Nafion is typically characterized by its Equivalent Weight (EW). This
indicates the weight of Nafion in molecular mass per mole of sulfonic acid group.
For commercial use the most common product is Nafion 117, which has a 1100 g
EW membrane with a thickness of 0.007” = 178µm. The conductivity of Nafion
will depend on the water content, as can be seen by figure 2.4a. Typically con-
ductivity through a submerged Nafion 117 membrane at room temperature is in
the range of 0.01 − 0.05 S/cm. As can be shown in figure 2.4b, the conductivity
drops off with increasing temperature with a sharp decline around 80◦C. Analysis
of Nafion membranes using Fourier transformed infrared spectroscopy [20], has show
that for thicker layers of Nafion, full proton conductivity is achieved already at a
hydration level corresponding to one water molecule per sulfonic acid group. Under
immersion hydration a much larger water uptake is observed, with experiments us-
ing a post evacuation to remove excess water showing a typical hydration level of
≈ 15H2O/SO3H [21]. This corresponds to a 39% increase in volume, which means
the water phase takes up 27% of the total volume.

Conceptualizing Nafion as simply a backbone matrix supporting a liquid sulfuric
acid electrolyte, it is possible to reason about the parameters of this electrolyte in
order to put the conductivity scale into perspective. Using an estimated density
of Nafion it is possible to find the molar concentration of sulfuric acid group with
respect to the total Nafion volume. Assuming a density of 1.58 g/cm3[23], and EW
of 1100 g, the molar concentration of sulfonic acid groups is 1.44M, which is not
particularly high. The liquid phase, however, only makes up a small portion of the
polymer volume. If it is assumed that only 27% of the volume is liquid phase, the
effective concentration would be 5.33M , thus the actual acidity in the Nafion pores
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Cation Mobility [10−3 cm2/(Vs)]
NH+

4 0.763
Na+ 0.519
K+ 0.762
H+ 3.62

Table 2.4: Mobilities of simple cations solvated in water. [25]

can quite high. In conditions with very low water uptake the acidity of the Nafion
membrane is high enough to be considered a super-acid [24], which describes an acid
strong enough to form a hydronium ionic salt SO−3 − H3O+.

The mobility of hydrogen ions solvated in water is much higher than other simple
cations, as can be seen in table 2.4. This is due to the Grotthuss mechanism for hy-
drogen diffusion process. This mechanism describes the mobility hydrogen through
hydronium molecules H3O+ passing on its excess proton to a water molecule H2O,
without a significant change of orientation or position. Such diffusion can occur
through aligned water molecule chains, greatly exceeding the mobility of pure hy-
dronium diffusion.

2.5 Silicon Based Fuel Cell Technology

The current state of silicon based micro scale fuel cells will now be the focus of
discussion to highlight the strengths and weaknesses of different approaches to down-
scaling fuel cell technology to the region applicable for hearing aid usage. Focus is
initially put on the more mature hydrogen based PEM fuel cells, which show little
potential for use in hearing aids, but reliable performance and interesting processing
techniques. After this the state of the art of methanol fuel cells is reviewed.

2.5.1 Indirect Proton Exchange Membrane Fuel Cell

PEM fuel cells that operate on pure hydrogen have many positive features, but
cannot be directly scaled to the micro fuel cell size region due to the mechanical
requirements of storing compressed hydrogen. A novel approach to circumvent this
problem is to use a chemical hydrogen generation rather than storing the fuel in
gaseous form. This type of cell is called an indirect fuel cell as the catalytic process
does not directly on the feed fuel type.

Such fuel cells have been demonstrated by L. Zhu et al. [26] with very good
performances of small devices, one such cell using an integrated solid form CaH2 fuel
source, which shows a peak power density of 16.8 mW/cm2 (0.41 V, 41 mA/cm2).
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Figure 2.5: Schematic illustration of the Bipolar plate fuel cell design.

Their system size is 10.88µL (2.5x2.5x1.74mm). The usefulness of this particular
cell for long term operation is however questioned as the hydrogen generation is a
passive uncontrolled process, and the fuel volume is quite limited with a theoretical
maximum energy content of 0.015 J corresponding to a stored charge of 0.004 mAh.
Naturally the system size can be scaled up to increase fuel reservoir size, but this
would likely complicate the passive hydrogen release mechanism, and the numbers
given would not be representative. Alongside such considerations, their systems uses
a solid fuel to generate the hydrogen, hence it faces large difficulties in refueling.

2.6 Silicon Based Direct Methanol Fuel Cells

The focus is now shifted to silicon direct methanol fuel cells which do not utilize
any type of reforming elements but operate directly using methanol.

The most used fuel cell design is the bi-polar plate design as shown in figure
2.5. It most often consists of a proton conductive membrane at the center with
catalyst layers deposited on both sides. Conductive gas diffusion layers are stacked
around the PEM, making up a Membrane Electrode Assembly (MEA). This layer
is then placed between stainless steel collector electrodes that include flow channels
to deliver fuel to both sides of the MEA.

The gas diffusion layers are added to allow redistribution of the feed gas, such
that the concentration is uniform across the plate, even as there is a pressure gra-
dient in the flow channels driving the flow. Typically the gas diffusion layers are
constructed from carbon cloth, and the catalyst support layers from different types
of high surface area amorphous carbon. The use of these materials requires high
compressive forces in order to lower electrical contact resistances.
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Figure 2.6: Assembly scheme of a laminar flow-based fuel cell by [27]. Fuel and oxidant
are flowed through the channel forming a laminar flow between the two catalyst covered
graphite electrodes forming the anode and cathode.

2.6.1 Silicon Based Planar Flow Channel Devices

An interesting alternative micro fuel cell design is the planar flow channel microfludic
fuel cell design[28], which can be employed with a very wide range of fuel/oxidant
combinations, and is capable of mitigating the effects of cross-over when in a system
of non-selective catalyst. One such system for methanol fuels is shown by [27] who
realize a membraneless microfluidic flow channel based cell as shown in figure 2.6.
The fuel and oxidant are both injected into a combining flow channels under low
Reynolds number (Re<2100) conditions, such that a laminar flow is formed. Of
particular interest in this system is that it is capable of running the same device at
either acidic or alkaline conditions, and indeed even show the performance of a mixed
alkaline/acidic setup. Using a methanol concentration of 1M a peak power density
of 10mW/cm2 is achieved, compared to 2mW/cm2 and 6mW/cm2 for acidic and
alkaline medias respectively. Such systems are ideal for analysis of the influences
of electrolyte concentrations and mixtures on device performances using different
catalyst composition. It goes to reason however, that for actual power generation in
small electronics devices, the need for pumps, and the low fuel utilization through
fuel continually being washed out, are issues that make the concept infeasible.

2.6.2 Silicon Technology Based Bipolar Plate Fuel Cells

Silicon based bi-polar plate designs are not seen in larger scale systems, as the cost
of silicon processing is very high compared to stainless steel electrodes, as well as
the difficulty of dealing with single crystal silicon electrodes in the 5 cm×5 cm scale,
since they are brittle and easily break due to slight asymmetries in the applied
pressures. The area of fuel cell research where silicon is used, is in smaller scale
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(a) Schematic of the components included in the de-
vice to provide a diluted methanol flow from a reser-
voir containing pure methanol.

(b) Image of the finished device en-
closed in poly-carbon plates that com-
press the stack.

Figure 2.7: A fuel cell utilizing the bipolar plate design, including a passive methanol
delivery system [29].

devices. The most often seen integration of silicon is in imitations of the large scale
bipolar plate designs where silicon fabricated electrodes replace the stainless steal
collector electrodes. In such a setup the MEA remains virtually unchanged. The
purpose of silicon in such designs is to allow for integration of novel micro-scale
structures in the electrode and fluid flow channels. One such example is the usage
of silicon nano-grass to increase the mechanical adhesion force between the silicon
collector electrode and the gas diffusion layers. Figure 2.7 shows a novel bipolar
plate silicon based design which also incorporates a pure methanol reservoir and
dilution mechanism in order to reach higher energy densities while still operating
the fuel cell at low methanol concentrations [29].

Table 2.5 shows a collection of bi-polar plate silicon based micro direct methanol
fuel cells. It can be seen that the highest power densities are achieved by active
systems and stacked passive systems, impressive power densities have however also
been achieved in single stacked passive systems by [35, 36]. The systems are shown
in figure 2.8. Both utilize a rigid polymer support structures to clamp the structure
together with metal screws providing the clamping pressure. Despite this, Sabate
et al. [36] manage to achieve a very small total system size of just 6 cm3 with an
open fuel reservoir by fully integrating current collectors in the two silicon plates.
Additionally, more complicated structures are needed in the conventional system by
Shimizu et al. [35] who utilize a 4 layer stack in order to position electrodes around
the central membrane/catalyst layer.

In a review of the current state of µDMFC research by Sundarrajan et al. [16]
two major disadvantages of silicon fabrication techniques were highlighted: There
is poor adhesion between the proton conductive polymer membrane and the silicon
plates, and secondly silicon is brittle making it difficult to compress the cell to lower
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Work System size Active

area

[cm2]

P

[ mW
cm2 ]

Pv
[ mW

cm3 ]

OCV

[mV]

T

[◦C]

CM

[M]

Catalyst
Loading

[mg/cm2]

Notes

Active systems

Kelley et

al.[30]

3 cm2 x

1 cm

0.25 60 5.0 700 70 0.5 A: ~2

C: 1.5

Oxygen

fed

Liu et

al.[31]

1 cm2 x

0.5 cm

1 4.7 9.4 450 RT 2 A: 2

C: 1

Seo et

al.[32]

3.5 cm2 x

3 cm

1 0.031 0.03 650 RT 1 NA

Passive systems

Hashim et

al.[33]

7.5 cm2x

5cm

4 12 0.32 2500 RT 4 A: 4

C: 2

Stacked

Chan et

al.[34]

~30 cm2 x

4cm

6.25 10.3 0.54 2900 70 6 A: 4

C: 2

Stacked

Shimizu et

al. [35]

49 cm2 x

4cm

36 10 1.84 550 RT 4 A: 2.5

C: 2.6

Seperate

MEA

Sabate et

al. [36]

6 cm2 x 1

cm

0.25 10 0.42 450 RT 2 A: 4

C: 4

Gharibi et

al.[37]

4.75 cm2 x

3cm

4.75 1.2 0.40 500 RT 1 A: 1

C: 3

This work 0.75 cm2 x

0.7 cm

0.29 4.52 2.5 300 RT 3 A:2

C:4

Table 2.5: Performance of different bi-polar plate designs compared to the integrated
membrane of this work. The area used for the peak power density is the geometric area of
the catalytic region. T is the operating temperature and RT denotes room temperature
conditions. CM denotes the methanol fuel concentration used. A and C denote the anode
and cathode loadings of PtRu and Pt, respectively. P is the peak power density and Pv is
the volumetric peak power density. The best performing device from this work is added
for comparison and covered in chapter 5.
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(a) Single MEA with closed fuel reservoir
and 4 layer poly-carbon structure stack.
By [35].

(b) Single Mea with electrodes fully in-
tegrated in silicon plates. By [36].

Figure 2.8: Silicon based bi-polar plate fuel cell systems.

the electrical resistance between the catalyst layers and the bipolar silicon plates.
The designs presented developed during this work attempts to address both

these disadvantages by integrating the ionomer membrane directly into a silicon
plate structure. The problem of poor adhesion is solved by mechanical locking of
the membrane into the structure such that when in a dry state the polymer is held in
place mechanically, and when in a wet state the expansion of the polymer will press
against the sides of the locking structure and increase the adhesion. This integration
is developed through development of a monolithic fuel cell. This development is the
first attempts at developing monolithic bipolar plate design for methanol usage
known to author, however through stack monolithic devices have been developed
for hydrogen PEM cells as will be covered next.

2.6.3 Monolithic Silicon Based PEM Micro Fuel cells

The development of monolithic silicon based small scale fuel cell has largely been
focused on creating proton conductive pathways through porous silicon structure.
One such fuel cell is reported by [38], where Nafion is integrated into pores created
in the silicon substrate though anodic etching, hence forming the proton conductive
membrane of a hydrogen PEM cell. This system reports an open-circuit potential of
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796mV and a peak power density of 20mW/cm2 which is low for a hydrogen PEM
cell, but it shows the potential in monolithic cells based on porous silicon.

A recent, very promising, development in µDMFC is the work by Moghaddam
et al.[39], which deals with the functionalization of anodic porous silicon to create
a proton conductive pathway through a silicon device. The proton conductance is
realized by grafting of 3-mercapto-propyltrimethoxysilane to the pores of the silicon,
which then have −SH groups oxidized to form sulfonic acid groups (−SO3H). So
far the working membrane has only been implemented in hydrogen systems, where
it showed high performances of up to 340mW/cm2 at room temperature operation
with hydrogen fed at 1.5 times the stoichiometric ratio and at a pressure of 1 kPa,
with catalyst layers consisting of 7mg/cm2 platinum.

2.7 Direct Methanol Fuel Cell Power Sources for
Hearing Aids

The goal of the DanATF project MicroPower.DK is to have a fuel cell capable of
supplying power for a hearing aid. With this purpose in mind, the required power
density is set at P spec

max = 2.5mW, and the cell should be capable of providing power
for a period corresponding to one days usage, which is specified to be at a minimum
T spec

min = 16 h. This corresponds to a minimum battery energy ofQmin = P spec
max ·T

spec
min =

40mWh. The theoretical maximum OCV under standard conditions for a methanol
cell is around 1.21V. For most realized fuel cells the actual value of the OCV is
closer to 0.6V, and the potential at operation will be roughly half this. Assuming
a load potential of U spec

load = 250mV, the minimum energy amount corresponds to
a capacity rating of 160mAh. The conversion rate from mAh to mol methanol
can be found assuming unity conversion since each methanol molecule leads to six
electron transfers during oxidation. The conversion factor, κ, is thus given by;
κ = 1

6602C
e

1
NA

= 6.22×10−6 mol
mAh , where NA is the Avogadro constant. From this, the

minimal concentration of methanol needed to reach the current capacity requirement
at a fuel reservoir volume of Vf = 200µL is Cmin = P spec

max T
spec
min

Uspec
load Vf

κ = 4.98M. While this
assumes loss-less operation, it shows that such operation is within reason if the
cell can be made to operate with low losses and higher concentrations. It however
also shows that such a cell must be capable of operating at methanol concentrations
significantly higher than the 1−3M ranges typically employed to benchmark devices
[16]. Due to this, cross-over losses are a significant concern.

Assuming the simplest possible model for the fuel cell, the IV-characteristics is
modeled as though the cell potential,U , is given by a loss-less potential difference,
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U0, which is however reduced due to the inclusion of an effective internal resistance,
Rint. In this model the potential at a given current draw, I, is given by

U = Uc − I Rint. (2.1)

The power is given by P = U I, and therefore the current and potential at maximum
power can be found through solving ∂IP = 0 with respect to I and inserting:

Imax = 1
2
Uc

Rint
Umax = 1

2Uc. (2.2)

With the maximum power then given by

Pmax = 1
4
U2

c
R
. (2.3)

From this it can be gathered that the maximum internal resistance should be below
the limit set by

Rint < 4 P
spec
max
U2

c
. (2.4)

Assuming that Uc = 500mV this leads to a maximum internal resistance requirement
of 40 Ω. For comparison, the total resistance of a 0.44mm2 Nafion 117 membrane
assuming a conductivity of 0.01 S cm−1 is 40.45 Ω. This indicates that this resistance
is within the realm of possibilities assuming a membrane that is thinner than the
conventional 178µm.

2.8 Summary

The chapter provided an introduction to the current state of the art of silicon based
micro direct fuel cells. It is found that the performance regions with respect to power
density and energy density are well suited for hearing aid usage. From a simplified
effective internal resistance model it was found that the membrane resistance of
typically employed Nafion 117 membranes is close to being to high for the application
region, and it is therefore desirable to allow for thinner membranes with lower ohmic
resistance. The model, however, does not consider the interplay between the cross-
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over blocking effect of a thicker membrane with the conductivity enhancement of
thinner membranes. This trade-off will be developed in more detail in the next
chapter.
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3
Theory of Direct Methanol Fuel Cells

This chapter deals with establishing the basic theory of operation for direct methanol
fuel cells. The chapter will first describe the chemical system and associated con-
siderations. It will then provide a microfluidic perspective on the ionic conductance
occurring through the proton exchange membrane. The theory of the current po-
tential relationship will then be developed, initially describing the Marcus model of
electron transfer to provide a perspective on charge transfer at electrochemical inter-
faces. A model for a simple electron transfer system will then be developed through
the Butler-Volmer equation relating current and potential across the cell. From
this basic framework, an extended model encompassing mass diffusion determined
transfer limitations and cross-over losses will be developed.

3.1 Methanol Fuel Cell Operation Principles

The net chemical reaction that forms the basis of operation for the fuel cell is the
redox-reaction of methanol with oxygen.

CH3OH + 3
2O2 ⇔ CO2 + 2H2O (3.1)

The theoretical maximum energy which can be extracted is thus limited by
this reaction. In order to extract useful work in the form of an electric current,
the reduction and oxidation components of the reaction must occur at separate
electrodes. Since at current time, no catalysts are known that can selectively oxidize
methanol without reducing oxygen or vice versa, the reaction locations must also
be separated physically. When separated the two relevant half reactions are, on the
anode
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CH3OH + 7H2O ⇒ CO2 + 6H3O+ + 6 e− (3.2)

while at the cathode side oxygen is reduced, and the electrode is oxidized,

6H3O+ + 6 e− + 3
2O2 ⇒ 9H2O. (3.3)

Conventionally reaction schemes will simply show protons, H+, in isolation as if
they moved freely through the proton conductance path, however, this is not truly
the case. As the primary conductance happens through protons bound in hydronium
ions, H3O+, it provides a clearer image of the reaction mechanics. Looking at the two
sides in this form, it is clearly seen that the reaction involves a large transfer of water
from the anode to the cathode, with 6 water molecules being transferred per reaction
as carriers. In real applications of proton conductive ionomers, similar to Nafion, the
water transfer will be further increased due to water drag [40], with a typical drag
coefficient at room temperature of around 2.5 for liquid equilibrated membranes,
but also with coefficients down to unity observed at vapor equilibrated membranes
[41]. The reaction scheme proves useful, however, as a note that one cannot reduce
water transport below this set limit except if the transport mechanism is drastically
changed. One such drastic change in the conductive path has been suggested by
[42]. Their treatments suggest that purely structural diffusion of hydrogen ions is
possible in exotic materials such as water/ice filled carbon nanotubes. In these
simulations the confined water molecules form a confined ice-like lattice through
which structural diffusion happens without convection of the water molecules. Such
exotic membranes will, however, undoubtedly entail lower total conductivities which
might outweigh the reduction in water flux. The current state of the field is therefore
that all acidic medium methanol fuel cells will need to deal with water management,
which most address by incorporating micro-porous layers onto the cathode catalyst
layer. These layers have a low water permeability and act to increase the hydrostatic
back pressure causing a counter flow of water to the anode.

3.1.1 Methanol Oxidation Reaction at the Anode

The actual reaction that takes place on the anode where methanol is oxidized is
significantly more complicated than the net effective reaction would indicate. The
reaction transitions through several potential intermediate steps as shown schemat-
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CH OH
3

CH OH
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COHCHO
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COOH

CO2
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Liquid phase

Gas phase

(a) Illustration of the
possible stages in the
oxidation of methanol.

(b) Illustration of one of the possible reaction paths. (I) The
structure of the adsorbed species on the platinum surfaces. (II)
Water dissociating on the ruthenium surface. (III) CO desorption
through reaction with the adsorbed hydroxide. Adapted from
[43].

Figure 3.1: Illustrations of the relationship between partial products in the methanol
oxidation reaction. The green arrows in figure 3.1a highlight the reaction path illustrated
in figure 3.1b. Also in figure 3.1a, Formaldehyde and formic acid are marked in white to
highlight that these intermediates are also stable in liquid form and therefore could be
used as fuels directly.

ically in figure 3.1a. When considering the reaction kinetics, the effect of adsorbed
intermediaries is similar to carbon monoxide poisoning in that they adsorb on the
surface and reduce the catalytically active area. Due to this non-direct path, the
methanol oxidation reaction is irreversible, and quickly reversing the potential after
methanol has oxidized prior to diffusion of the product species would not result in
recreating methanol, but rather absorbed intermediates such as formic acid [44] or
simply hydrogen generation. It should be noted in passing that the stable interme-
diates formic acid and formaldehyde can also be used directly as fuel sources. One
such system is shown by [45], who build a direct formic acid fuel cell.

The adsorbed carbon monoxide is desolated via a reaction with OH[46]. A po-
tential pathway for the reaction would be directly through reaction with autodis-
sociation water molecules 2H2O → H3O+ + OH−. This reaction path has a much
higher activation energy than through the interaction with adsorbed OH [47]. The
reaction with adsorbed hydroxide is illustrated in figure 3.1b. In addition to the dif-
ference in reaction energy, at acidic conditions the concentration of hydroxide will be
extremely low, leading to a very low rate of direct reactions. Therefore the surface
adsorption of OH molecules is the primary method of CO removal. Operation under
alkaline conditions however will improve the dissociation rate.
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(a) Illustration of the Electric Double Layer
(EDL) at the interface between an electrolyte
and a charged surface. ψ is the electric poten-
tial function, ψ0 the potential at the interface
and ζ the zeta potential [48].

rel V e V hπ π π π π

π π π π π
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+ + + + +

(b) Illustration of electro-osmotic and
hydrostatic flow in a cylinder. The
charge profile induced by the electrically
charged surface is sketched alongside the
flow profiles for the electro-osmotic and
hydrostatic flows.

Figure 3.2: Illustrations of the charge density profile near barriers and the electro-osmotic
and hydraulic flows in a simple channel flow model.

3.2 Ionic Conductance in Proton Exchange Mem-
branes

To discuss the conductive qualities of Nafion a simplified descriptive framework is
developed based on micro-fluidic considerations of a model system. It is assumed
that the relevant liquid dynamics happen in single unconnected cylindrical channels
of radius R, and length L. Due to the surface charges in these pores, a electric
double layer will form, leading to an exponential surface potential with a charac-
teristic length, λd, termed the Debye layer. The charge distribution is illustrated
in figure 3.2a. The distribution of charges in the liquid occurs due to a balance of
the electrostatic forces and diffusion of the mobile charge carriers in the ionic liquid.
The equation for the electrical potential near the channel wall can be found through
the Poisson equation by considering the charge distribution of positive, C+, and
negative, C−, charges in the ionic liquid

∇2φ (z) = −1
ε
ρel = −1

ε
Z q (C+ (z)− C− (z)) (3.4)

In order to determine these concentrations we consider the chemical potential of
the two species µ±, which will have contributions from the potential and from the
deviation of the concentration from the mean:
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µ± (z) = µ0 + τ log
(
C± (z)
C0

)
± e φ (z) (3.5)

Taking µ± to be constant throughout the liquid, and observing that far away from
the interface we must have µ± = µ0, the concentration can then be expressed with
respect to the electrical potential as

C± (z) = C0 exp
(
−
(
±Z q

τ
φ (z)

))
(3.6)

Inserting this in equation 3.4, we attain the following

∇2φ (z) = −1
ε
Z q C0

(
exp

(
−Z q

τ
φ (z)

)
− exp

(
+Z q

τ
φ (z)

))
(3.7)

In order to find a simple solution for this equation we consider the high temperature,
weak coupling limit Z q ζ << τ . In this limit the exponential functions can be Taylor
expanded about zero exp (x) ≈ 1 + x which then leads to a simply solvable second
order differential equation

∇2φ (z) = (Z q)2

ε τ
C0 φ (z) (3.8)

This equation can be recast in terms of the Debye length, λd , which is the charac-
teristic length scale of the problem

∇2φ (z) = 1
λ2
d

φ (z) (3.9)

λd =
√√√√ ε τ C0

(Z q)2 (3.10)

For a infinite planar charged surface with a fixed surface potential ζ, the solution
is trivially found to be φlin (z) = ζ exp (−z/λd). For a cylindrical flow channel the
equation becomes:

(
1
ρ

∂

∂ρ
+ ∂2

∂ρ2

)
φ (ρ) = 1

λ2
d

φ (ρ) (3.11)
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which has the solution family of the Bessel functions, which with the fixed surface
potential boundary condition and central symmetry condition leads to the solution
expressed in the modified Bessel function of the first kind, I0, as

φ (ρ) = ζ
I0 (ρ/λ)
I0 (R/λ) (3.12)

The solution converges towards the linear exponential decay, φlin in the region
R/λ >> 1, but deviates in the lower regions where one wall would start to see
the overlap of the exponential decay from the opposing wall. This means that at
very small channel diameters the interactions between fluidic flow fields and charge
fields might change considerably, while at larger diameters changes will be less de-
pendent on diameter.

3.2.1 Fluidic Flows of the Channel

Two types of flows will occur in this channel as illustrated in figure 3.2b. A hydro-
static flow due to a pressure difference across the channel, and a electro-osmotic flow
which occurs when a potential difference is exerted across the channel, which causes
the mobile charges to flow while the immobile surface charges are unaffected, leading
to a net current. These two flows will now be described in more detail. The liquid
dynamics are governed by the incompressible Navier-Stokes equation including the
external force term fext, which is stated as

ρ

(
d

dt
V + (v · ∇)V

)
= −∇p− µ∇2V − fext (3.13)

where ρ is the density, p is the hydrostatic pressure, µ is the viscosity and V is the
velocity field. The flow is assumed to be independent of angle, letting the velocity
be expressed as a radial and a transverse component V = {Vρ (ρ, z) , Vz (ρ, z)}. From
symmetry and constriction we then know that the radial component must be zero,
i.e. Vρ = 0. Assuming that the flow field is independent of distance along the
channel, Vz (ρ, z) = Vz (ρ) leads to

∇ = ∂

∂ρ
ρ̂ (3.14)
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Since the gradient points in the radial direction and velocity only points along the
channel, the convective part vanishes, (v · ∇)V = 0. Now assuming only electro-
static external forces, fext = ρelE. With the electric field given by the curvature of
the potential, E = −∆U/L. From this we have the equation for the system reduced
to

µ∇2Vz (ρ) = ∇p− ρel
∆U
L

(3.15)

Due to the linearity of the equation it makes sense to define a hydrostatic flow field,
V h
z , and an electrostatic flow field, V e

z , such that

µ∇2V h
z = ∆P

L
(3.16)

µ∇2V e
z = −ρel

∆U
L

(3.17)

where L is the channel length, ∆P is the difference in hydrostatic pressure and ∆V
is the potential difference across the channel. The solution to the hydrostatic field
can be found simply by assuming a second order polynomial solution and solving
the parameters based on the no-slip boundary condition and the central symmetry.
These derivations are skipped as focus is put on the electro-osmotic flow. The
solution for the hydrostatic flow is:

V h
z (ρ) = ∆p

Lµ
R2
((

ρ

R

)2
− 1

)
(3.18)

the charge distribution at the walls is given by ρel = −ε∇2φ which inserted in
equation 3.17, leads to

(
1
ρ

∂

∂ρ
+ ∂2

∂ρ2

)
V e (ρ) = −

(
∆U
Lµ

ε

)(
1
ρ

∂

∂ρ
+ ∂2

∂ρ2

)
φ (ρ) (3.19)

From this an ansatz is made, based on the fact that the differential operator acting
has a known value, and a log term due to the appearance of 1/ρ times the first
derivative. The anzats is

V e = −
(

∆U
Lµ

ε

)
φ (ρ) +B log (ρ) + C (3.20)
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Now from symmetry arguments we know that ∂zV e|ρ=0 = 0, and this can be used
to exclude B since the potential is also bound by the same symmetry ∂zφ|ρ=0 =
0. Secondly from the no-slip condition at the boundary, V e (±R) = 0 , we can
determine C leading to

V e = −
(

∆U
Lµ

ε

)
(φ (ρ)− φ (0)) (3.21)

In order to determine the electrical current, the integral of the velocity field times
the charge density distribution is found

I =
2πˆ

0

R̂

0

V e
z (z) ρel (z) z dzdθ (3.22)

This integral can be expressed fully with respect to the normalized potential function
shape φs (ρ/λ) = φ (ρ) /ζ, noting that ρel (ρ) = −ε∇2φ (ρ) = ε ζ φs (ρ/λ) /λ2

d, giving

I = −
(

∆U
Lµ

ε2
)

2π
λ2
d

ζ2
R̂

0

(φs (ρ/λ)− 1)φs (ρ/λ) ρ dρ (3.23)

Normalizing the integration variable ρ = t R and the integration limits, and express-
ing with respect to a = R/λd, this leads to

I = −∆U 1
µ

(
ε2 ζ2

λ2
d

)
2 π R

2

L
S (R/λd)

S (a) =
1ˆ

0

(φs (t a)− 1)φs (t a) t dt

Inserting the potential and solving this, leads to a relation which can be simply
expressed with respect to a normalized scale factor function S (R/λd) as

S (a) = I1 (a)
a I0 (a) + I1 (a)2

2 I0 (a)2 −
1
2 (3.24)

From this we determine that the conductivity of the channel, adding the substitution
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Figure 3.3: Scale factor function, which contains the terms describing the conductivity
dependence on ratio between channel radius and Debye length. The maximum has a value
of Smax = 0.099 and is attained at R/λd = 2.68.

ρsurf = ζ
λd
ε, is given by

σ = 2
ρ2
surf

η
S
(
R

λd

)
(3.25)

Reasoning about this, we see that the surface charge concentration appears squared,
due to its role in both increasing the fluidic flow strength, but also the charge
carrier density. For a Nafion system the surface charge concentration is not easily
engineered, however it goes to reason that holding all else equal and increasing
the EW will lead to a larger surface potential as the sulfonic acid group surface
concentration increases. However it is not a given that the internal surface area of
the polymer will remain constant at different EW ratings, and therefore attempts
to increase the conductivity should strive to minimize internal surface area over the
equivalent weight. The purely fluidic parameters show that decreasing the viscosity
of the charge carrying liquid will lead to an increased conductivity, as the lowered
viscous drag near the walls leads to a larger velocity field which increases the current.
The normalized scale factor function, S, is shown in figure 3.3. The curve shows
that for channels with radius’s much larger than λd the conductivity will decrease,
due to the current only flowing in the perimeter of the channel, while for very small
channels the conductivity will be limited by the constriction effect on the velocity
flow field. Thus a maximum is observed where these two tradeoffs balance, which
has a value of Smax = 0.099 and is attained at R/λd = 2.68.

Another quite important consideration not yet taken into account in the above
is the net flow of liquid. The above conductivity assumes that liquid can flow
freely without building up a hydrostatic pressure, however, in a fuel cell any liquid
transported to the cathode will meet a gas interface, and therefore be blocked. This
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Figure 3.4: Illustration of the electro-osmotic and hydraulic flows and the resulting net
flow at α = R/λd = 10. Which is close to the region showing maximum conductivity when
the effects of hydraulic back-flow are taken into account.

blockage leads to a buildup of a hydrostatic pressure which provides a hydraulic
back-flow following the flow profile of equation 3.18. The total flow will then be a
superposition of the electro-osmotic flow and the hydraulic flow such that the net
flow rate is zero. The flow profile is shown in figure 3.4. Since the profile has a
non-zero overlap with the charge distribution, the conductivity will be reduced. In
order to determine the exact effect, the hydraulic flow of both electro-osmotic and
hydrostatic flows are found

Qh =
ˆ
VhdA = −R

2

2µ
A

L
∆p (3.26)

Qe =
ˆ
VedA = 2εζ

µ

A

L
∆U

(
1
2 −

I1 (a)
I0 (a)

)
(3.27)

The sum of the flows should be zero, which leads to the build up pressure being
given by

Qe +Qh = 0 (3.28)

∆p = 4 εζ

R2

(
1
2 −

I1 (a)
I0 (a)

)
∆U (3.29)

Given this pressure, the hydrostatic back flow field can be found, and the related
drop in conductivity determined.
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Figure 3.5: Shape factor change due to the zero net flow conditions which impose a
hydrostatic back-pressure.

I =
2πˆ

0

R̂

0

V e
zh (z) ρel (z) z dzdθ (3.30)

I = −2π
(

∆p
µL

R2
)
εζ

λ2
d

R2 1
4Sh (R/λd) (3.31)

Sh (a) = 4
(

1
2 −

I1 (a)
I0 (a)

) 1ˆ

0

(
t2 − 1

)
φs (t a) t dt (3.32)

Sh (a) = −4 2 I2 (a)
a2I0 (a)

(
1
2 −

I1 (a)
I0 (a)

)
(3.33)

The conductivity is then given by

I = −2A
L

(ξε)2

λ2
d

1
µ
Sh (a) ∆U (3.34)

σh = −2
ρ2
surf

η
Sh (a) (3.35)

The changes to the overall conductivity from the hydrostatic back pressure can be
seen in figure 3.5. It can be seen that the effect of the back flow is significant and
reduces the overall conductivity at the zero net flow condition. The conductivity
at the maximum shape factor is reduced by 81%, with the maximum shape factor
going from 0.099 to 0.019 and the maximum location moving from R/λd = 2.68 to
R/λd = 10.7.
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Figure 3.6: The energy landscape assumed as the basis for the Marcus model of outer
sphere electron transfer.

The insight gained through this simplified model is, that while the hydrostatic
flow and electro-osmotic flows are linearly superposition, this does not entail that
there is no coupling between the uncharged liquid flow and the charged liquid flow.
We see that a high charged flow through the channel will either lead to an increased
flow, or a build up pressure. In practice the conditions will be a balance depending
on the rate of evaporation at the cathode of the fuel cell, as well as the water
production occurring from the net chemical reaction.

3.3 Marcus Theory of Electron Transfer Reac-
tions

At the heart of the fuel cell and redox reaction process is the theory of electron
transfer reactions. These reactions are dealt with in the field of interfacial electro-
chemistry. Such reactions can be extremely complicated due to the involvement of
both solid state electronics of the electrodes, fluid dynamics of the electrolyte and
statistical mechanics of the liquid and gas phase components as well as quantum in-
teractions taking place in the electron transfer reaction itself. As such simple models
are extremely valuable to properly distinguish features of separate regions in order
to further understanding of the complex system. A model which has been incredibly
successful in describing the process of electron transfer is the Marcus theory. This
theory was put forth in 1956 by Rudolph A. Marcus [49, 50], who would later go on
to win the Nobel price for this contribution in 1992. The theory deals with outer
sphere electron transfers in which the chemical species involved exchange charge but
do not undergo large structural changes, and the primary result is an expression of
the formulation of the energy barrier which determines the rate of reaction.

It is assumed that the energy of the oxidized state and reduced state can both be
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expressed with respect to a generalized reaction coordinate, χ, such that χ = 0 cor-
responds to the oxidized state, and χ = ∆χ corresponds to the reduced state. This
generalized reaction coordinates described the minimal energy path connecting the
initial and final state in electron transfer. The energy for reduced and oxidized states
are considered, expanded around the equilibrium positions and therefore described
by parabolic curves. This energy landscape can be seen schematically illustrated
in figure 3.6. In order to transition from the reduced state to the oxidized state,
the system will first have to evolve into the transition state at Etrans. Analytically
it proves simplest to express the curves with the reaction coordinate and energies
taken relative to the minimum of the oxidized state. Which leads to

Eox (χ) = χ2 (3.36)
Ered (χ) = (χ−∆χ)2 + ∆Eb (3.37)

Electron transfer will occur at the intersection where the energies of the states
match, thus the energy barriers of the forward and reverse reactions can be found
by equating and isolating Eox (χtransr) = Ered (χtrans)

χtrans = ∆χ2 + ∆Eb
2 ∆χ (3.38)

From this the energy barriers can be expressed:

Eox (χ) =
(

∆Eb + ∆χ2

2 ∆χ

)2

Ered (χ) =
(

∆Eb −∆χ2

2 ∆χ

)2

−∆Eb (3.39)

Adding a contribution from the external potential to the energy ∆Eb = E0 +U and
linearizing, gives the coefficients of potential

∂

∂U
Eox (χ) = 1

2

(
1 + ∆E

∆χ2

)
= α (3.40)

− ∂

∂U
Ered (χ) = 1

2

(
1− ∆E

∆χ2

)
= (1− α) (3.41)

Therefore the forward and reverse reactions can be simply expressed as having
a common prefactor indicating the strength of the reaction, and an asymmetry
parameter, α, which indicates to which degree an applied potential will increase the
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forward and reverse barriers with respect to the total increase. This means that α =
1 indicates that an applied electrical potential only changes the oxidation reaction
barrier, and α = 0 indicates that the applied electrical potential only changes the
reduction reaction barrier. From this, the rate of reaction in forwards and reverse
directions can be expressed in terms of Arrhenius prefactor Af , Ab, and with the
number of electrons transferred in the reaction given by n, the electron charge
denoted by e, the thermal energy given by τ = kbT , and the applied potential
given by ∆U . The expression is then given by:

rf = Af exp
(
αn

eU

τ

)
rb = Ab exp

(
− (1− α) n eU

τ

)
(3.42)

With the only difference in the forward and reverse rate being the inversion of the
potential, as it will respectively lower and increase the potential barrier, as well
as the asymmetry factor which simply captures any asymmetry in the potential
landscape. The next section will deal with the development of a relation for the
electrical current potential relationship from these rate equations.

3.4 Butler-Volmer Equation

In order to determine the current across the interface, two contributions are con-
sidered. There is a forward current density, if , which depends on the reactant
concentration at the surface, Cr, and there is a current flowing back in the reverse
direction density, ib, which depends on the product concentrations at the surface,
Cp. The net current is then given by the difference between these two contributions.
Using the rate expressions developed in equation 3.42, the total current density i
can then be expressed as:

i = if − ir (3.43)

if = Cr Af exp
(
αn

eU

τ

)
(3.44)

ib = CpAb exp
(
− (1− α) n eU

τ

)
(3.45)

In order to parametrize the current expression conveniently, the expression is con-
sidered at the equilibrium potential, U0, at which the net current is zero, i = 0. At
this potential, forward and reverse currents must be similar in magnitude, and this
magnitude is denoted the exchange current density, i0, which is found to be:
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Cr Af exp
(
αn

eU0

τ

)
= CpAb exp

(
− (1− α) n eU0

τ

)
(3.46)

U0 = τ

e n
log

(
AbCp
Ar Cr

)
(3.47)

i0 = if (U0) = if (U0) = (AfCr)α (AbCp)1−α (3.48)

By re expressing the potential as the difference from the equilibrium potential U =
U0 + ∆U , and rearranging, this can be expressed as a simple form

i = i0

(
Cr exp

(
αz

∆U
τ

)
− Cp exp

(
− (1− α) z∆U

τ

))
(3.49)

This is the Butler-Volmer equation for the current across an electrochemical
interface. The dynamics is both non-linear but also has an interesting dependence on
the relative surface concentration which can vary depending on time, temperature,
and many other factors making application of the relation non-trivial. One simple
conclusion from the equation, however, is the Nernst equation which is found by
letting the current be zero and relating the potential to the surface concentration:

Cp exp
(
− (1− α) zUnl

τ

)
= Cr exp

(
αz
Unl
τ

)
(3.50)

Unl = z τ log
(
Cp
Cr

)
(3.51)

This allows the determination of the relative concentrations of reactant and
product at the electrode interface assuming no other potential losses. In the general
form of the Nernst equation the Cp/Cr term is in reality the reaction quotient Q.
For a methanol oxidation reaction with a surface concentration of 2M, with ambient
air having 21% oxygen, and assuming a 2 atm CO2 partial pressure, this leads to
a over-potential of 48mV. If the cathode becomes flooded by water, the oxygen
concentration is considerably reduced. Taking as example the partial pressure of
oxygen in air 3.167 kPa, at the same conditions, it leads to a potential loss of 120mV.
Thus a significant potential loss can be incurred due to low product concentrations
at the electrode interfaces, but also a build up of high pressures of CO2 can result in
potential losses in this range. These potential losses are however far lower than the
typically observed losses in PEM fuel cells, which lie in the range of 500mV which
are primarily ascribed to cross-over effects [51].
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In order to include mass transfer losses into the Butler-Volmer equation, it is
assumed that the surface concentration of product and reactant are linearly related
to the current draw.

Cp = 1 + i

il
Cp = 1 + i

il
(3.52)

Inserting the expression and again isolating the current, leads to:

i

i0
= exp

(
αz
U

τ

)
− exp

(
− (1− α) zU

τ

)
(3.53)

− i
il

(
exp

(
αz
U

τ

)
+ exp

(
− (1− α) zU

τ

))

i = i0
exp

(
αz U

τ

)
− exp

(
− (1− α) z U

τ

)
1 + i0

il

(
exp

(
αz U

τ

)
+ exp

(
− (1− α) z U

τ

)) (3.54)

Assuming α ≈ 1
2 this expression can be greatly simplified in terms of hyperbolic

trigonometric functions and becomes:

i

i0
=

sinh
(
αz U

τ

)
1/2 + i0

il
cosh

(
αz U

τ

) (3.55)

The curve shape of this expression at varying limiting currents can be seen
in figure 3.7. The limiting behavior at the limiting current is apparent, and a
large difference is seen to an assumed loss less operation even near the origin where
the curvature is altered by a factor of ∂i (i/i0)|i=0 = 1/ (1 + 2 i/i0) ∂i (i/i0)|i=0,il=∞

when the mass transfer loss is included. Equation 3.55, can be inverted to give an
expression for the potential given from the current, which expressed in normalized
currents, i? = i/i0, i

?
l = il/i0 leads to:

U (i?, i?l ) = τ

α z
log

i i?l +
√

4 i?2l − 4 i?2 + (i?i?l )
2

2 (i?l − i?)

 (3.56)
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Figure 3.7: Graph showing the relationship between current and potential when the dy-
namics are altered to include linear mass transfer loss effects. The curve showing il =∞
corresponds to excluding any mass transfer effects. It can be seen that the curves steady
off at the appropriate limiting current levels.

3.5 Methanol Cross-Over Induced Current

To introduce a leakage current into the model, it is assumed that the concentration
gradient of methanol across the membrane will drive a linear diffusion flux, and
that this flux is completely oxidized at the catalyst. This adds linear contribution
to the current, such that the interfacial current at the cathode, ic, is actually a
superposition of the cross-over current, ixo,0, and the measured current, im. The
initial statement is thus the expression of the measured current in terms of the
interfacial current as:

ic = i− ixo (i) (3.57)
ixo (i) = σ∆CMeOH (3.58)

where σ = D/t is the length normalized diffusion constant of the membrane. Then
similar to the mass transfer limitations consideration it is assumed that the concen-
tration of methanol at the anode will decrease linearly with current draw, and the
expression for the interfacial current is inserted. The resulting expression is then
expressed in terms of the leakage current at zero current draw ileak,0:

ixo (im) = D

L
F C0

MeOH

(
1− im

icl

)
(3.59)

ileak,0 = D

L
F C0

MeOH (3.60)

ixo (im) = ixo,0 −
ixo,0

icl
im (3.61)
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where icl is the mass transfer limiting current for the cathode. Writing up the
equation in terms of 3.56 taken for the anode, Ua, and cathode, Uc, separately, the
total cell potential,U , is given by

U = U0 − Ua

(
im
ia0
,
ial
ia0

)
− Uc

(
im + ixo (im)

ic0
,
icl
ic0

)
− im (RA) (3.62)

The objective is now to investigate the inherent tradeoff between the performance
limitation of a high ohmic loss from the imRA term, versus a high cross-over loss
from the Ua when ileak is large. In order to carry out this investigation it proves
useful to define a equivalent ohmic limited current, iΩ, which is define as the current
at which the potential is reduced to zero assuming only ohmic losses. This is given
by:

iΩ = U0

(RA) (3.63)

The reason for introducing this limit current is to allow a parametrization of the
potential equation with respect to a parameter detailing the balance between ohmic
and cross-over losses. This parameter is introduced by defining a sum of current
limits parameter, isum, and a scaling parameter, κ, which describes the ratio between
the two limit currents. The defining equations are:

isum = iΩ,min + icl (3.64)
κ = icl/isum (3.65)

(1− κ) = iΩ,min/isum (3.66)

In addition to this new parametrization an effective mobility parameter, µ, is intro-
duced to describe the effect of changing the strength of both cross-over and conduc-
tance. The parameter is defined such that µ = 1 corresponds to the point where
ixo,0 = il, and µ = 0 corresponds to the limit where there is no leakage current,
ixo = 0, yet the ohmic resistance is infinite. In practice this is done by defining the
parameter as µ = ixo,0/i

c
l = iΩ,min/iΩ. Inserting these factors into equation 3.62, the

result is
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Figure 3.8: Figure (a) show the peak power density as a function of limiting current
scaling κ and normalized mobility µ. A solid line marks the position of the µ value which
maximizes peak power density for each value of κ. Figure (b) shows the peak power density
along the marked line. I can be noted that for the majority of κ values, the optimal peak
power density is obtained at µ = 0.49.

U = U0 − Ua

(
im
ia0
,
ial
ia0

)
− U0

im
(1− κ) isum

(3.67)

−Uc

(
µκ isum

ic0
+ im
ic0

(1− µκ isum/i
c
l ) ,

κ isum

ic0

)

Carrying out a simulation finding the peak power density for combinations of κ
and µ, the interplay between the two separate losses can be found. The result of such
a simulation is shown in figure 3.8, which was carried out with the parameters ia0 =
5mA/cm2, ic0 = 10mA/cm2, isum = 360mA/cm2, U0 = 550mV, ial = 100mA/cm2.

The results of the simulation show that for the majority of limiting current
scaling regions the optimal performance is obtained when the normalized mobility
is µ = 0.49. At this point, the repackage current is roughly half the limiting current
of the cathode catalyst layer, ileak,0 = 0.49 icl , while the ohmic resistance is equal to
twice the minimally obtainable value, iΩ = 2.04 iΩ,min. The results also show that
the maximum peak power densities are obtainable in the region of low κ-values.
With the maximum located at κ = 0.12, which means that the ratio between the
limiting currents is; icl/iΩ = µκ/(1 − κ) = 7%. Thus the IV-curve is primarily
limited by cross-over losses in this region.

In order to better provide a framing of the IV curves general development as
a function of the mobility parameter, figure 3.9 shows the open circuit potential
and maximum current density, evaluated along curves of varied mobility assuming
constant limiting current ratios. Starting from the low end µ ≈ 0, where each curve
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Figure 3.9: The figure shows the open circuit potential and maximum current density for
which a positive power is extracted as curves where the effective mobility parameterµ is
varied, while the limiting current ratio, κ, is kept constant. For each curve a black circle
marks the point where maximum power is obtained, and power falls of in both directions
moving away from this point.

joins at Uocv = U0 an increasing mobility factor has the effect of decreasing the
open circuit potential, while increasing the maximum attainable current density.
This leads to an increasing peak power density. At some point, the falling open
circuit potential starts to reduce the gains in the lowered ohmic resistance, and
the maximum attainable current density starts to fall with increasing mobility as it
becomes primarily dominated by the open circuit potential. For all the curves, the
maximum attainable peak power density is marked and occours just prior to this
tradeoff region where a bend occurs in the curve.

The conclusion based on this theoretical simulational investigation is that the
connection between cross-over induced losses and ohmic losses lead to a tradeoff
between the two when attempting to optimize performance by tuning the membrane
conductance. In light of the present work, this highlights the value of a membrane
design where the resistance can easily be tuned across a wide range in order to locate
the maximum. In this work, this ability is achieved via integrating the ionomer
membrane into a perforated plate, where the effective conductance can then be
tuned through variations in the plate thickness and perforation.

3.6 Activation and Mass Transfer Losses

When considering the opportunity for optimization in light of the derived equa-
tions, it would seem that the activation losses can be reduced arbitrarily simply by
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Figure 3.10: The figures illustrate the effects of increased catalyst thickness assuming
an associated linear reduction in limiting current. The curves assume U0 = 700mV,
iA0 = 5mA, iC0 = 10mA, ial = 40mA/cm2, iCl = 100mA/cm2.

adding more catalyst active surface area. Such as simply increasing the catalyst layer
thickness. This is, however, not the case in reality as the addition of more catalyst
material will naturally lead to a reduced liquid access which will increase the mass
transfer losses experienced. In order to model this tradeoff in a qualitative fashion,
it is assumed that the diffusion limited current, il, scales inversely with catalyst
layer thickness, il ∝ 1/t. In order to simulate the IV curves, additional assumptions
must be made for the curves, which are U0 = 700mV, a fixed ohmic loss with re-
sistance RA = 3 Ω cm2. On the anode the exchange current density and diffusion
limited currents are respective; ia0 = (t/t0) 5mA/cm2 and ial = 1/ (t/t0) 40mA/cm2.
For the cathode these are; ic0 = 10mA/cm2 and icl = 100mA/cm2. And finally a
constant leakage current is assumed with ileak = 40mA/cm2. Given all of these
assumptions, the relation between peak power density and relative thickness can be
investigated.

Figure 3.10a shows the IV curves for four different relative thicknesses. What
can be seen is that at thicker catalyst layers the mass transfer limited characteris-
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tics are not present until at much higher currents, yet the activation losses have a
much sharper onset. The corresponding power curves are shown in figure 3.10b. It
is observed that the maximum power is attained at a intermediate position, with
the power curve taking on a more asymmetric appearance as relative catalyst thick-
ness increases. Figure 3.10d shows the power plotted against both relative catalyst
thickness and current density. The effect of the mass transfer limitation quenching
the maximum attainable power is clearly seen. In addition a maximum is observed
in a region where the two loss mechanisms balance out. The peak power density
plotted against relative thickness is shown in figure 3.10c. It can be seen that under
the simulated conditions the maximum relative thickness is t/t0 = 1 where a peak
power density of 8mW/cm2 is attained. It can be seen that for thin accessible layers
a large increase in power is achieved by small increments in the thickness while the
peak power density for catalyst layers thicker than the maximum are less sensitive
to changes in the thickness.

3.7 Summary

The chapter covered the theoretical considerations relevant to the performance of
a methanol fuel cell. In particular a simple model for the conductivity of a single
channel was developed. The model showed that conductivity had a large dependence
on the pore size as well as a large dependence on the hydro-fluidic flow conditions
where a free flowing condition allowed for a much higher conductivity than was
achieved in blocked liquid flow conditions which is what is realized in methanol fuel
cell operation.

A model for the electrical performance of a simple cell was developed and evalu-
ated to investigate the tradeoff between cross-over vs. ohmic losses, which illustrate
the need for a tradeoff between the two major looses. This investigation highlighted
the big advantage of pursuing a design in which the tradeoff is easily adjusted as is
the case for the plate supported fuel cell design discussed in the following chapter.
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4
Design and Fabrication of a Semi-Monolithic

Silicon Direct Methanol Fuel Cell

This chapter deals with design considerations for the fabrication of the semi-monolithic
silicon based fuel cell system sketched in figure 4.1. This system integrates a pro-
ton conductive membrane as well as current collector electrodes in a single wafer
structure. The electrodes are based on PtRu on the anode and Pt at the cathode,
both layers are defined through conventional spray coating techniques. The device
fabrication is also covered in the publication found in appendix G.

4.1 Structural Integration of Nafion Into Microstruc-
tures

In recent years a large focus has been paid to the usage of Nafion ionomer membranes
in microtechnology based fuel cell systems [16]. While fuel cell research accounts for
a large part of the interest in Nafion integrated into micro-systems, it has a wide
range of applications within microtechnology. An example of alternate usage is the
work by S. J. Kim et al. [52], who show the realization of a polymeric nonporous
junction for high throughput nanofluidic applications. Membrane incorporation can
be carried out through several different methods with their individual advantages

Silicon support Silicon dioxide
Gold current collector Catalyst layer

Ionomer

}350 μm

}100 μm

Anode

Cathode

Figure 4.1: Illustration of the cross-section of a fuel cell design based on integration of a
proton conductive polymer into a perforated silicon plate structure.
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and disadvantages. The methods can largely be separated into three main categories:

• Dry integration

• Polymer formation through in situ polymerization

• Polymer formation through solvent evaporation

By far the most common method of incorporating such a membrane is a dry inte-
gration which imitates the layered fabrication method of larger scale systems used
in the bi-polar plate design, but with the current collection elements replaced with
silicon fabricated flow field electrodes [53]. The advantages of this method is the
easy implementation in roll-to-roll fabrication of membrane/catalyst structure. The
membrane can be cast separately through spray coating onto a moving substrate roll,
which can easily have further layers deposited through additional spray depositions
using the membrane as substrate. When employing dry integration in micro fuel
cells the membrane typically has catalyst layers deposited and electrodes clamped
around it through mechanical structures. Such an integration requires large clamp-
ing forces to apply adequate pressure on the stack to keep the silicon in contact
with the membrane, and to compress catalyst layers to reduce contact resistances.
This can through be problematic in silicon based devices due to the brittle nature
of silicon. In addition to this, there is poor adhesion between silicon and Nafion,
which also necessitate large clamping forces.

In situ polymerization allows integration by conducting the actual polymerization
from monomers inside the desired micro structures. A notable problematic element
of such integration is the need to avoid the formation of bubbles. An example of
this method of integration is shown by Dolnik et al. [54] who infused polymer into
micro-capillaries for capillary electrophoresis. In order to avoid bubble formation
they used a method of polymerization at an interface traveling along the capillary.

Polymer formation through solvent evaporation works by simple evaporation of
a solution containing the desired polymer. This method is used by Kim et al. [52]
in the creation of nanoporous-junctions for nanofluidic applications. For Nafion
solutions the solvent is typically a water/alcohol mixture, where the polymer con-
centrations corresponding to the final film occupying only around < 15% of the
solution volume. Usage of solvents occupying lower ratios of the volume are pos-
sible, such as ethylene glycol [55], which can be used to form up to 50% volume
mixtures of Nafion, however, at these higher ratios of polymer volume, low viscosity
and high absorption of gasses become problematic.

In this work, Nafion integration is conducted through solvent evaporation, and
the concerns with bubble formation are addressed through evacuated degassing and
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Plate.Defining.Etch

Plate.Perforation

Membrane.Integration

Silicon.support
Silicondioxide

Gold.current.collector
Catalyst.layer
Ionomer

Silicon.Nitride

Electrode.Definition
S5A5.LPCVD.Nitride

S5A2.Photolitography.3.RIE

S5A3.KOH.wet.etch

S5A4.Nitride.strip

S2A5.LPCVD.TEOX.Oxide

S2A2.Photolitography.3.AOE

S2A3.DRIE.dry.etch

S2A4.Oxide.strip

S3A5.Wet.oxidation

S3A2.Metalization

S4A5.Ionomer.integration

S5A5.Catalyst.deposition

Catalyst.Deposition

Figure 4.2: Illustration of the fabrication process flow. The process consists of two mask
steps (S1.2, S2.2), passivisation and metalization steps (S3.1-2) and the ionomer integra-
tion step followed by a spray coating of catalyst layers (S5.1). Elements are not shown to
scale.

slowing down the evaporation speed allowing a slow increase of polymer concen-
tration at the drying front. The drying setup is then designed in order to guide
the formation of the drying front such that the finished membrane forms inside the
desired microstructures.

4.2 Fabrication of Perforated Plate Fuel Cell

A step by step schematic illustration of the fabrication process is shown in figure
4.2. The five major elements are:

1. Definition of the supporting plates

2. Perforation of the supporting plates
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3. Passivisation and current collector electrode definition

4. Ionomer integration

5. Catalyst layer deposition

These elements are explained below with references to the step numbers in figure
4.2. The purpose of the frame definition is to thin down the wafer such that the
finished ionomer conductance path is shorter. Thinning down the entire wafer,
however, would lead to fragile devices, and therefore frames are defined to limit the
etching to six smaller square plate areas. As the frames define mm scale structures
on the backside of the wafer further front side processing is complicated. Vacuum
clamping cannot be used on the backside, and during etching, dummy wafers are
required. Due to the recesses, the bonding to the carrier wafers can be poor, and in
some cases wafers spontaneously fracture. These fabrication concerns are covered in
detail under the plate perforation step. The plates are perforated to allow the filling
of ionomer, the size of the perforations are a tradeoff between the supporting role
of the plate and maximizing conductance. A plate with a very large area perforated
will have a larger conductance due to the larger amount of ionomer, but also have
less supporting frame. Conversely a plate with smaller holes with larger spacings
will have a larger mechanical support but lower conductivity. The fabricated devices
have perforations ratios between 1% up to 40%. For lower perforations cross-over
will be limited while for higher perforations ohmic losses will be limited. The range
of perforations therefore allows an investigation of the relative trade-off between
these effects.

4.2.1 Silicon Plate Defining KOH Etch

In order to achieve a thin plate which still has sufficient mechanical stability to allow
processing and dicing, KOH wet etching is used to define a recess in the wafer (step
S1.1-4). Prior to etching, a Low Pressure Chemical Vapor Deposition (LPCVD)
silicon rich low stress nitride layer of 100 nm is deposited (S1.1). The frame mask
is defined through photolithography and Reactive Ion Etching (RIE) of the silicon
nitride layer (S1.2). The mask geometry is shown in figure 4.3a. The wafers are
submerged in a 80◦C hot 28wt% KOH solution for approximately 3.5 hours (S1.3),
with a typical etch-rate is 1.2−1.3µm/min. The thickness of the wafers is measured
during the process and the timing adjusted in order to create 100µm thick plates
with the masked regions forming the 350µm thick support frames. Alongside the
frames, the anisotropic nature of the KOH etch is also used to simultaneously define

50
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(a) Illustration of the mask layout. The
dark green area is protected by a silicon
nitride mask, while the white regions are
open to the etchant.

(b) The image shows a wafer after the entire clean-room
processing is finished, highlighting the geometry crated in
the plate defining etch. The KOH etch is observed to have
enlarged the regions where the device outlines meet.

Figure 4.3: Frame defining mask layout, and geometry resulting from KOH etch. Note
that the wafer image has been flipped along the horizontal axis to correspond to figure
4.4.

50µm wide V-groves along the boundaries of each device which serve as fracture
lines during dicing. The etching of these groves self terminate at 50µm depth due
to the highly anisotropic etch rate of KOH in silicon. The plates and frames can be
seen in figure 4.3b. The figure also shows that the KOH etch etches larger regions
in the corners of the device outlines, due to the exposed edges being attacked by the
etchant. After the etching the remaining silicon nitride is stripped in hot phosphoric
acid (S1.4).

4.2.2 Silicon Plate Perforation

The perforation of the silicon plate is carried out using a Deep Reactive Ion Etching
process (DRIE), which extends a traditional RIE process by alternating between
etching using SF6 and deposition of PTFE using C4F8. The etch mask is created
by depositing a 2µm LPCVD tetraethyl orthosilicate (TEOS) oxide layer (S2.1),
which is patterned through positive photolithography (S2.2). The mask layout is
shown in figure 4.4a. The TEOS oxide layer is much thicker than needed if only
the etch selectivity is considered. This is due to the simultaneous usage of the
backside as a stop layer during the etch (S2.3). As such the layer is designed to be
sufficiently thick to withstand the pressure difference between the plasma chamber
and the helium flow on the bottom side of the wafer which provides cooling during
the etching process. It has been seen during processing that fractures can lead to the
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(a) The illustration shows the layout and
variation of device hole diameters and
lattice spacings in the mask used during
plate perforation. The labeling follows
the format hole diameter/lattice spacing
and is used since the perforation lattice
has too small feature size to be visible.

(b) The image shows a wafer after the entire clean-room
processing is finished, highlighting the result of the plate
perforating etch. Devices with a larger perforation ra-
tio have a lower degree of reflection and therefore appear
darker in the image.

Figure 4.4: Mask layout used for the plate perforating DRIE etch, and the resulting
perforated wafer.

entire wafer declamping, which underlines the need for a thick oxide layer. Because
the etch stops on the oxide layer, charging is a potential problem which can lead to
notch formations. This aspect is pronounced by the variations in geometry across
the wafer which leads to significant differences in etch rate. In order to ensure that
the smallest features are fully etched, the larger features must be over-etched. To
alleviate this problem a low frequency generator is used to remove charge during
the etch process. This prevents charge build up when the oxide is reached, and
therefore limits under-etching along the stopping layer. The oxide mask/stop-layer
is then stripped in buffered HF (S2.4). The results of the perforation etch can
be seen in figure 4.4b. The devices with a larger degree of perforation are visibly
distinct due to lower levels of reflection from the surface.

Plate Etch Process Optimization

Through-out the process development three different perforation etch recipes have
been employed, these are shown in table 4.1. The initial processing was carried out
on the Danchip Advanced Silicon Etcher (ASE) equipment. This machine employes
a DRIE process to etch silicon with high selectivity towards photoresist. Since the
etch continues through the wafer, a carrier dummy wafer is required to prevent the
process from etching the chuck beneath the wafer. This carrier wafer is attached
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Process ASE
Pegassus

Process B
Pegassus
SOI

Step Etch Deposit Etch Deposit Etch Deposit
SF6 [sccm] 260 – 350 200 400 250
O2[sccm] 26 – 35 – 40 –

C4F8[sccm] – 120 – – – –
Cycle time [s] 6.5 5 7 4 3 2

Pressure [mTorr] 20 20 20(1.5s)/100 25 30 25
Coil power [W] 2800 1000 2800 2000 2800 2000

Platen power [W] 16 – 130(1.5s)40 – 75* 0
Etch/cycle [µm] 1.136 0 0 0.891 0

Table 4.1: Deep silicon etches utilized to carry out the plate perforating etch. *Uses a
separate low frequency platen running at 380MHz rather than the typical 13.56MHz.

using crystal bond adhesive wax. The etch procedure showed cases of protruding
edge defects around the plate perforating holes. An illustration of the positive
protrusion defects and the process is seen in figure 4.5a. The process was carried
out using either 2µm or 4µm resist. The defects occurred due to the tight masking
margin on the etch. The ASE Deep Etch has an etch rate of ≈ 1.136µm/cycle
leading to a need for 88 cycles to etch through a 100µm plate. The selectivity to
photoresist is approximately 70, leading to a complete removal of the 1.5µm resist
after approximately 92 cycles. The margin for over etching is thus low, and if the
plate is only slightly thicker than the targeted 100µm the result is a uniform etching
of the surface. This is not a problem on its own, as this would simply thin down
the thickness of the plate slightly, however, the interaction of crystal bond with
the etching chemistry creates a problem when this over-etching occurs. When the
plasma reaches the crystal bond it both sputters and burns it, leaving behind geyser
rings of non etched burned crystal bond around the holes. These rings act as etching
masks and lead to the observed pattern in figure 4.5b. These positive protrusions
were observed to interact negatively with the ionomer filling process.

In order to avoid the problem with protrusion the process was transitioned to
a different equipment, Danchip DRIE Pegasus, which has a significantly higher
selectivity hence allowing the resist to withstand the processing. It was, however,
found that better vacuum conditions on the new equipment lead to wafers exploding
due to the pressure difference between the chamber and gas-pockets between the
carrier and device wafer. In order to allow processing without a dummy wafer, it
was found that a thick oxide layer could be deposited and utilized as a stopping
layer. The usage of an oxide stopping layer, however, leads to similar charging
problems, as with the conventional deep silicon etch recipes, see figure 4.6. The
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(a) Illustration of the effects of
redeposited crystal bond mask-
ing the edges of the etched holes.

(b) Cross sectional SEM image showing a device
with extrusion type defects on the surface of the
anode after filling and catalyst deposition.

Figure 4.5: Illustration of protrusion defects and the result on the final devices.

problem occurs due to the ion bombardment impacting the oxide and charging it.
This charge then redirects further bombardment towards the walls of the holes.
The wall passivisation is consequently quickly stripped and the silicon near the
stop layer etched outwards. These defects were also found to react negatively with
the filling process, creating air pockets where the membrane loses contact with the
catalyst layer. This problem can, however, be prevented by using a low frequency
platen generator which utilizes a slowly varying electric field to allow charge removal
during the processing to avoid charge buildup by allowing the ions to escape [56].
In order to include this decharging effect, the process was changed to use a recipe
designed for silicon-on-insulator wafer processing. Silicon-on-insulator consist of e.g.
a ∼ 10µm silicon layer on a 1µm oxide layer on a 500µm silicon wafer. The process
is therefore not intended for deep silicon etches, but is crucially optimized to have
very low etch-rates in the oxide layer and to remove charging effects. It was found
that no major process parameters needed to be adjusted for this process to allow
etching of very deep structures in silicon. The SOI etch has an average etch rate of
0.891 µm/cycle thus for a 100µm plate the required etch is about 112 cycles. The
etch rate will, however, vary as the etch progresses depending on the individual hole
sizes, and the wafer temperature which varies during the process based on cooling
efficiency. A typical etch therefore requires up to 150 cycles. The selectivity towards
photoresist for this etch is quite high, on average 183, resulting in only a 0.54µm
etch in the mask if photoresist is used. In the case of a 2µm oxide masks where the
selectivity is even higher than towards photoresist, over-etching is of no concern.

The final approach allowing full etch through of backside processed fragile wafers
was thus to use an oxide mask and stop layer, SOI DRIE etch and specially developed
laser-milled perforated carrier wafers. These carrier wafers have 1mm holes laser
milled away in a pattern matching the chip mask pattern, such that each individual
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(a) Illustration of the effects of charging in
the silicon dioxide stop layer during a SF6/O2
DRIE etch.

(b) Cross sectional SEM
image showing the etch de-
fect resulting from charg-
ing. Also seen is the result-
ing air pocket separating
membrane and catalyst.

Figure 4.6: Illustration of the charging defects and the effects on the final devices.

void created by the frame recesses on the devices has an outlet. This prevents the
build up of over-pressures and allows the use of the carrier wafer to improve stability
during the etch to prevent mechanical failures.

4.2.3 Current Collector Electrodes Definition

In order to prevent the creation of electrical short circuit between the two current
collector electrodes on each side of the silicon plate, the wafers are passivated in a wet
oxidation, of a 1µm silicon dioxide layer (S3.1). Metalization can be accomplished
by either sputter deposition or e-beam deposition, however, trials using sputter
deposited gold has shown short circuits with larger hole geometries 40µm− 100µm
[57], as well as occasional shorts with 20µm. Short circuits were not observed with
e-beam evaporation due to the highly directional deposition. E-beam is consequently
the preferred method of electrode definition. The current collector electrodes are
defined by first an E-beam deposition of a 10 nm thick Ti anti-diffusion barrier and
adhesion layer followed by an e-beam evaporation of 100 nm Au (S3.2).

4.2.4 Proton Conductive Membrane

The method of integration is described briefly here in the perspective of the fab-
rication but will be covered in more detail in section 4.3. The proton conducting
ionomer membrane is integrated into the silicon plate using drying by evaporation
from a solution under low pressure ≈ 300mBar (S4.1). The setup used during the
drying process is shown in figure 4.7. The drying is carried out with the finished
silicon plates mounted in Polydimethylsiloxane (PDMS) molds. The dimensions of
these molds critically affects the dynamics of the ionomer deposition on the plate
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IPAIonomer Solution

PTFE holderPDMS Gasket

Silicon Chip

Dried ionomer

1 mm

3 mm

2 mmA.

B. C.

Figure 4.7: Schematic showing the setup for the evacuated evaporation drying used to
integrate the ionomer in S4.1 of the fabrication process as shown in figure 4.2.

(a) A dried device. The ex-
cess Nafion can be seen to
have leaked through the bot-
tom and into the PTFE boat.

(b) False color scanning electron microscopy
image showing the ionomer integrated into
the silicon plate after membrane integration
and annealing. The ionomer is colored green
against the silicon which is colored blue. The
strands of ionomer were elongated during the
fracture of the device, and therefore appear
longer than the thickness of the plate.

Figure 4.8: Results of the Nafion ionomer integration process.

surface.
The solution used is Nafion® DE 2020 by Sigma Aldrich consisting of 20 wt%

Nafion ion-exchange resin in lower alcohols with 34 wt% water. Initially the solution
is submerged entirely in pure isopropanol (step A, fig 4.7). This delays the drying
of the Nafion solution for approximately 2 hours, during which it can thoroughly
degas. After this initial delay the Nafion solution will start to dry. As the solution
dries, the Nafion concentration at the drying front steadily increases until it forms
a solid membrane which deposits on the edges of the PDMS holder and on the
device surface (step B, fig 4.7). As the drying continues through the device, the
dried Nafion detaches from the solution, and gas develops on the backside of the
device (step C, fig 4.7). This pushes up the holder and causes the remaining ionomer
solution to leak through the bottom as shown in figure 4.8a. After the drying, the
devices are annealed at 140◦C for 30 min in ambient air. The annealing process
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Liquid solution Anode Cathode Dry weights Anode Cathode
Catalyst

composition
PtRu 75% Pt 70% Carbon [mg] 50 64.3

Catalyst
solution [mg]

200.0 214.3 Catalyst particles [mg] 150 150

Nafion solution
20 wt% [mg]

266.7 285.7 Nafion [mg] 53.3 57.1

PVP solution 10
wt% [mg]

51.7 55.4 PVP [mg] 5.2 5.5

Table 4.2: Catalyst spray coating composition. The final catalyst mass loadings are 58%
and 54% for anode and cathode, respectively.

removes solvent remains and has been shown to reduce ionic resistance and increase
mechanical stability [58]. The finished integrated membrane can be seen in figure
4.8b.

4.2.5 Catalyst Layer Deposition

The catalyst layer is added with spray deposition (S5.1). The final layer is made up of
of carbon black supported catalyst particles bound by ionomer. The spray deposition
solutions consisted of a dry catalyst powder dissolved in a water alcohol mixture
which evaporates during the coating process. The solution composition without the
evaporating solvents is shown in table 4.2. The dry powder consists of 70wt% Pt and
75wt% PtRu particles on the cathode side and anode side, respectively, supported
on amorphous carbon of the type Ketjenblack. The mixture also includes Nafion
and a dispersion agent, polyvinylpyrrolidone, leading to the deposited catalyst layers
having relative loadings of 58wt% and 54wt% of the catalyst particles. During the
coating process, the devices are mounted on a back-plate which is heated to 80◦C to
aid solvent evaporation during spray deposition. The spray nozzle is hand operated
and each chip is coated through several short ≈ 1 sec pulse bursts, with pauses
≈ 40 sec between to aid evaporation. Through micro-scale measurements prior and
after deposition the mass gain can be used to estimate the platinum loading on each
device. The target value is 2mg/cm2 of Pt on each side, which requires a 4mg/cm2

loading of PtRu on the anode side. The results of the depositions can be seen in a
smooth kernel histogram in figure 4.9. The loadings are slightly below the targeted
value, and for the cathode layer the variance is much larger due to the thinner
layer needed. Two outliers are present in the cathode loading data. It is believed
that these have a reduced loading as a result of the repeated pulses following in
too rapid succession. This could lead to the still wet solution being forced off the
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Figure 4.9: A smooth kernel histogram of the platinum loading on anode and cathode.
On the anode, the platinum is a component of a (1:1) PtRu alloy and as such the total
weight of the catalyst particles is twice that of the Pt loading. with The bandwidth is
0.1mg. The points indicate locations of measurements.

Figure 4.10: A device shown on top of a 220µL capacity fuel reservoir shown next to a
two euro coin for scale. Fuel is injected through holes in the bottom of the reservoir which
are not visible.

surface. Excluding these outliers the average loading on the anode and cathode are
1.91mg ± 0.18mg, and 1.95 ± 0.10mg, respectively. The edges of the device are
masked during the deposition, however, the central frame is not. The actual loading
on the active area will therefore be slightly less than these estimates on the anode
side of the device.

4.2.6 Fuel Cell Assembly

Finally the finished silicon device is attached to a CNC-milled brass reservoir using
a conductive adhesive. The reservoir consist of a 1mm wall with dimensions 10 ×
7.5 × 6mm which gives an outer volume of 375µL and a fuel volume of 220µL. A
device mounted on a fuel reservoir can be seen in figure 4.10. In this configuration
the reservoir acts as the anode connection, while the edge of the device on the top
acts as the cathode connection. Depending on mounting usage, an additional top
casing can be fixed to the top to protect the membrane from mechanical damage.

58



4.3. POLYMER INTEGRATION

4.3 Polymer Integration

The integration of Nafion into the perforated plates is a vital process step in the
fabrication process.

Many techniques exist for casting Nafion sheets for use in conventional fuel cells
such as roll-to-roll gel casting, spray casting or dispersion casting [59]. Common
for all these techniques is that they create thin uniform sheets of polymer on flex-
ible substrates. These techniques are not easily transferable to silicon integration
processes. For gel processes the high viscosity of the gel would limit the ability
to get it into the micro-pores. Spray casting would similarly show difficulties in
getting the polymer to properly fill the pores as any over-layer would block access.
Dispersion casting techniques can, however, almost be applied. The method here is
to distribute a thin solution of the polymer over a sheet and allow the solvent to
evaporate. Two major issues occur when transferring this technique to micro pore
integration; getting the dispersion into the pores as a start, and secondly getting the
solvent out of the pores. The major challenge in the first issue is that air bubbles
might get trapped and leave behind voids in the micro-structure. The second issue
is that as the solvent evaporates, dissolved gas bubbles can form which also lead to
voids in the finished structure.

Evaporation is a statistical process were the driving force is a difference in vapor
pressure between the solvent and gas phase. The interface will experience both
evaporation and condensation, and based on the liquid and gas partial pressures
this will either lower the concentration of the solvent in the water or gas phase. The
equation describing the governing evaporation rate is the Langmuir evaporation
equation, which defines the rate of mass flux through a surface F = ∂M

∂t
, given from

the molecular mass, m, the thermal energy, τ = kbT , and the partial pressures of
compound in liquid and gas phases, pl, pg:

F = (pl − pg)
√

m

2π τ

Here it should be noted that both liquid and gas phase are assumed to be at
the same temperature. This is why the flux decreases with increasing temperature,
which would otherwise seem counter intuitive compared to liquids that are at ele-
vated temperatures compared to the gas phases they are evaporating into. Also it
should be strongly emphasized that this equation deals only with the rate at the
interface. During an evaporation process the partial pressures may quickly reach
equilibrium at the interface and the actual flux be limited by mass transfer pro-
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(a) A 2mm deep PDMS cast re-
cess. The dried polymer membrane
is seen to have shrunk significantly
during drying, and has bubbles at-
tached in the lower corners of the
resulting membrane. The cut was
created to measure center thick-
ness.

(b) A 1mm deep PMMA recess.
The polymer membrane is seen to
have fractured during drying as it
contracted. The center thickness
is measured on the center sheet.

Figure 4.11: Experimental setup used to investigate the sheet thickness of Nafion films
formed through solvent evaporation.

cesses such as convection or diffusion in the gas phase. From the equation it can be
seen that the evaporation rate flux can be decreased either by elevating temperature,
or by changing the vapor pressure of the solvent in the gas phase.

In order to pin down the amount of Nafion over-layer needed, a drying test was
carried out in a PMMA and PDMS test structures. Recesses of varying sizes were
filled with the polymer solution and left to dry, examples are shown in figure 4.11.
The solution consists of 20wt% Nafion, 34wt% water and 46wt% alcohols which is
almost entirely of 1-propanol, but also contains about 1wt% ethanol. The densities
of water and 1-pronaol are 1 g/mL and 0.8 g/mL, respectively, and the density of a
dried Nafion membrane varies between 1 g/mL and 2 g/mL, depending on curing.
Assuming a membrane of density 1.4 g/mL the final film occupies 12.7% of the total
solution volume.

The test structure used for the experiment consisted of four recesses each 1 cm×
1 cm, which were filled to the top with the Nafion solution and left to dry out in
ambient conditions. For each deposition the resulting membrane was significantly
fractured along the edges, but flat depositions could be found in the center. The
thicknesses are shown in figure 4.12 along side a 15% volume estimate of the thick-
ness. The figure shows that there is a tendency for the thickness to be close to
the 15 vol% estimate, however, at 4mm the thickness breaks the trend. This is due
to the geometrical effects of the drying, where the three first recesses were seen to
deposit a small membrane at the bottom which detached from the edges when it
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Figure 4.12: The relation between recess depth and deposited layer thickness in PMMA
drying experiments. The solid line indicates a 15% volume estimate.

fractured the 4mm recess fractured earlier and thus deposited the membrane very
unevenly. The conclusion can be gathered that a 1-2 mm over-layer of Nafion should
be sufficient to deposit the 100µm membrane, and that thicker layers might cause
trouble as they detach during the drying.

Given a membrane with thickness t = 100µm and an active area of Aact =
28.52mm2 with perforation ratio α = 40%, the total internal volume is 2.85µL.
Thus assuming a density of the cast Nafion film of ρ ≈ 1.4mg/µL [60], the weight
needed to fill the pores is ∆m = 3.99mg. Assuming a surface excess layer of ts di-
vided across both sides an additional weight gain of ∆ms/t = Atotal/ρ = 0.05mg/µm
must be added. Results from fillings can be seen in figure 4.13. It can be seen that
the excess surface area is independent of the effective area but does increase for
smaller holes. The absolute magnitude is somewhat uncertain due to the front side
surface effects. A SEM inspection of a finished device is shown in figure 4.14. The
excess thickness i here observed to be 16µm on the anode side only, while the weight
estimated from mass gain predicts an excess layer of 16.3µm on both sides, leading
to an absolute magnitude which is off by a factor 2.

The polymer solvent is a propanol-water mixture, and this leads to the natural
question of how the evaporation process evolves through time. The relation between
equilibrium vapor composition and solvent composition is shown in figure 4.15. At
atmospheric conditions isopropanol/water has an azeotrope point at a concentra-
tion of 70mol% IPA, which means that a mixture above this point will evaporate
primarily water, while a mixture below this point will evaporate primarily IPA, thus
leading solutions to move towards the azeotrope point during evaporation. The ac-
tual evaporation is carried out at lower pressures, and it therefore proves valuable
to study the specific dynamics under the experimental conditions. In order to carry
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Figure 4.13: Excess surface thickness estimations from mass gain during drying. The
figures show that for geometries of constant hole size the excess thickness show no clear
dependence on lattice spacing, while decreasing hole dimensions does lead to an increase
in surface excess.

Figure 4.14: Cross-sectional SEM image of a device after catalyst deposition showing the
appearance of a 16µm thick excess Nafion layer on the anode side of the device.
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Figure 4.15: The relation between equilibrium vapor phase and liquid phase in a mixture
of IPA and water.

out such a study, several mixtures of IPA/water were filled into 5mL beakers to
a height of 20mm and put into a Memmert Vacuum furnace, with pressure con-
trolled to 100mBar and temperature at 40◦C, and left to evaporate while monitored
by a camera. The resulting image sequence was then used to extract the color
intensity along lines perpendicular to the beaker surface, which allows tracing of
the moving liquid front. The results of the measurement is shown in figure 4.16.
The resulting evaporation curves show a transition between a fast and a slow lin-
ear evaporation rate. This behavior is consistent with the assumption that the two
species are evaporating independently, which means that propanol evaporation is
dominating the short time frame while the water evaporation dominates after the
IPA has fully evaporated. Modeling the liquid front position as an abrupt transition
in evaporation rate would yield a sharply transitioning linear curve, which would
not resemble the observed results. The results can be described by assuming that
the instantaneous total evaporation rate, rt (t), follows a smooth transition from the
evaporation rate of propanol, r1, to the evaporation rate of water, r2,. This model
seems to reasonably reproduce the observed curve. For this purpose an exponen-
tially based sigmoid function is used to guide the transition, with a transition point
t0 and a transition region span of κ.

rt = r1
1

1 + exp ((t− t0) /κ) + r2
1

1 + exp (− (t− t0) /κ)

The results of fitting this model are shown in figure 4.17. The results show that
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Figure 4.16: The figures show the method used to determine the evaporation rate of
the propanol water mixtures. The Orange lines mark the region which is extracted as a
function of time. The blue lines illustrate a fit to a evaporation model with a smooth
evaporation rate transition between the propanol evaporation rate and water evaporation
rate. The red and yellow curves show respectively the evaporation component of the
propanol and water content in the mixture.

the transition point, t0, is in good agreement with the assertion that the rate of evap-
oration decreases at the point when the propanol content is fully evaporated,te,IPA =
VIPA/r1. It can also be seen that a large variance is observed in the estimate of the
time of full evaporation, tk, which is due to the low rate of evaporation of water.
This rate however apears close to an estimate given by the sum of evaporation rates
te,T = VIPA/r1 +VH2O/r2. From the data the evaporation rates under the experimen-
tal conditions are found to be 5.2mm/hour for IPA and 0.63mm/hour for water.

4.4 Summary

In summation of the fabrication, a reliable fabrication method for a perforated plate
structure with an integrated Nafion membrane was developed. A perforation process
was developed which facilitated the through etch perforation, despite the process
including very large aspect ratio back side structures and fragile wafers.

In order to cast the membrane into the structure a fabrication method was
developed consisting of immersed vacuum drying, which allowed for a bubble free
casting result. Mass gain estimates of the filling suggest the presences of larger
excess surface layers of Nafion in the range of 10−20µm, however, SEM microscopy
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Figure 4.17: Evaporation time results from tests with different propanol to water ratios.

of the finished devices indicate that the excess layers lower than these estimates.
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5
Device Characterization

This chapter will describe the characterization methods and results for the silicon
plate based fuel cell devices described in chapter 4. The characterization has been
carried out through separate setups which are used to characterize the electrical per-
formance of the cell, and the ionic conductive properties of the integrated membrane
cells. In addition the cell performance is tested using different fuel compositions to
highlight limiting factors in performance. The device characterization is also covered
in the publication found in appendix G.

5.1 Characterization Methods

To characterize a fuel cells performance the most often used characterization method
is a simple IV-characterization where the potential is measured while the current
draw is swept. This method presents the potential of the cell for the working range
of currents, and can be used to find the peak power performance, which sets the
limit for the power the cell can deliver to a device.

Another method is Electrochemical Impedance Spectroscopy (EIS), which is used
to characterize the ionic properties of the membrane. The method works by exerting
a time varying potential across the cell and measuring the amplitude and phase of the
resulting electrical current. Such a method allows a frequency resolved measurement
of the complex impedance. The method can be used to resolve different contributions
to the cell resistance through differences in their typical response time.

5.2 IV-Characterization

The characterization setup used to determine the IV characteristics of the devices
is a simple two electrode source-meter setup shown in figure 5.1. The electrodes are
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Figure 5.1: IV-characterization clamping setup. The two electrodes are milled out of brass,
and allow inspection of the device edge to ensure that leaks do not form.

constructed such that side of the device being tested is easily visible for inspection.
This allows visual assurance that fuel is not creeping around the outside of the
device from anode to cathode. A conductive rubber gasket is employed to prevent gas
contact from the anode catalyst layer through the side of the chip to the atmosphere,
this gasket has a rather high ohmic resistance of 5 Ω, but is necessary to prevent
direct gas contact between catalyst layer and air. Such a contact aids in the removal
of CO2, but also allows oxygen transport to the catalyst, which has been observed
to cause degradation of the catalyst layer.

A typical measurement is carried out by mounting the chip and filling the top
electrode reservoir with 3M methanol. Figure 5.2 shows the initial rise of potential
for three separate initiations of the same device. The curves are captured in se-
quence after 0 hours, 1 hour and 2 hours of water submerged hydration. The initial
curve sequence which shows a rise, and then an effect which slows or even reverses
the charge accumulation. This effect is well described by assuming that the initial
charging current drives the cross-over flow of methanol which initiates a potential
drop at the cathode as the methanol is oxidized. As the membrane is further hy-
drated a noticeable increase in conductivity is observed, leading to faster charging
times. Due to the effect of hydration, devices were stored submerged in water to
ensure a high degree of hydration during measurements.

IV characterizations of two separate devices are shown in figure 5.3. In order to
determine the effective internal resistance, the curves are fitted to a straight line in
the current region above the peak power point. This removes the influence of the
activation losses which tend to subside at currents of about 10mA/cm2.

The relationship between achieved peak power density and perforation ratio is
seen in figure 5.4. All devices have peak powers in the mW/cm2 range, however, a
variation is observed for devices with similar geometries, and a trend of increasing
power density is observed as perforation is increased. This indicates that the tradeoff
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Figure 5.2: The initial potential rise after introducing methanol to the anode. The three
curves are shown for different periods of hydration.
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(a) A device with a perforation ratio of
22.7%, showing a peak power density of
2.30mW/cm2. The effective internal resis-
tance is found to be 49.8 Ω.
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(b) A device with a perforation ratio of
40.3%, showing a peak power density of
4.52mW/cm2. The effective internal resis-
tance is found to be 16.4 Ω.

Figure 5.3: IV-characterizations of two devices, each with an active area of A = 0.29mm2.
The characterization was carried out using 3M methanol, at room temperature conditions.
The solid line shows a linear fit in the region above the peak power, used to determine the
effective internal resistance.
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Figure 5.4: Peak power density ratio shown against effective perforation ratio. Points
are labeled as Hole diameter/Lattice spacing. A tendency of increased performance with
higher ratios of perforation is observed. A large variation is observed between devices of
similar designs and similar perforation.

between increasing the permeation and conductance of the membrane is such that
the lowered ohmic losses outweigh the increased cross-over losses.

The relationship between the maximum attained current density at positive pow-
ers and open circuit potential is shown in figure 3.5. The results can be seen in com-
parison to the theory developed in section. While there is little direct agreement
between experimental data end theory, the tendency for a correlation of peak power
density and lowered open circuit potential with higher attainable current densities
for are clearly evident. The data shows promise that an increase in perforation
ratio or thinning of plate membranes might lead to a parameter region where the
characteristic bend in performance characteristics is visible.

In order to compare the performance level with other devices in the literature,
performance numbers from other similar devices are shown along side the best ob-
tained devices of this work in table 5.1. These numbers are repeated from table 2.5.
Comparing the best obtained device performance with literature, the conclusion
could be drawn that the integrated plate devices do not outperform similar devices
in terms of peak power per active, and yet even then and taking into account that
the perforated plate only accounts for 37% of the total device area, it still manages
to out perform other devices in literature in terms of power per volume where it
reaches 2.5mW/ cm3. The devices accomplish this by forgoing the need for com-
pression structures, thereby allowing a simple attachment of a reservoir with little
volume wasted. The low power density per active area at the same time suggests
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Figure 5.5: The figure shows the open circuit potential and maximum current density for
which a positive power is extracted as curves where the generalized mobility parameterµ
is varied, while the limiting current ratio, κ, is kept constant. For each curve a black circle
marks the point where maximum power is obtained, and power falls of in both directions
moving away from this point. The solid black markers indicate experimental data for
fabricated devices, where the radius of the disk is proportional to peak power density.

Work System size Active

area

[cm2]

P

[ mW
cm2 ]

Pv
[ mW

cm3 ]

OCV

[mV]

CM

[M]

Catalyst
Loading

[mg/cm2]

Passive systems

Shimizu et

al. [35]

49 cm2 x

4cm

36 10 1.84 550 4 A: 2.5

C: 2.6

Sabate et

al. [36]

6 cm2 x 1

cm

0.25 10 0.42 450 2 A: 4

C: 4

Gharibi et

al.[37]

4.75 cm2 x

3cm

4.75 1.2 0.40 500 1 A: 1

C: 3

This work 0.75 cm2 x

0.7 cm

0.29 4.52 2.5 300 3 A:2

C:4

Table 5.1: Performance comparison between the perforated plate supported devices of this
work and similar micro direct methanol fuel cells. Numbers repeated from table 2.5.
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5.3. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

that the power density could be significantly improved.

5.2.1 Fuel Type Performance Evaluation

The devices will work with a range of liquid and gas phase fuels. Figure 5.6 shows
the performance of a device tested with hydrogen, hydrazine and methanol. The
OCV for the hydrogen potential curve in figure 5.6a is 732mV, which is much lower
than the theoretical OCV at standard conditions of 1.21V. This suggests that the
cell contains large overpotentials. Part of these can be attributed to the deviation
in concentrations from standard conditions as noted in section 3.4, of which the ma-
jority is most likely associated with a low cathode performance. Due to the phase
barrier between hydrogen and the liquid proton conducting phase, cross-over effects
are inhibited. Methanol in comparison shows a large potential loss close to zero
current density, which is due to the large cross-over losses. Interestingly hydrazine
does not show significant cross-over losses, and in fact shows performance close to
pure hydrogen, however, it does show the onset of mass-transfer limitations around
25mA/cm2. The related power density curves are shown in figure 5.6b. A high
power density of 12mW/cm2 is seen for hydrogen, located at a large current den-
sity of 38mA/cm2, which leads to the conclusion that the achieved power density is
primarily limited by ohmic losses. For the Hydrazine fuel, the peak power density
is located at a much lower current density, 12mA/cm2, and reaches a lower power
density of 5mW/cm2, while this power might be improved to some degree by reduc-
ing the ohmic resistance the power would likely not increase dramatically due to the
appearance of mass transfer limitations. For the methanol fuel, the power is signif-
icantly lower than both at 1.8mW/cm2, reaching the maximum power at a current
density of 6mA/cm2. The IV curve suggest the primary limitation was ohmic in
nature, however, drawing comparisons between the methanol and hydrazine curves,
the results suggest that the cross-over inhibiting effect of increasing the current draw
discussed in section 3.5, leads to this misinterpretation, while the curve is in fact
limited by mass-transfer.

5.3 Electrochemical Impedance Spectroscopy

In order to determine the membrane conductance, an Electrochemical Impedance
Spectroscopy (EIS) setup is used. For such a measurement the typical approach
is to use electrodes in direct contact with the membrane [61]. This method is not
possible for these devices, as the membrane is integrated into the silicon support
frame, making it difficult to achieve adequate physical contact without breaking the
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Figure 5.6: a) IV-curves and b) power curves for a device with 20µm holes and lattice
spacing 50µm. The tests were conducted with 3M methanol, 1M Hydrazine and hydrogen
at a constant flow of 50% hydrogen in nitrogen at 20mL/min .

device. In addition to this, the resistance for the devices must be measured through
the device, and not along the plane. Due to these considerations, a special setup
was created that instead relies on liquid lead contacts to determine the membrane
resistance through the entire device stack. The setup can be seen in figure 5.7a,
with figure 5.7b illustrating a schematic side view. The setup consists of a specially
constructed polycarbonate fixture with two liquid reservoirs in which platinum grid
electrodes are mounted in a 4-point-probe configuration. The setup is build to put
the electrodes as close to the chips surface as was possible to prevent an excessively
long conductance path between the sensing electrodes and the device.

To determine the membrane resistance from the impedance spectra, a simple
equivalent circuit model is used. This model is based on a Randles circuit [62],
which consists of a parallel connection of a capacitor and a resistor. The model
is shown in figure 5.8. The device separates the two electrolyte baths, and acts
as a capacitor, which is shorted through the ionic membrane. Current is drawn
across the outer platinum grid electrodes and the potential is measured using the
inner electrodes. This eliminates the potential losses associated with current flow
through the measuring electrodes as well as the ohmic losses of the liquid labeled
Rel1∧Rel4. The measurement do contain the ohmic resistance between the electrodes
and devices Rel2 ∧ Rel3, which add a series resistance of which has been measured
to be R0 = Rd2 +Rd3 = 6.9 Ω. The impedance of the Randles circuit is thus

ZR = R0 + 1
1

Rtd+Zw
+ 1

ZC

(5.1)

where the impedance of the Warburg element and the capacitor is given by
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(a) Device setup used to determine the
membrane resistances.

(b) Illustration of the measurement
setup used to collect impedance spectra
for the devices.

Figure 5.7: Experimental setup used to collect electrochemical impedance spectra, and
schematic illustration of the internal structure.

R

RR R Rel1 el2 el3 el4

td

U

A

Sulfuric acid 

Catalyst layer

Platinum grid electrodes

C
Silicon support plate

Proton conductive membrane

W

Figure 5.8: Schematic illustration of the equivalent circuit model superimposed on the
electrolyte cell interfaces.
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Zw =
√

2 Aw√
i ω

ZC = 1
i ω C

. (5.2)

The straight forward application of the Randles circuit is, however, not sufficient
to model the measured spectra, and is therefore modified. The Randles circuit
is based on the assumption of a perfect capacitor as well as semi-infinite linear
diffusion at the sensing electrodes. These assumptions are not applicable for the
devices investigated, and the circuit is therefore modified to take non-ideal effects
into account. Two changes are made. The first change is the substitution of the
Warburg element for a constant phase element [63], ZQw, with amplitude Aw and
phase angle parameter, nw, close to the value of 1/2 that would correspond to an
ideal Warburg element. The impedance of the constant phase element is then given
by

ZQw =
√

2 Aw
(i ω)nw

(5.3)

The second change is the substitution of the capacitor also for a constant phase
element. The Randles circuit assumes an ideal capacitor which is likely not the case
in here since the ideal capacitor assumes a uniform medium and planar electrodes
while the device has porous electrodes and a non uniform medium [64]. Therefore
the capacitive element is replaced with a constant phase element, ZQc, with prefactor
1/Qc, and a phase angle parameter, n, close to the value of 1, which would correspond
to an ideal capacitor. The impedance of this element is given by

ZQc = 1
Qc

1
(i ω)n (5.4)

Finally the impedance of the modified Randles circuit, ZM , becomes

ZM = R0 + 1
1

Rtd+ZQw
+ 1

ZQc

(5.5)

During the fitting of impedance data to the modified Randles circuit the fitted phase
angles for these two constant phase elements gave results close to the ideal values.
For the Warburg and capacitive elements the typical values are nw ≈ 0.32 and
n ≈ 0.9, respectively. Since the data is collected in a logarithmic frequency space,
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(b) Nyquist plot showing the real and imaginary components plotted against each
other.

Figure 5.9: Electrochemical impedance spectra from a device with 20µm holes and a
lattice spacing of 50µm.

F = log10 (ω/2π), during actual fitting the models are re-expressed as

F0 = log10

(
2πQc

n

√
Rtd

)
ZM (Ω) = R0 +Rtd

1(
1 + a (i 10F )−nw

)−1
+ i 10n(F−F0)

(5.6)

The resulting impedance spectrum of a device can be seen in figure 5.9. Sub-
figure 5.9a shows the real and imaginary components each plotted as a function of
frequency, where it can be seen that both have a rising trend towards lower frequen-
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cies and at a point in the high frequency regime, the real part undergoes a step
like transition while the imaginary component peaks. Sub-figure 5.9b shows the real
and imaginary components plotted against each other. This obscures the frequency
component of the measurement but very clearly separates the two distinct regions
observed in the data. At the high frequency transition/peak point a suppressed
semi-circle is observed, and the low frequency trends in both real and imaginary
components results in a constant angle tail in the curve. Due to the large frequency
separation the two regions are very sharply separated in the Nyquist plot. The high
frequency region corresponds to a perturbation occurring rapidly enough that influ-
ence of the Warburg element is small, which means that the field is oscillating so
rapidly that diffusion effects in the membrane do not considerably contribute to the
impedance In this region, the interplay between the charge storage capacity of the
capacitor between the electrodes and the ohmic resistance to current flow creates
an RC oscillator. In the low frequency region, the perturbing field is acting slowly
enough that the ohmic losses assosiated with the current are constant, which leads to
the main impedance contributing effect being the diffusion effects of the membrane
modeled by the Warburg element.

The modified Randles model fits the data well as seen in figure 5.9, with the
average standard error on the estimated membrane resistance Rtd being ∼ 0.02Ω.
The unmodified Randles circuit fit is also shown and clearly shows problems in
describing the low frequency curve angle and circle suppression. In the modified
Randles circuit, a systematic deviation is apparent in the low frequency side, or
equivalently higher resistance side of the depressed semicircle. Here the model is
defined to be symmetric about the central frequency, however, a linear constant
angle slope is observed in the Nyquist plot in figure 5.9b. An equivalent capacitance
can be found for the constant phase element through Ceq =

(
Rtd 2π 10F0

)−1
[64].

For this device the capacitance is found to be Ceq = 43.8 nF, which is close to the
expected range of the geometric capacitance for two 0.44 cm2 electrodes separated
by 100µm silicon assuming a relative permittivity of εr = 11.6 which is Cg ≈ 45 nF.
The difference could be ascribed to the lowered relative permittivity of the plate due
to the Nafion filled pores. The resistance found through this measurement is not
strictly equal to the resistance through the membrane, as conductance through the
porous ionomer containing catalyst layers also contribute. It is, however, assumed
that the primary contribution arises from the membrane, due to the porous volume
of the catalyst layers filling with electrolyte and due to the membrane being 100µm
thick vs. the ~ 10µm thick catalyst layers.

The relationship between open circuit potential and through device resistance
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Figure 5.10: Open circuit potential shown against the through device resistance (Rtd). All
devices are shown to have OCV in the range of 300-550 mV. A tendency of higher OCV
correlating to higher resistance through the device is observed.

Rtd for different types of devices is shown in Figure 5.10. A tendency is seen towards
higher open circuit potentials for devices with larger through device resistance, in-
dicating that the lowered mobility through the membrane is indeed impeding the
cross-over flow of methanol and raising the cathode potential.

The relation between effective internal resistance and through device resistance
of a collection of devices with varying geometries is shown in Figure 5.11. A roughly
linear relation is observed but with very large variations. For all devices a effective
internal resistance larger than the through device resistance is observed Rint > Rtd.
Excluding the 10/60 outlier device, the mean linear ratio between the two is found
to be Rtd/Rint = 41.34%. The linear relation, however, is highly indicative of a
relation between the two, suggesting that the experimental conditions under which
the ionic resistance is measured lead to an underestimate of the resistance. This
behavior, however, can be explained through the hydraulic back-pressure reduction
in conductivity covered in section 3.2. The conductivity loss was stated in equation
3.35, the conclusion was that under hydraulic back-flow conditions the maximum
attainable conductivity was only 19 % of the maximum conductivity without back-
flow. The two maxima were, however, also seen at different channel dimensions,
which means that this ratio is not immediately applicable. Assuming that the
channel dimensionality is constant independent of the hydraulic flow conditions, the
conductivity change at R/λd = 10.7 is (σ − σh) /σ = 44 %. The ratio, however,
varies depending on the relative channel size as illustrated in figure 5.12. The
line assuming Rtd = 44%Rint is shown in figure 5.11, and seems to describe the
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Figure 5.11: Correlation between effective internal resistances (Rint) of the devices and
the measured through device resistance (Rtd). Apart from the 10/60 device outlier, a
linear trend is observed. The dashed line indicates the point were Rtd = 0.44Rint, which
is related to the expected resistance change due to hydraulic conditions derived in secion
3.2.

tendency of a subset of the measurements, however, with a constant offset in the
internal resistance of about 20 Ω. The uncertainty in the exact membrane deposition
geometry, however, makes it difficult to distinguish between the internal resistance
contribution from the membrane and from other effects. For the outlier with very
high internal resistance it is suspected that the membrane has deposited such that
it forms a thick layer between the catalyst layer and collector electrode thus greatly
increasing the electrical contact resistance.

Concluding on the investigation through electrochemical impedance spectroscopy,
it was shown that the ionic conductance can be found through 4 point probe mea-
surements using an interesting liquid lead probe setup. It is, however, found that
ionic conductance which is found, varies from that found in the devices under op-
eration due to the changed flow conditions, which makes it infeasible to extract the
exact contribution to the cells internal resistance originating in from the ionic mem-
brane. The method is still capable of working as a benchmark for the membranes
in relation to each other.

5.4 Summary

The conclusion based on the performance investigation of these devices is that the
achievable peak power density is limited and was at maximum 4.5mW/cm2 which
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Figure 5.12: Calculated relative conductivity vs dimensionality in the cylindrical flow
channel model. The ratio of conductance is taken between a situation with no hydraulic
flow σ, and when including a hydraulic back flow σ + σh. A yellow line marks the dimen-
sionality of maximum conductivity when no back-flow is present, and a red line marks the
optimum when the back-flow is included.

would require an active area of 55mm2 in order to reach the minimum peak power
specification set for for the usage in hearing aids. The current devices have active
areas of just 29mm2 which is primarily limited by the plate support frames and the
1mm outer rim of the device. The devices are, however, fairly large when judged
in context of hearing aid usage, and improving power density through optimization
of the cell components would be more desirable than needing to increase cell size.
That being said, future designs could explore in more detail how large the active
area can be made without compromising mechanical stability and likely increase the
ratio of effective area to device size considerably.

It was found that low perforation ratios were effective at increasing the OCV
by reducing the cross-over effect, the effect of this increase in OCV, however, had
little impact on the peak power density. This fits well within the framework of
the model developed in section 3.5. The peak power density was found to be very
correlated to the effective resistance of the cell, and less so to the open circuit
potential. Furthermore, the internal resistance compared to the ionic conductance
found through EIS measurements showed a linear relationship confirming that ionic
conductance is a large component of the effective internal resistance.

Moving forward from these conclusions, it is found that the peak power density
can be improved by increasing the perforation ratio, as well as addressing the mass
transfer limitation by improving diffusion access of the fuel to the catalyst. One
method of achieving much higher effective perforation rates is to consider porous
silicon devices, which can have a large degree of open volume and this approach will
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be detailed in the next chapter. Another method of increasing the ionic conductivity
is to reduce the plate thickness, which will also address in the chapter 7, which also
addressed the limited mass transport though a novel integrated catalyst structure
which allows much easier access between fuel and catalyst.
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6
Porous Silicon Based Methanol Fuel Cell

This chapter describes the usage of electrochemical etching to form porous silicon
based fuel cells. Two device types will be discussed and are shown schematically in
figure 6.1. Porous silicon has previously been used as the basis for micro fuel cell
systems, notably by Pichonat et al. [38] and Moghaddam et al. [39]. Both these
projects are based on porous silicon formed through anodic etching, which is a serial
process which requires specialized setups to perform due to the driving electrical
field. In contrast this work deals with the process of Metal Assisted Chemical
Etching (MACE), which is a simpler auto-catalytic process which can be scaled
to bath based batch processing. The following will describe briefly the process
followed by results from methanol operated cells working with integrated Nafion
and hydrogen operated cells utilizing a liquid electrolyte.

6.1 Metal Assisted Chemical Etching

In order to develop highly porous silicon membrane plates, a technique known as
Metal Assisted Chemical Etching (MACE) was employed. It consists of using a
metal layer to act as a catalyst for a etching process, such that a seed layer of metal
particles will drill pores into the solid silicon substrate, making it porous.

The MACE technique was first published by Li and Bohn in 2000 [65]. The
process is a simple and inexpensive method which can be scaled to batch processing

Silicon support Catalyst layer
Ionomer

B

}350 μm

Silicon support ALD catalyst coating
Liquid Electrolyte

C

}350 μm}300 μm

Anode

Cathode

Anode

Cathode

Figure 6.1: Cross-sectional illustration of the two porous silicon based designs discussed
during this chapter.
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(a) Scheme of processes involved in metal as-
sisted chemical etching. The electron holes
injected into the silicon migrate to the sides
and surface of the substrate which leads to a
small degree of etching at these locations.

(b) Cross sectional SEM image of a single gold
catalyst particle after MACE etching. The
particle can be seen to etch highly directional,
with hole diffusion leading to a widening of
the path as the particle progresses.

Figure 6.2: Schematic illustration and SEM image of the metal assisted chemical etch
process.

as it is carried out in a liquid baths. The principle relies on using catalytic particles
to inject holes into the silicon substrate. These holes react with an oxidizing agent in
the liquid bath creating silicon dioxide which is then etched away by HF. While ratios
vary the most common etchant composition is a mixture of HF : H2O2 : CH3CH2OH.
The exact chemical reactions taking place are debated and difficult to define exactly,
a proposed simple overall reaction diagram is:

Si(sol) + 3
2H2O(liq)

2 + 6HF(liq) ⇒ 3H2O(liq) + H2SiF(gas)
6 + 1

2H
(gas)
2

The processes occurs through several steps that involve charge transfer between
liquid, catalyst particle and silicon substrate. The reduction of the oxidant is pref-
erentially occurring at the surface of the catalytic particle which inject holes that
diffuse and electromigrate through the silicon as shown in figure 6.2a. This leads to
etching occurring both at the interface of the catalytic particle but also continuing
at surfaces far away. For a single particle this leads to a widening of the path as
the particle continues, as shown in 6.2b, while for full surface etches with a large
particle density, the resulting pattern becomes highly disordered.

The etch result is very dependent on catalyst particle type and on the thickness.
Figure 6.3 show work by Bjarke Dalslet [66]. It can be seen that platinum is highly
reactive, and in terms difficult to use for reproducible results. Both silver and gold
show reasonable predictable behavior with gold leading to slightly larger pore sizes
and faster etches.
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6.2. DEVICES BASED ON INTEGRATION OF NAFION INTO POROUS
SILICON
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Figure 6.3: a) Mean pore diameter and b) pore etch velocity as a function of catalyst
thickness and material. All samples were etched for 1 hour except for the 1 nm pt sample
which was etched for just 5 min.

Figure 6.4: SEM cross-section of a finished device. A thin 10µm Nafion layer can be seen
at underneath the cathode catalyst layer at the top of the device, while no Nafion layer is
observed on the anode side at the bottom of the device.

6.2 Devices Based on Integration of Nafion into
Porous Silicon

Devices have been fabricated by following the fabrication process described in sec-
tion 4.2.5, but replacing the perforation step with a MACE etch. A cross sectional
SEM image of one such devices is shown in figure 6.4. As can be seen, the Nafion
integration does not lead to a desirable filled internal volume, but instead it is de-
posited primarily at the surfaces of the porous silicon device. This can be explained
through the very small internal volumes which leads to both act as nucleation sites
for dissolved gas and lowers the gas permeability through the structure. Working
fuel cell devices have, however, been fabricated through a drop-by-drop integration
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(a) IV-Curves for the porous silicon based fuel
cells. Two devices are seen to have very low
OCV, presumably due to direct liquid trans-
port through an unfilled volume of the device.

(b) Power performance of the porous silicon
based fuel cell.

Figure 6.5: Performance characterization of three porous silicon devices, where the mem-
brane has been integrated through drop-by-drop integration. The effective internal resis-
tance of the devices are respectively 48 Ω, 30 Ω, 18 Ω. From [67]

of the Nafion solution. As a single droplet is placed on the surface of the porous sili-
con, the porous volume will suck in the liquid, however gas at the droplet surface will
still be capable of diffusing out through the surface until many droplets have been
deposited. Using this method of integration Louise Borregaard [67], managed to
fabricate working cells, for which the resulting performances are shown in figure 6.5.
The large variation is attributed to the unreliability in the ionomer filling process
as described. For the best working cell the open circuit potential is approximately
500mV, which suggests cross-over losses are less significant, for this device an effec-
tive internal resistance of 18 Ω is observed, and a peak power density of 1.6mW/cm2

which is considerably less than what has been achieved with the perforated plate
designs covered in chapter 5.

6.3 Liquid Electrolyte Fully Monolithic Porous
Silicon Based Device

Porous silicon structures have a very large capillary force due to the very small pores,
and rapidly absorb any liquid it is exposed to. A liquid electrolyte can therefore
easily be integrated, but for liquid fuel applications this would likely lead to rapid
electrolyte degradation as it diffuses into the fuel. Liquid electrolyte porous silicon
based devices have therefore been tested as hydrogen fuel cells.
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BASED DEVICE

Depth [µm] O [%] Si[%] Pt[%]
0 45 42.2 12.8
10 35.8 63.7 0.5
30 35.8 81.6 0

Table 6.1: Atomic percentages of platinum as a function of depth from the surface after
ALD deposition of 150 cycles of platinum on a 100µm porous silicon membrane. Data
collected through EDX by Anne-Charlotte Johansson.
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Figure 6.6: IV-characterization of a liquid electrolyte fully monolithic porous silicon based
fuel cell. The measurement was conducted with a constant flow of 10 sccm N2 and 10 sccm
H2. The low limiting current indicates a large ohmic loss. The solid line shows a fit to
the IV curve from peak power and forward and corresponds to a 62 Ωohmic loss.

The catalyst layer for these devices was created through Atomic Layer Deposition
(ALD) of Pt on the cathode and PtRu on the anode. The process is described in more
detail in chapter 7.4. The deposition results in a catalyst layer that is confined to the
upper micro meters of the surface. Table 6.1 shows atomic ratios after deposition of
150 cycles, illustrating that the majority of the catalyst is deposited below 10µm,
with no deposition occurring below 30µm. This ensures that the ALD coated layer
does not create a electrical shortage through the device for the 100µm thick plates.

The characterized devices show a large degree of variation of open circuit poten-
tial and peak power density as a function of time as shown in figure6.7. Both open
circuit potential and peak power densities increase over a period of approximately
half an hour. This continual improvement in performance is ascribed to the excess
electrolyte at the interface slowly evaporating exposing a larger degree of catalyst.
The IV performance is illustrated in figure 6.6, which shows a peak power density
of 1.34mW/cm2. This is lower than the achieved peak power density achieved with
the spray coated porous silicon device, but cannot be directly compared. The mem-
brane thickness for the liquid electrolyte type C device is 330µm versus the 100µm
of device type B. Also the catalyst loading is much lower for the ALD based liquid
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Figure 6.7: The figures illustrate the time dependence of a electrolyte loaded 350µm thick
porous silicon based hydrogen fuel cell. The electrolyte used for these measurements is
3M sulfuric acid. A clear trend of increasing performance in time is observed, which is
attributed to the excess electrolyte layer evaporating and exposing a larger surface area
to both hydrogen and oxygen.

eletrolyte device. Both these elements should greatly reduce the performance of the
type C device, however the use of high concentration hydrogen fuel vs. low con-
centration methanol should greatly improve performance. The take away from the
performance should simply be the conclusion that this device verifies the possibility
of an ALD based integrated catalyst, with a moderate performance compared to
spray coated catalysts.

While these devices are infeasible for usage in hearing aid fuel cells, they provide
a proof of concept for ALD based catalyst cells, and highlight the potential for
alternative approaches to fully monolithic, clean-room technology based micro fuel
cell.

6.3.1 Discussion

This cell type system is interesting but not very applicable to neither small scale or
large scale fuel cell systems as is. The need for a liquid electrolyte makes operation
with methanol infeasible, unless the system is extended to allow operation as a
vapor-feed cell. For larger scale systems which operate at higher flow rates, the
stability of the liquid electrolyte is questionable. It is likely that higher pressures
across the membrane would simply flush out the electrolyte degrading operational
performance rapidly over short periods of time. None the less the system is novel
in nature and might have other uses.

The highly integrated and simple nature of the device could make it interesting
as a potential electrochemical sensor. Water purity is often characterized through
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the conductivity, which this sensor could easily measure using very small volumes,
which are trivially loaded as capillary forces draw in the small volume of liquid
needed. For such a device, the total device volume is of little concern as long
as currents are within range of what is measurable with the method employed to
collect readings, and therefore even smaller system volumes could work. For gas
based sensing, a very small array of porous silicon cells could be loaded with a
range of different electrolyte solutions and be individually contacted to provide a
small scale gas sensor, with signal differentiation based on chemical interactions
with the individual solutions. In any of these cases the fabrication is very fast and
inexpensive as it can be comprised of patterning through masked metal deposition
and wet-bench etching processes.

6.4 Summary

The conclusions based on the work towards porous silicon based fuel cells is that
reproducibility of the membrane integration is very difficult owing the the small pore
dimensionality. While the capillary force aids in rapid integration of the ionomer
liquid initially, during the drying the small size of the capillaries trap gas and lead
to a low level of volume filling. Therefore while porous silicon presents a method
of increasing perforation ratios compared to the perforated plate design, the per-
formances in terms of peak power density have not been comparable, with the best
performing device showing a 1.3mW/cm2 at 50% perforation while the perforated
showed performance of 4.5mW/cm2 at 40% perforation operating with 3 molar
methanol fuel.

The porous silicon based fabrication process illustrates the potential for a mono-
lithic fuel cell operating with a liquid electrolyte utilizing atomic layer deposition
as a method of integrating catalyst layers directly into the porous structure. This
liquid electrolyte cell showed modest performance as a hydrogen fuel cell, but also
showed long term instabilities in both peak power and open circuit potential due
to the liquid interface dynamics. This type of liquid electrolye porous silicon based
electrolytic cell might prove promising for small sized integrated chemical sensors
where power is of less importance than detection sensitivity and ease of integration.
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7
Integrated Carbon Nanotube Supported Catalyst

Layers

This chapter describes an improvement on the monolithic fuel cell design detailed
in chapter 4. The design, shown in figure 7.1, is improved by utilizing an integrated
carbon nanotubes (CNT) catalyst support in place of the spray coated catalysts
with the intent of improving the 3 phase boundary, increasing the connectivity of
the catalyst and reducing the electrical resistance between catalyst and collector
electrode. A schematic of the design is shown in figure 7.1.

7.1 Introduction to Carbon Nanotubes

CNTs are a nanoscale structure composed of layers of carbon atoms arranged in a
hexagonal graphene lattice rolled up into tubes. They have received large amounts
of attention in recent years as they exhibit many exotic phenomena, particularly
single walled CNTs which display relativistic electron transport, large mechanical
strengths and electrical properties that range between semiconducting to conducting
depending on the structure and orientation of the carbon layers making up the
tube. An illustration of zig-zag type and armchair type single wall CNTs are shown
in figure 7.2, both of these types of CNTs show metallic properties. The figure

Silicon substrate
CNTTiW Layer
Silicon dioxide Anode

Cathode

}100 μm

}350 μm

Figure 7.1: Cross-sectional illustration of a fuel cell with integrated CNT supported cat-
alyst layers.

88



7.1. INTRODUCTION TO CARBON NANOTUBES

Figure 7.2: Illustrations of the atomic structure of single walled carbon nanotubes. Arm-
chair and zig-zag type carbon nanotubes illustrating the different folding directions. The
tubes shown to the left are 5.42Å in diameter and the illustrated segments are 24.6Å long.

also shows an illustration of the concept of a CNT being simply a folded sheet of
graphene, for which the lattice vector defining the folding direction then determines
the electronic properties, which can vary greatly between different folding vectors.
When used in integrated devices, single wall CNTs are both difficult to manufacture,
and selection of only specific folding vectors is not currently possible. In cases such
as electrodes where high conductivity is sought, Multi-Walled CNTs (MWCNT) are
preferred, as the multiple layers ensure conductivity while this also greatly simplifies
the fabrication process.

For fuel cell usage, CNTs are of interest primarily as catalyst support structures,
which can be manufactured and structured on the micro and nanoscale. Convention-
ally catalyst supports are formed in liquid solutions and integrated into the MEA
structure through spray coating and hot pressing. This type of integration does
not allow for direct structuring of the micro and nanoscale structure of the layer,
which can only be manipulated indirectly though changes in pressing pressure and
solution components. Integration of CNT catalyst supports into devices allows such
direct structuring. Such catalyst support materials have, in work by Li. et al. [68],
shown to increase performance in methanol fuel cells. In this work, CTNs are used
as replacements for conventional carbon support materials in liquid solution which
is spray coated to form a catalyst layer. In their work platinum on CNTs showed six
times the mass activity than of platinum on XC-72 type amorphous carbon. Sur-
prisingly the same work also showed that CNTs were capable of acting as a methanol
cathode even without any catalyst coatings, however, at much lower performances.
The same bare CNT did not show any activity towards the oxygen reduction reac-
tion. CNTs have also been used as the electrode materials of super-capacitors which
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seek to store charge in the capacitive layer that forms in the electrode-electrolyte
interface. Here an important element of the electrode is that the structure is open
enough to allow the electrolyte to penetrate into the structure, which reduces the
mass-transport losses in the cell [69]. This desire is somewhat aligned with the
wish of creating a large 3 phase boundary in a fuel cell application. Previous work
with CNTs for this purpose, [70], suggest that Plasma Enhanced Chemical Vapor
Deposition (PECVD) grown CNTs, are highly aligned and therefore an appropriate
electrode material to overcome the perceived disadvantages of high viscosity of ionic
liquids used in super-capacitors, and thus suggest that they might also be useful in
fuel cells as well.

When utilizing CNTs as support structures for other compounds, a functionaliza-
tion is needed. Pristine CNTs are chemically inert [71] and techniques are therefore
needed to ready the surface structure prior to deposition. Most work dealing with
ALD depositions on CNTs utilize either a plasma functionalization or an acid treat-
ment [72, 73, 74]. Both these treatments introduce structural damages into the
carbon lattice, in order to allow nucleation during the growth process.

For this work focus was instead put on usage of nitrogen doped carbon nanotubes
(NCNT), as the nitrogen doping introduces growth-sites to the structure of the
tubes.

7.2 Monolithic Silicon Plate Micro Fuel Cell De-
vice Fabrication

The described device follows the fabrication process of the semi-monolithic silicon
based fuel cell described in chapter 4. The process is, however, changed from the
metalization step and onwards to accommodate the CNT growth, and naturally
without the spray coating of catalyst layer.

In this case, the process followed after step (S3.1) of figure 4.2, is a joined met-
alization / growth step, which is followed by ALD deposition, and finally the mem-
brane integration is carried out similar as described in section 4.2.4.

7.2.1 Metalization on Carbon Nanotube Based Devices

The metalization of these devices serve both the purpose of defining the collector
electrodes, but also include a definition of a Ni catalyst layer used in the growth of
CNTs. The current collector is define in TiW rather than Au, due to the need for
a diffusion barrier for the catalyst. For the semi conventional designs, the buried
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Figure 7.3: The procedure followed during CNT growth, in order to protect the results of
the initial growth.

electrodes are defined through 20 nm Ti adhesion layer, along with a 200 nm Au
electrode, this ensures less than 1 Ω resistance across the wafer. For the CNT wafers
an anti-diffusion layer is needed as a support for the catalytic nickle layer, in order
to ensure some conductance of this layer a 200 nm layer of TiW is used, which leads
to approximately 80 Ω resistance across the wafer. As shown in table 7.1 TiW has
roughly 27 times higher resistivity than Au and 35 times that of Cu. This is quite
high and could be improved by utilizing a burred Au layer and making a collector
stack consisting of Ti/Au/TiW/N in thicknesses 20/200/100/7 nm. In order to
utilize such a structure, it would be needed to ensure that Au does not enter into
the growth chamber during the CNT growth. This examination of the potential for
contamination has not been investigated.

The catalyst is to be deposited on both sides of the wafer. Depositing on both
sides before growth, however, would lead to one layer degrading during the growth-
processes targeting the other side. In order to allow growth on both sides of the
wafer two growth-process are carried out. The procedure is illustrated in figure
7.3. Initially the catalyst Ni layer is deposited (step 1). The deposited layer is
7 nm thick, and is deposited via a shadow mask such that it is only deposited over
the membrane region. The CNTs are then grown through PECVD (step2). The
wafer is then turned over, and catalyst is deposited on the other side (step 3), after
which a final PECVD growth process is carried out. In order to not damage the
result of the first growth, during the second growth, the initial growth is carried
out on the recessed side of the wafer. In this way the CNTs will be protected from
mechanical damage during the second growth. In addition the second Ni-catalyst
layer is deposited only after the initial growth has been carried out. This is to
ensure it does not melt and redistribute during the first growth, which would result
in suboptimal growth results due to larger seed particles and uneven distribution.
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Material Conductivity [S/m] Resistance [Ωm]
Titanium 1.80 · 106 5.56 · 10−7

Titanium Tungsten 1.66 · 106 6 · 10−7

Copper 58 · 106 0.17 · 10−7

Gold 44 · 106 0.22 · 10−7

Table 7.1: Table of conductivities for relevant current collector materials.

(a) The Aixtron Black Magic PECVD CNT
growth system with the top open to allow
wafer loading. The top heater spiral is vis-
ible in the top, and a wafer is loaded on top
of the bottom electrode at the bottom.

Top
heater

Bottom 
heater

Gas inlet

Gas outlet

IR sensor

Plasma
Wafer

(b) Schematic illustration of the PECVD dur-
ing growth. Gas is let in from the top, flows
down pas the top heater, after which it is ion-
ized and forms a plasma over the wafer.

Figure 7.4: PECVD system used for growth of carbon nanotubes.

7.3 Method of Carbon Nanotubes Growth

The equipment employed to grow carbon nanotubes is a Aixtron Black Magic
Plasma Enhanced Chemical Vapor Deposition (PECVD) system shown in figure
7.4a. Chemical vapor deposition growth of CNTs is a process where a carbon con-
taining gas is cracked at high temperatures in order to form atomic carbon from the
gas. The used method employs Acetylene, C2H2.

The first step of the process is to purge ambient air from the chamber by going
to a low pressure. After this the temperature is slowly ramped up to the anneal
temperature of 600◦C with a constant flow of 160 sccm NH3. At this point a 80W
plasma is initiated and the temperature is held constant. During the annealing step
the thin 7 nm nickel sheet will condense into smaller particles which act as growth
catalysts for the CNTs. The ammonia plasma acts to reduce the surface, preventing
oxidation of the nickel particles. After annealing the temperature is ramped to
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Figure 7.5: Results of a NCNT growth process with a 2 min anneal at 600◦C, and 15min
growth at 850◦C. The resulting tubes are 6µm long.

Element C N O W Ni Ti F
Atomic % 81.6 7.0 5.0 4.1 0.9 0.8 0.5

Table 7.2: Element composition of nitrogen doped multi wall carbon nanotubes found
through XPS. The CNTs were grown on a TiW diffusion barrier using Ni catalysts.

850◦C, and a flow of Acetylene is initiated, while the plasma power is increased to
100W. The growth plasma is then maintained for a period depending on the desired
length of the resulting tubes. The result of a growth run for 15min can be seen in
figure 7.5. The CNTs are seen to be uniformly distributed with a low variation in
the achieved height, and very nicely aligned in the vertical direction.

The nitrogen doping of the CNTs is introduced via ammonia, NH3. The finished
CNTs have been examined using X-ray Photoelectron Spectroscopy (XPS), and the
atomic composition ratios are shown in table 7.2. Results show that the sample
contain trace amounts of both the TiW diffusion barrier and the remains of the
Ni catalyst particle. It is believed that the oxygen is due to oxidized metals. The
presence of fluorine indicates that there might be small amounts of PTFE, which
would mean that not all the carbon detected is bound in the CNTs, the amount is,
however, very small. Assuming that the carbon ratio is only due carbon bound in
CNTs, the atomic doping ratio of nitrogen is 8.6%. This is a large doping ratio,
however, alternate methods of NCNT formation have shown larger doping ratios,
with work on aerosol methods reporting atomic doping ratios of up to 20% [75].

An important aspect of the growth for use as catalyst support is the amount
of exposed surface area. Ideally the surface structure would be such that as much
surface area is created while keeping the density low enough to ensure ionic and
liquid contact throughout. The nanotube diameter, d, and areal density, n, will be
bound by the amount of catalyst deposited in in the initial seed layer. The seed layer
has a thickness t, and assuming volume conservation during the annealing phase,
the following relation must hold;
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4
3π

(
d

2

)3

n = t. (7.1)

This relation fits well with observed results which show that a 7 nm seed layer leads
to a d ≈ 100 nm, n ≈ 12µm−2, for which the relation leads to an estimated seed
layer thickness of 6.28 nm. From the relation the ratio between the tube surface
area, Asurf , and the geometric area, Ageom, after growth of CNTs with height h, can
be found to be given by

Asurf

Ageom
= π d hn = 6h t

d2 . (7.2)

It is seen that the achieved surface area depends critically on the relation between
the achieved diameter and seed layer thickness. This relation will depend on the
annealing conditions, as longer anneal times will lead to smaller particles joining
together, increasing diameter, while simultaneously decreasing density. The effect
of long anneal times is thus to decrease the ratio of area increase. The full relation
between these parameters and annealing conditions has not been studied as the
stability of the growth system was only achieved recently. Under the achieved stable
and reproducible conditions it was observed that a 3 nm seed layer led to d ≈ 40 nm
while a seed layer of 7 nm led to d ≈ 100 nm. These data support an assumption that
the catalyst particle diameter under similar annealing conditions depend linearly on
the seed layer thickness, d = c t, with proportionality factor c = 13.8. Taking this
assumption into equation 7.2, the result is

rA = Asurf

Ageom
= 6h 1

t

1
c2 (7.3)

n = 6
π

1
c2

1
t

(7.4)

Leading to the conclusion that decreasing the seed layer thickness increases the
surface area which allows incorporation of larger amounts of catalyst particles, how-
ever, it also increases the density which increases the resistance towards liquid flow
and ionomer integration. The parameters used for devices was 7 nm, with typical
growth height of 6µm, leading to an area increase ratio of rA = 27. This shows
the potential of the method as the optimal tradeoff between the two elements could
be found via simple variation in seed layer thickness. This study has, however, not
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been conducted as noted, due to the need to increase stability of the growth system,
which will be detailed in the following section.

7.3.1 Growth Process Temperature Control

Temperature control in the system is very important and has shown to greatly
influence the results of processing. The temperature is controlled via a resistive
plate heater underneath the substrate as well as a top heater as shown in figure
7.4b. During processing gas is feed through the shower-head at the top and heated,
it then enters into the plasma region after which it flows out through the bottom
of the chamber. This causes a temperature gradient to exist between the top and
bottom of the gas chamber.

Both heaters are controlled via individual PID control systems. The bottom
heater is controlled against a temperature measured via an IR reader located in the
top of the champers aimed at the wafer surface. The top heater is controlled against
a thermocouple attached to the heater plate. The PID controllers sets the power of
the heaters,P (t), based on three components related to the proportional, integral
and differential of the measured error term, ∆T , which is the difference between the
measured Tmeas temperature and the set-point Tset. The components are scaled with
the PID parameter settings KP , KI , KD.

∆T (t) = Tset (t)− Tmeas (t) (7.5)

P (t) = KP∆T (t) +KI

tˆ
tstart

∆T (t) dt+KD
∂

∂t
∆T (t) (7.6)

The effect of adding a PID controller to a system is to change its transfer function
in such a way that the output is consistent with the control effort exerted by the
PID with the output looped back to the controller. The Laplace transform of the
PID controller is given is given by:

PID (s) = KP
Td

s

(
s2 + 1

Td
s+ 1

TiTd

)
(7.7)

Lacking a full description of the system, its input response,T (s), is modeled as a
fast response with response rate rf , and a following slower decay with rate rs, which
can be used to find the transfer function,H (s), as:
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T (s) = c (exp (−t rf )− exp (−t rs)) (7.8)
H (s) = c

s2 + s (rs + rf ) + rsrf
(7.9)

Considering the product of these transfer functions T ×H, The PID parameters can
be chosen such that the latter part cancels out the system response leading to

Td = 1
rf + rs

≈ 1/rf (7.10)

Ti =
(

1
rf

+ 1
rs

)
≈ 1/rs (7.11)

T H = c
Td

s
KP (7.12)

With this result, the closed loop control function is given by

N = T H

1 + T H
(7.13)

N = 1
1 + c s/Td

(7.14)

The inverse Laplace transform of this isN (t) = exp (−t c/Td)KPTd/c, which means
that at these settings the fastest possible response is achieved, which is bound by
the systems own fast response time. The problem now is how to judge the actual
PID parameters from the actual system dynamics. An often used method of em-
pirical tuning of these PID parameters is the Ziegler-Nichols (ZN) method, which
determines the three parameters based on control settings and two experimentally
determined parameters, namely the ultimate gain, Ku, and the ultimate period, Tu.
Depending on the mode of operation desired the parameters calculated using the
scaling factors are given in table 7.3, which relate to the PID parameters through

KP = aPKu TI = aI/Tu TD = aDTu (7.15)

The reason for the multiple control type variants is that the classical PID ZN
parameters are optimized for aggressive disturbance rejection which can in instances
cause problems with the individual control problem.

For the CNT growth process, the primary concerns are stable temperature during
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Control Type aP aI aD

P 1/2 0 0
PI 1/2.2 1/1.2 0

Classic PID 0.6 1/2 1/8

Some Overshoot 0.33 1/2 1/3

No overshoot 0.2 1/2 1/3

Table 7.3: Table of Ziegler-Nichols PID Tuning parameter scaling factors

Figure 7.6: Images from the growth chamber during the growth phase of the process. 1)
Shows the growth plasma under long term stable conditions. 2-4 show the progression
of the plasma from an initially unstable turbulent plasma to initial arch formation and
resulting plasma shutdown.

holding periods, and a stable plasma throughout the process, as plasma instabilities
can cause arching which damages the device surface. Images of plasma arching cause
by turbulent plasma conditions is shown in figure 7.6.

Direct usage of the ZN parameter sets does not work due to the interaction
between plasma stability and heater power changes. Rapid changes in the heater
power has been seen to cause shape fluctuations in the plasma, which can lead to
arching and in cases completely plasma shutdown. Thus the PID control is tuned
based on the tradeoff between disturbance rejection and minimization of control
power fluctuations.

The heat transfer from the heater to the system may have an averaging effect such
that a rapidly varying heater can hold a stable temperature across this boundary.
There would, however, be no benefit to such a mode of operation as the control
would still not be able to operate faster than the characteristic frequency of this
averaging, therefore a slower mode of operation with the heater keeping a stable
power level is much preferred.

97



CHAPTER 7. INTEGRATED CARBON NANOTUBE SUPPORTED
CATALYST LAYERS

æ
æ
æ
æ
æ
æ
æ

æ
ææææ

ææ
æ
æ
æ
æ
ææææææææææ

æ
ææ
ææææææææææ

æ
ææ
ææææææææææ

æ
ææ
æ

æ

æ

æ

æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ

æ

æ

æ

æ

æ

æ

æ

æ
æ
æ

à
à
à
à
à
à
à
à
ààààààààààààààààààààà

àà
ààààààààààà

àà
ààààààààààà

àà
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
à
àà
ààààà

àààà
àààà

àààà
àààààà

ààààà
ààààààà

àààààà
ààààààààà

ààààààààààààà
àààààààààààààà

àààààààààààààààààààààààààà
ààààààààààààààààààààààààààààààààààààà

ààààààààààààààààààààààààààààààààààààààààà
àààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà

ààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà
à

à
à
à
à
à
à
à
à

æ Bottom Heater

à Top Heater

5 10 15 20 25 30

400

500

600

700

800

900

Time @minD

T
e
m

p
e
ra

tu
re

@C
°D

(a)

ææ
æææ
æææ
ææ
æææææææææææææææææ

æææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
ææææææ

ææææ
æææ
ææ
ææ
æææ
ææ
ææ
ææ
ææ
æ
æææ
æææ
æ
æææ
ææ
ææ
æææ
æææ
æææ
ææ
æææ
ææ
ææ
ææ
æ
æææ
æææææ
ææ
æ
æææ
æææ
ææ
ææ
æææ
æææ
æææ
ææææ
æ
æææææææ
æææ
ææææ
æææææææææ

ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
æ
æ
æ
æ
æ
ææ
æ
æ
æ
æ
ææ
æææææææææææææææææææææææææææææææææææææææææææ

ààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà
àà
àà
ààà
àà
ààà
ààà
à
àà
ààà
ààà
àààà
àà
ààà
àà
ààà
àà
àà
àà
ààà
àà
àà
ààà
àà
ààà
ààà
ààààà
àà
à
ààà
ààà
àà
ààà
àà
ààà
ààà
ààà
àà
àààààà
àà
àà
àà
ààà
àà
ààà
àà
ààà
àà
ààà
àà
ààà
àà
ààà
ààà
ààà
ààààààààààà

àààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà
à
à

à
à
à
à
à
à
à
à
à
à
à
à
à
ààà
àààààààààààààààààààààààààààààààààààààà

æ Bottom Heater

à Top Heater

5 10 15 20

400

500

600

700

800

900

Time @minD

T
e
m

p
e
ra

tu
re

@C
°D

(b)

Bottom Heater Power

5 10 15 20 25 30
0

10

20

30

40

50

60

70

Time @minD

P
o
w

e
r

R
a
ti

o
@%

D

(c)

Bottom Heater Power

Top Heater Power

5 10 15 20

0

10

20

30

40

Time @minD

P
o
w

e
r

R
a
ti

o
@%

D

(d)

Figure 7.7: Temperature profiles for the PECVD carbon nanotube growth process before
and after optimization of the process. Figure a) shows the temperatures using machine
auto PID settings, with c) showing the corresponding heater power. Figure b) shows the
temperatures using adjusted PID parameters using the ZN-method for a base estimate,
with d) showing the corrosponding heater powers for the top and bottom heaters.

The final control parameter determination method was settled upon the relative
parameters: αpP = 0.2, αI = 0.25, αD = 0.1, with the ultimate gain and time during
these experiments estimated to be Ku = 340, Tu = 0.65. Keeping the parameters
constant and estimating the change in the ultimate gain that might result from
heater wear might allow for a much improved performances moving forwards. The
result of using these optimized PID settings can be seen in figure 7.7. For both
sets of settings shown the variation in temperature during the growth varies less
than a degree, however, for the machine auto settings, the power oscillates continu-
ally throughout the growth, indicating poor rejection performance, and potentially
leading to unstable plasma.

7.4 Atomic Layer Deposition of Catalysts on Car-
bon Nanotubes

In order to make the NCNT catalytically active, catalyst particles are defined
through atomic layer deposition.

Atomic Layer Deposition (ALD) is a chemical vapor deposition technique that
uses precursor gasses that are self terminating to deposit single atomic layers of a
material. The terminating surface can then be removed through another precursor
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Figure 7.8: The ALD process cycle. 1) The pulse of the precursor A is injected. 2) The
precursor reacts with the surface. 3) The process self terminates as the surface sites all
become covered. 4) Excess precuros is purged. 5-8) The same process follows for precursor
B, which creates a new surface of reaction sites for precursor A, and the cycle continues
until the desired number of layers have been deposited. Adapted from [76].

reaction that recreates a surface structure that allows the continued growth. This
cycle is illustrated in figure 7.8. First a prepared surface is subjected to a precursor
which adsorbs on the surface in such a way that it terminates any potential ad-
sorption sites. On flat uniform substrates this process leads to the deposition of a
mono-atomic layer. The surface is then subjected to a second precursor which alters
the initial surface to allow for repeated depositions. These cycles are then repeated
until the desired thickness is achieved. For the catalyst defining processes consid-
ered in this project, the depositing precursors used were MeCpPtMe3 to deposit
Pt, and Ru (EtCp)2 to deposit Ru, and oxygen was used as the second precursor
during both these deposition routines. The ALD deposition process used in this
project was developed by Anne-Charlotte Johansson and is the covered in [77], as
well as the coauthored article [78]. The deposition processes have been carried out by
Anne-Charlotte Johansson and Kenneth Haugshøj. In order to study the particles,
after CNT growth and ALD deposition, the CNTS where cleaved from the wafer
and turned into a conventional catalyst coating which was spayed on glassy carbon
electrodes and investigated in a three electrode setup. This process was carried out
by Anne-Charlotte Johansson at The Danish Technological Institute.

Two separate particle types have been studied for incorporation into the fuel
cells, co-grown Pt/Ru, and Ru shelled Pt. The co-grown particles were created by
first growing, NPt, cycles of Pt and then growing, NRu, cycles of Ru, this is repeated
until a total cycle number of approximately 150 is reached. As the particles grow
the hypothesis is that these layers will partly form a PtRu alloy rather than simply
forming discrete layers. For the Ru shell Pt particles, first 150 cycles of Pt is grown,
after which an over-layer of NRu is grown. Here the working hypothesis is that
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Figure 7.9: Particle diameters found through XRD for growths of different Pt/Ru co-grown
catalyst particles ratios of platinum sub-cycle length vs. ruthenium sub-cycle length. The
dashed line indicates a best fit of the diameter linear model estimating the diameter growth
to 5.3 nm at 150 cycles Pt, and 1.53nm at 150 cycles Ru. XRD data for pure ruthenium
particles was not available. Data from [78].

the final layer will form such that the platinum surface is still accessible, with a
high surface concentration of Ru available. In the Ru shelled particles the average
particle diameter after growth is 5.4 nm, while in the co-grown particles the average
particle size depends on the relative ratio of platinum to ruthenium cycles. Figure
7.9 shows the average particle diameters found through XRD for 6 growths with
sub-cycles of Pt/Ru of: 4/16, 4/8, 4/4, 8/4, 16/4,150/0. Assuming that each layer
deposits perfectly uniformly with a constant thickness per cycle for each material,
then the diameter should be given by T = aNPt + bNRu. The result of fitting this
linear model is also shown in the figure and the result is an estimated thickness of
5.3 nm at 150 cycles Pt and 1.53 nm at 150 cycles Ru. The curve is seen to be a
poor estimation of the exact points, and it is speculated that the number of similar
cycles in repetition also plays a part in the final composition leading to a nonlinear
relation of the particle diameters. For the three growths with PtRu 8/4, 4/4, 4/8
(33%, 50%, 66%), a perfectly linear relation is seen in the particle diameter showing
ratios of 4.1 nm at 150 cycles Pt and 2.3 nm at 150 cycles Ru. It could on the basis
of this be speculated that between 8 and 16 cycles of the same material the metal
layer will start to form a film, while for fewer cycle repeats the result is a more
uniform alloying of the metals. But this speculation rests is based only on linear
relation between three points, and is therefore highly speculative. The results of the
deposition can be seen in figure 7.10.

The deposition mass is found through measurements on a micro-scale of the
total wafer mass prior to and after ALD deposition. Averaging the depositions
on 3 separate wafers, the mass gain of 150 cycles Pt on both sides was found to
be 9.73mg ± 0.28mg. Assuming this loading was uniformly deposited across the
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Figure 7.10: TEM image showing two n-doped carbon nanotubes with respectively 100
and 150 cycles of Pt deposited leading to an average particle diameters of 3.2 nm and 6 nm.

geometric area of both sides of the wafer, this would correspond to the very low
loading of 62µg/cm2.

The resulting particles deposited on NCNTs have been investigated using chronoam-
perometry. The curves are shown in figure 7.11 on a logarithmic time-scale which
highlights the transition between a early and late decay in the dynamics. The data
is well described, however, with the bi-exponential decay model with the second
exponential modified to develop in the square of time. This exponential solves the
diffusion limited decay function, ∂tf (t) = 1

ld
f (t), where the species is transported

across a diffusion barrier of length ld ∝
√
t. This contribution is therefore expected to

be related to the surface concentration of methanol, while the faster linear exponen-
tial is assumed to be associated with the rapid surface adsorption which happens
initially as the carbon monoxide surface adsorption coverage develops an equilib-
rium. In addition a constant offset, Id, is added to account for transient effects in
the concentration diffusion layer. Denoting the linear and diffusion limited decay
time tl and the diffusion limited decay time td, and expressing the total current,
I, as contributions from the linear Il decay and the diffusion limited decay Id the
expression is

I = Il exp (−t/tl) + Id exp
(
−
√
t/tD

)
+ Id (7.16)

The results of fitting this equation to the measured decays can be seen in figure
7.11. In general the model is well fitting with lowest coefficient of determination
being R2 = 0.998. The residuals, however, show signs of period variations indicating
that the behavior is not fully described by this model and that more detail might
be needed to fully explain the system. Fits of the model are shown in figure 7.11.
Figure 7.12 shows the decay current prefactors for the linear and diffusion limited
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Figure 7.11: Chronometric measurements carried out on two types of catalytic particles
grown on NCNTs. Currents are normalized with the electrochemically active surface area
(ECSA). Solid lines indicate a fit using equation 7.16.

decays, Il and Id respectively. These are extracted through fitting this model to
the measurements obtained on catalyst particles using the two evaluated growth
methods. The results clearly show the trade-offs in the alloying of Pt/Ru and has
a optimum near low Ru content for both methods. The superior method is the Ru
shelled growth, which reaches its optimum after only two cycles of ALD growth.

7.5 Nafion Integration in CNT Based Devices

Figure 7.13 shows a cross sectional SEM images of a 20µm plate device prior to
membrane integration. Very uniform NCNT growth is observed, with no degradation
in the lower CNT layer observed during the growth of the upper layer.

Prior to annealing the filling process creates a nice uniform surface coverage of
Nafion which conforms to the underlying geometry of the CNT covered collector
electrodes as shown in figure 7.14. From the cross-section it can be seen that the
NCNT likely trap gasses under the depositing layer, these trapped gasses are, how-
ever, released during annealing phase as can be seen in figure 7.15. The final result
looks promising as a method of increasing the three phase boundary.

Sadly the final cells experienced short circuits. The exact cause of the short
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Figure 7.12: Contributions to the decay curves from early and late decay modes

circuits is unknown, though likely candidates are the laser dicing, which has pro-
duced non-shorted devices previously, however, the exact process parameters might
have changed, as the machine is still under the process of being introduced to gen-
eral usage in Danchip. Changes in focus parameters as well as intensity could have
lead to a larger and more violent redeposition which could cause shorts around the
passivisation at the edges. For the thinner cells another likely cause is parasitic
carbon growth during the CNT growth procedure, however, the shorts have also
been observed in gold plated non-CNT devices.

7.6 Performance Characterization

The performance of the a single successfully fabricated fuel cell with ALD-CNT
based catalyst layer has been tested, and is shown in figure 7.16. This device per-
forms poorly, notably having an extremely high effective resistance of 2.6 kΩ. Several
factors can contribute to this, it is, however, believed that the primary limitation
was the very poor quality of CNTs of the studied device, as it was fabricated prior
to the optimization of the growth system outline in section 7.3.1. The result does
however serve as a proof of concept for the device design and underlines potential
for better performing devices through integrated catalyst layers.

7.7 Summary

The chapter described the development of a micro fuel cell design which incorporates
a micro and nano-structured catalyst layer through growth of carbon nanotubes
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Figure 7.14: Nafion covered ALD-coated NCNTs. The film is seen to have deposited
almost uniformly over the CNTs and into the perforations. The cross-section shows that
the CNTS have trapped gas under the Nafion film prior to annealing.

Figure 7.15: Nafion covered ALD-coated NCNTs after annealing. The tubes are seen to
cluster together, forming a very open large surface area structure. The large indentations
correspond to the perforations through the plate. The shown surface is the flat side of the
device which was oriented upwards during the ionomer integration.
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Figure 7.16: IV and power curves for a ALD-CNT device. The device has a hole diameter of
20µmand lattice spacing 50m, leading to a perforation ratio of 15%.The current densities
are very low, leading to a peak power density of just 35µW/cm2. The effective internal
resistance is found to be 2.6 kΩ.

directly on the collector electrode. Through optimization of the growth equipment
a reliable growth procedure was developed, which allowed for highly directional and
uniform growth of high quality n-doped carbon nanotubes.

The in situ growth of catalytic particles by use of atomic layer deposition was
studied, with focus on two separate catalyst particle structures, and it was found
that platinum particles with just two monolayers of ruthenium deposited showed
the optimal performance with respect to the methanol oxidation reaction.

Owing to fabrication short comings, the fabricated devices were not operational
due to electrical short circuits. A single working device was, however, characterized
and provides a proof of concept of the device design, the resulting performance
was, however, quite low. It is expected that the design will allow much greater
performance with the short circuit problem solved and the much higher quality of
the CNT catalyst layer possible with the optimized growth procedure.
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8
Conclusion

The objective of this project was to create miniature fuel cell systems by utilization
of micro fabrication techniques. In this regard, several systems were developed
and evaluated towards the goals of powering hearing aids, which sets much tighter
restrictions on the dimensionality than has been shown by other silicon based micro
fuel cell systems reported in literature.

Several different approaches to monolithic silicon based fuel cell systems were
fabricated. The achieved best performances for the studied designs can be seen
summarized in table 8.1. The best performing device proved to be a micro perforated
plate with an integrated Nafion membrane with a perforation of 40% showing a peak
power density of 4.5mW/cm2. This device design was realized via KOH etching and
DRIE perforation. Initial results showed a large variation in the ionomer integration
results, and a process that allowed higher reproducibility was developed. Medium
peak power densities per active area were found for devices, which show a tendency
of increasing performance for higher perforation.

In order to study the potential for structures with a perforation ratio, porous
silicon was studied, which allow higher ionomer filling ration while still allowing
surface engineering. In order to cheaply fabricate porous silicon the method of metal
assisted chemical etching was implemented. From this technique porous silicon based
fuel cells were developed that showed a peak power density of up to 1.6mW/cm2 for
use as methanol fuel cells. The process of filling these devices, however, remained
highly irreproducible.

Porous silicon cells were also evaluated as a novel hydrogen cell operating with
a liquid electrolyte membrane. These devices showed a peak power density of
1.34mW/cm2. The operation was, however, highly dependent on the exact hy-
dration conditions and showed large time dependencies in time scales in the order
of 30min. Thus while interesting the design should be studied further before con-
clusions on the viability of the design can be made.
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CHAPTER 8. CONCLUSION

# Design OCV
[mW]

Umax
[mW]

Imax
[mA/cm2]

Pmax
[mW/cm2]

Parameters

A Perforated
plate, Spray
deposited
Catalyst

300 150 30 4.52 Perforation 40%

B Porous silicon,
Spray deposited

Catalyst

480 180 8.5 1.6 Internal Volume rate ≈ 50%

C Liquid
electrolyte,
Integrated
Catalyst

400 154 8.5 1.34 Hydrogen Fueled

D* Perforated
plate, Integrated

Catalyst

310 150 0.25 0.035 Perforation 15%

Table 8.1: Studied designs and best achieved performances. *The studied device had
particularly low quality CNTs.

Finally based on the desire to improve electrical contact and allow nano- scale
design was created which was based on CNTs grown directly on the current col-
lecting electrode. The CNTs were then used as support structures for atomic layer
deposition based Pt and PtRu catalyst particles. Two types of catalyst particle
structures were evaluated, and the superior was found to be platinum particles with
very thin shell layers of ruthenium. The optimal performance was found at just two
ALD cycles of deposition. The fully integrated cells have not been fully character-
ized due to fabrication shortcomings, however, a single cell was characterized and
showed a low performance of 35µW/cm2which serves as a proof of concept for the
fabrication but is far below the expected performance. The performance for this
particular device is expected to be limited both by a poor quality CNT layer and
potentially electrical short circuits between the electrodes, and as such is not an
estimator for the full performance potential in this design. Which will hopefully be
investigated in the future.

8.1 Outlook

The work has highlighted the feasibility of using integrated ionomer membranes in
a bipolar plate design to avoid the need for multiple layers and large compressive
forces. This new type of design shows promise as a method of decreasing system
sizes for silicon based micro direct methanol fuel cells. One of the values of a filly
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8.1. OUTLOOK

monolithic fuel cell design is the potential for additional integrated components.
Future work on the design could for instance work in integrating thermistors directly
under the current collector electrode to carry out in-situ temperature measurements
during operation. In addition, assuming power management electronics could be
scaled to fit in the outlying frame of the device, such integrated electronics could
also be integrated into the device.

Through the work with porous silicon as a candidate for the ionomer support
material, a novel monolithic liquid electrolyte cell was developed, which operated on
gas fuel. This type of cell might be useful as a electrochemical sensor as the porous
silicon structure and ALD catalyst components allow for very simple fabrication.
For such devices to be feasible a detailed in investigation of the liquid gas interface
stability should be pursued to ensure that the liquid electrolyte interface can be
made stable over much longer times. Another interesting potential for these cells
is usage as a device for electrochemical analysis of liquid samples, which would not
require very long term stability of the liquid gas interface, but would still require a
well controlled interface.

Through the combination of CNT growth and ALD deposition, the work lead to
the realization of a catalyst support layer that is fully integrated into the current
collector electrodes. This type of integration opens the potential for the integration
of reference micro electrodes directly onto the surface of the devices, which will be
able to carry out in-situ electrochemical spectroscopy both as performance evalua-
tion testing, but also capable of providing live feedback during operation. This type
of integration will provide a much richer insight into the influences of operating con-
ditions. For instance by integrating both a reference electrode in plate region and
further away on the frame region, the amount of cross-over could be determined con-
tinually. In addition this would allow a much greater distinction between separate
contributions to the effective internal resistance and therefore allow an accelerated
design optimization in future cells.
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KOH-etched Frame

Jackie Vincent Larsen, DTU Nanotech/prototyping

September 30, 2013

1 Frame-etch

1. Collect ten double polished ‖100‖ n-type
wafers, tW = 350µm.

2. Deposit LPCVD nitride (Furnace LPCVD ni-
tride)

(a) Recipe LOWSTR

(b) Target is 70 nm

(c) Deposition rate 4.6-4.8 nm/min =¿ 15
min.

3. Frame Photolitography

(a) HMDS treatment. (HMDS oven) stan-
dard recipe 4.

(b) Spin on 1.5 µm photoresist on the wafer.
Using SSE spinner.

4. Lithographic patterning of the resist with Pil-
lar front side mask.

• First exposure with the mask t = 3 s. (6”-
aligner)

• Developer 70s

5. Frame Etch Mask opening. Etch Nitride
(RIE1)

(a) Recipe BGE-NITR

(b) Etch rate 30 nm/min

(c) Etch 3.5 min.

(d) Use aluminum carrier and edge protection
ring

6. Strip resist (rough/fine strip bench)

7. KOH etch wafers in KOH3 bench.

• 0.4 µm/min (60C◦) 0.7 µm/min (70C◦)
1.3 µm/min (80C◦)

Wafers should be taken out at regular inter-
vals to obtain different wafer thicknesses. Use
wafer thickness measuring station for rough
test, use DEKTAK for fine test. Precise thick-
ness control is not necessary as long as the
thickness is known.

8. Strip remaining Nitride in hot phosphoric
acid

(a) Etch rate is ≈ 50 Å/min, with very low
over-etching, so 30 min is appropriate.

(b) 7-up clean wafers.

9. Plate Etch Mask/Stop Layer Definition

(a) RCA clean the wafers
(b) Deposit the maximum single run thick-

ness of TEOS, 3 hours, ≈ 2 µm.

10. Front side: Lithographic patterning of the re-
sist with (Etch-through) mask, positive pro-
cess. 1.5 µm resist.

(a) HMDS treatement (HMDS oven)
(b) Spin on 1.5µm photoresist on the wafer.

Use manual spinner with wafer free
chuck.

(c) Exposure with the mask t = 4 s (6”-
aligner Back side alignment).

(d) Developer 70 s

11. Oxide Mask Opening Etch (AOE)

(a) Using m-res-new (Make sure it’s the one
under Danchip subfolder, there are mul-
tiple recipes with this name in other sub-
folders which are no identical!)
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C
Black Magic Carbon Nanotube Growth Recipe

1 COMM N2 , N2 , C2H2 , NH3
2 VALV 1 OPEN
3 TUNE PCON Fully open
4 PCON ON 1 1
5 WAIT PRES < 0.10
6 FLOW 4 ON 160
7 FLOW 1 ON 100
8 SENS IR 500
9 TUNE HTIR warmup 510C

10 HEAT ON 800 .0 300 .0
11 WAIT TEMP > 510.0
12 TUNE HTIR 600C− 750C INT
13 TUNE TOPH top heat 750 INT
14 HEAT ON 600 .0 300 .0
15 TOPH ON 400 .0 0 .0
16 WAIT TEMP > 595.0
17 TUNE PLAS 80W dc drive
18 PLAS ON 800
19 WAIT TIME > 10
20 TUNE PCON pecvd at 6mbar
21 PCON ON 6 .0 1 .0
22 VALV 1 CLOSE
23 WAIT TIME > 120
24 FLOW 3 ON 40
25 HEAT ON 610 .0 0 .0
26 WAIT TIME > 3
27 HEAT ON 850 .0 150 .0
28 TOPH ON 750 .0 150 .0
29 WAIT TIME > 60 TUNE
30 PLAS 100W dc
31 WAIT TIME > 900
32 FLOW 3 OFF
33 FLOW 4 OFF
34 PLAS OFF
35 HEAT OFF
36 TOPH OFF
37 VALV 1 OPEN
38 PCON OFF SENS TC 650
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APPENDIX C. BLACK MAGIC CARBON NANOTUBE GROWTH RECIPE

39 FLOW 1 OFF
40 WAIT PRES < 0.20
41 FLOW 1 ON 1000
42 FLOW 2 ON 2000
43 WAIT TEMP < 600.0
44 FLOW 2 ON 8000
45 WAIT TEMP < 400.0
46 FLOW 2 OFF
47 FLOW 1 OFF
48 WAIT PRES < 0.50

The PID parameters of the Tune settings are

• HTIR warmup 510C: P:10 I:30 D:10 limit: 40%

This tuning has not been the target of any optimization as it only controls the initial
machine warmup.

• HTIR 600C- 750C INT: P:69 I:26 D:4 limit: 40%

This corrosponds to an ultimate gain of Ku = 340 and an ultimate period of Tu =
0.65, with pid tuning coefficients αP = 1/5, αI = 1/4αD = 1/10.

• TOPH top heat 750 INT: P:156 I:15 D:2 limit 40%

These settings are not chosen to be optimal with respect to ultimate gain and period,
but are less important as the bottom heater also warms up the top region, leading
to very little active control of the top heater. This is a favorable situation as it
prevents loops from forming between top and bottom heater.
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Abstract: This paper reports the design, fabrication, and IV-characteristics of pump-free micro direct methanol 

fuel cells, based on silicon technology. The fuel cell design features a rigid silicon support with micropores 

containing the proton conducting ionomer Nafion®. This design intends to limit the effects of methanol cross-over 

by constraining the hydrophilic conducting channels of the ionomer. The IV characteristics of the cells are 

evaluated and the device is shown to be able to deliver 4 mW/cm
2
 using ambient air and 3M methanol at room 

temperature. The performance limiting characteristics are investigated and indicate that large cavity defects in the 

ionomer membranes are formed during fabrication.  

 

 

Keywords: Fuel Cell, DMFC, Methanol, Crossover 

 

 

INTRODUCTION 
In many small scale low power devices 

rechargeable battery technology cannot meet the power 

requirements without breaking the size constraints of 

the system. This is, for example, the case in most 

modern hearing aids. Today, such devices are often 

powered by non-rechargeable zinc-air batteries. A 

potential alternative to these batteries are micro fuel 

cells, which can be refuelled in seconds. For such 

systems pump-free (i.e. passive) operation is desirable 

due to size constraints which do not allow for active 

components such as pumps and heaters, without 

lowering the achievable total device power density 

significantly. 

 

Our candidate for such a micro fuel cell is the 

direct methanol fuel cell (DMFC)[1]. The performance 

of  DMFC’s however, are limited by the direct 

permeation (crossover) of fuel through the proton 

exchange membranes (PEM) [2], which greatly limits 

the efficiency, and maximum power output.  DMFC’s 

lifetimes can also be limited by the mechanical 

stability of the cell membrane. The PEM expands 

when hydrated which can delaminate the catalyst 

layers. Therefore improving mechanical stability 

should enhance the total device lifetime. 

 

Methanol crossover 

Fuel crossover in DMFCs is the main limiting 

factor in performance. One effect of this crossover is a 

loss of useful fuel, which reduces the overall 

efficiency. The other performance limiting effect is 

oxidation of methanol on the cathode which greatly 

increases the polarization loss of the cell. For typical 

cells this loss can lead to more than a 50% reduction in 

open circuit potential (OCV), where the crossover is 

mainly due to diffusion. At positive currents, the 

concentration of methanol at the anode electrode, and 

thus the diffusion flux, will decrease. However, for 

increasing currents convection through the membrane 

will increase and becomes a relevant factor in the 

crossover.  

Nafion® is a solid ionomer, consisting of 

fluorinated hydrocarbon backbone, with sulfonic acid 

groups. This structure leads to formation of 

hydrophilic and hydrophobic regions in the solid 

polymer. Due to the high acidity of the acid groups the 

hydrophilic regions become highly proton conductive. 

Methanol is miscible in water and can therefore diffuse 

through the liquid phase of the hydrophilic regions. 

Reducing water content will therefore reduce proton 

conductivity[4].    

 

FABRICATION AND CHARACTERISATION 
Our fuel cell design is intended to investigate the 

effects of crossover. It constrains both the proton and 

liquid flow channels by employing a porous silicon 

membrane as support for the proton conducting 

ionomer membrane. This allows for a detailed study of 

the influence of the hole-sizes and spacing on proton 

conductivity. 

 

 
Fig. 1: Schematic illustration of the fuel cell. Aspect 

ratios are not to scale. 

 

The porous silicon membrane is fabricated using 

conventional cleanroom silicon fabrication techniques. 

There are three defining etch steps, two openings and 

one hole etch. All three etch steps are carried out using 

deep reactive ion etching. Initially the holes are etched 

through the entire 350 μm thick wafer. After the holes 



 

have been defined a large opening is etched in both 

sides of the wafer, defining a 100 μm thick membrane 

with a 350 μm thick border as illustrated in Figure 1. 

The membrane contains a triangular lattice of holes 

with diameters ranging from 2 μm to 100 μm. The use 

of this technique also allows structures to be defined 

on the membrane, such as pillars which could improve 

the electrical contact of the catalyst layer. A scanning 

electron microscope (SEM) image of such a structure 

can be seen in Figure 2. 

 

After definition of the membrane structure, a 

thermal oxide is grown to insulate the two sides of the 

membrane from each other. Then a 200 nm layer of 

gold is deposited on both sides to act as current 

collectors. Sputter deposition is used to ensure 

coverage of the frame sidewalls which connect the 

collector with the surface of the frames. The device is 

briefly etched with aqua regia to remove any gold 

contacts between the current collectors. A SEM image 

of the resulting membrane can be seen in Figure 3. The 

final device measures 10 mm x 7.5 mm with a 1 mm 

frame, such that the total active area is 8 mm x 5.5 mm 

(0.44 cm
2
).   

 
Fig. 2: SEM image of a cross-sectional fracture of a 

membrane with pillars (A) defined around the pores 

(B). The characteristic scallops of the Bosch process 

are visible on the pillars. 

 

 
Fig. 3.  SEM image showing a cross-section of the 

membrane prior to Nafion® treatment. The holes are 

approximately 20 μm in diameter (d) with 30 μm 

spacing(a) 

 

Nafion® is soluted in a water and isopropylalcohol 

(IPA), mixture, and inserted into the membrane pores 

using capillary forces. The water and IPA is then 

slowly evaporated casting solid Nafion® in the pores. 

After the membrane has been fabricated, the two 

catalysts layers are applied. Figure 4 shows a cross-

sectional SEM image of the anode catalyst layer. The 

layer is a spray coated porous layer of Nafion® and 

PtRu on carbon black (80 wt.% catalyst loading on 

Vulcan-XC72) on the anode side, and Nafion® and Pt 

on carbon black on the cathode side. The loadings are 

approximately 4 mg/cm
2
 on the anode and 2 mg/cm

2
 

on the cathode side. 

 

 
Fig. 4: SEM image of a membrane cross-section after 

catalyst layer deposition. The catalytic layer is a spray 

coated 10 μm thick porous PtRu/cabon black/ionomer 

mixture. 

 

Device performance 

The IV-characteristics three fuel cells (A, B and C) 

are shown in figure 5. The testing was conducted with 

3M methanol on the anode side, ambient air on the 

cathode and room temperature and pressure conditions, 

and with a current scan rate of 0.3 mA/s. All three fuel 

cells have 20 μm diameter hole sizes, but different 

lattice spacings. The results are tabulated in table 1. 

For fuel cells A and B the peak power density (Pmax) 

is in the 4 mW/cm
2
 range, with OCVs of 500-600 mV. 

Fuel cell C has much lower OCV of only 160mV and a 

peak power of 0.42 mW/cm
2
. For fuel cell A and B the 

OCV is still well under the theoretical standard 

potential of 1.2V which indicates that as with typical 

DMFCs crossover loss is very large. For fuel cell A 

and B, the difference in lattice spacing leads to a 

difference in the pore area of 6.84 mm
2
 for A and 4.36 

mm
2
 for B. Though A has the highest power output, B 

has the highest power output per active area. The IV-

characteristics for these two devices are very similar, 

with almost identical ohmic regions, which suggests 

that the main difference in performance is caused by 

slight differences in the membrane quality, and not by 

the difference in pore area. 

 A 

 

B 

 d 

a 



 

Table 1: Device performance parameters. All 

devices have 20 μm holes 

 Lattice 

spacing 

OCV 

[mV] 

Pmax 

[mW/cm
2
] 

Hole 

Area [mm
2
] 

A 40 636.68 4.63 6.84 

B 50 500.25 3.69 4.36 

C 50 159.61 0.42 4.36 

 

We belive that the  OCV and a low maximum 

power density of fuel cell C, is caused by increased 

fuel crossover, and lack of proton conducting 

pathways through the membrane, as the pores in its 

membrane contained cavities not filled with Nafion®, 

similar to the case shown in Figure 6.  These cavities 

are currently believed to be the essential limiting factor 

in the device performance. When hydrated such 

cavities are filled with water and add significantly to 

the diffusion flow of methanol, but insignificantly to 

the proton conductivity. Through proper control the 

process it is possible to create membranes without 

these defects, such as the one shown in Figure 7. At  

the time of writing we are  making a detailed study of 

the membrane formation but have none available for 

electric testing.  

 

 
Fig. 5: Current-Voltage characteristics of three 

different devices, with two different membrane design 

specifications. Dashed curves are power curves (right 

axis). Full lines are potential curves (left axis). Data 

points are to closely spaced to be distinguishable. 

 

 
Fig. 6: SEM image of a cross-sectional fracture of a 

silicon membrane (a) after ionomer treatment. Cavities 

are visible in the center of the membrane filed pores 

(b). 

 

 
 

Fig. 7: SEM image of a cross-sectional fracture of a 

membrane after ionomer treatment. The fracture line 

is not perpendicular to the surface, and therefore 

exposes two ionomer filled columns. 

 

 

DISCUSSION 
Ionomer membrane creation has proven to be a 

critical point of the fabrication, and improved control 

of the structure of the finished membrane is currently 

being investigated. Methods of futher improving the 

membrane post insertion have yet to be considered, 

though for classical membranes both heat treatments as 

well as potential ramping methods have been reported 

to improve the proton conductivity. 

Using silicon to reduce the active membrane area 

should, (1), reduce the ionic conductivity and, (2), fuel 

crossover of themembrane by the same fraction and, 

(3), slightly reduce electrode performance due to 

increased distances between reaction sites and the 

membrane. 

IV-characteristics have shown that even though the 

active membrane area is 8-10 times lower than the 

total membrane area, the performance of the devices 

are comparable to all-Nafion® membranes. This 

suggests that it is not the ionic conductivity of the 

membrean, but rather the electrode performance and 

the fuel crossover that limits the fuel cell performance. 

Further testing will show if variations of the geometry 

can optimize the tradeoff between proton conductivity 

and crossover to the specific device needs. Reliability 

testing is still needed to determine if the membrane is 

capable of providing mechanical stability to reduce 

delamination problems in the catalyst layers.  

A 

B 

C 

A 

B 

C 

A 

B 

a 
b 
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CONCLUSION 
This work has resulted in small working direct 

methanol fuel cells, capable of operation within the 

power range of very low-power small scale portable 

systems. The full consequences of the design choices 

have yet to be characterized, especially regarding 

methanol crossover. The qualitative effects of 

membrane quality on performance have indicated that 

membrane formation is a critical point in the device 

fabrication and requires further optimization. Two fuel 

cells were capable of operation with peak powers of 4 

mW/cm
2
, which is in the lower range of power 

requirements for small size portable electronics such as 

hearing aids or other medical devices. This shows 

promise that future improvements will increase the 

power into the range where batteries in such devices 

can be replaced with micro fuel cells. 
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ABSTRACT 

This work deals with the investigation and fabrication 
of Micro Direct Methanol Fuel Cells (µDMFC). They are 
investigated as a possible alternative for zinc-air batteries 
in small size consumer devices such as hearing aids. In 
such devices the conventional rechargeable batteries such 
as lithium-ion batteries have insufficiently low energy 
density in the range 240 Wh/L to 300 Wh/L. Methanol is 
a promising fuel for such devices due to the high energy 
density, with pure methanol having an energy density of 
4400 Wh/L. Using a liquid fuel also allows refueling, 
which can be achieved much faster than battery 
recharging. These features make µDMFC a suitable 
replacement energy source for small scale devices. 
Presented are two devices that delivered a peak 
performance of 1.77 mW/cm2 and 2.5 mW/cm2 while 
having drastically different perforated areas; 0.9% and 
40% respectively. 
 
KEYWORDS 

Electro Chemical Power Generation, Micro Direct 
Methanol Fuel Cells, Integrated Ionomer Membrane 
 
INTRODUCTION 

Presented is a µDMFC based on Micro Electro-
Mechanical Systems (MEMS) silicon technology. In 
contrast to typical stack based silicon devices [1], this 
development focuses on an integrated ionomer membrane 
in a bipolar plate configuration. Where traditional bipolar 
plate silicon designs include the ionomer membrane by 
clamping silicon electrodes around a precast membrane, 
this design casts the membrane directly into the silicon 
support structure.  

Previously others [2] have shown integrated 
membranes used with in-plane flow devices. These 
devices rely on a pumping system and are therefore not 
inherently scalable to the desired scales, but they are very 
interesting devices for studying the dynamics of fuel cell 
systems on small scale devices.  

The ionomer used in this work is NafionR, a proton 
conducting sulfonated tetraflouroethylene based 
fluoropolymer-copolymer. This polymer is cast from a 
resin solution into a defined silicon structure, which is 
intended to improve mechanical stability, and lead to a 
reduction in permeation through geometrically restricting 
the membrane area. This lower permeability comes at the 
cost of lower conductivity, and therefore the potential 
inherent in the tradeoff is studied through variation in the 
geometry of the perforation.  

The chips include mechanical support frames to 
increase mechanical stability of the finished support 
frames. These frames are visible on the anode side of the 

chip as shown in figure 1. As the NafionR swells 
significantly during water uptake [3], it is expected that 
the mechanical fixation will help reduce the swelling 
while increasing the stress in the membrane.  

 

 
Figure 1: 3D schematic illustration of chip prior to 
ionomer integration and catalyst deposition. Holes are 
shown in larger scale to be visible.  

 
FABRICATION 

The support frame and plates are defined through 
KOH etching, after which the perforation is carried out by 
dry-etching a triangular lattice of holes using Deep 
Reactive Ion Etching (DRIE). A schematic of the device  
cross-section  is shown in figure 2. The lattice structure of 
two chip geometries can be seen in figure 3. The silicon 
structure is then wet oxidized to define a 1 µm thick oxide 
to provide electrical insulation. The collector-electrodes 
are then defined by e-beam evaporation deposition of 10 
nm Ti adhesion layer and 200 nm Au.  

 

 
Figure 2: Schematic view of device cross section, showing 
two perforated plates and the supporting frame structure. 
Elements are not shown to scale. 

 
Figure 3: Illustration of a top-down view of the lattice 
showing the large difference in perforated area between 
two geometries. To the left is shown 10 µm holes with 100 
µm lattice spacing (0.9% perforation) and right is 20 µm 
holes with 30 µm spacing (40%). d indicates hole 
diameter and a indicates lattice constant. 



 
The ionomer membrane is then cast into the finished 

support structures. During the fabrication different 
methods of casting the ionomer into the silicon structure 
were evaluated. The solvent occupies up to 80% of the 
volume of the original ionomer liquid solution, and the 
challenge is to allow evaporation without formation of 
voids in the structure. The most successful method was 
found to be an immersion drying method with a post 
baking step. The support structures are immersed in 
ionomer solution along with a 2 mm topping layer of 
isopropyl alcohol, in a polydimethylsiloxane (PDMS) 
gasket seen in figure 4. The topping layer slows the initial 
evaporation and facilitates the removal of dissolved gas 
and surface bubbles from the solvent through evacuation. 
The liquid is then removed through drying under 
evacuated conditions at a pressure of ~300 mbar. After 
drying the devices are baked at 150°C for 20 min.  

 

 
Figure 4:  Illustration of the geometry employed during 
casting of the membrane.   

 
The results of this integration method can be seen in 

the cross-section SEM image shown in figure 5, which 
shows SEM image of a chip cross-section after ionomer 
casting but prior to catalyst deposition. It can be seen that 
the polymer fills the plate perforation. The strands can 
also be seen to be longer than the holes. This is due to the 
stretching incurred during the chip fracture. The surface is 
covered in an approximately 1 µm thick layer of NafionR, 
which potentially limits the contact between the catalyst 
layer and buried collector electrode. 
 

 
Figure 5: SEM image of a chip cross section, showing the 
ionomer filled perforated silicon plate. The lattice spacing 
is 100 µm and the holes are 20 µm. The image is shown 
in false color, where the grayscale SEM image has had 
silicon regions tinted blue and ionomer regions tinted 
yellow 
 
 

The catalyst layers are spray coated mixtures of Pt for 
the cathode and PtRu for the anode, both on carbon black 
in a NafionR containing alcohol solution. The catalyst 
loadings are 2 mg/cm2 for the anode and 4 mg/cm2 for the 

cathode. The silicon support is heated to 80°C during the 
spray deposition to aid solvent evaporation. Figure 6 
shows both sides of the chip after catalyst deposition. 

 

 
Figure 6:  Image of the device after catalyst deposition, 
without reservoir next to an A76 Battery for scale 
comparison. 

 
CHARACTERISATION 

The devices are operated under pump-free passive 
conditions. The finished membrane electrode assembly is 
7.5 mm x 10 mm x 350 µm with the membrane 
supporting plate having a thickness of 100 µm. If 
considered including a 200 µL fuel reservoir the total 
device volume would be approximately 0.5 cm3.  When 
specifying current density the area used for normalization 
is the chip surface minus the 1 mm edges leading to a 0.44 
mm2 surface area.  

The performance of the devices were tested through 
IV characterization, by sweeping the current and 
measuring potential, using 3 molar methanol in water as 
fuel at the cathode, and using air at ambient conditions as 
oxidizer. Scan rates were chosen to provide stable curves 
with low hysteresis in forward reverse scans.  

The devices have shown peak power performances in 
the range 1-2.5 mW/cm2, with open circuit potentials 
(OCV) between 300-480 mV. The highest performance 
was seen with a high ratio of perforation; 2.5 mW/cm2 for 
a device with 20 µm diameter holes and a lattice constant 
of 30 µm, corresponding to 40% perforation, see figure 7. 

 
Figure 7:  IV curve showing the performance of a device 
with 20 µm diameter holes and 30 µm lattice spacing, 
corresponding to 40% perforation. Scan rate was 0.2 
mA/s. The red curve indicates power and corresponds to 
the right axis. The blue curve indicates potential and 
corresponds to the left axis.  

 
 Devices with a lower ratio of perforation have also 



been tested and showed reasonable performance, 
specifically a 10 µm diameter, 100 µm lattices spacing 
corresponding to 0.9% perforation showed a peak power 
of 1.77 mW/cm2. The IV-curve is shown in figure 8. 
While the two devices show similar performances, the 
current density through the NafionR polymer in these two 
cases varies greatly between 45 mA/cm, and 1577 
mA/cm, due to the large difference in perforation. 

 
Figure 8:  IV curve showing the performance of a device 
with 10 µm diameter holes and 100 µm lattices spacing, 
corresponding to 0.9% perforation. Scan rate was 0.2 
mA/s. 

  
CONCLUSION 

The fabrication and characterization of a silicon plate 
integrated ionomer membrane fuel cell was shown to lead 
to working fuel cell. 

It is shown that acceptable performance is possible 
within a large variation of plate geometry, varying 
between a low and high relative membrane coverage of 
0.9% perforation, and 40% perforation, with power 
densities achieved respectively 1.77 mW/cm2 and 2.5 
mW/cm2.  

The current densities at peak power conditions were 
found to be 45 mA/cm2 and 1577 mA/cm2 for high and 
low perforation respectively, showing the very large 
difference in the membrane conditions during operation, 
even as the power densities are in similar scales. 
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Abstract

This article describes the fabrication and characterization of a silicon based micro direct methanol fuel cell using a Nafion ionomer
membrane integrated into a perforated silicon plate. The focus of this work is to provide a platform for micro- and nanostructuring
of a combined current collector and catalytic electrode. AC impedance spectroscopy is utilized alongside IV characterization to
determine the influence of the plate perforation geometries on the cell performance. It is found that higher ratios of perforation
increases peak power density, with the highest achieved being 2.5mW/cm2 at a perforation ratio of 40.3%. The presented fuel cells
also show a high volumetric peak power density of 2 mW/cm3 in light of the small system volume of 480 µL, while being fully self
contained.

1. Introduction

In recent times as consumer electronic devices have contin-
ued to scale down in size and increase in complexity, so has
the requirements on their power-sources increased. On the typ-
ical device scale, the power requirements of mobile phones and
laptops can be fulfilled to some extend with lithium ion batter-
ies allowing modest battery lifetimes as well as easy recharg-
ing. However on the smaller device scale such as personal
medical devices and hearing aids, the size requirements have
made typical rechargeable batteries infeasible. These devices,
which must operate at room temperature, are primarily pow-
ered by single use zinc-air batteries. This work deals with sil-
icon based micro Direct Methanol Fuel Cells (µDMFC) as a
possible replacement power source for such small medical de-
vices. These can potentially deliver higher energy density, as
well as very fast recharging through fuel exchange, which can
be carried out in seconds. Methanol fuel cells work by oxidiz-
ing methanol at a catalyst layer at the anode which is typically
constructed from platinum/ruthenium alloys to mitigate carbon
monoxide poisoning, while oxygen is reduced at the catalyst
layer at the cathode typically constructed from platinum. Sili-
con technology when used in µDMFC is typically employed to
create micro-structured current collector electrodes, which are
then stacked around a conventional catalyst coated proton con-
ductive polymer layer, conventionally 100 µm thick Nafion 117
sheets. Such a design is termed a bipolar plate design [1]. This
design is often used in active systems utilizing pumps and op-
erating at elevated temperatures [2, 3, 4] but has also been im-
plemented in room temperature operating passive air-breathing
cells [5, 6, 7].

In this article the focus is on a novel silicon based bipo-
lar plate design with an integrated membrane as opposed to the

∗J. V. Larsen, jvila@nanotech.dtu.dk

conventional stacked electrode design [5], for which the sili-
con electrodes are mechanically attached around a conventional
membrane structure. The presented design allows the full cell
to be defined in a single silicon wafer without need for bonding
or mechanical assembly, and with the fuel reservoir attached
simply through conductive adhesives or soldering.

In a review of the current state of µDMFC research by Sun-
darrajan et al. [8] two major disadvantages of silicon fabri-
cation techniques were highlighted: There is poor adhesion be-
tween the proton conductive polymer membrane and the silicon
plates, and silicon is brittle making it difficult to compress the
cell to lower the electrical resistance between the catalyst layers
and the bipolar silicon plates.

The design presented in this work, shown in figure 1, ad-
dresses both of these disadvantages by integrating the ionomer
membrane directly into a silicon plate structure. The problem of
poor adhesion is solved by mechanical locking of the membrane
into the structure such that when in a dry state the polymer is
held in place mechanically, and when in a wet state the expan-
sion of the polymer will press against the sides of the locking
structure and increase the adhesion.

The problem of contact resistance is addressed by integrat-
ing the current collector electrodes into the silicon support, bury-
ing them beneath the catalyst layer. This can potentially re-

Silicon support Silicon dioxide
Gold current collector Catalyst layer

Ionomer

Anode

Cathode

}350 μm

}100 μm

Figure 1: Schematic illustration of the fuel cell design. The cell geometry is a
bipolar plate configuration with the ionomer membrane integrated into a silicon
plate structure. Elements are not to scale.

Preprint submitted to Elsevier September 30, 2013



Figure 2: Top) A 3D view of the anode and cathode sides of the device. The
frames are shown to scale, the hole lattice is enlarged greatly to make it visible.
Bottom) Top view SEM image of the hole lattice for Type A and Type F devices.

duce the needs for high force clamping, and allows for non-
conducting materials to be used as Gas Diffusion Layers (GDL).
Typically these layers must fill the role of both GDL as well as
contact layer between catalyst and current collector plates, and
are therefore limited to conductive materials.

2. Experimental

2.1. Micro Direct Methanol Fuel Cell Design

The devices covered in this article were designed with the
purpose of studying the influences of geometrical variations in
a silicon plate integrated ionomer membrane, a side view is
shown schematically in figure 1. Current collector electrodes
were integrated into the silicon plate surface by deposition of
100 nm thick gold layers. The plate structure is etched into a
350 µm thick silicon wafer, the 100 µm thick plates are then
perforated by etching a lattice structure of holes as shown in
figure 2. The lattice spacing, a, and hole diameters, d, were
then varied to study the effects of different aspect ratios with
devices constructed to have 6 different geometries denoted type
A-F as listed in table 1.

The perforation ratio, α, is given by the ratio of the area
of three holes (Ah = 3 π

4 d2) to a lattice unit cell area (Alu =

3
√

3/2 a2). Both resistance and methanol permeation will scale
inversely with this active area ratio (α = π

2
√

3
( d

a )2). Under the
assumption that the pores defined by the holes are completely
filled, the higher perforation should lead to an increased pro-
ton conductance between the anode and cathode but also an in-
creased diffusive flow of methanol through the membrane.

2.2. Fabrication of Silicon Plate Supported Fuel Cell

A step by step schematic illustration of the fabrication pro-
cess is shown in figure 3. The major elements are; definition of
the supporting plates, perforation of the plates, electrode defi-
nition, ionomer integration and catalyst layer deposition. These
elements are explained below with references to the step num-
bers in figure 3.

Plate.Defining.Etch

Plate.Perforation

Membrane.and.Catalyst.Integration

Silicon.support
Silicondioxide

Gold.current.collector
Catalyst.layer
Ionomer

Silicon.Nitride

Electrode.Definition

S1A1.LPCVD.Nitride

S1A2.Photolitography.3.RIE

S1A3.KOH.wet.etch

S1A4.Nitride.strip

S2A1.LPCVD.TEOX.Oxide

S2A2.Photolitography.3.AOE

S2A3.DRIE.dry.etch

S2A4.Oxide.strip

S3A1.Wet.oxidation

S3A2.Metalization

S4A1.Ionomer.integration

S4A2.Catalyst.deposition

Figure 3: Illustration of the fabrication process flow. The process consists
of two mask steps (S1.2, S2.2), passivisation and metalization steps (S3.1-2)
and the ionomer integration step followed by a spray coating of catalyst layers
(S4.1-2). Elements are not to scale.
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Device
Type

Hole
Diameter

[µm]

Lattice
Spacing

[µm]

Perforation
ratio
[%]

A 20 100 3.6
B 10 60 2.5
C 10 30 10.1
D 15 45 10.1
E 10 20 22.7
F 20 30 40.3

Table 1: Table of perforation lattices investigated during this work. The per-
foration ratio is the fraction of the proton conductive area to the catalytically
active area.

2.2.1. Silicon Plate Defining KOH Etch
In order to achieve a thin plate which still has sufficiently

high mechanical strength to allow processing and dicing, KOH
wet etching is used to define a recess in the wafer (step S1.1-
4). Prior to etching a Low Pressure Chemical Vapor Deposi-
tion (LPCVD) silicon rich low stress nitride layer of 100 nm
is deposited (S1.1). The frame mask is defined through pho-
tolithography and Reactive Ion Etching (RIE) of the silicon ni-
tride layer (S1.2). The wafers are submerged in a 80◦C hot
28% mass fraction KOH solution for approximately 3.5 hours
(S1.3). The process is timed in order to create 100 µm thick
plates with the masked regions forming 350 µm thick support
frames as shown in the top part of figure 2. Alongside the
frames, the anisotropic nature of the KOH etch is also used to
simultaneously define 50 µm wide V-groves along the bound-
aries of each device which serve as fracture lines during dicing.
The etching of these groves self terminate at 50 µm depth due
to the highly anisotropic etch rate of KOH in silicon. These
fracture lines are used as an alternative dicing method, because
conventional sawing is damaging to fragile surface structures.
After the etching the remaining silicon nitride is stripped in hot
phosphoric acid (S1.4).

2.2.2. Silicon Plate Perforation
The perforation of the silicon plate is carried out using Deep

Reactive Ion Etching (DRIE). The etch mask is created by first
depositing a 2 µm LPCVD tetraethyl orthosilicate (TEOS) ox-
ide layer (S2.1), which is patterned through positive photolithog-
raphy (S2.2). The layer is much thicker than needed consider-
ing only etch selectivity. This is due to the simultaneous us-
age of the backside as a stop layer during the etch (S2.3). As
such the layer is designed to be thick enough to withstand the
pressure difference between the plasma chamber and the helium
flow on the bottom side of the wafer which provides cooling
during the etching process. It has been seen during processing
that fractures can lead to the entire wafer declamping, which
underlines the need for a thick oxide layer. Because the etch
stops on the oxide layer charging is a potential problem which
can lead to notch formations. This aspect is pronounced by the
variations in geometry across the wafer which leads to large
differences in etch rate. In order to ensure that the smallest fea-
tures are fully etched, the larger features must be over-etched.

IPAIonomer Solution

PTFE holderPDMS Gasket

Silicon Chip

Dried ionomer

1 mm

3 mm

2 mm1.

2. 3.

Figure 4: Schematic showing the setup for the evacuated evaporation drying
used to integrate the ionomer in S4.1 of the fabrication process as shown in
figure 3.

To alleviate this problem a low frequency generator is used to
remove charge during the etch process, which stops the process
when the bottom oxide is reached without under-etching along
this stopping layer. The oxide mask/stop-layer is then stripped
in buffered HF (S2.4).

2.2.3. Electrode Definition
In order to prevent shorts forming between the two cur-

rent collector electrodes on either side of the silicon plate, the
wafers are passivated in a dry oxidation, defining a 200 nm sil-
icon dioxide layer (S3.1). The current collector electrodes are
defined by first a sputter deposition of a 10 nm thick TiW anti-
diffusion barrier followed by an e-beam evaporation of 100 nm
gold (S3.2). The high directionality of e-beam evaporation pre-
vents shorts through the plate perforation holes, however in tri-
als with larger 100 µm holes short circuits have been observed.

2.2.4. Membrane and Catalyst Integration
The proton conducting ionomer membrane is integrated into

the silicon plate using drying by evaporation from a solution un-
der low pressure ≈ 300 mBar (S4.1). The geometry during the
drying process is shown in figure 4. The drying is carried out
with the finished silicon plates mounted in Polydimethylsilox-
ane (PDMS) molds. The dimensions of these molds critically
affect the dynamics of the ionomer deposition on the plate sur-
face.

The solution used is Nafion® DE 2020 by Sigma Aldrich
consisting of 20 wt. % Nafion ion-exchange resin in lower al-
cohols with 34 wt. % water. Initially this solution is submerged
entirely in pure isopropanol (Step 1). This delays the drying
of the Nafion solution for approximately 2 hours, during which
the solution can thoroughly degas. After this initial delay the
Nafion solution will start to dry. As the solution dries, the
Nafion concentration at the drying front steadily increases until
it forms a solid membrane which deposits on the edges of the
PDMS holder and on the device surface (Step 2). As the drying
continues through the device, the dried Nafion detaches from
the solution, and gas develops on the backside of the device
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Figure 5: Scanning electron microscopy image showing the ionomer integrated
into the silicon plate after annealing. The ionomer is colored green against the
silicon which is colored blue. The strands of ionomer were elongated during
the fracture of the device, and therefore appear longer than the thickness of the
plate.

(step 3). This pushes up the holder and causes the remaining
ionomer solution to leak through the bottom. After the drying,
the devices are annealed at 140◦C for 30 min in ambient air.
The annealing process removes any solvent remains and has
been shown to reduce ionic resistance and increase mechanical
stability [9].

The catalyst layer is added with spray deposition (S4.2).
The final layer consists of carbon black supported catalyst par-
ticles bound by ionomer. The spray deposition solutions con-
sisted of a dry catalyst powder dissolved in a water alcohol mix-
ture which evaporates during the coating process. The dry pow-
der consists of mass fractions of 70% Pt and 75% PtRu parti-
cles on the cathode side and anode side, respectively, supported
on carbon black. The mixture also includes Nafion and a dis-
persion agent, polyvinylpyrrolidone, leading to the deposited
catalyst layers having relative mass fraction loadings of 57%
and 53% and catalyst loadings of 4 mg/cm2 and 2 mg/cm2on
the cathode and anode, respectively To aid alcohol evaporation
during spray deposition the devices are heated to 80◦C during
the coating process.

2.2.5. Fuel Cell Assembly
Finally the finished silicon device is attached to a CNC-

milled brass reservoir, using a conductive adhesive. The reser-
voir consist of a 1 mm wall, with dimensions 10 × 7.5 × 6 mm
which gives an outer volume of 375 µL and a fuel volume of
220 µL. A finished device mounted on a fuel reservoir can be
seen in figure 6. In this configuration the reservoir acts as the
cathode connection, while the edge of the device on the top acts
as the cathode connection. Depending on mounting usage, an
additional top casing can be fixed to the top to protect the mem-
brane from mechanical damage.

2.3. Characterization Setups

The finalized fuel cells have been characterized using cur-
rent potential sweeps to determine their external performance
characteristics in form of the power density and internal resis-
tance. Also an AC impedance spectroscopy setup was used to
characterize the through device resistance, to determine the in-
tegrated membrane conductivity. In both characterization se-
tups the measurements are carried out using reusable electrodes
and the devices were tested without fuel reservoirs mounted.

Figure 6: A finished device shown on top of a 220 µL capacity fuel reservoir
shown next to a one euro coin for scale. Fuel is injected through holes in the
bottom of the reservoir which are not visible.
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Figure 7: IV curve for a Type F device with 20 µm diameter holes with lattice
spacing of 30 µm. The peak power is found to be 2.3 mW/cm2. The solid line
shows a linear fit used to determine an effective internal resistance which was
found to be 21.77Ωcorresponding to 9.58 Ω/cm2.

2.3.1. Current Potential Characterization
The characterization of the cells was carried out by varying

the drawn current and measuring the potential using a Keith-
ley 2100 source-meter. The silicon devices are placed between
two copper electrodes, and a 200 µL reservoir filled with 3 M
methanol. After the Open Circuit Potential (OCV) stabilizes,
the current is swept from zero until the potential has decreased
to zero at a scan rate of 0.2 mA/s. The peak power density is
found by taking the maximum point in the power curve, and a
measure of the total internal resistance (Rint) is found through
a least squares fit to a linear ohmic potential loss. The fit is
made in the region from the peak power density and upwards in
current.

2.3.2. AC Impedance Spectroscopy
In order to relate the performance of the devices to a mea-

sure of the ionomer membrane conductivity, a measurement
setup, based on AC impedance spectroscopy [10], was created
and used to measure the ionic resistance through the devices.
The setup consists of two liquid reservoirs filled with 1M sul-
furic acid in water as can be seen in figure 8. The reservoirs
are connected to the device such that it constitutes the sole con-
ducting pathway between them. To generate and measure the
electrical signals a four-point probe setup is used. Two plat-
inum grid electrodes are situated in each reservoir clamped be-
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Figure 8: Illustration of the measurement setup used to determine the through
device resistance, Rtd . The four platinum grid electrodes are configured in a
four-point probe geometry to eliminate resistances associated with the current
through the source and current collector electrodes. The electrodes are fitted
into two sets of three polycarbon plates, here shown in different shades to dis-
tinguish the individual plates.

tween polycarbonate plates. The impedance is measured using
a Agilent 4294A precision impedance analyzer, with a potential
signal amplitude of 100 mV rms.

3. Results and Discussion

3.1. Ionomer integration filling

A Scanning Electron Microscopy (SEM) image showing the
cross section of a dried membrane can be seen in figure 5. The
ionomer can be seen to fill the internal volume of the mem-
brane. A thin approximately 5µm layer of Nafion is deposited
on the bottom of the device. This side is the top side of the
device illustrated in figure 4. The ionomer strands are longer
than the membrane thickness due to being stretched during the
cross-sectional fracture.

3.2. Power Density and Internal Resistance

A measured IV curve for a device of type F is shown in
figure 7. The nonlinear shape of the potential curve is due to
the non-linear losses associated with the chemical overpoten-
tials. The exact curve-shape can be fitted using more detailed
models [11], however instead an effective internal resistance
is found to simplify comparisons. The power densities of the
studied geometries, Types A-F, are all located in the range of to
0.5 − 2.5 mW/cm2, while the open circuit potentials are in the
range of 300−470 mV. The large deviation from the ideal stan-
dard potential of 1.18 V associated with the methanol oxidation
reaction vs. an oxygen reduction reaction [12] is attributed to
the formation of a mixed potential [13], as methanol diffuses
through the membrane to the cathode side.

Figure 9: A Randles circuit is used to model the measured impedance spec-
trum. W is a Warburg diffusion element andC is a capacitive element. Rtd is
the through device resistance, and R0 is the serial resistance of the connecting
elements.

3.3. Through Device Resistance

Two equivalent circuit models were used to model the mea-
sured impedance data and as fitting functions. The first model
is a classical Randles circuit [14] shown in figure 9.

The resistance of the electrolyte is described by R0. The re-
sistance connected in parallel, Rtd, is the resistance through the
entire device, and therefore contains both contributions from
the membrane and the porous catalyst layers. The capacitive
element, C, models the geometric capacitance between the two
sides of the device, and the Warburg element, W, models diffu-
sion at the sensing electrodes. The impedance of the Warburg
element, Zw, and the capacitor, ZC , are

Zw =
√

2
Aw√
iω

ZC =
1

C iω

where Aw is the Warburg constant, ω the angular frequency and
i the imaginary unit. The impedance of the Randles circuit is
given by

ZR = R0 +
1

1
Rtd+Zw

+ 1
ZC

(1)

The results of fitting this model to data can be seen in figure
10, where it is clearly shown that the model does not provide a
satisfactory fit for the measured data.

The other model used is a modified Randles circuit. The
Randles circuit is based on the assumption of a perfect capaci-
tor as well as semi-infinite linear diffusion at the sensing elec-
trodes. These assumptions are not applicable for the devices
investigated, and the circuit is therefore modified to take non-
ideal effects into account. Two changes are made. The Warburg
element is substituted out for a constant phase element [15],
ZQw, with amplitude Wa and phase angle parameter, nw, close
to the value of 1/2 that would correspond to an ideal Warburg
element. The impedance is given by

ZQw =
Wa

(iω)nw

Similarly the Randles circuit assumes an ideal capacitor, this
assumption does not hold for these devices, since the ideal ca-
pacitor assumes a uniform medium and planar electrodes while
the device has porous electrodes and a non uniform medium
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[16]. Therefore the capacitive element is replaced with a con-
stant phase element, ZQc, with prefactor 1/Qc, and a phase an-
gle parameter, n, close to the value of 1, which would corre-
spond to an ideal capacitor. The impedance of this element is
given by

ZQc =
1

Qc

1
(iω)n

Finally the impedance of the modified Randles circuit, ZM , be-
comes

ZM = R0 +
1

1
Rtd+ZQw

+ 1
ZQc

During the fitting of impedance data to the modified Ran-
dles circuit the fitted phase angles for these two constant phase
elements gave results close to the ideal values. For the Warburg
and capacitive elements the average fitted values are nw ≈ 0.32
and n ≈ 0.9, respectively.

Since the data is collected in a logarithmic frequency space,
F = log10 (ω/2π), during actual fitting the models are re-expressed
as

F0 = log10

(
2πQc

n
√

Rtd

)

ZM (Ω) = R0 + Rtd
1

(
1 + a

(
i 10F)−nw

)−1
+ i 10n(F−F0)

(2)

where a = Wa/Rtd is the normalized Warburg element ampli-
tude, and the phase angles are fixed to nw = 1

2 ∧ n = 1 when
fitting the unmodified Randles circuit.

The modified Randles model fits the data well, with the av-
erage standard error on the estimated membrane resistance Rtd

being ∼ 0.02Ω. A Nyquist plot of fit and data for a type D de-
vice is presented in the top of figure 10, a Bode plot is shown
in the bottom part of the figure. The results show good agree-
ment between data and the modified Randles circuit fit. The un-
modified Randles circuit fit is also shown, and it clearly shows
problems in describing the low frequency curve angle and cir-
cle suppression. In the modified Randles circuit, a system-
atic deviation is apparent in the low frequency side, or equiva-
lently higher resistance side of the depressed semicircle. Here
the model is defined to be symmetric about the central fre-
quency, however a linear constant angle slope is observed in
the Nyquist plot in the top of figure 10. An equivalent ca-
pacitance can be found for the constant phase element through
Ceq =

(
Rtd 2 π 10F0

)−1
[16]. For the shown device the capac-

itance is found to be Ceq = 43.8 nF, which is close to the
expected range of the geometric capacitance for two 0.44 cm2

electrodes separated by 100 µm silicon assuming a relative per-
mittivity of εr = 11.6 which is Cg ≈ 45 nF. The difference could
be ascribed to the lowered relative permittivity of the plate due
to the Nafion filled pores. The resistance found through this
measurement is not strictly equal to the resistance through the
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Figure 10: Measured impedance across a type D device with 15 µm holes in a
45 µm lattice, corresponding to 10% porosity. The top part of the figure shows a
Nyquist plot and the bottom part shows a Bode plot. The results of the modified
Randles circuit fit is a resistance of 8.3 Ω, with an equivalent capacitance of
43.8 nF.

membrane, as conductance through the porous ionomer con-
taining catalyst layers also contribute. It is, however, assumed
that the primary contribution arises from the membrane, due to
the porous volume of the catalyst layers filling with electrolyte
and due to the membrane being 100 µm thick vs. the ~ 10 µm
thick catalyst layers.

3.4. Influence of Plate Geometry on Performance

A batch of 9 devices were examined, for each device the in-
ternal resistance and peak power density were found through IV
characterization and the through device resistance/conductance
was determined by use of AC impedance spectroscopy.

A plot of the OCV as a function of the through device re-
sistance is shown in figure 11. It can be seen that the OCVs
of the devices were all located in the range of 300-550 mV. De-
vices with higher through device resistance are seen to also have
higher OCV, indicating that reduction in membrane conductiv-
ity also reduces methanol permeation. The correlation between
effective internal resistances of the devices and the measured
through device resistance is plotted in figure 12. The figure
shows a linear tendency which indicates that the differences in
internal resistances are largely determined by the conductivity
of the ionomer and contact resistances between catalyst layers
and ionomer.

Figure 13 shows the relation between power density and
the through device conductance, σtd = 1/Rtd. As expected a
tendency of higher power density with higher conductance is
observed. It is, however, apparent that devices with the same
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Figure 11: Open circuit potential shown against the through device resistance
(Rtd). All devices are shown to have OCV in the range of 300-550 mV. A
tendency of higher OCV correlating to higher resistance through the device is
observed.
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Figure 13: Power density shown against the through device conductivity. De-
vices of Type F are excluded as they are an order of magnitude higher.
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Figure 14: Power ratio plotted against effective perforation ratio. A tendency
of increased performance with higher ratios of perforation is observed. A large
variation is observed between devices of similar designs and similar perfora-
tion.

design, i.e. C1 and C2, have large variations in conductivity in-
dicating that the membrane quality variation for each deposition
overshadows the influences of the differences in plate geometry.
The relation between peak power density and perforation ratio,
shown in figure 14, illustrate that there is only a slight trend be-
tween perforation ratio and achieved peak power density. It is
observed that a larger perforation ratio leads to a higher peak
power, with the best device design being type F with a perfora-
tion ratio of 40.3%. When considered in light of the open circuit
potential drop associated with lower resistances, seen in figure
11, this leads to the conclusion that the performance gains as-
sociated with an increase in conductivity is greater than the loss
associated with increased methanol cross over in the devices
studied.

3.5. Discussion
The performance of the fabricated devices are compared

to other silicon based direct methanol fuel cell systems in Ta-
ble 2. The systems are separated into passive and active cat-
egories based on the mode of operation. The table shows the
peak power density per catalytic active geometric area, which
shows the ability of the catalyst/membrane to deliver power.
Also shown is the volumetric power density with respect to the
outer system volume. The system volume is estimated from the
referenced original works, and includes the mechanical struc-
tures needed to support the active cell.

The active systems utilize pumps to transport methanol to
the anode, therefore their peak power densities are typically
significantly higher than passive systems [2]. Especially sys-
tems utilizing an actively pumped oxygen flow are capable of
achieving very high peak power density [1]. Another method
often employed to increase power output is stacking multiple
cells to achieve larger potentials [19, 18]. Active or stacked
systems have a large volume and have been insufficient for use
as power source in miniature electronic devices. Therefore it is
interesting to compare the results against miniature passive fuel
cell systems.

In comparison to a similar passive system by Gharibi et al.
[7], the devices presented here show a higher performance with
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Work System
size

Active
area

[cm2]

Peak power
density

[mW/cm2]

Volumetric
peak power

density
[mW/cm3]

OCV
[mV]

T
[◦C]

CM

[M]
Catalyst
Loading

[mg/cm2]

Notes

Active systems
Kelley et

al.[1]
3 cm2 x

1 cm
0.25 60 5.0 700 70 0.5 A: ~2

C: 1.5
Oxygen fed

Liu et
al.[4]

1 cm2 x
0.5 cm

1 4.7 9.4 450 RT 2 A: 2
C: 1

Seo et
al.[3]

3.5 cm2 x
1 cm

1 0.031 0.000078 650 RT 1 NA

Passive systems
Hashim
et al.[17]

7.5 cm2x
5cm

4 12 0.32 2500 RT 4 A: 4
C: 2

Stacked

Chan et
al.[18]

~30 cm2 x
4cm

6.25 10.3 0.54 2900 70 6 A: 4
C: 2

Stacked

Shimizu
et al. [6]

49 cm2 x
4cm

36 10 1.84 550 RT 4 A: 2.5
C: 2.6

Sabate et
al. [5]

6 cm2 x 1
cm

0.25 10 0.42 450 RT 2 A: 4
C: 4

Gharibi
et al.[7]

4.75 cm2 x
3cm

4.75 1.2 0.40 500 RT 1 A: 1
C: 3

This
work

0.75 cm2 x
0.7 cm

0.44 2.5 2.01 500 RT 3 A: 4
C: 2

Table 2: Performance of different bi-polar plate designs compared to the integrated membrane of this work. The area used for the peak power density is the geometric
area of the catalytic region. T is the operating temperature and RT denotes room temperature conditions. CM denotes the methanol fuel concentration used. A and
C denote the anode and cathode loadings of PtRu and Pt, respectively.

a smaller system size, and operating with open circuit poten-
tials in a similar range, however using a higher methanol con-
centration. More mature systems like those presented by [6]
show much larger power densities, up to 10 mW/cm2, though
operating at significantly larger total system sizes. It should
be noted that their initial reported values were in the range of
1−4 mW/cm2 and only through continual optimization was the
higher value obtained. In that respect the designs presented
here prove interesting as the catalyst layers have yet to be opti-
mized for the membrane configuration, while elements such as
micro-porous layers also have not yet been implemented. De-
signs such as [5] require that the electrodes and the conventional
MEA are pressed together. Therefore a large amount of the total
system volume is wasted on this mechanical assembly. When
comparing system sizes, it can be seen that the presented de-
sign has a much lower total system size as there is no need for
mechanical assembly. Comparing the volumetric power density
numbers in table 2 it can be seen that the integrated design pre-
sented here is comparable to the stacked passive systems, while
it’s still somewhat below the active systems. These are how-
ever over estimates as the volume does not include the pumps
needed during operation.

4. Conclusion

This work shows a silicon-plate integrated ionomer mem-
brane for a passive direct methanol fuel cell. The designs were

shown to lead to working fuel cells with IV characterization
showing power densities of up to 2.5 mW/cm2 under passive
operation at room temperature. This performance compares fa-
vorable to other reported single stack silicon based passive air-
breathing DMFCs [7], but is lower than state of the art in silicon
based cell [5]. The presented devices however do not require
high amounts of pressure to reduce contact resistance between
silicon and catalyst layers. This allows them to operate with a
much smaller total system volume, and the present work reports
a volumetric power density of up to 2.5 mW/cm3, which is su-
perior to similar passive systems [17, 20, 6, 5, 7] and compares
favorable to active systems even when not accounting for the
volume taken up by their pumping systems [1, 4].

The devices were analyzed using AC impedance spectroscopy,
which revealed a large geometry independent variation in the
through device conductivity, indicating that the membrane inte-
gration is a critical fabrication step, which still needs improve-
ment to ensure the deposited membrane conforms reproducibly
to the underlying perforation geometry.

A tendency of increasing OCV associated with an increase
in the membrane resistance was observed. The correspond-
ing lower conductivity and associated ohmic losses however
showed that the constriction did not provide a net performance
gain. The highest performances were thus seen at the devices
with the highest ratio of perforation.
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a b s t r a c t

We present atomic layer deposition (ALD) as a new method for the preparation of highly

dispersed Ru-decorated Pt nanoparticles for use as catalyst in direct methanol fuel cells

(DMFCs). The nanoparticles were deposited onto N-doped multi-walled carbon nanotubes

(MWCNTs) at 250 �C using trimethyl(methylcyclopentadienyl)platinum MeCpPtMe3, bis(e-

thylcyclopentadienyl)ruthenium Ru(EtCp)2 and O2 as the precursors. Catalysts with 5, 10

and 20 ALD Ru cycles grown onto the CNT-supported ALD Pt nanoparticles (150 cycles)

were prepared and tested towards the electro-oxidation of CO and methanol, using cyclic

voltammetry and chronoamperometry in a three-electrode electrochemical set-up. The

catalyst decorated with 5 ALD Ru cycles was of highest activity in both reactions, followed

by the ones with 10 and 20 ALD Ru cycles. It is demonstrated that ALD is a promising

technique in the field of catalysis as highly dispersed nanoparticles of controlled size and

composition can be deposited, with up-scaling prospects.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

There is a growing interest to power portable electronic de-

vices using direct methanol fuel cells (DMFCs) due to the high

energy density of methanol and the advantage of instant fuel

replenishment (versus recharging) compared to conventional

batteries [1]. In addition, the possibility of room temperature

operation makes the DMFC ideal. For small scale, low power

(w1 mW) portable devices, e.g., miniature medical devices

such as hearing aids [2], those considerations are indeed

important. Theminiaturization is realized by having a passive

supply of reactants, enabling a simple fuel cell systemwithout

auxiliary liquid pumps and gas blowers/compressors [3]. Sili-

con (Si) technology has been proposed as a route for the

fabrication of such miniature DMFCs [4e8]. It is a mature field

where versatile structuring of Si is available at the micro and

nano regime.

The catalysts in a conventional DMFC are typically carbon

black-supported noble metal nanoparticles, synthesized by

wet chemistry methods [9]. For Si-based DMFCs it is desirable

* Corresponding author. Danish Technological Institute, Nano- and Microtechnology e Materials Characterization and High-Tech Pro-
duction, DK-2630 Taastrup, Denmark.

E-mail addresses: anjoh@nanotech.dtu.dk, annecharlotte.johansson@gmail.com (A.-C. Johansson).

Available online at www.sciencedirect.com

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 1 4 0 6e1 1 4 1 4

0360-3199/$ e see front matter Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijhydene.2013.06.089



to apply a catalyst deposition method compatible to Si

microfabrication. We have previously suggested atomic layer

deposition (ALD) for the fabrication of a monolithic Si-based

DMFC [10]. It is a vapour phase, thin film growth technique,

based on self-limiting chemical reactions of alternating pre-

cursors on the sample surface [11]. ALD enables an excellent

conformal and uniform growth with atomic layer precision

control of layer thickness and composition. However, in

certain circumstances ALD results in the growth of discrete

nanoparticles [12e14]. For catalytic applications particles are

generally preferred over a thin film because they have a larger

surface-area-to-volume ratio and thus more catalytic active

sites where the electrochemical reactions can take place.

Lately, ALD is receiving attention in the field of catalysis

[15e25] and it has turned out to be a promising catalyst

deposition technique with up-scaling prospects [26,27].

PteRu systems have been examined since the 1960s based

on their high catalytic activity towards the methanol oxida-

tion reaction (MOR) in acidic media [28,29]. The MOR mecha-

nism for such systems is explained by two widely accepted

models, the bifunctional and the ligand models [30].

Pt sites adsorbmethanol andgetpoisonedby intermediates,

mainly CO as it is the most stable one. For the oxidation of CO

molecules surface-bonded oxygen groups are needed. Accord-

ing to the bifunctional mechanism, they are provided by Ru

sites at lower potentials than Pt by water dissociation:

RuþH2O/Ru�OHþHþ þ e� (1)

CO can then react with OH:

Pt� COþ Ru�OH/Ptþ Ruþ CO2 þHþ þ e� (2)

Consequently, the removal of CO is much faster on a PteRu

surface than on pure Pt.

The ligand effect is based on the alteration of the electronic

structure of Pt, resulting in a decrease in the PteCO bond

strength, so that less energy is required to oxidize the surface-

bonded CO molecules.

Highly organized carbon support structures are needed in

order to increase the utilization of the expensive noble metals

and the mass transport within the catalyst layer [8]. Vertically

standingCNTshave beendemonstrated as a possible direction

[31e33]. CNTs are also compatible with Si technology as they

can be growndirectly on Si substrates. Additionally, properties

like high electrical conductivity and corrosion resistancemake

the CNTs potential substitutes to carbon black [34,35].

Pristine CNTs are chemically inert [36] and must therefore

be functionalized prior ALD [37]. ALD Pt onto CNTs has been

reported in the literature [16,22,24,25,38] and in all cases the

CNTs were pre-treated by acid or plasma. However, due to the

introduction of defects, the chemical and electrical properties

of the CNTs are deteriorated [39].

Doping with nitrogen is a benign approach of making the

CNTs chemically active [39e41]. Besides, there are advantages

of using N-doped CNTs as support material over undoped

ones. The electrical conductivity is improved [39]. In addition,

it has been demonstrated that better catalyst dispersion, sta-

bility and activity are obtained [34,42e44].

Ru-decorated Pt electrocatalysts have been studied since

the 1970s [29]. Ru has been added to the Pt surface using

several methods, e.g., spontaneous deposition, electrodepo-

sition and chemical vapour deposition [45]. The choice of

method influences the resulting surface structure, with con-

sequences for electrocatalysis.

Here we explore ALD as a new method for the preparation

of Ru-decorated Pt catalysts for use in e.g., Si-based DMFCs.

ALD catalysts of various Ru loading were prepared by con-

trolling the number of ALD Ru cycles and evaluated using CO

oxidation and MOR. The carbon support in this study was N-

doped multi-walled CNTs (MWCNTs). Due to the chemical

activity of the CNTs, we will show that no pre-treatment is

required for the deposition of highly dispersed Pt particles.

The paper is organized as follows. The ALD Pt and Ru

processes are first studied, then a brief study of the N-doped

MWCNT growth and deposition of ALD Pt particles onto the

CNTs is given. Finally the results from the electrochemical

measurements of the Ru-decorated Pt nanoparticles are pre-

sented and compared with undecorated Pt nanocatalysts.

2. Material and methods

2.1. CNT growth

Vertically aligned, N-doped MWCNTs were grown in an AIX-

TRON Black Magic plasma-enhanced chemical vapour depo-

sition (PECVD) system. The growth substrates were flat Si(100)

400 wafers, coated with 100 nm of sputtered TiW (Wordentec

QCL 800) and 3 nm of E-beam evaporated Ni (Wordentec QCL

800), serving as the diffusion barrier and CNT growth cata-

lysts, respectively. The CNTs were grown at 850 �C at a pres-

sure of 6 mbar with 100 W of plasma power. The flows of

nitrogen, acetylene and ammonia during growth were 100, 40

and 160 sccm, respectively.

The elemental composition of the CNTs was acquired

using X-ray photoelectron spectroscopy (XPS), K-Alpha from

Thermo Scientific, equipped with a monochromated AlKa X-

ray source with energy of 1486.6 eV and X-ray sport size of

400 mm.

2.2. Study of the ALD Pt and Ru processes

Pt and Ru were deposited using a hot-wall, top-flow ALD

reactor from Picosun (Sunale R-150). The precursors were tri-

methyl(methylcyclopentadienyl)platinum MeCpPtMe3, bis(e-

thylcyclopentadienyl)ruthenium Ru(EtCp)2 (Sigma Aldrich)

and O2 as the reactant in both ALD processes. The tempera-

tures of the Pt and Ru precursors were set to 55 �C and 80 �C,
respectively, and both were heated by a Picosolid Booster

source system. The substrates used for the ALD studywere flat

Si(100) with native SiO2, wet-thermally oxidized Si(100) or

Si(100) substrates coated with ALD Al2O3 (on top of the native

SiO2). Our study concerns the definition of the so-called ALD

window, i.e., the temperature range where the growth rate is

independent of the deposition temperature, and optimization

of the pulse time of the noblemetal precursors. The purge time

after both MeCpPtMe3 and Ru(EtCp)2 pulses was 6 s and the

pulse/purge times of O2were 5 s/8 s throughout the ALD study.

The thickness of the ALD films was determined from X-ray

reflectivity (XRR),measuredwith a PANalytical X’Pert Pro X-ray
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diffractometer. The crystalline phases were identified by graz-

ing incidence X-ray diffraction (GIXRD) using the same

diffractometerwithanangleof incidenceof1�. Theresistivityof
the Pt films was evaluated by a four-point probe electrical set-

up. XPS was employed to determine the purity of the films

using the same parameters as for the CNT sample. XPS depth

profiles of Pt and Rufilmswere obtained by sputteringwith Arþ

ions of 500 eV.

2.3. ALD of Pt onto N-doped CNTs

Pt nanoparticles were deposited onto the N-doped CNTs and

examined using transmission electron microscopy (TEM), FEI

Technai T20 G2 or Philips CM100. The size distribution of the

Pt particles deposited with various ALD cycles (50, 100 and 150

cycles) was calculated.

2.4. Preparation of the working electrode

Different catalysts were prepared by depositing various ALD

Ru cycles (5, 10 and 20 cycles) on top of the CNT-supported

ALD Pt nanoparticles (150 cycles), labelled Ru5Pt150-CNTs,

Ru10Pt150-CNTs and Ru20Pt150-CNTs, respectively. Undeco-

rated Pt catalyst, labelled Pt150-CNTs, was also prepared. The

deposition temperature during the ALD Pt and Ru runs was

250 �C. The pulse/purge times of MeCpPtMe3 and Ru(EtCp)2
were 1 s/6 s and 3 s/6 s, respectively. The O2 pulse/purge times

during both the Pt and Ru cycles were 5 s/8 s.

An ink was prepared for each type of catalyst as follows. Si

wafer pieces (in total half a 400 wafer) with the CNT-supported

ALD catalysts were dispersed in ethanol using an ultrasonic

bath. The ethanol was then evaporated in a vacuum desic-

cator and the remaining catalyst powder was dispersed in

0.4 g of Millipore H2O (18 MU$cm), 0.1 g of ethanol and 0.01 g of

5 wt%Nafion solution (DE 520, DuPont) for 10min using a horn

sonicator to obtain a well dispersed ink.

10ml of thecatalyst inkwaspipettedontoaglassycarbondisk

electrode (PINE), followed by drying in an air oven at 80 �C for

15min.Thecatalyst-coatedglassy carbondisk functionedas the

working electrode in a three-electrode electrochemical set-up.

2.5. Electrochemical characterization

The catalysts were characterized at room temperature in a

three-electrode electrochemical set-up. A Pt disk was used as

the counter electrode and a Hg/Hg2SO4 saturated with K2SO4

(Radiometer analytical) served as the reference electrode. All

potentials here are quoted in reference to the normal

hydrogen electrode (NHE). We used 0.5 M H2SO4 and 1.0 M

CH3OH þ 0.5 M H2SO4 as electrolytes, prepared from H2SO4

(Suprapur, Merck), CH3OH (TraceSELECT, Fluka) and Millipore

water (18 MU$cm). All solutions were degassed with N2

(99.999%) before and during the measurements.

Cyclic voltammetry (CV) was carried out with a potentio-

stat from Gamry Instruments (Reference 600). The CVs were

run first in 0.5 M H2SO4 solution at 50 mV/s for 60 cycles be-

tween 0 and 1.0 V for the Pt catalyst and up to 0.8 V for the Ru-

decorated catalysts. This was followed by 10 cycles at 20mV/s,

using the same potential window.

CO-stripping was performed in 0.5 M H2SO4 electrolyte.

Adsorption of CO on the electrode catalyst was conducted by

bubbling the electrolyte with CO gas (5% CO in Ar, 99%) for

45 min, followed by purging with N2 for 30 min to remove any

residual CO from the solution. During CO and N2 purging the

working electrode potential was set to 50 mV and the elec-

trolyte was magnetically stirred. The CO-stripping and blank

CV curves were obtained from two consecutive scan cycles at

20 mV/s in the potential window of 50 mV and 1.0 V for the Pt

catalyst and up to 0.8 V for the Ru-containing catalysts.

The ECSA for each catalyst was calculated using the CO

oxidation peak area with the second cycle as the baseline, in

order to correct for double-layer charging and oxide forma-

tion. For calculation of the ECSA, we used the value 420 mC/

cm2, which represents the charge density required to oxidize a

monolayer of CO from a polycrystalline surface of Pt,

assuming linear CO adsorption configuration [46].

The methanol electro-oxidation study on the CNT-

supported catalysts was performed by CV measurements in

1.0 M CH3OHþ 0.5 MH2SO4 solution at room temperature. The

CV curves were recorded from 0.2 to 0.8 V at a sweep rate of

10 mV/s.

Chronoamperometrywasperformed in1.0MCH3OHþ 0.5M

H2SO4 by holding the potential at 0.4 V for 1 h.

3. Results and discussion

3.1. Evaluation of the ALD Pt and Ru processes

3.1.1. The ALD Pt process
The dependence of growth rate and resistivity of Pt films (600

cycles) on deposition temperature is plotted in Fig. 1. The Pt

films were deposited onto SiO2/Si and the pulse time for

MeCpPtMe3 was 1 s. No Pt is deposited below 225 �C. The self-

limiting behaviour is observed from 225 to 300 �C. The growth

rate at 300 �C is 0.5 �A/cycle, which is equivalent to previous

work [18,47]. However, at 325 �C the growth rate is

Fig. 1 e Growth rate and resistivity as a function of

deposition temperature for Pt films (600 cycles) deposited

on SiO2/Si and Ru films (1000 cycles) deposited on Al2O3/Si.

The MeCpPtMe3 and Ru(EtCp)2 pulse times were 1 s and 3 s,

respectively.
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significantly higher due to thermal decomposition of

MeCpPtMe3 [47]. The resistivity is reduced slightly with

increasing temperature in the ALD window, from 16 to

14 mU$cm [47,48]. Moreover, the resistivity is considerably

higher for the film deposited at 325 �C, probably caused by

incorporation of Pt precursor ligands in the film.

Pt films deposited at 250 �C were further characterized

using XPS depth profiling and GIXRD. The XPS depth profile in

Fig. 2 shows the atomic percentages of platinum (Pt 4f), carbon

(C 1s), oxygen (O 1s) and silicon (Si 2s) versus etch time for a Pt

film (300 cycles) deposited on Si. The carbon and oxygen

contaminations on the Pt surface were removed after one Arþ

sputter cycle of 30 s and not detected in the bulk Pt film. The

small oxygen peak at the interface of the Pt film and the Si

substrate originates from the native SiO2. The XPS depth

profile shows that the Pt film is pure without incorporation of

carbon from ligands or oxygen from partial oxidation of the Pt

film.

The GIXRD pattern shown in Fig. 3a reveals that the Pt film

(600 cycles) deposited on SiO2/Si is polycrystalline. Pt (111),

(200), (220), (311) and (222) diffraction peaks were observed

[49].

Fig. 4 shows growth rate and resistivity as a function of

MeCpPtMe3 pulse times for the Pt films (600 cycles) deposited

on SiO2/Si at 250 �C. Saturated growth is obtained after 0.5 s.

Furthermore, the resistivity is w15 mU$cm for the films

deposited with a Pt precursor pulse time of 0.5, 1 and 3 s and

only slightly higher for the films grown with a MeCpPtMe3
pulse time of 0.1 and 0.2 s.

3.1.2. The ALD Ru process
Growth rate and resistivity of Ru films (1000 cycles) deposited

on Al2O3/Si as a function of temperature are plotted in Fig. 1.

The Ru(EtCp)2 pulse time was 3 s. Below 250 �C there was no

deposition of Ru. Furthermore, the ALD temperature window

is not as well defined as for the ALD Pt process. However,

similar to Pt, the resistivity is low, 15 mU$cm for the film

deposited at 250 �C, and is decreased somewhat with

increasing deposition temperature, to 13 mU$cm at 325 �C.

The Ru film deposited at 250 �C was further characterized

using GIXRD, Fig. 3b. The Ru (100), (002), (101), (102), (110), (103),

(200), (112) and (201) diffraction peaks [50] indicate that the Ru

film is polycrystalline. The two peaks at 2q angle of 54e55� are
from the Si substrate.

Fig. 4 displays the dependence of growth rate and re-

sistivity on the Ru(EtCp)2 pulse times for Ru films (1000 cycles)

deposited on Al2O3/Si at 250 �C. No saturation behaviour was

observed. Moreover, the resistivity of the films deposited with

a Ru(EtCp)2 pulse time of 0.5 s and 1 s was around six times

higher compared to that of the Ru films deposited with a Ru

precursor pulse time of 3 s and 6 s. XPS depth profiling was

performed in order to understand the difference in resistivity.

The XPS depth profile in Fig. 5 depicts the atomic percentages

of ruthenium (Ru 3d), oxygen (O 1s), aluminium (Al 2s) and

Fig. 2 e XPS depth profile of Pt film deposited on Si (300

cycles) at 250 �C. The MeCpPtMe3 pulse time during

deposition was 1 s.

Fig. 3 e GIXRD of (a) a Pt film deposited on SiO2/Si and (b) a

Ru film deposited on Si, both at 250 �C, revealing
polycrystalline films. The Pt and Ru precursor pulse times

during deposition were 1 s and 3 s, respectively.

Fig. 4 e The dependence of growth rate and resistivity on

the MeCpPtMe3 or Ru(EtCp)2 pulse time for Pt films (600

cycles) deposited on SiO2/Si and Ru films (1000 cycles)

deposited on Al2O3/Si at 250 �C.
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silicon (Si 2p) versus etch time for the film deposited with a

Ru(EtCp)2 pulse time of 6 s. The XPS depth profile reveals that

the surface is oxidized, but no oxygen was incorporated in the

bulk of the film. Carbon impurities, on the other hand, cannot

be determined directly since carbon (as C 1s) has the same

binding energy as the Ru 3d3/2 orbital. The area ratio of Ru 3d5/2

to Ru 3d3/2 was 1.3e1.4 before Arþ sputtering. After sputtering

for 30 s, the ratio is close to 3:2, corresponding to the theo-

retical value due to spin-orbit interactions of d electrons [51].

This ratio remains virtually constant throughout the film and

indicates that the carbon concentration in the bulk of the film

is minimal.

The XPS depth profile for the film grown with a Ru pre-

cursor pulse time of 0.5 s, Fig. 6, shows a Ru:O atomic ratio

close to 1:1 throughout the deposited film. Thus, the higher

resistivity is explained by the incorporation of oxygen.

3.2. Characterization of N-doped MWCNTs

The CNTs were grown in an ammonia atmosphere and

therefore expected to have nitrogen incorporated in the tube

walls. The N-doping was confirmed by XPS, by acquiring the

elemental composition of the CNTs grown on the Ni/TiW/Si

substrate. The atomic percentages of each identified element

are summarized in Table 1. In total 5.3 at% of N was detected.

High resolution XPS spectra of O 1s showed that most of the

oxygen originates from metal oxides. Besides that, smaller

amounts of oxygenwere incorporated in the CNTs as CeO and

C]O. Ni is from the CNT growth catalysts, and Ti and W

originate from the TiW diffusion barrier film. The tiny amount

of F is due to contamination.

3.3. ALD of Pt followed by Ru onto N-doped CNTs

Pt was deposited onto the N-doped MWCNTs without pre-

treatment. The TEM images of CNTs coated with 50, 100 and

150 cycles of Pt in Fig. 7aec, respectively, indicate that the Pt

particles are well dispersed onto the carbon support. The

arrows point at the Ni catalysts. The TEM images were used to

examine the relationship between the particle size distribu-

tion and the number of ALD Pt cycles, see Fig. 8. There is an

uncertainty in the particle size measurements due to diffi-

culties in observing particles smaller than 1 nm. Nevertheless,

as expected, the particle size is increased with ALD Pt cycle

number. The average particle size is between 1.5 and 6 nm for

ALD cycles between 50 and 150. Furthermore, we observed a

nucleation delay at the first few tens of cycles, which is

common for noble metal processes [11].

Due to the small amount of Ru deposited (5, 10 and 20 ALD

Ru cycles), the particle size distribution for those catalysts has

not been determined. Fig. 7d shows a TEM image of a 2 mm

long CNT with well dispersed ALD catalysts (150 cycles of Pt

and 10 cycles of Ru). Ru has higher surface energy than Pt,

w3.1 versus w2.5 J/m2 [52]. Therefore, Ru is expected to

nucleate as islands on Pt.

3.4. Catalytic activity of the CNT-supported ALD
nanoparticles

The current densities in the following subsection are given per

electrochemically active surface area (ECSA), calculated from

the CO-stripping measurements.

The CVs for the Pt150-CNT, Ru5Pt150-CNT, Ru10Pt150-CNT

and Ru20Pt150-CNT catalysts in Fig. 9 are obtained in 0.5 M

Fig. 5 e XPS depth profile of a Ru film (1000 cycles)

deposited on Al2O3/Si at 250 �C with a Ru precursors pulse

time of 6 s.

Fig. 6 e XPS depth profile of a Ru film (1000 cycles)

deposited on Al2O3/Si at 250 �C with a pulse time of 0.5 s.

Table 1 e Elemental composition of the N-doped
MWCNTs grown on Ni/TiW/Si.

Element Atomic%

C 83.2

N 5.3

O 6.7

Ni 2.3

Ti 1.4

W 0.8

F 0.4
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H2SO4 at 20 mV/s and the 10th cycle is plotted. The three

characteristic potential regions for the Pt150-CNT catalyst are

well defined (Fig. 9a): The hydrogen adsorptionedesorption

(Hupd) region between 0 and w0.35 V, the double layer

charging-discharging region up to about 0.7 V, followed by the

third region with adsorptionedesorption of oxygenated spe-

cies on the surface of Pt. The peaks in theHupd region are due to

the presence of different Pt crystalline facets, showing that the

Pt nanoparticles are polycrystalline [46], as also seen in Fig. 3a.

The origin of the hump at around 0.48 V is not completely

clear. It has been observed by others [53,54] and is probably

associated with oxygenated species on the carbon support.

For comparison, the CVs for the catalysts with added Ru

(Ru5Pt150-CNT, Ru10Pt150-CNT and Ru20Pt150-CNT) are

plotted in Fig. 9b. The features of the CV graphs show the ef-

fect of Ru. The peaks in the Hupd region are not visible as Ru,

which is significantly less active than Pt for H adsorp-

tionedesorption [55], is blocking Pt sites. Furthermore, there is

an overlap of the hydrogen and oxygen adsorption regions

since Ru oxide formation commences at around 0.2 V. As a

consequence, the double layer region is less pronounced with

larger current density than for pure Pt. In addition, the current

density increases with the number of ALD Ru cycles.

The tolerance towards CO poisoning of the Pt and Ru-

decorated Pt catalysts was evaluated from CO-stripping ex-

periments in 0.5 M H2SO4. Fig. 10 depicts the CVs recorded for

the different catalysts. The solid and the dashed lines are the

first and the second cycles, respectively, measured after CO

Fig. 7 e (a), (b) and (c) are TEM images of N-doped MWCNTs coated with 50, 100 and 150 ALD Pt cycles, respectively. (d) TEM

image of a 2 mm long CNTwith ALD catalysts (150 cycles of PtD 10 cycles of Ru). The arrows point at the Ni catalyst particles.

Fig. 8 e Dependence of Pt particle size on the number of

ALD cycles.

(b)

(a)

Fig. 9 e CVs of (a) the Pt-CNT catalyst and (b) the Ru5Pt150-

CNT, Ru10Pt150-CNT and Ru20Pt150-CNT catalysts in

0.5 M H2SO4 at 20 mV/s.
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adsorption at 50 mV. The suppression of the features in the

Hupd region and the pseudo-capacitive current during the first

forward sweep indicates that the electrode surface was satu-

rated with CO molecules [56]. The anodic peak corresponds to

the oxidative stripping of the adsorbed, irreversible CO

monolayer. Furthermore, the second cycle reveals that all CO

molecules were removed from the electrolyte.

The CO-stripping peak for the Pt150-CNT catalyst in

Fig. 10a has a shoulder before the main oxidation peak, again

attributed to different crystalline facets on the Pt surface.

Compared to the Pt catalyst, the addition of 5 ALD Ru cycles

onto the Pt nanoparticles, Fig. 10b, resulted in a CO oxidation

peak potential shift of around �0.2 V. The vertical solid lines 1

and 2 mark the location of the CO oxidation peaks for the

Ru5Pt150-CNT and Pt150-CNT catalysts, respectively. As

observed in Fig. 9, Ru adsorbs oxygen-containing species at

more negative potentials than Pt, thereby enabling CO

oxidation at lower potentials. The CO oxidation peak poten-

tials for the Ru10Pt150-CNT and Ru20Pt150-CNT catalysts,

Fig. 10c and d, are located at potentials approximately 20 mV

higher compared to the Ru5Pt150-CNT catalyst, showing that

5 ALD Ru cycles are sufficient for the preparation of a CO

oxidation tolerant catalyst.

Catalytic activity of the Pt-CNT, Ru5Pt150-CNT, Ru10Pt150-

CNT and Ru20Pt150-CNT for methanol electro-oxidation was

measured using cyclic voltammetry and chronoamperometry.

Fig. 11 presents the anodic scans of the 10th CV cycle at 10mV/

s, obtained in 1.0MCH3OHþ 0.5MH2SO4. The insert displays a

magnification at low potentials. The background in 0.5 M

H2SO4 at 10 mV/s was subtracted from the CVs. Since this is

the 10th cycle we assume that methanol dehydrogenation

fragments, mainly CO, are adsorbed onto the catalyst surfaces

at low potentials, blocking further adsorption of methanol. At

0.4 V the Pt catalyst with 5 ALD Ru cycles added (Ru5Pt150-

CNT) has the highest catalytic activity, followed by the

Ru10Pt150-CNT, Ru20Pt150-CNT and Pt-CNT catalysts. The

anodic scans show that the promotional effect of Ru is most

pronounced at low overpotentials, which is also the potentials

of technological interest in a direct methanol fuel cell [30].

Furthermore, it is clear that the oxidation current of the Pt150-

CNT catalyst is superior from around 0.7 V, at which potential

the Pt alone can dissociate water with a reasonable rate to

form OH-groups and oxidize poisoning carbon species.

Chronoamperometry was performed on the catalysts at

0.4 V for 1 h in themethanol containing solution to investigate

the steady-state behaviour, see Fig. 12. The current density for

the Pt150-CNT is quickly lowered due to poisoning of mainly

CO that block Pt surface sites, diminishing its ability to further

electro-oxidize methanol. All three Ru-decorated Pt catalysts

deliver a higher current density and get poisoned at a lower

rate, indicating that all of them are better catalysts towards

the MOR. The current densities after 1000 s for the Pt150-

CNTs, Ru5Pt150-CNTs, Ru10Pt150-CNTs and Ru20Pt150-CNTs

were 0.3, 5.1, 3.4 and 1.5 mA/cm2, respectively.

According to the bifunctional mechanism, both Pt and Ru

sites are needed at the surface of the catalyst in order to

oxidize methanol at low potentials. Furthermore, three

neighbouring Pt sites are required in order to dehydrogenate

Fig. 10 e CO-stripping voltammograms of the (a) Pt150-

CNT, (b) Ru5Pt150-CNT, (c) Ru10Pt150-CNT and (d)

Ru20Pt150-CNT catalysts in 0.5 M H2SO4 solution at 20 mV/

s. The solid and dashed lines are the first and second CVs

after CO adsorption at 50 mV, respectively. The vertical

solid lines 1 and 2 mark the location of the CO-stripping

peaks for the Ru5Pt150-CNT and Pt150-CNT catalysts,

respectively.

Fig. 11 e Anodic scans of the 10th CV cycle at 10 mV/s,

obtained in 1.0 M CH3OH D 0.5 M H2SO4 for the Pt150-CNT

and the Ru-decorated Pt catalysts. The inset is a

magnification at low potentials where the electro-

oxidation of methanol commences.
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methanol [57]. The best catalytic activity was measured for

the catalyst with only 5 ALD Ru cycles. By depositing more Ru

we see a dilution effect of the Pt, meaning there are fewer

places fulfilling the requirement of Pt ensembles. However,

since Ru is inert towards methanol adsorption [28] and that

the Ru20Pt150-CNT catalyst is active towards MOR, we expect

that the Pt surface of the Ru20Pt150-CNT catalyst is not

completely coated with Ru. Furthermore, we probably also

have a ligand effect, but it is typically less effective [58].

4. Conclusion

Highly dispersed ALD Pt nanoparticles were deposited onto N-

doped MWCNTs without pre-treatment. Pt particles with

average size between 1.5 and 6 nm could easily be obtained by

varying the ALD cycle number. The Pt nanoparticles were

decorated with Ru of various loading, i.e., various ALD Ru cy-

cles (5, 10 and 20) and evaluated towards CO oxidation and

MOR using cyclic voltammetry and chronoamperometry. The

Pt nanoparticles decorated with 5 ALD Ru cycles exhibited

highest catalytic activity in both reactions, followed by the

catalysts with 10 and 20 ALD Ru cycles. The undecorated Pt

catalyst had lowest activity, showing that small amount of Ru

results in a significant enhancement in performance. The re-

sults were explained by the bifunctional and ligand models.

We demonstrate that ALD is an excellent technique for

depositing well dispersed catalyst particles of controlled size

and composition. The compatibility of ALD in Si technology

makes it a suitable catalyst deposition technique e.g., in the

fabrication of micro DMFCs.
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