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Abstract

In a fuel cell, the catalyst on the anode side facilitates the oxidation of hydrogen, which releases
electrons. Subsequently, the electrons are utilized as electric current and transported to the
cathode via an external load. The catalyst on the cathode side receives these electrons and
catalyzes the reduction of oxygen. The only by-products of these electrochemical reactions are
heat and water. The most common methods for heat removal from the fuel cell stack include air-
cooling and liquid-cooling using water, ethylene glycol or a combination of these two liquids as
coolant. In the case of coolant leakage, when the cell compartment is not appropriately sealed or
leaks occur, glycol-based coolants could come into contact with the Pt based electrocatalyst of
the fuel cell. The ethylene glycol based coolant interacts with the electrocatalyst and thereby
influences the performance of proton exchange membrane fuel cells (PEMFCs). In the current
study, the performance degradation of the fuel cell catalyst regarding the catalyst surface area
and the activity towards the oxygen reduction reaction (ORR) was investigated by mean of cyclic
voltammetry (CV). The loss of Pt electrochemical surface area (ECSA) was determined and
respective methods for mitigating the negative effects were investigated. Electrodes
contaminated with coolant showed extremely poor catalytic activity for the oxygen reduction
reaction (ORR) due to side reactions such as ethylene glycol oxidation. By adding Triton-X as
non-ionic surfactant to the coolant the electrooxidation rate of ethylene glycol was lowered. The
Triton-X prevents CO formation from the ethylene glycol oxidation, thus reduces the poisoning
of the Pt catalyst surface during coolant contamination.

High ORR activity and ethanol-tolerance with varied molar concentrations of ethanol at different
temperature were obtained with Ag/C, MnO./C, AgV4011/C, V205/C and AgMnO,/C
electrocatalysts (Section 2). The electrocatalysts structure and compositions were investigated by
transmission electron microscopy (TEM) and X-ray spectroscopy (EDX). TEM images exhibited
aggregated-spherical and branch-like morphologies. At different temperatures, the ORR
electrocatalysts showed reasonable ethanol-tolerance in case of ethanol crossover through
membranes from anode to cathode compartments or in the presence of ethanol in liquid KOH
electrolyte. The AgMnO>/C catalyst proved significant ethanol tolerance and thus the highest

activity and current density were obtained with this catalyst during investigations.



Kurzfassung

In Brennstoffzellen ermdglicht der Katalysator auf der Anode die Oxidation von Wasserstoff, wodurch
Elektronen freigesetzt werden. Diese Elektronen werden anschliefend lber einen externen Verbraucher
zur Kathode geleitet und als elektrische Energie geniitzt. Der Katalysator an der Kathode reduziert den
Sauerstoff mithilfe der zugefiihrten Elektronen. Als Nebenprodukte dieser elektrochemischen
Reaktionen entsteht Warme und Wasser. Die am hdaufigsten eingesetzten Verfahren zur Abfuhr der
Uberschiissigen Warme sind die Kiihlung mit Luft oder der Einsatz von fliissigen Kiihimedien, wie Wasser
oder Ethylen-Glykol beziehungsweise ein Gemisch der beiden Kihlflussigkeiten. Im Fall einer
Kihlflussigkeitsleckage kann es zum Kontakt der Platin- Elektrokatalysatoren mit dem Kihimedium
kommen. Ein auf Ethylen-Glykol basierendes Kiihimedium wechselwirkt mit dem Katalysator und
beeinflusst die Leistungsfahigkeit einer PEM-Brennstoffzelle. In der vorliegenden Arbeit wurde die
Abnahme der Leistungsfahigkeit von Brennstoffzellenkatalysatoren mittels zyklischer Voltametrie (CV)
untersucht. Der Fokus wurde dabei auf den Riickgang der katalytischen Oberflache und auf die
Abnahme der katalytischen Aktivitdt zur Sauerstoffreduktion gelegt. Der Verlust an Platin-Oberfldache
wurde bestimmt und Methoden zur Abschwachung der negativen Effekte erarbeitet. Elektroden, welche
mit Kahlflussigkeit kontaminiert wurden, zeigten eine extrem niedrige katalytische Aktivitat zur
Sauerstoffreduktion (ORR). Diese wurde durch die Nebenreaktionen, wie die Oxidation des Ethylen-
Glykols verursacht. Der Zusatz von Triton-X, einem nicht-ionischen Tensid, zum Kiihimittel konnte die
elektrochemische Oxidation von Ethylen-Glykol reduzieren. Triton-X verhindert die Bildung von CO aus
Ethylen-Glykol, wodurch die Pt-Katalysatorvergiftung, im Falle einer Kihlmittelkontamination,

vermieden wird.

Eine hohe ORR-Aktivitdt und Ethanol-Toleranz bei unterschiedlichen Ethanolkonzentrationen und
verschiedenen Temperaturen wurde mit elektrochemischen Katalysatoren Ag/C, MnO,/C, Ag.V4011/C,
V20s5/C und AgMnO,/C erreicht. Die Struktur und Zusammensetzung dieser Katalysatoren wurden
mithilfe von Transmissions-Elektronen Mikroskopie (TEM) und energiedispersive Rontgenspektroskopie
(EDX) analysiert. Die TEM-Aufnahmen zeigten spharische Aggregate und verastelte Strukturen. Im Falle
eines Ethanoldurchtritts von der Anode zur Kathode durch die Membran beziehungsweise bei
Anwesenheit von Ethanol im fliissigen KOH-Elektrolyt konnte bei unterschiedlichen Temperaturen eine
zufriedenstellende Ethanol-Toleranz des Katalysators nachgewiesen werden. Der Katalysator aus
AgMnO,/C zeigt eine stark verbesserte Ethanol-Toleranz, wodurch die héchste Aktivitdt und Stromdichte

bei den Versuchen erzielt werden konnte.



1. Introduction

Different types of fuel cells have been designed for different kinds of fuel for continuous
conversion from electrochemical reaction to electrical energy. The key components of a fuel cell
include the cathode, anode and membrane. The reaction is an electrochemical process at the
anode consisting of oxidation and reduction reactions occurring at the cathode. The flow of
electrons occurs simultaneously. A fuel cell stack consists of several individual cells in a series.
Fuel cells possess the benefit of creating minimal noise pollution. However, power for the fuel
cell also requires modification as well as improvement on several points such as the security of
the system, electrocatalysts, and more efficient storage of raw materials. Various causes can
account for performance loss during the operation of a fuel cell, including exposure to impurities.
On the cathode side, impurities of interest include coolant and alcohol. Such impurities are
adsorbed on the surface of electrocatalyts, which block and prevent the adsorption of new

oxygen molecules at the cathode compartment.

1.1 Research Objectives

Section 1: Performance decrease of platinum fuel cell catalyst by coolant leakage

This section studies the influence of glycol-based coolant formulations such as glycol/water and
glycol/water/Triton-X on the activity of Pt/C electrocatalysts when coolant leakage occurs in the
system. The investigations were performed with ex-situ cyclic cyclic voltammetry (CV), rotating

disk electrode (RDE) and oxygen reduction reaction (ORR) method.

Section 2: Investigation of decrease of performance of non-Pt based electrocatalysts during
ethanol leakage

Non Pt-based electrocatalysts are investigated for their tolerance towards ethanol in alkaline
direct ethanol fuel cells. In this section electrochemical methods are employed from the ex-situ

of CV, RDE and ORR in order to study the catalytic properties of used materials.



2. Fundamental
2.1 Type of Fuel Cells

Several fuel cell technologies exist, which are customarily classified by the kind of the
electrolyte employed, the kind of electrocatalysts required, and the temperature range, as well as

the kind of electrochemical reactions occurring in the fuel cell.

2.1.1 Proton Exchange Membrane Fuel Cells (PEMFCs)

The polymer electrolyte membrane in this fuel cell is a fluorinated sulfonic acid polymer or other
similar polymer such as Nafion, which is a good proton conductor and electrically insulating.
The anode reaction involves the oxidation of hydrogen and the cathode reaction involves the
reduction of oxygen. The only liquid in this fuel cell is water-formed on the cathode side as a by-

product of the reaction. The electrode reactions and the overall reaction in the PEMFC are given

below.

Anode: H» — 2H* 4 2¢ EY = ov (1)
Cathode: 1202 +2H" +2¢ — H,O EY = 1.23V (2)
Over all reaction: Hz + 1/202 — H>O E° = 1.23V (3)

At the anode of the PEMFCs hydrogen (H2) is consumed, which is usually stored fuel in high-
pressure hydrogen tanks or metal hydride containers. The H> fuel is released into the anode
channel with the required pressure, flow rate, temperature, and humidification. At the cathode,

the oxygen is supplied directly from atmospheric air. (Gasteiger et al., 2009).

10
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Fig.1. Proton exchange membrane fuel cells (PEMFCs)

2.1.2 Direct Methanol Fuel Cells (DMFCs):

The electrodes as anode and cathode are in collaboration with the ion exchange membrane. The
electrocatalysts are coated on the electrode layer, which is a mixture of electrocatalyst and
ionomer. Activated carbon is often used to supported materials for active sites of
electrocatalysts. The membrane is a perfluorosulfonic acid polymer. Oxygen molecules migrate
via the diffusion layer to active sites on the cathode side. This layer is a mixture of carbon and
polytetrafluoroethylene (Teflon), as well as hydrophobic properties. The anode is fed directly by
a mixture of methanol with water. Methanol displays a methanol oxidation reaction to carbon
dioxide (CO2) and possible formation materials such as formaldehyde, formic acid and other
organic compounds. The cathode feed the inlet of humidified oxygen to the system. The overall

reaction process for a protonic electrolyte is outlined below (Liu ef al., 2009):
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Anode: CH;0H + H20 — CO: + 6H* + 6¢ E° = 0.02V 4)
Cathode: 3/202 + 6H* + 6e” — 3H,O EY = 1.23V (5)
Overall reaction: CH30H + 3/20, — CO2 + 2H,0 E° = 1.21V (6)
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Fig. 2. Direct methanol fuel cells (DMFCs) in an acid medium

The reaction of alkaline electrolyte based DMFCs can be exhibited as follows (Liu et al., 2009):

Anode: CH30H + 60H" — CO,+5H0+6e E° = -0.81V (7)
Cathode: 3/202 + 3H,0 + 6 — 60H" E° = 0.402V (8)
Overall reaction: CH30H + 3/20, — CO2 + 2H,0 E° = 1.21V (9)

12
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2.1.3 Direct Ethanol Fuel Cells (DEFCs)

In acid medium

The principle of the DEFC process is displayed in Figure 4. The anode and cathode contain an
ethanol solution and humidified air or oxygen, respectively. Ethanol produces carbon dioxide via
an oxidation reaction, which generates protons and electrons in the anode compartment. Protons
move through the membrane to the cathode side, where the electrocatalysts on the cathode react

with oxygen and electrons to create water (Egs. (7) — (9)).

Anode: CH3CH,OH + 3H,O — 2COz2+ 12H* + 12¢ E° = 0.084V (10)
Cathode: 30> + 12H + 12¢¢ —  6H20 E = 1.223V (11)
Over all reaction: CH;CH2OH + 30, — 2CO> + 3H,0O E° = 1.145V (12)

13
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This process releases 12 electrons for the complete oxidation of ethanol to CO2, which shows the
maximum theoretical density energy. At a temperature below 120 °C in membrane, the process is
related to the slow kinetics of an oxygen reduction reaction (ORR). On the other hand, strong
adsorption with the ethanol intermediate via oxidation reaction onto the Pt electrocatalyst, which
conducts less efficient energy in the fuel cell system (Lamy et al., 2004, Antolini, 2007). The
ethanol oxidation reaction for application in direct ethanol fuel cells was recognised (Delime et
al., 1998, Wang et al., 1995). Different mechanisms for ethanol oxidation reaction were

proposed in literature (Vigier et al., 2004, Kutz et al., 2011).

CH3CH>0OH — [CH3CH20OH]ags — CO» (total oxidation) (13)
CH3CH,0OH — [CH3CH20OH].¢s — CH3CHO — CH3COOH (partial oxidation)  (14)

14



In alkaline medium

The operation principle of an alkaline direct ethanol fuel cell (DEFC) is exhibited in Figure 5.
On the anode side, a mixture of ethanol and NaOH or KOH is applied. On the cathode,
humidified oxygen (air) is a mixture of air with moisture moving to the system. Due to an
ethanol oxidation reaction, carbon dioxide and electrons are generated on the anode, while
hydroxide ions are produced from the reaction of oxygen with electrons on the cathode side.
Next, hydroxide ions are transferred to the anode side through the electrolyte. According to the
above, the electrocatalyst of a fuel cell has been made to improve and enable the application of
this type of electronic device. The equations for an alkaline direct ethanol fuel cell are shown

below (Modestov et al., 2009):

Anode : CH3CH2OH + 120H" — 2C0O; + 9H20 + 12¢” E° = -0.74V (15)
Cathode : 30, + 6H,0 + 12¢ — 120H" E° = 0.40V (16)
Over all reaction: CH3CH,OH + 30; — 2C0Oz + 3H,0 E° = 1.24V (17)
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Fig. 5. Direct ethanol fuel cells (DEFCs) in alkaline medium
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The electrochemical reaction in an alkaline medium is more efficient than in an acidic medium
(Parsons et al., 1988, Spendelow et al., 2007, Yu et al., 2010). However, this system in fuel cell
technology does not support improvements in electrocatalysts, with high catalytic efficiency of
ethanol oxidation reaction transferring to the carbonation of the alkaline electrolyte as CO>
formed. This formed reacts with OH" generating COs in the alkaline electrolyte. Then carbonate
salts precipitate on the electrode, thereby blocking the active sites of electrocatalysts (Gulzow,
1996). Therefore, high reactivity of the system is displayed as the initial system reduces fuel
(Wang et al., 2003). Many researchers have been studying the ethanol oxidation mechanism in
an alkaline medium. In the literature, the mechanism for ethanol oxidation is complex. However,
possible mechanism proposal is carried out during the oxidation reaction, which generates by

products (Jiang et al., 2010, Lai et al., 2009, Lai et al., 2010).

2.1.4 Alkaline Acid Direct Ethanol Fuel Cells (AADEFCs)

The rapid poisoning of active sites on Pt electrocatalysts reduces cell performance. Likewise, the
kinetics for both oxygen reduction (ORR) and ethanol oxidation reaction (OER) in an alkaline
medium are more enhanced than in an acidic medium. The chemical and physical properties are
limitations of system performance (Varcoe et al., 2005). As previously reported, An et al.
developed new direct alcohol fuel cells, with higher performance than DEFCs working in acid or
alkaline medium by using mixture of NaOH with ethanol at the anode side and mixture of
sulfuric acid with hydrogen peroxide (H202) instead of humidified oxygen, on the cathode side
(An et al., 2011). With H20,, the operation of AADEFCs showed lower activation loss in the
system, which was absent of the reduction reaction through 2e” transfer, not to mention water
flooding (Miley et al., 2007). The AADEFCs include an anode, cathode (inlet as alkaline and
acid solution, respectively) and cation exchange membrane separator (An et al., 2011). The basic
medium (NaOH) initially oxidises, ethanol into CO: in the anode compartment (shown in Eq.
(18)). Hydrogen peroxide (H20:) disintegrates into water (H20) in the presence of the H2SOq
solution on the cathode side, (Eq. (19)).

Anode : CH3CH>OH + 120H" — 2C0O; + 9H,0 + 12¢” E° = -0.74V (18)
Cathode : 6 H2O2 + 12H" + 12" — 12H,0 E° = 1.78V (19)
Over all reaction: CH3;CH>OH + 6 H2O» — 2COs2 + 9H,O EY = 2.52V (20)

16
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The resulting power density was higher than 240 mW cm™ at 60 °C for conventional DEFCs (An
et al., 2011). Researchers need to improve these fuel cells further for wider employability. The
actual OCV showed 1.60V, which was lower than the theoretical value of 2.52 V. The ethanol
crossover membrane reduced cell performance and hydrogen peroxide decomposed in the active

site of the electrocatalysts.
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2.2 Fuel Cell Theory

The purpose of this topic is to describe and better understand the chemistry and thermodynamics
involved in fuel cells. The influences of variables such as temperature, pressure, and gas relate to
the performance activity of fuel cells, which are developing in their design to maximize the
performance of systems applications. Accordingly, ideal performance can be determined and loss

activity can be calculated to describe actual operation.

2.2.1 Gibbs free energy and Nernst potential
The Gibbs free energy change (AG) from the electrochemical reaction in the fuel cell operating
at constant temperature and pressure is equal the maximum amount of electrical energy produced
(Wer) (EG&G Technical Services Inc, 2007, Pilatowsky et al., 2011).

Wa = AG = -nFE (21)
where n is the number of electrons participating in the reaction, F is Faraday’s constant (96,487
Cmol™), and E is the ideal potential of the cell or electromotive force (EMF).

In the hydrogen oxidation reaction, two electrons are transferred (Rayment et al., 2003).

Maximum Electrical work = charge X voltage
Wel =-2FE Joules

when rearranged from Equation 21, it gives:

AG

E =-— (22)
where E is the EMF or reversible open circuit voltage for a hydrogen fuel cell.
Gibbs free energy change is also defined as:

AG = AH - TAS (23)

where AH is the enthalpy change, T is the temperature and AS is the entropy change. The
enthalpy change has less quantity than TAS equal to the free energy, which demonstrates the
unavailable energy resulting from the entropy change in the full cell system.

Reactions in a fuel cell have negative entropy change of heat, such as hydrogen oxidation. On the
other hand, direct solid carbon oxidation results in positive entropy change and may extract heat
during operation of the system.

For a general reaction,

18



aA + BB - cC+3dD (24)
the standard state Gibbs free energy change of reaction is given by:

AG® = ¢Gc? + 8Gp? — aGa’ — BGg° (25)
where Gi° is the partial molar Gibbs free energy for species i at temperature T. The heat
capacities (Cp) of the i species act as a function of T (298K) and can be given by:

Cp=a+bT +cT? (26)
where a, b, and c are constants values. The specific enthalpy for any species present during

the reaction is given by:

T

_11.0
Hi=Hi" + 298

CpidT 27)

Specific entropy at temperature T and constant pressure is given by:

Si=S0+ [, 2dT (28)
Then;

AH = ¥niHi | ou - YniHi |in (29)
For entropy;

AS =¥ niSi | ou - YniSi | in (30)
The Gibbs free energy change can be expressed by:

AG = AG° + RT ln% (31)

faTg

where AG is the Gibbs free energy change at standard pressure (1atm), with temperature T and f;

as the fugacity of species 1. Equation 21 instead of Equation 30 provides:

ccd
E=E+ X plln (32)
nF fj‘ff

For the general form, it gives:

E-= EO + RT In product fugacity (33)

nF  reactant fugacity

Equation 33 is the general form of the Nernst equation.

2.2.2 Fuel Cell Efficiencies
Fuel cell efficiency is determined by Gibbs free energy of formation, AGy, and the enthalpy of
formation, AHr. The enthalpy of formation is conducted by burning the fuel and commonly

mentioned calorific value (Rayment et al., 2003). The efficiency of a fuel cell is given by:

19



electrical energy produced per mole of fuel _ AGg (34)
—AHf B AHf

Therefore, the maximum efficiency for a fuel cell is determined by Equation 35:

the maximum efficiency = %x 100% (35)
f

where AGr is Gibbs free energy of formation or the actual energy produced by the reaction and
AHy is enthalpy of formation or the ideal energy produced by the reaction.

The maximum efficiency of PEMFC

Anode: H» — 2H" +2¢ AGf=0KJ (36)
Cathode: 1/202 + 2H* + 2¢” — H>O AGr =-237.2 kJ/mol (37)
AHf =-285.8 kJ (38)

The Gibbs free energy of formation and enthalpy of formation value (Equation 37, 38) substitute

into Equation 35 as:

AGs 237.2

the maximum efficiency = X 100% = ~ess X 100=83% (39)
f .

The ideal potential of the cell of PEMFC (from Equation 22)

AG _ (—237200)

E TT2F T (2)(96485)

=1.229=123V (40)

2.3 Electrochemical reactions
2.3.1 Cyclic Voltammetry (CV)

Qualitative information concerning electrochemical surface of catalysts and corresponding
reactions can be obtained using the cyclic voltammetry technique. The redox potential of the
active sites is obtained rapidly in inert electrolyte. In this thesis, the initial electrochemical

characterisation of catalysts and electrode surface was performed by cyclic voltammetry.

2.3.1.1 Fundamentals of Cyclic Voltammetry

The standard CV experiment uses the three electrode arrangement. These are the reference
electrode, the working electrode, and the counter electrode, which are immersed in an unstirred
electrolyte solution during cyclic voltammetry. Glassy carbon, platinum, and gold are used as for
the working electrode. The potential of the working electrode is measured versus a reference
electrode, such as a saturated calomel electrode (SCE), a reversible hydrogen electrode (RHE),

or a silver/silver chloride electrode (Ag/AgCl). The counter electrode, as auxiliary electrode,
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needs be electrochemically and chemically inert in the used electrolyte, thus relatively inert
materials such as platinum, graphite or glassy carbon. The operating potential can be considered
as excitation signal, which is applied to the working electrode and the respective current
response is detected (Kissinger et al., 1983). Typically, potential sweep cycles with a triangular

waveform are employed as the excitation signal as shown in Figure 7.

d

Time, s
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Electrode
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~vele 1 1 a)
cyclic T b_yblC Z

Fig. 7. Typical excitation signal for cyclic voltammetry

The potential cycle starts with a sweep from potential (a) to potential (d) for the forward scan. At
potential (d), which is called the switching potential the reverse scan starts and ends at potential
(g), where the first potential cycle finished (Fig. 7, 8). Typically, the forward scan is known as
anodic sweep, meaning that anodic currents (i.e. positive currents) deriving from oxidation
reactions are measured. Whereas the reverse scan is called the cathodic sweep as reducing or

negative currents are measured as corresponding response signal (see Fig. 7 and 8).
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Fig. 8. Cyclic voltammogram of Ag/C in 0.1M KOH at scan rate 10 mVs’!

2.3.2 Oxygen Reduction Reaction (ORR)

Normally in the fuel cells, the ORR reaction on the cathode is usually catalysed by platinum (Pt)
- based electrocatalysts. In order to obtain practical ORR activities large quantities of platinum
are used due to the sluggish reaction kinetics. However, Pt-based electrocatalysts are rather
expensive (Zhang et al., 2006). Therefore, novel electrocatalysts, including non-noble
electocatalysts, were developed by several researchers. These electrocatalysts include non-noble
metals, alloys, metal-organic complexes and platinum alloys.

The reaction mechanism of the ORR is complex and consists of many intermediate steps. The
complete reduction of oxygen involves a 4e” transfer and is of course favoured. However, the
ORR could also proceed via a 2¢” transfer leading to H2O> production. (Yeager, 1986, Bard et
al., 1980).
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Fig. 9. Linear potential scan curves of Pt/C on a rotating disk electrode (RDE) 0.1 M of KOH in

O; saturated at 30 °C, with a sweep rate of 10 mV s”! and rotation rate of 1600 rpm

The ORR polarisation curve shows a well-defined diffusion-limiting current at E = 0.20-0.60V,
followed by the region under mixed kinetic-diffusion control at 0.70 < E < 0.90 V (Fig. 9)
(Garsany et al., 2012).

2.3.2.1 ORR on glassy carbon
The reaction mechanism of the ORR was proposed by Yeager as below (Yeager, 1986):

O2 — Onads) (41)
O2(ads) + € — [O2(ads)]” (42)
[O2(ads)]” — O2(ads)” (43)
O23ads)” + H2O — HO2(ads) + OH" (44)
HOx(ads) + € — HO2(ads) (45)
HOzagsy — HO2 (46)

The subscript “ads” refer to adsorbed species on the electrode surface. Two different forms of the

superoxide ion on the glassy carbon surface are displayed at the reaction (43). The [O2gds)]” in
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reaction (43) refer to the inert form of the superoxide ion adsorbed on the inert glassy carbon
surface. Reaction (43) is the rate determining step. The rate-determining step is considering on
the pH of the electrolyte (Taylor et al., 1975, Taylor et al., 1975). At pH > 10, reaction (43) is
the rate-determining step, whereas at a pH < 10. Reaction (42) is the rate determining step for the

ORR. On a glassy carbon electrode surface found 2e" transfer, producing H>O-.

2.3.2.2 ORR on Pt electrocatalysts
The ORR on Pt as electrocatalyst is a multi-electron transfer process producing different

intermediates products. The main mechanism produces only two products such as H>O> and H>O

(Markovic et al., 2002).

02 — O2(ads) 47)
Oxty 5 H:0 (48)
O2(ads) 3 H2O2(ads) (49)
H202(ads) k—3> H>O (50)
H2O2(ads) 4 O2(ads) (51)
H202(ads) <k—5> H>0O» (52)

Firstly, oxygen adsorbs on the surface of the Pt electrocatalysts. The adsorbed oxygen on the Pt
electrocatalysts can be directly converted into water with following reaction (48) via a 4e
transfer or into the hydrogen peroxide (H202ds)) intermediate via a 2e” transfer as in reaction
(49). H2Oo2(ads) can be further converted into water according to reaction (50) or be either
decomposed as in reaction (51) or desorbed from the Pt electrocatalysts surface into the
electrolyte (Reaction (52)).

The ORR mechanism on Pt has also been widely investigated by density function theory
(Zhdanov et al., 2006, Norskov et al., 2004, Shi et al., 2006). Two different mechanisms, i.e. the

dissociative and the associative mechanism, for ORR on Pt surfaces have been identified.

Dissociative Mechanism:
1/202 + Ptsurface — Ptsurface-O (5 3 )
Ptsurface-O + H* - Ptsurface-OH (54)
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Ptsurface-OH + H* —  H20 + Ptsurface (55)
where Ptgurface 1S an active site on the Pt surface. In the dissociative mechanism, oxygen is
adsorbed on the Pt surface, where the O-O bond broken and forming OH with H* on the Pt
surface (see Reaction (54)). Finally, this mechanism produces water. H>O> cannot be formed on

the Pt surface.

Associative Mechanism (Zhdanov et al., 2006, Norskov et al., 2004, Shi et al., 2006):

O2 + Ptourface — Ptsurface-O2 (56)
Ptsurface-O2 + H" + &7 — Ptsurface-HO2 (57)
Ptsurface-HO2 + HY + € — H20 + Ptsurface-O (58)
Ptsurface-O + HF + ¢ — Ptsurface-OH (59)
Ptsurface-OH + H + € — H20 + Ptourface (60)

O: is adsorbed on the Pt catalyst surface. In the consecutive reaction steps with H* the O-O bond
may not be broken. Thus the reaction to the final product water proceeds via peroxide and

hydroxide intermediates on the Pt surface.

2.3.3 Rotating Disk Electrode (RDE)

The rotating disk electrode (RDE) has been used in order to rapidly screen the activity of various
electrocatalysts for the ORR. The experimental set-up of the RDE technique is shown in Figure
10.
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Fig. 10. Components of a rotating disk electrode (RDE)
A standard RDE experiment consists of three electrodes setup as described above including a
reference electrode, a working electrode as RDE, and a counter electrode.

The equation used for RDE:s is expressed as follows (Bard et al., 1980):
1 1 1

U PR
(Koutecky-Levich Equation) where 1 is the disk current density, 1 is limiting or Levich current

density and ix is the kinetic current density (A/cm?).

2.3.4 Levich Equation
The Levich equation is an empirical equation and used to determine the number of electrons
from mass transport limited current following the relationship:

|i1| =0.620nFAD>3e!2y 1oC* (41)
where i1 is the limiting or Levich current density (A/cm?), n is the number of electrons involved
in the reaction, F is Faraday’s constant, A is the geometric surface area of the electrode (cm?), D
is the diffusion coefficient (cm?/s), o is the rotation rate (rad/s), v is the kinematic viscosity

(cm?/s) and C* is the oxygen concentration in the electrolyte (mol/cm?).
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Fig. 11. A Levich plot

The corresponding Levich plot is shown in Figure 11, where the mass transport limited current is
plotted versus at different rotation rates of the RDE. If the requirements for mass transport
limitation are fulfilled, the regression line is linear and intercepts the vertical axis at zero. From
the slope of the regression curve, 0.620nFAD?v /6C*, the number of transferred electrons can
be determined. On the other hand, if the requirements for mass transport limitation are not
fulfilled, the regression line displays non-linear behaviour, indicating that the system is under
kinetic limitation. In the case, the Levich plot cannot be used to determine the number of electron

(n) (Bard et al., 1980, Chaparro et al. 2010).

2.3.5 Koutecky-Levich Equation
The Koutecky-Levich equation can be used to determine the kinetic current density (ix) and the
heterogeneous rate constant when mass transport is not a factor. The Koutecky-Levich equation

is shown below:

I et L (42)

i ir 0 ix =~ 0.62nFAD2/3y~1/641/2 c*

where i is limiting current or Levich current (A/cm?), ix is the kinetic current density, n is the

number of electrons involved in the reaction, F is Faraday’s constant, A is the geometric surface
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area of the electrode (cm?), D is the diffusion coefficient (cm?/s), o is the rotation rate (rad/s), v

is the kinematic viscosity (cm?/s) and C* is the electrolyte concentration (mol/cm?).

A

(limited current)! , i!

(0-1/2 (rpm -1/2)

Fig. 12. A Koutecky-Levich plot

The Koutecky-Levich plot enables to determine the kinetic limited current density, i.e. the point
where the regression line intercepts the y-axis. From the slope of the regression line it is also

possible to determine the number of transferred electrons.

2.4 Morphology of catalysts and their active components

2.4.1 Scanning electron microscopy

A scanning electron microscope (SEM) is used for producing high-resolution images of material
morphology and giving information concerning elements in the material. The information of
signal is obtained from the interaction between an electron beam and hits the specimen. The
scanning electron microscopy technology used a beam of electrons to scan the surface of a
sample to generate a three-dimensional image. A variety of signals are generated and collected in

related detectors. These signals include (Zhang, 2008):
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e secondary electrons (electrons from the sample itself),
e back-scattered electrons (form an electron beam from the filament cathode, which throw off
the nuclei of atoms in the specimen),

e X-rays, light and heat.

The secondary electron detector will detect low-energy electrons dislodged from the specimen
surface depending on the sample composition. The back-scattered electron detector will detect
high-energy electrons reflected by the sample surface and offer on the distribution atomic
numbers within a specimen. The initial SEM images obtain information from secondary
electrons. An electron beam is created from an electron gun. A tungsten filament cathode is
commonly used in thermionic electron gun, which has the lowest vapour pressure compared to
other metals, the highest melting point, and most importantly, low cost. Other types of electron
filaments consist of a lanthanum hexaboride (LaBs) cathode. This filament can be used under

vacuum atmosphere.

Electron gun '!

Electron beam

First condenser lens—}|

Second condenser lens—!

X-ray detector

Deflection coils < i |
Final lens ———| i ]
Backscatter electron | [ 75 [
detector
Sample

_I Secondary electron
detector
Vacuum pump

Fig. 13. Components of a scanning electron microscope (SEM)
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2.4.2 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is the instrument for the electron microscope
technique. An electron beam is transmitted through an ultra-thin specimen (50-300 A), which
increases magnification and creates higher-resolution. An imaging device such as a CCD camera
records received electrons transmitted by scattered specimen atoms. The TEM can display the
inside of a sample rather than the surface. Though, the refractive index of the medium does not
affect to TEM image when the illumination beam is deflected. Accordingly, the vacuum levels in
the lens and column are the same. The electromagnetic properties of the lens are deflective
focusing the electron towards the CCD device. Then, It can only be effect on all of the electron
paths; meanwhile, the electrons conduct a negative charge. Glass lenses in a light microscope
have a homologous function to the plates. In this main point, the electron beam is focused
accurately on a CCD camera. On the CCD device transfers data to computer for produce an
image. The electron beam is moved across the specimen go to fluorescent screen or CCD
camera. The dense atoms in the specimen are subtracted from the image. As a result, they are
stopped or deflected. In this way, a black and white image is formed and displayed on the CCD
camera. TEM is used for investigating the structure and composition of materials, which can see
a few Angstroms (107'° m) of the objects, such as for inorganic material. The possibility exists
for obtaining a high-resolution image of biological and medical materials for research (Zhang,

2008).
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Fig. 14. Components of a transmission electron microscope (TEM)

2.4.3 Energy dispersive X-ray spectroscopy (EDX)

A crystal spectrometer fitted with a diffracting crystal can select the desired wavelength when a
specimen is bombarded with high-energy electrons in an electron microscope. X-rays are
generated in the process and separated according to their energy levels in a crystal spectrometer
fitted with a diffracting crystal. The previous method was called wavelength-dispersive
spectroscopy (WDS), while the present is called energy-dispersive spectroscopy (EDS). A solid
sample is bombarded with an electron beam. Then, an X-ray spectrum is generated by the
movement electrons in atoms. The electrons consist of different energy levels as orbitals.
Electrons in the lower orbital hit by X-rays are moved out of the atoms. The created void is
replaced by electrons from higher orbital into the lower orbital, which releases the extra energy
and hits the detector to obtain chemical analysis. The measured energy levels depend on the gap
both orbital levels and are characteristic for each element. Thus EDS can determine the
composition of specific elements inside solid materials. In a fundamental source, elements from

atomic numbers 4 (Be) to 92 (U) can be detected. On the other hand, light elements such as B, C,
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N, O and F (= Z < 10) are more difficult to detect due to their low energies, which gives a low

yield of X-rays and high absorption in the specimen with in the detector (Heath, 2015).
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Fig.15. Components of an energy dispersive X-ray spectroscope (EDX)
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3. Performance decrease of platinum fuel cell catalyst by coolant

leakage (section 1)

3.1 State of the art

Proton exchange membrane fuel cells (PEMFCs) convert hydrogen and oxygen directly into
electricity and heat by means of electrochemical reactions. The only by-product generated by
these reactions is water. A PEMFC stack is comprised of steel endplates, bipolar plates, a
membrane electrode assembly (MEA), a humidifier, and cooling loops. The heat generated by
electrochemical reactions or the passing of electrons through the fuel cells is ejected by the
system. Liquids can remove heat from a fuel cell better than air cooling because liquid coolant
(500-1000 W.m2 K'!) has higher heat transfer coefficients than air cooling (15-30 W.m? K!)
(Pham, 2014). As such, improved utilisation of fluid coolant has been alluring (Incropera, 1999).
Piston engines utilise ethylene glycol (EG) as coolant (boiling point 198 °C and freezing point
below -40 °C) that can likewise be used to cool a fuel cell. However, the performance of
PEMFCs may be diminished in the event of coolant leakage into the cell. The coolant can harm
the catalyst due to the oxidation of EG on the Pt catalyst sites (Chaiburi et al., 2014). CO2 and
CO are produced when the C-C bond is broken by the oxidation of EG with the Pt electrocatalyst
(Wieland et al., 1996). Carbon monoxide (CO) is a well-known catalyst poison in fuel cells that
is strongly adsorbed on Pt and blocks the active sites of the catalyst, thus causing a significant
activity decrease (Cheng et al., 2007). Subsequently, fuel cell performance is reduced.
Additionally, CO obstructs the desired oxidation of hydrogen. Nonetheless, there have been only
few studies that examine the maximum quantity of coolant, such as EG, that is acceptable during
leakage events without influencing the performance of PEMFCs. Garsany et al. observed that
coolants such as glycol/water and glycol/water/surfactant mixtures lead to a loss of Pt
electrochemical surface area (ECSA). The surfactant was ethoxylated nonylphenol. After 20
cycles using a standard cyclic voltammetry (CV) procedure for cycling between 0.05 V to 1.20 V
in No-purged 0.10 M HCIOj4 at a scan rate of 50 mV s, the poisoned Pt/C on working electrodes
were inspected again. The Pt recovered completely in a clean electrolyte after being

contaminated prior (Garsany et al., 2012).
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3.2 Goal of Section 1

In this section studies on coolants such as glycol/water and glycol/water/Triton-X are conducted
by means of ex-situ CV and ORR method. Triton-X (C14H220(C2H40),) is a non-ionic surfactant
which has a hydrophilic polyethylene oxide group (on average it has 9.5 ethylene oxide units)
and a lipophilic or hydrophobic group as an aromatic hydrocarbon (Chauhan et al, 2011).
Triton-X (C14H220(C2H40),) is a non-ionic surfactant which has a hydrophilic polyethylene
oxide group (on average it has 9.5 ethylene oxide units) and a lipophilic or hydrophobic group as

an aromatic hydrocarbon (Chauhan et al., 2011).

O H
O

Fig. 1. Triton-X (C14H220(C2H40),) (Ethoxylate Octylphenol).

The requirements of the liquid coolant for fuel cells must be a high flash point, high atmospheric
boiling point, inflammable, economical, and with a freezing point less than -40 °C. Generally,
ethylene glycol (EG) is used as a coolant in piston engines (bp. 198 °C) and it can also be used to
cool a fuel cell. For the Pt ECSA, comparisons are given for the Pt ECSA between initial CV and
CV after contamination, and then the loss of Pt electrochemical surface area (ECSA) is

calculated.

3.3 Experimental

3.3.1 Physical characterization methods

A scanning electron microscopy (SEM) was used to determine the morphology of 30 wt. % Pt/C
commercial catalysts (E-Tek). In addition, an energy dispersive X-ray spectroscopy (EDX) was

used to analyse the element compositions of Pt/C catalysts.

3.3.2 Coolant materials
The coolant was made from ethylene glycol, ultra-pure water (18 mQ-cm, Barnstead Nanopure)

and Triton-X. The coolant formulation description is listed in Table 1.
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Table 1. Selected coolants for fuel cells.

Coolant
Description Ratio

Number
Coolant no.1 Ethylene Glycol / water 1:1
Coolant no.2 Ethylene Glycol / 0.0077 M of Triton-X 1:1
Coolant no.3 Ethylene Glycol / 0.0231 M of Triton-X 1:1
Coolant no.4 Ethylene Glycol / 0.0386 M of Triton-X 1:1
Coolant no.5 Ethylene Glycol / 0.0541 M of Triton-X 1:1

3.3.3 Electrochemical measurements

A standard three-electrode set-up at 303 K was employed to conduct all electrochemical
measuring techniques. The 0.10 M H2SO4 working electrolyte was set up from ultra-pure water
(18 MQ-cm, Barnstead Nanopure). The reference electrode was a reversible hydrogen electrode
(RHE) and a platinum electrode was utilized as the counter electrode. The working electrode was
glassy carbon with a & equal to 5 mm and the respective surface area of 0.196 cm?, on which a
commercial 30 wt % Pt on Vulcan carbon XC-72, Pt/C (E-Tek) was deposited. The working
electrode Pt- loading was 28 pgpe cm™. Ultra high purity nitrogen (N2) was used to render the
electrolyte inert. After measuring the CV and ORR in different electrolytes (i.e. with and without
coolant) and the loss of Pt ECSA was calculated (Garsany et al., 2012, Beak et al., 2010, Bae et
al., 2012).

ECSAPt,cat (ngl;tl) — : [QH—adsorption ] X105 (1)

210uCemp?Lpe(mgpeem=2)Ag(cm?)

where ECSA is the Pt ECSA (ngp{l) obtained via calculation (Fig. 2) and Qu =210 uCcm‘Z. Lp¢
(mgpcm™) is Pt loading on the surface of the working electrode and A, (cm™) is the geometric
surface area of the glassy carbon working electrode (Garsany et al., 2012). The loss of Pt ECSA

due to contamination by the coolant is calculated as follows:

(ECSAinitiai—ECSAfinal) X
ECSAinitial

ECSA; (%) = 100 (2)
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Fig. 2. Pt electrochemical surface area (ECSA)

The kinetic current ix can be calculate by equation 3, where 1, is the observed current at potential

0.9 V and iq is the limiting current that can be directly obtained from the ORR curve

__ (gxip)

I = ——— 3
= o) ©)
The MA of the catalyst is therefore calculated by equation 4,

MA = (&)

Lpt
where MA (mA/ pgp: ) is the mass activity of the catalyst, Lp (mgp: cm™) is Pt loading on the

surface of the working electrode.

The experimental procedures of the CV at 303K are shown in Table 2.

Table 2. Cyclicvoltammetry (CV) at 303K

Procedure Cell Number Potential range Cycles Scan rate Purge
(V) vs. RHE (mV s™)
Cleaning Cell Number 1 0.05-1.255 250 500 N>
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Base CV Cell Number 1 0.05-1.055 3 20 N>

Contamination Cell Number 2 0.05-1.055 20 20 N2
;fter __________________________________________

Contamination Cell Number 1 0.05-1.055 20 20 N>
;eanir_l;“ Cell Nur_r;l;; L ;)_.05-1.255“““ ““2_(_)“ o N>
feicveanet oosis 3w

Note: Cell Number 1is 0.10 M H,SOq4
Cell Number 2 is 0.10 M H>SO4 + 1 ml coolant

The experimental procedures of the ORR at 303K are shown in Table 3.

Table 3. Oxygen reduction reaction (ORR) at 303K

Procedure Cell Number Potential range  Cycles Scan rate Purge
(V) vs. RHE (mV s

Cleaning Cell Number 1 0.05-1.255 250 500 N>
Base ORR

in N» Cell Number 1 1.03-0.05 3 20 N,
Base ORR

in Oy Cell Number 1 1.03-0.05 3 20 02
Contamination  Cell Number 2 1.03-0.05 3 20 07}
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After

Contamination  Cell Number 1 1.03-0.05 20 20 (0))
Base ORR

in N, Cell Number 1 1.03-0.05 3 20 N»
Cleaning Cell Number 1 0.05-1.255 20 50 N,
Base ORR

in N, Cell Number 1 1.03-0.05 3 20 N>
Extended ORR  Cell Number 1 1.03-0.05 3 20 (0)3
Note: Cell Number 1 is 0.10 M H>SO4

Cell Number 2 is 0.10 M H>SO4 + 1 ml coolant

3.4 Results and Discussions

3.4.1 Physical characterisation

mag B

-
WD
30 000 x| 4.7 mm |4.27 ym| 2.5 |20.00 kV|ETD

Fig. 3. Typical SEM for a commercial 30% Pt/C (E-Tek) (magnification is 30000) (Chaiburi et
al.,2014).
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According to Fig. 3, the morphology of a commercial 30% Pt/C catalyst sample before

contamination with coolant shows the spherical powder aggregated structure.
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Fig. 4. Typical EDX for a commercial 30% Pt/C (E-Tek) (Chaiburi et al., 2014).
According to Fig. 4, the composition of commercial, 30% Pt/C catalyst before contamination

illustrates an average of the elements at 63.80% of C, 4.65% of O, 1.11% of S and 30.44% of Pt.

3.4.2 Effect of ethylene glycol-based coolant on CV characteristics
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Fig. 5. A) Comparison of initial cyclic voltammogram of Pt/C and after contamination with
coolant no. 1 in N> purged 0.10 M H>SO4 electrolyte. B) Comparison of initial cyclic
voltammogram of Pt/C and cyclic voltammogram of Pt/C (during contamination with coolant no.

1) in N purged 0.10 M H,SOq4 electrolyte (CV-1 as 1 cycle, CV-5 as 5 cycles, CV-10 as 10
cycles, CV-15 as 15 cycles, CV-20 as 20 cycles).

The loss of Pt ECSA during contamination was 46.98%. On the other hand, the loss of Pt ECSA
after contamination was reduced to 3.63% (see Table 3).

A s the CV cycle increases, the anodic current peaks increase slowly cycle by cycle during
contamination. As seen from figure 5B, an oxidation peak around 0.9 V is observed in the anodic
scan region. At the lower potentials, EG adsorbs on the electrode surface and when the potential
reaches 0.4-0.9 V, the current increases due to the electrooxidation of ethylene glycol (Fig. 5B).
Vaithilingam Selvaraj et. al. suggested a probable mechanism of the EG electrooxidation

following steps 1 until 8 (Selvaraj et al., 2008).
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[(HCOOH)adS + 2H* + 2e'] [ [Pt(HCOOH)adS] =
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[Pt(CO)ads + HQO] = = [Pt(omads + Pt(CO)ads]

(Step8)

— [Pt +CO, + H+]

Fig. 6. Mechanism of ethylene glycol electrooxidation

First, EG is adsorbed on the Pt catalyst (Step 1). Then, the oxidation of the EG gives off formic
acid as one of the major products (Step 2). Next, the reaction can cause the rearrangement of
formic acid into an intermediate (CO)ags (Step 5) on the active sites of Pt. The mechanism
possibly removes (CO)ags via an oxidation reaction to COz by reacting with OHags. Thus, the
dissociation of water molecules happens on Pt catalyst surfaces (Steps 7 and 8) (Selvaraj et al.,
2008, Jung et al., 2013). The water activation process on the active sites of Pt occurs at a higher
potential and hence also CO oxidation occurs at potentials of around 0.5 to 0.9 V. Accordingly,
the higher potential shows CO oxidation on Pt surfaces. Since the amount of CO species and the
EG molecules (Step 1) are adsorbed on Pt catalyst, for a long time the CO species take over on
active catalyst sites and reduce Pt ECSA. At a potential of 0.9 V, the mechanism of EG
electrooxidation depends on the amount of CO oxidation via the active sites of Pt on the

electrode surface (Selvaraj et al., 2008).
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Table 4. The loss of ECSA.

Coolant no.1

Coolant no.2

Coolant no.3

Coolant no.4

Coolant no.5

Origin ECSA

346.76

cm?/mgp

318.31

cm?/mgp

277.32

cm?/mgp

211.84

cm?/mgp

279.55

cm?/mgp

ECSA-loss
(during

contamination)

46.98%

46.39%

42.18%

37.74%

38.77%

ECSA-loss
(after

contamination)

3.63%

1.13%

0.53%

0.02%

6.46%
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Fig. 7. A) Comparison of initial cyclic voltammogram of Pt/C and after contamination with
coolant no. 2 in N purged 0.10 M H>SO4 electrolyte. B) Comparison of initial cyclic
voltammogram of Pt/C and cyclic voltammogram of Pt/C (during contamination with coolant no.
2) in N2 purged 0.10 M H>SOq4 electrolyte (CV-1 as 1 cycle, CV-5 as 5 cycles, CV-10 as 10
cycles, CV-15 as 15 cycles, CV-20 as 20 cycles).

The loss of Pt ECSA during contamination with initial CV demonstrates 46.39%. Furthermore
the loss of Pt ECSA after contamination with initial CV illustrates 1.13% (see Table 3). The CV
cycle increases until the 5 cycle, then the CV cycle decreases cycle by cycle (Fig. 7B). Triton-X

may reduce the amount of coolant that adsorbs onto the Pt surface.
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Fig. 8. A) Comparison of initial cyclic voltammogram of Pt/C and after contamination with
coolant no. 3. B) Comparison of initial cyclic voltammogram of Pt/C and cyclic voltammogram
of Pt/C (during contamination with coolant no. 3). C) Comparison of initial cyclic
voltammogram of Pt/C and after contamination with coolant no. 4. D) Comparison of initial
cyclic voltammogram of Pt/C and cyclic voltammogram of Pt/C (during contamination with
coolant no. 4). E) Comparison of initial cyclic voltammogram of Pt/C and after contamination
with coolant no. 5 in N2 purged 0.10 M H2SOq electrolyte. F) Comparison of initial cyclic
voltammogram of Pt/C and cyclic voltammogram of Pt/C (during contamination with coolant no.
5) in N2 purged 0.10 M H2SOq electrolyte (CV-1 as 1 cycle, CV-5 as 5 cycles, CV-10 as 10
cycles, CV-15 as 15 cycles, CV-20 as 20 cycles).

The loss of Pt ECSA during contamination with coolant no. 3, no. 4 and no. 5 was 42.18%,
37.74% and 38.77%, respectively. The loss of Pt ECSA after contamination however was only
0.53%, 0.02% and 6.46%, respectively (see Table 4). Comparison of Fig. 8B, 8D and 8F. As the
CV cycle increases, the anodic current peak decreases cycle by cycle (Fig. 8B, 8D, 8F). Further,
the Triton-X, non-ionic surfactant, may inhibit the EG oxidation during contamination with the
coolant.

The alkyl group, isooctyl chain, (Fig. 1) of the non-ionic surfactant could adsorb onto the carbon
support material of the catalysts and the benzene ring could react to the carbon surface support
material via w-n stacking (Bin et al., 2009, Zhang et al., 2013). Garsany et al. studied the
observed EG oxidation peak around 0.7 - 0.9 V in the anodic scan region. The current increases
due to the electrooxidation of ethylene glycol. At the lower potentials, EG adsorbs on the
electrode surface and when the potential reaches 0.4-0.9 V.The ethoxylated nonylphenol, non-
ionic surfactant, might not inhibit the mechanism of EG electrooxidation during contamination
with 1 ml of coolant (Garsany et al., 2012). With increasing amounts of Triton-X in the coolant
mixture (see coolant no.5), the surfactant might start inhibiting the activity of the Pt
electrocatalyst by encapsulation of the Pt active sites, resulting in a higher loss of Pt ECSA (see
Table 4). As shown in Fig. SA and Table 4, the loss of Pt ECSA after contamination with coolant
(surfactant-free) was 3.63% due to adsorption of EG electrooxidation products (such as CO) that
poison the Pt electrocatalyst active sites. In contrast, as demonstrated in Fig. 7A, 8A and 8C and

Table 4, the loss of Pt ECSA after contamination with surfactant containing coolant mixtures
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decreases with increasing concentration of Triton-X. This insinuates that Triton-X might inhibit
the adsorption of EG and its electrooxidation products, thus preventing the blockage of the active
catalyst sites. Therefore, the cyclic voltammograms show full recovery of Pt/C electrocatalyst
after contamination and reduced activity towards EG electrooxidation (Fig. 8B, 8D, 8F).
However, at some point the concentration of the surfactant reaches a critical level and starts to
encapsulate the Pt catalysts, reducing the number of available active sites (see coolant no. 5 and

Table 4).

surfactant EG
— ’/ .7 e
Jo{e)o
\ N\
Free micelles Triton X wrap around aggregated structure

micelles of EG

Fig. 9. Micelles of Triton-X wrap around EG (Chaiburi et al., 2014).

As can be seen in Fig. 8B, 8D, and 8F, the anodic EG oxidation currents lessen cycle by cycle
and finally diminish. According to Fig. 9, at first the surfactant assembles in micelles due to its
hetero-polar nature and then Triton-X micelles wraparound EG molecules in the electrolyte (Ge
et al., 2007). This is the reason why Triton-X restrains EG and thus prevents the electrooxidation
of EG. Due to the reduced the number of CO for adsorption on the Pt catalyst sites and
anticipates EG adsorbing on the working electrode. According to Fig. 8B, 8D, and 8F, EG

oxidation diminished.
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3.4.3 Effect of glycol-based coolants on the ORR characteristics
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Fig. 10. A) Comparison initial ORR to after contamination with coolant no. 1 of ORR-1, ORR-5,
ORR-10, ORR-15 and ORR-20 of the ORR polarization curve obtained in a 0.1M H2SO4
electrolyte at temperature 303K B) Comparison initial ORR, during contamination, after
contamination with coolant no. 1 of ORR-20 and ORR after extened CV procedure C)
Comparison MA calculated for initial MA to after contamination of ORR-1, ORR-5, ORR-10,
ORR-15 and ORR-20 at temperature 303K. (ORR-1 as 1 cycle, ORR-5 as 5 cycles, ORR-10 as
10 cycles, ORR-15 as 15 cycles, ORR-20 as 20 cycles)

The initial ORR curve of the initial Pt/C working electrode has a defined diffusion-limiting
current as mass transfer region from potential 0.10 to 0.50 V. The rotation rate controls the
diffusion of oxygen process on the working electrode surface. The kinetic-diffusion control is
under mixed region from kinetic and diffusion control at potential between 0.70 < E < 0.90 V
(Garsany et al., 2012). The catalytic activity of Pt/C electrocatalyst for the ORR is compared by
its mass activity (MA) as calculated from the ORR curves shown in Fig. 10B using equation (3)
and (4). The MA value is calculated using the mass transport-correction for catalyst-film RDEs

normalization to the Pt-loading of the disk electrode, where the kinetic current, ik, is obtained
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from the value of the polarization curve at 0.90 V and the ig at E = 0.30 V vs. RHE. These Pt
MAs are compared in Fig. 9C. The MA measured for the clean Pt/C electrode is 21.75 + 3.37
mA/mgp;. After contamination, the MA obtained for CV20 is equal to 16.35 + 2.03 mA/ mgp:. By
extending CV procedure of contaminated, the MA measured as 17.41 + 1.12 mA/ mgp:. Fig. 9B,
the ORR during contamination shows ethylene glycol oxidation at potential ca. 0.5-0.9 V.

initial ORR - coolant no.4 at 30C

O04=—= ORR-1 after contamination at 30C

< + ORR-5 after contamination at 30C vy
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Fig. 11. A) Comparison initial ORR to after contamination with coolant no. 4 of ORR-1, ORR-5,
ORR-10, ORR-15 and ORR-20 of the ORR polarization curve obtained in a 0.1M H>SO4
electrolyte at temperature 303K B) Comparison initial ORR, during contamination, after
contamination with coolant no. 4 of ORR-20 and ORR after extened CV procedure C)
Comparison MA calculated for initial MA to after contaminated of ORR-1, ORR-5, ORR-10,
ORR-15 and ORR-20 at temperature 303K. (ORR-1 as 1 cycle, ORR-5 as 5 cycles, ORR-10 as
10 cycles, ORR-15 as 15 cycles, ORR-20 as 20 cycles)

These Pt MAs for the measurements with coolant no.4 are compared in Fig. 11C. The MA
measured for the initial Pt/C on working electrode is equal to 23.28 + 4.91 mA/mgp. After
contamination with coolant no.4, the MA obtained for CV20 is equal to 13.71 £+ 3.46 mA/mgp:.
After contamination and extended CV procedure, the MA measured as 14.18 + 3.63 mA/ mgp..
Fig. 11B, the ORR during contamination shows decreasing ethylene glycol oxidation, since the

Triton-X in the coolant inhibits the adsorption of EG on the working electrode due to micelle

formation.
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Fig. 12. Tafel plots of oxygen reduction on Pt electrocatalyst initial Tafel plots, after

contamination and after extended CV procedure with coolant at 303K.
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These results in Fig. 12 show the Tafel plot (log kinetic current (A/cm?) vs. potential (V)) for
Pt/C electrode in Oz -purged, 0.1 M H2SO4 at 303 K. At low current densities (/cd) and potentials
of E > 0.85 V, the Tafel slope is ~ -74 to -91 mV/decade. At high current densities (hcd) and
potentials of E < 0.85 V to the Tafel slope increases to ~ -139 to -184 mV/decade. It is assumed
that the Tafel slopes are controlled by both “energetic effects” (i.e. Temkin and Langmuir
adsorption) (He et al., 2010, Yang et al., 2013, Gémez-Marin et al., 2013). The Temkin
adsorption isotherm for the ORR reaction considers the indirect changes of Oz adsorption
behavior due to the coverage of the Pt electrocatalyst surface with already chemisorbed oxygen-
containing species as well as the heterogeneous reaction between adsorbed EG and the surface

oxide (Gomez-Marin et al., 2013, Vijh, 1971).

The Temkin adsorption isotherm mechanism (Vijh et al., 1971):

Pt + H.O PtOH + H* + e (5)
Pt + RH <« PtR + H* + e (6)
PtR  + PtOH « PtR*> + H.O + Pt (7)

where RH as the EG and reaction (7) as rate determining step.

The Langmuir adsorption isotherm mechanism (Vijh et al., 1971) :

Pt + HO PtOH + H* + e (®)
RH + Pt —  PtRH 9)
P(RH + PtOH « PR + H,O (10)

where RH as the EG and reaction (10) as rate determining step.
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Fig. 13. Tafel plots of oxygen reduction on Pt electrocatalyst during contamination with coolant

at 303K.

The Tafel slope during contamination with coolant no. 4 (Fig. 13) for the Pt/C electrode in O -
purged, 0.1 M H2SOg4 at 303 K was ~ -78 mV/decade at low current densities (/cd) and potentials
of E > 0.85 V. At high current densities (hcd) and potentials of E < 0.85 V it increases to ~ -171
mV/decade. The performance of the electrocatalysts is evaluated from kinetic current density
(ix), as seen in Figure 13. Pt/C electrocatalyst during contamination with coolant no. 1 displays
higher mass activity than Pt/C electrocatalyst during contamination with coolant no. 4.
Supposition, the Tafel slopes are controlled by Temkin adsorption isotherm at low current
densities (lcd) and by Langmuir adsorption isotherm at high current densities (hcd) (He et
al.,2010, Yang et al., 2013, Gémez-Marin et al., 2013). The ORR curve during contamination
with coolant no.1 shows a significant oxidation peak in the range of approximately 0.5 to 0.9 V
(see Fig. 10B). Hence, the Tafel slope for the ORR in presence of coolant no. 1 presents an
abnormal slope (see Fig. 13) (Vijh et al., 1971). On the other hand, the ORR curve for the
measurements with coolant no.4 (during contamination) demonstrates a less pronounced
oxidation of EG (Fig. 11B). Therefore, the corresponding shows Tafel slope typical value (see
Fig. 13).
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3.5 Summary and conclusion

The morphology of a commercial 30% Pt/C catalyst sample indicates a spherical powder
aggregated structure with an average composition of 63.80% C, 4.65% O, 1.11% S, and 30.44%
Pt. According to the effect of the ethylene glycol-based coolant on CV characteristics, ethylene
glycol (EG) is adsorbed on the electrode surface at lower potentials, and the current starts
increasing due to the electrooxidation of EG when the potential reaches 0.4-0.9 V. The oxidation
of the EG produces formic acid as one of the major products and this acid is then further
converted into intermediate (CO)ags on the active sites of Pt. By reacting with OHags from water,
(CO)ags can be removed from the catalyst surface through the oxidation to CO>. The water
activation process on the active sites of Pt takes place at a higher potential and CO oxidation thus
occurs at higher potentials of 0.5 to 0.9 V. As a result, the higher potential indicates CO
oxidation on Pt surfaces while, on the other hand, the electrooxidation reaction of ethylene glycol
can be reduced by Triton-X, a non-ionic surfactant. During contamination with the coolants no.
3,4 and 5 (i.e. ethylene glycol/water and different concentrations of Triton-X), ethylene glycol
electrooxidation at 0.5-0.9 V was reduced cycle by cycle, in comparison to coolant no.l
(ethylene glycol/water). The EG chains may be enclosed into Triton-X micelles. Triton-X can
prevent the formation of CO from ethylene glycol oxidation on the active sites of the Pt
electrocatalyst and thus the poisoning of the catalyst. Measurements with coolant no.4 (ethylene
glycol / 0.0386 M of Triton-X) support this assumption. After and during contamination, with
coolant no. 4 the loss of Pt ECSA was 0.02% and 37.74%, respectively.

Regarding the effect of the glycol-based coolant on the ORR characteristics, the ORR during
contamination with coolant no. 1 indicates ethylene glycol oxidation in a potential range of ca.
0.5-0.9 V while, the ORR during contamination with coolant no. 4 shows reduced ethylene
glycol electrooxidation, probably due to Triton-X. The MA measured for the clean Pt/C
electrode was 21.75 + 3.37 mA/mgp.. The MA obtained for CV20 after contamination with
coolant no.1 was 16.35 + 2.03 mA/ mgpc and MA measured after extending the CV procedure
was 17.41 + 1.12 mA/ mgp:. For measurement with coolant no. 4, the MA measured of the initial
Pt/C working electrode was 23.28 + 4.91 mA/mgp;, and after contamination only 13.71 + 3.46
mA/mgp.. After further CV cycling (i.e. cleaning), the MA was 14.18 + 3.63 mA/ mgp:.

At low current densities (lcd) and potentials of E > 0.85 V, Tafel slope values of ~ -74 to -91

mV/decade were obtained for the Pt/C electrode in O2 —purged electrolyte after contamination
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with coolant and after extending the CV procedure and region (O2 evolution region). At high
current density (hcd) and potentials of E < 0.85 V values of ~ -139 to -184 mV/decade were
obtained. Therefore, it can be assumed that both “energetic effects” (Temkin and Langmuir

adsorption) control the Tafel slopes.
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4. Investigation of performance decrease of non-Pt based

electrocatalysts in presence of ethanol leakage (section 2)

4.1 State of the art

Energy-converting equipment, either basic part or applications, alkaline direct ethanol fuel cells
(ADEFCs) are deemed a fascinating option. They show positive attributes when compared to
alternative type of fuel cells, e.g. high energy density for portable power sources. The fuel is
ethanol in alkaline solution. Oxygen receives electrons originating from the anode through the
outer circuit from the cathode. Recognized as reduction, the receipt of the electrons creates
negatively charged oxygen ions. Chemical activity dictates the quantity of direct current
generated by the electron flow from anode to cathode. One of the main areas of study into the
enhanced activity of electron transfer, kinetic performance and oxygen adsorption on operational
sites of electrocatalysts is the oxygen reduction reaction (ORR) on the cathode surface
(Bikkarolla et al., 2014). The advancement of electrocatalysts in fuel cells for ORR is an
important subject. Employing a non-noble electrocatalyst rather than a noble electrocatalyst
serves as an incentive for this issue. ADEFCs are an appealing substitute because they are
applicable for moveable as well as stationary power sources (Hung et al., 2014). Ethanol needs
no pressurisation for storage. Further, it is economical, has low toxicity and good market
possibility, as well as an elevated energy concentration compared to methanol at 8.0 and 6.1 kW
kg!, respectively (Garcia et al., 2014). For the generation of carbon dioxide, water and
electricity, ethanol is employed directly in ADEFCs. Researchers have tried to enhance the
execution of ADEFCs through the advancement of electrocatalysts. The significant test for
ADEFCs is examining the impact of non-noble metal electrocatalysts for reducing the cost of
respectable platinum-based materials. Analysts have endeavoured to reduce the harming of the
cathode surface because of ethanol crossing through the film. The efficiency of a fuel cell is
influenced by ethanol crossover via a membrane from the anode to the cathode side. Electrical
function loss is the consequence of cathode exposure to ethanol. Jamming or restraint of
adsorption in oxygen molecules on the active catalyst surface occurs as the result of ethanol
being adsorbed on the surface of the electrocatalyst. This study has examined the advancement
of ethanol-tolerant cathode electrocatalysts for use in ADEFCs. A thermodynamic examination

to explain the pH effect in assisting the 4 -electron transfer procedure in a fuel cell at high pH
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(0.1 M KOH) was offered by Blizanac et al. (Blizanac et al., 2007), which had a comparatively
negligible effect in comparison with the potential needed at low pH (0.1 M HClOg). Very low
concentration of peroxide was identified in 0.1 M of KOH electrolyte, 0.5-2.5%. Using an Ag
(111) catalyst at a high pH, no specific chemical interaction between the catalyst and O2 or O2~
was required. However, a robust chemical connection was needed at low pH. The ORR
displayed a 2e” transfer with 100% H2O> production in 0.1 M HCIO4. Ag/C electrocatalysts with
various loading were investigated (Demarconnay et al., 2004). A colloidal procedure was
employed to prepare the electrocatalysts, which displayed methanol-tolerance at concentrations
higher than 0.1 M MeOH in NaOH electrolyte. The outcome of tungsten carbide on carbon
(W2C/C) and Ag with tungsten carbide deposited on carbon (Ag-W>C/C) for ORR in alkaline
media was researched. (Meng et al., 2006). They described no consequence of methanol on the
performance of ORR. Enhancing ORR activity in methanol-possessing electrolyte, Ag-W>C/C
electrocatalysts displayed a synergistic effect. The most effective ORR activity and methanol-
tolerance for varied molar intensities of methanol is displayed by FeCo-Fe-Pd/C (Fashedemi et
al., 2013). A one-step process for synthesis was used for the preparation of the Ag/MnyO/C
electrocatalyst. The supplement of methanol in 0.1 M NaOH solution for the Ag/MnyOx/C
composites exhibited minimal effect on ORR activity (Tang et al., 2011). A manganese oxide-
based NiMnOx/C material was promoted by Amanda et al. (Garcia et al., 2014). Electrochemical
activity in an alkaline medium as ethanol-tolerant cathodes was identified by this NiMnOx/C
electrocatalyst. However, these catalysts showed high activity for ORR and ethanol-tolerance
with an ethanol concentration of 1.0 M. Vanadium oxides are specified as important catalysts in
many electronic technologies (Chakrabarti et al., 1999). Further, V205 is used in semiconductors,
optical switching devices and write-erase media (Chain, 1991). Huang et al. studied vanadium

nitride (VN) for ORR in alkaline electrolyte (Huang et al., 2014).

4.2 Goal of section 2
In this study, the ORR activity of Ag/C, AgMnO>/C, Ag:V4011/C, V20s/C and MnO»/C
electrocatalysts was investigated in 0.1 M and 1.0 M KOH solution with and without the

presence of ethanol in different concentrations.
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4.3 Experimental

Synthesis of Ag/C electrocatalyst

The Ag/C electrocatalyst was synthesized by the colloid method (Tang et al., 2011). The 20 wt.
% Ag/C catalyst was prepared using a mixture of 599 mg trisodium citrate dehydrate (2.32
mmol) and 69.3 mg AgNOs3 (0.408 mmol), which were dissolved in 50 ml of ultra-pure water in
a 250 ml beaker (first beaker). Next, the mixed solution was stirred until transparent. In a second
beaker, 15.5 mg of NaBH4 (0.410 mmol) was dissolved in 50 ml of ultra-pure water. After
several minutes of stirring the Ag solution, a droplet of NaBH4 solution was added to the first
beaker solution. The colloid solution exhibited a yellowish-brown colour, indicating Ag
nanomaterial. Over a period of 15-20 min, the entire NaBH4 solution was dropped slowly into
the fast-stirred Ag solution, with the resulting solution turning from yellowish-brown to dark
brown. Then the Ag nanomaterial was dispersed for about 15-30 min. Afterward, 176 mg of
Vulcan XC-72R carbon black was disseminated in 30 ml of ultra-pure water with an ultrasonic
probe for about 10 min and was added slowly to the Ag nanoparticle solution under different
stirring in order to obtain the supported electrocatalysts. Next, the mixture was stirred for 3 h.
The suspension was centrifuged at 11400 rpm for 10 min. The Ag particle were filtrated and
washed twice with ultrapure water. After that, the Ag/C catalyst was dried overnight in an oven

at 90 °C. The resulting yield was between 88% and 93%.

Synthesis of MnQ2/C electrocatalyst

The MnQO»/C catalyst (Tang et al., 2011) was prepared by blending 140 mg of Vulcan XC-72R
dispersed in 300 ml of an ethanol-water mixed solution (8:2 v/v). Afterward, 198 mg of
Mn(NOs)»-4H>0 was added and the solvent from the slurry was removed by stirring over night at
60 °C. Finally, the MnO>/C catalyst was calcined in a furnace at 400 °C for 2 h under a N>

atmosphere (heating rate 5 °C min™).

Synthesis of AgMnO2/C electrocatalyst
The AgMnyOy electrocatalyst (Tang et al., 2011, Wu et al., 2014, Grimmer et al., 2016) obtained

by mixing AgNO3; and KMnO4 (molar ratio 1:1) was dissolved in ultrapure water at 80 °C, which
was acidified with a drop of 65% HNOs. The solution was slowly cooled to 0 °C. The suspension

turned into dark-blue needles and was precipitated. The AgMnxOy was filtrated, then washed

60



with icy ultrapure water and dried. In the next step the AgMnO»/C catalyst was synthesized using
462 mg of AgMn,Oy dissolved in 150 ml of ultrapure water at 40-50 °C. An appropriate amount
of Vulcan XC-72R carbon black was added. The black slurry was dispersed by using the
ultrasonic method for 15 min. After that, the water was slowly evaporated at a constant
temperature of 60 °C. Finally, the AgMnxO,/C was calcined in a tubular furnace for 2 h at 400
°C in a N, atmosphere with a heating rate of 5 °C min™! in order to obtain the AgMnQ,/C

electrocatalyst.

Synthesis of Ag2V4011/C electrocatalyst

The Ag2V4011/C (Mao et al., 2005) was prepared based on a mixture of 2.5 mmol
ethylenediamine (C2HsN>), 2.5 mmol vanadium pentoxide (V20s) and 2.5 mmol silver nitrate
(AgNO:s) dissolved in 40 ml of ultra-pure water. Then, the solution was synthesized by using
reflux distillation under an ethylene glycol bath at 180 °C for 48 h. Then the colour of the
solution was dark. The catalysts nanoparticles were filtrated and washed twice with ultra-pure
water and ethanol. The solvent was removed overnight at room temperature (first beaker). Next,
1.34 g of Vulcan XC-72R carbon black was dispersed in 30 ml ultrapure water with 3 ml of 2-
propanol, which was stirred slowly to fast for 10 min (second beaker). A short time later, 0.53 g
of Ag>V4O11 nanoparticles, from first beaker, were added to the second beaker and were stirred

slowly for 3 h. Finally, an oven was used to dry the Ag>V4011/C overnight at 90 °C.

Synthesis of V20s/C electrocatalyst

The V20s/C electrocatalyst was synthesized by mixing of 1.60 g Vulcan XC-72R carbon black,
30 ml of ultra-pure water and 3 ml of 2-propanol. The solution was stirred slowly for 10 min.
Then, 0.4 g of V205 was added and stirred slowly for 3 h. Finally, an oven was utilized to dry the
V20s5/C overnight at 90 °C.

A commercial Pt/C particles catalyst (Alfa Aesar) was used as reference material for comparing

its activity, stability and ethanol tolerance to the prepared catalysts.
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4.3.1 Characterisation of catalyst materials
The morphology of the Ag/C, AgMnO>/C, Ag>V4011/C, V205/C and MnO>/C electrocatalysts
was investigated by using a transmission electron microscopy (TEM). Energy dispersive X-ray

spectroscopy (EDX) was used to determine the element compositions in the electrocatalysts.

4.3.2 Electrode Preparation

All experiments were carried out in a 1.0 M or 0.1 M KOH working electrolyte with the standard
three-electrode configuration with and without ethanol at different temperatures. The working
electrolytes were prepared from ultra-pure water (18 MQ-cm, Barnstead Nanopure). A platinum
electrode was used as counter electrode and a reversible hydrogen electrode (RHE) as reference
electrode. The working electrode was a glassy carbon a rotating disk electrode (RDE). Ultra-high
purity nitrogen (N2) and oxygen (O2) were employed to flush the electrolyte for the respective
cyclic voltammetry measurements. Electrocatalysts loading on the glassy carbon was 56 pg cm™.

All electrochemical measuring techniques were performed using a potentionstat/galvanostat

(Autolab).

4.3.3 Procedure
The electrochemical measuring procedure for the different alkaline electrolyte concentrations is

shown in Table 1.

Table 1: Cyclicvoltammetry (CV) and oxygen reduction reaction (ORR) in 0.1 M and 1.0 M
KOH at 30 °C.

Method Potential Scan rate Purge
cycling

Condition 1. Cv between 0.2 V | 50mV s’ N2- atmosphere
(to clean the to 1.4 V for 10
catalyst) cycles
Condition 2.|CV between 0.2 V 10 mV s! N>- atmosphere
(Base CV) to 1.4V for 3

cycles
Condition 3. | ORR between 1.2 V 10 mV s! N>- atmosphere
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(Base ORR) to 0.2V for 2
cycles
Condition 4. CvV between 0.2 V 10 mV s O:- atmosphere
(Base CV) to 1.4V for 3
cycles
Condition 5. ORR between 1.2 V 10 mV s O:- atmosphere
(different rpm*) to 0.2 V for 2
cycles
Condition 6. ORR between 1.2 V 10 mV s O:- atmosphere
(different to 0.2 V for 2
rpm**) (with cycles
0.1IMEtOH)
Condition 7. ORR between 1.2 V 10 mV s7! O:- atmosphere
(different to 0.2 V for 2
rpm**) (with cycles
0.5MEtOH)
Condition 8. ORR between 1.2 V 10 mV s! O:- atmosphere

(different
rpm**) (with
1.0MEtOH)

t0 0.2 V for 2

cycles

*0, 400, 600, 900, 1200, 1600 and 2000 rpm

*%0 and 1600 rpm
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4.4 Results and Discussions
4.4.1 Physical characterization of Ag/C, AgMnO2/C, Ag:V4011/C, V205/C and MnO2/C

catalysts

200 nni. 4
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1 2 3
[Full Scale 3249 cts Cursor 1810 (67 cts)

Fig. 1: Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy

(EDX) of the Ag/C catalyst.
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Fig. 2: Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy

(EDX) of the MnO»/C catalyst.
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Fig. 3: Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy

(EDX) of the AgMnQO,/C catalyst.
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Fig. 4: Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy

(EDX) of the Ag>V4011/C catalyst.
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Fig. 5: Transmission electron microscopy (TEM) and Energy-dispersive X-ray spectroscopy

(EDX) of the V20s/C catalyst.
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Aggregated spherical and branch-like particles morphologies were detected by TEM. The grey
spherical particles and grey branch-like particles are carbon black, which means the branch-like
particles are probably manganese oxides (see Fig. 1.-5.) (Sun et al., 2011). The Ag or Mn metal
are the dark spherical particles. A majority of the carbon in the Ag, V and Mn composition was
also observed by EDX analysis (as shown in Fig. 1.-5.). The EDX analysis shows Ag, V and Mn
in quantities of ca. 11.6%, 11.3% and 13.6%, respectively.

4.4.2 Electrochemical measurements
4.4.2.1 Base cyclic voltammograms of Ag/C, AgMnO2/C, Ag2V4011/C, V205/C and MnO2/C

catalysts
61(A)
& 4"
5
< 27 \
£ 0
> 7 e—————
% S/
& 27 I
E L
= ]
8 -6 - —Ag/C-N2
84 - -Ag/C-02

02 04 06 08 10 12 14
Potential (V) vs RHE

66



Current density (mA/cmz)

Current density (mA/cm?)

S o o ©
o o 4o N
1L 1L 1L 1L

S O o o o
o o A~ WODN
1 1 1 1 1

—_— e ==
-
-

MnOZ/C-N2
- - -MnO,/C-O,

02 04

06 08 10 12 14

Potential (V) vs RHE

-81—— AgMnO,/C-N,

-109}- - - AgMnO,/C-O, ‘

_12 T v T v T v T v T v T v T
02 04 06 08 10 12 14

Potential (V) vs RHE

67




Current density (mA/cm?)

Current density (mA/cm?)

0.5

044 (D
0.3 (D)
0.2-
0.1
0.0
-0.1-
-0.2
-0.3
-0.4
0.5 ‘
:8:3: ‘;' ——Ag,V,0,./C-N,
038, - - -Ag,V,0, /C-O,

411

02 04 06 08 10 12 14
Potential (V) RHE

-04- VI — V,0,/C-N,
J
- - -V,0,/C-O,

-0.5-

02 04 06 08 10 12 14
Potential (V) RHE

68



Current density (mA/cm?)

Current density (mA/cm?)

06 08 10 12 14

Potential (V) vs RHE

0.1+

o
o
1

-0.1 1

-0.2 1

-0.3 1

0.4+

-0.51

—— MnO,/CN,
- - -MnO,/C-O,

06 08 10 12 14

Potential (V) vs RHE

69




Current density (mA/cmz)

Current density (mA/cmz)

:g:g: —— AgMnO/C-N, "
:35]~ — ~AgMnO,/C-O, !

02 04 06 08 10 12 14
Potential (V) vs RHE

2

(1)
1.
0{ — =

- - =" ’, .
-1 -
21[——AgV O_/C-N
gZ 4 11 2

- - -Ag,V,0,/C-O,

'3 T

02 04 06 08 10 12 14
Potential (V) vs RHE

70



0.2

NA 01'

5

2 0.0

= -0.1-

=

2 -0.2-

(]

©

£ -0.3-

o

3 049~ X —V,0,/CN,
0.5- ! - - -V,0,/C-O,

02 04 06 08 10 12 14
Potential (V) vs RHE

Fig. 6: Cyclic voltammograms of (A) Ag/C, (B) MnO./C, (C) AgMnO./C, (D) Ag2V4011/C and
(E) V20s5/C catalysts in 1.0 M KOH electrolyte and (F) Ag/C, (G) MnO>/C, (H) AgMnO,/C (I)
Ag>V4011/C and (J) V20s/C catalysts in 0.1 M KOH electrolyte saturated with N> and O> at 30

°C and a sweep rate of 10 mV s!

The oxidation of Ag on the surface of the RDE showed the peak of Ag>O films (see Figs. 6A,
6C, 6D and 6F). In the bulk, oxidation peaks of AgOH and Ag>O are identified at the potential of
around 1.29 V and 1.35 V (Tang et al., 2011 and Wu et al., 2014). The Ag oxidation peak occurs
in the potential range between 1.3 V and 1.4 V. At potentials of 0.7 V and 0.8 V, Mn(OH): is
transformed into Mn>O3 and MnOOH. The oxidation peak is displayed at approximately 1.0 V,
which indicates the oxidation of MnOOH to MnO2 (Tang et al., 2011). The overlap of the
oxidation peaks for Ag and MnO: is exhibited at the AgMnO>/C electrocatalysts. However, the
reduction peak of AgMnQO: is higher than the reduction peak of Ag in saturated N> and O,. A
large reduction peak with the AgMnO»/C appears between the potentials of 0.2 V and 0.8 V in
0.1 M KOH in presence of O2. The AgMnO>/C electrocatalysts are shown to be advantageous for
improving ORR activity.
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4.4.2.2 Electrocatalytic activity for oxygen reduction reaction on AgMnQ2/C and Pt/C
electrocatalysts in (A) 1.0 M and (B) 0.1 M of KOH at 30 °C
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Fig. 7: Linear potential scan curves of AgMnQO»/C and Pt/C electrocatalysts on a rotating disk
electrode (RDE) in an O;-saturated (A) 1.0 M and (B) 0.1 M of KOH at 30 °C, with a sweep rate

of 10 mV s! and rotation rate of 1600 rpm.

The initial ORR polarisation curve of the catalysts shows a well-defined diffusion-limiting
current in a potential range between 0.20 V and 0.70 V, while between the potentials of 0.70 V
and 0.90 V the region under mixed kinetic-diffusion control is displayed (Fig. 7.) (Garsany et al.,
2012). The performance of the AgMnO./C electrocatalyst is compared with the Pt/C
electrocatalyst, which is found to have similar active at 30 °C (Fig. 3.). A comparison of the cost
for the Ag-based electrocatalyst (19.09 USD/oz) shows it to be much cheaper than the Pt/C
electrocatalysts (1,053.50 USD/oz) (Current prices from www.gold-eagle.com on September 12,
2016).
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Fig. 8: Linear potential scan curves of AgMnO-/C on a rotating disk electrode in O saturated 0.1

M and 1.0 M KOH at 30 °C, with a sweep rate of 10 mV s™! and a rotation rate of 1600 rpm.

The ORR polarisation curves of the AgMnO»/C catalyst in an O, saturated 0.1 M and 1.0 M

KOH are shown in Fig. 8., which imply that performance activity increases with decreasing
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KOH concentration. The current density activity of reduction depends on O solubility into the
KOH working electrolyte. Increasing the alkaline electrolyte concentration, the O diffusion
coefficient indicated an increased viscosity of the alkaline electrolyte.

4.4.2.3 Base cyclic voltammograms of Ag/C, MnO2/C, AgMnO2/C, Ag2V4011/C and V205/C
catalysts in 0.1 M KOH at temperatures of 30 °C, 40 °C, 50 °C and 60 °C.
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Fig. 9: Cyclic voltammograms for the (A) Ag/C, (B) MnO»/C, (C) AgMnO»/C, (D) AgxV4011/C
and (E) V»0s/C catalysts in 0.1 M KOH with N saturation at a sweep rate of 10 mV s’ and
temperatures of 30°C, 40°C, 50°C and 60°C.
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The Fig. 9. show the CV curves of Ag/C, MnO»/C, Ag>V4011/C, V,05/C and AgMnQO,/C
electrocatalysts in N saturated 0.1 M KOH at different temperatures. The Ag oxidation and
reduction peak are dedicated between the potentials of 1.2 V and 1.4 V and 0.9 V and 1.1 V,
respectively. The hights of the Ag oxidation and reduction peaks increases with increased
temperature (see Fig. 9A and 9C). In the CV of the AgMnO,/C catalyst is shown that the peak of
Mn(OH); changs to Mn203 and MnOOH at a potential of about 0.7 V to 0.9 V, respectively (see
Fig. 9C). The oxidation peak is at approximately 1.0 V according to the oxidation of MnOOH to
MnO; (Tang et al., 2011). AgMnO,/C electrocatalysts exhibit overlap of the oxidation peaks of
AgOH, Ag>0 and MnOx (Tang et al., 2011). The reduction peak of the Ag/C, Ag>V4011/C and
AgMnO,/C catalyst at 60 °C is higher than the reduction peak at 30 °C (see Fig. 9C).

4.4.2.4 Kinetic oxygen reduction of Pt/C, Ag/C, MnO2/C, Ag:V4011//C, V20s5/C and
AgMnQ2/C catalysts in 0.1 M KOH at temperatures of 30 °C, 40 °C, 50 °C, 60 °C.
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Fig. 10: Oxygen reduction reaction polarisation curves of Pt/C, Ag/C, MnO./C, Ag>V4011/C,
V205/C and AgMnO,/C catalysts on a rotating disk electrode in an O saturated 0.1 M KOH at

30 °C with a sweep rate of 10 mV s'. Koutecky-Levich plots of Ag/C, MnO»/C, Ag,V4011/C,

V20s/C and AgMn304/C at different potentials.
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Fig. 11: Oxygen reduction reaction polarisation curves of Pt/C, Ag/C, MnO./C, Ag>V4011/C,
V205/C and AgMnO,/C catalysts on a rotating disk electrode in an O saturated 0.1 M KOH at
40 °C with a sweep rate of 10 mV s™'. Koutecky-Levich plots of Ag/C, MnO»/C, Ag>V4011/C,
V205/C and AgMnO»/C at different potentials.
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Fig. 12: Oxygen reduction reaction polarisation curves of Pt/C, Ag/C, MnO,/C, Ag>V4011/C,

V205/C and AgMnQO,/C catalysts on a rotating disk electrode in an O saturated 0.1 M KOH at

50 °C with a sweep rate of 10 mV s™'. Koutecky-Levich plots of Ag/C, MnQO,/C, AgV4011/C,

V205/C and AgMnO»/C at different potentials.
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Fig. 13: Oxygen reduction reaction polarisation curves of Pt/C, Ag/C, MnO./C, Ag>V4011/C,
V205/C and AgMnQO,/C catalysts on a rotating disk electrode in an O saturated 0.1 M KOH at
60 °C with a sweep rate of 10 mV s'. Koutecky-Levich plots of Ag/C, MnO»/C, Ag,V4011/C,
V205/C and AgMnO»/C at different potentials.

The oxygen reduction reaction (ORR) polarisation curves of Ag/C, MnO,/C, Ag2V4011/C,
V20s/C and AgMnO,/C electrocatalysts obtained mostly parallel curves (see Figs. 10-13). The
Figures 10-13 (right) show Koutecky-Levich plots for different potentials on Ag/C, MnO»/C and
AgMnO,/C electrocatalysts. The plots present linear dependence at whole potentials. The
linearity and the parallelism of these curves are usually taken to imply first-order kinetics with
respect to solubility of oxygen, which indicates that the current is diffusion-controlled (Meng et
al., 2006). However, it is a pseudo 4-electron reduction pathway (2-electron reduction pathway
or 4-electron reduction pathway) due to the formation of H>O> on the surface of tested catalysts
(Qiao et al., 2013, Meng et al., 2006). The ORR can be represented by the Koutecky-Levich
equation (Meng et al., 2006) as:

it =i b+ it (6)

i; = 0.62nFACoDo?/3v1/6 1/2 (7)

where 1) is the diffusion limiting current, n is the number of electrons transfer in the reduction of
oxygen, F is Faraday’s constant (96,485 C mol™'), A is the geometric surface area of RDE (A =
0.196 cm?), Co is the bulk concentration of oxygen, Do is the diffusion coefficient of the oxygen,

v is the kinematic viscosity of the working electrolyte and ® is the angular rotation rate of the
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electrode (1600 rpm = 12.946 rad sh at 30 °C, 40 °C, 50 °C and 60 °C (Koscher et al., 2004,
Qiao et al., 2013). The value of v is collected from Table 2 at different temperatures (289 K, 293

K, 298 K and 313 K) (Chatenet et al., 2009).

Table 2. Kinematic viscosities (v) measured in various concentrations of NaOH solution

(Chatenet et al., 2009)

[NaOH]", M v, cm?s’!
16 °C 20 °C 25 °C 40 °C
10! 0.0132+0.0004 0.0118 0.0104+0.0003 0.0075+0.0002

* Approximation: [NaOH] = [KOH]

4.3

y =2114.46x - 11.6525

441 R?=0.9984

-4.5-
-4.6-

4.7+

In ((v), cm’s™)

-4.8-

4.9

0.0032 0.0033 0.0034 0.0035
(K"

Fig. 14: Kinematic viscosity curve of 0.1 M KOH at various temperatures

The kinematic viscosity was calculated using the Arrhenius equation (Garcia et al., 2014):

(8)

N W

v = Aexp
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Inv= InA - g )

where v is kinematic viscosities, A is a pre-exponential factor and B is the activation energy. The
value of A is 8.719 x 10° cm?s! and B is 2114 K in 0.1 M KOH. The v values are shown in
Table 5. The approximate Do was calculated from the oxygen diffusion in H>O, shown in Table

3 at different temperatures (Garcia et al., 2014, Han et al., 1996).

Table 3. Value of oxygen diffusion (Do) in HO"(Han et al., 1996)

T, °C Do, 107 cm?s’!
2.7 1.08
3.8 1.09
9.2 1.29
9.5 1.24
12.0 1.45
14.7 1.55
20.6 1.80
21.0 1.77
24.0 1.98
25.3 1.96
26.2 2.08
30.2 2.26
35.1 2.52
40.2 2.78
40.8 291

* Approximation: oxygen diffusion in H2O = oxygen diffusion in KOH solution
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Fig. 15: Oxygen diffusion curve of 0.1 M KOH at various temperatures

The values were fitted to the curve with the Arrhenius equation (Eq. 9) (Garcia et al., 2014). The
value of A is 3.831 x 10?2 cm? s and B is -2255 K. The values of Do in KOH solution at
different temperatures are shown in Table 5. The value of Co was determined from Table 4 at

temperatures of 294 K, 318 K and 348 K (Allebrod, 2013).

Table 4. Value of oxygen solubility (Co)

[KOH], M Co, 107 mol dm™
21 °C 45 °C 75 °C
0.1 1.26 0.94 0.77
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Fig. 16: Oxygen solubility curve of 0.1 M KOH at various temperatures

The values were determined from the curve with the Arrhenius equation (Eq. 9) (Garcia et al.,
2014). The value of A is 5.18 x 10 mol dm™ and B is 934.8 K in 0.1 M KOH. The Co values are

shown in Table 5.

Table 5. Value of oxygen solubility (Co), value of oxygen diffusion (Do) and kinematic
viscosity (v) at temperatures of 30 °C, 40 °C, 50 °C and 60 °C in 0.1 M KOH

T, °C Co, mol cm? Do, cm?s™! v, cm?s’!
30 1.13x 10°® 224 x 107 0.0093
40 1.03x 10° 2.85x 107 0.0074
50 9.36 x 107 3.56 x 107 0.0060
60 8.58 x 107 439x 107 0.0049

The number of electrons transfer with different electrocatalysts at a potential of 0.3 V was
determined by the Koutecky-Levich equation (Table 6). The kinetic current ix can be obtained

directly from y-axis intercept of Koutecky-Levich plots (see Table 7 and Figs. 10-13).
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Table 6. Comparison of the total number of electrons transfer (n) with different electrocatalysts
at different temperatures determined by RDE at potential of 0.3 V, a rotation rate of 1600 rpm, in
0.1 M KOH

Temperature, °C n@03V

Ag/C MnO,/C AgMnO,/C AgV4,011/C V,05/C Pt/C
30 3.37 3.00 3.81 3.63 3.37 3.70
40 3.28 2.76 3.38 3.28 2.55 3.00
50 2.71 2.71 2.86 2.95 2.10 2.59
60 2.33 2.54 2.25 3.08 1.97 2.25

Table 7. Comparison of kinetic current activities (ik) of all electrocatalysts at different
temperatures determined by y-axis intercept of Koutecky-Levich plots at a potential of 0.3 V and

a rotation rate of 1600 rpm in 0.1 M KOH

Temperature, °C i, Alcm?

Ag/C  MnO»/C AgMnO/C  AgViOu/C  V,0s/C PyC
30 0.0052 0.00062 0.0037 0.0038 0.00057 0.021
40 0.0019 0.00057 0.0048 0.0021 0.00088 0.066
50 0.0025 0.00057 0.0088 0.0025 0.00066 0.035
60 0.0039 0.00011 0.0030 0.0018 0.00100 0.062

The Koutecky-Levich curves exhibit good linear fit for each potential of Ag/C, MnO>/C,
Ag>V4011/C, V205/C and AgMnOo/C electrocatalyst (see Figs. 10-13). The number of
transferred electron for AgMnO/C and Pt/C are approximately 4 in 0.1 M KOH at 30 °C. The
kinetic current activity result of the Pt/C shows high values (see Table 7). The value for oxygen

solubility (Co) is reduced at higher temperatures than 30 °C (see Table 5). Oxygen solubility
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(Co) depends on the temperature. It can be explained as in the equation follows (Xing et al.,

2014).

55.56 Po
Co = 5596.17 2104-9668 (10)
exp(3.71814+T—T—2— POz)

where Po; is the partial pressure above the solution (atm) and T is the absolute temperature (K).

The kinematic viscosity (v) is decreased (see Table 5), in which the value for oxygen diffusion
(Do) is increased at higher temperatures than 30 °C (see Table 5). Oxygen diffusion (Do) in the
electrolyte can be described by the Stoke-Einstein equation (Xing et al., 2014):

kT

Do, = gorr (11)

where k is the Boltzmann constant (kg cm?/s?), T is the absolute temperature (K), 1 is the

dynamic viscosity of the solution (kg/cmz) and r is the radius of the O> molecule (cm?).
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4.4.2.5 Electrocatalytic activity of Pt/C, Ag/C, MnO2/C, Ag:V4011/C, V20s5/C and
AgMnO2/C electrocatalysts towards oxygen reduction in 0.1 M KOH with different ethanol

concentrations.
141A [ -
NE 04 N Nl
0o | T
< -1 :
E ] '
> -2- -
5 _ - MnO,/C
c . ’
3 -3 7T - - -Ag/C
c 1 7 e -+ AgMnO,/C
(O] -4 4 R
g 4_ clLL - = Pt/C
O .54 - = Ag,V,0. /C
_6 - T L] L] — IV20'5/CI
0.2 0.4 0.6 0.8 1.0 1.2
Potential (V) vs. RHE
4
1B R
3 | 4 N o=
E 21 K4 h
g " !
E o] -
2 ] [
s 11 ;e
& .ol ¥——MnO,/C
2 ] - - Ag/C
S -3
o V] +++ +AgMnO,/C
5 44 - = Pt/C
© 5] - =AgV,0_/C
S R Vv,0,/C
0.2 0.4 0.6 0.8 1.0 1.2

Potential (V) vs. RHE

91




6 - C s\
—~ . \
N / e e
5 4 /
< .
E 2 /
2 o
g 0- - -
—— MnO,/C
S -2 : 2
= PP, - - Ag/C
e 44 T - -+ *AgMnO,/C
3 - = Pt/C
° 61 - _Ag2V4011/C
sl . - V,0/C

02 04 06 08 10 12
Potential (V) vs. RHE

Fig. 17: Linear potential scan curves of Pt/C, Ag/C, MnO2/C, Ag>V4011/C, V20s/C and
AgMnO,/C catalysts on a rotating disk electrode in O; saturated alkaline containing ethanol
electrolytes: (A) 0.1 M KOH with 0.1 M EtOH (B) 0.1 M KOH with 0.5 M EtOH and (C) 0.1 M
KOH with 1.0 M EtOH at 30 °C, at a sweep rate of 10 mV s! and a rotation rate of 1600 rpm.
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Fig. 18: Linear potential scan curves of Pt/C, Ag/C, MnO2/C, Ag>V4011/C, V20s/C and
AgMnO,/C catalysts on a rotating disk electrode in O: saturated alkaline containing ethanol
electrolytes: (A) 0.1 M KOH with 0.1 M EtOH (B) 0.1 M KOH with 0.5 M EtOH and (C) 0.1 M
KOH with 1.0 M EtOH at 40 °C, at a sweep rate of 10 mV s™! and a rotation rate of 1600 rpm.
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Linear potential scan curves for Pt/C, Ag/C, MnO>/C, Ag>V4011/C, V20s/C and

AgMnO,/C catalysts on a rotating disk electrode in O saturated alkaline containing ethanol

electrolytes: (A) 0.1 M KOH with 0.1 M EtOH (B) 0.1 M KOH with 0.5 M EtOH and (C) 0.1 M

KOH with 1.0 M EtOH at 60 °C at a sweep rate of 10 mV s™!' and a rotation rate of 1600 rpm.
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The linear potential scan curves of the Pt/C electrocatalysts showed ethanol oxidation at various
temperatures and different alkaline electrolyte concentrations (see Figs 17-20). The proposed
ethanol electro-oxidation mechanism in alkaline medium can be written as follows for platinum

electrocatalysts (Suib, 2013).

Pt + OH — Pt-OHags + € (12)
Pt + CH3CH>OH — Pt-[CH3CH2OH Jads (13)
Pt-[CH3CH2OH]ugs + 30H  — Pt-[CH2COladgs + 3H20 + 3¢ (14)
Pt-[CH2COJugs + Pt-OHags — Pt-CH3COOH + Pt (15)
Pt-CH3COOH + OH" — Pt + CH3COO + H20 (16)

The rate determining step is step (15). The ethoxy ion intermediates of produced acetate via
adsorption of hydroxyl ions (OH") (Suib, 2013). Ag/C, Mn304/C, Ag2V4011/C, V20s/C and
AgMn304/C electrocatalysts are ethanol-tolerant. According to the results, the AgMnO,/C

electrocatalysts shows significant enhancement of ORR activity (see Figs. 17-20).

4.4.2.6 Tafel plots of Pt/C, Ag/C, MnO2/C, Ag:V4011/C, V20s5/C and AgMnO>/C
electrocatalysts in 0.1 M KOH.

Tafel plots exhibit a linear correlation of the potential (E) and the log ik. The kinetic current ix

can be calculated by Equation 17.

" (ia—io)

where 1, is the observed current and 14 is the limiting current that can be obtained directly from

the ORR polarisation curve (see Figs. 10-13).
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Fig. 21: Tafel plots of oxygen reduction for Ag/C, MnO>/C, Ag>V4O11/C, V20s/C and
AgMnO,/C electrocatalysts in 0.1 M KOH at temperatures of 30 °C, 40 °C, 50 °C, and 60 °C
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The performance of the electrocatalysts was evaluated from the kinetic current density (ix), as
seen in Figure 21. All electrocatalysts display at 60 °C higher mass activity than at 30 °C. The
average Tafel slope of AgMnO»/C, Ag/C, MnO,/C Ag>V4011/C and V»0s/C are 39.17 mV dec’!,
62.97 mV dec!,81.69 mV dec!, 80.53 mV dec™ and 59.45 mV dec’!, respectively
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Fig. 22. Tafel plots of oxygen reduction for Ag/C, MnO2/C, AgMnO,/C, Ag>V401:/C and
V20s5/C electrocatalysts in 0.1 M KOH with 0.1 M EtOH at temperatures of 30 °C, 40 °C, 50 °C,
and 60 °C
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Fig. 23. Tafel plots of oxygen reduction for Ag/C, MnO»/C, AgMnO,/C, Ag>V4011/C and

V20s5/C electrocatalysts in 0.1 M KOH with 0.5 M EtOH at temperatures of 30 °C, 40 °C, 50 °C,
and 60 °C
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Fig. 24. Tafel plots of oxygen reduction for Ag/C, MnO»/C, AgMnO,/C, Ag>V4011/C and
V20s5/C electrocatalysts in 0.1 M KOH with 1.0 M EtOH at temperatures of 30 °C, 40 °C, 50 °C,
and 60 °C

L ]
EREERZREX

Table 8. Tafel slope of oxygen reduction for Ag/C, MnO./C, Ag>V4011/C, V205/C and
AgMnO,/C electrocatalysts in 0.1 M KOH with various ethanol concentration at temperatures of

30 °C, 40 °C, 50 °C, and 60 °C

Tafel slope (mV dec™)

Ag/C 30°C 40°C 50°C 60°C
0.1IMKOH+0.1MEtOH 65.45 64.56 57.54 65.10
0.IMKOH+0.5SMEtOH 65.23 64.72 57.14 63.53
0.IMKOH+1.0MEtOH 64.89 64.94 57.01 59.63

Average Tafel slope 65.19 64.74 57.23 62.75
AgMnO,/C 30°C 40°C 50°C 60°C
0.1IMKOH+0.1MEtOH 45.89 26.14 36.98 45.09
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0.IMKOH+0.5MEtOH 40.54 20.38 43.23 49.53
0.1IMKOH+1.0MEtOH 42.05 20.22 41.63 34.36
Average Tafel slope 42.82 22.24 40.61 42.99
MnO»/C 30°C 40°C 50°C 60°C
0.IMKOH+0.1MEtOH 80.78 61.96 66.18 68.45
0.1IMKOH+0.5MEtOH 82.24 61.16 61.54 70.67
0.IMKOH+1.0MEtOH 83.13 60.13 61.35 70.17
Average Tafel slope 82.05 61.08 63.02 69.76
AgrV4011/C 30°C 40°C 50°C 60°C
0.IMKOH+0.1MEtOH 58.62 97.31 54.71 73.88
0.IMKOH+0.5SMEtOH 61.84 63.46 62.18 57.90
0.IMKOH+1.0MEtOH 65.38 50.61 77.45 49.91
Average Tafel slope 61.95 70.46 64.78 60.56
V20s5/C 30°C 40°C 50°C 60°C
0.1IMKOH+0.1MEtOH 56.15 44.26 54.58 49.53
0.IMKOH+0.5MEtOH 58.09 43.73 53.29 59.12
0.IMKOH+1.0MEtOH 43.57 48.07 41.46 71.74
Average Tafel slope 52.60 45.35 49.78 60.13

As shown in Figures 22-24, the performance of the electrocatalysts in electrolytes with different
ethanol-concentrations in 0.1 M KOH was evaluated from the kinetic current density (ix). Most
of electrocatalysts display higher mass activity at 60 °C than at 30 °C. The values of Tafel slopes
of AgMnO./C, Ag/C, Ag2V4011/C, V205/C and MnO»/C at different temperatures and

electrolytes are shown in Table 8.

4.5 Summary and conclusion

The Ag, V and Mn metal (TEM image) were displayed as dark spherical particles. According to
the base cyclic voltammograms of Ag/C and AgMnO>/C catalysts, the oxidation peak of Ag>O
was shown as well as the peaks for AgQOH and Ag,O were found. Moreover, the Ag oxidation
appeared at a potential of 1.3 V-14 V. At potentials of 0.7 V and 0.8 V, the cyclic
voltammograms of MnO>/C and AgMnO>/C catalyst in KOH indicates the peak of Mn(OH).,
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which changed into Mn,Os; and MnOOH. Additionally, the oxidation peak was obtained at
approximately 1.0 V that indicated the oxidation of MnOOH to MnQO»,, while the cyclic
votammograms of AgMnO,/C eletrocatalysts show an overlap of oxidation peaks for both Ag
and MnOaz. Nevertheless, the reduction peak of AgMnO: was higher than those of Ag with
saturated N> and O. The cyclic voltammograms in the presence of O, a large reduction peak of
the AgMnO>/C is also shown at a potential of 0.2-0.8 V in 0.1 M KOH. According to the results,
the AgMnQO>/C electrocatalysts are deemed helpful in improving the ORR activity. In addition,
the performance of the AgMnO,/C electrocatalyst is compared with the Pt/C electrocatalyst and
they had similar activity in both alkaline electrolytes at 30 °C. The CV of the Ag/C catalyst also
shows high current density for the Ag,O-Ag peaks at 60 °C. The current density of reduction
peak of AgMnQO>/C is increased at 60 °C compared to at 30 °C.

Ethanol oxidation is observed for Pt/C electrocatalysts, while Ag/C, MnO./C, Ag>V4O11/C,
V205/C and AgMnO>/C show high ethanol-tolerance. All electrocatalysts thus prevented an
ethanol oxidation reaction from ethanol crossover at the cathode side in alkaline direct ethanol
fuel cells. The Koutecky-Levich curves exhibited good linear fits for each potential of Ag/C,
MnO,/C, Ag>V4011/C, V205/C and AgMnO»/C electrocatalysts. The number of electron transfer
(n) is ca. 4 in 0.1 M KOH for AgMnO>/C and Pt/C at 30 °C, while the kinematic viscosity (v)
and the value for oxygen solubility (Co) are reduced at 60 °C. However, the value of oxygen
diffusion (Do) is increased at temperatures higher than 30 °C. Kinetic current density (ix) is used
to assess the performance of these electrocatalysts, and both with and without various the
concentrations of ethanol. Almost all electrocatalysts show higher mass activity at 60 °C than at
30 °C. During all investigations, the AgMnO-/C electrocatalyst showed the highest performance
for ORR in the presence of ethanol due to its superior tolerance toward ethanol poisoning, thus

making it a promising cathode catalyst for ADEFCs.
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5. Conclusions and outlook

Fuel cells have been designed for the continuous conversion of different kinds of fuel to
electrical energy. Various gaseous and liquid fuels are applied in fuel cells. A benefit of fuel cells
is their ability to operate with little or no noise. The cathode, anode and membrane comprise the
core components of a fuel cell to realize the electrochemical oxidation at the anode and the
corresponding reduction at the cathode. Electrochemical reactions in the fuel cell convert fuel
and oxygen directly into electricity and heat. Reaction products are water or steam and in case of
hydrocarbon fuel, carbon dioxide.

Excessive heat can be expelled from the fuel cell efficiently with liquid coolants due to their heat
transfer coefficients in the range of 500-1000 W m™ K! compared to the heat transfer coefficient
of air of approx. 15-30 W m™ K'!. The influence of coolant leakage into the cell was the main

focus of the investigations.

Ethylene glycol (EG) is a widely used coolant due to its optimal properties concerning toxicity,
costs, freezing and boiling point as well as viscosity. However, because of the adsorption of EG
on the Pt catalyst surface, it may block active sites and as an intermediate reaction product
during the oxidation of the molecule CO might be formed.

The investigation of the reaction kinetics including the oxygen adsorption at the catalytic sites of
electrocatalysts for the oxygen reduction reaction (ORR) in case of coolant leakage was a main
focus of research. Coolant leakage has a similar effect on molecular level like the fuel crossover
of the liquid fuel in a direct ethanol cell. Ethanol crosses through the membrane from the anode
to the cathode side and influences the cell potential directly. Ethanol adsorption on the surface of
the electrocatalyst results, similar to EG, in limitation of adsorption in oxygen molecules on the
surface of an electrocatalysts. The evaluation and the development of ethanol-tolerant cathode

electrocatalysts (for utilization in alkaline direct ethanol fuel cells) were investigated.

According to the results for coolant leakage, the coolant consisting of ethylene glycol and Triton-
X, reduced ethylene glycol electrooxidation at 0.5-0.9 V vs. RHE, cycle by cycle, compared to
coolant consisting of ethylene glycol/water. Hence, Triton-X, a non-ionic surfactant, decreases
the electrooxidation reaction of ethylene glycol. Initially, the EG molecules may be introduced

into Triton-X micelles preventing CO formation and poisoning of the active sites. On the
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electrode surfaces, the CO species, the EG molecules and the Triton-X compete for adsorption
on the Pt electrocatalyst. Therefore, the CO may create oxidation reaction on the surface of the Pt
electrocatalyst. Coolant such as ethylene glycol / Triton-X shows obstruction of CO poisoning on
the Pt electrocatalyst. Furthermore, the results of the coolant ethylene glycol / Triton-X show the
loss of Pt ECSA after coolant contamination as changing new electrolyte and during
contamination as presence the coolant into the electrolyte of 0.02% and 37.74%, respectively.
ORR during contamination with ethylene glycol only shows ethylene glycol oxidation at
potentials of 0.5-0.9 V. On the other hand, ORR during contamination with coolant consisting of

ethylene glycol / Triton-X demonstrates that Triton-X reduces ethylene glycol electrooxidation.

According to the results for ethanol crossover, Ag/C, MnO>/C, Ag>V4011/C, V205/C and
AgMnO,/C exhibited ethanol-tolerance during oxygen reduction reaction. Therefore, all
electrocatalysts prevent ethanol oxidation reaction from ethanol crossover at the cathode side in
alkaline direct ethanol fuel cells. Most of the ORR results confirm that AgMnO./C
electrocatalysts significantly improve the cathode performance. In addition, the performance of
AgMnO,/C electrocatalysts was compared to state-of-the-art Pt/C electrocatalysts showing that

both exhibited similar characteristics in alkaline electrolyte at 30 °C.
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and 60 °C 98
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Fig. 23. Tafel plots of oxygen reduction for Ag/C, MnO»/C, AgMnO,/C, Ag>V4011/C and
V20s5/C electrocatalysts in 0.1 M KOH with 0.5 M EtOH at temperatures of 30 °C, 40 °C, 50 °C,
and 60 °C 99

Fig. 24. Tafel plots of oxygen reduction for Ag/C, MnO2/C, AgMnO,/C, Ag>V40:1/C and
V20s/C electrocatalysts in 0.1 M KOH with 1.0 M EtOH at temperatures of 30 °C, 40 °C, 50 °C,
and 60 °C 100
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LIST OF SYMBOLS
2. Fundamental
AADEFCs is Alkaline acid direct ethanol fuel cells
A is the electrode geometric surface area (cm?)
ATR-FTIR is attenuated total reflectance fourier transform infrared spectroscopy
C* is the electrolyte concentration (mol/cm?)
CV is cyclicvoltammetry
Cp is the heat capacities
D is the diffusion coefficient (cm?/s)
DEFCs is Direct ethanol fuel cells
DMFCs is Direct methanol fuel cells
E is the ideal potential of the cell
EDX is energy dispersive X-ray spectroscopy
EMF is electromotive force
F is Faraday’s constant (96,487 Cmol™)
Gi’ is the partial molar Gibbs free energy for species i at temperature T
il is limiting current or levich current (A/cm?)
ik is the kinetic current density
n is the number of electrons participating in the reaction
ORR is oxygen reduction reaction
PEMFCs is Proton exchange membrane fuel cells
RDE is a rotating disk electrode
SEM is the scanning electron microscopy
T is the temperature

TEM is the transmission electron microscopy
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Wei is the maximum electrical work

AG is the Gibbs free energy change

AG? is the Gibbs free energy change at the standard pressure (1atm)
AGet is the Gibbs free energy of formation

AH is the enthalpy change

AHt is the enthalpy of formation

AS is the entropy change

o is the rotation rate (rad/s)

v is the kinematic viscosity (cm?/s)

3. Performance decrease of platinum fuel cell catalyst by coolant leakage (section 1)
A is geometric surface area of the glassy carbon working electrode
CV is cyclicvoltammetry

ECSA is electrochemical surface area

EDX is energy dispersive X-ray spectroscopy

EG is ethylene glycol

Hupa s the underpotentially electrodeposited

hcd is the high current densities

14 1S the limiting current

ik 1s the kinetic current

1o 1s the observed current

lcd is the low current densities

Lp; is Pt loading on the surface of the working electrode

MA is mass activity

ORR is oxygen reduction reaction
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PEMFCs is Polymer electrolyte membrane fuel cells
RDE is a rotating disk electrode
RHE is a reversible hydrogen electrode

SEM is the scanning electron microscopy

4. Investigation of performance decrease of non-Pt based electrocatalysts in presence of
ethanol leakage (section 2)

ADEFCs is Alkaline direct ethanol fuel cells

A is geometric surface area of the glassy carbon working electrode
Co is the bulk concentration of the oxygen

Do is the diffusion coefficient of the oxygen

EDX is energy dispersive X-ray spectroscopy

F is the Faraday constant (96,485 Cmol™)

iq is the limiting current

ik is the kinetic current

11 1s the diffusion limiting current

1o 1s the observed current

n is the number of electrons transfer

ORR is oxygen reduction reaction

RDE is a rotating disk electrode

RHE is a reversible hydrogen electrode

TEM is the transmission electron microscopy

v is the kinematic viscosity of the working electrolyte

o is the angular rotation rate of the electrode
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Preparation of PtNi/C catalysts for polymer electrolyte

membrane fuel cells
Chakkrapong Chaibun, Viktor Hacker
Institute of Chemical Engineering and Environmental Technology,
Graz University of Technology, Steyrergasse 21, 8010 Graz, Austna
E-mail : chakkrapong.chaiburi@student tugraz_at

A major challenge for commercialization of the fuel cells are the high manufacturing
costs of PEMFCs. The costs of the catalysts represent approx. 30% of the overall
manufacturing costs because currently platinum is the catalyst for both anodes and cathodes
in PEMFCs. This work focuses on PtNi supported on carbon. The kinetic current density (iz)
of the ORR of Pty 3sMNVC and PtNi, 12/C catalysts was investigated. Carbon-supported PtNi
nanoparticles were prepared in a two step method. Nickel () chloride (NiCl;-6H20),
H:PtCl;-6H.O and sodium borohydrnide (NaBH,) were dissolved in 0.26 g ethylene ghycol
(EG) and stirred at 60C for 0.5 h. The solution was kept at this temperature 90°C for 0.5 h.
Carbon black Wulcan®XC72 was added to the mixture. The morphology of the carbon-
supported bimetallic nanoparticles was characterized by Scanning Electron Microscope
(SEM) and the amount of Pt and Ni in catalysts was measured by X-Ray Fluorescence
Spectrometer (XRF). The electrocatalytic oxygen reduction reaction (ORR) activities were
measured in 0.1 M NaOH using cyclic voltammetry and rotating disk electrode method. The
Plot curve showed linear oxidation and reduction behavior the Levich plot's equation and the
Koutecky-Levich plot showed the result of slope clearly vanes depending on the catalyst
layer. The Levich plot (Fig.1) and Koutecky-Levich plot (Fig.2) are presented below.
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Figure 1.Levich plot of PtasNUC Figure 2 Koutecky-Lavich plot of PtaaNIC
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Performance decrease of platinum fuel cell cataly
by coolant leakage

Chakkrapong Chaiburi, Viktor Hacker
Institute of Chemical Engineering and Environmental Technology, Graz Univer==
Technology, Inffeldgasse 25 C, 8010 Graz, Austria
chakkrapong.chaiburi@student.tugraz.at

Abstract

A fuel cell is an electrochemical generator of electricity and heat o, ==
electrochemical reactions. The leakage of the coolant during operation of the fu= ==

but can influence the performance of the platinum (Pt) electrocatalys: -
degradation effects of the glycol-based coolant formulations on the active sites == ==
Pt electrocatalysts were investigated.

Introduction

Polymer electrolyte fuel cells (PEMFCs) are generator systems for hydrogen anc ==
supply, with the fuel cell stack consisting of steel endplates, bipolar plates anc ==
membrane electrode assembly (MEA), humidifier and cooling loops. They conv==
electrochemical reactions, such as the oxidation of the hydrogen at the anode ==
the reduction of the oxygen at the cathode, directly into electricity, giving water ==
the only by-product. It emits heat generated by the electrochemical reactions o =
the electron passing through the fuel cells. Generally, ethylene glycol (EG) is us==
as a coolant in traditional engines and it (bp. 198°C) can also be used to cool a .=
cell. However, coolant might decrease the performance of the PEMFC when
causes a leak to the PEMFC. The coolant can poison the catalyst via the oxidat o~
reaction of ethylene glycol on the Pt catalyst sites. Garsany et al. studied coola~=
such as glycol/water and glycol/water/surfactant mixtures which cause the loss o7 =
electrochemical surface area (ECSA), but the Pt fully recovered after benz
contaminated (clean electrolyte). The surfactant was an ethoxylated nonylphenol [*
In this study, we investigate glycol-based coolant formulations to show the decreas=
poisoning effects on the active sites of Pt electrocatalysts when the coolant leakac=
occurs into the system by using the cyclic voltammetry (CV) method. For the ==
ECSA, comparisons are given of the Pt ECSA between initial CV and CV after beinz
contaminated, and then the loss of Pt electrochemical surface area (ECSA)
calculated.

wn ¢

Experimental
Physical characterization methods
Morphology of 30 wt. % Pt/C commercial catalysts (E-Tek) was determined using

scanning electron microscopy, (SEM).The element compositions of Pt/C catalysts
was analysed by the energy dispersive X-ray spectroscopy, (EDX).
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Coolant materials

The coolant was made from ethylene glycol, water and a non-ionic surfactant. The
non-ionic surfactant was Triton X (C14H2,0(C2H40)5).

Electrochemical measurements

All electrochemical measuring techniques were carried out with standard three-
electrodes at 303 K. The 0.10 M H,SO, working electrolyte was prepared from
nanopure water (18 MQ-cm, Barnstead Nanopure). The reference electrode was
used as a reversible hydrogen electrode (RHE) and a platinum electrode was used
as the counter electrode. The working electrode was glassy carbon. Ultra high purity
nitrogen (N;) and oxygen (O;) were employed. The catalysts were carried out on a
commercial 30 wt % Pt supported on vulcan carbon XC-72, P/C (E-Tek). For a
rotating disk electrode, (RDE), the catalyst ink was prepared on a glassy carbon
electrode @ equal to 5 mm, surface area equal to 0.196 cm?. The working electrode
Pt-loading was 28 ugeicm™?. The electrochemical measurement applied is for cyclic
voltammetry (CV)and the resuits were calculated for the loss of Pt ECSA.

[QH-adsorption (C)] g
[210uCcmpiLp: (mgpecm=2)Ag(cm?)

ECSAptcat (ngf_’tl =

where ECSA is the Pt ECSA (m’gp') obtained from calculating  and Q4 =210
pCem?. Lpy (mgeiem™) is Pt loading on the surface of the working electrode and Aq
(cm™) is the geometric surface area of the glassy carbon working electrode [1]. The
loss of Pt ECSA due to a contaminant is calculated:

(ECSAinitiai—ECSAginar) <10

ECSAloss(%) = ECSAsninial
initia

0

Results

Physical characterization

o Wre

Figure 1: (a) Typical of SEM for a commercial 30% Pt/C (E-Tek) (magnification is
30000) (b) Typical of EDX for a commercial 30% Pt/C (E-Tek)

125

123



10. Minisymposium Verfahrenstechnik TU Wien, June 17

In Figure 1a, the morphology of a commercial 30% Pt/C catalyst sample shc
sphere powder aggregated structure. The composition of commercial 30°- -
catalyst shows an average of the elements at 63.80% of C, 4.65% of O, 1.17°- -
and 30.44% of Pt (Figure 1b).

Effect of the ethylene glycol-based coolant on CV characteristics
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Figure 2: (a) Comparison of initial cyclic voltammogram of Pt/C and cycic
voltammogram of Pt/C (during contamination with coolant no. 1 (a mixture =
ethylene glycol and water)) in N, purged 0.10 M H,SO, electrolyte (b) Comparison =
initial cyclic voltammogram of Pt/C and cyclic voltammogram of PY/C (af="
contamination) in N» purged 0.10 M H,SOy electrolyte
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Figure 3: (a) Comparison of initial cyclic voltammogram of Pt/C and cyclic
voltammogram of Pt/C (during contamination with coolant no. 2 (a mixture of
ethylene glycol, water and triton X 100)) in N> purged 0.10 M H,SOy electrolyte (b)
Comparison of initial cyclic voltammogram of Pt/C and cyclic voltammogram of Pt/C
(after being contaminated) in N, purged 0.10 M H.SOy electrolyte
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Figure 2a, the CV cycle increases, the anodic current peaks enhancing very slowly
cycle by cycle. As viewed from Figure 2a, an oxidation peak around 0.9 V is
observed in the anodic scan region. Ethylene glycol started increasing to the
electrooxidation at 0.5-0.9 V (Figure 2a). A probable mechanism as suggested by
Vaithilingam Selvaraj [2, 3]. The loss of Pt ECSA after recovery is 25.09% (Figure
2b).

The CV cycle decrease and the anodic current peaks decrease cycle by cycle
(Figure 3a). The ethylene glycol causes oxidation at 0.5-0.9 V during contamination
with 1 ml of coolant no. 2. The loss of Pt ECSA after clean electrolyte is 3.48%
(Figure 3b).From the data obtained it is most likely that the Triton-X prevents CO
from being adsorbed on the surface of the Pt catalyst during coolant contamination.
On the electrode surfaces, the EG molecules and the Triton-X will compete to adsorb
the CO on the surface of the active sit of the Pt.The CO will be hindered to adsorb on
the surface of Pt. Therefore the anodic current peaks electrooxidation reduce cycle
by cycle (Figure 3a). As shown in Figure 4, it is expected that first the EG chains
may insert into Triton-X micelles. After that Triton-X wraps around the micelles of
EG. Figure 4 shows the aggregate structure [4]. This is the reason why Triton-X
inhibits EG and generates CO for adsorption on the Pt catalyst sites and prevents

EG adsorbing on the working electrode. Figure 3a, shows that EG oxidation
decreased.

surfactant EG
v
x
Free micelles Triton X wrap around aggregated structure
micelles of EG

Figure 4: Micelles of Triton-X wrap around EG

Conclusion

The loss of Pt ECSA after clean electrolyte of coolant no. 2 (a mixture of ethylene
glycol, water and Triton-X) and coolant no. 1 (a mixture of ethylene glycol and water)
show 3.48% and 25.09%, respectively. Performance of the loss of Pt ECSA after
clean electrolyte of coolant no. 2 is better than the coolant no. 1. Then the Triton-X
prevents CO from ethylene glycol poisoning on the active sites of Pt electrocatalyst
during coolant contamination. Triton-X can decrease electrooxidation reaction of
ethylene glycol.
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Investigation of performance reduction of fuel cells
during coolant leakage

Chakkrapong Chaibun, Viktor Hacker
Institute of Chemical Engineenng and Environmental Technology, Graz University of
Technology, NAWI Graz, Inffeldgasse 25C, 8010 Graz, Austria
chakkrapong.chaibun@student tugraz_at

Abstract

A fuel cell converts chemical energy directly into electrical energy. During the conversion heat
and water are generated. To prevent overheating a coolant is used for heat removal in fuel
cells. Ethylene Glycol has good cooling charactersitics for an fuel cell. But if it leaks into the
fuel cell, it reacts to CO, which results in a performance loss due to poisoning of the Pt catalyst.
The companson of EG+water and EG+water+Tnton X shows, that the latter produces less CO
due to capture of EG by Triton X. The influence on the oxygen reduction reaction (ORR) was
investigated. The applied coolants have an effect on the poisoning of the electrocatalyst. Triton-
X reduces carbon monoxide (CO) poisoning at active sites of the Pt electrocatalyst and
decreases the electrooxidation reaction of ethylene glycol. The ORR of coolant consisting of
ethylene ghycol, water and Triton-X inhibits the ethylene glycol electrooxidation.

Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are energy conversion systems that
generate electric energy directly from hydrogen. A PEMFC stack consists of steel endplates,
bipolar plates and the membrane electrode assembly (MEA), humidifier and cooling loops.
They convert hydrogen and oxygen via electrochemical reaction directly into electricity, giving
water as the only by-product. The system ejects heat generated by the electrochemical
reactions or by the electrons passing through the fuel cells. Using a liquid coolant has become
attractive, owing to the higher heat transfer coefficient achieved as compared with air-cooling
[1]. Ethylene glycol (EG) is used as a coolant in traditional engines (boiling point 198 °C and
freezing point less than 40 "C) and it can also be used to cool a fuel cell. However, it might
decrease the performance of the PEMFCs if it leaks into the cell. The coolant can poison the
catalyst via the oxidation reaction of EG on the Pt catalyst sites. Wieland ef al. suspected that
CO2 and CO are generated when the C-C bond is broken by the oxidation of EG with the Pt
electrocatalyst [2]. Carbon monoxide (CO) is a well-known catalyst poison in fuel cells. The
CO is strongly adsorbed and blocks the Pt catalyst sites [3]. However, there have been few
studies to determine the deleterious quantity of a coolant such as EG which affects the
performance of the PEMFC. Garsany et al studied coolants such as glycoltwater and
glycol+water+surfactant mixtures which cause the loss of Pt electrochemical surface area
(ECSA). The surfactant was an ethoxylated nonylphenol. The Pt fully recovered after being
contaminated in ex-situ experiments (by replacing the electrolyte) [4].

In this research, the ex-situ oxygen reduction reaction (ORR) method was used to investigate
glycol-based coolant formulations to show any deleterious poisoning effects on the active sites
of Pt electrocatalysts when coolant leakage occurs into the system. Tnton-X
(C12H220(CzHs0O}) as a non-ienic surfactant was added to ethylene glycel based coolants.
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Experimental

Selected coolants
The coolant made from a mixture of ethylene glycol and water is called coolant no. 1. The
coolant with additional Triton-X is called coolant no. 4.

Electrochemical measurements

All electrochemical measuring technigques were carmed out with standard three-electrodes
configuration at 30°C. The 0.10 M H:50. working electrolyte was prepared from nanopure
water (18 M{-cm, Bamstead Manopure). The reference electrode was a reversible hydrogen
electrode (RHE) and a platinum electrode was used as the counter electrode. The working
electrode was a rotating disk electrode (RDE) with glassy carbon substrate. Ultra high punty
nitrogen (Nz) and oxygen (Oz) were employed. As catalyst 30 wt % Pt supported on vulcan
carbon XC-72, Pt/C (E-Tek) was used. The Pt-loading of the working electrode was 28 pge:
cnr?. The kinetic current iy is calculated by equation 1, where i; is the observed current at 0.90
Vws. RHE and iy is the diffusion limited cumrent that can be obtained from the ORR curve.

{id—ia]
The mass activity (MA) of the catalyst is calculated by equation 2,

MA=1% )
Lpe
where MA (mA/ pge: ) is mass activity, Le: (mget env?) is Pt loading of the working electrode.

Results

The initial ORR curve of the PY'C has a defined diffusion-limiting current around E = 0.10-0.50
W and a kinetic-diffusion mixed region at approx. 0.70 < E < 0.90 V (Fig. 1A). The MA value is
calculated using the mass transport-comection from equation (2) where the kinetic current, ix,
is obtained from the value of the polarization curve at 090V vs. RHE and iz at E=0.30 V vs.
RHE. These Pt MAs are compared in Fig. 1C. The MA measured for the clean PY/C electrode
is 21.75 £ 3.4 mA/mga. After the contamination occured, the MA obtained after 20 ORR cycle
is equal to 16.35 + 2.0 mA/ mget. By extending the cyclic voltarmmetry (CV) procedure, the MA
is 1741 £ 1.1 mA' mg~. Fig. 1B, the ORR dunng contamination shows ethylene glycol
oxidation at potential ca. 0.5-0.9 V (Fig.1B).
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Fig. 1. A) Companson of initial ORR fo after contamination with coolant no. 1 of ORR-1, ORR-
5, ORR-10, ORR-15 and ORR-20 of the ORR polanzation curve obtained in a 0.1M H2504
electrolyte B) Comparison of initial ORR, duning contamination, after contamination with
coolant no. 1 of ORR-20 and ORR after extended CV procedure C) Comparison of MA
calculated before contamination, after confamination of ORR-20 and ORR after extended CV
procedure. (ORR-1 as 19 cycle, ORR-5 as 5 cycle, ORR-10 as 10" cycle, ORR-15 as 157
cycle, ORR-20 as 209 cycle).

These Pt MAs are compared in Fig. 2C. The MA measured for the initial PY/C is equal to 23.28
14 9 mA/mge:. After contamination, the MA obtained for ORR-20is 13.71 £ 3.5 mA/mge:. After
contamination and extended CV procedure, the MA is 14.18 £ 3.6 mA/ mgr:. Fig. 2B shows
decreasing ethylene glycol oxidation during ORR contamination.
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Fig. 2. A) Companson of inial ORR fo after contamination with coolant no. 4 of ORR-1, ORR-
5, ORR-10, ORR-15 and ORR-20 of the ORR polanzation curve obtained in a 0.1M H250.

electrolyte B) Comparson of inifial ORK, dunng contamination, affer contamination with
coolant no. 4 of ORR-20 and ORR after extended CV procedure C) Comparison of MA
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calculated before contamination, after confamination of ORR-20 and ORR after extended CV
procedure. (ORR-1 as 1¥ cycle, ORR-5 as 5" cycle, ORR-10 as 10" cycle, ORR-15 as 157
cycle, ORR-20 as 207 cycle).

As shown in Fig. 3, it is expected that first the EG molecules may insert into Tnton-X micelles.
Fig. 3 shows the aggregate structure [5]. Therefore, Trton-X reduces CO from ethylene glycol
that poisons the active sites of the Pt electrocatalyst during coolant contamination. According
to this machanism, Triton-X inhibits EG from being oxidized to CO on the working electrode.

surfﬂctﬁlmt fc-. @ i,
W o {?;} = Q = fi‘é

g

-

Free micelles Triton X wrap around aggregated structure
micelles of EG

Fig. 3. Micelles of Trton-X wrap around EG [6]
Conclusions

The ORR during contamination with coolant no. 1 shows ethylene glycol oxidation at
potentials of 0.5-0.9 V vs. RHE. Coolant no. 4 illustrates the decreasing
electrooxidation kinetics of ethylene glycol during ORR. From the data obtained it is
most likely that the Triton-X prevents CO formation due to the aggregation of micelles.
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Study on ethanol-tolerant electrocatalysts for oxygen
reduction reaction in alkaline media
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Absiract

AgiC. MnsDuw'C and AgMn:0aiC elechrocatalysts were synthesized by means of colloid
methad and their ethano tolerance was mwestigated by eyelic voltammetry using a rotating
dise electrode. Further, the morphology, stuciure and element composibon of
electrocatalysts were characterized by ransmission elsctron microscopy and energy
dispersive X-ray speciroscopy. respectively. The electrocatalysts showed ethanol-
toderance for oygen reduction reaction in KOH electrolyte. As a result all of the
electrocatalysts prevented ethancl ocdation reaction. The most recent result confimmed

that the AgMnz0w'C electrocatalyst improved the catalylic activity significanty.
Introduction

There are varying reasons for performance loss during [fetime of an alkaline direct ethanol
fuel celis (ADEFCs), including exposure to crossowver compounds like ethanol. The fuel s
ethanol contaning KOH. At the cathode compariment, the oxidant is air. However, the
ADEFCs efficiency is influenced by ethanod crossover wvia 3 membrane from the anode fo
cathode side. The sthano! are adsorbed on the actve surface of the electrocatalyst,
thereby blocking and preventing the adsorption of oxygen molecules. Therefore, the
development of sthanod-tolerant cathode catalysts for ADEFCs is necessary. In this
research, the actiwties of Ag'C., Mn:04'C and Aghns0uwC elecirocatalysts towards oxygen
reduction reaction (ORR) were investigated in a KOHEIOH elecirolyte by cydic
wvoltammeiry using a rotating disk electrode (RDE).

Experimetal investigation
Synthesis of cathode slecirocatalysts

The AgiC electrocatalyst was synthesized by colloid method [1]. The 20 wt. % AgiC
catalyst was prepared using mixture of trisodiem cifrate dihydrate and AgNOs, which were
dissolved in ulrapure water (~18 M-cm). The solution was stimed wntil it clearified
compleiely. After some minutes of stimng a drop of MaBH. solution was added to the Ag
sodution. The colloid solution exhibited a yellowish-brown colour. Ower 3 period of 15-20
min the whole MaBHs: solution was dropped slowly to the fast stimed Ag solution. The
sodution became dark brown. The Ag nanomaterial was stimed for 15-30 min. Afterwards,
Viudcan XC-72R carbon black as support matenal was dispersed in ulirapure water with an
ultrasonic probe approximately 10 min and addad slowly to fast stimed Ag solution. The Ag
was precipitated on the carbon back. The mixtwre was stimed approsimately 2 he The
suspension was centrifuged at 11400 rpm for 10 min. The Ag nancparticles wers fitrated
and washed twice with ultrapure water. After that, the AgiC catalyst was dried over night at
80 =C. The yield exhibited between BB% and 83%. The Mn:04C electrocatalyst [1] was
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prepared by blending Vulcan XC-T2R dispersed in ethanclwater mixed solution (8:2 wiv).
Afterwards, Mn{NOz)jz4H:0 was added and the solvent of the slurry was removed by
stirring ower night at 60 *C. Finally, the Mnz04'C was calcined in a fumace at 400 °C for 2 h
unider Mz atmosphere (heating rate 5 =C min"). The AgMn:O, electrocatalyst [1, 2, 3] was
obtained by two-step synthesis. In the first step AghO: and KMnO4 {molar ratio 1:1) were
dissclwed in ultrapure water at B0 °C, which was acidified with a drop of 85% HMNOs. The
solution was showly cooled to 0 *C. The suspension came dark-blue nesdles and
precpitated. The AghnDs was filirated, washed with ice ultrapure water and dred. In the
next step. the Aghin:0uC catalyst was synthesized dissolving of AgMnOs in ultapure
water at ca. 40-50 *C_ An approximate amownt of Vulean X C-72R carbon black was added.
The black shery was dispersed with ultrasonic for 15 min. Afier that, the water in black
shary was slowly evaporated at constant 80 =C. Finally, the dry powder was caleined in a
tubudar fumace for 2 h at 400 =C under Mz atmosphere with 3 heating rate 5 °C min and
Aghin:04C electrocatalyst obtamed.

Characierisation of cathode elecirocatalysts

The morphology of AgiC, Mn:0J/C and Aghins0uwC electrocatalysts were determined by
transmission electron microscopy (TEM), which is a type of electron microscope that can
transmit wia an uira-thin specimen and present high resolubon mages of the sample
surface. The element compositions of Ag/C, Mn:0s'C and AgMn:0wWC electrocatalysts
were measured by enengy dispersive X-ray spectroscopy (EDX)L

The activities of all electrocatalysts were determined by oyclic voltammetry using a rotating
disk electrode (ROE). All elecirachemical measurements were camed out with a standard
three-electrode configuration in a 0.1 M KOH electnolyte at 30" C. For the expenmental
satup, 3 rewersible hydrogen electrode (RHE) as reference electrode |, a platinum elecirode
as counter electrode and a rotating disk electrods (ROE) as working electrode were used.
The electrocatalyst loading on the RDE was 56 ug cm. A commercial PYC electrocatalyst
was used as reference.

Physical characterisation of Aghin:0u/C catalysts

Fig. 1. Transmission eleciron microscopy | TEM) of the Agln:04C elecirocaialyst.

The TEM image shows three morphologies, including (1) dark sphencal partickes, (2) gray
spherical particles and (3) branch-like partides. The dark sphencal partides are atiributed
to Ag or Mn and the gray spherical particles as activated carbon. The branch-like particles
are likely manganese oxides [4]
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Electrochemical measurements
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Fig. 2. Base cychc volfammograms of Ag'C, Mny04/C and Aghn=0,C electrocatalysts in a
degerated 0.1 M KOH af 30 C, with sweep rate of 10 mV 5.

The AgMnz04C electrocatalysts exhibits owerapping of the oxidation peaks of Ag and
Mnz0s (at a potential of 1.2-1.4 V). However, the reduction peak of AgMn=0. (at a potential
of 0.8-1.1 V) is higher than the reduction peak of Ag (Fig. 2). The AgMns0O4C
electrocatalysts are believed to be advantageous for mproving ORR activity [5].
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Fig. 3. Linear pofenfial scan curves of PYC, Ag'C, Mn:04C and Aglns04C
elecfrocatalysis on a rofating disk efecfrode in an Oy saturated 0.1 M KOH at 30 <€, with 3
sweep rate of 10 mV 57 and a rofstion rate of 1600 mpm.

ORR polarisation curves of Ag'C, Mn:0JC and AgMns04'C electrocatalysts under an Oy
atmasphere 0.1 M KOH electrolyte at 30 =C with a scan rate of 10 mV s and a rotating
rate of 1600 rpm are shown in Figure 3. The initial ORR polarisation curves of the
electrocatalysts possess a well defined difusiondimiting current at a potential between
0.20 and 0.70 ., followed by a region under mized kinetic-difusion controd at 07D < E <
0.20 V (Fig. 3). The periormance of the AgMns0w/'C electrocatalyst was compared fo PHC
electrocatalyst and found to be nearfy the same in 0.1 M KOH at 30 =C.

Electrocatalytic actvities towards oxygen reduction of PYC, Ag/C, Mne04C and
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AgMn:=04/C electrocatalysts in a 0.1 M KOH with difierent ethanol concentrations are
shown in Figure 4.
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Fig. 4. (A} Linear pofental scan cunves of PYC, Ag'C, Mns0#'C and Aghins0e'C on a
rotafing disk electrode in an Ou saturated 0.1 M KOH with 0.1 M ethano! at 30 7, a sweep
rate of 10 mV 57 and a rofation rate of 1600 mpm. (B) Linear potenfial scan curves of PEC,
Ag'C, Mns0#C and Aghin=04C on a rofaling disk elecfrode in an Os saturafed 0.1 M KOH
with 1.0 M ethamol at 30 G, 3 sweep rate of 10 mV 5" and a rofation rate of 1600 pm.

The effect of vanous ethanol concentrations in alkaline electrolyte on the performance of
ocygen reduction of PH'C working electrode is shown in Figure 4. The results of near

jal scan curves of PUC electrocatalyst exhibits ethanol oxidation (at a potential of
0.440.75 V) in the presence of ethanol. The opposite way, Ag'C, Mny0y/C and AgMns04C
elecirocatalysts are tolerant towards ethanol for cxygen reduction reaction. This confims
the result of AghMn=0a/'C electrocatalyst showing significantly enhancement of its ORR
activity (Fig.4) towards cxygen reduction.

Conclusion

Ag/C. Mn=04C and AgMme04'C electrocatalysts were investigated for oxygen reduction
reaction for cathodes of alkaline fuel cells i the presence of different ethanol-
concentrations with KOH elecirolyte. The electrocatalysts did not oxidise ethanol oxidation
and thersfore are suitable as cathode catalysts in alkaline direct ethanol fusl cells.
Aghin:04/C electrocatalysts showed the best performance for oxygen reduchion reaction in
presence of ethanol.
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Effects of contamination on performance of
Polymer Electrolyte Fuel Cells

Chakkrapong Chaiburi

1. Introduction

Polymer electrolyte fuel cells (PEFCs), as illustrated
in Fig. 1, convert chemical energy of hydrogen and
oxygen directly and efficiently into useful electrical
energy with heat and water as the only byproducts. In
the last decades fuel cell systems got more and more
complex, similar to modern internal combustion en-
gines. The main components are: the fuel system for
hydrogen and air supply, the fuel cell stack, consist-
ing of steel endplates, bipolar plates and the mem-
brane electrode assembly, humidifier and cooling
loops. However, fuel cells are prone to various
sources of contamination due to the complexity of the
systems and tend to loose performance during opera-
tion. For the widespread uptake of fuel cells it is nec-
essary to gain a better understanding on the impact
of impurities on the fuel cells performance [1].

Proton exchange membrane
Anode catalyst layel{f} @!}Cathode catalyst layer

Fuel (Hz) == <= Airor Oz

Bipolar plate => <= Bipolar plate

=>H0

MEA

Fig. 1: Basic components of PEFC

2. Sources of contamination in PEFCs
2.1 Anode contamination

Hydrogen is mainly produced by steam reforming of
fossil fuels. Therefore, the production process itself
leads to unavoidable contaminants, such as CO,
CO,, H,S and sulfur containing organics in the hydro-
gen stream. Carbon monoxide (CO) is a well-known
catalyst poison in fuel cells. CO adsorbs strongly onto
the catalyst surface and blocks the desired oxidation
of hydrogen. CO, poisoning is not as severe as CO
poisoning, but the used catalysts inside the fuel cell
converts CO, into CO through the reverse water-gas
shift reaction [1,2]. Sulfur containing molecules, e.g.
hydrogen sulfide (H,S), adsorb strongly on the Pt
catalyst surface. Hence, there is a considerable com-

petition between hydrogen oxidation and the adsorp-
tion of sulfur containing molecules. To mitigate the
negative impact of fuel contaminants on the perfor-
mance of the fuel cell, it is necessary to either purify
the hydrogen before usage in fuel cells or to increase
the tolerance of the catalysts towards contamination.
[1-3].

2.2 Cathode contamination

The slow kinetics of the cathode oxygen reduction
reaction (ORR) is the key of limiting PEFC perfor-
mance. Therefore, improving the catalytic activity for
ORR has gained the highest attention in fuel cell re-
search. Although contamination of the cathode also
reduces the overall performance of fuel cells, cathode
contamination has attracted much less attention,
even compared to anode contamination. Since air is
the most feasible way of supplying the cathode with
oxygen, air pollution from industry and traffic has to
be taken into account. Pollutants in the air include
NO, (NO, and NO), SOy (SO, and SO3), NHz, O3, and
some volatile organic compounds (VOCs) such .AS
benzene and toluene. Sulfur oxides (SOy) poison the
cathode catalysts in the same way as described pre-
viously for anode catalysts [1,3].

In contrast to anode contamination, cathode contami-
nation mainly affects the electrolyte instead of the
catalyst layer. Small amounts of NO, cause fuel cell
performance drops, which can be recovered by sup-
plying pure oxygen or fresh clean air to the cathode.
Ammonia, NH3, reacts with the protons in the iono-
mer and thus reduces proton conductivity in the cata-
lyst layer. [1,4]. VOCs, e.g. the toluene, decrease the
fuel cell performance as well by changing the hydro-
philicity of the cathode catalyst support resulting in
easy flooding of the cathode side [5].

2.3 Other sources of contamination

The common methods for rejection of excessive heat
are air-cooling, evaporative cooling or dissipation of
the heat into a coolant loop system. Ethylene glycol
(EG) is used as a coolant in traditional combustion
engines and therefore it is obvious to use EG for
PEFC cooling. But in contrast to ICEs a leakage in

46 ‘ TU Graz | Institute of Chemical Engineering and Environmental Technology

137




—

[CEET

CEET Konkret 2013

Ty

the cooling loop might decrease the performance of a
PEFC severely.

EG is electrochemically oxidized at the Pt catalyst
surface. Wieland et al. suggested that CO, and CO
are generated when the C-C bond is broken during
oxidation of EG with Pt electrodes in an acidic envi-
ronment [6]. However, there have been only few stud-
ies to examine how the leak time and quantity of
coolant (EG) affects the performance of the PEFC,
including the membrane electrode assembly (MEA).

3. Goal

The aim of our investigations is to get a better under-
standing on how coolant leakage affects the catalysts
and furthermore to develop strategies to protect the
Pt electrocatalysts in case of coolant leakage into the
PEFC system.

4. Methods

The comparison of contamination effects of the EG
based coolants with and without the addition of non-
jonic surfactants was performed by cyclic voltamme-
try (CV). The obtained CV data was used to calculate
the electrochemical active surface area (ECSA) of the
catalysts (see Fig. 2). ECSA values of the catalysts
were compared before, during and after poisoning by
the addition of coolant.

omee Hdesorption from Pt

-0.0002 o

Current (A)

-0.0004 o

H adsorption on Pt

IR T T T T T d
oo az ox o8 o8 10 1z

FPotentizl {(V}

Fig. 2: Cyclic voltammogram of Pt/C in N, purged
0.1 M H,SO, electrolyte

5. Results and discussion

Fig. 3 shows the effect of an EG based coolant with
additional non-ionic surfactant. From the obtained
data it is most likely that the surfactant prevents poi-
soning of the Pt electrocatalyst during coolant con-
tamination.

—— 0.1 MH,SO, + 1 mi (Ethylene glycol:Water:Surfactant)
~~~~~~ 0.1 MH,SO, )

00 02 04 06 08 10 12
Potential (V)

Fig. 3: Comparison of cyclic voltammograms of a

Pt/C catalyst in 0.1 M H,SO, without (dash line)

and with contamination of coolant

(EG:Water:surfactant; solid line)

6. Future work

The experimental work will focus on the investigation
of the protective effect of the surfactant at usual
PEFC operating temperatures.
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mroduction

Coolant leakages lead to a decrease in performance during the operation of polymer electrolyte
.= cells (PEFCs). The common coolants for heat rejection are air, water or liquids based on ethylene
= =2l in combination with water. In this work, a glycol-based coolant with triton x-100 was studied. The
== ysts were prepared on a glassy carbon electrode. All electrochemical measurements were carried out
~ =zndard three-electrode electrochemical glass cells maintained at room temperature. 0.1 M H,SO, was
==1 as working electrolyte. The electrochemical measurements were performed by cyclicvoltammetry
. and oxygen reduction reaction (ORR), ECSA was determined.
Methods

Experiménts were performed using a commercial catalyst 20 wt% Pt supported on Vulcan carbon
.72 with Pt loading of 28 pge cm™. The catalysts were prepared on a glassy carbon electrode (& 5mm,
22 cm® The 0.1 M H,SO, working electrolyte was prepared from nanopurewarter. Platinum was used as
~.~=r electrode, reversible hydrogen electrode for the reference electrode and glassy carbon as working
~==ode. The experimental procedure to study the effect of coolant containing ethylene glycol/water with
= =ddition of the surfactant triton x-100 was developed. The loss of Pt electrochemical surface area
~34) due to “adsorbed” contaminate was calculated using the equation:

ECSAIoss(%) = [(ECSAmilial e ECSAﬁnaI)/ ECSAmitial]X1 00
“Sesults and Discussions

0.1 MH,SO, + 1 mi (Ethylene glycol: Water) \ —— 0.1 MH_SO, + 1 mi (Ethylene glycol:Water:Surfactant)
| ----=-01 MH,SO,
000067

0.0004 4

0.0002

0.0000+

Current (4)

-0.0002

-0.0004 4

-0.0008

0.0 0.2 04 0.6 0.8 1.0 12 00 02 04 06 08 1.0 12
Potential (V) Potential (V)

Y © CVof PY/C catalysts in 0.1 M H,SO4 (initial CV, Fig. 2. CV of PYC catalysts in 0.1 M H,SOy (initial
=2 line) and 0.1 M H,SO,4 with 1 ml coolant CV,dashed line) and 0.1 M H,S0O, with 1 ml coolant
= zter) (EG:Water:Surfactant)

As shown in Fig.1 and Fig. 2, an oxidation peak around 1.0 V and 0.9 V respectively were
w= =3 in the anodic scan region. At the lower potentials, ethylene glycol adsorbs on the electrode
== z2nd when the potential reaches 0.6-0.9 V, the current started increasing to the electrooxidation of
w== glycol [2]. The loss of Pt (ECSA) was determined (1 ml coolant) with 22.92% and

- ~=spectively.
Er=nces
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