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Abstract

Diese Doktorarbeit konzentriert sich vorallem auf die dreidimensional aufgeloste
Charakterisierung von Direktmethanol-Brennstoffzellen. Zunidchst wurden rdumlich aufgeloste
Analysen am Ende der Lebensdauer von Stapel-Membranelektrodenanordnung mit Hilfe von
verschiedenen Techniken, wie zum Beispiel Rontgenbeugung (XRD),
Transmissionselektronenmikroskopie (TEM), energiedispersive Rontgenmapping (EDX) und
Rontgen-Absorptions-Spektroskopie (XAS) durchgefiihrt. Der Verbleib des Rutheniums in der
Direktmethanol-Brennstoffzelle (DMFC) wéhrend der Alterung wurde in diesen Studien
sorgfiltig analysiert. Es wurde herausgefunden, dass die groBe, oxidierte Rutheniumfraktion
im anodischen Katalysator, einen entscheidende Einfluss bei dem Partikelwachstum und der
Rutheniumauflosung hat. Desweiteren wurde Ruthenium auch in Form von Ablagerung,
vorzugsweise an den Methanolaustrittsbereichen, in der Nafionmembran gefunden. Ex-situ
Studien gingen dreidimensional aufgeloste in-situ XAS-Studien voran. Dafiir wurden in-situ
Zellen fiir raumaufgeloste DMFC-Studien entwickelt und optimiert. Der relative OH- und CO-
Bedeckungsgrad der Anode und Kathode wurde mit Hilfe von Ap XANES Techniken, in
unterschiedlichen Regionen der DMFC wihrend des Betriebs, bei verschiedenen elektrischen
Stromen, in Abhingigkeit vom Sauerstoff-Fluss verfolgt. Zum ersten Mal wurde ein sehr
starker ,,cross-talk* zwischen Anode und Kathode beobachtet, wobei die Anode bei hohen O,-
Flussraten die OH-Bedeckung der Kathode bestimmt. Die Studien zur Brennstoffverknappung
bei der einzelnen DMFC-Zelle offenbarten ein uneinheitliches Degradierungsmuster mit einer
hohen Degradierung am Methanoleinlass und einer geringen Degradierung am

Methanolauslass.

SchlieBlich wurden formspezifische Pt-Nanopartikel, unter Verwendung verschiedener
Tenside wie Tetradecyltrimethylammonium Bromid (TTAB) und Polyvinylpyrrolidon (PVP)
synthetisiert und auf ihre Leistung in der Brennstoffzelle getestet. Diese formspezifischen Pt-
Nanopartikel wurden mittels TEM charakterisiert und die elektrokatalytische Aktivitit mittels
cyclischer Voltammetrie getestet. Hoch-Potential-Cyclen der formspezifischen Partikel
offenbarte eine bevorzugte Degradierung von Pt (100) Fldchen gegeniiber Pt (110). Die TEM
Analyse der cyclischen Proben zeigte in erster Linie formspezifische Partikel mit sehr wenigen
kugelformigen Partikeln. SchlieBlich zeigten getragene formspezifische Partikel exzellente

Kraftstoff-Performance, selbst mit nur geringer Pt-Beladung. Durch Anpassen der Form der




Pt-Nanopartikel kann voraussichtlich die Pt-Kapazitit noch gesteigert werden, wodurch die Pt-
Bedeckung in der MEA reduziert werden kann. Desweiteren wird eine hohere Haltbarkeit fiir
die formspezifischen Partikel im Vergleich zu kommerziellen Katalysatoren erwartet.
Demzufolge kann durch Anpassung der Form der Pt-Nanopartikel eine Kostensenkung und

eine erhohte Haltbarkeit erreicht werden.




Abstract

The thesis mainly focuses on the spatially resolved characterization of a direct methanol fuel
cell. Initially spatially resolved analyses were carried out on an end of life (5000 hrs operated)
stack membrane electrode assembly (MEA) using various techniques, like X-ray diffraction
(XRD), transmission electron microscope (TEM), energy dispersive X-ray (EDX) mapping
and X-ray absorption spectroscopy (XAS). The fate of the Ru in the direct methanol fuel cell
(DMEFC) with ageing is carefully analyzed in these studies. It was found that the large oxidized
ruthenium fraction in the anode catalyst plays a significant role in particle growth and
ruthenium dissolution. Ru was also found in the form of precipitates in the Nafion membrane
preferentially at the methanol outlet regions. Ex-situ studies were preceded by in-situ spatially
resolved XAS studies. For these, in-situ cells for spatially resolved DMFC studies are
developed and optimized. The relative OH and CO coverages on both the anode and cathode
were followed using the Au XANES technique at different regions of a DMFC during
operation at several current levels in dependence on the oxygen flow. For the first time, a very
strong “cross-talk” between the anode and cathode is seen with the anode dictating at high O,
flow rate the OH coverage on the cathode. The fuel starvation studies on the single DMFC cell
revealed a non-uniform degradation pattern with a high degradation at the methanol inlet and

low degradation at methanol outlet.

Finally, shape-selected Pt nanoparticles were synthesized using different surfactants like
tetradecyltrimethylammonium bromide (TTAB) and polyvinylpyrrolidone (PVP) and tested
fuel cell performance. These shape-selected Pt nanoparticles were characterized by TEM and
their electrocatalytical activity tested by cyclic voltammetry. High potential cycling of the
shape-selected particles revealed a preferential degradation of Pt (100) facets over Pt (110).
The TEM analysis of the cycled samples showed predominantly shape-selected particles with
very few spherical particles. Finally, supported shape-selected particles showed excellent fuel
performance even with low Pt loading. Tuning of the shape of Pt nanoparticles is expected to
increase the Pt utilization, i.e. Pt loading can be reduced in the MEA. Further higher durability
is expected for the shape-selected particles than the commercial catalyst. Thus by tuning the

shape of the Pt nanoparticles, cost reduction and increased durability can be achieved.
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1 Motivation

Polymer electrolyte membrane fuel cells (PEMFC) are one of the most promising
renewable energy technologies having the potential of creating an electro mobility world.
Applications of PEMFC were also realized in stationary and portable devices depending on the
power they deliver. The Direct methanol fuel cell (DMFEC) is one such candidate which was
successfully tested for operating in many portable and stationary applications. Although the
power output of the DMFC systems is much lower compared to a direct hydrogen fuel cell, the
absence of a complex humidifying system or water management system makes DMFC
attractive in household and remote operating systems. Apart from the desired power output, the
long term durability of the system is highly demanding for any of the mentioned applications.
Current generations of the DMFC are often associated with issues like fuel crossover, Ru
crossover, catalyst and support degradation in the form of corrosion, aggregation and particle
growth. At present, cost of DMFCs is much higher than the PEMFCs due to higher Pt loading
However, Pt utilization in DMFCs is quite low and in reality only 25-40 % of the total Pt is

active in fuel cell reaction [1].

DMEC are often associated with a non uniform distribution of temperature, catalyst, reactant
and product (flooding or blocking) which ultimately can lead to local fluctuations in current
distribution and an accelerated ageing of the affected area [2] [3]. This situation strongly points
towards the need of developing spatially resolved investigation techniques for fuel cells. Many
analytical techniques like X-ray diffraction (XRD), transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS) were successfully used for spatially resolved
information. Usually the information from these techniques is limited by the nature of the
sample, as measurements usually involve an end of life sample (EOL). X-ray absorption
spectroscopy (XAS) is one such technique which can non-destructively probe the structure and
chemical environment of the fuel cell catalyst under real fuel cell conditions. Further spatially
resolved studies can provide detailed knowledge on how working conditions in real fuel cell
affect catalyst. The spatially resolved results are essential for optimizing the operating
parameters such as temperature, working voltage, methanol and oxygen flow rate which are

crucial factors in determining durability and performance of the DMFCs.
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Finally, durability and activity of the fuel cell catalyst greatly depends on the catalyst’s shape.
For example a Pt (111) facet shows higher activity for CO oxidation or methanol oxidation
than Pt (100) or Pt (110) [4]. Similarly, an octahedral Pt-Pd catalyst, predominantely with
(111) facets, shows greater stability and activity for the methanol oxidation reaction [5].
Hence, by controlling the shape of the catalyst one can increase the activity and durability of
the catalyst. Shape of the nanoparticles can be carefully controlled by the addition of a

surfactant which selectively adsorbs to the metal surfaces.
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2 Basic concepts

2.1 Introduction to direct methanol fuel cells

Fuel cells can convert chemically stored energy of a substance to electrical energy, a principle
first proposed by German scientist Christian Friedrich Schonbein in 1838. Later, fuel cell
technology was first demonstrated by Sir William Grove in 1839 and the term ‘‘fuel cell’” was
first used by William White Jacques. Currently, fuel cells are classified according to the
operational temperature or the electrolyte which they use. The DMFC belongs to the low

temperature fuel cell category, which uses a polymer membrane as the electrolyte [6].

As the name indicates a direct methanol fuel cell is operated by feeding liquid methanol to the
system. Methanol in liquid state is highly favorable compared to gaseous hydrogen as the latter
always has the hazard of explosion. Further a DMFC can often run without the need of any
complex humidifying systems, whereas direct hydrogen fuel cell’s performance always

depends on the humidification level of hydrogen and the membrane.

The principle of the DMFC involves the electrocatalytic oxidation of methanol in the anodic
compartment and reduction of an oxidant such as O, in the cathodic compartment. Both the
anodic and cathodic compartments are isolated from each other by a proton conducting
membrane which facilitates only the passage of H' ions produced during the oxidation of the
fuel. The whole electrocatalytic reactions take place in the membrane electrode assembly
(MEA), the so called heart of the fuel cell, which is made up of the catalyst, catalyst support,
proton conducting membrane and the gas diffusion layer (GDLs). The electrons produced
during the oxidation process are forced to flow through an external circuit and finally reach the
cathode, where they combine with H" and O, to form water. Thus the fuel cell is a wonderful
example of an interdisciplinary system, which combines scientific knowledge from the field of

catalysis, electrochemistry, nanotechnology, polymer science etc.

The different steps during the methanol oxidation (MOR) reaction in a DMFC are represented

by equation 1 & 2, and the overall reaction by equation 3.
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CH;OH(1) + H,0 (I) = 6H" + 6e + CO2(2)  equation 1: anodic half cell reaction

6H" + 6 + 3/20, (g) — 3H,0 equation 2: cathodic half cell reaction

CH3;0H () + 3720, () — CO; (g) + H,O (1) equation 3: overall reaction

2.1.1 The membrane electrode assembly (MEA)

The sketch of the membrane electrode assembly is shown in Figure 1.

IL

CO; out O.in
— OO —
& *
Methanol in Water out

Catalyst Support

Membrane GDL

Figure 1: Schematic representation of DMFC, the MEA region is enlarged below

A typical MEA of the DMFC consists of two catalyst layers (electrodes) sandwiched between
a polymer electrolyte membrane, usually Nafion. In a standard MEA fabrication process, a
viscous ink of the catalyst-support material is prepared by ultrasonic dispersion in a
water/isopropanol/nafion mixture. The above prepared ink is either deposited onto a GDL or
Nafion membrane depending on the coating technique employed e.g. spraying, screen printing

or knife coating. Subsequently the GDL, catalyst layer and the membrane are hot pressed to
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obtain the MEA. Different components of the MEA and their properties and functions are

summarized in Table 1.

Components Function Properties Material used
Catalyst Facilitate High surface area, Pt, Pt/Ru, RuSe, PtCo,
MOR and Oxygen physically and Pd etc.
reduction reaction chemically stable in
(ORR) fuel cell conditions
Support Prevents catalyst Porous, large surface High surface area

sintering, facilitates
reactant and electron

transport

area, electrically
conductive, stable in

fuel cell conditions.

carbon, carbon
nanotubes, ATO etc.

Gas diffusion layer

Uniformly distributes
the gaseous and liquid
reactants, water
management, provides
electron path to the

external circuit.

High electrical
conductivity, pores for

gas transport.

Teflon treated carbon

paper and woven cloth

Membrane

Conducts protons,
separates the anode and

cathode reactant from

High proton
conductivity, non-

permeable to the

Nafion

mixing reactants.

Table 1: Fuel cell components and functions

It is extremely important to make the right choice of the catalyst for DMFC reaction, as the
catalyst’s chemical nature [7], particle size [8] and loading can influence fuel cell performance.
In the context of MOR the Pt/Ru catalyst has got the most attention, as no other catalyst was
found as effective as Pt/Ru. MOR on the Pt/Ru surface will be discussed in detail in section
2.3. For the ORR, Pt alloys (Pt/M; M=Co, V, Cr etc) look attractive due to their high ORR
activity compared to pure Pt [9]. However, severe degradation was observed for these systems
under long term operation, especially in automotive conditions [10]. Moreover, DMFC’s often
suffer from methanol crossover where at the cathode crossover methanol competes for Pt sites
along with oxygen, ultimately leading to the loss of cell voltage [11]. Therefore, high Pt
loadings are usually preferred on the cathode side to compensate for these losses; hence pure

Pt catalyst is preferred over an alloy catalyst as cathode in DMFCs. Many works were also
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done in the direction of developing methanol tolerant catalyst like e.g. RuSe,, however they
are often associated with low ORR activity and higher degradation [12]. Probably a smart way
to tackle the problem of cathodic losses due to methanol crossover could be developing
methanol impermeable membranes [13]. Yet another strategy often employed to reduce the
methanol crossover is to use a thicker membrane [14]. Methanol crossover will be discussed

briefly in section 2.4.4.

Finally, the GDLs in the fuel cells also play a decisive role in determining the performance of a
fuel cell by providing good electrical contact with the end plates or function like a current
collector. The GDLs are also fabricated in such a way that they distribute the reactant
uniformly in the electrode and facilitate efficient water management. It is often seen that to
enhance the mass diffusion, an additional micro porous layer (MPL) with pore sizes
significantly smaller than that of the GDLs is applied on the GDL. The extent of
hydrophobicity of the GDL or the MPL is also a decisive factor for better water management
in DMFC. It is observed that a highly hydrophobic GDL in the cathode removes water faster in
comparison to less hydrophobic GDL, and maintains uniform current distribution. In contrast it
has been found that, the hydrophobicity of the GDL has no major influence on the water
management on the anode side [15]. The MEAs are then stacked in series with the help of
different accessories like bipolar plates and sealings to form a DMFC stack. The bipolar plates
are etched with flow fields with different geometry which distribute the reactants uniformly in
the MEA. Bipolar plates also provide mechanical stability and control the thermal management
of the stack.

2.2 Water management in fuel cells

One of the key challenges for the development of low-temperature polymer electrolyte
membrane fuel cells (PEMFC) is achieving effective water management. Inefficient water
management not only decreases the fuel cell’s performance but also leads to accelerated
degradation of the fuel cell components. It is known that, optimal amount of water is required
in the fuel cell for the proton conductivity. This is quite usual for the operation of H,-PEM fuel
cells, as the high gas flow dries out the fuel and ultimately the proton conductivity is lost. In
order to avoid this problem, the fuel gas streams are often humidified, which needs an external
humidifying setup. However an excess amount of water accumulating in the cell is also an

issue as it can block the reactant flow and the fuel cell performance is degraded. This is mostly
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an issue at the cathode of the fuel cell, where the product water accumulates and flooding can
happen. There are several factors contributing to the water management in the fuel cell for e.g.
fuel cell operating temperature, hydrophobicity and porosity of the GDL and MPL, gas flow

rates, operating voltage, and flow field design etc.

Fuel cell operating temperature is a key issue for effective water management, as very high
temperature can dry out the cell faster whereas sub freezing temperature can lead to the
formation of ice in the fuel cell. The ice formation can lead to reduced gas transport and
conductivity, moreover expansion in volume and associated stress during the ice formation can
damage the electrode structure [16]. So an efficient thermal management is also quite
important for an efficient water management. The significance of GDL and MPL wettability
was mentioned in the previous section and in general, GDL with high volume of micropores
and hydrophobic are found to show excellent water management [17]. Finally geometry of the
flow fields also plays a major role in water management. It is often found that serpentine or
meander flow field geometry facilitates the removal of water much more efficiently than
parallel flow fields, where gas stagnation is often seen [18]. Further the aspect ratio of the
channels was also found to influence the efficiency of water removal of serpentine flow fields,

especially at high current densities [19].

2.3  Methanol oxidation and significance of Pt/Ru catalyst

The simplified methanol oxidation reaction is represented by equation 3, which involves 6
electrons and breaking of the CH bond and the formation of CO,. The detailed methanol

oxidation process is given in Figure 2.

-H* -H* -H* -H*
CHSOH E— CHsoHaWCHonaWCHOHadﬁCOHads %Coads

+H20ads +H20ads

CO,+6H" + 6e

Figure 2: Summary of different steps in MOR
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Although the thermodynamic standard potential of the above reaction is close to the
equilibrium potential of hydrogen (E° = 0.02 V), the reaction is several orders of magnitude
slower than hydrogen oxidation. This is due to poisoning of the catalyst surface by
intermediate products (CHO, HCOOH, CO) and several C-H bond cleavings involved, as
shown in the reaction sequence [20] [21]. The catalytic activity or the poisoning of the Pt
surface is intrinsically attributed to the d-band electronic configuration and the nature of the
adsorbate [22]. Thus, state-of-art of the development of methanol oxidation catalyst involves
1) the perturbation of the d band configuration of Pt [23] or 2) the activation of water and
oxidation of the adsorbate [24][25]. Both strategies can be usually achieved by the addition of
a second metal (Sn, Ru, Ni, Os etc) to the platinum. It is often referred to as a ligand
mechanism, if the second metal donates electrons to the Pt and weakens the metal adsorbate
bond [26][27] or as a Bi-functional mechanism (BF), if the second metal activates water and
oxidizes the adsorbate [24][28]. Ongoing debates exist on the exact mechanism of MOR by
Pt/Ru catalysts as evidences supporting both mechanisms have been reported for the same
catalyst system [29]. Nevertheless, immense researche until now has well established the Pt/Ru
alloy catalyst as the best catalytic system for MOR. Both ligand and bi-functional mechanism

of removal of adsorbed CO from Pt/Ru system will be discussed briefly in the sections below.

2.3.1 The ligand and bi-functional mechanism in MOR

CO ligands are known to form metal carbonyls (coordination complexes) with metal with their
lower oxidation state. Apart from ¢ bond between unfilled metal orbital and HOMO of CO a
back bonding between the metal filled d orbital and LUMO of the CO takes place. The

bonding between the CO and platinum is schematically shown below.

Figure 3: Schematic representation of bonding of CO with Pt
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The n back bonding has a dramatic effect on the bond length (strength) of Pt-C. It is often seen
that the bond length Pt-C of metal carbonyl is much lower (1.8 A) than the Pt-C of other
organometallic compounds (2.0 A) [30]. This ultimately results in the weakening of the CO
bond, which is supported by different spectroscopic techniques. For example, an in-situ IR
spectroscopic study on the Pt/methanol system has shown a C-O stretching frequency around
1270 cm™ for a Pt/CO adsorbed system whereas the theoretical value is about 1370 cm™. This
blue shift in the stretching frequency is due to the weakening of the C-O bond due to back
bonding [31]. Thus, any weakening of the Pt-CO as in the case of MOR requires the electronic

re-structuring of the Pt d band or activation of the platinum surface with OH.

The most discussed mechanism for MOR is the bi-functional mechanism (BF) developed by
Watanabe and Motoo [24]. This mechanism involves synergistic activity of two metals, where
Pt adsorbs and decomposes methanol, whereas the second metal Ru or Sn dissociates water to
generate OH species, which oxidize the CO adsorbate from the Pt surface. The bifunctional

mechanism is represented by the following equations;

CH3OH(501) +Pt— Pt(CO)ads + 4-H+ + 4e equation 4
M + H,O — M(OH),¢s + H + ¢ equation 5
Pt(CO),4s + M(OH),4s — CO, + e+ M + Pt equation 6

Watanabe and Motoo predicted that for the enhanced electrocatalytic activity of Pt the ad-atom
M should adsorb the oxygen at more negative potentials than Pt, for e.g. Ru or Sn. Moreover,
from equation 6 it may be concluded that bond dissociation energy for Pt-CO and M-OH
should be identical (~590 kJmol™). In fact, the bond dissociation energies for both Ru-OH and
Sn-OH fall close to that for Pt-CO thus making them ideal candidates, which can be effectively
coupled with Pt for MOR [32]. Electrochemical evidence supporting the BF mechanism was
obtained from cyclic voltammetry, where it was found that the addition of Ru to Pt shifted the
onset peak for methanol oxidation more negative at least by 200 mV (depending on the amount
of Ru added) than for the pure Pt surface [33]. These results were further supported by in-situ
IR spectroscopic studies by comparing the evolution of the C=0 stretching bond for pure Pt

and Pt/Ru system, where for the former C=O0 stretching frequency appeared at higher potential
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(0.52 V) and for the latter with a weak signal at lower potential typically around 0.3 V [34]
[35] [36]. The weak signal for C=0 stretching for the alloy catalyst system was attributed to
the higher rate of oxidation of methanol at the surface. Although, numerous similar approaches
involving electrochemical spectroscopic studies strongly supported the bi-functional
mechanism, an agreement on the optimum amount of Ru in the alloy for the best activity could
not be reached until now. This discrepancy might be due to different type of Pt/Ru samples
used in these studies and often Ru tends to segregate on the surface and what is predicted as
bulk composition may differ. Nevertheless, with chronoamperometric measurements on
different Pt/Ru alloy nanoparticles with varying composition of Ru, Rigsby et al. predicted 20-
30% of Ru in the catalyst as the best composition for MOR [37]. Although these findings
supported the BF mechanism of MOR, they did not completely exclude any contribution of the
ligand effect associated with alloy nanoparticles. In fact, in 1992 Rodriguez proposed that in a
nano alloy system an ad-atom (e.g. Ru) greatly alters the chemical property of the second atom
(like Pt) by perturbing its electronic structure [23]. DFT calculations on various Pt/Ru clusters
also showed that the addition of Ru disturbs the electronic structure of the Pt [32].
Experimental evidence of a ligand mechanism associated with MOR was provided by XAS
measurements done by McBreen and Mukerjee. They correlated the reduction in Pt-Pt bond
length associated with Pt/Ru to increased d-band vacancies [38]. Later the electronic effect of
Ru on Pt on MOR was further proved by Tong et al. using NMR studies [39][40]. They found
that addition of Ru to Pt causes a decrease in the density of states of Pt, ultimately reducing the
n back donation and weakening the Pt-CO bond. In-situ IR electrochemical studies on CO
oxidation also provided some evidence of the ligand mechanism, as a higher CO stretching
frequency was observed for PtRu (50:50) system in comparison to pure Pt. However, this
result is not conclusive, as a similar effect can also occur due to reduced CO lateral interaction
[35]. In contrast to CO oxidation, similar studies on MOR did not support any ligand effect
except for a bulk Pt/Ru system, in fact the CO stretching frequency associated with PtRu
nanoparticles was found to be much lower than that of Pt particles [36]. All the above
mentioned studies put forward experimental evidences for supporting both the ligand and
bifunctional mechanism, but could not determine the dominant mechanism, until Scott et al.
using XAS studies correlated both BF and ligand mechanism to particle size and morphology
of Pt/Ru system [41]. They concluded that the bifunctional mechanism is dominated by
monodispersed small Ru islands in the PtRu system and the ligand effect by the presence of
large Ru islands. Such a behavior is attributed to the extent of oxidation of Ru islands, as it is
expected that large islands are highly oxidized and thus exerting a higher ligand effect. In

contrast, small Ru islands experiencing a reverse ligand effect make them less oxidized and
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can activate water at low potential (0.3 V) thus facilitating the bifunctional mechanism. The
presence of these oxide fractions in Pt/Ru alloy system was further confirmed by XPS studies.
The XPS showed the presence of Ru in its hydrous and anhydrous oxidic form and in fact
former is a mixed electron and proton conductor and the latter an insulator [42][43]. Thus, not
only the PtRu structures determine the mechanism of methanol oxidation but also play a

crucial role in proton conductivity.

2.4  Challenges in DMFC technology

The reduced complexity of the technology, liquid nature of the fuel, cheap and abundant
availability of the fuel makes DMFC much more attractive than a PEMFC. Companies like
Smart Fuel cell AG, MTI micro, Oorja protonics and Antig produce commercial DMFC for
military and stationary application. Apart from these, several electronic companies claimed to
have DMFC energy source for their electronic equipments like laptops, mobile and MP3
players (Toshiba Samsung, Motorola etc).What makes DMFC a potential candidate for these
applications lies in the fact that they can store a lot of power in a confined space and are
capable of supplying small power over a long period of time. However, due to slow kinetics of
the MOR and mixed potential due to methanol crossover the performance of the DMFC is
much lower than the H,-PEMFC.
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Figure 4: Polarization curve for H,-PEMFC and a DMFC (it is to be noted that Pt
loading of the DMFC is twice that of H,-PEMFC)
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To compare their performance a polarization curve for both DMFC and H,-PEMEFC is shown
in Figure 4. DMFC are often encountered with drawbacks like catalyst degradation, Ru
dissolution and methanol cross over which prevent its early and extensive commercialization.

These drawbacks will be explained in brief in the section below.

2.4.1 Degradation of catalyst and Ru dissolution

Degradation in fuel cell catalysts has got considerable attention as the catalyst activity can
have tremendous influence on the fuel cell performance and durability. A relatively high
catalytic activity is expected from those systems having a large electrochemically active
surface area (ESA), which facilitates the catalytic reaction. Catalyst degradation in the form of
particle growth, particle aggregation, and de-alloying can lead to an effective decrease in the
ESA, which are in turn correlated to Pt dissolution (or the less noble alloy metal) and re-
deposition [44][45]. ESA losses are further aggravated by carbon support corrosion leading to
complete degradation of the catalyst structure [46]. Thermodynamically under fuel cell
operating conditions (operating voltage 0-0.9 V) Pt is expected to be more stable than C, as

carbon can get oxidized at E’= 0.27 V to CO, as shown in equation 7.
C +2H,0 — CO, +4H" + 4¢€ equation 7

Although this reaction is greatly suppressed in normal fuel cell operation due to the slow
kinetics (relatively low temperature), in long term operation significant carbon corrosion and
subsequent Pt agglomeration is expected [47][48]. In contrast to carbon, oxidation of Pt is

expected to take place at higher potentials E°> 0.85 V as shown in equation 8.
Pt + 2H,0 — PtO + 2H" + 2¢” equation 8

The oxidic phase can undergo dissolution in the presence of water and subsequently get
reduced to form Pt precipitates in the membrane or get redeposited on a different Pt surface.
Thus, an overall decrease in ESA is expected due to Pt dissolution. Thus Pt dissolution as well
as carbon support corrosion should be minimized for achieving long term durability of the fuel
cell. The influence of fuel cell operating parameters, like voltage, current, temperature, and
humidification level on carbon corrosion and Pt dissolution has been addressed in several

reviews. For example it is found that high voltage cycling of the fuel cell as in the case of start
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stop cycle can lead to a dramatic decrease in the ESA as during these conditions the fuel cell
potential can go as high as 1.5 V > E° favoring the formation of more PtO as in equation 8
[49]. Further carbon corrosion as described in equation 7 is also more favorable under these
conditions leading to severe degradation of the electrode structure. From equations 7 and 8 it is
also clear that water plays a decisive role in both carbon corrosion and Pt dissolution and thus
high humidity and flooding can also lead to catalyst degradation [50]. In contrast to the
cathode the anode of the fuel cell experiences less harsh conditions due to less dynamic
potentials thus the severity of the anode degradation is much less than that of the cathode.
Accelerated degradation of the anode catalyst can occur during a cell short circuit or when the
cell is forced to operate in a fuel starvation mode. Fuel cell starvation has a detrimental effect
on the fuel cell durability as prolonged starvation can lead to high anodic potential which in
turn lead to carbon corrosion and catalyst degradation [51][52]. Catalyst and support

degradation in fuel cells are schematically shown in Figure 5.

©  Ptcatalyst ‘ C support ~— Nafion

Figure 5: Schematic representation of catalyst and support degradation in fuel
cells.

Various degradation processes taking place in a fuel cell are summarized in Table 2.
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Degradation of fuel cell Fuel cell conditions leading to  Effect

components degradation

Carbon support Start-stop cycle, fuel starvation,  Catalyst sintering, low
flooding, higher operating electronic conductivity, fuel
temperature. CroSsover.

Catalyst Start-stop cycle, fuel starvation,  Loss in activity of the catalyst.

Tonomer membrane

GDL

Bipolar plates

flooding, higher operating
temperature, poisoning (CO,
methanol), adsorption of other
metal (Fe, Ru etc).

High temperature, low humidity
attack by radical (OH"),

substitution of proton by metal
ions (Na, K, Ca, Fe, Ru etc),

Mechanical stress.

Start-stop cycle, fuel starvation,

flooding, mechanical stress.

Start-stop cycle, fuel starvation,

Decreased proton conductivity,

fuel crossover.

Low electronic conductivity,
non-uniform distribution of
reactant, inefficient water

management.

Poor electrical contact
mechanically destabilizes the

stack.

Table 2: Cause and effect of degradation of various components in a fuel cell

All the above mentioned degradation behaviors observed in a PEMFC are equally applicable to

a DMFC, but high liquid environment (anode) and relatively high anodic potential (300-

400mV compared to hydrogen operated PEMFC) make the anode catalyst and carbon more

vulnerable to degradation. Apart from these degradation processes explained before, durability

of the DMFC is further reduced by dissolution and crossover of less noble Ru metal present in

the anode [49][53]. Ru is known to be thermodynamically less stable than Pt under fuel cell

conditions, and thus dynamic behavior often associated with the anode of the DMFC can

accelerate its dissolution [54]. Moreover, it is expected that large fractions of oxidic Ru phase
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present in the Pt/Ru system are more prone to dissolution than the corresponding alloyed
metallic phase. The significance of Ru in MOR was explained in the previous section, and any
dissolution of Ru can decrease the MOR activity of the Pt/Ru catalyst system. Once the Ru is
leached out from the Pt/Ru alloy phase or from its oxidic phase, it is precipitated in the ionic
membrane or migrated to the cathode through the ionic membrane (Ru crossover) [55][56]. Ru
migrated to the cathode can block the active sites of Pt thereby reducing its overall ORR
activity and degrading the cathode catalyst. In fact, Gancs et al found that already a small
amount of Ru on cathode can decrease the ORR of Pt/C by eight fold [57]. Also the
precipitation of Ru in the membrane can increase the ionic resistivity and thus may deteriorate
the overall fuel cell performance [58]. The exact mechanism of Ru dissolution and the
migration path are not yet known, although operating conditions and structure of the Pt/Ru

system is often correlated with Ru dissolution.

2.4.2 Mitigation strategies for catalyst and support degradation

Various mitigation strategies have been developed to address the issue of catalyst and support
degradation in fuel cells. A lot of research has focused on carbon modification and used
graphitized carbons and nanotubes as stable support materials for fuel cell. However, often
these support materials exhibit less surface area and their decoration with platinum
nanoparticles proves to be more complicated [59] [60]. Various ceramic materials such as
TiO,, SnO,, WO,, RuO,, SiO,, Sn-Ir,O;, (oxides) and B,C, SiC, WC (carbides) also looked
good as fuel cell catalyst support. Some of these support materials such as TiO, and WOy are
known to act as a co-catalyst thereby increasing the overall activity of the Pt [61] [62].
However these materials are often limited by low electronic conductivity and porosity.
Conducting polymers such as, polyaniline, polypyrrole, polythiophene are also promising fuel
cell support materials, apart from showing high electronic conductivity they also can provide
some proton conductivity and have anti poisoning effect on the catalyst. However, the
introduction of these novel support materials also introduces new challenges in the fabrication
of the MEA.

Structure modification of Pt itself has shown some enhanced durability. For e.g.
polycrystalline nanotubes have shown excellent electrocatalytic activity and stability. More
recently Liang et al. developed free standing Pt nano wires as fuel cell catalyst which has also
shown excellent electrocatalytic activity and stability [63]. Electrochemical stability and

activity of these Pt based catalyst systems are correlated to the surface energy of various planes
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which the particles are composed of. It is indeed shown by Susut et al. that the cubic particles
with higher surface energy degrade much faster than octahedral particles with a lower surface
energy during methanol oxidation [64]. Thus by tuning the Pt structure one can enhance the
durability of the catalyst. In the present work shape-selected particles were synthesized and
were successfully tested in a fuel cell. The significance of shape selected particles in fuel cells
will be discussed briefly in section 2.4.3. Alloying the pure Pt nanoparticles with different
transition metals has also shown increased catalytic activity and durability. For e.g. Dai et al.
has shown that, using Pt/W alloy catalyst an enhanced mass activity over 4 times was obtained
in comparison with conventional Pt catalyst. Moreover catalyst did not show any loss in ECSA
even after 36,000 cycles [65]. In the context of Ru dissolution, Liang et al. has found that
incorporation of gold into the Pt/Ru has effectively reduced the Ru dissolution [66].

2.4.3 Shape selected Pt nanoparticles for better activity and durability

One of the key challenges in fuel cell technology is the high cost of the noble metal catalyst. It
is known that in a typical fuel cell only 25-35% of the total Pt available is active [1]. Hence
effective utilization of the Pt is one of the solutions to reduce the fuel cell cost. Often carbon
supported Pt nanoparticles are characterized by particles with irregular shape, and often large
particles and aggregates are also seen. A typical TEM micrograph of the carbon supported Pt

nanoparticles is shown in Figure 6.

Figure 6: TEM micrograph of commercial carbon supported Pt catalyst
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These large particles and aggregates are often inactive in fuel cell as, either they have reduced
surface area, or their active sites are blocked. Thus for effective Pt utilization tuning the shape
of the Pt nanoparticles is extremely important. Many studies have shown that altering the
structure of the catalyst can have profound impact on the catalytic activity. For example
Somorjai et al. showed that, Pt {111} hexaganol structure is 5 times more active than the cubic
{100} for dehydrocyclization of n-Heptane. Further, in electrocatalysis it has been shown that,
shape of the nanoparticles plays significant role in determining the overall catalytic activity.
This is due to the fact that the extent of interaction of various electrolytes on the Pt surface
depends on the shape of the Pt nanoparticles. It was found that, the ORR activity of the Pt
single crystal surface in H,SO, electrolyte decreased with Pt (1 1 1) < (1 00) < (1 10) an
effect due to adsorption and the inhibiting effect of bi-sulfate anion. However in shape selected
particles, depending on their shape these facets exist in different proportion. For e.g. Pt cubic
nanoparticles exclusively consist of (100) facets and tetrahedral with (110). In contrast
cuboctahedral particles contain both (100) and (111) facets. Thus by tuning the shape enhanced
electrocatalytic activity can be achieved. In fact it has been shown by Sun er al. that, ORR
activity of the cubic particles are 4 times higher than the polyhedrons or truncated cubes [67].
As mentioned in the previous section, apart from showing enhanced activity, shape selected
particles were also found to show much better stability. Thus tuning the shape of the

nanoparticles can reduce the fuel cell cost and can increase its durability.

2.4.4 Methanol cross over

Achieving a higher efficiency still remains a challenge in DMFC. The efficiency of the DMFC
is greatly limited by the so called methanol crossover, i.e., the methanol fed at the anode is
permeating through the membrane and reaches the cathode. Thus, the main consequence of
methanol crossover is that a lot of fuel is wasted and now DMFC is operating at a much lower

current efficiency given by equation 9,.

Nt = Vi equation 9

where, I is the measured electrical current at any particular cell voltage and I is the current
calculated from Faraday’s law assuming that the whole of the supplied methanol is consumed.
The methanol crossover in a DMFC can also lead to a significantly lowered open circuit

voltage (0.8-0.6 V) in comparison to the theoretical value of 1.18 V for reversible methanol
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oxidation. This is due to the fact that methanol oxidation at the cathode competes with ORR
and no spontaneous current is produced above 0.9 V. The methanol crossover thus greatly
decreases the Pt surface available for ORR, as the Pt cathode surface is also covered with
methanol, which prevents the ORR [68][11]. Further, incomplete oxidation of methanol at the
cathode can poison the cathode surface with CO intermediates. To overcome these effects a
high loading of Pt at the cathode is preferred in DMFC in comparison to a hydrogen PEM fuel
cell making it more expensive [69][70]. It is found that the methanol crossover is further
increased by a higher operating temperature and higher methanol concentration [11][71],
where the latter is preferred to extract highest energy density associated with the methanol. To
minimize the methanol permeation an operating temperature around 50-70 °C and methanol

concentration of 1 molar is preferred for DMFC [71].

The thickness of the membrane plays a crucial role in methanol permeation, as thinner
membranes are found to be more permeable to methanol, thus Nafion 117 (215um thick) is
preferred over Nafion 115 (150um) and 112 (60 pm) [14]. Many research groups also
developed membranes with superior methanol impermeability compared to Nafion, such as
sulfonated-polyetheretherketone = (SPEEK), sulfonated-polyphosphazenes, polyarylenes,
polyvinylidenfluorid (PVDF) etc [72][73]. Although, most of these membranes showed greater
methanol impermeability compared to Nafion 117, very few showed superior fuel cell
performance in comparison to Nafion. Notably polymer blends of SPEEK had produced fuel

cell performance 1.3 times greater than Nafion 117 [13].

Yet another way to tackle the problem of methanol crossover is employing cathode catalysts
which are methanol tolerant or do not activate MOR. Pt alloyed with transition metals (Fe, Cu,
Co etc) was found to be higher methanol tolerant compared to pure Pt catalyst but could not
eliminate the effect completely due to the presence of Pt in these systems [74]. The use of
metal-chalcogenide systems (MoRuX (X-S,Se,Te)) as cathode catalyst was yet another
solution for methanol crossover, as these system showed good ORR activity and at the same
time were found tolerant to methanol [75][76]. Out of the various metal chalcogenides, RuSe,
proved to be promising, but fuel cell performance was much less (40%) comparable to pure Pt
with the same metal loading [12][77]. Thus, methanol crossover in DMFC still remains a

challenge and solving this problem can bring a dramatic change in the efficiency of the DMFC.
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2.4.5 Methanol cross over and bi-functional operation

Methanol cross over in DMFC can lead to the bi-functional mode of operation in DMFC.
During bi-functional operation, the DMFC is split into two parts. The fuel cell region close to
methanol outlet and oxygen inlet acts as galvanic region (normal fuel cell operation) and the
region close to the methanol inlet and oxygen outlet acts like electrolytic region. The bi-
functional mode of operation in DMFC usually takes place in an event of low oxygen flow or
under oxygen starvation conditions. During low oxygen flows, there is not enough oxygen to
sustain the ORR, especially at the oxygen outlet regions. Instead, in these regions, crossover
methanol from anode oxidizes and form CO, and H'. Now the protons formed from the
oxidation of methanol diffuse back to the anode and get reduced to hydrogen gas. The
reduction of the proton takes place at the expense of the electron produced in the galvanic
regions, especially from the oxygen inlet regions, where it has enough oxygen feed. Thus
during bi-functional operation current is consumed as well as produced in DMFC. Schematic

representation of the bi-functional operation is shown in Figure 7.
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Figure 7: Scheme showing the splitting of DMFC into galvanic region and electrolytic
region during bi-functional operation

The bi-functional operation is experimentally shown by combined neutron imaging and

spatially resolved current distribution measurements [78]. It was found by Kulikovsky et al.
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short time operation of DMFC in bi-functional mode can actually activate the catalyst and

thereby increase the fuel cell performance [79].

2.5 Non uniform distribution of current density and spatially resolved in-situ studies

Direct methanol fuel cell is often affected by a non uniform distribution of current, which can
lead to an overall decrease in the power density and locally increased degradation process.
This in-homogeneity may be in turn correlated with other in-homogeneities arising in the fuel

cells, which are explained in Table 3.

TYPE OF IN- REASONS EFFECTS
HOMOGENEITY
Methanol flow [80][81] Blocking with CO, gas Methanol starvation accelerates
Low flow rates anode degradation (both catalyst
Low methanol concentration and support)
Flow field geometry Low fuel cell performance
Oxygen flow Blocking with water Low fuel cell performance

Low flow rates

Temperature [32] Improper cooling (stack) High temperature

Poor thermal contact between | Sintering of catalyst

end plate and MEA due to | Higher methanol permeation
corrosion. Low temperature

Low fuel cell performance

Catalyst distribution Poor coating method Under utilization of catalyst

Poorly synthesized catalyst Localized degradation

Table 3: In-homogeneities in direct methanol fuel cells

For various reasons explained in Table 3, the distribution of current is non uniform across the
fuel cell active area, which can adversely affect the fuel cell performance and durability.
Further, these in-homogeneities are expected to worsen as in the case of a fuel cell stack or
passive fuel cell system where the use of auxiliary units such as methanol pump, external
heater, air blower are minimized. The use of these auxiliary units are non desirable as these
units need additional power for operation and this power may be taken from the fuel cell itself

or by an external power source like batteries which again need to be charged regularly. In

20 2Basic concepts



order to evaluate the extent of degradation and performance losses, it is necessary to monitor
the different type of in-homogeneity associated with DMFC and this is usually accomplished
by spatially resolved analytical techniques. Spatially resolved studies can be carried out on a
working fuel cell or by ex-situ analyzing different components of the fuel cells (mainly MEA).
Various analytical techniques from which we can get spatially resolved information of a

DMEC, either in-situ or in ex-situ conditions are summarized below.

Technique

Information

Advantage/Disadvantage

Electron microscopy
techniques (TEM
and SEM) [83][84]

Particle size distribution,
morphology. Atomic resolution
of catalyst structure possible.
Qualitative information through
EDX and EELS possible

Only ex-situ analysis possible

Mostly destructive method

X-ray diffraction
[84]

Change in particle size, changes

in phase.

Both in-situ and ex-situ possible
No information about the amorphous

phase (long range order preferred)

X-ray and neutron
imaging [85] [78]

Visualization of water, flooding,

evolution bubbles etc.

In-situ studies possible
Require synchrotron or neutron
source

No structural information of catalyst

IR and Raman
imaging [86]

Distribution of water

Distribution of temperature

In-situ studies possible

No structural information of catalyst

NMR imaging [87]

Distribution of water, mobility

of water across membrane

In-situ studies possible

No structural information of catalyst

X-ray photoelectron
spectroscopy [88]

Oxidation state of the catalyst

Only ex-situ analysis possible

Mostly destructive method

X-ray absorption

spectroscopy

Catalyst structure, information
of amorphous phase, adsorbate

coverage

In-situ and ex-situ studies possible

Require synchrotron source

Current distribution

measurements

Direct visualization of
electrochemically active and

inactive regions.

In-situ measurement

No structural information of catalyst

Table 4: Different analytical techniques for spatially resolved fuel cell studies
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From Table 4 it is clear that the right choice of the analytical technique depends on the kind of
information we require and conditions under which the experiments are feasible. Thus,
although XPS, TEM give valuable information about oxidation state and structure of the
catalyst no in-situ information of the catalyst structure is possible, as both these techniques
need ultra high vacuum (UHV) conditions. Furthermore sample preparations of these
techniques are destructive in nature, so that continuous monitoring of the samples is not
possible or in other words structural information of initial (pristine) and end of life (EOL)
samples are only possible. In contrast to these techniques neutron and X-ray imaging
techniques offer more versatility, as they can monitor the fuel cell under various operating
conditions. By these imaging techniques one can visualize the water transport mechanism,
evolution of water or bubbles etc and from this information one can optimize the water

management and fuel cell components.

Spatially resolved current density measurements are yet another powerful technique by which
one can monitor the electrochemically active areas of an operating fuel cell. This is usually
achieved by dividing the fuel cell active area into different segments connected to printed
circuit bord (PCB) with gold plated contacts which record the segment currents. Using a
similar set up, Park et al have carried out extensive investigations on the influence of current
distribution on various operating parameters like oxygen and methanol flow rate, output
current, temperature and flow field geometry. More recently, Schréder et al. combined both
neutron and current distribution measurements and correlated the GDL wettability to fuel cell
performance. In these studies they divided an MEA into two parts (for both anode and
cathode), one side with a hydrophilic GDL and another with hydrophobic. During a combined
neutron imaging and current distribution measurement of these systems, they visualized poor
water management for a hydrophilic GDL by neutron imaging and at the same time they

obtained a low power density for the hydrophilic segments.

Although these techniques give sufficient information about the reactant transport and water
distribution, they are limited by the fact that they do not provide insight into the catalyst
structure and durability. XAS is one technique which is routinely used in the catalysis and
electrocatalysis community to probe the structure and chemical environment of the catalyst in
action. The big advantage of XAS spectroscopy over other surface techniques like XPS, or
microscopic technique like TEM, is the fact that the measurements do not need any ultra high
vacuum conditions. This means in-situ and operando measurements would be possible using

XAS, which gives information about the adsorbate, oxidation state and structure of the catalyst

22 2 Basic concepts



in real operating conditions. In addition to all these facts, XAS has the further advantage that
the measurements can be even carried out on amorphous sample or samples without long range
order. This is extremely important to the catalysis and electrocatalysis community as many of
the active sites are on amorphous nanoparticles. This is a great advantage over XRD, which
needs long range order. The present work involves extensive use of XAS for characterizing the
catalyst both in-situ and ex-situ. Therefore, the theory and data analysis of the XAS need to be
described briefly in the next chapter.
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3 XAS and in-situ investigation of fuel cells

3.1 Theory of XAS

XAS is a special case of interaction of electromagnetic radiation with matter. Assuming that an
electromagnetic radiation is hitting matter, and if we place a detector before and after the
sample, we will find that there is a loss in intensity after the sample. This loss in intensity is
due the absorbance of the radiation by the matter and it follows the Beer-Lambert law of

absorption shown in equation 10,

| = Io g HBx equation 10

where I is the transmitted intensity, Iy is the incoming intensity, x the sample thickness and p

the absorption coefficient of that matter.

If the energy of the electromagnetic radiation (X-ray photons) is slightly higher than the core
level binding energy of the matter then a core level electron is ejected to the valence band. If
the energy of the X-ray photon is much higher than the core level binding energy, then the
electron will be released to the continuum. Once the electron is released to the continuum, it
interacts with surrounding atoms. The outgoing electron is now called a photoelectron, which
is backscattered by the surrounding atom. The back scattered waves now interact
constructively or destructively with the outgoing photo electron giving a complete X-ray
absorption spectrum as shown in the Figure 8. Since the core level binding energy is unique to
a particular element, XAS also gives element specific information provided that the
measurements are carried out at any of the absorption edges (K, L;, L,, L; etc) of the
corresponding atom. XAS measurements are usually carried out at large synchrotron facilities,

where tunable and intense radiation sources are often accessible.

The XAS spectra are noticeably characterized by three regions, the edge region, X-ray
absorption near edge (XANES) region and the extended X-ray absorption fine structure
(EXAFS) region. The step like feature seen in the XAS spectrum is the edge. The step like

feature arises due to the fact that at this energy the photoelectron is excited to the continuum.
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Depending on the oxidation state and the type of element the edge can have a different line
shape with a shoulder or a strong peak at the top of the step. Often the edge position is found to
be shifted with different oxidation states of the same element. These characteristic features of
the edge thus give information about the oxidation state of the element, thus serving as a

complimentary technique to XPS.
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Figure 8: XAS spectrum at Pt L; edge describing various interactions of the photoelectron

The whole spectral region in the range -25 to 200 eV with respect to the edge is called X-ray
absorption near edge region (XANES). XANES is characterized by the multiple scattering of
the photoelectron with the surrounding atom. The energy of the photoelectron is comparatively
low in the XANES region which is characterized by the high mean free path and can thus
undergo several multiple scattering events. The line shape of the XANES greatly depends on
the formal valence of the atom, coordination environment and extent of filling of the excited
state. In catalysis, the extent of filling of the excited state is greatly depending on the adsorbate
and the ligands which also impose characteristic line shapes to the XANES spectra. Thus, one
can get information about the nature and coordination geometry of the adsorbate by analyzing

the XANES region. Although rigorous mathematical calculation is required to solve the

3XAS and in-situ investigation of fuel cells 25



XANES region, doing so can give information about the specific adsorbate. XANES region

thus gives information which are complimentary to IR and Raman.

The region around 150 to 1000 eV above the absorption edge is called the EXAFS region. This
region is characterized by the single scattering event of the photoelectron due to its relatively
large kinetic energy. This high energy photo electron will interact with surrounding atoms and
will get back scattered as mentioned before. The backscattered wave interacts constructively or
destructively with the incoming photoelectron depending on the phase of the backscattered
wave. The phase and intensity of the back scattering wave is dependent on the position and
number of the surrounding atoms. Therefore analyzing these EXAFS oscillations can give

information on the number and distance of the surrounding atoms.

3.1.1 XAS data processing

XAS analysis basically involves solving the Schrodinger equation E¥Y = HY, as XAS involves
purely quantum mechanical events and thus gives the electronic structure of the absorbing
atom. The tedious effort by John Rehr (University of Washington) and co-workers developed a
new code ‘FEFF’ (most recent of these FEFF9) which does the XAS analysis by solving the
Dirac-Fock equation. More details concerning FEFF and supporting packages could be found
in http://cars9.uchicago.edu/ifeffit’. Many software packages with user friendly graphical
interfaces are available with inbuilt FEFF code to do the data reduction and analysis part. In
the present work, most of the data reduction and analysis part was done using Athena and

Artemis software packages [89]

3.1.2 Data analysis of XANES

It has been observed that the line profile of the XANES regions has a strong dependency on
the oxidation state of the element as well as on the nature of the adsorbate species on the
surface. For instance, hydrogen adsorption on the Pt surface shifts the edge to a higher energy
(Pt Ly and Pt L,) and also induces an edge peak broadening [90]. The Au technique is one such
technique, where the magnitude and line shape of p is evaluated. The Ap technique is basically
a differential technique were XAS of spectrum of interest is subtracted from a reference
spectrum and the obtained difference spectrum is matched with theoretical reference spectrum
for a modeled or a simulated system. Here, the XAS spectra of interest could be XAS

measured in in-situ conditions say in different gaseous or liquid atmospheres as in
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heterogeneous catalysis or at different electrochemical potentials or electrolyte as in
electrocatalysis. In most cases an XAS spectrum measured in a condition, where the catalytic
or electrocatalytic active regions are free of adsorbate is chosen as the reference spectrum. For
e.g. a Pt electrode at 560 mV was used as reference spectrum for getting information about the
type of adsorbate covered at the catalyst surface at another potential. Now the difference

spectrum can be represented by equation 11;
AH = Mds) - Heen equation 11

where Hds) 1S an XAS spectrum of interest and e 1S a reference spectrum in which the
system of interest is pristine. These difference spectra are fingerprinted with different
simulated spectra. The schematic representation of the data processing for the XANES is
shown in Figure 9. The importance of FEFF lies in creating simulated models for Ap
signatures. A structural model, which is closely matching the experimental system, is created
using FEFF. Theoretical spectra will be calculated by full multiple scattering calculations
using muffin-tin potentials. More details about the calculation can be found in “Introduction to
XAFS - a practical guide to X-ray absorption fine structure spectroscopy by Grant Bunker
[91].

XANES 1(exp) /\
\I\ ) /\kref)
Background Removal Normalization A‘LL
E(eV) E(eV) E(eV) E(eV)

Figure 9: Schematic representation of data processing procedure for XANES analysis

Now a series of new structural models is created from the existing model taking into

consideration all the possible structural changes (introducing adsorbate etc), that the system
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can have in real experimental conditions. The theoretical spectra for the new systems are also
calculated from FEFF, as explained before. Theoretical Au signature is calculated from above
systems by taking the difference using the simulated clean spectra. Various theoretical Ap
signatures obtained are now compared with the experimental Ap signature to get information
on the nature of bonding, bonding sites, bonding species etc. The pure Janin cluster and

adsorbed cluster used for the simulation of the theoretical XANES spectra is shown in Figure

o
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Figure 10:Various Pt, Pt/Ru clusters used for getting theoretical Ap signature. The
graph showing the theoretical Ap signature of Atop adsorbed CO, and O on Pt/Ru
cluster (calculated by FEFF 8)
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As can be seen from Figure 9, the processing of the XAS raw data for XANES analysis
involves many steps. The raw data is first imported into the Athena software. Then the data are
checked for possible energy drift during the acquisition process, which can be due to instability
in the monochromator etc. This is done by aligning the reference foil spectra, which were

measured simultaneously during each scan.

3.1.3 Data analysis of EXAFS

The analysis of EXAFS data basically involves the solving of the EXAFS equation shown

below (equation 12).

2R; .
NS2 f(K)e A0 g 27
FEDY IS 1i( )kR2 Sin[2kRj+§j(k)] equation 12

The terms R; (bond distance), o (Debye Waller factor), N (coordination number), which
describe the coordination environment of the absorbing atom are evaluated by a fitting
procedure like non-liniar regression analysis. The other terms like S*, (amplitude reduction
factor) and 9j (phase shift), which are element specific, are determined by FEFF from an input
structural model close to the experimental one. The processing of the EXAFS data involves the

extraction of the (y) function from the XAS spectrum represented by equation 13.

(E ) — Ml (E ) equation 13

U
E pr—
A= )

This is accomplished by determining and removing a post-edge background function (uy(E))
from the experimental, which represents the adsorption of an isolated atom. The term in the

denominator Ay is the edge jump at the threshold energy E,. The whole process described
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above is usually done in the Athena software. The raw data is imported into the software and
pre-edge correction is done. Then the absorption edge is determined by taking the derivative
maxima of the spectrum. The whole spectrum is normalized before a post-edge correction is
done in the range of 150 to 900 eV to estimate uo(E) and thus extracting x(E). ¥(E) is then

converted to y(k) according to the equation 14.

k= \/Zm(E -E,) equation 14
hZ

The y(k) weighted to x(k*) or y(k’) depending on the Z value of the scattering atom, e.g.,
heavier scattering atoms like Pt involve a k weighting of 3 and lighter scattering atoms like O
need only a k weighting of 2. The weighted (k) is then Fourier transformed into R space

according to equation 15.

1 kmax . .
F — K" (k) d2KB gk equation 15
5 \N2r kriin a

The schematic representation of the data reduction procedure of EXAFS is shown in Figure 11.
Finally the reduced data is fitted using a theoretical structural model. Fitting is carried out

using the Artemis software either in k or R space.

EXAFS
Background Removal Normalization p4 Fouri:er Transform
E(eV) E(eV) k(A1) R(A)

Figure 11: Schematic representation of data processing procedure for EXAFS analysis
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3.2 In-situ investigation of fuel cell reaction by XAS

Development of new and modern synchrotron facilities around the world allowed many
research groups to access the XAS technique. Nowadays XAS technique is widely used by
biologists, chemists and materials scientists to investigate their materials. What makes XAS
attractive in comparison to other techniques (TEM, XPS etc) is the fact that, XAS
measurements could be done under extreme conditions. For e.g. XAS spectra can be recorded
using a diamond anvil cell where the sample is experiencing high temperature and pressure
similar to the core of the earth. In electrochemistry and fuel cell research, XAS has been used
to investigate the structure of the catalyst in ex-situ conditions as well as under various
electrochemical conditions. For e.g. detailed structural investigation of Pt/Ru catalyst was done
by McBreen and Mukerjee and they first observed the splitting in EXAFS pattern for the alloy
catalyst [92]. This is due to the fact that, Ru sit in the fcc lattice of the Pt with a shorter bond
length than Pt-Pt, which results in the destructive interference of the photoelectron wave.
Later, Hwang et al. used XAS to probe the formation mechanism and chemical state of Pt/Ru
catalyst [93]. XAS measurements were also successfully carried with electrochemical cells, for
e.g. Herron et al. tracked the surface oxide formation on Pt/C, under various electrochemical
potentials [94]. The first in-situ XAS study under real fuel cell operating conditions was
reported by Viswanathan et al. In this study they tracked the XANES spectra of anode catalyst
(Pt/Ru) of a fuel at Pt L; and Ru K edge operated using reformatted gas (H,/CO). Later in-situ
fuel cell XAS measurements were carried out by many research groups, mainly, Roth’s,
Russel’s, and Principi’s working group. It is worth to note few of their studies for e.g. Roth et
al. in their in-situ fuel studies determined the OH and CO coverage and adsorbate sites on
Pt/Ru catalyst [95]. In contrast, Russel and co-workers determined the mechanism by which
Ru and Mo increase the tolerance of the Pt/C [96]. Further they investigated through XAS, the
potential dependence segregation and surface alloy formation of Ru modified Pt. Principi et al.
developed in-situ fuel cell which is capable of acquiring both XRD and XAS measurements.
The thinned down graphite X-ray window used in their studies enabled them to get low noisy

fluorescent data, which is quite crucial for samples with very low Pt loading (0.1mg/cm?) [97].

Recent developments in X-ray optics show the transfer of conventional XAS beamlines to
QEXAFS (Quick) beamline and later to energy dispersive XAS (EDXAS). These new

beamlines use either Laue-case bent crystal (EDXAS) or oscillating monochromator
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(QEXAFS) by which a complete XAS spectrum could be obtained in milli-seconds to sub-
picoseconds. Thus these new technique enable time resolved investigations in fuel cells, by
which dynamic events in fuel cells like, catalyst structuring, poisoning of the catalyst, reaction
intermediate could be followed. For e.g. using EDXAS, Burton et al. studied the rate of
formation of PtO in cathode catalyst under fuel cell conditions [98]. More recently, Melke et
al. coupling QEXAFS and Au XANES techniques, investigated the relative coverage of
different adsorbates involved in ethanol oxidation reaction (EOR) such as C species, OH and O
in correlation with the potentials. Further, the importance of OH species for the EOR was
confirmed by XAS when the magnitudes of the Ay OH signatures followed the current drawn
from the fuel cell [99]. In the present work, for the first time, XAS is used to get spatially

resolved information of DMFC catalyst both ex-situ as well as in operando conditions.
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4 Development of an in-situ XAS fuel cell for spatially
resolved studies

The success of any in-situ XAS study greatly depends on the design of the in-situ cell. The cell
components are usually fabricated in such a way that it withstands the experimental conditions
like high temperature, pressure, oxidizing environment etc. Moreover, the X-rays should pass
unhindered through the cell and the experiment’s signal to noise ratio should be higher for
better data handling. The fuel cell in its conventional form is not ideal for in-situ XAS
measurements as various components of the fuel cell, like thick metallic current collectors,
flow fields etc, attenuate the X-ray intensity. Thus in-situ fuel cells are often fabricated by
drilling out a small region of the metallic end plate in such a way that the X-rays can pass
unhindered. Of course, the criteria for choosing the X-ray window dimension depends on the
dimension of the X-ray beam and usually the third generation synchrotron source provide X-
ray spot sizes with dimensions around 20x5 mm?®. The signal to noise ratio can be further
improved by thinning down the graphite flow fields, as thick graphite can induce background
noise [100] [101]. Spectral quality can be further improved by replacing the graphite with

Kapton foil, although this might perturb the uniform thermal and electrical flow.

4.1 Experimental

4.1.1 Modified fuel cell for spatially resolved XAS studies

In the present studies two different fuel cells with graphite and Kapton as X-ray window
materials were optimized for in-situ spatially resolved XAS studies. In both designs, flow
fields with fuel cell active area of 4.2x4.2 cm” with various geometries (serpentine, meander,
parallel, interdigiated etc) were laser cut or drilled into graphite. In all the flow field designs
the channel depth and width were kept at 1.5 mm and 2 mm, respectively. After drilling the
flow fields for the graphite window cell, the overall thickness of the graphite was reduced to 2
mm by polishing. Thus this process makes sure that it leaves only 0.5 mm thick graphite below
the channel, which is sufficiently thick to provide mechanical stability and sufficiently thin as
an X-ray window. For the Kapton window cell, graphite was removed completely from the
channel of the flow field and replaced with thin Kapton foil. In order to fabricate spatially

resolved cell the graphite was preferentially removed from methanol inlet, middle and outlet
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regions of the anode flow fields and oxygen inlet, middle and outlet of the cathode (area of
interest). As a counter flow pattern is preferred for DMFC systems where the methanol is
coming from the bottom and oxygen coming from the top, in a complete cell methanol inlet
regions lie opposite to the oxygen outlet and methanol outlet to that of oxygen inlet. To allow
the X-ray beam to pass unhindered, X-ray windows were also drilled in metallic current
collectors designed for the cells. In order to collect the fluorescence signals and to utilize a
large beam, the length of the windows were made larger compared to their height. The current

collectors were also drilled for accommodating heating elements and temperature sensors.

4.1.2 Fabrication of MEA and fuel cell performance test

The performance of the newly fabricated in-situ cells was compared with a standard DMFC
cell by measuring polarization curves. It is also to be noted that the standard cell is one cell,
which has a design similar to that of the graphite window cell, but the end plates were not
drilled for X-ray windows. The polarization curves were recorded in such a way that the three
different cells were operated with a single MEA under the same operating conditions. MEA
was prepared by a knife coating technique. 60% PtRu (Hi Spec 10.000) and 60% Pt (Hi Spec
9.000) was purchased from Johnson Matthey. An ink with a metal loading of 2 mg/cm® was
prepared from the respective catalysts, knife coated onto carbon cloth GDL material and

subsequently hot pressed (135 °C for 3 min) onto a Nafion® 115 membrane.

The prepared MEA was then assembled in each cell and tested in home-made fuel cell test
station with 5 ml/min and 150 ml/min 1 M methanol and oxygen flow respectively. The cell

temperature was maintained at 70 °C and 1 M methanol was preheated to 90 °C.

4.1.3 In-situ spatially resolved XAS test

All XAS data were recorded at beamline X1, Hasylab in transmission as well as in
fluorescence geometry. Si (111) and Si (311) monochromized beam was used to record the Pt
L; and Ru K edge spectra, respectively. In-situ DMFC measurements were carried out using
the newly constructed fuel cells. The fuel cell was fixed at the movable XY sample stage and
the different window positions were aligned with the beam. Measurements were carried out in
both slow conventional mode as well as in quick XAS (QEXAFS) mode with a beam size of
15 mm x 5 mm. XAS data were then processed by the ATHENA code [14]. The raw spectra
were calibrated and subsequently background corrected using the Autobk algorithm reported
elsewhere [15]. The background corrected spectra were normalized in the EXAFS range of 150
to 1000 eV.
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4.2 Results and discussion

The newly designed in-situ cells for spatially resolved XAS studies are shown in Figure 12.

Figure 12: Schematic representation of in-situ cells, a) Kapton window cell, b) detailed sketch
of the cell a, ¢) thinned down graphite cell, d) detailed sketch of cell ¢ without X-ray window.

It is important that, the modification of the cell for XAS measurements should not induce fuel
cell performance losses. The polarization curve gives a direct correlation of the performance of

the various cells which is shown in Figure 13.
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Figure 13: Polarization curves for differently fabricated fuel cells

From the polarization curves it is clear that the performance of the Kapton window cell is
slightly inferior to that of the graphite window cell. This difference in the performance might
be due to small perturbation in the uniform flow of heat and current caused by the presence of
non electrical and thermal conducting Kapton. In contrast, the performance of the graphite
window cell and the standard cell is similar, thus it is to be assumed that the small X-ray
window drilled has a negligible effect on the fuel cell performance. From these studies it is
clear that performance losses occurring from cell modification are negligible and are thus

suiTable for XAS measurements.

After the successful electrochemical characterization, in-situ spatially resolved XAS studies
were carried out in these cells. Initial in-situ studies which were carried out in slow
conventional scan mode (30 min per scan), were predominantly characterized by absorption
spikes and the XAS analysis of these data was nearly impossible. These absorption spikes are
common features of in-situ DMFC studies as the CO, bubbles formed during the process
perturb the absorption. This issue was solved to a great extent by carrying out the XAS
measurements in QEXAFS mode. XAS spectra obtained at the Ru K edge for both slow
conventional scan and QEXAFS are plotted in Figure 14. The QEXAFS mode differs from the
conventional scan mode by the fact that the monochromator is moved continuously and the

whole EXAFS spectra can now be made in 25 to 120 sec. During this short acquisition time it
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may be assumed that the probability of the bubble passing across the beam is low. It is also

observed that when experiments are carried out in fluorescent geometry the number of spikes

formed were much less than those performed in transmission mode. The transmission as well

as fluorescent XAS spectra recorded simultaneously for in-situ DMFC, is shown in Figure 15.
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Figure 15: In-situ DMFC XAS spectra at Pt L; measured simultaneously in both
transmission and fluorescent geometries
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The occurrence of absorption spikes can be further reduced by choosing the right flow field
design and carrying out the measurement in fluorescent geometry and in the present studies it
is observed that using an interdigitated flow field pattern greatly reduced the absorption spike

in comparison to a meander or serpentine flow field pattern.

Although, the measurements in QEXAFS fluorescent mode greatly reduced the absorption
spikes, the spectral quality was much worse than the conventional slow scan. This is due to the
fact that fluorescent mode of measurements is intrinsically associated with large noise
(scattering from methanol, window material etc) compared to the transmission mode.
Fluorescent mode of measurement is preferred over transmission, as in the latter mode Pt
signals from both cathode and anode cannot be distinguished. In contrast by fluorescent mode
one can preferentially get the XAS information of that electrode which is facing the
fluorescence detector. It can be seen from Figure 16 that, FT of the spectra of the MEA taken
in fluorescent mode with anode facing the detector is quite similar to the FT of the
transmission XAS data of the MEA where the cathode is removed.
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Figure 16: FT Pt L3 edge of samples measured in various geometries
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Fluorescent mode is also preferred under conditions where the element to be probed is present
in low concentration. The noise associated with the fluorescence spectra is usually reduced by
using energy resolved fluorescence detectors (multi element Si or Ge detectors). But these are
completely incompatible with QEXAFS due to their slow response time. Thus, for the present
studies, a non-energy resolved PIPS diode was used for the faster acquisition of fluorescence
data. To reduce the scattering from the window materials, catalyst support and methanol,
proper filters were placed in front of the PIPS diode, for e.g. a 3 mm Zn filter was used for the
measurements at Pt L; edge and 3 mm Mo filter for the Ru K edge. The Pt L; edge fluorescent
XAS spectra obtained for the two different cells are plotted in Figure 17.
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Figure 17: Pt L; edge XAS spectra for the two different cells

From Figure 17 it is clear that the graphite window cell has a higher noise level than the
Kapton window cell. Although graphite window in the range 4-1.5 mm was successfully tested
for conventional slow XAS scan, from the present studies it may be assumed that for QEXAFS
DMEC studies even the graphite window with the thickness of 0.5 mm can worsen the quality
of the spectra. This may be explained again by the fact that for QEXAFS fluorescence
measurements there is a larger scattering noise from methanol and the window material, and
the non-energy resolved PIPS diode used in the present studies is not effectively screening this
noise. In the literature, low noisy in-situ fuel cell XAS spectra were recorded using graphite
window as thin as 250 pm, but for spatially resolved studies fabricating such thin graphite flow

fields for the entire fuel cell active area can affect the mechanical stability [101]. Thus

4 Development of an in-situ XAS fuel cell for spatially resolved studies 39



although graphite window cells are preferred for their better electrochemical performance, for
the acquisition of low noise XAS data Kapton window cells are preferred. So throughout the

present studies all the in-situ XAS data were recorded using the Kapton window cells.
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5 Spatially resolved ex-situ studies on aged DMFC MEA

This chapter mainly focuses on the detailed and area-selective investigation of catalyst
degradation in a MEA operated in a DMFC. As DMFC stacks represent a true system for
practical application, the investigation of stack MEA can give an insight into its durability
issues. Various analytical techniques like XRD, TEM, XAS, and EDX were combined to get a

more detailed insight into the distribution of Ru in the degraded device.

5.1 Experimental

5.1.1 Fabrication of MEA and fuel cell stack operation

The process of the fabrication of MEA was explained in detail in section 4.1.2. The DMFC
stack is constituted of 100 cells with an active area of 320 cm”. The fuel cell stack was
operated both in a test rig environment and in a DMFC system [11]. There are several
differences between the operation in a test rig and a system. The significant point is that in the
system there is no possibility for external heating of the stack. This means that the stack is
operated at a lower temperature level than in the test rig. The chance of failures in system
components and operating conditions is higher than in test rig operation. This mode of DMFC
operation is expected in practical application, where the use of auxiliary units is not preferred.
In system operation, the anodic water is recycled and the operation media (air and methanol)
may be contaminated with impurities, which can accumulate in the stack. Also it is likely that
there is methanol depletion during standstill. This can accelerate the corrosion of ruthenium.
The stack was subjected to alternating operation and standstill for more than 5000 hours. The
load during operation was at a current density in the range of 50-120 mA/cm? and at a

temperature range from 40-70 °C, but mainly at 60 °C.

For the spatially resolved studies different regions of the ‘end of life’ (EOL) MEA from the
anode side (methanol inlet, outlet and middle) and the cathode (oxygen inlet, outlet and
middle) were analyzed using various analytical techniques and compared with a pristine MEA
and the as-received catalysts. The MEA regions from where the samples are prepared are

shown in Figure 18.
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Center

Figure 18: Sketch showing relevant investigated regions in an MEA

5.1.2 X-ray diffraction (XRD)

The X-ray diffraction measurements were predominantly carried out to get information on the
crystallite size of the catalyst particles. The X-ray diffraction was mainly performed using a
STOE STADI-P diffractometer with germanium monochromized Cu K, radiation in
transmission geometry. The pattern observed for every sample was refined using the

FULLPROF suit package. The crystallite size was calculated using the Scherrer equation

KxAx57.3
Dx cos@

FWHM =

5.1.3 Transmission electron microscopy (TEM)

To obtain the morphology, particle size and distribution of the catalyst particles, TEM studies
were carried out using a Philips CM20 TEM with an acceleration voltage of 200 kV and LaBg
cathode. The samples for the TEM were prepared by ultra microtomy. For the ultra microtome
sample preparation the GDL of the MEA was removed and thin cuts of the MEA were made
from different regions using a knife. These thin cuts were embedded in an Araldite 502 resin
(SPI Supplies, Inc.). The embedded samples were cured at 60 °C overnight. From the cured
samples 200 nm and 70 nm thin cuts were made using a Reichert-Jung ultracut microtome. 70

nm thick samples were preferentially used for TEM analysis.
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5.1.4 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) mapping

EDX mapping analyses were carried out to get information about the elemental distribution in
the MEA. EDX mapping was carried out on 200 nm thick ultra thin cuts of MEA samples
using a Zeiss 962 Scanning Electron Microscope equipped with an energy dispersive X-ray
detector for elemental analysis and mapping. All measurements were carried out at an

accelerating voltage of 20 kV.

5.1.5 X-ray absorption spectroscopy (XAS)

Details of the experimental set up for the XAS studies are given in section 4.1.3. For the XAS
data analysis the raw spectra were calibrated and subsequently background corrected using the
Autobk algorithm reported elsewhere [15]. The background corrected spectra were normalized
in the EXAFS range of 150 to 1000 eV. The EXAFS fitting analysis was done on the
processed data using ARTEMIS [13]. At each edge, three different scattering paths were used
(Pt-Pt, Pt-Ru, Pt-O and Ru-Pt, Ru-Ru, Ru-0) to fit the data with a model. For the fitting of the
Pt/Ru alloy catalysts an fcc Pt structural model was imported from ATOMS, and few of the Pt
atoms were randomly replaced with Ru. From the above structural model, FEFF paths were
calculated, and the single scattering paths were used for EXAFS analysis. All the fits were
done in R space with k* weighting. To get a reasonable comparison of the coordination
numbers, the Debye-Waller (DW) factor was fixed at 0.005 and the amplitude reduction factor
was set to 0.934 for Pt and to 0.916 for Ru, as reported in the literature [16].

5.2 Results and discussion

XRD investigations were carried out on powder samples from the MEA. The XRD patterns
obtained for both anode and cathode were characteristic for that of an fcc Pt structure. For the
different anode catalysts it was found that fcc Pt reflections were shifted to higher 20 values
strongly supporting an alloyed nature in the crystalline fraction of the catalyst [102]. XRD
patterns obtained for various samples of both anode and cathode is shown in Figure 19 and
Figure 20 respectively. The absence of any hcp Ru reflections in the pattern gave strong

evidence for the absence of crystalline Ru particles [103].
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Figure 20: XRD patterns of the cathode catalyst: as-received catalyst, pristine MEA,
oxygen inlet, cathode middle, oxygen outlet. Particle size is doubled by the MEA
fabrication process, but no differences depending on cathode area were observed after
operation.
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Crystallite sizes obtained for various samples after Rietveld refinement are summarized in
Table 5. It can be seen from Table 5 that the cathode catalyst had undergone particle growth (2
nm to 4 nm) during MEA fabrication, whereas no significant particle growth was observed for
the anode. Although particle growth is expected during the sonication phase or in the hot
pressing phase of the MEA fabrication, the pronounced particle growth in the cathode during
MEA fabrication might be due to the following reason: As it will be discussed during the XAS
analysis later, the anode catalyst contains both X-ray amorphous PtO, and RuO, phase (cannot
be observed by XRD). It is proposed that RuO, is more difficult to reduce during the sample
preparation compared to PtO,. Further it has also been proposed by Song et al., that the
amorphous ruthenium oxide present in the sample may act as a dispersion agent and prevent

particle growth at the anode side [104].

Particle size (nm)

Anode Cathode
As received 1.8 2.0
Pristine MEA 1.6 4.0
Inlet 2.3 5.2
Middle 2.3 5.2
Outlet 24 5.0

Table 5: Average particle sizes determined from XRD analysis using Scherrer’s equation

It can also be seen from the Table that the aged anode catalyst showed a slight increase in the
particle size, but no significant structural differences observed for the different electrode
regions. Above all the alloyed nature of the nanoparticles was still pronounced even in the
EOL sample. For the cathode catalyst, apart from the particle growth during the sample
preparation, the particle size was also found to increase with fuel cell operation, but no
significant difference in size was observed for the different regions. Similar to the aged anode
the XRD patterns (Figure 20) of the aged cathode catalyst did not show any presence of a
crystalline Ru phase caused by Ru dissolution from the anode and cross over to the cathode

side. However, cross over Ru might be present in an X-ray amorphous state.
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The XRD findings were further supported by the XAS studies and the results for both Ru edge
and Pt L; edge EXAFS analysis are summarized in Table 6 and Table 7 respectively. Apart
from giving information about the coordination number which is also related to particle size
[105], EXAFS analysis also gave information about the amorphous Pt and Ru oxidic phase
present in the catalyst. Fourier transform of the Ru K edge and Pt L; for the commercial anode
catalyst powders, fresh MEAs and aged catalyst are shown in Figure 21 and Figure 22
respectively. The broad peaks between 1-2 A are an indication of oxidation in the catalyst. It
can be seen from Table 5 that no significant change in the total coordination number (sum of
NPt-Pt, NPt-Ru and NPt-O) was observed for the as-received anode catalyst and the fresh
MEA which strongly support XRD findings. The FT of both the Ru and Pt edges (Figure 21
and Figure 22) revealed a splitting in the peaks indicating the existence of a Pt/Ru alloy [106].
It can be assumed that due to the oxidized Ru present in the catalyst the Pt:Ru ratio greatly

deviates from the expected 2:1, and now a random alloy is expected with a larger fraction of
Ppt.

Ru edge NRu-Pt rRu-Pt (A) E.Ru-Pt (¢V) NRu-Ru rRu-Ru (A) E,Ru-Ru (¢V) NRu-O rRu-O (A) E;Ru-O (eV

As-received 1.7 2.72 -7.42 1.6 2.66 -2.68 2.2 1.98 -2.80
Pristine MEA 1.7 2.72 -4.72 1.5 2.67 -2.07 2.1 1.98 -2.05
oCcv 1.7 2.70 -8.17 24 2.65 -6.90 0.8 2.03 3.93

Inlet 2.8 2.72 -5.68 2.5 2.67 -4.54 1.4 1.99 -0.91
Middle 2.8 2.72 -2.49 2.2 2.65 -7.10 1.4 1.97 -0.87
Outlet 2.5 2.72 -5.30 2.2 2.67 -5.90 1.4 1.95 -3.12

Table 6: EXAFS analysis anode catalyst Ru K edge

Pt edge NPt-Pt rPt-Pt (A) E,Pt-Pt (¢V) NPt-Ru__rPt-Ru(A) E,Pt-Ru (eV) NPt-O _rPt-O (A) E;Pt-O (eV)
As-received 3.0 2.72 4.99 1.8 2.72 7.57 1.0 2.00 6.62
Pristine MEA 3.2  2.71 4.61 1.9 2.71 8.80 0.9 1.94 -0.61
Inlet 44 273 5.04 2.2 2.72 6.58 0.5 1.95 -0.55
Middle 44 273 4.61 2.2 2.72 7.00 0.5 1.99 2.11
Outlet 42 273 3.44 2.1 2.72 6.46 0.5 2.00 4.88

Table 7: EXAFS analysis anode catalyst Pt L; edge
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Figure 21: FT Ru K edge taken for the as-received Pt/Ru catalyst, pristine MEA, the catalyst
after operation and a hydrous ruthenium oxide standard. Before operation, ruthenium
appears to be largely oxidized.
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Figure 22: FT Pt L3 edge taken for the as-received Pt/Ru catalyst, pristine MEA and the
catalyst after operation
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The EXAFS data may be interpreted based on the existence of 3 different ruthenium phases:
Ru in a Pt-Ru alloy, Ru oxide and separate metallic Ru, both X-ray amorphous. It can be seen
from the in-situ DMFC Ru K edge XAS measurements at open circuit potential (OCV)
conditions that a significant amount of the ruthenium oxides becomes reduced (NRu-O=2.2 to

0.8) and probably forms metallic Ru (corresponding increase in NRu-Ru (1.5 to 2.5)).

14 -

1.2 ~
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Figure 23: FT Ru K edge spectrum of the pristine MEA compared to the MEA during open
circuit voltage (OCV) condition. At OCV, a significant fraction of the Ru oxides gets
reduced.

The reduction of Ng, o had no significant effect on the Ng,p, which means that the reduced
oxide stays unalloyed. FT of the Ru K edge spectrum recorded under OCV condition is shown
in Figure 23. It can be seen in the FT that there is an increase in the FT amplitude around 2.5 A
compared to the fresh catalyst. This might be due to reduction of some Ru oxides to metallic
Ru which is schematically shown in Figure 24. It can be observed that the alloyed nature of the
anode catalyst is maintained during the whole life time of the MEA, even after a significant
fraction of metallic Ru was observed at the cathode (below). To account for the Ru observed at
the cathode, it could be concluded that Ru is preferentially leached out from unalloyed Ru or
the unreduced Ru oxides. The reduction and leaching of the oxide phase can bring alloyed

particles together, and an overall increase in the particle size can be observed during operation.
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Figure 24: Schematic representation of structural changes in DMFC conditions

FT at the Pt and the Ru edge for the aged anode catalyst from different regions in the fuel cell
are shown in Figure 25 and Figure 26 respectively. It can be seen that there is an overall
increase in the FT amplitude for the aged catalyst compared to the pristine catalyst, which can
also be correlated with particle growth. Further the nature of the ruthenium oxide can be
interpreted from the rr,.0 bond distances (Table 7). XAS investigations by Rose et al. give a
correlation of the bond distance (rg,.0) With the hydrous and anhydrous form of ruthenium
oxide [107]. The Ru-O bond distance obtained from the EXAFS for the as-received catalyst
and the catalyst in OCV condition showed a larger bond distance of rg,.0=2.03 A. According to
Ross et al. larger rr,.0 bond distances are assigned to hydrous ruthenium oxide which forms at
relatively low potentials (< 0.7 V). In contrast, EXAFS analysis of the aged sample revealed a
much smaller rg,.c bond distance for the methanol outlet in comparison to the inlet and middle
regions. From the studies of Ross et al., this smaller bond distance can be assigned to
anhydrous ruthenium oxide, which occurs at relatively higher potentials (above 0.7 V). The
preferential formation of anhydrous ruthenium oxide at the methanol outlet may be explained
in the context of fuel starvation, which is expected to be severe at the methanol outlet [108].
During the fuel starvation process the electrochemical potential of the starved region can go
above 0.9 V and at these high potentials the anhydrous form of ruthenium oxide is expected to
be formed. It has been proposed by Rolison et al. that anhydrous ruthenium oxide is highly
unfavorable for the fuel cell catalysis due to its low electron and proton conductivity [42], and

thus methanol outlet regions might degrade and lose their activity faster than other regions.
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Figure 25: FT Pt L; edge of the anode side taken for the methanol inlet, middle and outlet
regions.
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Figure 26: FT Ru K edge of the anode side taken for methanol inlet, middle and outlet
regions. While the Pt edge does not show pronounced differences, at the Ru edge the

catalyst at the methanol outlet is affected.
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The Pt Ly EXAFS investigation of the cathode catalyst also showed a significant fraction of
oxidized Pt. The results of EXAFS analysis of the cathode catalyst are shown in Table 8. In
contrast to the anode catalyst, a significant increase in the coordination number was observed
during the MEA preparation. The overall increase in the particle size during MEA fabrication
was also reflected in the large increase in FT amplitude observed for the fresh MEA which is
seen in Figure 27. This finding also shows good agreement with the XRD results. Thus it may
be concluded that unlike in the anode catalyst the Pt in the cathode catalyst is highly oxidized
due to the absence of Ru and these oxidized fraction gets reduced during the MEA fabrication

and leads to particle growth.

Pt edge NPt-Pt rPt-Pt (A) E,Pt-Pt (eV) NPt-O rPt-O (A) E,Pt-O (eV)
As-received 3.1 2.74 7.47 14 1.98 1.85
Pristine MEA 7.2 2.75 7.62 0.6 1.97 1.46

Inlet 8.1 2.75 5.48

Middle 8.2 2.76 8.51

Outlet 8.0 2.74 7.70

Table 8: Pt L; edge EXAFS analysis of cathode catalyst
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Figure 27: FT Pt L3 edge of the cathode side- pristine MEA and as-received catalyst

Although an increase in the coordination number was seen with fuel cell operation, no
significant difference in the structure or particle size was observed for the different regions.
The FT obtained from various samples from different regions of the cathode is shown in

Figure 28.
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Figure 28: FT Pt L3 edge of the cathode samples from different regions, i.e. oxygen inlet,
middle and outlet. In good agreement with the XRD data, no site-dependent changes were
observed.

Ru K edge measurements in fluorescence mode on the cathode catalyst from different regions
of the DMFC stack gave XANES spectra identical to that of a ruthenium oxide standard. The
XANES spectra of cathode catalyst at Ru K edge is shown in Figure 29. This result strongly
supported the idea that cross over ruthenium from the anode gets dispersed everywhere in the

cathode and is predominantly oxidized.
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Figure 29: Ru K edge XANES spectra of the cathode catalyst. Near edge characteristics
similar to a RuO, standard were found all over the cathode side of the MEA.

5 Spatially resolved ex-situ studies on aged DMFC MEA 53



The Ru oxide has to be amorphous, however, since it was not detected by XRD. The crossover
ruthenium can block the Pt sites for ORR and lead to fuel cell performance losses. Since the
anode catalyst maintains its alloy nature it may be expected that the Ru crossover mainly take

place from the dissolution of the Ru islands or the oxidized fraction in the anode.

In order to obtain more detailed information on the various degradation processes and
whereabouts of the ruthenium in the whole electrode, MEA thin cuts from various regions
were made and analyzed using TEM. Particle size distributions after ageing were obtained and

are summarized in Figure 30.
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Figure 30: Particle size distribution from thin cut TEM analysis: (a) pristine MEA anode side,
(b) pristine MEA cathode side, (c) aged MEA anode side, (d) aged MEA cathode side.

The particle sizes obtained from TEM analysis showed narrow size distributions for the both
pristine anode and cathode catalyst. With ageing the distribution became slightly broader and

shifted to higher values.
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Compared to the XRD data, the average sizes by TEM analysis are slightly larger, since XRD
is only sensitive to coherently scattering regions, i.e. crystalline parts. Nevertheless, the
crystallite size from XRD was useful for the TEM investigation, as the anode and cathode
sides of the MEA were distinguished by particle size and Ru content (EDX). TEM
micrographs of the anode side of a pristine MEA showed that Pt/Ru particles predominantly
assembled into chain-like structures, and had a distribution of particle sizes with a median
value in the range of 2-3 nm. TEM micrographs of the pristine anode and the aged anode are
shown in Figure 31. Information regarding the amorphous ruthenium oxide could not be
obtained as it cannot be distinguished from the carbon support. The length and number of the
chain-like ensembles of nanoparticles was found to increase with ageing, while a broader

distribution of particle sizes with the median value shifted to 5 nm was observed.

Figure 31: TEM thin cuts investigation of anode catalyst, a) & b) Pristine MEA low
and high magnification, ¢) & d) aged anode low and high magnification. Chain like
structure seen after ageing (c)
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In contrast to the anode catalyst, TEM investigation of the pristine MEA cathode revealed a
good dispersion of the catalyst with an average particle size of 4 to 5 nm. The ageing of the
MEA causes these particles to form chains similar to those observed for the anode, and a
broader distribution of particle sizes was observed (Figure 30, b and d). TEM micrographs of
the pristine cathode and the aged cathode are shown in Figure 32. Severe aggregation was
found all over the MEA after ageing, probably due to support corrosion (cathode) and

dissolution of ruthenium oxide.

¢ T IREI0hm

Figure 32: TEM thin cuts investigation of cathode catalyst, a) & b) Pristine MEA low
and high magnification, ¢) & d) aged cathode low and high magnification.

Although particle size distributions from the different regions of the aged MEA looked similar,
a more careful TEM investigation on the membrane electrode interface revealed some
amorphous precipitation with particles as large as 1 um, which are shown in Figure 33.
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Figure 33: TEM images showing the amorphous precipitate in the Nafion membrane at the
methanol outlet region.

These precipitates were only found for those samples from methanol outlet regions. To
characterize them TEM EDX analysis was performed, but the high energetic electron beam
destroyed the Nafion membrane making the TEM EDX nearly impossible. EDX analysis was
repeated again with a similar set of sample, but with SEM, which uses a relatively low energy
electron beam. EDX mapping on the whole surface of the MEA also gave an indication of the
Pt and its distribution. The SEM and EDX mapping obtained for the anode of the pristine
MEA are shown in Figure 34.

3000x  Kkv=20 20mm fresh left side SE

Figure 34: SEM image of anode of the pristine MEA (left), and EDX mapping of the
corresponding area
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EDX mapping gave an insight into the distribution of Pt and Ru in the electrode, which is
represented as green and red color respectively. As it may be seen from the pristine anode both
Pt and Ru is distributed uniformly, although large agglomerates of Ru could be seen. These
agglomerates might be oxidized Ru, which is expected for the pristine MEA. However, the
EDX Pt signals obtained for the anode were much weaker than for the cathode, which might be
due to the reduced Pt content. The EDX mapping of the pristine cathode MEA is shown in
Figure 35. Apart from the Pt and Ru, carbon support and fluorine in Nafion is also EDX
mapped in black and blue color, respectively. The EDX mapping showed good dispersion of Pt

for the pristine cathode electrode.

3000x  kV=20 20mm fresh right side SE

Figure 35: SEM image of cathode of the pristine MEA (left), and EDX mapping of
the corresponding area

Analysis of the aged MEA, especially the anode side of the methanol inlet regions, showed the
presence of large aggregates of Ru in the membrane. The EDX mapping of the aged anode is
shown in Figure 36. This finding is in good agreement with the TEM results, where a similar
set of samples also showed precipitates in the membrane. The preferential formation of these
precipitates on the methanol outlet may be explained in the context of fuel starvation. It may
be assumed that during a DMFC stack operation methanol concentration might decrease from
inlet to outlet and thus methanol outlet regions can often encounter methanol starvation.
During a fuel starvation event, especially in a fuel cell stack, cell reversal can occur as the fuel
starved region takes the current produced from the non-starved region. This may lead to severe
anode degradation especially in the form of Ru dissolution, which can get precipitated in the

membrane [56].
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Figure 36: SEM image of anode of the methanol outlet (left), and EDX mapping of the
corresponding area
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Figure 37: EDX spectra obtained for cathode of the fresh MEA and aged MEA

The EDX spectra on the cathode of the aged MEA showed the presence of Ru strongly
supporting Ru cross over. The EDX spectra obtained for the cathode of pristine MEA and aged
are shown in Figure 37. EDX mapping also gave evidence of the presence of cross over Ru in

the cathode.
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Figure 38: SEM image of cathode of the methanol inlet (left), and EDX mapping of the
corresponding area

In conclusion, by combining various analytical techniques like XRD, XAS, and TEM detailed
characterization of both fresh and aged MEA has been accomplished. Spatially resolved ex-situ
studies provided new insight into degradation pattern of a DMFC stack and identified the

methanol outlet region as most prone towards degradation.
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6 Spatially resolved, in operando XAS studies in a
DMFC

In this chapter, XAS is employed to study the spatial distribution of adsorbates in an operating
fuel cell under high and low oxygen flow rate. XAS spectra are recorded at different regions of
the anode (methanol inlet, middle, and outlet) and cathode (oxygen inlet, middle, and outlet).
The adsorbates and their coverage were estimated from the Ay XANES technique and the
obtained results are correlated to the fuel distribution (concentration of methanol, cross over
etc.), estimated anode and cathode electrode potential and to the extent of migration of H* ions
from anode to cathode or vice versa. Finally, spatially resolved XAS measurements were done

during methanol starvation and the degradation process was studied with EXAFS.

6.1 Experimental

The MEA preparation and the design of the fuel cell were explained in the previous chapters.
The DMFC was operated with a portable commercial test bench from Magnum GmbH,
Germany, equipped with mass flow controllers, heating device and electrical load etc. In a
typical DMFC single cell operation, 3 ml of 1 M preheated methanol at 90°C was introduced
into the anode side from the bottom of the fuel cell. The oxygen supply of the cathode was
maintained at a flow rate of 150 ml/min for a high oxygen flow and 20 ml/min for a low
oxygen flow. The cell was externally heated to 60°C and maintained at this temperature
throughout the measurements. The DMFC was operated in a potentiostatic mode and in-situ
XAS spectra were recorded at several cell voltages for both modes of experiment (high and
low oxygen flow). The DMFC was also operated in fuel starvation mode, where the cell was
run in chronopotentiometric mode at 600 mA. The fuel starvation was induced by switching
off the methanol flow with the cell working in chronopotentiometric mode. After 15 minutes
the methanol flow was resumed and polarization curve was recorded. The above cycle was
repeated until the cell was degraded completely. In-situ as well as ex-situ XAS spectra were

recorded at both Pt L; edge and Ru K edge during the fuel starvation process and after.
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Details of the in-situ XAS setup are described in the previous chapters. All the spectra were
recorded in QEXAFS fluorescence mode and a non energy resolved PIPS diode was used to
collect the fluorescence signals. The in-situ cell was placed in between the two ionization
chambers (I and I;) perpendicular to the PIPS diode and at an angle of 45° to the incident

beam. The in-situ fuel cell set up is shown in Figure 39.

Figure 39: Spatially resolved in-situ DMFC XAS set up at beamline X1 HASYLAB

6.1.1 Ap-XANES technique

The IFEFFIT (Version 1.2.11 IFEFFIT Copyright, Mathew Newville, University of Chicago,
http://cars9.uchicago.edu/ifeffit) XAS analysis software was used for the Au-XANES analysis
including the background subtraction (AUTOBK algorithm) and normalization. Since the
present studies involve multiple QEXAFS spectra, for the processing of the XANES analysis
each set of data (measured at the same potential) was normalized (25 to 150 above the edge).
The normalized data set was then aligned with one of the reference foils from the set. This step

is essential, as between two successive QEXAFS scans the beam may drift due to a fast
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moving monochromator. The aligned data set was then merged. These steps were repeated for
all data sets and then various merged data sets obtained were further aligned to one of the
reference foils. The alignment is usually carried on the different reference foil spectra, which
are simultaneously collected with the sample data (electrode at different potential). The energy
correction on the reference foil is then automatically transferred to the sample spectra as well.
The Ap signatures are obtained by subtracting the pu of a selected potential as reference,

according to equation equation 11 (chapter 3).

As explained in the previous section the criteria for choosing the reference potential are to use
the one at which the electrode surface is the cleanest and has the least amount of adsorbates on
it. In the literature, a potential around 0.54 V RHE (water activation, neither H nor O is present
on the surface) in water or in the absence of methanol was chosen as the reference potential.
However, in an operating fuel cell the above mentioned condition is difficult to achieve. So in
the present study for the anode, XAS spectra taken after fuel cell operation were utilized as
reference spectra. For the cathode, spectra taken at the highest current (lowest cell potential)
was taken as the reference for the low oxygen measurement. However, under high O, flow,
potential which gave a ‘‘positive’” signature was chosen, i.e. that potential which gave a Ap
signature of the representative adsorbate. To identify the different experimental Ap signatures
representing the adsorbates, theoretical A signatures are calculated using the FEFF 8.0 code
as explained in section 3.1.2. The M-M bond distances (M=Pt, Ru) used in FEFF 8.0 were 2.75
A, M-C=1.85 A, C-0=1.0 A, O-H=1.0 A, and M-0=2.0 A. The theoretical Ap signatures are
usually shifted by 1-5 eV and scaled by a multiplication factor for the ultimate comparison
with experimental data. Distinguishing features at a particular energy is often chosen to
differentiate different adsorbates which can be present simultaneously on the surface (e.g. CO
and OH, CO and H,O or methanol etc.).

6.1.2 EXAFS analysis

To investigate the structural changes occurring during the fuel starvation process EXAFS
analysis was done on the fuel starved sample. EXAFS analysis was done using the IFEFFIT
suite. All the data reduction procedures were carried out using the Athena software and FT
fitting was carried out with Artemis. EXAFS analysis was carried out at both Pt L; edge and
Ru K edge simultaneously by keeping the DW factor constant at 0.005 for both edges. The

distance rg,.p and rp.g, Were also constrained for both edges.
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6.2 Results and discussion

For a better understanding of the Au results it is necessary to differentiate the anodic and
cathodic potential of the DMFC from cell voltage. For this, estimated cathodic and anodic
potentials in a DMFC cell with respect to the current are plotted in Figure 40. It must be
emphasized that these curves are just qualitative. Understanding the cathodic and anodic
potential is important, as it greatly helps to understand the adsorbate coverage data. For e.g. the
potential at the anode determines when water activation or methanol oxidation to CO occurs,
and more specifically, when water activation occurs on or near the Ru islands or away. It may
be assumed that, when the current increases, the anode potential increases and a corresponding
decrease in the cathode potential is observed. However, these changes also depend greatly on
the methanol and O, flow rate. Also the plot assumes that the current density is relatively
uniform over the area of the electrode, which is a reasonably good assumption at high O, flow

rate, but not true for low flow rates, as will be discussed later.
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Figure 40: Estimated cathodic and anodic potential for a DMFC at high and low
oxygen flow

The extent of increase in the anode potential over the cell voltage range is determined in part
by the extent of the cathode potential decrease over the same range. In an H, fuel cell the cell
potential decreases with current primarily because of the cathode potential drop, since the

kinetics of HOR at the anode are so fast. A similar situation may be expected in the case of a
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DMFC at low O, flow rate, when the different regimes (kinetic, resistive, and diffusion
limitations) dominate at the cathode. However, in the DMFC with high O, flow rate, it is
anticipated that the largest fraction of the potential loss with current occurs at the anode,
because now the kinetics of the MOR and resulting CO poisoning, make the process much
slower than the ORR.

6.2.1 High O, flow results (Anode)

The Ap analysis results for the methanol inlet region of the anode are plotted in Figure 41. The
results are compared with both experimental and theoretical results (FEFF 8) previously
published by Scott et al. [41]. It must be emphasized that the present data is not resolved as
that of Scott et al. as the present study was carried out in a real fuel cell which has a higher Pt
loading, hence much smaller Ay magnitudes. Moreover, the resolution of the measurements is
limited by the QEXAFS mode of the measurements, which also adds noise in the data. For

removing this noise, smoothing has done on this data which broadens out the features.

0.02

Energy (eV rel. Pt L; edge)

Figure 41: Ap signature obtained for the methanol inlet region (bottom). Theoretical
(red and blue) and experimental Ap signature from the literature (top)
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Notably three different OH signatures (OH near Ru islands, far Ru and at Pt) observed in the
study of Scott ef al. are now merged to one prominent OH signature. CO signature results
obtained for the present study are quite comparable to published results, although OH
signatures were also present at low anode potential (high cell voltage). The shaded rectangle
shows the region chosen for determining the Ay magnitude. Ap signatures obtained for various
regions of anode and cathode under different cell voltage is shown in Figure 42. The
experimental data at 630 mV does not suggest any O(H) feature at 3 eV, so the |Aplco
magnitude is straightforwardly given from the zero axis. However, at 530 and 430 mV,
significant O(H) is present, as indicated by the large positive feature at 3 eV, and such O(H)
would produce a large negative component in the 4-15 eV region (this is estimated by the
black dashed line in Figure 41)

Ap magnitude plots obtained for the different anode windows as a function of potential are
shown in Figure 43. These results are again compared with electrochemical results from Scott
et al. using Pt;Ru catalyst [41]. It can be seen in Figure 43 especially for the methanol inlet
three distinctive potential regions for the methanol oxidation process emerge. These regions
are assigned to different methanol oxidation mechanisms occurring around these potentials,
primarily, direct mechanism (D, higher anodic potential), direct ligand (DL intermediate
potential) and bi-functional mechanism (BF low potential). These results are in good
agreement with Scott et al. findings which further emphasize that the estimated potentials are
quite reasonable. The CO magnitude at the anode middle and outlet region reflects the effect of
methanol concentration, which tends to decrease from inlet to outlet. It can be seen that in the
middle region CO is found only in the DL regions, suggesting that the BF mechanism is totally
able to keep the additional CO coming on at lower anode potentials from ever forming because
of the lower methanol concentration. Further going to the methanol outlet regions no built up
of CO is evident suggesting a much lower methanol concentration there. It is interesting to see
that OH adsorption at the anode correlates to the CO adsorption ie, CO adsorption decreases
where the OH adsorption increases, which is actually expected, although the individual OH
contributions coming from that near and distant Ru are not resolved. The OH adsorption
occurring at different anode potentials can be correlated to the Ru islands near and far from Pt.
It may be expected that OH adsorption at lower cell potentials takes place from Ru islands and
at higher potential from near or far Ru islands. This is indicated in the Figure 43 by dashed line

for BF mechanism and solid line for DL and D mechanism.
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Figure 42: Ap signatures: different regions of anode and cathode under different cell
voltages (not smoothed)
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Figure 43: Ap magnitude for both anode (left) and cathode (right) from different
regions plotted against the cell voltage (the estimated cell potential indicated at the

top).
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6.2.2 High O, flow results (Cathode)

The Ap magnitude obtained for the cathode is plotted on the right side of the Figure 43. These
results are discussed in the context of ORR and importance of H" on ORR. The kinetic
equations derived from the double-trap kinetic model of Wang et al. [109] for the 4-e¢ ORR in

acidic media are explained below,

150, —> 0y Dissociative Adsorption (DA)
5 0,+H" +e — OH,y Reductive Adsorption (RA)
O4+H +e —> OH,y Reductive Transition (RT)
OH,y+H +e¢ —> H,0 Reductive Desorption (RD)

The above reactions can be summarized as below
15 0, — OH,q (via RA or via DA+RT) — H,O (via RD)

According to Wang et al. the RA mechanism dominates at potentials below 700 mV, thus
adsorbed intermediate as well as H' play a significant role in the ORR. The cathode result
(Figure 43, right) suggests that the OH coverage on the cathode correlates to the magnitude of
the current flow i.e., it increases, as the current flow increases, or as the availability of H"
coming across the Nafion membrane increases, because they should be proportional to each
other. However, the current (electron) is collected from all points on the fuel cell anode, but
the H" comes across the PEM from the anode and should directly be reflected in what goes on
at the cathode at the same window or observation point. This is particularly true if we think of
the fuel cell as segments connected in parallel as assumed previously by Sauer er al. The
cathode result (Figure 43, right) suggests a “cross-talk” of H" transfer from anode to cathode.
The OH adsorption reflected in the Ay magnitude shows two maxima, with that at the bottom
showing an additional feature at very low cell potential. To show that OH adsorption tracks
with the MOR going on at the anode, the CO coverage on the anode is plotted over the cathode
results. Careful inspection reveals that the OH coverage on the cathode peaks just as the CO

coverage on the anode drops, exactly as one would expect, since the current and H" yield are
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able to increase as the CO coverage drops. Thus, the 3 features in the OH coverage on the
cathode can be correlated with the 3 different CO oxidation mechanisms identified in the
anode; namely the BF, DL, and D mechanisms named for the different sources of OH, which
oxidizes the CO. The “cross-talk” of H transfer is also evident from the magnitudes of the OH
cathode coverage. Note that the magnitude of OH coverage on the cathode bottom has been
divided by two. Therefore, the largest current occurs at the bottom near the point of the
methanol inlet, as would be expected. It is interesting that the magnitude of the OH coverage is
similar at the middle and top observation windows, suggesting that the current flow is similar

at these two points.

Finally, if the cathode OH coverage is indeed tracking with the H" cross-talk from the anode,
the total current, although an integral of the current from each point on the electrodes, should
track with the cell potential. To show this, the derivative of the current with potential (dI/dV) is
plotted at the top of Figure 43. Again the features in this derivative fall at remarkably similar
positions as the maxima in the cathode OH coverages. Note that two maxima in dI/dV fall in
the DL region, but this is entirely consistent with the shift in the OH coverage at the top
window vs. the middle and bottom windows. Thus the current appears to reflect all maxima in
the OH coverage, one D, two DL, and the BF features.

6.2.3 Low O, flow results

The Ap signatures obtained for the lower 20 mL/min O, flow rate are shown in Figure 44.
Similar to the high oxygen flow, the AL magnitude obtained are plotted against the cell voltage
or to the estimated potential in Figure 45. In order to understand the change in adsorbate
coverages in this case, the expected changing anode and cathode potentials are illustrated as
done before in Figure 43. As suggested in the earlier discussion of Figure 43, the cathode
potential will now decrease more rapidly with cell potential, and consequently the anode
potential increases less. This change is expected to vary with different window positions as
different regions now experience different O, concentration. As modeled by Sauer et al, it is
assumed that the different paths or windows (top, middle, and bottom) of the electrode are
connected in parallel, and because of the highly conducting end plates, the potential drop
across each path is Vi = Vipen —Veen = Ve + V, | where the potentials are denoted with
subscripts (int = internal IR drop, open = open circuit, cell = measured cell, a = anode and ¢ =
cathode) and the internal IR drop consists of the sum of that at the anode and cathode. As the
oxygen concentration decreases going from the top to the bottom window, the cathode

potential will decrease faster with cell potential, because the O, diffusion limit is reached at
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smaller currents (higher potential). The expected local adsorbate coverage on the anode and
cathode at the estimated local potential are shown in Figure 46. The anode and cathode

potentials are conveniently drawn linear with respect to cell potential.
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Figure 44: Ap signatures: different regions of anode and cathode under different cell
voltages at low oxygen flow
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Of course this is not necessarily true, but Figure 46 is drawn only to emphasize the qualitative

change in anode and cathode potentials and the predicted adsorbate coverages with O,

concentration.
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Figure 45: Ap magnitude obtained for different regions of anode (left) and cathode
(right) under low oxygen flow.
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Figure 46: Estimated anode and cathode potential under low oxygen flow

From Figure 46 it may be assumed that at the bottom window, the anode potential never gets
much above 0.1 V, but at the top window, it proceeds similar to that at 200 mL/min O, flow.
The predicted cathode and anode potentials drawn in Figure 40 are some effective average of

these 3 “window” local potentials.

If the results at the lower O, flow rate are going to be similar to those at the higher flow rate,
this should occur at the top window near the O, inlet, where the O, concentration is the highest
and the methanol concentration is probably still reasonable having survived because of O,
starvation, and hence lower currents near the bottom. Indeed, Figure 45 shows very similar
results, showing the CO coverage dropping in the BF region with the OH coverage rising and
the OH coverage on the cathode showing the two maxima at similar cell potentials (350 and
600 mV). The fact that these so called BF and DL maxima fall at similar cell potentials found
for the high O, flow indeed suggest that the cell potential is governed primarily by the anode at
the top window. The CO coverage on the anode in the middle and bottom window now reflects
an increasing shift to lower cell potential (higher anode potential) for oxidation of the CO,
consistent with the expected shift in anode/cathode potential as depicted in Figure 46. Indeed
at the bottom window there exist apparent methanol (or other oxidation intermediate) at all cell
potentials above 200 mV, suggesting that the anode potential is below or near 100 mV over
this entire region. On the cathode, in the middle window, and particularly in the lower window,
very different behavior is evident. In both the middle and lower windows (and even a bit in the

upper window), significant amounts of CO are found. This arises because methanol cross-over
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is occurring, and the low O, flow rate does not facilitate the flushing out of this methanol. This
allows some of it to be oxidized resulting in CO or C1 (C1: formaldehyde or formic acid)
poisoning species on the cathode. Note that this CO coverage appears with increasing cell
potential with increasing O, starvation, consistent with the faster decrease in cathode potential
with cell potential as schematically shown in Figure 46. The OH coverage in the top and
middle windows is consistent with the CO coverage on the anode, i.e., the OH coverage
increases right when the CO coverage on the anode decreases, consistent with the high O flow
results. Very different adsorbate coverages are seen in the O, starved region at the bottom
window; with the adsorbate coverage large at the cell potentials when the methanol is on the
anode. It is suspected that the OH coverage may in fact be H,O coverage, because the Ap
signature is the same for H,O and OH. Previously it has seen, adsorbed H,O at potentials just
below those when OH becomes visible [110]; thus the identification of H,O and CO at this
cathode potential in Figure 46. It would also be a bit unexpected to see large amounts of OH
and CO because they should react to form CO,, thus H,O is assigned preferentially at the O,
outlet on the cathode. Finally, it may be also assumed that large amounts of water may built up
in this region pushed down by gravity from the regions (oxygen inlet and middle) and not
flushed out of the cathode because of the low O, flow. Quite striking is the small coverage of
all adsorbates at low cell potential on the cathode. The reference utilized to obtain the Ap
curves at the anode was in all cases the i at 200 mV (highest current), so this by definition

gives a Zero coverage.

These results for low O, flow dramatically reveal how the cathode is dictating in part what
occurs on the anode, i.e. the cross-talk is occurring in the reverse direction as observed before,
as the cathode is now dictating the anode potential. The lack of a “sink™ for the protons coming
across from the anode, does not allow oxidation of the methanol until at lower cell potential.
Clearly the DMFC at the bottom window is operating “bifunctionally”; i.e. in the normal
galvanic mode with protons going from the anode to the cathode at low cell potential and
higher current, but electrolytically at higher cell potential and lower current, with methanol
being oxidized at the anode, and protons in this region proceeding in the opposite direction to
produce H, at the anode. This bifunctionality has been seen previously by Sauer et al. [2][111],
from measurements of the local current, but this is the first measurement of the adsorbates
existing on the Pt anode and cathode in this electrolytic mode during operation. Kulikovsky et
al. [79] have found that after bifunctional operation of the DMFC with reduced O, feed, the
DMEC actually performs better when the O, flow rate is restored again. They show that both

the anode and cathode are improved in the regions where the DMFC operated electrolytically,
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and suggest that the Pt cathode is cleaned by oxide removal, and the electrochemically active
surface area (ECAS) of the anode is increased, brought about by the H, evolution during
electrolytic operation. This Pt cathode cleaning may explain the surprisingly large Ap
magnitudes in this bottom region, Alo+Alco ~ 0.04 compared with about 0.02 in the top and
middle regions, a factor of 2 larger. It cannot confirm, however, whether this increased Ap
total arises from simply higher adsorbate coverage in this bottom region, or an increased Pt

surface area due to oxide removal during electrolytic operation.

6.2.4 Fuel starvation results

The polarization curve obtained during the fuel starvation process is shown in Figure 47. Fuel
starvation can typically take place in those areas of the fuel cell stack, where methanol
concentration is sufficiently low. Since a DMFC stack operates in a constant current mode,
fuel starvation can induce cell reversal by taking the current from non-starved cells. However,
such a situation rarely happens in a single cell, as the reaction is endothermic, or in other

words, an external energy source is required to induce the cell reversal.
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Figure 47: Polarization obtained during the fuel starvation studies
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In the present study, fuel starvation is induced by a potentiostat operating in
chronopotentiometric mode. Switching off the methanol is followed by a steady increase in the
electrode potential and after holding for 900 sec, the cell voltage almost climbed to 1.5 V. A
third fuel starvation cycle induced a complete degradation of the DMFC, so that the fuel cell
delivered zero current. XANES spectra recorded during the fuel starvation process reveal a

progressive oxidation of Ru and Pt, which is shown in Figure 48 and Figure 49.
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Figure 48: Ru K edge XANES spectra during fuel starvation studies

It can be seen from the Figure 48 that XANES spectra at 900 mV and 1200 mV are identical to
the RuO, spectrum, while those at low potential resemble metallic Ru. Thus, cell potentials
above 0.7 V can start degrading the fuel cell catalyst, as under these conditions Ru present in
the Pt/Ru catalyst starts getting oxidized. Spatially resolved starvation studies at the Pt edge
revealed the oxidation of the Pt catalyst, as the starved samples showed a higher white line
intensity compared to the catalyst, which was aged under normal operation conditions. The
EXAFS analysis of fuel starved at Pt L; edge in Table 9.
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Figure 49: Pt L3 edge XANES spectra from the different regions of the fuel cell after fuel

starvation

Inlet middle outlet
rPt-Pt (A) 2.73 2.74 2.73
NPt-Pt 3.6 3.8 4.0
E,Pt-Pt (eV) | 5.95 5.95 5.04
rPt-Ru (A) 2.72 2.73 2.72
NPt-Ru 1.0 1.1 1.2
EoPt-Ru(eV) | 6.86 8.68 9.23
rPt-O (A) 1.94 1.94 1.93
NPt-O 1.2 1.1 0.6
E,Pt-O(eV) | -1.00  -1.64  -2.95

Table 9: Pt L; edge analysis of fuel starved anode samples
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However, it is interesting to note that the extent of oxidation of the catalyst is not uniform
across the different regions of the fuel cell, as it can be seen from Figure 49. The anode outlet
region has a much lower white line intensity than the other two regions, or in other words, at
the methanol outlet regions the catalyst is least oxidized. EXAFS analysis of the Pt L; edge
also reveals a higher coordination number Np. o for the methanol inlet regions. Similar results

are also obtained for the Ru K edge study, which is shown in Figure 50.
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Figure 50: Ru K edge XANES spectra from different regions after fuel starvation

It can be seen from the Figure 50 that the XANES features of the anode outlet resembles the
metallic Ru features and both anode middle and inlet are similar to that of the RuO,. Further
information on the extent of oxidation of the catalyst is obtained from the EXAFS analysis,
which also reveals a higher coordination number (Ngr,o) for both inlet and middle. The
EXAFS analysis obtained after the fuel starvation process is summarized in Table 10. More
information on the nature of the oxide species formed during the fuel starvation is obtained
from the bond distance rg, 0. It can be seen that the bond distance rr,.o for the catalyst during
the fuel starvation process is much smaller than the one after the fuel starvation process. Thus,

it may be assumed that at high potentials during the starvation process, Ru predominantly
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exists in its anhydrous oxide form, which is subsequently changed to the hydrous form during

resumed methanol flow. Again this finding is in good agreement with Ross et al. [107].

Nru-pt rRu-Pt(A) NRuru  TRu-Ru (1&) Nru-0  Tru-0 (1&)

Inlet 1.9 2.72 1.5 2.66 2.0 2.05
Middle 2.3 2.72 14 2.69 1.8 2.05
Outlet 2.7 2.72 1.9 2.69 1.5 2.05
Starvation 0.9 2.70 0.9 2.65 2.5 1.95

Table 10: EXAFS analysis Ru K edge, samples from different regions after fuel starvation
and for comparison, EXAFS analysis of a sample during the starvation process is also
shown.

The in-homogeneity in the degradation observed for the fuel starvation can be correlated to the
amount of methanol available to provide the necessary current. It has already been seen in the
previous section that, the methanol concentration decreases from the inlet to the outlet during
fuel cell operation. The extent of decrease in the methanol concentration depends on the
methanol flow rate, amount of current drawn and the geometry of the flow fields. Once the
methanol flow is stopped, the necessary current is provided by the remaining methanol in the
cell, which may already have a methanol gradient from inlet to outlet. Also the remaining
methanol in the cell tends to accumulate more at the methanol inlet, which is at the bottom of
the cell due to gravity. Thus the onset of the degradation might take place at the methanol
outlet area, where it has a relatively low amount of methanol. With time the methanol outlet
may dry out faster compared to the other areas, and hence no electrochemical reaction would
be feasible and the degradation process completely stops. However, still a constant current is
taken from the cell, but now from a smaller area. In order to compensate the loss from the
inactive area, a high activity of the catalyst is expected from the inlet regions, which might be
still having residual methanol and water. This high activity may lead to an intense degradation
of the above region. Once the cell experiences a complete depletion of methanol, additional
current is drawn from water hydrolysis or from the electrochemical oxidation of carbon
support. Thus, the methanol inlet regions are degraded to a greater extent than the other

regions.

The above mode of degradation does not necessarily occur in a DMFC stack, since complete
drying of the stack rarely happens. However, events like low methanol flow, poor thermal

management leading to overheating of stack, or poor water management can lead to excess
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drying cells and ultimately can lead to the degradation of electrode. Thus it is necessary to
maintain good thermal and water management and always sufficient amount of methanol
should be fed in the fuel cell stack.
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7 Shape-selected Pt nanoparticles as fuel cell catalyst

In this chapter studies of shape-selected Pt nanoparticles are presented. These were synthesized
using different stabilizing agents such as tetradecyltrimethylammonium bromide (TTAB) and
polyvinylpyrrolidone (PVP). The shape-selected particles were then characterized using TEM
and their electrochemical activity tested using cyclic voltammetry. Finally, various shape-
selected particles were supported on Vulcan carbon and carbon nanotubes (CNT), and tested in
H, PEM fuel cell.

7.1  Experimental

7.1.1 Synthesis of shape-selected nanoparticles using TTAB

Shape-selected Pt nanoparticles stabilized by TTAB were synthesized by using a method
described by Lee et al. [5]. In the present work, 600 mg of TTAB was dissolved in 15 ml de-
ionized water. To the above solution 9 mg K,PtCl, dissolved in 5ml of de-ionized water was
added drop wise. The addition of K,PtCl, solution to TTAB yielded a sparingly soluble orange
precipitate. The above mixture was kept in a water bath at 60°C, until the solution became
clear. To the above solution 22 mg NaBH, dissolved in 5ml of water was added. The H, gas
evolved during the reaction was collected using a balloon. The whole solution was kept
undisturbed at 60°C for 5 hrs. The initial orange color of the solution turned to light brown and
then to dark brown, indicating the completion of the reaction. Large aggregates from the
system were removed by centrifuging the solution at 6000 rpm for 30 min. Finally, the smaller
shape-selected nanoparticles were separated by centrifuging at 15000 rpm for 15 min. Particles
were re-dispersed and re-centrifuged to remove excess of surfactant. The above synthesis was
also carried out in the presence of two support materials, Vulcan carbon and CNT. The CNT or
the Vulcan carbon is dispersed uniformly with the TTAB-K,PtCl; complex, before the
reduction step with NaBH, is performed. Supported shape-selected nanoparticles were also

made by impregnating the shape-selected nanoparticles on Vulcan carbon.

7.1.2 Synthesis of shape-selected nanoparticles using PVP

A modified polyol route as described by Lin et al. was used to synthesize PVP supported
shape-selected nanoparticles [112]. In a typical synthesis 138 mg of NaNO; and 111 mg of
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PVP was dissolved in 100 ml of ethylene glycol. 160 mg of CNT is now ultrasound dispersed
in the above solution. The dispersion was kept in an oil bath at around 160 °C for about 5 min.
To the above dispersion 130 mg of H,PtCls 6H,O in 5 ml ethylene glycol is added and kept
undisturbed for an hour. Finally the dispersion is washed (Acetone) and filtered to get
supported shape-selected nanoparticles. The nanoparticles synthesized by different routes were
characterized by TEM (details in section 5.1.3).

7.1.3 Electrochemical studies: Cyclic voltammetry (CV)

All the CV measurements were carried out using a Gamry potentiostat. Shape-selected
nanoparticles were drop-casted into a glassy carbon working electrode and dried. The working
electrode is dipped into 0.5 M H,SO,, which acts as a supporting electrolyte. The CV
measurements were performed at a scan rate of 25 mV/sec in the potential range of -0.3 V to

1.25 V, using a Pt foil counter electrode and Ag/AgCl reference electrode.

7.1.4 MEA fabrication and fuel cell test

The MEA was fabricated using a modified air brush technique developed by Wilson et al.
[113]. In the present study catalyst powder was made into a viscous ink by ultrasound
dispersing of the catalyst powder with isopropanol-water mixture in 1.5 ml Nafion solution.
The amount of isopropanol-water mixture can vary depending on the support material.
However, the amount of Nafion solution was always kept constant for all the MEA fabricated.
The amount of catalyst powder was taken in such a way that the MEA has an overall loading
of 1.2 mg/cm® of Pt (except for the impregnated shape-selected Pt). The ink prepared was then
sprayed onto a Nafion 117 membrane using an air brush pistol. For all the fabricated MEA,
one of the electrodes was always made of commercial Pt catalyst from JM (20% Pt on
Carbon). The fabricated MEA was operated in a H,-PEM fuel cell with the shape-selected
catalyst tested for both anode and cathode activity. The PEM fuel cell was operated at 70°C
with the anode compartment supplied with humidified H, gas at a flow rate of 150 ml/min. The
cathode feed was constituted of non humidified O, gas at a flow rate of 75 ml/min.
Polarization curves were recorded and compared with that of a standard MEA to evaluate the

activity of the synthesized catalyst.

7.2 Results and discussion

The synthesized samples are analyzed with TEM which revealed various shapes depending on
the reaction conditions especially for the particles synthesized with TTAB. TEM images

obtained for various samples synthesized using TTAB are shown in Figure 51.
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Figure 51: TEM images of shape-selected particles, a) & b) showing predominantly cubic
particles (high pH), ¢) & d) showing particles with cuboctahedral shape, e) & f) showing
porous particles (low H; gas).
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From the TEM images it is clear that the present synthesis yielded shape-selected particles and
the particles formed are in the size range of 10-15 nm with a mean particle size around 12.5

nm. The particle size distribution from the images ¢ & d is shown in Figure 52.
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Figure 52: Particle size distribution from TEM

It was found that addition of NaOH to the reactant solution increased the formation of cubic
particles (high pH 10-11), but a 100% shape distribution could not be achieved (Figure 51 a &
b). Further increasing the pH (above 12) of the solution yielded so called porous particles, but
a more close look revealed that they are ultimately forming cubic or octahedral particles. Thus

by using the TTAB route, shape-selected particles were successfully synthesized.

Although in the present work detailed structural investigation has not been performed on these
samples, from various literature results, one can correlate various shapes obtained here to
preferential growth of different Pt facets [5][4][114][115]. For e.g. Gullon et al. assigned
preferential exposure of (100) facets for cubic shape particles and both (100) and (111) for
cuboctahedral particles [4]. Further various shape-selected particles can be characterized
electrochemically by their characteristic hydrogen adsorption-desorption peaks in a cyclic
voltammogram. This dependency is clearly shown by Gullon et al. by studying different
shape-selected nanoparticles. In their study, they assigned the desorption peak around 0.12 V
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vs. reversible hydrogen electrode (RHE) to Pt (110) facets, (100) facet to the peak observed
around 0.27 V vs. RHE, and further peaks at higher potential 0.5V vs. RHE to (111) facets.

The cyclic voltammetry studies done on the unsupported shape-selected nanoparticles
synthesized in the present study also showed hydrogen desorption peaks characteristic to
different facets, predominantly Pt (110) and Pt (100). The cyclic-voltammogram obtained for

shape-selected particles and the commercial catalyst is plotted in Figure 53.
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Figure 53: Cyclic-voltammogram, (top) shape-selected particle, (bottom) Pt/Vulcan
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The arrows indicate the hydrogen desorption regions for different facets. However, sharp
features characteristic to single crystal surfaces are absent for the sample indicating possible
adsorption of surfactant on the surface. If it is assumed that the CV obtained for the Pt/C
commercial catalyst (red) is representing polycrystalline Pt electrode, then these features will
be present to a different extent of the shape-selected Pt particles. This was again clearly shown
by Gullon et al. for various shape-selected particles, for e.g. in the CV curve for (100)
preferentially oriented particles (cubic shape), the intensity of the (100) peak is much higher
than the others. It can be seen in Figure 53 (top) that the CV curve obtained for shape-selected
particles is characterized by a high amplitude peak around -0 07 V vs. Ag/AgCl, which can be
assigned to preferentially oriented Pt (100) surface. Thus it may be concluded that the above
sample has a slightly higher ratio of Pt (100) preferentially oriented particles over (110). On
repeated high potential cycling it was observed that the amplitude of the peak corresponding to
the Pt (100) decreased dramatically, whereas only little change was observed for the Pt (110).
The above result is shown in Figure 54. Hence it may be concluded that the Pt (100) surface
degrades faster than Pt (110).
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Figure 54: Cyclic-voltammogram of shape-selected particles at different cycles
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In order to get more information about the structural changes due to electrochemical cycling
TEM investigation was done on electrochemically cycled samples and is shown in Figure 55.
However, TEM images of the electrochemically cycled sample still showed a large number of
shape-selected particles, mostly aggregated. Careful investigation also showed the presence of
a few spherical particles.

20 nm

Figure 55: TEM micrograph of the shape-selected particles after electrochemical cycling
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TEM investigation also revealed particle growth with some of the particles growing up to 20
nm. It may be concluded that the shape-selected particles after electrochemical cycling may be
now constituted mainly of particles with (110) and (111) facets, but any definite conclusion
could be only made after detailed structural investigation. Also in the present sample, no shape
discrimination was done as it contained both cubic and octahedral particles. Hence, it is not yet
clear, which of the particles degrade faster.

From the electrochemical studies it is clear that the unsupported shape-selected particles show
electrocatalytic activity. However, for real fuel cell operation supported catalysts are preferred
over a non supported catalyst. Therefore, the shape-selected synthesis was carried out in the
presence of carbon and carbon nanotubes. However, the presence of any support material in
the reaction mixture leads to the formation of large numbers of irregular particles. The TEM
images obtained for the sample, synthesized using TTAB and Vulcan carbon as support

material is shown in Figure 56.

Figure 56: TEM micrograph of Pt particles synthesized in the presence of TTAB and
Vulcan carbon

The irregular shape of the particles may be due to the fact that the Vulcan carbon surface may
contain a large number of different functional groups and depending on the group it may attach
weakly or strongly to the Pt surface. Consequently the nucleation may not proceed in the same
way as it happened in the absence of support materials and lead to the formation of irregular
particles.
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The above reaction was further modified using CNTs as support materials, which yielded
much more shape-selected particles than in the presence of Vulcan carbon. The CNT supported

shape-selected Pt nanoparticles were also prepared using PVP in presence of NaNO,.

Figure 57: TEM micrograph of Pt particles synthesized a), and b) in the presence of TTAB
and CNT, c¢) and d) in the presence of PVP and CNT

The TEM image of the particles supported onto CNTs are shown in Figure 57. From the TEM
images (Figure 57 a & b) it is clear that TTAB synthesis using CNTs support produces more
shape-selected particles than the PVP synthesis (Figure 57 ¢ & d). In both syntheses large and
irregular particles were seen, therefore it may be concluded that monodispersed shape-selected
particles could not be synthesized in the presence of any support material.
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Finally, unsupported shape-selected particles were ultrasound dispersed along with Vulcan
carbon to obtain impregnated shape-selected particles. The TEM image of the impregnated
particles is shown in Figure 58. Although, with the above mentioned method almost
exclusively shape-selected particles are produced, it is hard to achieve the desired Pt loading,
as a large fraction of particles (basically large particles) are removed by centrifugation. In
order to obtain the information on Pt loading in the impregnated catalyst, thermal analyses

were carried out.

S0nm
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Snm
5nm

Figure 58: TEM micrograph of the impregnated shape selected catalyst; high and low
magnification image
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The TGA studies were carried out in synthetic air atmosphere and the sample was heated to
1000°C. The TG curve obtained for the shape-selected catalyst is shown in Figure 59. The
carbon present in the sample was completely burnt in the temperature region of 450 to 600°C
and overall platinum loading of 3.5 % was calculated from the residual mass. Using the above
catalyst MEA was fabricated and the calculated metal loading in the above MEA was less than

0.21 mg/cm’® which is five times lower than that for the commercial catalyst.
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Figure 59: TG curve obtained for the shape selected catalyst

Finally, MEAs fabricated from various supported shape-selected particles were tested in a H,
PEM fuel cell and their performances are compared with a standard MEA using commercial
catalyst from JM. Polarization curves and power density curves obtained for the various

synthesized catalyst, while performing as anodes are plotted in Figure 60.
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Figure 60: (Top) polarization curve obtained for different samples, (bottom) power
density curve
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From the polarization curves obtained from different samples, the MEA with the commercial
catalyst showed the best performance and the catalyst synthesized using PVP showed the least.
However, it has to be mentioned that the shape-selected impregnated catalyst has a much lower
Pt loading (5 times) compared to the commercial catalyst. Thus in terms of effective utilization
of the Pt catalyst, the shape-selected impregnated catalyst outperforms the commercial
catalyst. By tuning the shape of the catalyst one can effectively utilize the Pt and thereby
reduce the metal loading, ultimately lowering the cost. Further the impregnated shape-selected
particles showed similar fuel cell performance when they were either used as cathode or anode
catalyst. This is quite crucial, since the ORR in fuel cells is a relatively slow process compared
to HOR, hence it is preferred to have a highly active catalyst at the cathode. It is worth
mentioning that in contrast to the impregnated catalyst, the nanotubes supported shape-selected
catalyst when it was used as cathode catalyst showed a lower fuel cell performance than when
it was used as anode (not shown). The polarization curves obtained when the shape-selected

particles were used as anode and cathode are plotted in Figure 61.

09

0.7 A
0.6

0.5 1
04 - Shape_anode

Shape_cathode

CellVoltage

0.3 -
0.2 -
0.1 -

0 - . . .
0 100 200 300 400

Current density (mA/cm?)

Figure 61: Polarization curves obtained for the shape selected catalyst when used as cathode
(red) and anode (black). (Same MEA was used for both experiment, gas connections and
electrical connections were inverted)
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From these studies it is clear that shape-selected particles are quite promising as fuel cell
catalysts. Further, the fuel cell performance can be enhanced by carefully removing the
capping group from the catalyst surface. Optimizing the experimental conditions can further

help to control the shape and size of the particles and thereby can reduce the Pt loss.
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8 Summary and Outlook

8.1 Summary

In this thesis spatially resolved in-situ as well as ex-situ studies were carried out on DMFC
electrodes. The ex-situ analysis was carried out on aged DMFC stack electrodes operated for
more than 5000 hrs. The aged catalyst morphologies of both anode and cathode were
characterized by different techniques like TEM, XRD, SEM-EDX, and XAS. The results
obtained were compared with the morphology of a pristine MEA as well as commercial
catalysts to evaluate the extent of degradation. It was found that particle growth and Ru
dissolution play a significant role in the degradation of DMFC electrodes. The MEA
fabrication technique itself has a profound effect on the particle growth, as the cathode catalyst
showed a dramatic increase in particle growth during the MEA fabrication. The heat treatment
and ultrasound dispersion steps used during the fabrication process are decisive factors for the
observed particle growth. As particle growth can bring down the ESA, a more mild MEA
fabrication technique should be developed. Interestingly, ruthenium oxide present in the anode
catalyst, stabilized the anode particles against particle growth during the MEA fabrication.
However, the ruthenium oxide can undergo different structural changes during the fuel cell
operation. It can either favorably affect the MOR activity of the anode catalyst or adversely

affect the durability of the fuel cell as it can dissolve Ru and lead to Ru crossover.

In-situ XAS studies on the anode of the DMFC tracked the structural changes of the ruthenium
oxide. It was found that a large fraction of the ruthenium oxide present in the anode catalyst
became reduced during fuel cell operation and led to the formation of unalloyed Ru (Ru
islands). These Ru islands play a major role in the mechanism of the MOR, as large sized
islands help the CO removal from Pt by a direct ligand mechanism and small islands do the
same at much lower anodic potentials through the BF mechanism. However, compared to Pt,
Ru is less noble and can leach out quite easily after an event of cell reversal due to fuel
starvation or short circuit. XAS and EDX mapping studies on the aged DMFC cathode stack
revealed the presence of crossover Ru. Not only the Ru dissolution deteriorates the activity of
the anode catalyst but also the cathode, as a large fraction of crossover Ru can block the active

sites of the cathode catalyst and thereby reduce its ORR activity. Ru was also found in the
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Nafion membrane as precipitates, predominantly at the methanol outlet regions or the oxygen
inlet regions. The preferential formation of the Ru precipitates at the methanol outlet regions is
due to the cell reversal occurring due to methanol starvation. This fact was again supported by
EXAFS results of the samples from methanol outlet regions where it predominantly showed
the presence of anhydrous RuO, which is known to exist at higher potential. The above results

further confirm the existence of inhomogeneities (current and methanol) in the DMFC.

For the first time the in-homogeneities in DMFC were tracked by spatially resolved in-situ
XAS studies. For this a new in-situ fuel cell was designed and optimized for XAS
measurements. Using this cell, adsorbate coverage and structure from different regions of a
DMFC like methanol inlet, outlet and middle regions and oxygen inlet, outlet and middle
regions were compared. From the results a strong spatial dependence in adsorbate coverage,
and therefore expected current density relative to the inlet and outlet of methanol and O, gases
was found. Also, a very strong “cross-talk” between the anode and cathode is seen with the
anode dictating at high O, flow rate the OH coverage on the cathode, resulting from the H"
cross over to the cathode, and the cathode at low O, flow rate dictating the CO oxidation on
the anode via methanol and H' cross over. The electrode with the slowest rate (MOR at the
anode or oxygen reduction at the cathode) dictates the local adsorbate coverage. These are the
first results to show the direct correlation in space and potential of OH adsorbates on the
cathode with H" production at the anode during the MOR reaction. It points directly to the
importance of the reductive adsorption, the first step in the ORR. Finally, the adsorbates found
in the O, starvation region consistently correlate with the previously reported spatially resolved
current density measurements of Sauer, which show that a DMFC can go into bifunctional
mode (electrolytic as well as the normal galvanic mode) [111]. In the O, starved electrolytic
region at high cell potentials, large amounts of CO and H,O were found on the cathode. From
the above study it is clear that the in-homogeneity in methanol and oxygen flow affects the
performance of the fuel cell and these in-homogeneities reduce the efficiency of the fuel cell,
as the current distribution is not uniform. However, it is expected that in contrast to DMFC
stack, methanol depletion in single cell has little impact on the catalyst degradation as in the
former case the non-starved cells drive the starved cell leading to a cell reversal. But forced
fuel starvation studies in single cells incurred irreversible damage to the cell. Although the
degradation was found to be inhomogeneous, heavy oxidation of both Pt and Ru of the anode

catalyst was confirmed by XAS studies.
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Finally shape-selected Pt particles were synthesized using surfactants like PVP and TTAB.
Synthesized particles were electrochemically tested and a strong dependency of the particle
stability was observed with different facets. In the present study ESA from Pt (100) was found
to degrade faster than (111). Thus controlling the shape of the particle can lead to better stable
catalysts and thus durability of the fuel cell can be improved. The shape-selected particles were
then supported onto carbon supports and their fuel cell performance was evaluated. It was
found that these shape-selected particles show excellent fuel cell performance even though the
Pt loading was extremely low. Thus tuning the shape of the nanoparticles can effectively

improve the catalyst utilization and ultimately reduce the cost of the fuel cell.

8.2 Outlook

From the present studies it is clear that inhomogeneities associated with DMFC greatly
enhance the degradation. Optimizing the fuel cell components such as GDL and flow field
structure can solve the problem to a great extent. More detailed studies are required to
understand the mechanism of Ru dissolution and crossover in DMFC. Morphology of the
Pt/Ru catalyst as well as the operating conditions of the DMFC, need to be optimized, to

reduce the Ru dissolution.

One of the drawbacks of the present XAS studies was poor resolution of the data, which was
mainly due to QEXAFS mode of measurements and associated noise. Thus it is recommended
to measure in conventional XAS mode whenever the problems with the bubbles are less. In
future, development of new synchrotron facilities with high flux and beamlines capable of
doing ultra fast XAS (PETRA) can solve this problem to a greater extent. Thus both time and

spatially resolved measurements could be possible.

Spatially resolved XAS studies can be further extended to understand the degradation process
in H,-PEM fuel cells. Spatially resolved studies are quite important in H,-PEM as non-uniform
degradation is observed in H,-PEM during a start-stop cycle. Further using a reformate gas as
fuel can also lead to in-homogenous degradation as the CO concentration may decrease from
inlet to outlet, and the highly poisoned area might degrade faster. Moreover the cathode
flooding issues in H,-PEM can be much worse than in the case of DMFC as the water
produced in H,-PEM is much higher. Therefore, H,-PEM can experience localized degradation

especially near oxygen outlet where the water tends to accumulate.

8 Summary and Outlook 97



Finally using shape-selected particles as fuel cell catalyst can reduce the cost of the fuel cells
as a lower amount of Pt is needed. This is quite good for DMFC as it has at least 4 times
higher Pt loading than H,-PEM. Present study is one of the first studies where shape-selected
particles were actually used to run a fuel cell. However the shape-selected particles had to be
synthesized in different batches to get optimum loading for fuel cell. In future, optimizing the
synthesis condition can help in the large-scale production of catalyst and moreover, shape and
size selectivity can be achieved.
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