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Nanostructured metal films were electrodepositeduph the hexagonal lyotropic
liquid crystalline phase (. The mesoporous structure consists of porousneiar{a
few nm in diameter) arranged in an hexagonal arfénese mesoporous metal films
exhibit high surface areas supplied by the concawdace within the pores. The
properties of these mesoporous materials have ineestigated to gain an insight on
the mesoporous structure.

Cyclic voltammetry in acid of Hmesoporous Pt is similar to polycrystalline Pt made
up of low index Pt facets. However CO stripping taoimetry shows differences
between the H mesoporous Pt and polished Pt electrodes. The Cippisg
voltammogram for the Hmesoporous Pt electrode exhibits a CO oxidatiorwaree
and CO oxidation at lower overpotentials. Thes&edthces result from the presence of
trough sites corresponding to the intersectionnaf pore walls within the mesoporous
structure.

The adsorption of foreign atoms Bi and Ge onnésoporousPt was investigated to
identify the different crystalline Pt facets. Theafures of the voltammetric profiles
recorded in acid revealed the absence of large) (ddrhains and the presence of (100)
terraces sites. CO stripping voltammetry fog tdesoporous Pt modified with Bi
suggests the presence of a CO-Bi mixed adlayer. edery the absence of the
aforementioned pre-wave was attributed to the gdisor of Bi on the trough sites thus
causing inefficiency in oxygen transfer for CO atidn. In contrast, the significant
pre-wave observed forjHhesoporous Pt-Ge leads to an enhancement for Glatmd.

H: mesoporous metal films grown on microelectrodeswsigood stability of the
measurement of hydrogen peroxide; kesoporous Rh with a variety of film
thicknesses was extensively studied over a widegeranf hydrogen peroxide
concentrations. A kinetic model is proposed to dbscthe diffusion of hydrogen
peroxide and the surface reaction in the pore.

The accessibility of the ionic liquid BMIM-RHEn the pores was investigated to assess
the performance of mesoporous electrodes in supa&ctars. H mesoporous Pt of
diverse pore size and polished Pt electrodes waseacterised in 1 M sulphuric acid
and then tested in BMIM-RFThe double layer capacitances were higher forHhe
mesoporous Pt films thanks to their internal swefaea leading to the confirmation that
the ionic liquid penetrates into the pores. Thelymm of electrochemical impedance
spectroscopy shows that the results fit a transomsine model and provides useful
parameters for the characterisation of the nancstred Pt film in BMIM-PFE.
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Thomas Esterle Introduction

Chapter 1: Introduction

The recent technological scientific trend focuseglre manufacturing of small devices
with the maximum capacity. Novel structures withvressential intrinsic properties are
demanded for a variety of technological fields swash batteries, selective sensors,
capacitors and photovoltaic applications. Differanaterials and structures in a
nanoscale range present fascinating propertiesgoteithe high surface area compared
to the bulk.

Materials researchers turned towards nanostructfregyh surface areas compared to
conventional materials. Nanostructured materialfiigh surface area have aroused a
growing interest to have or enhance materials pt@sein a multitude of academic and
industrial activities. High surface areas can bwioled by fabricating small particles
where the surface-to-volume ratio is high (convexface) or by creating materials
presenting a high surface area from the voids coedpto the bulk material (concave
surface). In the first category of convex surfagee can find nanoparticles and the

latter category of concave surface, one can fimdymmaterials such as zeolites.

Since the discovery of zeolites, new materials wdéfined structure have been
developed with porous channels of tunable dimessaira nanometer scale. Different
properties appear related to the control over thapes and the size of the pore. The
possibility to synthesise materials with a partieulpore size can create novel
opportunities of research in catalytic or sorptitechnologies. The domain of

mesoporous materials thus offers future challerages prospects in different fields of

science. New strategies emerge continually to ¢abei mesostructured materials using

templating methods.

Materials science exploits the use of surfactamtfotm supramolecules arrangements
to create self-assembled nanostructures; an exampthe synthesis of templated
mesoporous sili¢d. One of the approach reported by Attatcal. was to use lyotropic
liquid crystalline phases as templates to synteesisanostructured porous matéfial

this method will be used in the work of this theJike design of mesoporous ordered

1



Thomas Esterle Introduction

materials with different pore sizes can be achiebvgduning the template molecules.
These materials have high surface area thanksetoittiernal surface area within the
pores but an inherent problem is to describe thectsire formed with a sufficient
accuracy to predict the behaviour of the materialaa atomic scale. Surfactant
templated materials can have a real potential ianse and technology but a better
understanding of their characterisation and theittesis is required.

In this thesis, the aim is to describe the struictfrmesoporous materials formed from
the hexagonal lyotropic liquid crystalline phaséragas a template. In the next section,
lyotropic liquid crystalline phases will be preseshtfrom which mesoporous materials
can be obtained.

1.1 Liquid Crystals (LC)

Liquid crystals are a state of matter that possefise properties of both liquid and
crystalline solid. The crystalline solid is a stiwe whose molecules occupy specific
sites in a lattice extending in three specific wta¢ions. In contrast, the liquid is a state
in that the molecules do not have a positional nentational order and diffuse
randomly. In liquid crystals, the molecules areefte diffuse as in a liquid but some of
the orientational order remains. In fact, the onidarot as ideal as in a crystalline solid;
the molecules in a liquid crystal spend more timefng in one direction than along
the others. Liquid crystals are like liquids buttwa degree of order which constitutes
another state of matter between solid and liduiihe common characteristic of all the
liquid crystals is their anisotropy.

One of the main categories of the liquid crystallyotropic phases.

1.1.1 Lyotropic Liquid Crystals

The term ‘lyotropic’ is employed to call a materiélliquid crystalline phases are
formed because of the addition of a solvent. Lymtrdiquid crystals are formed by
dissolution of anisotropic molecules in a solvagpically water). The lyotropic liquid
crystal phases are dependent of the temperaturtharancentration of one component
in anothef!. The lyotropic liquid crystal molecules are amgtilic having end groups
with different properties. One end of the moledslpolar with a hydrophilic headgroup

and the other end is nonpolar with a long hydrophblydrocarbon chain as shown in
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Figure 1-1a. The amphiphilic molecules dissolvedath polar and nonpolar solvents
will generate lyotropic liquid crystals. The amptiipc molecules are also known as
surfactants. Figure 1-1b shows the structure ofudastant, octaethylene glycol
monohexadecyl ether (6EQs), with a hydrophobic alkyl tail and a hydrophilic

polyethylene oxide headgroup.

Lipophilic tall Hydrophilic head

\/\/\/\/\/\/\/\/?\AO/\/OV\O/VOV\O/\/OV\OA/O "

Hexadecy! tail Octaethylene glycol
head group

Figure 1-1. a) Archetype of an amphiphilic moleculeb) Octaethylene glycol monohexadecy! ether
(C16EOg).

Different structures are formed depending on tlepg@rtion of surfactant mixed with a
solvent, e.g. water. At very low concentrationg &mphiphilic molecules are dissolved
and dispersed in the solution without any order.tAes concentration of surfactant
increases above a certain concentration, calledrtheal micelle concentration (CMC),
the amphiphilic molecules arrange themselves intpramolecular structures. Two
different structures are possible: micelles (in ¢thse of soap) and vesicles (in the case
of phospholipids). For the micellar structure shoimnFigure 1-2B, the polar head
groups of the molecules form the outside of thacstire with the hydrophobic chains
toward the centre, shielded from the solvent. Theshes may also pack into a cubic
arrangement. For the vesicle structure shown inr€id-2D, the amphiphilic molecules
create a double layer which forms a shell with Weger inside and outside of the

structure.

With increasing the concentration of surfactanuéliy around 50 % wt), the micelles
or vesicles combine to form cylindrical rods packimto an hexagonal array. The
hydrophobic chains are turned toward the rod axistae hydrophilic head groups form
the outside of the structure. Such a structuraliea the hexagonal phase as shown in
Figure 1-2A.
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At even higher concentrations, another phase imddrcalled the lamellar phase. The
amphiphilic molecules form bilayers with the hydnopic chains pointing to the inside

and the head groups outside as shown in Figure. IFBE€ bilayers are separated from
each other by water in between. At very high cotregions, inverse phases are formed
where the hydrophilic head groups are inside thecire locking water inside such as
the inverse micellar phase shown in Figure 1-2E.

The inverted structures can also be formed if thetaphilic molecules are added to a
non-polar solvent (e.g. oil) where it is favouralbbde the hydrophobic chains to be in
contact with this type of solvent.

Figure 1-2. Schematic representing the different fyes of aggregation of amphiphilic molecules
forming supramolecular structures when solvated ina polar solvent. Liquid crystal phases: a)
hexagonal, b) micellar, ¢) lamellar, d) vesicle, eépverse micellar. This image can be found from the

link in the reference®.

1.1.2 Liquid Crystal Templating (LCT)

The surfactant GEOg possesses a hydrophobic alkyl chain and a hydiopdther
headgroup which forms lyotropic liquid crystalliphases when in water. Figure 1-3

shows the phase diagram ofsEQs in water.
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Hexagonal
Cubic I,34

B,

100

T /°C

80

Micellar

Lamellar

60

40

20 : — ‘ . . . ;
20 30 40 50 60 70 80 90
o
C,EO; /wit%
Figure 1-3 Phase diagram for octaethylene glycol monohexadgdcether (C;6EQOg) in water taken
from Attard et al.® L, is the micellar phase, t is the hexagonal phase, ; is the cubic phase, | is

the lamellar phase, L, is the inverse micellar phase and S is a solid pl&a

If a surfactant, such as;6EGs, is mixed with water, different phases are forraeder
appropriate conditions of concentration and tentpeega The amphiphilic molecult
aggregate and arrange themselves into different tsires as shown in Figure-2. The
formation of these structures creates a cast ircdlse of the deposition of a metal <
If a metal salt is dissolved in the aqueous sofyttbe chemical reduction the metal
salt occurs between the surfactant aggregates rigrmi solid. On removing tf
surfactant, the architecture of the resulting makés a cast of the mould formed by 1

surfactant.

When a metal salt is dissolved in water, the botedaf tte phase diagram chang
For example, the phase diagram fc;6EOQs with 1.92 M hexachloroplatinic acid
represented in Figure-4. The hexagonal phase is quite broad in termswifia range
of concentrations and temperatures which makepthése appeing as a template for

the metal deposition.
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100
T/°C |
B0 T_.-|
- : H]
I I
60 | ."I l'u\\i'a_.--
|
||I ‘IIIIII
401 ||: llH 1t ]]

I 2
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0
C,.EO; /wit%
Figure 1-4. Phase diagram for GeEQg in the solution of 1.92 M HCPA taken from Attard et alfL,

is the micellar phase, { is a cubic phase, His the hexagonal phase, Ms also a cubic phase, Lis

the lamellar phase, L; is the inverse micellar phase and S is a solid pba.

1.2 Porous Materials

Porous materials have been of great interest duthdiv potential applications as
molecular sieves and high surface area catalyslit&s in particular have received a
lot of attention because of their importance in ynemaustrials applications in selective
catalysis and are commonly found in household prtedsuch as washing powders and
water softenef8. Zeolites are microporous solids with a porousdtire consisting of
tunnels or a network of interconnected cavitielife structures are found in naturally

occurring minerals and the first synthetic examplese synthesised in the 1950s.

Zeolites have a narrow range of pore sizes smaflan 1 nm, i.e. microporous
(microporous materials have pores smaller than R Apvlites can be used for catalysis
and size selective separation involving only smadlecules. Synthetic materials have
been produced with larger pore size but are amaiplur paracrystalline (materials
having short or medium ordering in their lattica)cls as silicd® or transitional

alumina$’. The synthetic materials with the largest pore treve been manufactured
were the aluminophosphates AIRS™, VPI-5'Y and cloverité? which have pore

sizes in the range of 0.8 — 1.3 nm.
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1.2.1 The Mobil Method

A new family of silicate/aluminosilicate mesoporommlecular sieves designated as
M41S was discovered in 1982° These materials were synthesised by the calomati
of the silicate gel containing organic surfacta@se of the members of this family of
mesoporous sieves, MCM-41 (Mobil Composition of tde#ll), presented an
hexagonal array of pores with diameters from 151@0 A depending on the
experimental conditions used for the synthesiseOmhembers of this family were also
synthesisedfrom a cubic phase. The structure angdhe diameters of these materials
were always related with the nature of the surfact& liquid crystal templating (LCT)

mechanism was proposed for the synthesis of theserials".

The concentration of surfactant used for the sygishef these materials is below the
concentration needed to form liquid crystal pha@sslow as 1 %). A study of this
synthesis by Monnieet al. led to the conclusion that the mesophase formadiush

associated silica polymerisation were attributethvgtrong interactions between the
cationic surfactant and oligomeric silicate polyar#*¥. This results in a high

concentration of silicate species at the silicatdagtant interface favouring the silicate
polymerisation and ordering the silicate-encasethstant micelles into structures. A
proof of this mechanism was provided by Chehgl. who demonstrated that MCM-41

can be formed if the surfactant concentration vimsa the CME®.

These materials are of interest because they extenoholecular sieve materials into a
larger pore range; previously, the largest poreedisions were found up to 1.3 nm for
some metallophosphatEs'? The larger pore structures of MCM-41 have surfeas
over 700 m g* and hydrocarbon sorption capacities of 0.7 gthand greater. These
materials have aroused a growing interest produgiagy papef§" **' and the same

approach has been extended to mesoporous metadid
1.2.2 True Liquid Crystal Templating (TLCT)

In 1995 Attardet al. reported that templated silica mesostructures wbtained from
liquid crystalline mesophases using octaethyleryeayjlmonododecyl ether (GEOg)
and octaethylene glycol mono hexadecyl ethefsHOg) in water with tetramethyl

orthosilicate (TMOS) as the silica precuf¥dr The formation of the mesostructured
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silica was performed under acidic conditions andoatm temperature; the methanol
formed by the hydrolysis of TMOS was removed unpartial vacuum because the

presence of methanol in the mixture modifies theopbase.

This method uses higher concentration of surfad@mut 50 % wt) than in the Mobil

method and true liquid crystalline phases are g#adrby the preparation of the
mixture. Unlike the Mobil method, the formation ahesostructured silica is

independent on the interaction between the suriaetad the silica precursor. Different
mesoporous silica architectures were successfally gsing the hexagonal, cubic and
lamellar liquid crystalline phases. The silica am¢al from the sol-gel synthesis in a
lyotropic phase yields a monolithic film as opposedub-micron powders produced by

precipitation in the Mobil method.

The lyotropic liquid crystalline phases were camid by observation of the mixture
under a polarising light microscope and transmisslectron microscopy was used to
investigate the silica mesostructures. The TEMstltbwed the hexagonal, cubic and

lamellar structures of silica with pore diametef2¢8 nm and wall thicknesses of 1.2

nmt9,
1.2.3 Advantages of TLCT

The reasons to perform the synthesis of ordere@dpaoesus silica through a true liquid
cyrstal template are manifold. Unlike the Mobil mad, the TLCT method avoids the
interaction between the silica precursor and thdastant. Therefore, the TLCT is
dependent of the structure and the charge of thfactant. Another advantage is the
possibility to use the pre-formed liquid crystadliphase as a template to predict the
structure of the product. The presence of inorganécursors has a little effect on the
phase behaviour of a liquid crystal. Hence, thesphdiagrams of surfactant-water
systems reported in the literature can serve atefjoes to predict the mesostructure of
the product. The final advantage is that the sygiththrough the TLCT results in a
monolithic product unlike the formation of the fiparticles prepared by the Mobil
method.
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1.2.4 Mesoporous platinum from TLCT

This approach was later developed by Attad al. who produced powders of
mesoporous platinum by dissolving the platinum &atib the aqueous regions of a
hexagonal lyotropic liquid crystalline template atiién chemically reducing this to
platinum metdf!. This type of structured platinum exhibits vergtispecific surface
area, up to ~ 60 ig™. The synthesised product consisted of particléls diameters in
the range of 90 and 500 nm and showed the invechétecture of the LC phase. The
TEM observation showed a hexagonal array of 3 ramdier pores separated by 3 nm
thick walls.

Thereafter it was reported that the electrodepmsitif mesoporous platinum films was
possible from mixtures in the hexagonal lyotropipid crystalline phase. Scanning
tunnelling microscopy (STM) observation indicatéattthe film was uniform and flat
with a surface roughness of 20 + 5 nm over a 1*rarea. TEM imaging revealed a
mesoporous structure consisting of an hexagonal af cylindrical pores. The pore
diameter of mesoporous Pt electrodeposited fromh#ieagonal LC phase could be
controlled by variation of the length of the allghains of surfactant in combination
with a hydrophobic additive. For example, the us€0EQs in the mixture gives a pore
size of ~ 1.7 nm whereas the use @fHD; yields a pore size of ~ 2.5 nm; the addition

of n-heptane with GEGs in the latter mixture gives a pore size of ~ 3% n

A later work by Elliottet al. investigated the electrodeposition of mesopordasnum
onto gold or platinum microelectrod® The analysis of the cyclic voltammetry in
acid revealed roughness factors of ~ 210 (correfipgnto a surface area of
6.45 nf gH?% Cyclic voltammetry in potassium ferricyanide demstated that
nanostructured platinum microelectrodes with higtiace area retain the efficient mass
transport characteristics. A greater double laygyacitance was also obtained due to
the high surface area of the material. This contlmnaof properties is unique and can
be useful for amperometric detection of organiacsgsewith poor electrode kinetics. If
the surface area of the electrode is too small réfaetion of some species could be
kinetically limited. A solution to avoid this issigto increase the electroactive surface

area of the electrode while the microelectrode taais its diffusional properties.
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1.2.5 Advances and Applications of TLCT

The electrodeposition of mesoporous metal or afioys is possible from lyotropic
liquid crystalline mixtures with various metal satlissolved in the agueous domains.
The material primarily electrochemically depositeds platinurff’; then, this approach
was carried on not only pure metals such d8'Ca&d??, Nil** 24 pd*®! RH?®! sd?™])
sl Td®) but also their alloys like Pt-R¥, Pt-N#Y, pt-P#, Ni-Cd*!.The
compound Cd-Te was also electrodeposited by thtodé”. These mesoporous films
have pore sizes over a range of 1.7 — 10 nm. Tamacteristics of the mesoporous films
such as the film thickness or the pore dimensians lme controlled by the different
conditions of deposition (i.e. temperature, sudattdeposition charge and source of

metal ionsy®.

Mesoporous nanostructured materials were usedwida variety of applications such
as gas sensdid, fuel cell$”, supercapacitors and batteli@lsover these last years. It
was reported that mesoporous platinum increasesiiécs of oxygen reduction when
compared to bulk polycrystalline platintifh Similar microelectrodes were also used in
the detection of glutamdtd and for hydrogen peroxide detectih (discussed in
Chapter 5).

The technique was extended to mesoporous nickedupercapacitors and batteligs
Since the presence of interparticle resistanceselmasnated, the electron conductivity
was enhanced and hence, power losses decreaseovdigréhe porous nanostructure
enables a rapid and unimpeded movement of elet#ragecies. The design of the
nanostructure has therefore improved supercapaaindr batteries performance. The
application of liquid-crystal-templated mesopor@adalt was realised for mesoporous
magnetic materials. Cobalt films electrodepositeainf the hexagonal phase showed
better results in terms of coercivity than bulk ymoystalline cobalt and the method
could encourage the development in advanced stonegkd”. Mesoporous palladium

catalyses methane and was investigated for gasrséfls

H; mesoporous Pt have received interest as elecatgsts towards the electrooxidation
of small organic molecules such as CO or;OH. The design of the porous structure is
attractive since high surface areas can be exHibiienks to the concave nature of the

structure. However, the catalytic surface plays ey kole in a broad range of
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electrocatalytic reactions. These reactions aretlynsgucture sensitive and hence it is
necessary to know the atomic structure of the mdet surface. In electrochemistry,
carbon monoxide is a probe molecule to investigfageelectrode surface and provide

insight into the nanoscale structure qfftHesoporous materials.

1.3 Carbon monoxide electrochemistry

In electrocatalysis, carbon monoxide electrochem@adation is one of the most
studied reactions for fuel cell applications ant ialso a probe molecule to investigate
the properties of the electrode surface. Carbonaxide is a by-product of the
oxidation of many organic molecules such as metifghor formic acid acting a
poison on the electrode surface. Platinum is a comnoble metal used as a catalyst
for electrochemical reactions. Unfortunately, whtre oxidation of the organic
molecules occurs, carbon monoxide is formed andradson platinum reducing the
surface area and, in consequence, the performahdbeoelectrode. The possible
pathway for the oxidation of carbon monoxide inwsvthe formation of oxygenated
species on the electrode surface. A possible mexhafor the oxidation of carbon

monoxide on platinum could B&:
Pt+HO-6 - Pt OH+H (1)
Pt—-OH+Pt CO. CQ +2Pt+H )

where the OH species and CO are adsorbed on neighbites.
1.3.1 Adsorption of CO

The adsorption process of carbon monoxide molecoites metal surface results in

chemical adsorption without charge transfer asesrted in Figure 1-54.

co O Metal atom
O

I
c ? ? Carbon
d) . Oxygen

OO

Figure 1-5. (a) Scheme for the carbon monoxide ads',mon, (b) Representation of CO bonded

Metal film

linearly (1) and bridge bond ().
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The adsorption of the CO molecule at the metalesaris realised by the metal-carbon
atom bond. Two forms of bond for the CO adsorpgaist, either the CO molecule is
bonded linearly or the carbon atom forms a bridgevben two adsorption sites which
are adjacent (Figure 1-8f§). The adsorption states of CO on the metal sulestrat
highly structure dependent. The information on bogdnd adsorbate structure can be
obtained by infrared (IR) spectroscopy. This teghei was employed to probe the
electrochemical interface of CO species at comdopotential for different types of Pt
electrode surfacéé *®l These results can be combined with the voltanioeghaviour
which is also structure dependent. The CO strippinfammetry can monitor the
changes in the electrochemical interface of thea@fayer on platinum. The features of
the CO voltammogram are sensitive to the type afuface such as single-cryst&is®

or stepped surfacgd. This will be discussed in Chapter 3.
1.3.2 Pt-based catalysts for CO oxidation

From the study of CO oxidation on platinum, twoiops can be considered on the
design of Pt-based to improve CO oxidation. The faption lies in the modification of
the platinum electrode surface at a nanoscale gengra weakly adsorbed state of CO
on Pt, leading to ease CO oxidation and possilgjgdni reactiviti’). The second option
aims to modify the platinum surface with a foreigtom which preferably does not
adsorb CO and insure the formation of reactive tiygs at low potentials. In the latter
option, the modification of the platinum surfacencaccur through two different
processes, either by adsorption on the surface fofeagn adatom or by creating an

alloy.

Alloy catalysts based on platinum can be envisdgefdcilitate CO electrooxidation
where the two metals have different roles in thactien. In general, the catalytic
enhancement arises from a bifunctional effect inctvithe second metal provides the
reactive intermediate species. The catalytic impnoent can also be ascribed from
other contributions such as the ligand effects el morphological effecf!. The
ligand effects involve the promoter that alters tekectronic properties of the
catalytically active metal. The morphological etetead to the dilution of the active
component with the catalytically inert metal chamgke distribution of active sites,

thereby opening different reaction pathways

12
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For instance, a common Pt-based alloy used asystifat CO oxidation is platinum-
ruthenium alloy. Ruthenium is more easily oxidigedn platinum so PtRu alloy is
employed as a catalyst since the adsorption of exgpd species on the surface
becomes easiét. Other combinations of Pt based alloy were foumdntprove the
catalysis of CO oxidation such as Pt PtSir®..

Another concept to enhance the catalysis is th@iadaf the second metal on platinum
to nucleate oxygenated species at lower poterttials a pure Pt electrode, resulting in

the early oxidation of adsorbed CO.

1.4 Foreign atoms adsorption

The modification of the electrode surface by foneaglatoms can improve significantly

the electrocatalytic properties towards CO oxidatio
1.4.1 Catalytic activity improvement

As mentioned in the previous Section, platinumusceptible to poisoning by species
such as CO during the electrooxidation of organmletules reducing its catalytic
performance. The adsorption of foreign atoms onimlan can improve the catalytic
activity in order to minimise the poisoning effedte coverage of the surface by a
second metal promotes the catalytic reaction of ynanganic substances like
methandf” or formic aci€f® **! The ad-atoms for such reactions are various and
include BI** %% G, si°” 51 ad* 82 pysl RUSY. This was accomplished by
various methods including the adsorption of foreagoms on the platinum surface via
underpotential deposition or spontaneous adsorptyammersion.

1.4.2 Surface Probe

The modification of the platinum surface does nadiyyamprove the performance of the
electrode but also identifies the crystalline facetf the surface. Most of the
electrochemical reactions are structure-sensitieeefore it is useful to have knowledge
of the surface structure of the electrode. The dypE sites (terrace, kinks, steps...)
present will determine the reactivity of the elede. It is necessary to develop methods
to identify the different sites on the electrodefate. The electrochemicah situ
technique commonly used is cyclic voltammetry tarelcterise the electrode surface.

13
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This topic has been the interest for electrochengsherating a large number of papers
on metal single-crystd?é "3 The study of single-crystals is fundamental tmlgiish
the properties of the electrochemical reactiontendifferent surface sites. The results
can then be extrapolated to the electrocatalysiparse for polycrystalline surfaces.

In the case of platinum, the characterisation & thfferent surface sites can be
performed by cyclic voltammetry in acid. The adsiomp of hydrogen and anions are
used as probes to determine the surface sites. \Wowe is difficult to quantify the
different surface sites since hydrogen and aniolssrd in a similar potential range.
Another problem concerns the shape and numberaifsper the different surface sites
on the voltammogram to separate the different dmutions and make the best
deconvolutiof> " An alternative method to probe the surface siéeto use the
adsorption of foreign atoms. The information of thitkerent domains of the surface can
be obtained by the irreversible adsorption of treijn atoms which occurs on specific
surface sites of platinum. If the adatom undergosgrface reaction in a potential range
in which the contributions from other surface synmes are negligible, it is possible to
monitor the presence of a specific crystal symmetryor instance, these surface
reactions can be relevant to probe the symmetdiftdrent domains of platinum such
as the (111) symmetry with adsorbed tellurium ismuth atoms or (100) terraces of

platinum with adsorbed germanium atéffis

The adsorption of foreign adatoms Cu, Pb and Adglpmesoporous Pt electrode has
already been investigated but in that study, thewas to quantify the concentration of
the ions in solutio® and the internal surface of the pores was notsiityated using
this method.

Knowing the structure of Hmesoporous materials is of importance to undedsthe
mechanism of the reaction at the electrode surfabe. peculiar architecture of;H

mesoporous materials is likely to affect the kioetf the reaction.
1.5 Kinetic study

1.5.1 Mechanism for an Electron Transfer Reaction

Redox reactions involve the transfer of electroesveen a chemical species and an
electrode. If the applied potential is sufficientoagh at the working electrode, an
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exchange of electrons occurs with the species atstiiface which can imply either
oxidation or reduction. The current is generatedaldyansfer of electrons between the
electrode and the species in solution. A generptession for the current under mass

transport control is:

I =nFAK,C (1)

wherei is the current generated by the reaction (A),js the number of electrons
transferredF is the Faraday constant (96485 C MpA is the electrode area &) kn
is either the mass transfer coefficient of the mmemvolved (m 3) or the rate constant

andc is the bulk concentration of the species (md)m
1.5.2 Microelectrodes

Microelectrodes are defined as electrodes witheastl one dimension in the scale of
tens of micrometers or less, down to submicrometagé’®. Microelectrodes were
originally constructed for biologist to carry aatsitu measurement in living organisms
with limited tissue dama§&. Their application in electrochemistry was develbpater
when low current measurements became possible. Umnesual properties of
microelectrodes on mass transport have been thglorer leading to the analysis of
fast heterogeneous or homogeneous electrode pesceskich is not possible with

conventional electrodes.

Different geometries of microelectrodes exist sashdisc, hemisphere, ring or band
electrodes; nevertheless, disc microelectrodesharesasiest to build just by sealing
wires into glass. Therefore, only disc microeledé® will be considered. The range for
the radii of the microwires is between 0.1 and L®® and the range of 5 — 25 um is

most commonly used in laboratory.

The properties of microelectrodes are differentflarger electrodes:
- Mass transport regime.
Since the steady state is rapidly established,aulectrodes yield true diffusion-control

current®!. This is true if all the dimensions of the miceattodes are < 50 pm.
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- Charging current.
The double layer capacitance of an electrode ipgitmnal to its surface area. In the
case of the microelectrode, the surface area idl smdahe capacitance is small. This
means that the Faradaic process will be attained slfiort times, which facilitates the
investigation of fast electron transfer reactiond gery short lived species.

- Decrease of the ohmic drop
As the electrode area is small, the current pagsirayigh the microelectrode is low, in
the order of a few nA, this reduces the distorfrem IR drop. One advantage of this is
to study electrochemical reactions at the micrdedee surface in solution without
supporting electrolyte or in resistive methig”.

The different properties of microelectrodes areaati@geous for practical reasons. Their
size enables them to be used in experiments inadl swiume without modifying the

concentration of the species. The time scale oé®periment is short as the steady state
is reached rapidly. In the case of the disc miectebde, the expression for the current

at steady statelfa"
IL = 4nFDca (2)

wherei, is the limiting current (A)D is the diffusion coefficient (fms?) anda is the

radius of the microdisqim).
1.5.3 Rotating Disc Electrode (RDE)

The rotating disc electrode is a type of experinveimére the mass transport is induced
by convection. For kinetic studies, it is necesgarynderstand the hydrodynamics of
the system. A RDE consists of a polished disc efalectrode material, with a diameter
typically between 0.2 and 2 cm, surrounded by sulating sheath of larger diameter.
The RDE is rotated with a perpendicular axis toghdace of the disc. By rotating, the
RDE acts as a pump and the solution is pulled cadlyi upwards to the disc

perpendicular to the surface. While rotating, tlodutson near the electrode surface
becomes more viscous and is thrown outwards rgdiedlating an under pressure in the
electrode centre vicinity, hence the pumping motéithe solution. This phenomenon

account for fresh reactant from the bulk solutioought to the electrode surface. Figure
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1-6 shows the flow pattern of the solution close ¢lextrode surface when a circu
object is in rotatio®.

Figure 1-6. Solution flow close to the rotating disc eldrode surface in an electrolyte

The RDE gives a steady state mass transport regmahéhe mass transfer coefficien

proportional to the square root of the rotatior @t the disc

1.55D* N2
Kn=———— 3)

vV
whereWis the rotation rate (z) andv is the kinematic viscosity (* %)
The limiting current for a mass transport contmlteaction is given by the well knov

Levich equation:

nFAD?3c. . ./,

i, =1.554————— (4)
14

whereA is the geometric surface area of the electroc®).

So far, H mesoporous electrodes have been investigated agungpus solutions. Tt
electrolyte chemistry based on sol-free ionic liquids is of interest, especially ire
development of doub-layer supercapacitorsThe structure of ; mesoporous
electrodeds made up of cylindrical pores in the range okew fhanometers arrang
into a hexagonal array. The accessibility of theddiquids into such a structure wot

be of relevance for consideringg mesoporous films as supercapacitor electr:
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1.6 lonic liquids

1.6.1 Archetype of the ionic liquid

lonic liquids, or room temperature molten salt® apr-aqueous solvents compos
only of ions. lonic liquids by definition are salghose melting point is below tl
boiling point of watef®. These salts exbit weak coulombic interactions thanks to
combination of large cations and che-delocalised anions. As a result, the ionic lig
is prevented from forming a regular crystal latiimxause of the flexibility of the anit
and the assymetry of the mat. lonic liquids are composed of organic ions ethimay
undergo a wide range of structural variations tsaiokthe preparation of a multitude
their components. Various kinds of salts can bel usedesign an ionic liquid that h
the desired propeds for a given application; ionic liquids have beevestigated fo
various applications such as solar cells, fuekcatid batteri®®°!., lonic liquids can k
divided into different groups according to the typaf cation and anion. The mc
common cations include imidazolium, quaternary amiono'®®, piperidiniun® and
pyrrolidinium®®. However, recent studies have focused on thefismic liquids with
the particular anion bis(trifluoromethanosulfonyihide (TFS") though others ar
commonly used such as bis(fluorosulphonyl)imide hagdfluorophosphate as anior

Figure 17 shows a cation and anion used to form an iogiadi
H+
C . -
\\N N P
\—/ F
F

Figure 1-7. Representations of the cation -N-butyl-3-methylimidazolium [BMIM] * and the anion

hexafluorophosphate [PF6]

lonic liquids have also been considered as elgta®lin supercapacito Most
commonly, supercapacitors employ aqueous or orgatéctrolytes limiting th
operating voltage of thelectrochemical double layer capacitctEDLCSs) systems tc
1.23 and 2.7 V respectivél§l. Thanks to their high potential window stabilitgnic
liquids allow operating voltages > 3.5 V increasihg energy capability of the devic:
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The crucial factor behind the high capance is the thickness of the electrochem
double layer so as to have an effective mate

The structure of the electrical dou-layer in dilute agueous solutions has b
profoundly studied and descriptions of the douldget have been developed
understand its behaviour quite accurately. Howether structure of the double layer
ionic liquids is of debate and the behaviour of éhectrical double layer of the ion
liquids needs yet to be developed. It is thus resrgsto describe the cunt
understanding of the electrical doi-layer at a perfectly polarisable electrode

agueous media.
1.6.2 Electrical double layer in dilute agqueous solution

1.6.2.1Helmholtz mode

The first model was suggested by Helmholtz who caneqgb he electrical doub-layer
to thetwo parallel plates of a capaci as illustrated in Figure-8. The charge on the
electrode is balanced by a layer of ions of oppositarge directly contiguous to t

surface.
Bulk
solution
Electrode O

®
o ©

HOOOO®

Figure 1-8. Schemati representation of the Helmholtz model for the efetrical double layert®.

Outside the layer, the solution is neutral havingegual concentration of cations ¢

anions and has the same composition as the
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1.6.2.2Gouy-Chapman model

Later, the ability of ions to move freely throudtetelectrolyte was considered. Fig

1-9 illustrates the GougZhapman mode

Bulk
solution

1® 0 ©
|oge” |© .
Electrode ) @ @ @

Bl o @

Figure 1-9. Schematic representation of the Goiw-Chapman model for the electrical double

v

layer!*s!,

The charge on the electrode is balanced by iosslistion of opposite charge which ¢
free to scramble under thermal quanta inste being bound to the surface. There i<
excess of cations over anions nearby the surfabehwdecreases gradually until 1
composition of the bulk concentration is reac

1.6.2.3Gouy-Chapman-Stern
The Gouy-Chapmagtern model is a combination of the twcevious models &

illustrated in Figure 1-10.

Bulk
solution

v

®

o O,

® On o 9

Electrode

®0
0@ |©
O
®

CIOICIOICIO;

Figure 1-10 Schematic representation of the Gol-Chapman-Stern model for the electrical double

layert®!,
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The electrical double-layer of the Gouy-ChapmarmSteodel is composed of an inner
compact layer (Helmholtz layer) and an outer lag@iffuse layer) where cations
outnumber anions with a progressive change to tilk §olution composition with

distance from the surface.

The Gouy-Chapman-Stern model is accepted for digjigeous solutions but fails to
describe the behaviour of concentrated solutiond mmic liquids. One of the
complication to the prediction of the Gouy-Chapn&tiarn model is the ions outside the
compact layer are considered as point charges witgchpy no volume whereas the
ions of the ionic liquids are large, flexible, highpolarisabl€?. Besides, the low
melting point of the ionic liquids induces interiorforces in addition to Coulombic
forces which may affect the electrical double-lI&feiNew models have been proposed
to predict the behaviour of the electrical doulalgelr of ionic liquids but it is interesting
to notice that these models also comprise an ilayer and an outer layer as the Gouy-
Chapman-Stern model describes for dilute aqueolsticed®!. Since a potential
importance exists in ionic liquids for supercapast and other fields in
electrochemistry, a real effort is engaged towahds understanding of the electrical
double-layer in ionic liquids near an electrodeifdce.

1.7 Thesis overview

This work deals with the characterisation of the mHesoporous metal electrodes,
notably to give an insight to the internal atontitisture of the pores. Another objective
Is to study the kinetics of surface reaction witlthre mesoporous film and the
performance of these materials towards electrolyies as ionic liquids.

In Chapter 3, cyclic voltammetry in sulphuric aeidd CO stripping voltammetry of;H

mesoporous Pt electrode are compared to thoselished Pt electrodes. The effects of
the scan rate and the adsorption potential of C wabso investigated. The features of
the voltammograms for each electrode are analysédanodel for a single pore of the

H; mesoporous architecture was proposed.

Chapter 4 is concerned with the adsorption of tpreatoms on I mesoporous Pt
electrodes in order to identify the different cafbhe Pt facets. Two foreign atoms were

chosen namely bismuth and germanium. Surface cgsctn bismuth and germanium
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monitored by cyclic voltammetry in sulphuric acidncreveal the presence of different
Pt symmetries. CO stripping voltammetry on Hesoporous Pt modified with each
foreign atom was also performed to identify any ndes on the CO stripping
voltammetric profile compared to that obtained witie unmodified Kl mesoporous Pt
electrode. Conclusions were drawn about the mesharof CO oxidation on H
mesoporous Pt and each foreign adatom. The catadgtformance for CO oxidation

with each combination Pt-Bi or Pt-Ge was discussed.

Chapter 5 is concerned with polished Pt, rHesoporous Pt and;Hnesoporous Rh
microelectrodes for hydrogen peroxide detectiohalk been shown that IFhesoporous
Pt microelectrode improves greatly the electrocleaimesponse for hydrogen peroxide
oxidatiod*”. Several films of different thicknesses of; Hnesoporous Rh are
electrodeposited on the microelectrodes. The exyastal data of the electrochemical
response of hydrogen peroxide oxidation are gathareorder to fit to a theoretical
kinetic model. Complementary experiments are themfopmed using a Pt RDE
modified with a H mesoporous Rh film to obtain a new set of datahHermodel and

draw a conclusion on the presence of a producbitaniremaining within the pores.

In Chapter 6, polished Pt and Hhesoporous Pt with different pore sizes were used
assess the behaviour of an ionic liquid in a mesamelectrode. The access of the
ionic liquid in the mesoporous structure is invgated with cyclic voltammetry by
measuring the double layer capacitances. A studyueous electrolyte in identical H
mesoporous Pt electrodes has shown Electrocheimmpaidance Spectroscopy (EIS) as
a method to quantify the accessibility and the tebetiemical behaviour of these
mesoporous Pt filn¥§!. The same method is used to determine the behaufothe
ionic liquid in a mesoporous film and thus to knid\& mesoporous electrode with such

small pores could be employed as supercapacitor.
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Chapter 2: Experimental Methods

2.1 Solutions and reagents

2.1.1 Chemicals

All solutions were prepared with deionised watemira Whatman Still and RO 50
water purification system. Hexachloroplatinic adgdrate (HCPA, 99.9% purity).
RhCk (99.9% purity), Ru(NHB)sCls (99.9% purity) and n-heptane (99% purity) were
purchased from Aldrich. The surfactants, octaetiglaylycol monododecyl ether
(C12EQg) (98% purity) and octaethylene glycol monohexatl@tiier (GsEOs) (98%
purity) were purchased from Fluka. Quick-set eporgin and silver paint were
purchased from RS. Alumina powders were purchas®ed Buehler. Buffer solutions
were prepared from 0.2 M NaPiO,.H,O and 0.2 M NgHPO,.12H,0 (99% purity,
BDH). Hydrogen peroxide (30%, unstabilised, upgragl@gent) was purchased from
Fisher Scientific. 1 M sulphuric acid solutions waetiluted from concentrated sp. gr.
1.84 acid (95% purity) purchased from Aristar. Taegon, nitrogen and carbon
monoxide gases used were of high-purity grade (Bases, 99.9 % purity). All

compounds were used as received.
2.1.2 lonic liquid

Thel-n-butyl-3-methylimidazolium hexaflurophosphat@®MIM-PFg) ionic liquid
(loLiTec, 99% purity) was dried under vacuum at 220for two days to remove any

water from the sample, before being transferretieaylove box.
2.2 Electrodes

2.2.1 Working electrodes

2.2.1.1Pt disc electrodes

Working electrodes were made of platinum wireslfwite appropriate diameter) sealed
into a glass tube. The tip of the electrode wasspetl until the exposure of the Pt disc.

The electrical contact was made to a standard capipe with indium.
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2.2.1.2Pt rotating disc electrode

Concerning the platinum rotating disc electrode HRRhe electrode consists of a 5 mm

diameter Pt disc surrounded by a PTFE insulatieghpurchased from Pine.

2.2.1.3Gold slides

Gold slides were used for XRD and TEM charactensatThe slides used were
composed of a layer of glass, a 18 nm thick lagehoomium and a 250 nm thick layer
of gold. The gold coated slide was cut to an adeqsae to fit into a glass three
electrode electrochemical cell, the working area weafined by covering the surface
with nail polish acting as a mask (generally theeaarof gold used for the
electrodeposition was 0.5 énThe electrical contact was realised with a cdileoclip

welded on to a standard copper wire. The crocatliifewas coated with silver paint to
ensure the electrical contact and was protecte@ribgbing with a quick-set epoxy

resin.
2.2.2 Preparation of the platinum disc electrodes

The electrodes were polished using silica carbigigep (CC 1200, English abrasive)
and then with alumina slurries of 1 um and 0.3 (antigde size on a Buehler microcloth
to obtain a mirror appearance. Platinum discs ween characterised by cyclic
voltammetry in 1 M sulphuric acid. Around 30-40 issavere necessary to remove
impurities at the surface of the electrode and inbdastable cyclic voltammogram in
sulphuric acid between - 0.65 and 0.85 V vs. SMSE.

2.2.3 Reference electrodes

Most of the electrochemical experiments were cdrdat in a thermostated glass cell
using a three electrode system. Platinum gauzeused as a counter electrode. Both
home-built saturated mercury/mercurous sulphateSEMand saturated calomel (SCE)
electrodes were used as reference electrodes. 8thésdof the experiments are given
through all the chapters.

2.3 Mesoporous metal deposition

The constituents were heated in a sealed vial taC4@r 30 min, then stirred in order to

produce a homogeneous mixture texture. The vial again sealed (to prevent
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evaporation of water and/or heptane) and placdtienoven at 40 °C for a further 30

min.

The template mixtures contained: 42 wt%EDs;, 29 wt% HBPtCk and 29 wt%
deionised water. The second ternary mixture coathid2 wt% GgEOs, 29 wt%
H.PtCk and 29 wt% deionised water. The quaternary mixtoetained 38.8 wt%
C16EOg, 29 wt% HPtCk, 29 wt% deionised water and 3.2 wt% heptane. Tagng
mixture for rhodium contained RhC(12% w/w), n-heptane (2% w/w), water (39%
wi/w) and G.EQOs (47% wiw).

The formation of the hexagonal lyotropic liquid crystalline phase wasfamed by
using an Olympus BH-2 polarized light microscopeipged with a Linkam TMS90
heating/cooling stage and a control unit. The exrpant consisted of the preparation of
a thin film of mixture between a glass slide arcbeaerslip. The phase was attributed to

the features according to the optical texture.

Once the plating mixture was prepared, it was th@mead out onto a platinum gauze
and the working electrode was inserted into th&émgamixture as well as the reference
electrode. It is noteworthy that a tiny amount &ftipg mixture was also spread onto
the tip of the working and reference electrodesigeinsertion to ensure a good coating

of the mixture onto the electrode surface.

Reference
Counterelectrode : electrode : SCE ~ Workingelectrode :
Pt gauze / Pt disc

/

Petri dish

Plating mixture

I ]
Figure 2-1. Schematic representation for the electrodepositio of mesoporous metal film onto
Pt disc
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The electrodepositions of the metal were carriedbyuholding the potential (- 0.2 V
for rhodium and - 0.1 V vs. SCE for platinum) unltie charge required was passed. The
resulting films were first cleaned by isopropannt ahen soaked in water for several

hours to remove the surfactant.

Cyclic voltammetry in 1 M sulphuric was performedfdre and after deposition to

ascertain the increase of the surface area afpersiteon.
2.4 Carbon monoxide

The electrode was held at a fixed potential (in téwege of - 0.65 and - 0.15 V vs.
SMSE) in a 1 M sulphuric acid solution while carboonoxide gas was bubbled for 30
min (enough time to cover the surface with a CO ofayer). Then nitrogen gas was
flowed through the solution in order to remove #&ages of CO for 15 min maintaining
the electrode potential at the same value. Twoanathograms were recorded; the first
one referred to the CO stripping and the secondanwhogram was to verify the

complete removal of CO from the surface.
2.5 Adsorption of foreign atoms

2.5.1 Adsorption of Bi atoms

Bismuth oxide was calcined for 45 min at 500 °Cobefuse. Bi adsorption on platinum
electrodes can be performed by different methodsthis work, two of them were
carried out. The first method consisted in cyckn@00 mV & between — 0.65 and 0.85
V vs. SMSE the electrode in 1 M.80O, + 1 mM BpOs; until a stable cycling
voltammogram was obtained. The second method, uUsedcarbon monoxide
experiments, consisted in immersing the electrad&6 M HCIQ, + 0.01 M ByO; for a
period of time. In this case, perchloric acid soltwas used to match the method
employed by Clavilieet al.to cover the platinum surface with bismuth atéth3he
period of time was about 10 min, it was noticed thaving the electrode immersed for
longer times did increase adsorption. After imnursithe electrode was rinsed with
deionised water and plunged into a solution of H)MO, where the carbon monoxide

experiment was performed.
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2.5.2 Adsorption of Ge atoms

Ge adsorption on platinum electrodes was perforoyeputting a droplet of 1 M NaOH
+ 0.5 M GeQ on the tip of the electrode and immersing thetedee in 1 M HSO,
while the potential was maintained at - 0.65 V SMSE. This method was adapted
from Gomezet al.to adsorb Ge atoms on Pt single-cryéfals

2.6 Hydrogen peroxide

2.6.1 Preparation of hydrogen peroxide solution

The solution was standardised by iodometric tibrataccording to the method of
Vogel. The solutions were made by dilution of hydrogerogide in a home made 0.1

M sodium phosphate buffer (pH = 7) or in water.
2.6.2 Calibration curve

The experiment was carried out in a water jackettdwith a platinum gauze counter
electrode. The potential at the working electroslelQ, 25 and 5@m in diameter for
microelectrodes and 0.5 cm for the RDE) was hel@ &t vs. SMSE (potential for
hydrogen peroxide oxidation) in 0.1 M sodium phadphouffer (pH = 7) thermostated
at 25 °C. The background current was recorded 20 brafore adding 20 aliquots of
H.O,. The solution was stirred during addition usinmagnetic stirrer. After addition
of H,O, and stirring for 1 min, the stirring was stopped aneasurement was made for
2-3 min (when the current became stable) befora¢xé addition of HO..

2.6.3 RDE study

The experiment was carried out in a water jackewdwith a platinum gauze counter
electrode. The electrode potential was held a6-¥.&s. SMSE in ruthenium hexamine
solution at various rotation rates. Experimentsenggrformed in order 240, 960, 2160,
1500, 540 and 60 RPM. For hydrogen peroxide oxadatihe experiment consists in
holding the potential at 0 V vs. SMSE and measurihg current at different

concentrations of hydrogen peroxide and for varimtation rates performed in the

same order as before.
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2.7 Electron microscopy

2.7.1 SEM

The diameters of the electrodes were checked wiXh30 ESEM from Philips. The
thickness of the mesoporous metal films was chebketilting the translating stage by

70 ° to have a lateral view of the film.
2.7.2 TEM

The pores of the films were investigated using &lJG010 TEM. The preparation of

the sample consisted of scraping the surface oéldwrodeposited mesoporous film on
the gold coated slide with a scalpel to collect eqmarticles onto a carbon TEM grid

300 mesh (Agar).

2.8 X-ray diffraction (XRD)

XRD was performed using a Bruker D5000 using a Gurdiation with a wavelength
of 1.54 A. The preparation of the sample consistedutting the electrodeposited
mesoporous film on the gold coated slide in hatleTcan was from 0.5 to 6° at a

scanspeed of 12° min
2.9 Instrumentation and software

The cyclic voltammetry and electrochemical deposgiin Chapters 3, 5 and 6 were
done using an EG&G model 263A potentiostat/galveaio$he experiments for carbon

monoxide electrooxidation in the Chapter 3 werdgsered on an Autolab PGSTAT30.

Cyclic voltammetry and the experiments for carboonoxide electrooxidation in

Chapter 4 were carried out on an Uniscan Instrusne@580.

Electrochemical impedance spectroscopy was caroetd on a VMP Bio-Logic

instrument.
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The data from the EG&G model 263A potentiostat/gabstat, from the Autolab
PGSTAT30 and PG580 were recorded using the PowetSGPES and UiEchem

softwares repectively.

The graphs, fits and simulations were done usiiggn&plot version 11. In the Chapter
4, Origin 8.1 was also used to determine the cubaesblines.

The fits for the Bode plots were simulated usingeii/2.

The pore model was drawn using CrystalMaker ver8@and the mesoporous film

was drawn using POV-Ray for Windows v3.62.
2.10 Electrochemical Impedance spectroscopy

The system consisted of three electrodes: the eowsléctrode was a Pt gauze, the
reference electrode was a SCE and the working retietwas either the polished
platinum electrode or the mesoporous platinum filine investigated frequency range

was from 200 kHz to 1 mHz.
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Chapter 3: Carbon monoxide oxidation

The work presented in this chapter has been puif¥tand was presented at the ISE
meeting in Nice 2010.

3.1. Overview

H; mesoporous platinum was synthesised by electraitepo from the hexagonal
lyotropic liquid crystalline phase, as shown in tfg 3-1, exhibiting high specific
surface area (up to 60°ngY)?. The hexagonal mesoporous structure consists of a
hexagonal array of cylindrical pores. Previous wadeknonstrated that surfactants with
shorter or longer alkyl chains could control theesdf the pore diametdr For example,
the use of GEQOg in the mixture gives a pore size of ~ 1.7 nm whsrthe use of
Ci6EQs entails the pore size of ~ 2.5 nm from transmissabectron microscopy
observationd'. Thanks to their highly porous surface distribnfidhe mesoporous
materials have as high surface areas as other tfp@sterials such as nanopatrticles.
Whereas the surface of nanoparticles more commemtpuntered in the literature is
convex, the surface of Hnesoporous materials is concave (Figure 3-1). Sittéace
structure is a key point for reactions which aradtre sensitive.

Figure 3-1. (left) Drawing of an H mesoporous platinum film. (right) TEM picture showing the

nanostructure of an H, mesoporous Pt electrodeposited onto a gold subste&.
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The high surface area of these nanostructured ralatenake them of great interest for
fuel cells. Nanostructured materials are knownfteca the oxidation of small organic
molecules such as CO-speffesThe atomic arrangement of the platinum surface
results in differences in the electronic strucfur® which affect the electrocatalytic
reactioh’”. The literature refers mainly to convex surfaceshsas stepped surfaés
polished surfacéd or nanoparticld®. The peculiar characteristic of the; H

mesoporous architecture is the concave surfacesiig the cylindrical pores.

Based on studies by cyclic voltammetry in acid, biyelrogen desorption/adsorption
peaks reflect the crystallinity of each specifiaface of platinum and can identify
defects such as stepped surfaces and kifiks This approach has been extended to Pt
nanoparticlés® *> *land carbon supported Pt nanoparticle electftfies

Fuel molecules adsorb onto catalytic surfaces tepth the formation of intermediate
species. Platinum is a common metal used as atradatalyst for fuel cells because it
has an intermediate bond strength for the hydragerge transfer reaction. Carbon
monoxide is an intermediate species in the elekmical oxidation of many organic
molecule¥" 1. Carbon monoxide is also known to adsorb at tagimim surface and
acts as a poison. The reaction of CO oxidation Ib@sn investigated due to its
technological importance in the area of fuel calfgl is considered to be the most
understood catalytic reactidfl. The structure-sensitivity of CO oxidation on piam
has been established in the literdfifte Therefore CO oxidation is used as a model

system to probe the reaction on the concave suwéba the H mesoporous structure.

Carbon monoxide oxidation was studied extensivelyddferent types of platinum
surfaces. The use of single-crystals provided médion to explain the effects of the
surface atom structure on electrocatalytic mechasisThe voltammetric profile for
stripping an electrosorbed CO adlayer depends erciiaracteristics of the platinum
surface, e.g. single-crystals Pt(115* and Pt(100%> 2 and also stepped surfale¥”
2731 These studies show the relationship between teaayer and the Pt surface
structuré 1% 231 These surfaces are important for the study afctire-sensitive
reactions where much of our understanding comens.fiihe studies on single-crystals
can serve as catalyst models for a better compsaherfor CO oxidation on the

platinum nanoparticle surfac€s32-%¢ Indeed, the design of the platinum nanoparticle
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presents edges and corners which can be highlyeac€O oxidation is closely

dependent on the platinum atomic surface. Some svavkre done by infrared

spectroscopy to probe the surface bonding andlgotr@echemical environment of CO
on platinum since the vibrational frequency for &Qlependent on the morphology of
the surfac€’>%. Clavilier et al. attempted to elucidate voltammetric features ftom

structure of the platinum surfd&®

The present work comes closer to Jiang and Kuc&rstkdy which focused on the
electrocatalytic properties of the mesoporous mpleti to the electrooxidation of carbon
monoxidé™. They mentioned that their CO stripping voltamnawgiwas similar to the
CO stripping voltammogram of platinum polycrystadli electrodes. However, the CO
stripping potentials vary depending on the striectoir the platinum electrode surface.
However, they did not deepen their study to lookd@tail at the voltammetry. In this
chapter, the study concentrated on the differeroetsveen a polished platinum
electrode and anjHnesoporous Pt electrode and on the effect of agtofs, namely,
the scan rate and the adsorption potential. Acogrth the literature on CO oxidation
on stepped Pt surfaces, the results are conswitnthe presence of a trough at the step
in the concave structure of the platinum surfaciwithe pores of the Hnesoporous

architecturg™,
3.2. Preparation and characterisation of the electrodes

3.2.1. Electrodeposition of the mesoporous platinum film

The platinum disc was made by sealing a 500 um etemwire into glass and was
polished with slurry of 0.3 um alumina to have aefimirror finish on a Buehler

microcloth. The electrode was then cleaned by ogdh sulphuric acid.

The polished platinum disc electrodes were ready b® modified by the
electrodeposition of a mesoporous platinum filmplating mixture was prepared from
an aqueous solution containing a platinum salt andhon-ionic surfactant. The
proportions were chosen so that the amphiphilicecues aggregate into rods which
are arranged in a hexagonal lattice. Thus the redeposition of the metal is driven
through the hexagonal phase template. Changingptbportions of the different

components entails changing the lyotropic liquigistalline phases since the phases
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depend on the concentration of the components lemdemperature of the mixtife.
The exact phase was identified by polarised optiwatoscopy using a cooling/heating

stage.

The potential was held at - 0.1 V vs. SMSE unté ttharge of 6.27 mC had passed.
Then the electrode was soaked in iso-propanol hed in water overnight to remove
the plating mixture from the electrode surface. Tasulting metal film is then the
inverse of the hexagonal template.

Cyclic voltammetry was then performed to removelaging mixture within the pores
until a stable cyclic voltammogram was obtaineccgeling between - 0.65 and 0.85 V
vs. SMSE at 200 mVsin 1 M sulphuric acid.

3.2.2. Characterisation of the mesoporous platinum film by cyclic

voltammetry in acid

Figure 3-2 shows cyclic voltammograms for gEDs mesoporous platinum film and a
polished platinum electrode with the same geomstritace area in 1 M sulphuric acid.
The current for the polished platinum electrode I@sn multiplied by 35 to match the
current for the mesoporous electrode at the ddalgks region around - 0.2 V.
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Figure 3-2. Cyclic voltammograms of a @EOg mesoporous platinum film electrodeposited onto a

platinum disc electrode (solid line) and a polishegbolycrystalline platinum disc electrode (dashed
linex35) (both 500pm diameter) in 1 M sulphuric acid recorded at 200 v s*. The solution was
deaereated by purging with argon for at least 20 mi prior to the measurements. The currents for
the polished polycrystalline platinum electrode hag been multiplied by 35 to match the currents in

the double layer region and aid comparison.

Both cyclic voltammograms show the same charatiesisf a polycrystalline platinum
electrode in 1 M sulphuric acid electrolyte solatioThe surface oxide formation
commences at 0.1 V and develops two peaks at M@Da V followed by a broad
region until we reach oxygen evolution positive@8 V. Positive of - 0.3 V, water
oxidation occurs to form a monolayer of OH spe@dsorbed on the platinum surface

as described in equation (£}

Pt+H0O 0. Pt— OH, +H + (1)

Other arrangements of the Pt/OH structure are jptgliarmed such as f®H or PtOH
in the potential range 0.1 — 0.4*}¥. However none of the peaks were assigned to the
different Pt/OH arrangemefit8. By increasing the potential towards more positive

potentials over the broad region, the further otxaateprocess occurs
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Pt— OH, ~O- PO+H +1 )

Once the oxygenated species are adsorbed on theuplasurface, a mechanism of
place exchange occurs at the interface where oxygdnspecies interchange with
platinum atoms. From the literature, this exchanggehanism seems to occur over a
wide range of potentials; in consequence it iseveld that both OH and O species

rearrange within the platinum latti¢s*",

Nevertheless only a single stripping peak is okleion the voltammogram. The peak
involves the reduction of the different oxide spscformed. It is important to notice
that the oxide stripping peak is not symmetriche bxidation peaks. As soon as the
potential shifts backwards from the oxide regidme €xchange mechanism proceeds to
the reverse process. A more negative potential mishen supplied to strip the oxides
off the surface hence the appearance of the oxidgpimg peak at more negative

potential§™.

The oxide stripping peak for the mesoporous platirilm is at more cathodic potential
than that of the polished platinum electrode. Theaation of the peak potential might
stem from local pH change at the platinum surfaghimwthe pores of the mesoporous

structure.

Over the potential range of - 0.3 and - 0.65 V, paaks are clearly observed on the
anodic sweep though a third peak is present, quairig between the two. The peaks
refer to the hydrogen desorption peaks from the iodex Pt facets” '3 ' These

peaks are mirrored on the cathodic sweep by theolygth adsorption. From the peaks
in the hydrogen region, both polished and the masys platinum electrodes are
polycrystalline made up of low index Pt fadkts'* 4" The active surface areas were
calculated from the hydrogen desorption region. Sheace areas of the polished
platinum electrode and the mesoporous platinum filene 0.0049 cfand 0.181 cf

respectively using the conversion factor 210 uC*éth The roughness factor for the

polished electrode is 2.5 and that of the mesooptatinum electrode is 92.
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3.3. CO electrooxidation on platinum electrodes

3.3.1. CO stripping voltammetry on a polished platinum eletrode

Figure 3-3 shows a CO stripping voltammogram fpobshed polycrystalline platinum
disc electrode in 1 M }$0;,. In this experiment, CO was adsorbed at - 0.65sV v
SMSE for 30 minutes and the solution was purged Wit for 15 minutes in order to
remove all traces of dissolved CO before strippfgecond cyclic voltammogram was

performed right after CO stripping to confirm thentplete removal of CO.
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Figure 3-3. CO stripping voltammogram (solid line)for a polished polycrystalline Pt electrode (500
pm diameter) recorded 1 M sulphuric acid, scan ratel0 mV s'. CO was adsorbed at -0.65 V with
CO bubbling for 30 min and then the solution was sprged with N, for 15 min before recording the
stripping. Second cycle (dotted line).

The CO stripping voltammogram shows one sharp pedk09 V vs. SMSE with an
onset at - 0.04 V vs. SMSE and no pre-wave; no dgein desorption peaks were
observed on the CO stripping voltammogram. It milsir to that reported in the
literature for a polished polycrystalline platindRDE®. The recovery of the hydrogen
adsorption and desorption peaks and the absentkeo€O oxidation peak on the
second cyclic voltammogram confirms that all the @@&s oxidised during the first

sweep (a comment on the recovery of the hydrogaksps in Section 3.3.2.).
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3.3.2. CO stripping voltammetry on a mesoporous platinum &ctrode

Figure 3-4 shows the corresponding CO strippingtawvoimogram for the GEGs
mesoporous platinum electrode in 1 M3, realised under the same conditions.
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Figure 3-4. CO stripping voltammogram (solid line)for a C,EOg mesoporous Pt electrode (506m
diameter, 6.27 mC for the deposition charge) obtaigd using the same conditions as in Figure 3-3.

Second cycle (dotted line).

The CO stripping voltammogram exhibits the pre-wéa® denoted on the Figure 3-4)
followed by the main peak (peak 1) and a shouldeictv will be attributed to a second
peak (peak Il). Peak | is about 70 mV more negatind appeared broader than the
corresponding peak for the polished platinum etefgr Besides, the onset potential for
CO oxidation commences at about - 0.34 V vs. SM$i€hvis much lower than for the
polished platinum electrode (- 0.04 V vs. SMSE) ibuidimilar to the values reported for
different types of platinum electrod®s?> *°! The desorption peaks cannot be very well
distinguished on the graph, though they are pre®eatiuse of a low scan rate. A low
scan rate was used for this experiment to givetasbe prewave; if the scan rate is too

fast, the prewave tends to fuse with the main Cipmhg peak.
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3.3.3. Contribution of the CO peaks

The relationship of the three peaks observed oiCthestripping voltammogram for the
mesoporous platinum film was investigated by rerwdthree successive cyclic
voltammograms by increasing the upper potentiait [{ffigure 3-5). The potential was
held at - 0.65 V vs. SMSE for 30 minutes while anmlayer of CO was formed and
then the solution was purged with nitrogen for liutes to remove any traces of CO.
The first voltammogram was recorded between - ¥.6nd - 0.05 V (potential at the
onset of the peak ). The second voltammogram \eéaireed from - 0.65 to 0.04 V (a
potential chosen arbitrarily between peaks | and The third voltammogram was
recorded from - 0.65 to 0.3 V where only peak Ipresent. A fourth voltammogram
was recorded to prove the complete removal of Bentnolayer. The voltammograms
demonstrate the independence of each peak. Oncsptwes is oxidised, the peak
produced in the forward cycle does not appear eridtiowing cycle. This phenomenon
was also observed by Markowt al. who found that the pre-wave was not recovered
until the potential goes down below 0.05 V vs. R{dguivalent to - 0.6 V vs. SMSE) in
the CO saturated solutiétl. Hence the remaining CO on the platinum surfaces dmt
move to the Pt sites that are oxidised at loweemtidls on the time scale of the
measurements. According to Markowtal, the origin of this effect was ascribed to a
relaxation of the compact/saturated CO monolaytar afuppression of the pre-wave
CO?! whereas the presence of the pre-wave was attdtoteon-CO species on the
platinum surface by other authbfs?* 26 3L 50 Sl The origin of the pre-wave is a
subject of debate and will be discussed later icti®e 3.7. The interpretation of the
results for the second and third cyclic voltammaggalso demonstrates that CO is not
highly mobile on the mesoporous platinum electreddace. When the second cyclic
voltammogram is recorded, the pre wave feature dotsappear and when the third
cycle is recorded, the peak appearing on the secyeld is absent. If CO were mobile
on the platinum surface, the remaining CO woulddusd on the free sites more easily
oxidable.

43



Thomas Esterle Carbon monoxide oxidation

i/ YA

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
E/V vs. SMSE

Figure 3-5. Three successive CO stripping voltammogms for a mesoporous platinum electrode
recorded in 1 M H,SO, with different potential windows (- 0.65 to — 0.05/ (dotted line); - 0.65 to
0.04 (dashed line); - 0.65 to 0.3 V (dot-dot-dashdihe)). The potential was held at - 0.65 V vs.
SMSE while the solution was bubbled with CO for 30ninutes and then purged with nitrogen for 15
minutes. The solid line is a reproduction of the CGstripping voltammogram from the Figure 3-3.

The scan rate was 10 mV'§

3.4. Effect of the scan rate

3.4.1. Polished platinum electrode

Figure 3-6 shows CO stripping voltammograms atedéiit scan rates for a polished
polycrystalline platinum disc electrode in 1 M$0,. CO was adsorbed at - 0.65 V vs.
SMSE for 30 minutes and the solution was purgeth Wit for 15 minutes in order to

remove any traces of CO in the solution.
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Figure 3-6. CO stripping voltammograms recorded atdifferent scan rates for a polished

polycrystalline Pt electrode (500um diameter) in 1 M sulphuric acid. CO was adsorbedt - 0.65 V

with CO bubbling for 30 min and then the solution was sparged with N for 15 min before

recording the stripping. The currents have been nanalised by the scan rate for ease of
comparison.

The CO stripping peak shifts towards more posipeéentials with the increase of the
scan rate. The scan rate normalised peak curreméakes with increasing scan rate;
however, the total charge for CO stripping peakaws constant.

3.4.2. Mesoporous platinum electrode

Figure 3-7 corresponds to the CO stripping voltamrams at different scan rates of a
mesoporous platinum electrode in 1 M,3@, where the conditions of the CO

adsorption were identical to the previous experitmen
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Figure 3-7. CO stripping voltammograms recorded atdifferent scan rates for a mesoporous Pt
electrode (500um diameter, 6.27 mC for the deposition charge) in M sulphuric acid. CO was
adsorbed at -0.65 V with CO bubbling for 30 min andthen the solution was sparged with bfor 15
min before recording the stripping. The currents have been normalised with the scan rate for ease

of comparison.

The onset potential of the peak and all the pebKstewards more positive potentials
with the scan rate. This is in agreement with itssof single-crystal studies; however,
the shift in the positions of the peaks for the opesous Pt electrode is larger. The total
charge for CO stripping remains constant indepenoletine scan rate although the scan
rate normalised peak current for peak 1l becomegetaat higher scan rates. In addition,
the pre-wave becomes unclear and fuses in with patkigh scan rates, consequently

it becomes difficult to assign a peak potentiahte pre-wave.

The determination of dfza/d(log v) for the three peaks gives 101 mV dechfte the
pre-wave, 114 mV decaddor peak | and 93 mV decaddor peak II. These values are
all higher than those proposed by Brimaal. for different surface facets on platinum
nanoparticles as well as by Palaikisal. on single-crystals, i.e. 80 + 5 mV decader
the Pt(111) surface and 60 + 3 mV dechfter the Pt(100) surfaf& °2 This indicates
that the shift of the onset of the main CO strigpgeak and all the CO stripping peaks
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is larger for the mesoporous Pt electrode, whicpradably due to the atomic surface

structure within the pores.
3.4.3. Deconvolution of peaks

Figure 3-8 shows a CO stripping voltammogram deotutgd into three peaks
following the fit of a Gaussian equation (the th@&ussian peaks involved in the fitting

corresponded to the pre-wave, peak | and peak Il).
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Figure 3-8. Anodic CO stripping scans recorded at anesoporous Pt electrode (50fim diameter,
6.27 mC for the deposition charge) in 1 M sulphuriacid at different scan rates; (a) 10 mV§ (b)
20 mV s, (c) 50 mV § and (d) 100 mV &. CO was adsorbed at -0.65 V with CO bubbling for 3
min and then the solution was sparged with Nfor 15 min before recording the stripping. The
curves are deconvoluted into three Gaussian functis, aﬂexp[—O.S(CE—Epeak,n)/bn)z] and an
exponential background, expk(E-Eyg)) as shown in panel (a) (1) Peak I, (2) Peak I13] pre-wave,

(4) background current.

The CO stripping voltammograms can be deconvolurtedthree overlapping Gaussian
peaks,anexp[-O.S(E-Epeak,,)/bn)z], sitting on an exponentially rising backgrouncheT

values of the peak potentifdyean Were fixed by inspection of the CO stripping
voltammograms and the contribution of the threekpeand the background optimised

by a non-linear regression using Sigmaplot ver&ibn
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The results are in agreement with the experimetatd and the deconvolution suggests
that the charge associated with peak | decreadésimareasing scan rate whereas the
charge associated with peak Il increases. Althotige effect can be inferred, the
charges associated to peak | and peak Il as funafothe scan rate appear to be
scattered. Hence, it was not possible to analyseetsults further since the sensitivity of
the deconvolution relies essentially on the preabdeice of the peak potential.
However, the CO stripping peak for the polishedtiplan electrode did not fit a
Gaussian peak.

3.5. Effect of the adsorption potential

3.5.1. Polished platinum electrode

Figure 3-9(a-f) represents CO stripping voltammoggaf a polished polycrystalline Pt
disc electrode in 1 M }$0, where CO was adsorbed at different potentials3for
minutes and the solution was purged with fir 15 minutes in order to remove any

traces of CO.
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Figure 3-9. CO stripping voltammograms for a polisked polycrystalline Pt electrode (500um
diameter) in 1 M sulphuric acid, scan rate 10 mV $. CO was adsorbed at different potentials with
CO bubbling for 30 min and then the solution was sprged with N, for 15 min before recording the
stripping. The adsorption potentials,E,qs were: (a) -0.65 V; (b) -0.55 V; (c) -0.45 V; (d0.35 V; (e)
-0.25; and (f) -0.15 V. After CO adsorption and N sparging the potential was stepped to - 0.65 V

and the scan started immediately.

In each case the CO stripping scan starts at - U.680 difference was seen when

starting the CO stripping scan at the adsorptidemia@l or when starting at - 0.65 V. In

every case in Figure 3-9 a single CO stripping peaeen which occurs at around the
same potential (0.094 — 0.124 V vs. SMSE).

As the adsorption potentidt,gs shifts more anodic the stripping peak current doed

CO stripping charge decrease. The stripping chargaotted against the deposition
potential in Figure 3-10. Here the CO stripping rges have been calculated by
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subtracting the blank background voltammogram frothe CO stripping
voltammogram. It can be observed that the CO sirgppharge changes approximately
linearly with the adsorption potentf&l, decreasing by 30% between - 0.65 and - 0.25
V. These results are similar to those reported arkigvic et al. for single-crystal
Pt(100%® and Pt(1115® and for polished polycrystalline Pt electrddés
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Figure 3-10. Variation of the charge under the CO tsipping peak for a polished polycrystalline Pt
electrode (500um diameter) with the CO adsorption potential,E.qs.

3.5.2. Mesoporous platinum electrode

Figure 3-11(a-f) represents CO stripping voltammats for a mesoporous platinum
electrode in 1 M K50, where CO was adsorbed at different potentials3@minutes
and the solution was purged with kor 15 minutes in order to remove any traces of
CO.
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Figure 3-11. CO stripping voltammograms for a mesoprous Pt electrode (50Qum diameter, 6.27
mC for the deposition charge) in 1 M sulphuric acig scan rate 10 mV 8. CO was adsorbed at
different potentials with CO bubbling for 30 min and then the solution was sparged with Nfor 15
min before recording the stripping. The adsorptionpotentials, E, 4, Were: (a) -0.65 V; (b) -0.55 V;
(c) -0.45 V; (d) -0.35 V; (e) -0.25; and (f) -0.18. After CO adsorption and N, sparging the potential

was stepped to -0.65 V and the scan started immetkty. The insets show the pre-wave.

When the adsorption potential is situated in thdrbgen region (E < - 0.35 V vs.

SMSE) of the cyclic voltammogram of platinum in 1ddlphuric acid, the three peaks
are present: the pre-wave, peak | and peak lltladsorption potentials of - 0.35 and
- 0.25 V, one single and sharp peak appears gbdtential corresponding to peak Il

For the adsorption potential at - 0.15 V, one bevgokak is obtained at the potential
corresponding to peak I. This effect was alreaghpried previously on a single-crystal
Pt(100¥. This suggests that CO adsorbed at potentialkdndbuble layer region is

more difficult to oxidize than CO adsorbed in thetogen region.
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Figure 3-12 shows the total charge under the CiPpstig peaks plotted as a function of
the adsorption potential for the mesoporous Pt.id@lae total CO stripping charge
decreases approximately linearly as the adsorptiatential becomes more anodic.
Compared to the results for the polished polyctiystaPt electrode (Figure 3-10), the
CO stripping charge is less dependent on the atisornpotential for the mesoporous Pt

(~20 % decrease in the charge on going from - U.€5- 0.15 V).
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Figure 3-12. Variation of the charge under the CO tsipping peak for a mesoporous Pt electrode

(500 pum diameter, 6.27 mC for the deposition charge) witlthe CO adsorption potential,E s
3.6. Effect of the pore size

Changing the pore size might have an influencehenQO electrooxidation. The pore
size can be varied by using a different surfadi&atC;¢EQs in the mixture. It has been
reported that the use of the surfactapfeCs vields a pore size of 2.5 fh
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3.6.1. Characterisation of the mesoporous platinum films i voltammetry in

acid

Figure 3-13 shows a cyclic voltammogram for a mesops Pt film electrodeposited
onto a polished Pt electrode from a mixture comagirC,sEOs of the same geometric
area in 1 M sulphuric. The use of a different sctdat could reveal another atomic
surface structure of platinum, which can be idédifby cyclic voltammetry in
sulphuric acid in the hydrogen adsorption/desorptiegion. This could result in
differences observed on the CO stripping voltamrawgrecorded later. The features of
the cyclic voltammogram are identical to those @nésd for the polished Pt and the
C12.EOs mesoporous Pt electrodes and are also similaolyecystalline Pt dominated
by low index Pt facets. The surface area was Oc2&4calculated from the hydrogen

desorption peaks and hence the roughness facid&Oof
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Figure 3-13. Cyclic voltammogram of a GEOg mesoporous platinum film electrodeposited onto a
platinum disc electrode (500um in diameter) in 1 M sulphuric acid recorded at 20 mV s*. The

solution was deareated by purging with argon for ateast 20 min prior to the measurements.
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3.6.2. CO stripping voltammetry on mesoporous platinum fims
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Figure 3-14. CO stripping voltammogram (solid line)for a polished polycrystalline Pt electrode
(500 pm diameter). CO stripping voltammograms for mesopoous platinum films electrodeposited
from a mixture containing C,EQ;g (dotted line) and from a mixture containing G¢EOg (dashed
line) (500 um in diameter, 6.27 mC for the deposiin charge). The CO stripping voltammograms
were recorded in 1 M sulphuric acid at a scan rat®f 10 mV s*. CO was adsorbed at - 0.65 V vs.

SMSE bubbling for 30 min and the solution was spargd with N, for 15 min before recording the
stripping.

Figure 3-14 shows the CO stripping voltammograms aopolished polycrystalline
electrode and for the Hmesoporous Pt electrodeposited from the mixturdaoing
either GoEGg or GgEOs. The currents were normalised by the surface eatailated
from the CO stripping peak of each electrode ftwetter comparison. The CO surface
areas were obtained from the charge of the COpstigppeak using the conversion
factor 420uC cni?2. The CO stripping peak for both mesoporous eleesds shifted
towards more negative potentials compared to thishma polycrystalline electrode; the
CO oxidation onset for both ;Hnesoporous Pt electrodes occurs at similar paienti
The details for the CO peak position and for the €Eipping charges associated with
the peaks are different for the two mesoporoustreldes. However, similarities are

observed for the main characteristics, e.g. thenaee, peak | and peak Il
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3.7. Discussion

Bimolecular reactions involving surfaces can bessifeed into different categories
depending on whether on or two molecules are addoob the surface. The Langmuir-
Hinshelwood mechanism suggests that two molecutesdsorbed on the surface and
undergo a bimolecular reaction. The electrooxiaattb CO on platinum in acid occurs
through a Langmuir-Hinshelwood mechanism in whidsabed CO molecules react

with oxygen species coming from water decompositioti 3%

H,O+0O - OH, +H +E&¢ (3)
CO,, + OH,,, - COOH,, 4)
COOH,, - CO, +H +e+P2 (5)

Where * denotes a free surface site. Previous esushve shown that this reaction on Pt

single-crystals is very structure sensifive: 2% 3% 5571

The cyclic voltammogram in acid for the; Hhesoporous Pt film displays the same
features as polycrystalline platinum seen in thiskaand from previous studiés'” -

*8 and shows that the;Hnesoporous Pt film is made of low-index facetsLPtj, Pt
(100) and Pt(110) according to the peaks in therdgeh region. However the CO
stripping voltammograms exhibited differences betwthe polycrystalline Pt electrode
and the Hmesoporous Pt film. The CO stripping voltammogramtfie H mesoporous
Pt film shows a pre-wave followed by two overlagppeaks whereas the CO stripping
voltammogram for the polycrystalline Pt electrotlews one single sharp peak at more
positive potentials under the same experimentatiitons. The pre-wave feature was
also reported by Jiang and Kucernak farrhiesoporous Bt.. Identical features have
been noticed in the literature for different typet platinum electrodes such as
electrodispersed Bt Pt single-crystal® *® and Pt nanoparticle& 3* ¢! Nevertheless,

the true origin of the pre-wave still remains conrsial?*-26: 50 5. 5]
According to Markovicet al’®®, a highly compact CO adlayer formed on the platinu
surface (0.75 CO/Pt on Pt(111)) entails a stroruulstve interaction between the

molecules. The pre-wave was probably due to théatixin of a part of this highly
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compact layer, represented as weakly adsorbeg; &@&nhd the main stripping peaks
were ascribed to more strongly adsorbed.£&@t lower coverage (0.6 CO/Pt on
Pt(111)) in a relaxed state without long range 6fte The pre-wave and the main
stripping peaks are not related to specific adsampsgites on the platinum surface but
stem from the strong repulsive interactions betw€éh molecules at high coverage.
According to Lopez-Cuderet al’** 2 %Y the pre-waves on Pt(111) and Pt(100) are
associated to the oxidation of CO adsorbed at itieity of steps and defects on the
platinum surface reacting with oxygenated specibghvnucleate at these steps and
defects. Based on these studies, Lebedzval®" have shown that CO stripping
voltammograms are correlated with CO oxidation lo@ ¥arious locations of stepped
surfaces where Pt(100) or Pt(110) are at the iopemner. The inner corner of either
Pt(100) or Pt(110) step is believed to be the actite for CO oxidation and the most
reactive combination in the Langmuir-Hinshelwoodctrenism involving the reaction
of CO from a near-step terrace site with the oxygpecies in the step trodgh
According to Andersdrf’, the pre-wave might arise from the oxidation of ®ith OH
molecules formed on the platinum surface at loveptdls.

Figure 3-15. Drawing of an idealised structure lookg down a single Pt pore, diameter 1.8 nm. The
pore walls are shown as (111) surfaces and 0.67 M2O is shown on atop sites on the top half of the

pore.
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The H, mesoporous Pt consists of a regular hexagonalip@tucture, the morphology
of the platinum surface is very different from tin@jority of Pt surfaces studied before.
In the vast majority of cases the Pt surfaces vedtteer flat (such as single crystal
surfaces) or convex (such as Pt nanoparticles)coimtrast the I mesoporous Pt
surfaces are dominated by the insides of the aytiadpores (a few nanometers in
diameter) and predominantly concave. Figure 3-Jsesents an idealised structure of
an individual pore within the Hmesoporous Pt film pore. The results presentesteabo
for the voltammetry in sulphuric acid (Figure 3f8) the H mesoporous Pt show that
the surface is made up of low index and for siniylia pore made up of Pt(111) faces
was drawn with a diameter of 1.8 nm correspondinthé pore diameter when EOs

iIs used in the plating mixture. On the top left et adsorbed CO molecules are
represented on atop-Pt-sites with a coverage of 01&. According to the model
presented in the Figure 3-15, the inside of thepexhibit a high proportion of trough
sites due to the narrow pore diameter and the senglaape; the trough sites are located
at the junction where two short terraces (corredpanto the pore walls) inside the pore
meet and, for this pore size, the terraces canaeanbre than three or four Pt atoms
wide. It is evident from this model that CO is stelly hindered from adsorbing on the
trough sites if CO occupies the terrace Pt in tloewy of the trough sites. It is clear
from the model that the Hnesoporous Pt film is substantially different hessaof the
concave characteristic of the structure from then&toparticles even though their

specific surface areas are similar (up to 6ay.

As the prewave corresponds to oxidation at lowesrpetentials, it may be related to
the reaction at lower energy sites. The presenteeofrough generates steric hindrance
so the molecules adsorbed on these sites oxidie Ifn this work, the results for CO
stripping are consistent with a model where thevpmge is due to the reaction of
adsorbed CO near the trough sites with oxygengiedies, like Okys formed at low
potentials on the trough sites as suggested by iaod&’. The charge related with the
pre-wave corresponds to 15 % of the total CO stigppharge; it is consistent with the
model in Figure 3-15 which has one trough sitetlioee terraces sites. The oxidation of
the bulk of adsorbed CO occurring at lower overpiéds for the H mesoporous Pt
than for the polished polycrystalline electrode d@nexplained by the highly active
sites in the trough inside the pores and by thigin proportion compared to the terrace

sites. This justification is consistent with a danimodel presented by Lebedegh
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al.®" in which the sites at the inner corner of the peepsurfaces, similar to the trough

sites of the present study, are the active site€® oxidation (see Figure 11 in their

paperyY.

The idealised representation of Figure 3-15 wasvdravithout consideration of the
history of the electrode. However, cycling of the hRhesoporous Pt electrode in
sulphuric acid to potentials positive of oxide fatmon can lead to surface
reconstruction creating ad-islands or kinks on téreaces inside the pores. The high
activity of the ad-islands was demonstrated by &tiknet al®®® for bulk CO oxidation
on platinum. Strmcenilet al®®™ have suggested that the presence of ad-islandseon
surface accounts for the pre-wave on the voltamamgCrystalline defects have also
shown an enhanced activity for CO oxidation oniplah as presented by Lebedesta
al.®Y. The history of the platinum electrode might brifgput changes on the atomic
arrangement at the surface, which might engendfareint types of crystalline defects,

and this can reflect the different features of@@ stripping voltammetry.
3.8. Conclusion

The H mesoporous Pt consists of porous channels (appadely 2 nm in diameter)
organised in a hexagonal arrangement. Cyclic vatiatry of the H mesoporous Pt in
sulphuric acid has shown that the inside of theepaxhibits low-index Pt faces in
agreement with polycrystalline Pt. However, the &@pping voltammetry for the H
mesoporous Pt is significantly different from thelighed polycrystalline Pt electrode
under the same conditions. The pre-wave featurgrésent on the CO stripping
voltammogram for the Hmesoporous Pt and corresponds to 15 % of the @@al
stripping charge. This result was attributed to phesence of trough sites which are at
the intersection of the low index faces of the Rface within the pores. At these trough
sites, CO is sterically hindered from adsorbing tlu¢he occupation of CO on the Pt
terrace sites. Our results are consistent withatts®rption of oxygenated species on the
trough sites accounting for the pre-wave and wheigbe the CO stripping reaction. The
H, mesoporous Pt and Pt nanopatrticles have compaspédbific surface areas (up to 60
m? g*) but differ fundamentally in the concave naturehe H mesoporous Pt surface
as opposed to the convex nanopaticle surfaces. difieyence in the nature of the

surface affects directly CO stripping.
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Chapter 4. Adsorption of bismuth and germanium on

mesoporous platinum and effect on CO oxidation

In the last chapter, differences in CO strippindtarometry were observed for;H

mesoporous Pt due its concave structure. The pve-¥emture was associated with the
presence of trough sites where the pore walls efdbncave surface meet. In this
Chapter, the adsorption of foreign atoms on the rhkesoporous Pt surface is

investigated as a method to identify the crystalltt facets inside the pores.

4.1 Overview

The adsorption/desorption of species in solution paovide a fingerprint for the
electrode surface structure that can be monitoyedyblic voltammetry. For example,
the adsorption energy of hydrogen on platinum sgegifferent for sites of different
symmetry and consequently the voltammetry is dffiérfor different Pt surfaces.
Platinum surfaces have been investigated in aondidia by cyclic voltammetry in the
hydrogen adsorption/desorption region to determihe low index Pt faces of

polycrystalline Pt electrodés 2.

An alternative way to characterise the surface geposit foreign adatoms on the metal
substrate. Irreversible adsorption of foreign anetan the metal surface takes place
when the adatoms remain on the metal surface oweida range of potentials even
though the electrolyte does not contain ions ofati@oms that could be in equilibrium
with the adsorbed speci®sA surface reaction can occur on the adatom adsoon
specific surface sites at a potential range didtatethe underlying crystal symmetry of
the platinum. It is then possible to identify theegence of the sites of this particular

crystal symmetry on the surface of polycrystalaenples.

The adsorption of foreign atoms on platinum elet#occurs preferentially on specific
low index Pt facets as seen on Pt single-crysksnerous studies on adsorbed Bi and

Ge on platinum surfaces have demonstrated theeimékl of these foreign atoms on the
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peaks in the hydrogen region of the voltammogramcid*®; hence it was possible to

guantify the coverage of the foreign atoms on theuPface. Thanks to the adsorption
of the foreign atoms on specific platinum sitesyas possible to quantify the low index
Pt sites on nanoparticles by cyclic voltamm@tryn the present study, these findings

are exploited to extrapolate the results to thendsoporous platinum.

It has been shown that the adsorption of foreignmatimproved the electrocatalytic
activity of Pt towards the oxidation of small orgamolecule¥!. The adsorption of
bismuth atoms on Hmesoporous platinum has already been investigateéormic
acid oxidatiof! and for glucose oxidatih The main objective of these studies was to
increase the activity of the reaction thanks toftig electroactive area provided by the
concave structure and the contribution from theaBatoms. In the present study, in
contrast, the adsorption of Bi atoms op rHesoporous Pt is used to give an insight of
the atomic structure inside the pores. Bismuthne of the adsorbed species on the
platinum surface which has incited a lot of atterfi ® ” ° *® Many studies of the
adsorption of Bi atoms on platinum electrodes vekireen by the desire to improve the
catalytic activity for formic acid oxidatiéh'**”} One path of the reaction leads to the
formation of an intermediate species, namely CGsgwong the platinum substréfe

1 The outcome of earlier work on formic acid oxidatcan lead to conclusions on the
effect of the surface structure for CO oxidationthnmesoporous Pt modified with Bi.
Previous studies on stepped Pt surfaces modifiekd Bii have shown that Bi atoms
adsorb preferentially on the step sited* 8 This effect can be relevant for the present

work with the H mesoporous Pt.

The other adsorbed species onriesoporous platinum examined here is germanium;
there is no published article on the adsorptiogesanium on mesoporous platinum to
date. Previous studies have demonstrated that#w@ion of germanium atoms on the
platinum surface increases the electro-catalytiviag towards CO oxidatio® 2%. The
results of the present study were interpreted gands to the literature on the CO

oxidation on the platinum modified by adsorbed Bd &e atoms.
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4.2 Adsorption of Bi and Ge atoms on platinum

4.2.1 Adsorption of Bi atoms

Three different procedures were used to adsorbutfsatoms on the platinum surface.
From the literature, different acid solutions wemmployed such as 80" ° or
HCIO4? and different bismuth species were also usedBik®5* * or Bi(NOX. The
first method is the spontaneous adsorption whiafsists of immersing the electrode
for a period of time at open circuit in the acidiolution containing the dissolved
bismuth salf!. In the second method, bismuth adsorption can robgucycling the
potential between - 0.65 and 0.85 V vs. SMSE in shene type of solutions as
aforementionéd. This potential window includes the hydrogen agton/desorption
region and bismuth under potential deposition (URI2nhce the coverage of bismuéth
can be estimated. The last method consists of eggpéyconstant potential in the double

layer region from the same solutions as in the fivsthod/”.

For all these techniques, the electrode is rinséld deionised water and then immersed
in the solution containing only sulphuric acid &xord the cyclic voltammogram. The
bismuth coverage can be controlled by the Bi comag&an in the acid solution or by
the deposition time. In the present work, thesaipaters were not investigated because

the objective was to deposit a full monolayer df Bi

In this work, all three techniques have been thed, when comparing the bismuth
coverage, the values were close to each other.efdrer the simple spontaneous
adsorption method was used into the bulk of thdystln the present work, the bismuth
salt was dissolved in 0.6 M perchloric acid as reggbby Clavilieret al?. The effect
of CI' on the electrode was neglected by consideringntireute amount of HCIQ
dissolved in 1 M HSQ, (a droplet of HCIQ compared with 25 mL }$Qy).

4.2.2 Adsorption of Ge atoms

Ge adsorption on platinum electrodes was perfornygputting a droplet of 1 M NaOH
+ 0.5 M GeQ on the tip of the electrode and immersing thetsdele in 1 M HSO,
while the potential was maintained at - 0.65 V S8MSE. This method was adopted

from the literaturBY. The adsorption of the germanium atoms is thusopeed by
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underpotential deposition (UPD) to be able to nasmtconstant coverages on the

platinum surface.
4.3 Bismuth adsorption

4.3.1 Characterisation of the mesoporous platinum film byvoltammetry in

acid

Figure 4-1 shows a cyclic voltammogram of a polsh@atinum electrode and a
C12EOsmesoporous platinum film in 1 MA30..

80 I I I I I I I I

40 |

I/ JA

120 1 1 1 1 1 1 1 1
-08 -06 -04 -02 00 02 04 06 08 10

E/Vvs. SMSE

Figure 4-1. Cyclic voltammograms in deaerated 1 M k50, of a polished platinum electrode (500
um in diameter) (dashed line) and a GEOg mesoporous platinum film electrodeposited (charge
6.27 mC) on a polished platinum electrode (500 um idiameter) (solid line). The scan rate was 200

mV st

From the analysis of the cyclic voltammograms, sheface area of the mesoporous
platinum electrode (0.220 &rwas higher than the polished platinum electr@@048
cn?) due to the internal surface within the pores. Sheface area of the electrodes was
calculated from the hydrogen desorption region g tyclic voltammogram. By
examining the features of the cyclic voltammogrdrom the literature, it was deduced

that both polished and mesoporous platinum arecpgdallind™ 2% 2° The different
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characteristics of the cyclic voltammogram werecdssed in the previous Chapter in
Section 3.2.2.

4.3.2 Bismuth adsorption by voltammetry

This cyclic voltammogram of the mesoporous Pt ebeld was then compared to a
cyclic voltammogram of the same electrode recolidedeaerated 1 M $¥$0O, + 1 mM

Bi»,Osas shown in Figure 4-2.

i/ MA
3

-80 F
-100 [

120 ] ] ] ] ] ] ] ]
-08 -06 -04 -02 00 02 04 06 08 10

E/V vs. SMSE

Figure 4-2. Cyclic voltammograms of a GEOgmesoporous platinum film electrodeposited (charge

6.27 mC) on a polished platinum electrode (500 pm diameter) in deaerated 1 M HSQO, (solid line)
and in deaerated 1 M HSO, + 1mM Bi,03 (dashed line). The scan rate was 200 m\ts

The peak at 0.25 V vs. SMSE on the anodic scaregponds to the oxidation of
bismuth, though a contribution of Pt oxidation dam added at this potenffaThe
bismuth on platinum involved during the oxidatiommgess can form different oxidised
species such as BiOH, BiO and Bi(Q#) The peak at 0 V vs. SMSE on the cathodic
scan corresponds not only to oxide stripping bst @b the reduction of Bl. However,
the hydrogen adsorption and desorption region veasaly suppressed although the
peaks can still be observed. A similar behavious vegorted for smooth polycrystalline

Pt electrodes when the sulphuric acid solutionaiostBi(ll) iong® 7 1* 24-2°]

67



Thomas Esterle Adsorption of Bi and Ge on mesoporous Pt

The suppression observed in the hydrogen regicesfrom the inability of hydrogen
to adsorb on bismufh Therefore, the uncovered Pt sites are free fadrdgen
adsorption. Consequently, the apparent coverage on the platinum surface can thus
be evaluated by assuming that each bismuth adatooksbthree platinum sites for
hydrogen adsorptidf{’ and calculating the charge in the hydrogen regiefore and
after the adsorption of Bi on the electrode surfasing the expressiBn’® :

O = (Qu>-QrA)/3xQL°

where 0g; is the coverage of Bi on the platinum surfa€g’ the charge before Bi
adsorption in hydrogen desorption a@y® the charge after Bi adsorption in the
hydrogen desorption. From the analysis of the cyaliitammograms, the coveragg

represents 0.15 of the Pt sites.

According to Clavilieret al®, a reversible peak for Bi adsorbate on the teriace
present at 0.61 V vs. RHE (- 0.03 V vs. SMSE) ftapped surfaces with Pt(111)
bidimensional ordered domains (terraces 6 atomwsrevide). Thus the bismuth
adsorbate seems to be a good probe for the deteaftiGl11) surface domains at the
surface of a platinum sample. However, no peak agpat this potential in the
voltammogram in Figure 4-2 which suggests thatamas$ of Pt(111) domains of
terraces with at least 6 atom wide do not exigtdeshe pores of these; thesoporous

Pt electrodes. This is consistent with the moddFigure 3-15 in Chapter 3 where the

pore wall is constituted of 3-4 atoms in width.

For the preparation of the;hesoporous Pt modified with Bi adatoms for CQpging
voltammetry, the electrode was immersed in an aadiution containing the Bi(lll)
salt for a period of time and then was transfeirgd 1 M HSO,. Bismuth adatoms
covered the Hmesoporous Pt surface by spontaneous adsorptimiic @oltammetry
in 1 M H,SO, was carried out to determine the coveragg, on the electrode. The
cyclic voltammogram resembles to that in Figure @R the coverag@s; was similar
to that found by cycling in 1 M $$0O, + 1 mM BpOs.
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4.3.3 CO stripping voltammetry of the mesoporous platinumfilm in acid

Figure 4-3 shows a CO stripping voltammogram ofes@oporous platinum film in 1 M
H.SO, where CO was adsorbed at - 0.65 V vs. SMSE anddh#ion was purged with
N2 gas. The subsequent cycle was used to verify dlhahe carbon monoxide was
stripped off the surface.
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Figure 4-3. CO stripping voltammogram (solid line)and successive voltammogram (dashed line) of
a mesoporous platinum film electrodeposited (charg6.27 mC) on a polished platinum electrode in
1 M H,S0O,. CO was adsorbed at -0.65 V with CO bubbling for @ min and then the solution was

sparged with N, for 15 min before recording the stripping. The sca rate was 10 mV &.

The CO stripping voltammogram shows a pre-wave amrpeak (denoted as the peak
I) and a shoulder (denoted as the peak Il) as tegpmn the Figure 4-3. The analysis of
these peaks has been described in our paper comgpe@® oxidation on mesoporous
platinunf?® and in the previous Chapter. The pre-wave waibatéed to the reaction of

CO near the trough sites with oxide species sucldsmolecules adsorbed on the
trough sites. The trough sites are the platinuesssituated at the inner corner of the

pore where the pore walls intersect.
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The same experiment was carried out on a mesopdrowedectrode modified with
irreversibly adsorbed Bi. Figure 4-4 shows a CQpping voltammogram of a
mesoporous platinum film covered with adsorbedtBires and the subsequent cycle to
demonstrate that all the CO was oxidized. The expsital conditions were identical to

the previous experiment.
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Figure 4-4. CO stripping voltammogram (solid line)and successive voltammogram (dashed line) of
a mesoporous platinum film electrodeposited (charg6.27 mC) on a polished platinum electrode in
1 M H,SO, after soaking the electrode in 0.6 M HCIQ + 0.01 M BpO; for 10 minutes. CO was
adsorbed at -0.65 V with CO bubbling for 30 min andthen the solution was sparged with bfor 15

min before recording the stripping. The scan rate ws 10 mV &.

After CO adsorption, all the platinum sites haverbblocked and only the double layer
charging can be observed in the potential rangeé5 @nd - 0.1 V leading to a flat
profile of the voltammogram in this potential rangevo distinguishable peaks can be
observed at 0.02 V and 0.25 V vs. SMSE. The fiestikpcorresponds to the main CO
oxidation and is followed by a shoulder. Those weteeady observed on the
unmodified H mesoporous Pt film on Figure 4-3. The main CO atah peak is

similar to that found for a carbon supported platinelectrode although the CO
stripping voltammogram does not show the seconé!Pe@he second peak is related

to the oxidation of bismuth which occurs conconitanvith the oxide formation of
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platinum by comparison of the Figure 4-2 (see tketoelow). However, the current
density of the second peak is higher than in Figli# which might be resulted from
the lift of Pt oxides from CO oxidation. Two peak®re also observed on the CO
stripping voltammogram on Pt(100) modified with Bidatoms by Chang and
Weavel®. However, in their study, HClwas used as supporting electrofife Both
CO and Bi oxidation processes occur at separatednpals which could be the
evidence for a mixed adlayer Bi/CO. According tevpous result& 2°3 coadsorbed
CO and Bi on platinum present an intermixed adlaiteis worth noting that the pre-

wave is absent on the CO stripping voltammografigare 4-4.

The coverage of CO on the;Hnesoporous Pt electrode with a Bi adalayer was
estimated from the CO stripping voltammogram. Thakppotential for CO oxidation
for the HL mesoporous Pt electrode modified with Bi adatosnsimilar to that on the
unmodified surface. The charge under the CO pegaesents 43 % of the total charge
of the two peaks. Therefore the coverage ofgdbn the H mesoporous Pt electrode is
0.19. This result appears to be higher than theegmésge calculated from the charge
under the peaks of the hydrogen region.

On the subsequent cycle, the peak at 0.25 V at@ibto bismuth oxidation is still

present which means that a part of the Bi atomsu@2 % of the bismuth coverage) is
still adsorbed on the surface. The capacitancéhoxide formation is larger than on
the CO stripping voltammogram but no peaks for Gdation were observed and the

hydrogen desorption peaks were retrieved.
4.4 Germanium adsorption

4.4.1 Characterisation of the mesoporous platinum film mdified with Ge

atoms by voltammetry in acid

The experiment with the adsorption of Ge atomshenrmesoporous Pt electrode was
performed on a freshly deposited,EOQs mesoporous Pt film. The cyclic
voltammograms of a mesoporous platinum electroderdeand after adsorption of
adsorbed Ge atoms recorded in 1 MSH, are shown in Figure 4-5. The drop
containing 0.5 M Ge®+ 1 M NaOH is about a fewl compared to the amount of
solution of 1 M sulphuric acid used in these expents (in this work, 25 ml).
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Therefore, the amount of NaOH is considered asigibtg compared to sulphuric acid.
Although sulphuric acid is contaminated by NaOHisibelieved that the presence of

NaOH does not affect greatly the results.
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Figure 4-5. (a) Cyclic voltammogram of a GEOg mesoporous Pt film electrodeposited (charge 6.27

mC) on a polished platinum electrode (50Qum in diameter) in deaerated 1 M HSO;,. (b) Cyclic
voltammogram of a mesoporous Pt film modified withGe atoms in deaerated 1 M KSO, (third
cycle recorded in a series of 3). A drop of 0.5 M &, + 1 M NaOH was put on the electrode. The
electrode was then inserted in the solution whilehe potential was held at - 0.65 V vs. SMSE. The

dashed line corresponds to the arbitrarily drawn baeline. The scan rate was 200 mV's
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As described in Section 4.3.1, the cyclic voltamnaag of the mesoporous Pt electrode
in Figure 4-5a has the characteristics of a pobtatiine Pt of low index Pt facets. A
cyclic voltammogram of a mesoporous Pt modifiechvide atoms was recorded in 1 M
H.SO, as shown in the Figure 4-5b. The voltammogram e#ained by cycling over
this potential window three times.

The characteristics of the cyclic voltammogramdagrolycrystalline platinum electrode
modified with adsorbed germanium atoms have beerady studied in the literature,
l.e. no features in the hydrogen region and a rquoxess related to the presence of
germanium on the Pt surfaté!. The voltammogram shown in Figure 4-5b is in good
agreement with previous studies on a polycryselitt electrodes modified with Ge
adatoms. The absence of adsorption/desorption péakshe hydrogen region
corresponds to a full coverage of germanium orptagnum surface. Within the range
of potentials between - 0.4 and - 0.1 V, a redamcess can be also identified by the
presence of germanium on the platinum surfacea# lbeen proposed that each Ge
adatom exchanges four electrons and blocks twoitP$ $eading to a maximum
coverage of 0.25 Ge per Pt and the redox processrgone by the Ge adatom is a two
electron transfer reaction as presented in equétin >4,

Pt,GestHo0 —— PtGeQus2H +26 (1)

Based on a study on stepped Pt surfaces modifitd @& adatoms, it was found that
the oxidation peaks below 0.6 vs. RHE (- 0.06 VSMISE) correspond to the oxidation
of germanium on the Pt(100) symmétryRodriguezet al. attributed the oxidation peak

below 0.6 V vs. RHE (- 0.06 V vs. SMSE) to the prese of Pt(100) terrace sites on
polycrystalline platinum sampfé Consequently, in Figure 4-5b, the peak at - 0/23

vs. SMSE is attributed to the oxidation of germamion the Pt(100) terrace sites on H

mesoporous Pt. According to the literaftirethe number of Pt(100) sites can be
estimated using the relati@f® = 0.56>**? with g°° representing the charge density
for the adsorbed germanium on the Pt surfacefBH8” representing the charge density
for a process taking place on Pt(100) surface.stesarbitrarily baseline was drawn as
a continuity of the curve using Origin8.1. The dwrunder the peak was then

calculated using Sigmaplot. The result indicated the mesoporous Pt film consists
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of6 % of Pt(100) sites on the surface. This pergais in respect to the present sample
and is not a fixed value for a mesoporous Pt filime percentage of Pt(100) sites to the

mesoporous Pt film may vary with the different es@d Pt faces of the surface.
4.4.2 Germanium oxidation

For a better understanding of the different contidns of Ge adatoms to CO oxidation,
the electrode was cycled over a wider potentialdewn. Figure 4-6 shows a series of
cyclic voltammograms of a mesoporous platinum ebelet modified with germanium

atoms within the range of potentials - 0.65 and\0x&. SMSE. For the first cycle, the
starting potential was - 0.65 V, the same as thenial at which the electrode was

immersed in the solution.
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Figure 4-6. A series of cyclic voltammograms of a @soporous Pt electrode (charge 6.27 mC,5@

in diameter) modified with adsorbed Ge atoms in deerated 1 M H,SO,. The scan rate was 200 mV
s™. The solid black, the solid red and the dashed bt lines are respectively the % and 2" and 3°
cyclic voltammograms: A drop of 0.5 M GeQ + 1 M NaOH was on the electrode. The electrode was
then inserted in the solution while the potential \as held at - 0.65 V vs. SMSE. 1: this peak is an

artefact due to the instrument while recording.
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On the anodic branch of the first cycle between4- &nd - 0.1 V, the slowly rising
current before the main peak is attributed to tresgnce of Pt(100) sitds The main
peak on the anodic branch appears at 0.05 V vs.ESaf8 is related to the oxidation of
adsorbed germanium atoms on the different platiraurfaces such as Pt(111) or
Pt(110%. The current for the peak decreases progressivitly cycling. The cyclic
voltammogram goes beyond the upper limit potentia¢ére germanium is dissolved in

the solution, which could be attributed to the regdoocess described in equation (1).

Furthermore, it is worth considering the evolutioihthe hydrogen desorption region
when cycling. No peaks in the hydrogen desorptiegian are observed on the first
cycle since the Pt sites were blocked by the Genstd-ollowing the dissolution of
germanium atoms in the solution when cycling athhgptentials, the hydrogen
adsorption peaks appear on the first cycle and th&nsity increases for each forward
cycle. The charge calculated under the hydrogekspea the third cycle is less than the
charge calculated for the freshly made mesoporadsdn®, which indicates that some
adsorbed Ge atoms remain on the surface. In additiee presence of the peaks at
- 0.23 and 0.05 V vs. SMSE on the anodic branchhersecond and third cycles also
confirm that Ge atoms are still adsorbed on thémlen surface.

4.4.3 Comparison of the different voltammograms

To give the reader a better appreciation, the cyatiitammograms are now plotted
altogether. Figure 4-7 shows a superposition ofpilexious cyclic voltammograms of
the mesoporous Pt electrode before and after atisomqf Ge atoms and with different

potential windows.
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Figure 4-7. Cyclic voltammograms of a mesoporous P¢lectrode (charge 6.27 mC, 50@m in
diameter) in dearated 1 M HSO, before and after Ge atom adsorption. The scan rateras 200 mV
s™. (solid black line) Cyclic voltammogram of a mesoprous Pt film in 1M H,SQ,. The solid red and
dashed black lines are cyclic voltammograms of a reeporous Pt electrode modified with adsorbed
Ge atoms with different potential windows: a drop é 0.5 M GeG, + 1 M NaOH was put on the
electrode. The electrode was then inserted in thelsition while the potential was held at - 0.65 V vs
SMSE.

After the investigation of the mesoporous Pt eta#r modified with adsorbed Ge

atoms in 1 M HSQ,, the electrode was then tested for CO oxidation.

4.4.4 CO stripping voltammetry of the mesoporous platinumfilm modified

with Ge adatoms

Figure 4-8 shows the CO stripping voltammogram ahesoporous Pt film after Ge
atom adsorption and the subsequent cycle to shatv@® was removed from the
platinum surface. A cyclic voltammogram of a mesops Pt electrode modified with
adsorbed Ge atoms is also shown in the Figurediu8terpret the different features in
the CO stripping voltammogram.
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Figure 4-8. (solid black line) CO stripping voltamnogram of a mesoporous Pt film (charge 6.27
mC, 500 pm in diameter) modified with Ge atoms in 1 M HSO, and (dashed black line) the
successive cyclic voltammogram. The solid red linis a cyclic voltammogram of a mesoporous Pt
film modified with Ge atoms recorded between - 0.6%and 0.15 V. A drop of 0.5 M Ge@+ 1 M
NaOH was put on the electrode. The electrode waseh inserted in the solution while the potential
was held at - 0.65 V vs. SMSE. CO was bubbled thrgt the solution for 30 minutes then Nwas

sparged for 15 minutes. The scan rate was 50 m\*.s

Two peaks can be observed on the CO stripping ¢goled black line), one at - 0.15 V
defined as a pre-wave and the second one at 0.@&fiNed as the main CO oxidation
peak. The presence of the pre-wave with the mesopdPt electrode was previously
attributed to the oxidation of CO adsorbed neatttiegh sites with Og4{?®.. However,
the current for the pre-wave herein is much higtien it was reported for the
mesoporous Pt electrode as shown in Figure 4-9.pf&avave is situated in the same
range of potentials as for the oxidation of adsdrBe on Pt(100) wide terraces, which
might contribute to the increase of the pre-waveeni. Also, the oxidation of Ge
adsorbed on the different Pt faces occurs at thee gaotential as CO oxidation on Pt.
Nevertheless, the current peak for the CO oxidat®omot increased but rather is
decreased and the current for the two peaks amépately equal which means that
the adsorption of Ge causes the decrease of tmgecbader the CO peak.
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The onset potential (~ - 0.5 V vs. SMSE) for COdation at a mesoporous Pt electrode
modified with Ge atoms occurs at lower potentidant the onset potential for the
mesoporous Pt film. According to Watanadteal!*®, the presence of Ge atoms on the

platinum surface “reduced the overpotential for @@lation”.

The subsequent cycle shows two remaining peakkeartodic scan at - 0.2 and 0.05 V
vs. SMSE. As these peaks were not present wheexiperiment was performed with
the unmodified mesoporous platinum film, they colle attributed to irreversibly
adsorbed Ge adatoms on the platinum surface. Thk ae- 0.2 V may represent
irreversibly Ge atoms adsorbed on Pt(100) wideates. The second peak at 0.05 V
might be due to the oxidation of adsorbed Ge atomghe different low index Pt
faces.In addition, the charges under the hydrogesomtion peaks for the cyclic
voltammograms recorded before and after the C(ppshg voltammogram were
calculated. The results show a decrease of 25%eancharge under the peak after
adsorption of germanium; these results concur thighpresence of Ge adatoms on the

Pt surface.

The CO stripping voltammograms of the mesoporousniftodified and modified with
Ge were plotted on the same graph to highligheffext of Ge adsorption.

Figure 4-9 shows the CO stripping voltammogram esaporous Pt film modified with
adsorbed Ge atoms. The dashed line corresponte ©@ stripping voltammogram of
a mesoporous Pt film recorded right after the mmesiexperiment. The dotted line is the
CO stripping voltammogram of an unmodified mesoperplatinum electrode, it is the

same as the voltammogram shown in Figure 4-3.
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Figure 4-9. (solid black line) CO stripping voltamnogram of a mesoporous Pt film (charge 6.27
mC, 500 um in diameter) modified with Ge atoms in 1 M HSO,. A drop of 0.5 M GeG, + 1 M
NaOH was put on the electrode. The electrode waseh inserted in the solution while the potential

was held at - 0.65 V vs. SMSE. CO was bubbled thrgh the solution for 30 minutes then N was

sparged for 15 minutes. (dashed black line) CO spping voltammogram of a mesoporous Pt film

which the surface was previously modified with Ge @ms but was not treated again for this
experiment. (solid red line) CO stripping voltammogam of a mesoporous platinum film
electrodeposited (charge 6.27 mC) on a polished plaum electrode in 1 M H,SO,. The scan rate
was 50 mV §.

The charges calculated for the CO stripping peashmher than expected; this is due

to the contribution from simultaneous oxidatioradsorbed germanium.

After the record of the CO stripping voltammograsolid black line) and the
subsequent cycle (dashed black line) shown in EigiB, the solution was bubbled
with CO and purged with Nand another CO stripping voltammogram was recorded
(dashed black line) shown in Figure 4-9. The saeatufes appear on the second CO
stripping voltammogram as on the first CO strippoygle. The two peaks are still
present however the current for the pre-wave deegeaonsistently and the current for
the main CO peak increases; the onset potentialCiOr oxidation also increases.

Nevertheless, the current for the pre-wave is stich higher than for the unmodified
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mesoporous Pt film and the current for the main @@k is still lower. This result
suggests that a part of adsorbed Ge atoms waswdidsimto the solution during the
previous experiments. It also means that the platisurface is still partly covered with
Ge adatoms, which is confirmed by the subsequesie dgotted line) shown in Figure
4-8. The details of the subsequent cycle were destearlier in this Section and it was
shown that Ge atoms occupy 25% of the Pt siteseilagless, the current for the pre-
wave is still large compared with the current relear for the unmodified mesoporous
platinum electrode. So it would signify that onlysenall amount of Ge could alter
greatly the properties of CO adsorption on mesaponalatinum. The results in the
present work are consistent with the results replooly Crabb and Ravikumar on carbon

supported platinum modified with Ge adatéfis
4.5 Discussion

Adsorption of foreign atoms on the platinum surfasean excellent method to
characterise the crystalline structure. Bismuth gersnanium adsorb specifically on the
platinum surface, and allow us to identify the eliéint crystalline domains at the
platinum surface. The Hnesoporous platinum is a polycrystalline electrodele up of
low index platinum facets according to the stabjelic voltammogram in sulphuric
acid. The adsorption of bismuth has modified thdase of H mesoporous platinum
which is reflected on the cyclic voltammogram ihpswric acid by a depression of the
hydrogen peaks and the appearance of a new p@8aRsa¥ vs. SMSE corresponding to
the oxidation of Bi. In contrast, from the litere¢ua peak at 0.61 V vs. RHE (- 0.03 V
vs. SMSE) is observed in the voltammogram of shkogyestal Pt(111) on which Bi
adatoms are adsorted® *2 This peak indicates the presence of large Pt(dafjains.
This peak is absent in the voltammogram of thentdsoporous Pt on Figure 4-2. This is
consistent with the pore walls pictured as onlyea fatoms in width which could

account for the absence of this peak.

CO stripping voltammetry shows differences becafsthe adsorption of Bi adatoms.
The CO stripping on Hmesoporous Pt modified with Bi displays two sepsatgeaks
whereas under the same conditions the unmodifieshésoporous Pt shows a pre-wave
and two overlapping peaks. The two peaks on FigtBeappeared at 0.01 and 0.25 V
vs. SMSE corresponding to CO oxidation and Bi otiafa respectively. This
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observation indicates the presence of a mixed C@diiyer on the Hmesoporous Pt
surface within the pores. The potential of the n@i oxidation peak is slightly higher
(0.01 V) than on the unmodified;Hnesoporous platinum; a similar observation was
reported previously by Hayden on Pt(110)-(1x2) ates and on carbon supported
platinum catalyst¥. Hayden assigned this effect to adsorbed Bi atomthe platinum
surface. In contrast, according to Herretoal, the CO onset potential for Pt(111)
modified with Bi occurred at more negative (0.15 tHan for a clean Pt(111)
electrod€”; the presence of Bi on the platinum electrodetstiifhe CO onset potential
towards more negative potential. Neverthelessppiears that the presence of bismuth
on the H mesoporous Pt electrode does not ease oxygerfergns CO oxidation,
which can be explained by the fact that bismutiHgmmesoporous Pt oxidises at more
positive potentials than CO.

Figure 4-10. Drawing of an idealised structure lookig down a single Pt pore, diameter 1.8 nm. The
pore walls are shown as (111) surface. Bi adatomgeaadsorbed on the trough sites and CO

adsorbed on the middle of the pore wall is shown ostop sites on the top half of the pore.
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Whereas a pre-wave for CO oxidation was preserthenvoltammogram of the H
mesoporous platinum electrode, therkesoporous platinum modified with Bi adatoms
did not exhibit any pre-wave. From the model ofaeppresented in Figure 3-15 in
Chapter 3, the absence of the pre-wave can be m@igzbdor if the Bi atoms are
adsorbed on the trough sites or on the sites reartrough sites and hinder the
adsorption of CO or oxygenated species on thess.dlit is worth mentioning that,
according to Lucast al, CO does not replace Bi on the surfiéeBased on the same
model as Figure 3-15 in Chapter 3, Figure 4-10 shav schematic idealised
representation of a single pore within therilesoporous Pt. The inner parts of the pore
are represented by Pt(111) faces and the diamietiee pore is 1.8 nm corresponding to
the G.EGQs templated film. On the top left half of the po@&) molecules are adsorbed
on the middle of the pore wall and Bi adatoms asoebed on the trough sites based on
the side view of Pt(111) step sites blocked by d@itam&®.. It was suggested that the
ratio between bismuth atoms and CO adsorbed ormpldtenum surface is 1:1 to be
consistent with the present model; the coveragdsisohuth and CO arés; = 0.2 and
Oco = 0.2 respectively for this model. It has beeneobsd that Bi adsorbs preferentially
on the step sites according to the studies on foewid oxidatiof* *® 3" If this is the
case, Bi adatoms adsorb primarily on the step trosges and also block some
neighbour terrace sites from adsorbing CO. Accagrtlinthe interpretation in Chapter 3,
the pre-wave on the CO stripping finds its origirthe presence of step troughs inside
the pores. If it is assumed that the step troughblocked by Bi adatoms, the pre-wave
would not display on the voltammogram.

The adsorption of Ge atoms on khesoporous platinum surface can provide a good
estimation of Pt(100) terrace stted. The voltammetry in 1 M bSO, shows a redox
peak at - 0.2 V vs. SMSE which allows us to chaas¢ the narrow Pt(100) terrace
sites which is in good agreement with the modelFigure 3-15 in Chapter 3

representing a pore wall of 3-4 atom width.

The CO stripping voltammograms show interestingeatpsuch as the decrease of the
current for the main CO peak and an increase ferpite-wave. The presence of Ge
atoms has provoked an effect on the surface steictuthe mesoporous Pt film where
CO oxidation occurs at lower overpotentials. Sushetiect on the activity of CO on

platinum modified with Ge adatoms was reported joesly in different studié” 2°: 3!
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According to Watanabet al, CO oxidation at low potentials comes about frdma t
presence of oxygen on adatoms and the electroamdaf CO occurs through this

mechanisi®
H,O+M-Pt - O-M -Pt+2H" + 2" 2
CO-Pt+O- M- POE. CQ +M F 3)

where M corresponds to the metal adatom.

The onset potential of CO oxidation is relateddaction (2). The coverage of adatoms
on platinum linked to the onset potential of CO dation also affects the surface
reactions expressed in step (3), which is obseoweldigure 4-9.

In the case of Hmesoporous Pt, the pore wall, made up of a femstés considered
as a terrace and the junction of two pore wallsoissidered as a trough step. Based on
the study by Rodrigueet al, the formation of an ordered Ge adlayer becomifisudt
when the terraces are shdrtAssuming that Ge atoms and CO molecules adsdgb on
on the pore wall, the trough sites are availabteatisorbing oxygenated species such as
OHags from water decomposition. In respect of equatid)) (vater oxidation provides
oxygen to adsorb on the Ge atom. If it is beliettet OH molecules are adsorbed on
the trough sites, two contributions can be involuedhe CO electrooxidation: on the
one hand, from the reaction of adsorbed CO withQhedsorbed on Ge as in reaction
(3) and on the other hand, from the oxidation of G&th OH as in a Langmuir-
Hinshelwood mechanisti: 4.

From the previous Chapter, the CO stripping for timenodified H mesoporous Pt
shows a pre-wave which was assigned to the exstehthe trough sites in the concave
structure. Furthermore, the onset potential fordkielation of Ge species occurs even
before CO oxidation starts on Ifhesoporous Pt. This early oxidation of Ge specigs
also result in an early oxidation of CO. These twocesses can contribute to the
current for the pre-wave in the CO stripping fdiamesoporous Pt electrode modified
with Ge adatoms as observed in Figure 4-8. Therptisn of Ge atoms on H
mesoporous Pt seems to facilitate oxygen transferCilO oxidation, which can be

accounted for by the early CO oxidation shown andyclic voltammogram.
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4.6 Conclusion

Cyclic voltammetry in acid of the Hmesoporous Pt electrode demonstrates that the
surface structure inside the pores is made upwfiholex Pt facets. However it is not
possible to determine the true identity of theiplan sites by this method because the
hydrogen adsorption/desorption occurs at the saatenpal range for the different
surface sites. The adsorption of Bi and Ge atontsirscon specific sites on the Pt
surface and can be monitored by cyclic voltammetrgulphuric acid. The adsorption
of Ge and Bi adatoms on;Hnesoporous Pt indicates respectively that theasarf
structure of platinum inside the pores is composief % of Pt(100) narrow terraces
(i.e. the sites located on the pore walls) but dogiscontain Pt(111) large terraces.
These results are consistent with the concavetsteipresenting a few atoms (3-4)
wide terraces. In the case of the adatom Bi, thes€@ipping voltammogram does not
show any pre-wave which is attributed to the adsampf Bi on the trough sites where
two low coordinated faces meet and causes a rexiuictiCO tolerance. In contrast, the
CO stripping voltammogram with the adsorption of &ems has displayed a massive
pre-wave which promotes greatly the electrooxidatad CO. This phenomenon is
attributed to CO electrooxidation from two conttilons: oxygen adsorbed on Ge and
oxygen species, probably Qid adsorbed on the trough sites. The particularratisn

of each of the atoms onj;Hmesoporous Pt can account for the features of the
voltammetric response. The pre-wave feature in @@psng voltammetry can be
justified by the adsorption of oxygenated specreshe trough sites; this explanation
could be relevant to stepped platinum surfaces.

It can also be noted that the modification of thesoporous Pt electrode with Ge
adatoms have an effect on the electrocatalytic gotms of the mesoporous Pt. In
addition to the high surface area provided by th®ps nanostructure, the enhancement
of the electrocatalytic activity by the modificati@f the mesoporous Pt surface could

be considerably advantageous in fuel cell appboeti
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Chapter 5: Hydrogen peroxide

In the last Chapter, the adsorption of foreign @&oon H mesoporous Pt was
investigated to characterise the faceting insisegbres. This Chapter deals with the
coupling between diffusion and surface reactiorhinithe pores. Hydrogen peroxide
oxidation is used as a model reaction to introdadenetic model accounting for the
diffusion of hydrogen peroxide to the mesoporoilm find then the binding to catalytic

sites within the pores.

5.1 Overview

Mesoporous metal films electrodeposited from anagexal liquid crystalline phase
have received much attention thanks to their p@erapplications. One of these
applications concerns the detection of hydrogenoxpde over a wide range of
concentratiod. Hydrogen peroxide is of interest in many fields, industrial

processéd, for example in the food industy as well as in waste water treatni®&ntn

particular, many investigations have been undenidke the detection of hydrogen
peroxide with amperometric techniques in bioserdingherefore, it is important to
monitor accurately the amounts of hydrogen pergxiuvever the concentrations
cover a wide range from micromolar vivo conditions to millimolar for bleaching
applications and even molar in the field of watezatment. The range of the

concentration is limited to a given application.

However, measuring accurately the hydrogen peroxidencentration with
amperometric techniques has been a difficult tasteshe reactions at the electrode are
irreversible and the voltammograms are irreprodacifor most electrode materials.
Different electrode materials were used to mortigirogen peroxide concentration, for
instance, carbon fibf®, glassy carbdfl, platinunt®. However, for a part of these
electrodes, a lack of stability exists between lih@ting current and the hydrogen
peroxide concentration and the linearity of the sae@ement decays at high hydrogen

peroxide concentrations. Although some electrode® lshown linear responses over a
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range of concentrations between 1 and 20 mM, thpeawmetric responses remain
unstable.

Solutions have been put forward to overcome treprioducibility and instability of the
responses such as the modification of the electsodace with enzymes (horseradish
peroxidis€ and othefd® ') or Prussian BIU&. Enzyme based biosensors have
shown a high sensitivity (1.5 A Mcm?) and detection at very low concentrations (10
nM)*¥! nevertheless the upper limit of detection could gm beyond 12 m&. The
other disadvantage was the stability of the PrusBiae based sensor dropping down
by repeated u$é.

The oxidation of hydrogen peroxide was studied ¢atipum and platinum/iridium
electrodes and a decrease in the responseviar [H,O,] was observed above 1 mM
which was attributed to the saturation of oxyged hydrogen peroxide on the platinum
sited!®. The same conclusion was reached by Gorton whpogexl a mechanism for
hydrogen peroxide oxidation on high surface palladielectroddt®. Supporting a
similar approach, Johnstat al. proposed a surface binding site model for the dxyelin
peroxide oxidation on palladium assuming that thaction process obeys a form of
Michaelis-Menten kinetid¥?. An identical surface binding site model was theapted
by Hall et al. for hydrogen peroxide oxidation on Pt electréd&d. The mechanism of
hydrogen peroxide reaction at platinum electrodmgccoffer an excellent justification
for the lack of linearity observed in the curreegponse. According to a series of papers
from Hall et al®®?2, the current response due to hydrogen peroxidaatirin is under
mixed kinetic and diffusion control and the meclsamican be explained using a form
of Michaelis-Menten kinetics. Nevertheless, twoiliing side reactions can prevent
hydrogen peroxide oxidation from proceeding. Thetfreaction is the adsorption of
oxygen on the Pt surface sites and the second espthtonation of the surface
Pt(11)/H,0, compleXx'®. The availability of Pt sites is a limiting factor the reaction
and thus causes a discrepancy in the current respan higher hydrogen peroxide

concentrations.

Microdiscs are useful to measure the concentratiban analyte since the limiting
current is proportional to the concentration. Hoarethe use of microelectrodes did not

succeed to amperometrically measure hydrogen maoncentrations. The reaction
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appears to be kinetically limited by the small aud area. The solution to overcome
this issue was to increase the electroactive seidaea whilst maintaining the diffusion

properties of the microelectrodes.

The deposition of a mesoporous platinum film frone thexagonal lyotropic liquid
crystalline template onto a microelectrode has beported by Elliottet al®®. The
mesoporous film on the microelectrode provides ghhsurface area and forms a
“mesoporous microelectrode”. Hydrogen peroxide cieia has already been
investigated using H mesoporous Pt films electrodeposited on platinum
microelectrodéd. The steady-state response was found to be saabldinear over a

wide range of concentrations.

In another paper on hydrogen peroxide detectiomgushe same method, a; H
mesoporous Pt film was also used to fabricate tagiate microsens6f. This latter
study also emphasises the improvement in the hydrgeproxide detection thanks to
the properties of the high surface area of the pmswis platinum filt!. A similar
approach was adopted in this Chapter although noesop rhodium films were used.
Rhodium was chosen over platinum since hydrogemoxme can oxidise at lower
overpotentials and this could be advantageous dalanterferences from other species
such as ascorbic acid. A surface binding model agepted from Halkt al. for the
oxidation of hydrogen peroxide on rhodium electside The mechanism for hydrogen
peroxide reaction will be elaborated for mesoponhxlium from Hall’'s mechanism.
The mesoporous rhodium films produce reproducibigent responses to hydrogen
peroxide oxidation at pH 7. In this Chapter, a gtud the oxidation of hydrogen
peroxide on H mesoporous Rh electrodes is presented and aedetaialysis of the

kinetics for the reaction is described.
5.2 Preparation and characterisation of electrodes

5.2.1 Electrodeposition of mesoporous metal films

Platinum microdiscs were made by sealing platinuinesvof the appropriate diameter
into glass and were polished with a slurry of diBrana to obtain a fine mirror finish

on a Buehler microcloth. The microelectrodes whentcleaned by cycling in sulphuric
acid.
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The polished platinum disc microelectrodes were ifreztiby the electrodeposition of a
mesoporous platinum or rhodium film. A plating mir¢ was prepared from an aqueous

solution containing the appropriate metal salt amibn-ionic surfactant.

The preparation of the plating mixtures with platmand rhodium were respectively:
- 42 wt.% G2EGs, 29 wt.% BPtCk and 29 wt.% deionised water.

- 47 wt.% G2EGg, 12 wt.% Rhd, 39 wt.% deionised water and 2 wt.% n-
heptane (heptane was added to the composition t@inothe hexagonal
phase as reported by Bartlett and Marwan in thenkwising GeEQOs as the
surfactarit™).

The potential was held at - 0.1 and - 0.2 V vs. &M8r the electrodeposition of
platinum and rhodium films respectively until treguired charge had been passed. The
potentials for each metal were reported to be uithsd conditions for the depositién

26l Then the electrode was soaked in iso-propanol thed in water overnight to
remove the plating mixture from the electrode stefarhe resulting metal film is then

the inverse of the hexagonal template.

Cyclic voltammetry was then performed to removertsdual plating mixture from the
pores until a stable cyclic voltammogram was oladion cycling between - 0.65 and
0.85 V vs. SMSE at 200 mV*sn 1 M sulphuric acid. The electrodes were thept ke

deionised water at room temperature.

The cyclic voltammograms for the ;Hnesoporous Pt microelectrode and for the
polished Pt microelectrode were similar to thoseraed for the electrode in Chapter 3.
The full description of the cyclic voltammogram wgiven in Chapter 3 in Section
3.2.2.

The active surface areas were calculated from ydeolgen desorption region using the
method described in Chapter 3 in Section 3.2.2. Simkace areas of the polished
platinum electrode and the mesoporous platinum filene 0.0049 cfand 0.181 cf

respectively using the conversion factor 210 pC%fh These values correspond to a
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roughness factor of 86 for a; Hinesoporous Pt microelectrode compared to 2.5 for a
polished Pt microelectrode.

5.2.2 Characterisation of mesoporous rhodium films by vdammetry in

acid

Figure 5-1 shows the cyclic voltammogram of arkkesoporous Rh microelectrode in 1

M sulphuric acid.
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Figure 5-1. Cyclic voltammogram of a H mesoporous Rh film electrodeposited onto a platima

disc microelectrode (25 pm in diameter, 8.68 uC fothe deposition charge) in 1 M sulphuric acid
recorded at 50 mV §. The solution was deaerated by purging with argoffior at least 20 min prior

to the measurements. The crossed blue area correspts to hydrogen desorption and the red area
correspond to hydrogen adsorption and a part of theoxide stripping peak. The dashed lines
correspond to the continuity of the peaks and giveise to the peak overlapping. The grey area
corresponds to the formation of Rh(OH) and the blak area corresponds to the formation of

Rh(OH)3. These assignments come from Jerkiewiet al.?® 2!

The characteristics of the cyclic voltammogramHgmesoporous Rh in sulphuric acid
are the same as those of polycrystalline rhoffflinAccording to Jerkiewicet al!?®: 2
different oxide films on Rh grow with increasingtential on the anodic sweep. The
first oxide formation on Rh starts at - 0.2 V vsM& and involves the

electrochemisorption of one monolayer of OH reagltin the formation of Rh(OH)
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species. At about 0.3 V vs. SMSE, this leads tth&rroxidation and the formation of

Rh(OH) species. Based on a study by Peuckert, X-ray Rlamivon Spectroscopy

(XPS) measurements coupled with cyclic voltammatentified the existence of these
oxide species on the Rh surf&fe Simultaneously with the electrosorption of OH on
the rhodium surface, a place exchange occurs betreelium atoms and the adsorbed
OH  species leading to a reorganisation of the rhodsuierficial layeft. A similar

behaviour was observed for Pt and oxygen-contaiaign$®.

If the potential increases further, another oxiB&O(OH) could form. It has been
considered that the species RhO(OH) has not beenetb up to the chosen anodic
potential limit. It is thought only Rh(OH)oxide formation occurs because only one

stripping oxide peak appeared in the cyclic voltasgrant®® 2°!

Oxide formation of rhodium has been discussed inmgl other oxide species like
Rh,042Y, but only the case of Rh(Otffiormation has been retained in this work. Based
on Jerkiewiczt al’®*®, the oxide formation proceeds according to thiofghg scheme

in the range of potential used:

Formation

Rh+HOOM Rh(OH)+H +¢:[-0.2t00.3] Vvs. SMSE (1)
Rh(OH) + 2H OO0 3. Rh(OH) +2H +2:[0.3t0 0.85] (2)
2Rh(OH), + RhO0 3. 3RhO(OH) +3H +3% >0.85 3)
Reduction

3RhO(OH) +3H +3e [ 2Rh(OH) +F (4)
Rh(OH), +3H +3e 0 Rh+3H :[0to-0.52] (5)

It is assumed that the anodic scan limit (0.85 VSMSE) is low enough to prevent the
formation of the oxide RhO(OH). In the cyclic vatimmogram from Figure 5-1, the

oxide formation proceeds in two steps (1) and (B¢meas the oxide reduction occurs in
one step (4). If the potential range had been as@e towards more anodic potentials,
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the oxide formation would have proceeded in thtepssand the oxide reduction in two

steps.

In the potential range - 0.4 and - 0.7 V, a singtak at - 0.6 V vs. SMSE is clearly
observed on the anodic sweep corresponding to bggdralesorption. This peak is
mirrored on the cathodic sweep by the hydrogenratisn. The hydrogen peaks for the
H,; mesoporous Rh film are similar to those reportadpblycrystalline Rh electrodes.
The surface area of rhodium electrodes can be lesdclifrom the area of the oxide
formation peaks by using a conversion factor of B60cny or from the area under the
hydrogen desorption peak using a conversion faxft@21 puC crif®. The conversion
factor of 660 pC cif corresponds to the experimental conditions in tvithe scan rate
was 50 mV &, the electrolyte was 0.5 M-BO, and the anodic potential limit was 1.3
V vs. NHE?®. Calculating the surface area from the hydrogesomadion peak or the
oxide stripping peak can prove to be difficult @nooth peaks overlap. The charge
under these peaks can be approximated by estinthegngest of the curve; nevertheless,
details such as the shape of the curve at the dfabe peak affect the estimation. For
this reason, the surface area was calculated ff@mhydrogen desorption peak by
subtracting off the double layer capacitance sinoeother contribution from other
surface reaction is observed in this potential wimdfor the anodic current. The

roughness factor calculated from the hydrogen ¢é¢sor peak is 380+50.
5.2.3 SEM image

Figure 5-2 shows an SEM image of a Hesoporous rhodium film electrodeposited

onto a platinum microelectrode.
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Figure 5-2. Scanning electron microscope image oftd; mesoporous Rh film electrodeposited on a

platinum disc microelectrode (25 um in diameter, &4 uC for the deposition charge) from a
mixture of 12 wt% RhCl3, 47 wt% C;,EOg, 39 wt% water and 2 wt% heptane at - 0.2 V vs. SCE
The image was obtained at a tilt angle of 70°.

The film covers the whole surface of the platinuncroelectrode. The film is smooth
and uniform except that it looks lifted at the edige to a higher rate of diffusion at the
rim of the microdisc.

5.2.4 TEM image

Figure 5-3 shows a TEM image of a mesoporous rmedoarticle taken from the
mesoporous rhodium film by scraping off the surfatée film.
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Figure 5-3 TEM image of a ; mesoporous Rh sample electrodeposited on a gold ¢eg glass slide
from a mixture of 12 wt% RhCl 3, 47 wt% C;,EOg, 39 wt% water and 2 wt% heptane at- 0.2 V vs.
SCE.

Pores can be aglrved on the edge of the particle since it isthinnes part. Rows of
pores are observednning through the me and arranged into a hexagonal array.
film consists of a porous struct. Based on the observation of the TEM microgr
the pore sie was evaluated 45 + 2 A witha wall thickness of 20 A. These values
similar to those reported for earlier works on npEsous Rh and also on otf
mesoporous metals electrodeposited from the heshgdgatropic liquid crystalline
phase using GEGg and heptan

95



Thomas Esterle Hydrogen peroxide

5.2.5 Small-Angle XRD

Figure 5-4 shows a low angle XRD pattern of a Hiesoporous Rh film

electrodeposited onto a gold substrate.
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Figure 5-4. Small-angle X-ray diffraction pattern dtained using a Cu Ka radiation of a H;
mesoporous Rh film electrodeposited on a gold coatglass slide from a mixture of 12 wt% RhCJ,
47 wt% C1,EOg, 39 wt% water and 2 wt% heptane at - 0.2 V vs. SCE

A well resolved peak is observed on the X-ray diffron pattern confirming the
formation of a regular nanostructured film. The kpearresponds to the (100) lattice.
The analysis of the peak demonstrates a pore $idetdl nm. The periodicity of the
lattice of the pore-to-pore distance was calcutptly the d-spacing. This value is
consistent with the value measured by TEM.

In Section 5.2, characterisation of the rhodiumctetele was reviewed by cyclic
voltammetry, TEM and small angle X-ray diffractidélectrodeposition of mesoporous
metals on microelectrodes through the hexagonatdge liquid crystalline phase was
successful. Evidence of a regular hexagonal arf@pi@s running through the rhodium
film was provided by TEM and small angle X-ray diiftion. The procedure to
calculate the surface area is significant in thiskato estimate the film thickness which
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will be an important parameter for the kinetic sturd Section 5.4. It was also necessary
to identify the different rhodium oxide speciesaixed in the cyclic voltammogram in
acid to understand the surface chemistry of hydrqgugroxide on the rhodium electrode

surface.
5.3 Hydrogen peroxide electrochemistry

5.3.1 Voltammetry in hydrogen peroxide

Figure 5-5 shows the cyclic voltammograms ofantésoporous Pt microelectrode and
a polished Pt microdisc in 5 mM hydrogen peroxim®.l M phosphate buffer (pH = 7)
between - 0.7 and 0.4 V vs. SMSE at 2 mV s
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Figure 5-5. Cyclic voltammograms of a H mesoporous Pt film electrodeposited onto a platima

disc microelectrode (15.7 pC for the deposition chige) (solid line) and a polished polycrystalline Pt
microelectrode (dashed line) (both 25 pm in diametgin 5mM H ,0, in 0.1 M phosphate buffer (pH
=7) recorded at 2 mV &. The solution was deaerated by purging with argorfor at least 20 min

prior to the measurements.

The decomposition of hydrogen peroxide at platinelectrodes at zero current is a
chemical process. When the current is not nulstégms from the oxidation or the
reduction of the metal surface and possibly of rthe@mbination. Indeed, two

electrochemical reactions are involved:

97



Thomas Esterle Hydrogen peroxide

H,O, O0O- 26 +Q +2H (6)

H,O, +2H +2e O 2H ( (7)

When the current is zer& € - 0.2 V vs. SMSE) the two processes proceed@dleand
opposite rates. When the potential is scanned t@ rpositive potentials than - 0.2 V,
reaction (6) is preponderant and when the potengiakcanned to more negative

potentials reaction (7) becomes preponderant (#ileevof the potential, - 0.2 V,

depends on the pH of the solution).

The cyclic voltammogram for the unmodified platinumicroelectrode does not show
well defined plateaux. The poor shape and low cisreexhibited on the cyclic

voltammogram lead to the conclusion that the oxagnd reduction of platinum

involving a place exchange process between thenpfatatoms and the oxide species
diminishes the catalytic activity of the electroslerface towards hydrogen peroxide
decomposition. The cyclic voltammogram for the iHesoporous Pt microelectrode
exhibited well defined plateaux indicating that thigurface area of the mesoporous
electrode increases the catalytic activity for loggn peroxide decomposition and
hence, steady state responses can be obtainedotbr gnocesses, oxidation and
reduction of hydrogen peroxide. The number of bigdsites of the mesoporous
electrode has increased and therefore the curmesponse changes from mixed
kinetic/diffusion control to a diffusion limited sponse. In steady-state conditions, the
mass transport limiting current for a microdisccélede is given by the expression in

equation (8):

iL = 4nFDca (8)

With n, the number of electrons involved in the reaction,
F, the constant of Faraday,
c, the concentration of the species,
D, the diffusion coefficient

anda, the radius of the microdisc.
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The concentration of hydrogen peroxide is thustedldao the measured current in the
plateau region for the Hmesoporous Pt microelectrode, which is usefulafoalytical

applications.
5.3.2 Oxidation of Hydrogen Peroxide

It is important to note that the cathodic and ao®Weeps cross over at the potentials
0.02 and - 0.29 V vs. SMSE. The reason of thiskmaccounted for by the mechanism
for hydrogen peroxide reaction at platinum preserdg Hall et al. in their series of
paper§®22. They introduced a mechanism for the electrochamizxidation of
hydrogen peroxide on platinum, which was similathiat on palladiur[ﬁG]:

H,O00u9 U B HyOucutace (9)
H,0, + Pt(OH), Ui Pt(OH) .H G (10)
Pt(OH), .H,Q, 0 Pt+2H O +¢ (11)
Pt+2H OO PtOH) +2H +2 (12)

The reaction of hydrogen peroxide is dependenterokidation state of platinum. On
the one hand, if the platinum surface is oxidiz€d(@QH)), the surface is more

conducive to hydrogen peroxide oxidation; on tHeeohand, if the platinum surface is
unoxidized (Pt(0)), the surface is more conductvéydrogen peroxide reduction. For
potentials positive of - 0.3 V vs. SMSE (see Figtw@), the oxidized platinum surface,
Pt(OH), is formed and the “place exchange” ocEksThus the exchange of atoms at
the electrode surface could account for the defaie oxide stripping on the cathodic
scan. This could result in continued hydrogen peexoxidation at a lower

overpotential on the cathodic sweep and that is thieyanodic and cathodic sweeps

cross over each other.
5.3.3 Characterisation in phosphate buffer

The H mesoporous Pt microelectrode was then examingtiasphate buffer over the
same potential window as in hydrogen peroxide teeole the potential of oxidation
and reduction of platinum. Figure 5-6 shows thelicygoltammogram of a H

mesoporous Pt microelectrode in 0.1 M sodium phatspbuffer.
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Figure 5-6. Cyclic voltammogram of a H mesoporous Pt film electrodeposited onto a platima disc
microelectrode (25 um in diameter, 15.7 uC for th@eposition charge) in 0.1 M phosphate buffer
(pH =7) recorded at 2 mV &. The solution was deaerated by purging with argoffor at least 20 min

prior to the measurements.

It can be seen that the oxide formation and thelestripping occur in the same
potential window as the oxidation and the reductbhydrogen peroxide respectively.
The delay of the oxide stripping in phosphate bufésults in a delay for the reduction
of hydrogen peroxide, which accounts for the croger on the voltammogram in

phosphate buffer containing hydrogen peroxide.

These conclusions arise from previous studies Hiyétal®?? and Evanst al'Y). The
high surface area of the ;Hmesoporous Pt film electrodeposited onto the Pt
microelectrode improved the quality of the voltangram in hydrogen peroxide. A
mechanism described by Hall al accounts for the oxidation of hydrogen peroxitle a
platinum electrodes. In this work, these observatiovill be useful for a similar
demonstration on rhodium electrodes. The rhodiweotedde was used for the study of
hydrogen peroxide oxidation since the oxide strigpdccurs at less negative potentials

than the platinum electrode avoiding any interfeeewith other species.
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5.3.4 Cyclic voltammetry of mesoporous rhodium in phosphte buffer

For a better understanding in the discussion, veeuds the cyclic voltammetry of
rhodium in phosphate buffer before going on to dhalysis of the hydrogen peroxide
reaction. Figure 5-7 shows a cyclic voltammogramr # H, mesoporous Rh

microelectrode in phosphate buffer scanned betwéeand 0.4 V vs. SMSE.
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Figure 5-7. Cyclic voltammogram of a H mesoporous Rh film electrodeposited onto a platima
disc microelectrode (25 pm in diameter, 8.68 uC fothe deposition charge) in 0.1 M phosphate
buffer (pH =7) recorded at 2 mV §'. The solution was deaerated by purging with argorfor at least

20 min prior to the measurements.

The features on the cyclic voltammogram are simdahose recorded in sulphuric acid
and this cyclic voltammogram can be compared vhtit tecorded in sulphuric acid.
The data of the cyclic voltammogram in phosphatéebuvere multiplied by 50 to
match the currents in the double layer and shifted.3 V in order to overlay both
voltammograms in sulphuric acid and phosphate buffethe same graph as shown in
Figure 5-8. It can be noticed that the currenbig In 0.1 M phosphate buffer at pH 7
though a larger current could be expected dueddeatiye surface area.
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Figure 5-8. Cyclic voltammograms of a H mesoporous Rh film electrodeposited onto a platima
disc microelectrode (25 pum in diameter, 8.68 uC fothe deposition charge) (solid line) in 1 M
sulphuric acid at 200 mV & and (dashed line) in 0.1 M phosphate buffer (pH 37at 2 mV s*. The
data for the cyclic voltammogram in phosphate buffewere multiplied by 50 to match the values of
the double layer charging (potential window: -0.5@ -0.3 V) and shifted by 0.3 V. The solution was

deaerated by purging with argon for at least 20 mirprior to the measurements.

The shift of potential with pH depends on the nurebaf H and & involved in the
reaction. Thermodynamically, a shift of 59 mV pét pnit is expected for a n¥h €
reaction whatever the value of n. For a 1 M sulghacid solution, the pH is about 0
and the pH for the sodium phosphate buffer is &ré&tore, a potential shift of ~ 420
mV should be expected implying that the activityppbtonsay. is equivalent to [H;
however, 1 M sulphuric acid might not be an idesivity. Instead, only a shift of 300
mV is observed to fit both voltammograms. Besidbs can be also explained by a
local pH change within the pores, which is consisteith broader peaks even though

the scan rate is much slower.

According to a similar shape (both peak positions @eak heights) of the cyclic
voltammograms on Figure 5-8, it is assumed thatottides formed in the phosphate
buffer solution at the rhodium surface are idemtioahose involved in sulphuric acid.

If an analogyin the oxide rhodium formation existssulphuric acid and in phosphate
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buffer, the same evolution of oxide rhodium spe¢kR(OH) [0 [~ Rh(OH)) should

OCcCur.
5.3.5 Voltammetry of Mesoporous Rhodium Film in HydrogenPeroxide

Figure 5-9 shows the cyclic voltammogram in 5 mMopéde hydrogen with 0.1 M
sodium phosphate buffer for aj;Hmesoporous Rh microelectrode. The cyclic

voltammogram was scanned between - 1 and 0.4 SMSE.
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Figure 5-9. Cyclic voltammogram of a H mesoporous Rh film electrodeposited onto a platima

disc microelectrode (25 um in diameter, 8.68 uC fathe deposition charge) in 5 mM HO, in 0.1 M
phosphate buffer (pH =7) recorded at 2 mV 8. The solution was deaerated by purging with argon

for at least 20 min prior to the measurements. Tharrows indicate the direction of the cycle.

The voltammetry of the Hmesoporous Rh and;Hnesoporous Pt microelectrodes in
hydrogen peroxide is similar. It is noticeable thgtrogen peroxide oxidation takes
place in the same potential window as the oxidabbthe Rh surface in phosphate
buffer.

Oxidation and reduction of hydrogen peroxide depemdhe rhodium surface state. As
for platinum, if the rhodium surface is in an oseldl state (Rh(OH), the surface is

more conducive to hydrogen peroxide oxidation; be other hand, if the rhodium
surface is in an unoxidised state (Rh(0)), theamarfis more conducive to hydrogen
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peroxide reduction. As for platinum, a place exdsmccurs when oxide rhodium
species start to form. There is a turnover protetween Rh and OH. The delay of
oxide stripping arises from Rh atoms moving backhir original places. This could
explain the continued hydrogen peroxide oxidatidnlcaver overpotential on the

cathodic sweep; hence the anodic and cathodic saeps over.

On the anodic sweep, the plateaux are well-defimeereas a slope is observed on the
cathodic sweep. For potentials negative of - 0.6hvke peaks are observed whei®OH
reduction occurs: one on the anodic sweep (I) armddn the cathodic sweep (Il and
lll). These peaks can be identified thanks to tlelic voltammogram in sodium
phosphate buffer as shown in Figure 5-8. On thieotht sweep, the peak (lll) at ~ - 0.7
V corresponds to the oxide stripping peak in phasgplbuffer. The two peaks (I) and
(I at ~ - 0.9 V match with those associated taregen desorption/adsorption in
phosphate buffer.

5.3.6 Analogy with the Hall Mechanism

A similar mechanism to platinum presented by Halh e proposed with rhodium as
shown below and considering that the Rh(OH) or Rh¢species are involved. The
mechanism mixes elementary steps (eq. 13-15, 1&id8)complexes. In eq. 15, the

complex Rh(OH).H,O, was suggested but other ones could be involved.

HZOZ(bqu) ERES HZOZ(surface (13)
H,0, + Rh(OH) U Rh(OH).H C (14)
or  H,0, + Rh(OH), Ui Rh(OH) .H G (15)
Rh(OH).H,0, 0 - Rh +§ HO +§’1 G (16)
of  Rh(OH).H,0, 03 Rh +§ H o+i—31 c (17)
Rh + H,O0 . Rh(OH) +H +7% (18)
or  Rh+3HO0OO Rh(OH) +3H +3 (19)
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5.3.7 Determination of the diffusion coefficient of hydrayen peroxideDy o0,

Thanks to microelectrode properties, the diffusioefficient can be determined by the
simple expression (equation (8)) of the steadestatreni, for a microdisc:

iL =4nFDca (8)
If the radius of the electrode, the concentratidrthe solution and the steady state
current are known, it is possible to calculate diféusion coefficient. The diffusion
coefficient was determined by using Pt microeladsoof different diameters 5, 10, 25
and 50 um on which an;Hnesoporous Rh film was electrodeposited. For e#h of
microelectrode, a cyclic voltammogram was recorded5 mM HO, in 0.1 M
phosphate buffer (pH = 7) at 2 mV* detween - 1 and 0.4 V vs. SMSE. Only the
oxidation of hydrogen peroxide is considered fais tetudy; therefore, the limiting
current for hydrogen peroxide oxidation was assksse order to determine the
diffusion coefficient. Figure 5-10 shows a magrifion of Figure 5-9 in the potential

range - 0.2 and 0.4 V corresponding to the hydrgupzoxide oxidation.

The limiting current was evaluated by calculatihg turrent due to the double layer
capacitance in the hydrogen peroxide oxidationore@if the cycle. As the surface area
is large for the mesoporous Rh microelectrode,ctgacitance is also large; therefore
the capacitance needs to be considered to me&sulientting current. When a scan rate
v is applied, the expression for the curreat steady state is when the capacitaDdg
constant:

i=Co (20)
The current due to the double layer capacitancabsence of Faradaic processes, was
measured for the potential at which the currerdirgtthe lowest value on the anodic
scan; here, the chosen potential was 0.35 V sheartodic current seems constant over
a short range of potentials. At this potential, lingiting current was assessed as the
central current between the anodic and cathodiosses the anodic and cathodic

currents for the double layer capacitance are aqpedely similar.
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Figure 5-10. Magnification of the oxidation part ofthe cyclic voltammogram shown in Figure 5-9.

Once the current for the capacitance was obtathedjmiting current can be estimated
by subtraction of the current due to the doubleslagapacitance from the current
recorded on the oxidation wave. The technique wepeated for the cyclic
voltammogram recorded in hydrogen peroxide for esazé of the microelectrode. The
diameter of the microelectrode was verified by SE#ore and after deposition in case
of an overgrowth of the film. With the applied dsepimn charge for each
microelectrode, the size remains identical. Thatiimg current was then plotted as a
function of the radius of the disc as shown in Fegb-11. The error bars correspond to
the limiting current measured on three differenttamamograms recorded in 5 mM
H,0O; in 0.1 M phosphate buffer.
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Figure 5-11. Limiting currents of hydrogen peroxideoxidation recorded for different radii of disc
microelectrodes in 5 mM HO, in 0.1 M sodium phosphate buffer (pH = 7). The sa line

represents a linear fit of the data points.

By linear regression, the diffusion coefficient wiasind to be 1.48xI% 0.08 m &
(r* = 0.9995). The value estimated by this technigueiihin the range of values found
by different workers using different methods ofestigation at different temperatures

as depicted in Table 5-1.
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Table 5-1. Diffusion coefficients for the oxidationof hydrogen peroxide estimated at different

temperatures using different techniques.

D|-|202>< 109/

Authors 2ol T/°C Method Electrolytes
van Stroe- 0.1 M sodium
Bi%z3]e:net 1.43 25 | Koutecky-Levich phosphate buffer
al. (pH=6.7)
van Stroe- 0.1 M sodium
Biezenet 1.83 37 | Koutecky-Levich phosphate buffer
al.?® (pH=6.7)
Brestoviskyet not | Reverse pulse
al 3 1.2 stated| polarography 0.1 MNacla

0.1 M HNG; +
Prabhuet al’® ( 1H2_112_ 3}2 13) 25 | Chronoamperometry| 0.05 M universal
pr=12.9-0. buffer
0.1 M HNG; +
Prabhuet al®® ( 1H(1712_ ?%-.653%) 25 | Chronopotentiometry| 0.05 M universal
P T buffer
Borggaartf® 0.88 10 | Polarography N/A
Borggaaréf® 1.35 20 | Polarography N/A
Borggaartf® 1.75 30 | Polarography N/A
Borggaartf® 2.2 40 | Polarography N/A
18] Michaelis-Menten 0.1 M phosphate
Hall et al. 0.66 20 kinetics buffer (pH=7.26)
0.1 M sodium
Evanset al™ 1.46 25 | Microelectrodes phosphate buffer
(pH=7)
0.1 M sodium
This study 1.48 25| Microelectrodes phosphate buffer

(pH=7)
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5.3.8 Amperometric responses for hydrogen peroxide oxida&in

Calibration plots were obtained by adding aliquotshydrogen peroxide in 0.1 M
phosphate buffer. Figure 5.12 compares the caidmraturve obtained for a polished Pt
microelectrode with a calibration curve recordeddanesoporous Rh microelectrode of

the same geometric surface area.
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Figure 5-12. Calibration curves for hydrogen peroxie oxidation obtained from
chronoamperometry of a polished Pt microelectrode ) and a mesoporous rhodium film @)

electrodeposited on a platinum microelectrode in @. M phosphate buffer (pH =7, T = 25 °C). The
deposition charge was 5.52 pC. The diameter of thmicroelectrodes was 2um. The electrode was
held at 0 V vs. SMSE throughout the whole experiménThe electrode was held at 0 V vs. SMSE for
20 min before the addition of aliquots of hydrogenperoxide. (dashed line) Theoretical data

obtained from the diffusion control current i, = 4nFDca usingD = 1.48x10 m s™.

The two curves are significantly different. Theremt for the polished microelectrode is
much lower than for the mesoporous Rh microeleetradd the shape of the curve is
also different. The current response for the cotigral platinum microelectrode is not
proportional to the concentration of the hydrogemogide comparing the theoretical
diffusion control response with the experimentatadaVhen the concentration of
hydrogen peroxide increases, the current resp@ashes a plateau since it is limited by
the number of available platinum sites. One waguercome this shortfall is to increase
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the surface area by modifying the surface of theroeilectrode while preserving the
properties of microelectrodes. A mesoporous Rh fiias electrodeposited on a Pt
microelectrode exhibiting a high surface area. @ilneent response for the mesoporous
Rh microelectrode was linear for low concentratiohBydrogen peroxide up to 15 mM
and shows a good agreement with the theoretichlsitin control current represented
by the dashed line. Above this concentration, tmeent starts to deviate and reaches a
plateau likely due to a saturation of the bindinigssor a limited diffusion of hydrogen

peroxide down the pores.

A quantitative analysis of the limiting current waadertaken to monitor hydrogen
peroxide amperometrically. ;Hmesoporous Rh microelectrodes with different film
thicknesses were characterised by cyclic voltamyrietd M sulphuric acid to estimate
the surface area. All the cyclic voltammograms &k tH mesoporous Rh
microelectrodes with different thicknesses look&land resemble that shown in Figure
5-1. The film thicknesses can be controlled bydhposition charge. The surface areas
were determined by the charge involved under thdrdgen desorption peak in

sulphuric acid.

Figure 5-13 shows the calibration data for eigffedent thicknesses over the range of 0

and 75 mM of hydrogen peroxide.
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Figure 5-13. (a) Calibration curves for hydrogen peoxide oxidation obtained from
chronoamperometry of mesoporous rhodium films elecbdeposited on platinum microelectrodes
for different thicknesses in 0.1 M phosphate buffgpH = 7, T = 25 °C). The different thicknesses

are obtained with different deposition charges: ¢) 0.434 uC, 0) 0.868 uC, ¥) 1.74 pC, A) 5.52
pC and (b) @) 8.68 uC, () 17.36 UC, ¢) 26.04 uC, ¢) 34.72 uC. The electrode was held at 0 V vs.

SMSE throughout the whole experiment. The electrodevas held at 0 V vs. SMSE for 20 min before

the addition of aliquots of hydrogen peroxide.
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The effect of the film thickness was investigatgddepositing H mesoporous Rh films
onto the polished Pt microelectrodes. The trenthefcurrent response is linear over a
low concentration range below 20 mM hydrogen peatexilndeed, thicker films
increase the surface areas but have no benefitedt @n the current response. The
current for a H mesoporous Rh microelectrode tends to a constaloie vat high
concentrations of hydrogen peroxide. Although thesaporous film becomes thicker,
the value for the current response remains sinmilae mechanism of the oxidation of
hydrogen peroxide was investigated by looking & éffect of film thickness using

microelectrodes.
5.4 Kinetic Model

Our experimental results lead to the conclusiont thaalid kinetic model could be
attributed to the oxidation of hydrogen peroxidewdng throughout the mesoporous
film. According to the data for the microelectrodeh different film thicknesses, the
reaction is mass transport limited for low concatidns of hydrogen peroxide. The
kinetic model described next has been suggestikéointo account all the factors. The
model was originally developed to the oxidation MADH at poly(aniline)-coated
electroded?.

A kinetic model was proposed from Albery’s pap&r® to account for the reaction of
H,0, occurring through the mesoporous film. It is asedrthat HO, diffuses into the
film and it is adsorbed at sites within the pores.

H,0,0ug QES;E* H,0y9 Mass transport to the electrode surface

Where HOypuiky and BOz () represent bD; in the bulk of the solution and,B, at the
electrode surface respectively akih s is the mass transport rate for,®4 at the

microelectrode.

In the model for the oxidation of NADH at poly(ang)-coated electrodes, a partition
into the film was considered (the partition coaéiic for NADH into the film was
denotedKs). In the present case, the pores are accessibleetsolution. Hydrogen

peroxide is uncharged, so there is not a Donnalugia effect andKs = 1.
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H,O, + Rh(OH) Q@@ Rh(OH).H,0, Complex formation at the surface

of the pore walls

Rh(OH).H,O, O - Rh +gHZO + :—302 Chemical reaction within the film

Rh+3H OO Rh(OH) +3H +3

whereKy is the equilibrium constant for @, adsorption and.,: the rate constant for
the oxidation of the adsorbed®b.
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Figure 5-14. Schematic of the suggested reactionrfthe oxidation of hydrogen peroxide in the

pores. (top) Concentration profile of hydrogen peraide in the bulk and in the pore and (bottom)
description of the different steps of the reactiorin the pore.

This type of reaction mechanism was presented Ierilet al’®**>® assuming that a

steady state was established and its applicationantperometric chemical sensors

presented by Lyonet al®*®. In order to apply this model, it is importantknow the
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concentration of the reactant species at the eldetsurface. The concentration of the
reactant species at the electrode surface for eaiectrode was calculated!tH

[H,0,]o =[H,0,]pu _i/nFAsz (21)

This equation is valid only ifH,O,],,, —1/nFAK,s=0

In the case of a disc microelectrodep s = 4D/ra. The diffusion coefficient was
calculated previously in Section 5.3.8. Thus ip@ssible to evaluate the concentration
of hydrogen peroxide at the electrode surface.rei§dyl5 shows the calibration curves
of limiting currents measured at 0 V vs. SMSE dsirection of the calculated 1@,

concentration at the electrode surface.
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Figure 5-15. Calibration curves for the oxidation & hydrogen peroxide obtained from
chronoamperometry of mesoporous rhodium film electodeposited on platinum microelectrodes for
different thicknesses in 0.1 M phosphate buffer, pH= 7, T = 25 °C. The different thicknesses are

obtained with different deposition charges:(a) ¢) 0.434 uC, ¢) 0.868 uC, ¥) 1.74 uC, Q) 5.52 pC
and (b) (m) 8.68 uC, () 17.36 uC, ¢) 26.04 uC, ¢) 34.72 uC. The data were modified for the
concentration of hydrogen peroxide at the electrodesurface. The electrode was held at 0 V vs.

SMSE throughout the whole experiment. The electrodevas held at 0 V vs. SMSE for 20 min before
the addition of aliquots of hydrogen peroxide.
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The semi-analytical model from Albery can then tdi®. No inhibition will be
considered and a fast desorption gfuias assumed; an expression for the current can
be formulated from equation (6) and (23) of thequdpy Albery®® and the current is
substituted by the flux to obtain:

i =nFAK,, Dyy/ L (22)

with A, the geometric area of the electrode{cm

and,

81/20,

(1+ a){ 2l a~In(1+ a)]}u2

y={2e[a-In(1+ a)]}”2 tan (23)

WherelL is the thickness of the filnDs is the diffusion coefficient of D, in the film
(in this study, the diffusion coefficient of,B, into the pores will be assumed to be
equal to the diffusion coefficient of B, in the bulk in order to simplify the analysis)

and the notation will be

2

&= L /_sitekcat (24)
DSKM

wherel s represents the coverage of the rhodium active Gitel cnt)

and

a=[H,0,],/K, (25)

The film thickness is determined by calculating tblearge under the hydrogen
desorption peak®Q, on the cyclic voltammogram recorded in 1 M sulphacid after
deposition:

L=0Q (26)

whereo is constant.
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Equations (24) to (27) define four different limig cases for the behaviour of the

system. Before proceeding it is necessary to defieéreaction layer thickness’:

D 1/2
X, =| == 27
(kcatj 27)

This parameter corresponds to the distance overhathydrogen peroxide diffuses into

the pore before it reacts on the Rh pore wall asveton Figure 5-14.

Four cases are represented for this mb¥el

No concentration polarisation in the pore (Case I)

In this case,oxygen diffused out of the pore aral ¢bncentration of ¥D, is equal
through the pore. This is possible when the filnthis (> 1) and the concentration of
H20; is insufficient in order to saturate the reacties ( < 1). In case I, the current is
given by:

i, =NFAK,/ g.L[ H,0),/ K, (28)

site

Overall the reaction is first order in,&, and occurs throughout the film.

Low substrate concentration : unsaturated kineficasell)

In this case, the concentration of®4 is insufficient to saturate the reaction sites<(
1) but here the film is thicke(> 1) so all the kD, is consumed in a first order reaction

layer at the outside of the film and the currergiien by:

i, =nFA[H,0,] (Ka/ seDs/ K1)~ (29)

site

In this case, the flux will be independent of thereplength and the chemical reaction

will be far greater than the rate of diffusion of®4 in the film.
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High substrate concentration : saturated kinetiCsage I1I)

The concentration of #D, is sufficient to saturate the sites ¥ 1) and the film is
sufficiently thin € < 20) so that the reaction of B, occurs with zero order kinetics
throughtout the whole film. The current is given by

iIII :nFAKat/_siteL (30)

The current depends on the pore length and theeotmration of sites within the pore

but is independent of @, concentration.

Intermediate substrate concentration : partialltigated kinetics (Case V)

The concentration of ¥D.is sufficient to saturate the sites at the upper giathe pore
(o > 1) but falls as it is consumed within the film< 20) so that the kinetics become

unsaturated further into the film. The currentiigeg by:

iy =nFA(2k,/ ", .DJH O] )" (31)

site

The current is independent of film thickness and &ahalf order with respect to the
concentration of sites within the film and the cemgation of HO,. The current
expressions for each Case with the reaction orfleach parameter are summarised in
Table 5-2.
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Table 5-2. Summary of the current expressions foraeh case with the respective reaction orders of
the different reaction variables.

Reaction order wrt.
Case Current expression Eq No
[H202]o | Isite | L
I iI = nFAKat/_siteL[H 202]0/ KM 1 1 1 28
” iII = nFA[HZOZ]o(kcat/—siteDS/ KM)1/2 1 1/2 0 29
0l by = NFAK, e L 0 1 1 30
. 1/2
\Y iy, = nFA(2k,/ DdHO,]) Ya Y 0 31

The different Cases with their respective concéwingorofiles are shown in Figure 5-
16.
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Figure 5-16. Case diagram representing the four diérent Cases and the respective concentration
profiles. The grey areas represent the edge of threesoporous film.

120



Thomas Esterle Hydrogen peroxide

The expressions for the current across the casedaoes are shown in Table 5-3.

Table 5-3. Approximate analytical expressions fortte currents across the different case boundaries.

Case : : ,
Boundary Approximate analytical expressions for the currents | Eq No
1/ nFAD, kca‘—/—site[Hzoz]otanh Me,_z 32
KMDS KM S
/v nFA\/ZK;at/_siteKMDS{(M]_ |n[1+—[H D] Oj} 33
Ky Ky,
I gl
IV /1l NFAJ2k - DIA O ] tanh | sie 34
A2kl 4eDIH O J fanh 70 -
H,O
VAl nFAIgat/'SneL(%j -
[H202]0+KM

5.4.1 Application of the model

The experimental data from the calibration curves wsed to test the kinetic model
described above. Two steps are necessary to fitriexpets to theory. Firstly, the
equations do not include the concentration poladasan the solution; therefore the
equations are used to determine the concentratadngl,O, at the solution/film
interface. Secondly, the data was viewed to estimditich case it belongs to. From the
reaction orders, it can be suggested which casddtaecorresponds to. Thus, from the
case proposed, the equation with the parametevstten in the form in which the data
should fit. The parameters have been calculated fhrenprogram where the best curve

fit is obtained.

¢ corresponds to the film thickness (or deposititrarge). At a fixed value of,
increasing [HO,], corresponds to increase an therefore the case boundaries have to
be either I/lll or II/IV unlesse = 1. In this situation¢ = 1), the case boundary
approximations would not work since they are detifrem making assumptions about

relative magnitude of the terms of the full equatgnd hence would not be valid.
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For example: Figure 5-17 shows a calibration cwfvemiting currents measured at O
V vs. SMSE as a function of the hydrogen peroxidacentration at the electrode

surface for a Hmesoporous Rh film with a deposition charge o881€.
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Figure 5-17. Calibration curve for the oxidation of hydrogen peroxide obtained from

chronoamperometry of mesoporous rhodium film electodeposited (deposition charge = 8.68 pC,
diameter = 25 um) on platinum microelectrodes forn 0.1 M phosphate buffer, pH = 7,T = 25 °C.

The data are plotted as a function of the calculate concentration of hydrogen peroxide at the
electrode surface. The electrode was held at 0 V.v\SMSE throughout the whole experiment. The
electrode was held at 0 V vs. SMSE for 20 min beferthe addition of aliquots of hydrogen peroxide.
‘A’ represents the section in which the concentratin of hydrogen peroxide has an effect on the
current and ‘B’ represents the section in which theconcentration of hydrogen peroxide does not

influence the current.

The plot in Figure 5-17 was split in two sectiody @nd (B). In section (A), the
concentration has an effect so the data corresgondase I. In section (B), the
concentration effect is vanishing; but the filmckmess has an effect up to some extent,
which could refer to case Ill. To analyse the dattogether, case boundaries
expressions need to be determined as shown in Bakle

The film thickness is incorporated in the expresdiar the case boundary I/Ill which
could be used to fit the d&t. Therefore, all the data plotted in Figure 5-15 te
analysed with the following equation.
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. [H.,0,],
I = NFAK Mo L(m} (35)

This equation was changed into a two parametertiequi@r the curve fit:

[H ZO 2] [o] + b
where
a=nFAK,/ ,.L (37) and b=K, (39)

The software SigmaPlot 11.0 was used to fit datthi® equation. The program varies
the value of the two parameters until the theoaéticurrent is as close to the

experimental current as possible using non-lineastl squares fitting.

The equation (36) needs to be modified as follawsrder to check the accuracy of the
data.

The equation was arranged by plotting the invefgatensity versus the inverse of the
concentration as shown in Figure 18, which is cadllee Lineweaver-Burk plot:
1 b 1 1

i a [H0l, a (40)

The calibration curve was plotted by considering llydrogen peroxide concentration
at the surface of the film [#]o.
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Figure 5-18. Data from the calibration curve in Figire 5-17 rearranged to be plotted as the inverse
of the current as a function of the inverse of theoncentration of hydrogen peroxide at the surface
of the H; mesoporous Rh film. (solid line) fit of the data ganged in a Lineweaver-Burk plot (the fit

was obtained from equation (36) and the data werereanged for the Lineweaver-Burk plot).

The fit (7 = 0.998) deviates slightly at low concentratiofikis can indicate that the
data of the calibration curve are of good quality hot perfect. The model can be

applied.
5.5 Results

All the data were treated using this method tohig parameters. After the inspection of
the data, the curves are fit using two parametétfs tlve appropriate equations. Once
the parameters are obtained, they are compareticick dahe validity of the fit. The
parameters are cast kg sieo andKy. Figure 5-19 shows the values lQf{/ sic and
Kwm as a function of the charge calculated from théréiyen desorption region in 1 M
sulphuric acid (the charge under the hydrogen gé¢isor peak is related to the thickness

of the mesoporous Rh film).
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Figure 5-19. Plots of the fitted parameters (ak.al s and (b) Ky as a function of the charge

calculated under the hydrogen desorption peak fromcyclic voltammograms recorded in 1 M
sulphuric acid for different depositions of mesopoous Rh films on Pt microelectrodes (diameter =
25 pm). The values correspond to the mean of the m®urements and the error bars stem from the

standard error.
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The values forkead s decrease down to one order of magnitude when liaege
calculated in sulphuric acid, related proportiopdth the film thickness, increases as
shown in Figure 5-19a; this suggests tal sio is dependent of the film thickness. As
the same surfactant was used,khé siic value should be the same even when growing
thicker films. The values foKy, also decrease when the charge calculated in acid
increases but to a lesser extent as shown in Fiya@b.

The analysis ok.af sitec0c andKy, leads to a change of values with thicker films relas
these values should be independent of the filmkti@ss. As the film thickness
increases, the values for the current responseight ¢toncentrations of hydrogen
peroxide seem similar though a slight increase lbanobserved. For example, by
growing a film twice as thick, we would expect, &dson our kinetic model, that the
current response would be more significant for ttiieker film but the values for the
current response remain close for both films. Hetlue behaviour does not reflect the
proposed kinetic model. A possible explanationtfes could be a product inhibition.
While the oxidation of hydrogen peroxide occurshivitthe pores, the produced oxygen
could then adsorb onto the pore walls or oxygerblasgbcould occupy the space within
the pores and thus prevent hydrogen peroxide frdfasthg down the pores. The

current response would be then limited by the awdity of sites.
5.5.1 Product inhibition: oxygen

Figure 5-20 shows Levich plots for the oxidation lofdrogen peroxide on aiH

mesoporous Rh film electrodeposited on a Pt RDEe d&ta were recorded with the
solution purged with argon gas and in presence xyfgen. The experiment was
conducted for the recording of the current in thetaps: the solution was first purged
with argon gas, then the solution was bubbled witygen and finally the solution was
purged with argon gas to ascertain that the curienmecovered after bubbling the

solution with oxygen.
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Figure 5-20. Current response for a mesoporous Rhilm electrode (deposition charge 0.347 C,
geometric area 0.196 cf) held at 0 V vs. SMSE in 0.1 M phosphate buffer gtH 7 as a function of
the square root of the rotation rate. Results showifior a 1 mM H,0, in 0.1 M phosphate buffer at
different rotation rates. e+line) the solution was purged with argon gaso+dot) the solution was
purged with oxygen gas.y+dash) the solution was purged with argon gas aftquurging the solution

with oxygen.

The aim of this experiment was to look for any aesiwhen the solution was purged
with argon gas or contained oxygen in order todath any effect of inhibition by
oxygen. As the data in Figure 5-20 show, thereoigvidence for significant inhibition

by oxygen.

Another possibility is that electrogenerated oxygeeay form bubbles that are trapped
in the pores. Electrochemical impedance spectrgse@s used to monitor to check if
gas bubbles form and block the pores durin@Hoxidation. A mesoporous Rh film

was electrodeposited onto a Pt rotating disc aldetr The impedance was recorded
over a large range of frequencies (0.1 Hz and 188) kn the absence and in the
presence of hydrogen peroxide in the phosphateebufigure 5-21 shows a Nyquist
plot of a H mesoporous Rh film for different concentrationshytdrogen peroxide

where the potential was held 0 V vs. SMSE.
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Figure 5-21. Nyquist plot for a mesoporous Rh filmelectrodeposited on a Pt RDE (deposition
charge 0.347 C, geometric area 0.196 érheld at 0 V vs. SMSE in 0.1 M phosphate buffer ¢p = 7)
with different concentrations of H,O,. @) in 0.1 M phosphate buffer (pH = 7).0) 1 mM [H,0,] in 0.1
M phosphate buffer (pH = 7). v) 3 mM [H,0,] in 0.1 M phosphate buffer (pH = 7). The solution
was purged with argon gas. The frequency range wdetween 828 and 0.1 Hz.

The impedance remains similar in all cases. If exywas trapped into the pores, the
presence of oxygen would have been reflected ininttpedance showing a dramatic
change in the capacitance caused by the reducti@ectrochemical surface area. In

consequence, the effect is not due to oxygen galsiédiormation.

According to the results of these experiments, erygloes not act as a product

inhibition which can affect the kinetic model.
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5.5.2 Effect of the phosphate buffer concentration

Other possibilities could result in the limitatiohthe reaction down the pores such as a

deficiency of the buffer capacity as observed bgekd et all*®

. In our study, a
phosphate buffer was used and therefore modifynegcbncentration of the phosphate
buffer would entail a change not only in the buftapacity but also in the ionic
strength. As there is no Donnan exclusion, thecigtiength should not cause any effect
but will be investigated by state of mind. The effef the ionic strength was first tested
by adding kSO, while maintaining the concentration of the phogphauffer. A ‘thick’
mesoporous Rh film (deposition charge = 34ji€) electrodeposited on a Pt
microelectrode was used for the experiment to eaticy effect. The current response
was monitored for the hydrogen peroxide oxidatian0aVv vs. SMSE in different
concentrations of hydrogen peroxide. Figure 5-28shcalibration curves over a large
range of hydrogen peroxide concentrations at anpiateat which oxidation occurs for

various KSQO, concentrations.
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Figure 5-22. Calibration curves for the oxidation & hydrogen peroxide obtained from
chronoamperometry of a mesoporous rhodium film elettodeposited on a platinum microelectrode
(diameter = 25 um, deposition charge = 34.72 uC) i1 Mphosphate buffer(pH = 7, T = 25 °C) in
presence of KSO,. ) in 0.1 M phosphate buffer (pH = 7).0) in 0.1 M phosphate buffer + 0.1 M
K>SO, (pH = 6.86). ¥) in 0.1 M phosphate buffer + 0.2 M KSO, (pH = 6.83). The electrode was
held at 0 V vs. SMSE throughout the whole experiménThe electrode was held at 0 V vs. SMSE for
20 min before the addition of aliquots of hydrogermperoxide.
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Increasing the electrolyte concentratiopSKy, does not improve the current response;
on the contrary, a slight decrease can be obsqd@d5 % from the value without
K>SQy). It was also noticed that the pH of the solutizass approximately 0.15 pH unit
less with the addition of ¥80O, which could account for the drop in the current
response. The effect of the ionic strength cani®eadded from our hypothesis to play a
role to affect the current response due to thedgein peroxide oxidation.

The effect of buffer capacity was tested by chaggive concentration of the phosphate
buffer. Figure 5-23 shows calibration curves ovdarge range of hydrogen peroxide
concentrations at a potential at which oxidatiocunss for various concentrations of

phosphate buffer.
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Figure 5-23. Calibration curves for the oxidation & hydrogen peroxide obtained from

chronoamperometry of a mesoporous rhodium film eletcodeposited on a platinum microelectrode
(diameter = 25 um, deposition charge = 34.72 uC) rfalifferent concentrations of the phosphate
buffer, pH = 7, T = 25 °C.e) in 0.2 M phosphate buffer (pH = 7).0) in 0.1 M phosphate buffer (pH

=7).v)in 0.05 M phosphate buffer (pH = 7). The electroel was held at 0 V vs. SMSE throughout
the whole experiment. The electrode was held at 0 ¥s. SMSE for 20 min before the addition of
aliquots of hydrogen peroxide. On the right, the dawings correspond to an approximate depth in

which hydrogen peroxide penetrates into the pore.
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The current response deviates rapidly from the nt@sssport behaviour in 0.05

phosphate buffer. The release of the protons upagator is accompanied by tt
uptake of the base electrolyte, whic responsible for a loss of the buffer capacity.
local buffer capacity is then reduced and thenldical pH inside the pores decreas
The presence of protons in large quantities cathto a more acidic medium within tl
pores. The decrease of the local pH can then emntdilft of the oxidation towards mc
anodic potentials and the Rh sites are in redutzd. As the potential remains const
upon our experimental conditions, theaction will not occur down the pore. T
hydrogen peroxide oxidation then occurs on theer part of the pore. Figure-24
shows a schematic representation of a pore fillpavith the phosphate buffer (pH=

and a more acidic solution in the case thesphate buffer concentration is Ic

Phosphate buffer
(PH=7)

Pore wall

Acidic solution

Electrode substrate

Figure 5-24 Schematic representation of a pore filled up witha phosphate buffer solution. The
dashed line represents the demarcation between thhosphate buffer (pH = 7) (blue) and a more

acidic solution down the pore (red

At high concentrations of hydrogen peroxide (>10 )nMe production of protons
significant enough to lower the buffer capacity dhd plateau appears more rapi
with a low concentration (phosphate buffer. As the pH becomes more acidimdbe
pore, the hydrogen peroxide oxidation will not acclihe current response is direc

affected by the local change of |

When the concentration of the phosphate buffencseiased, the linear rion (low

concentrations of hydrogen peroxide) was extendext a larger hydrogen peroxi
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concentration range. At high concentrations of bgeén peroxide, the current response
still becomes a plateau but exhibiting higher autrnealues. This increase is attributed
to the reaction of hydrogen peroxide oxidationtartinto the pore, which is consistent
with an increase of the buffer capacity. Increadimg concentration of the phosphate
buffer maintains the pH. Therefore, a sufficientogphate buffer concentration is

required to avoid any shift of pH within the pores.
5.5.3 Effect of the potential of oxidation

Figure 5-25 shows calibration curves recorded férdint potentials for the hydrogen

peroxide oxidation.
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Figure 5-25. Calibration curves for the oxidation & hydrogen peroxide obtained from
chronoamperometry of a mesoporous rhodium film eletcodeposited on a platinum microelectrode
(diameter = 25 um, deposition charge = 34.72 pC) .1 M phosphate buffer (pH = 7,T = 25 °C)
recorded at different potentials. Potentials for hgrogen peroxide oxidation: e) 0 V vs. SMSE,o)
0.05 V vs. SMSE,¥) 0.1 V vs. SMSEA) 0.15 V vs. SMSE anda) 0.2 V vs. SMSE. The electrode
was held at the appropriate potential of the expement for 20 min before the addition of aliquots of

hydrogen peroxide.
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At low concentrations of hydrogen peroxide (up 8@M), the current responses for
the different potentials of oxidation are lineaddrave similar values. However, when
the potential for the oxidation increases, the enirresponses are improved. When the
potential is increased, more rhodium sites are uadeoxidised state. Therefore, the
reaction can occur over a larger coverage of oadlihodium sites on the catalyst
surface. When concentrations o0f®4 are high, the current response is thus increased
with the applied potential. According to the resuf the experiments, the coverage of
oxidised rhodium sites is strongly dependent ofgghleof the solution and the applied

potential.

The calibration curve obtained at 0.2 V vs. SMSEdssistent with that Evaret al"
obtained at + 0.6 V vs. Ag/AgCI though they useah@soporous Pt microelectrode in
their study. The values and the trend of the catlibn curve in their study are similar to

our present work.
5.5.4 Simulation of calibration curves

In this work, the effect of the film thickness wiasestigated in 0.1 M phosphate buffer
but the current responses with ‘thick’ mesoporotisfifns were relatively similar due
to a lack of buffer capacity. In this part, calittoa curves are illustrated to observe the
effect of the film thickness in 0.2 M phosphatefeufComputational calibration curves
are only an illustration and do not necessariljfefthe reality. It gives an idea to the

reader how the calibration curves should appeadifterent thicknesses.

Based on the calibration curve obtained for theapesous Rh film (deposition charge
= 34.72uC) in a 0.2 M phosphate buffer, the current respdos the ‘thick’ films was
generated from the expression for the case bountdty(eq. 37) by choosing
appropriate values d..d sieo andKy. Assuming that the values f&h, are correct for
the ‘thin’ films, they can be used for a good startapproximation to the ‘thick’ films
(see Table 5.4 whet¢y varies). The values fd.d 5o depend on the film thickness
so these latter for the ‘thick’ films were choseanfi the trend of values for the ‘thin’
films. Figure 5-26 shows the calibration curves #relbest fits for the ‘thin’ films and
the computational curves for the ‘thick’ films.
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Figure 5-26. Real and expected calibrations curvdsr the oxidation of hydrogen peroxide obtained
from chronoamperometry of a mesoporous rhodium filns electrodeposited on a platinum
microelectrode (diameter = 25 pm) in phosphate buéfr, pH = 7, T = 25 °C. The real calibration
curves were obtained in 0.1 M phosphate buffer fodifferent deposition charges #) 0.434 uC,0)
0.868 uUC, ) 1.74 uC and A) 5.52 puC. The solid lines correspond to the bestts of the
experimental curves to the expression for the caddll. The long-dashed, dotted, short-dashed and
dot-dashed lines represent the best fits of the e&pted curves to the expression for the case I-11bf
‘thick’ mesoporous Rh films with the respective depsition charges of 8.68, 17.36, 26.04 and 34.72
HC. The data for the fits are presented in Table 8. The curves are generated for the electrodes
held at 0 V vs. SMSE. Reproduction of the calibratin curves for the oxidation of hydrogen
peroxide obtained from chronoamperometry of a mesogrous rhodium film electrodeposited on a
platinum microelectrode (diameter = 25 um, depositin charge = 34.72 uC) recordedm) in 0.2 M
phosphate buffer(pH = 7,T = 25 °C) and@) in 0.1 M phosphate buffer (pH = 7,T =25°C) at 0.2 V
vs. SMSE.

Table 5.4 shows the values for the parameters tf@rbest fits of the curves for the
‘thin’ films (deposition charges between: 0.434 &n@2 uC) and the values chosen to
generate the calibration curves for the ‘thickifd (deposition charges between: 8.68
and 34.72 pC).
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Table 5-4. Values for the parameters for the besité of the expression for the case I-lI.

Deposition charge / pC| kead siteo! mol cni? Ct s? Ky / mM
0.434 4.675x0.607 14+6.5
0.868 3.882+0.337 22+2.0
1.74 2.382+0.153 11+4.7
5.52 0.627+0.006 5.5+1.3
8.68 0.802+0.011 5
17.36 0.492+0.024 5
26.04 0.383%£0.017 5
34.72 0.377+0.002 5

In the light of the results from the buffer capg@iperiment, the current responses of
the thick films were simulated in a 0.2 M phosphatéfer. The simulated calibration
curve fits the experimental calibration curve releal in 0.2 M phosphate buffer for a
deposition charge of 34.72 uC, though might slightly less to match the data for low
concentration of hydrogen peroxides. Interestingty,can be observed that the
calibration curve recorded at 0.2 V vs. SMSE inM.jphosphate buffer fits with that of
recorded in 0.2 M phosphate buffer at 0 V vs. SMSBw concentration of hydrogen

peroxide.

The results are consistent with the findings froroefa et al. using platinum black high
surface area electrddf® The reaction at the electrode surface is stroaffigcted by
the local change of pH at high concentrations g®H A concentration of phosphate

buffer is thus recommended to avoid the inactivatbthe surface sites.

In this work, the diffusion coefficient was congieé the same in the bulk solution and
into the pores for simplicity in the calculationss reported by Amatof&!, diffusion

within nanopores consisting of long cylinders wathadius of close to the size of ions is
slower than in the bulk solution. Therefore, th#udion coefficient in the nanopores
may be smaller than those seen for species inutesblution. The species may attain
the active bottom parts of the pores with diffigulAmatore offers a theoretical model
describing the interrelationship between diffuséomi reaction within nanopof&4 The
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physico-mathematical modeling presents the trerfdeanopores in contact with a
solution of dilute species. The analysis led tdimics kinetic behaviours where diffusion
plays a key role supplying the species from the Isolution to the active sites on the

pore wall§.
5.6 Conclusion

Mesoporous Rh films were successfully electrodeépdsinto platinum microelectrodes
from lyotropic liquid crystalline templates usedtire hexagonal phase. The properties
of mass transport of microelectrodes were combwéll the high surface area of
macroelectrodes. Kinetically limited electrode temts can thus be quantitatively
analysed thanks to the high surface area provigeithdo internal surface of the pores.
The voltammetry of hydrogen peroxide on conventigiiatinum microelectrodes was
proved to be poor and unstable due to a rapid a&ar of binding sites. The
voltammogram of hydrogen peroxide on platinum ndegos does not exhibit the usual
sigmoidal shape of steady state voltammogramsoihtrast, the electrodeposition of a
mesoporous Rh film improved greatly the voltammegrhibiting two well-defined
plateaux for the oxidation and the reduction ofrogén peroxide. We chose rhodium
over platinum because the oxidation of hydrogeroxide can occur at lower over-
potentials resulting in avoiding interferences wiitiner species such as uric acid or
ascorbic acid. The potentials where hydrogen pdeogriidizes and reduces depend on

the surface state of the metal.

Calibration curves were obtained by adding aliqudtsydrogen peroxide into a 0.1 M
phosphate buffer stepwise. The calibration curve fbe polished platinum
microelectrode deviates greatly from the theorétiebues calculated from the diffusion
equation. It has been reported that the lineafity@ current response was not observed
beyond 1 mM. However, the current in this work wasasured for concentrations of
hydrogen peroxide above 1 mM up to 70 mM. The ebeletposition of the mesoporous
Rh microelectrode improved the current responsmaditiaally of low concentrations of
hydrogen peroxide (range between 0 mM and 20 mMWb&ing a linear behaviour
ensuring the mass transport control of the reaatising microelectrodes. Above 20
mM, the current response tends to a plateau prglgaid to a limitation of the hydrogen

peroxide oxidation down the pores or due to a a#tur of the binding sites. The
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linearity of the current response was improved riyréasing the concentration of the
phosphate buffer resulting in a higher buffer c#iyaaccording to Figures 5-22 and 5-
23. A higher concentration of the phosphate buffamtains the pH down the pores and
allows the reaction to occur. If the pH drops, BRte binding sites are under a reduced

state and the hydrogen peroxide oxidation stopepited in Figure 5-24.

A model to predict the current response of mesamoih microdisc electrodes for the
oxidation of hydrogen peroxide as a function offitra thickness and the concentration
of the hydrogen peroxide has been described. THelityaof the model was
demonstrated for the 'thin' films but was not fdwe t'thick' films since a low
concentration of phosphate buffer was used foretkgeriments. It was shown that a
higher concentration of phosphate buffer was thecessary so that the effect of the
film thickness could become pertinent. A changethia local pH may dramatically
affect the electrode process, which in turn affehts current response. The electrode
potential was chosen low enough to avoid the oladabf other species but the current
response depends on the potential of hydrogen pleraxxidation. Thus the current
response was increased by stepping the potentia@rtis more positive potentials to 0
V vs. SMSE (potential initially chosen). The potahtof oxidation and the
concentration of the phosphate buffer need to lggogpiate to support a reasonable
analysis of the kinetic model for the hydrogen pete oxidation in a mesoporous Rh

film.
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Chapter 6: Electrochemical impedance characterisatin of
nanostructured mesoporous platinum films in ionic iquid

electrolyte

In Chapter 5, the diffusion of hydrogen peroxidethii the nanochannels of the
mesoporous film was investigated. Hydrogen peroidagesmall molecule which is able
to get into a nanopore of a few nanometer diameétgueous electrolytes are fluid,
which facilitates the liquid to penetrate easilsotigh the mesoporous films. In contrast,
ionic liquids possess larger molecules than in agselectrolytes and are more viscous
stemming from their electrostatic interactions, ethis a limiting factor to penetrate in
these confined spaces. In this Chapter, the atulysof the ionic liquids in the H
mesoporous Pt is investigated as to look at thpgsties of this type of nanostructure in

ionic liquids.

6.1 Overview

Due to their high boiling point, negligible vapguressure, these compounds provide an
alternative option as solvents in chemical procéjsﬂe Their use in electrochemistry is
of prime interest attributed to their inherent moonductivity without the need of using
a supporting electrolyf. A key advantage over aqueous electrolytes is vifue
electrochemical window spanning up to 6 V, indiegta high resistance for the cation
and anion to reduce and oxidfseRoom Temperature lonic Liquids (RTILs) are very
attractive, thanks to their physical and chemicedpprties, for a wide range of
applications such as batteffésfuel cell€® 7, solar cell¥, electrodepositidf ! The
wide potential stability with low vapour pressugesd high ionic conductivity that ionic
liquids possess make them preferable for new elgletiing routes °. Also oxygen-
free ionic liquids are highlighted as a safety addaige over non-aqueous electrolytes for

lithium battery applicatiors’.

Supercapacitors are energy storage devices withhaemergy density and high power.
Currently, supercapacitors operate in aqueous agahw electrolytes leading to low
values of cell voltage (1.23 V for aqueous elegted, 2~3 V for organic electrolytes).

The maximum energy and power of a supercapacifmroigortional to the square of the
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cell voltage. Therefore the performance of the srggacitor is thus limited by the
electrochemical window. The wide electrochemicahdaw (up to ~ 6 V) of RTILs
could improve significantly their performances. Trhetivation to use ionic liquids for
supercapacitors has generated many studies onaieledlayer capacitance at the
interface between the electrolyte and the electrateriaf®. The capacitance
behaviour depends on the applied potential, eldetrmaterial, the nature of the
different ions and the surface structure at thecteddefionic liquid interfad&”.
Experimental**® and theoretic8f' "' studies on these systems have suggested a
“bell”-shape for the plots of the capacitance daraction of the potential or “camel’-
shape. The complicated shape of the curves dependthe double layer at the
electrolyte/electrode interface. The distinctionwsen these two shapes was related to
the combination of different processes including tbnic polarizability, the relative

permittivity, the void density and the specific agstion of both cations and anidts

These studies have considered the capacitanceanarptlectrodes where the curvature
of the surface is small compared to the size of itdms. However, a recent study
established that the ion size and the electrodeatune have an impact on the electrical
double layer capacitance. Many applications reduigl specific area electrodes which
are a result of the exposed area offered by thestarctures such as mesoporous
carbon black®. The capacitance on the mesoporous structuret iweibknown. Recent
studies have demonstrated an anomalous large tapaxeiwhen the pore size is
comparable to the size of the ifls In contrast, it is expected that charging rates
become slower due to an impeded ionic mobility arnigher resistance along the small
pores within the structuf8. These effects are important to understand tHeenée of

the structure properties in ionic liquids.

This Chapter deals with the study of the interfdsgween an ionic liquid and a
nanostructured Pt electrode with high specific auefarea. Nanostructured Pt films
were grown by electrodeposition through the hexafphase of the lyotropic liquid

crystalline phase as described as in Chapter 3n&hestructure exhibits an hexagonal
array of pores with radii close to the size of tbhas or small ionic clusters. In a
previous study, the impedance analysis of sulphagid contained in a mesoporous Pt

film showed a large capacitance of 110 mFand short access time with frequencies

142



Thomas Esterle lonic liquid

up to 1 kHZY. The same method was applied in the present workssess the
accessibility of the ionic liquid 1-n-butyl-3-3megtimidazolium hexafluorophosphate
(BMIM-PFg) within the H mesoporous Pt film and to evaluate the performaofce

BMIM-PFg in H; mesoporous films as a supercapacitor electrode.

6.2 Preparation and characterisation of the electrodes

Platinum disc electrodes (0.00196 %rwere fabricated by sealing 5Q0n diameter
platinum wire in glass. The platinum disc elect®uere polished using silicon carbide
paper (CC 1200, English abrasive) and water/alurslogies (Buehler) with particle
sizes of Jum and 0.3um. The microdiscs were then electrochemically atterssed in
1 M sulphuric acid. Around 30 scans between -0.68 @.85 V vs. SMSE were
necessary to remove the impurities at the surfdcthe electrode by oxidizing and

reducing the species and thus obtain a stableccysliammogram.

The H mesoporous Pt film was deposited onto a polishedlist electrode from
different plating mixtures. The plating solution®ene a ternary system of surfactant
(C12EOs) (42 % wit), water (29 % wt) and,AtCk (29 % wt) and a quaternary system of
surfactant (GEOg) (41 % wt), water (28.5 % wt) and,PtCk (28.5 % wt) and heptane
(2 % wt). These proportions were chosen to form hlegagonal lyotropic liquid
crystalline phase. This phase was confirmed bygupwmiarized light microscope. The
use of different surfactants varies the pore siz¢his case, the use of £GOs yields a
pore size of ~1.8 nm and a pore size of ~3.5 nobtained with the use of,gEOg +
heptan&?.

The potential was held - 0.1 V vs. SCE until theia deposition charge had been
passed (6.27 mC for each deposition). The film iobth was first cleaned in

isopropanol and then soaked in water for severatshto remove the surfactant.

Cyclic voltammetry in 1 M sulphuric acid was perfad to characterise each electrode
and to estimate the surface area. The cyclic vaitagrams for the polished platinum
electrode and for the two mesoporous platinum eddes are similar to those in Figure
3-2. The charges under the peaks for hydrogen pigsomwere evaluated by integration
of the anodic current between - 0.65 and - 0.2 VSMSE with subtraction of the
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double layer capacitance. The electroactive surtaeas were calculated using the
conversion factor 21Q2C cm??3. The double layer capacitance was measured in each
case by dividing the central minimum current by $han rate. These values are given in
Table 6-1.

6.3 Capacitance in the ionic liquid

6.3.1 Voltammetry of a polished and mesoporous Pt in iokiliquid

Figure 6-1 shows cyclic voltammograms obtainedafpolished platinum electrode and

for each H mesoporous Pt film of the same geometric surfeea ia [BMIM]-[PFg].
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Figure 6-1. Cyclic voltammograms for the platinum dsc electrode (50Qum in diameter) and for the
H; mesoporous Pt films electrodeposited onto a Pt dilectrode (500um in diameter, deposition
charge = 6.27 mC) in a BMIM-PF; solution recorded at 100 mV &. The three types of electrodes
were: (a) polished polycrystalline platinum, (b) H mesoporous Pt electrodeposited from a GEOg

and (c) H; mesoporous Pt electrodeposited from a EOg+heptane template.

The electrochemical potential window was restridtethe double layer region and the
potential limits were selected to avoid the oxidatand the reduction of the respective
anion and cation. The stable potential window oM[Bl]-[PF¢] on a similar Pt disc
electrode of the same diameter was over 3.1 V psrted by Hultgrenet al®.
However, the presence of impurities reduces draialtithe potential window. Water
was observed as a common impurity in ionic liquisishrodeset al.reported that only a
small content of water decreased the potential ewndor example, the presence of
water in BMIM-BF; (such as 3 % in mass) decreased the potentialowiricom 4.1 V
under dry conditions to 1.9, The cyclic voltammograms recorded in this work ar
consistent with those reported in the literdfuté 22 From the cyclic voltammograms,
capacitances were estimated by dividing the chgrgurrent by the scan rate. The
charging currents were assessed in the potentigieraf 0.3 and 0.5 V vs. SCE in
which the current of both anodic and catholic saamsinimal. The values are shown in
Table 6-1.
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Table 6-1. Charge under the hydrogen peaks, doublayer capacitances in 1 M sulphuric acid and
in BMIM-PF ¢ calculated from the cyclic voltammograms for the plycrystalline platinum disc
electrode, the G,EOg mesoporous Pt film electrodeposited onto a platinm disc electrode and the

C16EOgt+heptane mesoporous platinum film electrodepositednto a platinum disc electrode. The

electrodes are of the same geometric surface arég0Qum in diameter).

Measured data Polished Pt C12£0q C1EOgtheptane
mesoporous Pt mesoporous Pt

H desorp:'g” chargel 1 03+0.01 38.0 0.2 66.1+ 0.5
Capacitance measurgd

at 100 mV & in 0.48 £+ 0.01 18+ 1 32+1

H,SO, / pF

Capacitance measurgd

at 100 mV & in 0.197 £ 0.007 1.03+£0.03 1.72 £ 0.05

[BMIM]-[PFg] / uF

It is clear that the charges under the hydrogemrgésn peaks and the double layer
capacitance are higher for thg khesoporous Pt films than for the polished platinum
electrode. This is expected from the internal swfarea provided by the porous
channels of the films and shows that [BMIM]-PBenetrates in pores at least to some
extent (the capacitance is between 5 and 10 tiha#f the polished Pt electrode of the
same geometric surface area). The data were shewiot in Figure 6-2 to be more
explicit. Figure 6-2a shows the capacitance medsurel M sulphuric acid as a
function of the hydrogen desorption charge for eggie of electrode. Figure 6-2b
shows the capacitance measured in [BMIM]{P&s a function of the capacitance

measured in 1 M sulphuric acid for each electrode.
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Figure 6-2. a) Capacitance as a function of the hydgen desorption charge for each electrode, both
calculated from the cyclic voltammogram recorded M sulphuric acid. b) Capacitance measured in
[BMIM]-[PF ¢] as a function of the capacitance measured in 1 Mulphuric acid for each electrode.
() polished Pt electrode, ¥) C1,EOg mesoporous Pt and ) C;sEOg+heptane mesoporous Pt. The

solid lines in each graph represent a linear fit.
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A linear trend was observed for the capacitancesored in 1 M sulphuric acid and the
hydrogen desorption charge calculated for each ofpelectrode. It was also noticed
that a linear trend exists between the capacitarezsured in [BMIM]-[PE and in 1 M

sulphuric acid.

Further analysis of the Table 6-1 leads to theutalons of different parameters as
shown in Table 6-2. One of the important paramisténe specific capacitance (F én
which corresponds to the capacitance normalisdtidyotal surface area obtained from

the hydrogen desorption.

Table 6-2. Electrochemical surface area, ratio ofie hydrogen charge and the capacitance in 1 M
sulphuric acid, the ratio of the capacitances in BNM-PF 4 and in 1 M sulphuric acid and specific
capacitance in BMIM-PFg per total surface area. Those were calculated foeach electrode

aforementioned.

Derived data Polished Pt C12EOs C16EOgtheptane
mesoporous Pt|  mesoporous Pt
Electrochemical surfacd 0.0049 0.1808 03147
area/cm
(H charge./capamtance in 5146 2111 2 066
acid) / vV
Capacitance ratio 0.4104 0.0572 0.0538
([BMIM]-[PF 6]/H2SQy) ' ' '
Specific capacitance in

Observations from Table 6-2 are:

- The ratio of hydrogen desorption charge to the @oldyer capacitance in 1 M
sulphuric acid is about 2.1 V for each electrodiaijciv can be expected. This
result reflects the interfacial capacitance ofiplan in sulphuric acid in respect
to the charge measured from hydrogen desorption.

- The area specific capacitance for both mesoporituas fs reduced by a factor
of ~ 7 in [BMIM]-[PF¢] compared with that on a polished platinum eletsro

- The capacitance decrease is much less signifibantib 1 M sulphuric acid.
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The capacitance decrease appears to reflect thdicagce of the size of the ions
compared to the pore diameters as suggested imeF&38. Figure 6-3 shows a cross-
section of a single Pt pore with a diameter of +In8 It is obvious that [BMIM]-[PF
adsorbed on the pore wall takes more space thamprtitens and thus prevents the
neighbouring platinum sites from adsorbing as opgds protons kD" which occupy
most of the platinum sites available. Hence, theoré&etween the capacitances
measured in [BMIM]-[PE and HSO, for the H mesoporous Pt is much less than for
the polished Pt electrode. The decrease in thecitapae could also be explained by
some ionic liquid molecules not responding withie tpores due to a confinement
effect. Based from the observations from Chmatlal™®, another possibility would be
that the ionic liquid does not penetrate within ploges due to the very small size of the
pores compared to the molecules of the ionic lig@dpplementary experiments using
electrochemical impedance spectroscopy are neadedamine the behaviour of the

nanostructured films in the ionic liquid.
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Figure 6-3. Drawing of cross«sections of a single Pt pore, diameter 1.8 nm. Schatic
representations showing (top) [BMIM]-[PF¢] and (bottom) sulphate ions compared with the P
atoms on the pore walls (10" are assumed to be present but are not in the picterfor clarity). The

Pt atoms were created along the [111] face

The measurements of the capacitance by cyclic mottetry have someimitations.
First, it is difficult to deconvolute the voltagemkndence of the charge from the t
dependence. Hence, the capacit-potential measurements do not have the ¢
profiles at different scan rates and thus difficadt compare. Secondly, clic

voltammetry involves large perturbations on theagiances that may be far frc
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equilibrium. Thirdly, cyclic voltammetry results i loss of information on resistances
due to energy losses while charging the interface.

Electrochemical Impedance Spectroscopy could tleusnbre suitable to measure the
capacitance at a fixed potential with a small pédtion. The advantage of this

technique is the distinction between energy stor@g@acitance) and energy losses

(resistance) as a function of frequency.
6.4 Electrochemical Impedance Spectroscopy

6.4.1 Nyquist plot for a polished platinum disc electrode

Figure 6-4 shows a Nyquist plot for a polycrystadlipolished platinum electrode in
[BMIM]-[PF¢]. Z and Z” represent respectively the real and the imagirgarts of the

impedance.
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Figure 6-4. Nyquist plot for the polycrystalline phtinum disc electrode (500um in diameter) in
[BMIM]-[PF ¢] at OCP. Inset: zoom at high frequencies.
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Almost an ideal capacitive behaviour can be obsksiace the complex impedance
function displays a near-vertical slope, which nz&aka angle o> = 85.8 ° to the real

axis. The deviation from the vertical line expectied ideal behaviour is usually

observed and attributed to the surface roughnessroe slow molecular reorientations
during double layer charge/discharge. This behavimumodelled by a constant phase
element (CPE) in equation (1), which also incorpesaa series resistance due to the
uncompensated electrolyte resistance pRthbetween the working and reference

electrodes.

Z=R+k(jw)” 1)
whereZ is the complex impedandejs a constant,j=\(-1), » is the angular frequency

ando is the phase.

Figure 6-5 shows the frequency dependence of tipactanceC for the polished

platinum electrode in BMIM-P4 which is a consequence of a non-unity value. of
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Figure 6-5. Capacitance as a function of the frequey for the polished polycrystalline platinum
disc electrode (500 um in diameter) in BMIM-Pk at OCP.
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The capacitance measured at 0.1 Hz is a 7-foldedserfrom the value obtained by
cyclic voltammetry (see Table 6-1). Though surpgsisuch a variation with the test
conditions was already noticed by Lockettal. who reported similar variations with
potential, starting potential and temperafite This suggests that the observed
capacitance is not purely thermodynamically cotdtbland that slow kinetics may be
involved due to difficulties in structure reorgaatisn on plane surfaces as observed
spectroscopicall§’l. The reorganisation is presumed to be smallehé impedance

experiment than in cyclic voltammetry because wfueh smaller applied overpotential.

6.4.2 Nyquist plot for mesoporous platinum electrode

Figure 6-6 shows the Nyquist plots for bothrHesoporous Pt films in [BMIM]-[P4f at
open circuit potential (OCP).
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Figure 6-6. Nyquist plots in [BMIM]-[PF¢] at OCP for the H; mesoporous platinum films
electrodeposited onto a platinum disc electrode (BOum in diameter, 6.27 mC for the deposition
charge) (a) from a G,EOg template and (b) from a G¢EOg + heptane template. Insets: Zoom at

high frequencies.

Both films have low impedances compared with thiies obtained on the polished
platinum electrode, consistent with larger surfaoeas provided by the nanostructure.
For the H mesoporous Pt templated with,EOg a slope of 54° can be observed at low
frequencies indicating a resistive behaviour asdediwith a capacitive behaviour. The
resistance at high frequencies may stem from irtiparin the ionic liquid. With a
closer inspection of the graph at high frequendies,data show a diffusive slope of
63°. For the H mesoporous Pt deposited from a template mixturetagang
C16EOst+heptane, a slope of around 80° confirms the neatidapacitive behaviour in
the low frequency. The data in the inset show peslaf approximately 45° indicating a

diffusive behaviour at high frequencies which Wi investigated later.
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Figure 6-7 shows the capacitances as a functitdineofrequency for the Hnesoporous
Pt films.
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Figure 6-7. Capacitances as a function of the fregucy for the H, mesoporous Pt films
electrodeposited onto a Pt disc electrode (500 um diameter, deposition charge = 6.27 mC) in

BMIM-PF ¢ at OCP (e) from a mixture containing C;,EOg and (o) from a mixture containing
C1EOgt+heptane.

The value of the capacitance is larger for theEOs+heptane mesoporous Pt film than
for the G2EQs mesoporous Pt film which is due to a higher s@facea of the
Ci6EOs+heptane templated film (0.181 as opposed to 0c34%. The capacitance for
the GgEOst+heptane mesoporous Pt film decreases significdyglpw 100 Hz. The
capacitance data decrease more gradually for {f#eGg mesoporous Pt film than the
C16EOstheptane mesoporous Pt film. The capacitance ®rGhEOs mesoporous Pt
film starts to decrease just around 1 Hz suggedirsgvere kinetic limitation to the

molecular reorganisation mechanism.

The results are summarised in Table 6-3. The greaf&c capacitance at low frequency
for the GgEOst+heptane mesoporous Pt film is similar to thatdgpolished platinum
electrode. The values for thg £0s mesoporous Pt film are much reduced, especially
at high frequency.
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Table 6-3. Capacitance at 0.1 Hz, specific capacitees per total surface area at 0.1, 10 and 1000 Hz
for the polished platinum electrode and each Hmesoporous Pt film electrodeposited onto a Pt disc

electrode from C,EOg and C;gEOg + heptane templates.

Impedance data Polished Pt C12EOq C1eEQgtheptane
mesoporous Pt mesoporous Pt
Capacitance at 0.1 Hg 0.03 05 1.59
| uF
Specific capacitance @t
0.1 Hz JuF cni? 6.12 2.77 5.05
Specific capacitance t
10 Hz /uF cni? 5.09 1.11 2.22
Specific capacitance t
1000 Hz JuF crri? 4.08 0.28 0.32

6.4.3 Bode plot for a polished platinum disc electrodes

The uncompensated series resistance was estimated the Nyquist plot at high

frequencies by extrapolation of the data to thexis-as shown in Figure 6-8. The
subtraction of the uncompensated series resistsingadifies the analysis in the Bode
plot and the estimation of the parameters from@R& model is now possible. Figure
6-9 shows the Bode plots for the polished platirelectrode recorded in [BMIM]-[Rf

at OCP without and with the uncompensated sergstamce subtracted off.
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Figure 6-8. Nyquist plot for the polycrystalline patinum disc electrode (500um in diameter) in
BMIM-PF ¢ at OCP at high frequencies.
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Figure 6-9. (a) Bode plot for the polished polycryslline platinum disc electrode (500pum in
diameter) in BMIM-PF ¢ at OCP. (b) Bode plot for the same electrode witthe data modified by the
subtraction of R, = 8980Q and (solid line) linear fitting of the data for Z"'. (e) Data for Z' and (o)
data for Z".
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The imaginary part of the impedance shows a sldpe ® 0.90 or® = 81° over 5
decades of frequency. From Figure 6-9a, the redlqfahe impedance contains two
different slopes due to the uncompensated eletérogsistanc®,. After subtraction of
R, from the raw data, the real and imaginary partxdocross anymore as shown in
Figure 6-9b. This is consistent with a CPE with theoretical displacement given in
(2f*:

log(-Z")-log(Z) = Iog( tar{c%ﬂjj (2)

Although the real part seems less accurate beadHus@reater phase error, the central
section shows a displacement of ~ 1 decade fromntlaginary part in the Bode plot
(Figure 6-9b) corresponding to a valueaof 0.90 according to equation (2). The value
of the phase angle measured in the Bode plot isisi@mt with the value found from the
corresponding Nyquist plot. Therefore, it can bensihat the phase angle in the Nyquist
plot is dependent of the frequency, which proved the data are recorded from a real
physical phenomenon and not from some artefadiseohstrument.

A model for the impedance of a porous electrode wamosed by De Levi@.

Following De Levie, a porous electrode can be mededn a transmission line to give
the open circuit terminated Warburg impedance esgioa, corresponding to diffusion
into a finite length end-blocked pore. Figure 6-Bb@ws the transmission line with a

series and parallel elements associated with thateo (3):

z= \/% coth(l\/z_y) 3)

Where z is the series element impedance per unit lengtls, the parallel element
admittance per unit length ahd the transmission line length.

Figure 6-10b shows the application of the transimisne impedance to a mesoporous
electrode filled with an electrolyte. The expressad equation (3) substitutes its series
and parallel elements into resistive and capacitmmponentsz = r andy = jwC as

shown in equation (4):
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Z :\/jzapcoth(L«/jwrc) 4)

wherer is the electrolyte resistance per unit pore lenc is the capacitance per u

pore length andlis the pore lengt

a) €- - m e e e e — - - >
O—1.2 ] || z || l z[—T1 """
V4
el
(o -----0
b) |Charging current | _— |Electrolyte resistance in pores |

Electrolyte bulk
I I I I |
I I I | |
- - I I I 1 1
|Interfa(:1al capac1tat:ce| —|_{ —|_} —|_$ —|_} —|_+ —|_ —|_
|Electronic contact |
r
VAR _—coth(l ja)rc)
jaoc

Figure 6-10 a) Transmission line impedance and (b) its represtation for a mesoporous electrod

filled with an electrolyte.

Substituting a CPE for the capacitance gives aratemju similar to (4) which cabe

expressed as equation (5) in terms of differerdupaters

Rcoth( jawT i}

; - Roonjor) o
(jer)

whereR is the total pore resistancR = Ir), T is the charge relaxation time const
corresponding t¢?/D for a diffusion process dfrc for the tranmission line model an
P = a/2 with a representing the CPE exponent. For an ideal capmatP = 0.5.

Alternatively, using the total resistance, R, aagdacitance, CT = RC.
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To show the frequency dependence as well as tleerefdtion between the real and
imaginary parts shown in equation (2), the data pmesented as Bode plots of
log(Z',Z”) vs. log(frequency). An example of this frequemiependence is simulated in
Figure 6-11. The real and imaginary branches shwawidentifiable regions A and B. In
the region A corresponding to low frequencies, ogal <<1, the function coth can
be simplified as in equation (6):

coth( ja ) = (je )™ + Y4 (jar )" (6)
In this case, equation (5) results in equation (7):

Z=R( ja)T)_ZP+% R=R w1~ :}é RRT’ 7)
The above formula indicates a dissociation of tfiecéve electrolyte resistand&/3
from the CPER(jwT)", in the finite length diffusion approximation, .i.eniform state
of charge along the pore length. At high frequen¢region B), e.g. fawl >>1, the
function coth can be simplified as in equation (8):

coth(jar )" ~1 (8)

In this case, equation (5) results in equation (9):

Z=R(jwT)" =R T

_ -al2 am) . —arz [ ATT
= R(wT) cos( 4} R(wT) su‘[ 4} 9)

Both real and imaginary parts have the same sk the log plot, corresponding to

-al2

incomplete charging according to the semi-infild@undary condition. At the cross-
over frequency, real and imaginary parts are egaptesenting the transition from A to
B.
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Log (Z',Z" / Ohms,Ohms)
N

Log (f/ Hz)

Figure 6-11. Theoretical data from the Warburg equéion Z = Rcoth(joT)™/(joT)" with R = 10000,T
= 0.1 andP = 0.4. (solid line) data forZ’' and (dotted line) data forZ".

6.4.4 Nyquist plot for mesoporous platinum electrodes

The corresponding Bode plot for a,EOs mesoporous Pt film is shown in Figure 6-12.
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Figure 6-12. Bode plots for a GEOg mesoporous platinum film electrodeposited onto alatinum
disc electrode (50um in diameter, 6.27 mC for the deposition charge)ni BMIM-PF 5 at OCP (a)
without and (b) with the data modified by the subtiaction of R, = 7000Q. (solid line) fitting of the

data generated by the equation.€) Data for Z' and (0) data for Z”.
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The imaginary part displays a straight line ovar@ers of magnitude in the frequency
range. After the subtraction of the valueRyf the data get close to the model in the high
frequency range as in Figure 6-11. However, thpesie about 0.9; this value is less
than 1 due to the non-ideality of the capacitaite importance of this non-ideality of
the capacitance is that it contributes significail the real part, which can obscure the
effect of the pore resistance.

The corresponding Bode plot for agEOs+heptane mesoporous Pt film is shown on the
Figure 6-13.
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Figure 6-13. Bode plots for a GEOg + heptane mesoporous platinum film electrodepositeonto a
platinum disc electrode (500um in diameter, 6.27 mC for the deposition charge)i BMIM-PF ¢ at
OCP (a) without and (b) withthe data modified by the subtraction of R, = 2800Q. (solid line) fitting

of the data generated by the equation.®) Data for 2’ and (0) data for Z".
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The impedance data fit the simulations quite wel both electrodes, showing the
transition between finite and semi-infinite conaiis.

From the analysis, some parameters are extractdzbfb H mesoporous Pt electrodes
as shown in Table 6-4. An important output of #mslysis is the pore resistance, which
can be identified as the value Rfin the above equations. This allows an estimation
an effective conductivity of the ionic liquid ingiH mesoporous Pt film:

R= L
JeffA

(10)

whereR is the resistancé the area of the electrode the thickness of the film angx
the effective ionic conductivity of the filled pars structure as if it were a
homogeneous medium. The effective conductivity loé tonic liquid in the H
mesoporous Pt was calculated to be 8.3x3@m’. The bulk conductivity of the ionic
liquid was calculated using the formula for hemespdal current flow to a flat disc

electrode using (10):

1
:E (11)

where R is the resistanceA the radius of the electrode amthe conductivity. The
conductivity of the ionic liquid on the polishedaphum electrode was calculated to be
1x10° S cm'. The effective conductivity is about 3 orders ddgnitude less. For the
actual conductivity in the pores we should takeoaot of the cross-sectional area and
the current path along the pores. Such a decrease iconductivity may be explained
by a reduced mobility of the ionic liquid moleculesthin the pores, hence, a lower
conductivity than the free electrolyte. This obsdion compares well with the reduced
diffusivity due the pore size and the relative dwma viscosity as described by

Amatore?®.
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Table 6-4. Values of the parameters from the equatns fitted to the Bode plots for the GEOg
mesoporous Pt film electrodeposited onto a platinundisc electrode and the GGEOgtheptane

mesoporous Pt film electrodeposited onto a platinurdisc electrode in BMIM-PF6.

Polished Pt C1oEOg C16E08+heptane
mesoporous Pt mesoporous Pt
Pore resistanci / 9+06 76 + 2
kQ
Pore t'meCO”Sta”t’ 0.00082 + 0.00008 0.08 + 0.003
Phaseq 0.90 0.39 £ 0.002 0.45 +0.001
Capacitance F =
165t IR 0.03 0.09 1
Electrochemical 0.0049 018 0.31
surface area / ¢cm
Area capacitance / 40.163 0.5 3.2
uF cm

6.5 Discussion

Cyclic voltammetry in sulphuric acid has shown higharface areas and high
capacitances for each;Hnesoporous Pt electrode by comparison to a palighe
electrode of the same geometric area. The valuahdohigh capacitances and the high
surface areas arise from the internal area provibgdthe nanostructure. Cyclic
voltammetry in [BMIM]-[PF] has also shown a higher capacitance for eagh H
mesoporous Pt electrode compared to a polishete&tade but to a lesser extent than
in sulphuric acid. However, further analysis showiledt the capacitance per surface
area for each Hmesoporous Pt electrode is reduced greatly cordparthe polished Pt
surface, probably due to the size of the ions BMIM]-[PF¢] within the pores
occupying more space thann$0y. This effect could be also explained by the ionic
liquid which does go down the pores but undergoesesrestriction on mobility of the
ionic liquid due to the difficulty of the place éxange of ions in the pore. The large size
of the ions compared to the small size of the p¢te® — 3.5 nm) might prevent the
ionic liquid from accessing the pores and from goat the bottom of the pores.

Another explanation could also be the non-resp@nbehaviour of the ionic liquid in
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the pores due to a confinement effect within theepoFenget al. reported that the
electrode curvature has an effect on the capa@tafdhe electrical double layer in
ionic liquidd®”. Fenget al. studied the structure and the capacitance of lgtrieal
double layer on cylindrical electrod&é However, our study focused on an electrode
made up of porous channels in the range of 1.8d@mdm in diameter. The ionic liquid
is confined within the pores conferring a speaiétationship between the electrode and
the ionic liquid affecting the structural propesti®f the electrical double layer.
Although it will be fundamental to understand thisture of the electrical double layer
in ionic liquids with H mesoporous electrodes, this is not the goal ofstudly. The
shape of the internal pore wall could play an intgatr role in understanding the feature
of the electrical double layer. The confined spaceghe pores might affect the
molecule arrangement and probably have an impath@eapacitance. To be realistic,
only 2 or 3 molecules of the ionic liquid can ocgufne space in the diameter
dimension of the pores (~ 2-3 nm in diameter) camgbdo tens of K5O, molecules.
Although the mesoporous Pt electrodes in sulphagid exhibit high surface areas, the
capacitance per surface area measured in BMIMi®Fnmuch more reduced foriH
mesoporous electrode that for a flat surface. Tdre pize is not only important for the
access of the electrolyte but also for the efficjeof the capacitance.

It was noticed that the capacitance measured bytretdemical impedance
spectroscopy significantly decreased compared éonmtkasure in cyclic voltammetry.
This difference could be accounted for by the mdation of the ions electrodes by
sweeping the potential over a wide potential windasvseen for flat electrod&s
However, Rivera-Rubero and Baldelli reported toembs reorientation of the ions on
the surface by applying high overpotentflsin the present case, the potential does not
vary much from the equilibrium. Nevertheless, tapacitances for the ;Hnesoporous

Pt electrodes measured at different frequenciesigiesr than the capacitance for the
polished electrode. In contrast, the area specdjacitances for different frequencies
show the opposite, larger for the polished Pt edelet than the Hmesoporous Pt which

can be explained by the confinement effect mentdaalier.

Elliott and Owen have shown that a transmissioa timodel could be applied for thg H

mesoporous Pt electrodes to analyse the data oftratbemical impedance
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spectroscopy in sulphuric aél. In this work, an identical method was used to
characterise the Hmesoporous Pt films in ionic liquid. The simulaigo of the
equations from the transmission line model fit guitell with the impedance data
recorded in [BMIM]-[PE]. From the analysis of fittings, we found a highmore
resistance for the {gEOst+heptance than for the$EQGg templated H mesoporous Pt
electrodes. This result seems surprising but wasth mentioning the sequence of the
experiments. First of all, the experiments wereriedrout in the same solution of
[BMIM]-[PFg] under “wet” conditions. The experiments (cyclioltammetry +
electrochemical impedance spectroscopy) with th#Gs+heptane ki mesoporous Pt
were performed first and the next day with theHDs H; mesoporous Pt electrode. The
water content in the ionic liquid could have beeghbr when the experiments were
carried out for the GEOs H; mesoporous Pt electrode. The water content hasadia
effects in the properties of the ionic liquid. Imepence of water, the electrostatic
attractions are reduced between the ions, decge#smenergy of the system and as a
result the viscosity of the ionic liqufl. As the electrical resistance is dependent of the
viscosity, the measures for the pore resistancebeaaffected. As the water content
increases the resistance of the ionic liquid desgeaTherefore, the pore resistance for
C12EOs H; mesoporous Pt electrode might be higher than medsa this experiment.
The access time for the capacitance was found talQf times higher for the
C16EOstheptane H mesoporous Pt electrode than for theBOs H; mesoporous Pt
electrode. Such a difference in the access timiEl@so be explained by the conditions

in which the experiments were performed as mentigureviously.

6.6 Conclusion

H, mesoporous Pt electrodes are characterised by suglce area highlighted by
cyclic voltammetry in sulphuric acid. Hence, doulalger capacitances were revealed to
be much higher for these electrodes than for theshmal platinum electrode. The
capacitances measured in [BMIM]-[§#Fvere also larger for the ;Hmesoporous Pt
electrodes than for the polished Pt electrode. Hewthe capacitance surface areas for
the H. mesoporous Pt electrodes were lower than for dished Pt electrode, probably
due to the confined spaces within the pores. Howdhe capacitances measured by
EIS are different from those calculated by cycladtammetry by a factor of 7 due to a

possible molecular rearrangement at the surfacenveweeeping the potential. The
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results have also revealed that the capacitanftegeency dependent. The impedance
data is consistent with a transmission line modeltfie H mesoporous Pt electrode.
The electrochemical impedance spectroscopy methuadoged in agueous electrolytes
is also valid to characterise the mesoporous filmthe ionic liquids. From the analysis
of the fittings, the pore resistance was found d&igfor the GgEOstheptane H
mesoporous Pt electrode than for theEDs H; mesoporous Pt electrode. Although this
seems to be incoherent at first, the effect ofwhéer content in the ionic liquid should
not be excluded in our results. Indeed, the watethe ionic liquid may change its

physicochemical properties affecting the measurésnen

Despite the small size of the pores of the eleetrtiae results confirm the accessibility
of the ionic liquid within the mesoporous electredelrherefore the mesoporous
structure obtained from the hexagonal lyotropicuikig crystalline phase can be

considered for the structure of supercapacitor nzdse
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Chapter 7: Conclusions

The objective of the work presented in this thesas to investigate the properties of
nanostructured metal films electrodeposited frone tlgotropic liquid crystalline

template. Lyotropic liquid crystalline phases am@nfed by the combination of
surfactant and an aqueous solution in which theaiate metal salt is dissolved. The
hexagonal lyotropic liquid crystalline phase isabéd with the appropriate proportions
of surfactant and the aqueous solution. The meka électrodeposited from the

hexagonal phase consists of cylindrical porous wéknarranged into an hexagonal
array. The pore diameter can be changed by chéitteesurfactant and/or the addition
of heptane. The metal film was characterised byicyoltammetry in sulphuric acid

and has been shown to have high surface area pbwyg the internal surface of the

pores.

Cyclic voltammetry in sulphuric acid for the; lhesoporous Pt electrode displays the
features of a polycrystalline platinum electrodedmaip of low index facets. CO
stripping voltammetry was carried out on imesoporous Pt electrode and on polished
Pt electrode. The voltammetric responses were cmdpaetween these two platinum
electrodes. Although these two types of platinuettebde are both polycrystalline, CO
stripping voltammetry has revealed differences Itegufrom the concave structure of
the H. mesoporous Pt electrodes. The CO stripping voltagram for a H mesoporous
Pt electrode exhibits a pre-wave, a main peak asttbalder whereas that for a polished
Pt electrode exhibits a single peak. It is suggettat the different features observed on
the CO stripping voltammogram resulted from the photogy of the electrode surface.
For the electrodeposition of;Hnesoporous platinum using the surfactapEQs, the
pore size was estimated to ~ 1.8 nm. A schematideinaf a single pore suggests that
the pore walls form an hexagonal shape constitokeld5 atoms. The charge calculated
under the pre-wave represents 15 % of the totast@ifping charge consistent with this
model. Based on studies on stepped surfaces, thwgre could be attributed to the
existence of the trough sites within the poresresponding to the Pt sites in the

intersection of two pore walls. CO is stericallypdered from adsorbing on the trough
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sites as CO is adsorbed on the pore walls. Thdtseseem to indicate that oxygenated
species, more likely OH, are adsorbed on the traiigls accounting for the pre-wave

and promoting CO oxidation occurring at lower oveentials.

The cyclic voltammogram in sulphuric acid of a khesoporous Pt electrode shows
different peaks in the hydrogen region that comesipto the adsorption of hydrogen on
the diverse Pt facets. However, the peaks correlpgio the electrochemical response
for different Pt facets are so close to each othat deconvolution of each of them
becomes difficult. The nature of these facets wasstigated by the adsorption of
foreign atoms. Foreign atoms can adsorb on spesififace sites of the platinum

surface. The adsorption of bismuth and germaniuntherplatinum surface is used to
determine the proportion of Pt(111) and Pt(10®ssiespectively. Cyclic voltammetry

of H; mesoporous platinum electrodes modified with bigrmadatoms does not show
any evidence for the existence of large Pt(111)alosmwhich can be explained by the
small width of the pore walls. The adsorption of &ems on the Pt sites of thg H

mesoporous films provided evidence for the existerfd?t(100) sites. It was found that

6 % of the total Pt sites of the Ifhesoporous Pt electrode corresponds to Pt(1@3). sit

The co-adsorption of CO and foreign atoms has shiovemnesting features on the CO
stripping voltammetry. The CO stripping voltammagrdor the H mesoporous Pt
electrode modified with Bi adatoms exhibited twpaated peaks. One of the pair is
related to the oxidation of adsorbed CO and therathassociated with the contribution
of the oxidation for both species, Bi and CO. Nuouer studies in the literature have
shown that; the incorporation of Bi atoms on thatipbm surface promoted CO
oxidation. However, in the case of Bi adsorptionthnmesoporous Pt, CO oxidation
was not encouraged. The CO stripping voltammogram dn unmodified H
mesoporous Pt exhibited a pre-wave whereas thevgve-feature did not appear for the
H, mesoporous Pt modified with Bi adatoms. As presipstated, the existence of the
pre-wave was associated with the adsorption of engted species on the trough sites.
As the pre-wave is absent on the CO stripping wult@gram, we can suppose that the
adsorption of Bi atoms occurs on the trough sitathiv the pores preventing
oxygenated species from adsorbing. This result8iiatoms adsorbing on the trough

sites and CO adsorbing in the middle of the pordlsw#n contrast, CO stripping
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voltammetry for the Hmesoporous Pt modified with Ge adatoms shows aiueapre-

wave and the CO oxidation peak. The pre-wave oeduat lower potentials than for an
unmodified H mesoporous Pt electrode. Ge atoms on thenesoporous Pt electrode
facilitate CO oxidation. The catalytic propertiesr fthe Pt-Ge combination greatly

facilitated CO oxidation in comparison to Pt-Bi dp mesoporous Pt.

A patrticular interest for the Hmesoporous materials is to investigate the cogpbih
diffusion and surface reaction within the poresdidgen peroxide oxidation can give
some insight into both diffusion and surface reactwithin the pores of nanoscale
dimensions. The hydrogen peroxide oxidation wasestigated at IH mesoporous
rhodium films electrodeposited onto platinum mides&rodes and platinum rotating
disc electrodes. Cyclic voltammetry in sulphuriedaindicates that the Hmesoporous
rhodium films are polycrystalline and possess hsginface areas. TEM observation
revealed that the structure of these films congi® nm diameter pores arranged into

an hexagonal lattice. Furthermore, XRD also cordiffEM observation.

The oxidation of hydrogen peroxide was the subgéahany studies showing notably
the lack of quality for the voltammetry on bare tplam electrodes. The
electrodeposition of a mesoporous platinum or nmedifilm greatly enhances the
stability and reproducibility of the voltammetryhd&@ cyclic voltammogram displays
plateaux for the oxidation and reduction of hydrogeeroxide unlike the polished
platinum microelectrodes. This is due to the corabieffect of high electrode surface
area with efficient mass transport to the microetete. In this work, the kinetic study
of hydrogen peroxide was carried out with irdesoporous rhodium films. According to
the cyclic volatmmograms in sulphuric acid, thedexformation of rhodium starts at
lower overpotentials than platinum. The early oxiftemation could avoid the
interference between the oxidation of hydrogen xide and other species such as
ascorbic acid or uric acid in biological samplefoBium seems to be a more suitable

catalyst than platinum in regards to this study.

A kinetic model originally developed by Albery waslapted to predict the current
response due to the oxidation of hydrogen perofadéd; mesoporous rhodium films.

The data were obtained for different film thickres®ver a wide range of hydrogen
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peroxide concentrations. The model describes tfiesthn of hydrogen peroxide from
the bulk solution to the electrode surface, hydnogeroxide then diffuses into the pores
and reacts on the internal surface of the pores. tkicker mesoporous film, the
experimental data becomes inconsistent with theetnatdfirst; this was due to the lack
of buffer capacity. The concentration of the phadphbuffer was not high enough to
preserve the pH down the pores. The pH down thespbecomes more acidic and
therefore, the rhodium sites are reduced bringimg rteaction to a stop. A high
concentration of buffer is needed to maintain thegb the solution within the pores so
that the reaction can then continue throughout gbeous film. The potential of
oxidation was also investigated. When the potemgiahcreased towards more anodic
potentials, the current response is improved ftriek mesoporous film. It is assumed
that oxidised rhodium sites occupy a larger coveraf) the catalyst surface when

increasing the potential of oxidation overcoming g shift within the pores.

A part of this thesis dealt with determining thefpamance of the ionic liquid BMIM-
PFK in the H mesoporous film. lonic liquids are more viscouantlaqueous electrolytes
and their molecules are quite large in comparisonydrogen or CO molecules studied
previously. For this study, Hnesoporous platinum were electrodeposited frortingla
mixtures of a ternary system containing:EX0g and of quarternary system containing
C16EOs plus heptane. The nature of the surfactant ancdiéion of a swelling agent
vary the pore size. The use of¢EOQs with heptane yields a pore size of 3.5 nm. The
performance of the ionic liquid in ;Hmesoporous Pt films was investigated by the
double layer capacitance for the hhesoporous platinum electrodes of different pore
size and the polished platinum electrode. The teduadicate that the double layer
capacitance for a Hmesoporous platinum electrode was larger thanaf@olished
platinum electrode of the same geometric area ard &rger for a larger pore size.
The behaviour of the ionic liquid within the poneas investigated by electrochemical
impedance spectroscopy. Previous work has showmatlize Levie model for porous
electrodes could be applied for the trdesoporous platinum electrode in sulphuric acid.
The same model was used for identicalriesoporous platinum electrodes in BMIM-
PF. The simulations of the experimental data fit guitell with the model but the

parameters taken from the fittings did not conciihwhe properties of the films.
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Further work

The characterisation of the surface structure etHhmesoporous Pt could be achieved
by cyclic voltammetry in sulphuric acid. Anothergsible way would be to discriminate
the different peaks in the hydrogen peaks assatiaith the low index Pt facets. This
method could be developed using the characterisaticsulphuric acid of Pt single-
crystals to identify the peaks for each crystalfaxe symmetry. Deconvoluting the
peaks in the hydrogen region of the voltammogranadard for a H Pt mesoporous
electrode would probably give information on theface structure. This work could be

accompanied with electron microscopy observatiothefsurface.

Further work could be undertaken with the comboratof the high surface area
electrode and high rate of mass transport thankiset@lectrodeposition of mesoporous
films. It would be possible to obtain kinetic infioation for various molecules.
Investigations on hydrogen peroxide, oxygen andoararmonoxide with the H
mesoporous films have been undertaken. Anothec topinterest could be related to
the detection of enzyme product (e.gO) when the enzyme is in the solution above
the nanoporous structure. Varying the pore sizmigmportant factor to give access to

large molecules.

The experiments performed with the ionic liquid evamder “wet” conditions. The

reference electrode could be replaced by a metal avibridge junction made with the
ionic liquid to avoid any contamination. As the &nof the experiments, the water
content in the ionic liquid was not known which twbbe a good indication of the purity

of the ionic liquid.

The penetration of the ionic liquid into the nanggsocould also be investigated under
different atmospheres such as under argon, nitrogemder vacuum. When the pores
are filled with ionic liquid, it could be possibtbat gas bubbles are trapped into the
pores and the interface between the ionic liquid #me electrode surface is not

complete.
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In this work, the experiments for the electrochexhimpedance spectroscopy in the
ionic liquid were performed at unique potential (®CGnd simple scan rate for cyclic
voltammetry. The capacitance depends strongly emfiplied potential and presumably
on the scan rate in cyclic voltammetry; therefatganges in the structure of the double
layer at the ionic liquid/electrode interface cam dssessed. This could be useful in
understanding the double layer in ionic liquidsdoynparing with existing experimental

and theoretical studies.
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