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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF ETHANOL ELECTRO-
OXIDATION CATALYSIS

Demir-Kivrak, Hilal
Ph.D., Department of Chemical Engineering
Supervisor  : Prof. Dr. Deniz Uner

Co-supervisor : Dr. Sadig Kuliyev

October 2010, 196 pages

In this study, the role of defects, the role of Sn in relation to defects, and the role of
oxide phase of tin in ethanol electro-oxidation reaction were investigated. Firstly,
adsorption calorimetry measurements were conducted on monometallic (1%Pt,
2%Pt, and 5%Pt) and bi-metallic (5% Pt-Sn) y-Al,O3 supported Pt catalysts. It was
observed that while saturation coverage values decreased, intermediate heats
remained same for Pt-Sn catalysts by the increasing amount of tin. The effect of
particle size was investigated on Pt/C (pH=5), Pt/C (pH=11) catalysts at different
scan rates. At high scan rates (quite above diffusion limitations), current per site
activities were nearly the same for 20% Pt/C (E-Tek), Pt/C (pH=11), and Pt/C
(pH=5) catalysts, which explained as electro-oxidation reaction takes place at the
defects sites. Furthermore, the effect of support on ethanol electro-oxidation was
investigated on CNT supported Pt catalyst. Results indicate that only the metal



dispersions improved ethanol electro-oxidation reaction and support did not have
any effect on ethanol electro-oxidation reaction. Results on the 20% Pt-Sn/C (15:1
to 1:1 Pt: Sn atomic ratios) and 20% Pt-SnO,/C (6:1 and 1:1) catalysts indicated
that ethanol electro-oxidation activity increased by increasing tin amount. For 20%
Pt-Sn/C catalysts, Pt-Sn (6:1)/C indicated best activity. On the other hand, 20% Pt-
SnO; (6:1)/C catalyst was better than Pt-Sn (6:1)/C in terms of ethanol electro-
oxidation activity due to the fact that there was low contact between Pt and tin

oxide particles.

Keywords: Ethanol electro-oxidation, Pt, Pt-Sn, Pt-SnO,, hydrogen adsorption,

carbon monoxide adsorption, particle size, CNT support, tin addition, oxide phase.
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ETANOL ELEKTRO-OKSITLENME KATALIZORLERININ
SENTEZLENMESI VE KARAKTERIZASYONU

Demir-Kivrak, Hilal
Doktora, Kimya Miihendisligi Bolimu
Tez Yoneticisi : Prof. Dr. Deniz Uner

Ortak Tez Yoneticisi: Dr. Sadig Kuliyev

Ekim 2010, 196 Sayfa

Bu calismada, defekt sitelerin, kalayin defekt sitelerle olan iliskisine bagli olarak
etanol elektro oksitlenmesine tepkimesine etkisi arastirilmistir. ilk énce y-Al,O3
destekli tek metalli Pt (1%Pt, 2%Pt, ve 5%Pt) ve iki metalli (5% Pt-Sn)
katalizorler iizerinde adsorplanma kalorimetresi 6l¢timleri yapilmistir. Artan kalay
miktar1 ile birlikte doygunluk konsantrasyonu (saturation coverage) diismekte ve
diisiik enerjili sitelere ait olan herhangi bir degisiklik gorulmemektedir. Pt/C
(pH=5), P/C (pH=11) katalizorleri Uzerinde farkli tarama hizlarinda pargacik
biiylikliigiiniin etanol elektro-oksitlenmesine etkisi aragtirilmistir. YUksek tarama
hizlarinda bir siteye diisen akim degerleri 20% Pt/C (E-Tek), Pt/C (pH=11) ve Pt/C
(pH=5) Katalizorleri icin yakin bulunmustur. Bu bulgu etanol elektro-oksitlenme
reaksiyonunun bu katalizorler Gzerinde defekt sitelerde gerceklestigi yoniinde
yorumlanmistir. Diger yandan katalizor desteginin etanol elecktro-oksitlenme
tepkimesine etkisi aragtirllmistir. Sonuglar gostermistir Ki: sadece aktif metal
yuzeylerinin dagilimi1 reaksiyonu etkilemekte ve Kkatalizor desteginin etanol
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elektro-oksitlenme tepkimesi tzerinde herhangi bir etkisi gorilmemektedir. Kalay
miktarinin ve kalay oksit fazinin etanol eletro-oksitlenme tepkimesine etksi de bu
arastirma kapsaminda ele alinmistir. Pt-Sn (6:1)/C katalizor Pt:Sn/C katalizorleri
icinde en iyi aktiviteyi goOsterirken 20% Pt-SnO, (6:1)/C katalizorunin
aktivitesinin Pt-Sn (6:1)/C katalizOrlinden daha iyi oldugu gozlenmistir. Bunun
sebebi Pt ve kalay oksit pargaciklari arasinda ki temas noktasinin az olmasindan

kaynaklandig1 seklinde yorumlanmastir.

Anahtar Kelimeler: Etanol elektro-oksitlenmesi, Pt, Pt-Sn, Pt-SnO,, hidrojen
adsorpsiyonu, karbon monoksit adsorpsiyonu, pargacik boyutu, karbon nano tip

katalizOr destegi, kalay miktari, oksit faz.
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CHAPTER 1

INTRODUCTION AND SCOPE

1.1 ENERGY MARKET

Energy is one of the most important and permanent needs for human welfare
throughout history. The development level of countries are measured by their
energy production and consumption amounts. World primary energy consumption
between 1984 and 2006 is given in Figure 1.1 [1]. It is clearly observed that the
need for energy is increasing sharply due to the rapid increase in world population,
industrialization and urbanization. The current world energy need supllied by
fossil fuels such as oil, coal, and natural gas. However, it is a common belief that
these fossil fuels will be exhausted near future. According to the declining oil
production model proposed by Hubbert, the global production of oil will start to
decrease by 2020. In contrast, according to some pessimisic forecasts for global oil

production reported that it already started to decline [2] .

It is an undeniable fact that exhaustion of fossil fuels has several negative
consequences on not only the energy market but also on the life standards of
mankind. For instance, purchase power decreases by increase in oil prices because

oil is not only an energy resource but also it is a raw material for plastics,



elastomers, pharmaceuticals, paints and many other chemicals essential for our

daily use.
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Figure 1. 1 Statistics of world primary energy consumption between 1984 and
2006: Adapted from the British Petroleum (BP) report: “Statistical review of world
energy June 2008 [1]”

It goes without saying that some harmful gases such as carbon dioxide, nitrogen

oxides, sulfur oxides, hydrocarbons, dust, soot, and smoke were produced while



the fossil fuels are burned and extracted, cause environmental pollution and global
warming. Global warming is a main concern for all countries in the world. Some
international precautions are taken and some international regulations are done
throughout the world to reduce emissions. For instance, Kyoto Protocol was
negotiated in 1997 at the city of Kyoto in Japan by more than 170 countries. These

countires commited themselves to reduce their emissions [3].

The usage of fossil fuels for domestic, transportation, and also industry should be
reduced. Research efforts on alternative energy resources, wind energy, nuclear
energy, hydrothermal energy, solar energy, and hydrogen energy, increased
tremendeously. Fuel cells are also the promising alternatives to fossil fuels for
electrical energy generation for a clean environment due to the use of renewable
fuels, such as hydrogen and alcohols. Furthermore, the efficiency of a fuel cell are
higher than the efficiency of thermal energy generation system [4].

1.2 FUEL CELLS

Fuel cells are practical power generation systems which could be used in spaceship
locations, weather stations, large recreational areas, country locations, and etc. The
efficiency of these devices are much more higher than conventional combustion
engines since fuel cells are are not limited by thermodynamic limitations like
combustion engines operating on a thermal cycle with a maximum 40% efficiency
[5-13]. In ideal conditions, fuel cells can have efficiency greater than 90%,
dictated by the ratio of the AG/AH of the overall reaction carried out in fuel cells.
In reality, this ideal efficiency can not be achieved due to the irreversibilities in
fuel cells. The irreversibilities of a fuel cell is caused by activation losses, fuel
crossover and internal currents, ohmic losses and mass transport or concentration
losses [12, 14-19].



The most promising PEM fuel cell system is regarded as the hydrogen fuel cell
due to its excellent performances [14]. However, the production, storage, and
distribution of hydrogen are still awaiting problems for its development. Thus,
alternative hydrogen carrier fuels are investigated. Alcohols such as methanol,
ethanol, ethylene glycol, and propanol are considered for use in fuel cell until now
due to the fact that alcohols have several advantages in comparison to hydrogen:
(i) they are easily handled, transported, and stored, (ii) they have high solubility in
aqueous electrolytes, (iii) liquid fuels are available at low costs. The most common
fuel is methanol [14, 20-25]. On the other hand, ethanol is also preferable fuel for
Direct Ethanol Fuel Cells (DEFCs) [26-32]. Tablel.1 summarizes anode, cathode
and overall reactions for hydrogen, methanol, ethanol fuel cell systems. Herein,
thermodynamical efficiencies of hydrogen, methanol and ethanol fuel cells were
regarded. If the system is reversible, the electrical work done will be equal to the
Gibbs free energy (AGy) released [5]. The electromotive force (EMF) could be

calculated as follows:

—AG;

E= -
2NF (-

Where,

F: Faraday constant,

E: fuel cell voltage,

AGg. Gibbs free energy of formation

N: number of electrons transferred.



This fundamental equation gives the EMF or reversible open circuit voltage
(OCV) of a fuel cell system.The EMF values for hydrogen, methanol, and ethanol

fuel cells calculated by depending on the Equation 1 are given in Table 1.1.

Table 1. 1 Reactions and Open Circuit Voltages (OCVs) for hydrogen, methanol,
and ethanol fuel cell systems [33].

Fuel Reactions Number | Egmy
Cell of V)
electron

Anode H, »2 +2H"
H, Cathode 1/20, +2H* +2e~ — H,0 2 | 144

Overall  2H,+0, - 2H,0

Anode  CH,OH+H,0—>CO, +6H" +6e"

CH:OH | cathode 32 0, +6H" +6e~ —3H,0
Overall CH,OH +3/20, -»CO, +2H,0

6 1.21

Anode  CH,CH,OH +3H,0>2CO, +12H " +12% "

C,HsOH 12 1.14
Cathode 30, +12H* +12¢~ —6H,0

Overall CH,CH,OH +30, —2CO , +3H,0

H, would be really the best fuel and that if there were not the H, production,
storage, and distribution issues. In addition, DMFC shows better performance than
a Direct Ethanol Fuel Cell (DEFC) in terms of thermodynamics. However, there
are some disadvantages of methanol use as fuel in Direct fuel cells: (i) methanol
has toxic properties and (ii) the “ideal” anodic reaction is not completely reached.
In addition, methanol is mainly decomposed into CO and its principle by-products,



formaldehyde and formic acid. Platinum is the most active metal for the
dissociative adsorption of methanol but it is readily poisoned by CO. Therefore,
Pt-based bimetallic alloys were developed. It was reported that Pt—-Ru was the best
material for the methanol oxidation to carbon dioxide [34-36]. One can add that
ethanol is better fuel than methanol for the portable fuel cells because ethanol is (i)
easily produced, (ii) one of the less harmful chemical. The main challenge with the
ethanol is the cleavage of the C-C bond. It was reported that the best anode
catalyst for the DEFC was the bimetallic Pt-Sn [37-39]. However, even with that
catalyst, ethanol could not be completely oxidized to CO; and the final products

were mainly acetaldehyde and acetic acid [4, 27, 40].

1. 3ETHANOL MARKET

Ethanol could be used as alternative vehicle fuel. However, pure ethanol is not
approved as a motor vehicle fuel. For example, it could be used as a mixture of
85% ethanol and 15% of gasoline by volume called as E-85 fuel since the addition
of ethanol to gasoline decrease emissions and particulate matter due to gasoline
combustion. For an economic midsize vehicle, 11 liters of conventional fuel are
consumed per 100 km or it needs 11 liters of gasoline for 100 km. Furthermore,
for the same vehicle, 2.2 liters of gasoline and 12 liters of bio-ethanol are required
for 100 km. Consequently, 1 liter of bio-ethanol could replace 0.72 liters of

gasoline [41].

Commercialization of DEFCs, particularly for transportation and stationary
electricity-generation markets, must be accompanied by commercialization of
ethanol technologies for ethanol production, distribution, and utilization. In other
words, ethanol must become readily available commodity before fuel cells can be

fully commercialized. The biggest producers of ethanol from renewable resources



are Brazil and USA. These countries have particularly favorable agricultural and

economic conditions [41, 42].

Ethanol could be produced by wet milling or dry milling processes. Although, wet
milling process demands more power, costs more, and produces less ethanol
compared to dry milling processes, wet milling process is preferable in industry
because as a result of wet milling, purer starch and co-products having high market
value such as corn oil, gluten feed, gluten metal, and corn steep liquor are
delivered. In wet milling processes, the corn is steeped in an SO2-water solution to
make the corn grains soft enough for easy milling. Following steeping, oil, protein
and a starch-rich fraction are separated. Then, starch is sent to the process for
ethanol production. Finally, ethanol is produced by the following gluten
separation, liquefaction, fermentation, and distillation processes. In dry milling
process, corn is simply milled and mixed with water. Then it is heated before

hydrolyzing, fermentation and distilling phases [42-44].

1. 4 SCOPE OF THESIS

Carbon supported Pt-Sn catalysts are active in ethanol electro-oxidation reaction
but there still are questions such as how tin addition and the oxide phase of tin
improve the ethanol electro-oxidation reaction were investigated in this PhD
dissertation. To shed light on these questions, the role of defects and the role of Sn
in relation to defects as a co- catalyst in ethanol electro-oxidation reaction were
investigated. Firstly, the ethanol electro-oxidation activity on commercial 20%
Pt/C (E-Tek) catalyst was investigated to find out the effect of operating
parameters on ethanol electro-oxidation activity. In the second part of this study;,
the effect of particle size on ethanol electro-oxidation activity was explored. To

reach this aim, two different carbon supported Pt (20 wt %) monometallic having



different particle size were prepared by polyol method modifying the pH of
preparation solution. On the other hand, the effect of catalyst support was
investigated on commercial CNT supported, home-made CNT supported, and
Carbon supported Pt monometallic catalysts. These home-made CNTs were
produced by CVD process on PAOX membrane. To examine the effect of support,
these CNT and Carbon supported catalysts were characterized by volumetric
chemisorption to find out the active metal sites on the surface. Furthermore,
ethanol electro-oxidation measurements were performed by CV. Finally, the effect
of tin addition and the effect of tin oxide phase were studied. Carbon supported Pt-
Sn (20 wt% Pt) catalysts at 15:1, 9:1, 6:1, and 1:1 Pt: Sn atomic ratios and Pt-SnO,
(20 wt% Pt) bimetallic catalysts at 6:1 and 1:1 Pt: Sn atomic ratios were prepared
by polyol method. The characterization of these catalysts was achieved by
different techniques, namely XRD, XPS, adsorption microcalorimetry, cyclic

voltammetry measurements.



CHAPTER 2

LITERATURE REVIEW ON DEFC CATALYSIS

2. 1 INTRODUCTION

DEFCs are powered by ethanol, mixed with steam and fed directly to fuel cell
anode. Ethanol is easier to transport and supply to the public since it is a liquid.
Yet, DEFC technology is relatively new compared to that of fuel cells powered by
pure hydrogen and DMFCs [4, 45, 46].

The schematic representation of DEFC is given in Figure 2.1. Chemicals
constantly flow into the cell and the electricity flows out of the cell. The mixture
of ethanol dissolved in water is circulated through the anodic compartment. The
ethanol-water mixture by the help of anode catalyst allows the hydration of the
proton exchange membrane, which transports the protons to the cathode by leaving
the electrons behind, particularly for working at higher temperatures (100-130°C).
Electron flow results in an electric current converted to useful work. In the
cathode, another catalyst is used to combine the electrons, protons and oxygen
from air. The exhaust consists of water vapor and carbon dioxide when the
complete ethanol electro-oxidation occurs. CO, is produced at anode and only
protons are transported to cathode by the help of proton exchange membrane.

Water is produced at cathode. The complete ethanol electro-oxidation to CO,



involves 12 electrons per molecule passing through anode to cathode, three water

molecules.
] W -
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Figure 2. 1 Schematic representation of how a DEFC works.

2.2 ETHANOL ELECTRO-OXIDATION CATALYSTS

Direct alcohol electro-oxidation catalysts are prone to poisoning by CO formed as
an intermediate during the electro-oxidation reaction. Pt is the best known electro-
oxidation catalyst. Pt-based multimetallic catalysts was found to be more active
than monometallic Pt for alcohol electro-oxidation reaction due to their resistance

10



to CO poisoning [47-51]. Studies were conducted on alloys of Pt which are
resistant to CO poisoning. Particularly, carbon supported Pt-Sn [4, 51-57], Pt-Ru
[52, 58-65], Pt-W [66-68], Pt-Mo [69-71], Pt-Pd [72], Pt-Sn-Ru [33, 50, 73], Au
[74, 75], Rh [76, 77], and Pd [72, 78-81] catalysts were investigated as anode
catalysts. The more generally studied anode materials for DEFCs are the Pt-Ru and
Pt-Sn binary catalysts and Pt-based tri-metallic catalysts. In consequence, Pt-Sn

has been reported as one of the highly efficient DEFC anode catalyst.

2.2. 1 Pt-Ru Bi-metallic Anode Catalyst

Pt-Ru alloy catalysts revealed an enhanced ethanol electro-oxidation activity
compared to pure Pt, attributed to the bi-functional mechanism and the electronic
interaction between Pt and Ru [36, 82-87]. The electro-oxidation of ethanol
undergoes parallel reactions producing acetaldehyde, acetic acid and carbon
dioxide on Pt catalyst. Souza et al. [88] conducted an in-situ FTIR spectroscopy
study for ethanol electro-oxidation reaction on Pt and Pt-Ru surfaces to understand
the ability of Pt-Ru catalyst for C-C bond breaking. It was observed that the bands
peaking at 1282, 1368, 1395, 1717 and 2628 cm™ were indicative of acetaldehyde
and acetic acid production during ethanol electro-oxidation reaction on Pt. On the
contrary, for Pt-Ru electrode, only carbon dioxide was detected under the same
experimental conditions by in situ FTIR spectroscopy. In conclusion, it was
reported that Pt-Ru electro-catalysts were able to break down the C-C bond even at

very low potentials [76, 88-97].

The amount of Ru in the Pt-Ru catalysts is an important parameter influencing the
ethanol electro-oxidation reaction. It was found that there was a relatively narrow
range of Pt-Ru compositions that presented a high rate of ethanol electro-oxidation

it was reported that (i) at low Ru concentration, there were not enough Ru sites to
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effectively assist the oxidation of adsorbed residues and the oxidation current
remained almost at the levels obtained for pure Pt, (ii) for a Ru content higher than
20 wt%, the current densities increased steeply, (iii) Ru concentrations higher than
40 wt% caused the fall of current [98]. Likewise, the other studies reported that
while ruthenium content increased electro-oxidation activity increased until an
optimum ratio was reached [23, 45, 46, 64, 99-102].

Single DEFC tests showed that the DEFCs with Pt-Ru/C anode performed better
than those with Pt/C anode [21, 27, 28, 52, 57, 103-106]. In Table 2.1, single
DEFC tests performed at different temperatures and at varying Pt: Ru atomic ratios
were compiled in order to enlighten the effect of operating temperature of the cell
and the effect of Ru addition on cell performance. For mono-metallic Pt catalyst,
the enhancing effect of temperature was clearly understood: as temperature
increased, the OCV and maximum power density (MPD) of cell increased.
Furthermore, it was reported that when operating temperature increased from 65°C
to 70°C, the OCV and MPD of cell increased greatly with Pt-Ru anode [106].

A similar study was performed on Pt/C, Pt-Ru/C with different Pt-Ru atomic ratios
by Liu and co-workers. It was observed that the performance and the MPD of the
single fuel cell increased with increasing Ru content in the Pt-Ru/C catalysts.
Furthermore, the best cell performance and the highest power density were
achieved when Pts, Ru,s/C was employed as the anode catalyst. Further increases
in the mole percent of ruthenium resulted in a decrease in the performance and
power density. Nevertheless, Pt-Ru/C was better as an anode catalyst than Pt/C.
This result was attributed to the fact that all Pt and Pt Ru catalysts (exceptPt,3
Ruz7) had a face-centered cubic (fcc) crystal structure, whereas the Pty Ruz7 alloy

was more typical of the hexagonal close packed (hcp) structure [99].
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Table 2. 1 Single Direct Ethanol Fuel Cell (DEFC) of Pt-Ru (1:1) alloy and
corresponding Pt monometallic catalysts having 20 wt% Pt loading and operated
in 1 M EtOH solution at 3 atm oxygen pressure published in literature.

Catalyst Operating ocv MPD Reference
Temperature (mV) (mW/cmz)
(°C)
Pt/C 65 450 4 [106]
70 550 7 [106]
70 400 4 [57]
80 400 5 [57]
90 470 12 [106]
90 420 6 [57]
90 450 4 [28]
100 400 5 [28]
110 600 10 [28]
Pt-Ru/C 65 550 7 [106]
70 650 22 [106]
70 600 8 [57]
80 650 10 [28]
90 780 28 [106]
90 600 14 [57]

Pt-Ru should combine the properties of a surface capable of oxidizing small
molecules at low potentials with the ability of breaking the C-C bond present in
ethanol. To investigate the effect of ruthenium oxide phase on ethanol electro-
oxidation reaction, Pt-RuQO,/C and Pt—-RuO,-1rO, /C catalysts were prepared by a
sol-gel based method to incorporate ruthenium and iridium oxides on a carbon
supported platinum with 25% in their total mass related to the Pt amount. In
consequence, it was found that the ethanol oxidation could proceed more
efficiently on Pt-RuO,/C than on commercially available Pt—-Ru/C and Pt/C
catalysts and the addition of IrO, to Pt-RuO,/C composites could enhance the

ethanol electro-oxidation reaction more compared to Pt-RuO, [107].
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It is worthy to note that Pb addition to the Pt-Ru/C catalyst greatly improved the
ethanol electro-oxidation activity. It was found that both the Pt-Pb and Pt-Ru-Pb
catalysts exhibited significantly enhanced the catalytic activity for ethanol
oxidation compared to Pt, Pt-Ru, and Pt-Sn catalysts. The promoting effect of Pb
was attributed to the existence of Pb adatoms. The primary mode of action of Pb
adatoms in promoting the oxidation was proposed as the removal of adsorbed CO
by the bi-functional mechanism that operated for many different Pt alloys. In the
case of ethanol oxidation, adsorbed CO was formed as a result of ethanol
adsorption and oxidation on Pt sites at low potentials, and this blocked these sites
for further ethanol oxidation [108].

2.2. 2 Pt-Sn Bi-metallic Anode Catalyst

Carbon supported Pt-Sn catalysts are commonly prepared in the absence of
thermal treatment due to the fact that carbon could be burned away during the
thermal preparation process. During the preparation process, Pt-Sn alloy, Pt3Sn,
and Sn and Pt oxides could be formed and the relative amounts of these species
affects electrochemical activity [27]. A Platinum-tin phase equilibrium diagram
was given in Appendix A (Figure A.1). Anres et al. reported that the Pt-Sn
compound with the highest negative heat of formation had a very strong
interaction between Pt and Sn. On the other hand, the Pt-Sn, with the smallest
negative heat of formation had weak interaction between Pt and Sn (see Table 2.2)
[109]. It was reported that PtsSn phase improved the activity of ethanol electro-
oxidation reaction rather than Pt-Sn phase [110]. Catalysts were thermally treated
at 200°C and 500°C because thermal treatment had a significant effect on the
particle size and the crystal structure of catalysts. It was reported that the

formation of a predominant phase of cubic Pt3Sn and hexagonal Pt-Sn phase rised
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by thermal treatment. The amount of the hexagonal Pt-Sn phase as well as the
particle size increased with increasing thermal treatment temperature. The higher
electro-chemical activity was obtained in the presence of cubic Pt3Sn [29, 38, 57,
110]. In contrast, the activity of Pt-Sn alloy for the total oxidation of ethanol to
CO; was actually much worse than that of Pt alone. This was due to the fact that
the alloying with Sn appeared to suppress the production of CH;CHO and CO, but
increased the selectivity to CH;COOH [111].

Table 2. 2 Literature data of the stochiometric Pt-Sn compounds [109].

Compound  Structure AsormationH (kJ/mol)
Calorimetry

PtSn, Orthorhombic -27,2

PtSn, Cubic -52,3

Pt,Sns Hexagonal -54,4

Pt-Sn Hexagonal -58,6

Pt;Sn cubic face centered -50,2

Single DEFC tests performed at different temperatures and varying Pt: Sn atomic
ratios were given in Table 2.3 in order to enlighten the effect of operating
temperature of the cell and the effect of tin addition on DEFC performance. It was
reported that when operating temperature increased, the OCV and MPD of the cell
with Pt-Sn anode increased [9, 29, 38, 48, 66, 106, 112-117]. Single DEFC tests
showed that the cells with Pt3Sn/C anode catalyst performed better than the cells
with Pt-Ru/C and Pt/C. Colmati et al. conducted a study to show the dependence
of the MPD of a single DEFC with Pt/C, Pt-Ru (1:1)/C, and Pt-Sn (3:1)/C as anode
material on cell temperature in the range of 70-100°C. It was reported that for all

investigated temperatures the MPD of the cell with Pt-Sn/C catalyst was
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considerably higher than Pt-Ru/C and Pt/C catalysts [57]. Similarly, Li et al.
reported that Pt-Sn had grater MPD compared to the cell with Pt-Ru catalyst
operating at 90°C [52].

Researchers concentrated on the effect of tin addition on ethanol electro-oxidation
reaction to improve the fuel cell performance [21, 28, 29, 33, 38, 39, 50-54, 56, 57,
66, 77, 104, 106, 110, 112, 114, 116, 118-134]. To reach this aim, Tsiakaras et al.
conducted a study on Pt-Sn/C catalysts at different atomic ratios by using a single
DEFC at 60°C and 90°C. It was reported that Pt-Sn (3:2)/C catalyst revealed the
highest MPD at 60°C. On the contrary, the OCV and MPD of Pt-Sn (1:1)/C was
smaller than that of Pt-Sn (3:2)/C catalyst, attributed to the fact that platinum
active sites of catalysts with a high Sn content could be partly blocked by surface
tin or its oxides [106]. Thus, there was an optimum Pt: Sn atomic ratio to reach
maximum DEFC performance. In Table 2.3, other research studies were also
presented seeking to investigate the effect of tin addition on ethanol electro-
oxidation reaction. In the same way, other researcher also reported that Sn favored
ethanol electro-oxidation activity such that the maximum power density obtained
from Pt-Sn/C catalyst was three times of the value found with Pt/C alone. In
conclusion, it is an undeniable fact that Sn improves the electro-catalytic
performance of DEFCs [29, 38, 48, 106, 112, 113].

Pt-Sn alloy, Pt3Sn, and Sn and Pt oxides could be formed, which the relative
amounts affects electrochemical activity while carbon supported catalysts are
prepared. Stannic oxide (SnO,) and Stannous oxide (SnO) are the two main oxides
of tin. The existence of these two oxides reflects the dual valence of tin, with
oxidation states of +2 and +4. SnO is less well characterized than SnO, because its
electronic band gap is not accurately known but lies somewhere in the range of
2.5-3 eV [135, 136].
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Table 2. 3 Single Direct Ethanol Fuel Cell (DEFC) of Pt-Sn (20 wt% Pt loading)
catalyst and operated in 1 M EtOH solution at 3 atm oxygen pressure published in
literature.

Pt:Sn Operating ocv MPD Ref.
(atomic ratio)  Temperature (mV) (mW/cm?)
(°C)

11 65 800 27 [106]
1:1 70 800 40 [106]
1:1 90 800 52 [106]
2:1 65 790 30 [106]
2:1 70 800 42 [106]
2:1 90 820 65 [106]
2:1 90 580 10 [110]
2:1 90 800 60 [21]

3:2 65 780 33 [106]
3:2 70 800 42 [106]
3:2 90 840 58 [106]
3:1 65 780 25 [106]
3:1 70 780 32 [106]
3:1 90 800 44 [106]
4:1 65 670 15 [106]
4:1 70 680 27 [106]
4:1 90 740 35 [106]
9:1 90 520 7 [110]

The oxide phases of bimetallic catalysts showed higher electro-catalytic activity
rather than alloy forms. Some literature studies considering the electrochemical
activity on SnOx [56, 134, 137], RuOy [19, 36, 99, 138-140], Coy [141], SiO;
[142], CeO, [143], MnO [144], and NiO [145] promoted Pt catalysts to emphasize
the effect of oxide phases were reported in this section. Preparation method and

the order of loading bi-metallic catalysts influence the formation of oxide phases.
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The decoration of carbon supported Pt with Sn, the decoration of carbon supported
Sn with Pt, and the co-deposition of Pt and Sn on carbon were the different
preparation orders to investigate the effect of preparation orders on the formation
of oxide phases and on the electrochemical activity [56]. As a result, Sn decorated
Pt showed the best performance for ethanol electro-oxidation reaction and XPS
data showed that Sn existed as Sn oxides in the Pt-Sn catalyst. Therefore, the
promoting effect was attributed to the oxide species, rather than Sn metal or a Pt-
Sn alloy. Likewise, it was indicated that SiO, nanoparticles may be a good
candidate as the second catalyst for ethanol oxidation [146]. Zhu et al. found that
Pt-Sn/C catalyst with low alloying degree could enhance the yield of acetic acid
products, and the Pt-Sn/C catalyst with high alloying degree promoted the entire
activity for ethanol electro-oxidation activity [127]. It was proposed that non-
alloyed SnO, species oxidized the adsorbed poisonous intermediates to acetic acid
by providing OH species, according to bi-functional mechanism. Pt-Sn alloy phase
accelerated the rate of the dehydrogenation of ethanol to acetaldehyde, thus

promoted the efficiency of EOR, according to electronic effect [127].

Jiang et al. conducted as study on Pt3Sn/C catalyst prepared by a modified polyol
process and treated in O,, Ho/Ar, and Ar atmosphere, respectively. In consequence,
among these treated catalysts, the as-prepared Pt-Sn/C catalyst gave the higher
power density, while Ar-treated Pt-Sn/C showed the lower cell performance. This
is due to the fact that more zero valence of Sn appeared in Pt-Sn/C-Ar catalyst,

while more multi-valence Sn existed in the other catalysts [132, 147].
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2.2. 3 Other Pt-based Bi-metallic Anode Catalysts

Other binary catalysts Pt-Pd [106], Pt-W [106], Pt-Re [148], Pt-Rh [76, 77, 83,
118, 149, 150], Pt-Pb [108, 151], PtsTex [152], Pt-Sb [119], Pt-CeO, [143, 153-
155], Pt-ZrO, [143, 156], Pt-MgO [157], Pt-TiO, [158-162], Pt-SiO, [142] were
investigated for ethanol electro-oxidation reaction. Generally these catalysts

presented lower activity than that of Pt and lower than that of Pt-Ru.

Pt-Pd and Pt-W electrocatalysts were prepared by ethylene glycol reduction
method at 1:1 Pt:Pd and Pt:W atomic ratios. According to the single DEFC
performance measurements at 90°C, it was found that while Pt-W showed a better
ethanol electro-oxidation activity than that of Pt, Pt-Pd. On the other hand, Pt-Ru
and Pt-Sn catalysts were better than Pt-Pd and Pt-W catalysts for ethanol electro-

oxidation reaction [106].

Vigier et al. investigated the effect of Re on ethanol electro-oxidation reaction on
carbon supported Pt, Pt-Sn, and Pt-Re catalysts by cyclic voltammetry
measurements and single DEFC tests. It was reported that Pt-Sn was the best
catalyst for ethanol electro-oxidation reaction. On the other hand, Pt-Re showed a
better activity than that of Pt [148].

The research groups of Bergamaski, de Souza, Kowal, and Lima investigated the
ethanol electro-oxidation on carbon supported Pt-Rh catalysts [76, 77, 83, 118,
149, 150]. It was shown that Pt-Rh/C catalysts enhanced the total ethanol
oxidation with respect to pure Pt/C but not better than Pt-Ru. The better activity
for CO, formation of the Pts;;Rhs3/C catalyst compared to Pt/C monometallic
catalyst. Rhodium modifies the electronic properties of platinum in such way that

the Pt-adsorbate interaction was weakened thus lowering the energy barrier for the
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oxidation of adsorbates [149]. Similarly, the electrochemical oxidation of ethanol
on platinum, rhodium, and platinum-rhodium electrodes was investigated using
on-line differential electrochemical mass spectrometry (DEMS) and in-situ
infrared spectroscopy (FTIR). In consequence, the best CO, yield was found on
Pt7;sRhy; electrodes. Furthermore, it was observed that acetaldehyde yield
decreased (the ratio of CO,/CH3CH,0 increased) when rhodium was added to the
electrode [76]. This higher efficiency was attributed to the activation of the C—C
bond breaking promoted by the Rh atoms. This effect was more prominent for the
materials with lower crystallite sizes due to higher alcohol adsorption strength and
facilitating the C—C bond dissociation [76, 149, 163].

Carbon supported Pt-Pb and Pt-Ru-Pb catalysts were prepared by the deposition of
Pb on commercial Pt and Pt-Ru catalysts. It was found that the addition of Pb
increased ethanol electro-oxidation activity greatly on Pt and Pt-Ru especially at
high potentials. Furthermore, it was found that no Pt-Pb and Pt-Ru-Pb alloys were
formed by the help of XPS results. Hence, we could attribute the enhancing effect
of Pb to the oxide phase of Pb [108, 151]. One reported that Pt-PbO,/C exhibited
significantly enhanced catalytic activity for the ethanol oxidation, observed as
higher current activities and less positive reaction onset potentials when compared

to the ones observed on a Pt commercial catalyst [108, 151].

Huang et al. investigated the ethanol electro-oxidation the activity of Pt3Te,/C
catalyst. It was found that Pt;Te/C catalyst had the highest anodic peak current
density. Furthermore, as a results of cyclic voltammetry measurements, it was
reported that Te addition enhance ethanol electro-oxidation activity over Pt in the
following order: Pt3Te/C> PtRu/C> Pt/C [152].
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The effect of oxide phase was also investigated by many researchers. For instance,
Pt, Pt-Rh, Pt-SnO, and Pt-Rh-SnO, catalysts were successfully synthesized by
polyol method and deposited on high-area carbon. The activity of Pt—-Rh—-SnO,/C
for ethanol oxidation was found to be much higher than Pt/C and Pt—Rh/C and also
superior to Pt—SnO,/C [118]. Furthermore, Pt supported on Sh-doped SnO; nano-
particle electro-catalysts showed enhanced electro-catalytic activities compared to
Pt/C. This was attributed to the better dispersion of Pt particles on the Sh-doped
SnO; particles as well as to the effects of SnO, adjacent to Pt such as the bi-
functional effect and the electronic effect [119]. Likewise, The activity for ethanol
electro-oxidation of carbon supported CeO, doped Pt catalysts was evaluated. As a
result, it was reported that CeO, promoted Pt catalysts improved electro-catalytic
activity. It was shown that CeO, promoted Pt-Ru and Pt catalysts exhibited best
performance. It was reported that CeO, promoted CO oxidation at lower
potentials. Pt-CeO,/C and a series of Pt-Ce.Zr;xO,/C catalyst powders with
different Ce/Zr ratio were prepared and evaluated in terms of the electrochemical
activity for ethanol electro-oxidation using cyclic voltammetry, steady state
polarization experiments and CO-stripping technique at room temperature
performance than Pt-Ru bimetallic catalyst [143, 154, 155]. TiO, nanotubes
promoted the catalytic activity of ethanol electro-oxidation reaction [164].
Besides, another study was conducted to investigate the effect of structural water
in TiO, nano-tubes on the electrochemical activity of ethanol oxidation by the
following conclusion: (i) the existence of structural water in TiO, nano-tubes
promoted the ethanol electro-oxidation activity, (ii) the stability of the Pt/C-TiO,
nano-tubes catalyst was improved because of the rapid removal of CO-like
poisoning species by the inherent —OHagys on the TiO, nano-tubes [162]. Pt-ZrO;
[156] and Pt-MgO [157] were the other oxide phases catalysts evaluated as the
anode catalysts for ethanol electro-oxidation reaction. Pt-ZrO,/C catalysts were

prepared and compared with the Pt/C (E-Tek) catalyst for ethanol oxidation using

21



cyclic voltammetry in alkaline solutions. As a result, Pt-ZrO,/C had higher
catalytic activity for ethanol electro-oxidation than Pt/C (E-Tek) catalyst [156]. In
the same way, the electro-oxidation of ethanol on MgO promoted Pt/C catalysts in
alkaline media was conducted. It was reported that MgO promoted Pt/C electro-
catalyst was superior to Pt electro-catalyst. Moreover, the electrode with a weight
ratio of Pt to MgO of 4:1 showed the highest electro-catalytic activity for ethanol
electro-oxidation reaction [157]. The electro catalytic properties of Pt-SiO,
nanocatalysts for ethanol oxidation were investigated by cyclic voltammetry. It
was reported that Pt—SiO, nanocatalysts showed higher activity than PtRu/C (E-
Tek), Pt/C (E-Tek), and Pt catalysts [142].

2.2. 4 Trimetallic Anode Catalysts

The development of novel catalysts is crucial because C-C bond cleavage on Pt
catalyst and on Pt-Ru and Pt-Sn catalysts have a negative effect on fuel cells. Not
only a second metal addition but also third metal addition to platinum enhances the
cell performance of DEFC. Researchers paid attention to modify the Pt-Sn/C and
Pt-Ru/C catalysts by adding third metal to present higher specific activity of
dehydrogenation to overcome C-O and C-C bond cleavage problem during the
ethanol oxidation process [28]. Mostly used tri-metallic catalyst are Pt-Sn-Ru [27,
28, 101, 104, 123, 165], Pt-Ru-Ni [165], Pt-Ru-Mo [69], Pt-Sn-Ni [124, 129, 165],
Pt-Sn-Ir [107, 116, 166, 167], Pt-Sn-P [168], Pt-Sn-Rh [129, 130], Pt-Sn-CeO,
[169]. Single DEFC test results on some of these catalysts were compiled in Table
2.4. Pt-Sn-Ru was commonly investigated tri-metallic catalyst for ethanol electro-
oxidation reaction [27, 28, 101, 104, 123, 165]. Antolini et al. reported that carbon
supported Pt—Ru-Sn (1:1:0.3) catalyst exhibited the highest activity for ethanol

electro-oxidation while the electrochemical activity of the Pt-Sn—Ru/C (1:1:1)
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catalyst was lower than that of both the binary Pt—Sn/C and Pt—Ru/C catalysts (see
Table 2.4). This promoting effect of Pt-Sn-Ru (1:1:0.3) was attributed to the
interactions between the Sn and Ru oxides [28]. On the contrary, Neto et al. found
that the Pt-Sn/C electro-catalyst showed a superior performance for ethanol
oxidation compared Pt-Ru and Pt-Ru-Sn catalysts prepared at 50:40:10, 50:25:25
and 50:10:40 Pt: Ru: Sn nominal atomic ratios. This could be due to the fact that
the existence of Pt-Sn alloy probably tuned the ability of Pt to adsorb ethanol and
to dissociate C—H bonds while SnO, species facilitated the oxidation of absorbed
CO formed as an intermediate [101]. On the other hand, Rousseau et al.
investigated the reaction product distribution of ethanol electro-oxidation at Pt-Sn
and Pt-Ru-Sn anode catalysts in a single DEFC by using HPLC. In DEFC
experiments, only three reaction products were detected: acetaldehyde, acetic acid,
and carbon dioxide. It was observed that using Pt-Ru-Sn as anode catalyst
improved the MPD of DEFC (See Table 2.4). Nevertheless, for the Pt-Sn/C and
Pt-Sn—-Ru/C anode catalysts, the formation of carbon dioxide and acetaldehyde
was lowered whereas the formation of acetic acid increased in comparison that of
Pt/C catalyst. In consequence, the addition of Ru to Pt-Sn only led to enhance the
electrical performance of the DEFC but did not modify the product distribution
and Pt-Ru-Sn tri-metallic catalyst was unable to activate C-C bond scission [104,
123]. Wang et al. reported that Pt-Ru-Mo catalyst showed superior ethanol electro-
oxidation activity compared to Pt-Ru catalyst [69].

Many research studies were also dedicated to investigation of the effect of third
metal addition to Pt-Sn bi-metallic catalysts. Results of researches on Pt-Sn-Ni
were presented in Table 2.4. It was shown that the Ni addition decreased ethanol
electro-oxidation activity and the MPD of the DEFC [124, 129, 165].
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Table 2. 4 Single Direct Ethanol Fuel Cell (DEFC) of alloy and corresponding
monometallic catalysts published in literature.

Catalyst %Pt  (atomic Operation OCV MPD Ref.
ratio) Conditions (mV) (mVZV
Ceon PO T fem’)

(M) @m) (°C)

Pt-Ru-Sn 20 1031 1 3 110 720 32 [28]
20 1:1:1 1 3 110 600 21 [28]
20 751510 1 3 80 530 32  [165]
60 86:10:4 2 3 80 750 50 [104]
Pt-Ru-Ni 20 751510 1 3 80 500 4 [165]
Pt-Sn-Ni 20 751510 1 3 80 510 3 [165]
40 73:027 2 3 90 400 8 [116]
40 7921:0 2 3 90 700 21 [116]
Pt-Sn-Ir 40 9082 2 3 90 700 27 [116]
40 8316:1 2 3 90 700 28 [116]
40 74251 2 3 90 690 11 [116]
40 67294 2 3 90 700 22 [116]
40 68:9:23 2 3 90 740 31 [116]
Pt-Sn-W 40 88:0:12 2 3 90 450 10 [66]
40 8587 2 3 90 770 35 [66]
40 68248 2 3 90 670 15 [66]
40 622315 2 3 90 680 20 [66]
Pt-Sn-P 20 311 2 2 70 703 183  [168]
20 3:1:0 2 2 70 747 114  [168]

Riberio et al. conducted a study on the binary Pt-Ir, Pt-Sn and ternary Pt-Sn-Ir
electro catalysts prepared by the Pechini—-Adams method on carbon. It was found
that Pt-Sn/C and Pt-Sn-Ir/C displayed better electro catalytic activity for ethanol
electro-oxidation compared to Pt-Ir/C and Pt/C (see Table 2.4) [116].
Furthermore, by in situ infrared reflectance spectroscopy, adsorbed species were
also investigated. As a result, linearly adsorbed CO and CO; species were found,
indicated that the cleavage of the C-C bond in the ethanol occurred during the
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electro-oxidation process [116, 167]. In the same way, the ethanol electro-
oxidation activity of Pt-Sn-W catalysts prepared by Pechini—-Adams method was
evaluated. By in situ infrared reflectance spectroscopy, the identification of the
intermediate and adsorbed species was performed and the existence of linearly
adsorbed CO and CO; indicated that the cleavage of the C—C bond in the ethanol

substrate occurred during the oxidation process [66].

Xue et al. investigated the effect of phosphorus addition to Pt-Sn catalyst to
improve the ethanol electro-oxidation activity (see Table 2.4). It was found that
phosphorus greatly increased the MPD from 114mW/cm?to 183mW/cm? [168].

Colmati et al. prepared carbon supported ternary Pt-Sn—-Rh (1:1:0.3 and 1:1:1)
alloy catalysts by the reduction of the metal precursors with formic acid. Their
activity for ethanol oxidation was compared with that of binary Pt—Sn/C and Pt—
Rh/C prepared with the same method. Linear sweep voltammetry measurements
indicated that, for potentials higher than 0.45V versus RHE, the ternary Pt-Sn—Rh
alloy catalysts exhibited higher activity for ethanol electro-oxidation, while for
potentials lower than 0.45V versus RHE the electrochemical activity of the ternary
catalysts was lower than that of the binary Pt-Sn catalyst. The enhanced activity
for ethanol electro-oxidation on the ternary Pt-Sn—Rh catalysts was attributed to

the formation of a ternary alloy and to the lower particle size [129, 130].

Neto et al. prepared Pt-Sn/CeO,—C electrocatalysts by an alcohol-reduction
process using ethylene glycol as solvent and reduction agent and CeO, and carbon
as support. The MPD of CeO, promoted catalyst exhibited higher activity than Pt-
Sn catalyst [169]. The enhancement of activity for alcohol electro-oxidation
resulting from the addition of CeO, to platinum catalysts was attributed by to the

bi-functional mechanism showing that CeO, favored the formation of chemisorbed
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oxygen species and promoted the oxidation of adsorbed carbon monoxide on the
surface of platinum. Diaz et al. reported that using Pt/CeO, electrodes, methanol
and ethanol electro-oxidation were enhanced, explained either by inhibiting CO
adsorption or by ceria oxygen storage facilitating the oxidation of adsorbed CO
[154].

2.2. 5 Pt-free Anode Catalysts

Special attention was focused on the development of Pt-free electro-catalysts as
alcohol electro-oxidation catalyst with high efficiency and low precious metal
loadings to lessen the dependence on the precious metals and to reduce the cost
and to accelerate the commercialization of the fuel cells. As Pt-free catalysts, Pd
[155, 170-173], Pd-In,05 [170], In,O3 [170], Ir [174], IrsSn [174], Au-Pd [175,
176], Au-Pd-WC [175], and Ni [177] were investigated (see Table 2.5).

The oxidation current density of ethanol electro-oxidation reaction on Carbon
microsphere (CMS) supported Pd was higher than the oxidation current density of
carbon microsphere supported Pt catalyst [173]. In addition, it was reported that
gold addition to Pd improved the ethanol electro-oxidation activity in alkaline
media. Furthermore, Au-Pd-WC/C catalyst showed a superior ethanol electro-
oxidation activity [175]. Ni and Ni hollow spheres (Ni HS) were also used as
ethanol electro-oxidation catalysts in alkaline media. It was reported that Ni HS
greatly enhanced the ethanol oxidation activity [177]. Carbon supported Ir3Sn
catalyst had a greater ethanol electro-oxidation activity than carbon supported Ir,
Pt, and Pt3Sn catalysts in acidic media [174]. For ethanol electro-oxidation
reaction, the effect of addition In,O3; to Pd catalyst was investigated. It was

reported that while the oxidation peak current density of Pd-In,O3/CNT was

26



reported as 61 mA/cm?, the oxidation current density of Pd/CNT catalyst was 29
mA/cm?. Ethanol electro-oxidation activity on In,Os/CNT catalyst was the lowest
one [170].

Table 2. 5 Ethanol electro-oxidation current densities on Pt-free catalysts measured
in 1 M KOH+1M C,HsOH solution obtained from literature

Catalyst Oxidation Oxidation Ref.
Potential Current density
(V vs Hg/HgO) (mA/cm?)
Pt/C -0.10 40 [175]
Pt/C -0.51 7 [173]
Pt/CMS -0.51 12 [173]
Pd/C -0.52 27 [173]
Pd/CMS -0.58 65 [173]
Au-Pd/C -0.2 60 [175]
Au-Pd-WC/C -0.29 160 [175]
Ni 0.1 2 [177]
Ni HS 0.1 17 [177]

2.2. 6 Nanowires Anode Catalysts

Carbon supported Pt and Pt-based anode catalysts are currently investigated and
used as electro-catalysts for the electro-oxidation of liquid fuels such as methanol
and ethanol. However, Pt nano-particles could be trapped in the deep cracks of
carbon, reducing the reactive sites of Pt catalysts and also the Pt utilization during

electrochemical oxidation of methanol and ethanol [178]. Thus, it is important to
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increase Pt utilization in electro-oxidation reaction. Recently, nanowire metallic
electrodes gained much attention in the area of fuel cell due to the fact that they
had extremely high surface-to-volume ratios and excellent activities [80, 144, 172,
178-183].

Porous Aluminum Oxide Membrane (PAOX membrane) is an ideal template for
creating highly ordered nanowire arrays because it possesses a uniform and
parallel porous structure [184, 185]. Furthermore, the preparation of this
membrane is not complicated. The pore system of alumina is formed by
potentiostatic anodization at a constant voltage with a current change due to
increased resistance in the growing oxide [184-188]. Pores grew perpendicular to

the surface with oxide dissolution at the electrolyte-oxide interface [186, 187].

PAOX membrane templates are fabricated by a two step anodization process.
Different electrolytes should be used to obtain PAOX templates with different
pore sizes [184, 185, 188]. These pore sizes regimes and electrolytes were given in
Table 2.6.

Table 2. 6 Pore diameters and anodization conditions [188].

Pore diameter Voltage Temperature Electrolyte

(hm) V) (°C)

5-8 15 10 10% H,SO4

22 27 2 3 M H,SO,

30 40 20 3% oxalic acid
70 30-60 1 0.3 M oxalic acid
150 130 7 10% H3PO4

267 160 3 10% H3PO4
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This electrolyte dependence of pore size distribution was mainly due to the fact
that the pore diameter was affected strongly by the dissolution velocity of alumina
in the electrolyte chosen. Mostly used method for nanowire formation on PAOX
membrane was electro-deposition method [182-185, 188-191]. In this method, a
piece of PAOX membrane was attached to the surface of a glassy carbon electrode
(GCE). Electro-deposition was carried out in an aqueous solution containing
desired metal precursors such as Pd or Pt precursors. Then, PAOX membrane was
completely removed after electro-deposition the metal (Pd or Pt) nanowire array
embedded in the porous alumina template [80, 172, 178-181]. There are limited
amount of studies for the use of nanowires for ethanol electro-oxidation reaction.
These research studies indicated that Pt, Pd nanowires prepared by template
synthesis method showed enhanced electro-catalytic activity for ethanol electro-

oxidation reaction. These studies were compiled in the Table 2.7.

Table 2. 7 Ethanol electro-oxidation current densities on nanowires obtained from
literature

Catalyst Electrolyte Oxidation Oxidation Reference
Potential Current
(Vs density
Ag/AgCl)  (mA/cm?)

PtNW | 0.5M H,SO4+ 1M C,HsOH 1.1 17 [181]
PdNW |1 M KOH+1M C,HsOH -0.13 74 [172]
-0.12 73 [80]
Pd film |1 M KOH+ 1M C,HsOH -0.09 10 [172]
-0.10 10 [80]
Pt/Ru 0.5M H,SO4+ 1M C,HsOH 1.1 10 [181]
(E-tek) |1 M KOH+ 1M C,HsOH -0.15 41 [80]
-0.15 40 [172]
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It is undeniable fact that it would be nice to use metal oxide nanowires as ethanol
electro-oxidation catalysts because, as has been noted, the oxide phase of metal
enhances electro-oxidation activity. Unfortunately, no study was reported on metal
oxide nanowires for ethanol electro-oxidation reaction. On the other hand, for
methanol electro-oxidation reaction, only one study was reported until now [182].
It was reported that, for DMFC application, Platinum-ruthenium (Pt-Ru) nano-
particles were successfully deposited on the surface of SnO, nanowires grown
directly on carbon paper (Pt-Ru/SnO, NWs/carbon paper) by potentiostatic
electro-deposition method. It was observed that Pt-Ru/SnO, NWs/carbon paper
composite electrodes had considerably higher methanol oxidation mass activity

and than the one supported on the GC electrode [182].

2.2. 7 Ethanol Electro-Oxidation Structure Sensitivity

Ethanol electro-oxidation reaction is a structure sensitive reaction. In addition, Pt
is the best known catalyst for ethanol electro-oxidation reaction due to the fact that
Pt is the most active catalyst for ethanol for C-C bond cleavage [111, 192-196].
Gomes et al. reported that on Pt (111), Pt (110), Pt (100) are active surfaces for
breaking the C-C bond at low potentials and Pt (110) electrode displays the highest
catalytic activity for the splitting of the C-C bond [29, 57, 110, 130, 197]. The
bonding ability of surface atoms with C-containing atoms and the coordination
number of platinum surface atoms dictate the ethanol electro-oxidation activity. It
was hypothesized that Pt (100) crystal plane was the best surface to fully convert
ethanol at low coverage depending on the Density Functional Theory (DFT)
calculations [111].
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Typical voltammograms for the ethanol electro-oxidation reaction on Pt (111), Pt
(110) and on the stepped surfaces Pt (15 15 14), Pt (554) and Pt (553) in sulfuric
acid solution was given in Appendix B (Figure B.1). An outstanding increase in
the current occurred at 0.4 V and then a small shoulder was formed at 0.5 V,
followed by a large peak with a maximum between 0.6 and 0.8 V. For Pt (111), a
reproducible small increase in the current was observed at 0.44 V, attributed due to
the increased availability of surface sites due to a sharp decrease of the coverage of
the strongly adsorbing bi-sulfate anion. Furthermore, it was found that the
maximum activity towards ethanol oxidation roughly doubled increasing the step
density by going from Pt (111) to Pt (15 15 14). Further increase in the step
density to Pt (554) resulted in an increase in the maximum current by a factor of
three. In consequence, it is crystal clear that similar to the oxidation of CO and
methanol, defects enhance the ethanol oxidation rate in sulfuric acid [198]. It was
presented that C-C bond cleavage occurred through strongly chemisorbed
precursor CH,CO or CHCO only at low-coordinated surface sites. It was
demonstrated that acetaldehyde was produced via the one-step concerted

dehydrogenation of ethanol, occurring mainly on the close packed Pt (111).

Moreover, acetic acid was the dominant oxidation product on Pt (111) at oxidative
conditions but its formation was significantly inhibited by the minority surface
sites [111]. The oxidation of acetaldehyde was also investigated on Pt (111), Pt
(110) and on the stepped surfaces Pt (15 15 14), Pt (554) and Pt (553) in sulfuric
acid solution. In this case, it was observed that increasing the step density of the
surface had a smaller effect on oxidation compared to the ethanol oxidation.
Furthermore, the activity of Pt (110) in acetaldehyde electro-oxidation was very
low when compared to Pt (111) and the stepped surfaces. This could be concluded
as that C—C bond breaking occurred preferentially in acetaldehyde. It was reported

that step poisoning was slow for ethanol oxidation when it was rapid for
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acetaldehyde because of the relative ease of C—C bond breaking, which led to an
adverse effect of steps on the oxidation of acetaldehyde to acetic acid [111, 198-
200].

2. 3OXYGEN REDUCTION REACTION (ORR) CATALYSTS

The material for the use as a DEFC cathode at a high activity for oxygen reduction
reaction (ORR) and high ethanol tolerance is required. Research on alternative
cathode catalysts is still necessary in order to find a material with an improved
ORR activity and a higher ethanol tolerance than those of Pt [68, 72, 141, 171,
180, 201-213].

Pt alloys with Fe [212], Co [141, 212], Cr [212], and Ru [203, 214]were used as
cathode catalyst materials to improve the activity of ORR. Lopes et al. investigated
the effect of ORR on Pt-Co (3:1) cathode catalyst. Linear sweep voltammetry
measurements indicated that in the cathode potential region (0.7-0.9V versus
RHE) Pt/C and Pt-Co (3:1)/C showed the same activity for the oxidation of
crossover ethanol. Moreover, the performance of Pt—Co/C as cathode material in
DEFCs in the temperature range 60-100°C was better than that of Pt/C both in
terms of mass activity and specific activity [141]. On the other hand, the electro
activity of Pt-Co (1:1)/C and Pt-Cr (3:1)/C for the oxygen reduction reaction
(ORR) in ethanol-containing medium was studied. It was found that these cathodes
present a high tolerance to this alcohol. Furthermore, the activities were obtained
in the following order: Pt-Co (1:1)/C> Pt-Cr (3:1)/C >Pt/C [141, 213].
Furthermore, it was found that the ORR activity of DEFC performance increased
in the order Pt/C< Pt-Fe/C < Pt-Co/C <Pt-Cr/C [212].
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Pt free electro-catalysts are currently studied as cathode catalyst materials to
enhance electrochemical properties both in terms of tolerance to ethanol and high
activity and selectivity toward ORR [68, 210, 211, 215]. The performances of the
alcohol-tolerant electro-catalysts could be attributed to surface and/or bulk
electronic properties that promote a slow rate of adsorption of the organic

molecules on the catalytic surface of this type of electro-catalysts.

W,C/C, Ag/C, and Ag-W,C/C electro catalysts were prepared and used for the
electro reduction of oxygen in alkaline solution. These Pt-free electro-catalysts
showed high activities similar to those of Pt-based electro-catalyst. It was found
that while W,C/C showed catalytic activity towards oxygen reduction at higher
over potential, Ag/C towards oxygen electro-reduction was higher than that of
W,C/C. Furthermore, the addition of tungsten carbides nano-crystals into Ag/C
significantly enhanced the ORR performance, much better than that on pure Ag/C

electro-catalysts [210].

For DMFC, carbon supported Pd-W alloy electro catalysts were prepared and
ORR activity and optimum Pd: W atomic ratio was investigated. It was found that
the Pd-W catalysts showed high tolerance to methanol electro-oxidation compared
to a Pt catalyst. Cyclic voltammetry and rotating disk electrode measurements
showed that the alloying of Pd with W enhanced the catalytic activity for the
oxygen reduction reaction (ORR) as well as the stability (durability) of the electro
catalyst compared to the unalloyed Pd. Furthermore, the composition PdgsWs
exhibited the maximum activity for ORR in the Pd—W system [68].

Park and co-workers prepared composite cathode catalyst by mixing Ni, Co, and
Fe complexes into a polymer matrix followed by heating the mixture at 800°C

under inert atmosphere. This catalyst had alloy structures of Ni, Co and Fe. The
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catalytic activity of this catalyst for ORR was compared with that of commercially
available Pt/C catalyst at different ethanol concentrations. It was found that Ni-Co-
Fe catalyst was less prone to ethanol oxidation at cathode even when ethanol
crossover occurred through the Nafion film, preventing voltage drop at the
cathode. However, the Pt/C catalyst oxidized ethanol at the cathode and caused a

decrease in voltage especially at higher ethanol concentrations [211].

Verma et al. conducted a study to investigate the effect of MnO, cathode loading
in alkaline medium for DEFC. It was reported that the power density decreased
with further increase in MnO, loading at the cathode that for ethanol was 9.2
mWem 2 at 28.5 mAcm 2 [215].

2.4 CATALYST SUPPORTS

Carbons are stable in both acidic and basic media, which is not true for alumina
and silica. Thus, carbon supported catalysts are commonly used as anode catalysts
for fuel cells [35, 216]. Usually, the catalysts are formed in nano-particles and
dispersed on Vulcan XC-72 carbon black surface area or other high surface are
porous carbon such as carbon nanotubes (CNTs) [217, 218], mesocarbon
microbeads (MCMB) [128], ZSM-5 zeolite-carbon [219], TiO, coated CNTs
[217], and carbon xerogel [220] to obtain optimum catalyst utilization.
Nevertheless, carbon black may block the pores which are important for gas or

liquid diffusion during electrode reaction.
Many research studies were devoted to the preparation of the effective anodic
catalyst with sufficiently high activity and CO tolerance for ethanol electro-

oxidation reaction [47-51]. For instance, it was reported that carbon nano-tube
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(CNT) supported anode catalysts showed higher performance than traditional
carbon supported catalysts [221-226]. Multi wall carbon nanotube, single wall
carbon nanotube and, traditional Vulcan supported Pt-Ru [227] and Pt-Sn [228]
bimetallic catalysts were used as anode catalysts and it was reported that multi-
wall carbon nanotubes gave the highest catalytic activity. The improving effect of
CNTs in electrochemical activity was attributed to the peculiar texture of
nanotubes accessible reagents, and perfect conductivity that improved electron
transfer as well as specific interaction between catalyst particles and nanotubes
[227]. As well, TiO, coated CNTs were used as anode catalyst support for ethanol
electro-oxidation reaction and it was emphasized that the Pt catalysts which were
supported by TiO, coated CNTs enhanced ethanol electro-oxidation activity
greatly compared to CNT supported Pt catalysts [217]. Carbon xerogel was
another high surface area porous carbon material used as anode catalyst support
for ethanol electro-oxidation reaction. It was reported that carbon xerogel
supported catalyst had a higher ethanol electro-oxidation activity than carbon
black supported catalysts because carbon xerogel had a higher surface area than
carbon black [220]. On the other hand, the zeolite material was used as a catalyst
supported for fuel cell electrode and it resulted in lower resistance and less ohmic
power losses than found that employ the use of carbon due to the fact that the
zeolite material contains acidic protonic entities on its surface, making it more
hydrophilic than carbon [219].
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CHAPTER 3

BACKGROUND ON THE EXPERIMENTAL
METHODS

In this work, adsorption calorimetry, electrochemical characterization, XRD, XPS,
TEM characterization methods were used. Among them, the adsorption
calorimetry and cyclic voltammetry were extensively studied in this dissertation
while  Transmission electron microscopy (TEM), X-ray Photoelectron
Spectroscopy (XPS), and X-Ray Diffraction (XRD) are used as supporting
methods to confirm the results obtained using the first group. Thus, a theoretical
background is given about adsorption calorimetry and electrochemical

characterization techniques in this chapter.

3.1 ADSORPTION CALORIMETRY STUDIES
3.1 1 Theoretical Background

Heterogeneous catalysis involves specific chemical interactions between the
surface of a solid and the reacting gas (or liquid phase) molecules. The catalytic
cycle is generally composed of adsorption steps, surface reaction processes, and

desorption steps. The energetic of these surface chemical events plays an
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important role in determining the catalytic properties of the surface. Thus, the
adsorption study of probe and reactive gas molecules onto surfaces has a primary
importance in catalysis. Such studies led to an understanding of the nature of gas-

solid interactions and give insight into the properties of the adsorbent surface.

Adsorption is a process the gas phase molecules remaining on the catalyst surface
to form a higher interface concentration than in the gas phase when the gas phase
molecules hit the surface of the catalyst. There are two states of adsorption
process: physical adsorption and chemical adsorption. The forces of molecular
interaction play role in the physical adsorption process. On the other hand,
chemical bonding involves between the electrons of the interacting gas and solid in

the chemical adsorption process.

Adsorption is a generally exothermic process. The amount of heat evolved during
adsorption process is called as the heat of adsorption. Isosteric heat of adsorption,
integral heat of adsorption, and differential heat of adsorption are the several types
of heat of adsorption. Isosteric heat of adsorption, which is the isothermal
differential heat related to the differential heat of adsorption is determined
indirectly. On the other hand, the integral heat of adsorption and the differential
heat of adsorption are measured directly by calorimetric methods. Integral heat of
adsorption represents the total heat evolved in adsorbing from zero loading to
some final loading at constant temperature in a closed gas-solid system that no
volume work is done. The differential heat of adsorption is the change of integral

heat of adsorption with respect to change in the adsorbed moles.

The heat of adsorption measurements by a suitable calorimetry is the most reliable
method for evaluating the strength of the surface chemical bonding involving in

the adsorption and catalytic processes. Calorimetry is the direct measurement of
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the heat and gives access to the energies of transformation and combination. Heat
could be measured in principal by recording (i) the temperature rise in a vessel of
known heat capacity, (ii) the power of an electrical heater required exactly to
compensate for the heat effect of interest, or (iii) the temperature difference across
a path of known thermal conduction. This allows the classification of instruments
into three groups such as heat accumulation calorimeters (adiabatic calorimeters),
heat compensation calorimeters (isothermal calorimeters), and heat conduction

calorimeters.

Heat accumulation calorimeters:

An adiabatic shield could be set up in to the air gap or vacuum between the
measuring vessel and thermostatic bath for exothermic processes. This shield is
made from a thin-walled metal area with a heater wire, which makes adiabatic-

shield calorimeters very useful for measuring slow processes.

Heat compensation calorimeters:

Endothermic heat is difficult to measure evolves as a result of endothermic
processes. The difficulty of measuring endothermic heat could be avoided by
introducing the electrical energy into the system to balance the heat adsorbed in
the process. Thus, the calorimeter is in isothermal operation and the endothermic
power of the process is equal to electrical power input. In order to compensate
temperature changes in exothermic processes, heat is pumped out with a
thermoelectric cooler utilizing the Peltier effect, which is superimposed on the
Joule heating effect produced throughout a heater. Melting of a solid, vaporization
of a liquid, and a flow of cooling liquid are the alternatives to Peltier-effect

cooling.
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Heat conduction calorimeters:

Heat evolved by the process transferred from measuring vessel through a thermal
pile wall to the surrounding heat sink for this type of microcalorimeter. Thus, a
property proportional to the total heat flow rate is measured by the instrument. It is
the temperature difference over the thermopile that gives the potential difference

proportional to the heat flow rate from the vessel.

3.1 2 Tian-Calvet Calorimetry

The invention of Tian-Calvet calorimetry dates back to 1922. Tian introduced the
electrical compensation of the thermal effect by means of Peltier effect. Tian
calorimeter was a single calorimeter with only one measuring system built 7 m
deep in the ground below a cellar to obtain a stable temperature for the
surroundings. There were two electric piles: one was measuring the heat flow and
the other one providing the cooling to operate the calorimeter at isothermal
conditions. In 1948, after Calvet's modifications consisting of arranging
thermocouples in a highly regular array and using two measuring systems
symmetrically placed in the same thermostat, this calorimeter was called as Tian-

Calvet calorimeter.

Heat conduction principle was firstly used by Tian to construct a calorimeter. The
experimental space within a large calorimeter block of high heat capacity was
surrounded by thermopiles of high conductivity. Thus, thermal changes in the
space are integrated almost completely and the recorded heat signal is independent
of the distribution of local temperatures. So, it is principally possible to measure
thermal transfers by conduction directly increasing the thermal conductivity. This
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increase in thermal conductivity was achieved by placing a thermopile between the

internal and external vessel.

Herein, we used SETERAM C-80 calorimeter a simplified model of the standard
Tian-Calvet type microcalorimeter. The technical lay-out of this type
microcalorimeter was shown in Figure 3.1. In this design, there are two
symmetrically positioned measuring spaces for the measuring sample and the
reference. They are located in the middle of a cylindrical aluminum block sitting
between the bases of two truncated cones. The set temperature is maintained by an
accuracy of £0.001 by the precision thermostat in the aluminum block. The outer
shell is surrounded by heating elements. The whole block is embedded within a
large insulating container. The sensitive part of the calorimeter is the conduction
device connecting the outer wall of the small measuring chamber to the large

isothermal metallic block.

The measurement of thermal effects in a Tian-Calvet type microcalorimetry is
done by two flux-meters, one of these flux-meters is on the measurement side and
the other one is on the reference side. Each of these flux-meters measures the
instantaneous heat exchanged constantly between the experimental vessel and the
calorimetric unit. Sample exchanges heat easily with calorimetric unit surrounding
it when sample is heated or cooled. This exchange of heat is done via each of the
thermopiles. The signal supplied by the thermopiles corresponds to the
instantaneous heat exchanged by the sample. The calorimetric unit is regulated by

a heating element coiled around it.
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Figure 3. 1 Cross section of the C80 mixing calorimeter: 1, removable lid; 2,
thermal buffer zone; 3, heating elements; 4, thermopiles; 5, experimental area; 6,
calorimetric block; 7, insulation layers; and 8, cooling circuit.

3.1 3 Adsorption Structure Sensitivity

Adsorption over solid surfaces is a complex process. In certain cases, gases tend to
adsorb on energetically more favorable sites and then migrate to the less favorable,
weakly bond sites. For hydrogen adsorption over Ru/SiO, surfaces, a portal model
was postulated based on *H NMR and adsorption calorimetry measurements [229-
232]. The portal model involves adsorption and dissociation of hydrogen at defect
like high energy sites and migration to planar surfaces, followed by spillover on to
the support [233].
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The amount of heat evolved during adsorption process is called as the heat of
adsorption. Furthermore, the differential heat of adsorption is coverage dependent.
An important application of adsorption calorimetry is the determination of the site
energy distribution shown by plotting the differential heat of adsorption of the
probe molecule as a function of coverage. A typical differential heat of adsorption
curve was shown in Figure 3.2. Firstly, a sharp differential heat decrease was
observed until high energetic sites were covered. These high energetic sites are
edges and corners. Then a different behavior started until the low energetic sites
covered. These low energetic sites are planar surfaces. The differential heat of
adsorption for all of these low energetic sites is nearly same.

The high energy sites are characterized by microcalorimetry on the differential
heat of adsorption curves until the plateau is reached. This could be described as
step sites depending on the study reported by Norskov et al. [234]. It was shown
that the heat of adsorption was directly related to the structure of the catalysts,
steps sites were more active and bind adsorbates more strongly. The plateau
observed on the differential heat of adsorption curve is the indication of the
phenomenon that differential heat of adsorption is not a function of coverage.
These sites are called as flat surfaces in the study of Norskov et al. [234]. The
relative distribution of these sites could be modified by changing the particle size

or by adding second or a third metal to catalyst.
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Figure 3. 2 Differential heat of adsorption thermogram obtained from
microcalorimetry.

3.1.3 1 The Role of Particle Size

The relative population of defect like sites strongly depends on the metal particle
size. For a perfect cubo-octahedral structure as the particle size increases, the
number of corner sites remains constant, the number of edge sites slightly
increases, while the number of planar surface sites increase by a large amount,

resulting in a decrease in the fractional coverage of defect like sites in large
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particles [235]. Uner and Uner performed hydrogen, carbon monoxide, and
oxygen chemisorptions on vy-Al,0O3 supported Pt catalysts having different
platinum particle sizes [236]. In consequence, it was reported that intermediate
heats decreased by increasing particle size for hydrogen chemisorption results.
However, it was observed that, by increasing particle size, the initial and integral
heats of adsorption of CO and oxygen stayed same. These results could be
attributed to the fact that by increasing particle size number of relative population

of high energy sites decreased [236].

3.1.3 2 The Role of Second Metal Addition

The addition of second metal is another way to modify the structure of
monometallic catalyst. For instance, selective CO oxidation reaction, ethanol
electro-oxidation, and methanol electro-oxidation reaction etc are catalyzed by
platinum catalyst. However, Pt is not a very good catalyst due to the fact that CO
has a poisoning effect on platinum. Many researchers proposed to add second
metal to platinum to inhibit CO poisoning effect on platinum. As a consequence,
Pt based bi-metallic catalysts revealed great activity on these reactions. This great
activity enhancement is due to the not only inhibition of CO poisoning effect but
also structure modification by addition of second metal [29, 38, 48, 106, 112, 113].

Differential heat of hydrogen and carbon monoxide adsorption data were compiled
and presented in Table 3.2 to Table 3.3 to figure out the effect of second metal
addition on adsorption. Pt-Sn Dbimetallic characterization of by using
microcalorimetric method was achieved [237]. Saturation coverage decreased
when tin was added. This is due to the fact that tin addition decreased the number

of adsorption sites for the adsorption of carbon monoxide and hydrogen. It is clear
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that initial heat of carbon monoxide and hydrogen adsorption were nearly the same
for all of Pt and Pt-Sn catalyst because the electronic configuration did not change
when second or third metal was added. On the other hand, the geometrical
structure of these catalysts was changed because of the fact that second metal
addition blocked the sites that carbon monoxide could adsorb on pure platinum.

Table 3. 1 Literature data of H, adsorption over Supported Pt surfaces

Catalyst wt%  Atomic T Q° geaturation Ref.
Pt ratio (K) (kJ/mole) (umol Hy/g
catalyst)

Pt/SiO, 1.2 1:0:0 423 93*2 371 [237]
Pt/K/SiO, 1.2 1:0:2.9 423 95+2 411 [237]
Pt/Sn/SiO, 0.93 1:0.9:0 423 92+2 11+£0.5 [237]
Pt/Sn/K/SiO, 0.93 1:0.9:27 423 97+2 19+1 [237]
Pt/Cab-O-Sil 1.23 1:0 423 93 - [238]
Pt/Sn/Cab-O-Sil 1.22 6.:1 423 93 - [238]
Pt/Sn/Cab-O-Sil 1.22 1:1 423 93 - [238]
Pt/Sn/Cab-O-Sil 1.23 1:3 423 76 10 [238]

Table 3. 2 Literature data of CO adsorption over supported Pt surfaces

Catalyst wt%  Atomic T (K) Q° geauration Ref.
Pt ratio (kJ/mole)  (umol
COlg cat.)

Pt/K/SiO, 1.2 1:0:2.9 423 140+ 3 261 [237]
Pt/Sn/SiO, 0.93 1:0.9:0 423 135+3 16+0.5 [237]
Pt/Sn/K/SiO, 0.93 1:0.9:3 423 138+3 10+0.5 [237]
Pt/Cab-O-Sil 1.23 1:0 423 144 - [238]
Pt/Sn/Cab-O-Sil 1.22 6..1 423 135 - [238]
PUSN/Cab-O-Sil  1.22 1:1 423 144 i [238]
Pt/Sn/Cab-O-Sil 1.23 1:3 423 120 - [238]
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3.1.3 3 The Detection of Active Sites Involving In Liquid Phase Reaction

Gas phase adsorption measurements could be alternative to liquid phase
calorimetry to count the active sites involving in liquid phase reactions. However,
all of the surface sites detected by gas phase microcalorimetry are active in liquid
phase reactions. It was reported that active sites detected by liquid phase
hydrogenation of styrene to ethyl benzene reaction corresponds to gas phase
measurements on Pd catalyst. A similar observation was made for the same
reaction performed on supported Pt catalysts [235]. It was observed that the active
sites for the liquid-phase hydrogenation of styrene were most likely to be edge and
corner atoms, whereas the terrace atoms were not involved in the catalytic

reaction.

In this PhD dissertation, the role of defect sites and the role of tin addition in
ethanol electro-oxidation reaction were investigated. Thus, the differential heat of
adsorption measurements could be a novel method to reach this aim. The active
sites defined by cyclic voltammetry measurements could be compared to gas phase
adsorption microcalorimetry measurement to figure out which sites were involved
in ethanol electro-oxidation reaction. In consequence, active sites could be defined

by using thermal adsorption microcalorimetry.

3.2 ELECTRO-CHEMICAL CHARACTERIZATION STUDIES

Electrochemical characterization studies are concerned with the relation of
electrical and chemical effects. As a result of the movement of electrons, charge is
transported through the electrode. An electrochemical cell consists of a working
electrode, a counter electrode, and a reference electrode. While working electrode
is the interested electrode, reference electrode is the electrode used to standardize
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the other half of the cell. The internationally accepted reference electrode is the
Standard Hydrogen Electrode (SHE) or Normal Hydrogen Electrode (NHE)
having all components at unit activity. Other reference electrodes are Saturated
Calomel Electrode (SCE), silver-silver chloride electrode. While the potential of
SCE is 0.242 V vs. NHE, the potential of silver-silver chloride electrode could be
represented as 0.197 V vs. NHE. The potential of reference electrode is fixed.
Thus, the changes in the system could be ascribed to the changes of working
electrode. Furthermore, the potential of working electrode is controlled with
respect to the reference electrode. When the energy of electrons is increased by
driving electrode more negative potentials, electrons reach a level that they could
transfer into vacant states. As a result of this process, electrons flow from electrode
to the solution, which is called as reduction. By driving electrodes to more positive
potentials, solutes in the electrolyte will meet favorable energy and will transfer

there and oxidation current occurs.

Faradaic and non Faradaic processes both occur at the electrode surfaces. In
Faradic processes, as a result of electron transfer oxidation or reduction current
occurs, which are governed by Faraday Law. The relationship between charge and
amount of product is given by Faraday Law; that the passage of 96,485.4 C causes
1 equivalent of reaction. While charge transfer reactions occur in Faradaic
processes, no charge transfer reactions occur for non Faradic processes. For non
faradaic processes, electrode solution interface behaves like a capacitor. A
capacitor composed of two metal sheet separated by a dielectric material. Thus,
there are charged species and oriented dipoles at the metal solution interface. This

whole layer is called as electrical double layer.

Galvanic cells or electrolytic cells are the two types of electrochemical cells in

which Faradaic processes takes place. In galvanic cell, when external connection
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of electrodes by a conductor is made, reactions occur spontaneously at the
electrode surface. Galvanic cells are usually used for converting chemical energy
to electrical energy. Non rechargeable cells, rechargeable cells, and fuel cells are
the galvanic cells. On the other hand, electrolytic cells are the one in which the
reactions are effect by an external voltage which is greater than OCV. Electrolytic
syntheses, electro-refining, and electroplating are the some commercial

applications of electrolytic cells.

Material surface area, geometry, surface condition, mass transfer variables
(diffusion, convection), surface concentration, adsorption, potential, current,
quality of electricity, temperature, pressure, time, bulk concentration of electro
active species, concentration of other species are the variables affecting an

electrochemical cell.

Complete electrochemical behavior of a cell could be obtained through a series of
step at different potentials with recording of the current vs. time curves. Moreover,
more information could be obtained by sweeping potential with time and recording
current vs. potential curve. A typical electrochemical cell was given in Figure 3.3.
If the potential increases at certain value by time and current vs. potential is
recorded. This technique is called as linear sweep voltammetry (LSV). A typical
LSV potential sweep and response curve was given in Figure 3.4. For LSV, if the
scan is begun at potential positive enough for the reduction, firstly non faradic
currents flow. Then, electrode potential reaches the potential that reduction begins
and current Faradaic currents start to flow. As the potential continues to grove in
negative direction, the surface concentration decreases and mass transfer to the
surface increases and reaches a maximum and then starts to decrease as the
depletion of the surface concentration set in. thus, a maximum is observed on

linear sweep voltammogram.
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Figure 3. 3 Schematic representation of a typical electrochemical cell
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Figure 3. 4 (a) Linear potential sweep, (b) Resulting current potential curve

Cyclic voltammetry (CV) is a technique that could be achieved by reversing the
potential scan. A typical CV response was shown in Figure 3.5. By reversing the
potential scan, the potential increases in positive direction and on the electrode
surface there is large concentration of oxidizable anion, as potential increases more
in positive direction, the electrochemical balance at the surface grows more. Thus,

the anion is re-oxidized an anodic currents flow.
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Figure 3. 5 (a) Cyclic potential sweep, (b) Resulting current potential curve

Cyclic voltammetry is a popular technique for electrochemical studies and gives
fairly good information about electrochemical systems. One of them considered in
this dissertation is about solid electrode surfaces. Most of the electrochemical
literature studies are about polycrystalline electrodes. This kind of electrodes has a
variety of small domains with different crystal surfaces. Different crystal faces
shows different electrochemical activities depending upon the nature of the
reaction. Thus, polycrystalline electrode represents an average electrochemical

activity depending upon the number of crystal faces posses. Studies with single
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crystal surfaces indicated that solid electrode properties strongly depend on the
crystal plane. The most striking example is the Pt electrode. Pt metal has a cubo-
octahedral crystal structure with 100 and 111 crystal planes. These crystal planes
indicated different electrochemical activities. It was reported that hydrogen
reduction/oxidation reaction equilibrium potential was observed at 0 V vs. NHE.
Hydrogen peaks emerge at around 0.4 V vs. NHE. Furthermore, Pt started to
oxidize at above 0.8 V potential oxidized and electrochemical double layer was
observed between 0.65 V vs. NHE and 0.35 V vs. NHE region.

52



CHAPTER 4

EXPERIMENTAL

4.1 INTRODUCTION

Catalyst preparation and characterization methods used in this PhD dissertation are
summarized in the present chapter. In Table 4.1, detailed information about the
catalyst preparation and the characterization methods involved in the course of

dissertation was given.

Firstly, XRD and adsorption calorimetry measurements were conducted on
monometallic y-Al,O3 supported 1%Pt, 2%Pt, and 5%Pt monometallic and bi-
metallic 5% Pt-Sn catalysts to investigate the effect of catalyst loading and the
effect of Sn addition. Monometallic Pt/y-Al,O3; catalysts were prepared by
incipient wetness impregnation method. Moreover, Sn containing Pt/y-Al,O3
catalysts were prepared by sequential impregnation method. Results on these

measurements were explained in Chapter 5.1.

Commercial Pt/C (E-Tek) (20% Pt loading) was employed as ethanol electro-
oxidation reaction catalyst to explore the effect of scan rate and the effect of

potential change. The results of this study were presented in Chapter 5.2.
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Table 4. 1 Catalysts prepared and characterized

Catalyst wt%  Atomic  Preparation Method Investigation
Pt ratio Method
Pt /y-Al,04 1 1.0 Impregnation adsorption
2 1.0 calorimetry
5 1.0
Pt-Sn/y-Al,0; 5 15:1 Sequential adsorption
5 9:1 impregnation calorimetry
5 6:1
Pt/C (E-Tek) 20 1.0 Polyol XRD, adsorption
Pt/C (pH=11) 20 1:0 calorimetry,
Pt/C (pH=5) 20 1.0 TEM, CV
Pt/ commercial CNT 20 1.0 Polyol chemisorption
Pt/home-made CNT 20 1.0 CVv
Pt-Sn/C 20 15:1 Polyol XRD, adsorption
20 9:1 calorimetry,
20 6:1 XPS, CV
20 1:1
Pt-SnO,/C 20 9:1 Polyol XRD, adsorption
20 6:1 calorimetry, XPS, CV

XRD, XPS, TEM, adsorption calorimetry, and cyclic voltammetry measurements
were performed on three sets of monometallic carbon supported Pt (20%) catalysts
by polyol method to investigate the effect of particle size on ethanol electro-
oxidation reaction. Two different catalyst having two different particle size were
prepared at pH=5 and pH=11. Results on these measurements were given in
Chapter 5.3.

Chapter 5.4 was also focused on the effect of support for ethanol electro-oxidation
reaction. In order to investigate the effect of support, volumetric chemisorption
measurements and cyclic voltammetry measurements were conducted on 20%
Pt/C (E-Tek), 20% Pt/commercial CNT, and 20%Pt/home-made CNTs catalysts.
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Home made CNTs were prepared by template synthesis method via chemical

vapor deposition method.

Pt-Sn/C (20% Pt loading) catalysts were prepared by polyol method at 15:1 to 1:1
Pt: Sn atomic ratios to investigate the effect of tin addition on ethanol electro-
oxidation reaction. To characterize catalysts, XRD, XPS, hydrogen and carbon
monoxide adsorption measurements, and cyclic voltammetry measurements were
conducted. Experimental results of the effect of tin addition on ethanol electro-

oxidation reaction are presented in Chapter 5.5.

Pt-SnO,/C (20 % Pt loading) catalysts were prepared at 9:1 and 6:1 Pt: Sn atomic
ratios by polyol method to find how tin oxide improves ethanol electro-oxidation
reaction activity. XRD, XPS, adsorption calorimetry, and cyclic voltammetry
measurements performed together. Results on these measurements were explained
in Chapter 5.6.

4.2 PREPARATION METHODS

4.2. 1 Incipient Wetness Impregnation Method

All of the Pt /y-Al,O3 monometallic samples were prepared by incipient wetness
impregnation of Pt from a solution of tetraammine platinum (I1) chloride hydride
on y-Al,O3. Approximately 2 mL of solution per gram support was needed to bring
incipient wetness. The slurries obtained after impregnation were dried overnight at

room temperature and calcined at 410°C for 3 hours.
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Pt-Sn samples were prepared by the sequential impregnation of Pt from a solution
of tetraammine platinum (I1) chloride hydride, Tin (Il) chloride dehydrate on y-
Al;O3. For Pt-Sn catalysts, tetraammine platinum (1) chloride hydride was
dissolved in 20 mL pure water and impregnated on alumina. After calcinations at
410°C for 3 hours, Tin (11) chloride dehydrate salt was dissolved in 20 mL water
and impregnated on the Pt/y-Al,O; followed by drying at room temperature

overnight. Then, it was calcined at 410°C for 3 hours.

4.2. 2 Polyol Method

For monometallic Pt catalysts, the appropriate amounts of Pt salt H,PtCls.6H,0
(Aldrich) and carbon (Vulcan XC 72-R) were dissolved in 200 mL ethylene glycol
(EG) mixture per gram support and slurry was obtained. For Pt: Sn/C (20 % Pt
loading) samples, appropriate amounts of Pt salt H,PtCls.6H,O (Aldrich), Sn salt
SnCl,.2H,0 (Aldrich) and carbon (Mulcan XC 72-R) were dissolved in 200 mL
EG mixture per gram support and a slurry was obtained. For Pt-SnO,/C (20% Pt
loading) samples, firstly appropriate amount of SnCl,-2H,0O was dissolved in 200
mL EG and refluxed at 190°C for 30 min under constant stirring. Then a yellow
solution was obtained indicating the formation of tin oxide. The resulting tin oxide
and Pt salt H,PtCls.6H,O (Aldrich) were mixed at the desired atomic ratios and
slurry was obtained. Consequently, for all Pt/C, Pt-Sn/C, and Pt-SnO,/C catalysts,
the pH of the slurry was raised to 11 by the addition of 1M KOH solution and the
temperature was increased to 130°C and kept constant at this temperature for 2 h.
The slurry suspension was rapidly cooled down in a water bath. Following

cooling, this slurry was filtered and dried.

For monometallic catalysts, it was observed that pH had an influencing effect on

the catalyst particle size. Thus, two sets of monometallic catalysts were prepared
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to ensure to have two different catalysts having different particle size. One of them

was prepared at pH=11 and the other one was prepared at pH=5.

4.2. 3 Preparation of CNTs

Home-made CNTs were synthesized by template synthesis method as described in
literature [239]. Firstly, PAOX membranes were prepared by two step anodization
method as described in literature [184, 185]. Thick Al foils were rinsed with
acetone and then anodized for 2 hours. After 2 hour anodization, anodized foil was
etched for 30 min. followed by 19 hours anodization at 20 V in 10% H,SO,
solution. Cathodization was performed for 2 hours after 19 hours anodization to
remove the oxide layer from the Al surface. CNT-PAOX membranes were
prepared via non-catalytic method by chemical vapor deposition (CVD) at a
temperature of ca. 700°C in propylene and argon flow on PAOX membrane to
obtain aligned catalyst free CNTs embedded in an alumina matrix. Propylene was
used as a gaseous carbon source. The PAOX membranes were arranged
perpendicular to the gas flow in a quartz tube CVD reactor and fixed between two
iron rings. After CNT-PAOX membranes were prepared, some of these membranes
were kept and the other ones were etched in HF solution to obtain powder CNTSs.

4.3 CATALYST CHARACTERIZATION TECHNIQUES
4.3 1 X-Ray Diffraction Measurements

XRD patterns of 5%Pt/y-Al,03, 5%Pt-Sn/y-Al,03, 20%Pt/C, 20%Pt-Sn/C and
20%Pt-SnO,/C catalysts were obtained with a Rigaku X-Ray powder
diffractometer using Cu-Ka radiation (Acyxo=1.54 A°) in METU Chemistry
Department. The angular resolution in the 20 scans was 0.05° for the wide angle 20

scans. The scan range was from 20° to 90°, and the scan rate was 2°/min.
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4.3 2 X-ray Photoelectron Spectroscopy Measurements

Surface characterization of 20%Pt/C, 20%Pt-Sn/C, and 20%Pt-SnO,/C catalysts
by X-ray Photoelectron Spectroscopy (XPS) was performed for quantification of
surface composition. The X-ray photoelectron spectra were obtained using Al-K,
source radiation with a SPECS spectrometer. Measurements were performed at
METU Central Laboratory.

4.3 3 Transmission Electron Microscopy Measurements

Transmission electron microscopy (TEM) measurements were performed on
20%Pt/C (E-Tek), 20%Pt/C (pH=11), and 20% Pt/C (pH=5) catalysts. These
measurements were conducted in Darmstadt Technical University (DTU).
Nanostructure characterization was performed employing a CM20STEM
instrument (FEI, Eindhoven, The Netherlands), operating at 200 kV. Sample
preparation followed standard techniques: fine dispersion of the catalyst materials
in acetone in an ultrasonic bath and deposition of a droplet of suspension on a lacy
carbon grid. Low magnification images revealed the homogeneity of the sample,
while high-resolution imaging was utilized to analyze the size and respective

shape of the Pt nano crystallites.

4.3 4 Volumetric Chemisorption Measurements

The volumetric chemisorption measurements performed on 20%Pt/C (E-Tek),
20%Pt/commercial CNTs, and 20% Pt/home-made CNTs catalysts to obtain
dispersion values on a home built adsorption apparatus consisting a multiport high
vacuum Pyrex glass manifold in connection with a turbo molecular pump backed

by a mechanical pump.
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4.3 5 Gas Phase Microcalorimetric Measurements

Gas phase microcalorimetric measurements were performed at 323 K by using a
Tian-Calvet type heat flow calorimeter (Seteram C-80) connected to a gas
handling system and a volumetric adsorption apparatus employing Baratron
capacitance manometers in the range of 10-10 Torr. In this manifold, a Pfeifer
turbo molecular pump station backed by a diaphragm pump was used. The sample
and the reference cells were connected to each other and to the manifold by a
Pyrex tee. Stainless steel bellows were used to connect the sample of stainless steel

Cajon Ultra Torr unions.

The pre-reduced catalyst was loaded into the sample cell and empty cell was
inserted into the reference port of the microcalorimetry. Prior to the introduction of
subsequent doses of gas, the catalyst was reduced in-situ by hydrogen gas at 523
K. After the reduction process, the catalyst was evacuated for approximately 10 h,
while the catalyst bed cooled down. The measurements of differential heats were
conducted by introducing small doses of gas on to the samples. The resulting heat
response for each dose was recorded as a function of time and integrated to
determine the energy released. The amount of gas adsorbed was determined
volumetrically by the dose and equilibrium pressures. The equilibrium pressure
was recorded when the calorimeter reached the thermal equilibrium, i.e. the heat
signal decreased to the background level. The procedure was repeated until the
surface was saturated, i.e. no detectable heat signal was observed, or until the

upper limit of the pressure measurement (10 Torr) was reached.
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4.3 6 VVoltammetric Measurements

4.3.6. 1 Preparation of working electrode

About 7 mg of the powdered catalyst was suspended in 1000 pL. Nafion® solution
for about 1 h to obtain the catalyst ink. Then 6ul of this catalyst ink was spread on
the surface of the glassy carbon electrode, polished with alumina before
deposition, using a micropipette. It was dried at room temperature to remove the

solvent.

4.3.6. 2 Preparation of reference electrode

All potential of working electrodes was measured by normal hydrogen reference
electrode (NHE). This reference electrode was prepared by electro-deposition of
palladium on platinum foil. This foil was inserted in a special glass cell with
containing base solution. Before each experiment this electrode was saturated with

hydrogen by cathodic polarization in 0.5 M H,SO,.

4.3.6. 3 Electro-chemical measurements

Electrochemical measurements were carried out in a conventional three-electrode
cell at room temperature with an IVIUMSTAT potentiostat. A Pt wire was used as
the counter electrode. The working electrode was a glassy carbon disk with a
diameter of 3 mm held in a Teflon cylinder. A home-made Normal hydrogen
reference electrode (NHE) was used. The base cyclic voltammetry experiments
were carried out in 0.5 M H,SO, solution. The evaluation of ethanol oxidation on
glassy carbon electrode was performed in 0.5 M H,SO4 + 0.5 M ethanol solution

at room temperature.
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CHAPTER 5

RESULTS AND DISCUSSION

5. 1 THE CHARACTERIZATION OF y-Al;0; SUPPORTED Pt
CATALYSTS

The microcalorimetric measurements of hydrogen, carbon monoxide, and oxygen
were conducted on monometallic (1%Pt, 2%Pt, and 5%Pt) and bi-metallic (5% Pt-
Sn) y-Al,O3 supported platinum catalysts to investigate the effect of catalyst
loading and the effect of tin addition on the heat of adsorption measurements.
While the monometallic Pt/y-Al,O3 catalysts were prepared by incipient wetness
impregnation method, tin containing Pt/y-Al,O3 catalysts were prepared by
sequential impregnation method. These catalysts, their compositions, the
microcalorimetric measurement details were given in Table 5.1

Table 5. 1 Microcalorimetric measurements performed on y-Al,O3 supported
catalysts at 323 K

Catalyst wt% Atomic  Adsorbed gas
Pt ratio

Pt /y-Al,03 1 1:0 H, and CO
2 1.0 H, and CO
5 1:0 H,, CO, and O,
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Pt-Sn/y-Al,03 5 15:1
5 9:1 H,, CO, and (o]}
5 6:1

5.1. 1 Hydrogen Chemisorption Measurements

The hydrogen chemisorption measurements were performed at 323 K on the y-
Al,O3 supported Pt, Pt-Sn catalysts on varying 15:1 to 6:1 Pt: Sn ratios. Initial heat
of adsorption, defect-like site saturation coverages, and total saturation coverage
values were given in Table 5.2. The hydrogen chemisorptions measurements were
performed on Pt/y-Al,O3 catalysts to investigate the effect of Pt loading on
hydrogen adsorption. The hydrogen chemisorption measurement results on the
Pt/y-Al,O3 catalysts having 1% Pt, 2% Pt, and 5%Pt loading were given in Figure
5.1. The initial heat of hydrogen adsorption value on the Pt/y-Al,O3 catalysts
having 1% Pt, 2% Pt, and 5%Pt loading were 129, 98, and 80 kJ/mole,
respectively. These initial heat of adsorption values agreed well with the literature
values, which were reported as 100-140 kJ/mole [237, 238]. For all of these
monometallic catalysts, firstly, differential heat of hydrogen adsorption exhibited a
sharp differential heat decrease, attributed to the saturation of high energy defect
like sites of platinum [234, 237, 238]. Then, the differential heat values remained
constant by exhibiting a plateau attributed to the low energy sites. Further
differential heat of hydrogen decrease was observed until the saturation coverage
was reached. While 1% Pt/y-Al,O3 catalyst had the highest saturation coverage,
5% Pt/y-Al,O3 catalyst had the lowest saturation coverage value. The energies of
low energy sites (intermediate heats) did not change much when the Pt loading
increased from 1% Pt to 2% Pt. However, when 5% Pt loading was reached, there

was a considerable decrease in the energies of low energy sites.

62



Table 5. 2 Hydrogen chemisorption results on y-Al,O3 supported monometallic and
bi-metallic catalysts.

Catalyst | wt%  Atomic Q° gUerects geaturation

Pt ratio (kd/mole) (mol H/ mol Pt)  (mol H/ mol Pt)
Pt 1 1:0 129 12 88

2 1:0 98 8 42

5 1:0 70 7 33
Pt-Sn 5 15:1 74 6 17

5 9:1 74 5 13

5 6:1 110 3 7
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Figure 5. 1 Differential heat of hydrogen adsorption measurements results on 1%
Pt/y-Al,03, 2% Pt/y-Al,03, and 5% Pt/y-Al,O; catalysts at 323 K.

The hydrogen chemisorption measurements were performed on 5%Pt-Sn/y-Al,O3
catalysts to investigate the effect of tin addition on the hydrogen adsorption. The
hydrogen chemisorption measurement results on the 5%Pt-Sn/y-Al,O3 catalysts
prepared at 15:1, 9:1, 6:1 atomic ratios were given in Figure 5.2. These
measurements indicated that when the Sn amount increased saturation coverage
decreased. The initial heat of hydrogen adsorption values for 5%Pt-Sn/y-Al,O3
catalysts were given in Table 5.2. The initial heat of adsorption values did not
change much when tin amount increased from 15:1 to 6:1. The defect site
coverage value of 5%Pt-Sn (15:1)/y-Al,O3 catalyst was 3 mol H/ 100 mol Pt,
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smaller than 5%Pt/y-Al,O3 catalyst. This was due to fact when tin was added the
defect like saturation coverage decreased (Table 5.2). However, the defect site
saturation coverage slightly decreased when Pt: Sn atomic ratio increased from
15:1 to 9:1 and 6:1. The energies of low energy sites did not change when tin
amount increased but for 5%Pt-Sn (6:1)/y-Al,Os3, these sites were lost. This could
be attributed to the fact that when Pt: Sn atomic ratio was reached 6:1, platinum
low energy sites were completely blocked by tin. Furthermore, it is clear that tin

addition caused a decrease in saturation coverages.
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Figure 5. 2 Differential heat of hydrogen adsorption measurements results at 323 K
on y-Al,O3 supported 5% Pt and 5% Pt-Sn catalysts prepared at 15:1, 9:1, and
6:1atomic ratios.
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5.1. 2 Carbon Monoxide Chemisorption Measurement Results

The carbon monoxide chemisorption measurements were performed at 323 K on
the y-Al,O3 supported Pt, Pt-Sn catalysts on varying 15:1 to 6:1 ratios. Initial heat
of adsorption, defect-like coverage values, saturation coverage values of these
catalysts were given in Table 5.3. Carbon monoxide chemisorptions thermograms
of these mono-metallic and bi-metallic catalysts were given in Figure 5.3 and
Figure 5.4. Initial heats of carbon monoxide chemisorption on these catalysts were
in agreement with previous microcalorimetric studies, for which heats of carbon

monoxide chemisorption of 135-144 kJ/mol for SiO, supported Pt.

Table 5. 3 Carbon monoxide chemisorption results on y-Al,O3 supported
monometallic and bi-metallic catalysts.

Catalyst wt % Atomic QO getects pSaturation

Pt ratio (kJ/mole)  (mol CO/ mol Pt)  (mol CO/ mol Pt)
Pt 1 1:0 230 10 82

2 1:0 210 7 44

5 1:0 130 5 18
Pt-Sn 5 15:1 160 4 7

5 9:1 148 3 7

5 6:1 178 2 4

In Figure 5.3, the carbon monoxide heat of adsorption thermogram on 1% Pt/y-
Al,O3, 2% Pt/y-Al,03, and 5% Pt/y-Al,O3 catalysts were given. Similar to
hydrogen chemisorption measurements, while 1% Pt/y-Al,O3 had the highest
saturation coverage value, lowest saturation coverage value observed for 5% Pt/y-

Al,O3 catalyst. This is due to the agglomeration of platinum particles when
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catalysts loading increased. The intermediate heats for carbon monoxide
adsorption decreased when Pt loading increased. While the intermediate heats for
1% Pt/y-Al,O3 catalyst were higher than 2% Pt/y-Al,O3, 5% Pt/y-Al,O3 catalysts,
the intermediate heats on 2% Pt/y-Al,0s, 5% Pt/y-Al,O3 catalysts were the same.
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Figure 5. 3 Differential heat of carbon monoxide adsorption measurements results
on 1% Pt/y-Al,03, 2% Pt/y-Al,O3, and 5% Pt/y-Al,O3 catalysts at 323 K.
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In Figure 5.4, the differential heat of carbon monoxide adsorption measurements
on the 5%Pt-Sn/y-Al,O3 catalysts prepared at 15:1, 9:1, 6:1 atomic ratios were
given. Initial heat of carbon monoxide adsorption was consistent with the literature
data. Saturation coverage values of these catalysts decreased by the addition of tin.
The intermediate heats were nearly the same for all of these catalysts except for
5%Pt-Sn (6:1)/y-Al,O3. For 5%Pt-Sn (6:1)/y-Al,O3 catalyst, low energy sites were

lost due to the fact that tin blocked these sites.
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Figure 5. 4 Differential heat of carbon monoxide adsorption measurements results
at 323 K on y-Al,O3 supported 5% Pt and 5% Pt-Sn catalysts prepared at 15:1, 9:1,
and 6:1atomic ratios.
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5.1. 3 Oxygen Chemisorption Results

The differential heat of oxygen adsorption measurements on the y-Al,O3 supported
5% Pt and 5%Pt-Sn catalysts measured at 323 K. Initial heat of adsorption values
and saturation coverage values were represented in Table 5.4 Differential heat of
oxygen adsorption thermograms on these catalysts were shown in Figure 5.5. The
results showed that when the Sn amount increased from 1:0 to 9:1, saturation
coverage did not changed. On the contrary, when 6:1 atomic ratio reached
saturation coverage decreased. Furthermore, the intermediate heats were nearly the
same for oxygen adsorption on 5% Pt, 5%Pt-Sn (15:1), and 5%Pt-Sn (9:1)
catalysts. On the other hand, these heats were lowered for 5%Pt-Sn (6:1) catalyst.

Table 5. 4 Oxygen chemisorption results on y-Al,O3 supported monometallic and
bi-metallic catalysts.

Catalyst wt % Atomic QO geaturation
Pt ratio (kd/mole) (mol H / mol
Pt)
Pt 5 1:0 170 3.2
Pt-Sn 5 15:1 200 32
5 9:1 192 2.8
5 6:1 180 1.0
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Figure 5. 5 Differential heat of oxygen adsorption measurements results at 323 K
on y-Al,O3 supported 5% Pt and 5% Pt-Sn catalysts prepared at 15:1, 9:1, and
6:1atomic ratios.

5.1. 4 Discussion

The differential heat of hydrogen, carbon monoxide, and oxygen chemisorption
measurements were performed on monometallic (1%Pt, 2%Pt, and 5%Pt) and bi-
metallic (5% Pt-Sn) y-Al,O3 supported platinum catalysts to investigate the effect
of catalyst loading and the effect of tin addition on the heat of adsorption

measurements.
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The effect of catalyst loading was evaluated depending upon the differential heat
of hydrogen and carbon monoxide adsorption measurements on monometallic
1%Pt/ v-Al,03, 2%Pt/ y-Al,03, and 5%Pt/y-Al,O3 supported catalysts. It was
observed that when Pt loading increased saturation coverage of hydrogen and
carbon monoxide adsorption decrease due to agglomeration of platinum particles
at high catalyst loading. Thus, the dispersion of platinum particles at high metal
loading catalysts was lower, site distribution of changes by increasing metal

loading.

The effect of second metal addition was investigated both on y-Al,03 supported Pt
catalyst. The effect of tin addition was explored by using hydrogen, carbon
monoxide, and oxygen adsorption results. It was observed that by the increasing
amount of tin, saturation coverage values decreased. The intermediate heats

remained same for Pt-Sn catalysts.

For all these catalysts, it was observed that adsorbed hydrogen amounts were
greater than adsorbed CO. This is believed to be due to a weakly bound hydrogen
that exists on the metal surfaces at H: M stoichiometries greater than 1. This could
be explained depending upon the portal model adsorption. According to this
model, hydrogen adsorption occurs via two pathways. The first involves rapid,
dissociative adsorption at low coordination sites to produce weakly bound, highly
mobile hydrogen. The second pathway is adsorption directly onto the basal planes,
which occurs at an intrinsically slower rate. Since the weakly bound hydrogen
adsorbed at low-coordination sites is highly mobile, it can then either migrate to
strongly bound states, spill over to the support, or recombine with another
hydrogen atom and desorb. As a result of recombination and desorption of
hydrogen from the sites from basal plane, these sites would be available for the

hydrogen adsorption.

71



5.2 THE EFFECT OF SCAN RATE AND THE EFFECT OF POTENTIAL
CHANGE ON 20% Pt/C (E-TEK) CATALYST FOR ETHANOL
ELECTRO-OXIDATION REACTION

The characteristics of the cyclic voltammogram recorded depend on a number of
factors such as the rate of the electron transfer reactions, the chemical reactivity of
the electro-active species, and the voltage scan rate. Herein, the effect of scan rate
and the effect of voltage difference on ethanol electro-oxidation reaction were

investigated.

5.2. 1 The Effect of Scan Rate

Cyclic voltammogram of 20% Pt/C (E-Tek) in 0.5 M H,SO, solution was given in
Figure 5.6-a. The equilibrium potential for the hydrogen reduction/oxidation
reaction is to be 0.0 V vs. NHE for any case. It was observed that below 0.35 V vs.
NHE hydrogen adsorption and desorption peaks appear. At potentials higher than
0.75 V vs. NHE, Pt is oxidized. If potential is further increased to more than 1.2 V
vs. NHE oxygen reduction can be observed. The peaks observed at 0.1 V and 0.2
V (NHE) were attributed to the existence of Pt (100) and Pt (110) crystal surfaces
[240-243].

72



0,02 0,08

anodic direction
-
anodic direction 0,06 L .
0,01 N cathodic direction
g <
2 0,04
< 0,00
o
(@)
IS 0,02 4
P 0,01 - cathodic direction
g— <«
< 0,00 4
o -0,021 [
= -0,02
®)
-0,03 -0,04
(a) (b)
0,0 0,2 04 06 08 10 1,2 00 02 04 06 08 10 1,2
Potential ( V vs NHE) Potential ( V vs NHE)

Figure 5. 6 Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst a) in 0.5 M H,SO,
solution b) in in 0.5 M H,SO,4 and 0.5 M ethanol solution (Scan rate: 0.05 V/s).

Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO4 and 0.5 M
ethanol solution at 0.05 V/s scan rate was shown in Figure 5.6-b. Surface
chemisorbed ethanol was oxized at around 1 V potential. By increasing potential
further, Pt surface is oxidized at 1.2 V. When potential was reversed, bulk ethanol
was oxidized via surface Pt oxide at around 0.7 V [198]. From sulfuric acid
oxidation voltammogram and from ethanol electro-oxidation voltammogram, it is
clear that oxidation currents at 1.2 V overlaped. This indicates that surface
chemisorbed ethanol was oxidized at 1.0 V completely, then at this potential Pt

surface is oxidized and when potential was reversed bulk ethanol was oxidized.
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The voltage scan rate could be obtained from the slope of the current vs. potential
diagram. If the scan rate is altered, the current response also changes. The above
voltammograms were recorded at a single scan rate at 0.05 V/s. A series of cyclic
voltammograms taken at 0.01 V/s, 0.05 V/s, 0.1 V/s, 1 VIs, 2 VIs, 3 VIs, 4 Vs, 5
V/s scan rates for 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO, solution are

presented in Figure 5.7-a.
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Figure 5. 7 Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst a) in 0.5 M H,SO,
solution at 1 V/s, 2 VIs, 3 VIs, 4V/s, and 5V/s scan rates, upper insert shows the
cyclic voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO, solution a
0.01 V/s, 0.05 V/s, 0.1 V/s and b) in 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.01
V/s, 0.05 V/s, 0.1 V/s, and 1V/s scan rates.
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It was observed that at low scan rates (0.01 V/s-0.1 V/s), two well resolved peaks
(hydrogen adsorption-reduction peaks) for polycrystalline platinum were not
observed. However, these peaks were visible at higher scan rates. For 0.01 V/s and
0.05 VJs, sharp hydrogen adsorption evolution peaks were observed but these
sharp peaks were not visible above these scan rates. In hydrogen region at high
scan rates (1V/s to 5 V/s), two well resolved peaks occurred at the same voltage by
increasing scan rate. This could be attributed to the fact that this process is

reversible. For a reversible scan rate, peak potential is independent of scan rate [5].

Ethanol electro-oxidation measurements were also conducted in 0.5 M H,SO, and
0.5 M ethanol solution to investigate the effect of scan rate on ethanol electro-
oxidation reaction. Ethanol electro-oxidation measurements at different scan rates
were given in Figure 5.7-b. These electrochemical measurements for ethanol
electro-oxidation reaction was performed at small scan rates (0.01 V/s to 0.1 V/s)
due to the fact that it was impossible to oxidize ethanol at 1 V/s high scan rate
shown in Figure 5.7-b. This could be attributed to the fact that time taken to
record would be short not enough to oxidize ethanol at 1 V/s high scan rate. It was
observed that shape of the both cyclic voltammograms did not change by changing
scan rate. On the other hand, the current increased by increasing scan rate and scan
time. When the scan rate was decreased, cyclic voltammogram will take longer to
record. This could be attributed to the fact that, by altering scan rate, the size of the
diffusion layer would be changed. For instance, in slow scan rates, the size of the
diffusion layer would be higher than it was at faster rates due to the fact that the
flux to the electrode surface was smaller at slow scan rates. Magnitude of the
current is directly related to the flux towards to electrode. That is why, at small
scan rates, magnitude of the current was smaller than ones recorded at higher rates.
Consequently, the voltage scan had a strong effect the behavior of current potential

curve recorded [5].

75



In sulfuric acid solution, Pt was oxidized above 0.75 V vs NHE when potential
increased. When potential was reversed, an oxygen reduction was observed at
around 0.75 V vs NHE potential. The magnitude of the oxygen reduction currents
increased by incresing scan rate (Figure 5.7-b). Furthermore, for ethanol electro-
oxidation reaction, ethanol was oxidized at around 1 V vs NHE potential by the
oxygen adsorbed on Pt. Likewise, when the scan rate increased, the magnitude of
the ethanol electro-oxidation current increased. In order to show that the oxidation
of ethanol achieved via oxygen adsorbed on Pt, the charge of the surface ethanol
per the charge of oxygen evolution (Qethanol/ Qoxygen)VErsus scan rate is presented in
Figure 5.8. It was observed that while the highest gethanol/ Joxygen ratio was obtained
for at 0.01 V/s, the lowest Qethanol/ Joxygen Was found at 0.1 V/s scan rate. It is clear
that ethanol was oxidized by adsorbed oxygen on Pt at small scan rates [5, 198,
240-243].
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5.2. 2 The Effect of Potential Change

The potential of working electrode is controlled with respect to reference electrode
of which potential is fixed. It is equivalent to observing or controlling the energy
of electrons within the working electrode. The energy of electrons is raised when
the electrode is driven to more negative potentials at which they can reach a level
high enough to transfer into vacant electronic states on species in the electrolyte. A
flow of electrons from electrode to solution which is called reduction current
occurs. When, the energy of electrons is lowered by driving the electrode to more
positive potentials, an oxidation current occurs [5]. Cyclic voltammogram of 20%

Pt/C (E-Tek) in 0.5 M H,S0O, solution which was performed at different potentials

77



IS given in Figure 5.9-a. When potential difference was increased, i.e., when the
working electrode was driven to more positive potentials, it was observed that at
reverse potential swept, highest oxygen reduction peak was observed for 1.2 V.
Ethanol electro-oxidation cyclic voltammogram in 0.5 M H,SO,4 + 0.5 M ethanol
solution is given in Figure 5.9-b. It was observed that oxygen was not enough to
oxidize ethanol at 0.8 V. By increasing potential, it was observed that ethanol

oxidized and current values increased considerably.
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Figure 5. 9 Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst a) in 0.5 M H,SO,
solution at 0.05 V/supto 0.8V, 1V, and 1.2 V b)in 0.5 M H,SO, + 0.5 M EtOH
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5.2. 3 Discussion

The ethanol electro-oxidation, the effect of scan rate and the effect of potential
change on commercially available 20%Pt/C (E-Tek) catalyst were investigated. It
was reported that total current values increased by increasing scan rate. It was
observed that when scan rate altered the total current changed because the
thickness of the diffusion layer changed. Furthermore, it was observed that at high
scan rates as 1 V/s, it was impossible to oxidize ethanol the fact that time taken to
record would be short not enough to oxidize ethanol at 1 /s high scan rate.
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5. 3 THE EFFECT OF PLATINUM PARTICLE SIZE FOR ETHANOL
ELECTRO-OXIDATION

The particle size effect for ethanol electro-oxidation over 20% Pt/C catalysts was
investigated by XRD, TEM, microcalorimetry, and cyclic voltammetry. Two sets
of carbon supported Pt catalysts were prepared by the polyol method by modifying
the pH of the starting mixture as 5 and 11, knowing the fact that a pH increase
resulted in a decrease of the catalyst particle size [244]. In addition, a commercial
Pt/C (E-Tek) catalyst was also studied for comparison. The defect site densities
were determined by adsorption microcalorimetry. Finally, ethanol electro-
oxidation was investigated by cyclic voltammetry. Before electro-oxidation
measurements, the effect of scan rate on ethanol electro-oxidation reaction was
investigated on these catalysts. A series of cyclic voltammograms were taken at
0.01 V/s, 0.05 V/s, 0.1 VIs, 1 VIs, 2 Vs, 3 VIs scan rates for these catalysts in 0.5
M H,SO, solution. Prior to every experiment, the electrode was activated in 0.5 M
H.SO, by cycling potential between 0.0 to 1.2 V at 0.05 V/s scan rate.
Furthermore, the evaluation of the ethanol oxidation reaction on carbon supported
platinum catalysts was carried out by adding the appropriate amount of ethanol to
adjust the concentration of electrolytic solution to 0.5 M at the potentials between
0.0 and 1.2 V. To investigate the effect of scan rate on ethanol electro-oxidation
reaction, the scan rate was altered at 0.01 V/s, 0.05 V/s, 0.1 V/s, 1 Vs, 2 /s scan

rates.

5.3. 1 XRD Results

XRD patterns of the Pt/C catalysts are given in Appendix C (Figure C. 2). The
diffraction peak at around 25° was attributed to the (002) plane of the hexagonal
structure of Vulcan XC-72R carbon. The diffraction peaks at around 39°, 46°, 68°
and 81° are due to diffraction of Pt (111), (200), (220) and (311) planes,
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respectively. The particle size values were calculated using the Scherrer equation
and are presented in Table 5.5. It was observed that Pt/C (E-Tek) had the smallest
particle size. The particle size of the Pt/C catalyst prepared at pH=11 was smaller

than the particle size of the catalyst prepared at pH=5.
5.3. 2 TEM Results

The TEM images of the synthesized 20%Pt/C (pH=11) and 20% Pt/C (pH=5) and
the commercial monometallic catalyst are shown in Figure 5.10. For the Pt/C (E-
Tek) commercial catalyst and the Pt/C (pH=11) catalysts, particles were more
homogenously distributed as compared to the Pt/C (pH=5) catalyst.

By counting over 200 particles, the number-mean particle diameter versus relative
frequency diagrams were obtained for all of these catalysts and given Appendix D
(Figure D.3 to Figure D.6). In addition, the aspect ratio (the ratio of the length of
the minor axis to that of the major axis) versus relative population of the particles
are also presented in Appendix D (Figure D.7 to Figure D.9). Mean particle sizes

and mean aspect ratios determined from the analysis are given in Table 5.5.
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Figure 5. 10 TEM images for catalysts (a) Pt/C (E-Tek), (b) Pt/C (pH=11), (c) Pt/C
(pH=5), the insets show larger magnification of the Pt nanoparticles.
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Table 5. 5 Particle size values obtained from different techniques

Catalysts Particle size (nm) Mean-aspect ratio
from TEM
H/Pt CO/Pt XRD TEM
Pt/C (E-Tek) 3.1 4.0 2.7<d<3.4 3.3 0.76
Pt/C (pH=11) 2.7 4.1 3.1<d<3.9 4.4 0.87
Pt/C(pH=5) 125 33.0 11.2<d<14.0 6.7 0.85

For Pt/C (E-Tek) catalyst, a mean particle size was found as 3.3 nm and the aspect
ratio of most of the particles were 0.76, which can be interpreted that most of the
particles are not symmetrical. For the Pt/C (pH=11)/C catalyst, the aspect ratio of
the platinum particles was approximately 0.87, indicating that most of the
platinum particles are nearly symmetrical. Furthermore, the mean diameter for the
Pt/C (pH=11)/C catalyst is about 4.4 nm. In consequence, these two catalysts have
not only different particle sizes but also different shapes. On the other hand, the
platinum particles were not homogenously distributed in the Pt/C (pH=5) catalyst.
The mean particle size was obtained as 6.7 nm and the aspect ratio of distribution
of the platinum particles were nearly 0.85, indicating that here also most of the

platinum particles are nearly symmetrical.
5.3. 3 Gas Phase Microcalorimetric Measurement Results

The differential heats of hydrogen and carbon monoxide adsorption measurements
were performed on Pt/C (E-Tek), Pt/C (pH=11), and Pt/C (pH=5) (20% Pt loading)
catalysts by using Tian-Calvet type heat flow calorimeter at 323 K. The results of

these measurements were given in Figure 5.11 and Figure 5.12.
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Figure 5. 11 Differential heat of hydrogen adsorption measurements results on
20% Pt/C (pH=5), 20% Pt/C (pH=11), and 20% Pt/C (E-Tek) catalysts at 323 K.
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Initial heats of adsorption, saturation coverages of the defect-like sites, and overall
saturation coverages for these catalysts for hydrogen and carbon monoxide
adsorption are also given in Table 5.6. Initial heat of hydrogen adsorption on Pt/C
(E-Tek) is 92 kJ/mole, which is in agreement with the literature values reported as
110-140 kJ/mole [237, 238]. Differential heat of hydrogen adsorption on Pt/C (E-
Tek) exhibited a sharp decrease from ~92 kJ/mol to 65 kJ/mol up to hydrogen

coverage of 0.06 mol H/mol Pt. This behavior was attributed to the saturation of

o & o q
O
N O
A
O
O
A @) q:l
T T T T T T T T T
5 10 15 20 25

moles of CO adsorbed/ 100 moles of Pt

85




high energy defect-like sites of platinum [235, 245]. The differential heat values
remained constant at this value until the hydrogen coverage reached ~0.27
mol H/mol Pt, exhibiting a plateau attributed to the low-energy sites as shown in
Figure 5.11. Further decrease was observed until the saturation coverage of 0.32
mol H/mol Pt was reached. A similar behavior was observed for the Pt/C (pH=11)
catalyst such that the differential heat of hydrogen adsorption curve exhibited a
sharp differential heat decrease from ~95 to 68 kJ/mol up to ~0.05 mol H/mol Pt
coverage. Further increments in the hydrogen doses resulted in a plateau at 68
kJ/mol until a 0.20 mol H/mol Pt coverage value was reached. Hence, the catalyst
surface was saturated at 0.37 mol H/mol Pt coverage, as indicated in Figure 5.11.
The only difference observed between both catalysts Pt/C (E-Tek) and Pt/C
(pH=11) was that the heats of hydrogen adsorption for low energy sites (flat
surfaces) were higher for the latter. When taking the Pt/C (pH=5) catalyst into
consideration, only a sharp differential heat decrease was observed when
compared with Pt/C (pH=11) and Pt/C (E-Tek). The defect sites were saturated at
~ 0.02 mol H/mol Pt and the surface was saturated at around 0.08 mol H/mol Pt

coverage.

Table 5. 6 The surface site densities as measured by carbon monoxide and
hydrogen adsorption calorimetry.

Cata|yStS QO Qintegral esaturatlon
(kJ/mole) (kJ/mole) (mol H or CO/ mol Pt)
H, CO H, CO H/Pt CO/Pt
Pt/C (E-Tek) 92 370 109 260 0.32 0.25
Pt/C (pH=11) 95 340 112 231 0.37 0.24
Pt/C(pH=5) 105 200 73 98 0.08 0.03
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The differential heats of carbon monoxide adsorption measurements on Pt/C
(pH=5), Pt/C (pH=11), and Pt/C (E-Tek) (20% Pt loading) catalysts at 323 K are
given in Figure 5.12. Differential heat of carbon monoxide adsorption on Pt/C (E-
Tek) decreased from 370 kJ/mole to 260 kJ/mole and on Pt/C (pH=11) decreased
from 340 kJ/mole to 260 kJ/mole up to ~0.04 mol CO/mol Pt coverage reached. A
plateau was observed for the CO differential heats of adsorption curves on Pt/C (E-
Tek) and Pt/C (pH=11) at ~260 kJ/mole up to ~0.20 mol CO/mol Pt of carbon
monoxide and ~0.17 mol CO/mol Pt of carbon monoxide adsorbed, respectively.
Moreover, further increments in the coverage resulted in a decrease of heats of
adsorption until 0.25 mol CO/mol Pt for Pt/C (E-Tek) and 0.24 mol CO/mol Pt for
the Pt/C (pH=11) saturation coverage values was reached. A sharp differential heat
decrease was observed for Pt/C (pH=5) catalyst until ~0.02 mol CO/mol Pt
saturation coverage was reached. The low coverage values indicated that the
intermediate energy sites for Pt/C (pH=5) catalysts were lost when compared with
Pt/C (E-Tek) and Pt/C (pH=11). All of the coverage values are consolidated in
Table 5.6. It was observed that adsorbed hydrogen amounts were greater than
adsorbed CO. This is believed to be due to a weakly bound hydrogen that exists on
the metal surfaces at H: M stoichiometries greater than 1.

The saturation coverages of H and CO were taken as the particle dispersions
assuming 1:1 stoichiometry of H: Pt or CO: Pt. Particle size values of these

catalysts were estimated using the d(nm)=2100/D (dispersion) empirical

correlation [246]. An average particle size value was also calculated as such and is

given in Table 5.5.
5.3. 4 Electrochemical Characterization Results

The ethanol electro-oxidation activity was evaluated on the Pt/C (E-Tek), Pt/C
(pH=11), and Pt/C (pH=5) catalysts in a 0.5 M H,SO4 solution at 25°C to
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investigate the particle size effect in ethanol electro-oxidation reaction. Prior to the
measurement of ethanol electro-oxidation activities, the surface of the electrodes
were activated for 100 cycles in the potential range of 0.0 to 1.2 V which was
swept at 0.05V s™. The steady state cyclic voltammograms of these catalysts in 0.5
M H,SO,4 solution are presented in Figure 5.13 and Figure 5.14. The voltage scan
rate could be obtained from the slope of the current vs. potential diagram. If the
scan rate is altered, the current response also changes. A series of cyclic
voltammograms were taken at 0.01 V/s, 0.05 V/s, 0.1 V/s, 1 Vs, 2 VIs, 3 VIs, scan
rates for 20% Pt/C (E-Tek), 20% Pt/C (pH=11), and 20% Pt/C (pH=5) catalysts in
0.5 M H,SO, solution. These results for 20% Pt/C (E-Tek) were presented in
Figure 5.13. Results for 20% Pt/C (pH=11) and 20% Pt/C (pH=5) catalysts were
given in Appendix E (Figure E.9 and Figure E.10).

Two well resolved peaks (hydrogen adsorption-evolution peaks) for
polycrystalline platinum were not observed at low scan rates (0.01 V/s-0.1 V/s).
However, these peaks were visible at higher scan rates. For 0.01 V/s and 0.05 V/s,
sharp hydrogen adsorption evolution peaks were observed but these sharp peaks
were not visible above these scan rates. In hydrogen region at high scan rates
(1V/s to 3 VIs), two well resolved peaks occurred at the same voltage by
increasing scan rate. The voltammetric features of these platinum catalysts are
consistent with literature data for a typical polycrystalline platinum electrode in
0.5M H,SO, solution electrolyte. At the hydrogen adsorption-desorption region
below 0.35 V vs. NHE, well defined peaks were observed for Pt/C (E-Tek) and for
Pt/C (pH=11). These peaks are attributed to the existence of (100) and (110)
platinum crystal facets [194, 240, 247]. On the other hand, these peaks were not
recorded for Pt/C (pH=5) catalyst. Furthermore, the results indicated that while the
activity of the 20%Pt/C (E-Tek) and Pt/C (pH=11) were nearly same for sulfuric
acid electro-oxidation, which was superior to 20% Pt/C (pH=5) (see Figure 5.14).
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This could be attributed to the scarceness of defect sites. Kumar et al. reported that
edges and corner sites acts as gateways or portals through which hydrogen
dissociative adsorbing onto planar surfaces. When these portals are blocked, the
results are drastic decrease in the hydrogen amount. Thus, in this case, the
scarceness of defect-like sites acting as adsorption-desorption portals obstructed
the accessibility of the low-energy sites. It is already established that liquid phase

reactions were reported to take place on the defect-like sites [231, 233, 235].
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Figure 5. 13 Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO,
solution at 1 V/s, 2 V/s, 3 V/s scan rates, upper insert shows the cyclic

voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO, solution at 0.01 V/s,
0.05V/s, 0.1 VIs.
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Figure 5. 14 Cyclic voltammogram of 20% Pt/C (E-Tek), 20% Pt/C (pH=11), and
Pt/C (pH=5) catalysts (a) in 0.5 M H,SO, solution at 1 V/s, (b) in 0.5 M H,SO,
solution at 0.05V/s.

Ethanol electro-oxidation measurements were also conducted in 0.5 M H,SO, and
0.5 M ethanol solution to investigate the effect of scan rate on ethanol electro-
oxidation reaction on 20% Pt/C (E-Tek), 20% Pt/C (pH=11), 20% Pt/C (pH=5)
catalysts. For 20% Pt/C (E-Tek) catalyst, ethanol electro-oxidation measurements

at different scan rates on these catalysts were shown in Figure 5.15. For 20% Pt/C
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(pH=11), 20% Pt/C (pH=5) catalysts, results were given in Appendix D (Figure
E.11 and Figure E.12).
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Figure 5. 15 Cyclic voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO,
+ 0.5 M EtOH solution at 1 V/s, 2 V/s scan rates, upper insert shows the cyclic
voltammogram of 20% Pt/C (E-Tek) catalyst in 0.5 M H,SO, +0.5 M EtOH
solution at 0.01 V/s, 0.05 V/s, 0.1 V/s.

These electrochemical measurements for ethanol electro-oxidation reaction was
performed at 0.01 V/s, 0.05 V/s, 0.1 V/s, 1 VIs, 2 VIs as shown in Figure 5.15, At

small scan rates (0.01 V/s to 0.1 V/s), it was observed that ethanol was oxized at
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aroud 1 V potential and Pt was oxidized at 1.2 V by increasing potential further.
Furthermore, bulk ethanol was oxidized via surface Pt oxide at around 0.7 V by
reversing the potential [198]. At high scan rates (1 V/s and 2 V/s), the time taken
to record to voltammetry would be short enough not to oxidize ethanol completely.

Ethanol electro-oxidation measurements at 0.05 V/s and 1V/s scan rates performed
in the presence of 0.5 M ethanol concentration on Pt/C (E-Tek), Pt/C (pH=11), and
Pt/C (pH=5) catalysts are shown in Figure 5.16. Ethanol oxidation on the catalysts
commenced at 0.3-0.4V and was fully developed at 1.2 V. Maximum current
density in forward scan was used to investigate the electro catalytic activity of
these catalysts because it is more indicative of the CO removal rate via bi-
functional mechanisms [248, 249]. The results indicated that the activity of the
Pt/C (E-Tek) catalyst for ethanol electro-oxidation and reduction of ethanol was
superior to Pt/C (pH=11) and Pt/C (pH=5).

To understand whether this low activity of 20% Pt/C (pH=5) catalyst were due to
the low amount of defect-like sites or not, per site activity of these catalysts were
determined and presented in Figure 5.17 and Figure 5.18 for sulfuric acid and
ethanol electro-oxidation voltammograms at 0.05 V/s and 1 V/s, respectively. For
both of these measurements, it was observed that the current per site values were
nearly the same for for 20% Pt/C (E-Tek) and Pt/C (pH=11) catalysts at 0.05 V/s
and 1 V/s scan rates for sulfuric acid electro-oxidation and ethanol electro-
oxidation. However, considering sulfuric acid and ethanol electro-oxidation
voltammograms at 0.05 V/s, it was observed that current per sites values for Pt/C
(pH=5) catalyst were significantly lower than the ones measured for 20% Pt/C (E-
Tek) and Pt/C (pH=11) catalysts. On the other hand, the current per site values for
Pt/C (pH=5) catalyst were nearly the same for 20% Pt/C (E-Tek) and Pt/C (pH=11)

catalysts.
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Figure 5. 16 Cyclic voltammogram of 20% Pt/C (E-Tek), 20% Pt/C (pH=11), and
Pt/C (pH=5) catalysts (a) in 0.5 M H,SO,4 +0.5 M EtOH solution at 0.05 V/s, (b) in
0.5 M H,SO,4 +0.5 M EtOH solution at 1 V/s.
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Figure 5. 17 Current per site measurements of 20% Pt/C (E-Tek), 20% Pt/C
(pH=11), and Pt/C (pH=5) catalysts (a) in 0.5 M H,SO, solution at 0.05 V/s, (b) in

0.5 M H,S0O, solution at 1V/s.
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Figure 5. 18 Current per site measurements of 20% Pt/C (E-Tek), 20% Pt/C
(pH=11), and Pt/C (pH=5) catalysts (a) in 0.5 M H,SO,4 +0.5 M EtOH solution at
0.05 V/s, (b) in 0.5 M H,SO,4 +0.5 M EtOH solution at 1V/s.

5.3. 5 Discussion

Particle size of Pt/C (E-Tek), Pt/C (pH=11), and Pt/C (pH=11) catalysts were
estimated by XRD, TEM and adsorption microcalorimetry measurements and are
presented in Table 5.5. For the size of the Pt/C (E-Tek) particles, there is a good
agreement between XRD and TEM data, indicating a narrow particle size
distribution. Likewise, for Pt/C (pH=11), particle size values obtained from XRD
and TEM agree well. On the contrary, there is not an agreement between XRD and
TEM data for the Pt/C (pH=5) catalysts, indicating a non-symmetrical behavior.
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The heat of adsorption was directly related to the structure of the catalysts.
Differential heats of CO and H, adsorption data were used to determine the
population and the strength of the defect-like sites present in the catalysts. The
high-energy sites, characterized by microcalorimetry on the differential heat of
adsorption curves until the plateau was reached, were described as defect-like sites
based on previous experimental [231, 232, 235, 236, 245] and theoretical [234]
studies. Steps sites are more active and they bind adsorbates more strongly. One
can realize that the plateau observed on the differential heat of adsorption curve is
an indication that the differential heat of adsorption is not a function of coverage.
These sites were identified as flat surfaces in accordance with Norskov et al. [234].
For polycrystalline surfaces, the site energy distribution of catalysts depends on
the average particle size of the catalyst and as a result it depends on the detailed
geometric structure of the surface atoms of the catalyst. Uner and Uner [236]
performed hydrogen adsorption measurements on 2% Pt/ y-Al,O3 calcined at
different temperatures to vary the particle size of catalysts. They reported that
hydrogen chemisorption sites with low and intermediate heats were lost when the

metal particle size of 2% Pt/y-Al,O3 was increased.

The difference observed between Pt/C (E-Tek) and Pt/C (pH=11) catalysts was
that the heats of hydrogen and carbon monoxide adsorption values for low energy
sites (flat surfaces) were higher for the latter. When the particle size increased, the
saturation coverage of CO and H, decreased. This behavior was attributed to the

loss of low energy sites (flat surfaces).

Electrochemical measurements were performed on these catalysts to investigate
the particle size effect in the ethanol electro-oxidation activity. Two well resolved
peaks were observed at hydrogen region at high scan rates (NHE) at cyclic

voltammetry measurements performed in 0.5 M H,SO, solution. Markovic et
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al.[240, 247] attributed these peaks to the existence of Pt (100) and Pt (110) crystal
surfaces. They conducted studies on single crystal platinum surfaces and indicated
that the peak located at around 0.12 V was related to the adsorption/desorption
process of hydrogen on Pt (110) single crystal surfaces. On the other hand, they
reported that the peak at around 0.24 V was related to a hydrogen adsorption-
desorption process on Pt (100) single crystal surfaces. In this study, these peaks
were not observed for the Pt/C (pH=5) catalyst. This was due to the loss of low-
energy sites with increasing Pt particle size. Consequently, hydrogen and carbon
monoxide differential heat of adsorption measurements and cyclic voltammogram
experiments performed in sulfuric acid. This indicated that an increase in particle
size results in the loss of low-energy sites (flat surfaces). On the other hand,
current per site measurements indicated that current per site values were nearly the
same for for 20% Pt/C (E-Tek) and Pt/C (pH=11) catalysts at 0.05 V/s and 1 V/s
scan rates for sulfuric acid electro-oxidation and ethanol electro-oxidation. These
two catalysts have different particle shapes since the aspect ratio distribution of
these catalysts was different. When ethanol electro-oxidation data and the relative
densities of the surface sites were compared, it was clearly seen that the E-Tek
catalyst had the highest density of defect sites while the total coverages
(dispersions) of hydrogen and CO on both Pt/C (E-Tek) and Pt/C (pH=11)
catalysts were the same. These catalysts have different number of defect sites. It is
clearly demonstrated that the defect sites determine the ethanol electro-oxidation
activities, which is governed by the shape difference between Pt/C (pH=11) and
Pt/C (E-Tek) catalyst.

Considering the Pt/C (pH=5) catalyst, it was observed that while current per sites
values for Pt/C (pH=5) catalyst were significantly lower than the ones measured
for 20% Pt/C (E-Tek) and Pt/C (pH=11) catalysts for sufuric acid and ethanol

electro-oxidation measurements at 0.05 Vs scan rate, the current per site values for

97



Pt/C (pH=5) catalyst were nearly the same for 20% Pt/C (E-Tek) and Pt/C (pH=11)
catalysts for sufuric acid and ethanol electro-oxidation measurements at 1 V/s scan
rate. This could be attributed to the fact that by altering scan rate, the size of the
diffusion layer would be changed. For instance, in slow scan rates (0.05 V/s) , the
size of the diffusion layer would be higher than it was at faster rates (1 V/s) due to

the fact that the flux to the electrode surface was smaller at slow scan rates.
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5.4 THE EFFECT OF CARBON SUPPORT

Activated carbon, carbon black, carbon nanotubes, and carbon nanofibers are
many different carbon materials were investigated especially as catalysts and
catalyst supports. The effect of the surface area, pore size, and the surface
chemistry of carbon supports on catalytic activity and selectivity as well as the
material stability are the current topics under investigation. In the present study,
the effect of support for ethanol electro-oxidation reaction was investigated on
20% Pt/C (E-Tek), 20% Pt/commercial CNT, and 20%Pt/home-made CNTs
catalysts. Home-made CNTs were prepared by template synthesis method via
chemical vapor deposition (CVD) method .The metal dispersions were determined
from volumetric chemisorption measurements. By using these dispersion values,
per site activity of these catalysts were explored. 20% Pt/commercial CNTs and
20% Pt/home-made CNTs were prepared by polyol method.These catalysts were
tested as anode catalysts for the ethanol electro-oxidation reaction at room
temperature by cyclic voltammetry. Ethanol electro-oxidation measurements were
performed on 20% Pt/C (E-Tek), 20% Pt/commercial CNTs, and 20%Pt/home-
made CNTs catalysts in 0.5 M H,SO, +0.5 M ethanol solution at 0.05 V/s scan rate
and 1.2 V vs NHE.

5.4. 1 Volumetric Chemisorption Measurement Results

\Volumetric chemisorption measurements were performed on 20%Pt/C (E-Tek),
20%Pt/ commercial CNTs, and 20% Pt/home-made CNTs catalysts to define
platinum dispersion on these catalysts. Dispersion measurement results of these
catalysts are given in Table 5.7. While the dispersion values of commercial
20%Pt/C (E-Tek) catalyst and the dispersion of 20%Pt/home-made CNTs were
nearly the same, the platinum dispersion on 20%Pt/commercial CNTs catalysts
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was around 16%, which was significantly lower than both 20%Pt/C (E-Tek) and
20%Pt/commercial CNTs catalysts.

Table 5. 7 Dispersion values obtained from volumetric chemisorption
measurements

Catalyst mol H / mol Pt Dispersion (%)
Pt/C (E-Tek) 0.28 28
Pt/home-made CNTs 0.29 29
Pt/commercial-CNTs 0.16 16

5.4. 2 Electrochemical Characterization Results

The sulfuric acid and ethanol electro-oxidation measurements were also performed
on glassy carbon and carbon powder. These voltammograms were given in
Appendix E (Figure E.1 to Figure E.4). It was observed that current values were
nearly the same for glassy carbon and Carbon support loaded electrode. The
ethanol electro-oxidation activity was evaluated on 20% Pt/C (E-Tek), 20%
Pt/commercial CNTs, and 20%Pt/home-made CNTs catalysts in a 0.5 M H,SO,
solution to investigate the support effect in ethanol electro-oxidation reaction. The
steady state cyclic voltammograms of these catalysts in 0.5 M H,SO4 solution were
presented in Figure 5.19-a. The activity of the 20% Pt/C (E-Tek) catalyst and
20%Pt/home-made CNTs for the sulfuric acid electro-oxidation was superior to
20% Pt/commercial CNTs. Ethanol electro-oxidation measurements performed in
the presence of 0.5 M ethanol concentration on 20% Pt/C (E-Tek), 20%

100



Pt/commercial CNTs, and 20%Pt/home-made CNTs catalysts were shown in
Figure 5.19-b. Ethanol oxidation on the catalysts commenced at 0.3-0.4V and was
fully developed at 1.2 V. Maximum current density in forward scan was used to
investigate the electro-catalytic activity of these catalysts because it is more
indicative of the CO removal rate via bi-functional mechanisms. The results
indicated that the activity of the20%Pt/home-made CNTs for the sulfuric acid

electro-oxidation was superior to 20% Pt/commercial CNTs.
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Figure 5. 19 Cyclic voltammetry results on 20% Pt/C (E-Tek), 20% Pt/commercial
CNTs, and 20%Pt/home-made CNTs catalysts a) in 0.5 M H,SO, at 0.05 V/s b) in
0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s .
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To differentiate whether the differences are due to the supports or to the metal, per
site activity of these catalysts were determined and presented in Figure 5.20-a and
Figure 5.20-b for sulfuric acid and ethanol electro-oxidation voltammograms,
respectively.For both of these measurements, it was observed that the current per
site values were nearly the same for all of the catalysts. In conclusion, only metal
dispersion improved ethanol electro-oxidation reaction and support did not have
any improving effect on ethanol electro-oxidation reaction. The exception is the
large weakly bound hydrogen peak apparent for the commercial CNTs which
might be due to hydrogen spillover effects on defect rich CNT surface sites [250,
251].
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Figure 5. 20 Current per site vs. potential measurement results on 20% Pt/C (E-
Tek), 20% Pt/commercial CNTs, and 20%Pt/home-made CNTs catalysts a) in 0.5
M H,SO, at 0.05 V/s b) in 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s.

5.4. 3 Discussion

The effect of carbon support material was investigated by using different carbon
materials as support. Finally, it was found that the electrocatalytic activities per Pt
surface site values were nearly the same regardless of the carbon support used.
Under the conditions used in this study, ethanol electro-oxidation reaction

depended only on the metal dispersions and support did not have any effect.
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5.5 THE EFFECT OF TIN ADDITION

The role of tin addition in ethanol electro-oxidation reaction was investigated.
Thus, the differential heat of adsorption measurements could be a novel method to
reach this aim. The active sites defined by cyclic voltammetry measurements could
be compared to gas phase adsorption microcalorimetry measurement to figure out
which sites are involving in ethanol electro-oxidation reaction. In conclusion, the
microcalorimetric measurements of carbon monoxide adsorption and hydrogen
adsorption, and cyclic voltammetric measurements were performed on 20%Pt:
Sn/C catalysts prepared by polyol method at different Pt: Sn atomic ratios. Pt:
Sn/C (20% Pt loading) catalysts were prepared by polyol method varying the Pt:
Sn atomic ratio 15:1 to 1:1. These catalysts were characterized by XRD,
adsorption calorimetry, and tested as anode catalysts for the ethanol electro-
oxidation reaction at room temperature by cyclic voltammetry to investigate the
effect of Sn addition on the ethanol electro-oxidation activity. Cyclic voltammetric
measurements on 20% Pt/C, 20%Pt-Sn (15:1)/C, 20%Pt-Sn (9:1)/C, 20%Pt-Sn
(6:1)/C, and 20%Pt-Sn (1:1)/C catalysts were performed in 0.5 M H,SO,4 and 0.5
M ethanol solutions. At two different scan rates (0.05 V/s and 0.25 V/s scan rates),
cyclic voltammograms were taken in 0.5 M H,SO, solution on 20%Pt-Sn/C
catalysts. Ethanol electro-oxidation reaction was also evaluated on 20%Pt-Sn/C
catalysts by adding the appropriate amount of ethanol to adjust the concentration
of electrolytic solution to 0.5 M at the potentials between 0.0 and 0.8 V.

Furthermore, in order to investigate the poisoning capacity of monometallic Pt/C
catalyst and bi-metallic Pt-Sn (6:1)/C catalyst, poisoning measurements were
performed by linear sweep voltammetry technique. Linear sweep voltammetry
measurements were performed between 0.4 V vs NHE and 1.6 Vvs NHE in 0.5 M

H.,SO, +0.5 M ethanol solution at 0.05 V/s scan rate. Prior to linear sweep
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voltammetry measurements, a surface pretreatment was applied on electrode.
According to this pretretament, firstly 1.6 V vs NHE constant potential was
applied for 30 s and then potential was held constant at 0.0 V vs NHE for 10 s in
order to activate the surface before poisoning. In the second part of the
pretreatment, potential was kept constant at 0.4 vs NHE for 1 s, 10's, 20 s, 40 s, 60
s, 120 s, 200 s, and 600 s to poision the catalyst surface because the poisoning of
the Pt surface commenced at around 0.4 vs NHE potential. After this pretreatment,
linear sweep voltammetry measurements were performed to oxidize the surface

adsorbed poision.

5.5. 1 XRD Results

XRD patterns of the 20%Pt/C and 20%Pt-Sn/C catalysts were given in Appendix
C (Figure C.3). The diffraction peak at around 25° was attributed to diffraction at
the (002) plane of the hexagonal structure of Vulcan XC-72R carbon. The
diffraction peaks at around 39°, 46°, 68°, and 81° were due to diffraction at the Pt
(111), (200), (220) and (311) planes, respectively. The diffraction peaks of Pt are
clearly broadened with increasing tin content. The mean Pt particle diameters of
the 20%Pt-Sn/C catalysts were calculated from the Pt (111) diffraction peak via
the Scherrer equation [252]. The mean Pt particle diameter decreases from 3.6 to
1.2 nm with increasing tin content. This was attributed to Pt-Pt ensembles were
separated by Sn particles inhibiting the agglomeration of Pt particles during the

synthesis process.

5.5. 2 XPS Results

The surface composition of 20%Pt/C (pH=11), 20%Pt-Sn/C catalysts was
investigated for understanding the oxidation states of the species by means of

XPS. General XPS spectra of these catalysts were given in Appendix C (Figure
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C.6). To reach this aim, Pt 4f and Sn 3d core levels were analyzed. The charging
effects were corrected by using the C 1s peak of which the most intense
component was set at 284.6 eV and used as internal reference. C 1s spectra were

given in Appendix C (Figure C.7).

In Appendix C (Figure C.9), the Pt 4f regions of the XPS spectrum of the Pt/C
(pH=11) and Pt-Sn/C were represented. The spectrum reveals the doublets
containing a low energy band (Pt 4f72) and a high energy band (Pt 4fsi2). There are
three possible oxidation states of platinum consisting of Pt°, Pt* and Pt*.The
binding energy increases by the oxidation state of the Pt. When Sn amount
increased, a negative shift was observed in binding energies. This could be

attributed to the fact that there was more zero valence Pt in Pt-Sn (1:1) catalyst.

The Sn 3d core level doublet spectra of 20% Pt-Sn/C catalysts were demonstrated
in Appendix C (Figure C.10). The foremost component was the Sn 3dsp
component appearing at 486.4 eV binding energy. Similarly, it was observed that
there is a negative shift in binding energies by the increasing amount of tin. This
could be attributed that tin was in more zero valence compared to other ones.

5.5. 3 Gas Phase Microcalorimetric Measurement Results

The differential heats of hydrogen and carbon monoxide heat of adsorption
measurements were performed on 20%Pt-Sn/C catalysts by using Tian-Calvet type
heat flow calorimeter at 323 K to define the effect of Sn addition. Initial heat of
adsorption, defect-like sites (highly active sites) coverages, and total coverage
values for 20%Pt-Sn/C catalysts for hydrogen and carbon monoxide adsorption

were given in Table 5.8. The initial heat of hydrogen and carbon monoxide
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adsorption values of 20%Pt:Sn/C catalysts were in agreement with the ones
reported in literature for Pt and Pt-Sn catalysts [237, 238].

adsorption values of 20%Pt:Sn/C catalysts were in agreement with the ones

reported in literature for Pt and Pt-Sn catalysts [237, 238].

Table 5. 8 The surface site densities as measured by carbon monoxide and
hydrogen adsorption calorimetry and particle size values obtained from
microcalorimetry and XRD.

Catalysts Q° geerects geaturation Particle size
(kJ/mole) | (mol H or (mol H or (nm)
CO/ mol Pt) | CO/ mol Pt)

Calorimetry dxrp

H, | CO | H/Pt | CO/Pt | HIPt | CO/Pt | *dupt | *dcorrt

Pt/C 89 /1330]0.07] 005 |036| 024 | 28 | 41 |3.3<d<4.1

Pt:Sn(15:1) | 150 {330 | 0.05| 0.05 | 0.23 | 0.12 | 43 | 8.3 |3.1<d<3.8

Pt:Sn (9:1) | 119|370 0.04 | 0.03 | 0.23 | 0.09 | 43 | 11.1 | 2.8<d<3.6

Pt:Sn (6:1) | 149320 | 0.04 | 0.03 | 0.13 | 0.03 | 7.7 | 33.3 | 2.6<d<3.2

Pt:Sn (1:1) | 140300 0.02 | 0.02 | 0.03 | 0.02 | 33.3 | 50.0 | 1.0<d<1.2

Taking the hydrogen chemisorption measurements on these catalysts into
consideration, one could see that hydrogen saturation coverage decreased when the
Sn amount increased (see Figure 5. 21). Furthermore, we noted that if Pt:Sn atomic

ratio decreased from 15:1 to 9:1 and 6:1, the defect-like site saturation coverage
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values slightly decreased by increasing Sn amount and these values were
approximately same for Pt-Sn(9:1)/C and Pt-Sn(6:1)/C catalysts (Table 5.8).
Moreover, when the Pt: Sn atomic ratio decreased 1:1 value, it was seen that the
defect-like site coverage value considerably decreased. Furthermore, the energy of
plateau observed on the hydrogen chemisorption thermogram decreased by
increasing Sn amount. In addition, this plateau was lost for Pt: Sn (1:1)/C catalyst.
Thus, the presence of these plateaus could be attributed to the presence of low

energy sites.
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Figure 5. 21 Differential heat of hydrogen adsorption measurements results at 323
K on carbon supported 20%Pt and 20% Pt:Sn catalysts prepared at 15:1, 9:1, 6:1,
1:1 Pt:Sn atomic ratios.
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For carbon monoxide chemisorption measurements on 20%Pt-Sn/C catalysts,
similar to the hydrogen adsorption measurements on 20%Pt: Sn/C catalysts,
defect-like site coverages decreased by increasing Sn amount (see Figure 5. 22).
Defect-like site coverage values were approximately same for 15:1, 9:1, and 6:1
but it decreased much when 1:1 atomic ratio was attained. The energies of the
plateaus decreased when Sn amount increased. These plateaus were completely
lost when 1:1 atomic ratio was reached. This behavior was attributed to the loss of
low energy sites by adding more Sn. Also, total coverage values reported for
carbon monoxide adsorption measurements on these catalysts indicated that when

Sn amount increased total coverage values decreased (Table 5.8).
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Figure 5. 22 Differential heat of carbon monoxide adsorption measurement results
at 323 K on carbon supported 20% Pt:Sn catalysts prepared at 15:1, 9:1, 6:1, 1:1
Pt:Sn atomic ratios

5.5. 4 Electrochemical Measurements

The ethanol electro-oxidation activity was evaluated on the 20%Pt: Sn/C catalysts
in the 0.5 M H,S0, solution at 25°C to investigate the effect of Sn addition in
ethanol electro-oxidation activity. Prior to ethanol electro-oxidation measurements,
the surface of electrodes was activated and then cyclic voltammetric measurements
were performed in the absence of ethanol in 0.5 M H,SO, solution. The cyclic

voltammograms which were taken at 0.05 V/s and 0.25 V/s scan rates of 20%Pt:
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Sn/C catalysts prepared at 15:1, 9:1, 6:1, and 1:1 Pt-Sn atomic ratios in the 0.5 M
H.SO, solution. Furthermore, these measurements on Pt-Sn catalysts were
compared with monometallic Pt catalyst and results on these measurements were
shown in Figure 5.23. From Figure 5.23, it is clear that Pt/C catalyst and Pt-Sn
(15:1)/ C catalyst showed nearly the same activity. In our previous study (in the
first part of this study), it was reported that two well resolved peaks (hydrogen
adsorption-evolution peaks) for polycrystalline platinum were not observed at low
scan rates (0.01 V/s-0.1 V/s). However, these peaks were visible at higher scan
rates. For 0.01 V/s and 0.05 V/s, sharp hydrogen adsorption evolution peaks were
observed but these sharp peaks were not visible above these scan rates. In our case,
for Pt/C and Pt-Sn (15:1)/c catalysts, this situation still exists. However, for Pt-Sn
(9:1)/C, Pt-Sn (6:1)/C, and Pt-Sn (1:1)/C catalysts, these peaks were clearly
observed at high scan rate (0.25 V/s) and at even small scan rate (0.05 V/s). At
hydrogen region, the best current value of hydrogen adsorption-evolution peaks
was obtained for Pt-Sn (1:1)/C catalyst. Then, this activity was obtained in the
order of Pt-Sn (9:1)/C > Pt-Sn (6:1)/C > Pt-Sn (15:1)/C and Pt /C.
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Figure 5. 23 Cyclic voltammogram of carbon supported 20%Pt and 20% Pt:Sn
catalysts prepared at 15:1, 9:1, 6:1, 1:1 Pt:Sn atomic ratios (a) in 0.5M H,SO,
solution at 0.01 V/s scan rate (b) in 0.5M H,SO, solution at 0.25 V/s scan rate.

Per site activity of these catalysts were determined in 0.5 M sulfuric acid at 0.05
V/s and 0.25 V/s, respectively and presented in Figure 5.24. For both of these
measurements, it was observed that the current per site values were nearly the
same for Pt/C (home-made) and Pt-Sn (15:1)/C catalysts, which was lower than Pt
(9:1)/C, Pt-Sn (6:1)/C, and Pt-Sn (1:1)/C catalysts. Moreover, for Pt (9:1)/C and
Pt-Sn (6:1)/C catalysts, the current per site values were also nearly the same. The
best current per site hydrogen activity was obtained for Pt-Sn (1:1)/C catalyst.
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Figure 5. 24 Current per defect site measurements of 20%Pt and 20% Pt:Sn
catalysts prepared at 15:1, 9:1, 6:1, 1:1 Pt:Sn atomic ratios (a) in 0.5 M H,SO,
solution at 0.05 V/s, (b) in 0.5 M H,SO, solution at 0.25 V/s.

The catalytic activities of 20%Pt: Sn/C catalysts were investigated by cyclic
voltammetry in 0.5 M H,SO,4 and 0.5M ethanol solution and presented in Figure 5.
25. Results on these catalysts indicated the fact that when Pt:Sn atomic ratio
decreased 15:1 to 6:1, oxidation current values observed at 0.8 V potential

increased, significantly. When Pt: Sn atomic ratio decreased 6:1 to 1:1, a decrease
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in oxidation current value was observed. It was obvious that Pt-Sn (6:1)/C catalyst

was the most active catalyst for ethanol electro-oxidation reaction.
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Figure 5. 25 Cyclic voltammograms of carbon supported 20%Pt and 20%Pt:Sn
catalysts prepared at 15:1, 9:1, 6:1, 1:1 Pt:Sn atomic ratios in 0.5 M H,SO4+ 0.5 M
EtOH solution (scan rate: 0.05 V/s).
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Poisoning measurements were performed by linear sweep voltammetry technique
in 0.5 M H,SO,4 +0.5 M ethanol solution at 0.05 V/s scan rate to investigate the
poisoning capacity of monometallic Pt/C catalyst and bi-metallic Pt-Sn (6:1)/C
catalyst. Prior to linear sweep voltammetry measurements, a surface pretreatment
was applied on electrode given in Appendix E (Figure E.13). According to this
pretreatment, firstly 1.6 V vs NHE constant potential was applied for 30 s and then
potential was held constant at 0.0 V vs NHE for 10 s in order to activate the
surface before poisoning. In the second part of the pretreatment, The surface of the
catalyst was poisoned by holding potential at 0.4 V for 1s,10s, 20 s, 40 s, 60 s,
120 s, 200 s, and 600 s. As a result of these measurements, it was observed that the
the current from the poison adsorbed on Pt/C catalyst surface was higher than
current value obtained for Pt-Sn (6:1)/C catalyst given in Appendix E (Figure
E.14). Furthermore, for Pt-Sn (6:1)/C catalysts, this surface adsorbed material was
oxidized at lower potential than one adsorbed on Pt/C catalyts (Figure 5.26). The
maximum current values of the surface poisoning material which was accumulated
on these catalysts surfaces at varying times was plotted in Figure 5.26. It was
observed that for both of these catalysts, poisoning oxidation current increased by
increasing time and stayed constant. This behaviour was ascribed as the surface of
the catalyst was poisoned completely. All of these outcomes indicated that tin

improves the poisoning resistance of Pt catalysts.
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Figure 5. 26 Maximum current values observed 1 V vs NHE vs poisining time
obtained from linear sweep voltamogram for 20% Pt/C and Pt-Sn (6:1)/C catalysts
in 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s.

5.5. 5 Discussion

The characterization results of 20%Pt: Sn/C catalysts presented so far could be
summarized. The ethanol electrochemical activity depends on the Sn content effect
and the available Pt sites. Two well resolved peaks for polycrystalline platinum
existed at around 0 V potential. It was noted that these peaks could be an evidence

of existence of these low energetic sites. It was reported that the peak located at
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around 0.2 V is related with Pt (110) crystal surface and the other located at around
0.24 V is related with Pt (100) surface. These peaks were also observed for 20%Pt:
Sn/C catalysts. For Pt/C and Pt-Sn (15:1)/c catalysts, these peaks were not as
visible as ones for Pt-Sn (9:1)/C, Pt-Sn (6:1)/C, and Pt-Sn (1:1)/C catalysts. These
peaks were clearly observed at high scan rate (0.25 V/s) and at even small scan
rate (0.05 V/s). At hydrogen region, the best current value of hydrogen adsorption-
evolution peaks was obtained for Pt-Sn (1:1)/C catalyst. Then, this activity was
obtained in the order of Pt-Sn (9:1)/C > Pt-Sn (6:1)/C > Pt-Sn (15:1)/C and Pt /C.
During the preparation process, Pt-Sn alloy, Pt;Sn, and Sn and Pt oxides could be
formed and the relative amounts of these species affects electrochemical activity.
Considering the enthalpies of formation diagram of solid alloys of the platinum-tin
system (Figure A.1), one could conclude that during the preparation process of Pt-
Sn (15:1), Pt-Sn (9:1), and Pt-Sn (6:1) could be formed from Pt and PtsSn.
Considering the Pt-Sn molar ratios, Pt/C catalyst and Pt-Sn (15:1) catalysts were
so close to each other and these catalysts includes Pt more Pt3Sn . Thus, the
current per site activity for Pt-Sn (15:1) was more like Pt/C catalyst. On the other
hand, considering Pt-Sn (9:1) and Pt-Sn (6:1) catalysts, the Pt-Sn molar ratios are
close for these catalysts. For these catalysts, also current per site activities were
nearly same, which was greatly higher than Pt-Sn (15:1) and Pt/C catalysts due to
the fact that Pt3Sn phase was more dominant than Pt for Pt-Sn (9:1) and Pt-Sn
(6:1) catalysts, which improved the catalyst activity. Pt-Sn (1:1) was completely
different region on phase diagram: it only consisted from Pt-Sn phase.
Microcalorimetric data could help to prove this hypothesis as following: the
microcalorimetric measurements on Pt-Sn (1:1)/ C catalysts indicated that that the
energies of plateaus, the indication of low energetic sites, decreased with increased
tin content. These plateaus were lost for Pt: Sn (1:1)/C catalyst. The decrease of
the energies of plateues could be interpreted as low energetic sites were lost one by

one. Not all of the low energetic sites were lost when the appropriate amount of Sn
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added to form Pt: Sn (15:1)/C catalyst. This behavior was observed especially for
CO adsorption. It was observed that further increments in the Sn amount resulted

further decrement of low energetic sites.

Pt-Sn (6:1)/C catalyst was better than Pt-Sn (1:1)/C catalyst and also had the
highest ethanol electro-oxidation activity because Pt-Sn (6:1)/C catalyst had the
highest Pt-Sn molar ratio which was close to Pt3Sn. Colmati et al. [29] reported
that Pt3Sn phase improved the activity of ethanol electro-oxidation reaction rather
than Pt-Sn phase. For that study, catalysts were thermally treated at 200°C and
500°C because thermal treatment has a significant effect on the particle size and
the crystal structure of catalysts. Thermal treatment at 200°C temperature gave rise
to the formation of a predominant phase of cubic Pt3Sn and, to a lesser extent, a
hexagonal Pt-Sn phase. The amount of the hexagonal Pt-Sn phase as well as the
particle size increased with increasing thermal treatment temperature. The higher
electro-chemical activity was obtained in the presence of cubic Pt3Sn [13]. As a
conclusion for Pt:Sn (1:1) catalyst hexagonal Pt-Sn phases could be dominant so
the electrochemical activity low hydrogen and carbon monoxide total coverages
were observed. On the other hand, for Pt: Sn (6:1) cubic Pt;Sn phase could be
dominant because the higher electrochemical activity is obtained for this catalyst

site.

Poisoning measurements were performed by linear sweep voltammetry technique
in 0.5 M H,SO,4 +0.5 M ethanol solution at 0.05 V/s scan rate to investigate the
poisoning capacity of monometallic Pt/C catalyst and bi-metallic Pt-Sn (6-1)/C
catalyst. As as result of these measurements it was observed that Pt-Sn (6:1)/C

catalyst was more resistant compared to Pt catalyst.
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5.6 THE EFFECT OF TIN OXIDE PHASE

The oxide phase of bimetallic catalysts indicates more electro-catalytic activity
than alloy forms, as it was reported in previous chapters. In Chapter 2, we reported
that although there are many research studies on oxide phases of bi-metallic
catalysts (SnOy, RuOy, Coy, SiO,, CeO,, MnO, and NiO promoted Pt catalysts) to
investigate the electrochemical activities, “how and why oxide phase of bimetallic

catalyst improves electro-oxidation activity?”” were still awaiting questions.

Herein, it is our main concern “How and why the oxides phase of Sn promoted Pt
bimetallic catalysts increase ethanol electro-oxidation activity?”. Thus, XRD,
XPS, the microcalorimetric measurements of carbon monoxide and hydrogen, and
cyclic voltammetric measurements were performed on 20%Pt:SnO,/C catalysts
prepared at 6:1 and 1:1 Pt:Sn atomic ratios. These results were compared with the
ones obtained for 20% Pt/C monometallic catalyst and 20%Pt-Sn (6:1)/C bi-
metallic catalyst. The activation of electrode surface was performed in 0.5 M
H.SO,4 by cycling potential between 0.0 to 0.8 V at 0.05 V/s scan rate before
starting electrochemical measurements. Cyclic voltammograms of 20%Pt-SnO,
(6:1)/C and 20%Pt-SnO, (1:1)/C catalysts were taken in 0.5 M H,SQO, solution on
20%Pt-Sn/C catalysts. In order to investigate ethanol electro-oxidation activity,
cyclic voltammograms of 20%Pt-SnO, (6:1)/C and 20%Pt-SnO, (1:1)/C catalysts
were also taken in 0.5 M H,SO,4 + 0.5 M Ethanol solution at the potentials between
0.0and 0.8 V.

5.6. 1 XRD Results

XRD patterns of the 20%Pt-SnO, (6:1)/C and 20%Pt-SnO, (1:1)/C catalysts were
given in Appendix C (Figure C.5). Furthermore, the XRD patterns of 20%Pt-SnO,
(1:1)/C and 20%Pt-Sn (1:1)/C catalysts were given in Appendix C (Figure C.6) to
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compare the differences between the oxide catalyst and the alloy catalyst. At
around 25° and Pt (111), (200), (220) and (311) planes were detected from XRD
patterns of these catalysts. Furthermore, peaks at around 34" and 52" were related
to tin oxide. Tin oxide phase was more significant on the XRD patterns of SnO,
promoted catalysts than Pt-Sn catalysts. The diffraction peaks of Pt are clearly
broadened with increasing tin content. The mean Pt particle diameters of the Pt-
Sn/C catalysts were calculated from the Pt (111) diffraction peak via the Scherer
equation [24] and given in Table 5.9. The mean Pt particle diameter decreases
from 3.6 to 1.2 nm with increasing tin content. This phenomenon could be
attributed to Pt-Pt ensembles were separated by tin particles inhibiting the
agglomeration of Pt particles during the synthesis process. The mean Pt particle
diameter of the Pt-SnO, catalyst were also calculated by Scherer equation and
given in Table 5.9. It was observed that when Sn amount increased 6:1 to 1:1
particle size decreased 2.5 nm to 2 nm.

5.6. 2 XPS Results

Surface composition investigation on 20%Pt/C (pH=11), 20%Pt-SnO, (6:1)/C, and
20%Pt-SnO, (1:1)/C catalysts was performed by means of XPS. The XPS spectra
of 20%Pt/C (pH=11), 20%Pt-SnO, (6:1)/C, and 20%Pt-SnO, (1:1)/C catalysts
were given in Appendix C (Figure C.11). C 1s peak was used to correct XRD
spectra, which the most intense component was set at 284.6 eV. and used as

internal reference. C 1s spectra was given in Appendix C ( Figure C.7).

In Appendix C (Figure C.14), the Pt 4f regions of the XPS spectrum of the Pt/C
(pH=11), 20%Pt-SnO, (6:1)/C, and 20%Pt-SnO, (6:1)/C, and 20%Pt-SnO, (1:1)/C
were represented. There is a negative shift via increase of tin amount. Thus, it
could be concluded that oxidation state of 20%Pt-SnO, (1:1)/C was Pt’.
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The Sn 3d core level doublet spectra of 20% Pt-Sn/C catalysts were demonstrated
in Appendix C (Figure C.15). Similarly, it was observed that there is a negative
shift the increase of tin amount. This could be attributed that 20%Pt-SnO, (1:1)/C
have more zero valence compared to other ones. The oxidation state of tin was
higher for 20%Pt-SnO, (6:1)/C than 20%Pt-Sn (1:1)/C catalyst.

5.6. 3 Gas Phase Microcalorimetric Measurement Results

Gas phase hydrogen and carbon monoxide adsorption measurements were
performed on 20% Pt-SnO; (6:1) and 20% Pt-SnO, (1:1) catalysts at 323 K by
using a Tian-Calvet type heat flow calorimeter and were given in Figure 5.27 and
Figure 5. 28. The initial heats, defect-like sites coverages, and saturation coverages

were given in Table 5.9.

Table 5. 9 The surface site densities as measured by CO and hydrogen adsorption
calorimetry on carbon supported (20%Pt-loading) Pt-Sn and Pt-SnO, catalysts.

Cata|y5t QO edefects esaturatlon
(kd/mole)  (mol H or CO/ mol Pt) (mol H or CO/ mol Pt)

H, CO H/Pt CO/Pt H/Pt CO/Pt

Pt-SnO, (6:1) 150 400 0.06 0.04 0.24 0.16
Pt-SnO, (1:1) 160 500 0.04 0.02 0.11 0.02
Pt-Sn (1:1) 140 300 0.02 0.02 0.03 0.02
Pt 89 330 0.07 0.05 0.36 0.24

Hydrogen adsorption measurements on 20% Pt-SnO, (6:1) and 20% Pt-SnO, (1:1)

catalysts indicated that the increase in tin amount resulted in a decrease in
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saturation coverages (see Figure 5. 27). It is obvious that total coverage and
defect-like coverage decreased when tin amount increased. Furthermore, when tin
amount increased, the energies of plateaus decreased as it was observed for Pt-Sn
alloy catalysts. The most distinguished difference was that there was still a plateau
for Pt-SnO,, (1:1) catalyst unlike Pt-Sn (1:1) alloy catalyst.
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Figure 5. 27 Differential heat of hydrogen adsorption measurements results at 323
K on carbon supported 20%Pt and 20% Pt: SnO, catalysts prepared at 6:1 and 1:1
Pt: Sn atomic ratios.
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Carbon monoxide chemisorption measurements on 20% Pt-SnO, (6:1) and 20%
Pt-SnO, (1:1) catalysts were given in Figure 5.28. These results indicated that
when the Pt: Sn atomic ratio decreased to 6:1 to 1:1 defect-like site coverage
decreased. Total coverage values reported for carbon monoxide adsorption
measurements on both type of catalysts also indicated that when tin amount

increased total coverage values decreased (Table 5.9).
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Figure 5. 28 Differential heat of carbon monoxide adsorption measurements results
at 323 K on carbon supported 20%Pt and 20% Pt: SnO, catalysts prepared at 6:1
and 1:1 Pt: Sn atomic ratios.
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The initial heats of adsorption values reported in Table 5.9 indicated that Pt-SnO,
catalysts had higher initial heat of carbon monoxide values like the case observed
for hydrogen chemisorption measurements. The initial heats of carbon monoxide
adsorption values for Pt-Sn alloy catalysts were slightly different than the value
measured for home made catalyst. However these initial heats of carbon monoxide
values for Pt-SnO, catalysts were measured as ~ 470 kJ/mol (greatly different than
the values measured ~ 310 kJ/mole for the alloy catalysts and homemade
catalysts). This significant difference could be the indicative of the effect of
chemical state. In this case, by the help of oxide phases surface oxidation of CO
occurred. Furthermore, the energies of plateau were smaller for Pt-SnO, (6:1)
catalyst than Pt/C homemade catalyst. These plateaus were completely lost for Pt-
SnO; (1:1) catalysts.

5.6. 4 Electrochemical Characterization Results

The ethanol electro-oxidation activity was evaluated on the carbon supported Pt-
SnO; catalysts in the 0.5 M H,SO, solution to investigate the effect of Sn addition
and the effect of chemical state of Sn in ethanol electro-oxidation activity. Prior to
ethanol electro-oxidation measurements, the surface of electrodes was activated
and then cyclic voltammetric measurements were performed in the absence of
ethanol in 0.5 M H,SO, solution. The cyclic voltammogram measurements
performed on carbon supported 20%Pt-SnO, prepared at 6:1 and 1:1 atomic ratios
catalysts in 0.5 M H,SO, solution indicated that peaks at hydrogen adsorption-
desorption region similar to the polycrystalline platinum catalysts. For 20% Pt-
SnO,/C catalyst, cyclic voltammogram was taken at different scan rates in 0.5 M
H,SO, solution. It was observed that these hydrogen adsorption-desorption current
becomes more visible by increasing scan rate due to overcome external diffusion
limitations. The voltammogram curve for ethanol electro-oxidation on Pt-SnO,
(6:1)/C and Pt-SnO; (1:1)/C catalyst were presented in Figure 5.29. Oxidation

124



current values observed at 0.6 V potential for Pt-SnO, (6:1)/C catalyst were higher
than Pt-SnO; (1:1)/C catalyst. The comparison of oxide promoted catalysts and Pt-
Sn catalysts were given in Figure 5.29 and Figure 5.30. It was observed that Pt-
SnO; (6:1)/C catalyst showed higher ethanol electro-oxidation activity than Pt-Sn
(6:1)/C catalysts. Furthermore, the hydrogen adsorption desorption peak for Pt-
SnO; (6:1)/C catalyst is more clear than Pt-Sn (6:1)/C catalyst in sulfuric acid

voltammogram.
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Figure 5. 29 Cyclic voltammogram of 20%Pt:SnO,(6:1)/C in 0.5 M H,SO,
solution at 0.05 V/s, 0.1 V/s, 0.25 V/s, 0.5V/s.
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Figure 5. 30 Cyclic voltammogram of 20%Pt:Sn0O,(6:1)/C and 20%Pt:SnO,(1:1)/C
in 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s.
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Figure 5. 31 Cyclic voltammogram of 20%Pt:SnO,(6:1)/C and 20%Pt:Sn (6:1)/C
in 0.5 M H,SO, solution at 0.05 V/s.
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Figure 5. 32 Cyclic voltammogram of 20%Pt:Sn0O,(6:1)/C and 20%Pt:Sn (6:1)/C
in 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s.
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5.6. 5 Discussion

In this chapter, the effect of tin oxide on ethanol electro-oxidation activity was
investigated. From the XRD pattern of 20% Pt-SnO, (6:1) and 20% Pt-SnO, (1:1)
catalysts, it was observed that tin oxide was formed. Furthermore, the initial heat
of adsorption values of 20% Pt-SnO;, (6:1) and 20% Pt-SnO, (1:1) catalysts
obtained from CO chemisorptions was 160 kJ/mol which was greater than 20%Pt
monometallic and 20% Pt-Sn/C catalysts. This difference could be attributed to the
fact that surface adsorbed CO was oxidized on the surface by the help of lattice
oxygen of tin. In conclusion, the presence of tin oxide increased the initial heat of
adsorption 160 kJ/mole above which is heat of CO oxidation reaction value.
Furthermore, the energies of plateau were smaller for Pt-SnO, (6:1) catalyst than
Pt/C homemade catalyst. These plateaus were completely lost for Pt-SnO, (1:1)
catalysts. Finally, it was observed that oxide phase of tin improves the ethanol
electro-oxidation activity. The voltammogram curve for ethanol electro-oxidation
on Pt-SnO; (6:1)/C and Pt-SnO, (1:1)/C catalyst were presented in Figure 5.29.
Oxidation current values observed at 0.6 V potential for Pt-SnO, (6:1)/C catalyst
were higher than Pt-SnO, (1:1)/C catalyst. Furthermore, it was observed that Pt-
SnO; (6:1)/C catalyst showed higher ethanol electro-oxidation activity than Pt-Sn
(6:1)/C catalysts. The hydrogen adsorption desorption peak for Pt-SnO, (6:1)/C
catalyst was much more visible than Pt-Sn (6:1)/C catalyst in sulfuric acid
voltammogram, which could be attributed to the fact that there is low contact

between Pt and SnO; particles.

5.7 CHAPTER SUMMARY

In this dissertation, different parameters affecting the ethanol electro-oxidation are

being investigated such as the effect of platinum particle size, the effect of catalyst
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support, the effect of second metal addition, the effect of oxide phase of tin.
Firstly, adsorption calorimetry measurements were conducted on monometallic
(1%Pt, 2%Pt, and 5%Pt) and bi-metallic (5% Pt-Sn) y-Al,O3 supported Pt catalysts
to investigate the effect of catalyst loading and the effect of Sn addition. It was
observed that when Pt loading increased saturation coverage of hydrogen and
carbon monoxide adsorption decrease due to agglomeration of platinum particles
at high catalyst loading. Thus, the dispersion of platinum particles at high metal
loading catalysts was low. The effect of second metal addition was also
investigated both on y-Al,O3 supported Pt catalysts: It was observed that by the
increasing amount of tin, saturation coverage values decreased. The intermediate

heats remained same for Pt-Sn catalysts.

Secondly, carbon supported mono-metallic and bi metallic catalysts were prepared
by polyol method. Before starting measurements on these catalysts, ethanol
electro-oxidation reaction was investigated on 20% Pt/C (E-Tek) catalyst to assess
the ethanol electro-oxidation reaction and to find out optimum conditions. It was
reported that total current values increased by increasing scan rate. It was observed
that when scan rate altered the total current changed because the thickness of the
diffusion layer changed. Furthermore, it was observed that at high scan rates 1 V/s
it was impossible to oxidize ethanol the fact that time taken to record would be

short not enough to oxidize ethanol at 1 V/s high scan rate.

Platinum particle size investigations indicated that depending on the shape of the
catalyst particles, a different number of defect sites are present on the catalyst
particles, controlling catalytic activity. Current per site activities of these Pt/C (E-
Tek), Pt/C (pH=11), and Pt/C (pH=5) catalysts indicated that current per sites
values for Pt/C (pH=5) catalyst were significantly lower than the ones measured
for 20% Pt/C (E-Tek) and Pt/C (pH=11) catalysts at low scan rates. However, the
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current per site values for Pt/C (pH=5) catalyst were nearly the same for 20% Pt/C
(E-Tek) and Pt/C (pH=11) catalysts for sulfuric acid and ethanol electro-oxidation
measurements at high scan rates. It can be concluded that current per site activities
were nearly the same for 20% Pt/C (E-Tek), Pt/C (pH=11), and Pt/C (pH=5)
catalysts far above diffusion limitation region. These results could be interpreted
as the ethanol electro-oxidation reaction and sulfuric acid electro-oxidation
reaction takes place at the defects sites unless diffusion limitations play role in the

electro-oxidation reaction.

CNTs having high surface area compared to conventional carbon was used as
support to explore the effect of carbon support in ethanol electro-oxidation activity
on 20% Pt/C (E-Tek), 20% Pt/commercial CNTs, and 20%Pt/home-made CNTs
catalyst. It was found that the electrocatalytic activities per Pt surface site values
were nearly the same regardless of the carbon support used. Under the conditions
used in this study, ethanol electro-oxidation reaction depended only on the metal

dispersions and support did not have any effect.

The effect of tin addition on ethanol electro-oxidation reaction were conducted on
Pt:Sn/C (20% Pt loading) catalysts. It was reported that the ethanol
electrochemical activity depends on the Sn content effect and the available Pt sites.
When Sn amount increased total coverage values decreased and the
electrochemical activity increased. Pt:Sn (6:1)/C catalysts showed the highest
ethanol electro-oxidation activity. Low energetic sites are partly blocked by
addition of Sn. When Pt:Sn 1:1 atomic ratio was reached all of the low energetic
sites were lost. Thus, Pt-Sn (6:1)/C catalyst was better than Pt-Sn (1:1)/C catalyst
and also had the highest ethanol electro-oxidation activity because Pt-Sn (6:1)/C
catalyst had the highest Pt-Sn molar ratio which was close to Pt;Sn. As a

conclusion for Pt:Sn (1:1) catalyst hexagonal Pt-Sn phases could be dominant so

130



the electrochemical activity low hydrogen and carbon monoxide total coverages
were observed. On the other hand for Pt:Sn (6:1) cubic Pt3Sn phase could be
dominant because the higher electrochemical activity is obtained for this alloy
catalyst. Poisoning measurements on monometallic Pt/C catalyst and bi-metallic
Pt-Sn (6:1)/C catalyst indicated Pt-Sn (6:1)/C catalyst was more resistant

compared to Pt catalyst.

The effect of tin oxide on ethanol electro-oxidation activity was investigated on
20% Pt-SnO, catalysts. The formation of tin oxide on these catalysts was observed
from both XRD and XPS spectra. Furthermore, the initial heats of adsorption
values of 20% Pt-SnO, (6:1) and 20% Pt-SnO; (1:1) catalysts obtained from CO
chemisorptions were 160 kJ/mol greater than 20%Pt monometallic and 20% Pt-
Sn/C catalysts. This difference could be attributed to the fact that surface adsorbed
CO was oxidized on the surface by the help of lattice oxygen of tin. In conclusion,
the presence of tin oxide increased the initial heat of adsorption 160 kJ/mole above
which was heat of CO oxidation reaction value. Pt-SnO, (6:1)/C catalyst showed
higher ethanol electro-oxidation activity than Pt-Sn (6:1)/C catalysts. Furthermore,
the hydrogen adsorption desorption peak for Pt-SnO, (6:1)/C catalyst was more
clear than Pt-Sn (6:1)/C catalyst in sulfuric acid voltammogram, which could be

attributed to the fact that there was low contact between Pt and SnO; particles.
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CHAPTER 6

CONCLUSIONS

The aim of this study was to investigate the role of defects and the role of Sn in
relation to defects as a co-catalyst in ethanol electro-oxidation reaction. In
experimental study, the population of defects was determined by
microcalorimetry. Furthermore, electro-oxidation activity measurements were
performed by cyclic voltammetry measurements. Firstly, the different supports
were used to understand whether the support properties affect the properties of the
metal deposited. It was shown that electrocatalytic activities per Pt surface site
values were nearly the same regardless of the carbon support used. Under the
conditions used in this study, ethanol electro-oxidation reaction depended only on
the metal dispersions and support did not have any effect. Then, the effect of
particle size on ethanol electro-oxidation reaction was explored . Platinum particle
size investigations indicated current per site activities were nearly the same for
20% Pt/C (E-Tek), Pt/C (pH=11), and Pt/C (pH=5) catalysts far above diffusion
limitation region. These results could be interpreted as the ethanol electro-
oxidation reaction and sulfuric acid electro-oxidation reaction takes place at the
defects sites unless diffusion limitations play role in the electro-oxidation reaction.
Finally, the role of tin relation to defects was studied. We found that the ethanol

electrochemical activity depends on the Sn content effect and the available Pt sites.
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Pt-Sn (6:1)/C catalyst was better than Pt-Sn (1:1)/C catalyst and also had the
highest ethanol electro-oxidation activity because Pt-Sn (6:1)/C catalyst had the
highest Pt-Sn molar ratio which was close to Pt3Sn. As a conclusion for Pt:Sn (1:1)
catalyst hexagonal Pt-Sn phases could be dominant so the electrochemical activity

low hydrogen and carbon monoxide total coverages were observed.
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APPENDIX A

Pt-Sn BIMETALLIC PHASE EQUILIBRIUM

Platinum-tin system forms five different intermetallic phases which have different
crytal structures such as PtSng, PtSn,, PtSns, Pt-Sn, and Pt3Sn. The equilibrium
phase diagram that exhibited five intermediate stochiometric phases were given in

Figure A. 1 [109].

\I
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898 72.8 3

PtSn
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Pt:Sn,

Figure A. 1 The equilibrium phase diagram for Pt-Sn bi-metallic system [109].
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APPENDIX B

STRUCTURE SENSITIVITY

Pt particle has a cubo-octahedral crystal structure as shown in Figure B.1.
Furthermore, different facets of metal exhibit different electrochemical activities

as shown in Figure B.2 and Figure B.3.

Figure B. 1 Cubo-octahedral crystal structure
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Figure B. 2 Cyclic voltammograms for the electro-oxidation of 0.5 M ethanol in
0.5 M H,SO4 on (a) Pt (111) and Pt (110) and (b) Pt (15 15 14), Pt (554) and Pt
(553), respectively. All voltammograms were recorded at a scan rate of 10 mV s™.
Arrows indicate the scan directions [198].
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APPENDIX C

XRD AND XPS FIGURES
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Figure C. 1 XRD Patterns of y-Al,O3 supported Pt and Pt-Sn catalysts
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Figure C. 2 XRD patterns on 20 % Pt catalysts.

Sno, (111)  SnO,(211)

Pt-Sn (1:

e UL__/%
" M_A/\

Intensity (a.u.)

Pt (111)
graphite Pt (200)
1 pt (002) Pt (220) Pt(311)
T T T T T T T T T 1
0 20 40 60 80 100
20 angle

Figure C. 3 XRD patterns on carbon supported 20% Pt and 20 % Pt:Sn catalysts
prepared by polyol method at 15:1, 9:1, 6:1, 1:1 Pt:Sn atomic ratios.
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Figure C. 4 XRD patterns on carbon supported 20 % Pt:SnO,(6:1)/C and 20 %
Pt:SnO(1:1)/C catalysts prepared by polyol method.
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Figure C. 5 XRD patterns on carbon supported 20 % Pt:SnO,(1:1)/C and 20 %
Pt:Sn(1:1)/C catalysts prepared by polyol method.
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Figure C. 6 General XPS spectrum of 20%Pt/C and 20%Pt-Sn/C catalysts
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Figure C. 7 C 1s XPS spectrum of 20%Pt/C and 20%Pt-Sn/C catalysts.
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Figure C. 8 O 1s XPS spectrum of 20%Pt/C and 20%Pt-Sn/C catalysts.
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Figure C. 9 Pt 4f XPS spectrum of 20%Pt/C and 20%Pt-Sn/C catalysts.
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Figure C. 11 General XPS spectrum of 20%Pt/C and 20%Pt-SnO,/C catalysts
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Figure C. 13 O 1s spectrum of 20%Pt/C and 20%Pt-SnO,/C catalysts.
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Figure C. 14 Pt 4f spectrum of 20%Pt/C and 20%Pt-SnO,/C catalysts.
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Figure C. 15 Pt 4f spectrum of 20%Pt/C and 20%Pt-SnO,/C catalysts.
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APPENDIX D

PARTICLE SIZE CALCULATIONS

D. 1 PARTICLE SIZE CALCULATION BY XRD

Scherrer equation and XRD spectra was used to calculate the particle size of the
catalysts. XRD spectra was given in Figure D.1. Scherrer’s equation is given as

following:

= Bcos© (O-1)

where

B is the integral breadth of peak at 26 values (B= O;- 6,)
A is the wavelength of the X-ray beam (Acy k=1.54 nm).
© is the half of the deviation of the diffracted beam and
d is the interplanar spacing for a plane.
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Figure D. 1 X-ray diffraction pattern

Sample calculation for Pt/C (E-Tek) catalyst:
B= 3.8° x2x m/360=0.066 rad

20; = 39.95°
08<K<1

0.8*0.154 1*0.154

<d<
0.066* Cos (39.95/2) 0.066* Cos (39.95/2)
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D. 2 PARTICLE SIZE CALCULATION BY MICROCALORIMETRY

Dispersion of catalyst could be obtained from adsorption thermogram. A typical
differential heat of adsorption thermogram was shown in Figure D.2.The
saturation coverage (while the differential heat of adsorption reaches the zero,
saturation coverage obtained). There is a relation between the particle size and the

dispersion as;

Dispersion (%)=100/ d (nm) (D-2)

Sample calculation for Pt/C (E-Tek) catalyst:

Dispersion (%) = 20moles of CO gas adsorbed / mole of Pt

100
d (nm)=2—8=3.57 nm

D. 3PARTICLE SIZE CALCULATION BY TEM

Particle size distribution and aspect ratio distribution could be obtained from TEM
images by counting the particles and measuring their diameter and length. The
aspect ratio is the ratio of the length of the minor axis to that of the major axis (see
Figure D.3.).
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Figure D. 2 Schematic representation of the aspect ratio (D/L) calculation

TEM images were taken for Pt/C (E-Tek), Pt/C (pH=11), and Pt/C (pH=5)
catalysts. Figures of mean particle sizes distribution and mean aspect ratios

determined from the analysis were given as follows:
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Figure D. 3 Particle size distribution of Pt/C (E-Tek) catalysts
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Figure D. 4 Particle size distribution Pt/C (pH=11) catalyst.
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Figure D. 5 Particle size distribution of Pt/C (pH=5) catalyst.
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Figure D. 6 Aspect ratio distribution of Pt/C (E-Tek) catalyst
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Figure D. 7 Aspect ratio distribution of catalysts Pt/C (pH=11) catalyst.
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APPENDIX E

ELECTROCHEMICAL CALCULATIONS AND
MEASUREMENTS

E. 1 ELECTROCHEMICAL SURFACE AREA (ESA) CALCULATION

By integrating the area under the hydrogen reduction peak. Electro-chemical
surface area could be found

E.S.A.=A/( K*v*a) (E- 1)

Where
A is the integral of hydrogen reduction (A/V cm?),
K=0.21 mC/em?* (1 C=1A.15),

Vv is scan rate (mV/s),
a is the Pt loading on the electrode (pg/cm?).

E. 2 Pt UTILIZATION CALCULATION

The Pt utilization is stated by the ratio of electrochemical surface area (ESA) to
total metal surface area (SA).
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E. 3 ETHANOL ELECTRO-OXIDATION MEASUREMENTS ON GLASSY
CARBON ELECTRODE

Cyclic voltammetry measurements were performed on the graphite support in 0.5
M H,SO, solution and small amounts of ethanol were added this electrolyte to
observe the ethanol oxidation on the glassy carbon support. When the
concentration of ethanol was increased by order of magnitude, concentration
change did not make considerable effect on the glassy carbon electrode. This is a
desirable situation because when the catalysts are added on to the surface of the
glassy carbon electrode there will be no additional effect coming from the
oxidation of ethanol on the glassy carbon electrode (see Figure E.1 and Figure
E.2).
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Figure E. 1 CV of Glassy carbon in 0.5 M H,SO, solution (scan rate:0.01 V/s)
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Figure E. 2 CV of Glassy carbon in 0.5 M H,SO, + 0.5 M ethanol solution (scan
rate: 0.01 V/s)

E. 4 ELECTRO-OXIDATION MEASUREMENTS ON CARBON

Cyclic voltammetry measurements were performed on C (Vulcan XC-72 R) to
observe the activity of ethanol oxidation reaction on C support. Carbon was
dispersed in water and Nafion mixture and an ink was obtained. This mixture was
spread on the glassy carbon electrode. The evaluation of ethanol oxidation was
carried out in 0.5 M ethanol concentration in 0.5 M H,SO, solution (see Figure E.3
and Figure E.4).
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Figure E. 3 CV of carbon in 0.5 M H,SO4 solution (scan rate: 0.01 V/s)
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Figure E. 4 CV of carbon in 0.5 M H,SO,4 + 0.5 M ethanol solution (scan rate: 0.01
V/s)
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E.5ACTIVATION EXPERIMENTS ON PT/C CATALYSTS

Activation was performed before every experiment. Activation was performed in
0.5 M H2S04 solution applying 100 cycle to remove the surface adsorbed species
from Pt surface. In Figure E.5 and Figure E.6, activation experiments were given
on Pt/C (E-Tek) and Pt/C (pH=11), respectively. It was observed that hydrogen
peaks and oxidation peaks increased by applying cyclization.
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Figure E. 5 CV of Pt/C (E-Tek) in 0.5 M H,SO, solution (scan rate:0.01 V/s) (100
cycle)
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Figure E. 6 CV of Pt/C (pH=10.8) in 0.5 M H,SO, solution (scan rate:0.01 V/s)
(100 cycle)
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Figure E. 7 CV of Pt/C (E-Tek) in 0.5 M H,SO, solution after oxidation in 0.5 M
ethanol (scan rate:0.01 V/s) (100 cycle)
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Figure E. 8 CV of Pt/C (pH=10.8) in 0.5 M H,SO, solution after oxidation in 0.5
M ethanol (scan rate:0.01 V/s) (100 cycle)
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E. 6 FIGURES
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Figure E. 9 Cyclic voltammogram of 20% Pt/C (pH=11) catalyst in 0.5 M H,SO,
solution at 1 V/s, 2 VI/s, 3 Vs scan rates, upper insert shows the cyclic

voltammogram of 20% Pt/C (pH=11) catalyst in 0.5 M H,SO4 solution at 0.01 V/s,
0.05V/s, 0.1 VI/s
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Figure E. 10 Cyclic voltammogram of 20% Pt/C (pH=5) catalyst in 0.5 M H,SO,
solution at 1 V/s, 2 VI/s, 3 VIs scan rates, upper insert shows the cyclic

voltammogram of 20% Pt/C (pH=5) catalyst in 0.5 M H,SO, solution at 0.01 V/s,
0.05V/s, 0.1 VIs.
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Figure E. 11 Cyclic voltammogram of 20% Pt/C (pH=11) catalyst in 0.5 M H,SO,
+ 0.5 M EtOH solution at 1 V/s, 2 V/s scan rates, upper insert shows the cyclic
voltammogram of 20% Pt/C (pH=11) catalyst in 0.5 M H,SO, +0.5 M EtOH
solution at 0.01 V/s, 0.05 V/s, 0.1 V/s.
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Figure E. 12 Cyclic voltammogram of 20% Pt/C (pH=5) catalyst in 0.5 M H,SO,
+ 0.5 M EtOH solution at 1 V/s, 2 V/s scan rates, upper insert shows the cyclic
voltammogram of 20% Pt/C (pH=5) catalyst in 0.5 M H,SO, +0.5 M EtOH
solution at 0.01 V/s, 0.05 V/s, 0.1 V/s.
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Figure E. 13 Schematic representation of pretreatment performed on 20% Pt/C
(home-made) and 20% Pt-Sn (6:1)/C catalysts in 0.5 M H,SO4 + 0.5 M EtOH
solution at 0.05 V/s before poisining measurements.
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Figure E. 14 Linear sweep voltammetry measurmensts on 20% Pt/C and Pt-Sn
(6:1)/C catalystin 0.5 M H,SO,4 + 0.5 M EtOH solution at 0.05 V/s.
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U.S.A “Cu deposition on Ti and Ta during alkaline corrosion”

2002- 2010, Research Assistant;

Middle East Technical University (METU), Department of Chemical Engineering,
Ankara, Turkey (on leave from Selcuk University for OYP program).
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PUBLICATIONS
Refereed Journals:

1. Z. Kiradly, A. Mastalir, A. Csaszar, H. Demir, D. Uner, G. H. Findenegg,
“Liquid chromatography as a novel method for determination of the dispersion
of supported Pd particles’’, Journal of Catalysis 2007, 245, 265-269.

2. H. Kivrak, A. Mastalir, Z. Kiraly, D. Uner, “Determination of the dispersion
of supported Pt particles by gas-phase and liquid-phase measurements”,
Catalysis Communications 2009, 10, 1002-1005.

3. H. Kivrak, S. Kuliyev, H. Tempel, J. J. Schneider, D. Uner, “Carbon Nanotube
Structures As Support For Ethanol Elelctro-Oxidation Catalysis”, International
Journal of Chemical Reactor Engineering 2010, Manuscript Submitted.

4. H. Kivrak, S. Kuliyev, H.J. Kleebe, D. Uner, “Ethanol Electro-oxidation
Reaction over Pt/C Catalysts: The Effect of Platinum Particle Size” manuscript
in preparation.

5. H. Kivrak, S. Kuliyev, D. Uner, “Ethanol Electro-oxidation Reaction over Pt/C
Catalysts: The Effect of Tin Addition” manuscript in preparation.

6. H. Kivrak, S. Kuliyev, D. Uner, “Ethanol Elelectro-oxidation Reaction over
Pt/C Catalysts: The Effect of Tin Oxide Phase” manuscript in preparation.

7. H. Kivrak, H. Tempel, S. Kuliyev, J. J. Schneider, D. Uner, “TiO,-Carbon
Nanotube Structures For Photo-electrocatalysis* manuscript in preparation.

National and International Conference Presentations:

1. H. O. Olcay, H. Demir, D. Uner, E. Seker, “Sol-gel yontemi ile hazirlanan
mixed —oksit katalizorlerin uzerinde Etanol buhar reformlamasi”, Ulusal
Kimya Muhendisligi Kongresi 6, lzmir-Turkiye, September 2004, Poster
Presentation.

2. H. O. Olcay, H. Demir, D. Uner, E. Seker, ‘Ethanol steam reforming on sol-gel

prepared mixed oxide catalysts’, 19™ North American Catalysis Meeting,
Philadelphia, Pennsylvania, U.S.A. May 2005, Poster Presentation.
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3.

10.

11.

H. Demir, E. Seker, D.Uner, ‘Microcalorimetric characterization of sol gel
prepared SiO; supported Pd and ZnO catalysts’, EuropaCAT VII, Sofia,
Bulgaria, September 2005, Poster Presentation.

H. Demir, H. Olcay, E. Seker, D. Uner, ‘Steam reforming of ethanol over sol-
gel-synthesized mixed oxide catalysts’, 1% International Hydrogen Congress,
Istanbul, Turkey, July 2005, Poster Presentation.

H. Demir, D.Uner, ‘Microcalorimetric studies to investigate the effect of Sn
addition to elucidate CO poisioning on y-Al,0O3 supported Pt-Sn direct ethanol
fuel cell catalysts’, NanoTR-Il, Ankara, Turkey, May 2006, Poster
Presentation.

H. Demir, Z. Kiraly, D. Uner, ‘Microcalorimetric characterization of y- Al,O3
supported Pd and Pt catalysts’, TOCAT 5, Tokyo, Japan, July 2006, Poster
Presentation.

H. Demir, D.Uner, ‘Microcalorimetric Studies to Investigate the Effect of Sn
Addition to Elucidate CO Poisioning on Pt-Sn Direct Ethanol Fuel Cell’,
European Materials Research Society Fall meeting, Warsaw, Poland,
September 2006, Poster Presentation.

H. Demir, D. Uner, “Iki metallic Pt-Sn etanol elektro oksitlenme
katalizorlerinin sentezi ve karakterizasyonuSynthesis and characterization of
Pt-Sn  bimetallic ethanol electro-oxidation catalysts”, Ulusal Kimya
Muhendisligi  Kongresi 7, Eskisehir, Turkey; September 2006, Poster
Presentation.

A. Csaszar, A. Mastalir, Z. Kiraly, H. Demir, D. Uner, *Determination of metal
dispersion by various instrumental techniques’, 20" Conference of the
European Colloid and Interface Society, Budapest, Hungary, September 2006,
Oral Presentation.

H. Demir, D. Uner, ‘Microcalorimetric Studies to Investigate the Effect of Sn
Addition to Elucidate CO Poisoning on y-Al,O3 Supported Pt —based Direct
Ethanol Fuel Cell Catalysts’, First National Catalysis Congress (NCC 1),
Guzelyurt, Nothern Cyprus, January 2007, Poster Presentation.

H. D. Kivrak, D.Uner, ‘Mechanism Elucidation of the Ethanol Electro-

oxidation Reactions on Pt-Sn catalysts’, EuropaCAT VIII, Turku, Finland,
September 2007, Poster Presentation.

194



12.

13.

14.

15.

16.

17.

18.

19.

20.

H. Kivrak, Z. Kirdly, A. Mastalir, D. Uner, ‘What are the active sites of a
commercial 5% Pt y-Al,03 catalyst in liquid phase reactions?’, 2" National
Catalysis Congress (NCC-2) , Erzurum, Turkey, June 2008, Poster
Presentation.

H. Kivrak, S. Kuliyev, D. Uner, ‘Structural Characterization and Activity for
Ethanol Electro-oxidation of Carbon Supported Pt-Sn Bimetallic Catalysts
Prepared by Polyol Method’, 2" National Catalysis Congress (NCC-2),
Erzurum, Turkey, June 2008, Oral Presentation.

H. Kivrak, S. Kuliyev, D. Uner, ‘Synthesis and characterization of carbon
supported Pt-Sn and Pt-SnO, catalysts to investigate the effect of oxide phase
in ethanol electro-oxidation reaction.” AIChE Annual Meeting, Philadelphia,
PA, U.S.A., November 2008, Poster Presentation.

H. Kivrak, D. Uner, ‘Direct ethanol fuel cells as alternative energy generation
systems’ Global Conference on Global Warming Istanbul, Turkey. July 2009,
Oral Presentation.

H. Kivrak, S. Kuliyev, and D. Uner, ‘Polyol metodu ile hazirlanan Pt/C
katalizor pargacik boyutunun etanol elektro-oksitlenme tepkimesine etkilerinin
belirlenmesi’, 23. Ulusal Kimya Kongresi, Sivas-Turkiye, Haziran 2009,
Poster Presentation.

H. Kivrak, S. Kuliyev, and D. Uner, Synthesis and characterization of carbon
supported Pt-Sn and Pt-SnO, catalysts to investigate the effect of oxide phase
in ethanol electro-oxidation reaction’ National Catalysis Workshop, Tubitak-
MAM Energy Institute, Gebze-Turkey, March 2009, Oral Presentation.

H. Kivrak. S. Kuliyev, D. Uner, “Role of defects on ethanol electro-oxidation
reaction”,13"™ European Conference on Applications of Surface and Interface
Analysis, the ECASIA’09, Antalya-Turkey, October 2009, Oral Presentation.

H. Kivrak, I. Ozoran. D Uner, “Selective CO oxidation reaction on Pt-Sn”, 13t
European Conference on Applications of Surface and Interface Analysis, the
ECASIA’09, Antalya-Turkey, October 2009, Poster Presentation.

H. Kivrak. S. Kuliyev, D. Uner, H. Kleebe, J. J. Schneider “Part 1-Size and
shape effects in supported metal catalysts via Microcalorimetry and TEM: Part
[1-On the applications on CNT-PAOX composite structure”, 5" TU Darmstad-
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21.

22.

23.

24.

METU Joint Graduate Workshop on Nanotechnology, Ankara-Turkey,
November 2010, Oral Presentation.

H. Kivrak, K. R. Hebert, “A Hyride Precursor Deposition Method Application:
Cu deposition on Ti”’, EMCC6, Antalya-Turkey, March 2010, Poster
Presentation.

H. Kivrak, H. Tempel, S. Kuliyev, J. J. Schneider, D. Uner, “TiO2-Carbon
Nanotube Structures for Electrocatalysis”, NCC-3, April 2010, Zonguldak-
Turkey, Oral Presentation.

D. Uner, H. Kivrak, Hermann Tempel, S. Kuliyev, J. J. Schneider,“TiO,-carbon
nanotube structures for photoelectrocatalysis”, TOCAT6/APCAT 5, Sapporo-
Japan, July 2010, Poster Presentation.

H. Kivrak. S. Kuliyev, D. Uner, “The Effect of tin addition on ethanol electro-

oxidation reaction”, 6™ EFCATS Summer School, “Catalysis and Surface
Science for Renewables and Energy”, Izmir-Turkey, September 2010, Oral
Presentation.

Summer Schools:

1.

6" EFCATS Summer School, “Catalysis and Surface Science for Renewables
and Energy”, September 13-19, 2010, Izmir, Turkey

“Solid State NMR and Recent Developments”, 30 October-1 November, 2007,
Middle East Technical University Central Laboratory, Ankara, Turkey.

First Anatolian School on Catalysis (ASC-1), September 25-October 6, 2006,

Middle East Technical University, Ankara, Turkey, (Workshop I: Master class
Catalysis. Workshop 1l: Computational Catalysis.)
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