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Summary

Carbon Nanofiber Electrodes for PEM Fuel Cells

Increasing energy demand in the world and the environmental concerns due
to air pollution and the green house effect of fossil fuels stimulate the research into
renewable alternative energy resources. Among these alternatives, hydrogen has a
life changing opportunity for the human being for the future. The chemical energy
stored in hydrogen can be converted into electricity via various types of fuel cells.
The proton exchange membrane (PEM) fuel cell is the most promising type
providing high power densities at operating temperatures typically less than 100 °C.
The necessity of increasing the platinum utilization in PEM fuel cells, due to its
cost and availability, requires an optimization of the catalyst support and the gas
diffusion layers. In many long term fuel cell tests, a decrease in water removal
capacity leads to a gradual decrease of the PEM fuel cell performance. The use of
more graphitic and highly oriented carbon as an alternative material for use in the
gas diffusion media combines a high electronic conductivity with an acceptable

surface area.

One approach, introduced in this thesis, is the direct growth of carbon
nanofibers (CNFs) on a gas diffusion layer providing a strong network with a high
surface area. Two methods are developed for the direct growth of CNFs on a
carbon based gas diffusion layer: CNF growth via nickel complex particles (chapter
2) and via homogeneous deposition precipitation of nickel (chapter 3). The
production of CNF grown carbon paper via the nickel complex particles was rather
fast compared to the homogeneous deposition precipitation of nickel, since
deposition of nickel complex particles on a carbon paper took less than one hour
whereas it took more than two days for the homogeneous deposition precipitation

of nickel. The time of the deposition of nickel hydroxide in the deposition
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precipitation depends upon the decomposition rate of urea at the deposition
temperature. Since the deposition was carried out near the boiling point of water,
the decomposition rate of urea was nearly constant. It was attempted to increase the
total amount of nickel by working with highly concentrated nickel and urea
solutions. However, this caused a non-uniform deposition of nickel hydroxide
which resulted in the detachment of CNFs during ultrasonic treatments. The
loading of the nickel catalyst was controlled precisely during homogeneous
deposition precipitation of nickel on carbon paper in this slow deposition process.
In addition, the growth of nickel hydroxide layers covered the entire surface of the
carbon paper and thereby closed the pores bigger than 1 um. In our experiments, it
was observed that open pores on the CNF grown carbon paper surface caused
instabilities in operation due to water accumulation at these locations of the cathode
compartment of the PEM fuel cells. Considering the two main factors described
here, homogeneous deposition precipitation of nickel was utilized to obtain a highly
controlled nickel deposition and thereby a highly controlled CNF loading on the
carbon papers.

The decoration of carbon paper with CNFs was investigated as a water
management layer (chapters 4 and 5) and as a direct catalyst layer for platinum
(chapter 6) in order to give more accessibility for the gas transport. The CNF grown
carbon paper provided effective gas diffusion to the catalyst layer when they were
used as a water management layer, especially under high gas flows. It suffered from
performance losses at the mid-current density region (400-800 mA-cm™), which
can be improved by increasing the loading of a hydrophobic polymer. The CNF
grown carbon paper can be a good alternative as a catalyst support, however,
further optimization of the Nafion-platinum contact is required to get the benefits of

using CNF grown carbon paper as a direct catalyst layer.
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Introduction

Before the industrial revolution, nobody would imagine that the energy need
of our world could exponentially increase in the 20" century, which can also be
named as the hydrocarbon century, because of the untouched fossil fuel resources.
In today’s world, nearly 75 % of the total energy consumption is provided by fossil
fuels including petroleum, gas and coal, which brings environmental risks. Primary
emissions of fossil fuels such as sulfur, nitrogen and carbon pollute air and decrease
the air quality and even produce acid rains directly causing health problems.
Massive CO, release of fossil fuels used in daily life is one of the key factors for
the global warming. The global atmospheric concentration of CO, has started to
increase exponentially in the 20" century and reached to 390 ppm (2008) from 310
ppm (1958) reported by the Institution of Oceanography (Hawaii, USA) [1]. The
average global air temperature rose by between 0.3 and 0.6 °C in this time interval
as reported by the climatic research unit in Norwich, UK [2]. Increasing demand
for energy in the developing countries and the potential environmental effects of
fossil fuels stimulate the research into renewable alternative energy sources.
Among these alternatives, hydrogen has a life changing opportunity for the human
being for the future. Hydrogen is not a primary energy source like coal or gas, on
the contrary; it is a non-toxic energy storage and transport medium. Hydrogen is
mostly produced by fossil fuel resources (96 %) including gas (~ 49 %), crude oil
(~29 %), and coal (~18 %) and by the electrolysis of water (~4 %) using nuclear

energy and renewable sources such as geothermal, solar and wind energy [IHS
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chemical, 2010]. Renewable sources are of crucial importance providing carbon-
free energy conversion pathways. However, as indicated, the production of
hydrogen mainly depends on fossil fuels; therefore the air pollution created by
hydrogen is expected to be nearly the same as gasoline or diesel. Moreover, the cost
of the installation of the facilities for the production of the renewable energy is
rather high in the short term, which extends the time to pass to fully hydrogen

fuelled vehicles.

The chemical energy conversion of this lightest, colorless, odorless gas,
hydrogen, into electricity is performed by fuel cells as described by Schonbein and
Grove in 1839 [3, 4]. A fuel cell is generally described as a device which converts
the chemical energy into electricity using an oxidant. The fuel can be hydrogen as
well as a fossil fuel like methanol. Fuel cells run on the redox principle where the
fuel is oxidized at the anode compartment of the cell and the oxidant is reduced at
the cathode compartment with incoming ions passing through the electrolyte and

electrons travelling through the external current collectors.

The electrolyte does not only function as an ion conductor but also as a
barrier to prevent the mixing of the fuel and the oxidant. Various types of fuel cells
are available and classified with respect to the kind of electrolyte material
employed in the cell. Proton exchange membrane (PEM) fuel cells, alkaline fuel
cells, phosphoric acid fuel cells, molten carbonate fuel cells and solid oxide fuel
cells are such examples. The type of the fuel, the operating temperature range, and
the catalysts used in these cells are very different from each other, which in turn

affect the application area.
1.1 Proton exchange membrane (PEM) fuel cell

A significant effort has been given to develop PEM fuel cells for transport
and portable applications. PEM fuel cells produce a higher power density and offer
a favorable power to weight ratio and volume compared with the other fuel cell
types. They operate at relatively low temperatures around 60-80 °C, which allow a

quicker start. They are typically fuelled with pure hydrogen and air. A PEM fuel
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cells consists of two catalyst layers where oxidation and reduction take place, gas
diffusion layers, microporous layers (water management layers), current collectors
and a polymer electrolyte. The sandwich structure of these components illustrated
in Figure 1.1 is named as membrane electrode assembly (MEA). In a PEM fuel
cell, hydrogen is introduced to the anode side of the MEA, where it is oxidized to
protons and electrons on a platinum (Pt) catalyst. The generated protons migrate
through a proton exchange membrane to the Pt catalyst at the cathode where

oxygen is reduced to water in the presence of protons and electrons.

& MPL CL .

Hvdrogen Air
(humidified) (humiditied)
osmotic
= =

=
Z g
= =
Ouilet diffusion Outlet

Anode Cathode

Figure 1.1 Schematic of a PEM fuel cell. MPL: Microporous layer, GDL: Gas diffusion
layer, CL: Catalyst layer.

The low operation temperature of PEM fuel cells necessitates a highly active
Pt catalyst for the hydrogen oxidation reaction (HOR) at the anode and for the
oxygen reduction reaction (ORR) at the cathode. In a PEM fuel cell, the ORR is
kinetically much slower than the HOR and determines the entire performance of the
cell. Since the electrocatalysts are the main contributors to the PEM fuel cell
performance, their cost and durability are the main factors determining the
commercialization of the PEM fuel cells. Considering that Pt comprises more than

50 % of the total cost of a PEM fuel cell, non-noble electrocatalysts research is one
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of the important priorities in PEM fuel cell research and development although both
the activity and the stability of this non-noble catalyst are far from providing
enough fuel cell performance compared to Pt. Maintaining the fuel cell
performance, the catalyst research is directed to diminishing the amount of Pt used
in the electrodes as well. Currently, 0.2 mgPt-cm™ at the anode and 0.4 mgPt-cm™
at the cathode catalyst layer are typically being used by the fuel cell producers [5].
However, even with the most advanced electrodes, effective catalyst utilization is
still a major problem. Unsatisfactory gas access to the catalyst layer, inefficient
proton access through the membrane, electronic discontinuities and partial flooding
problems in the catalyst layer bring the difficulties of the reduction in the amount of

Pt catalyst.
1.1.1 PEM fuel cell basics

A PEM fuel cell can be described as a continuous water producer by the

redox reactions of oxygen and hydrogen according to the following reactions:
HOR H, — 2H" + 2¢° E°=0V (1.1)
ORR 150, + 2H" + 267 — H,0 E°=1.23V (1.2)
The overall electrochemical reaction is given by
H, (g) + %0, (g) — H,0 (I) E% =123V (1.3)

The theoretical voltage of the fuel cell, if the enthalpy of formation transformed

into electrical energy and the higher heating value of hydrogen (AG.,,, ) are used in

the calculations (equation 1.4) , is calculated as 1.48 V [6].

AGY 286000 J|

0irrev =- AV — n;\os =148V (14)
nF 2% 96500
mol

Due to the irreversible entropy changes, only the Gibbs free energy portion of the
total enthalpy change can be converted into electrical work which is identified as

the reversible cell voltage shown in equation 1.3. The difference in the theoretical
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voltage and the reversible cell voltage is dissipated as waste heat. Therefore, the
maximum theoretical efficiency of a fuel cell is around 83 %. Compared to Carnot
engines in which the thermodynamic efficiency increases as temperature increases,
the theoretical efficiency of a PEM fuel cell decreases with temperature rise
(Equations 1.5 and 1.6).

Carnot engine efficiency: Ne = T T (1.5)

. AG , TAS_E_°
Fuel cell efficiency e = =1- = (1.6)
AH = AH E,

1.48
1.23

> (2)

~ ocv

> (3)

2 4

g 5

@ (6)
0 200 400 600 800 1000

Current density / mA-cm-2

Figure 1.2 Performance characteristics of a PEM fuel cell. (1) Thermodynamic losses, (2)
internal currents and fuel crossover (3) cathode overpotential, (4) anode overpotential, (5)
Ohmic losses (resistance of polymer electrolyte), (6) concentration polarization (mass

transport losses), (7) output power area.

Heat dissipation by the difference in water formation enthalpy and the Gibbs
free energy is not the only voltage drop in PEM fuel cells [7]. Figure 1.2 describes
the performance characteristics of PEM fuel cells. The reversible cell voltage drops
to the open circuit voltage (OCV) because of the small internal current passing

through the polymer electrolyte and fuel crossover within the electrolyte (2).
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Another voltage loss, called as activation polarization, takes place in the low
current density region because of the slowness of the half cell reactions [8]. As seen
in Figure 1.2, the cathode overpotential* (3) is always higher than the anode
overpotential (4) since the cathode half cell reaction (reduction of oxygen) is much

slower than the half cell reaction (hydrogen oxidation) at the anode [9].

The Ohmic losses (5) result from the resistances to the flow of ions in the
electrolyte and the electrons through the external current collectors. The
corresponding voltage drop is necessarily proportional to the current density. The
concentration polarization or the mass transport losses involve the depletion of the
reactants at the surface of the Pt catalyst at high current densities. The
concentration of the reactants on the surface of the catalyst approaches to zero
because the reactants arriving to the catalyst surface immediately react and are
consumed. Another loss (6) at high current density is caused by flooding of the
catalyst layer because of too much water that is produced at the cathode part of the
fuel cell. This thesis is focused more on the concentration polarization losses due to
the flooding which brings the necessity of water management in the fuel cell and it

will be discussed in the next section.
1.1.2 Water management in PEM fuel cells

Water management has a large influence on the performance and durability
of PEM fuel cells [10-12], partly because of the properties of the applied
PerFluoroSulfonic Acid type membranes. These membranes have a considerable
proton conductivity, but only when their water content is high. Protons cannot
move as freely through the membrane when sulfonic acid groups are not
dissociated and connected through a continuous water phase [13]. By keeping the
membrane in a fully hydrated state, the voltage losses associated with the transport
of protons from the anode to the cathode are minimized. Fortunately, water is
produced by the ORR at the cathode during fuel cell operation as a linear function
of the current density. The electrical current drives the flow of protons from the

anode to the cathode and these protons pull water molecules along with them. This

*Overpotential: The potential difference between thermodynamically determined half cell potential
and the experimental half cell potential when the reaction takes place.
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process, known as “electro-osmotic drag”, can potentially lead to local dehydration
of the membrane at the anode (Figure 1.1). A locally ‘dry’ membrane can cause a
non-uniform current distribution indirectly causing increased activation
polarization losses and it leads to accelerated pinhole formation in the membrane.
In contrast, during fuel cell operation, the cathode may suffer from excessive water
accumulation due to the electro-osmotic drag. In addition to the product water from
the ORR, flooding may occur in the situation where water blocks the pathways of
oxidant diffusion to the catalyst layer. However, even under normal operating
conditions, a water concentration gradient exists between the anode and the
cathode. This gradient drives a process known as “back diffusion” where water is
pushed away from the cathode in the direction of the anode. Both “electro-osmotic
drag” and “back diffusion” have a large influence on the steady state water
distribution across the anode-membrane-cathode, as determined by the MEA
design. However, this balance can be significantly influenced by the operating
conditions through control over the stoichiometry and humidity of the reactant gas

streams [14].

The presence of a Micro-Porous-Layer (MPL) between the catalyst layer and
the gas diffusion layer has been demonstrated to improve the fuel cell performance
in terms of effective water management in both the anode and the cathode [15, 16].
The typical MPL is fabricated as hydrophobic and is considered as a barrier for
water condensation on the gas diffusion layer. Hydrophobic pores less than 1 um in
diameter in the MPL have lower water saturation levels, leading to higher gas
transport levels in the catalyst layer [17]. The MPL can be considered as a barrier
which increases the “back diffusion”. The MPL exerts a hydrostatic pressure
pushing the liquid water towards the anode. Especially at high current densities, the
MPL is effective due to the increased amount of water that the cathode has to deal
with. The MPL facilitates the water transport by allowing some degree of film
formation and functions as a wicking layer for liquid water. In this situation,

parallel pathways exist for both oxidant diffusion and water drainage.
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The use of carbon nanofibers (CNFs) as MPL on the gas diffusion layer [18,
19] and as a direct catalyst layer for Pt attract attention to integrate the superior
properties of CNFs into PEM fuel cells. In the next section, a brief introduction will

be given about CNFs.
1.2 Carbon nanofibers

CNFs are one of the most exciting nanomaterials explored in material
science. CNFs can be visualized as 1000 times miniaturized human hair. Although
the first studies on CNFs were seen at the end of the 19" century [20, 21], the
characterization and control at the nanoscale emerged from the invention of
transmission electron microscopes (TEM) in the mid of the 20" century. After the
first observations of CNFs by Russian scientists Radushkevich and Lukyanovich in
1952 [22], the exploration of their high mechanical strength, electric conductivity,
high aspect ratio, and surface area opened the era of tubular carbon structures

especially by the discovery of carbon nanotubes (CNTSs) by lijima in 1991 [23].

a) b) c)

A
B

N

|

|

|

|

|

|
L/
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Figure 1.3 Three distinctive forms of carbon nanofibers. a) Platelet: In this form, the growth
angle, B, is 90°. b) Herringbone: Here, B is less than 90° c) Tubular: This special form of
carbon nanofiber is called as carbon nanotube (B is 0°). B is defined as an angle between the

fiber growth axis and the graphene layers.
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CNFs are mostly produced via various chemical vapor deposition (CVD)
processes, however, laser ablation and arc discharge techniques are also applied
[24-27]. In the CVD technique, carbonaceous gases are exposed to the metal
particles, usually, cobalt, iron and nickel, at elevated temperatures between 500 and
1200 °C [26]. The carbon containing gas decomposes on the catalyst surface
generating carbon which diffuses to the bottom of the metal particle to produce
successive graphene sheets, resulting in fibers with a diameter similar to the metal
particle. Commonly CNFs are categorized in three groups: platelet, herringbone
and tubular (Figure 1.3). Platelet CNFs are composed of graphene sheets inserted
on top of each other. The graphene planes can be aligned with respect to the growth
axis with an angle by the change of the initial geometry of the metal nanoparticle
and they can form herringbone CNFs. When this alignment angle is zero, CNFs are
interpreted as CNTs [28]. The type and the thickness of the produced carbon
nanofibers depend particularly on the initial size of the metal particle, its geometry

and the growth temperature [25].

CNFs are today used as polymer additives [27, 29-32], gas storage materials
[33-36], chemical/biological protection materials [37, 38], catalysts supports for
many catalytic reactions [25, 39-42] and in many other applications such as
nanoprobes, sensors, microelectronics and energy storage [43]. Considerable
attention has been devoted to employ CNFs in fuel cells as catalyst support and
water management layer [18, 19, 44-57]. Two methods for the incorporation of
CNFs in fuel cells were generally applied. In the first method, Pt is deposited on
loose fibers and then mixed with polymer and deposited on the gas diffusion layer.
Efficiency improvements were claimed by many research groups; however, long
term stability of the CNFs was rather poor under the fuel cell operating
environment. There is need for a more entangled structure of CNFs on the gas
diffusion layer and this need focused the research as a second method toward the

direct growth of CNFs on gas diffusion layers.
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1.3 Objectives and outline of this thesis

The research on the direct growth of CNFs on carbon paper is focused more
on the characterization of the CNF growth. This thesis describes the synthesis of
CNFs directly on carbon paper which is used as a gas diffusion material for PEM
fuel cells and describes the potential benefits of the CNF grown layer in PEM fuel
cell electrodes as a water management and direct catalyst layer (Figure 1.4). The
material preparation and characterization of CNF growth on carbon paper are
described in the first part of the thesis (chapters 2 and 3) and PEM fuel cell testing

Is given in the second part (chapters 4, 5 and 6).

Gas Diffusion Layer
(Carbon paper)

Nickel Complex Particles Nickel Hydroxide
Gas Diffusion Layer Gas Diffusion Layer m
(Carbon paper) (Carbon paper)

Carbon Nanofibers

Gas Diffusion Layer
(Carbon paper)

/ \

_Platinum on ati\(ad carbon o
2 Garban Nanofibers == i | Catalyst- Cabon Nanofiiers &
Chapters 4-5 e P Chapter 6
Gas Diffusion Layer Gas Diffusion Layer P
(Carbon paper) (Carbon paper)

Figure 1.4 Thesis overview.

Chapters 2 and 3 focus on the direct growth of CNFs on carbon paper
achieved by using two different catalyst preparation methods. Chapter 2 is devoted
to the catalytic growth of CNFs via nickel complex particles attached on carbon
paper. The nickel complex particles were characterized by XRD, XPS, TEM, SEM,
and FT-IR spectroscopy techniques. The selective deposition of the particles on one

side and throughout the carbon paper was achieved by water and ethanol dispersion
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of these particles. Multi-walled CNTs and herringbone CNFs were obtained at the
same time for both deposition methods. Although the applied catalyst deposition
method is fast, simple, and results in high productivities in terms of mg CNF
produced per mg of nickel for both deposition methods, poor reproducibility and
the application difficulties in PEM fuel cells forced us to implement a new catalyst
deposition method. Since the nickel nanoparticles created a nickel nanoparticle
attached carbon paper surface rather than making a network, the CNF growth
formed a perfect hairy network on carbon paper fibers however, the gaps larger
than 25 um on carbon paper remain open. That would cause large instabilities in
PEM fuel cell operation. Chapter 3 is focused on the production of completely
CNF covered carbon paper via homogeneous deposition precipitation (HDP) of
nickel. Nickel hydroxide leaflets were produced relatively with lower CNF
productivity with respect to the method described in chapter 2. HDP of nickel has
limitations on the molarity of the initial nickel solution and requires a perfect pH
control. It is a rather slow process and complete coverage of the carbon paper by
Ni(OH), takes two to three days. In spite of these difficulties, the CNF grown
carbon paper in the applied method is reproducible and more convenient for the
PEM fuel cell testing than the CNFs obtained by the nickel nanoparticle deposition

on carbon paper.

Chapters 4 to 6 concern with the studies of the PEM fuel cell testing of a
CNF grown layer as a water management layer and a direct catalyst layer for Pt
catalyst. Special attention was given to the water management. In Chapter 4, a
reference water management layer on the one side and CNF grown layer on the
other side were sandwiched together with a catalyst coated membrane and tested in
a PEM fuel cell test station at 65 and 80 °C. The anode and cathode parts of the
PEM fuel cell are reversed by switching the gas inlets. The effect of stoichiometric
ratio and dry conditions were investigated and the water management properties of
the CNF diffusion layer were evaluated. This work directed us into a systematical
study on the CNF grown layer which was sandwiched on commercial catalyst

coated membranes manufactured by Johnson Matthey. In Chapter 5, it is
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determined that the CNF grown layer was as good as the reference water
management layer. Especially in the high current density region, suitable polymer
loading on CNFs improved the hydrophobicity of the CNF grown layer maintaining
the acceptable resistance to electron flow. At both operating temperatures, a higher
power density was obtained in the high current density region. However, CNF
grown carbon paper responds rather slowly to the current withdrawal ramps
especially after a current density of 600 mA-cm™?. The demand for high current
with large ramps results into a fuel starvation since a certain time is needed for the
reorganization of the gas diffusion and water removal. Operation of the fuel cell
with lower ramps and higher waiting time makes the fuel cell operation more
convenient and helpful to attain much better performance than the PEM fuel cells
produced by using conventional water management layers. Chapter 6 presents the
PEM fuel cell test results for the Pt deposited CNF layer at the cathode and Pt on
active carbon at the anode. The absence of a polymeric coating on the CNF
produced a flooding susceptible layer and therefore the performance obtained in
these test are much lower with respect to the reference PEM fuel cell constructed
by using Pt on active carbon. Even at high stoichiometric ratios the fuel cell
performance did not come closer to the performance of the reference PEM fuel cell
although the catalyst loadings were similar. This can also be explained by the

limitation in effective catalyst utilization of Pt on CNF layer.

Finally in Chapter 7, the main conclusions and future perspective of using

CNF grown layers in PEM fuel cells are discussed.
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Carbon nanofiber growth on

carbon paper using nickel

complex particles

Abstract

Nickel complex particles consisting of nickel hydrazine chloride and nickel
ammine chloride were used to grow carbon nanofibers (CNFs), either selectively
throughout or on only a single side of a carbon paper in thickness of 190 um for an
application in proton exchange membrane fuel cells. Nickel complex particles were
prepared by the reduction of nickel chloride with hydrazine and suspended in water
to deposit them on a single side of the carbon paper. The same particles suspended
in ethanol attached throughout the carbon paper. The reduction of the nickel
complex to nickel with hydrogen at 500 °C created nickel nanoparticles on the
carbon paper fibers for both deposition methods. The amount of CNFs produced
per amount of nickel was higher for single side CNF growth than for the CNF
growth throughout the carbon paper. CNF loadings were calculated as 50 wt.% for
single side growth (1.0 = 0.2 wt.% nickel) on the carbon paper and 55 wt.% for the
CNF growth (2.0 = 0.2 wt.% nickel) throughout the carbon paper. Air exposure at
room temperature to CNF grown carbon paper formed nickel oxide, which
indicated that most of the nickel nanoparticles were not encapsulated by carbon
after CNF growth.
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2.1 Introduction

Carbon nanofibers (CNFs) have received considerable attention as a catalyst
support due to their high electrical conductivity, mechanical strength, open
structure and chemical inertness [1]. The growth of CNFs on a large scale was
achieved using chemical vapour deposition, in which CNFs are produced by a

metal catalyst (nickel, iron or cobalt) heated at temperatures above 400 °C [2-5].

The use of CNFs in proton exchange membrane (PEM) fuel cells was
described recently as a means to decrease the amount of platinum (Pt) catalyst used
in the cell by increasing the Pt utilization efficiency [6, 7]. It has been reported that
when CNF grown carbon paper is used as a self-humidifying electrode, a high
power output is obtained in a single cell test of a PEM fuel cell [8]. Most of the
research of CNF growth on carbon paper has been directed to the CNF growth
throughout the carbon paper, carbon cloth or carbon felt [9-11], however, selective
growth of CNFs on a single side of carbon paper has been reported in limited
number of studies [12, 13]. The use of CNFs as a catalyst support in PEM fuel cell
requires single sided growth since the proton conductivity of the membrane
decreases when the Pt is deposited on CNFs grown throughout the carbon paper.
The growth of CNFs in the interior parts of the carbon paper decreases the porosity
of the carbon paper and may decrease the number of pathways for gas delivery to
the catalyst layer and water removal from the catalyst layer. As the gas diffusion
medium for PEM fuel cells generally consists of a gas diffusion layer coated with a

dense microporous layer on top of it, one should aim such a single sided deposition.

Pham Huu and co-workers investigated the growth of CNFs with incipient
wetness impregnation of nickel and reported a productivity of CNFs reaching 50
gram CNFs per gram of nickel catalyst deposited throughout a carbon felt [10]. In
this chapter, we present a fast and practical way of growing CNFs throughout and
on a single side of carbon paper with a high CNF productivity per amount of nickel
catalyst. Nickel complex particles (consisting of a mixture of nickel hydrazine
chloride (Ni(NyH,4),Cl,) and nickel ammine chloride ([Ni(NH3)¢]Cl,)) are

suspended in either ethanol or water. These suspensions are used to deposit the
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nickel complex particles on a carbon paper support selectively, after which the
particles reduced to nickel to achieve proper attachment with the carbon paper
fibers. The growth of CNFs with the as-prepared nickel complex particles is
extremely efficient for the fast development of CNF-carbon paper decorated
structures which can be used as a light weight and high surface area support for

PEM fuel cells and for many catalytic reactions [9, 14-17].
2.2 Experimental

2.2.1 Synthesis of the nickel complex particles

Nickel complex particles were synthesized by a reduction reaction of nickel
chloride hexahydrate (NiCl,-6H,0) with hydrazine (N,H,4). Typically, 3.6 g of
NiCl,-6H,O was dissolved in 150 ml deionized water and 9.5 ml of N,H; was
added rapidly at 60 °C. The colour of the solution turned immediately into blue and
gradually shifted to a blue-violet colour. The reaction solution was stirred one hour
and subsequently cooled to room temperature. The precipitate was filtered and
washed three times with deionized water and then dried at 80 °C for an hour to

obtain the nickel complex particles.

a) Nickel complex particles b) Nickel complex particles
dispersed in ethanol

dispersed in water

Carbon paper Deposition holder Carbon paper

Figure 2.1 Schematic of nickel complex particle attachment on carbon paper using a)

water, b) ethanol as a suspension solution.

For the nickel complex particle attachment on a single side of the carbon
paper with a thickness of 190 um and a BET surface area of 0.2 m*g™* (TGP-H-

060, Toray), a 40 mm diameter single sided open window holder (Figure 2.1-a) was
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used. A nickel complex particle suspension in water of 1 mg-ml™* was prepared and
ultrasonicated for 30 minutes to breakup big particles into smaller particles. This
suspension was stirred at room temperature with a magnetic stirrer. 5 ml of the
suspension was applied on the carbon paper (TGP-H-060, Toray, 4.0 cm in
diameter and 106 mg in total) which is placed in a holder. Since the carbon paper
surface was hydrophobic, water could not penetrate into the pores of the carbon
paper and only the carbon paper fibers available on the top surface of the carbon
paper were covered by nickel complex particles. The carbon paper was dried at 80
°C overnight and a nickel loading of 1.0 + 0.2 wt.% was obtained on a single side

of the carbon paper.

Ethanol, compared to water, has a low surface energy and when a droplet of
ethanol is put on a carbon paper, it penetrates throughout the carbon paper.
Therefore, for nickel complex particle attachment throughout the carbon paper,
ethanol was selected as a dispersing solvent and a suspension of nickel complex
particles of 5 mg-ml™ in ethanol was prepared. The carbon paper was inserted
directly into this suspension (Figure 2.1-b) and shaken for 5 minutes. After the
removal of the carbon paper from the suspension, it was dried in an oven at 80 °C
for 30 min. A final loading of nickel on the carbon paper of 2.0 + 0.2 wt.% was

calculated from the weight difference.
2.2.2 CNF growth

The carbon paper with the physically attached nickel complex particles was
dried at 80 °C and placed in a vertical tubular quartz reactor (5.8 cm inner
diameter), for the reduction of the nickel complex particles to nickel before CNF
growth. The temperature was increased with 2 °C-min! to 500 °C in nitrogen (100
ml-min™') and then 10 vol.% hydrogen was introduced for the reduction keeping the
flow rate constant for 2 hours. The temperature was increased to 600 °C and CNFs
were grown in the presence of 10 vol.% ethylene and 3.5 vol.% H, in N, at 100

ml-min* flow for 4 hours.
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2.2.3 Characterization

Transmission electron microscope (TEM) images were recorded with a FEI
Tecnai G2 Sphera operated at an accelerating voltage of 200 kV. For TEM
analyses, a small amount of CNFs was scratched from the carbon paper and
suspended in ethanol. 40 ul of the suspension was put onto a carbon coated copper
grid and the grid was dried at ambient temperature. In addition, TEM images were
recorded of the as-prepared nickel complex particles. Scanning electron microscopy
(SEM) images of the CNFs and the nickel complex particles were taken using a FEI
Quanta 3D FEG. The nickel complex particles were deposited on a carbon tape and
a 30 nm gold layer was sputtered by a E5100 series Il cool sputter coater by
Polaron. ImageJ software was used for histogram analyses. The BET surface area
and porosity were measured with a Tristar 3000 and Autopore IV 9505 from
Micromeritics. Inductively coupled plasma measurements were performed on a

Spectra Ciros““P

(ICP-OES). X-ray diffraction analyses were performed by using a
Bruker Enduar D4 powder diffractometer using Cu Ka radiation (1.54 A) at room
temperature in 20° ranges from 5° < 26° < 90° with a 1.2°-min™ increments. The
data were analyzed by using Diffrac Plus software. FTIR spectra were recorded in
KBr on a Bio-Rad Excalibur FTS3000MX infrared spectrometer (four scans per
spectrum, resolution: 4 cm™). X-ray photoelectron spectroscopy (XPS)
measurements were conducted with a VG CLAM Il hemispherical analyzer
equipped with a channeltron detector. The spectrum was recorded using an
aluminum anode (Al-K,; = 1486.6 eV) operating at 150 W under ultrahigh vacuum
(2x10° mbar) at room temperature. Binding energies were calibrated with the
Carbon 1s (285.0 eV) as a reference and XPS Casa software; Shirley background

correction was used to fit the XPS spectrum.
2.3 Results and discussion

2.3.1 Characterization of the nickel complex particles

Nickel complex particles were characterized by FTIR, XRD, TEM, SEM and
XPS. In Figure 2.2, the FTIR spectrum, recorded from 4000 to 500 cm™ (with a
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reference dried KBr pellet), indicates the existence of two nickel complexes;
bis(hydrazine) nickel(Il)chloride (Ni(N;H,4).Cl,) and nickel ammonium chloride
(INi(NH5)g]Cl,). The vibration bands observed at 978 and 1172 cm™ were assigned
to (N-N) stretching and NH, twisting modes of Ni(N,H,4),Cl,, respectively [18-20].
NH, wagging mode vibrations at 1340, 1310 and 1202 cm™ were consistent with
the values reported in literature [20]. NH, bending modes were assigned at 1605
and 1566 cm™ [20]. Primary N-H stretching mode was characterized by two bands
in the region between 3500 and 3250 cm™. One stretching mode was seen as a
broad band around 3500 cm™ and the other N-H stretching mode of Ni(N,H,4),Cl,
and [Ni(NH;)s]Cl, were observed at 3285 with a shoulder band around 3228 cm™
[20]. The vibration bands at 650 and 610 cm™ were attributed to the rocking
vibrations of NH; ligands in the [Ni(NH3)g]Cl, complex as reported by Park et al.
[19].

11172 610

| o8

Transmission (%)

-10 1 1605 650

] | 1340
-20 3228

1202

-30 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2.2 FTIR spectrum of nickel complex particles in KBr.

In Figure 2.3, the powder X-ray diagram indicates that the nickel complex
particles consist of a mixture of Ni(N,H4),Cl, (JCPDS No0.20-0098) and
[Ni(NH3)6]Cl, (JCPDS No0.24-0803). The XRD pattern and the FTIR spectrum
together confirmed that tris(hydrazine) nickel(Il)chloride ([Ni(N,H4)s]Cl,) was not

formed, even though its formation was expected since the hydrazine to nickel ratio
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was much higher than the values reported in literature for the production of this
complex [19]. This can be explained by the fact that the preparation methods were
different. In literature, an aqueous solution of nickel was slowly added to an
aqueous solution of N,H,; whereas this addition sequence was reversed in the
present work. In the powder X-ray diagram (Figure 2.3), a pure nickel phase was
not observed. This is in agreement with the XPS spectrum of the nickel complex
particles shown in Figure 2.4. Binding energies of nickel complex particles were
present both at 2p,, and 2ps, edges at 873.9 and 856.4 eV. The higher binding
energy for 2ps, edge compared to Ni° (852.9eV) as well as high binding energy
satellites confirmed the existence of nickel ions with a divalent state in the nickel

complex particles [21].

A Ni(N,H,),Cl,

* >

% Ni(NH,):Cl,

Intensity (a.u.)
-————>

Figure 2.3 Powder X-ray diagram of nickel complex particles.

The nickel complex particles were analyzed by ICP to determine the nickel
content. ICP analysis showed that the nickel complex particles contained 31 + 1
wt.% of nickel. This value corresponds to the atomic mass percentage of nickel
(30.3 %) in Ni(NyH4),Cl,. In TEM analyses, the interplanar distance of the
crystalline structure of the nickel complex particles (Figure 2.5-b) was found as

0.59 £ 0.01 nm. This value is in agreement with a study performed on the
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crystalline structure of nickel complex nanotubes. The interplanar distance of these
nanotubes was found as 0.584 nm and it was assigned to [Ni(NH3)g]Cl, [22]. The
interplanar distance of nickel hydrazine chloride was not reported to our knowledge
before, however the crystalline structure of zinc hydrazine chloride (Zn(N,H,4),Cly)
was reported as isotypic to Ni(N,H,4),Cl, [18]. It can be expected that the
interplanar distances of Zn(N,H,4),Cl, (0.58453 nm, JCPDS no.72-0502) and
Ni(N,H,4),Cl, are similar to each other and thereby, the interplanar distance given in
TEM analyses (Figure 2.5-b) can be attributed to both Ni(N,H4),Cl, and
[Ni(NH3)6]Cl,. Considering the mass percentage of nickel in [Ni(NHs3)e]Cl, (25.3
%), results of ICP for the nickel content in nickel complex particles reveals that the

major component in this mixture is Ni(N,H,4),Cl,.

Ni 2pg),
Binding energy satellites
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Figure 2.4 XPS of nickel complex particles.

From TEM analyses it was concluded that the as-prepared nickel complex
particles have a very broad particle size distribution between 10 and 200 nm
(Figure 2.5-a). In Figure 2.5-c, a SEM image of nickel complex particles is shown.
It can be seen that the nano-size particles are agglomerated to 50 um spherical
particles. Particles below 1 pm in diameter were also observed, indicating a very

broad size distribution (Figure 2.5-d). These results reveal particle agglomeration



2.3 Results and discussion 25

and necessitate the ultrasonication of the suspension just before the deposition on

the carbon paper fibers.

Figure 2.5 TEM (a,b) and SEM (c,d) characterization of nickel complex particles.

a) General overview of the particles after washing, drying and ultrasonication steps. b) High
resolution TEM image of a nickel complex particle showing the interplanar distance. ¢) A
SEM image of nickel complex particles after the drying step. d) Magnified view of the

particles shown in image c.

2.3.2 Selective deposition of the nickel complex particles

The selective deposition of nickel complex particles on a single side of a
carbon paper was achieved by utilizing the hydrophobic property of the carbon
paper. Since the contact angle of water with the surface of the carbon paper is high
(~130°), water penetration into the pores of the carbon paper is limited [23]. The
penetration depth of the nickel complex particles depends on the water contact with
the carbon paper fibers. Considering the thickness of the carbon paper fibers, which
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is around 7 pm, the nickel complex particles can be found only in a limited depth

from the top surface of the carbon paper (Figure 2.6-a).

Nickel complex particles can be attached throughout the carbon paper by
using ethanol. Although the ethanol-nickel complex particle suspension was
ultrasonicated just before the dipping of the carbon paper, agglomerated particles
(20-25 pum) were observed on the carbon paper after reduction with hydrogen
(Figure 2.6-b). This size of the particles was also observed in the SEM images of
the nickel complex particles indicating a lack of particle breakup to smaller
particles during ultrasonication. The size of the nickel complex particles is crucial
for the efficient production of CNFs since large nickel complex particles do not
contribute to the CNF growth around the carbon paper fibers. The attachment of the
nickel complex particles around the carbon paper fibers was achieved by Van der
Waals attraction since washing of the carbon paper with ethanol can easily detach
the nickel complex particles. A stronger bond between nickel and carbon was
formed after the decomposition of the nickel complex upon heating and reduction
of nickel since washing or even ultrasonication could not detach the reduced nickel

nanoparticles.

Figure 2.6 SEM images of the nickel nanoparticles on carbon paper after reduction in
hydrogen at 500 °C; a) single side deposition of nickel complex particles, and b) deposition

of nickel complex particles throughout the carbon paper by using ethanol.
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2.3.3 CNF growth

CNF growth on a single side of the carbon paper

Nickel complex particles attached on a single side of the carbon paper were
reduced to nickel prior to CNF growth and homogeneously dispersed nickel
nanoparticles were obtained. CNFs were grown on the carbon paper fibers by
subjecting these nanoparticles to ethylene at 600 °C in the presence of hydrogen
and nitrogen. Carbon paper fibers below the upper layer of the carbon paper, seen
in the opened pore (big circle in Figure 2.7-a), did not contain any CNFs. This is
explained by the absence of Ni particles below the top layer of carbon paper fibers
as there was no water penetration. This method favors the CNF growth on a
restricted region from the top layer of the carbon paper. A final loading of 50 + 5
wt.% of CNFs on carbon paper was obtained. The growth productivity of the nickel
nanoparticles was calculated as 105 + 10 gCNF-g™ Ni (Table 2.1).

Figure 2.7 CNF growth on carbon paper by the nickel complex particles suspended in
water. SEM images of; a) single side CNF growth on carbon paper, and b) magnified CNF

layer.
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Table 2.1 Properties of the CNF grown carbon paper.

CNF grown carbon paper

Throughout  Single side of ~ Carbon

the carbon the carbon paper
paper paper
Nickel loading on carbon paper (wt.%) 20+0.2 1.0+£0.2 -
CNF loading on carbon paper (wt.%) 55+5 50+5 -
Productivity of nickel (g CNF-g™*Ni) 77+ 10 105 + 10 -
CNF-carbon paper BET (m*g™) 80+5 60 £5 -
CNF-BET (calculated) (m?-g™) 126 +5 121+5 0.2 [12]
CNF-carbon paper porosity, % 60+ 5 65+ 5 78 [12]

The tabulated results are the averages of three different experiments.

CNF growth throughout the carbon paper

To grow CNFs in the interior parts of the carbon paper, ethanol was used for
the complete dispersion of the nickel complex particles. Some of the nickel
complex particle aggregates (10-20 um) did not break up into smaller particles, like
in the case of the water suspension (Figure 2.6). These nickel aggregates did not
contribute to the CNF growth around the carbon paper fibers (big circle in Figure
2.8-a). Even though the utilization of the nickel nanoparticles decreased, the carbon
paper fibers were still completely covered by CNFs (small circle in Figure 2.8-a,
and Figure 2.8-b). The uniform thickness of the CNFs showed that the reduction of
the nickel complex particles was successful and the attachment of the reduced
nickel on the carbon paper was homogeneous. A final loading of 55 + 5 wt.% CNFs
was obtained for a nickel loading of 2.0 = 0.2 wt.%. The growth productivity was
calculated as 77 + 10 gCNF-g™ Ni (Table 2.1). The productivity was lower in
comparison with the single side growth of CNFs on carbon paper since the amount
of nickel contributing to CNF growth decreased due to the lack of large nickel

complex particle breakup. Less than 5 wt.% loss of CNFs was observed after
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ultrasonication for 10 minutes due to the detachment of the loose fibers. The BET
areas of the CNFs were calculated as 126 + 5 m?-g™* for the CNF growth throughout
and 121 + 5 m?g™ for the CNF growth on a single side of the carbon paper. In
conclusion, the BET area did not show any significant difference with respect to the
nickel deposition method. The CNF growth on the carbon paper decreased the
porosity to 60 + 5 % for the CNF throughout the carbon paper and to 65 £ 5 % for

the CNF growth on a single side of carbon paper.

CNF growth throughout the carbon paper increased the thickness of the
carbon paper fibers by 2 um on average with respect to bare carbon paper fibers
whereas the same increase was 4 um on a single side CNF growth on carbon paper
(Figure 2.9-a,b). This increase in the shell thickness of CNFs in single side growth
Is due to the increased density of the nickel complex particles on the single side of
the carbon paper compared to the nickel complex particles distributed throughout
the carbon paper. Small deviations in the shell thickness of the CNFs around the
carbon paper fibers (Figure 2.9-b) indicate a narrow distribution of the nickel
nanoparticles since the CNF network density can be assumed to be proportional to

the amount of nickel seeds attached on the carbon paper fibers.

Figure 2.8 a) SEM image of CNFs grown throughout the carbon paper. Big nickel
agglomerates are shown in the big circle. b) Magnified CNFs in the same picture shown in (a)

as small circle.
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Figure 2.9 a) SEM image of CNF grown carbon paper fibers. The arrows represent the
thickness of the carbon paper fibers. Thickness histogram of; b) bare carbon paper fibers, c)
carbon paper fibers with CNFs grown throughout the carbon paper, d) carbon paper fibers

with CNFs grown on a single side of the carbon paper.

Figure 2.10 shows the morphology of the carbon structures obtained for both
catalyst deposition methods. Multi-walled carbon nanotubes (MWCNTS) are
observed ranging from 5 to 30 nm thickness and CNFs are seen in the range in
between 40 and 60 nm. This indicates that the nanoparticles formed after the
reduction of the nickel complex particles split into smaller active nickel
nanocrystals giving rise to the formation of the MWCNTSs (Figure 2.10-a). The
number of graphene planes in most of the MWCNTSs (Figure 2.10-c) varies in
between 50 and 60, and the interplanar distance between two graphene planes was
determined as 0.340 + 0.005 nm [12, 13, 24, 25]. However, a considerable amount
of CNFs is also observed throughout and on only a single side of the carbon paper

(Figure 2.10-b). The graphene planes were not continuous but inclined with an
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angle of 28° from the growth axis (Figure 2.10-d). The thickness of these CNFs is
mostly around 50 nm. For the sake of simplicity, throughout the text, all the grown

carbon structures were called as CNFs.

:340'+0.005 nm

Aoy

5nm

. 0-336 +0.005 nim

Figure 2.10 TEM images of a) MWCNTs and b) CNFs. High resolution TEM image of c)
MWCNT, and d) CNF.

Powder X-ray diagrams of CNFs and carbon paper are shown as plots (a)
and (b) in Figure 2.11. The CNF grown carbon paper was taken out from the
reactor (which was completely at an oxygen free environment at the reaction
condition) at room temperature and an air exposure took place creating nickel
oxides. This indicates that most of the nickel nanocrystals were not encapsulated by
carbon during the CNF growth and nickel layers were passivated by air exposure at

room temperature during the removal of the sample from the reactor.
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Intensity (a.u.)
T

Figure 2.11 Powder X-ray diagrams of (a) carbon paper, (b) CNF grown carbon paper (the

same X-ray diagram obtained for both nickel deposition methods).

2.4 Concluding remarks

CNFs and MWCNTs were grown throughout and on a single side of a
carbon paper by the selection of a suitable dispersing solvent for the attachment of
nickel complex particles. Nickel complex particles composed of Ni(N,H,4),Cl, and
[Ni(NH5)e]Cl, were used for nickel catalyst deposition on the carbon paper fibers.
ICP measurements showed that the amount of nickel in the nickel complex particles
was close to the mass percentage of nickel in Ni(N,H,),Cl,. The reduction of the
nickel complex particles with hydrogen formed nickel nanoparticles firmly attached
on the carbon paper fibers. Herringbone CNFs in thickness between 40 and 60 nm
and MWCNTSs in thickness between 5 and 30 nm were homogeneously grown on
the carbon paper. The productivity of nickel during CNF growth depends on the
large particle breakup during the preparation of the nickel complex particle
suspensions. The method described in this work can be used to produce large
surface area carbon mixtures as an alternative water management layer and direct
catalyst layer at the cathode part of PEM fuel cells and can be used in gas phase

catalytic reactions by deposition of a suitable catalyst on the CNFs.
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Carbon nanofiber growth on

carbon paper for PEM fuel cells

This chapter has been adapted from:

Celebi, S., Nijhuis, T.A., Schaaf, J. van der, Bruijn, F.A. de & Schouten, J.C., 2011.
Carbon nanofiber growth on carbon paper for proton exchange membrane fuel cells.
Carbon, 49(2), 501-507.

Abstract

Homogeneous deposition precipitation (HDP) of nickel has been
investigated for the growth of carbon nanofibers (CNFs) on carbon paper for use in
proton exchange membrane fuel cells as a gas diffusion layer. Selective CNF
growth on only one side of carbon paper is required to transfer the generated
protons on platinum catalyst fast enough to avoid any proton mass transfer losses.
For this purpose, a mask deposition holder was designed to deposit the nickel
hydroxide which is reduced to nickel with hydrogen before catalyzing the CNF
growth. The deposition time effect on the catalyst loading and the effect of the
catalyst loading variation on the yield of CNF growth on carbon paper were
investigated. Both effects had linear dependence in the region of interest. The HDP
of nickel on the carbon paper ensured strong attachment of nickel crystals on the
carbon paper fibers keeping the porosity at a promising level with an acceptable
BET area of CNFs. The HDP method provides fine-tuning in the CNF layer
thickness only on one side of the carbon paper with good reproducibility in the
deposition of nickel.
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3.1 Introduction

Hydrogen fuelled proton exchange membrane (PEM) fuel cells have been
attracting great attention for their potential transport and stationary applications as a
clean power generation system that produces water as exhaust [1-3]. Before large
scale commercialization of PEM fuel cells takes off, the cost of PEM fuel cells
presents still a major challenge for most applications among others because of the
requirements of high-cost noble metals. Ineffective catalyst utilization, high voltage
loss due to oxygen transport limitations, and long term corrosion of carbon in both
the catalyst supports as well as the gas diffusion media (GDM) currently used in

PEM fuel cells necessitate the development of more effective cell components.

In most PEM fuel cell electrodes, Pt is deposited on a high surface area
carbon support, such as Vulcan XC 72 or Black Pearls, yielding small Pt particles
ranging 2-4 nm in diameter at loadings as high as 20 — 40 wt % (Figure 3.1-a). An
ink solution containing the catalyst support with Nafion dispersed in a suitable
solvent is deposited either on the membrane or on the GDM which plays a crucial
role in the water management of the PEM fuel cell, both under dry and wet
conditions. Under dry conditions, the GDM can help retaining the water in the
membrane electrode assembly whereas under wet conditions the GDM does not
need to drain the water. A better understanding of the GDM properties and the fuel
cell performance is still needed in the further optimization of the PEM fuel cell.
The long term stability of GDM is a matter of concern as well. In many long term
fuel cell tests, a decrease in water removal capacity leads to a gradual decrease of
the PEM fuel cell performance [1]. The corrosion of the GDM could be one of the
causes of this performance loss. The use of more graphitic and highly oriented
carbon such as an alternative material for use in the GDM combines high electronic
conductivity with an acceptable surface area [4]. These properties can yield a GDM

with enhanced stability and tunable water properties.

Previously, carbon nanofibers (CNFs) were used instead of amorphous high
surface area carbons in the development of PEM fuel cells and the integration

scheme using the Nafion-Ink method remained the same as that applied in currently
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used carbon supports [5-7]. These structures did not demonstrate improved catalyst

utilization in the long term. The detachment of the CNFs from the electrode surface
led to the catalyst being incompletely used. The direct growth of CNFs on the
carbon paper introduces a stronger binding with the carbon paper fibers and the
CNF detachment can be avoided (Figure 3.1-b) [8-10]. In addition, a better control
of the gas diffusion layer structure can be gained by growing the CNFs directly on
the carbon paper. In some previously reported studies, CNF growth took place
throughout the carbon paper [8, 10, 11]. In a wet chemical Pt deposition on CNFs,
this results into a Pt deposition throughout the carbon paper, increasing the
electronic path and reducing the rate of proton access and thus the Pt utilization
[12].

O Platinum Nanoparticles == Carbon Paper
4 Platinum Deposited CNF @ Platinum Deposited Activated Carbon

Figure 3.1 a) Integration scheme of platinum deposited activated carbon on carbon paper; b)

Direct growth of CNFs on carbon paper and subsequent platinum deposition.

Recently, selective CNF growth on one side of the carbon paper has been
demonstrated using electrodeposition of nickel or cobalt catalysts [13]. This chapter
presents a more attractive alternative by the deposition of nickel hydroxide
(Ni(OH),) using homogeneous deposition precipitation (HDP) of nickel and
subsequent CNF growth on one side of the carbon paper with the purpose to gain
control over the GDM. HDP of nickel is a very convenient method which forms a

dense and controllable Ni(OH), layer on the carbon paper.
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3.2 Experimental

3.2.1 Homogeneous deposition precipitation of nickel on carbon paper

The HDP of nickel on carbon paper (TGP-H-060, Toray Industries, Figure
3.2-a,b) was performed with a mask deposition holder (Figure 3.2-c). The holder
was placed vertically (carbon paper surface is looking upward) into a deposition
chamber containing a nickel salt solution (Ni(NO3),*6H,0) of 4.0 mM in 300 ml
DI water. The pH of the solution was adjusted to 2.4 using 0.5 M nitric acid at 90
°C. Then, 50 ml 60 mM urea solution was added. The molar ratio of urea to nickel
was 2.5 in the final solution. The urea decomposes slowly to ammonium hydroxide
and carbon dioxide at this temperature and thereby increases the pH of the solution.
The pH increase causes the formation of Ni(OH), crystallites. During the Ni(OH),

precipitation, the pH remains constant. The rate of urea decomposition determines

the rate of OH" formation and thus the precipitation of Ni(OH), layers.

Figure 3.2 a) Picture of the carbon paper. b) SEM image of the carbon paper. ¢) 40 mm window

opened carbon paper holder.

The color of the Ni(OH), coated side of the carbon paper was greenish blue
after drying at 80 °C for 2 hours. The back side of the carbon paper was the same
black color as before the deposition of Ni(OH),. The Ni(OH), deposited carbon
paper was ultrasonicated in ethanol for 15 mins to test the binding strength of
Ni(OH), layers on the carbon paper. No Ni(OH), mass loss was observed after the
ultrasonication. It is important to note that although an acid pretreatment of the

carbon support is often used, when HDP is used to deposit a metal, to increase the
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number of anchoring sites on carbon surfaces, this method was not used here. The
hydrophobicity of the carbon paper should be high in order to have the Ni(OH),
crystallization occur only on the open window face of the carbon paper as this
prevents the penetration of water into the carbon paper. In experiments with
oxidized carbon papers, Ni(OH), layers were formed not only on the surface but

also inside the carbon paper. The acid treatment was therefore not used here.

3.2.2 CNF growth

Ni(OH), deposited carbon paper was placed in a vertical tubular reactor (5.8
cm inner diameter) for the complete reduction of Ni(OH), to nickel for CNF
growth. The reduction was performed at 500 °C in a hydrogen (H,, vol. 10% in
nitrogen (N,)) stream with a total flow of 100 ml-min™ for 4 hours. Subsequently,
the temperature was increased with 2 °C/min to 600 °C in the presence of 100
ml/min (vol. 100 %) N, and then the CNF growth was initiated by introducing vol.
10 % ethylene (C,H,), vol. 3.5 % H, and balanced N, in a total flow of 100 ml-min
1 and continued for 4 hours. The use of H, during the growth of CNFs extends the

encapsulation time of the active nickel nanocrystals by carbon [14].
3.2.3 Characterization

Transmission electron microscope (TEM) images were recorded with a FEI
Tecnai G2 Sphera transmission electron microscope at an acceleration voltage of
200 kV. For TEM analysis, a small amount of CNFs was scratched from the carbon
paper surface and suspended in ethanol. 30 ul of the suspension was put on a
carbon coated copper grid and the grid was dried at ambient temperature. Scanning
electron microscopy (SEM) images of the carbon paper were taken using a FEI
Quanta 3D FEG. The BET surface area and porosity were measured with a Tristar
3000 and Autopore 1V 9505 from Micromeritics. Carbon papers were cut into small
pieces with a sharp knife and put into the measurement tube without grinding.
Inductively coupled plasma (ICP) measurements were performed using a Spectra

CCD

Ciros~~~ (ICP-OES). X-ray diffraction analysis was performed by using a Rigaku

powder diffractometer with Cu Ka radiation (1.54 A). Data collection was done in
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the range of 15° < 26 < 80° with 1.2°-min™ increments. The data were analyzed by

using Jade software.
3.3 Results and discussion

3.3.1 Homogeneous deposition precipitation of nickel on carbon paper

The kinetics of HDP of nickel was previously studied on silica and CNF
powders [15]. It was shown that the carboxylic acid groups were mainly
responsible for the nucleation of Ni(OH), on the CNFs. Both CNFs and carbon
paper fibers have the same carboxylic acid groups on their surface and it can be
expected that the same Ni(OH), deposition mechanism is valid for the carbon paper

fibers.

In the HDP of nickel, Ni(OH), is deposited on the carbon paper only where
water contacts with its surface. Since the CNFs grow where Ni(OH), is attached,
the CNF growth inside the carbon paper depends on the accessibility of water
molecules in the interior parts of the carbon paper. The wettability of the carbon
paper affects directly this accessibility inside the porous paper substrate. The
difference between the advancing and receding contact angles of the carbon paper
is very large. Therefore, the carbon paper is hydrophobic but not superhydrophobic.
The required pressure to push water inside the carbon paper micropores was
measured and it was found that a pressure of over 5.2 kPa was needed to obtain a
water flow through carbon paper [16]. The hydrostatic pressure during the
deposition of Ni(OH), depended on the liquid height, which was mostly 4 cm in
our experiments. The hydrostatic pressure was roughly estimated as 0.4 kPa which
was much lower than the water penetration pressure inside the pores of the carbon
paper.

The deposited amount of Ni(OH), depicts a linear relationship with the
deposition time in HDP of nickel (Figure 3.3). This linearity shows that the release
of OH anions by the decomposition of urea is constant during the entire deposition
process. For the overall data shown in Figure 3.3, the Ni(OH), deposited layer

contained ~60 % nickel as determined by ICP. This value is in agreement with the
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atomic mass percentage of nickel (63.3 %) in Ni(OH),. 0.2 mg (nickel)/cm? on a
carbon paper (total area, 12.6 cm?) was obtained in 24 hours by the HDP of nickel.
When the deposition was stopped after only 8 hours, no Ni(OH), deposition was
observed under SEM. This indicates that the nucleation of Ni(OH), crystallites
takes much longer time on a standing carbon paper than for the case of carbon
powders stirred in the solution. The absence of acid pretreatment in carbon paper
can also account for the increased Ni(OH), deposition time with respect to the acid

pretreated carbon powders.
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Figure 3.3 The amount of Ni(OH), deposited on the carbon paper with respect to the time of

deposition.

The deposition time of nickel not only determines the nickel loading on the
carbon paper but also the porosity of the top layer. In Figure 3.4-a,b, SEM images
of the Ni(OH), depositions on carbon paper after 16 hours and after 95 hours are
represented. The Ni(OH), propagation started on the carbon paper fibers and filled
the whole area including the holes present on the carbon paper after 95 hours

deposition time.
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Figure 3.4 SEM images of the Ni(OH), deposited side of carbon paper. After a) 16 hours; b)
95 hours of deposition.

Figure 3.5 SEM images of the carbon paper after 24 hours of Ni(OH), deposition: a) 1600x
magnified (this image is also observed in the reduced Ni(OH), coated carbon paper); b)
100,000x magnified image depicted in a; ¢) After the reduction of the sample shown in Figure
3.6-b.

It is important to note that the nickel is not deposited on the carbon paper
only, but also on the walls of the glass deposition chamber and on the deposition
holder. Therefore, the contact area of the nickel salt solution with its surroundings
is important for the HDP of nickel on the carbon paper. The contact area of the
nickel solution to the carbon paper was about 5 % of the total area of the solution
contacting with the glass walls of the deposition chamber. This means that only 5

% of nickel is preferably deposited on carbon paper. Contact area minimization of
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HDP can reduce the nickel content in the deposition solution providing a decrease

in nickel catalyst cost in CNF growth.

The deposition of Ni(OH), on carbon paper did not form a flat surface as
seen in Figure 3.5-a,b. The surface of the carbon paper fibers is heterogeneous in
terms of oxygen groups for nickel ion adsorption. Nickel ions are expected to be
adsorbed only weakly on this hydrophobic and heterogeneous surface. The stronger
adsorption of nickel ions on already deposited nickel is the cause of the formation
of a leaflet Ni(OH), layer with a mean thickness of approximately 15 nm. In the
HDP of nickel on silica or alumina powders, flat platelet Ni(OH), layers were
obtained in recent studies [14, 15]. On a carbon substrate, a flat layer deposition
was restricted since the nickel ions were not adsorbed continuously on the surface.
This was also observed in the HDP of nickel applied on reticulated vitreous carbon
(RVC) to grow CNFs for the development of a fully accessible graphitic catalyst
support [17]. However, the obtained crystal structures were not homogeneous and
leaflet structures were grown at the specific locations of the RVC. In this work, the
Ni(OH), crystallization was rather homogeneous in type and only leaflet Ni(OH),
layers were obtained. Apparently, the morphology of the carbon plays a crucial role
in the crystallization of Ni(OH),. A nickel reduction step with hydrogen prior to the
catalytic growth of CNFs removed the hydroxide and formed a complete black
nickel layer. SEM images of the carbon paper with reduced nickel (Figure 3.5-c)
showed that the macroscopic morphology of the leaflets was maintained (Figure
3.5-b). 100,000 times magnification reveals a porous structure of nickel
nanoclusters. In Figure 3.5-c, it is seen that the microstructure changes compared to

that of the Ni(OH), layer at the same magnification shown in Figure 3.6-5.

XRD analysis performed on carbon paper, Ni(OH), deposited carbon paper,
reduced nickel carbon paper, and CNF-grown carbon paper are shown in Figure
3.6. The characteristic diffraction peaks and corresponding hexagonal planes
assigned to carbon paper (d) are at 26.5°-(002), 42.4°-(100), 54.7°-(004), 77.4°-
(110) [5]. Ni(OH), peaks shown on (c) are at 33.4°-(100), 38.5°-(101), 59.0°-(110)
[7]. After the reduction of Ni(OH), with H,, the Ni(OH), peaks disappeared
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completely and gave distinct nickel peaks shown on plot (b) at 44.5°-(111), 51.8°-
(200), 76.4°-(220). Peaks obtained at 42.4°, 54.7°, 77.4° for carbon paper shown on
plot (d) were the same as the peaks obtained for CNF-grown carbon paper. No
additional peaks were observed for CNFs in plot (a). This demonstrates that the
graphitic nature of the carbon paper and the CNFs is comparable. All the nickel
diffraction peaks seen in plot (b) were also observed in plot (a). A weak peak
observed at ~37° in plot (b) can be attributed to nickel oxide [18]. Nickel oxide
formation was expected since after the reduction of Ni(OH), to nickel, the sample
was subjected to air at room temperature for the passivation of the catalyst surface.
This peak disappeared in plot (a) indicating that the nickel oxide was reduced
during the CNF growth to nickel.

(b)

Intensity

Figure 3.6 XRD analysis on: (a) CNF-grown carbon paper; (b) Reduced Ni(OH), carbon
paper; (c) Ni(OH), coated carbon paper; (d) Carbon paper.
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3.3.2 CNF growth on the nickel deposited carbon paper

Figure 3.7-a shows homogeneous CNF growth on the top surface of the
carbon paper. Considering the importance of the catalyst layer thickness (5-15 pm)
required in PEM fuel cell operations [19], the HDP of nickel on carbon paper fibers
Is an appropriate method since the amount of nickel deposited on the carbon paper
determines the CNF-carbon paper fiber thickness. This thickness is represented by
arrows shown in Figure 3.7-a and it is measured by using ImageJ software zooming
100 different locations in each counting. The results are depicted as a histogram
plot in Figure 3.7-b. By adjusting the deposited amount of nickel with the time of
deposition, the thickness of the carbon paper fibers can be tuned and the desired
thickness can be obtained. After the Ni(OH), deposition, the average thickness of
the carbon paper fibers increased from 7 um to 13 um. After the growth of CNFs,
the Ni(OH), deposited layer was converted to a denser layer of CNFs increasing the
average thickness of the carbon paper fibers to 15 um. The total increase in
thickness is approximately 115 %. The adhesion strength of the CNF layer was
tested with ultrasonication for 30 minutes in ethanol and no significant loss (< 1 wt.

%) was observed.
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Figure 3.7 a) SEM image of the CNF grown carbon paper surface (24 hours HDP of nickel).
Inset is a picture of the whole CNF-grown carbon paper; b) Histogram plots of fiber

thicknesses show non-processed, Ni(OH), deposited, and CNF grown carbon papers.
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Figure 3.8 SEM images of CNFs on the carbon paper surface (24 hours HDP of nickel): a)
Dense CNF regions; b) Top layer and adjacent layer; c) Focused adjacent layer of carbon

paper fiber.

On the upper layers of the CNF grown carbon paper (Figure 3.8-a), a dense
CNF network was observed since the amount of nickel on this area was relatively
high. However, the underlying layer had fewer nickel nanocrystals (Figure 3.8-b).
Therefore, only a few CNFs were grown on this layer (Figure 3.8-c) where it is
seen that the CNFs grow from a nickel crystal. Multiple CNF growth from a single
nickel nanocrystal was explained as octopus growth in a previous study performed
with incipient wetness impregnation with a 1 wt.% nickel loading on carbon paper
[10]. In this mechanism, active nickel (111) and (100) planes contribute to the CNF
growth individually by detaching from the large nickel crystal [20]. Considering the
size of the nickel crystallites (40-60 nm) formed after the reduction of Ni(OH),
(Figure 3.5-c), formation of 5-30 nm CNFs (Figure 3.9-a) provides a strong
evidence for this mechanism. High resolution TEM images show (Figure 3.9-a,b)
that the CNFs are mainly herringbone type with an angle of 45° to the growth axis.
A small amount of CNFs in 50-100 nm thickness was observed in SEM and TEM

images in Figure 3.8-a and Figure 3.9-c, respectively.
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Figure 3.9 TEM images of: a) Herringbone CNFs; b) The inclined graphite planes of
herringbone CNFs; ¢) 50-100 nm CNFs.
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Figure 3.10 The amount of CNF-grown on carbon paper with respect to the amount of
Ni(OH), deposited.

The amount of CNFs grown on carbon paper has a linear dependence with
the deposited amount of Ni(OH), (Figure 3.10). This linear behavior shows that the
increase in the loading of Ni(OH), in the region of interest does not affect the
amount of CNFs produced per nickel atom. The samples labeled as sample 1 and
sample 2 in Figure 3.10 were analyzed with BET and mercury intrusion

porosimetry and the results are tabulated in Table 3.1. The BET area of sample 2 is
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approximately two times of the BET area of sample 1. The BET area of the CNF-
grown carbon paper increased linearly with the amount of CNFs grown on the
carbon paper. The BET areas of the CNFs were calculated as 181 + 1 for sample 1
and 177 £ 2 m%g™ for sample 2. The BET area did not change with respect to the
amount of nickel catalyst deposited on the carbon paper. The constant BET area of
CNFs shows that the average CNF thickness remains constant since thicker CNFs
decrease the surface to volume ratio of CNFs and therefore the BET area. The CNF
growth on the carbon paper decreased the porosity to 66.3 + 0.1 % from 78 % for
sample 1 and to 58.1 + 0.1 from 78 % for sample 2 (Table 3.1).

Table 3.1 Properties of the CNF grown carbon paper.

CNF-grown carbon paper Carbon

Sample 1 Sample 2 paper
Nickel loading on carbon paper (wt.%) 1.1£0.1 4.1+0.1 -
CNF grown on carbon paper (wt.%) 17.3+£0.1 41.1+0.1 -
CNF carbon paper BET (m*g™) 31+1 70+2 -
CNF-BET (calculated) (m*g™) 181+ 1 177 +2 0.2+1.0
CNF-carbon paper porosity, % 66.3 +0.1 58.1+0.1 78 £ 0.1

Operation of a PEM fuel cell in the acidic environment of the anode may
leach the nickel and decrease the rate of proton transfer through the membrane
because of metal poisoning in the membrane. A nickel removal study was
performed with 65 vol.% HNO; at reflux temperature for 4 hours on CNF grown
carbon paper. Such an aggressive treatment did not affect the CNF-carbon paper
structure and weight loss was not observed. The presence of nickel in the EDX
measurements (figure is not shown here) shows that this acid treatment is not
sufficient to remove encapsulated nickel crystals. It had been reported previously
that 10 wt.% of the Co-Ni bimetallic CNF growth catalyst was not removed after 4
N of H,SO4#/HNO; treatment at reflux temperature [13]. It was also shown in
another metal removal study that more than 10 wt.% of the metal remained on the
CNFs after 4 hours treatment at reflux temperature with 4 M HNO; [21]. These
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reports are in agreement with our study on the removal of nickel and it is believed
that the nickel dissolution is not probable in the PEM fuel cell environment.
Therefore, nickel crystals will not be harmful in PEM fuel cell operation and no

additional removal is required.
3.4 Concluding remarks

This chapter presents the homogeneous deposition precipitation (HDP) of
nickel hydroxide (Ni(OH),) on the carbon paper and the subsequent catalytic
growth of CNFs. Selective Ni(OH), deposition on one side of the carbon paper was
achieved by making use of the hydrophobic nature of the carbon paper. Throughout
the deposition procedure, the Ni(OH), deposition formed leaflet layers without
altering its structure. This indicates that the Ni(OH), side planes did not contributed
to the Ni(OH), deposition after a critical leaflet thickness, and thus the growth of
Ni(OH), layers was confined in one direction. CNF growth was performed on the
nickel deposited carbon paper and herringbone CNFs (45° with growth axis) were
obtained. A minor amount of the bigger (> 100 nm) CNFs was produced, most
likely by bigger active nickel crystallites. Continuous growth over the surface of
carbon paper was obtained in a layer of 5 t015 um depth of the carbon paper from
the top surface. The strong attachment of Ni(OH), and CNFs to the carbon paper
fibers was confirmed by ultrasonication tests. The HDP of nickel provides a highly
controlled nickel deposition with reproducible growth of CNFs on the carbon
paper. CNF-grown carbon paper is likely to be suitable for tailoring the water

management of the GDM and using as a direct catalyst support for PEM fuel cells.
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Appendix: Selection of nickel as a catalyst source

The growth of carbon nanofibers (CNFs) has been achieved with various
catalysts on different supports over the last two decades [22-29]. These catalysts
are produced in various forms including nanoparticles and metal complexes. These
growth techniques are mainly based on the production of loose fibers, which are
mainly supported on silica and alumina particles. The direct growth of CNFs on
carbon paper has been investigated by many researchers with different catalysts
morphologies. Ferrocene impregnation into carbon paper [30], Ni-Co nanoparticle
attachment [8, 31, 32], electrodeposition of Co-Ni alloys [13] and Co [33] are such
examples. In chapter 3, we have reported the use of nickel hydroxide for the
production of CNFs forests directly grown on carbon paper. In this part, nickel
hydroxide will be compared with the other two catalysts, iron (I1) hydroxide and

cobalt hydroxide and the reasons for the selection of nickel will be addressed.

Homogeneous deposition precipitation (HDP) of Ni, Co, Fe (Il) on carbon
paper (TP-H-060, Toray Industries, Figure 3.3-a,b) was performed with a mask
deposition holder as described in the experimental section. The molar ratios of Ni,
Co and Fe(ll) were kept equal to compare the deposition of the metals and the
growth of CNFs. 1.2 mmol of Ni, Co or Fe(ll) solutions were prepared in 300 ml
DI water and mixed with 50 ml 60 mM urea solution. The pHs of the solutions
were adjusted to ~2.4 using 0.5 M nitric acid at 90 °C. Then, 50 ml 60 mM urea
solution was added. The molar ratio of urea to Ni, Co or Fe(ll) was 2.5 in the final
solution. The growth of CNFs was performed in the vertical tubular reactor
explained in chapter 3. Scanning electron microscopy (SEM, FEI Quanta 3D FEG)
was used to identify the growth of CNFs and the morphology of the hydroxide
layers on the carbon paper.

As discussed in chapter 3, Ni(OH), deposition on carbon paper completely
covers the pores larger than 25 um. The growth of CNFs makes a dense hairy layer
on those regions. The growth of CNFs, in this way, is aimed to prevent the

condensation of water molecules in the cathode part of the PEM fuel cell.
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The deposition of Ni(OH), results in a uniform and completely covered
surface if the deposition continues longer than 72 hours. This uniformity and
complete coverage was also observed for Co(OH), deposition on carbon paper.
Compared to Ni(OH),, which has light green deposition color, a blue colored
surface is observed in Co(OH), (Figure 3.A.1). However, Fe(OH), does not
uniformly deposited on the surface. Longer experiments and highly concentrated
Fe(ll) solutions did not deposit uniform iron hydroxide layers and it makes
improper depositions on the carbon paper. As described in chapter 2, pH rise from
2.4 to 7.0 is a critical step in HDP of nickel. The pH rise of cobalt solution is
similar to nickel solution but is different from iron solution. Mostly, Fe(ll) oxidizes
to Fe(lll) at higher temperature and can be deposited as different forms of iron
oxide. In the X-ray study of the iron deposited carbon paper, various forms of iron
have been observed including iron (1I1) oxide, iron (1) hydroxide, Iron (l1)
hydroxide. Not only the deposition difficulties and improper coverage (Figure
3.A.2), but also iron deposited carbon paper did not form any observed CNF
growth. Therefore, iron hydroxide as a catalyst source was not selected and left out

in this study.

Figure 3.A.1 Images of a) Ni(OH),, b) Co(OH), and c) Fe(OH)x on 40 mm carbon paper after
72 hours of deposition.

As it was shown in Figure 3.5, the deposition of Ni(OH), formed leaflet type
structures on the carbon paper surface. These leaflet structures Ni(OH), layer
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covered the entire carbon paper surface. When the nickel is replaced by cobalt in

the same concentration and the molar ratio (urea/Ni or Co), a different morphology

Figure 3.A.2 SEM images of the Fe(OH)x deposited side of carbon paper. a) General
overview, b) magnified view. Here, there is no repeating structure observed on the surface.

Disordered iron complexes are formed on carbon paper surface.

is obtained. In Figure 3.A.3, It is seen that Co(OH), are grown as tubular fibers and
it covers the entire carbon paper area. Changing the metal from nickel to cobalt
completely change the deposition morphology. Growth mechanisms of hydroxide
layers of nickel and cobalt reveal a significant difference in the coordination
chemistry of the hydroxides on these metals during the deposition. Such tubular
structures of Co(OH), were also observed by Kovalenko et al on a ceramic foam
[34] and aluminum oxide [35]. Kovalenko et al reported that the average yield of
CNFs on cobalt deposited ceramic foam is five times less than the nickel deposited
one. The growth temperature affects the pyrolysis of the carbon source on the
cobalt and higher growth temperatures results in longer CNFs on cobalt deposited
aluminum compounds. The investigation of the coordination chemistry of metals
during the deposition and the pyrolysis of the reactant gas containing carbon on the
metals are beyond the scope of this thesis, and thereby nickel was selected as a

growth catalyst on carbon paper.
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Figure 3.A.3 SEM images of the Co(OH), deposited side of carbon paper. a) General
overview, b) magnified view. Here, the tubular structures of Co(OH), are seen.

Figure 3.A.4 SEM images of the cobalt deposited carbon paper after CNF growth. a) General

overview, b) magnified view.

Comparing the three catalysts, nickel, cobalt and iron, nickel and cobalt
make the best continuous and repeating structures on the carbon paper surface
without the need of any oxidation on the carbon paper. Although this looks
promising for both catalyst to be used in the production of CNFs on carbon paper,
it is seen that the growth of CNFs by Co(OH), deposited carbon paper was rather
unsuccessful as shown in Figure 3.A.4. The tubular structures of Co(OH), are

reduced to cobalt nanoparticles and many nanoparticles are formed. However, the
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general overview did not change as shown in Figure 3.A.4-a. Although cobalt is
known as a CNF growth catalyst, under these growth conditions only a few CNFs
are grown. The same reduction and growth temperatures in Ni(OH), deposited
carbon paper results in a production of 15.7 mg CNF per mg of nickel as shown in
Figures 3.8 and 3.10. The growth of CNFs by cobalt on carbon paper was rather
poor compared to nickel at a growth temperature of 600 °C. The growth
temperature of cobalt deposited carbon paper was increased up to 800 °C however,

no significant change in CNF yield was observed.

Because of the practical reasons discussed above, nickel was selected as a

suitable deposition catalyst in homogeneous deposition precipitation on carbon

paper.
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Preliminary studies of the effect
of CNF grown carbon paper on

PEM fuel cell performance

Abstract

The impact on the performance of a proton exchange membrane fuel cell of
using carbon nanofibers (CNFs) grown directly on a carbon paper was investigated.
The CNF grown carbon paper was considered as a microporous layer without using
polytetrafluoroethylene. The polarization curves showed that in comparison to a
commercial microporous layer coated carbon paper, the catalyst layer backed by
the CNF grown carbon paper improved the fuel cell performance at high current
densities, while flooding occurred at low current densities. Increasing the fuel cell
temperature or the reactant gas flow mitigated the flooding, but in this case the
positive contribution of the CNF did not surpass the contribution of the commercial
microporous layer. The CNF grown carbon paper improved the oxygen diffusion
through enhanced water management under wet conditions.
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4.1 Introduction

Proton exchange membrane (PEM) fuel cells are electricity generators
considered suitable for various applications including automobiles, stationary
power sources and portable electric devices [1]. Considerable effort has been given
to commercialize PEM fuel cells in the last two decades to reduce the greenhouse
effect of fossil fuels. However, there are still some obstacles that need to be tackled
for a widespread commercialization of fuel cells, such as the high platinum (Pt)
catalyst cost, membrane degradation and the necessity of auxiliary units to maintain
an optimal operation environment [2, 3]. Particularly, PEM fuel cells operating at
temperatures below 100 °C demand water management in the catalyst layers of the
anode and the cathode electrodes in order to minimize unnecessary voltage losses

and, thereby achieve high power outputs at high current densities [4-6].

The design of a bilayer diffusion medium constructed with a hydrophobic
dense microporous layer (MPL) and a conventional gas diffusion layer (GDL) has
improved the fuel cell performance in the recent years [7-12]. The addition of a
MPL reduces flooding in the porous cathode and enhances water management by
pushing the liquid water across the membrane from the cathode to the anode. This
reduces the water saturation levels and enhances the gas transport [13]. The
application of CNFs on a GDL as a MPL layer is considered a new enhancement

factor in both the electronic conductivity and the gas permeability [14-16].

In chapters 2 and 3, the direct growth of CNFs on a GDL has been discussed.
In this chapter, a single side CNF grown GDL was tested in a single cell fuel cell
test station in both dry and fully humidified oxygen and air atmosphere. Anode and
cathode gas stoichiometries, type of oxidant (pure oxygen or air) and operating

temperature of the PEM fuel cell were varied to characterize the CNF grown GDL.
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4.2 Experimental

4.2.1 Direct growth of carbon nanofibers on carbon paper

CNFs were directly grown by the decomposition of ethylene on a single side
nickel deposited carbon paper (TGP-H-060, Toray, 4.0 cm in diameter and 106 mg
in total) at 600 °C in a vertical tubular reactor. Prior to the growth of CNFs, 1.8 mg
of nickel hydroxide was deposited and then reduced to nickel in the presence of 10
vol.% hydrogen in nitrogen. 23.5 mg of CNF was grown leading to a final CNF
loading of 20 wt.% on the carbon paper (Figure 4.1-a,b). The details of the nickel

hydroxide deposition and CNF synthesis procedures are described in chapter 3.
4.2.2 Preparation of membrane electrode assembly

Carbon paper (TGP-H-060, Toray) was used as the base GDL material. The
prepared sample with a CNF layer was compared with a commercial GDL
containing 10% polytetrafluoroethlene (PTFE) and a thin MPL (based on carbon
and 10% PTFE) as supplied by Johnson Matthey. Electrodes were prepared using
an ink based on Hispec 9100 Pt (60%)/C catalyst (5%), DE1021 Nafion solution
from Ion Power (24%), and 1,2-propanediol as a solvent [17]. This ink was mixed
by ultrasonification for one hour and stirred overnight before DEK screen-printing
in contact mode. Printing was first attempted on the GDLs, but the prepared CNF
grown GDL suffered significantly from ink penetration compared to the
commercial GDL. In order to obtain a fair comparison, additional decal printing on
skive PTFE sheet was performed using the same ink. Catalyst coated membranes
were made by transferring the decals onto a Nafion NRE-211CS membrane at 135
°C and 50 bar pressure for a period of 2 min. The GDL was hot-laminated in a
second step at the same temperature but at a lower pressure of 15 bar. The resulting
membrane electrode assembly (MEA) contained an asymmetric GDL configuration
with the CNF grown GDL (no PTFE) on one side and the commercial GDL on the
other side as a reference. The Pt loading at the anode amounted to 0.56 mg-cm?,

while at the cathode the Pt loading amounted to 0.68 mg-cm™.
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Figure 4.1 SEM pictures of a) single side CNF grown carbon paper and b) CNFs (magnified

view).

4.2.3 Cell operation and electrochemical characterizations

The MEA had a circular active area of 8 cm? and was installed in 5 W single
cell test station located in the Energy Research Centre of the Netherlands (ECN).
The graphite flow field consisted of a single serpentine structure with channel
dimensions of 1xI mm?” cross section at 1 mm spacing (lands). A pneumatic cell
compression was used of 2 bar, the sealing provided by Viton O-rings. Heating
elements were used to regulate the temperature of the cell as well as the integrated
membrane humidifier. Unless this humidifier was bypassed for dry air operation,
the dew point of the feed gasses was the same as the cell temperature, here being 65

or 80 °C.

The MEA was conditioned by applying a constant current load of 400
mA-cm™ for a period of at least 24 hours with intermittent open circuit voltage
(OCV) exposure for 1 minute in every hour. Polarization tests were conducted
starting from the OCV and recording the voltage for at least 1 minute (until stable)
while sweeping the current load up to a preset current density, before reversing the
sequence and stepping back to the OCV. Both curves are reported to show possible

hysteresis effects that may exist during operation under air and oxygen atmosphere.
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MEA diagnostic measurements were conducted on a Zahner potentiostat and
consisted of Electrochemical Impedance Spectroscopy (EIS), 100 kHz-1 Hz, 5 mV
amplitude, hydrogen cross-over (043 V wvs. NHE, 1 hr) and Cyclic
Voltammograms (CV -3 scan, 0.06 — 1 V, 20 mV-s") to determine the catalyst

surface area from the H,,q peaks under 0.43 V.

The fabricated MEAs were tested at cell temperatures of 65 and 80 °C under
fully humidified air and oxygen streams. Initially, the MEA was tested with the
CNF grown GDL at the cathode and the commercial GDL at the anode. After the
first set of polarization tests, the gas connections on the cell hardware were
switched to operate the cell with the CNF grown GDL at the anode and the
commercial GDL at the cathode, and the cell performance was re-measured under
exactly the same operating conditions to distinguish the influence of the GDLs. Gas
switching was repeated after each characterization test to ensure the complete MEA

was fully conditioned and both electrodes shared the same history.
4.3 Results and discussion

The combined polarization curves are shown in Figure 4.2 for the MEA with
the CNF grown GDL at the cathode. The hysteresis is indicative for the stability of
the fuel cell operation, where the current density was first increased from zero to

higher values (air down) and then decreased back to zero to reach OCV (air up).

At the operating temperature of 65 °C, a strong hysteresis was observed
between air down and air up curves. A typical voltage minimum was observed at a
current density of 0.5 A-cm™ on the air down curve which shifted to 0.2 A-cm™ on
the air-up curve. Most remarkable is the high level of recovery observed on the
kick-up following the minimum, achieving 62 and 67 mV separation between air
and oxygen curve at 1 A-cm™” on the air down and air up, respectively.
Interestingly, this phenomenon disappeared completely when increasing the cell
operating temperature to 80 °C. The oxygen polarization curves showed no such
hysteresis and showed similar characteristics at both operating temperatures of 65

and 80 °C.
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Figure 4.2 Polarization curves of the MEA operated at 65 °C and 80 °C. Here the MEA is
operated with a stoichiometric ratio of 3.0 for the anode and 4.0 for the cathode. All

polarization curves were swept from OCV to high current density (air down) and back (air up).

The most plausible cause for the voltage minimum is the water accumulation
in the electrodes, also known as flooding, limiting the diffusion of oxygen. The
limited oxygen diffusion quickly becomes critical under the air atmosphere, as
demonstrated by the influence of gas flows. When applying lower stoichiometric
ratios of 1.5]|2.0* instead of 3.0||4.0, the polarization curve suffered from increased
voltage losses and continued to decrease beyond the previously discussed voltage
minimum observed at 0.5 A-cm™. In other words, no recovery was observed.
Apparently, the feed gasses require a specific gas flow rate to be able to clear out
the water responsible for flooding of particularly the cathode electrode at a fuel cell
operating temperature of 65 °C. A high air stoichiometric ratio of 3.0[|4.0 also

assures that there is no water formation in the graphite flow fields [18].

*1.5]]2.0 defines the stoichiometric ratio of the feed gas which is 1.5 at the anode and 2.0 at the cathode.
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Figure 4.3 Representation of water formation in the catalyst layer, the CNF layer and the
GDL. (1) Accumulation of water on the catalyst layer; (2) Capillary drying of liquid water
along carbon nanofibers through capillary action; (3) Flooding observed as liquid water fills

the open pores in the MPL, blocking the oxygen transport.

The fuel cell with a CNF grown GDL was capable of achieving high air
power densities of 0.74 W-cm? at 65 °C under fully humidified conditions,
provided the liquid water did not obstruct the diffusion of oxygen to the catalyst
layer. The important factor to consider is not the absolute amount of water, but the
water distribution in the cathode electrode. The reason for the performance
recovery at the current density of 0.8 A-cm™ and at the temperature of 65 °C is a
revived rate of liquid water transport through the capillaries formed within the CNF
layer. Assisted by an increased gas flow, the water produced by the oxygen
reduction reaction was efficiently drained away from the cathode catalyst layer by
capillary drying along the CNF layer, opening up more gas transport channels for
the oxygen diffusion. Sequentially, due to operation at a constant stoichiometry, the
gas flow was decreased during the up-sweep of the polarization curve to lower
current densities and the already open gas transport channels slowly started to fill
up with the accumulated liquid water. Again, a voltage minimum was observed, but

at a later stage.
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Figure 4.4 Polarization curves of the reverse operation of the MEA. Cathode: commercial
MPL-GDL, anode: CNF grown GDL. Voltage-current diagrams at a) 65 °C and b) 80 °C.

Stoichiometric ratios are varied in reverse operation from 1.5]2.0 to 3.0||4.0.

The amount of oxygen transported to the catalyst layer is a critical factor in
air operation and mass transport limitation of oxygen is observed at current
densities between 0.1 and 0.8 A-cm™. Beyond a current density of 0.8 A-cm™, the
performance recovered itself and appeared unaffected by flooding until 1.5 A-cm™.

Note that the air mass flow controller was at its maximum beyond 1.1 A-cm™ and
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the hydrogen mass flow controller beyond 1.9 A-cm™, so the apparent transient

effect on air performance was in fact due to a gradually decreasing stoichiometry.
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Figure 4.5 Cyclic voltammograms of both the anode and the cathode part of the MEA.

The perceived mechanism of gas-flow assisted water removal via the CNF
layer is schematically drawn in Figure 4.3 where the three stages have been
depicted. First water accumulates in the smallest pores in the catalyst layer at low
current densities, leaving the pores in the MPL sufficiently open for oxygen
diffusion. These pores gradually fill up as the liquid water also penetrates into the
MPL with increased current density (i.e. water production rate). High reaction rates
demand increased oxygen supply rates which strain the oxygen diffusion rate,
particularly in an air atmosphere. The observed performance recovery in air
indicates that at even higher current densities, the oxygen supply is no longer
critical, suggesting that the quantity of open pores available for gas diffusion has
increased. A change in the distribution of liquid water could explain why the fuel
cell air performance can suddenly come so close to the oxygen performance around
1.0 A-cm™ where the small difference is accounted for the higher oxygen partial

pressure.
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Figure 4.6 Polarization curves of the dry operation of MEA at 65 °C. Dwell time is 30 seconds

in all measurements unless otherwise indicated.

The efficiency in the water removal of the CNF layer was compared with the
commercial MPL coated GDL by switching the gasses supplied to the cell. In this
arrangement, hydrogen was fed to the CNF grown GDL, now serving as anode.
Figure 4.4 shows the gas stoichiometry now only has a minor effect on the
performance and the hysteresis observed at an operating temperature of 65 °C
(Figure 4.4-a) and even less at 80 °C (Figure 4.4-b), in contrast to the results shown
in Figure 4.2. Comparing Figure 4.4-a and b, the performance observed with a
stoichiometric ratio of 3.0||4.0 is hardly affected by the temperature change whereas
at a stoichiometric ratio of 1.5||2.0, the performance increased significantly at 80 °C
(Figure 4.4-b). Note that the MEA showed more stable performance when using the
commercial MPL coated GDL at the cathode. The absolute performance at 80 °C is
comparable with the operation of the CNF grown GDL at the cathode. However, at
65 °C, the use of the CNF grown GDL at the cathode leads to superior performance

at high current density.
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Cyclic voltammograms of the anode and the cathode showed that the active
Pt catalyst surface areas in contact with the membrane were approximately the
same, measuring 52 and 47 m*g™ for the commercial MPL coated GDL and the
CNF grown GDL, respectively (Figure 4.5). The integrity of the MEA was
confirmed through hydrogen cross-over measurements, reading an acceptable
maximum value of 2 mA-cm™ during the final end-of-life test. These results
indicate that the distinct characteristics observed under air atmosphere are to be

attributed to the influence of the GDL composition at the cathode.

Finally the fuel cell was operated using dry air and oxygen, bypassing the
cathode humidifier, to re-evaluate the water removal characteristics of the CNF
layer in the absence of excess liquid water. The same parameters were varied to
measure the effect of gas stoichiometry, oxygen source (air or pure oxygen) and
waiting time per data point (dwell time). Figure 4.6 shows that the most dominant
effect was drying out of the MEA, since even the oxygen performance suffered
from increased resistance and hysteresis effects. Hysteresis is caused by the liquid
water, produced at the cathode locally hydrating the electrode and membrane, thus
increasing its proton conductivity and lowering voltage losses. As a result, higher
output voltages are observed during the up-sweep of the polarization curve as the
current density is decreased from higher values (air up curves in Figure 4.6).
Increasing the dwell time from 30 seconds to 300 seconds per data point reduced
the described hysteresis effect as the system gets closer to equilibrium conditions.
Decreasing the gas stoichiometry from 3.0||4.0 to 1.5]|2.0 made the fuel cell less
susceptible to the drying out effect, and hence reduced the observed hysteresis
effect for both air and oxygen performance curves. The elevated stoichiometry
helped MEA to achieve higher current densities in air (at 30s dwell time) on the air
down curve, which was due to the retained additional product water. This gave a
significantly better performance on the air up curve, despite the expected drying out
effect dominating at low current densities. All these polarization curves indicate
that the CNF grown GDL does not prevent the cathode catalyst layer from drying

out, although it retains product water in the short term.
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4.4 Concluding remarks

This chapter presents the potential benefits and risks of using a CNF layer as
a MPL in PEM fuel cells without any addition of PTFE. Single cell experiments
showed that when the less hydrophobic CNF layer compared to a commercial GDL
was integrated at the cathode of the MEA, the catalyst layer was prone to flooding
at low current density, 1.5/|2.0 stoichiometry and 65 °C cell temperature. However,
a remarkable performance recovery was observed at high current densities and
increased gas stoichiometries of 3.0||4.0, suggesting an internal re-distribution of
liquid water enabling superior power densities. This phenomenon needs to be
studied in more detail, but correlates to the properties of the CNF layer, since it was
not observed when operating the MEA in ‘reverse’ mode with a commercial

reference GDL at the cathode.

Interestingly, similar absolute performance characteristics were observed for
both the ‘normal’ and reverse’ mode of operations at a cell temperature of 80 °C
under air and oxygen. The same MEA operated under dry conditions suffered from

‘drying out’ and strong hysteresis effects were observed in the polarization curves.

Although strong arguments exist to prefer fuel cell stability over
performance, the question remains how to harness this promising water transport
capability of CNF grown GDL structures in addition to the well-known advantages

in electrical conductivity.
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CNF grown carbon paper as a
water management layer for
PEM fuel cells

Abstract

Carbon nanofiber (CNF) grown carbon paper loaded with two different
hydrophobic polymers (Polytetrafluoroethylene and polydimethylsiloxane modified
polystyrene-alt-maleic anhydride) was used as a water management layer in a
proton exchange membrane (PEM) fuel cell. The influences of the type and loading
of the polymer, gas feed stoichiometry, PEM fuel cell operating temperature and
the type of oxidant were investigated in order to determine the optimum operating
conditions. The membrane electrode assemblies (MEAS) were characterized by
electrochemical performance tests, cyclic voltammetry and electrochemical
impedance spectroscopy. The results showed that the electrochemical performance
of the CNF grown carbon papers used at the cathode part of the MEAS was strongly
influenced by feed stoichiometry and polymer loading. None of the constructed
MEAs surpassed the performance of the reference MEA, however, using this novel
material both at the cathode and the anode as a water management layer showed a
stable PEM fuel cell performance with a reduced hysteresis and an acceptable
overall resistance.
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5.1 Introduction

The atmospheric concentration of CO, has rapidly increased in the last
century due to fossil fuel consumption by vehicles and heat or electricity generators
[1]. The threat of this increase requires the implementation of zero emission power
devices [2]. The proton exchange membrane (PEM) fuel cell is a promising power
generator using hydrogen and oxygen producing only water as exhaust. The
operating temperature of PEM fuel cells remains generally below 100 °C, which
allows a rapid start-up. PEM fuel cells are compact and lightweight compared to
other fuel cell types, increasing the power produced per unit volume of the fuel cell.
These advantages make the PEM fuel cells the best candidate not only for the

stationary power applications but also for automotive applications [3-6].

One drawback of operating PEM fuel cells below 100 °C is the management
of water distributed within the catalyst layer and the membrane [7-10]. The
necessity of membrane hydration and excess water removal from the cathode
makes the water management very critical for PEM fuel cells. As explained in
chapter 1, flooding (too much water formation) within the catalyst layer and drying
of the perfluorosulfonic acid membrane create immediate severe problems like fuel
starvation in the catalyst layer, pinholes on the membrane, and long term problems
like degradation of the membrane and catalyst [11-13]. Due to the high risk of
membrane degradation in dry conditions, humidified (>50%) gas feeds are
preferred by the PEM fuel cell operators. In this case, however, too much water can
be produced at high current density, resulting in a considerable voltage drop. The
feed gas, oxygen, does not reach to the catalyst surface and subsequently the
electrochemical performance is reduced. Therefore, a careful control of the water-

gas balance at high current density is vital.

The introduction of a microporous layer (MPL) between the catalyst layer
and the gas diffusion layer (GDL) improves the water management at high current
density [9, 14-19]. The MPLs are typically a mixture of carbon black and
polytetrafluoroethylene (PTFE) providing a high degree of electron conductivity

and superhydrophobicity. These two properties are of crucial importance for the
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PEM fuel cells, since an increase in the electric resistance results in a performance
loss and a decrease in the superhydrophobicity causes a complete wetting of the
MPL [8]. The carbon-PTFE mixture used in the MPLs is prone to degradation due
to the weakness of the carbon black under the PEM fuel cell operating conditions.

A structured GDL as MPL can make the PEM fuel cell more resistant to the
high gas and water flows at high current densities. One promising candidate for the
replacement of carbon blacks in the MPL is the implementation of the carbon
nanofibers (CNFs) as MPL on a GDL. The growth of CNFs on a GDL to be used as
a MPL is considered a new enhancement factor in both the electronic conductivity
and the gas permeability [20-22]. In the previous chapter, a CNF grown GDL was
used as a MPL, for which sudden voltage losses were observed due to the wetting
of the CNF layer at low stoichiometric ratios. In this chapter, CNF grown GDLs
were loaded with PTFE and PDMS modified PSMA to improve the hydrophobicity
of the catalyst backing layer without causing a large increase in the electric
resistance. For a better evaluation of the CNF grown GDLs, commercially available
catalyst coated membranes (CCMs) were used to eliminate membrane and catalyst

effects.
5.2 Experimental

5.2.1 Preparation of CNF grown carbon papers

The growth of CNFs was performed via the decomposition of ethylene on a
nickel catalyst. The amount of nickel deposited on the GDL (TGP-H-060, Toray
carbon paper) was increased compared to the given values in chapter 3 in order to
grow more CNFs and to obtain a CNF layer without large pores (larger than 1 um
on its surface). It was observed that the loading of CNFs on a single side of carbon
paper should be higher than ~4.5 mgCNF-cm™ in order to cover all the existing
pores in the carbon paper. Uncovered pores result in flooding and instabilities not
only at high current densities but also at low current densities as was observed in

the preliminary studies. Table 5.1 lists the loadings of nickel and CNF on the
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carbon paper, the required polymer loadings and the average contact angles of the

polymer-CNF-carbon paper surface.

A PTFE dispersion (60 wt.%) in water was purchased from Sigma Aldrich
and diluted to 5 wt.%. The CNF grown carbon paper was first oxidized with 50
vol.% nitric acid at 60 °C for an hour. Nitric acid oxidation facilitates the removal
of the nickel used in the CNF growth [23, 24]. The oxidized CNF grown carbon
paper was dipped into the 5 wt.% PTFE solution and then dried at 60 °C. The
deposition of PTFE was repeated until reaching the desired loading of PTFE (Table
5.1) on the CNF-carbon paper. PDMS modified PSMA is an alternative material to
make the CNF grown carbon paper superhydrophobic. 30 mol% of the anhydrides
in PSMA copolymer is imidized by mono amine terminated PDMS (PDMS-NH,)
and PSMAZ30 latex is produced. Both PTFE and PSMA30 make contact angles
~135° on cotton or carbon paper [25]. However, carbon paper or cotton has a lower
surface roughness compared to the CNF grown carbon paper. The contact angle
measurements on PSMA30 loaded CNF grown carbon papers yielded nearly an

angle of 150° with a low contact angle hysteresis.
5.2.2 Preparation of the membrane electrode assembly

To compare the GDLs with each other, the membranes and the platinum (Pt)
catalyst loadings should be identical. For this purpose, catalyst coated membranes
(CCMs) were purchased from Johnson Matthey Fuel Cell. The Pt catalyst loadings
were 0.2 mg-cm™ at the anode and 0.6 mg-cm™ at the cathode. A product of
SIGRACET, GDL 25 BC, was selected as a reference MPL [26]. The sizes of the
CNF grown carbon papers and GDL 25 BC were reduced to a circular size of 32
mm and then placed on current collector plates which have serpentine flow fields.
A Teflon gasket of 150 um thickness was used on the flow fields as shown in
Figure 5.1-a for sealing. One of the carbon paper was inserted on top of the Teflon
gasket and subsequently the CCM was attached and then, the other carbon paper
was placed on the CCM. Finally, another current collector with a Teflon gasket was

attached. The CNF grown carbon papers were sandwiched in the configurations
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presented in Table 5.2 in order to obtain information on their performance under

fuel cell conditions.

Table 5.1 Properties of the CNF grown carbon paper.

CNF Ni(OH), CNF PTFE PSMA30 Contact
carbon loading loading loading loading Angle™
paper

#) mg-cm™ mg-cm™ Wt.% Wt.% °

CNF1 0.55 5.8 11.1 - 14843
CNF2 0.54 55 - 51 14643
CNF3 0.50 4.7 8.9 - 145+4
CNF4 0.52 5.6 - 100" 14742
CNF5 0.58 5.8 19.2 - 14543
CNF6 0.46 45 9.3 - 146+4
CNF7 0.62 4.6 6.9 - 14643
CNF8 0.53 5.0 - 1157 146+3
CNF9 0.60 5.1 - 10.37 14443

All the PTFE loaded samples were annealed at 350 °C for 1 hour in N,
" Acrosslinker (adipic dihydrazide) was used to make PSMA30 water resistant.
" Contact angles are the averages of measurements at five different locations over
13.2 cm? area of the produced CNF grown carbon paper.

5.2.3 Cell operation and electrochemical characterizations

The MEAs were installed in 5W single cell test stations located at the
NedStack Fuel Cell Company in Arnhem, The Netherlands. The flow field consists
of a single serpentine structure with channel dimensions of 1x1mm cross/section at
1 mm spacing (Figure 5.1-a). The pneumatic cell compression used in this study
was 5 bar. A heating bath was used to heat the water circulating around the MEA
and the humidification compartment (Figure 5.1-b). Leak tests were carried out
before starting the electrochemical measurements. Before the leak test, the anode
flow was set at 20 ml'min™ and the cathode flow was set at 0. This creates a slight

pressure difference on both sides of the membrane. Leakage occurring across the
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membrane reduces the open circuit voltage (OCV) owing to the hydrogen
crossover. If a membrane does not contain any pinholes and does not have any gas

leakage, the voltage drop is expected to be linear.

Table 5.2 Configurations of the MEAs used in the measurements.

MEA # Cathode Anode
MEA1 GDL 25 BC GDL 25 BC
MEA2 CNF1 GDL 25 BC
MEA3 CNF2 GDL 25 BC
MEA4 GDL 25BC CNF3
MEAS CNF4 GDL 25 BC
MEAG CNF5 GDL 25 BC
MEA7 CNF6 CNF7
MEAS CNF8 CNF9

Figure 5.1 a) Teflon gasket with a 32 mm circular hole inserted on a serpentine flow field.

b) Single cell fuel cell test station. (1) Cathode and anode humidification vessels. (2) Current
load connections. (3) Pneumatic cell compression (Applied pressure is 5 bar). (4) Voltage
reading cables. (5) Membrane electrode assembly. (6) Heating elements. An external heater
circulates water internally through indicated transparent hoses.
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Table 5.3 The measurement sequence of the MEASs depicted in Table 5.2.

Order
1

10

11

Measurement

Voltage-current data was obtained by increasing (Air down) the current density at
65 °C from O to the highest current density recorded. The waiting time per point
was 2 minutes.

Voltage-current data was obtained by decreasing (Air up) the current density at
65 °C from the highest current density recorded to 0.

In the cathode part, air was replaced by oxygen and then the voltage-current data
was recorded by increasing the current density at 65 °C from 0 to 1800 mA-cm™.
Since flooding was not effective in oxygen operation, the cell can go up t01800
mA-cm™.

The stability test of the fuel cell was performed at 65 °C and 1150 mA-cm™.

Voltage-current data by increasing (Air down) the current density at 80 °C from 0
to highest current density recorded. The waiting time per point was 2 minutes.

Voltage-current data was obtained by decreasing (Air up) the current density at
80 °C from the highest current density recorded to 0.

In the cathode part, air was replaced by oxygen and then the voltage-current data
was recorded by increasing the current density at 80 °C from 0 to 1800 mA-cm™
since flooding is not effective in oxygen run.

The stability test of the fuel cell was performed at 65 °C and 1150 mA-cm™.

The impedances of the MEAs were measured at 65 °C at the current densities of
30, 600, 925, 1150 mA-cm™,

Cyclic Voltammograms of the cathode were measured at 65 °C to determine the
electrochemical surface area of the Pt.

The cell was operated at high stoichiometry of 3.0 for the anode and 4.0 for the
cathode at 65 °C.

Conditioning of the MEAs is required for the activation of the Pt

electrocatalyst, the removal of the dust and the humidification of the MEA. Since

the MEAs are compared with each other, they should have the same conditioning

and measurement history. The MEAs were first humidified at either 65 or 80 °C,

and conditioned at the constant voltage mode operating at 0.2 V for 10 minutes

with stoichiometric ratios of 2.0 for the anode and 2.0 for the cathode. The cell
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voltage was allowed to increase to 0.8 V for 2 minutes and then decreased back to
0.2 V. The current density at the same voltage is expected to increase at the end of
each conditioning cycle. After conditioning, the cell was brought to its operating
conditions; stoichiometries 1.25 for the anode and 2.0 for the cathode, and the
minimum gas flow rates 20 ml-min™ for the anode and 40 ml'min™ for the cathode.
The highest current density of the MEA at 0.2 V is recorded by increasing by 50
mA-cm’ with 10 seconds intervals. The operation of a MEA below 0.2 V may
accelerate Pt corrosion and this may reduce the performance of the cell which
results in an improper comparison among the MEAs. The measurement program is
modified with the highest current density at 0.2 V and the measurements at the
lowered stoichiometries were started automatically with a Labview program. In
these measurements, voltage was recorded against current density. The

measurement steps in Table 5.3 were performed for each MEA shown in Table 5.2.

Polarization tests were conducted starting from the OCV and recording the
voltage for 2 minutes while sweeping the current load up to a preset current density
(Table 5.3), before reversing the sequence and stepping back to OCV. MEA
diagnostic measurements were conducted on the Autolab potentiostat and Booster.
The measurements consisted of Electrochemical Impedance Spectroscopy (EIS,
100kHz-1Hz, 5mV ampl., and Cyclic Voltammetry (CV, 10 scans, 0.06 — 1 V, scan
rate of 50 mV-s™). CV was used to determine the electrochemical surface area from
the hydrogen underpotential deposition (Hypg) peaks. CV measurements were only
carried out for the cathode due to the absence of a hydrogen connection at the
cathode. Therefore, the MEA cannot be reversely operated in the setup. An Autolab
PGSTAT302 with FRA2 module in combination with the frequency response
analyzer (FRA) software was used for the in situ EIS measurements. It was
reported that two electrode configuration with the anode as a reference electrode
results in a negligible difference compared to the reversible hydrogen electrode
used in the ex-situ measurements [27]. EIS was performed under air operation at 65
°C at four different fixed current densities; 30, 600, 925 and 1150 mA-cm™ to

identify the Kinetic and mass transport resistances.
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5.3 Results and discussion

5.3.1 Leak tests and conditioning of the MEAs

The results of the leak tests are presented in the appendix of this chapter in
Figure 5.A.1. All MEAs have low hydrogen crossovers and have voltages higher
than 0.2 V even after 120 seconds and thereby, all the MEAs passed the
comparison limitations for the electrochemical performance measurements. The Pt
catalyst should be activated or conditioned before starting electrochemical
performance tests. The results of the conditioning of all MEAs are elaborately
described in Figures 5.A.2 and 5.A.3.

5.3.2 Polarization curves

Impact of operating temperature, 65 and 80 °C, on the electrochemical

performance

The effect of CNF decoration on the carbon papers is investigated using the
same catalyst coated membranes (CCMs) at two different operating temperatures
with fully humidified gas feeds. Figure 5.2 shows how the operating temperature
influences the electrochemical performance of the MEAS. The stoichiometric ratio
of the feeds is kept constant with respect to dry gas content and thereby, when the
PEM fuel cell operating temperature increases, the water vapor content of the gas
streams also increases. The higher water vapor content boosts the total gas flow rate
and thereby the gas velocities within the GDL. Consequently, an increased gas
velocity reduces flooding. In Figure 5.2, it is observed that the operating
temperature of 80 °C has a sufficient gas velocity to open enough gas channels for
all MEAs compared to the operating temperature of 65 °C. At higher temperature,
the membrane water content and water diffusivity increase making the membrane
homogeneously hydrated [28]. Increase in operating temperature enhances the
diffusivity of oxygen, however, its concentration decreases due to the increased
water vapor content. Therefore, at a higher operating temperature with fully

humidified gases, the overall electrochemical performance of the MEAs decreases
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compared to the performances obtained at a lower operating temperature, especially
at high current densities. The effect of temperature on the PEM fuel cell
performance using a GDL without MPL was investigated and it was shown that the
increase in operating temperature enhances the fuel cell performance [29] which is
a contradiction with the present work and a publication on the modeling of the

liquid water transport within the GDLs [28].

Considering the influence of temperature and the diffusivity of oxygen on
flooding, all MEAs showed similar characteristics. At high current densities, higher
operating temperature reduced the overall performance, however, the flooding
occurred in the Ohmic region disappeared. The performance of MEA2 (PTFE-CNF
applied at the cathode) and MEA7 (PTFE-CNF applied on both sides of the MEA)
at both operating temperatures are comparable with each other with an acceptable
flooding in the Ohmic region. Nevertheless, PTFE loaded CNF grown carbon
papers applied at the cathode and on both sides of the MEA are advantageous
without a considerable performance loss at this temperature range compared to the
reference MEA (MEAL). 19.2 wt.% PTFE loaded CNF grown layer applied at the
cathode of MEAG reduced the cell performance at a higher operating temperature.
An increased PTFE loading reduced the hydrophilic pathways within the CNF layer
and increased the resistance to the water flow. Consequently, the back diffusion
rate (water transport from cathode to anode) increased, causing a negative effect on
the Ohmic resistance due to the lowered proton transfer. Popov et al. determined
that 20 wt.% PTFE loaded MPL showed an improved performance compared to
lower and higher PTFE loaded GDLs at an operating temperature of 75 °C [30, 31].
Ramasamy et al. showed that the capillary pressure increased with the increased
PTFE loading on the GDLs [32]. Therefore, a higher capillary pressure decreases
the water retention due to the reduction in the number of the hydrophilic pathways.
There is an optimum value for the PTFE loading supporting the conclusion drawn
here. In the present work, CNF grown GDLs have a considerably higher surface
roughness increasing the resistance to water flow with a lower PTFE content

compared to the PTFE loadings in literature.
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Another polymer, PSMA30, was used in MEA3, MEAS5 and MEAS instead
of PTFE. As long as PSMA30 was not crosslinked on the CNFs, flooding caused

large instabilities at 65 °C. However, at high current densities, owing to the

increased total gas flow, MEA3 achieved much higher current densities than the
reference MEA at the same operating voltage. Operating the fuel cell at 80 °C
reduced the cell performance of MEA3 to the performance of MEAL at the same
operating temperature (Figure 5.3-a). When the loading of PSMAZ30 increased to 10
wt.% and PSMA30 was crosslinked (MEADS in Figure 5.3-b), the flooding effect in
the Ohmic region reduced compared to MEA3. However the increase in the loading
of PSMAZ30 reduced the fuel cell performance at 80 °C compared to MEAL. Using
PSMA30 on both sides of the MEA (MEAS8) enhanced fuel cell performance
further at 65 °C keeping the performance same with MEAGS at 80 °C.

Effect of the flooding on hysteresis

Polarization curves can show hysteresis while sweeping the current load
between OCV and preset current density in both directions [33]. The curves
represented as “air down” refer to the voltage-current density data obtained when
the current density set to higher values starting from OCV and “air up” refers to the
voltage data obtained by setting the current density values to the lower values till
reaching the OCV. In this way, the hysteresis was measured for each MEA at both
operating temperatures. One would expect that the cathode side of the MEA is
flooding if the air up curve is at a higher potential than the potential of the air down
curve at the same current density. Stepping back from a high current density to low
current density in a flooding cathode would suddenly reduce the required amount of
oxygen on the Pt catalyst, and thereby mass transport limitations of oxygen should
no longer be a problem at that instant. Higher voltages and thereby a better
performance can be obtained. However, after a sufficient waiting period, the system
will balance itself, and gradually, air up and air down curves will reach to the same

operating voltage.
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Figure 5.2 Voltage current density diagrams of MEA1l, MEA2, MEA3, MEA4, MEADS,
MEAG6, MEA7, MEAS8 at the operating temperatures of 65 and 80 °C. The symbols are
identified as: o Oxygen at 65 °C, ® Oxygen at 80 °C, o Air down at 65 °C, m Air down at 80

°C.
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Figure 5.3-a Comparison of the polarization curve of MEA1 (reference) with the polarization
curves of MEA2, MEA3, MEA4 and MEAS at 65 and 80 °C. The symbols are identified as:
o MEAT1 Air Down, e MEA1 Air Up, o MEAX Air Down, m MEAX Air Up, A Oxygen
MEA-1, A Oxygen MEAX where X represents 2, 3, 4 and 5.
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Figure 5.3-b Comparison of the polarization curve of MEAL (reference) with the polarization
curves of MEA6, MEA7 and MEAS8 at 65 and 80 °C. The symbols are identified as: o
MEA1 Air Down, e MEAI Air Up, o MEAY Air Down, m MEAY Air Up, A Oxygen
MEA-1, A Oxygen MEAY where Y represents 6, 7, or 8.

MEA1 showed no hysteresis at both operating temperatures whereas MEA2
showed a slight hysteresis at high current density at 65 °C (Figure 5.3-a). Either an
increase in the PTFE loading on CNFs (MEAG) or using the PTFE-CNF-carbon
paper on both sides (MEA7) removed the effect of the observed hysteresis

indicating a better water management in the Ohmic region. Using PTFE-CNF-
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carbon paper at the anode of MEA4 did not result in any hysteresis at both
operating temperatures. Compared to the reference MEA, MEA4 showed a poor
performance indicating a catalyst utilization problem rather than flooding which
will also be confirmed by the cyclic voltammograms. PSMA30 loaded CNF grown
carbon papers caused flooding in the Ohmic region at 65 °C. However, at 80 °C,
this effect was either reduced or disappeared. The hysteresis of MEAS at 65 °C was

very large indicating an evidence of strong flooding.
Source of the cathode feed: Air and pure oxygen

The source of the cathode feed can be used to describe the influence of water
management in MEAs. The concentration of oxygen in air is five times lower than
in pure oxygen, which in turn reduces the concentration of oxygen on the catalyst
surface [33]. The electrochemical reaction of oxygen on the catalyst decreases the
oxygen concentration while increasing the nitrogen concentration. Therefore,
oxygen in air should diffuse to reach to the catalyst surface through highly
concentrated nitrogen environment. The mass transport of oxygen is therefore
governed by diffusion limitations at low oxygen fractions in the cathode feed [34].
When pure oxygen is used as cathode feed, mass transport is limited by convection
rather than diffusion. Convection is driven by the oxygen concentration difference
between the catalyst surface and gas feed. While no other effects present in the
PEM fuel cell, there should be a nearly constant difference in between the plots of
oxygen and air operations at any current density. At high current densities, owing
to the increased rate of water formation within the catalyst layer, flooding starts to
limit the electrochemical performance due to the reduction in the diffusion rate of

oxygen in liquid water.

Figures 5.2, 5.3, and 5.4 show the influence of the oxidant on the
polarization curves. At any current density for all MEAs except MEA3, oxygen
operation results in a better performance compared to the air operation. MEA3
showed an even lower performance compared to the air operation at 65 °C (Figure

5.2). The lower performance is due to the flooding occurring at high current



86  CNF grown carbon paper as a water management layer for PEM fuel cells

densities decreasing the oxygen diffusion to the catalyst layer. Owing to the
decrease in flooding, operating the fuel cell at a higher temperature increased the
electrochemical performance at high current densities. The air performance of
MEAS at 65 °C is the same as oxygen performance at 80 °C at the high current
density region. There is a slight performance loss at the high current density region
between 65 and 80 °C for oxygen plots of MEA4, MEA5, MEA6, MEA7 and
MEAS8 due to a decrease in the mass transport of oxygen at a higher operating

temperature.
Influence of stoichiometry

The oxygen and hydrogen stoichiometries have a large influence on the
performance and degradation of the PEM fuel cells. If a PEM fuel cell is operated
at a stoichiometric ratio of 1 for the anode, all hydrogen should be consumed
causing a local fuel starvation and therefore degradation of the catalyst. On the
other hand, using excess hydrogen is a loss of fuel increasing the cost of operation.
Therefore, PEM fuel cells are mostly operated at the stoichiometric ratios in
between 1 and 1.5 for the anode. Although air is not a cost issue, a lower air
stoichiometry at the cathode (less than 1.2) results in a heterogeneous current
distribution owing to the concentration inhomogeneity of oxygen [35]. A lower
stoichiometry applied at both anode and cathode decreases the total gas flow rate
which in turn decreases the gas velocities. Lower gas velocities result in a lower
electrochemical performance since condensed water within the GDL causes

flooding and thereby, reduces the diffusion of oxygen.

The effect of gas flow on the electrochemical performance was measured at
a fuel cell operating temperature of 65 °C for all MEAs (Figure 5.4) except for
MEAL, since MEAL did not show any difference on stoichiometry change. The
measurements were performed at a higher stoichiometry, 3 for the anode and 4 for
the cathode. The obtained data is compared with the data obtained for the
stoichiometric ratios of 1.25 for the anode and of 2.0 for the cathode. A higher

stoichiometry provides not only a higher amount of reactants to the catalyst surface
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but also increases the total gas flow rate, which increases the force applied on
liqguid water accumulated within the GDLs. As shown in Figure 5.4, the
electrochemical performance of MEA2 and MEA3 at high current densities
improved by the increase in the stoichiometric ratios. However, the stoichiometry
did not influence the electrochemical performances of MEA4, MEA5, MEAG and
MEAS at high current densities. The electrochemical performance of MEA7 even
reduced with the increased gas stoichiometry indicating a drying at either cathode
or anode side of the MEA.

MEA stability

The lower operating temperature, 65 °C, generally causes instabilities in the
operating voltage since the water vapor capacity is lower compared to the operating
temperature of 80 °C and this influences the oxygen diffusion to a large extent.
Stability measurements were performed at 65 and 80 °C for 15 min and shown in
Figure 5.5. MEA1 was rather stable during 15 minutes of continuous operation at
65 °C while only 20 mV was lost at 80 °C. MEA2 did not show any fluctuations at
both operating temperatures. The stability test of MEA3 at 80 °C showed
fluctuations due to the flooding, however, when the accumulated water was
expelled from the GDL, it reached its stable operating voltage. The same behavior
was observed for MEA4. MEA4 showed a fluctuation pattern with a two minute
period due to an inhomogeneous PTFE loading on the CNFs. The stability of
MEAS was improved compared to MEA3 due to an increase in the loading of
PSMAZ30 and crosslinking of the polymer on CNFs. MEA6 and MEA7 were as
stable as MEA2 proving that the use of PTFE on CNFs did not result in stability
problems. Finally, MEAS8 showed no fluctuations in the stability measurements at
both operating temperatures; however, the performance was either increasing (65
°C) or decreasing (80 °C) to reach the equilibrium voltage. This is an indication of
the reorganization of the hydrophilic pathways in the GDL.
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Figure 5.4 The stoichiometry effect on the PEM fuel cell performance. The data presented in
these plots are plotted only for Air down operation with its oxygen operation at the
stoichiometric ratios of 1.25 for anode and 2.0 for the cathode. The symbols are identified as
the following: o Air down: stoichiometry 1.25/|2.0 at 65 °C, m Air down: stoichiometry
3.0]|4.0 at 65 °C, o Oxygen: stoichiometry 1.25||2.0 at 65 °C.
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Figure 5.5 Stability tests of MEAL, MEA2, MEA3, MEA4, MEA5, MEA6, MEA7 and
MEAS8 at 65 and 80 °C. Stoichiometries were 1.25 for the anode and 2.0 for the cathode.

Stability test of MEA3 at 65°C was not measurable due to the large voltage fluctuations at
1150 mA-cm™,
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5.3.3 Cyclic voltammetry

In general, cyclic voltammetry refers to the potential sweep in between low
and high potential values and records the current density during these cycles. The
current density values are plotted against the voltage giving the cyclic
voltammogram (Figure 5.6). Cyclic voltammograms give information about surface
reactions occurring on the working electrode and the change of state of the double
layer at the electrode-electrolyte interface. When the sweep rate increases, the
capacitive charge contribution is relatively small compared to the charge
contribution of the surface reaction [36]. Therefore, in this study, sweep rate is
selected as 50 mV-s™ where the double layer capacitive charge contribution almost
disappears. Cyclic voltammogram plots of all MEAs are given in Figure 5.6 with
their electrochemical surface area (ESA) values calculated from the region of Hypq,

assuming one to one adsorption of hydrogen atoms on Pt atoms.

ESA is calculated as [37-41]: ESA= q—Pthlooo

L%
where @, is the total charge density obtained by integrating the area under the Hypq

peaks in C-CM Zejectrode; S is the charge required to reduce a monolayer of hydrogen
atoms on Pt given as 2.1 C-m'zpt, L is the Pt loading at the cathode side of the CCM

given as 0.6 mgpt-cm'ze.ectmde from the manufacturer, and thereby, ESA is in mzpt-
1

Opt -

In Figure 5.6, it can be seen that the ESA of MEA4 is one fourth of the
others, indicating a catalyst utilization problem appeared in the conditioning cycles
and performance measurements. The ESA values of the other MEAs are similar,
thereby, the electrochemical performance tests of these MEAs can be comparable.
The ESA values are only given for the Pt catalyst deposited on the cathode side of
the CCMs since the setup did not allow the operation of the MEA in the reverse

mode.
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Figure 5.6 Cyclic voltammograms of the cathode part of the MEA. The measurement was done
under nitrogen flow (10 ml'min™) at the cathode and hydrogen flow (10 ml'min™) at the anode
part of the corresponding MEA. Ten subsequent scans were taken and the first two scans are
not represented in the figures. The area under the hydrogen adsorption peaks in between 0.1
and 0.3 V of the last scan was calculated. The scan rate was 50 mV-s™ and the electrode area
was 8 cm?. RE-CE represents the reference electrode and the counter electrode.
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5.3.4 Electrochemical impedance spectroscopy

The impedance can be defined as the ability of a system to hinder the flow of
electrons. Quantitatively, it is the proportion of the applied voltage to the current in
an alternating current (AC) circuit including the phase difference of the applied
voltage and current. Electrochemical Impedance Spectroscopy (EIS) is a powerful
diagnostic tool for fuel cells to characterize poisoning of the electrocatalyst, proton
conductivity of membrane, effect of the operating conditions and the performance
of the fuel cell stacks [42, 43]. The EIS graphs are represented generally in Bode
and Nyquist plots where the Bode plot shows the frequency (on the x-axis)
dependence on the amplitude and phase angle of the impedance (y-axis), and the
Nyquist plot relates the imaginary impedance (y-axis) with the real component of
the impedance (x-axis). The Nyquist plot has the advantage of showing unique arcs
providing the governing mechanism of the corresponding limitation. A typical
Nyquist impedance plot of a PEM fuel cell is schematically shown in Figure 5.7.
The first arc on the left hand side of the diagram is called as “high frequency arc”
where Kinetic resistance dominates. The second arc is called as “low frequency arc”
and describes the mass transport limitation. The intercept of the high frequency arc
with the real axis is the membrane resistance [22] whereas the overall resistance is

the intercept of the low frequency arc with the real axis [44].

A

2 High frequency arc Low frequency arc

?é (Kinetic contribution) (Mass transport contribution)

by

e

£ oo ©o o

o O o)
O (@)
0 o_
Real axis l
Membrane resistance Overall resistance

Figure 5.7 Schematic of a typical Nyquist plot of a PEM fuel cell.
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Figure 5.8 Nyquist plots of MEAL, MEA2, MEA3, MEA4, MEA5, MEAG6, MEA7 and MEAS
at the current densities of a) 30, b) 600, ¢) 925 and d) 1150 mA-cm™ at 65 °C. The symbols are
identified as the following: B MEAL, 0 MEA2, @ MEA3, O MEA4, A MEA5, A MEAG, ¥
MEA7 and * MEAS8. The impedance measurement of MEA4 was not performed at 1150
mA-cm due to a lower voltage than 0.2 V.

Fuel cells undergo three fundamental limitations when an AC voltage
applied: The first is called as “kinetic” limitation and can be described as charge
transfer activation, the second is described as Ohmic limitation including the ion
and electron transport losses, and the third considers the mass transfer limitation
and can be called as concentration polarization due to the flooding of the catalyst
layer and the GDL [38]. The MEAs were characterized at the current densities of
30, 600, 925, 1150 mA-cm™. For the kinetic region, 30 mA-cm™ was selected since
the minimum flow rates of the feed gases, oxygen and hydrogen were higher than
required. This region generally gives information about the ORR at the cathode. At
a current density of 600 mA-cm, the resistance to the flow of electrons from the Pt

electrocatalyst to the external current collectors and the resistance of ion transport
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through the membrane dominated on the MEA performance. Flooding started to
dominate at a current density of 925 mA-cm™? which was selected as another

measurement point. The current density at 1150 mA-cm™ was strongly influenced

by flooding.
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Figure 5.9 Overall resistances of the MEAs read from Figure 5.8. Resistances have an error of
+0.01 Q. The impedance measurement of MEA4 was not performed at 1150 mA-cm™ due to a
lower voltage than 0.2 V.

In Figure 5.8, it is observed that except for the impedance plot of MEA4 at
the current density of 925 mA-cm’, the two semicircles shown in Figure 5.7 are
overlapping in all EIS measurements. Therefore, it is difficult to make a comment
on the kinetic and mass transport contributions to the overall resistance. The
intersection of the high frequency arc with the real axis provides the membrane
resistance, measured as 0.01 Q for all MEAs. The overall resistances of the MEAs
are shown in Figure 5.9. The overall resistance of MEA1 decreased when the
current density increased to 600 mA-cm™. This is an expected behavior since the
Kinetic contribution to the resistance decreased and mass transport resistance did
not contribute to the overall resistance at this current density. However, going to
the higher current densities starting from 600 mA-cm™, mass transport limitations

start to dominate, thereby, the overall resistance increases. This type of behavior
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was observed for MEAS5, MEA6, MEA7 and MEAS8. The overall resistance of

MEAZ2 increased gradually due to the worse water management. Contrarily, the
overall resistance of MEA3 was lower at 1150 mA-cm™ compared to 925 mA-cm™
suggesting a change in water distribution within the CNF layer due to the increased

total gas flow rate.
5.4 Concluding remarks

This comprehensive study on the use of CNFs as a MPL in PEM fuel cells
suggested that the electrochemical performance of the PEM fuel cells was strongly
influenced by the hydrophilic or hydrophobic character of the gas diffusion layer
and its overall resistance. The following major conclusions can be drawn from this

study.

1) The GDL 25 BC performed better with respect to polymer loaded CNF
grown carbon papers at the stoichiometric ratios of 1.25 for the anode and
2.0 for the cathode.

2) As long as the stoichiometric ratios were increased to 3.0 for the anode
and 4.0 for the cathode, the electrochemical performances increased for
the MEAs where polymer loaded CNF grown GDLs were applied only at
the cathode.

3) Crosslinking of PDMS modified PSMA was a necessity for its use in the
PEM fuel cell operation.

4) At high current densities, 19.2 wt.% PTFE loading on the CNF-carbon
paper electrode showed better performance than 10 wt.% PTFE loading,
however, the stability in both cases was not influenced by polymer

loading.

5) Flooding observed in between 400-800 mA-cm™ (MEA2) disappeared by
loading 19.2 wt.% PTFE only at the cathode (MEAG®) or nearly 10 wt.%
PTFE both at the cathode and anode (MEAT).
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6)

7)

8)

9)

Considering the performance of the reference MEA at 65 °C, 10 wt.%
PSMA-CNF-carbon paper employed on both sides of MEAS8 performed
slightly better than 10 wt.% PTFE-CNF-carbon paper employed on both
sides of MEA7. Increasing the temperature to 80 °C, PTFE took the lead
compared to PDMS-PSMA. Stability was not influenced by the polymer

type.

Flooding was not influential on hysteresis at 80 °C compared to 65 °C for
all MEAs.

The overall resistance of the polymer-CNF-carbon paper used only at the
cathode increased at high current densities due to the high degree of

flooding.

CCM employed in MEA4 did not have identical ESA with the other
CCMs determined by Cyclic Voltammetry. This limited the comparison

of electrochemical performance with other MEAs.

10) The stability of the MEAs was influenced by the heterogeneous loading

In

of the hydrophobic polymer on CNFs. Homogeneous loading of the

polymer can prevent the water accumulation on the GDL.

conclusion, some of the MEAs studied in this work reached the

performance of the reference MEA at low stoichiometric ratios at the operating

temperatures of 65 and 80 °C. The increase in gas stoichiometry results in a better

performance while using the CNF grown carbon paper at the cathode. The

humidification of the feed gases should be decreased to avoid flooding at low

current densities and to obtain a better performance at high current densities.
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Appendix: Leak tests and conditioning

Leak tests and conditioning of the MEASs were performed before starting the
electrochemical performance tests. The MEAs were fabricated attaching the
electrodes and membrane on top of each other. The mechanical compression
applied on the MEAs exerted a pressure of 5 bar. Despite using a Teflon gasket on
both sides of the MEA, a gas leakage can occur reducing the fuel cell performance
and can make the comparison of the polarization curves meaningless. In addition to
that, the permeability of hydrogen through the membrane increases with increased
humidification level in the membrane [45]. Due to the operation of the MEAs in a
fully humidified environment and assembling technique necessitate a leak test

before starting any performance measurements.

The leak tests were performed for two minutes setting the cathode flow to
zero and anode flow to 20 ml'-min™. After 120 seconds, among all the MEAs, only
voltage of MEAS dropped to 0.3 V (Figure 5.A.1). In the electrochemical
performance measurements, the minimum cathode flow rate was set at 40 ml'min™
and anode flow rate was set at 20 ml-min™. The pressure exerted on the membrane
from the cathode towards anode was always higher decreasing the rate of hydrogen
crossover. Therefore, if the voltage does not drop suddenly below 0.2 V in 30
seconds, the hydrogen crossover is generally in the acceptable range. The hydrogen
crossover observed in MEADS, therefore, does not influence the electrochemical

performance measurements.

After the leak test, the MEAs should be conditioned in order to obtain steady
state performance of the Pt catalyst. Manthiram et al. showed that the conditioning
does not influence the catalyst activity, oxygen transport or membrane resistance
but it affects the membrane hydration in the steady state operation of a direct
methanol fuel cell [41]. In our measurements, the reference MEA, MEA1, showed
a current density increase up to the 6™ cycle and then the maximum current density
did not change for the last four cycles. The amount of current driven by the cell was

about 1450 mA-cm? and maintained in the other cycles. MEA2 showed a
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maximum at 1590 mA-cm™ and then decreased to 1570 mA-cm™ at the final cycle.
This showed that the activation of the cell was completed at the end of cycle 3,
however a subsequent degradation was observed. Nevertheless, the current density
obtained at 0.2 V was 120 mA-cm higher than MEA1 where the Pt loadings were
the same in both CCMs. This shows a significant performance increase for the
PTFE loaded CNF grown carbon paper at the stoichiometric ratios 2 for the anode
and 2 for the cathode. MEA3 (non-crosslinked 5.1 wt.% PSMA-30 loaded CNF
grown carbon paper at the cathode and GDL 25 BC at the anode) reached to its
highest performance after its fourth conditioning cycle (from 1495 mA-cm™to 1540
mA-cm) and then decreased gradually to 1525 mA-cm™. MEAS3 performed better
than MEAL after 10 conditioning cycles. When the PTFE deposited CNF grown
carbon paper (MEA4) was used at the anode, a linear increase for the current
density values was observed. However, the final current density value was around
1150 mA-cm™. This value was much lower than the same value obtained for similar
CNF grown carbon paper used at the cathode of MEA2. The activation cycles of
MEA4 showed an unstable behavior at 0.2 V. Sudden voltage fluctuations indicated
a flooding problem which was also observed in stability analysis. This might be
due to the inhomogeneous PTFE deposition on the CNF grown carbon paper.
MEAS presented a current density of 1425 mA-cm™ after the first cycle and 1400
mA-cm™ at the last cycle (Figure 5.A.3). The difference between the maximum
current densities of the crosslinked and non-crosslinked (MEA3) PSMA30 loaded
CNFs grown carbon paper was around 125 mA-cm’. When the conditioning of
MEAG is compared with MEAZ, it is seen that the maximum current density at the
applied stoichiometric ratios was 170 mA-cm™ higher for MEA2 which had lower
PTFE loading. MEA7 and MEAS8 were prepared by using PTFE and PSMA30
loaded CNF grown carbon papers on both sides of the MEAs. The difference
between MEA7 and MEAZ2 is the change of GDL 25 BC at the anode. Both MEAs
showed stable activation cycles whereas the highest current density obtained in
MEAY7 was lower than the highest current density obtained in MEAZ2. The highest
current density obtained at the last activation cycle was the same for MEA5 and
MEAS.
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Figure 5.A.1 Leak tests of the MEA1, MEA2, MEA3, MEA4, MEA5, MEAG6, MEA7 and MEAS.
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Platinum supported CNFs

on carbon paper

as PEM fuel cell electrodes

Abstract

The use of directly grown carbon nanofibers (CNFs) on carbon paper as a
catalyst support for proton exchange membrane fuel cells was investigated. The
CNFs were directly grown on carbon paper by chemical vapour deposition using
nickel as a growth catalyst, which was deposited as nickel hydroxide by
homogeneous deposition precipitation. Platinum (Pt) was deposited via a polyol
method on the nitric acid treated CNF grown carbon paper and 0.29 mg Pt per cm?
of carbon paper was obtained. The deposited Pt nanoparticles were characterized by
TEM and SEM. The average particle size of the Pt nanoparticles was found to be 4
nm and the EDX mapping analyses revealed that the Pt nanoparticles were
dispersed homogeneously. The electrochemical performance of the MEA, where Pt
deposited CNF grown carbon paper was used at the cathode, remained poor due to
the inefficient contact of the catalyst and Nafion ionomer. The electrochemical
performance of the MEA was increased considerably by the increase in the
minimum gas flow rates, providing a strong evidence for the extreme flooding at
the cathode. The contact of the Nafion ionomer with the catalyst, and the
superhydrophobicity of the underlying layer of the catalyst layer should be
optimized in order to reveal the benefits of the CNFs as a catalyst support layer.
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6.1 Introduction

Increasing demand for energy directs the energy research to renewable
energy sources. The transformation of the chemical energy stored in hydrogen is a
renewable energy alternative and various types of fuel cells have been investigated.
Especially for transport applications, proton exchange membrane (PEM) fuel cells
have received significant attention as a potential electricity generator from the
chemical energy stored in hydrogen [1]. PEM fuel cells provide a high efficiency, a
high energy density and low emissions to the environment compared to the internal
combustion engines. A PEM fuel cell consists of an anode and a cathode, in which
the anode is responsible for the hydrogen oxidation reaction (HOR) and the cathode
is responsible for the oxygen reduction reaction (ORR). The platinum (Pt) catalyst
used for the HOR is fast compared to the ORR, due to the sluggish ORR Kkinetics
on Pt. Therefore, the amount of Pt used on the ORR is higher than the amount on
HOR. The demand to decrease the Pt catalyst on ORR necessitates the optimization
of the catalyst utilization. In order to improve the ORR kinetics, two approaches are
developed: The first is the improvement or a replacement of the catalyst used in the
ORR [2-6] and the second is the implementation of different catalyst supports [7-
14].

Under the highly oxidizing conditions of the anode compartment of the PEM
fuel cells, a catalyst support should have a good corrosion resistance, provide a low
electric resistance and offer a highly accessible area for the gas transport to the
catalyst surface. Although the currently used carbon supports, like Vulcan XC-72R,
provide some sort of corrosion resistance and electric conductivity, the metal
particles trapped in the pores of carbon blacks cannot be used effectively. Carbon
nanofibers (CNFs) have received significant attention to meet all the requirements
discussed above. They offer a highly accessible surface area, high electron
conductivity and corrosion resistance compared to the carbon blacks used as a

catalyst support [15, 16].
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In chapters 2 and 3, the CNFs were grown directly on carbon paper to
construct a rigid CNF decorated electrodes. These electrodes were applied as a
water management layer without using PTFE (chapter 4) and with PTFE (chapter
5). In this chapter, the potential use of the CNFs as a direct catalyst layer is

investigated and compared with a reference electrode.
6.2 Experimental

6.2.1 Preparation of Pt deposited CNF grown carbon paper

The growth of CNFs was performed via nickel hydroxide (Ni(OH),)
deposition on carbon paper. For this purpose, 340 mg Ni(NO3),-6H,O was
dissolved in 300 ml distilled water. The prepared solution was added into the
catalyst deposition container having carbon paper (TGP-H-060, Toray, 4.0 cm in
diameter and 108.5 mg). The solution was stirred continuously and heated up to 90
°C in an oil bath. The pH of the solution was adjusted using 1.0 M nitric acid
solution and brought from 6.5 to 2.4. Subsequently, 175 mg Urea in 50 ml distilled
water at room temperature was added. After 48 hours of continuous stirring of the
solution, 3.3 mg Ni(OH), obtained (Figure 6.1-a).

The Ni(OH), covered carbon paper was inserted into a vertically aligned
tubular reactor (Dinernat = 5.5 ¢cm) and the gas flow was directed vertically to the
carbon paper surface. The reduction of Ni(OH), was performed at 500 °C for four
hours in 10 % H, and balance nitrogen in 100 ml gas flow. CNFs were grown at
600 °C in the presence of 86.5 vol.% N, 3.5 vol.% H, and 10 vol.% C,H, in 100
ml-min™* gas flow. The total weight of the CNF grown carbon paper was measured
as 145.7 mg, which resulted in 35 mg CNFs (24 wt.% on the carbon paper), taking
into account the presence of nickel at the tip of CNFs. The sample was oxidized
with 4 M nitric acid at room temperature for 2 hours and then ultrasonicated in
distilled water at room temperature for half an hour. The acid treatment creates
anchoring groups on the CNF surface for platinic acid adsorption as well as
removes nickel crystals at the tip of CNFs. The SEM picture taken after 30 minutes

of continuous ultrasonication is shown in Figure 6.2.
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Figure 6.1 a) The image and the corresponding SEM picture of the nickel hydroxide deposited
carbon paper. The pores of the carbon paper are covered by nickel hydroxide. b) The image of
the carbon paper after ethylene exposure at 600 °C. The pores of the carbon paper are covered
by CNFs forming a spider network around the fibers of the carbon paper.

The deposition of Pt on CNFs was performed via a polyol method. 90 mg
Chloroplatinic acid (8 wt.% solution in water, Sigma-Aldrich) solution was
dissolved in 2 ml ethylene glycol at room temperature. The CNF grown carbon
paper was dipped into this solution. The solution pH was adjusted to 8.0 with KOH
and it was heated to 130 °C for half an hour and then cooled down to room
temperature resulting to a Pt loading of 0.29 mg.cm™ on the CNF grown carbon
paper. After washing and drying the carbon paper at room temperature, the Pt-
CNFs was reduced further in 50 ml-min™® H, flow for an hour to obtain fully
reduced Pt nanoparticles on CNF surface. A detailed discussion on the polyol
method for the Pt deposition on CNFs was given by Lee et al [17].
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Figure 6.2 a) The SEM image of the CNF grown carbon paper after acid treatment and
ultrasonication b) magnified view of the picture shown in a.

Transmission electron microscope (TEM) images were recorded with a FEI
Tecnai G2 Sphera operated at an accelerating voltage of 200 kV. For TEM
analyses, a small amount of Pt deposited CNFs was scratched from the carbon
paper and suspended in ethanol. 40 pl of the suspension was put onto a carbon
coated copper grid and the grid was dried at ambient temperature. ImageJ software
was used for the histogram analyses of Pt nanoparticles on CNFs. Scanning
electron microscopy (SEM) images of the CNFs were taken using a FEI Quanta 3D
FEG. The surface of Pt deposited CNFs was mapped with Energy Dispersive X-ray
(EDX) analyses to show the dispersion of Pt, oxygen, carbon and nickel on CNF

surface.
6.2.2 Preparation of membrane electrode assembly

The membrane electrode assembly (MEA) was prepared using 10 % PTFE
treated carbon paper (TG-060, Toray) at the anode and Pt deposited CNF grown
carbon paper at the cathode (Figure 6.4). For the anode catalyst, an ink was
prepared by mixing Hispec 9100 Pt (60%)/C catalyst (5%), DE1021 Nafion
solution from lonPower, and 1,2-propanediol as a solvent [18]. This ink was decal

printed onto EPDM (ethylene propylene diene monomer) rubber and then
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transferred onto the anode side of NRE-211CS membrane at 135 °C and 34 bar for

1 minute. Nafion solution DE1021 was sprayed onto the CNF grown carbon paper
to provide the proton conductivity through the catalyst layer and the membrane.
The final Pt loadings were 0.14 mgPt-cm™ at the anode and 0.29 mgPt-cm™ at the
cathode. A similar MEA was prepared as reference by printing the ink on EPDM.
The decals were transferred onto the anode and the cathode side of the NRE-211CS
membrane. The Pt loading at the anode amounted to 0.61 mg-cm, while at the

cathode the Pt loading amounted to 0.82 mg-cm™.
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Figure 6.3 Schematic of the membrane electrode assembly with Pt deposited CNFs at the
cathode. GDL: gas diffusion layer (carbon paper), MPL: microporous layer, CL: catalyst
layer.

6.2.3 Cell operation and electrochemical characterizations

The MEAs with a circular active area of 8 cm? were installed in 5W single
cell test stations located at the Energy Research Center of the Netherlands. The
flow field, as already explained in chapter 4, consisted of a single serpentine
structure with channel dimensions of 1x1mm cross/section at 1 mm spacing. The
pneumatic cell compression used in this study was 2 bar and the sealing was
provided by Viton O-rings. The minimum gas flow rates were 20 ml‘min™ for H, at
the anode and 40 ml-min™* for air or O, at the cathode. The minimum gas flow rates

were increased to 250 ml-min™ because of the occurrence of the flooding on the
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CNF grown carbon paper. The leak tests, the conditioning cycles and the
electrochemical characterization of the MEAs were performed as explained in
chapter 5. The MEAs were operated with fully humidified gas feeds at 65 °C and

atmospheric pressure.
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Figure 6.4 The TEM image of the Pt deposited CNFs scratched from the CNF grown carbon
paper and its corresponding Pt nanoparticle histogram.

6.3 Results and discussion

The loading of Ni(OH), on the carbon paper was calculated to be 0.26
mg-cm? and the corresponding CNF density obtained was 2.8 mg-cm?. The
Ni(OH), covered the surface of the carbon paper completely as shown in Figure
6.1-a. However, the CNF growth results in openings on the carbon paper surface,
indicating that the loading of CNF was not enough to completely cover the surface
of the carbon paper (Figure 6.1-b). The nitric acid treatment and the ultrasonication
of the CNF grown carbon paper did not result in any detachment of the CNFs from
the carbon paper surface (Figure 6.2). The nitric acid treatment provides oxygen
groups allowing the adsorption of platinic acid groups [19]. The reduction of the
absorbed groups on the surface of CNFs in H, flow at 500 °C produced Pt
nanoparticles with an average diameter of 4 nm (Figure 6.4). The reduction of Pt
groups made the surface of the CNF surface superhydrophobic with a contact angle

of 145°. This superhydrophobicity was the result of reducing the oxygen groups via
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Figure 6.5 a) The SEM image of the EDX mapped area of the Pt deposited CNFs. b)
Magnified view of the EDX area. EDX mapping of c) Nickel, d) Platinum.

the catalytic water formation reaction over the Pt catalyst. Attempts to reduce the
oxygen groups at a temperature of 500 °C or even higher without chloroplatinic
acid adsorption were unsuccessful and the CNF layer remained hydrophilic. Water
was easily absorbed by the CNF layer, which was not desirable for the PEM fuel
cell environment as was explained in chapter 4. The surface of the Pt supported
CNFs was mapped with EDX on SEM. In Figure 6.5-a, the mapped area is shown
with a magnified SEM picture in Figure 6.5-b. At the tip of the CNFs, nickel
crystals are visible suggesting that the carbon encapsulation prevents the complete
removal of nickel, which was also discussed in chapter 3. The mapping of nickel
showed that the nickel crystals spread over the surface of CNF layer smoothly
(Figure 6.5-c). The mapping of the Pt nanoparticles showed that the nanoparticles
were also smoothly dispersed over the CNF layer (Figure 6.5-d). Some of the Pt
can be absorbed on the carbon fibers of the carbon paper during polyol process,

however, since the surface area of the CNFs is considerably higher than these
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macro fibers (nearly 900 times), the adsorption of Pt is primarily occurring on the
CNFs.
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Figure 6.6 a) Polarization curves of the reference MEA and the CNF-Pt integrated MEA under
oxygen and air operations at 65 °C. The poor performance of the Pt-CNF electrode inserted at
the cathode is shown. b) The performance dependence on the minimum gas flow of the MEA
where the electrode with Pt deposited CNFs is used at the cathode.

The electrochemical performance tests of the MEA compared to the
reference MEA showed poor performance (Figure 6.6-a). The catalyst loading in
the reference MEA at the anode and at the cathode was relatively higher than the
MEA with Pt deposited CNFs at the cathode. Thereby, the expected performance of

the reference MEA is comparable to the performance reported in chapter 4 with the
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CNF grown layer. The obtained voltage is 0.72 V in oxygen and around 0.5 V in air
at a current density of 1000 mA-cm™. The reference MEA shows slight hysteresis

in air operation after a current density of 800 mA-cm™.

The use of Pt as a direct catalyst layer on CNF grown carbon paper has
shown two main problems that have to be improved: inefficient Nafion contact with
the deposited Pt on CNF surface and the considerable flooding within the catalyst
layer. As already explained in chapter 3 (Figure 3.1), the integration scheme of the
Pt catalyst onto its support is different in directly grown CNF on carbon paper
compared to the activated carbon powders or the ink solutions. The ink is
conventionally prepared with three components: Nafion ionomer, catalyst and
catalyst support. Pt catalyst is deposited via impregnation, ion exchange or polyol
processes and then the Nafion solution is proportionally mixed and stirred to make
a proper contact with Pt on carbon. In the case of CNF grown carbon paper, Pt is
deposited using the polyol process and therefore, ink preparation is not required. As
depicted in Figure 6.6-a, the performance of such an electrode fails because of the
inefficient Nafion contact with the Pt. Most of the Pt nanoparticles are not used in
the ORR which thereby becomes a kinetically limited reaction. The performance of

the cell is measured to be lower than 0.2 V at a current density of 50 mA-cm™.

Wang et al. measured the electrochemical performance of an MEA prepared
by carbon nanotubes (CNTs) grown directly on a cobalt electrodeposited carbon
paper and reported a much lower performance than the performance of the CNF
integrated MEA reported in this research [20]. They attributed this lower
performance to the bigger Pt nanoparticles and claimed that the conventional
electrodes with the same Pt loading gives a much better performance. Gangeri et al.
discussed the use of Pt on carbon nanostructures on a 1 cm? MEA, reaching Pt
nanoparticle sizes around 2 nm and reported even much lower performances
although the Pt loadings on both anode and cathode were around 0.4 mgPt-cm™
[21]. Waje et al. applied the CNTs on the cathode part of the MEA and reported a
very high performance reaching 0.6 V at a current density of 300 mA-cm™ with a Pt
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catalyst loading lower than 0.1 mg-cm™ [22]. However, there is no discussion about

the Nafion-Pt contact and hydrophobicity of the CNTSs after Nafion loading.

The effect of the flooding on the CNF grown layer was investigated by
increasing the minimum gas flow rate supplied to the cathode compartment Figure
6.6-b. Here the minimum gas flow rates were increased from 40 to 250 ml-min™
both for the cathode and the anode. The increase in the minimum gas flow rate is
necessary for the anode as well in order to prevent a large pressure difference on
the anode and the cathode compartment, which can cause pinhole formation in the
membrane. The increase in the minimum gas flow improved the performance and
the voltage obtained at a current density of 250 mA-cm™ is around 0.2V in air
operation. Therefore, the catalyst layer composed of Nafion and Pt deposited CNFs
is hydrophilic which results in a water film formation. The voltage loss is mainly
due to the poor catalyst utilization for both the oxygen and air operations shown in

Figure 6.6-a.
6.4 Concluding remarks

This chapter presents the use of CNF grown carbon paper as a catalyst
support at the cathode compartment of a PEM fuel cell. The deposition of Pt on
CNFs via polyol process and its subsequent reduction in hydrogen formed
homogeneously dispersed Pt nanoparticles on CNFs confirmed by TEM and SEM
investigations. The CNF growth catalyst, nickel, was not completely removed by
the nitric acid treatment due to the encapsulation of carbon on the nickel crystals.
The electrochemical performance tests of the MEA showed a poor performance

compared to the conventional carbon bulk Pt catalysts due to the two main reasons:

1- The poor contact with the Nafion ionomer with the Pt nanoparticles
decreases the effective catalyst utilization of Pt catalyst.

2- Nafion spraying makes the catalyst layer hydrophilic resulting in extreme

flooding within the catalyst layer.
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To solve these two problems, PTFE loading on the Pt supported CNF layer
should be varied and the electrochemical performance should be measured with
different gas flow rates. Another alternative of providing a good proton contact is to
modify the Nafion ionomer with a group which directly binds to the exterior
surface of the Pt nanoparticles. After a sufficient heat treatment in this way, Pt

nanoparticles can be used effectively.

The objectives of the use of directly grown CNFs on the carbon paper were
to provide a strong network of CNFs around the fibers of the carbon paper and to
improve the catalyst utilization using CNFs which have more open surface with
respect to carbon blacks used in the conventional catalysts. The poor performance
of the Pt deposited CNF electrode is due to the poorly optimized Nafion Pt contact.
Further experiments on this optimization are necessary to explore the benefits of

using directly grown CNFs in PEM fuel cells.
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Conclusions and outlook

7.1 Conclusions

This thesis demonstrates two distinct preparation techniques of CNF growth
on carbon paper and provides a comprehensive understanding for the application of
the produced CNF grown carbon papers as a water management layer and a direct
catalyst layer in a proton exchange membrane (PEM) fuel cell. The growth of
CNFs on carbon paper was performed according to the requirements of the PEM
fuel cell operation elucidated from preliminary single cell measurements. Various
factors were considered in the development and application of CNF grown carbon
papers including; the choice of the CNF growth catalyst, remaining growth catalyst
on CNFs, and the catalyst and CNF loading on the carbon paper as well as surface

homogeneity and hydrophobicity, and CNF layer thickness.

The first preparation method presented in chapter 2 was the usage of nickel
complex particles for the growth of CNFs on carbon paper. It was shown that
particles composing of nickel hydrazine chloride and nickel ammine chloride can
be selectively deposited either throughout or on a single side of carbon paper by
using different dispersing solvents. The deposition of the CNF growth catalyst was

rather fast since pre-synthesized particles were dispersed in a suitable solvent,
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simply shaken and then applied directly on the carbon paper. In this way, the nickel
complex particles are physically attached on carbon fibers but reduced later at a
high temperature in hydrogen, which chemically attached them on the surface of
carbon fibers. However, the control of the loading of the nickel particles on the
carbon paper was rather poor, which in turn affected the control of the loading of
CNFs. Nevertheless, CNF layer was grown on the carbon paper with the required
properties such as porosity (> 50 %) and homogeneity covering all the carbon

fibers on the top surface of the carbon paper.

The need for a better control on the loading of the nickel catalyst on the
carbon paper directed us to implement a new method which is called homogeneous
deposition precipitation (HDP) of nickel (chapter 3). HDP of nickel on powdered
supports was previously applied in many studies, however, it has not been reported
before in literature for carbon paper. Selective Ni(OH), deposition on a single side
of the carbon paper was achieved by making use of the hydrophobic nature of the
carbon paper. The deposition of Ni(OH), in this manner resulted in repeated
leaflets on the carbon paper and covered the entire carbon paper surface after 72
hours of deposition. The leaflet texture formed a spongy structure on the carbon
paper increasing the mass transfer of the carbon containing gases to the catalyst
surface during the CNF growth. This resulted in an efficient usage of the nickel
catalyst. CNFs were homogeneously grown on the carbon paper with an
approximate layer thickness of 5 to 15 um depending on the local density of the
nickel catalyst. HDP of nickel on the carbon paper provided a better control of the
nickel loading and thereby the CNF loading compared to the CNF growth method

using nickel complex particles in chapter 2.

A preliminary study (chapter 4) was carried out to describe the effects of the
introduction of CNF grown carbon paper as a gas diffusion medium in a membrane
electrode assembly (MEA). The electrochemical performance of MEAs was
affected by the stoichiometry, humidification and operating temperature. In this
work, the hydrophobic nature of CNF grown carbon papers was not modified. It

was observed that the hydrophobicity played an important role on flooding at even
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low current densities due to low gas flow rates. The water hold up increased due to
the large number of hydrophilic pathways within the CNF layer. However, a
remarkable performance recovery was obtained at high current densities and
increased gas stoichiometries of 3.0 for anode and 4.0 for cathode, suggesting an
internal re-distribution of liquid water enabling superior power densities. The
operation of the MEA at 80 °C in ‘normal’ and ‘reverse’ mode did not show a
considerable difference in electrochemical performance. The difference between
the flooding effects at 65 °C and 80 °C was attributed to the increased water vapour
carriage capacity of air at a higher temperature. Dry gas feeds used in the MEA
operation caused drying of the membrane and a strong hysteresis in the polarization

Curves.

A comprehensive study on the use of CNFs as microporous layer (MPL) in
PEM fuel cells was done by constructing eight MEAs using nine distinct
hydrophobic polymer loaded CNF grown carbon papers supplemented by identical
commercially available MPL coated GDLs (chapter 5). The nickel loading was
controlled in between 0.46-0.62 mg-cm™, and thereby the CNF loading was kept in
between 4.5-5.8 mg-cm®. Carbon papers were integrated with commercially
available catalyst coated membranes and the constructed MEAs were tested in a
single cell test station. PTFE and PSMA were used to decrease the hydrophilic
pathways and thereby decrease the water retention on the CNF grown carbon paper.
The testing was performed at 65 and 80 °C at industrially applied stoichiometric
ratios, 1.25 for the anode and 2.0 for the cathode to characterize the mass transport
of the oxygen in air, specifically at high current density region. This work
suggested that the electrochemical performance of the PEM fuel cells was strongly
influenced by the hydrophilic or hydrophobic character of the GDL and its electron
conductivity. If the stoichiometric ratios were increased to 3.0 for the anode and 4.0
for the cathode, a considerable increase was observed in the electrochemical
performance of the MEAs constructed with the polymer loaded CNF grown carbon
papers applied only at the cathode. When using the polymer loaded CNF grown

carbon papers on both sides of the MEA, a stable and promising MEA performance
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was obtained compared to reference MEA, however, the maximum power density

could not surpass the reference MEA.

The use of CNF grown carbon paper as a direct catalyst support was
investigated for the cathode part of an MEA (chapter 6). The overall resistance of
the MEA as well as the proton conductivity of the Pt-Carbon-Nafion structures
should be optimized as much as possible to obtain a good electrochemical
performance. To do this, in conventional catalyst applications, Pt was deposited on
carbon powder and then mixed with Nafion as homogeneous as possible. In the
preparation method described here, Pt was homogeneously deposited on CNFs,
however, Nafion spraying was not homogeneous on the Pt catalyst. This
inhomogeneity brought poor contact with the Nafion-ionomer and Pt nanoparticles
and substantially decreased the electrochemical performance. Nafion spraying
caused also an increase in the hydrophilic pathways within the Pt-deposited CNF
layer and therefore increased flooding even at low current densities. The objectives
of the use of directly grown CNFs on the carbon paper were to provide a strong
network of CNFs around the fibers of the carbon paper and to improve the catalyst
utilization using CNFs, which have more open surface with respect to carbon black
used in the conventional catalysts. The poor performance of the Pt-CNF electrodes

was due to the poorly optimized Pt-Nafion contact.
7.2 Outlook

Direct growth of CNFs on a carbon paper is a promising approach for the
development of PEM fuel cell electrodes utilizing a carbon support not only as a
catalyst support material but also as a water management layer. This approach was
investigated separately to explore the advantages taking into account the limits of
the PEM fuel cell operation.

In this thesis, CNF growth was performed by two distinct growth methods.
It was difficult to control the loading of nickel complex particles on the carbon
paper since these particles were only adsorbed physically on the surface, and

therefore this method was not reproducible. These particles can simply be
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functionalized by a suitable chemical and in this way, the nickel loading can be

controlled effectively. Nickel hydroxide deposition on carbon paper gave a better
control compared to the deposition of nickel powders on the carbon paper. Besides,
nickel hydroxide deposition formed a complete layer on the carbon paper whereas
nickel powders attached on the walls of the carbon paper fibers and did not form a
complete layer. A water management layer should not have pores over a few
microns. A large pore is a cause of the local water retention and reduces the mass
transport of oxygen especially at high current densities. The recommended CNF

growth approach is therefore the nickel hydroxide deposition.

The growth of CNFs on a carbon paper made the carbon paper surface
highly rough and increased the surface hydrophobicity after adding a sufficient
amount of a hydrophobic polymer such as PTFE or PDMS modified PSMA. When
CNF grown carbon paper was used as a catalyst layer without any PTFE addition, it
was observed that flooding and improper Pt-Nafion contact decreased the fuel cell
performance considerably. These disadvantages brought a complexity to the
production of hydrophobic Pt loaded CNFs since when a hydrophobic polymer was
first loaded on CNFs, the Pt catalyst could not be deposited on CNFs
homogeneously. One approach to solve this problem can be the deposition of Pt on
CNF as given here and then conducting experiments with different PTFE loadings
to explore the benefits of introducing hydrophobicity providing a proper contact
with Nafion. This challenging problem should be solved to reveal the benefits of
combined water management and catalyst support properties of directly CNF

grown carbon papers.
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