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Symbols

T O T m

electrode potential

the Faraday constant; charge on one mole of eletro

Gibbs free energy

enthalpy

current density due to electrochemical reaction

exchange current density

diffusion-limiting current density

diffusion-limiting current density in a standandlbconcentration of ©
kinetics-limiting current density

stoichiometric number of electrons involved in &c&ochemical reaction
gas constant

absolute temperature

symmetry factor

reaction order

overpotential

0i (©) coverage of species i on the electrode surface
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Abbreviations

CE counter electrode

Ch bulk CO

CVv cyclic voltammogram

DFT density functional theory

EDS energy-dispersive X-ray spectroscopy

EW equivalent weight; the weight of polymer in theit of gram per the amount of
sulfonic acid group in the unit of mole

HM-RDE hanging meniscus rotating disk electrode

HOR hydrogen oxidation reaction

Hupd underpotentially deposited hydrogen

IHP inner Helmholtz plane

IR infrared

LSV linear sweep voltammetry

ML monolayer

MOR methanol oxidation reaction

NBC4 the name of a novel sulfonimide ionomer depet by Shinohara et al.

NFBSA nonafluorobutane sulfonic acid

OHP outer Helmholtz plane

ORR oxygen reduction reaction

PEFC polymer electrolyte fuel cell

PFSA perfluorinated sulfonic acid polymer

Pt/C Pt nanoparticles supported on carbon pasticle

RDE rotating disk electrode

RE reference electrode

RHE reversible hydrogen electrode

SEIRAS surface-enhanced infrared absorption speipy

SEM scanning electron microscope

SHE standard hydrogen electrode

STM scanning tunneling microscopy

TFMSA trifluoromethane sulfonic acid

WE working electrode

XPS X-ray photoelectron spectroscopic

XRS X-ray scattering
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Chapter 1

I ntroduction



1.1 Automobile application of PEFC

In the growing concerns about environmental isamelssustainability, energy conversion devices with
high efficiency and no emissions of greenhousegase desired. Automobiles that are propelled by
electric motors are attractive in this respect beeahey are free from the Carnot-cycle limitatowl

do not emit exhaust gases in contrast to autonshiin internal combustion engines [1].

Fuel cell vehicles, in which the electricity is geated by electrochemical reactions of a
continuously supplied fuel of reductant, such agrbgen, and an oxidant such as oxygen in air, have
an advantage regarding travel distance over etecdtnicles with batteries, because of the weight-
based high energy density for hydrod2h while their effectiveness still depends on #ifciencies
of off-board steps including production, storagd &mansport of hydroge}8, 4]. Depending on the
form of the electrolyte, there are various typefuef cells: e.g. polymer electrolyte fuel cell (RE),
phosphoric acid fuel cell (PAFC), molten carborfatd cell (MCFC) and solid oxide fuel cell (SOFC)
[5]. Among these types, proton-exchange-type PEb§esated with hydrogen are currently the best
choice for the automobile application because @i flow operating temperature (50-100 °C) and high
specific power (output per volume and weidbi)

A typical composition of a PEFC is shown in Fidl.1. A polymer electrolyte membrane is used
as the electrolyte and sandwiched by "catalystriyavhich generally consist of catalysts of Pt
nanoparticles supported on carbon particles (Pp6lymer electrolytes covering the catalysts for
forming good electrochemical interfaces, which @led "ionomer" to distinguish it from the
electrolyte membrane, and pores for gas diffusidime cells with this composition are stacked in
series to obtain enough powers for automobile apfins. Electric power is generated by the
reactions of hydrogen oxidation reaction (HOR) arggen reduction reaction (ORR) taking place at
the anode and cathode, respectively;

Anode Cathode Catalyst (Pt nanoparticle)\
H,0 Support
— ionomer

F~

Electro Iy Catalyst -— R 0,
membrane Iay\er ; Electrolyte Catalyst layer
Bipolar plate  Gas diffusion layer membrane J
\/\f/}t?dgas flow
ie

Fig. 1.1.1 A typical composition of PEFC.



(anode) H — 2H"+2e Q)
(cathode) 12 @+ 2H +2e — H0 (2).
The theoretical cell-voltagé&p, calculated from the Gibbs free energy for thaltotaction (H + 1/2
O2 — H20), -237.13 kdmol [7], is 1.23 V at 298 K. The theoretical energynersation efficiency
is calculated to be 83 % from the ratio of the Gililee energy to the enthalpy for the total reagtio
AGP/AH®°. Although CQis emitted in industrial mass production affidbm fossil fuels, the high energy
conversion can eventually reduce the-@@ission.

1.2 Catalyst layer

The fuel cell reactions take place in the catdbgtrs, where the reactant gasses, proton andalsct
meet. The microstructure of the catalyst layemgfwae, significantly affects the fuel cell perfaance.

In this section, the history of the research andeltgpment of high-performance catalyst layer is
reviewed and the microscopic views of the catdbgtr are presented [3].

In the early stage of PEFC development, the eldetnoas fabricated by hot-pressing a
mixture of Pt black (with the specific surface aref ca. 25 rigl) and fine particles of
polytetrafluoroethylene (PTFE) directly onto anatlelyte membrane. This type of electrode showed
a poor cell performance, largely because of a éichppenetration of ionomer into the electrode from
the membrane and consequent low proton conduciivitirie catalyst layer region. In a subsequent
study by Raistrick [8], Pt/C (with the specific fage area of 60 - 1003y, instead of Pt black, was
bound to a carbon paper or cloth as a gas-diffulsiger using PTFE, and the catalyst side of the
electrode is then impregnated with solubilized ioeo, followed by evaporation of the solvent and
then by hot-pressing onto the membrane. Throughd@nge in the fabrication method, the amount
of Pt loading was significantly reduced (from camg-cm? to ca. 0.4 mgcm? on the basis of
geometric electrode area). In those two methodsEHWas added to form hydrophobic gas diffusion
pores free from flooding. As a negative effect, buer, the fine PTFE particles were found to block
active sites on Pt catalyg&.

Further reduction of Pt loading (to 0.15 — 0.20-01g%) without a loss of the performance
was achieved by Wilson and Gottesfeld [10], withesv approach, in which a catalyst layer was cast
from an ink of Pt/C catalyst and solubilized ionaand resulting solid ionomer phase, instead of
PTFE applied in the above conventional methodsieseas binder as well as proton conductor. The
high performance of the PTFE-free electrode impdisahat gas-diffusion pores can be appropriately
formed even without PTFE during the evaporatiosal¥ent in the catalyst ink. The ink-process was
further studied by many other groups [3, 11-15thwiarious modification, some of which included
the addition of PTFE as well as ionomer into th&alyat dispersion for mitigating the flooding of
catalyst layer with water under humid conditions.

It should be also noted that 3M company recentheimed a novel ionomer-free electrode
consisting of an assemblage of organic whiskergmaa/by thin layers of Pt or Pt alloy, and showed
its higher performance than the conventional PE€ catalyst layer including ionomer under certain

3



operating conditiongl6]. The higher performance of the ionomer-fresctrbde indicates that protons
can be transported to the catalyst surfaces witlmdmer by some mechanisms such as surface
diffusion of adsorbed hydrogen atoms on Pt surfdmeso-called “spillover”) [17-19], water-mediated
conduction[20], and localized pH variation [21]. The new dg$& however, still has a problem of
robustness: low performances under too dry antitioaid conditions. Hence, ionomer is still required
in catalyst layers at the present stage.

Microstructures of ionomers in a catalyst layeedeiine the proton conductivity and the gas
diffusivity at the vicinities of the Pt surfacesdatherefore, have been studied with a particakaréest.
Because the identification of the nano-scale compteucture composed of ionomer and Pt/C from
direct observations is difficult, the major stratdtas been the “modelling” of micro structures that
can comprehensively simulate the cell performanicesmmer-filled agglomerates with the radius of
between 0.1 and jim, consisting of Pt/C particles, have been usedekmiaining mass-transport
effects (see Section 1.3.1) in PEFC performaf22s23]. In those studies, the data fittings witb
experimental results were carried out by assuntiag the reactant gas in pores (gas phases) of the
catalyst layer is in equilibrium with that in ionens (no mass-transport resistance exists at the gas
phase/ionomer interface). In a recent study by Eueual. [24], however, agglomerates with such
large sizes were not found as main componentsenntages of the catalyst layers using a high-
resolution scanning electron microscope (Fig. BR.land mass transfer effects in the cell
performances were explained by the oxygen transpasistance at the interface between gas-
phase/ionomer or between ionomer/Pt, the valuesha¢h had been measured in separate model
experiments, while each Pt/C particle was assumdzktcovered by a thin (< 3 nm) ionomer film
without forming an agglomerate. The importancehef interfacial mass-transport resistances is now
well recognized [25, 26], and the description @& thicrostructure of the catalyst layer suggested by
Suzuki et al. [24] is likely to be reasonable. Aematic of the surround of a Pt catalyst basedhein t
conclusion is shown in Fig. 1.2.1b.

(b)

ionomer
7

4

Carbon

Fig. 1.2.1 (a) A secondary electron image of tlessisection of the cathode catalyst layer
prepared with focused ion beam milling. (obtaingdintaro Seki from Toyota Central R&D
Labs. Inc.) Yellow circles correspond to the siz@ @rimary carbon particle. (b) A present
microscopic view of the surround of a Pt catalpsPEFCs.
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1.3 Challengesin PEFC development
For the commercialization of Fuel Cell vehiclesemi the most critical challenge is the cost fa th

production of fuel cell stacks. For example, Depart of Energy (DOE) sets the ultimate cost target
at $ 30 / kW for a fuel cell stack [27], the maximpower of which is 114 kW for the fuel cell velgcl

of “MIRAI” from Toyota [28]. The key issue in theost reduction is the reduction of the used amount
of platinum the most effective electrocatalyst, which can beeaed, for example, by increasing the
surface area though using smaller nanopartidlee loading amount of Pt has been proposed to be
reduced to 1/10 of the current loadings by New gyend Industrial Technology Development
Organization (NEDO) [29]. These cost targets, ofirse, have to be achieved at least without
deteriorating the performance of the cell includihg initial performance and durability, which are
discussed in the following sections.

1.3.1 Initial performance

In the operations of PEFCs, the maximum theoretiellvoltage, 1.23 V at 298 K, cannot be obtained
and the practical efficiency of the fuel cell isuay 40 - 60 % in real PEFCs. (The theoretical mne
83 % at 298 K, calculated frontz°/AH°.) The main causes of the lowered voltage is ifladsnto 1)
slow reaction kinetics for ORR in the small curreegion, 2) ohmic loss for proton-transport in a
middle current region, and 3) mass transport litiwites for the reactants in the large current region
These factors can be found in a typical currentag@ curve for a PEFC shown in Fig. 1.3.1. In
analytical studies for PEFCs, one of the goal isrtderstand the each barrier from the viewpoints of
physics and chemistry related to the componentseotell, including membrane, support, Pt catalyst,
ionomer, and the interfaces between them. In th@W¥ong sections, these points are briefly discdsse

a0

lon transport

Cell voltage

Reactant transport

Current

Fig. 1.3.1 A typical current-voltage curve for PEff€d curve). The main cause of the voltage loss in

each current region was posted.



Reaction kineticsfor ORR

The reaction kinetics is, in principle, a mattelyan the cathodic process because the exchangentur
density (the forward or backward reaction curreigity at equilibrium, see Section 2.3) for ORR on
Pt is smaller by 7 orders of magnitude than thaHfoR [30, 31]. The slow ORR rate has been ascribed
to the slow removal of adsorbed (hydr)oxide onRhesurface, the key step in ORR, due to the strong
binding [32-35]. Au is much less active than Pt@RR despite its small oxygen-bindingnergy. In
this case, the low activity is ascribed to the stwygen adsorption. The plot of the ORR activitg

the binding energy of the hydroxyl yields the sdlexh“volcano” profile [32], which can be explained
in terms of the Sabatier principle that catalytitiaty is maximal when the interaction between the
catalyst and the substance is not too week antbadtrong.

Tuning the electocatalyticproperty is the challenging theme in developing ORR
electrocatalyst and the Sabatier principle is th&ajine for this purpose. Alloying Pt with other
element(s) is a possible way to enhance the etattlytic activity of Pt. BNi(111) has been
experimentally shown to have 10 times larger OREcHig activity (activity per electrode surface
area) than pure Pt(11[36]. The surface structure of the Pt alloy catahas been characterized and
found to have the so-called “Pt skin” structuregwéhthe thin layer (at the levels of a few ML) of@

Pt phase covers the bulk alloy phase [37]. Thidn"sktructure plays a key role in tuning the
oxophilicity of electrode surface, and the applmwabf Pt alloy materials to the nanostructuredhode
catalysts is one of the most important theme inr¢lcent research of PEF{38-41].

Another factor for determining the reaction kingtis the effects of spectator species such as
anions in ionomer molecules, water, and impuritegually, the roles of spectator species in fuel ¢
reactions are the main subject of this thesis atide/again mentioned in Section 1.4.
Proton-transport

Protons in PEFCs are conducted through a polymeetrelyte, for which perfluorinated sulfonic
acid polymer (PFSA) is almost exclusively used beeaof its high chemical stability and strong
acidity. Fig. 1.3.2 shows the structure of Nafioas an example of PFSA; the ratio of x/y is an
important parameter determining the “equivalentgh&i (EW, the weight of polymer in the unit of
gram per the amount of sulfonic acid group in thit of mole) and surely the proton conductance. In
the bulk phase of hydrated PFSA membrane, segoegaticurs between hydrophobic perfluorinated
parts and hydrophilic sulfonic acid groups, théelaof which forms water channels with the siz of
— 3 nm [42]. The hydration state of the membraniects the segregation-morphology and
consequently the proton-transport resistance, wiidncreased and becomes a problem with the
drying of the membrane [43].

Nafion ‘E‘CFfF)X(CFQCF?)ﬂ_
OCF2(|:FO (CF,),— SO;H
CF;

Fig. 1.3.2 Molecular structure of Nafi@n
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The nano-scale morphology in the ionomer phaséénciatalyst layers, however, should be
different from that in the membrane, because tlokiiess of ionomer film on the Pt catalysts isha t
scale of a few nanometers as described in Sectiywhich is close to the size of the water chasinel
in the membrane. The investigation of the relatigmbetween the nano-scale morphology and proton
conductivity in an ionomer thin film is the recdrtt issues in fuel cell researches [44].

M ass-transport

The decrease in the cell voltage in the high camegion (Fig. 1.3.1) is caused by the mass tratispo
resistances in the gas-diffusion layers and cdtddysrs. Therefore, appropriate designs of those
components as well as the gas flow field of thelaipplates (Fig. 1.1.1) are required for contngjli
the supplies of the reactantsz(&d Q) and the emission of the product().

Recently, the ionomer films on the Pt surfacehadathode were also found to play important
roles in Q transport to the catalyst surfaces as describ&kation 1.2 [24, 45-47]. In a subsequent
study, the presence of the mass transport resesttrtbe Pt/ionomer interface has been rep¢4@d
and this observation suggests that the total Pacseiarea can determines the mass transport pyopert
(The mass transport rate should be proportion#iédotal Pt surface area if the resistance eaists
the Pt/ionomer interface). Therefore, the totatifface area has to be kept large for keepingdhe c
performance in a high current region even if highsmactivity (activity per the loading of precious
metals) catalysts are invented. In the same matimecoverages of spectator species blocking the
active sites on the catalyst have to be minimizedrhproving not only the reaction kinetics butaals
the mass transport rate because of the presetice Bt/ionomer interfacial mass-transport resisanc

1.3.2 Dur ability

For automobile application, the durability of 50f@erating hours for fuel cell stacks is required][2
The performances of the stacks, however, can legidegted by various processes [3]. In particular,
the degradations of catalysts and electrolyte mamds have been widely studied from both practical
and scientific viewpoints.

The degradation of catalysts is mainly causedhbyorrosions of Pt nanoparticles and carbon
supports, which lead to the decrease in the tataliface areas and porosity of the catalyst l&yrer
the gas diffusions. Recent studies have shownRhdissolution is accelerated by potential cyclies o
cathode [49, 50], which is inevitable under op@&atonditions in automobile applications.

Electrolyte membranes can be degraded by chemioakpses of the attacking by radicals
formed through the dissociations of hydrogen petexs a cathode by-product or through some other
mechanisms, or by the physical processes of metdilatiesses caused by repeated wetting (swelling)
and drying (shrinking) of the membrane [51]. Thermical and physical degradation processes are
accelerated in the open-circuit and potential-cy€ten-off” cycles) modes, respectivgbe, 53}

Although the topics of the durability are as impottas those of the initial performance, |
only treat the initial performance in this thesigtwthe focus on the roles of spectator specidaeh
cell reactions.



1.4 Role of spectator species
The property of Pt/ionomer interface in the cathcatalyst layer significantly affects the ORR kingst

[54] and potentially the &xransport to the Pt surface as mentioned abowethas is an important key
factor for improving the cell performance.

Figure 1.4.1 shows the schematic of the interfastevéen Pt and ionomer of perfluorinated
sulfonic acid polymer, wherez0nolecules that have traveled through the ionomereduced at Pt
surface free from adsorbates. While sulfonate anaways exist in this system, they have not been
regarded as dominant adsorbates in the past bettaisenobile regions should be confined by the
perfluorinated parts of the ionomer molecules. Restudies, however, clearly showed that sulfonate
anion in ionomer is adsorbed on Pt surface and GR®ics is affected by its adsorption [55-59].

Reaction intermediates also block the active sitdwir removals are slow. Another important
participant is water, which can affect the staleiitof other species [58] and can be oxidized to
oxygenated species (such as OH and O) on the fatsuraving the blocking effect for ORR [60].

The blocking effect is expressed I§§ — Y}; ©;) in the pre-exponential factor of the reaction rate
where 0; is the coverage of species i, and thus deternhieeatalytic activity [54]. Understanding
the properties of adsorbed species on Pt surfaB&ERFC operations is, therefore, another critically
important issue for improving the electrocatalgtativity.

0O,

Main chain

Side chain — |lonomer

A

Fig. 1.4.1 Schematic of the Pt/ionomer interface.

1.5 Contents of thisthesis
Even for investigating the practical system ofd®tdmer interface in PEFCs, it is helpful to sthd t

study with a generalized system of the interfadevbéen Pt and aqueous electrolyte including various
types of adsorbed or near-surface species. Fifj.4hfws the schematic of the interface, the s@dall
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Fig. 1.5.1 A model for the interface between Ptietale and aqueous electrolyte.

“electric double layer region61]. The first layer on the solution side contaater molecules and
sometimes other species, the latter of which adetede “specifically adsorbed species”. Many type
of anion are known to be specifically adsorbed bsuPface. Adsorbed oxygenated species such as
hydroxyl (OH(ads)) and oxygen atom (O(ads)) formaedthe oxidations of water molecules can be
also regarded as the same kind of species aseb#isglly adsorbed species in the sense thatahey
directly bonded with the Pt atoms. The locus ofdieters of the specifically adsorbed speciedlisdta
the “inner Helmholtz plane” (IHP). Cation is usyallydrated and therefore can approach to the
electrode surface only to the distance correspgniinthe thickness of the hydration shell. The $ocu
of the electrical centers of those nearest hydreaéidns is called the “outer Helmholtz plane” (QHP
The region where the charged species are distdbhbte the balance between the electrostatic
interactions with the charged electrode and themadions is called the “diffuse layer”, which extsn
from the OHP into the bulk of the solution.

In this thesis, the effects of the three typesdsfoabed or near-surface species, oxygenated
species, hydrated cations and specifically adsoalngzhs, on the kinetics of various electrocatalyti
reactions related to polymer electrolyte fuel cediee separately studiedhe thesis consists of five
chapters including this Chapter devoted to Intréidac In Chapter 2, fundamentals and backgrounds
of the analytical methods covering most parts i tiesis are presented. In Chapter 3, the focois is
the oxygenated species, which can be also call@ayBt)oxides if adjacent Pt atoms are included. In
particular, the kinetics of oxide formation reaati@and the roles of reaction intermediates in ORR ar
analyzed on the model surface of Pt (111) [62Chapter 4, the effects of hydrated cations on séver
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types of electrochemical reactions are investigatedlkaline solution. In this system, significant
reaction-blocking or -promoting effects due to #twecalled “non-covalent interactions” were newly
found[63-65]. Although the systems treated in thosedhapters are simper than the practical systems
of Pt catalysts covered by ionomer films in PERg§&s)eral aspects of electrocatalytic interface @an b
learned and thus foundations for understanding mongplicated systems with ionomer are provided.
Then, Pt surface with ionomer is treated as a rmpaetical research for developing PEFCs in Chapter
5, where the effects of specifically adsorbed asimnionomer molecules on the model surface of Pt
(111) are mainly investigated. For studying theoimer effects under more realistic conditions, aghov
analytical system (solid-state cell with Pt singtgstals) was establishgB]. In addition, the strategy
for mitigating the catalyst poisonings with ionomes presented by comparing the poisoning
properties of different types of ionon{&0]. The general conclusions of this thesis ararsarized in
Chapter 6.
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Chapter 2

Experimentals and fundamentals of analyses
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The works in this thesis are mainly based on vaitatnic measurements and analyses. Fundamentals
and backgrounds of the analyses are presentedsirchiapter. Further details of experiments are
described in each chapters.

2.1 Electrochemical cell
A glass or Teflon electrochemical cell with convenal three-electrode design was used in the ptesen
study. A water-jacketed glass cell used in thiglgig shown in Fig. 2.1.1.

(a)

(=

(11711 [ ’—\ £ F
il L =
Thermostat

== &=

Fig. 2.1.1 (a) lllustration of the three-electram with a water jacket used in the present study.
RE: reference electrode, WE: working electrode, CE: counter ebztt. The temperature of
the electrolyte (light-blue shaded part) can be controlled by flogwvater with the thermostat
circulator (yellow arrows). (b) Photograph of tredl.c

A single-crystalline Pt electrode with (100) or Q) lorientation was used as the working
electrode (WE). The counter electrode was a Ptwowhe. Reference electrode (RE) used was either
a reversible hydrogen electrode (RHE) or a comrakAg/AgCl(saturated KCI) which was separated
from the bulk solution with a Ruggin capillary péatclose to the WE to reduce the cell resistante. T
RHE was a platinized Pt mesh contacted with bath 1 atm of hydrogen and the electrolyte in a
hydrogen-reserved glass tube. The Ag/AgCl was ateddo the cell via a bridge with a valve to
prevent the electrolyte from contamination of clderanion. The potential of the Ag/AgCl was
calibrated to the RHE scale by measuring its p@tkagainst the RHE in eaaneasurement and the
potential of WE is always described in the RHE esdal thepresent study. A potentiostat (Autolab,
Metrohm Autolab, The Netherlamds) was used in @iogr cyclic voltammograms, in which the
ohmic loss in the electrolyte was always calibratgtR-corrected”) by specifying the cell-
resistance using the function of “positifeedback” equipped in the potentiostat.
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All the parts of the cell were made of glass olldrefand cleansed bynmersing them in
a mixed acid (the mixture of nitric acid (60%) aswlfuric acid (98%) with the volume ratio of
1/1) at room temperature for a couple of hours arfzsequently boiling them in Milli-Q water
(three times). In the measurements usatigpline electrolytes, all the cell parts were mati€eflon
to avoid the corrosion of glass alkaline [1].

2.2 Preparation of single crystal electrode

In the study of electrocatalytic properties, anadywith single-facet (hkl) electrodes give a plewity
information because of their defined crystallogiapkites, although multi-facet catalysts (e.g.
nanoparticles) are used for real PEFCs. For exantipéedifference in electrochemical properties
among various facets can be seen in the shapekd gpltammogram (CV) under inert condition as
shown in Fig. 2.2.12].

A single-facet Pt electrode can be prepared byncu#ét bulk Pt single crystal with a suitable
orientation. The method of the electrode prepanasind transfer to an electrochemical system has
been successfully established by Clavilier and ookers[3]. In the present experiments, however,
disks of Pt single crystals were purchased fromaaufacturer (MaTecK) and repeatedly used by
reproducing the (hkl) surfaces using an electroratigiinductive heating system shown in Fig. 2.2.2.

Low-index (100) (110

facets /9_2)_:,(? . _E.)__ =Q
¢ OlA! ’ 10
Ors10] o510
S e
——d =20

Cameats 10 pa s an?
& o o
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» o o

ERctroce potenta| (Ve RAE) /V Slectnge potential (e RAE) 1V Exctnoe potenta| (Ve R-E) 1V

High-index
facets

10

(332)

(111)(1(_)9)5\ W (111) '“E},'A,

Ekectrode potential (RHE) / V Blecrode potential (vs . RHE) / V
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—
—
—
-

10 pA » cm’
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Current demsity/ 10 pA » cm?

o,

Fig. 2.2.1 The shapes of the cyclic voltammogramdeu inert condition of the three low-index
facets, nanoparticles, and high index facets ob)a@hd (332) for Pt electrode. The assignments of
peaks and interpretation of CV for Pt nanopartibl@ge been discussed by Feliu and co-workdrs
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(a) T{eflon tape (b)
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Fig. 2.2.2 The electrode preparation system wittctebmagnetic inductive heating. (a) The
configuration of the system during the heating. Tmperature is heated up to 1200 — 1650 K. (b)
The method for protecting the electrode surfacenfomntaminations; before the exposure of the
Pt single crystal to atmosphere, the electrodeasaris covered with a droplet of water.

Thus prepared electrode was assembled into tlderhior a rotating disk electrode (RDE) system
(ASR or MSR, PINE Instrument Company, The U.S.) ptjd then transferred to the electrochemical
cell while the (hkl) surface is covered with a deapof water (Milli-Q, 18.2 MQ) to prevent its
contamination in the air. There are two configunasi for the electrode assembling: embedded form
(Fig.2.2.3a) [5] and “hanging meniscus” form (HM-RD Fig. 2.2.3b) [6]. The former is
hydrodynamically more ideal, and less susceptiblthé wetting of the side surface, which leads to
mixing of unconcerned currents from other facethwhe current from the concerned (hkl) surface.
Therefore, the configuration of the embedded foras applied as far as possible in the present study.
The embedding procedure is described in Fig.2.Pldwever, HM-RDE was applied in the

(a) (b)
|

(Ejﬁ

Fig. 2.2.3 The configurations of the (a) embedd®cthfof RDE and (b) HM-RDE.
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Fig.2.2.4 Schematics of the embedding of an eldetinto an RDE assembly.

measurements with ionomer coatings (Chapter 5)Usectihe ionomer films were found to be scraped
during the embedding (Appendix B), and no problevese found with regard to the hydrodynamics
and side-wetting.

2.3 Analysis of kinetics
The effect of electrode potential on electrochemreactions can be understood in terms of the

transition state theory [4]. Fig.2.3.1 shows thange in energy diagram along the reaction coorelinat
for a process of “O + e»> R” for a change in electrode potential E (see the change from curve A
to curve B) and the characteristics can be destalsdollows. (i) The energy for the reactant syste
is changed by—FAE, whereF is the Faraday constant, because the system ewluke electron in
the phase of electrode. (ii) Because the elecsami completely transferred to the oxidant O & th
transition state (TS), the energy for the TS i &lsanged by a certain fraction efFAE, —aFAE,
whereq is called the symmetry factor. (iii) Thereforee thctivation energyAG*, is changed by(1 —

(1-a)FAE

o ) at the temperaturg where

a)FAE and the reaction rate is changed by a factogxpfi(—

Ris the gas constant.

-aFAE
4 .
AG*(B)
(B) —
-FAE AG*(A
(A)
O+e TS R

Fig. 2.3.1 Change in energy diagram along the i@acbordinate for a process of “O +e R” with
the change in electrode potential &f; the energy diagram is changed from (A) to (B} *(A)
andAG*(B) correspond to the activation energies for the &siaf (A) and (B), respectively.
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This consideration leads to the well-known Tafalia&epn in the potential region where the
rate of the backward reaction is much smaller thahof the forward one and therefore negligible:

o (@-a)Fy
I(E) =loexp-—1=— 23.1
> = oo oplogliol = 2= logli(E))| (2.3.2)

, Where i(E) is the current density for the reaction at thetetele potential oE, I, is the exchange

current density, which is the forward or backwagdation current density at the equilibrium potdntia
Eo, and n is called overpotential. The so-called Tafel piotys log|i(E)|, providesa from its slope
and is therefore, a useful tool for analyzing rigacimechanisms as applied in several parts in this
thesis.
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Chapter 3

Kinetics of fundamental reactions on platinum electrode
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Pt oxides, which are inevitably formed on cathodtalyst as far as water is present, are one of the
most major reaction-blocking species for ORR. Thaimation kinetics and role in ORR are discussed
in this chapter.

3.1 Oxide formation

In a PEFC, the cathode is held in a high electymmtential range (above 1.0 V (RHE)) at which Pt
oxides are formed on the catalyst surfaces. Piesxuhy key roles for both the activity and duriabil

of the catalyst; the oxides block the site for cxygeduction reaction [1-3] but protect subjacent P
atoms from dissolution [4]. Therefore, the amouhfb oxides needs to be adequately controlled
during the operation of fuel cells.

For understanding the formation and reduction obX¥des, Pt single-crystals are useful as
the model because the oxidation sitenisll-defined. Among the low-index planes, (111) hasst
widely been used in previous studies [3, 5-11].

Figure 3.1.1a shows the cyclic voltammogram (CVadtt (111) single crystal in deaerated
0.1 M HCIG.. Three redox peaks are seen: the reversible dak petween 0.05 — 0.4 V due to the
oxidative desorption and reductive adsorption afarpotentially deposited hydrogenugd) [12, 13],
the reversible butterfly-shaped peak between @M&®-V assigned to the oxidative adsorption and
reductive desorption of hydroxyl (OH(ads)) [5, 6,18-14], and the irreversible peak between 0.8 —
1.1V, shown as O*, assigned to the formation aaiiction of Pt oxide [5, 7, 8]. Since the latteotw
peaks, OH(ads) and O*, are well separated, the fommation and reduction processes can be
separately analyzed, whereas this is not the casether planes and polycrystalline surfaces
(Fig.3.1.1b).

T T T T T T T T

[N e ——— e
! L -1 .
§ [@ |pta1n| 9mve. - (b) Pt (hydr)oxide
- 20 ¢ ' ) 110 H NS
< 1 UPD A
> Hupp OH(ads) A
10" - g :
=
2
8 0r _
= —— Pt-pol
& 50mvs!  oeoe- PL(100)
5-10 A T O01IMHCIO,  — P{(110)]
0 0.5 1 0 0.5 1
Electrode potential (vs.RHE) / V Electrode potential (vs.RHE) / V

Fig. 3.1.1 (a) CVs for Pt (111) surface in detet®.1 M HCIQ for the upper limit of 1.1 V (solid line) and
0.87 V (dashed line). (b) CV for Pt-poly and anodittammograms for Pt (100) and Pt (110) in deaer@t1
M HCIO..
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For the structure of the Pt hydroxide (OH(ads))isitwidely agreed that hydroxyls are
adsorbed on the surface, not incorporated intstisurface. For the structure of the oxide, however
two microscopic views have been proposed. Naggl suggested a “place-exchanged” structure
(“subsurface oxide”) in which oxygen atoms are npowated into the subsurface of the electrode from
X-ray scattering (XRS) experiments [7]. On the oth@nd, Wakisakat al.concluded the oxide as the
state where oxygen atoms are adsorbed on the s{@dads)) from X-ray photoelectron spectroscopic
(XPS) analysis and scanning tunneling microscopyMSobservation [8, 9]. In addition to the
structure, reaction mechanisms of the formationraddction of the oxide have not been understood
well even for the simplest surface (i.e., Pt(1Eif)er and there still remain following questiorg;is
the reaction formula Pt +40 — PtO + 2 H + 2 e or PtOH— PtO + H + €7?; (ii) what will be the
reason of the irreversibility of the O* peak?; dii)l is the reaction totally kinetic or includingther
effects such as magnetic hysteresis proposed bw&of15]?

As the first approach to these issues, kinetigh@foxide formation is studied on a Pt (111)
surface in this section.

3.1.1 Experimental
Electrode preparation
A Pt (111) surfaced single crystal disk (99.99%196. cnf, MaTecK) was annealed using
electromagnetic inductive heating for 10 minuteamiroximately 1300 K in the flow of a mixture of
H2 and Ar (3 % H, Taiyo Nippon Sanso, the purity of each gas: 39.99999%, Ar: 99.999%) [16].
The annealed specimen was cooled slowly to roonpeéeature in the flow of the same gas mixture.
Afterward the Pt (111) surface was covered withr@pkt of water (Milli-Q, 18.2 MR) and then
immersed in 0.1 M HCIQMERCK, Suprapur) saturated with Ar (Taiyo NippoanSo, 99.999%) at
0.07 V.
Electrochemical procedures
The electrode potential was anodically scanned fddi V to 0.98 — 1.02 V (at an interval of 0.01 V)
at 50 mV &, then held at the potential for 1 — 130 s and tr&thodically scanned to 0.07 V at 50 mV
s1. The amount of the oxide formed during thetential hold is estimated from the charge:, that
flows in cathodic linear sweep voltammogram asrection of the potential holding time and the
hold potential. The current density of the oxidarfation is estimated from the time-differential of
the qo+vs. potential holding time curve. This method iseggially the same as that used by Vetter
et al. [17] to examine the formation and reductainPt oxide, but they applied the method to a
polycrystalline Pt, not a Pt single crystal, aneréfore, could not identify the type of the forntedde
(OH(ads) or O*). As described in the following sens, the application of a Pt (111) single crystal
electrode in the present study enabled detailetysa® of the mechanisms of Pt-oxide formation
through comparisons between past observations w&rigus non-voltammetric methods and the
present results.

While the measurement was not being conducteddByastate), the electrode potential was
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being held at 0.07 V. The temperature was 303 K.

3.1.2 Results

Voltammogram with potential hold

Fig. 3.1.2 shows the voltammograms before and #feepotential holds at 1.00 V for 0 (no hold), 10,
30 and 100 s. The reduction of the oxide is seenaab.8 V in the cathodic scans.

10+ _Pt111 | 0.1M HCIO,

Current density / 10 pA - cm™

O,P aR
—— 0s
——10s
10+ 30s |
1.00V hold —— 100s
0 0.5 1

Electrode potential (vs.RHE) / V

Fig. 3.1.2  The voltammograms before and afterpibiential holds at 1.00 V for 0 s (no
hold) (black), 10 s (blue), 30 s (green) and 1Q@d).

Calculation of oxide amount

The amount of the oxide was estimated, as showangin3.1.3, by subtracting the reductive charge of
a voltammogram where only OH(ads) is formed, frévat twhere both OH(ads) and the oxide are
formed. As the former voltammogram, the one with tipper limit of 0.98 V without a potential hold
(“background voltammogram”) was chosen.

-
o

Current density / 10 pA - cm™

0L |
------ 0.98V Os
-0+ —102v 3s
0 0.5 1

Electrode potential (vs.RHE) / V

Fig. 3.1.3  The schematic of the estimation ofdkiele amount, which corresponds to the shaded area
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Oxide amount vs holding time

Fig. 3.1.4 shows the oxide amount as a functioefpotential holding time for each hold potential.
The electric charggo+, instead of surface coverage, was chosen as aaiodof the oxide amount,
because the coverage cannot be determined untessvige the reaction mechanism is clarified.

1.02V

—_
o
o
I
f

o 5 100
Potential holding time / s

Fig. 3.1.4  The oxide amount as a function ofgbtential holding time for each hold potential.
Black: 0.98 V, blue: 0.99 V, light blue: 1.00 Vegn: 1.01 V, red: 1.02 V.

At 0.98 V, the oxide is formed quickly but does godw further beyond 1AC-cnv2, which
equals to 0.042 ML (monolayer) if the reactionhie bne electron process and 0.021 ML if it is the
two electron process. At 0.99 V, the oxide steaglityws up to 100 s (The behavior over 100 s has not
yet been examined.). At 1.00 V or higher, the oxjdaws faster and reaches its seemingly maximum
value of approximately 100C-cm?, which equals to 0.42 ML for the one electron psxcand 0.21
ML for the two electron process.

Fig. 3.1.5 shows the logarithmic plot of Fig. 3.IThese S-shaped curves are in clear contrast
to the behavior on a polycrystalline Pt, wheredRigle amount increases linearly with the logarithm
of the potential holding time over the range betw&@? and 16 s[17-19].

Current density for oxide formation reaction

The oxide formation current densities, in princjgan be obtained by differentiating the oxide girow
curves of Fig. 3.1.4 with time. To enable differatibn at any point, continuous smooth curves were
obtained using the least square fittings for sévecal plots close to the differentiating poingsdubic
functions of the logarithm of the potential holdinge. Examples of the estimation procedure is show
in Fig.3.1.6; the locally fitted curves are shownsalid lines and the current densities at the eoxid
amount of 6QuC-cm? are equal to the slopes of the tangents (dashes)li
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Potential holding time / s

Fig. 3.1.5 The logarithmic plot of Fig. 4.

1

0 10 20 30
Potential holding time /s
Fig. 3.1.6  The estimation procedure for the oXatenation current densities at the oxide amour®f
uC-cm®. Solid lines: the locally fitted curves. Dasheaeb: the tangents at G€-cm? whose slopes are
equal to the oxide formation current densities; 2.8 and 171A-cm? at the electrode potentials of 1.00,
1.01 and 1.02 V.

Tafel plot

The potential dependency of the oxide formationrenir density was estimated at several oxide
amounts. Fig. 3.1.7 shows the Tafel plots (thetedde potentialvs. the logarithm of the current
density) and their fitted straight lines at 50, 80,and 8QuCcni?. The plots are well on the straight
lines and hence, the reaction current density Isexpressed by the Tafel equation:
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Fig. 3.1.7  Tafel plots for the oxide formatiordaheir fitted straight lines at (a) 50, (b) 60, 70
and (d) 8QquC-cm?.

o ak
[ :|0exy{R—1l_7), (3.1.1)

2.3RT . 23RT
logi -

or

n= logi, (3.1.2)

wherei is the reaction current density,the exchange current density,the symmetry factof; the
Faraday constang, the overpotentialR the gas constant afddthe absolute temperature. This result
means that, if the oxide amounts are equal, thetiogarate can be expressed by the simple
electrochemical rate equation and hence, the stétée oxides seem to be identical, independent of
the oxide formation conditions. The Tafel slopetfog oxide formation is 18 - 24 miecadé.

In contrast, the Tafel plots are not on a straligiet for 30 and 4QC-cm? as shown in Fig.
3.1.8 and thus, the above discussion is not vahd.invalidity is also seen in the cathodic lingaeep
voltammograms, shown in Fig. 3.1.9; the profilegled oxide reduction clearly depends on the oxide
formation conditions and thus so does the oxide sta
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Fig. 3.1.8  Tafel plots for the oxide formation(a} 30 and (b) 4QC-cm?.
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Fig. 3.1.9  The cathodic linear sweep voltammogramereo-’s are close to 4QC-cm The hold
potentials are 0.99 V (blue), 1.00 V (light blug))1 V (green) and 1.02 V (red).

3.1.3 Discussion
The experimentally estimated Tafel slope of 18 n24decadé is much smaller than that expected
for one-step, one-electron transfer reactions:

on _23RT
dlog aF

>60mVidecade (3.1.3)

for a symmetry factor of0 < a <1. A small Tafel slope, 36 mdecadé was experimentally found
also for a polycrystalline Pt by Vetter et al. [2D]. They ascribed the result to a subsurfaceatixad
by a place-exchange between a surface Pt atom @ds)Dthe mechanism of which is explained as
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follows.

The surface Pt atom has a positive charg€ gfand O(ads) has a negative charge of By
the place-exchange, O(ads) moves from the topetbottom of the inner Helmholtz layer, and the Pt
atom moves from the bottom to the top of the indeimholtz layer. Therefore, the net electrostatic
energy is decreased lZ, + |Z_|) - Ap;, where Ag; is the potential gap in the inner Helmholtz layer.
By using the energy decrease due to the place-egeha/etter et al. described the oxide formation

current density as
Doy 7 EF o,
RT L. (3.1.4)

In their experimentAg was linearly correlated to the electrode poterialising double layer
capacitances [21], and as the result, the Tafgleslat a low oxide coverage was obtained as
23RT/{aF(Z, +|Z_])}. By assumingZ, =|Z_| =2 and a =0.42, the Tafel slope of 36
mV-decadé was reproduced.

The place-exchange model was also suggested by&yagival [18]; a description of an oxide
formation current density similar to Eq. 3.1.4 wesed for explaining the “logarithmic law” for a
polycrystalline Pt mentioned in Section 3.1.2 (lihear relation between the oxide amount and the
logarithm of potential holding time). As mentioniadthe introduction, Naggt al also suggested the
place-exchange mechanism for the oxide formatioa &1(111) single crystal [7]. Hence, the small
Tafel slope in the present study may also be asgrib the place-exchange mechanism.

However, analytical and theoretical studies sugtjest in the low oxide coverage region
treated in the present study, below 0.35 ML, sulaser oxides at a Pt(111) surface is unstable.
Devarajan et al. concluded that, rather than theswdiace oxidation, oxide chain formation with
buckling of the surface is more favorable below50ML from STM observation under ultrahigh
vacuum (UHV) [22]. Hawkins et al. supported the esimental results using a density functional
theory study [23]. As mentioned in the introducti@vakisaka et al. characterized the oxide below 1.1
V as O(ads) in their XPS analysis andsitu STM observation [8, 9]. Hence, the applicabilifytive
place-exchange model to the present study is quediie.

The small Tafel slope can also be theoreticallgidiated without considering the subsurface
oxides, if the oxidation reaction is described bgoanbination of a fast electron transfer step, and
following slow electron transfer or chemical stég,[25] as

Equilibriun i RDS
Reactant .  Intermediate — Product .
n'e-
In this case, the current density is described as
— 0‘
Deng| TP EZEL)) (3.15)
RT

whereads is the symmetry factor for the rate determinirgpsfRDS), E°,. the standard potential for

the RDS ¢ the coverage of the intermediate arttie reaction order for the RDS. Because of the fas
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rates of the formation and reduction of the intediaie, the first step is assumed to be in equilioti
and hence, the intermediate coverage can be dedcribing the Langmuir-type isotherm, as

c.onfHEE)
I

RT

| = . . )
oo I E]

(3.1.6)

RT

where C, is the concentration of the reactant (or the cayerif it is an adsorbate)n’ the
stoichiometric number of the electron for the fatp andE the standard potential for the first step.

By substituting Eq. 3.1.6 into Eq. 3.1.5, the cotr@ensity can be rewritten as

CRy eXF{ (nly+ ards)FE _QITJ'FElo _ardsFEr(i;s

1ocef TS

When Crexp(n'F(E — EX)/RT)<<1 (the coverage of the intermediate is small),

j . (3.1.7)

' A 0 _ o}
i [ CRyeXp((n y+ 0, )FE gTyFEl ardsFErdsJ . (3.1.8)
Hence, the Tafel slope,
OE _ 23RT

dlogi (ny+a,JF (3.1.9)
can be much smaller than 60 ni¢cadé. (If the RDS is a chemical process, the exponktaian in
Eq. 3.1.5 is unity and the following equations aadid by settingerds=0.) This description can be
qualitatively understood as the addition of theeptil dependency to the concentration term in the
rate equation for the RDS and it has been suggdetedn iron corrosion reaction (the Bockris
mechanism) [24, 25].

Testing of this hypothesis including the identifioa of the reactants and intermediates needs
further experimental investigations and suppornmfriirst principles calculations. These are beyond
the scope of the present study and will be adddeissthe near future.

3.1.4 Conclusions

The kinetics of the electrochemical oxide formatoomPt(111) was examined using the voltammetric
analysis. The current density of the oxide formatreaction was estimated as a function of the
potential below the oxide coverage of 0.35 ML. Urttie condition where the Tafel plot is on a stnaig
line, the slope was 18 - 24 ndécadé. This small Tafel slope is not likely to be eluaied by the
place-exchange model, which has been proposedeasatlse of the small Tafel slope for oxide
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formation on polycrystalline Pt, because the oxtdgerage is too low to make subsurface oxides
stable on Pt (111) as suggested in past studiealt&mative mechanism was proposed, in which the
reaction is assumed as a combination of a fastretetransfer step and a following slow step. lis th
way, the sophisticated analyses using the welléefPt (111) single crystal led to the new suggesti
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3.2 Oxygen reduction reaction

In oxygen reduction reaction (ORR), oxygenated ig3eare formed also as reaction intermediates.
Understanding of the properties of the intermedisgdemportant because their coverages determine
the catalyst activity. Analyses of the properties of those species argebher, not as straightforward
(the peak analysis in the previous section cane@gplied) as in the case in the dearated eletzgroly
treated in the previous section, because voltamamegrwith large faradaic ORR currents are
featureless as shown in Fig. 3.2.1. In this sectamother approach is presented for analyzing the
oxygenated intermediates.

S 0l Pt(112) po
<.E - O, saturated 0.1 M HCIO,4
£ | 1600rpm 50mVs |
P
<
g4l -
c
o
8 -6 ! s | s ! s ! s !

0 0.2 04 06 0.8 1

Electrode potential (vs.RHE) / V

Fig. 3.2.1 The voltammogram on Pt (111) surfac@.inM HCIQ, saturated with ©

The focused physical quantity is reaction orderG&itR, ), the definition of which is

described as
dinr
= 3.2.1
4 (dInCSj (:24)

, Where I' is the ORR reaction rate a3 is the concentration of Oat the electrode surface. The
reaction rate,l', can be described by considering the blockingceffeee Chapter 1);

f =k{1-0,, —O,,e/Cs (3.2.2)

where K is the reaction rate constafitn: is the coverage of adsorbed reaction intermediatéhe
electrode surface, artkpecis the coverage of adsorbed spectator speeigse{ectrolyte anions and
impurities) [6].

If the removal of the intermediate is so fast tigy} is constant for angs, ) is 1. In contrast,
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if the removal of the intermediate is slow ad is increased with increasing 6§ (the intermediate
is accumulated), is lower than 1. Thus, the reaction order providésmation about the oxygenated
intermediate. In this section, the reaction order@RR on the model electrode of Pt (111) surface i
experimentally estimated.

As shown by Eg. 3.2.1, the reaction orgeessentially describes the dependence of the
reaction rate on the concentration of the rea@adf in principle, can be determined by measutieg t
reaction rate while controlling the reactant cornicion on the reaction site. In reality, the react
concentration on the reaction site is not equ#had in the bulk solution and depends on the reacti
rate due to limited reactant transport to the feadite and therefore experiments with controlteass
transport and data analysis for correcting the deganecessary.

Rotating disk electrode (RDE) technique is a wethblished method for controlling the mass
transport and its application to Pt single crystattrodes was successfully accomplished by Madkovi
et al [26, 27]. Although the ORR reaction ordertba model electrode of Pt (111) surface in acid
electrolyte of 0.1 M HCl®@has already been estimated at 0.8 V by Markovét.¢26] and in a wider
region of 0.8 — 0.95 V by Gomez-Marin et al. [28)nore sophisticated and systematic procedure is
applied in the present study. In addition, the tieacrder in alkaline solution, which has not geen
reported, is measured.

3.2.1 Experimental

Electrode preparation and electrochemical measurement

A Pt (111) surfaced single crystal disk with arcelede surface area of 0.283cwas annealed using
electromagnetic inductive heating for 5 minuteagiroximately 1200 K in the flow of a mixture of
H2 and Ar (3 % H). The annealed specimen was cooled slowly to reonperature in the flow of the
same gas mixture and covered with a droplet of m@tdli-Q, 18.2 MQ). The electrode was then
embedded into an RDE assembly. The detail of RB¥erabling is described in Chapter 2 and in a
previous paper [27].

Afterward the electrode was immersed in an acitl f0.HCIOs) or in an alkaline (0.1 M KOH)
saturated with a mixture of2@nd Ar at the electrode potential of 0.06 V (RH&)d then the potential
was swept in the positive direction by 50 mMgith the rotation rate of 1600 rpm. The recorded
voltammograms are noted as ORR curves in the fatigwCyclic voltammograms (CVs) were also
measured with the scan rate of 50 mywathout the electrode rotation in the electrolysaesurated
with Ar for checking the cleanness of the experitaksystem and measuring the background current.
The potentials are always referred to RHE and olirop was corrected.

HCIO4 was from JT baker (ULTREX Il Ultrapure Reagent)l &OH from Alfa Aesar (99.99 %
by metal basis). Gasses were from Airgas (99.9996r%r, 99.999 % for @). A glass cell was used
for the acid electrolyte and a Teflon (FEP) cetl tlee alkaline electrolyte. A gold wire was used fo
the counter electrode.
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Data analysis
The detall of the data analysis is provided in Apgpe A, which demonstrated that the reaction order
y can be estimated by the slope of the straight fitted into a data set oflni(E) vs.

In{iq(1 —i(E)/ig)/i'q} with various Q@ concentrations in the mixture, whei¢E) is the measured
ORR current density at a certain electrode poteriijsand a certain £bulk concentrationiq is the
diffusion limiting current density at the2®ulk concentration, andd is the diffusion limiting current
density in a standard bulk concentration aof &t at the saturated bulk concentration with 10026
in the present analysis, according to Eqg. (3.2.3).

Ini(E) :yln{[:.—dJ(l—i(i—E))}+A(E) (3.2.3)

where A(E) is constant at the certain potential as desciiibéite appendix A1 was obtained from
the following equation.

I =1 gy ~ley (3.24
whereiLsv is the current density of the ORR curve andis the current density of the CV in the
positive scan, although this subtraction was fotmdave little effect on the results and conclusion
in this study. The data set dfii vs. In{ig(1 —i/ig)/i'q} essentially describes the dependency of
reaction rate on the concentration of the reactatite electrode surface (not in the bulk) as desdr
in the appendix A.

In past studies, similar plots ofni vs. In(1 —i/ig) obtained by changing electrode
rotation rate under a constant bulk@ncentration have been mainly used for estimdtiageaction
order (The @ concentrations at the electrode surface can lzechianged by changing the rotation
speed) [26, 29]. This method is, however, susclkeptib error because the; ©@oncentrations at the
electrode surface are always close to the setupdamcentration and the plot range is narrow in the
pure-kinetic potential region, wherg<<i, and the consumption of the reactant at the eleetro
surface is slow (Fig. 3.2.2a). In contrast, ourhodtusing @QAr mixtures with the same rotation speed,
with which G concentration at the electrode surface can belyvadenged even in the pure-kinetic
region (Fig. 3.2.2b), provides more reliable data.

Recently, Gomez-Marin et al. also applied the RBEhhique with @Ar gas mixtures and
estimated the reaction order of ORR on Pt (111fpser[28] although their analytical procedure was
different from ours. In their analysis, ORR cursemtere initially corrected for the mass-transport
effect by assuming thay = 1 ;

RN

i (3.2.5).
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Afterward the corrected ORR current; (g), which describes the current density if the cofregion

of Oz at the electrode surface was equal to that ibdlieelectrolyte and is the so-called kinetic catre
when y = 1, was confirmed to be proportional ta Bulk concentration, and they concluded that
y = 1 .While their conclusion is definitely self-consist, the estimation procedure is only valid in
the special case thag = 1 . In contrast, our procedure is valid for arjy since no assumption
regarding ) was made in the derivation of Eq. 3.2.3.
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Fig. 3.2.2 ORR curves and concentration profile®©phear the electrode surface with (a) pusen@h
different rotation speeds and (b)Y & mixtures with different @ concentrations at the same rotation
speed.

3.2.2 Results
CV and ORR curve

Figure 3.2.3 shows the CVs and ORR curves in OHQ¥4 and in 0.1 M KOH. Previous results
were well reproduced for the CVs (Figure 3.2.35@) (c)). Therefore, a well-defined Pt (111) swefac
is available and the experimental system is cleayur measurement.
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Fig. 3.2.3 (a) and (b): The CV and ORR curves (positive scanpPt(111) in 0.1 M HCI® (c) and (d):
Those in 0.1 M KOH. The scan rate is 50mV Ehe electrode rotation rates are 0 rpm in CV @D rpm

in the ORR curves. Three potential regions I-li¢ atisible (see the text for details). The analysés
conducted in the potential region Ill. The bulk centrations of @in the mixtures can be estimated from
the diffusion limiting currents in the ORR curvegahe resulting values are indicated in the figure

Reaction order
Figure 3.2.4 shows typical plots dfii vs. In{ig(1 —i/iq)/i'q} at 0.89 and 0.95 V with variousO
partial pressures in 0.1 M HCi@nd 0.1 M KOH and their fitted straight lines. Tieaction order for
each potential was estimated from the slopes.

Figure 3.2.5 shows the reaction orders of ORR astilons of the electrode potential in 0.1
M HCIO4 and 0.1 M KOH. The reaction order was estimatdoktd.1 in the acid electrolyte over the
electrode potential region of 0.82 -0.96 V. It ikely that the reaction order of ORR exceeds 1.0
according to current theories for ORR, in whichmore than one ©molecule participates in the
reaction pathway [6, 30]. While further investigeis are needed, the excess of 0.1 can be tenyativel
ascribed to the error in the analytical procedwspie the careful treatments described above. The
reaction order in the alkaline is lower than thmathe acid in the entire potential region and fedls
minimum of approximately 0.5 at 0.95 V.
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3.2.3 Discussion

The first-order kinetics in the acid electrolytehieh has been also shown in the two previous ssudie
[26, 28], indicates that the reaction intermediades not accumulated with the increase in O
concentration and the first step of @dsorption in ORR pathway is RDS. Recently thisma@ism
was theoretically demonstrated by taking into aotdlie reorganization of solvent at the interfame f
Oz adsorption, which creates the additional barri€).®8 eV for the elementary step, by Hansen et al
[30].

The reaction order significantly lower than 1 ie tidkaline electrolyte indicates accumulation
of intermediates. This result may be ascribed tiemint reaction mechanisms: e.g. different barrier
for the solvent reorganization. There are few gsdif ORR mechanisms in alkaline solution [31] and
therefore, the origin of the small reaction ordealkaline is still open question.

While the unclear points are remaining, importamfidimation was obtained in this section.
Since the oxygenated intermediates were found mdbet accumulated with the increase in O
concentration in acid, the ORR kinetics can beudised on the basis of knowledge of the spectator
species (without considering the coverage of readtitermediates) for PEFC with proton-exchange

type.

3.2.4 Conclusions

The reaction order of ORR on a Pt(111) single alyskectrode was experimentally estimated as a
function of the electrode potential in an acid andn alkaline electrolytes with a more sophistedat
way than previous studies. The reaction order @pmately 1 over the range of the electrode
potential of 0.82 -0.96 V (RHE) in acid, while & significantly lower than 1 in alkaline. The first
order kinetics in acid indicates that oxygenategtgs as intermediates are not accumulated with the
increase in @concentration and the ORR kinetics can be discuesethe basis of coverage with
spectator species (including adsorbed anion andiBé formed from water).
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Chapter 4

Therole of non-covalent interactionsin electrochemical reactions
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In the previous section, we discussed electrochameactions involving only oxygenated species
formed from HO or &, which is the component of the fuel cell reactitself. In practical situation,
however, there will be the cases where reactioke pdace with the presence of spectators such as
anions in ionomer molecules. In the following twwapters, we focus on the role of spectator species
in various electrochemical reactions.

The most practical spectator species in PEFCsraoa®in ionomer molecules, which can be
covalently bonded to Pt surface, and this “ionoeféect” will be discussed in the next chapter. In
contrast, alkali (earth) cations have been regaadetbn-influential species on Pt surface becduese t
are stably hydrated and do not form covalent bapeith Pt in the potential window of 0 — 1.5 V
(RHE) for agueous electrolyte (Fig. 1.5.1). Recehibwever, they were found to strongly affect some
types of electrochemical reactions. This “catioiedf is firstly treated in this chapter, becausesi
not only new, but also provides foundations for emsthnding roles of spectator species in
electrocatalytic processes.

4.1 Effectson fuel cell reactions

In the history of electrochemistry, the effectssplectator species on reaction kinetics have been
discussed with the focus on covalently adsorbedispddirectly-bonded with the electrode surface
via orbital overlap) including underpotentially-degesi hydrogen (kbd) atom[1, 2], aniong3, 4],
oxygenated specigS] and CO moleculg6]. Such “chemisorbed” species are located initimer
Helmholtz plane (IHP), defined as the locus of ¢hectrical centers of the chemisorbed ions (Fig.
1.5.1), and play decisive roles in electrocatalytiocesses. The energy of adsorption of reactants
and/or intermediates, as well as of spectator speearies strongly from metal to metal, and thereb
leads to significant variation in the electrocheahi®action rates.

Lying at the opposite end of surface-ion intexauditraditionally considered are electrostatic
forces, which act at distances of tens of angstramisnvolve nonspecific adsorption of hydratedsion
located in the outer Helmholtz plane (OHP), defiaedhe locus of the centers of these nonspedyfical
adsorbed ions (Fig. 1.5.1). According to classiglide-layer theory [7, 8], the concentration of iams
the OHP is determined by the ratio of the elecatisenergyF®. (wherez is the charge of the ions
and@: represents the potential at the OHP) to the thiezmexgy RT). The classic description of these
interactions comes from Frumkin’s pioneering papg®s10], in which the importance @b: in
describing both the double-layer structure andtedde kinetics is discussed in terms of the diffiese
between the applied potenti&d, and the value ob: at the OHP; the potenti&dis closely related to
the inner potential of the metakw, and @2 depends mainly on the overall concentration of the
electrolyte.

Although the Frumkin correlation holds quite welh @adsorbate-free electrodes, the
commonly observed sensitivity of charge transfethechemical nature of the double layer remains
largely elusive on adsorbate-modified electrodéss €lusiveness may stem from the fact that, beside
strong covalent interactions and very weak eletdtmsinteractions, the importance of so-calledhho
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covalent’ interactions on the double-layer struetand kinetics has been neglected completely. (The
term ‘non-covalent interactions’ is used here imemdance with the chemical literature for
interactions with bond or stabilization energiesien than 85 kJ mdi[11-13] and includes hydrogen
bonding, cation—water bonding and cation—OH bonglifidpe non-covalent interactions have not
previously been considered in the studies of edeatalysts for fuel-cell reactions and will be tesh

in this section with the example of cation effemtsmethanol oxidation in alkaline solutions [14].

4.1.1 Experimental
A Pt (111) surfaced single crystal disk (0.283cmvas annealed using electromagnetic inductive
heating for 5 minutes at approximately 1200 K ia flow of a mixture of Hand Ar (3% hydrogen).
The annealed specimen was cooled slowly to roonpeeature in the flow of the same gas mixture
and then, the Pt (111) surface was covered withoalet of ultrapure water (Milli-Q, 18.2 M)
saturated with hydrogen. Afterward the electrods emmbedded into an insertable RDE assembly and
then immersed in 0.1 M LiOH, 0.1 M NaOH or 0.1 M KQ@aturated with Ar in a Teflon cell at 0.05
V versus the reversible hydrogen electrode (RHE).

The electrochemical response was measured byisgathe potential at 50 mVsto 1.15 V
in the same solution (to record cyclic voltammogsaf@Vs)), and to 1.05 V in the Ar-saturated
solution in the presence of 0.1 M methanol with ¢éhectrode rotation rate of 1600 rpm (to record
polarization curves for the methanol oxidation tian).

LiOH was from EMD, NaOH and KOH from JT Baker, amgthanol from Baxter (high-
purity grade). All gases were of 5N5 quality andgmased from Airgas Inc. The potentials are reterre
to RHE and IR-corrected.

4.1.2 Results

Figure 4.1.1a shows the CVs for Pt (111) surfad&1nM LIOH, 0.1 M NaOH and 0.1 M KOHrour
potential regions are clearly visible: adsorptiémydrogen (H + € <> Hupd) between 0.05 and 0.4 V
(region 1), followed first by double-layer chargirggion II), then by the reversible adsorptio®btad
species (OH— OHad + €) between 0.65 and 0.85 V (region IIl) and, fingbly irreversible adsorption

of oxygen-containing species, historically termexide’, above 0.85 V (region IVNeither Hpd nor

the double-layer features were affected by thereatfi the alkali metal cation and therefore alkali
metal cations are not specifically adsorbed onfd1R). In contrast, adsorption of @Hvas enhanced

in solutions that contained 1,ibut the formation of ‘oxide’ was highly suppredse the presence of
this cation. This finding suggests the existencensxpected interactions between oxygen-containing
species covalently bound to the Pt(111) surfacieénIHP and nonspecifically adsorbing hydrated
alkali metal cations located in the OHP. (Previguah effect of alkali metal cations on voltammetry
had been observed in sulfuric acid and in phosphatiered solutions, but the measured trends were
qualitatively different from the results we obtain@ nonspecifically adsorbing alkaline electrog/te
as discussed in ref. [15, 16] and in Section 4rithis thesis.)
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Fig.4.1.1 The effects of alkali metal cations onsgCAhd MOR currents in alkaline solution on Pt (1{4) The

effects on the shape of CV, includingpki(region I), the double layer (region II), revetsiladsorption of OH

(region 1) and irreversible oxide formation (regilV). (b) The effects on surface coverage ofa@¥Kt) The
effects on polarization curves for MOR. The veltidashed lines at 0.82 and 0.95 V emphasize theasahilar

OHag coverage, the activities of MOR are controlledydny the nature of the cations.

The higher OHrstabilization effect by smaller cation was confarusing density functional
theory (DFT) by Greeley [14]; the stabilization exft is larger in the presence of lthan in the
presence of Cdy ca. 0.1 - 0.15 eV per one adsorbed OH. Theligw@ion can be thought of in terms
of enhanced interaction energy between the hyd@téadlayer and hydrated cation complexes, and
is expected to result in a shift in the OH adsorpipeak (Fig. 4.1.1a). The degree of the change in
interaction energies from the DFT, less than cakB@not!, suggests that the interaction between
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covalently bound OH groups and nonspecifically adsorbed cations casldssified as non-covalent
one. Finally, the stabilization of OH is sufficigntarge that further conversion of OH into atomic
oxygen or bulk oxide-like species is rendered nerdothermic, and thereby shifts the onset of the
oxide formation to more positive potentials (segor 1V in Fig. 4.1.1a).

Figure 4.1.1b shows the integrated charge for tHes€@rmation in the CVs (Fig 4.1.1a) and
the corresponding surface coverage ofa@d(@on) as a function of electrode potential. An apparent
difference inGon is seen only between’Land the other cations. However, this differenagbiserved
only from 0.65 to 0.8 V, and again above 0.95 Wvhich irreversible oxide formation takes place
(region 1V). In the potential region between 0.8295 V (between vertical dashed lines), the curves
of Gon versusthe electrode potential coincide and therefore dtneerages of Ok are the same
irrespective of the identity of the cation (ca. 9.8.8 ML). Also, if @on is the primary variable that
determines the rates of oxygen reduction reac@iRK) [17], hydrogen oxidation reaction (HOR) [1]
and methanol oxidation reaction (MOR) [18], as basn suggested previously, those rates should be
independent of the nature of the cation in thigptal range.

Surprisingly, Fig. 4.1.1c shows that the activityMOR between 0.8 - 0.95 V on Pt(111) is
dramatically different and decreases in the sequdfic> Na” >> Li*. (The same trends are also
observed for ORR and HOR [14].) As these changesirom the potential range wheon is
independent of the nature of the alkali cationwleein the vertical dashed lines), it seems liket th
covalent interactions alone (as described by th@HRs bond strength) are not sufficient to account
for all of the reactivity trends. More essentiallye results of the cation effects give a cleadence
that the description only with a purely “inner-spdig(covalent) bonding is not a perfect model & th
electrochemical interface, and an “outer spher@imanent, which has not been described previously,
is likely to be important. This is not, however stay that the covalently bound @tk unimportant in
determining the reactivity trends; indeed, MOR, &l as ORR and HOR [14]), is only affected by
the cation type in the potential region whéxs; is substantial (No cation effects are seen astidmting
point of MOR (0.6 — 0.7 V) as shown in Fig 4.1.1Eherefore, it appears that the measured activity
changes result from direct interaction between &gt cation, M(H20)x, and OHa. This conclusion
is also supported by results in sulfuric acid (®ecd.1.4), where Olis not formed below 1 V (RHE)
because of dominant adsorption of sulfate aninadglae cation effects on ORR curve are essentially
eliminated. (Also, the more positive absolute pb&ds in acid imply that alkali ions will be found
further from the electrode surface, reducing theraction energy with Okdand further contributing
to the lack of the cation effects.)

Fig. 4.1.2 shows the activity as Log(current) aistant potentials for ORR, HOR and MOR
vs. the measured hydration energy of (drawn by Strmcnik) [14]. The each relationshiglisarly
linear and these correlations strongly suggest ghaniversal relationship exists between cation
hydration energy and the reactivity of platinumfaoe in alkaline solution. In addition, such
correlations are anticipated by the DFT analysisGrgeley [14] as mentioned above, given the
analogies between the interactions for cation-w@igdration) and those for cation-G
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at 0.9 and 0.95 V have been taken for ORR and H&4pectively.

4.1.3 Discussion
As discussed above, hydrated cations are proposee stabilized in the compact part of the double
layer through non-covalent bonding with adsorbed €j¢cies. This stabilization leads to the
formation of OH+M*(H20)x or (H:O)x-1tM™--- H20--- OHag clusters (Fig. 4.1.3), which may be
considered to be “quasi-specifically adsorbed” tatipum; the major difference between this quasi-
specific adsorption of alkali metal cations and wedl-known specific adsorption of anions [3, 4] is
that, the contact is bridged by the adsorbed Otderformer case, while there is a direct metald#anio
contact in the latter case. Note that the intevactietween the adsorbed OH and the cation is
substantially different from that suggested by Naggl. [19], and Wandlowski and De Levie [20] for
a classic outer-sphere reaction, in which anioriteeasurface serve as a bridge that enhancesaglectr
transfer between adsorbed species and hydratedocat®d at the OHP. In the new “non-covalent”
model, the adsorbed OH species serve only as anghmoints for the hydrated cations, which enables
the formation of clusters as spectators.

The concentration of QM *(H20)x clusters near the electrode surface should inereas
the same order as the strength of interaction Etv@Hd and M (H20)«: Li* > Na > K*(> Cs). If
the adsorbed clusters serve to inhibit the traredfezactants to the electrode surface, the reactites
are expected to decrease in the same sequence gsas$i-specific adsorption strength. Indeed, the
activities for MOR (as well as ORR and HOR) in k@ shows such a trend: (s> K* > Na" >>
Li*.
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4.1.4 Cation effect in acid

Figure 4.1.4 shows the CVs of Pt(111) in sulfug@asolution with and without alkali metal cations
(upper part) and corresponding polarization curfggsthe ORR (lower part). In agreement with
previous results [15, 16], the CVs show that thekpat 0.65 V is shifted negatively in the preseoice
K™, indicating that adsorption of sulfate/OH is aféetby the hydrated cation. However, in contranst
to alkaline solution, no effects of'kand Li" ions were observed on the ORR in the acidic mgdide
that the applied Liconcentration of 1®M is definitely the level affecting the ORR activin alkaline
as presented in Section 4.2). The absence of atdble effect in acids is likely due, in part, het
much lower surface coverage of @Hjroups in sulfuric acid; this low coverage does pmvide
sufficient anchoring points for hydrated alkaliioas, thus precluding the blocking effect, whiclreve
observed in alkaline in the above sections.

4.1.5 Conclusions

The importance of non-covalent interactions in tethemical reactions was addressed by
investigating the effects of the type of cationMO®R (as well as ORR and HOR) on Pt surface in
alkaline solutions. The non-covalent interactioasaeen Ol and M (H20)x were found to increase
in the same order as the hydration energies ofrtleded cations (Li>> Na > K*(> Cs)) as
indicated by an inverse trend for the reaction cAtdOR as well as ORR and HOR ((Ts K" > Na'

>> Li*"), which can be well explained by higher concerdrabf OHeM*(H20) clusters as spectators
near the electrode surface for cation with largeiration energy.
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4.2 Effectson bulk CO oxidation

In the previous section, the newly found catioreetf§ on electrochemical reactions were presented.
The new field in electrochemistry is now being deped as demonstrated by many works on the
cation effects on various electrochemical reactmm®t electrode. For example, by cations withdarg
hydration enthalpies including 1,iBa¢* and Bé*, oxygen reduction reaction (ORR) [14, 21-24],
hydrogen oxidation reaction [14, 23], the oxidatimhsmall organic molecules [25, 26], and the
reduction of HOz [22] were suppressed while hydrogen evolution fead23, 27], CO oxidative
stripping [28, 29] and the oxidation of2Ek [22] were accelerated. The “non-covalent” model fo
explaining the cation effects has been supportedjusn-voltammetric methods; density functional
theory calculations showed the higher stabilitytioé OHg+hydrated cation cluster with larger
hydration enthalpies of the cation [14]; X-ray $edhg measurements suggested that Bations are
immobilized at 3.4 A away from Pt (111) surface®iad [21]; infrared spectroscopy measurements
suggested the promotion of the Qfbrmation by LT [30].

The non-covalent effects were also studied on Agtsdde, and however, no cation effects
were observed [21, 26]. This result as well as aton effects in sulfuric acid presented in Section
4.1.4 was explained by lower coverage of#éh the electrode. Thus @Qtoverage seems to play
an important role in the formation of the &hydrated cation clusters.

In this section, the relationship betweenddtbverage and the non-covalent interaction was
further investigated by analyzing “bulk CO (@@xidation” (CO oxidation in electrolyte saturated
with CO) in alkaline on Pt (111) and Pt (100) soef@ single crystal electrodes through voltammetric
analyses. These experimental conditions are apptedor the purpose because theOtbverage
can be drastically changed by adsorbing and lifth@O molecules, and in the case of Pt (111), the
potential region of the Okdformation can be definitely identified [31].

4.2.1 Experimental
Electrode preparation
A Pt (111) or (100) surfaced single crystal disk2@3cnf) was annealed using electromagnetic
inductive heating for 5 minutes at approximatelpQ X in the flow of a mixture of Hand Ar (3%
hydrogen). The annealed specimen was cooled skawlyom temperature in the flow of the same gas
mixture and then, the electrode surface was cowertda droplet of ultrapure water (Milli-Q, 18.2
MQ) saturated with hydrogen. The electrode was tmebeelded into an insertable RDE assembly.
Further details and the RDE assembling are destib€hapter 2 and a previous paper [32].
Afterward the electrode was transferred to alkaéifextrolytes by two ways. In the first way,
the electrode was transferred to alkaline eledteshydirectly after being embedded into the RDE
assembly. The electrode prepared using this proeadwnoted as “as-prepared”. In the second way,
the embedded electrode was immersed in an acittaige (0.1M HCIQ) saturated with argon at a
potential of 0.06 V (RHE), was potential-cycledviler limit: 0.06 V, upper limit: 0.96 V, 50 mVs
20 cycles) with a rotation rate of 1600 rpm aftex electrolyte was saturated with CO, and then was
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transferred to alkaline electrolytes, while thectiede was covered with a droplet of water satdrate
with hydrogen. The electrode prepared using thesguiure is noted as “CO-annealed”.

CO reactivity measurements

The electrodes were immersed in 0.1M KOH, 0.1M K®idluding 16> M LiOH, 0.1M KOH
including 10* M Ba(OHY, or 0.1M KOH including 16 M CuSQ saturated with Ar at a potential of
0.06V and then the flow of Ar into the electrolytas switched to that of CO. 25 minutes after the ga
switching, the electrode potential was swept ingibsitive direction by 50mVAs The rotation of RDE
was started at 1600 rpm 4s before the potentiaégwEhis procedure was found to make the results
reproducible by our thorough investigation.

Chemicalsetc.

LiOH was from Sigma-Aldrich (99.995% by metal basksOH from Alfa Aesar (99.99% by metal
basis), Ba(OH)from Sigma-Aldrich (99.996% by metal basis), ardl&s from JT baker (ULTREX

[l Ultrapure Reagent). Gasses were from Airgas9Q@®9% for argon and hydrogen, 99.997% for CO).
A glass cell was used for the acid electrolyte aniéflon (FEP) cell for the alkaline electrolytés.
gold wire was used for the counter electrode. Tatergials are referred to RHE and IR-corrected.

4.2.2 Results and discussion
In Figure 4.2.1a and 4.2.1b, the full red curvgsesent the C@oxidations on the Pt(111) and (100)
pre-conditioned with the so-called CO annealingquol [33-37] to remove defect sites of adislands.
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Fig.4.2.1 CO bulk oxidation voltammograms in thaifige potential sweep on as-prepared and CO-aadda)
Pt (111) and (b) Pt (100) surfaces in 0.1 M KOHod#in 0.1 M HCI@are also shown for comparison on (c) Pt
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Several observations are noteworthy. (i) No CO atah is observed below 0.5 V in contrast to a
previous study [38]. (i) A broad oxidation peakdbserved between 0.5 and 1.2 V. This peak is
reminiscent of a pre-ignition peak in acid (Fig2.4c and 4.2.1d) regarding the potential region
(starting at 0.5 V), which is observed only on #seprepared surfaces and ascribed to CO oxidation
on defect sites of adislands [33]. The CO oxidasitarting at the low potential of 0.5 V even on the
CO-annealed surfaces indicates additional typesctife site which function only in alkaline (e.g.
steps and ridges formed by the CO-annealing [$@]))A sharp peak similar to CO-stripping peak
centered at 1.1 - 1.2 V is observed. The stripp@ak, which is indicative of the oxidations of larg
CO domains, is a testament of the fact thas @Xdations are taking place on almost completeds C
covered surfaces.

In the past, to improve CO oxidation, it was custormtroduce more oxophylic sites so that
the adsorption of OHan compete with CO adsorption from the bulk efélectrolyte. Here, in order
to promote the OH adsorption and thus CO oxidawdther the electrode or the solution side of the
interface is tailored.

The dashed curves in Figure 4.2.1a and 4.2.4.b shewffect of an increased amount of Pt
adislands on CO oxidation. Although the surfacesssitl not active in the potential region belovs 0.

V, the activities for CO oxidation on the “as pregdl surfaces are significantly higher than on the
adisland-free CO-annealed surfaces. Note thagudt the conditions for the first exposure to CO of
the CO-annealed surfaces and of the as-preparttesrare different (i.e. acid for the CO-annealed
surfaces and alkaline for the as-prepared onesssitded in the experimental section) and the effec
of solution pH at which the CO adlayer is formed thie activity for CO oxidation has been
demonstrated [39], this is not the case for thegarestudy because the as-prepared Pt (111) omwhic
the CO adlayer had been formed in acid also shdhetiigher activity as shown in Fig. 4.2.2. Thus
higher oxophylicity of Pt “defect” sites indeed y$aan important role in the G@xidation in alkaline
[33, 38, 40-46] .

Fig.4.2.2 The effect of the condition for the first

(\'IE L ---As-prepare'd (CO ad. in aIKaIfne) - L .
S — As-prepared (CO ad. in acid) exposure to CO on the bulk CO oxidation in
<°£ 2 CO-annealed (CO ad. in acid) 7 alkaline. Black dashed line: the activity on the as
S prepared surface shown in Fig. 4.2.1a, on which the
; 1L CO adlayer has been formed in the alkaline in the
@ standard experimental protocol. Blue solid line th
% activity on the as-prepared surface on which the CO
E 0r , | adlayer has been formed in the acid before the
S 0 0.5 1 activity measurement in the alkaline. Gray: the
Potential (RHE) / V activity on the CO-annealed surface shown in Fig.

4.2.1a, on which the CO adlayer has been formed in

the acid in the standard experimental protocol.
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Along the same lines, an even more pronouncedteff@s observed on the surface, decorated
by copper adislands that are formed via the undenpially deposition (UPD) effects. As shown in
Fig. 4.2.3, oxidation currents are observed asdsw V with the presence of a small amount of"Cu
in the electrolyte. The currents are positive ewethe negative-going scans (Fig. 4.2.3c and 4)2.3d
and moreover, as shown in Fig. 4.2.4, the oxidatha@rge below 0.5 V with the scan rate of 1 mVs
(0.05 C for the shaded area in Fig. 4.2.4) caneodxiplained by dissolution of Cu even if the total
amount of Cd" included in the cell was deposited on the Pt setfapM (Cu?* concentration) x
0.07 L (amount of the electrolytex 96500 Cmot (Faraday constantk 2 (valence state of the Cu
ion) = 0.0135 C. Therefore the observed prewavesldhbe due to CEOoxidations, implying that
small coverage with Gpa has significant catalytic effect by providing thecessary sites for Qlas
reactant. The resulting polarization curves arg sanilar to what has been reported for Pt(111)-CO
system in alkaline before [38] and therefore adrawel of C4" as an impurity was the most likely
cause for the observed activity. The role of sotherometal impurities on the CO oxidation and other
electrochemical reactions was presented in ref. M&noted above, however, in a®dree solution,
no activity is observed below 0.5 V.

-(é)‘ | IPt(1‘11I)'I '(b)' ‘P‘t(1001)'l

2 [ ~--0.1MKOH
——+10°M Cu3” st
+10¢M Cu>” 2nd
+10M Cu2” 3rd
+102M Cu>” 4th

—+10°M Cu*" 5th

Current density / mAcm-2

o -t oo A ___

0 o '0.5 1 0 0.5 1
Potential (RHE) / V

Fig.4.2.3 Changes in CO bulk oxidation voltammogsam the Pt surfaces during potential cycles t6 V.With
the presence of 0M Cu?* for (a) Pt (111) and (b) Pt (100) in the positpaential sweep, and (c) Pt (111) and
(d) Pt (100) in the negative potential sweep.
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Fig.4.2.4 The effect of potential-scan
rate on CO bulk oxidation in the positive
scan on Pt (111) surface with the
1 M Cu. The
voltammogram without Cii is also

presence of

shown for comparison (black dashed
line). The oxidation charge below 0.5 V
for 1 mvs! is calculated as 0.05 C,
which corresponds to the shaded area.

In the both cases, the introduction of more oxojghggnters, which are covered by OH or
oxides or a mix of both, to the Pt surfaces prositiie oxidation of CO. In the following, we explore
if the adsorption of Okl can be promoted by modifying the solution sidehef interface with non-
covalently bound cations.
Figure 4.2.5 summarizes the cyclic voltammogram J(©VPt (111) (upper part) and the
polarization curve for the G{»xidation (lower part) in 0.1 M KOH in the samedatial region. The
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Fig.4.2.5 (a) Cyclic voltammogram of Pt
(111) in inert condition in 0.1M KOH. (b)
The difference in CO bulk oxidation
voltammogram on the CO-annealed Pt
(111) between the positive and negative
potential sweeps, when the potential is
turned at 1.2 V. The solid curves are the
currents in the positive sweep and the
dashed curves are the ones in the negative

sweep.



CV shows a characteristic hydrogen adsorption piateregion between 0.05 - 0.45 V which at more
positive potentials is followed first with a douldégyer, then with reversible adsorption of £KD.6 -

0.9 V), and finally with an irreversible formaticof a ‘true” Pt oxide. A typical CO oxidation
polarization curve recorded on the positive sweegction shows that CO oxidation starts at 0.5 V
reaching the maximum activity at 0.95 V and thendhtivity is monotonically decreasing due to oxide
formation. On the reverse sweep direction, diffadimited CO oxidation current [33] appears as a
plateau between 0.95 - 0.80 V and the observedrdiites are typical for the process where in the
positive sweep the electrode is covered with COanthe reverse sweep the electrode is pre-covered
by oxygenated species that are required for theticeato proceed. The potential region of the @ate
corresponds to the one where the reduction of ecstarts but Okd coverage still remains high as
shown in the CV (Fig. 4.2.5a). Therefore, a8xidation is promoted when both oxide-free Pt atom
are accessible to CO in the electrolyte and adso@id is abundant to react with CO via Langmuir-
Hinshelwood mechanism [48].

Figure 4.2.6 shows the effects of the additionkidfand B&" on CV and C® oxidation. In
CV (Fig. 4.2.6a), the adsorption of OH is promofédtke peak at 0.65-0.85 V is shifted to lower
potential) and both the formation and reductionxitle (the anodic peak in the potential above 0.9 V
and the cathodic peak appearing at the shouldbegieak for OH desorption) are suppressed by these
additives, while the behavior of underpotentiaiypdsited hydrogen (0.05 - 0.4 V) is not affectdte T
effects are larger for Bawith the concentration of 0M than for Li* with the 100 times higher
concentration, 1® M. For CQ oxidation, the effects of those additives areatadll observed in the
positive sweep (Fig. 4.2.6b). In the negative swhemwever, a substantial change in the activityoec
by the addition of B; the potential region of the diffusion limitinggteau is negatively shifted (Fig.
4.2.6¢). A small but clearly discernable negatikét<f the polarization curve is observed for the
addition of Li" .

To explain these effects, we rely on recent advantelectrocatalysis, which pertain to the
influence of non-covalently bound cations on thehawtor of the electrochemical interfaces.
Specifically, it has been shown that the preserida ‘oand B&* cations has a pronounced effect on
the reactivity of metal surfaces in alkaline salu. For example, in the presence of M Ba&?* a
huge deactivation of ORR was observed; e.g., ativegshift of 150 mV for the half-wave potential
as shown in Fig. 4.2.7 [21]. It has been shown B#t solvated cations can modify the surface in a
variety of ways, ranging from direct enhancemen®#éf adlayer formation to the formation of non-
specifically adsorbed patterns ofBavater complex that selectively block access ofitsoh phase
species to the surface and to affecting the intefaroperties of water molecules [21, 23] . I ladso
been shown that the oxidation of CO monolayer latgmn free of CO can be catalyzed by the addition
of cations with high energy of hydration, such @sdnd B&*, due to their promoting effect on the
formation of OH adlayer [28]. In contrast to COiming experiment, CRoxidation is independent
of the nature of cations in the positive sweepdiioa (Fig. 4.2.6b). The effect of cations is only
observed on the negative sweep, wheteahid B&* have promoting effects (Fig. 4.2.6¢). The reason
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Fig.4.2.6 The effects of the additions of" land B&" on (a) CV in inert condition, (b) CO bulk oxidatio

voltammogram in the positive potential sweep é)dhat in the negative potential sweep.

for this is believed to lie in the critical covemgy OHd. Because the non-covalent van der Waals
forces are relatively weak, the coverage by.@tds to be substantial in order to attract the dpdr
cations. This explanation has been supported byehigts on Au (hkl) surfaces in alkaline [21, 26]
and Pt (111) surface in sulfuric acid (Section4),Jwhere the effects of cation on the reactioegat
below 1 V (RHE) are negligible because of the l@vaerage with Ol The same is true for the GO
oxidation on Pt (hkl) where the surface is fullweoed by CO, as in the present case (Fig.4.2.8a). |
the negative sweep direction, however, the sitnaiquite different as the surface is now covédrned
oxygenated species and interacts strongly witthtftgated cations in the double layer (Fig. 4.2.8b).
In fact, B&" and Li" interactions stabilize the OH adlayer as demotestrian the CVs in Fig 4.2.6a.
Hence, the activity order for G@xidation in the negative sweep isHi*<Ba* (Fig. 4.2.6c).
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Fig.4.2.8 Models for the interface between thel@tteode and alkaline solution with the additiveBa* in the
CO bulk oxidation voltammetry (a) in the positivetgntial sweep (with high coverage of £&and (b) in the
negative potential sweep (with low coverage of,§.O

4.2.3 Conclusions

The role of non-covalent interactions on C@xidation on Pt surface in alkaline solution was
investigated. Similar to acidic environment, theeggnce of adsorbed @Hon the surface is
instrumental for a good catalyst. While we findtttie reaction is much more facile in the pre-igmnit
region compared to acid, there is still no oxidatidserved below 0.5 V. Trace levels ofQuere
found to dramatically improve the rate of the reacthrough an oxidized form of copper on the Pt
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surface; the oxidation potential is shifted rougbly V more negative, to 0 V vs. RHE, by providing
the necessary sites for the adsorption of OH agaet Furthermore, the non-covalent effect of the
added cations is not observed when the surfadghdylcovered with C@y, because of lowered Qi
coverage by C&. Once the Cea) layer is stripped by oxidation, electrode surfecavailable for
adsorption of Oll, and interaction with cations from the solutior@d®xidation is promoted in the
presence of lfiand B&*, and the non-covalent interaction effect is dertranesd.

Finally, a strong correlation between the LEbverage and the double layer structure was
demonstrated. By changing one, we inherently affezbther. This observation offers a great tool fo
designing of future catalysts as it allows us targe the activity for specific reactions by ordeis
magnitude by careful tailoring of the electrocheshdouble layer structure.
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Chapter 5

Pt/ionomer interface



The interface between Pt surface and ionomer, @ipah system in fuel cell reactions, is treated in

this chapter. Pt single crystal electrodes are pilvenodel electrodes in this case as well, because
anion adsorption can be detected by cyclic voltatrynas exemplified by the case for the adsorption
of sulfate anion on Pt (111) (Fig. 5[1].
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Fig. 5.1 The effect of sulfate anion adsorptiontba CV and ORR curve on Pt (111) surface. The ghade
butterfly peaks correspond to the oxidative adsonpand reductive desorption of sulfate. ORR afstivs
significantly suppressed by the anion adsorption.

5.1 Oxygen reduction reaction at Pt/ionomer interface
In catalyst layers of polymer electrolyte fuel sek solid polymer electrolyte, called “ionomer’t fo
distinguishing it from the electrolyte membrane,gsnerally used to form good electrochemical
interfaces on catalyst surfaces (Fig. 1.1.1). Harewmodel experiments using Pt single crystal
electrodes covered with ionomer films suggestetlghHonate anion in perfluorinated sulfonic acid
polymer €.g.Nafion, Fig. 1.3.2), which is almost exclusivelyed as the ionomer, blocks active sites
on Pt catalyst and therefore slows down the kisaifdORR (“catalyst-poisoning effect”) [2].

The results obtained by an elegant experimentaioagh with Pt single crystals developed
by Subbaraman et al. [2] were impressive becawsadborption and desorption of the sulfonate anions

of Nafion on Pt (111) surface were clearly obsergkttrochemically. The uniformity of the film,
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however, was not confirmed by any direct observatiand thus it was not conclusive whether the
electrode surface was completely covered with tine ér not. (If the coverage is not perfect, the
behavior of bare-Pt (111) is superposed and thastgative information cannot be obtained.) This
issue is addressed and the effect of Nafion coam@®RR is quantitatively analyzed in this section.
The uniformity of the film on the electrode is cked using scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectrosd@i)S) and the method developed by Subbaraman
et al. [2] is used in electrochemical measurements.

5.1.1 Experimental

Electrode preparation

A Pt (111) surfaced single crystal disk (99.99%196. cnf, MaTecK) was annealed using
electromagnetic inductive heating for 10 minute$4Q0 - 1650 K in the flow of a mixture ofztdnd

Ar (3 % H, Taiyo Nippon Sanso, the purity of each gas: $9.99999%, Ar: 99.999%) [3]. The
annealed specimen was slowly cooled down to roonpéeature in the flow of the same mixed gas
and then, the Pt (111) surface was covered witloplet of ultrapure water (Milli-Q, 18.2 §).

lonomer coating

The prepared specimen was immersed in 1 mM KBorim fone monolayer (ML) of Br on the surface
for minimizing contaminations during the followirignomer-coating procedure [4], and then was
rinsed with ultrapure water. While the Pt (111)ace was wet, 2(L of 0.005 wt % ionomer solution
(20 wt% dimethylformamide (DMF) aqueous solution §, to which 5 wt % Nafion solution
(ALDRICH, equivalent weight: 1100-gol') was added) was dropped on the surface. The spacim
was then dried ata. 378 K to evaporate water and DMF, followed by atHeeatment ata. 420 K

for 3 minutes to improve the physico-mechanicabitita of the film.

Electrochemical cleaning

The ionomer-coated Pt (111) surface was dippediritdl HCIO:(MERCK, Suprapur) saturated with
Ar (Taiyo Nippon Sanso, 99.999%) in the configwatof hanging meniscus rotating disk electrode
(HM-RDE) [6] and subjected to potential cyclingween 0.0 and 0.98 V at a scan rate of 50 MV-s
for more than 30 cycles at an electrode rotatide i 1850 rpm to accelerate the removal of
contaminations from the electrode surface by hyeinogyolution [4]. All potentials refer to RHE and
are IR-corrected.

Electrochemical measurements

Cyclic voltammograms were obtained in the sametmllte saturated with Ar at a scan rate of
50mV-st. Then the electrode was transferred to 0.1 M HGHurated with ©(Taiyo Nippon Sanso,
99.999%) in the HM-RDE configuration, and LSVs (OR®&arization curves) were taken at a scan
rate of 50mV-3 with an electrode rotation of 1850 rpm. The terapge was 303 K.
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SEM observation
The electrode surface was observed with SEM-ED& difte electrochemical measurements. The
acceleration voltage for the electron beam was\5 k

5.1.2 Results and Discussion

Uniformity of Nafion film

Figure 5.1.1a shows an SEM image of the whole regidhe Nafion-coated Pt (111) surface after the
electrochemical measurements. The surface appegtd bt the periphery and is light grey in the
inner area. The two regions have a clear boundarghown in the magnified image (Fig.5.1.1b). The
EDS analysis (Fig. 5.1.1c) shows that fluorine,ahihis included in Nafion, is in the light grey regi

but not in the bright periphery. Hence, the lighdygregion and bright periphery correspond to Nafio
film and bare Pt surface, respectively and thidysmashows that the whole Pt (111) surface except
for the thin periphery was kept covered with Naftbroughout the electrochemical measurements.
This well-defined Nafion/Pt(111) interface enaldemntitative discussion of the effect of the Nafion
coating. The key points for casting a uniform aledno film are discussed in Appendix B.
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Fig.5.1.1 SEM-EDS analysis of the Nafion film oe #lectrode surface. (a) SEM image of the entgmre

(b) Magnified SEM image for the square region in Tdae marks are the places where EDS was measured.
(c) EDS measured in the bright region (A) and eghey region (B), where the electron beam wassedu

on an area of50x50um?. The peak position for fluorine is denoted by dogvn-pointing arrow.

The thickness of the ionomer film is calculated&35 nm from the volume of the ionomer
solution dropped on the surface assuming the densitiried Nafion, 1.5 gn3, which is much
thinner than the diffusion layer thickness in tiwid electrolyte at the rotation rate of 1850 rpm,
approximately 15um from the RDE theory. Therefore, the ORR kineticrent can be precisely
estimated by assuming the first reaction ordergutie mass-transport correction described as

i(E)i,
i, —i(E)’
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where ix(E) is the kinetic currentjy is the diffusion limiting current,i(E) is the measured current
andE is the electrode potential (see Section 3.2).

CVv

Figure 5.1.2 shows the CVs for Pt (111) surfaceth \and without the Nafion coating. The flat
reversible peak between 0.07 — 0.4 V due to undenpially deposited hydrogen (k) is not changed
by the Nafion coating, indicating that Nafion malexs do not interact with Pt (111) surface in this
potential region and in addition, the Pt (111) acefis kept clean and morphologically well-defined
even after the Nafion coating.

[pt111 | 0.1M HCIO,

e | :
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=
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= --== bare -Pt '}'
810 —— Nafion -Pt (a) S |
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Electrode potential (RHE) / V Electrode potential (vs.RHE) / V

Fig. 5.1.2 CVs for Pt (111) surfaces with and withthe Nafion coating. Upper limit of the potentahn: (a)
0.98 YV, (b) 1.15 V. Blue solid line: with Nafion ating, black dashed line: without Nafion coatingrésPt).

As a distinct behavior for Nafion-coated Pt (1idgversible sharp peaks are observed in the
double layer region (0.4 — 0.6 V). They have beaébated to the oxidative adsorption and reductive
desorption of sulfonate anions [2, 4, 5, 7, 8]. Tdlmarge for the anodic peak is 1&cn?,
corresponding to the coverageaa 0.07 ML if the adsorption is a one-electron-tfangrocess: -
SOs + Pt— -SGs - Pt + e The hydroxyl adsorption (the butterfly peak besaw®.6 V and 0.85 V)
and oxide formation (the peak above 1.0 V) are segged on the Nafion-coated electrode. This
implicates that poisoning by Nafion molecules osauyp to at least 1.0 V, and therefore is expeded t
affect the ORR kinetics.

ORR curve

Figure 5.1.3 shows the ORR curves in the anodic &oaPt (111) surfaces with and without the Nafion
coating.The diffusion-limiting plateaus are clearly seerthe potential range of 0.3 — 0.7 V for the
both electrodes and diffusion-limiting currerta, 7 mA.cm?, are close to the theoretical value of 6.6
mA-cm?[9]. These data show that the RDE experiments were gyogaaried out.
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The current is lower for the Nafion-coated Pt tf@rthe bare-Pt in the potential region above
0.7 V, indicating that the ORR kinetics is slowenwh by the Nafion coating. From Eq. 3.2.5, the
kinetic current is decreased by 73 % at 0.82 Vian84 % at 0.90 V.
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o

Fig. 5.1.3 ORR curves in the anodic scan forlRi) surfaces with and without the Nafion coatiBiyie
solid line: with Nafion coating, black dashed limathout Nafion coating.

These reduction ratios are much more significaah tthose estimated from an assumption
that the kinetic current is proportional to (#s), whereds is the ratio of the electrode surface area
poisoned by the sulfonate anions to the total eldetsurface area, and is estimated to2h8.2 even
at a maximum by assuming that each sulfonate anasks three Pt atoms via three oxygen atoms of
the functional group and that the coverage of safe is 0.07 ML as suggested from the CV (Fig.
5.1.2). This discrepancy can be elucidated if otperies are adsorbed on the electrode surfacewith
peaks in the CV. Plausible candidates are OH(&di£), molecules and the fluorinated part of the
polymer chain. In-situ infrared (IR) spectroscopyt e useful for detecting them if any.

5.1.3 Conclusions

A uniformly-Nafion-coated Pt (111) electrode enabdgiantitative analysis of the effect of the Nafion
coating on the ORR kinetics. Sulfonate anions enNlafion molecules are adsorbed on the electrode
surface above 0.5 V (RHE) with a coverage of 0.07 Wwhe ORR kinetic current is decreased by 73 %
at 0.82 V and by 54 % at 0.90 V by the Nafion quati
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5.2 lonomer effect under dry conditions
In the previous section, a well-defined interfaedéween Pt (111) and Nafion film was prepared and
the quantitative discussion was enabled. In additive success in the preparation of the well-@effin
and clean Pt/Nafion interface on the Pt single tatysvhich is essential for precise analysis for
electrode kinetics, even after the exposure oPtrgurface to organic chemicals for the castinthef
Nafion film, opens up a new field of analytical tmeds using Pt single crystals. Since the experisnent
in the previous section were carried out by comgcthe ionomer-coated electrode surface to an
agueous electrolyte, the ionomer is fully hydrafEae conditions are largely different from those in
the catalyst layer in real fuel cells. For gettingights into real PEFCs, it is also importantxtamine
the electrochemistry of dried Nafion-coated el

For this purpose, a solid-state cell, in which &cteode is not dipped into an aqueous
electrolyte but pressed onto a solid electrolytemim@ne [10-13], is applied for analyzing an
electrochemical interface in dry states. In thistise, on the basis of the Nafion-coating technique
described in the previous section, a solid-staliewith a Nafion-covered Pt (111) single crystal is
devised and electrochemical measurement is castietb clarify the effect of hydration state of the
ionomer on the anion adsorption behavior [7]. Tpeliaation of a solid-state cell to Pt single cajst
electrodes has not yet been reported in the histioejectrochemistry.

5.2.1 Experimental

Configuration of Solid-cell

The configuration of the newly developed solidstegll is shown in Fig. 5.2.1. A Nafion-coated Pt
(111) surfaced single crystal (99.99 %, MaTecK)wih electrode surface area of 0.196 ton the
working electrode (WE) was pressed against a casbhNmembrane having a thickness of 1 mm. The
Nafion membrane had been cleansed thoroughly dedaceby boiling it in 10 % kD2 twice, then in
0.5 M H:SOs once, and finally in water (Milli-Q) three timeShe whole cell was placed in a gas-
exchangeable container. A platinized Pt mesh igdadgen-reserved glass tube immersed in 0.1 M
HCIO4 connected to the Nafion membrane was used forefegence electrode (RE). The counter
electrode (CE) was a Pt plate.

Electrode preparation and mounting

A Nafion-coated Pt (111) surface electrode was gmexgb through the procedure described in the
previous section. The prepared surface was dipptd deaerated 0.1 M HClCGand the cyclic
voltammogram (CV) was obtained to examine the cleas of the surface. Then the electrode was
rinsed with Milli-Q water, and then transferredhe solid-state cell. After the electrode was mednt
on the Nafion membrane, the solid-state cell wadosed in the container. Then, Ar gas bubbled
through water was flowed into the container. Aftardy the CV was obtained under the wet condition.
The temperature and scan rate were 295 K and 50'ym¥spectively, in all experiments in the present
study. Gas flow rates were not controlled in app@xments, but the effect of drying of ionomer tan
qualitatively discussed as described in the folt@psections.
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Fig. 5.2.1 The configuration of the solid-statd.q@l) The illustration of the whole setup. (b) Thagnified
photograph of the cell. The fixture has a holetlf@ mounting of the Pt single crystal.

5.2.2 Results and Discussion

CVv

Figure 5.2.2 shows the CVs for the Nafion-coate@lP1) surfaces in the aqueous electrolyte (0.1M
HCIO4) and in the solid-state cell under the wet conditiThe potential was referred to RHE for each
measurement, the potential of which was measurdilling the each container with hydrogen.
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Fig. 5.2.2 The CVs for the Nafion-coated Pt (11ifaces in the aqueous (liquid) electrolyte of .HCIO,
(black solid line) and in the solid-state cell @lsolid line). The CV for a bare Pt (111) is alkowsn for

comparison (black dashed lir
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The result in the previous studies was reproducdtie aqueous electrolyte. That is, by the
Nafion coating, irreversible sharp peaks due toaithigorption and desorption of the sulfonate anions
emerged in the double layer region (0.4 — 0.5 \§ #re hydroxyl adsorption (0.6 - 0.85 V) was
suppressed, while the flat reversible peaks (0.04-V) due to underpotentially deposited hydrogen
(Hupd) were not changed [2, 4, 5]. In the solid-statg dee voltammogram is quite similar to that in
the aqueous solution, and therefore the peaks eaasbigned to dda (0.07 -0.4 V) and anion-
adsorption/desorption (0.4 — 0.5 V). This datdnesfirst observation of the CV of Pt (111) in aigol
state cell in the history of electrochemistry.

Anion adsor ption property under dry condition

After the measurement under the wet condition,vikegas flow was switched to a dry-gas flow.
Figure 5.2.3a shows the CVs after the switchinghigraph, the potential was referred to the iieam
potential of the RE, not RHE potential. Two smalhgs are observeded. 0.08 V ancta. 0.15V in
hydrogen desorption region in some voltammograniesé& can be ascribed to the oxidation of
hydrogen molecules generated in the cathodic stdiygdrogen desorption from defect site of (110)
step formed during potential cycles [14], respeastivin the following, we do not go further intcetfe
peaks but focus only on the anion-related behadbove 0.3 V.

(&)
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Current density / 10 pA + cm™
o
|

S — et dry 12hr
~r dry 6hr 7 - 1
| | |  ——dry12hr | | | | | T wet7hr
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Potential (vs. aqueous RE) / V Potential (vs. aqueous RE) / V

Fig. 5.2.3 Changes in the CV for the Nafion/Pt{libterface in the solid-state cell after (a) fwdtching to
the dry-gas flow and (b) the re-switching to tha-gras flow. The potential is referred to the terahipotential of
the RE.

The anion-adsorption/desorption peaks are shiftéovter potentials during the dry-gas flow
as indicated by the arrows. This peak shift is rgilade as shown in Fig. 5.2.3b, which shows that th
peaks are shifted back to higher potentials aftewitching to the wet-gas flow. In these gas-dhitg
and re-switching periods, the Nafion membrane, anckly the ionomer as well, experienced
dehydration and then hydration as indicated bydhie resistance of the membrane measured between
the WE and CE using impedance spectroscopy (F2g4)6[15]. The anion adsorption potential is in
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Fig.5.2.4  The peak potential for the anion apison (red circle), terminal potential of the WEden hydrogen
atmosphere against the RE (blue triangle), ana im@sistance of the Nafion membrane between thealddECE
(open square), plotted against the gas flowing tifter the switching to the dry-gas flow. The dgsdlow was
re-switched to the wet-gas flow at 12 hr.

good correlation with the hydration/dehydrationgass as shown in Fig. 5.2.4 and therefore, can be
judged to be lowered when the ionomer becomes datedl

In Fig. 5.2.4, the terminal potential of the WE endhydrogen atmosphere against the RE,
AEnydrogen IS also plotted against the gas flowing timEnydrogeniS almost zero (within 1 mV) under
the fully-wet condition, and is not zeroa +40 mV) under the driest condition. This resulh d¢ee
explained as follows. Under the wet condition, pnatin the agueous phase of 0.1 M HCHAd in
the solid phase of Nafion are in equilibriuBohnanequilibrium), and therefore potential difference,
Ad, is formed to cancel the potential difference leswthe RE and WE due to the difference in the
activity of proton between the two phases (Fig.Za? In contrast, under the dry condition, water ¢
steadily flow from the aqueous RE to the dried meamb, and therefore, protons in the two phases are
not in equilibrium. The positivaEnydrogenindicates the increase in the reversible hydrqgeential
for the WE with drying (Fig. 5.2.5b), which is maigiely due to the increase in the chemical potnti
of proton in the ionomer by water evaporation.

Since the RE potential is fixed (reversible hydrogetential in 0.1 M HCI®), the decrease
in the anion adsorption potential shown in Fig.4i8 ascribed to the decrease in the absolutepalte
for the anion adsorption, not the increase in tRepBtential, and indicates the intrinsic increasthe
anion adsorptivity, which is also visible in thedngxyl adsorption/desorption region (above 0.6 V in
Fig. 5.2.3); the dryer the condition is, the manpmessed the hydroxyl adsorption is. Suppresdion o
Pt-oxide formation with drying of ionomer has alseen reported for Pt nanoparticles in PEFCs
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Fig. 5.2.5 Potential profiles in the cell when W& is under hydrogen atmosphere in (a) fully-wet &) dry
conditions.Ere: electrode potential for the RE@®: potential difference between the aqueous phadesalid
phase formed bonnanequilibrium,Erxe: electrode potential for the WE under hydrogencspmere. Terminal

potential is the potential in Pt phase.

operations and ascribed to the increase in therpiidaty of sulfonate anions by Watanabe and co-
workers [16-18].

This higher adsorptivity of the dehydrated ionorman be explained by higher chemical
potential of the hydrated (desorbed) sulfonate mnwhich is probably caused by two reasons:
decrease in the hydration stabilization energyoabmer and increase in the anion concentration in
water channels in ionomer. Detailed mechanismsdcdid obtained from further quantitative
experimental data such as a plot of the anion atlsarpotential/s the hydration number (the number
of water molecules per one sulfonic acid) of theoimer,4, and their comparison with theoretical
calculation. Those data should be obtained undadgy controlled relative humidity. For that pusgo
a modification of the solid-state cell is underwwayse a solid RE.

5.2.3 Conclusions

A novel experimental scheme using a solid-statenséi a Pt single crystal electrode was estabtishe
The cyclic voltammogram showed that a well-defireetti clean Nafion/Pt (111) interface was
successfully formed in the solid-state cell; pediks to the adsorption and desorption of the sutona
anions were clearly observed. The data is the dioservation of the CV of Pt (111) in a solid-state
cell in the history of electrochemistry. With dehgton of the ionomer, the anion-
adsorption/desorption peaks are shifted to loweaemg@ls and the hydroxyl adsorption is more
suppressed. The results show that the anion adstyr increased with drying in PEFCs.
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5.3 Catalyst poisoning property of sulfonimide acid ionomer

In the previous sections, the catalyst poisonirity sillfonate anion in Nafion has been demonstrated.
For improving the ORR performance, therefore, ioamnwith functional groups that are less
adsorptive to Pt surface are expected to be deseldp this section, the catalyst poisoning prgpert
of a sulfonimide acid polymer, which is also a pirsing electrolyte for PEFCs, is discusg$gfl].

Gibbs free energies for the adsorptions of varamiens on Pt (111) surfack(, at 0.8 Ws
standard hydrogen electrode (SHE) have been alrgaidyned by a first principles theory combined
with a continuum electrolyte theory by Jinnouchg(f.3.1) [19]. The result shows that the adsorpti
is weaker for sulfonimide anion than for sulfonateon.

Recently, Shinohara et al. developed a novel iomdraeing two sulfonimide acid groups in
its side chain ended with a perfluorobutane, irst&faa sulfonic acid, NBC4 (Fig. 5.3.2), which has
higher protonic conductivity and-@ermeability than Nafion [20]. Since the acid gran the newly-
introduced side chain is less-adsorptive as shonthdtheoretical calculation (Fig. 5.3.1) and ehde
with the inactive fluorinated part, NBC4 is expett® be less-poisoning and to have improved
properties not only for the proton conduction andt@nsport but also for ORR kinetics. These
expectations are experimentally examined in thisice.

(a) CF,SO,NSO,CF,(ads) 2
(b) CF,OCF,CF,S0,(ads) ,};f
(c) CF,CF,SO,(ads) w
(d) CF,SO,(ads) (b)
(e) SO,(ads)
(f) HSO,(ads)
(g) ClO,(ads)

0.05 000 -0.05 -0.10 -0.15 -0.20 -0.25
AG at0.8 V (SHE)/eV

Fig 5.3.1 The theoretically calculated free enexgibthe adsorption reactionsi, on Pt (111) surface for
(a) perfluoro-sulfonimide anion and (b,c) perflusufonate anions at 0.8 V (SHE) [19]. Those for (d
trifluoromethanesulfonate anion, (e,f) sulfuricch@nion (for the adsorbate of (e) sulfate and tigf)
bisulfate), and (g) perchlorate anion are also shfmwcomparison.
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Fig. 5.3.2 Molecular structures of Nafion and NB@4: 6.6 for Nafion and 6.8 for NBC4.

5.3.1 Experimental

The preparations of the ionomer-coated Pt (111fases and electrochemical measurements were
carried out through the procedures described irtide&.1. The amounts of Nafion and NBC4
deposited on the Pt (111) surface are equal onighweasis.

5.3.2 Results and Discussion

Unifor mity of ionomer film

The Nafion film has already been concluded to biéotm from the contrast in SEM image of the
whole region of the Pt (111) surface (Section 5.1-Be NBC4-coated Pt (111) surface shows a similar
contrast as shown in Fig. 5.3.3; the surface agpaaght at the periphery corresponding to bare-Pt
and light grey in the inner area correspondinght ibnomer film. Therefore, a uniform film was

obtained also for NBCA4.
| % (b)

Fig. 5.3.3 SEM images of the whole regions of the Nafion-coated and (b)NBC4-coated Pt (111)
surfaces after the electrochemical measurements.
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CVv

Cyclic voltammograms for Pt (111) surfaces covesétti the ionomers and for the bare surface are
shown in Fig. 5.3.4. The Nafion-coated Pt showesl&rsible sharp peaks in the double layer region
(0.4 — 0.6 V), which have been attributed to theatve adsorption and reductive desorption of
sulfonate anion [2, 4, 5, 7].

o

o
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—— Nafion-Pt
Y N‘BC4-Pt Pt (111) ‘ . ‘
0 0.2 0.4 0.6 0.8 1 0 0.5 1
Electrode potential (RHE) / V Electrode potential (vs.RHE) / V

Fig. 5.3.4 The CVs for Pt (111) surfaces coverétl the ionomers and the bare surface. Upper ligajt:
0.98 YV, (b) 1.15 V. Black dashed line: without iomer coating (bare-Pt), blue solid line: with Nafwoating,
red solid line: with NBC4 coating.

Although the NBC4-coated Pt also has seeminglyranétated peaks in the same potential range, they
are much duller. Another difference in the natuir¢he anion adsorption is visible in the hydroxyl
adsorption/desorption (0.6 - 0.9 V) and oxide fatiora (above 1.0 V) regions. While both the
ionomer-coatings suppress the hydroxyl adsorptimhaxide formation, the degree of suppression is
much less for the NBC4-coating than for the Naftmating. These results show that the poisoning by
the anions of NBC4 is weaker than that of Nafiod are consistent with the theoretical results (Fig.
5.3.1). The steric effect due to the perfluorobattarminal in NBC4, which is not included in the
theoretical calculation, may also play a role far tveaker anion adsorption.
ORR
Figure 5.3.5 shows the ORR polarization curvesPfofl11) surfaces covered with the ionomers and
for the bare surface. The diffusion-limiting plateaare clearly seen in the potential range of @3-
V for all the electrodes and the diffusion-limitimgirrents are close to the theoretical value of 6.6
mA-cm?. These data show that the RDE experiments wergepocarried out.

Figure 5.3.6 shows the Tafel plots for the ORR #ieurrents obtained using Eq. 3.2.5. The
Tafel slope is 65 m\decadé for the bare Pt, which is close to a reported @albove 0.82 V, 60
mV-decadé [21]. The NBC4-coated surface exhibits a highefRO&netic current than the Nafion-
coated surface (bga. 50 % at 0.82V) and thus, has a better propertyhf®e ORR kinetics than the
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Fig. 5.3.5 The ORR polarization curves for Pt (14djfaces covered with the ionomers and for the bar
surface. Black dashed line: without ionomer coaflraye-Pt), blue solid line: with Nafion coatingdrsolid
line: with NBC4 coating.
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Fig. 5.36 The Tafel plots for the ORR kinetic currents.

Nafion-coated surface. The kinetic current forMBC4-coated electrode is however, still signifidgant
less than that for the bare surface (60 % less8&t 0), indicating that the electrode surface i st
poisoned by NBC4. One of the poisoning speciesabably sulfonimide anion as suggested by the
broad anion-related peak in the CV (Fig. 5.3.4)fosumide anion has higher adsorptivity than
perchlorate anion (Fig. 5.3.1). Poisoning with finated parts of the polymer chain may also occur
[22-25], although it is not detectable in the sienpbltammetric analysis.
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The kinetic current for the Nafion-coated surfappraaches to that for the NBC4-coated
surface with increasing of the electrode potemtieive 0.85 V and the latter surface shows, no Ipnge
the ORR-improving effect above 0.90 V. Hence, thm coverages on the two electrodes are likely
equal in this potential range, where the hydrottyd, formation of which is suppressed in the lower
potentials, is finally formed even on the Nafioratad Pt surface as shown by the peak at 0.9 \&in th
CV and some of the sulfonate may be desorbed th$2&a 27].

5.3.3 Conclusions

The catalyst poisoning property of a novel ionor#C4, which has two sulfonimide acid groups in
its side chain ended with a perfluorobutane, wasparyed with that of Nafion. The experiment was
carried out using Pt (111) surfaced single crysidtrodes covered with the ionomer films. The CVs
and ORR polarization curves showed the weaker aadtsorption and higher ORR activity bg

50 % at 0.82V (RHE) for NBC4 than for Nafion. THearode surface is, however, still poisoned by
NBC4, as shown by the significant suppression efkinetic current caused by the NBC4 coating.
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5.4 Molecular-scale under standing (Future wor k)

For elucidating the Pt/ionomer interface structurea molecular scale, in-situ surface-enhanced
infrared absorption spectroscopy (SEIRAS) [28]mwverful tool, which can detect not only adsorbed
anions, but also adsorbed or near-surface eleltyrivautral species, including perfluorinated paints
ionomer molecules. A past study using SEIR29, however, showed no clear bands for the adsbrb
sulfonate anion, probably because of the interf@drom an aqueous electrolyte of perchloric acid
used over ionomer-coated Pt. To avoid this probkesplid-state cell without liquid electrolytes was
devised for SEIRAS in the present study.

5.4.1 Experimental

Spectroelectrochemical solid-state cell

The configuration of the solid-state cell is shawfig. 5.4.1 for SEIRAS measurements. The SEIRAS
measurements were carried out with the Kretschnadt@muated total reflection (ATR) technique,
where the infrared (IR) radiation was introduceshirthe behind of the working electrode (WE), an
ionomer-coated Pt film deposited on an Si prismN#&fion membrane (N117), which had been
thoroughly cleansed by boiling it in 10%®k twice and then in Milli-Q water three times, wasgsed
onto the WE by a Pt plate as a counter electro@®. (€ hydrogen-absorbed Pd wire (Pdyidressed
onto the Nafion membrane was used as a refereactale (RE). The concept of the solid-state cell
for SEIRAS has already been presented in a studgusymatsu et a|30], where the focus of the
analyses was on the mechanisms of ORR, not thegasoof ionomor on Pt surface.

6 ﬁ-iydrogen-absorbed Pd (RE) \
" Ptplate (CE)

| Nafion
' “membrane

Pt film(WE)

coated with
lonomer

Fig.5.4.1 The configuration of the solid-state gt@chemical cell for the SEIRAS measurements.

Preparation of ionomer-coated Pt film

The Pt film was prepared on the total-reflectingng of the Si prism with a chemical (or electroless
deposition technique using a commercially availaplating solution (LECTROLESS PT100
Electroplating Engineering of Japan). An aliquotOd®5 wt% aqueous Nafion dispersion prepared
from a 5 wt% alcoholic solution (equivalent weigBW): 1100 gmol?, Aldrich) was dropped on the
Pt film and then dried at approximately 330 K. Ttvomer-coating procedure was repeated until the
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ionomer-dropping region of the Pt film becomes ctatgly covered by ionomer film. The ionomer-
coated Pt film with the prism was subjected to @ treatment at approximately 420 K, then potential
cycled between 0.08 - 1.4W6.reversible hydrogen electrode (RHE) in 0.1 M HCt®clean the Pt
surface, and finally assembled into the solid-state

Pretreatment

After the assembly, the cell was saturated withbAbbled through water and then hydrogen was
evolved on the Pd wire for 5 minutes by applyingotage between the Pd wire and an auxiliary
electrode of Pt wire. Thereafter the Pd wire shoaestiable potential over 1 hr and was used as RE;
the evolved hydrogen is expected to be absorbededathed in the Pd wire. Afterward the WE of the
Pt film was potential-cycled between 0.05 and 1 heck the cleanness of the electrode surface.
SEIRAS measurement

SEIRA spectra were obtained using a Fourier transiofrared spectrometer (Bio-Rad, FTS 575C)
equipped with a mercury cadmium telluride (MCT)ed#or. The spectrum at the electrode potential
E is indicated in units of absorbance defined-dsg(l//1,), wherel and I, are the intensities of the
IR signals reflected from the total-reflecting pdaof the Si prism at the potentialand a reference
potential E,, respectively.

5.4.2 Results

Cyclic voltammogram

Figure 5.4.2a shows the cyclic votammogram (CVawiad with the solid-state cell at a scan rate of
50 mVs!. The shape of the CV is typical for a Pt polycajisie electrode as characterized by the
oxidation of underpotentially-deposited hydrogenpfHbetween 0.05 — 0.3 V, double layer (DL)
charging between 0.3 — 0.7 V, Pt hydroxide andtate@formation above 0.75 V in the positive sweep
and their counter peaks in the negative sweepapparent roughness factor of the Pt film is caleda
as 4.4.

@ ___ 0

1+ Hype - DL N <F’t hy(ir«,‘(»::d'rf); 4 02¢F |
- 0 - 0 L
[=
o
3 -1 -0.2
O

e 7 somvst 04

0 0.5 1 0 0.5 1

Electrode potential (Pd/H,) / V

Fig.5.4.2 The CVs obtained with the solid cellres scan rates of (a) 50 mand (b) 10 mVs.
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The Hipd peak is dulled and additional minor peaks appeawden 0.5 — 0.8 V at a lower
scan rate, 10 mVs as shown in Fig. 5.4.2b, and these behaviorsi¢atel the presence of organic
impurities. Although the impurity effect could beeakened by increasing the scan rate, the SEIRAS
measurements were carried out at the lower scanatmVg, to enhance the signal-to-noise ratio
by increasing the number of interferograms to kedded to a spectrum.

SEIRA spectra

Figure 5.4.3 shows the SEIRA spectra for the Nafioated Pt film in the solid-state cell collected
during a potential sweep from 0.05 to 1.35 and ladk05 V (vs. Pd/b), where the spectrum at 0.05
V was used as the reference. Positive and neghéinds, which quasi-reversibly grow and decay
during the potential sweep, are observed in thetegdeegions of A - D. As shown in Section 5.44,
bare Pt film in an aqueous electrolyte to whichiblaiqueous solution was dispersed, showed similar
SEIRA spectra, although the band B was not obsesidthe Nafion dispersion.

01V
0.3V

10.5V
0.7V

0.9V

Absorbance

$1.1V

1.3V

0.001¢ —— Positive scan
— Negative scan . ‘ 1

1600 1400 1200 1000
Wavenumbers/cm’’

Fig.5.4.3 SEIRA spectra for the Nafion-coated P fin the solid-state cell collected during a peinsweep
from 0.05 to 1.35 and back to 0.05 V (vs. Pd/iM/here the spectrum at 0.05 V was used as thearefe.
The potential labeled at the right hand of eacletspe denotes the average potential where the rsmect
was collectedd.g.the top two spectra labeled 0.1 V were obtaineihduhe potential sweep between
0.05-0.15V).
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5.4.3 Discussion (Assignments)

Figure 5.4.4 shows the SEIRA spectrum for the Nafioated Pt film in the solid-state cell at 0.7 V,
where the bands A — D are clearly seen. Reporeggliéncies of the bands for bulk Nafion, water and
SiO; are indicated by gray zones as the benchmarksafwl assignments [8, 31-33].

| -CF, and -CF3
H,0 (bending) -SO;zH (sym/asym)

S0,
(sym)

-SOj(asym) SiO,

Absorbance

0.001
D

| 1 | L | L
1600 1400 1200 1000
Wavenumbers/cm’’
Fig.5.4.4 The SEIRA spectrum for the Nafion-coa®dilm in the solid-state cell at 0.7 V in the jip® scan,
where the spectrum at 0.05 V was used as the neker&eported frequencies of the bands for bullkodaf

water and Si@are indicated by gray zones.

The band A is assigned to the bending mode2Gi.Hts negative growth with the increase in
the electrode potential (Fig.5.4.3) implicates #tarvation of water or the orientations of water
molecules to less IR-active states at the Pt/Nafrgerface. The band D can be ascribed to
perfluorinated parts in Nafion molecule. Howevaics it only grows negatively against the spectrum
at 0.05V (Fig.5.4.3), where Pt surface is almoseced by Hpdand therefore any other species should
not be adsorbed on the Pt surface, the perflu@ihparts do not seem to be adsorbed on Pt suiface a
any electrode potentials. Those frequency-basadrasents, unfortunately, cannot be applied to the
bands B and C, since their frequencies do not naatghmodes related to bulk Nafion, water and2SiO
In the following, the origins of the bands B anai@ discussed from the potential dependence of band
intensity.

Figure 5.4.5 shows the integrated intensity oftthed C, which was observed both with the
solid cell (Fig. 5.4.3) and with the Nafion dispers(see Section 5.4.4), as a function of the sbelet
potential. (The shape of the CV is also shown tonparison.) In the positive sweep, the intensity is
increased with the oxidative removal ofiphl reaches a plateau in the double layer region,isnd
decreased with the formation of Pt (hydr)oxidethHa negative sweep, the intensity is increased with
the reduction of Pt (hydr)oxide, reaches a maxinatrthe end of the (hydr)oxide reduction, and is
decreased with the formation ofdd This type of potential dependence has been diserved in

SEIRAS analyses of the adsorption of sulfate anmit surface [34, 35] and is a typical behavior fo
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Fig.5.4.5 The peak area of the band C with thelsmdll as a function of the electrode potentialigsine).
The shape of the CV is also shown for comparisasi{dd line).

the adsorption of any type of anions on Pt eleetraa which the adsorption reaction should compete
with the formations of kha and Pt (hydr)oxide. In addition, voltammetric analyses with Pt single
crystals have indicated that sulfonate anion ofdtais adsorbed on the Pt surfaces in the doubé la
regions in previous studies [2, 4, 5, 7, 8, 19] en8ection 5.4.4. Thus, the behavior of the barmadC

be well-explained if it is assigned to adsorbedasidte anion. The band B grew and decayed in a
similar way to the band C (Fig.5.4.3), and thereferseemingly related to the adsorption of sulfena
anion. However, the band B was not observed irSEBHRA spectra with the Nafion dispersion (see
Section 5.4.4), and further investigations are edddr clarifying its origin.

The frequency for the band C (14098ns significantly higher than that for sulfonatsi@n
in the bulk Nafion (1320cr) as shown in Fig.5.4.4. Therefore the adsorpt@action presumably
causes a significant blue-shift of the anion band.

To further support this hypothesis, SEIRAS measerdm were carried out using low-
molecular-weight perfluoro-sulfonic acids of triltomethane sulfonic acid (@FO:H) and
nonafluorobutane sulfonic acid &8SGsH) as discussed in Section 5.4.4 (see Fig. 5.4Pthe
corresponding text). As a result, however, the{shié has not yet been confirmed because the chose
model compounds were found not adsorptive on Pflacer The tests with other types of low-
molecular-weight perfluoro-sulfonic acids are undgy and the results will be presented in the near
future.

In the following sections, other possibilities fhe assignment of the band C are discussed.
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Possibility of undissociated sulfonic acid

In a past analysis of a Pt/Nafion interface with lafrared Reflection Absorption Spectroscopy
(IRRAS), Lipkowski et al also observed a pealcat1400 cmt and assigned it to S=O stretching
mode of undissociated form of sulfonic acid [3@déed the frequency for the undissociated form of
sulfonic acid is close to that for the band C (Bigt.4), but the applicability of this assignmemthe
present study is questionable, since our measutenveere carried out under fully humidified
conditions and all the acid groups should be dissed [37].

Possibility of ORR intermediates

In the previous SEIRAS study on ORR mechanismsgusie solid cell, the configuration of which is
similar to that of the present cell, Kunimatsulebhserved a peak af. 1400 cmt under Q saturated
condition and ascribed it to reaction intermediate®RR [30]. However, our measurements were
carried out under the inert condition (saturatethwir) and therefore, the band C is not due to ORR
intermediates.

Possibility of acetate

In a past SEIRAS study on the oxidation of ethamoPt, Adzic et al. observed a banda@t1400 cm

L and assigned it to the OCO symmetric stretchingevaf acetate, a reaction intermediate (acetate is
not further oxidized in the potential range exard){88]. Alcohols are possible impurities from the
Nafion chemicals used in the present study, arfiaar the CV during the SEIRAS measurement (Fig.
5.4.2b) implicates the presence of organic impesitiThus, there is a concern that the band Cas als
due to intermediates of acetates during the oxidatof alcoholic impurities. For clarifying thisipg
further investigationsg(g. measurements with the intentional addition of etileare underway.

5.4.4 Analysesin liquid systems

Analyseswith Nafion dispersion

The behaviors of Nafion molecules at Pt electradéase were also analyzed through voltammetry
with a Pt (111) single crystal and the SEIRAS mearsents with a bare Pt film using Nafion aqueous
dispersion as electrolytes with a conventionalitigcell. The chemical was from Aldrich (10 wt%
aqueous dispersion, EW: 1100mpl™?) and cleansed through boiling after the additibki#D> (to be

3 wt%) to oxidatively remove organic impurities. time case of the SEIRAS measurements, the
electrolyte of the Nafion dispersion was furtheeaczised by potential-cycling overnight with the
working electrode after the assembling of the tigeell.

Figure 5.4.6 shows the CV of a bare Pt (111) inNB&on dispersion with the concentration
of 10 meq./L (10 mM for sulfonic acid group) withet addition of Ba(OR) (to be 2 mM for
precipitating a possible impurity of sulfate anamdiscussed in the next section, “Measuremenks wit
low-molecular-weight model compounds”). The CVsRif (111) surfaces with and without solid
Nafion film in 0.1 M HCIQ are also shown for comparison. The voltammogranthen Nafion
dispersion shows reduction current due to residdgen and ill-defined features probably due to
impurities. The Pt (111)-like dda plateau is, however, seen between 0.07 — 0.4 \adarahodic peak

80



N
o

Pt (111)

--=--bare Pt in 0.1M HCIOQ4
—— Nafion-coated Pt in 0.1 M HCIO,4

—— bare Pt in Nafion dispersion (10 meq/L)
+2mM Ba(OH),

—_
o

o

N
o

Current density / 10 pA - cm”

0.2 0.4 0.6 0.8 1
Electrode potential (vs.RHE) / V

Fig.5.4.6The CV of a bare Pt (111) in the Nafion dispersiathwhe concentration of 10 meg./L (10 mM for
sulfonic acid group) with the additive of Ba(QHed solid curve) The CVs of Pt (111) surfaces with and
without solid Nafion film in 0.1 M HCI® are also shown for comparison (blue solid andkotiashed

curves, respectively).

is observed at 0.43 V. The peak potential is ctogbat for sulfonate anion adsorption observedh wit
the solid Nafion film (see the blue line and Sat#01.2), and therefore the anodic peak in thedwafi
dispersion is also ascribed to the sulfonate aadsorption.

Figure 5.4.7 shows the SEIRA spectra for the Par@m in the Nafion dispersion during a
potential sweep. The three bands A, C and D ar@ a@pgerved although the relative intensities ef th
three bands are different from those with the saitlshown in Fig. 5.4.3. Figure 5.4.8 shows thalp
area of the band C for the Nafion dispersion asurection of the electrode potential and the
corresponding CV. Note that the CV does not showradic peak in the double layer region, which
was observed in the solid cell and ascribed toroeganpurities (Fig. 5.4.5), and implicates thag th
SEIRA spectra with the Nafion dispersion have regrbinterfered from impurities. The band intensity
for the Nafion dispersion is maximized in the daulalyer regions as in the case of the resultshor t
solid state cell (Section 5.4.3). Therefore, thadb& is likely due to adsorbed sulfonate anion as
suggested by the adsorption peak in the CV follPt)(surface (Fig. 5.4.6).

M easurements with low-molecular-weight model compounds

The hypothesis of the blue-shift for the anion basad tested using low-molecular-weight perfluoro-
sulfonic acids. Because the most basic perflucgthagulfonic acid, C&SOsH (trifluoromethane
sulfonic acid, TFMSA), has already been reportdoetmon-adsorbing electrolyte from voltammetries
using Pt single crystal electrodes by Bernd e{3], and the result was also reproduced in our
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laboratory (Fig. 5.4.9a), a larger perfluorinatetfanic acid, GFeSQOsH (nonafluorobutane sulfonic
acid, NFBSA) was chosen as the model compoundeiptesent study.

Figure 5.4.9b shows the CVs for a Pt (111) singystel electrode in 0.1 M NFBSA (Tokyo
Chemical Industry, 98.0 %) and in 0.1 M HGJ]Ghe latter of which is already known to be non-
adsorbing electrolyte. A small amount of Ba(@has been added to be 2 mM to precipitate, as BaSO
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Fig. 5.4.9 The CVs of a bare Pt (111) in (a) 0.TMSA and (b) 0.1 M NFBSA with the additive of B

(red solid curves)The CV in 0.1 M HCIQis also shown for comparison (black solid curves).

an impurity of sulfate anions, which was found ® dontained with non-negligible concentration,
<3000 ppm (corresponding to <1 mM for the 0.1 M ¥ in this type of chemical. (The validity of
this precipitation treatment is discussed in Fig.B) and its caption.) As shown by the blue arrimws
Fig. 5.4.9b, small peaks are observed at 0.6 Warpbsitive sweep and at 0.5 V in the negative pyee
and can be ascribed to the adsorption and desorpfieither the NFBSA anion,46SG0s", or the
impurity of sulfate anion that could not be pret@ped by the addition of Ba(OH)
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N
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OF e S S 1

—— bare-Pt
——0.1M HCIO,+1mM H,SO,
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Fig. 5.4.10 The effect of the addition of Ba catfonprecipitating the impurity of sulfate anioa) Sulfate anion
with the concentration of 1 mM is significantly adised on Pt (111) as shown by the appearancefateul
derived butterfly peaks between 0.4 — 0.6 V anddibappearance of hydroxide-derived ones betwegn 0.
-0.85 Vin the red curve. With the addition of 2 nof/Ba(OH}), the sulfate-derived butterfly peaks attenuate
and the hydroxide-derived ones re-appear. The sapjan of the adsorption of sulfate anions is gutak
to precipitation of sulfate anion with Ba catioifis) The CV of Pt (111) in 0.1 M NFBSA without the
additive of Ba(OHj) (gray solid curve) shows broad peaks between @8-V and the disappearance of
the hydroxide-derived butterfly peaks. The broadkpie attenuated by the addition of Ba(@kied solid

curve) and therefore ascribed to the impurity dfiate anion.
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Figure 5.4.11a shows the SEIRA spectrum in 0.1 MBSUk. Several positive bands with
various intensities are observed above 0.3 V. Todéil@s (frequency, potential dependency of the
intensity) of the bands at 1100 and 1200cfgray-shaded regions) are quite similar to thase f
adsorbed sulfate on Pt [34] and therefore inditla#t sulfate anion still exists as impurity in the
electrolyte despite the precipitation treatmente $hall peaks at 0.5 - 0.6 V in the CV of Pt (1i$1)
likely to be ascribed to the impurity of sulfatd@mnas well, and because no other anion-relatekispea
are observed in the CV, NFBSA as well as TFMSAkisly a non-adsorbing species. In this case, the
other positive bands at 1066, 1140, 1250 and 185baan be ascribed to the orientations of NFBSA
molecules to more IR-active states, not to thesoggotions on the Pt surface. (Positive bands ewen f
non-adsorbing species are exemplified by SEIRAtspdor TFMSA (Fig. 5.4.11b).) Therefore, the
possibility of the adsorption-induced blue shifbcat be discussed using this model compound.

1 (a) NFBSA | | (b) TFMSA |
01V | -
- 01V e

0.3V

. 0.5V

i 0.7V

Absorbance

09V

Absorbance

1.1V

+1.3V
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. — Negative scan] S T

1600 1400 1200 1000 1600 1400 1200 1000
Wavenumbers / cm’’

©
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—

Fig.5.4.11 SEIRA spectra for the Pt film in (a) MINFBSA and in (b) 0.1 M TFMSA collected duringtpaotial

sweeps, where the spectrum at 0.05 V was usec asférence.

5.4.5 Conclusions
A Pt/Nafion interface was analyzed with SEIRAS gsasolid-state electrochemical cell and band

assignments in the spectra were discussed. A negwsas observed af. 1400 cmt and the potential
dependency of the band intensity suggests tratiieé to adsorbed sulfonate anion in Nafion mo&ecul
on the Pt surface. Perfluorinated parts, in cohtosnot seem to be adsorbed on Pt.
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Chapter 6

General conclusions and outlook



The effects of the three types of adsorbed or sedace species on Pt electrode, oxygenated species
hydrated cations and specifically adsorbed anionshe kinetics of various electrocatalytic reaasio
related to polymer electrolyte fuel cells, weredstd.

The study started with the analyses of simple systef interfaces between Pt and aqueous
electrolytes, focusing on oxygenated species, warehalso practically called the Pt (hydr)oxide. In
particular, the kinetics of oxide formation reaati@nd the roles of reaction intermediates in ORR ar
analyzed on the model surface of Pt (111). Oxidmé&tion reaction current density on Pt (111) was
estimated by time-differentiating oxide growth cesvat different constant potentials and the oxide
coverage below 0.35 ML. The Tafel slope was 18 n4decadé under the condition where the
Tafel plot is on a straight line. The reaction matkm accounting for this small slope was proposed,
in which the oxide formation process is assumea esmbination of a fast electron transfer step and
a following slow step. The reaction order of ORRRiN(111) was experimentally estimated as a
function of the electrode potential in an acid amdan alkaline electrolytes. The reaction order is
approximately 1 over the range of the electrodemal of 0.82 - 0.96 V (RHE) in acid, while it is
significantly lower than 1 in alkaline. The firste®r kinetics in acid indicates that oxygenatedise
as reaction intermediates are not accumulated théhincrease in ©concentration and the ORR
kinetics can be discussed on the basis of coves@hespectator species (including adsorbed anion
and Pt oxide formed from water).

The effects of cations on several types of elebtiemical reactions were investigated in
alkaline solution. Traditionally, alkali (earth)t@ans have been regarded as non-influential species
Pt surface because they are stably hydrated andtdorm covalent bonding with Pt. However, they
were found to strongly affect some types of elattemical reactions by non-covalent interactions
between Okl and M (H20)x. The effect increases in the same order as the tigdranergies of the
included cations (Li>> Na > K*(> Cs)) as indicated by the inverse trend in the reaatades ((CH
> K* > Na" >> Li*) for the oxidation of methanol as well as ORR &@R, which can be explained
by higher concentration of QHM*(H20)x clusters as spectators near the electrode sudacation
with larger hydration energy. For investigating te&ationship between the coverage of&hd the
effect of non-covalent interaction, the cation effen bulk CO oxidation on Pt surface in alkaline
solution was investigated. The non-covalent eftddhe added cations was not observed when the
surface is highly covered with G@because of lowered Qktoverage by C&. Once the Caxlayer
was stripped by oxidation, electrode surface wadale for adsorption of Odd and interaction with
cations from the solution; bulk CO oxidation wasmoted in the presence of'land B&*, and the
non-covalent interaction effect was demonstratbdsTOHd coverage seems to play an important role
in the formation of the Okd-hydrated cation clusters. As a new topic of CGdakibn catalyst with
high activity, trace levels of Gtiwere found to dramatically increase the rate efrdaction through
an oxidized form of copper on the Pt surface; tkielation potential is shifted roughly 0.5 V more
negative, to 0 V vs. RHE, by providing the necegsées for the adsorption of OH as reactant.

The interface between ionomer and Pt, where aniotise ionomer molecule always exist,
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was investigated as a more practical researchefeeldping PEFCs. The effect of Nafion coating on
ORR on Pt (111) was quantitatively analyzed on @ Pt) surface uniformly covered by a Nafion thin
film. Sulfonate anions in the Nafion molecules adsorbed on the electrode surface above 0.5 V
(RHE) with a coverage of 0.07 monolayer. The ORRH®C current is decreased by 73 % at 0.82 V
and by 54 % at 0.90 V by the Nafion coating (“poisg effect”). For studying the ionomer effects
under more realistic conditions, the anion adsorpgiroperty on Pt (111) in various hydration states
of Nafion was analyzed in a newly-developed solateselectrochemical cell. With dehydration of the
ionomer, peaks for adsorption and desorption o$thi®nate anions in the cyclic voltammogram (CV)
showed significant shifts to lower potentials, whindicate the increase in the anion adsorptity.
another promising ionomer, the catalyst poisonirggperty of a novel ionomer, NBC4, which has two
sulfonimide acid groups in its side chain endechwitperfluorobutane, was compared with that of
Nafion. The CVs and ORR polarization curves orlR1) showed weaker anion adsorption and higher
ORR activity byca. 50 % at 0.82V (RHE) for NBC4 than for Nafion. Télectrode surface is, however,
still poisoned by NBC4, as shown by a significampession of the kinetic current caused by the
NBC4 coating. For elucidating the Pt/ionomer irded structure in a molecular scale, surface
enhanced infrared absorption spectroscopy (SEIR#) applied. A new band was observedaat
1400 cm! and the potential dependency of the band intersitygests that it is due to adsorbed
sulfonate anion in Nafion molecule on the Pt swefderfluorinated parts, in contrast, do not seem t
be adsorbed on Pt.

As a conclusion, the spectators that affect elebgmical reactions can be classified into
either covalently bonded species such as oxygersgtedes (Chapter 3) and specifically adsorbed
anions (Chapter 5), or non-covalently bonded sgesieh as hydrated cations (Chapter 4). Those
spectator species usually block the accessesaifirga to the electrode surface (Fig. 6.1) ancetbes
suppress most reactions, except for some spesasdéacluding the oxidation of CO in low coverage,
which is promoted by the non-covalent interactietneen adsorbed OH and hydrated cations. These
comprehensive understanding of the interface wil/gle a foundation for more practical researches
such as an appropriate tuning of the propertigd/@dnomer interface in PEFCs.

In the developments of proton-exchange-type PERBRggenated species and anions of
ionomer molecules play significant roles at thaoRtimer interfaces. In the studies following this
thesis, further investigations of characters okéhspecies will be conducted to find the strateigies
maximizing the electrocatalytic performance.

The next stages in the studies of Pt (hydr)oxide the analyses on real catalysts of Pt
nanoparticles, where the oxophilicities of low-adioated Pt atoms at the edges are different from
those of facet Pt atoms [1, 2]. In this respedt,dhalyses on model surfaces with steps (high-index
single crystals) will be also informative [3, 4hd studies of oxygenated species as ORR internesdiat
are also critically important not only from scidittiinterests but also for the development of high-
performance electrolcatalyst. A recent study usimpient pressure X-ray photoelectron spectroscopy
showed that the types of adsorbed hydroxyl duriR§R@s not unique and were classified into hydrated

89



Anion

Covalent

. . ‘-
Interaction -

20

Non-covalent
interaction

OHP

[+
©
(o1

O

¢

EQQ

O

/

Q
\
Q
O

IQ
5

O

QOO

O Reactants

O

Water molecule

Cation

Fig. 61 The overview of the interface between Pt andteibde.

OHad and non-hydrated Qid the latter of which requires smaller overpotdsti@ar the reduction
reaction [5]. This result indicates that tuning byelration states of the intermediates can siganitfiy
improve the ORR kinetics and therefore, that iinportant to modify not only the property of

electrode side but also that of electrolyte side.

In the studies of Pt/ionomer interface, whetheflperinated parts in ionomer molecule are
adsorbed on Pt surface and block ORR or not stiflains elusive. SEIRAS is a promising method to
clarify this point as described in Section 5.4 atidition to those analytical studies, developmental
researches such as the measurements of catalgstpw properties of novel ionomers are also
important since the proposed less-adsorptive iondi&C4 (Section 5.3), was found to still suppress

ORR and further improvements of the ionomer perforoe are required.
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A. Estimation of reaction order of ORR
A.1 Derivation of Eq. 3.2.3
A mass balance is maintained at the electrodetfader the stationary condition (Fig. Al);

i .
— =r = Al
nF =1 (AD)

where N is the number of electrons for the reduction & @molecule, F is the Faraday constant
and j is the flux of Q into the interface from the electrolyte.

Electrode Electrolyte
e

Consumption (reaction) Mass transfer by j
by 7

s t

.@ Cc 77

2 e

3 Cs :

[ '

5 :

Q

O L) E’ !

Distance from electrode

Fig. A1l A mass balance at the interface.

I can be described by the rate equation in the fochnding the reaction order:
F=kC’ (A2)

, Where k' is reaction rate constant for the included form (not identical tk in Eq. 3.2.2).
The flux is proportional to the concentratgnadient in the diffusion layer in the electrotyte

Cc,-C
i=D—=0 _~s A3
j 5 (A3)

where D is the diffusion coefficient of £in the electrolyte,Co the bulk concentration ofn the

electrolyte, Q the concentration of £at the electrode surface andl the thickness of the diffusion

layer.
Equation A3 can be rewritten as,

Ce = 00(1 - Jlj (Ad)

where jd is defined asDQ/5 and equals to the mass flux under the diffusionitiihg condition.
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j/jd equals tol /id when the number of electron in ORR in the kine&ffsctive region (region

[ll'in Fig. 3.2.3) is equal to that in the diffusidimiting region (region Il in Fig.3.2.3); this bdeen
found to be true from studies using rotating ringkdlectrode technique [1]. Therefore,

Cs = Co[l— i—J (A5)

lq

Substituting Eqg. A5 into Eqg. A2 and using Eq. Al,

lg

.\
i = anQy(l—_l—J (A6)

This equation can be rewritten as,
. 4
i = nFKC,” {&J(l—_'—} (A7)
Ch g

in which C'; is the standard bulk concentration of i® the electrolyte.G/C, is equal toi,/i',

when the electrode rotation rate is equal to thahe standard concentration of Cand hence the
thickness of the diffusion double layer is equathat in the standard concentration of @s in the

case in the present analysis.

i, _NnFDG/J _C,

= A8
nFDC,/d C/, (A8)

d
Iy

Therefore (A7) can be rewritten as
i i
i =nFkC,” {(%J(l—_—j} (A9)
g g

Taking the logarithm of the equation (A9),

Ini =yl n{:—dj(l—%)} +InnFkC,” (A10)
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The terms of {iq(1 —i/ig)/i'q} is equal toC,/C,, the ratio of Qconcentration at the electrode
surface to the standard. @ulk concentration, the latter of which is constdmwough the present
analysis, and therefore is the non-dimensional fofrthe Q concentration at the electrode surface

described by current density. The termmfkC,”~ is the current density if the concentration afad

the interface was equal to the standard bulk cdraton, the so-called “kinetic current density ”

in the standard concentration, which only depemighe electrode potential. Thus Eq. 3.2.3 was
derived.

A.2 [llustration of analysis

A.2.1 Subtraction of CV

Voltammograms of ORR current densities were obthimesubtracting the current density of the CV
in the positive scan from the current densitie€ 8¥s of ORR (see Eg. (3.2.4)). The results in the
potential region between 0.92 - 1.00 V is showRig A2.

o

Current density / 10 mA - cm?

0.92 0.94 0.96 0.98 1
Electrode potential (vs.RHE) / V

Fig. A2 The subtraction of CV from LSVs of ORRQrLM HCIO;.

A.2.2 Data sampling

We read the values of the voltammograms of the ORRent densities at a certain potential (Fig. A3).

Iy is the current density of each LSV in the potémégion Il in Fig. 3.2.3.
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Fig. A3 The illustration of a data sampling. Waddhe values of ORR current densities at the paiarked
with the stars as the data at the electrode patesftD.96 V in 0.1M HCIQ.

A.2.3 Fitting
Fig. A4 shows the plotdn i vs. In{ig(1 —i/iq)/i'q} at the electrode potential of 0.96 V in 0.1 M
HCIO4 and the fitting straight line for these plots.tms way, the reaction order at the electrode
potential of 0.96V was obtained from the slopehid fitting line.

Fig.

-1 i f f 5
I 100%]
LS 78%
=
o1 60% 1
y=1.15 ]
¥ 40% 0.96 V
-25 } t t t t } t t t }
-1 0.5 0
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A4 The illustration of fitting. The slope tfe fitting straight line is equal to the reactmnaler ).
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B. Key pointsfor forming the uniform ionomer film
The key points for forming the uniform ionomer filon Pt electrode (Section 5.1) are discussed in the
following.

B.1DMF

Fig. B1 shows the effect of the addition of DMFth@ Nafion solution on the film uniformity. The
Nafion film is significantly segregated and thefaniity is very poor without DMF (Fig. Bla). By
adding DMF (Fig. B1b), the surface becomes moreelyidovered with Nafion (The covering is still
not perfect because the amount of the droppedisolig smaller than the case in Fig. 5.1.1).

Fig. B1 The effect of the addition of DMF to the Nafionwibn. (a): without DMF, (b): with DMF. The
Nafion flims are seen in the dashed circles. Thapping amount of the 0.005 wt % Nafion
solution is 1QuL.

B.2. Drying temperature

Fig. B2 shows the SEM image of a Nafion-coated.P1) surface where the Nafion solution was dried
at 390 K, 12 K higher than the case in Fig. B1ke Nafion film wrinkled probably because the drying
of the Nafion solution was too quick.

Fig. B2 SEM image of a Nafion—
coated Pt (111) surface where the
Nafion solution was dried at 390 K.
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B.3. Heat treatment

Fig. B3 shows the SEM image of a Nafion—coated Hfl) surface after the electrochemical
measurement where the film was not heat-treatest #fie drying process. The film is seriously
removed probably because the physico-mechanidailistaof the film is not sufficient without the
heat-treatment at the temperature above the glassiion point of Nafion.

Fig. B3 SEM image of a Nafion—coated
Pt (111) surface after the electrochemical
measurement where the Nafion film was
not heat-treated after the drying process.

B.4. Hanging meniscus configur ation

Fig. B4 shows the SEM images of a Nafion—coated1Pi) surface (a) before and (b) after the
procedure for assembling an embedded form of RBEHM-RDE. Several parts of the Nafion film
were scraped after the assembling procedure, whefgafion-coated surface is placed face down and
pressed on a polypropylene film (Fig. 2.2.4) [2].

Embedded
form of RDE

Fig. B4 SEM images of a Nafion—coated Pt (111¥=mer (a) before and (b) after the procedure for
assembling an embedded form of RDE. The scrapdd peg seen in the dashed circlesu{10
dropping of 0.005 wt % Nafion solutions.)
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B.5 Amount of Nafion
The Nafion film is reproducibly extended to the ahentire region of the electrode surface when the
dropping amount of the 0.005 wt % Nafion solutisr20puL.

B.6 HER cleaning

Fig. B5 shows the CVs of the Nafion-coated Pt (1duirface before and after the electrochemical
cleaning with hydrogen evolution reaction (HER) aésed in Section 5.1.1. The shape apdpeak
before the cleaning is far from that for a cleailRi) and thus, the surface is seriously contatratha
With the HER cleaning, g4 peak recovers and thus the contamination canrbevwed.

n
5+ l':l €

Current density / 10pA - cm?

—N
—N

|

bare-Pt

afion-Pt before HER
afion-Pt after HER

+ | |

0.4 0.6
Potential (RHE) / V

Fig. B5 CVs of the Nafion-coated Pt (111) surfhedore (red solid) and after (blue solid) the HER
cleaning. CV of a bare-Pt (111) surface is alsavshfmr comparison.
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