Model electrodes for the electrooxidation of
simple alcohols: a DEMS study

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer.nat)
der
Mathematisch-Naturwissenschaftlichen Fakultét
der
Rheinischen Friedrich-Wilhelms-Universitiat Bonn

vorgelegt von

Abd-EI-Aziz Ali Abd-El-Latif Abd-EI-Salehin

aus

Kairo, Agypten

Bonn, 2011






Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultét
der
Rheinischen Friedrich-Wilhelms-Universitat Bonn

Promotionskommission
Erster Gutachter: Prof. Dr. Helmut Baltruschat
Zweiter Gutachter: Prof. Dr. Klaus Wandelt

Fachnaher Gutachter: Prof. Dr. Siegfried Waldvogel
Fachfremder Gutachter: Prof. Dr. Karl Maier

Tag der mindlichen Priifung:

10.08.2011

Ich versichere, dass ich diese Arbeit selbstandig verfasst und keine anderen als die angegebenen
Quellen und Hilfsmittel benutzt sowie die Zitate kenntlich gemacht habe.

Bonn, 08.06.2011

Abd-EI-Aziz Abd-El-Salehin






For my Motherland (Egypt),
Martyrs of El-Tahrir Square,
My Parents,

My Family






1.1
1.1.1
1.1.2
1.1.3
1.14
1.1.5
1.2
1.2.1
1.2.1.1
1.2.1.2
1.2.2
1.2.2.1
1222
1.3
1.3.1
1.3.1.1
1.3.1.2
1.3.2
1.3.2.1
1.32.2
1323
1.4

1.4.1
1.5

1.5.1
1.5.2
1.5.3
1.54

2.1

2.1.1
2.1.2
2.13
2.14
2.1.5
2.1.6

Contents

Chapter 1: Introduction

FUel Cells .o.vneiei 1
History of fuel cell ..... ..o e 1
Importance of fuel cell ..........coiriiiii e 1
Basics of fuel cell ........ooiiii i 2
Typesof fuel cell ... e 3
Fuel of PEM fuel cell ......o.oiuiiiiii e, 4
Platinum as electrocatalyst in fuel cell .................oooiit, 4
Pt single Crystals .....ocoiieiiiii e 4
Ptbasal plane ........c.oovviiiiiiii e 5
High index surfaces of metals .............ccooiiiiiiiiiiii e, 6
Relaxation and reconstruction of clean single crystal surfaces .................. 8
Relaxation .....c.oouiiniie i 9
RECONSITUCTION ...ueeetee e 9
Fundamental of metal deposition .............ccovviiiiiiiiii i, 10
Cu underpotential deposition (CuUPD) .........ccooiiiiiiiiiiiiiiiie 12
CuUPD on Ptbasal planes ............ccovviiiiiiiiiiiiii i 12
Cu UPD on Pt stepped Surfaces ..........coovveriiiiiiiiiiiiiieiiiieieiieenennn 13
Ru deposition at Pt surfaces ............coovviiiiiiiiiii e 13
Spontaneous dePOSILION .........oviietiiri et it eee e 14
Forced deposition ..........ooiiiiiiiiiii e 14
ElectrodepoSition .........c.uvtiiet ittt e 14
Differential electrochemical mass spectrometry (DEMS) setup and DEMS
CeLLS ot 15
DEMS hiStOTY o uviintiitt et 15
Electrooxidation of simple molecules ................coooviiiiiiiiiiiii ... 16
Electrooxidation of adsorbed CO ..........c.cooiiiiiiiiiiiii 16
Electrooxidation of methanol ...............coooiiiiiiiiiii 18
Electrooxidation of formaldehyde . .............cccooiiiiiiiiiii e, 21
Electrooxidation of ethanol ... 22

Chapter 2: Experimental work

Experimental teChniques ...........oooiiiiiiiiiiiii e 33
Cyclic voltammetry (CV) ..o e 33
Potential StEP ....ovvineiei i 34
Deposition of Ru sub-monolayer at Pt stepped single crystals .................. 34
Preparation of Ru quasi single crystals ...............coooiiiiiiiiiiiii i, 36
CUUPD e 37
Galvanic replacement ...........couiiiiiiiii i 38



2.2
2.2.1
2.2.2
223
224
225
2.2.5.1
2252
2253
2.2.6
2.2.7
2.2.7.1
2.2.7.2
2293
23
23.1
232
2321
2322
24
24.1
24.2

3.1

32
321
3.2.1.1
32.1.2
322
3221
3222
3223
3224
3225
3.2.2.6
323
3231
3232
3.3

Chemicals, cleaning and electrodes ..............coovviiiiiiiiiiiiii e, 38
Chemicals ......oooiniii 38
Cleaning of laboratory glassware .............coooiiiiiiiiiiiieiiiieieiieenanns 41
ELeCtrOlytes ..o ettt e 41
AdSOTPHION TSt L.\ttt 41
Cleaning and preparation of single crystals .............c.oooiiiiiiiiiin. 42
Electrochemical cleaning ...............cooiiiiiiiiiiiiiii e, 42
Chemical treatment ..............oiiiiii i 43
Preparation of Pt single crystals ............ccooiiiiiiiiiii e, 43
The conventional electrochemical glass cell “H-cell” ............................ 44
Preparation of reference electrodes.............coovviiiiiiiiiiiiiii i, 45
Reversible hydrogen electrode (RHE) ..o 45
PA/H €lectrode .......ovuieiii i 46
CU/CUSOy4 €lECIIOAE ... e 46
DEMS setup and DEMS cellS ......c.ooviiiiiiiiiiii e 46
DEMS SEIUP . .vinttiittetee ettt e et e 47
The DEMS CellS....uuiiiiiii e 48
Dual thin layer flow through cell ... 48
New DEMS cell for bead crystal ...........cooiiiiiiiiiiiiiiicieees 49
Calibration of DEMS ... .o 50
DEMS calibration by electrooxidation of pre-adsorbed CO ..................... 50

Calibration curve for acetaldehyde (m/z = 29) and methylformate (m/z = 60) 51

Chapter 3: Electrooxidation of methanol and the mechanism of
methylformate formation

INErOdUCHION . .eteee e 53
Results and diSCUSSION ....eueeniiniitiit e 53
Kinetic of methanol esterification ..............c.cooiiiiiiiiiiiiiii i, 53
Calibration of methylformate ..............ccoooiiiiiiiiii i, 53
Methanol esterification in acidicmedia ...............c.ooeviiiiiiiiiii i, 55

Electrooxidation of bulk methanol at a polycrystalline platinum electrode .... 58

Cyclic VOItAMMELTY ... iiiiiiiiieeiiecie ettt e e eesereesebeeseeennee e 58
Potential Step eXPeriments ...........c.ovveenriiiiiiiiteie et eireaeanaenans 63
Electrooxidation of methanol adsorbate .................coooviiiiiiiiiiin, 67
Potential hold eXperiments ............couvviiiiiiiiiii i 69
Effect of supporting electrolyte ..............cooiiiiiiiiiiii e 71
Discussions of methanol oxidation at Pt(pc).........coovveviviiiiiiiiiiinn.. 73
Electrooxidation at Pt single crystal electrodes..........ccooeeveriiinieneenenneneenne. 75
Electrooxidation of adsorbed CO ..........c.coiiiiiiiiiiiiiii 75
Electrooxidation of bulk methanol at Pt(331) ..........ccocvviiiiiiiiiiiinnn 79
CONCIUSIONS ...ttt e e 83

ii



Chapter 4: Electrooxidation of ethanol

4.1 INErOdUCHION ..ot 89
4.2 Results and diSCUSSION ....eueniiniitiit e 90
4.2.1 Electrooxidation of bulk ethanol on Pt(pc) .........ccooviiiiiiiiiiiii 90
4.2.1.1  Effect of supporting electrolyte .............ccoviiiiiiiiiiiii e, 90
4.2.1.2  Electrooxidation of deuterated ethanol ......................oociiiiiiiiiiiiin... 92
4.2.1.3  Potential hold eXperiments ............c.oviiiiiiiiiiiieii i eeeaeaanns 94
4.2.1.4  Potential Step EXPETIMENLS ......uiuutertteetetteteeterteeteaeereaeenneanenenns 96
422 Ethanol adsorbate SPECIES .......o.vviriiiiit et ettt e aaans 99
4.2.2.1  Oxidation of ethanol adsorbate ...............cooeiiiiiiiiiiiiiii 99
4.2.2.2  Reduction of ethanol adsorbate ...............cooeiiiiiiiiiiiiiiiii 100
4.2.2.3 Coverage of ethanol adsorbate ................coooiiiiiiiiii i, 102
423 Effect of surface structure ............coooiiiiiiiii i 103
4.2.4 Effect Of RU oo 114
43 CONCIUSIONS ...ttt e 116

Chapter 5: Cu UPD at Ru quasi single crystal

5.1 INErOdUCHION ...eeeet e 119
5.2 Results and diSCUSSION ....oueeiiniitiie e 122
5.2.1 Characterization of Pt stepped single crystals ................coooeiiiiiiiinin.. 122
5.2.1.1  Blank voltammoOgrams ...........ooueeiiinieteiteneaiteaieenreairereeereaeannns 122
52,12 CuUPD Lo 123
522 Characteristic CV of Ru quasi single crystal film ................................ 126
5.2.2.1  Blank voltammograms for Ru/Pt basal planes ...................cooiviiiin, 126
5.2.2.2  Blank voltammograms for Ru/Pt stepped single crystals ........................ 127
5223 CuUPDonRu/Ptbasal planes ............cocevviiiiiiiiiiiiiiiii e 128
5.2.2.4  Cu UPD on Ru/Pt stepped single crystals ..............coceviiiiiiiiiiiniiininnnnn. 130
523 Electrodeposition of Cu under diffusion control ....................ooiiiinen. 135
5.2.4 Pt sub-monolayer on Ru quasi single crystal film ............................... 138
5.2.4.1  Why not UPD deposition of Pt on Ru(ijkl)? ............ccooiiiiiiiiiiiinae. 138
5.2.4.2  Galvanic replacement of Cuy With Pt ... 139
5.2.4.3  Characterization of Pt/Ru/Pt single crystals ................ccooviiiiiiiiiinnn.n 140
53 CONCIUSIONS ...ttt 142

Chapter 6: New DEMS cell applicable to different electrode sizes

6.1 INErOdUCHION ...eteet i 147
6.2 Description of thenew cell ..o, 147
6.3 Results and diSCUSSION ....ouveiiniitiit e 149
6.3.1 Characteristic CVs of Pt single crystals in DEMS cell ........................... 149
6.3.2 Calibration 0f DEMS SEtUD ...vviriiiiiii e eaeas 150
6.3.2.1  DEMS calibration by CO adlayer electrooxidation .........................eve.e 150

il



6.3.2.2
6.3.2.3
6.3.3
6.3.3.1
6.3.3.2
6.3.3.3
6.4

DEMS calibration by formic acid electrooxidation...............c..ooeeeiiiininin. 151
DEMS calibration by hydrogen evolution..................coeeviiiiiiiiiiiinnnann. 153
Electrooxidation of small organic molecules ...................cooevviiiiiiinnnn 154
Electrooxidation of formic acid ............c..cooiiiiiiiiiiiii 154
Electrooxidation of formaldehyde .................cooiiiiiiiiiiiiii 156
Electrooxidation of methanol ... 157
CONCIUSIONS ...ttt e 159

Chapter 7: Summary and outlook



Notations

A Current efficiency N Step density

AgGeom | Geometric surface area n Terrace width

Aa | Real surface area Qr Faradaic charge

C Concentration Qu Charge of H,q at Pt surface

Co Initial concentration Q; Ionic charge

Ceq Concentration at equilibrium state r Atomic radius

E Potential t Time

e Elemental charge, 1602 x 107" C u Electrolyte flow rate

Eo Initial potential z The number of electrons transferred

Eags Adsorption potential o Angle between terrace plane and
surface plane

E, Final potential T'co CO concentration at Pt surface

F Faraday constant, 96485 C-mol™ I'y Number of surface active sites

Ig Faradaic current Ad Inter-planer spacing

I; Tonic current Ostep Coverage at step

] Current density 9 co | Relative coverage of CO

K Calibration const. of DEMS v Potential scan rate

k. Rate constant of ester formation T Time constant

K Rate constant of ester hydrolysis ) Work function

Keq Equilibirum constant v Binding energy







Abbreviations

AES Auger electron spectroscopy PAFC Phosphoric acid fuel cell
AFC Alkaline fuel cell PEMFC Polymer electrolyte membrane
fuel cell, Proton exchange
membrane fuel cell
CE Counter electrode Ph Potential hold
CN Coordination number Ps Potential step
COqq CO adsorbed layer Pt(pc) Polycrystalline platinum
Cv Cyclic voltammetry rds Rate determining step
DAFC | Direct alcohol fuel cell RE Reference electrode
DAM Dipped adcluster model RHE Reversible hydrogen electrode
DEMS | Differential electrochemical mass SCE Saturated calomel electrode
spectrometry
DFT Density functional theory SEIRAS | Surface enhanced IR absorption
spectroscopy
DMFC | Direct methanol fuel cell SERS Surface enhanced raman
spectroscopy
EMS In-situ electrochemical mass SK Stranski-Krasanov growth mode
spectrometry
fcc Face centered cubic SOFC Solid oxide fuel cell
FCs Fuel cells STM Scanning tunnelling microscope
FM Frank-van der Merwe growth mode | SXS Surface X-ray scattering
FTIR Fourier transform infrared TDS Thermal deposition spectroscopy
spectroscopy
hcp Hexagonal close packed UHV Ultrahigh vacuum
LEED Low energy electron diffraction | UPD Underpotential deposition
LH Langmuir-Hinshelwood VW Volmer-Weber growth mode
MCFC | Molten carbonate fuel cell WE Working electrode
MSCV | Mass spectrometric cyclic XPS X-ray photoelectron spectroscopy
voltammetry
ML Monolayer

Vi







Chapter 1: Introduction

Chapter 1: Introduction

1.1 Fuel cells
1.1.1 History of fuel cell

A fuel cell is an electrochemical cell that converts chemical energy from a fuel into
electric energy through a clean and efficient electrochemical reaction. Although fuel cells
were discovered in 1839 by the British Sir William Grove (1811 — 1896) who is consi-
dered to be “the father of fuel cell” [1], it took 120 years until NASA demonstrated some
of their potential applications in providing power during space flight.

Grove had established that, when running an electric current through water, it would
split this into hydrogen and oxygen. Using this hypothesis, he developed a device which
would combine hydrogen and oxygen to produce electricity. Grove had developed the

world's first gas battery. It was this gas battery which has become known as the fuel cell.

T
v

Figure 1-1: Sketch of Grove’s experiment of separating oxygen and hydrogen from water.

1.1.2 Importance of fuel cell
Because of their potential to reduce the environmental impact and geopolitical conse-
quences of the use of fossil fuels, fuel cells have emerged as important alternatives to

combustion engines. Like a combustion engine, a fuel cell uses some sort of chemical
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fuel as its energy source; but like a battery, the chemical energy is directly converted to
electrical energy. In addition to high efficiency and low emissions, fuel cell systems are
characterized by low noise and low environmental pollution. These benefits were respon-
sible for attracting the interest of the scientific and engineering communities to fuel cells

starting in the late 1950s and early 1960s for transportation applications.

1.1.3 Basics of fuel cell

Similar to a battery, fuel cells have a negative charged anode and a positive charged
cathode separated by an ion-conducting material called an electrolyte and connected in an
external circuit. The principle of hydrogen/oxygen fuel cell is shown in Fig. 1-2. Hydro-
gen passes over the anode and oxygen over the cathode, generating electricity, water and
heat. Hydrogen is oxidized at the anode and protons diffuse the electrolyte and are trans-
ported to the cathode. Oxygen is reduced at the cathode to form oxide or hydroxide ions,
which recombine with protons to form water, the electrons flow in the external circuit

during these reactions.
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Figure 1-2: Schematic drawing of a hydrogen/oxygen fuel cell and its reactions based on
the proton exchange membrane fuel cell (PEMFC). The overall chemical reaction is H, +

1/2 O,— H;0. Reprint from ref. [2].



Table 1-1: The main five types of fuel cell.

Fuel Cell Electrolyte Operating Electrochemical Potential uses | Advantages Disadvantages
temperature reactions
°C)
Membrane Solid organic polyvmer 60-110 Anode: H, == 2H™ + 2¢ electric utility | = Solid electrolyte * Expensive removal
(PEM) poly-perfluorosulfonic acid Cathode: 1/2 O, + 2H™ + 2¢’ portable reduces corrosion of CO, from fuel and
=H,0 power & management air streams required,
Cell: H; + 12 O, == H,O transportation | problems + Poisoning the
* Low temperature | catalyst with CO,,.
* Quick start-up
Alkaline (AFC) | Aqueous solution of 100 - 250 Anode: H, + 2(OH) == 2H,O0 | Military » Cathode reaction | » Expensive removal
potassium hydroxide +2¢ space faster in alkaline of CO, from fuel
soaked in a matrix Cathode: 1/2 0, + H.O + 2¢” electrolyte — so and air streams
== 2(OH) high performance required
Cell: Hy + 1/2 0, =>H.0
Phosphoric Liquid phosphoric acid 150 - 250 Anode: H, == 2H" + 2¢” electric utility | « Up to 85 % * Pt catalyst
Acid (PAFC) soaked in a matrix Cathode: 1/2 0, + 2H™ + 2¢’ transportation | efficiency in * Low current and
=>H,0 co-generation of power
Cell: H; + 12 O, == H,O electricity and heat | » Large size/weight
+ Impure H, as fuel
Molten Liquid solution of lithium, | 500 - 700 Anode: Hy + CO;™ => H,0 + clectric utility | * High temperature | * High temperature
Carbonate sodium and’ or potassium CO, +2¢ advantages enhances corrosion
(MCFC) carbonates, soaked in a Cathode: 1/2 0, + CO, + 2¢ and breakdown of
matrix =>C0,” cell components
Cell: H, + 112 0, + CO, =>
H,0 + CO,
Solid Oxide Solid zirconium oxide 700 -1000 Anode: H, + O == H,0 + 2¢ | electric utility | » High temperature | * High temperature
(SOFC) to which a small amount of Cathode: 1/2 0, + 2¢ == 0" advantages* enhances breakdown
yirria is added Cell: H; + 1/2 O, == H;0 « Solid electrolyte | of cell components
advantages
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1.1.5 Fuel of PEM fuel cell

The advantage of using pure hydrogen as a fuel for PEMFC is that higher electric ef-
ficiency and performance than with alcohols are obtained. The difficulty of clean produc-
tion, storage and distribution of hydrogen are the obstacles that limited hydrogen gas [5,
6]. The use of hydrogen rich molecules like alcohols (methanol, ethanol, etc.), in a direct
alcohol fuel cell (DAFC), therefore appears to be advantageous for two main reasons:
they are liquids (allowing easy storage) and their theoretical specific energy density is
rather high, close to that of gasoline [1]. Alcohols (mainly methanol and ethanol) have
often been considered as fuels [1, 7-9], but as a consequence of the acidic environment of
the ionomeric conducting membrane and because of the low working temperatures of
DAFCs (80-120 °C), the kinetics of electrooxidation is rather poor. The complete elec-
trooxidation of ethanol to CO; is more difficult to achieve than that of methanol because
in ethanol the breaking of C—C bond is required. In addition, the formation of a strongly
adsorbed species such as CO,q [10] poisons the Pt surface as in the case of methanol [11].
In order to improve the catalytic activity of Pt and in sequence the reaction kinetics, a
deep understanding of the mechanisms of the electrooxidation reactions of these alcohols

is a key issue.

1.2 Platinum as electrocatalyst in fuel cell

Many metal elements crystallize in the face-centered cubic (fcc) structure. Among
them are the coinage metals copper (Cu), silver (Ag), gold (Au), as well as the catalytic
important metals nickel (Ni), thodium (Rh), palladium (Pd), iridium (Ir) and platinum
(Pt). Since Platinum is the best non-alloy fuel cell electrocatalyst known, so far, this work
is focused entirely on the studies of pure Pt and the effect of surface orientation on the
catalytic activity towards methanol and ethanol electrooxidation and the effect of surface

modification with a foreign metal at Pt.

1.2.1 Pt single crystals
A well-characterized and clean Pt(hkl) single crystal electrode can be prepared either
by ultra high vacuum (UHV) sample preparation [12], or by annealing the single crystal

in a hydrogen-air flame [13] for the study of the electrochemical surface.

4
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1.2.1.1 Pt basal plane

Three low-index planes (111), (100) and (110) of fcc systems are shown in Fig. 1-3
with hexagonal, square and rectangular arrangement of the surface atoms, respectively
[14, 15]. Fcc metals, like Pt, can provide a variety of surface structures with well-ordered

atomic arrangements, depending on their orientation.

Figure 1-3: (111), (100) and (110) surfaces of fcc-crystals; bottom row displays side
views. Ball models of the three low-index faces of an fcc-crystal. Reprinted from ref.

[15].

The stereographic triangle (Fig. 1-4) is commonly used to illustrate the coordinates of
different crystal planes [16, 17]. The atomic arrangement models of several typical planes
are also shown in Fig. 1-4. Three vertexes of the triangle represent the three low-index
planes or basal planes, i.e., (111), (100), and (110). Among them, the (111) and (100)
planes are flat on the atomic-scale with closely packed surface atoms, whereas the (110)
plane is rough with step atoms. The coordination numbers of surface atoms are 9, 8 and 7
for the (111), (100) and (110) surfaces [15].

Other planes lying in the sidelines and locating inside the triangle are high-index

planes. The three sidelines of the triangle represent [011], [110], and [001] crystallograph-
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ic zones, in which the planes exhibit terrace-step structure and are thus also called

stepped surfaces.

1.2.1.2 High index surfaces of metals

High index surfaces are those for which one or more of the Miller indices are relative-
ly large numbers. The most commonly studied surfaces of this type are vicinal surfaces
which are cut at a relatively small angle to one of the low index surfaces. The ideal sur-
faces can then be considered to consist of terraces which have an atomic arrangement
identical with the corresponding low index surface, separated by monatomic steps (steps

which are a single atom high).

‘(751) " 0721

m 55 21 MmN m 100
‘ ZONE[O1T] .
(311 4o

Figure 1-4: The stereographic triangle of fcc metal single-crystal and models of some Pt

high index planes present between the low index planes. Reprinted from ref. [16, 17].
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Table 1-2: Densities of step atoms and configuration of steric sites on Pt stepped surfaces.

Reprinted from ref. [16].

Zone | Miller index (n=2) Microfacet notation Step density Steric sitesi
4 i
+1L,n—-1n-1 111)x (100 2
et WS | e ™y
[011] P :
(2n-1,1,1) n(100)x (111) m . ‘.':_.'. *
4 o
+1L,n+Ln-1 11Dx (110 5 = s
B i e L o B, S
[110]
(2n—-1,2n-1,1) (110)x (111) o) ofuae
o -2 *® —_— A
Gl & & JBn(n—1)+3 v e
( L,0) (110)x (100) i 1 »
-— ® S —————— - &
=l " ( a’\2n(n-1)+1 e \'y"’.
[001]
(n,1,0) (100)x (110) - .\_‘"
n,l, n X B Ton
a’\n’ +1 e

ta is lattice constant. For Pt, a = 0.3924 nm. 1 CN is the coordination number.

It has been well established that the electrosorption of hydrogen and oxygen is found
to be highly sensitive to the surface crystallography of an electrode surface [18-22]. For
example, Furuya et al. have provided a series of voltammograms of Pt single-crystal
planes including low and high index planes in both acidic (as shown in Fig. 1-5) and ba-
sic solutions and shown that the features of hydrogen desorption varied regularly with
Miller indices [21, 23]. Each voltammogram acts as a fingerprint for the plane studied
and may be used to ascertain the extent of long range order present. Step density and av-
erage terrace length can be calculated from the integration of the hydrogen desorption

region between appropriate potential limits.
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Figure 1-5: Voltammograms for the surfaces of low and higher Miller indices in 0.5 M

H,SOy, at a scan rate 50 mV s™'. Reprinted from ref. [21].

1.2.2 Relaxation and reconstruction of clean single crystal surfaces

Modern surface crystallographic studies on the atomic scale have shown that the
clean metals tend to reduce their surface energy by two types of atomic surface rear-
rangements associated with the decrease of the coordination number of the surface atoms:

a) perpendicular (relaxation) and b) parallel (reconstruction) to the plane.
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1.2.2.1 Relaxation

The phenomenon of small interlayer spacing changes (perpendicular displacement)
relative to the ideal bulk lattice of metal surfaces is called “layer relaxation” [24-26]. The
low coordination number of surface atoms (the deficient of the neighbour bonds number)
is the main driving force for fcc metals relaxation. The surface atoms have lost 5, 4 and 3
for (110), (100) and (111) respectively compared to high coordination number (12) for
atoms in the bulk. So, the relaxation is very small (1-2%) for the (100) and (111) surfaces
and it is larger for the (110) surfaces, and even the distance between the second and the
third layer differs notably from the bulk. For example, the first layer atoms contract to-
wards the second layer atoms in order to increase their interaction and third layer atoms
respond by expanding away from the second layer atoms, to compensate for the over-
coordination in the second layer (Fig. 1-6). This oscillation in inter-planar spacing (Ad)
penetrates deeper into the surface until it is eventually completely dampened [27]. In the
case of relaxation, there is no change of the surface periodicity; still the surface possesses

the crystal structure pertinent to the bulk.

Figure 1-6: Schematic presentation of clean single crystal surfaces relaxation: (a) The
first layer / second layer distance contracts and (b) The second layer / third layer distance

increases. Reprinted from ref. [27].

1.2.2.2 Reconstruction
If the surface energy is sufficiently high, not only surface relaxation will occur but al-
so dense restructuring of the surface plane, usually to enhance the coordination number of

the surface atoms and, hence, to achieve a lower surface energy. Most surfaces of the 5d-
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transition metals like Ir, Pt and Au reconstruct [15, 28]. The nature of the reconstruction
is such that the surface plane of the reconstructed surface contains more atoms per area
than an unreconstructed surface. Such “reconstruction” leads to significant changes in all
surface properties.

The hexagonal fcc (111) surface of Pt (surface density of 1.53x10" atoms cm™), has
no tendency to reconstruct [29] (cited from [30]). The fcc (100) and (110) have a high
tendency to reconstruct. Pt(100)-(1x1) surface (surface density of 1.28x10" atoms cm™)
reconstruct to Pt(100)-hex with a surface density of 1.55x10"° atoms c¢m™. Pt(110) exhi-
bits a (1x2) reconstruction at room temperature resulting in the “missing row” structure

shown in Fig. 1-8.

Figure 1-8: The (1x2) reconstruction on (110) surfaces of Ir, Pt and Au. Reprinted from
ref. [15].

1.3 Fundamentals of metal deposition

Generally, there are three possible modes for the nucleation and growth of metal de-
posit layer on the substrate: Volmer—Weber, Frank—van der Merwe, Stranski—Krastanov
growth, and as shown in Fig. 1-9. The growth mode of thin films deposited on a metal
substrate depends on the strength of interaction (binding energy) between adatoms and
the substrate and crystallographic misfit.

In the first case, the binding energy (Wme-me) between 2 adatoms are stronger than
those of the adatom with the substrate (Wye-s), leading to 3D adatom clusters formation

according to Volmer-Weber (VW) growth mode, or islands formation independent of

10
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crystallographic misfit [31]. Growth of this type produces rough multi-layer films on the

substrate.

(a)

)

©

Figure 1-9: schematic representation of different growth modes in metal deposition on the
foreign substrate. Cross-section views of (a) Volmer-Weber (VW: island formation), (b)
Frank-van der Merwe (FM: layer by layer), and (c) Stranski-Krastanov (SK: layer plus
island) model for the film growth. Reprinted from ref. [32].

11
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In the second case, the interactions between adatom-substrate are stronger than those
of the adatom—adatom. The layer-by-layer growth is 2D, indicating that complete films
are formed before starting the subsequent layers to grow [31, 33]. If the system has a neg-
ligible crystallographic misfit, the adatoms attach preferentially to substrate sites resulting
in atomically smooth (homo-epitaxial growth), fully formed layers [Frank-van der
Merwe (FM) growth mode]. Otherwise, the Stranski-Krastanov (SK) growth mode is
predominant. The SK mode is characterized by a two step process: a complete 2D mono-
layer contains internal strain is formed; then followed by unstrained 3D islands above the

first layer [27, 31-33].

1.3.1 Cu underpotential deposition (Cu UPD)

The UPD of a metal is defined as the electrodeposition of a metal monolayer or more
on a dissimilar metal substrate at a potential that is more positive than the Nernst poten-
tial for bulk deposition [34-36]. UPD is sensitive to surface structure; the catalytic activi-
ty of electrode surface can be increased or inhibited by UPD.

Cu UPD is currently used to determine the active surface area for Pt, Ru and Pt-Ru al-
loy [37-39] because the UPD peak and even bulk deposition takes place in potential range
before hydrogen evolution or oxygen adsorption in addition to the atomic radii of Cu

(0.128 nm) is relatively like Pt(0.138 nm) and Ru (0.134 nm).

1.3.1.1 Cu UPD on Pt basal planes

The voltammetry of Cu UPD on Pt basal planes and adlayer structure depends on the
base electrolyte and surface structure. The cyclic voltammetry of Cu UPD on Pt(111)
electrode shows two sharp peaks for deposition and stripping in sulfuric acid over a nar-
row potential region [40-42]. The suggested sequence of steps for Cu UPD on Pt(111)
during the cathodic going sweep starting from 0.85 V vs. RHE to 0.25 V in the presence
of sulfuric acid is: first at high potential, bisulfate anions are adsorbed on Pt surface to
form a honeycomb structure (V3 x V3)R30° [43]. As Cu atoms start to be deposited in
the first UPD peak, HSO4 is converted to SO4 ~ [44]. After further Cu deposition, a com-
plete monolayer (pseudomorphic (1x1)) of Cu UPD is formed and sulfate is adsorbed on
Cumr [30, 36].
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The cyclic voltammetry of Cu UPD on Pt(100) depends on the surface structure of
Pt(100) (i.e. the possible reconstruction). On a (1x1) surface, a sharp reversible peak is
formed [42, 45] with a stripping charge density of 446 pC cm * [45]. On reconstructed
Pt(100)-hex-R0.7° structure, the deposition/stripping peaks are less reversible and the
stripping peak is present at more positive potential [45, 46].

The formation of Cu UPD monolayer at Pt(110) takes places in two separate steps in
sulfuric acid [47, 48]. The first one is the deposition into the grooves with (1x2) structure
until half monolayer is formed, followed by the deposition on the resulting troughs to

reach the complete monolayer.

1.3.1.2 Cu UPD on Pt stepped surfaces

Cu UPD on stepped surfaces helps us to determine the number of surface active sites
of different geometry. Usually the electrodeposition is initiated at the step sites, (the most
active site at the surface) because the step site atoms have lower coordination number
than terraces and it works as linear template for deposition process (the deposit is a one-
dimensional line array) [49].

Scortichini and Reilley were the first who studied the behaviour of Cu UPD on
stepped surfaces [50-53]. Cu UPD at Pt stepped surfaces with different orientation of
steps and terraces (Pt(s)[n(111)x(110)] and Pt(s)[n(111)x(100)]) show that the deposition
of Cu first starts at (110) and (100) step sites [54-56]. Then, after complete coverage of
steps, the deposition is continuous at terraces.

On Pt(s)[n(100)x(111)], Cu deposition is preferentially (100) sites at terraces. Francke
et al. [57] explained the stability of Cu on terraces sites relative to step sites by the higher
coordination number of Cu atom by four Pt atoms at (100) terraces, while on (111) step it

is only three due to the hexagonal symmetry.

1.3.2 Ru deposition at Pt surfaces

Ru sub-monolayer deposit on Pt has a synergistic effect for the electrooxidation of
carbon monoxide (Pt poisoning) and organic molecules. Different preparation methods
are available for Ru sub-monolayers deposition on Pt surfaces [58], including spontane-

ous deposition [59, 60], forced deposition [61, 62], electrodeposition [63-65], vacuum
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deposition by evaporation [66], chemical vapor deposition [67, 68] and deposition from a
variety of organic and inorganic Ru precursors dissolved in non-aqueous solvents [69,
70]. In the following section, the first three methods will be discussed in details (cf. Ref.

[58] and references therein).

1.3.2.1 Spontaneous deposition

Spontaneous deposition of Ru has been reported on Pt nanoparticles and bulk Pt sur-
faces [59, 71, 72]. Wieckowski and co-workers were found the spontaneous deposition of
Ru from RuCl; dissolved in 0.1 MHCIOy4 solutions yield reproducible Ru coverage. They
are quantified the Ru coverage using electrochemical techniques, as well as Auger elec-

tron spectroscopy (AES) and scanning tunneling microscopy (STM) [59, 73, 74].

1.3.2.2 Forced deposition

Ru spontaneously decorates a Pt surface that has a layer of pre-adsorbed hydrogen by
immersion of Pt electrode in RuCl; or Ru,y(SO4); solutions [61] or on Ru(NO)(NO3);3 so-
lution at 50 mV [75]. The presence of hydrogen is necessary in case of the last solution
because the high stability of this compound and it has poor adsorption at Pt surface.

Ru forced deposition can also be established by immersion of a Pt electrode in a solu-
tion of RuCl; that is either initially saturated with H, gas [62] or subsequently exposed to
a stream of H, [76-78]. More details about forced deposition of Ru on Pt stepped single
crystals to form epitaxial multi-layer (Ru quasi-single crystalline film) on these surface

and their characterization by Cu UPD will present in chapter 5.

1.3.2.3 Electrodeposition

Commonly RuCl; bath is used for the electrodeposition of Ru on Pt surface. Baltru-
schat and co-workers, using potential sweep technique, found that the Ru is initially de-
posited at defects and step sites on vicinal Pt(111), followed by deposition at (111) ter-
races [79, 80]. Stimming and coworkers studied the deposited Ru surface on Pt(111) us-
ing a variety of surface study techniques, including STM, X-ray photoelectron spectros-

copy (XPS), surface X-ray scattering (SXS), and Fourier transform infrared spectroscopy
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(FTIR) of adsorbed CO, and they found Ru forming commensurate islands with diameter

of 2 to 5 nm [81-85].

1.4 Differential electrochemical mass spectrometry (DEMS) setup and
DEMS cells

The differential electrochemical mass spectrometry (DEMS) has become an indispen-
sable tool for the qualitative and quantitative detection of volatile products and interme-
diates which are formed during the electrooxidation of organic molecules at electrode
surface using potential sweep, potentiostatic and galvanostatic methods. Different types
of electrode surfaces such as lacquer, sputtered, smooth and supported nanoparticles are
applied on DEMS. Two important factors are necessary for DEMS: the first one is the
transfer of the volatile species which are produced at an electrode surface to vacuum sys-
tem. The second one is the detection of these species shortly after their formation. DEMS
has some obstacles such as the overlapping between the mass signals of many products,
low applied sweep rate ( < 50 mV s™'), non-volatile products not detected and it is limited

to liquid electrolytes [86].

1.4.1 DEMS history

In 1971, Bruckenstein and Gadde [87] were the first to qualitatively detect the elec-
trochemical generated gaseous products using a hydrophobic porous electrode by in-situ
electrochemical mass spectrometry (EMS) with a time constant about 20 s. In order to use
EMS for quantitative studies (current efficiency and kinetic information) Wolter and
Heitbaum [88, 89] improved the vacuum system of the EMS and reduced the delay time
of detection. At the same time, they used differential pumping system to pump down the
residual gases and large amount of solvent inside the system. In the last two decades,
DEMS cells were developed and improved as reviewed in ref. [90] and references
therein. Baltruschat et al. [91-93] introduced a thin layer cell to use smooth and single
crystals massive electrodes, and quartz crystal microbalance [94]. The dual thin layer
flow through cell was introduced by Baltruschat and co-workers [94]. In this cell the elec-
trochemistry compartment is separated from a mass spectrometry thin layer cell com-

partment. The product species are transferred from the upper compartment to the lower
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compartment through six capillaries by constant convection, then they diffuse through the
Teflon membrane, which is supported by a steel frit, to the mass spectrometer. This flow
cell could be used for a single crystal electrodes without the hanging meniscus arrange-
ment or for a high large surface area electrode (supported nanoparticles) [95]. In 2003,
Abruna et al. [96] presented a DEMS cell setup in which the single crystal electrode was
pressed into a Teflon plunger in order to isolate the desired single crystal face. This as-
sembly was then laid on top of a Teflon membrane supported by a steel frit, so that the
electrode formed a thin-layer configuration against the membrane. Kita et al. [97] applied
a hanging meniscus configuration for massive electrodes, using a pinhole as the gas inlet,
located at the hemispherical end of a glass tube, which is covered by Teflon film. Re-
cently, Koper et al. [98] developed on-line EMS based on a small inlet Teflon tip that
applied for bead single crystal electrodes in a hanging meniscus arrangement. A disad-
vantage of this setup is a long delay time of 10 — 15 s and it does not work under convec-
tion condition.

Details of the DEMS cells used in this study will be given in chapter 2.

1.5 Electrooxidation of simple molecules
1.5.1 Electrooxidation of adsorbed CO

Adsorbed carbon monoxide (CO) is a catalyst-poisoning intermediate during metha-
nol oxidation, and it has been widely studied on platinum electrodes by spectroscopic
methods [99, 100]. The catalytic oxidation of CO heterogeneously in the gas phase and
electrochemically in solution are important reactions for the removal of CO from reactant
stock gases in PEMFC applications, since CO poisons Pt-based anode catalysts in direct
methanol fuel cell (DMFC) [30, 101]. Almost a monolayer of CO is adsorbed if traces of
CO (about 10 ppm) are present in the feedstock gas hydrogen at the PEMFC anode at
temperatures below 100 °C [102].

The electrochemistry of adsorbed CO on Pt(hkl) and the effect of surface orientation,
step density, foreign metal and many other parameters were studied. The mechanism of
COyq oxidation and the determination of the rate determining step (rds) have been a sub-

ject of many studies.
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It is known that the electrooxidation of CO follows the Langmuir-Hinshelwood (LH)
mechanism as suggested firstly by Gilman [103], where the adsorbed CO reacts with ad-
sorbed oxygen species (OH from water). Now the LH mechanism for this reaction is
widely accepted for polycrystalline as well as single-crystal Pt surfaces [30, 104]. The
overpotential for the surface reaction is associated with activation of water to produce the
surface oxidant, and the surface reaction may take place through a hydroxyl carbonyl
intermediate according to the following reactions [105].

CO+* 2 COy

H,O+* > OHyq +H + ¢
COu¢+ OHyg > COOHyy  (rds)
COOH, > CO, +H +¢ + 2%
where * denotes a free surface site

The cyclic voltammetry for the electrooxidation of CO,g shows two stripping peaks,
the main peak is present at high potential and the pre-peak “pre-ignition” is present at
lower overpotential [106]. Ertl et al. reported that the heat of adsorption of CO on Pt(hkl)
is dependent on the surface coverage using low energy electron diffraction (LEED) tech-
nique [107]. At high CO,q coverage (6co > 0.65 ML), the pre-peak is due to the elec-
trooxidation of the weakly adsorbed CO, which has a low heat of adsorption, whereas the
main peak is due to the electrooxidation of the strongly adsorbed CO, that has a high heat
of the adsorption [106]. At high coverage, all of CO,q molecules on the surface is in the
weakly adsorbed state due to the repulsive interactions between CO molecules. During
the oxidation of CO,q, the 6o decreases and the rest of CO,q4 on the surface relax and thus
are strongly adsorbed at the surface [30].

The alloying of a second or even third, metal component in Pt has been the favored
method of providing CO-tolerant anode catalysts, and to date the most active catalytic
system for both applications is Pt/Ru alloy [86]. It is interested to study the electrooxida-
tion of CO,q at Pt surface and the effect of step density and Ru coverage on the catalytic
activity of CO oxidation.

The high catalytic activity of a second metal as alloy or adlayer element on platinum,
toward methanol oxidation, have been attributed to lowering of the overpotential for CO

electrooxidation and oxidation of CO through (a) a bifunctional mechanism (cf. Fig. 1-10
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a) [63, 108]. Oxygen-containing species prefer to adsorb at Ru sites at potentials 0.2 —
0.3 V lower than at a pure platinum surface, and the adsorbed CO on platinum sites are
preferentially oxidized by oxygen-containing species formed on neighboring Ru atoms
[63, 109]. (b) Electronic effect or ligand effect (cf. Fig. 1-10 b). The second metal mod-
ifies the electronic nature of the surface of the base metal [110-112] e.g. Ru on Pt that
reduces the CO binding energy on the Pt [113-116].

H f\fﬂ l
\)’ c
o &2

Figure 1-10: The mechanisms of Ru effect on the electrooxidation of CO at Pt surface a)

Bifunctional effect and b) Ligand field effect (electronic effect).

1.5.2 Electrooxidation of methanol

Due to the importance of methanol as a fuel for low temperature direct methanol fuel
cells (DMFC), the electrooxidation of methanol on different Pt-catalysts has been exten-
sively studied in the last decades [7, 8, 117, 118]. The mechanism of methanol oxidation
at Pt surfaces was studied using different techniques. Besides CO,, the formation of for-
maldehyde, formic acid, methylformate and dimethoxymethane were found [119-124].

The dual path mechanism for the electrooxidation of methanol was originally sug-
gested by Bagotzky [125] and later by Parsons [101]. Here the decomposition of metha-
nol to form CO,q is identified as the indirect pathway, while the formation of soluble in-
termediates is referred to as the direct pathway [101]. The identification of adsorbed for-
mate as an intermediate in the non-CO pathway [126] has been possible only recently

using in situ surface-enhanced IR absorption spectroscopy (SEIRAS) technique.

COy —» CO,

CH;0H — adsorbed intermediates

\ HCHO + HCOOH
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Bagotzky et al. [125] postulated that the rate-determining step (rds) during methanol
electrooxidation is the rupture of the C—H bond in a methyl group to yield a CH,OH in-
termediate. Using the electrochemical and UHV techniques combined with an isotope
substitution method, Franaszczuk et al. [127] have shown that, in the electrochemical
environment, the first step is the cleavage of a C—H bond whereas the reaction rate is 3
times in CD3OH lower than that in CH3;OH and the Tafel slope is equivalent to 1 ¢
process at low potential. In contrast, they are suggested that the first step of methanol
decomposition in the UHV is the cleavage of an O—H bond to yield a methoxy interme-
diate whereas the reaction rate ratio is 1.6 between CH;OH and CD3;OH. Recently, Wata-
nabe et al. [128] suggested that the reaction pathway starting with C—H bond cleavage has
a larger activation barrier and, therefore, is kinetically less favorable using the dipped
adcluster model (DAM) combined with density-functional theory (DFT) calculations.

Based on ab initio DFT calculations combined with chronoamperometry, fast scan
cyclic voltammetry, Cao et al. suggested that the dual pathway is already initiated at the
first methanol dehydrogenation step [129]: C—H bond cleavage leads to an adsorbed hy-
droxymethyl (CH,OH) intermediate, which is further dehydrogenated to CO,q4, while O—
H bond cleavage leads to adsorbed methoxy, CH3;0, which binds to Pt via the oxygen.
The adsorbed methoxy intermediate is further dehydrogenated to H,CO,q4, which can sub-
sequently desorb as formaldehyde. The C—H cleavage, however, is not the rds. Jusys et al.
[130] only found a very small kinetic isotope effect. Rather, the oxidation of adsorbed
CO is assumed to be the rds.

A general problem in the detection of intermediates in methanol oxidation is their
small amount. Therefore, in many of the above cited experiments, prolonged electrolysis
was used. In such experiments, however, the intermediates are likely to react further, in
particular since formaldehyde and formic acid are more reactive than methanol. In this
respect, DEMS is very useful, as it allows the online detection of volatile products simul-
taneously to a cyclic voltammogram.

Iwasita and Vielstich [120] were the first to detect the formation of methylformate by
DEMS. They attributed its formation to the further reaction between formic acid with the
excess of methanol [119, 120, 131-133]. Formaldehyde and formic acid are not volatile

enough at room temperature to be detected by DEMS. Instead, many authors assumed
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that the detection of methylformate is an indirect measure of the amount of formic acid
formed [132, 133]. Using DEMS with a pinhole inlet, Lai et al. [133] found that the me-
thylformate/CO, ionic current ratio during the electrooxidation of methanol at the Pt
basal planes surfaces decreases in the order Pt(111) > Pt(110) > Pt(100).

For a quantitative evaluation of product (or intermediate) formation rates, it is neces-
sary to examine the effect of convection. Using a flow through cell coupled to a mass
spectrometer, Baltruschat and co-workers thus found that the flow rate (between 1.1 and
30 uL s™) had no influence on the current efficiency of CO,, which in all experiments
was below 50% dependent on methanol concentration and potential [134, 135]. Bal-
truschat and co-workers concluded that no further oxidation of the intermediately formed
formaldehyde and formic acid is occurring in the range of the flow rates used, because
otherwise the current efficiencies for CO; should increase with decreasing flow rate be-
cause of the larger residence time. In other words, at the flow rates used, diffusion of the
intermediates away from the surface is faster than further oxidation. If the oxidation only
occurred via dissolved intermediates, the current efficiency of zero at high flow rates
would be expected. The non-zero, but flow rate independent value can thus be taken as a
proof for the above mentioned parallel pathway. On the other hand, at rough electrodes or
model gas diffusion electrodes, current efficiency is lager and approaches 100 % for high
Pt loadings because of the probability for intermediately formed species to react further
within the catalyst layer [123]. A systematic study of the effect of catalyst thickness cor-
roborated these results [132].

Crucial for a detailed understanding is the determination not only of the current effi-
ciency for CO,, but also those of formaldehyde and formic acid. As shown in ref. [134]
the rate of CO,, formic acid and formaldehyde formation can be determined from the ion
current for CO,, the decrease of the ion current for methanol during oxidation and the
faradaic current. In a very detailed study, Behm and co-workers determined the amount
of the three species from the faradaic current, the ion current for CO; and that for methyl-
formate, assuming that formic acid is quantitatively converted to methylformate [132].

My work in chapter 3 aims at determining the role of methylformate as a product of
methanol electrooxidation. Whereas old data on the equilibrium constant of methylfor-

mate were available, astonishingly I found no kinetic data [136, 137]. I investigated the
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effect of methanol concentration (0.1 M and 0.2 M) and electrolyte flow rate on the cur-
rent efficiency with respect to CO, and methylformate formation during the electrooxida-
tion of methanol at smooth polycrystalline Pt. The steady state coverages of CO,q as a
function of potential and flow rate are determined using a potential step program.

By comparing the kinetic parameters of methanol esterification and hydrolysis, a new
pathway for direct methylformate formation at Pt surface/electrolyte interface is assumed.
As well as the effect of step density of Pt surfaces vicinal to (111) terraces and Ru cover-
age on the specific catalytic activity of the electrooxidation of adsorbed monolayer of CO

and bulk 0.01 M methanol were studied.

1.5.3 Electrooxidation of formaldehyde

Since formaldehyde is one of the main soluble intermediate products during the par-
tial electrooxidation of methanol in fuel cells, knowing details of its electrooxidation is
one important key step to understand the mechanism of methanol oxidation [122]. For-
maldehyde in acidic solution is hydrated to methylene glycol (K¢q = 2280), that is oxi-

dized via the dual pathway according to the following equations:
CH,(OH), — CO, + 4H" + 4e™ (direct pathway)
CH,(OH), —» CO,q + H,O + 2¢" (indirect pathway)

The adsorbed CO is further oxidized to CO, at high potential by a reaction with oxygen
containing adsorbed species at the surface (OH or H,O,g).

Olivi et al. [138] observed the complete blockage of Pt(100) at E < 0.7 V for 0.1 M
HCOH in 0.5 M HCIOy solution due to the strongly adsorbed CO in that potential region.
The oxidation peak in positive going sweep is at 0.8 V and in the negative going sweep at
0.55 V. Batista and Iwasita [139] found a small shift in the anodic and the cathodic peaks
at 0.85 and 0.75 V respectively for 0.5 V HCOH at Pt(100) in perchloric acid. The cata-
lytic activity for formaldehyde oxidation at the platinum basal planes are in the order of

Pt(111) > Pt(100) > Pt(110).
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1.5.4 Electrooxidation of ethanol

The oxidation of ethanol on metal surfaces is of special interest for the use in fuel
cells. Ethanol could be the fuel of future; compared to methanol, ethanol can be directly
obtained from fermentation of biomass (renewable nature), it is non-toxic, ease in storage
and transportation and it has a high energy content of 8 kWh kg™, corresponding to 12 ¢
per molecule for its total oxidation to COs.

Ethanol oxidation on the other hand, at moderate temperatures is even more difficult
than that of methanol; in addition to C—H bond, the C—C bond has to be cleaved. Similar-
ly to methanol [111, 123, 134], there are two oxidation pathways for ethanol [140, 141];
one pathway via adsorbed intermediates and one via dissolved intermediates.

The final product of the route via acetaldehyde is acetic acid, which itself is unreac-
tive, whereas in the case of methanol, the corresponding product (formic acid) is oxidized
further to CO; if the residence time in proximity of the surface is high enough [123].
Therefore the route via adsorbed intermediates is even more important.

Many authors discussed the mechanism of ethanol electrooxidation at different sur-
faces and using different techniques. CH4 formed during the electrooxidation of ethanol
or the ethanol adsorbate was first observed by Vielstich and co-workers [142] and Iwasi-
ta [143]. For the adsorbed intermediates, Baltruschat and co-workers [144] reported on
the formation of CO,gq and CHy 4 species at polycrystalline platinum and Pt(110) using
DEMS. The formation of the adsorbed CHy species was only postulated based on the
finding of an adsorbate which can be desorbed either in the hydrogenation as CH, or oxi-
dized in the oxygen region. Recently Koper et al. [145] found the same intermediates at
low potential in the electrooxidation of ethanol using surface enhanced raman
spectroscopy (SERS) technique.

Many authors have studied the effect of surface structure on the electrooxidation of
ethanol. Feliu et al. studied the electrooxidation of ethanol on Pt basal plane surfaces
[146] whereas the effect of step density of Pt(s)[n(111)x(111)] was studied by Koper et
al. [147]. Tarnowski and Korzeniewski [148] studied the effect of step density of surfaces
vicinal to the (111) plane on the amount of acetic acid formed by ion chromatography.
They found that acetic acid formation decreases with increasing the step density and with

increasing the potential, whereas the potential dependence was not explicitly discussed.
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The dependence on step density was ascribed to more poison formation and shift of the
pathway towards CO; formation via C—C bond splitting.

The effect of ethanol concentration on product species was studied at polycrystalline
platinum [141], and it was found that at high ethanol concentration the main product is
acetaldehyde and at low concentration is acetic acid. Using FTIR technique, Giz and Ca-
mara found that, the production of acetic acid takes place at potential lower than that of
acetaldehyde during the electrooxidation of ethanol at Pt(111) surface [149].

The effect of bimetallic surfaces (foreign metal on Pt) on the electrooxidation of etha-
nol was demonstrated at many co-catalyst surfaces. The optimum surface concentration
of Ru on Pt for ethanol electrooxidation is in the range of 0.3 — 0.4 at low temperature; at
high temperature it decreases to 0.15 [150-152]. Ru partially decorating the step sites of
Pt stepped surfaces promotes the cleavage of the C—C bond, but at high coverage it inhi-
bits the ethanol oxidation [153]. Whereas the main products are acetic acid and acetalde-
hyde during the oxidation of ethanol at PtSn electrodes prepared by thermal decomposi-
tion [154], the presence of rhodium on Pt electrode enhances the CO; route [155, 156].
Santos et al. found the mechanistic pathways for ethanol oxidation depend on the osmium
coverage on Pt(100) using in situ FTIR spectroscopy. Thus, for low osmium coverage
(Bos up to 0.15) the formation of CO as an intermediate was favored. For 0o up to 0.33,
the more the direct ethanol oxidation to acetaldehyde and acetic acid is favored. For os-
mium coverage degree of 0.40, the catalytic activity of the electrode for ethanol oxidation
decreases [157].

In all the papers cited above, in particular those on the effect of monoatomic steps,
high concentrations of ethanol and a stagnant electrolyte were used. Whereas such condi-
tions apply to practical conditions, this may lead to complications in the interpretation,
when one is interested in the main fundamental questions: slow follow up reactions can-
not be separated from the initial process, and poison formation becomes more important
at high concentrations. My work in chapter 4 is consider the study of the catalytic activity
of Pt stepped single crystals and polycrystalline platinum towards ethanol oxidation under
controlled convection using the dual thin layer flow through cell combined with DEMS.

Also the effect of Ru decorating the Pt step sites on ethanol oxidation is investigated. The
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current efficiencies with respect to the volatile products formed during the electrooxida-

tion of ethanol (acetaldehyde and carbon dioxide) are estimated.
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Chapter 2: Experimental

This chapter provides a description of the experimental setup that was employed in
the present work. The first section gives an overview of the experimental techniques
(Sect. 2.1) followed by the chemicals and cleaning of the glassware, electrochemical cells
and DEMS cells, in addition to the short description for the cleaning and the preparation
of Pt-single crystals (working electrodes) (Sect. 2.2). The third section (Sect. 2.3) de-
scribes the differential electrochemical mass spectrometry (DEMS) setup and types of
DEMS cell which were used within the framework of this work. The last section de-
scribes the calibration of DEMS and the calibration for some compounds, in particular for
the soluble intermediates that are produced during the oxidation of methanol and ethanol

(Sect. 2.4).

2.1 Experimental techniques
2.1.1 Cyclic voltammetry (CV)

A triangular potential sweep is applied to the working electrode (Fig. 2-1). The ap-
plied potential rises from the initial value Ej to a final value E, then returns back to the
initial potential at a constant potential sweep rate. The applied sweep rate can vary from a
few microvolts per second to a hundred volts per second. The current measured during
this process is plotted vs. the applied potential, and the result is referred to as a cyclic

voltammogram (CV).

Electrode potential

0
tO tl t2 tz t4

time
Figure 2-1: The cyclic voltammetry potential waveform.
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2.1.2 Potential step

The potential step experiments were done according to the potential program shown
in Fig. 2-2 for the adsorption and oxidation of alcohols: the potential was first held in the
supporting electrolyte at 0.05 V, then the supporting electrolyte was replaced by alcohol
containing solution. Afterwards, the potential was stepped to a more positive potential
(Eadgs), at which alcohol could adsorb, for 100 s, and then the potential was stepped back
to 0.05 V. The potential was swept in the anodic direction after exchanging the alcohol
containing solution with supporting electrolyte to oxidize CO,q (alcohol adsorbate spe-

cies).

ads

Potential / V

Supp. el. alcohol Supporting electrolyte

time/s
Figure 2-2: The potential program for potential step experiments and electrooxidation of

adsorbed alcohol.
2.1.3 Deposition of Ru sub-monolayer at Pt stepped single crystals
A stock solution of 0.1 M RuCl; in 0.1 M HCIOy is prepared and kept in a refrigera-

tor, from which the actual deposition solution of 5 mM RuCl; in 0.1 M H,SO4 + 0.5 M
HCIOQy is prepared freshly for each deposition.

Figure 2-3: Hanging meniscus configuration of Pt single crystal in H-cell.
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Figure 2-4: Ru coverage determined by XPS as a function of deposition potential for po-
lycrystalline Pt (squares) and Pt (111) (triangles). The insert shows the XPS spectra (Ru
3ps, emission) of Ru-modified Pt(111) at various deposition potentials. The dotted line

indicates the value of 461.4 eV. Reprinted from ref. [1].

After preparation and checking of the Pt stepped single crystal surface in the H-cell,
the crystal is transferred to another H—cell containing the deposition solution (5 mM
RuCls). Potential control is insured at a potential of 0.35 V, after this a hanging meniscus
contact (Fig. 2-3) is established at 0.6 V. Since, according to the results of Stimming and
co-workers [1], the amount of Ru deposited on the surface depends on the applied poten-
tial (see Fig. 2-4), the crystal stays in contact with the solution at 0.6 V for 5 minutes,
resulting in coverage of about 20% of the total surface area. This corresponds to the
amount of ruthenium needed to completely cover the steps of Pt(332) but not the terraces
(Fig. 2-5a) and to cover the steps of Pt(331) to 50% (Fig. 2-5b). After removing the crys-
tal from the Ru solution containing cell, it is rinsed with Milli-Q water and transferred
back to an H-cell containing supporting electrolyte to check the surface coverage by
comparing of the Hages charges at the step sites before and after Ru deposition. In this
case, the peak for hydrogen desorption from Pt(332) step sites should completely disap-
pear. In the present experiments, after Ru deposition on Pt(331) for 5 min at 0.4 V, the
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residual Pt step sites in Pt(331) supply about 10% of the original faradaic charge, which
means that 90% of step sites are covered with ruthenium.

0.10

(@ —P(332)
fffff RwP((332)

0.05

-0.054 |

——Pt(331)
0.10+ Ru, ,/Pt(331)
- Ru, /Pt(331)

0.0 0.2 0.4 0.6 0.8
E/Vvs. RHE

Figure 2-5: Cyclic voltammograms for (a) Pt(332) and (b) Pt(331) electrodes before and
after Ru deposition at step sites in 0.1 M H,SO4 + 0.5 M HCIlO4 solution. Scan rate: 50
mV s, Inset: model for Ru deposition at the step sites of Pt(331).

2.1.4 Preparation of Ru quasi single crystals

These experiments were carried out in Cardiff University. Preparation of the Ru quasi
single crystal film electrodes was performed according to the procedure of Huxter and
Attard [2], as described here briefly. After preparation, the voltammetric profile of the
single crystal surface in 0.1 M H,SO, with a sweep rate of 50 mV s™ was recorded to
confirm the surface order of the bead crystal and the cleanliness of the electrolyte. Then,
the electrode was rinsed with Milli-Q water and ruthenium was deposited on the Pt sur-
face by reduction of Ru ions from a droplet of 107 M Ru(NO)(NO3); attached to the sin-

gle crystal surface in a hydrogen atmosphere for 5 or 10 seconds. The forced deposition
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procedure was repeated 8 times. The Ru quasi single crystal surface structure was ob-
tained after resistive heating of the Ru modified Pt single crystal to 800 - 900 K for 15
seconds in a nitrogen atmosphere by means of a homebuilt low voltage — high current
power supply. Covered by a droplet of nitrogen containing Milli-Q water, the cooled Ru-
film electrode was brought into contact with a 0.1 M H,SOj electrolyte at a potential of
50 mV vs. Pd/H in an electrochemical cell. The success of the film preparation procedure
was monitored by recording a voltammetric profile in the potential range from -0.1 to 0.8
V with a scan rate of 50 mV s™' and comparing this result with the reference profiles giv-

en in [2].

« (&) Figure 2-6: Diagram of the holder used for resistive heating of
the single crystal electrode, (A) steel rods for electrical contact

with the crystal, (B) Teflon screw and holder to vary height of

the crystal above electrolyte, (C) steel screws to secure the Pt
¢ wires, (D) Pt wire for making contact with the crystal and to
complete the electrical circuit, (E) single crystal. Reprinted from

ref. [2].

2.1.5Cu UPD

The single crystal protected by a droplet of hydrogen saturated water was transferred
to a cell containing 10° M CuSOy in 0.1 M H,SO,. In case of Ru quasi single crystal, the
electrode was brought into contact with the electrolyte at a potential of around 0 mV vs.
Cu/Cu®" in a hanging meniscus configuration for approximately 15 seconds to reduce
first the oxygen adsorbed species at Ru film. Cyclic voltammograms with a scan rate of
10 mV s in the potential range of 0 to 500 mV vs. Cu/Cu®" were recorded to character-
ize the surface of the Ru-film electrode. For diffusion controlled progressive deposition
of copper, a 10° M CuSOy in 0.1 M H,SO, was used as an electrolyte and the electrode

was immersed at a potential of approximately -200 mV vs. Cu/Cu”" in a hanging menis-

37



Chapter 2: Experimental

cus configuration. Cyclic voltammograms in the potential range from -200 to 100 mV vs.
Cu/Cu®" with a scan rate of 50 mV s™' were recorded to observe the suppression of the
oxide/hydrogen adsorption peaks. After this, the potential window was set to 400 - 500
mV vs. Cu/Cu”" in order to characterize the surface of the Ru-film electrode, using a scan

rate of 10 mV s\

2.1.6 Galvanic replacement

A Sub-monolayer of Pt on Ru quasi single crystal film was created by the galvanic
replacement of a less noble metal like Cu by Pt as shown in Fig. 2-7 [3].

First a Cu monolayer at Ru film was created by Cu UPD and the potential was kept
positive of the bulk deposition of Cu, then the electrode was immersed into 1 mM hex-

achloroplatinate solution where the replacement took place.

M UPD on Sihki)
WM™+ ne = M, /S(hkl)
..
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Figure 2-7: Galvanic replacement of Cu monolayer by more noble metal (Pt). A-B: Mo-

nolayer of Cu is placed on a Pt substrate by UPD, C-D: Sub-monolayer of Pt replaced Cu
(ML). From http://www?2.egr.uh.edu/~ecnfg/Electrochemical%20phase.htm.

2.2 Chemicals, cleaning and electrodes
2.2.1 Chemicals

Tables 2-1 — 2-3 summarize the gases, chemicals used for the electrolytes and clean-

ing baths preparation and the working electrodes were used in this work. All solutions
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were prepared from 18.2 MQ Milli-Q water with TOC less than 3 ppb and deaerated with

high purity argon, nitrogen or hydrogen gas.

Table 2-1: List of chemicals and materials used in this work.

Name Formula Company Purity (degree)
Acetaldehyde CH;COH Fluka >99.5%
Acetic acid CH;COOH KMF laborchemie 96%
Ammonium solution  NH3;OH Chem solute 25%
Argon Ar Praxair 5.0
Carbon monoxide CO Praxair 4.7
Copper sulphate CuSO4 KMF laborchemie ~ 99%
Deuterated ethanol CDsOD Aldrich 99.5% D
Ethanol CH;CH,OH Merck 99.9%
Ethylacetate CH3;COOCH,CH3; KMF laborchemie  99.5%
Formaldehyde* HCOH Merck 37%
Formic acid HCOOH Merck 90%
Hexachloroplatinate ~ H,PtClg Acros organics 40% Pt
Hydrogen H, Air Liquide 5.0
Hydrogen peroxide H,0, Merck 30%
Methanol CH;OH Merck 99.9%
Methylformate HCOOCH3 Merck 97%
Nitrogen N» — —
Perchloric acid HCIO4 Fluka 70%
Ruthenium chloride RuCl; Acros organics 35-40% Ru
Ruthenium(I1I) Ru(NO)(NOs); Alfa Aesar 31.3%
nitrosylnitrate
Sulphuric acid H,SO4 Merck Suprapure,  95-
97%

* Stabilized by 10% methanol.
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Table 2-2: List of disc working electrodes used in this work.

Crystal type Company Diameter
Pt(pc) Metal crystals I cm
Pt(111) MaTeck I cm
Pt(332) = Pt(s)[6(111)x(111)] Goodfellow I cm
Pt(331) =Pt(s)[3(111)x(111)] Metal crystals & oxides I cm
Pt(100) Kristallhandel Kelpin 0.9 cm
Pt(19 1 1) =Pt(s)[10(100)x(111)] Metal crystals & oxides I cm

Table 2-3: List of Pt bead crystal electrodes used in this work.

Crystal type Company Al Company Alcm?
(exp. in cm?* (exp. in Car-
Bonn) diff)**
Pt(pc) Lab made Pt crystals were
Pt(110) icryst prepared  and
Pt(100) icryst 0.032 oriented at Car- 0(.089
Pt(311) =Pt(s)[2(100)x(111)] icryst diff.
Pt(511) =Pt(s)[3(100)x(111)] icryst 0.053 0.0304
Pt(711) =Pt(s)[4(100)x(111)] icryst 0.038 0.0281
Pt(911) =Pt(s)[5(100)x(111)] icryst 0.0384
Pt(11 1 1) =Pt(s)[6(100)x(111)]  icryst 0.032
Pt(13 1 1) =Pt(s)[7(100)x(111)]  icryst 0.0411
Pt(15 1 1) =Pt(s)[8(100)x(111)]  icryst 0.038
Pt(19 1 1) =Pt(s)[10(100)x(111)] icryst 0.047
Pt(111) icryst 0.053 0.028

* In order to determine the geometrical surface area (A) of the bead crystals using GIMP 2.6 software, the
crystal next to a sheet of 2D-scale paper were fixed at the scanner, then both areas were magnified and
scanned both area. The surface area of the crystal was calculated relative to the area of 2D-scale paper.

** The Pt metals were supplied by Goodfellow metals Ltd. (>99.995%).
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2.2.2 Cleaning of laboratory glassware

To remove the attached oil (degreasing), the glassware and DEMS cells were kept for
one day in concentrated potassium hydroxide (5 M KOH) bath. To clean the experimental
tools from the attached metal ions (cations), they were immersed in chromic acid (640 ml
of concentrated H,SO4 + 360 ml H,O + 21.4 g CrOs3) bath overnight. Due to the carcino-
genic and toxic properties of hexavalent chromium compounds, another strong oxidizing
reagent was used like green acid (KMnO4 + H,SOy4) or the cleaning of laboratory glass-

ware in a water steam system for at least four hours is an alternative choice.

2.2.3 Electrolytes

Sulphuric acid (at a concentration of 0.1 and 0.5 M) was used as a supporting electro-
lyte, because the hydrogen adsorption peaks are sharper and more characteristic in the
presence of sulfate than on perchloric acid; this helps in the control of cleanliness and
surface structure. During ethanol electrooxidation, 0.1 M H,SO4 + 0.5 M HCIO4 was
used as supporting electrolyte. The reasoning behind this choice is the need for a high
conductivity in the thin layer flow through cell and avoiding a high concentration of sul-

fate, which reduces the reactivity of the Pt surface due to its strong specific adsorption.

2.2.4 Adsorption test

The cleanliness of the supporting electrolyte, glassware and DEMS cell was checked
by adsorption test. In this test the applied potential on polycrystalline Platinum electrode
was cycled between 0.05 and 1.5 V at a sweep rate of 50 mV s™".

When the cyclic voltammogram reaches a stable shape, the cleanliness of the surface
is checked by holding the potential in the beginning of double layer region at 0.34 V in
anodic direction (where there is no hydrogen or oxygen adsorption or desorption taking
place) for 3 minutes, then the potential sweep was started again.

If the CVs before and after the potential hold are the same (Fig. 2-8), this means the
system is clean. If this not the case, the DEMS cell and the glassware have to be cleaned
again and a fresh electrolyte has to be prepared. This procedure applies for pure sulfuric

acid as base electrolyte. In some experiments, a solution of 0.1 M H,SO4 and 0.5 M
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HCIO4 was used. In these cases, the CVs before and after the stop at 0.34 V were not

completely identical, which might be due to some impurities in HCIO4 like CI” ions.

0.02

0.00

-0.02

1/ mA

-0.04 +

-0.06

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E/V vs. RHE

Figure 2-8: Typical cyclic voltammogram recorded during the adsorption test on Pt(pc) in

0.1 M H,SO4 + 0.5 M HCIO, at 50 mV s~

2.2.5 Cleaning and preparation of single crystals
Since the stepped Pt single crystal electrodes might contain impurities, they must be

cleaned before any measurement carried out.

2.2.5.1 Electrochemical cleaning

The Pt surface has to be cleaned first by sweeping the potential between 0.05 V and
1.5V at 50 mV s several times in H-cell containing the supporting electrolyte (Fig. 2-9).
Once the CV does not change anymore, the steps of Pt single crystals preparation (an-
nealing, cooling and characteristic CV) were done. If the characteristic CV does not cor-

respond to the CVs known from literature, the surface should be cleaned chemically.
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Figure 2-9: Cyclic voltammogram for Pt(332) roughening in 0.1 M H,SO4 + 0.5 M
HCIO..

2.2.5.2 Chemical treatment

The single crystal electrode was immersed first in conc. HNO; then in conc.
NH3/H,0; (1:1) solution for 5 min followed by electrochemical cleaning and annealing.
This procedure is repeated many times until the characteristic CV obtained for the an-

nealed single crystal surface.

2.2.5.3 Preparation of Pt single crystals

Stepped Pt single crystal electrodes were prepared according to Clavilier’s method
[4]: annealing was achieved by heating the Pt single crystal over a butane flame (= 1750
°C, melting point of Pt is 1768 °C); after it turned to a cherry red color it was left over the
flame for about 30 s and then transferred it into a glass cell, where it was allowed to cool
down to room temperature for 4 min in a Hy/Ar mixture atmosphere [5].

The crystal was kept in contact with the supporting electrolyte deaerated with highly
pure argon (99.999%) in a hanging meniscus configuration (Fig. 2-3), and the quality of
the single crystal surface after preparation was checked by cyclic voltammetry in the po-

tential range of 0.05 to 0.85 V. The potential may not exceed 0.9 V, because at higher
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potentials adsorbed oxygen destroys the arrangement of the Pt atoms at the surface. The
crystal was then (or after deposition of Ru) transferred quickly to the DEMS cell while
being protected by a droplet of electrolyte.
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0.02- .
0.06 1 J
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E/Vvs. RHE E/Vvs. RHE

Figure 2-10: Typical characteristic CV for Pt(332) in 0.1 M H,SO4 + 0.5 M HCIO, at 50
mV s™ a) in H-cell and b) in DEMS cell.

The difference in shape of the CVs shown above (Fig. 2-10) is partially caused by the
flow in the dual flow through cell, and the transport of the evolved hydrogen away from
the electrode, but also by unavoidable impurities from the DEMS cell material as well as
the Teflon ring spacer (Bohme-Kunststofftechnik GmbH & Co. KG Schwarzenbek Ger-

many).

2.2.6 The a conventional electrochemical glass cell ""H-cell*

For the preparation of the stepped Pt single crystals electrodes in Ar/H, atmosphere
by cyclic voltammetry, a conventional electrochemical glass cell "H-cell" was used. The
typical glass cell "H-cell" consists of three glass compartments as shown in Fig. 2-11, the
working electrode kept in hanging meniscus configuration in contact with the supporting
electrolyte in the central one. In this part of the cell, there are additional inlets for Ar/H,
mixture, and the electrolyte. The second compartment contains a sheet of Pt as counter

electrode immersed in supporting electrolyte, which is separated from the first by a glass
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frit. The third glass compartment, which is separated from the central compartment by a

stop cock, contains the reference electrode immersed in supporting electrolyte.

.

Hj ¥

Working electrode (WE)

Reference electrode (RE) ™= . Counter electrode (CE)

Glass frit

Stop cock Luggin capillary

' ﬁ-._ Electrolyte outlet stop cock

Figure 2-11: Cross section of an H-cell for the electrochemical experiments. Reprinted

from ref. [6].

2.2.7 Preparation of the reference electrodes
2.2.7.1 Reversible hydrogen electrode (RHE)

The reference electrode that was used mostly in this work is a reversible hydrogen
electrode (RHE) [7] as shown in Fig. 2-12.

To prepare a RHE, the electrode first was rinsed with Milli-Q water and then filled
with supporting electrolyte according to the procedure indicated in Fig. 2-12. An extra
platinum wire is dipped into the sulfuric acid and a voltage of 1.6 V was applied between
the platinum wire (anode) and the reference electrode (cathode). Hydrogen evolution is
observed at the cathode. When the hydrogen bubble covers about half of the Pt wire, the

applied voltage is disconnected.
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Cu wire \
Apply vacuum and after electrolysis
ﬂ then again atmos- H. bubbl L
- pheric pressure to an I, bubble 1s
fill the bulb with formed in the bulb
electrolyte
0.1 M H,S0,
P
<— seal
. <— H, bubble
Pt wire ] ] 2
«— glass bulb <—0.1 M H,SO,

Figure 2-12: Construction of the reversible hydrogen electrode. Reprinted from ref. [§].

2.2.7.2 Pd/H electrode”

A palladium-hydrogen (Pd/H) reference electrode was used during the CVs of Ru
quasi single crystal in supporting electrolyte (described in chapter 5). It consisted of a
palladium wire (Goodfellows Ltd, Cambridge) spot-welded to a platinum wire and sealed
in a glass holder. The palladium wire was heated in a Bunsen flame after the initial clean-
ing of the electrode in the green acid in order to oxidize and remove the surface contami-
nants. Then the charging procedure of the Pd wire was done by passage of hydrogen over
the wire through the gas inlet of the reference compartment of the electrochemical cell for
a period of 30 - 40 minutes. This allowed for the formation of a stable B-hydride phase,

which exhibits a constant potential of 50 mV vs. RHE for several hours.

"Work in Cardiff University

2.2.7.3 Cu/CuSO0; electrode
The Cu wire was cleaned first in the concentrated nitric acid and rinsed with Milli-Q
water prior to usage. The cleaned Cu wire immersed in I mM CuSO4 was used as refer-

ence electrode during the Cu-UPD.

2.3 DEMS setup and DEMS cells

For kinetic and mechanistic studies of methanol and ethanol electrooxidation at Pt

surfaces with different orientation and at Ru modified Pt stepped surfaces under convec-
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tion conditions, the on-line mass spectrometric detection of the volatile products and in-

termediates was used.

2.3.1 DEMS setup

The differential electrochemical mass spectrometry (DEMS) is a technique which al-
lows qualitative and quantitative detection of electrochemical reaction products shortly
after their formation. The DEMS setup involves the direct connection between an electro-
chemical cell and the quadrupole mass spectrometer (MS) (Balzer QMG-422). The vola-
tile species that are produced during the electrochemical reaction will diffuse through a
hydrophobic porous Teflon membrane (interface between electrochemical cell and MS)

to the MS where they are detected.

— (5)

[~

@ 1=

(2)

m

potentiostat

function
generator

/

computer

Figure 2-13: Schematic representation of a typical experimental DEMS setup; (1) electro-
chemical cell, (2) MS connection to the electrochemical cell, (3) connection to the cali-
bration leak, (4) turbomolecular pump, (5) rotary pump, (6) ion source, (7) quadrupole

rods, (8) turbomolecular pump, (9) rotary pump, (10) secondary electron multiplier [9].
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2.3.2 The DEMS cells
2.3.2.1 Dual thin layer flow through cell

i
p

p -

1
2
3
4

Figure 2-14: Sketch for the dual thin-layer flow through cell (Kel F) (1) Kel-F support;
(2) Kalrez; (3) disc working electrode; (4), (5) Teflon gasket; (6) porous Teflon mem-
brane; (7) stainless steel frit; (8) stainless steel connection to MS; (9) capillaries for flush-
ing with Ar; (10) inlet-outlet capillaries; (11) connecting capillaries. (A) Side view of

Kel-F body of the cell; (B) Top view of the cell.

A dual thin-layer flow cell, made of Kel-F, is connected to the mass spectrometer via
a valve. The construction of this cell was described in detail in ref. [9]. There are two
compartments: the upper one for electrochemical reactions and the lower one for mass
spectrometric detection. The electrolyte flows from the upper compartment to the lower
one through six capillaries. In the upper compartment, the working electrode was placed
on a Teflon gasket (Bohme-Kunststofftechnik GmbH & Co. KG Schwarzenbek Germa-
ny) with a = 130 um thickness and an inner diameter of 6 mm. This leaves an electrolyte

volume of = 3.5 pL. In the lower compartment, a porous Teflon membrane (W. L.Gore &
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Associates GmbH Putzbrunn Germany) - mean thickness of 50 um, a mean pore size of
0.02 pum, and a porosity of 50%- was supported on a stainless steel frit and served as the
interface between the electrolyte and vacuum. It was pressed against a Teflon gasket to
create the lower thin layer with the same volume (3.5 pL).

Because the electrolyte volume of the DEMS cell is small (= 3.5 pL), the product
concentration and thus the sensitivity for their detection is high. By ensuring a constant
flow of electrolyte, products are transported from the working electrode surface to the
mass spectrometer by convection, where the electrode and the mass spectrometer en-
trance are connected by six capillaries of a diameter of about 0.5 mm.

The electrolyte flows from the flask attached above the DEMS cell. The flow is ad-
justed by a peristaltic pump at the outlet. A reversible hydrogen electrode is used as the
reference electrode connected to the electrolyte inlet. Two Pt wires at the inlet and outlet
of the thin layer cell are used as counter electrodes connected through external resistances
(100 k€ and 1100 Q at electrolyte inlet and outlet, respectively) to reduce the IR drop

and create good current distribution.

2.3.2.2 New DEMS cell for bead crystal
In order to use small electrodes (bead crystals) as working electrodes under hanging
meniscus configuration and under convection conditions, a new DEMS cell was de-
signed. The general setup is shown in Fig. 2-15 with the following characterizations:
e Diameter of glass capillary 0.5 mm.
e Distance between the glass capillary and bead crystal in the range of a few micro-
meters.
e Two pumps for electrolyte flow: automatic vertical syringe pump for inlet and pe-
ristaltic pump for outlet.
e 3D crystal holder to adjust the position of bead crystal exactly on the center of glass
capillary.
e (Glass cell containing 6 opening (counter and reference electrodes, argon, electrolyte

inlet, argon outlet and electrolyte exchange).
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Figure 2-15: Sketch for bead crystal flow through cell (Kel F) (1) Kel-F 3D crystal hold-
er; (2) bead crystal; (3) glass capillary; (4) Kel-F support; (5) hydrophobic porous Teflon
membrane; (6) stainless steel connection to MS; (7) electrolyte outlet; (8) inlet capillary;

(9) 6-outlet capillaries; (10) stainless steel frit.

2.4 Calibration of DEMS
2.4.1 DEMS calibration by electrooxidation of pre-adsorbed CO

Calibration of the DEMS setup was achieved at constant flow rate as follows: after
cleaning the polycrystalline platinum electrode by sweeping the potential between 0.05
and 1.5 V in the supporting electrolyte at a scan rate 50 mV s, the potential was held at a
potential between 40-70 mV and the supporting electrolyte was replaced by a CO satu-
rated solution (= 10 mol L") to form a monolayer of adsorbed CO on the Pt surface.
After replacing it again with supporting electrolyte the potential was swept in anodic di-
rection at a scan rate of 10 mV s™'. The adsorbed CO was oxidized to CO,, which was
detected by MS, and the calibration constant (K ") was calculated from the following rela-
tion:

K'=z3¥

1
Qe @
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Here Qus and Qr are the mass spectrometric and the faradaic charges, respectively, and z

is the number of electrons per one adsorbed CO molecule yielding CO,.

4 e

0o 05 06 08 12 13

E/V vs. RHE

Figure 2-16: Simultaneously recorded faradic (a) and corresponding ion current (b) of
CO; (m/z = 44) during the electrooxidation of pre-adsorbed CO at Pt(pc) in 0.5 M H,SO4
at scan rate 10 mV s™' and flow rate 5 pL s™. (solid line): 1 CV during COqq electrooxi-

dation, (dotted line): 2 CV after CO,q electrooxidation.

In the first anodic sweep, no hydrogen desorption current can be seen because the sur-
face is completely covered with CO,q as shown in Fig. 2-16. At a potential of about 0.4
V, CO,q starts to be oxidized to CO, with a current efficiency of 80% (after background
subtraction), the remaining 20% being assigned to adsorption of anions like sulphate,

bisulphate, hydroxide, ...etc at the Pt surface.
2.4.2 Calibration curve for acetaldehyde (m/z = 29) and methylformate (m/z = 60)

Approximate calibration for acetaldehyde and methylformate was achieved using dif-

ferent concentrations of acetaldehyde (0.1 mM — 5 mM) and methylformate (1 mM — 0.1
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M) solutions and monitoring the ionic signal of masses 15, 29 and 44 (CH3;CHO) and
mass 60 (HCOOCHj;) for each concentration at different flow rates. A plot of the ion cur-
rents of x species vs. the concentration leads to a straight line with slope equal the cali-
bration constant of these species (°Ky), which includes all the DEMS parameters.

L= Ky Cx (2)

Where x = 29 (acetaldehyde) or 60 (methylformate)

The slope of a double logarithmic plot of °Ky versus the electrolyte flow rate (u) showed
that °K, oc u’? suggesting partial diffusion limitation to the Teflon membrane [9].

Using this procedure, convert current efficiencies will be obtained only if a complete
mixing of the electrolyte occurs before entering the detection compartment, i.e. if the
product is homogenously distributed. This will only be the case for low flow rates (below
1 pL s™); at high flow rates the concentration of the product in the vicinity of the Teflon

membrane will be higher, and therefore the ion currents will be too high.
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Chapter 3: Electrooxidation of methanol and the mechanism of methyl-

formate formation

3.1 Introduction

This chapter aims at determining the role of methylformate as a product of methanol
electrooxidation. Whereas old data on the equilibrium constant of methylformate were
available, astonishingly kinetic data is not found [1, 2]. I investigated the effect of metha-
nol concentration (0.1 M and 0.2 M) and convection on the current efficiency of CO, and
methylformate formation during the electrooxidation of methanol at smooth polycrystal-
line Pt. (The usable concentration range is very limited: at lower concentrations, the
amount of methylformate formed is too low. At high concentrations, too much methanol
evaporates into the ion chamber at the mass spectrometer, and the lifetime of the fila-
ments is too much reduced). Using a potential step program, the steady state coverages of
CO,q are determined as a function of potential and flow rate.

For highly stepped Pt surfaces vicinal to the (111) plane, the specific catalytic activity
and the effect of Ru coverage on the electrooxidation of adsorbed monolayer of CO and
bulk 0.01 M methanol were studied.

Finally, by comparing the experimental conditions and the kinetic parameters of me-
thanol esterification, a new mechanism for direct methylformate formation at Pt surface is

postulated.

3.2 Results and discussion

3.2.1 Kinetics of methanol esterification
3.2.1.1 Calibration for methylformate

Calibration for methylformate was obtained by preparation of different concentrations
of methylformate solutions in water (1 mM to 0.1 M) and monitoring the ionic signal of

m/z = 60 during flow through for each concentration until Isy became stable. The plot of

53



Chapter 3: Electrooxidation of methanol and mechanism of methylformate formation

the mass signal vs. the methylformate concentration as shown in Fig. 3-1 shows a linear
relationship with a slope equal to the calibration constant (°Keo) as described in Eq. 1.

Iso = °Keo. [methylformate] (1)

150 = -7.154

log(K,,)
4
8
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Figure 3-1: The calibration curve of methylformate by measuring the ionic current of
mass 60 at different concentrations of methylformate at different flow rate. Inset: the flow

rate dependence on calibration constant of methylformate.

The inset of Fig. 3-1 shows that the calibration constant of methylformate is depen-

dent on the flow rate of the electrolyte according to °K,, oc u*relationship, with x = 0.29.

Wang found a dependence of ionic signal of methylformate with flow rate with x = 0.29
atu>1 pL s [3], butatu<1 pL s the ionic signal is directly proportional to the flow
rate [4] because at very low flow rate, the residence time is large enough and all of in-
coming molecules reach the Teflon membrane, the collection efficiency of the cell is
100%.

Recently, Wang et al. [5] used an aqueous solution of methylformate (10 mM) satu-
rated with CO, for the methylformate calibration. From the ionic currents of mass 44 and
60 and *K44 they calculated *K(,o assuming that the behaviour of methylformate is identic-

al to that of CO,. However the flow rate dependence of the diffusion limited ion currents
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for gases like CO, follows a power law with a power of x > 0.5, suggesting that the eva-
poration of methylformate (with x = 0.3) is not alone limited by diffusion [6-8]. There-

fore calibration as described above is more appropriate.

3.2.1.2 Methanol esterification in acidic media

The hydrolysis rate (k';) of methylformate was determined by monitoring the de-
crease of ionic signal of mass 60 for a I mM methylformate solution in 0.5 M H,SO4 until
reaching equilibrium (steady signal of m/z = 60); the electrolyte was continuously flow-
ing through the dual compartment cell.

k'y
HCOOCH; + H,0O & CH;0H + HCOOH 2)
k.1

The hydrolysis reaction is a pseudo first order reaction and the hydrolysis rate con-
stant (k; = k';-[H,O]) was determined according to the following integrated equation for
the first order reaction [9].

In[C] = In[C,] -kt 3)
Here C, is the initial concentration of methylformate (at t = 0) and C is the concentration
at varied measuring time.

The methylformate concentration is calculated from equation 1 as shown in Fig. 3-2a.
Using the integrated equation of the first order reaction (Eq. 3), a linear relationship be-
tween the logarithm of methylformate concentration and the measuring time is obtained
as shown in the inset of Fig. 3-2a. The slope of the straight line equals -k; (the rate con-
stant of methylformate hydrolysis). The rate constant value was calculated as 2.26 x 10™
s, and the time constant for methylformate hydrolysis is about 440 s.

The rate constant of methylformate formation (k.;) in acid media was determined by
monitoring the mass signal of m/z = 60 until reaching to the equilibrium state in homo-
genous solution, starting with 0.2 M methanol and 0.2 M formic acid in 0.5 M sulfuric
acid.

The methylformate formation is second order reaction and the formation rate constant

was determined using the integrated rate equation [9]:
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Figure 3-2: (a) Hydrolysis of 1 mM methylformate in 0.5 M H,SO,. Inset: Linear rela-
tionship between logarithm of methylformate concentration and time. (b) Formation of
methylformate during esterification reaction of 0.2 M methanol with 0.2 M formic acid in
0.5 M H,SO, at flow rate = 5 uL s™'. Inset: Linear relationship between the logarithm of
methylformate concentration and time according to the integrated equation of second

order reaction.
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The inset of Fig. 3-2b shows the linear relationship between the logarithm of concen-

tration parameter and the time of measurement according to Eq.4 with

L __ e 5)
slope  k,(C2-C2)

Where the slope is equal 0.084 min™', the rate constant of methylformate formation is
6.57x 10° L mol™ s™.
From the final concentration of methylformate and methanol, the equilibrium constant

is calculated using Eq. 6:

[CH,OHT (0.198)°

*t = [HCOOCH, ]-[H,0]) ~ (55x0.00187)

=0.38 (6)

And from that k' = K¢k =2.5 x 10 L mol's! is calculated, in reasonable amount with
that value obtained from the hydrolysis experiment. (A determination of the equilibrium
constant from the final concentration of the hydrolysis experiments is not meaningful
because of the low final methylformate concentration).

Schultz [1] found that the equilibrium constant value depends on the solution compo-
sitions, especially the molar ratio of water and he found K¢q = 0.24 in 0.05 M HCI. Indu
et al. [2] investigated the effect of sulfuric acid concentration on the K.q of methylfor-
mate, and they found that K¢, value decreases with increasing the sulfuric acid concentra-
tion from 0 to 5 M and at 0.5 M H,SO4, K¢q = 0.25.

At high concentration of methanol (0.1 M) assuming pseudo first order reaction with

esterification rate constant = 6.6 x 10 s’

; so the time constant for the methylformate
formation is about 150 x 10° s. From this value of the time constant and also from the
equilibrium constant it is clear that methylformate is not formed in a homogenous reac-

tion from formic acid.

Kinetic parameter Hydrolysis exp. Esterification exp.
ki = ki/[H,0] 4x10° L mols 2.5x10° L mol's”
Keq 0.38

ki 6.57 x 10° L mol's™
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3.2.2 Electrooxidation of bulk methanol at a polycrystalline platinum electrode
3.2.2.1 Cyclic voltammetry
Effect of methanol concentration and flow rate

044001 0.4

1,/ mA
2
I./mA
I,/ mA
1./ mA

024000) 17

0.14 o0 02 04 0.6 00

E/Vvs.RHE

m/z =44 m'z=44

Figure 3-3: Simultaneously recorded CV and MSCVs for m/z = 44 (CO;) and m/z = 60
(HCOOCH;3;) during the electrooxidation of bulk methanol at smooth Pt(pc) in 0.5 M
H,SO4 solution + (a) 0.1 M and (b) 0.2 M methanol. Dotted line: in supporting electro-
lyte. Scan rate: 10 mV s™'. Electrolyte flow rate: 1.6 pL s”. 3 cycles are shown. Inset:

Expanded view of faradaic current in the first and second anodic sweep.

Figure 3-3 shows the cyclic voltammograms for the electrooxidation of 0.1 M and 0.2
M methanol, respectively, on polycrystalline platinum and the corresponding mass spec-
trometric cyclic voltammograms (MSCV) for m/z = 44 (CO;) and m/z = 60 (HCOOCHj;)

at a flow rate of 1.6 pL s™'. The anodic peak around 0.25 V in the first anodic sweep does
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Chapter 3: Electrooxidation of methanol and mechanism of methylformate formation

not only correspond to hydrogen desorption, but also to the oxidative adsorption of me-
thanol as CO,q, which only takes place above 0.1 V after replacing the supporting electro-
lyte by the methanol containing electrolyte [10]. At 0.45 V the faradaic current starts to
increase during the anodic sweep, leading to a sharp peak with its maximum at 0.83 V
followed by the second anodic peak in the oxygen region at 1.3 V [11-13]. During the
cathodic sweep, an oxidation peak is present at 0.74 V after the complete desorption of
oxygen from the Pt-surface.

In the second sweep the hydrogen desorption peak is suppressed due to the blocking
of the Pt-surface by the adsorbed intermediate (CO,q) formed in the preceding cathodic
sweep (cf. Inset of Fig. 3-3 and 3-4) and the first anodic peak at 0.83 V is also decreased
because of this adsorbate, which is only oxidized around this potential [6, 14]. The signal
shape of m/z = 44 is similar to that of faradaic current, its peak is shifted by 50 mV in
both of the anodic and cathodic going sweep due to the delay time at the low flow rate
(1.6 uL s™). A comparison of Fig. 3-3A and B shows that doubling the methanol concen-
tration hardly has any influence on the faradaic current and CO, formation rate. Peak cur-
rents in the first sweep are even diminished due to faster poisoning at higher concentra-
tion. However, the methylformate rate is doubled.

While at low flow rates, more reliable current efficiencies are obtained, at higher flow
rates such as 10 pL s (Fig. 3-4) the delay time of less than 1 s leads to a negligible po-
tential shift, and the potential dependence of CO, and methylformate formation can be
compared. The onset of the faradaic current at 0.45 V is not paralleled by an ionic current
for CO; (the onset potential for CO; 1s 0.63 V and for HCOOCHj3 is 0.57 V). The current
below 0.6 V is due to the formation of CO,q at Pt surface [14-16]. The shape of the fara-
daic current peak and the ion current peak for m/z = 60 (but not that for m/z = 44) during
the anodic sweep at 10 pL s™' suggests that it consists of 2 peaks, one (a shoulder) at 0.75
V and the main peak at 0.88 V. Therefore, at low potentials, the relative amount of me-
thylformate is high, and the current efficiency for CO; is lower than that at high poten-
tials. This was described before for carbon supported Pt [5, 17-19].
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Figure 3-4: Simultaneously recorded CV and MSCVs for m/z = 44 (CO;) and m/z = 60
(HCOOCH3) during the electrooxidation of bulk methanol at smooth Pt(pc) in 0.2 M me-
thanol + 0.5 M H,SOy4 solution. Dotted line: CV in supporting electrolyte. Scan rate: 10
mV s™. Electrolyte flow rate: 10 pL s™'. 3 cycles are shown. Inset: expanded view of fa-

radaic current in the first and second anodic sweep.
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Chapter 3: Electrooxidation of methanol and mechanism of methylformate formation

Current efficiency of oxidation product

The faradaic peak current (Ir) and the signal peaks current of masses 60 and 44 were
determined. Ir is the summation of the corresponding faradaic current of many product
species:

co, HCOH HCOOH Methylformate
e+ 107 + 1 +1g (7)

I F
So, the current efficiency for CO, formation ( A, ) was determined by the following
equation:

6o,

= 2 8
o (8)

Here, 6 is the number of electrons transferred during the complete oxidation of one me-

thanol molecule, I, is the ionic signal of m/z = 44 corresponding to the peak potential at

faradaic current.
In the same way, the current efficiency of methylformate (Agp) can be obtained ac-

cording to eq (1) and the following equations:

Methylformate
I F

Ag=——"F"" )

e
Methylformate __ o
I —(oKﬁo)zFu (10)
Here, u is the flow rate in L s and F is the faradaic constant in C mol™. Equation (10)
only holds, if the product of the electrochemical reaction is homogeneously distributed in
the solution entering the mass spectrometric compartment, i.e. if complete mixing occurs.
This is only the case for low flow values [4].

Table 3-1 shows the current efficiencies with respect to CO;, and methylformate for
different concentrations of methanol at four different flow rates and three potential cycles
voltammograms at the anodic oxidation peak. The current efficiency with respect to CO,
hardly depends on the flow rate. The increase of the apparent current efficiency with re-
spect to methylformate with flow rate is due to the incomplete mixing as discussed

above; only the values for u= 1.6 pL s™ are absolute values.
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Chapter 3: Electrooxidation of methanol and mechanism of methylformate formation

Table 3-1: Current efficiencies at the peak potential of the faradaic current with respect to
CO, and methylformate formed during the electrooxidation of 0.1 M and 0.2 M methanol
at Pt(pc) surface.

u/(uLs™) CV No. 0.1 M CH;0H 0.2 M CH;O0H
A Y Ao % Ay % A %
1.6 1 40.5 0.67 30.9 12
2 31.8 0.72 249 1.4
3 31 0.7 253 13
5 1 38 (1) 32.9 (2.34)
2 32 (1.2) 27.9 (2.62)
3 31.8 (1.14) 275 (2.72)
10 1 37.2 33 (2.93)
2 31.1 n. d. 27 (3.8)
3 31.3 26.6 (3.6)
30 1 37.9 253
2 30.6 n.d. 23.9 n.d.
3 30.4 233

Since the current efficiency values for CO, are between 23 and 40 %, other products
(formic acid and formaldehyde) are formed to a large degree under all conditions. The
increase of current efficiency for methylformate with methanol concentration is as ex-
pected, because 2 methanol molecules are necessary for its formation.

Since the formation of methylformate from formic acid and methanol in solution can
be excluded because of the large time constant of that reaction, it is obvious that methyl-
formate is formed in a direct reaction during methanol oxidation. The decrease of the
current efficiency for CO, with methanol concentration and the concentration indepen-
dence of the ionic current for CO, suggest that the oxidation path via adsorbed CO is not

much dependent on concentration, whereas that leading to dissolved intermediates is.
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3.2.2.2 Potential step experiments
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Figure 3-5: Simultaneously recorded transients of faradaic current and ion currents m/z =
44 and m/z = 60 on smooth Pt(pc) in 0.1 M methanol (solid) and 0.2 M methanol
(dashed) + 0.5 M H,SO4 solution after the step of potential from 0.05 V to (A) 0.6 V, (B)
0.7 V and (C) 0.8 V. Electrolyte flow rate: 1.6 pL s™.
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Potential step experiments were performed to start the reaction at constant potential at
an un-poisoned electrode. To do so, after cleaning the electrode by cycling voltammetry
in the supporting electrolyte, the potential was stopped at S0 mV, where the methanol
containing electrolyte was introduced. Then the potential was stepped to 0.6, 0.7 and 0.8
V for oxidation (cf. the potential program in chapter 2, Fig. 2-2). The faradaic current and
the corresponding mass spectrometric currents of m/z = 44 and m/z = 60 were simulta-
neously recorded. After 100 s, the potential was stepped back to around 50 mV to per-
form another electrolyte exchange. The degree of poisoning with CO was then evaluated
in a potential sweep in the supporting electrolyte. Typical potential step experiments are
shown in Fig. 3-5 for 0.1 M and 0.2 M methanol at smooth Pt(pc) in 0.5 M H,SO4 solu-
tion at 1.6 pL s”'. The current at 0.6 V is essentially constant after 10 s, whereas at high
potentials the current decrease over the whole oxidation period. A more pronounced cur-
rent decay with time at more positive potential had also be observed in Seidel et al. [19].

Table 3-2 shows the current efficiencies with respect to both CO, and methylformate
during the electrooxidation of bulk methanol on Pt(pc) for different step potentials and
different flow rates. Whereas the current efficiency with respect to CO, increases with
increased adsorption potential due to faster oxidation of CO,q at high potential (0.8 V), it
decreases with increasing methanol concentration. As in cyclic voltmmetry, the flow rate
of the electrolyte at a given adsorption potential hardly has an influence. The current effi-
ciency with respect to methylformate increases with decreasing the adsorption/oxidation
potential or increasing methanol concentration, which corroborates the results of cyclic
voltammetry. A detailed comparison of the transients shows that the current efficiency for
CO; does not change with time, contrary to the observation in ref. [19], where a decrease
was observed over a period of 300 s.

The current efficiencies with respect to methylformate for 0.1 M methanol at 0.6 V is
about 6-10 % of that of CO,, but at higher potentials (0.8 V) the ratio is about 1-5 %. For
0.2 M methanol the amount of methylformate is higher, at 0.6 V is about 20-35 % and at
0.8 V is about 5-10 % relative to the amount of CO,.
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Table 3-2: Current and current efficiencies with respect to CO, and methylformate during the electrooxidation of bulk metha-
nol and the corresponding CO coverages at different applied potential and at different flow rate in current transient and poten-

tial hold experiments.

u/(uL | Eyus / V| 0.1 MMeOH 0.2 M MeOH
s1) v.RHE ||~ An | Ao | 9co 1o 7 Au Ao | Jco
WA ) | T ) | MA I ) | 1 gy |

1.6 0.6V 0.03 5.58 175 |1 045 1 31.2 | 0.033 |48 14.7 | 1.07 3.2 32.3
0.7V 0.25 70.8 28 1.85 0.74 205 10.29 09.36 237 | 494 1.7 24.8
08V 0.36 126 35 2.5 0.7 144 | 0.45 139.8 31.2 | 6.84 1.5 14.5

5 0.6V 0.025 |5 19.2 | 0.66 2.4) 26 0.03 2.7 10.7 0.9 (3.7) |32.6
0.7V 0.2 62.4 305 | 2.58 (1.3) 20 0.27 63.6 232 | 6.23 (2.3) |25
En.=0.7 0.097 | 30 309 | 1.58 (1.6) 15 0.13 31.8 244 | 47 (3) 208
08V 0.37 135.6 36 4.72 (1.3) 8.5 0.45 141 313 | 11.2 (2.5) 12.4

30 0.7V 0.25 69 276 |23 (D 199 | 0276 | 57.6 20 3 (1.2) 23
E,=0.7 0.1 31.2 25 1.16 (1.13) | nd 0.14 33.8 248 | 3.28 (2.33) | nd

* T4 = 6.La(RAYK, ** 1% = zFu.Iso(uA )/ Ko

UOJBULIOJ S)BULIOJ[AYIOW JO WSIUBYIIUI PUEB [OUBYISW JO UOTIBPIX001)I9[H ¢ Iordey)
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Table 3-3: The estimated reaction order for faradaic and ionic currents in different me-

thanol oxidation experiments and at different flow rate.

u/(uLs™) E Ir Ly Ieo
1.6 Ps 0.7 0.22 0 1.4
Ps 0.8 0.315 0.15 1.5
Peak CV 0.636 0.34 1.52
5 Ps 0.7 0.4 0.024 1.3
Ps 0.8 0.3 0.05 1.3
Peak CV 0.717 0.5 2
Ph at 0.7 0.42 0.085 1.6
10 Peak CV 0.7 0.48 n.d.
30 Ps 0.7 0.15 0.33 n.d.
Peak CV 0.58 0.215 n.d.
Ph at 0.7 0.42 0.115 n.d.

Ps: potential step, Ph: potential hold and peak CV: in cyclic voltammetry

The reaction order of methanol oxidation with respect to the faradaic and ionic cur-
rents were estimated from the data obtained at the two different methanol concentrations
as shown in table 3-3. The reaction order for methylformate is higher than 1.5 at the peak
potential (in MSCV) and =~ 1.3 in the ion transient experiments which is possible because
the formation of methylformate involves two methanol molecules. The reaction order for
the faradaic current (in CV and current transients) and for ionic current of mass 44 (in
MSCYV and ion current transients) is much less than one. This agrees with the previous
results of Wang [17] where a wider concentration range of methanol from 1 mM to 0.1 M
was applied, but where the reaction order for methylformate formation could not be de-

termined.
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3.2.2.3 Electrooxidation of methanol adsorbate
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Figure 3-6: CVs and MSCVs of m/z = 44 (CO,) during electrooxidation of methanol ad-

sorbate on Pt(pc) in 0.5 M H,SO4 solution. Methanol adsorbed from 0.1 M methanol +

0.5 M H,SO0y, for 100 s. Scan rate: 10 mV s™'. The electrolyte flow rate: 1.6 uL s'. At the

potential: (—) 0.6 V, (-----) 0.7 V and (=) 0.8 V.

After the potential step experiment, the potential was stepped back to 0.05 V and an
electrolyte exchange with supporting electrolyte was performed. The cyclic voltammo-

grams and the mass spectrometric cyclic voltammograms of CO, during oxidative strip-
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ping of methanol adsorbate after potential step experiments at different applied potentials
for adsorption time about 100 s are shown in Fig. 3-6. At this time steady state coverage
is achieved [20]. Whereas the peak potential of oxidation shifts to higher potential with
increasing coverage, the onsets of the oxidation peaks overlap, and the oxidation rate of
methanol adsorbate is independent of the coverage of methanol adsorbate (zero order
with respect to adsorbate coverage in agreement with ref. [20]).

In order to determine the relative coverage of methanol adsorbate (% ¢o) to the sur-
face concentration of Pt atoms, the ion current in the MSCV of CO, for the oxidation of

methanol adsorbate was integrated (Q;**) and 9 co was calculated according to:

N
80 =Neof (1)

Here Nco is the number of adsorbed CO from methanol at Pt surface, and Ny
represents the number of surface sites as determined from adsorbed hydrogen in the cha-

racteristic CV in supporting electrolyte according to equation 12.

Qu

N, =
" z.F

(12)

Where Q,, is the integrated charge of adsorbed hydrogen atoms at Pt surface. It is deter-

mined by comparing the integrated charge of hydrogen desorption region between 0.05
and 0.4 V (the potential at the beginning of the double layer region) during the potential
sweep in the supporting electrolyte [21, 22], and z is the number of electron exchange per
H-atom.

The surface coverage with methanol adsorbate for 0.1 M and 0.2 M methanol after
potential step experiments at different step potentials and at different flow rates are
shown in table 3-2. It is observed that the coverage of methanol adsorbate somewhat in-
creases with the increase of methanol concentration and decreases with the increase of
adsorption potentials from 0.6 to 0.8 V due to the increased rate of adsorbate oxidation
during potential step experiments. & co is independent of electrolyte flow rate. Formation
of adsorbed CO from intermediates (formaldehyde and formic acid) is therefore negligi-
ble. If it were not, more adsorbed CO would be formed at lower flow rates due to large

residence times.
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3.2.2.4 Potential hold experiments
In order to compare the degree of poisoning and the reaction rate during potential
sweep with that of the potential step experiments, the potential sweep was stopped at 0.7

V and held the potential constant for 100 s as shown in Fig. 3-7.

0.0

o 20 4 6 8 100 120
time /s

Figure 3-7: Simultaneously recorded transients of faradaic current and ion currents m/z =
44 and m/z = 60 on smooth Pt(pc) in 0.1 M methanol (solid) and 0.2 M methanol
(dashed) + 0.5 M H,SOy solution at potential hold at 0.7 V for 100 s during the positive
going sweep. Electrolyte flow rate: 5 pL s Inset: The potential program for potential

hold experiment and electrooxidation of adsorbed methanol.
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Currents and ion currents stayed constant during this period (after double layer charg-
ing), contrary to the above potential step experiments. Then, the potential was stepped to
50 mV, and after the electrolyte exchange the coverage with CO was determined by a
potential sweep as after the potential step experiments described above and as shown in
Fig. 3-8. Astonishingly, the CO coverage is lower by one fifth although the lower current
suggests a higher degree of poisoning. The difference in the currents closely reflects the
difference between the first and subsequent sweeps in cyclic voltammetry. A possible
origin could be a different amount of adsorbed formate, which also might inhibit the reac-
tion to some degree [23-25]. Although this might well explain the different currents in the
potential step and potential hold experiment, it does not explain the difference in the first
and subsequent potential sweeps, because no formate is adsorbed in the hydrogen region
[23]. As another possibility one would have to discuss different states of the adsorbed
CO, such as islands of closely packed CO with CO-free parts on the surface versus a ho-
mogenous distribution of the adsorbed CO molecules. Such different states of adsorbed
CO are supposed to be formed when sub-monolayer amounts of CO are adsorbed at dif-
ferent potentials [26, 27]. It is also known that adsorbed CO formed from methanol is not
identical to an adsorbate layer of the same coverage formed from CO adsorption [28-30].
Such an effect might also cause the decrease of the current in the potential step experi-
ments. As mentioned above, this decay with time is much more pronounced at 0.8 V than
at 0.6 V. Therefore, an increasing degree of CO poisoning is unlikely to be the cause,

because CO poisoning is slower at low potentials [20, 31].
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Figure 3-8: CVs and MSCVs of m/z = 44 (CO,) during electrooxidation of methanol ad-
sorbate on Pt(pc) in 0.5 M H,SOy4 solution at 0.7 V and at 5 uL s™'. Scan rate: 10 mV s™.
Methanol adsorbed from 0.2 M methanol + 0.5 M H,SO, (—) potential step for 100 s and
(-----) potential hold.

3.2.2.5 Effect of supporting electrolyte

Because methanol oxidation is a surface sensitive reaction, it is generally believed
that strongly adsorbed anions can inhibit methanol oxidation by blocking surface sites.
Sulfate/bisulfate anions are more strongly adsorbed at Pt surfaces than perchlorate, their
thus affect methanol adsorption and its oxidation rate. Fig. 3-9 shows the CV and corres-
ponding MSCVs of CO; and methylformate during the electrooxidation of 0.1 M CH3;OH
on smooth Pt(pc) in a mixture of 0.5 M HCIO4 + 0.1 M H,SOy4 solution as a supporting
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electrolyte. The reason behind using perchloric acid is to reduce the specific adsorption

without decreasing the conductivity of the electrolyte.
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Figure 3-10: Simultaneously recorded CV and MSCVs for m/z = 44 (CO,) and m/z = 60
(HCOOCH3) during the electrooxidation of bulk methanol at smooth Pt(pc) in 0.1 M me-
thanol + 0.5 M HCIO4 + 0.1 M H,SOy solution. Scan rate: 10 mV s™'. Electrolyte flow
rate: 1.6 pL s™'. 3 cycles are shown. Inset: Expanded view of faradaic current in the

Hag/Hges region.
In the second CV, the onset potential of methanol oxidation and the faradaic and ionic

peak currents are similar to that in Fig. 3-3A. The average current efficiency for CO, in

0.1 M H,SO4+ 0.5 M HCIOy4 is 20% lower than that in pure 0.5 M H,SOj4 solution as
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summarized in table 3-4. For methylformate the current efficiency is the same as in 0.5 M
H,SO4.

During the electrooxidation of 0.2 M methanol at Pt/C in different sulphuric acid con-
centration, Wang et al. [5] observed a slight increase in the peak current with increasing
concentration of sulphuric acid from 0.1 to 0.5 M. The average current efficiencies with
respect to CO; and methylformate were slightly changed. As the sulphuric acid concen-
tration was increased to 2 M, the catalytic activity for methanol oxidation significantly
suppressed as well as the current efficiencies. However, Schell and Kumara Swamy re-
ported that the rate of methanol and formic acid oxidation was substantially increased by
replacing a small amount of the supporting electrolyte (perchloric acid) with either sulfur-
ic acid or tetrafluoroboric acid [32, 33].

In this work, however, decreasing the sulfuric acid / sulfate concentration from 0.5 M

to 0.1 M had hardly any influence.

Table 3-4: The current efficiencies with respect to CO, and methylformate during the
electrooxidation of 0.1 M methanol in 0.1 M H,SO4+ 0.5 M HCIO4 on Pt(pc) at flow rate
1.6 and 5 pL/s.

CV No. 1.6 pL s S5pLs’
Ays Ago Ay Ago
la 33.5 0.58 32.4 1.2
2a 27 0.67 28.2 1.5
Ic 24 0.5 25 0.94
2c 26 0.6 26.8 0.96

3.2.2.6 Discussions of methanol oxidation at Pt(pc)

The current efficiency for methylformate of about 1 % is similar to the value recently
reported by Wang et al. [5] for carbon supported Pt nanoparticles. As demonstrated by
the low rate constant determined here in this work, its origin is not a reaction between

methanol and the product formic acid as is usually assumed [12, 18, 34-38]. The time
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constant for methylformate formation from the reaction between the formic acid and me-
thanol (=~ 40 h at 0.1 mol L™ methanol) is many orders of magnitude longer than the time
constant of dual-thin layer flow through cell (5 s at 1.6 pL s™). Rather, it is directly
formed during oxidation of methanol at the surface. Both the indirect pathway via ad-

sorbed CO and the direct pathway involve dehydrogenation of the methanol molecule.
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Figure 3-10: The mechanism of methanol oxidation and methylformate formation.

Formation of formic acid at some stage involves the nucleophilic attack of a water
molecule to introduce a second oxygen atom into the molecule. This could happen at the
stage 6 of the reaction path (Fig. 3-10). However, the nucleophilic power of the oxygen in
methanol is larger than that of water, and therefore it is probable that the nucleophilic
attack is by another methanol molecule instead of water. This methanol molecule might
well be physisorbed or weakly chemisorbed (possibly also a methoxy species).

At the onset of methanol oxidation, the current efficiency for CO, is smaller than that
at higher potentials. This is accompanied by the opposite potential dependence of the
current efficiency for methylformate, as shown by both potential step experiments and the
comparison of the ion currents for CO, and methylformate. Since methylformate ac-
counts only for 1 to 3 % of the current, it is obvious that most of the dissolved interme-
diates is formaldehyde or formic acid. The situation changes most likely for higher me-
thanol concentrations: Extrapolating the estimated reaction orders to higher concentra-
tions, the current efficiencies of 10 to 20 % for a 1 M concentration of methanol is ex-

pected. (Note that methylformate itself is not electrochemically reactive and the first step
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before oxidation is hydrolysis to formic acid and methanol [39, 40]). If the nucleophilic
attack to the dehydrogenated methanol molecule is by a water molecule or methanol mo-
lecule from solution, the ratio of methylformate to formic acid among the products should
only be given by the ratio of the nucleophilic power, and the potential dependence of
their formation should be identical. This is supported by the opposing potential depen-
dence of the current efficiency for methylformate and CO,. Here, an unknown factor,
however, is the amount of formaldehyde formed. If adsorbed species (methoxy and hy-
droxide) are involved in the nucleophilic attack, the situation is more complicated.

The low current efficiency for CO; at the onset potentials of oxidation shows that the
indirect oxidation path is limited by the oxidation of adsorbed CO. Both the adsorbate
oxidation experiments and the coverage data show that at 0.6 V the surface is largely
covered by CO. Formation of dissolved intermediates is less affected by this catalyst
blockage than formation and oxidation of CO. Seidel et al. [19] determined the current
efficiencies as a function of flow rate and, contrary to the previous measurements of Bal-
truschat group [3, 14], found a slight decrease of the current efficiency for CO, for flow
rates between 1 and 30 pL s”'. They interpreted this decrease as being due to formation,
desorption and subsequent re-adsorption of intermediates such as formaldehyde and for-
mic acid. This model is identical to Baltruschat model used to explain the high current
efficiencies at rough, porous or carbon supported Pt [17]. My measurements presented
here, however, confirm the previous result of [3, 14] that such a flow rate dependence is
negligible at smooth Pt. In particular, the CO coverage data confirm that re-adsorption is
negligible in this case, i.e. at smooth Pt. At rough electrodes, however, a flow rate depen-

dence of the CO coverage can be expected.

3.2.3 Electrooxidation at Pt single crystal electrodes
3.2.3.1 Electrooxidation of adsorbed CO
Effect of step density

Two different regions can be distinguished in the voltammetric profiles associated
with hydrogen and (bi)sulfate adsorption/desorption for Pt(332) and Pt(331) electrodes in
0.1 M H,SO4 + 0.5 M HCIO4 as shown in Fig. 3-11. For platinum stepped single crystals,
the Pt(s)[n(111)x(111)] equivalent to [(n-1)(111)x(110)] surfaces are composed of (n—1)
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atoms wide terraces with (111) orientation, separated by monoatomic steps with (110)
orientation.

In the potential range between 50 and 350 mV, in the hydrogen adsorption region, the
sharp peak at 100 mV corresponds to hydrogen adsorption/desorption at the step sites,
whereas adsorption on the terrace sites gives a broad and featureless signal between 50
and 350 mV. The characteristic signals in the potential range between 350 and 850 mV is

related to the adsorption of anions ((bi)sulfate) at the terrace sites [41, 42].
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Figure 3-11: CVs of the clean Pt(332) and Pt(331) surfaces in 0.5 M HCIO4 + 0.1 M
H,SO,. Scan rate: 50 mV st

After its transfer to DEMS cell, the Pt single crystal electrode was cleaned by adsorp-
tion and subsequent electrooxidation of CO. The CVs and MSCVs for the electrooxida-
tion of CO,q at Pt(332), Pt(331) and the limiting case Pt(111) are shown in Fig. 3-12. The
onset potential for CO adlayer oxidation shifts to less positive potentials at the higher step
density surface. Whereas the difference between the onset potentials of the pre-peak for
Pt(331) and Pt(111) is 250 mV, the potential difference for the main peak is 100 mV. The

effect of promoting the oxidation of CO,q in presence of step sites has been explained by
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the more favorable formation of oxygen-containing species at the step sites as compared

to the terrace sites [36, 43, 44].
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Figure 3-12: Simultaneously recorded CVs and MSCVs for m/z = 44 (CO;) during the
electrooxidation of adsorbed CO layer on Pt(111) (solid line), Pt(332) (dashed line) and
Pt(331) (dotted line) in 0.1 M H,SO4 + 0.5 M HCIOy solution. Scan rate: 10 mV s, Elec-
trolyte flow rate: 5 pL s™.

Effect of Ru coverage

Figure 2-5 represents typical CVs of Pt(331) and Pt(332) in 0.1 M H,SO4 + 0.5 M
HCIO;4 solution before and after Ru deposition as described in the experimental section
(chapter 2). Ru deposition leads to partial suppression of hydrogen adsorption at the step
sites (sharp peak at 100 mV), whereas the broad feature between 0.05 and 0.35 V, which

is due to hydrogen adsorption at terraces sites, is not much influenced. This is in agree-
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ment with step decoration in accordance with references [42, 45, 46]. The high current in

the range of 350-800 mV is due to the hyroxide adsorption at Ru atoms.
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Figure 3-13: Electrooxidation of the pre-adsorbed CO on Ru free and Ru decorated the
step sites of Pt single crystals with different coverage in 0.1 M H,SO4 + 0.5 M HCIO; at
10mV s and 5 pL s a) Pt(332) and b) Pt(331).

The CVs and corresponding MSCVs of CO,q4 oxidation at Ru-free and Ru-decorated
step sites of Pt(332) (a) and Pt(331) (b) are shown in Fig. 3-13. The CV for CO,q oxida-
tion at Ru-free Pt(332) shows that the pre-peak of adsorbed CO oxidation starts at 0.4 V
with a symmetric main peak at 0.66 V. At the Ru-modified Pt(332), there are two peaks
present at low potential, one at 0.45 V and the other one at 0.57 V. With increasing the
step density of the Pt surface, at Ru free Pt(331), the pre-peak of CO adlayer oxidation
starts at 0.2 V and the main peak present at 0.63 V. At Ru-half coverage of the step sites
of Pt(331), the main peak is shifted to lower potential (0.43 V) with a new peak (or
shoulder) appearing at 0.5 V. Thus, it overlaps with the pre-peak. All of these results are
in agreement with previous work at Pt(665) [31, 45, 46].
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L i

Reaction coordinate

Figure 3-14: Influence of Ru step decoration on adsorption enthalpy of CO with respect
to the reaction coordinate (schematically). (blue) Ru-decorated step; (black) Ru-free

surface [46].

Baltruschat and co-workers attributed the separate oxidation of CO,q4 in two oxidation
peaks at Pt(665) and Pt(332) (fac) to a different enthalpy of adsorption sites. The adsorp-
tion enthalpy of Pt atoms adjacent to Ru is increased owing to the electronic effect lead-
ing to a destabilization and this influence is extended over at least four rows of atoms. 1/3
of the terrace sites of Pt(665) are not influenced by this effect and diffusion of CO from
these to the step sites is slow due to the higher adsorption enthalpy at those sites, cf. Fig.
3-14. Therefore, the two different oxidation peaks are due to the oxidation of adsorbed
CO at different adsorption sites relative to Ru atoms on Pt surface. The first peak is due
to the oxidation of CO,q molecules which are directly influenced by Ru. The second peak
present at higher oxidation potential is due to the electrooxidation of CO,q at terraces far
away from the Ru atoms which decorate the step sites but still the potential of this peak is

lower than at the Ru-free surface due to the bifunctional effect.

3.2.3.2 Electrooxidation of bulk methanol at Pt(331)
Effect of surface structure

After the electrooxidation of CO,q (experiment shown in Fig. 3-12), the potential was
held at 50 mV and the supporting electrolyte was changed with the methanol containing
solution. Fig. 3-15a shows the CV and MSCV of m/z = 44 for the electrooxidation of
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0.01 M methanol at smooth Pt(331) in 0.1 M H,SO4 + 0.5 M HCIOy4 solution. In the first
anodic sweep, the hydrogen desorption peak is not completely suppressed because the
adsorption of methanol at the Pt surface does not take place at 50 mV. During the positive
going sweep, one anodic oxidation peak is observed at 0.75 V with an onset potential at
0.42 V. During the negative going sweep, there is an oxidation peak at 0.63 V. The simul-
taneously recorded ionic current for m/z = 44 shows the anodic peak at 0.83 V and the
cathodic peak at 0.56 V, these shifts in the ionic peak potentials with respect to those of
the CV are due to the delay time in dual thin layer flow through cell (=5 s at 1.6 uL s™).
Whereas the current efficiency with respect to CO, is 29 % for the electrooxidation of
0.01 M methanol at smooth Pt(331), this methanol concentration is not sufficient to pro-

duce a detectable amount of methylformate.

00 02 04 06 08 10 12 14 16

E/Vvs. RHE E/Vvs. RHE
Figure 3-15: Simultaneously recorded CV and MSCV m/z = 44 on (a) smooth Pt(331) (b)
roughened Pt(331) in 0.01 M methanol + 0.5 M HCIO4 + 0.1 M H,SO4 solution. Scan

rate: 10 mV s™. Electrolyte flow rate: 1.6 uL s™'. 3 cycles are shown.

80



Chapter 3: Electrooxidation of methanol and mechanism of methylformate formation

Three potential cycles with an upper limit of 0.85 V were followed by another three
cycles with an upper limit of 1.5 V. The last 3 cycles and corresponding MSCV of m/z =
44 for the electrooxidation of 0.01 M methanol are shown in Fig. 3-15b. The first cycle of
this series starts with a smooth surface, while during the next ones, the surface was
roughened.

The onset potential for methanol oxidation at Pt (331) is 0.42 V in the positive going
sweep followed by two anodic oxidation peaks. The first one is at 0.75 V and the second
anodic oxidation peak is parallel to oxygen adsorption region. During the negative going
sweep after oxygen reduction, there is an oxidation peak at 0.63 V. After the anodic po-
tential sweep to 1.5 V (roughened surface), both faradaic and ionic currents in the second
CV are higher than the smooth surface (1** CV) by 25 %. The current efficiency still is in
the range of 27%, so the roughened Pt(331) has a higher catalytic activity towards metha-
nol oxidation than smooth surface due to more defects induced during the sweep to the

upper potential limit.

Effect of Ru coverage

The effect of Ru decorating the Pt(331) (half and complete coverage of the step sites)
on the electrooxidation of methanol was studied as shown in Fig. 3-16a. As the Ru cover-
age increases, the catalytic activity of Pt(331) towards methanol oxidation decreases due
to the blocking of the step sites by Ru. This means that the free step sites are most impor-
tant for methanol adsorption and oxidation. In addition, the Ru modified Pt(331) has a 1.5
atoms wide terrace. That is not sufficient for the steps of methanol adsorption and further
oxidation. Markovic et al. found that the methanol adsorption/dehydrogenation occurs on
three-fold Pt atoms [47, 48]. Recently, Cuesta reported that an atomic ensemble of at least
three contiguous Pt atoms is required for the decomposition of methanol to yield ad-
sorbed CO on Pt(111) surfaces [49]. Extending this concept to Ru decorated Pt(331) sur-
face, the number of free Pt atoms at steps and terraces is not enough for the formation of
COyq and their further oxidation to CO,. For half coverage of the step sites of Pt(331)
with Ru, the current efficiency with respect to CO, is half of that of the free Pt(331) (Au4
at Ru-free surface is 25% and at Ru decorated the step sites is 14%). This is in contradic-

tion to the effect of Ru at Pt(pc) on methanol oxidation, where the faradaic current de-
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creases with increasing Ru coverage and the current efficiency reaches its maximum val-
ue at Og, = 0.4 and then hardly decreases with increasing the Ru coverage [6]. Therefore,
the formation of soluble intermediates (HCHO and HCOOH) dominates over CO, forma-

tion as shown in reaction pathways scheme (Fig. 3-17).
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Figure 3-16: Electrooxidation of 10® M methanol at (a) smooth and (b) roughened
Pt(331) with different Ru coverage in 0.1 M H,SO4 + 0.5 M HCIO4 at 10 mV s and flow
rate 5 uL s

In conclusion, methanol dissociation to CO,q on half or completely Ru decorated step
sites of Pt(331) surface is likely inhibited due to lack of adsorption sites. Methanol oxida-
tion via adsorbed CO becomes slow, relative to methanol oxidation via soluble interme-
diates that can occur on the ensembles of less than three adjacent Pt atoms. Thus, the rds
changes from the oxidative removal of CO,q to formation of CO,q4. As a result, this leads
to a decrease in both of the faradaic current and the current efficiency of CO, formation.

By dissolving some Ru atoms by sweeping the potential anodically to 1.5 V to form
Ru sub-monolayer at the step sites of Pt(331), the onset oxidation potential shifted to less

positive and both the faradaic and ionic currents increase (cf. Fig. 3-16b). Wang et al.
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found that the catalytic activity of PtRu/C electrodes can be further enhanced by partial

dissolution of surface Ru atoms to create a Pt-rich surface [5].

2H" + 2e
CO,, +4H" + 4e
CH,OH &
Non-CO pathway
H,0 6H + 6e

H,0 2H" + 2¢

S corar +ae
CH:;_OH_- COQ
r; Non-CO pathway

H,O 6H + 6e

Figure 3-17: Dependence of methanol oxidation pathways at Pt(111) on atomic ensemble.

Reprinted from ref. [49]

3.3 Conclusions

Electrooxidation of methanol proceed via dual pathway mechanism, the formation of
soluble intermediates such as formaldehyde and formic acid is considered as the direct
pathway, while the decomposition of methanol to adsorbed CO is referred to as indirect
pathway. Methylformate is one of the volatile products formed during the electrooxida-
tion of methanol at Pt surface. In all published articles assumed that, the detection of me-
thylformate is an indirect way to calculate the amount of formic acid produced during the
oxidation reaction.

In the present thesis, the simple kinetics of methanol esterification with formic acid
and methylformate hydrolysis in acid media is monitored by mass spectrometry. The time
constant for methylformate formation (pseudo first order) from the reaction between the
formic acid and methanol was determined to be ~ 40 h (for 0.1 mol L™' methanol). This
time constant is many orders of magnitude longer than the time constant of the dual-thin

layer flow through cell (5 s at a flow rate of 1.6 pL s™).
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During the electrooxidation of 0.1 M methanol at polycrystalline Pt, the current effi-
ciency with respect to methylformate is about 1 % at low electrolyte flow rate; most of
the dissolved intermediate is HCHO and HCOOH. As demonstrated by the low rate con-
stant determined here in this work, its origin is not a reaction between methanol and the
product formic acid as is usually assumed [12, 18, 34-38]. Rather, it is directly formed
during oxidation of methanol at the electrode surface, not in the solution phase as be-
lieved before.

In agreement with previous results of Baltruschat group for methanol oxidation at Pt
surface, the current efficiency with respect to CO; is independent of the electrolyte flow
rate; also the surface coverage with CO,q does not depend on convection. These results
confirm the parallel pathway mechanism.

At Pt stepped single crystals vicinal to the (111) plane (Pt(111), Pt(332) and Pt(331)),
the step sites accelerate the electrooxidation of CO adlayer. The Ru decorated Pt stepped
surfaces promotes the electrooxidation of CO,q4 according to electronic and bifunctional
mechanisms. Whereas the complete coverage of the step sites with Ru has an inhibiting
effect for methanol oxidation due to the blockage of the most active sites, i.e. the free step

sites are necessary to the first step of methanol adsorption and oxidation.
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Chapter 4: Electrooxidation of ethanol

4.1 Introduction

For fuel cell application, ethanol is a more attractive fuel than hydrogen and methanol
because it is produced in a high quantity from biomass, easier to handle than hydrogen,
less toxic than methanol and it has a high mass energy density. In all the papers cited in
chapter 1 (section 1.5.4), in particular those on the effect of monoatomic steps, high con-
centrations of ethanol and a stagnant electrolyte were used. Whereas such conditions ap-
ply to practical conditions, this may lead to complications in the interpretation, when one
is interested in the main fundamental questions: slow follow up reactions cannot be sepa-
rated from the initial process, and poison formation becomes more important at high con-
centrations. In this chapter, the catalytic activity of Pt stepped single crystals and poly-
crystalline platinum towards ethanol oxidation (10 mM) was studied under controlled
convection similar to practical conditions. DEMS was used for a semi-quantitative analy-
sis of the volatile products formed during the electrochemical reaction and for an estimate
of the current efficiency. Also the effect of Ru decorating the Pt step sites on ethanol oxi-

dation was investigated.
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4.2 Results and discussion

4.2.1 Electrooxidation of bulk ethanol on Pt(Pc)
4.2.1.1 Effect of supporting electrolyte

304 miz =44

1,/ PA

L/ PA

00 02 04 06 08 10 12 14
E/Vvs. RHE E/Vvs. RHE

Figure 4-1: Simultaneously recorded CV (a) and MSCV for m/z = 44 (b) and m/z =29 (c)

during the electrooxidation of bulk ethanol on smooth polycrystalline platinum in (I) 0.01
M ethanol + 0.1 M H,SO4 + 0.5 M HCIO4 solution and (IT) 0.01 M ethanol + 0.5 M
H,S0, solution. Scan rate: 10 mV s™'. Electrolyte flow rate: 5 uL s™. 3 cycles are shown.
Dashed line: CV in supporting electrolyte. Inset: Expanded view of faradaic current in the

Hags/Hges Tegion.

Figure 4-1 shows the cyclic voltammograms for the electrooxidation of 0.01 M etha-
nol on polycrystalline platinum and the corresponding mass spectrometric cyclic vol-
tammograms (MSCV) for m/z = 44 (CH3CHO + CO,) and m/z = 29 (acetaldehyde) at

flow rate 5 pL s. In the first anodic sweep in the cyclic voltammogram (Inset of Fig. 4-
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la), the faradaic current starts to increase at 100 mV with a peak at 250 mV. The height
of this peak is higher than that of hydrogen desorption peak in supporting electrolyte and
the corresponding ionic current is not observed. This current may be due to the adsorption
of ethanol on Pt surface in that potential range or due to the overlapping between the hy-
drogen desorption and ethanol adsorpate currents. The onset of the oxidation at about 300
mV is followed by two peaks at 0.65 V and 0.8 V and a third anodic peak in the oxygen
region at 1.3 V [1, 2]. During the cathodic sweep, an oxidation peak is present at 0.6 V
after the complete desorption of oxygen from the Pt surface.

In the second sweep the hydrogen desorption peak is suppressed due to the blocking
of Pt-surface by the adsorbed intermediates formed in the preceding cathodic sweep. The
first anodic peak is also decreased because of these adsorbates, which are only oxidized at
higher potentials.

Figure 4-1.1(b and ¢) show the mass spectrometric cyclic voltammetry of ionic signals
of m/z = 44 and m/z = 29. The shape of the ionic signal for mass 29 is similar to the fara-
daic current for both the first and subsequent sweeps. This means that the current effi-
ciencies for the production of acetaldehyde during ethanol oxidation at polycrystalline Pt
is independent of the applied potential and it is produced over the whole potential range.
Also, the ionic signal of mass 44 follows the ionic signal of mass 29 in the third anodic
peak. However, at the first faradaic peak at 0.6 V, both the faradaic current and the ionic
peak of mass 29 are lower than that in the second peak at 0.8 V, whereas, the ionic peak
of mass 44 is higher. At 0.8 V the ion current for m/z = 44 is that expected for the mole-
cular peak of acetaldehyde (I44 = 55% of I,y as shown in acetaldehyde spectrum in Fig. 4-
2). However, at 0.6 V, the ion current of m/z = 44 obviously is higher, and a part of this
current is due to the formation of CO,. Thus, the main product at 0.8 V is acetaldehyde,
but at 0.6 V there is some amount of CO, produced from the oxidation of adsorbed spe-

cies like COyq resulting from the breaking of C—C bond at low potential (E < 0.5 V) [3].
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200

150+

50

Figure 4-2: Mass spectrum of the acetaldehyde in DEMS under experimental conditions.

In order to study the effect of the supporting electrolyte, the electrooxidation of 0.01
M ethanol was performed at polycrystalline Pt in 0.5 M H,SO4 (Fig. 4-1.11) under the
same conditions as Fig. 4-1.1. The general behaviour of CV and MSCVs of masses 44
and 29 are typical to that in perchloric acid and sulphuric acid electrolyte but the faradaic
and ionic currents are two-fold lower than that in Fig. 4-1.1.

The reduction in the Pt activity towards ethanol electrooxidation in the presence of
high concentration of sulphuric acid is due to the specific adsorption of sulfate and bisul-
fate at the Pt surface. The inhibition effect of sulfate was investigated at basal plane Pt
using FTIR by Iwasita et al. [4]. They concluded that sulfate has an ability to attain the
maximum coordination. Sulfate has a triple coordination at Pt(111) and double coordina-

tion at Pt(100) and Pt(110).

4.2.1.2 Electrooxidation of deuterated ethanol

In order to better distinguish between CO, and fragments of acetaldehyde, d¢-ethanol
was used. The most abundant fragment of ds-acetaldehyde is then CDO at m/z = 30. On
m/z = 44 there is a contribution of C,D,0 which should have an intensity of 7% of that of
the m/z = 30 signal. (C,H,O has an abundance of 7% of the m/z = 29 signal in the case of
hy-acetaldehyde).

Figure 4-3 shows the CV and MSCV of mass 44 (C,D,0 + CO;) and m/z =30 (CDO
of ds-acetaldehyde) for the electrooxidation of d¢-ethanol on polycrystalline Pt at flow
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rate 5 uL s™. The CV is similar to that of Fig. 4-1a, but all currents are nearly two times
lower than that of normal ethanol due to the kinetic isotope effect.

The shape of ionic signals for m/z = 30 is similar to that for m/z = 29 in Fig. 4-1. In
the anodic sweep, the ion current for m/z = 44, however, is drastically decreased at 0.6 V

and only shows a peak at 0.8 V.

0.06

E /V vs. RHE

Figure 4-3: Simultaneously recorded CV (a) and MSCV for m/z = 44 (b) and m/z =30 (c)
during the electrooxidation of bulk de-ethanol on smooth polycrystalline platinum in
0.01M dg-ethanol + 0.1 M H,SO4 + 0.5 M HCIOj solution. Scan rate: 10 mV s™'. Electro-

lyte flow rate: 5 uL s™. 3 cycles are shown.
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Table 4-1: The current efficiencies with respect to CO, during the electrooxidation of
bulk dg¢-ethanol on smooth polycrystalline platinum in 0.01 M dg-ethanol + 0.1 M H,SOy4
+0.5M HCIOj solution at different flow rate and peak potential. Scan rate 10 mV s™.

u /pL | Epea/ V vs. 1% cycle ond cycle
5! RHE e/ | T/ [ As% | A% | Te/ | A% | Lis/ | As%
mA PA mA PA

1.6 0.6 0.023 | 0.78 114 |0 0.018 | 139 1.5 4
0.8° 0.016 | 1.6 130 |4 0.019 | 114 |35 15
1.3° 0.016 |1 111 0 0.016 | 119 1.3 8
0.62° 0.045 |23 134 |0 0.045 | 131 3.2 0

5 0.6 0.024 | 1.5 230 1 0.021 | 263 1.8 5
0.8° 0.018 | 1.6 270 | 4 0.022 (250 |3 13
1.3° 0.017 | 1.4 237 |5 0.017 214 |13 6
0.62° 0.051 | 3.1 283 |0 0.053 [ 247 |3.1 0

a: anodic c: cathodic

In the oxidation peak during the cathodic sweep, the ion current for m/z = 44 is 7% of
that for m/z = 30 and thus results from acetaldehyde. In the first anodic sweep, the ion
current for m/z = 44 is 10% of that for m/z = 30, in the subsequent sweeps even 20% at
0.8 V. The higher ionic current of m/z = 44 in the second and third sweep as compared to
that in the first sweep above 0.7 V is due to the oxidation of adsorbed intermediate which
were formed in the previous sweeps. The summary of these results in Table 4-1 shows
that current efficiencies for CO, are negligible in the first sweep; higher efficiencies in

the second sweep are due to these adsorbed intermediates.

4.2.1.3 Potential hold experiments

These experiments were done to determine exactly the current efficiency of acetalde-
hyde formed during oxidation of ethanol in order to circumvent the problem of the dual
thin layer flow through cell. In the potential hold experiments, first the potential was
swept in positive direction starting from 50 mV and the potential was held at E; for 2

min, then the potential was swept again in negative and positive direction to oxidize the
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formed adsorbates, then it was held again at E; > E; for 2 min. This procedure was re-
peated in the potential hold range of 0.3 to 0.9 V as shown in Fig. 4-4. The faradaic and
ionic currents did not decrease with time due to the higher degree of poisoning formed

during the previous CVs.

E — 2MiN e

E/V vs. RHE

0 2 4 time/s

Figure 4-4: The potential program for potential hold experiments.

Approximate calibration for acetaldehyde was achieved using different concentrations
of acetaldehyde solutions in the range of 0.1 mM to 5 mM and monitored the ionic signal
of masses 15, 29 and 44 for each concentration for different flow rates. The ion currents
were plotted vs. the acetaldehyde concentration. The slope of the linear relationship is the
calibration constant (°Ky9) which includes all the DEMS parameters.

L= °Ky9 [Acetaldehyde] (1)

A double logarithmic plot showed that the slope (°Ky9) depends on the electrolyte flow
rate (u) according to °Kygoc u’? suggesting diffusion limitation to the Teflon membrane
[5].

The faradaic current is given by the sum of the oxidation current to the various product

species.

_1C0o, ald acac
o= 15% + 129 412 ()
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The current efficiency of CO, was calculated as shown before in chapter 3 and for

acetaldehyde (A29%) was calculated according to equation 1 and the following equations:

I
12 = (-2-)zFu 3
F=( Kzg) 3)
|29
F

Ay = 4)

IF

Here, u is the flow rate in L s and F is the faradaic constant in C mol
The apparent current efficiencies of acetaldehyde are similar to those calculated in

potential step experiments (next section) at 1.6 and 5 pL s™' as shown in Table 4-2.

Table 4-2: The current efficiency with respect to acetaldehyde during the electrooxidation

of ethanol at different flow rate in potential hold experiments.

1.6 uL s 5uL s’
Ehoia/ V vs. RHE (0.5 M H,SOy4) (0.5 M H,SO4 + 0.5 M HCIOy)
Is/ mA A% Is/ mA A%
0.5 0.0045 120 0.0117 n.d.
0.6 0.019 112 0.0237 310
0.7 0.0283 122 0.032 296
0.8 0.0227 111 0.0275 269
0.9 0.00855 108 n.d. n.d.

4.2.1.4 Potential step experiments

Figure 4-5 shows a typical potential step experiment for ds¢-ethanol at smooth poly-
crystalline platinum in 0.01 M dg-ethanol + 0.1 M H,SO4 + 0.5 M HCIOj4 solution. The
potential was stepped from 0.05 to 0.7 V and the faradaic current and the corresponding
mass spectrometric currents of m/z = 30 (acetaldehyde-CDO) and m/z = 44 (C,D,0 +
CO;) were simultaneously recorded.

The apparent current efficiencies for acetaldehyde and CO, which were formed dur-
ing the potential step experiments at different applied potentials and two different flow

rates are presented in Table 4-3. Again, in the cyclic voltammetry experiments, the ion
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current for m/z = 44 is approximately 7% of that for m/z = 30, and therefore due to the
acetaldehyde fragment, the corrected current efficiency for CO; is in the range of 1% and
therefore does not exceed the error which originates from noise and the necessity to cor-

rect for the contribution of acetaldehyde on m/z = 44.

0.10

m/z =44

T +
m/z =30

20 0 20 40 60 80 100 120
t/s

Figure 4-5: Simultaneously recorded faradaic current and ionic current for m/z = 44 and
m/z = 30 during potential step experiment at 0.7 V for ds-ethanol on smooth polycrystal-
line Pt in 0.01 M dg-ethanol + 0.1 M H,SO4 + 0.5 M HCIOy4 solution. Electrolyte flow
rate: 5 uL s

The apparent current efficiencies for acetaldehyde are all larger than the maximum
possible value of 100%. These too high values are due to the incomplete mixing between

the first thin layer compartment and the detection compartment [5]. A volume element of
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the electrolyte which is close to electrode in the first compartment and therefore contain-
ing a high acetaldehyde concentration will be closest to the Teflon membrane in the de-
tection compartment. Calibration, however, is done with a solution in which the concen-
tration is identical everywhere at the entrance of the detection compartment. Correspon-
dingly the apparent current efficiency increases with flow rate due to the smaller resi-

dence time of the electrolyte in the capillaries.

Table 4-3: The apparent current efficiencies for CO, and acetaldehyde during the poten-
tial step experiment of bulk 0.01 M ds-ethanol and 0.01 M he-ethanol on smooth poly-
crystalline platinum in 0.1 M H,SO4 + 0.5 M HCIlOy solution at different flow rate and

adsorption potential.

CD;CD,0D CH;CH,OH

u/pLs! E.q/V vs. RHE A% A% A% A%
1.6 0.6 0 120 0 113
0.7 0.2 70 0 104
0.8 0.5 116 0 103
5 0.6 0 245 0 260
0.7 0 250 0 236
0.8 0 177 0 250

From the characterization of a dual thin layer cell a flow rate dependant measure-
ments with Fe*"/Fe’”, CO and H, [6], it is roughly expected an ionic current which is too
large by a factor of 1.4 at a flow rate of 1.6 puL s™'; this factor should increase with Vu,
and therefore we expect for a true current efficiency of 100% an apparent current effi-
ciency of = 120% at 1.6 uL s and 250% at 5 puL s, in rough agreement with values of
Table 4-3. (This incomplete mixing is not a problem for CO,, because calibration is also
done with CO, formed at the electrode surface, i.e. under condition of incomplete mix-
ing). Therefore, the current efficiency for the formation of acetaldehyde on polycrystal-
line Pt is roughly 100% is concluded, i.e. the amount of acetic acid is negligible under

convective conditions in the flow through cell.
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4.2.2 Ethanol adsorbate species
4.2.2.1 Oxidation of ethanol adsorbate

What are the steady state coverages with adsorbed intermediates? After recording cur-
rent transients such as those shown in Fig. 4-5, during which ethanol was allowed to ad-
sorb at different applied potential of adsorption for two minutes, an electrolyte exchange
with the supporting electrolyte was performed and the potential was swept in positive
direction (Fig. 4-6a). CO; is formed at a potential where usually CO,q is oxidized. In the
experiments of Fig. 4-6b, where deuterated ethanol is used, there are two separated peaks

(Fig. 4-6b); the peak around 0.8 V again is typical for CO,q (a-carbon).

ad (a) C2H50H

00 o.é 0.4\":' ol - o8 10 12 14 16
E/Vvs. RHE

Figure 4-6: The recorded MSCVs for m/z = 44 during the electrooxidation of pre-

adsorbed ethanol (a) and de-ethanol (b) after a potential step experiment at different po-

tential on smooth polycrystalline Pt in 0.1 M H,SO4 + 0.5 M HCIlOj solution. Electrolyte

flow rate: 1.6 uL s,
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At more positive potentials, i.e. in the oxygen region, where typically hydrocarbons
are oxidized, the formation of CO; signifies that the carbon atom from the methyl group
(B-carbon) is only oxidized in this potential region. These data confirm the previous re-
sults of the formation of CHy species as adsorbate [3, 7], which recently also was identi-
fied by SERS on Pt electrodeposited on Au electrodes [8].

Important is the fact, that some of the methyl groups are oxidized to adsorbed CO.
This is probably a slow follow up reaction from CHy to CO, as indicated in the reaction
scheme in Fig. 4-7. Only in the case of deuterated ethanol, the CDy species is not oxi-
dized faster than it is formed (due to the kinetic isotope effect), whereas the oxidation of
CHy species to CO,gq is faster than its formation at the chosen condition.

Therefore, in the case of deuterated ethanol, the steady state coverage with CDy may

well be higher than that of COqq.

ke
kad
CH;CH,OH —— COy + CHx,ad
kCO ) C02

Figure 4-7: Schematic pathways for the oxidation of adsorbed ethanol.

4.2.2.2 Reduction of ethanol adsorbate

The adsorbed methyl group may be reduced to methane in the negative going sweep
or oxidized at higher potential to CO,. Fig. 4-8 shows first the reduction of pre-adsorbed
ethanol at 0.3 V on Pt(332) to methane (m/z = 15) during the negative going sweep to
—0.1 V, implying that the CH species can be reduced to CHj at sufficient negative poten-
tial. On the other hand, the transformation of the rest of CHy species into CO,q takes place

only at potential higher than 0.5 V during the positive going sweep [3, 9].
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2.0

IS

1.0+

I/ PA

0.5+

0.0

1,/ PA

n n 1 n 1 n 1 n
00 02 04 06 08 10 12 14 16
E/V vs. RHE

Figure 4-8: The recorded MSCVs for m/z = 15(methane) and 44(CO,) during the elec-
trooxidation of pre-adsorbed ethanol at 0.3 on Pt(332) in 0.1 M H,SO4 + 0.5 M HCIO4
solution. Electrolyte flow rate: 5 pL s™'. Negative going sweep followed by positive going

sweep.

Figure 4-9 shows the summary of ethanol adsorbate oxidation-reduction pathways
dependence on the applied potential: the adsorption of the ethanol molecule occurs at
potentials as low as 0.5 V and creates two adsorbates: —CH,OH (o—carbon) and —CHj3 (B—
carbon). The o—carbon adsorbate is immediately transformed to CO,qg that is further
oxidize at 0.7 V to carbon dioxide. Whereas the transformation of the f—carbon adsorbate
to CO,q occurs slowly at 0.7 V then oxidize to CO; or directly oxidize to CO; in the
hydrocarbon oxidation region potential. At potential lower than 0.2 V, the B—carbon

adsorbate will be reduced to methane.
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H,C-13CH,OH
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Figure 4-9: The reaction scheme for ethanol adsorbate at Pt surface [3, 9].

4.2.2.3 Coverage of ethanol adsorbate

After the electrooxidation of adsorbed species from ethanol and deuterated ethanol on
polycrystalline platinum, the total coverage of these adsorbed species was determined.
The coverage of adsorbed species is dependent on the flow rate and the adsorbed poten-
tial. The amount of CO,q decreases with increasing potential from 8% to 5% in the case
of he-ethanol (cf. Table 4-4a) and from 5% to 2.5% for de-ethanol and hardly depends on
the flow rate (1.6 and 5 puL s™) (cf. Table 4-4b). This is as expected because the adsorp-
tion potential is in the region of the oxidation peak of CO,4. The amount of CDy, oxidized

above 1 V, is around 10% and not influenced by the adsorption potential.
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Table 4-4a: Influence of adsorption potential and flow rate on the coverage of ethanol at
polycrystalline Pt. Adsorption of ethanol was done in 0.01 M C,HsOH + 0.1 M H,SO4 +
0.5 M HCIOy solution.

Eas/ V 1.6 uLs” 5 uLs™
Ethanol Qcoz / mC 0co Qcoz / mC Oco
0.6 3.5x10® 8.4 2.85x107° 7.3
0.7 2.11x10% 5.1 1.5x10® 3.8
0.8 2x10°8 4.8 1.2x10® 3.1

Table 4-4b: Influence of adsorption potential and flow rate on the coverage of d¢-ethanol
at polycrystalline Pt. Adsorption of dg-ethanol was done in 0.01 M C,DsOD + 0.1 M
H,SO4 + 0.5 M HCI1O4 solution.

1.6 uLs™ 5 uLs’ 1.6 uLs™ 5 uLs’
B/ | (0-1V) (1-1.5V) (1-1.5V)
ds- \4 Qco2/ | Bco | Qco2/ |0co| Qco2/mC | Bco | Qcoz/ | Oco
ethanol mC mC mC

0.6 |23x10° [52 [1.25%x10% 3 [43x10® [9.7 [3.6x10° |9
0.7 [24x10% |23 |7.87x10° |2 |2.8x10° |6.3 |3.7x10° |9
0.8 1.1x10% [ 2.5 | 6.4x10° | 1.6 |3.37x10° | 7.6 |3.93x10% | 9.8

4.2.3 Effect of surface structure

Figure 4-10 shows a comparison of the CVs of the electrooxidation of 0.01 M ethanol
at different Pt-single crystals. It is observed that the Pt(111) surface is catalytically un-
reactive towards ethanol oxidation, but with increasing the step density from 20%
[Pt(332)] to 50% [Pt(331)] the electrocatalytic activity increased as reported before in
literature [10]. It is clear from the CVs that the maximum faradaic current of Pt(331) is
two-fold higher than that of Pt(332) which has a similar activity as the polycrystalline Pt
(cf. Fig. 4-1). In addition, the onset of peak potential of ethanol oxidation shifts towards

less positive potential with increasing the step density of Pt-surfaces. So, the presence of
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free step sites on Pt(111) is very necessary for ethanol adsorption and oxidation processes
at the surfaces.

For Pt(19 1 1) = Pt(s)[10(100)x(111)], the onset oxidation potential is nearly 300 mV
higher than that of Pt(332). Such a higher onset potential as compared to polycrystalline
Pt or surfaces vicinal to the (111) plane has been noted before for the Pt(100) surface and
ascribed to the ability of (100) surface to support the formation of carbon monoxide and

other partial oxidation species as strongly adsorbates [11-13].

0.15 = — Pt(111)
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Figure 4-10: Simultaneously recorded CV (a) and MSCV for m/z = 29 (b) during the
electrooxidation of bulk ethanol on smooth Pt(111), Pt(332), Pt(331) and Pt(19 1 1) in
0.01 M ethanol + 0.1 M H,SOy4 + 0.5 M HCIOj solution. Scan rate: 10 mV s™'. Electrolyte
flow rate: 5 uL s™. First CV is shown. Inset: typical CVs for Pt(111) and Pt(331) in sup-
porting electrolyte in DEMS cell.

104



Chapter 4: Electrooxidation of ethanol

Fig. 4-11 shows the CV and the corresponding MSCVs for m/z = 29 and 44 during
the electrooxidation of ethanol at a Pt(332) electrode.

...... EtOH at smooth Pt(332) @
— EtOH at roughened Pt(332)
<.eneo. TOUghened Pt(332) in supporting electrolyte

IF/mA

1,/ PA

L,/ pA

0.0 0. o 06 o8 10 1z 1% 1is
E/Vvs. RHE

Figure 4-11: Simultaneously recorded CV (a) and MSCV for m/z = 44 (b) and m/z = 29

(c) during the electrooxidation of bulk ethanol on Pt(332) in 0.01 M ethanol + 0.5 M

HCIO,4 + 0.1 M H,SO; solution. Scan rate: 10 mV s™. Electrolyte flow rate: 5 uL s™.

Dashed line: first sweep to 1.5 V, corresponding to the smooth Pt(332), solid line: rough-

ened Pt(332) and dotted line: roughened Pt(332) in supporting electrolyte.

Clearly, the oxidation rate increases after the first extension of the sweep into the
oxygen region due to the introduction of defects into the surface. Whereas the activity of

the smooth Pt(332) comparable to that of the polycrystalline surface, after roughening it
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is twice as high. Differently from the case of the polycrystalline electrode (Fig. 4-1), there
is only one peak in the CV at 0.6 V (where there is only a shoulder at polycrystalline Pt);
the peak at 0.8 V is missing in the CV, but present in the MSCVs. Obviously, at 0.6 V an
oxidation reaction is taking place that does not lead to acetaldehyde. The asymmetric
shape of the current peak at 0.6 V may signify that it contains a small peak at 0.8 V. The
identical shape of the ion currents as well as the value of the ion current ratio signifies
that there is no appreciable formation of CO,. Therefore, the only possible oxidation
product formed at 0.6 V is acetic acid.

Also, the corresponding experiment with deuterated ethanol (Fig. 4-12) which shows
a better distinction of CO, and acetaldehyde does not reveal any features of CO, except
for the first sweep into the oxygen region.

In Fig. 4-12 the ion currents for both m/z = 44 and m/z = 30 closely follow the fara-
daic current with a two-fold increase in the 2™ sweep, i.e. after roughening. However, in
the oxygen region, the ion current for acetaldehyde is lower than one would expect from
the faradaic current, which is twice as large as that at 0.6 V. This points to an additional
formation of acetic acid. The difference to the above result with non deuterated ethanol is
due to the fact that the higher electrolytes flow rate was used there, resulting in a lower
time constant for detection, and also due to the kinetic isotope effect.

Similar experiments with a Pt(111) electrode showed that the activity is negligible in
the first sweep (cf. Fig. 4-13). After several extensions of the potential into the oxygen
region and the corresponding roughening, the shape of the CV and of the MSCVs for m/z
=29 and m/z = 44 were qualitatively similar to that of Fig. 4-11. However, after only one
potential sweep into the oxygen region, two peaks are clearly resolved in the faradaic
current, only the second of which corresponds to formation of acetaldehyde. The amount
of acetaldehyde formed at 0.6 V, however increases with roughening. This is similar to
the case of the Pt(331) (Fig. 4-14), where also only after roughening a peak of acetalde-
hyde is clearly visible around 0.6 V; before roughening, only its width suggests that also
some acetaldehyde is formed at 0.6 V at this highly stepped surface.
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Figure 4-12: Simultaneously recorded CV (a) and MSCV for m/z = 44 (CD,0 + COy) (b)

and MSCV m/z = 30 (CDO) (c) during the electrooxidation of bulk ds-ethanol on smooth

Pt(332) in 0.01 M dg-ethanol + 0.1 M H,SO4 + 0.5 M HCIOj solution. Scan rate: 10 mV

s, Electrolyte flow rate: 1.6 pL s™, dotted line: first sweep to 1.5 V, corresponding to the
smooth Pt(332) and solid line: roughened Pt(332).
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Figure 4-13: Simultaneously recorded CV (a) and MSCV for m/z = 44 (b) and MSCV

m/z = 29 (c) during the electrooxidation of bulk ethanol on Pt(111) in 0.01 M ethanol +

0.1 M H,SO4 + 0.5 M HCIO4 solution. Scan rate: 10 mV s, Electrolyte flow rate: 1.6 uL

s, Dashed line: first sweep to 1.5 V, corresponding to the smooth Pt(111), solid line:

roughened Pt(111) and dotted line: roughened Pt(111) in supporting electrolyte.
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Figure 4-14: Simultaneously recorded CV (a) and MSCV for m/z = 44 (b) and MSCV
m/z = 29 (c) during the electrooxidation of bulk ethanol on Pt(331) in 0.01 M ethanol +
0.1 M H,SO4 + 0.5 M HCIO4 solution. Scan rate: 10 mV st Electrolyte flow rate: 1.6 uL
s, Dashed line: first sweep to 1.5 V, corresponding to the smooth Pt(331), solid line:
roughened Pt(331) and dotted line: roughened Pt(331) in supporting electrolyte.
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Figure 4-15: Comparison of the faradaic-current (solid line) with the corresponding ion

current (dotted line) for acetaldehyde after conversion to faradaic current units on poly-

crystalline Pt (a), Pt(332) (b) and Pt(19 1 1) (c) in 0.01 M ethanol + 0.1 M H,SO4 + 0.5 M

HCIO, solution. Scan rate: 10 mV s™'. Electrolyte flow rate: 5 pL s™.

110



Chapter 4: Electrooxidation of ethanol

The amount of acetic acid cannot be directly determined by DEMS, but it can be es-
timated indirectly from the amount of acetaldehyde. On polycrystalline Pt, the apparent
current efficiencies of 120% from the ion current at flow rate of 1.6 pL s™' corresponding
to a true current efficiency of 100% was calculated (cf. the discussion of the Table 4-3).

Figure 4-15 shows the ion currents for m/z = 29 after conversion to faradaic current
values, plotted together with the faradaic current. On polycrystalline Pt, both curves
closely overlap. On Pt(332) however, where the same conversion factor was used, the
current due to the formation of acetaldehyde is lower than the faradaic current. Only at
around 0.8 V, both currents are similar. In spite of some incertitude in the calibration
factor, it is clear that the true current efficiency cannot exceed 100%. Obviously, in the
current peak another product is formed.

Since the ion current for m/z = 44 closely follows that of acetaldehyde and is mainly
determined by acetaldehyde, CO, cannot be the origin of this discrepancy. Rather, acetic
acid is formed in the current peak, but no more at higher potentials. Certainly, it is some-
what astonishing that the product with the higher oxidation state is formed at a lower po-
tential than that with the lower oxidation state. But it has to be kept in mind that also at
the higher potentials acetaldehyde cannot be oxidized further in a follow up reaction if
there is strong convection that leads to a fast transport away from the electrode. There-
fore, the formation of acetic acid seems to be due to a direct reaction at the electrode sur-
face without acetaldehyde as an intermediate. In Fig. 4-15c, the preliminary results for
Pt(19 1 1) again using the same conversion factor for the ion current are shown. Oxida-
tion only starts above 0.6 V (cf. Fig. 4-10), which is much more positive than on the other
surfaces. Only after roughening by the potential extension into the oxygen region, a small
oxidation current becomes visible around 0.5 V. The steep increase in oxidation rate at
0.7 V renders a comparison to the ion current difficult because of the slow response of the
ion current. The charges under the peaks of the faradaic current and the converted ion
current are identical also for the second sweep. Therefore, on this surface only acetalde-
hyde is formed and no acetic acid. These results are summarized in the reaction scheme
shown in Fig. 4-16a.

Hence, the adsorbed CO and CHy species is formed from an adsorbed acetyl species,

as suggested before for the adsorption of ethene [3, 14, 15]
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Figure 4-16: (a) Schematic pathways for ethanol oxidation. (b) Schematic mechanism for

acetic acid formation during ethanol electrooxidation.
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From the crystal structure dependence, the following points are concluded:

The reactivity of Pt(111) is extremely low and probably is completely determined by
defects.

At stepped surfaces with (111) terraces, the reactivity is largely determined by the
step density. A reaction channel directly leading to acetic acid is available at these
surfaces, but only at potentials around and below 0.6 V. At higher potentials, (around
0.8 V) acetaldehyde is formed, which, under the convection flow conditions, does not
react further because transport away from the electrode is faster. The reaction channel
leading to acetic acid requires both step sites and (111) terraces, because it is absent at
polycrystalline Pt and Pt(19 1 1). Whereas the reaction leading to acetaldehyde is a
simple dehydrogenation, the formation of acetic acid involves also a reaction with ad-
sorbed oxygen or OH from water (cf the mechanism in Fig. 4-16b). Although at first
sight one might assume that the availability of surface bound OH or activated water
increases with potential, this is not true for the surfaces considered here. (bi)sulphate
adsorption takes place in the potential range below 0.6 V at the (111) terraces and is
completed between 0.6 and 0.7 V. Therefore, the adsorption of an activated water or
hydroxide species might be impeded this way. Acetate formed as an intermediate is
similarly strongly adsorbed and might block the surface above a potential of 0.7 V.
Above this potential, therefore, terraces are blocked (making further oxidation slower
than diffusion away from the surface) and only dehydrogenation may take place at
step sites. Below this potential, dehydrogenation also takes place at step sites, and a
further reaction to acetic acid is possible after a (admittedly speculative) spill over to
the terraces sites.

At Pt(19 1 1), oxidation only starts around 0.7 V. Whether this is due to an inherently
lower reactivity at 100 surfaces remains to be shown, it may also be due to a faster
poisoning of this surface by intermediates. Comparison to a Pt(100) under similar
conditions will be necessary.

Oxidation at the polycrystalline surface starts at the same potential as at the Pt(332)
surface, but only leads to acetaldehyde, Obviously, (111) terraces are a prerequisite

for the fast formation of acetic acid.
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4.2.4 Effect of Ru
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Figure 4-17: Simultaneously recorded CV and MSCV for m/z = 29 during the electrooxi-
dation of bulk ethanol on (a) smooth Pt(331) and Ru modified Pt(331) (b) roughened Ru-
modified Pt(331) in 0.01 M ethanol + 0.1 M H,SO4 + 0.5 M HCIOy4 solution. Scan rate:
10 mV s, Electrolyte flow rate: 5 uL s™.

The faradaic current and the ionic current of m/z = 29 during the electrooxidation of
ethanol on Ru-modified Pt(331)- with half coverage of the step sites- is half of that on
Ru-free Pt(331) as shown in Fig. 4-17. This signifies that the free step sites at Pt(331) are
very significant for the initial adsorption and oxidation processes for ethanol oxidation.
Decorating 40% (corresponding to total Ru coverage of 20%) of the step sites by Ru
leads to blocking of these active sites on the surface and inhibits the ethanol oxidation.
Upon further deposition of Ru on the step sites until the full coverage, the electrocatalytic

activity towards ethanol oxidation decreases considerably.
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Figure 4-18: (A) Voltammetric profile for the Pt(775) electrode in 0.1 M C,HsOH + 0.1
M H,S0,. (B) Positive going scan for the Pt(775) electrode in 0.5 M C;HsOH + 0.1 M
H,SO,4 with different Ru coverages on the step. Scan rate: 50 mV s, Reprinted from ref.
[16].

Complete step decoration leads to a nearly complete suppression of the electrocatalyt-
ic activity since key sites (step sites) for ethanol oxidation is blocked by ruthenium, in
agreement with results of Feliu and co-workers [16]. However, differently from the
present results an increase in reactivity towards ethanol oxidation at Pt(775) had been
found when steps were covered by 46% Ru as shown in Fig. 4-18. This difference could
be due to the difference in step density (terraces width) and the stagnant electrolyte due to
which the slow oxidation of acetaldehyde is possible; its oxidation might be catalyzed

more by Ru.
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4.3 Conclusions

Under flow through conditions, at polycrystalline Pt the only oxidation product of
ethanol is acetaldehyde. The same is true for single crystal surfaces with (100) terraces; at
these however; the onset potential is considerably shifted to positive potentials. At
stepped surfaces with (111) terraces, at the onset of oxidation acetic acid is directly
formed. At more positive potentials, acetaldehyde is the only oxidation product also at
these surfaces, possibly because adsorbed anions (sulfate or the acetate ion) prohibit reac-
tion of an ethanol oxidation intermediate with a second oxygen species. The question
remains why at polycrystalline Pt “only” acetaldehyde is formed at low potentials. Ob-
viously (111) sites are necessary for this reaction to occur directly at the surface (and not
only via a slow further oxidation step of dissolved acetaldehyde).

For fuel cell applications, the formation of acetic acid is a dead end, because of its in-
ertness. C—C bond splitting is necessary to form CO; (and thus get the maximum number
of electrons out of one ethanol molecule). This might be easier achieved from acetalde-
hyde [8, 10], therefore, acetic acid formation should be avoided. Since nanoparticles con-
sist to a large degree of (111) facets, this effect of direct acetic acid formation may also
play a role in practical applications, i.e. fuel cells. Whether this effect is responsible for
the high current efficiency for acetic acid of 70% at such carbon supported catalysts (as
compared to nearly 30% for acetaldehyde) remains to be shown [2].

Ru as a co-catalyst, up to a surface composition of 40%, usually increases the reactiv-
ity also for ethanol oxidation [16, 17]. In the case of step decoration, however, the effect
of blocking the reactive step sites seems to be larger than the co-catalytic effect. Already
at a coverage of 20% (corresponding to a step decoration of 40%) the reactivity is consi-

derably decreased.
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Chapter 5: Cu UPD at Ru quasi single crystal

5.1 Introduction

Ruthenium is a metal of considerable importance, in electrocatalysis and electrochem-
ical technology because of its specific catalytic properties [1]. The cheapest and most
convenient method - flame annealing and cooling down in argon/hydrogen atmosphere or
quenching process, successfully used to handle platinum [2], Iridium [3], gold [4], silver
[5], rhodium [6] and palladium [7] single crystal electrodes - does not work for massive
ruthenium electrodes, because they are rapidly oxidized by atmospheric oxygen even at
high temperature. In UHV, after cleaning by cycles of Ar-ion bombardment and high
temperature annealing e.g. by resistive heating to temperatures above 1500 K and cool-
ing, it is possible to reproducibly prepare clean, well-defined and ordered oxygen-free Ru
surfaces, which can be used as electrodes after clean transfer in an electrochemical cell
[8-11]. ElI-Aziz and Kibler [12] recently reported that the inductive heating to prepare the
Ru(0001) single crystal in an argon stream gives more reproducible results while being
simpler to use than the heating in a hydrogen furnace. Recently, Attard et al. [13] found
that it is possible to prepare quasi single crystalline Ru films on Pt(111), Pt(100) and
stepped single crystal surfaces vicinal to these planes by resistive heating of Ru deposited
on Pt single crystal surfaces in a nitrogen atmosphere. For Ru-films prepared on a Pt(111)
single crystal electrode, voltammetric peaks are similar to those reported for single crystal
Ru(0001) electrodes. The advantage of this new preparation procedure for electrocatalytic
studies is that the well-established preparation methods for Pt single crystals can be used
to prepare defined Ru surfaces. Unfortunately, until now there is still a lack of informa-
tion concerning the surface structure of these very interesting quasi single crystalline
electrode surfaces, which are also attractive model systems for catalytic studies, especial-
ly when modified by Pt.

This chapter aims at obtaining some information about the surface structure by Cu
UPD. A further question is whether step decoration occurs, i.e. will the Cu UPD start at

steps or at terraces?. On stepped Pt surfaces vicinal to (111) terraces, Cu is preferentially
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deposited at steps sites [14]. Recently Francke et al. found that on surfaces with (100)
oriented terraces Cu is preferentially deposited at the terrace [15]. In the present study,
Cu UPD as a tool for characterization of Ru-film surfaces is explored. More interesting is
the study of the stepped surfaces because of their importance for fundamental electrocata-
lytic studies. Different behaviour for Cu stripping from terrace and step sites is expected,
as observed before on stepped Pt single crystals [14, 15]. To my knowledge, there are
only a few articles concerning electrochemical copper deposition on bulk Ru surfaces,
despite of its importance in the damascene process [16-20]. Electrochemical Cu UPD on
polycrystalline Ru in sulphuric acid was first reported in 1983 by Barbier et al. [21].
Gonzales Tejera et al. [22] investigated the influence of the upper potential limit and
chloride anions on the Cu UPD. They found that extending the upper potential to high
potential limit, i.e. with increasing the amount of the oxide at the surface, the peak poten-
tial of Cu UPD peak shifts to less negative values and the amount of Cu deposit decreas-
es. They also found that the presence of chloride seemed to have an inhibitive effect on
Cu UPD due to the strong adsorption of chloride. To my knowledge there are only a few
papers that report electrochemical Cu UPD on Ru(0001) single crystals. EC-UHV trans-
fer experiments for Cu UPD on Ru(0001) were performed by Stuve et al. [23, 24]. They
studied the surface both with cyclic voltammetry and in UHV with AES and thermal de-
sorption spectroscopy (TDS). Comparison of UHV and electrochemically deposited Cu in
perchloric acid showed that Cu forms a pseudomorphic overlayer structure on the
Ru(0001) and the peak for Cu UPD dissolution occurs at around 150 mV vs. SCE in per-
chloric acid. The charge density for the oxidation/dissolution of the first Cu layer was
found to be 600 + 40 pC cm™. The group of Kelber et al. [25-27] studied the growth ki-
netics and nucleation behaviour of Cu deposited on Ru(0001) and polycrystalline Ru with
XPS, and the influence of chloride and iodide on Cu deposition. Chloride was found to
induce the formation of a Cu(l) species on top of Ru. For the influence of iodide they
found that the iodine adlayer protects the Ru(0001) surface against the oxidation during
exposure to air as well as it works as a surfactant for Cu electrodeposition.

In the present chapter, I follow up the method of Ru quasi single crystals preparation
by forced deposition and resistive heating processes [13]. The Ru quasi single crystals are

prepared on Pt basal plane surfaces as well as on stepped electrodes vicinal to the (100)
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surface plane with a terrace width of n=2, .. 7 (Pt(s)[n(100)x(111)]) and on Ru/ Pt(533)
= Pt(s)[4(111)x(100)]. The Ru quasi film is characterized by Cu UPD and as well as Cu
OPD. Whereas the deposition of Pt by UPD on Ru film is not possible, a formation of Pt
sub-monolayer at Ru film by galvanic replacement reaction of Cu UPD monolayer on Ru

film is achieved.
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5.2 Results and discussion
5.2.1 Characterization of Pt stepped single crystals

5.2.1.1 Blank voltammograms
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Figure 5-1: CVs of the clean Pt(s)[n(100)x(111)] surfaces in 0.1 M H,SO4. Scan rate: 50
mVs'. (a)n=23, 5,7 and (b) n =2, 4, 6, Pt(533) and Pt(100).

The voltammetric profiles in 0.1 M H,SOy at a scan rate of 50 mV s corresponding

to the platinum bead single crystal electrodes used in this study are shown in Fig. 5-1 in

agreement with the previous studies [13, 15]. The current of all the CVs presented in this
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chapter were normalized to the geometric surface area of the electrode. Stable current-
potential profiles in Fig. 5-1a and b show many features and clear reversibility between
hydrogen/anions adsorption and desorption at different sites of Pt surface. The intensity
and the potential of the peaks are depending on the geometry of the surfaces.

A variation of the peak intensity in the potential region between 0 and 0.4 V is ob-
served with increasing the step density. Compared to the profile of Pt(100), as the step
density is increased at Pt surface, the intensity of the peaks at 0.22 V and below 0.15 V
increase and the intensity in the region between 0.25 and 0.45 V diminishes. While the
increase of the current with growing step density in the region between 0 and 0.15 V is an
indication for an adsorption processes at the (111) step sites, the current increase of the
peak at 0.22 V has been ascribed to hydrogen and anion adsorption on terrace atomic
rows adjacent to step sites (terrace edge at 2 and 4 position have a different energy than
the rest of terrace as shown in Fig. 5-2). Additionally, the decrease of the current in the

region above 0.25 V is an indication to the adsorption processes at (100) terrace sites.
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Figure 5-2: The model of the Pt(911) surface. The marked sites involve terrace (3), ter-
race edge (2 and 4) and step sites (1).

5.2.1.2 CuUPD

The voltammetric behaviour for Cu UPD and bulk deposition on Pt(111) and Pt(100)
in 1 mM CuSOj4 + 0.1 M H,SO, with a scan rate of 10 mV s™ is shown in Fig. 5-3. In the
positive going scan, the peak at around 25 mV vs. Cu/Cu”" is related to Cu stripping from
more than a monolayer (bulk copper).

In the first positive going scan, the Cu UPD on Pt(100) shows two sharp peaks pre-
sent at 450 and 475 mV which could be attributed to Cu stripping from the unrecon-
structed Pt(100)-(1x1) [28]. The integrated charge after double layer correction for the
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UPD stripping is about 390 uC cm™, which is in good agreement with the theoretical
value of 420 pC cm™ and the value of 446 nC cm™ was found by Alakl et al. [28].
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Figure 5-3: Cyclic voltammograms for Cu UPD on the Pt (111) and Pt(100) single crys-
tals. Electrolyte: 0.1 M H,SO4 + 1 mM CuSOQy. Scan rate 10 mV s,

The CV for Cu UPD on the Pt(111) shows a two peaks between 250 mV and 470 mV
vs. Cu/Cu”" in the positive going scan. The first sharp one is at 370 mV and the second
broad one is at 450 mV. Whereas in the negative going scan, a two Cu UPD deposition
peaks with a charge of 428 pC cm™ are present. The stripping peak for the Cu UPD in the
positive going scan is much sharper in 0.5 M H,SO4 according to literature [29-33].

The CVs for the Cu UPD on the stepped Pt(s)[n(100)x(111)] single crystals, Pt(533)
and, for comparison, the CV for Cu UPD on Pt(100) are shown in Fig. 5-4. Except for
Pt(100), three Cu stripping peaks are visible in the anodic going scan. A broad peak at
240 mV (peak A) and another two sharper peaks (B and C) in the region from 350 - 480
mV are observed. With increasing the step density of the Pt stepped single crystals with
(100) terraces, the peaks B and C are shifted to less positive potentials. The intensity of
peak C decreases with increasing the step density; this is an indication that this peak is
due to Cu UPD at terraces (100). The intensity of peaks A and B increase with increasing
the step density, they are assigned to Cu stripping from the step sites. The CV for Cu
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UPD on the Pt(311) electrode shows two distinct peaks corresponding to stripping from
(111) and the (100) sites, the more positive peak corresponding to stripping from the
(100) sites [34]. Similarly, for Cu UPD on Pt(533) which has large terraces with (111)
orientation, the charge of the first peak at 0.33 V is higher than that at 0.48 V. Here, the
first and the second peak are assigned to Cu stripping from terraces with (111) orientation

and the step sites with (100) orientation, respectively.
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Figure 5-4: Cyclic voltammograms for Cu UPD on the Pt stepped single crystals. Electro-
lyte: 0.1 M H,SO4 + 1 mM CuSOs. Scan rate 10 mV s™. (a)n=23,4,5,7 and (b) n=2, 6,
Pt(533) and Pt(100). Inset: the magnification of the deposition peak at 200 mV.
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For Cu on Pt(s)[n(111)x(100)] and Pt(s)[n(110)x(100)], it was found that copper pref-
erentially adsorbs at the step sites [14]. In contrasts to these surfaces, at
Pt(s)[(100)x(111)] Cu UPD takes place first at the (100) terraces due to the higher activ-
ity of the (100) plane of the fcc system relative to the (111) plane. This mean that Cu
atom at (100) plane is coordinated by four Pt atoms, while at (111) only by three due to

the hexagonal symmetry.

5.2.2 Characteristic CV of Ru quasi single crystal film
5.2.2.1 Blank voltammograms for Ru/Pt basal planes

Figure 5-5 shows the voltammetric profiles for the Ru/Pt(100), Ru/Pt(110) and Ru/
Pt(111) quasi single crystalline Ru-film electrodes in 0.1 M H,SO4 prepared using forced
deposition followed by resistive heating [13]. In the forced deposition method, the Ru
ions are reduced in a hydrogen atmosphere on the Pt surface followed by resistive heating
in a nitrogen atmosphere to 800-900 K. (For more details see section 2.1.4). First, there is
no indication of any platinum like electrosorption features in the CVs. In case of
Ru/Pt(111), the voltammetric result show a series of electrosorption peaks that are closely
similar to those found for Ru(0001) [12, 13, 35, 36]. Huxter and Attard reported that the
annealed ruthenium film supported on Pt(111) exhibits hexagonal symmetry and there-
fore mimics the adsorption properties of Ru(0001); it retains a quasi fcc structure that is
epitaxial with the underlying platinum substrate [13].

The cyclic voltammogram of Ru/Pt(110) shows two peaks in the positive going scan:
one sharp peak at around 30 mV, and one broad peak at around 400 mV. In the negative
going scan, several smaller peaks and a large sharp peak at around -30 mV are visible. By
comparison with Ru(0001) single crystal measurements were performed on literature [11,
12, 35, 37], the peaks at low potentials are related to hydrogen- or hydroxide-
adsorption/desorption, and the peaks at high potentials are related to sulphate adsorp-

tion/desorption.
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Figure 5-5: Voltammetric profiles for the Ru/Pt(100), Ru/Pt(110) and Ru/Pt(111) quasi-
single crystalline Ru-film electrodes in 0.1 M H,SOs. Scan rate: 50 mV s,

For Ru/Pt(100), it can be observed two main features. The first one is the presence of
a sharp doublet at approximately 0 V [13, 38] which has not been reported previously for
any ruthenium single crystal. There are in addition some minor peaks between 0.05 and
0.2 V that were ascribed to OH adsorption [13]. Second, the electrosorption for the ruthe-
nium film charge in the potential range between 0.05 and 0.3 V is greater than that of the
Pt(100) electrode between 0 and 0.5 V (363 and 210 pC cm * respectively). Attard as-
cribed this behavior, depending on the previous publication concerning Ru(0001) [12, 35,
36], to stronger interaction of ruthenium relative in comparison to platinum with electro-

lyte species such as SO4 2/HSO4 ", OH and possibly also hydrogen [13].

5.2.2.2 Blank voltammograms for Ru/Pt stepped single crystals

Figure 5-6 shows the recorded voltammetric profiles of the quasi single crystal Ru-
film electrodes on stepped Pt(s)[n(100)x(111)] single crystals with n = 2,...,7 vicinal to
the (100) plane and the profile for Ru/Pt(100) film electrode in 0.1 M H,SOj4. As reported

in reference [13], the peak pair observed in the positive going scan at around 0 mV for
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the (100) stepped substrates on the Ru films decreases with increasing step density that
was ascribed to adsorption/desorption at (100) terraces, and a new peak at around 0.05 V

appears was ascribed to processes on the (111)x(100) step sites as described by Attard

group [13].
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Figure 5-6: Voltammetric profiles of Ru/Pt(100) and Ru/Pt(s)[n(100)x(111)] electrodes
withn=2, 4 and 6 (a) and n =3, 5 and 7 (b) in 0.1 M H,SO4. Scan rate 50 mV s

5.2.2.3 Cu UPD on Ru /Pt basal planes
Figure 5-7 show the cyclic voltammograms for Cu underpotential deposition on the

low index Ru/Pt(100), Ru/Pt(110) and Ru/Pt(111) quasi single crystal Ru-film electrodes
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in 1 mM CuSO; in 0.1 M H,SOy, at a scan rate 10 mV s. First, there is not any indica-
tion for Cu UPD on free Pt sites like Pt domains on the Ru-film electrodes, that are usual-

ly visible at higher potentials around 0.45 V as shown in Fig. 5-3.
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Figure 5-7: Cyclic voltammograms for Cu UPD on the low-indexed Ru/Pt(100),
Ru/Pt(110) and Ru/Pt(111) quasi single crystal film electrodes in 1 mM CuSO4 + 0.1 M
H,SO04. Scan rate 10 mV s .

During the Cu UPD on the Ru/Pt(100) film electrode surface, two different peaks are
observed. A large peak with a small shoulder at around 185 mV vs. Cu/Cu®" for the Cu
stripping is seen. It is believed that this peak is related to Cu UPD stripping from (100)
sites. The peak at around 0 V related to stripping of bulk deposited Cu (from more than a
monolayer). The charge density of Cu UPD stripping from the terrace sites (peak at 185
mV) of Ru/Pt(100) film electrode after subtraction of the baseline from the beginning to
the end of the peak is 443 uC cm™, which is close to theoretical value of 420 uC cm™ for
(1x1) Cu overlayer on Pt(100) [28].

For Cu stripping from Ru/Pt(110) and Ru/Pt(111), besides bulk Cu stripping around 0
V, only small, broad peaks between 0.05 and 0.12 V and at around 185 mV can be ob-
served under these experimental conditions. The integrated charge densities found in the

cyclic voltammograms for Cu UPD on the Ru/Pt(110) and Ru/Pt(111) are clearly far too
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small for a copper monolayer. I believe this is due to a blockage of the (111) and (110)
sites by an oxygen containing species as described for Cu UPD on bulk Ru surfaces [22]
and Ru deposited on polycrystalline Pt [39]. It seems, that the oxygen species adsorbed
on the Ru/Pt(100) sites is not as stable as it is on the other low indexed crystal surfaces,
and can be displaced by Cu. This can also be seen from the voltammetric profiles in Fig.
5-5. Recently, El-Aziz et al. found that Cu UPD takes place on Ru(0001) surface [40].
This difference to the results described here is attributed to the difference in the lattice
constants in both surfaces. The peaks for hydrogen/hydroxide adsorption and desorption
appear less pronounced, at more positive potential and more reversibly as compared to
the Ru/Pt(110) and Ru/Pt(111) film electrodes. A higher stability of Cu on (100) sites

may be also help in this displacement.

5.2.2.4 Cu UPD on Ru /Pt stepped single crystals

Cu UPD experiments performed on the quasi single crystal Ru film surfaces on
stepped Pt(s)[n(100)x(111)] single crystal electrodes show a clear trend for the anodic
peaks found at 185 mV vs. Cu/Cu”", as can be seen in the cyclic voltammograms in Fig.
5-8. The charge densities of the Cu UPD stripping peaks at 0.185 V and the correspond-
ing deposition peaks in the potential range between 0.05 V and 0.08 V decrease with in-
creasing the step density. On the other hand the charge density of the second peak at
around 70 mV vs. Cu/Cu’" seems to increase somewhat with increasing number of (111)
x (100) step sites, which might be associated with Cu UPD on (111) x (100) step sites,
but in contrast to the peak at 185 mV no clear trend is visible. Obviously Cu UPD is more
strongly adsorbed on (100) terrace sites than on (111) step sites. This was also recently
reported by Francke et al. [15] for Cu underpotential deposition on “clean”, stepped
Pt(s)[n(100)x(111)] single crystal surfaces, where a tentative explanation based on the
different coordination of copper on both sites was proposed (cf. discussion of Fig. 5-3).

It should be mentioned here that the stripping peak of Cu UPD at 185 mV on the
Ru/Pt(11 1 1) seems to consist of two peaks which overlap, resulting possibly from im-
perfections of the Ru-film, which can also be inferred from the small extra peak at around

80 mV vs. Pd/H in the CV of the Ru-film electrode in sulphuric acid in Fig. 5-6. The in-
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tegrated charge densities for the anodic Cu stripping peaks on the Ru/Pt(100) and
Ru/Pt(s)[n(100)x(111)] film electrodes are summarized in Table 5-1.

200
a
o
e
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<
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— 04 —
—
Ru/Pt(100)
Ru/P(11 1 1)
Ru/Pt(711)
Ru/Pt(311)
—
b
200 4
o
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< oA ———
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~
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Ru/Pt(100)
Ru/Pt(13 1 1)
-200 + Ru/Pt(911)
Ru/Pt(511)
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0.0 0.1 0.2 0.3 0.4 0.5

E/V vs. Cu/Cu®

Figure 5-8: Cyclic voltammograms for the Cu UPD on the Ru quasi single crystal
Ru/Pt(100) and the Ru-film electrodes prepared on stepped Pt(s)[n(100)x(111)] with (a) n
=2,4and 6 and (b) n=3, 5and 7 in 1 mM CuSOy4 in 0.1 M H,SO,. Scan rate 10 mV s,

A plot of the charge densities Q;ssmv from Table 5-1 divided by cos(a) vs. the step
density of Pt surfaces (1/(n-1/2)) originally proposed by Clavilier et al. for hydrogen ad-
sorption on stepped Pt(s)[n(111)x(111)] [41] and Pt(s)[n(111)x(100)] [42] single crystal

surfaces shows a linear relationship of these charge densities and 1/(n-1/2) (cf. Fig. 5-9).
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Where the term cos(a) represents the cosine of the angle o between the (100) plane and

the surface plane, and is given by:
(n—-1/2)

Jm-1/27+1/2

cos(a) =

(1)

Table 5-1: Integrated charge densities for Cu dissolution peaks on the Ru/Pt(100) and
Ru/Pt(S)[n(100)x(111)] film electrodes with terrace width n= 2,..7 for the peaks at
around 70 (Q7omy) and 185 mV (Qigsmv) vs. Cu/Cu’" and values for cos(a) (see Fig. 5-8).

Ru-film elec- | n | Charge Q7omv/ | Charge Qigsmy | Charge Q7omv + Qissmy | cos(a)
trode uC cm™ / uC em™ / uC cm™
Ru/Pt(100) | oo - 443 443 1.000
RuPt(1311) | 7 10 413 423 0.994
Ru/Pt(1111) | 6 31 342 373 0.992
Ru/Pt(911) 5 43 334 377 0.988
Ru/Pt(711) | 4 41 287 328 0.980
Ru/Pt(511) 3 19 241 260 0.962
Ru/Pt(311) 2 25 102 127 0.906

As can be derived from the hard sphere model [15, 41, 42] for the Pt(s)[n(100)x(111)]
surface, (n-1/2) indicates the terrace atomic width and N = 1/d(n-1/2) therefore represents
the number of step sites per unit length perpendicular to the step (step density) with d as
the atomic diameter of Pt (0.277 nm [41]). (n-1) atom wide rows of the terrace are freely
accessible; a further row is half covered by a row of step atoms as shown in Fig. 5-9 for
Pt(711). The area of the projection on (100) terraces plane of the surface unit cell is given
by S = d*(n-1/2) and therefore the electric charge for fully populated step (qs) is given by:
qsz%:zﬂmp-qm-dw (2)

Where z is the formal number of transferred electrons per elemental reaction, Ogep 1s the
maximum coverage attained at step sites, e the elemental charge (1.602 x 10"’ C) and

qi00= (¢/d?) is the charge corresponding to the transfer of 1 ¢~ per surface site on the ideal

Pt(100)(1x1) surface.
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The theoretical slope depends on the number of rows being deposited on a terrace. If
only one row of terrace is either uncovered by Cu or the corresponding Cu is desorbed at
a different potential, the theoretical charge density due to adsorption on the terrace sites,

according to ref [15], is given by:

(n-1)z-e-8, (1/2)- 2 0rrace * Groo
_ errace _ 5, . _ errace 3
qterrace d 2 (n _ 1 / 2) terrace quO (n _ 1 / 2) ( )

where O errace 15 the maximum coverage attained at terrace sites. The expected theoret-
ical slope in that case is -220 pC cm? ata Cu coverage Orrace = 1 On the terrace sites, z =
2 for the oxidation of Cu’ to Cu>" and the experimental value of qi0o = 443 pC cm™.

Assuming that two rows of the n rows per terrace are missing, the theoretical charge
density due to adsorption on the terrace sites was calculated as -662 uC cm™, according
to ref. [15], should be given by :

n-2)-z-6 e
Qerrace = ( ) o =1 gterface ' (ij - [M] z gtEFrace . (ij (4)

d?-(n-1/2) d? d?

(3 / 2) "z Hterrace 0100

=7-0 . — 5
qterrace terrace q100 (n _1/2) ( )

These two rows could be the rows in direct contact to either side of the steps, which
differ most in adsorption energy from terrace sites (indicated as broken lines in Fig. 5-9).

From the linear decrease of the charge for the anodic Cu stripping peaks at around
185 mV vs. Cu/Cu”", the slope of -513 pC cm™ and the intercept at 453 pC cm™ are
found. The linear behaviour and the obtained current density value of the intercept
strongly supports the assumption that the (100) terraces (and steps) of the underlying Pt
substrate are preserved on top of the Ru film, although fcc(100) adsorption sites are nor-
mally not existing for hcp metals. The results also suggest that the Cu coverage 0c, on
terraces is 1 for Cu UPD on the Ru-films. Obviously, the experimentally found slope of -
513 uC cm™ is closest to that of the model with two missing rows at the step sites (-662
uC cm™). It has to be remarked that the adsorption of (bi)sulphate and its contribution to
the charge density in this system could also be responsible for some deviation from the
hard sphere model. In addition, the uncertainty in the double layer contribution can affect

the value of the slope. Some distribution of the true terrace width around the nominal
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value and imperfections of the film may also lead to some additional deviation from the

theoretical slope.

From the plot of the charge densities Q7omy from Table 5-1 divided by cos(a) vs. 1/(n-

1/2) no clear dependence on step density can be deduced (Fig. 5-9).
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Figure 5-9: Plot of integrated charge densities Q,ssmv divided by cos(a) for the anodic Cu
dissolution peaks at 185 mV vs. Cu/Cu’" from Table 5-1 for Cu UPD on the Ru/Pt(100)
and the film electrodes on Ru/Pt(s)[n(100)x(111)] film electrodes withn=2, .. 7 vs. 1/(n-

1/2). The linear regression for the charge density is indicated by a dotted line; theoretical

lines having the same intercept with a slope of -662 (two rows uncovered by the adsor-

bate) and -220 uC cm™ (one row uncovered by the adsorbate) are indicated by a dashed

and a dash-dotted line. The two graphs of a stepped (711) surfaces (circles, number of the

layer indicated by the brightness of the colour) represent models for Cu adsorption (grey

balls), if (n-2) or (n-1) surface rows (missing rows indicated by dotted circles) are acces-

sible for Cu deposition at 185 mV.
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Assuming coverage of 1 for Cu deposited at the step sites, the slope to be around
+420 puC cm™ would be expected, which is obviously not the case. A peak in this poten-
tial region can also be found for Cu stripping from polycrystalline (bulk) Ru [33]. There-
fore, it is believed that this peak is related to Cu stripping from polycrystalline Ru do-
mains or defects of the Ru quasi single crystal films. As for Cu UPD on Ru/Pt(111), the
step sites seem to be blocked for Cu UPD under these experimental conditions. In the
next section, it will be shown that Cu can be forced to adsorb at (111) sites, however, the
corresponding dissolution peak is observed around 300 mV and not at 70 mV, corroborat-

ing the above interpretation

5.2.3 Electrodeposition of Cu under diffusion control

The diffusion controlled progressive deposition of Cu on Ru-film surfaces at very
negative potentials was performed in order to achieve monolayer deposition of Cu on the
Ru/Pt(111) quasi single crystal film electrode, that may be blocked by strongly adsorbed
oxygen species (cf. Discussion of Fig. 5-7).

Using a very low concentration of Cu”" ion containing solution (10° M CuSOy), the
potential can be swept far below the Cu/Cu®" equilibrium potential in order to reduce the
surface oxide or the adsorbed oxygen species. Because of the diffusion limitation, exten-
sive multi-layer deposition of copper will only occur after prolonged deposition. Figure
5-10 shows an example for diffusion controlled copper deposition on Ru/Pt(111) film
electrode by sweep the potential between -250 and 100 mV vs. Cu/Cu®’ in a very dilute
Cu solution, using a scan rate of 50 mV s. The peaks of hydrogen/hydroxide adsorption
and desorption on the Ru-film electrode surface, are more and more suppressed with in-
creasing number of potential cycles in the potential range.

Figure 5-11 show the dissolution of Cu layer from Ru/Pt(111), Ru/Pt(311) and
Ru/Pt(511) film during scanning the potential in the positive going direction to + 450 mV
after the complete suppression of H/OH adsorption/desorption peaks and changing the
scan rate to 10 mV s™'. For the Ru/Pt(111) surface, two peaks at around 0 and 320 mV

were observed.
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E/V vs. Cu/Cu*
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Figure 5-10: Cyclic voltammogramms for the progressive diffusion controlled Cu OPD
on a Ru/Pt(111) film electrode in 10° M CuSOy in 0.1 M H,SO,. Arrows indicate

changes in the voltammogram with increasing amount of Cu adsorbed. Scan rate

50 mV s,

80
——Ru/Py(111)
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E/V vs. Cu/Cu™

Figure 5-11: First anodic sweeping for the Cu desorption on the Ru/Pt(111), Ru/Pt(311)
and Ru/Pt(511) film electrodes after progressive Cu OPD in 10° M CuSO, in 0.1 M

H,SO,. Scan rate 10 mV st
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The first small peak is attributed to the dissolution of bulk Cu. The second broad peak
at 300 mV vs. Cu/Cu®" for the dissolution of Cu from the Ru/Pt(111) surface. For these
the charge density of about 475 pC cm™ was obtained, but the unknown background
charge makes it very hard to give an exact value. For Cu stripping from Ru/Pt(311) and
Ru/Pt(511) film electrodes, the intensity of the stripping peak at 300 mV decrease with
decreasing the number of (111) step sites per unit length with a little shift in potential to
less positive potential, this peak is therefore attributed to Cu dissolution from (111) sites.
This indicates that Cu desorption around 300 mV is not only related to terrace sites with
local (111) geometry, but also to step sites with local (111) geometry. A new peak at
around 220 mV was observed for the Ru/Pt(311) and Ru/Pt(511) related to the Cu de-
sorption from the (100) terrace sites, see Fig. 5-8. Unfortunately, this comparison can
only be qualitative, since displacement of the adsorbed oxygen species possibly is not
complete. Some Cu might rather be deposited in 3D islands, cf. the large peak for bulk
Cu dissolution around 0 V for Ru/Pt(511) and the comparatively small peak at +200 mV.
It should be emphasized that the peak at the high potential around 300 mV could not be
observed for Cu dissolution from the Ru/Pt(100) and Ru/Pt(s)[n(100)x(111)] films in the
previous experiments (where the lowest potential was limited to values around zero volts
vs. Cu/Cu”"). The peak at around +185 mV for Cu dissolution from (100) terrace sites
were always observed. The potential found for Cu UPD stripping on the Ru/Pt(111) film
electrode differs from the value of +140 mV reported for Cu UPD stripping from Cu on
Ru(0001) in HCIO4 by Stuve et al. [23]. For Cu UPD on a Ru sub-monolayer deposited
on Pt(111), the peak potential of about +200 mV was found [33]. A possible reason for
these differences is, that the lattice constant of the surface unit cell for Ru deposited epi-
taxially on Pt(111) is that for Pt(111) (0.277 nm instead of 0.271 nm for bulk Ru(0001)).
A difference between the present values and that of Stuve et al. might also be due to the
different supporting electrolyte (specific adsorption of sulphate). Nevertheless, the fact
that Cu UPD on the hexagonal “(111)/(0001)” surface is more stable than on the quadrat-

ic “(100)” face is astonishing, because on Pt it is less stable on the hexagonal face.
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5.2.4 Pt sub-monolayer on Ru quasi single crystal film

Behm and co-workers found that the presence of small amounts of Pt monolayer isl-
ands catalyze the OH,q and H,q-UPD exchange reaction [35, 43, 44]. Whereas the OH
and H adsorption are taking place simultaneously at Ru surface, it occurs separately on
Pt.

In this section, the preliminary experiments for galvanic replacements are performed
to obtain a Pt sub-monolayer at a Ru quasi single crystal film and to characterize it by

voltammetry and Cu UPD.

5.2.4.1 Why not UPD deposition of Pt on Ru(ijkl)?
UPD is usually observed when the work function (®) of substrate surface is higher
than the work function of the adsorbate. The underpotential deposition of Pt on the Ru as

a substrate is not possible because the ®p, is higher than ®g, as shown in Table 5-2.

Table 5-2: The work function of different metal surface.

Surface eV
Pt-poly 5.64
Pt(111) 593
Cu(111) 4.94
Au(111) 5.31
Pd-poly 5.22
Pd(111) 5.6
Ru-poly 4.71
Tl-poly 3.84
Pb-poly 4.25

Another choice is the metal deposition by galvanic replacement, that was first intro-
duced by Adzic et al. for Pt/Au(111) [45]; in that method the deposition of noble metal
occurs as a spontaneous irreversible redox process in which a monolayer of Cu obtained

by UPD is oxidized by the noble metal cation, which is reduced simultaneously and de-
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posited as shown in Fig. 5-12. In that method, there is no preferential deposition on steps

or defect sites like other deposition methods, because it occurs far from equilibrium.

5.2.4.2 Galvanic replacement of Cuy_ with Pt
In order to obtain Pt deposited at a Ru quasi single crystal electrode prepared at a

Pt(s)[n(100)x(111)] substrate by forced deposition and resistive heating process as de-

scribed in the previous chapter, the following steps are proceeded:

e Formation of Cu monolayer by UPD on Ru quasi single crystals.

e The Cu UPD monolayer is replaced with a more noble metal (Pt) when the Cupmi/Ru
film was immersed in a solution containing 1 mM PtCl¢>. (Note that, the Cuy/Ru
film is transferred through air to Pt ion containing solution that leads to dissolution of
some of Cu).

e Leave the crystal in contact with PtCls>" solution for 3 min to ensure the complete
replacement of Cu with Pt.

e Wash the crystal with Millipore water and check the Pty s/Ru/Pt(s)[n(100)x(111)] by
cyclic voltammetry in 0.1 M H,SO,4 and Cu UPD.

Figure 5-12: Schematic of the replacement of Cu by Pt in a charge transfer process via
direct Cu” adatom-Pt*" ion interaction. Pt atom: dark gray and Cu atom: light gray. Re-

printed from ref. [45].

In agreement with the behaviour of Pt at Au(111) [45], the amount of Pt deposited by
galvanic replacement of Cu UPD monolayer is limited to half a monolayer, because Pt*"
ions from the solution oxidize two Cu UPD adatoms:

2 Cu”/ Rugsc + PtCI>” —— Pt*/Rugsc + 2 Cu® + 6 CI”
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5.2.4.3 Characterization of Pt/Ru/Pt single crystals
Blank voltammograms for Pt/Ru/Pt single crystals

The electrochemical behaviour of the Pt modified Ru quasi single crystal film was
checked by cyclic voltammograms in 0.1 M H,SO4 and by Cu UPD experiments. Fig.
5-13a shows the characteristic CV for Pt/Ru/Pt(100) in 0.1 M H,SO4 and its comparison
with free Pt(100) and Ru/Pt(100) surfaces. The characteristic sharp doublet peak for
Ru/Pt(100) at 0 V diminished and two new peaks were present in the hydrogen adsorp-
tion/desorption region. Again, similar to the Pt(100) surface, the characteristic peaks for
Ru/Pt(13 1 1) in 0.1 M H,SO4 decreased after replacement of the Cu monolayer with Pt
(Fig. 5-13b).
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Figure 5-13: Voltammetric profiles for (a) Pt/Ru/Pt(100), Ru/Pt(100) and Pt(100) and (b)
Pt/Ru/Pt(13 1 1), Ru/Pt(13 1 1) and Pt(13 1 1) electrodes in 0.1 M H,SO4. Scan rate: 50

mV s’

Cu UPD for Pt/Ru/Pt single crystals

The characterization of Pt sub-monolayer at Ru quasi single crystal film was achieved
by Cu UPD experiments. Fig. 5-14 show the Cu UPD on Pt/Ru/Pt(13 1 1) in 1 mM Cu-
SO4 + 0.1 M H,SO4 with a scan rate 10 mV s, In the positive going scan, there are two
Cu stripping peaks, the first one at 30 mV and the other one at 225 mV vs. Cu/Cu”". The
second peak with a charge density of 315 pC cm™ is shifted positively with respect to the
Cu UPD stripping peak on Ru/Pt(13 1 1). (The charge density for Cu stripping from clean
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Pt(13 1 1) and Ru/Pt(13 1 1) are 270 and 450 pC cm™ respectively). Because the Pt atoms
are distributed on the surface without preferential deposition sites (steps or terraces) but
Cu should be deposited preferentially on Pt or Ru or between Pt and Ru atoms. The Cu
UPD stripping peak is present in the potential range between Cu UPD on pure Pt and on
Ru/Pt film indicate the higher stability of Cu on the Pt/Ru/Pt surface than that on Ru film

at Pt electrode.
—— Pi(100)
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- PYRWPH(100) T
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Figure 5-14: Cyclic voltammograms for the Cu UPD on (a) Pt/Ru/Pt(100), Ru/Pt(100)
and pt(100) and (b) Pt/Ru/Pt(13 1 1), Ru/Pt(13 1 1) and pt(13 1 1) electrodes in 1 mM
CuSO4 + 0.1 M H,SOs. Scan rate 10 mV s

Figure 5-10 shows the Cu deposition at the Ru/Pt(111) surface under diffusion limited
condition. After complete suppression of H/OH adsorption/desorption peaks (as an indi-
cation for Cu monolayer formation), the potential was held to keep only a monolayer of
Cu, then the galvanic replacement with Pt was applied as described before. The characte-
ristic CVs in 0.1 M H,SO,4 are shown in Fig. 5-15a. The H/OH adsorption/desorption
peaks at Pt/Ru/Pt(111) are shifted with respect to that at Ru/Pt(111) film. This is an indi-
cation for sub-monolayer of Pt formed on Ru film. Fig. 5-15b shows a qualitative com-
parison between Cu stripping from Pt/Ru/Pt(111) and Ru/Pt(111). The Cu dissolution
peaks are present at 400 and 300 mV respectively with corresponding charge density 340
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and 440 uC cm™. Again, this is an indication of the stability of Cu layer on Pt/Ru/Pt(111)
relative to that on Ru/Pt(111) film.
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Figure 5-15: Voltammetric profiles for (a) Pt/Ru/Pt(111), Ru/Pt(111) and Pt(111) in 0.1
M H,SO,. Scan rate 50 mV s”'. (b) cyclic voltammograms for the Cu stripping from
Pt/Ru/Pt(111) and Ru/Pt(111) electrodes in 10° M CuSO4 + 0.1 M H,SOy after formation

of a Cu monolayer by diffusion limited deposition. Scan rate 10 mV s™.

5.3 Conclusions

Cu UPD experiments were achieved in order to characterize the low index Ru quasi
single crystal Ru/Pt(100), Ru/Pt(110) and Ru/Pt(111) electrodes as well as on stepped
electrodes vicinal to the (100) surface plane with a terrace width of n=2,...,7 (Ru/
Pt(s)[n(100)x(111)]) and on Ru/Pt(s)[4(111)x(100)]. Because of the strong adsorption of
hydroxide/oxide at Ru/Pt(111) and Ru/Pt(110) films, the surfaces were blocked for Cu
UPD deposition and there is no indication for Cu deposition on these surfaces during Cu
UPD experiments. However, monolayer deposition on these surfaces was performed un-
der diffusion limited monolayer deposition.

During Cu UPD experiments, Cu stripping from Ru/Pt(100) electrode occurs in a sin-
gle peak with its maximum at around 185 mV vs. Cu/Cu”" with a charge density of 443
uC cm™; that is in agreement with the theoretical value of 420 pC cm? for a (1x1) Cu
overlayer on Pt(100). For the anodic Cu UPD stripping on Ru films deposited on stepped
Pt single crystal vicinal to the (100) surface plane the charge density for the peak related
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to Cu desorption from terrace sites decreases with increasing the step density of the Pt
single crystal substrate. A smaller peak at 70 mV is related to Cu desorption from poly-
crystalline Ru-domains (defects of the Ru quasi single crystal film). The linear relation-
ship of the charge density with the step density suggests that after the Ru film preparation
the terrace and step sites of the underlying Pt single crystal substrate are preserved, whe-
reas free Pt domains are absent i.e. the Pt surface is completely covered by Ru.

The preliminary Cu UPD experiments are achieved to characterize the Pt sub-
monolayer formed on the Ru film by galvanic replacement method. Cu UPD experiments
showed that the Cu layer on the Pt/Ru/Pt single crystal surface is more stable than that on
Ru film electrode since the Cu stripping peak is present at higher potential.

Finally, Cu UPD on Ru/Pt(hkl) and Pt/Ru/Pt(hkl) is very beneficial technique to cha-

racterize the surface structure.
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Chapter 6: New DEMS cell applicable to different electrode sizes

6.1 Introduction

The dual thin layer flow through cell for differential electrochemical mass spectrome-
try (DEMS) presented in chapter 2 can be used only for relatively large electrodes (di-
ameter ~ 1 cm) [1, 2]. On the other hand, bead electrodes with a diameter of 2-3 mm have
become very popular in electrochemistry, because they are cheaper and more easily pre-
pared. They can be easily used in the hanging meniscus arrangement. Kita and co-
workers [3] developed an interface for on-line electrochemical mass spectrometry for
bead single crystals in a hanging meniscus configuration based on a small Teflon tip that
is used as inlet. A disadvantage of this setup is a long delay time (10 — 15 s); also, it can-
not be used for experiments under convection.

In the present chapter, a new DEMS cell design will be introduced that allows using
the bead single crystal electrode surfaces with a small diameter in the usual arrangement
of hanging meniscus under convective conditions.

The quality of the DEMS cell was checked by: a) the characteristic cyclic voltammo-
grams of Pt single crystals, b) the reproducible calibration constant of DEMS (K) (K"
was determined by the electrooxidation of a monolayer of CO,4 or bulk oxidation of for-
mic acid at different Pt surfaces) and c) the detected signal of the volatile products that

are formed during the electrooxidation of small organic molecules at Pt bead crystals.

6.2 Description of the new cell

The new DEMS flow cell is mounted in combination with a Balzers quadrupole mass
spectrometer (Balzer QMG-422) as shown in Fig. 6-1. For more details about the cell
construction, see Fig. 2-15 in chapter 2. The distance between the electrode and the glass
capillary should be very small (in the range of few micrometers). Thus, the bead crystal is
fixed first at a special 3-D movable Teflon holder to control the position of the electrode
centered at the glass capillary. The distance and the electrode position relative to the glass

capillary are controlled using a magnifying lens before and during the experiments. In
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this construction, it is important to ensure an identical flow rate of inlet and outlet electro-
lyte in order to keep electrolyte level constant and thus have a stable hanging meniscus
for long time. The electrolyte was introduced into the cell by using vertical syringe pump
(microlab®500, Hamilton). The redox products are transported from the working elec-
trode surface through the glass capillary to the mass spectrometer compartment by con-
vection, and then only the volatile products diffuse through the hydrophobic Teflon
membrane (W. L. Gore & Associates GmbH Putzbrunn Germany) that is supported on a
stainless steel frit and serve as the interface between electrolyte and vacuum. The electro-

lyte outlet is adjusted using peristaltic pump.

Figure 6-1: Photographs of a typical A) complete new DEMS cell connected to the mass
spectrometer. B) and C) magnifications of A), the position of bead single crystal elec-

trode directly centered on the glass capillary.

The construction of the electrochemical glass cell is shown in Fig. 6-1. The electro-
lyte volume is small (1-2 ml). The electrolyte is deaerated by argon in a separate glass
bubbler before its introduction into the syringe pump and its further transfer to the glass
cell. Two argon tubes are connected inside the glass cell, one introduced a bubble of ar-

gon directly underneath the electrolyte drop introduced with a flow rate 5 uL s and
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another one with a moderate stream of argon above the electrolyte level to keep the elec-

trode surrounding free from air.

6.3 Results and discussion
6.3.1 Characteristic CVs of Pt single crystal electrodes in DEMS cell

Before the electrooxidation experiments, the purity of the electrode surface is tested
after annealing by recording the cyclic voltammogram in the base electrolyte in the con-
ventional glass cell (H-cell). Keeping the electrode surface covered by a drop of a base
electrolyte saturated with argon to protect the electrode surface from air, the crystal is

transferred very fast to the DEMS cell and the CV is recorded in the base electrolyte and

both CVs were compared as shown in Fig. 6-2.

P(100)
100 -

P15 11)

0.0 0.2 0.4 0.6 0.8
E/V vs. RHE

Figure 6-2: Cyclic voltammetry of Pt(100), Pt(110) and Pt(15 1 1) electrodes in 0.1 M
H,SOy in the new DEMS cell at u =35 pL s (black line) and in a typical glass cell (dotted

line) at sweep rate 50 mV s™.
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The effects of electrolyte flow rate, distance between the electrode surface and the
glass capillary and cleanliness of DEMS cell are performed. Fig. 6-2 shows the reproduc-
ible typical voltammetric profiles for different bead Pt single crystal electrodes in a hang-
ing meniscus arrangement in 0.1 M H,SOy at electrolyte flow rate of 5 pL s in DEMS
cell and a glass cell (without convection), for comparison. The difference between the
CVs for each single crystal depends on the velocity of transfer of the crystal from the
glass cell to the DEMS cell in air environment. The CVs obtained are the typical ones for
the respective single crystals in their quality and they are better than that observed in dual

thin layer flow through cell.

6.3.2 Calibration of DEMS setup
6.3.2.1 DEMS calibration by CO adlayer electrooxidation

Adsorption and oxidation of CO adlayer at Pt surface is the standard experiment to
check the quality of the DEMS setup and to calibrate the system [2, 4]. The electrooxida-
tion of an adlayer of CO,q at Pt(pc) surface is performed at sweep rate 10 mV s™' and a
flow rate 5 uL s™' according to the procedure mentioned before in chapter 2.

Figure 6-3 shows the CV and the MSCV for CO, during the stripping of CO,q from
Pt(pc). For the oxidation of CO,q, the potential was held at a potential between 40 and 70
mV and the supporting electrolyte was replaced by a CO saturated solution to form a mo-
nolayer of adsorbed CO; then it was replaced again with supporting electrolyte. The po-
tential was swept in the positive direction with a scan rate of 10 mV s, to oxidize the
adsorbed CO to CO,. The recorded CV and MSCV for CO adlayer oxidation are in
agreement with the previous published results for different DEMS cells [2, 4-7]. The
main characteristic feature for this new cell is the difference between the location of the
peak potential in the CV and the MSCV, which indicates to the short delay time in the
range of 2 s. The calibration constant (K~ = 3.35E-6) is nearly the same as calibration
constant in dual thin layer flow through cell (K~ = 4E-6). Both experiments are done on

the same day.
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0.005

-0.005 +

0-.0 02 0.4 1.0 1.2 1.4 1.6
E/V vs. RHE

Figure 6-3: Simultaneously recorded CV and MSCV for m/z = 44 during the stripping of
CO adlayer in 0.1 M H,SO4 on Pt(pc) electrode at sweep rate 10 mV s™ and a flow rate 5
ne s,

6.3.2.2 DEMS calibration by formic acid electrooxidation

The main disadvantages of DEMS setup calibration with CO,q oxidation are as fol-
lows: first, the small corresponding ionic current of CO, due to the small surface area of
the electrode and second, the position of the electrode used in DEMS calibration (poly-
crystalline Pt) and working electrode of organic molecule oxidation (Pt single crystal)
relative to glass capillary is not identical. The possible influence of this position on the
calibration constant, in particular the transfer efficiency, has to be elucidated.

To overcome these problems and calculate the accurate calibration constant, the elec-

trooxidation of formic acid is performed after each organic compound oxidation under
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the same experimental conditions. The electrooxidation of 0.1 M formic acid at different
Pt surface was done assuming the complete oxidation of formic acid to carbon dioxide.

Figure 6-4 shows an example for this calibration procedure after the electrooxidation
of methanol at a roughened Pt(15 1 1). The calculated K~ value from the electrooxidation
of bulk formic acid on roughened Pt(15 1 1) is 1.7E-6. This calibration constant is much
lower than that was obtained from the electrooxidation of CO,q at Pt(pc) due to the dif-
ference of the Pt surface orientation, the relative position to glass capillary, the oxidant
species and finally the difference in the filament efficiency due to long period between
both experiments.
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Figure 6-4: Simultaneously recorded CV and MSCV for m/z = 44 during the electrooxi-
dation of bulk 0.1 M formic acid in 0.1 M H,SO4 on roughened Pt (15 1 1) electrode at

scan rate 10 mV s™' and a flow rate 5 uL s™.
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6.3.2.3 DEMS calibration by hydrogen evolution

Another way to check the cleanliness and calibration of DEMS setup is the hydrogen
evolution at Pt surface. Fig. 6-5 shows the typical potential program and the recorded
faradaic current and the corresponding ionic current of m/z = 2 during the potential scan
and potential hold at -30 and -40 mV for 30 s in 0.1 M H,SO4 at Pt(15 1 1). The applied
potential is swept in the negative going potential to potential lower than the Nernest equi-
librium potential of hydrogen. The calculated calibration constant is very similar to that
for formic acid oxidation on the same Pt surface (1.64E-6). The investigated delay time

is about 2 s at a flow rate 5 uL s

E/V vs.RHE
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Figure 6-5: Simultaneously recorded faradaic and ionic currents for m/z = 2 during the
evolution of H, in 0.1 M H,SO4 on Pt(15 1 1) electrode at sweep rate 10 mV s and a

flow rate 5 uL s
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6.3.3 Electrooxidation of small organic molecules
In order to test the performance of DEMS cell, the electrooxidation of small organic

molecules (formic acid, formaldehyde and methanol) at Pt(15 1 1) are performed.

6.3.3.1 Electrooxidation of formic acid

Figure 6-6a shows CV and MSCV for the electrooxidation of 0.1 M formic acid at
smooth Pt(100), Pt(15 1 1) and Pt(711). In the positive going scan, a low oxidation cur-
rent is visible above 0.3 V due to the blocking of the surface by adsorbed CO at low po-
tentials and the strongly bound water species at 0.8 V [8-11]. In the negative going
sweep, the oxidation current increased due to the desorption of previously bound water
structures and the oxidation of previously adsorbed CO until the highest current value
(potential peak at 0.45 V). At potential lower than 0.45 V, the current diminishes again

due to the further accumulation of CO.
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Figure 6-6: Simultaneously recorded CV and MSCV for m/z = 44 (CO) during the elec-
trooxidation of bulk formic acid at (a) Pt(100), Pt(15 1 1) and Pt(711) and (b) other expe-
riment for Pt(15 1 1) in 0.1 M HCOOH + 0.1 M H,SO; solution. Scan rate: 10 mV s™.
Electrolyte flow rate: 5 pLs™.
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The electrooxidation of formic acid is proceeds through dual pathways; the direct
pathway that involves the direct oxidation of formic acid to CO, via adsorbed formate as
an active intermediate [12] is given by Eq.1
HCOOH ———» active intermediate ——» CO, +2H" + 2¢” (1)
The formation of adsorbed CO at the surface was donated as indirect pathway according
to Eq. 2.

HCOOH—»CO, + H,0 2)

Fig. 6-6a shows that the catalytic activity of Pt(15 1 1) towards formic acid oxidation
is similar to that for Pt (100). For the small terraces width electrode, Pt(711), the catalytic
activity for HCOOH oxidation is diminished in agreement with the results of Feliu and
co-workers obtained for Pt(s)[n(100)x(111)] electrodes with n =2 to n = 20 as shown in
Fig. 6-7 [11]. They attributed the similar activity of Pt(100) and Pt(15 1 1) towards for-
mic acid oxidation to the lifting of the reconstruction of Pt(100) in contact with solution.
The surface with a wide (100) terrace, the reconstruction does not take place until n = 7.
At n <7, the catalytic activity of formic acid oxidation at high stepped Pt surfaces is de-

creased due to the faster poisoning of these surfaces [11].
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Figure 6-7: The voltammetric profile of the Pt(2n-1,1,1) electrodes in 0.5 M H,SO4 + 0.1
M HCOOH. Scan rate: 50 mV s™'. Reprinted from ref. [11].
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Figure 6-6b shows an other experiment for the electrooxidation of 0.1 M HCOOH at
Pt(15 1 1) surface. During the negative going sweep, the splitting of the oxidation peak
into separate two peaks at 0.44 and 0.58 V is observed, which is caused by oscillatory
instabilities due to a high electrolyte resistance [13, 14]. The identical peak shape even of
the sharp peak is an indication for the suitability of the setup.

6.3.3.2 Electrooxidation of formaldehyde

IF/mA

E/V vs. RHE

Figure 6-8: Simultaneously recorded CV and MSCVs for m/z = 44 (CO,) during the elec-
trooxidation of bulk formaldehyde at smooth Pt(15 1 1) in 0.1 M formaldehyde + 0.1 M
H,S0; solution. Scan rate: 10 mV s\, Electrolyte flow rate: 5 uLL st

Figure 6-8 shows the CV and MSCV for m/z = 44 for the electrooxidation of 0.1 M
HCHO in 0.1 M H;SO4 at smooth Pt(15 1 1). The faradaic and ionic currents are negligi-
ble at potentials lower than 0.4 V due to the blocking of the surface by the strongly ad-
sorbed CO on the steps and the terraces of Pt(15 1 1) in the positive going sweep. The
indirect pathway of formaldehyde oxidation reduces the catalytic activity of the Pt sur-

face. The onset potential of the CO,q oxidation is about 0.4 V and the main oxidation
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peak is present at 0.65 V with further increase in the current until upper potential limit.
During the negative going sweep, the oxidation peak is present at 0.6 V.

The calculated current efficiency with respect to CO; is 10%. This means that the rest
of oxidation product only is formic acid is agreement with previous literature [15, 16].
However, since the calibration constant was obtained by the electrooxidation of CO,q on
polycrystalline Pt at position not identical to that of the Pt(15 1 1), the above value for the

current efficiency is only a rough estimate.

6.3.3.3 Electrooxidation of methanol
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Figure 6-9: Simultaneously recorded CV and MSCV for m/z = 44 (CO,) during the elec-
trooxidation of bulk methanol at smooth (a) Pt(100) and (b) Pt(15 1 1) in 0.1 M CH30H +
0.1 M H,SOy, solution. Scan rate: 10 mV s™. Electrolyte flow rate: 5 L s,

Figure 6-9 shows the CV and the corresponding MSCV of m/z = 44 for the elec-
trooxidation of 0.1 M methanol in 0.1 M H,SO4 at smooth Pt (100) and Pt(15 1 1). In the
positive going scan, both surfaces are blocked by the strongly adsorbed methanol adsor-

bate species like CO,q, the faradaic and ionic currents are negligible below 0.7 V. At a
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potential higher than 0.7 V the currents start to increase sharply due to the electrooxida-
tion of this adsorbates at that potential, after that the currents diminish again because of
the strongly interaction of water structures (OH,q) with Pt surface formation [11, 17]. In
the negative going scan, the increase of faradaic and ionic currents are ascribed to the
desorption of the strongly bound water and the continuous oxidation of methanol.

The calculated current efficiency with respect to CO, at a peak potential is 48 % for
Pt(100) and 60% for Pt(15 1 1). The methylformate is not detected by mass spectrometry
because the sensitivity of mass spectrometry is not high enough to detect the small

amount of methylformate produced at such small surface area.
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Figure 6-10: Simultaneously recorded (a) CV and (b) MSCV for m/z = 44 (CO;) during
the electrooxidation of bulk methanol at Pt(15 1 1) in 0.1 M CH30H + 0.1 M H,SO4 solu-
tion. Scan rate: 10 mV s™. Electrolyte flow rate: 5 pL s (c) The normalized faradaic and

ionic currents in the second anodic sweep.
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Figure 6-10 shows the CV and the corresponding MSCV for m/z = 44 during the
electrooxidation of methanol at Pt(15 1 1) electrode with an upper potential limit of 1.5
V. Both the faradaic and ionic currents increase after the first extension of the sweep into
the oxygen region due to the introduction of defects into the surface. The calculated cur-
rent efficiency with respect to CO; at a peak potential is 49 %. The normalized faradaic
and ionic currents (Fig. 6-10c) show that the ionic current of CO, diminishes prior to the
faradaic current at the positive side of the oxidation peak. It is believed that this differ-
ence is due to the formation of non-volatile products in that potential range (mainly for-
maldehyde and formic acid). This confirms the results of chapter 3 where the formation
of formaldehyde and formic acid were suggested during the electrooxidation of methanol
at Pt(pc). A comparison of the sweep before the extension into the oxygen adsorption
region and thereafter shows that roughening shifts the onset of oxidation to higher poten-

tials: poisoning of the surface is more severe for the roughened surface.

6.4 Conclusions

In this chapter, a new DEMS cell, which is applicable for bead single crystal elec-
trodes in hanging meniscus arrangement under convection conditions with short delay
time, is introduced.

The performance of the new cell was tested by recording the cyclic voltammograms
of different Pt bead single crystals in 0.1 M H,SO4 as a supporting electrolyte. The cha-
racteristic CVs of these electrodes are in agreement with those obtained in the conven-
tional glass cell and in agreement with literature profiles.

The calibration of the DEMS setup was done by electrooxidation of CO adlayer or
electrooxidation of bulk formic acid. Calibration by electrooxidation of formic acid has
the advantage that it can be done after the experiment itself without changing the elec-
trode position. The most important parameters in the new setup are how to control: a) the
flow rate of electrolyte (identical at inlet and at outlet) to keep the connection and hang-
ing meniscus arrangement of the working electrode, b) the position and distance of the
crystal relative to the glass capillary.

The K values are reproducible and typical to those of the dual thin layer flow through

cell under the same conditions. The current efficiency with respect to CO,, during the
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electrooxidation of bulk methanol at Pt(pc) in the new flow cell, is higher than that in the

previous cell design. The reason might be the further oxidation of the soluble interme-

diates (formic acid and formaldehyde) because of a less efficient electrolyte flow in the

thin layer between the electrode surface and the glass capillary. Also, the ionic signal of

methylformate is not detected under the same experimental conditions due to the small

surface area of the working electrode resulting in a small amount of product.
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Chapter 7: Summary and outlook

Pt is considered as a model for fuel cell electrocatalysts. In the present thesis, I stu-
died the electrooxidation mechanisms of methanol (chapter 3) and ethanol (chapter 4) on
different Pt surfaces, using a dual thin-layer flow through cell combined with the mass
spectrometer. In chapter 5, Ru quasi single crystal films on different bead Pt surfaces
were formed using the resistive heating in a stream of nitrogen. The Ru films were ex-
amined by cyclic voltammetry in sulfuric acid and by structure-sensitive underpotential
deposition of Cu. Finally, in chapter 6, in order to use bead single crystal in the right ar-
rangement (hanging meniscus) on DEMS, a new DEMS flow cell was manufactured and
improved for that purpose.

The electrooxidation of methanol proceeds via the dual pathway mechanism. The
path involving the formation of soluble intermediates such as formaldehyde and formic
acid is the direct pathway, while the dehydrogenation of methanol to adsorbed CO fol-
lowed by its oxidation to CO, is referred to as indirect pathway. Methylformate is one of
the volatile products formed during the electrooxidation of methanol at Pt surfaces. In all
previous articles it is assumed that methylformate formation results from the reaction of
formic acid and the excess of methanol, i.e. the detection of methylformate is an indirect
way to determine the amount of formic acid produced during the oxidation reaction.
However, the probability of esterification reaction is very small because the fast diffusion
of the soluble products away from DEMS cell under effect of continuous electrolyte flow.
A simple kinetic study of methanol esterification and methylformate hydrolysis in acid
media was performed since literature data for the rate of this esterification reaction were
not available. The reaction rate constant of methylformate formation was found to be far
too low (t =40 h at 0.1 mol L™ methanol), while the time constant of dual-thin layer flow
through cell at 1.6 pL s™ is 5 s. Methylformate therefore is directly formed during oxida-
tion of methanol at the electrode surface and not in the solution phase as believed before,
with a current efficiency about 1%.

The suggested mechanism for methylformate formation, as shown in Fig. 7-1, is the

nucleophilic attack of adsorbed methanol with another methanol molecule from the solu-
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tion; note that the nucleophilic power of the oxygen in methanol is higher than that in the

water molecule.
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Figure 7-1: The mechanism of methanol oxidation and methylformate formation

The current efficiency with respect to CO, and the surface coverage with methanol
adsorbate (CO,q) have been shown to be independent of the electrolyte flow rate (from
1.6-30 puL s™); this confirms the parallel pathway mechanism.

Poisoning of the catalyst with adsorbed CO is one of the main problems in fuel cells.
Ru as a catalyst with Pt promotes the electrooxidation of adsorbed CO according to bi-
functional and the electronic mechanism. On such bimetallic surfaces, Ru is preferentially
deposited at steps. Using deliberately stepped Pt surfaces as model electrodes, it could be
shown that the complete coverage of the step sites with Ru has an inhibiting effect for
methanol and ethanol oxidation due to the blockage of the most active sites, i.e. the free
step sites are necessary for the first step of C; and C, alcohols adsorption and oxidation.

For ethanol, the cleavage of C—C bond is the most difficult step in the complete oxi-
dation of ethanol to CO,. Also ethanol electrooxidation at Pt surfaces occurs according to
different pathways depending on the surface structure. During the electrooxidation under
controlled convection, where there is no further oxidation of soluble products at the sur-
face, acetaldehyde is the main product at polycrystalline Pt and Pt stepped single crystal
surfaces vicinal to the (100) plane. Acetaldehyde is formed at these surfaces over the po-
tential range with a current efficiency close to 100%.

At Pt stepped single crystals vicinal to the (111) plane, the formation of acetic acid

proceeds at lower potentials than that of acetaldehyde production due to the direct reac-
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tion between adsorbed ethanol and adsorbed hydroxide species (cf. the reaction mechan-
ism in Fig. 7-2). At higher potentials, due the blockage of the surface with adsorbed
anions, e.g. acetate and sulfate, only the dehydrogenation of ethanol takes place at (111)

planes to produce acetaldehyde.

Figure 7-2: Schematic mechanism for acetic acid formation during ethanol oxidation.

In practical applications, the formation of acetic acid should be avoided because of its
inertness whereas, in principle, acetaldehyde can be oxidized to CO,. Therefore, it might
be advantageous to use nanoparticles without a large degree of (111) facets as electroca-
talyst in fuel cells.

Another kind of model electrode would be Ru single crystals modified by Pt. Howev-
er, since Ru is oxidized by atmospheric oxygen very fast, the usual flame annealing me-
thod in air does not work. Attard and co-workers developed a new method for Ru quasi
single crystal preparation by forced deposition of Ru multilayer on Pt single crystals fol-
lowed by resistive heating in a nitrogen atmosphere. In order to characterize this Ru film
on different Pt single crystals, Cu UPD is the suitable technique.

For Pt(100), the charge density of Cu UPD stripping from Ru quasi-single-crystal
electrode is in agreement with the charge density of Cu UPD stripping from clean
Pt(100); this suggests the formation of an epitaxial Ru film on the Pt(100) electrode. For
the Ru films formed on Pt(111) and Pt(110) surfaces, Cu UPD deposition is inhibited due
to strongly adsorbed oxygen species.

For Ru films deposited on stepped Pt single crystal vicinal to the (100) plane, it was
found that:
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e Because the characteristic Cu UPD stripping peak related to the free Pt sites is absent,
the stepped Pt single crystal surfaces are completely covered with Ru film.

e The charge density for the peak at 185 mV related to Cu UPD stripping from (100)
terrace sites decreases linearly with increasing the step density of the Pt single crystal
substrate, which confirms the formation of epitaxial Ru films on the Pt surfaces.

Preliminary results show that the deposition of a Pt sub-monolayer on the Ru film is poss-

ible by galvanic replacement of Cu UPD.

In order to be able to use bead single crystals in the hanging meniscus configuration,
a new DEMS cell was constructed. The recorded cyclic voltammogrames for different
bead Pt single crystals in supporting electrolyte, under hanging meniscus arrangement
and at constant flow of electrolyte, are in agreement with literature profiles. This and the
calibration constant and corresponding ionic signals for organic molecules oxidation sug-
gest that this new cell is well suited for bead single crystals. Compared with the dual thin
layer flow through cell, it has the advantage that cleanliness is easier achieved and that
less expensive single crystals can be used.

The K" values are reproducible and typical to that of the dual thin layer flow through
cell under the same experimental conditions. For the electrooxidation of bulk methanol at
polycrystalline Pt in the new flow cell, the current efficiency with respect to CO; is high-
er than that in the previous cell design. The reason might be the further oxidation of the
soluble intermediates because of a less efficient electrolyte flow in the thin layer between
the electrode surface and the glass capillary. Also, the ionic signal of methylformate is
not detected under the same experimental conditions due to the small surface area of the
working electrode resulting in a small amount of product.

For future work, the following experiments would be most interesting:

e While the Ru film was characterized in this study only by CV in supporting electro-
lyte and Cu UPD, more direct information about the surface structure and the topo-
graphy of this film will be obtained by STM and AFM studies.

e Also the Pt sub-monolayer on Ru quasi single crystal electrode obtained by forced
deposition or galvanic replacement has to be characterized by STM to know how Pt is

distributed on the surface.
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The electrocatalytic activity of Ru quasi-single crystal films (Ru/Pt(hkl)) and the Pt
sub-monolayer deposit on these films toward the electrooxidation of CO as well as
the electrooxidation of C; and C, alcohols should be studied. Those experiments
should be done under stagnant conditions (in H-cell) and at electrolyte flow using the
new DEMS cell.

Improve the construction of the new DEMS cell by:

e Direct attachment of the electrolyte vessel to the DEMS cell to reduce the time
of electrolyte change as well as to reduce the electrolyte path to diminish the
amount of dissolved oxygen.

e Use glass windows in the cell to adjust the position and height of electrode sur-
face relative to the glass capillary.

e Use areflected laser beam to monitor the position of the electrode surface.
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