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Abstract of thesis entitled
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in October 2012

The natural abundance of platinum (Pt), a commasisd precious metal in fuel cell
devices, is limited and the price of Pt is risingrécent years. It poses great challenge for
the commercialization of fuel cells, which can be paomising candidate for
environmentally benign energy supply in the futuréensive effort has been made to the
development of highly efficient Pt containing cytd for fuel cells with low Pt loading
over the past decades. In view of this, the purpbske research described in this thesis is
to develop Pt-based catalysts with excellent edebemical performance as well as
enhanced Pt utilization. The key idea for the gatadesign is a core-shell structure
construction with the Pt on the surface since oslyface atoms take part in the
electrocatalysis.

Au@PtYMWCNTs composite was synthesized by ions muiem - in situ



electrochemical reduction approach. Electrochendinalysis was used for the first time to

prove that the Au@Pt/MWCNTs composite consisted saflamonolayer Pt structure on the

surface of Au nanoparticles. The coverage of Pt readily be tuned by changing the

concentration of the Pt source or by repeating ithms adsorption process after each

electrochemical reduction. The as prepared Au@P1OWs catalyst displays facile

electrochemical properties. AU@Pt/MWCNTs with lowvd®verage, namely below 40%,

was inactive for methanol whereas it can electiagiformic acid through a direct pathway

effectively. Also, it was proved to be an effectivatalyst for methanol tolerant oxygen

reduction reaction (ORR). On the other hand, Au®WYCNTs of high Pt coverage

exhibits both direct and indirect oxidation of faemacid, in addition to gradual

development of methanol oxidation ability. Its Sfiecarea activity toward methanol has

seen as much as a 2 fold enhancement when compmam@@mmercially available Pt/C

catalyst.

PtAg hollow nanospheres were synthesized by an oapfpr involving galvanic

displacement. Ag nanoparticle precursors were frgpared as the template for the

construction of the PtAg hollow structure. The Kniess of the nanoshell can be easily

controlled by changing the Pt source avaliablehimn galvanic replacement reaction. Both

the XRD and XPS analysis confirmed that the holkptheres consisted of a PtAg alloy.

Electrochemical studies proved that the PtAg almmssessed better electrochemical

performance compared to the commercially availd®leblack for both methanol and

formic acid oxidations. The enhancement in thetedeatalytic capability can be ascribed

to the better utilization of Pt as well as the &tauic effect induced by the incorporation of



Ag.

Pd@PdPt/MWCNTs composite was fabricated by a twp-shethod. PA/MWCNTs
precursor was first prepared by the hydrolysis@EE in the presence of MWCNTS in an
agueous medium at &0 prior to its reduction by hydrogen. XRD was useddnfirm the
identity of the as formed PdO/MWCNTSs intermedialée surfactant free PA/MWCNTSs
composite shows even size distribution of Pd narigpes without the formation of
aggregates. The coating of Pd nanoparticles by RiltBt was realized through galvanic
replacement between Pd and RCit 90C. Electrochemical investigations revealed that
the resulting Pd@PdPt/MWCNTSs display improved égtitoward methanol and ethanol

oxidations as well as better durability.
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Chapter 1

Introduction to Direct Liquid Fuel cells and Pt-based

Nanostructures Electrocatalysts

1.1 Introduction to direct liquid fuel cells

1.1.1 An overview of fuel cells

Fuel cell is a device that can convert chemicalrggnelirectly to electrical energy.
Direct liquid fuel cells represent a class of faells which uses aqueous solutions of, for
example, methanol, ethanol, and formic acid assfirethe anode. In contrast to traditional
combustion process, the energy conversion procdssstplace in fuel cells through
electrochemical reactions. Therefore, it is nofectito the Carrot Limit(=1-T, /T, where
T. and Ty represent the low and high temperature sourcepectisely) which is a
theoretical limit for energy conversion efficiendpr a combustion process. The
comparison of traditional combustion and electroglcal energy conversion of fuels is
illustrated in Figure 1.1. Fuel cells can extragemrgy from fuels with higher efficiency
(40-70%), while the value for internal combustiorgimes is around 30%. Moreover, fuel
cell devices can operate with less atmosphericsons as compared to traditional fossil
fuels. NQ, CO,, CO, SQ and other volatile organic compounds commonly taifrom
fossil fuels, which can potentially cause seriouwi®nmental damages, whereas an

operating direct liquid fuel cell device emits o0, that may lead to global warming

1



effect. However, a fuel cell with an energy effiutgy of 60% would emits between 35-60%
less CQ than fossil fuels. [1]

Traditional internal combustion engines
extract energy from fuel (~30% efficiency)

Thermal Mechanic
/! Energy Energy \
Chemical . | Electrical
Energy | Energy
Fuel cells: extract energy

from fuel (40-70% efficiency)

Figure 1.1 Energy conversions of fuels. [1]

As illustrated in Figure 1.2, similar to a batteay,fuel cell device has three major
components: anode, cathode and the membrane. &aetsidized in the anode generating
electrons and relevant products (such as carboaddi@r water). Electrons flow from the
outside circuit to the cathode thus resulting ecwilcity. In the cathode, oxygen is reduced.
To complete the cycle, ions formed in the anodeathode travel through the membrane,
which is filled with electrolytes, by diffusion. Fexample, the reaction for a hydrogen fuel
cell device can be represented as follows,

Anode: H —» 2+ 2H  (1.1)
Cathode: 1/29+ 26 + 2H ———» HO  (1.2)
Overall: H, + 1/260 ——» HO (1.3)

Theoretically, at a constant pressure of one athersp the available voltage for a fuel

cell can be calculated from the change of Gibbs &eergy AG) between the initial state

of the reactants and the final state of the pradhbgtthe equation:
2



E =AG/nF (1.4)
where:n is the number of electron transfer in the eledtemgical reaction; ané is Faraday
constant;

Catalysts in the cathode and the anode are cripiagts for a fuel cell which have a
significant effect on the performance of a fuel.cBfesently, state-of-the-art of catalysts
for both cathode and anode are either Pt or Ptbasgerials, although some substitutes
have also been applied as electrodes. For the maambmvhich is used as electrolyte,
mainly consists of polymers for low temperature ftedls or ceramic for high temperature
fuel cells.

Both batteries and fuel cells convert chemical gyndnto electrical energy. When
batteries are depleted, they must be discardedatvarged by external current for a long

period of time. However, a fuel cell can run infigty as long as fuel is supplied.

CO2, H2O€&—

Catalysts Membrane

Figure 1.2 A simplified illustration of fuel celledtices.
3



1.1.2 A brief overview of fuel cell history

Table 1.1 presents a brief summary of fuel celtdnys containing some milestone
events. The concept of fuel cell can be dated batke nineteenth century when Humphry
Davy demonstrated a fully effective fuel cell. Aftards, the development and
advancement of fuel cell technology was achievedibapy scientists. However, it was not
until 1959, around 150 year after the inventiorthaf fuel cell concept, that a real fuel cell
system came to practice, demonstrated by Bacoernadirds, space programs had induced
great motivation for the development of fuel celtlinology for which many pioneering
fuel cell systems were designed for manned spassionis. Organizations such as NASA,
and some industrial companies like General Elecpiayed a critical role in the
advancement of fuel cell technology. The oil crigisd the increasing awareness on
environmental protection in the 1970s stimulateghgefforts in the research of fuel cells.
For example, many nations and large companies mitveted fuel cell related projects,
aiming to develop efficient form of energy genevati In the 1980s and the 1990s,
substantial technical and commercial developmenitimoed, especially for areas in
stationary and transportation sectors. In the mide8, tens of fuel cell buses were
deployed in Europe, China and Australia. Fuel delVices for end-users with written

warranties and service capability had come intcketan 2007.



Tablel.1 A brief summary of fuel cell developme2it [

Year Events

1801 Fuel cells demonstration by Humphry Davy

1839 The first fuel cell invention (gas battery) madeWiliam Grove

1889 Further development of Grove’s invention by Charlemnger and

Ludwig Mond and firstly named fuel cell

1950s Proton exchange membrane fuel cell invention bye@arElectric

1959 Demonstration of a 5kW alkaline fuel cell by FranBiacon

1960s Fuel cell applications in space missions by NASA

1970s Further development of fuel cell technology prorddte the oil crisis

1980s Fuel cell applications in submarines by the US Navy

1990s Development of large stationary fuel cells for isttial and commercial
locations

2007 Commercialization of fuel cells as auxiliary powenit (APU) and

stationary backup power

2008 First publically release of fuel cell vehicle (F@{arity) by Honda Inc.

2009 Commercial available of fuel cell chargers and feedl mirco-combined

heat and power units in Japan




1.1.3 Introduction to several types of fuel cell

1.1.3.1 Proton exchange membrane fuel cell (PEMFC)

Figure 1.3 shows an illustration of PEMFC. Hydrodgempumped into the anode and
separated into electrons and protons by the c#dalf&ectrons travel to the cathode
through the external circuit generating electrigitiyile protons pass though the membrane
to the cathode. In the cathodic side, oxygen wdlinbine with the protons under the
catalysis of a precious metal to form water. Catalyused for PEMFC are normally
Pt-based materials, and the electrolyte is watese bar acidic polymer membranes.
Currently, PEMFCs are the leading technology fghtliduty vehicles and material handing

vehicles. They are also applied in some statiopawer supplies.

1.1.3.2 Direct methanol fuel cell (DMFC)

DMFCs share the similar major parts with that ofMHESs including the membrane
and the cathodic catalyst, however the catalystshi® anode are normally Pt-Ru material
which are able to draw hydrogen from methanol aesist CO posioning. Figure 1.4
presents a simplified illustration of DMFC. It issentially identical to PEMFC except that
the fuel used in DMFC is pure methanol instead ydrbgen. Methanol offers several
advantages as a fuel compared to hydrogen incluimgase of transportation and storage.
Moreover, the energy density of DMFC is higher tifzet of PEMFC. DMFCs tend to be
used in applications with modest power requirementerefore, it is a promising power

supply for mobile electronic devices or chargers portable power packs.
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Figure 1.3 Simplified illustration of a proton exsige membrane fuel cell.
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Electron flow

—
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u

Anode  Electrolyte Cathode

Figure 1.4 Simplified illustration of a direct matiol fuel cell.



1.1.3.3 Solid oxide fuel cell (SOFC)

Solid oxide fuel cells are high-temperature fudslcerhich normally operate at 800 to
1000C. As shown in Figure 1.5, it uses syngas (carbonaxide and hydrogen) as the fuel.
The membrane of SOFC is normally a solid ceramgctedlyte such as yttria-stabilized
zirconia. Oxygen ions formed in the cathode tralebugh the solid ceramic to the anodic
side and combine with protons to form water. Thghhiemperature operation provides
several advantages. It eliminates the need of matalysts and also improved the reaction
kinetics. Furthermore, fuel reforming can be corgaewithin the cell itself, which means
that a variety of hydrocarbons can be used as.fuétsvever, there are still some
disadvantages such as a time consuming start ughendeed of robust, heat-resistant
materials for the cell construction. SOFC is gelierssed in stationary power generation
such as off-grid power supplies. It has also foapgdlications in combined heat and power

(CHP) for househood installations.

1.1.3.4 Alkaline fuel cell (AFC)

Similar to PEMFC, alkaline fuel cell also use phyglrogen as fuel. On the other hand,
the electrolyte in AFCs is an alkaline solution lswas ageous potassium hydroxide. As
shown in Figure 1.6, hydroxide ions pass thoughrtleenbrane from the cathode to the
anode. Though Pt is the most commonly used casdigsAFCs, other non-precious metals
can be a substitute for Pt, with nickel being oheéhe most promising candidate for an
effective catalyst in AFC. Currently, AFCs haveitied commercial applications but have

instead found a niche in the use in space progamSASA for the supply of energy as



well as water.

1.1.3.5 Other fuel cell systems

Apart from the above mentioned fuel cells, ther @ther types of fuel cell including
the molten carbonate fuel cell (MCFC) and the phosp acid fuel cell (PAFC). MCFCs
are another kind of high-temperature fuel cell whisually operate at around 650 A
molten carbonate salt such as potassium carbaswd@im carbonate or lithium carbonate
suspended in a porous ceramic is used as theajeetfor MCFC. It finds application for
stationary power supplies with large energy capdait case of megawatt) and large CHP
devices. Alternatively, PAFCs are a kind of modernsmperature fuel cell system which
runs at around 180 with phosphoric acid being used as electrolyteHAFC. They are
usually used in stationary power generation ateasfgoetween 100 to 400kW. A summary

of the fuel cells mentioned is presented in Takble 1



Table 1.2 Categorization of fuel cells

Systems PEMFC DMFC MCFC PAFC SOFC AFC
Electrolyte lon Polymer  Immobilized Immobilized Ceramic  Potassium
exchange membrane liquid liquid hydroxide
membrane molten phosphoric
carbonate acid
Operating 80-200 60-130 650 200 1000 60-90
temperaturél
Electrical 40-60 40 45-60 35-40 50-65 45-60
efficiency/%
Typical <250 <1 >200 >50 <200 >20
electrical
power/kW
Applications  Vehicles, PorTable  stationary stationary  stationary Submarines,

small

stationary

spacecrafts

10
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Figure 1.5 Simplified illustration of a solid oxidael cell.

Q.

Electron flow

Hydrogen

Water Excess oxygen
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Figure 1.6 Simplified illustration of an alkalinedi cell.
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1.2 Pt-based nanostructures electrocatalysts for &l cells

As mentioned in the previous section, Pt and Pédbasaterials play a key role in the
catalysis of the electrochemical reactions takidgce in fuel cells, particularly for
low-temperature fuel cells. The limited natural maflance of Pt poses a great challenge for
the wide applications of fuel cell devices in a taumble way. with this concern,
nanotechnology appears to provide a better solditivbreakthrough developments of fuel
cell catalysts. For example, a 10 to 100 fold réidacof Pt usage can be achieved by using

nanosize electrocatalyst particles. [3]

1.2.1 A brief introduction to nanoscience

The origin of nanoscience can be dated back to ,1B&gnman gave a lecture at The
American Physical Society in which he laid out sdaimeoretical phenomena of nanoscale
materials. However, it was not until the inventifrscanning tunneling microscope (STM)
that nanoscience really sprang into the public cionsness. [4] The first scientific
publication on nanoscience by Feynman was in 1§82Since then, over the past two
decades, nanoscience has developed into a muitplitery, highly diversed area of
science with which wide applications can be foumdifferent fields of chemistry, biology,
physics and geography.

Nanoscience deals with nano-materials which halesat one dimension ranging from
1 to 100nm. They mainly include nanostructuresavbzdots), one (wires) or two (layers)
dimensions. Due to the nano-size effect, nano-maddeexhibit unique properties different

from their bulk counterparts. For instance, quantlois are small semiconductors with
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increased band gap owing to size quantization: soswpic physical phenomenon where
electron transport in small wires or thin films doeot obey the Ohm’'s law. [6] The

principles which govern the behaviors of nano-nmakgerare quantum mechanics which
were developed in response to the problems posexnniayl systems in the early twentieth

century.

1.2.2 Nano-materials as electrocatalyts

Catalytic reactions are highly sensitive to theehmeneous interface of nano-materials
where catalysis takes place. [7] In practical a@ions, the nanoscale features are very
important since they do not follow straightforwardihe macroscopic properties of
materials. In the case of electrocatalysis, charayesfer reactions occur at the interface of a
solid catalyst and the electrolyte. [8] Therefdiee surface properties of the nanoscale
electrocatalysts including electronic and strudtpraperties have great influence on the
electrochemical reactions. Nano-materials can affi@ny advantages as electrocatalyts
when compared to their bulk counterparts such @ laurface area to volume ratio, fast
kinetics as well as high turnover frequency. Mesops nanostructural Pt films have been
demonstrated to exhibit higher activity as well latter durability than commercially
available Pt/C catalysts due to their larger s@facea. [9, 10] Pt nanoparticles have
attracted significant interest recently, [11, 12ftcularly Pt nanoparticles supported on
nano-materials. [13-17] The use of supporting nigtercarbon base materials in most

cases) enhances the utilization of Pt while agtieén be well maintained. Pt nanowires [18]
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and Pt nanostars [19] were successfully fabrickteethanol electroxidation and oxygen
reduction reaction, and displayed excellent elettemical performance including activity
and stability. The activity of the electrocatalistlso related closely to the shape or even
the exposed crystal plane of the materials. Fdairt®, in a 50O, medium, the activity of

Pt (100) for oxygen reduction reaction (ORR) ishigthan that of Pt(111) due to the
different adsorption ability of sulfates on thedts: [20] Pt with cubic shape shows vastly
improved electrocatalyitc activity for methanolh&bol and formic acid electroxidation as

compared to spherical Pt nanopatrticles. [21]

1.2.3 Synthetic methods of Pt-based nano-materials

1.2.3.1 Electrochemical deposition

Electrochemical deposition is a facile method fhe tpreparation of Pt-based
nano-materials. [22-27] It involves the use of a-twr three-electrode electrochemical
system, with a conductive substrate as the wor&lagtrode. The Pt or other metal sources
are supplied in the form of a conducting mediune @lectrolyte). When a certain potential
is applied, the metal nano-materials are reducedhenworking electrode. A variety of
electrochemical techniques have been developedatyze Pt or Pt-based nanometerials
including chronopotentiometry, chronoamperometiteptial step experiments, potential
pulse experiments and cyclic voltammetry. By usgtgctrochemical deposition, a variety
of nano-materials including nanoparticles, [28-Bahowires and nanorods [33-37] can be

easily synthesized on conducting materials.
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It is a straightforward approach to control the pimiogy of the electrodeposited

nano-materials by simply employing substrates wlifferent templates. Paul et al. [18]

used porous alumina as the template to synthegif&u Fhanowires by electrochemical

deposition, and the resulting nanowires have smdiemeter than the pore size of the

template. The applied deposition current density gr@at influence on the morphology of

the Pt nanowires as higher current density regulis irregular pore size on the nanowires

owing to the delloying effect of Cu. By properlysitgning the electrochemical deposition

program, Pt nanocrystal with high index facets @asgcarbon was successfully fabricated.

[38] Pt nanoparticle precursors were first synthexsion the glass carbon electrode by

electrodeposition. Subsequently, the as prepamszisors bearing electrode was subject to

a square-wave potential treatment in the presehascorbic acid, which was facilitated to

form Pt with high index facets. These high indeceta were stable and have higher energy,

thus resulting in an enhancement of electrocatalgttivity as compared to regular Pt

nanoparticles. Electrochemical deposition is int flagowerful method to synthesize Pt

alloy nano-materials. PtPb alloy nanoparticles weleetrodeposited on multiwall carbon

nanotubes (MWCNTs) by means of step potential aapro [39] The PtPb alloy

nanoparticles have a size ranging from 10 — 40 rith & snowflake morphology. In

addition, owing to the ease of alloy formation untiee electrodeposited condition, by

employing suitable metal sources and adjusting dieposit condition, ternary and

guaternary [40] alloys can be obtained.
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1.2.3.2 Electroless deposition

Another promising method for the preparation ofdPtPt-based nano-materials is
electroless deposition. It is the most straightemavand efficient approach which finds its
applications in various fields such as battery nedbgy, medical devices, corrosion
resistant materials and electronics. [41] This métmvolves the reduction of a Pt source
in a solution medium containing a reducing agemt; &€xample, sodium, sodium
borohydride, ethylene glycol, oleyamine and asworécid. Electroless deposition is
commonly used in the plating industry and in maifyasions where conventional electrical
deposit is not applicable. [42, 43] By adjusting gynthetic conditions, Pt nanopatrticles,
[44-46] nanowires and nanorods, [47, 48] nanoclystd different shape [49-52] were
successfully prepared. Pt nanoparticles are thet mosimon product for electroless
deposition. With regards to the Pt supported naaterals, pretreatment of the support
substrates is needed when some inert supportingrialatare used. For instance, carbon
base supports are normally pretreated by surfacgatbion by nitric acid to generate
functional groups such as hydroxyl, carboxyl antboayl on the surface. These created
functional groups can serve as the anchoring &tethe Pt ions which will enhance the
interaction between the resulting Pt nanopartiatesthe supports. Electroless deposition is
a versatile approach for the synthesis of Pt allmyo-materials as well. [53-57] It generally
involves the co-reduction of a solution of differenetal sources in the presence of some

surfactants and capping agents.
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1.2.3.3 Hydrothermal and solvothermal method

Hydrothermal and solvothermal methods are easihduoted approach to generate Pt
and Pt-based nano-materials. [58-62] In the cadeydfothermal method, reduction of Pt
source takes place in an aqueous medium whileciirscin a non-aqueous solution in a
solvothermal approach. The most common precursor hf@rothermal processes is
H.PtCk- 6H,0, [63, 64] whereas in solvothermal processes teeupsor is frequently
platinum acetylacetone, Pt(acadp5, 66] In contrast to electroless depositioncpsses,
these approaches involve a heterogeneous reabtabmakes place under high temperature
and pressure in a close system, such as a Tefled &utoclave enclosed in a stainless steel
vessel. The hydrothermal and solvothermal methedsbe employed to prepare various
nano-materials ranging from nanopatrticles, [67, i@&jodendries, [69] nanowires [65, 66]
and nanocystals with distinct shapes. [70] Furtleemit is very easy to use these
approaches to synthesize Pt-based binary [71] emthry nano-materials. [72] The
morphology and composition of the Pt-based nanenadd prepared through
hydrothermal or solvothermal processes can beyeesittrolled by varying the reaction
parameters such as the pH, temperature and presufgtditionally, it is also quite suitable
for large scale production. However, disadvantagelide the need for high temperature

and pressure and the use of autoclaves in cotdragiher preparing methods.

1.2.3.4 Sol-Gel method

Sol-Gel method is a useful way to synthesize Pttbased nano-materials with
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uniform size and distribution. Similar to the hytdhermal or solvothermal methods, it can
be categorized as a wet chemical approach. Ther mdferent is that the Sol-Gel method
involves the process of hydrolysis and polycondiémsaf the precursors (mainly metal
alkoxides) which are formed prior to the synthebig?tCk- 6H,0 is the Pt source for an
aqueous system [73-75] while a non-aqueous prousss organometallic precursors.
[76-78] Sol-Gel method can be use to create birRiFpased nano-materials in large
guantity scale. [79, 80] Moreover, it is very conint to prepare Pt nanoparticles on a
number of supporting materials such as aluminurh] fBanium, [82] silicates [83] and

carbon [84] using this method.

1.2.3.5 Physical method

Owing to the advancement of engineering technofgieany physical methods have
been developed for the preparation of Pt and Rtebaano-materials including sputtering,
[85-87] irradiation, [88-90] electron beam or ioepwsition [91-93] and laser ablation. [94,
95] All these processes mentioned involve physibahge of the relevant metal precursors
rather than chemical modification, therefore, treg classified as physical methods.
Physical methods are versatile and can be empltydabricate materials rangeing from
nanosize films, nanoparticles, nanowires and nasorm the sputtering and laser ablation
processes, high purity Pt metal is used as theo®fcs while in electron beam or ion
deposition Pt hydrocarbonate is used. Irradiatiethad involves the use of,PtCk- 6H,O

and other kinds of additives which undergo physid#nges upon the irradiation by a
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variety of sources such asUV-visible, microwave and sonication. The disadeget of a
physical methods is the need of special instrumeniltich is not often applicable in term of

large scale preparation.

1.2.4 Characterization techniques of Pt-based eleotatalyts
1.2.4.1 Physical characterization

Physical characterizations mainly includes crystathphic, morphological and
electronic analysis. X-ray diffraction (XRD) is thmost common method to study the
crystal structure of the as prepared samples. Ithasmally employed for phase
identification as well as estimation of the padidize through the Scherrer equation.
Scanning electronic microscope (SEM) and transomssiectronic microscope (TEM) is
highly useful for the morphology observation. Stddcarea diffraction (SAED) and high
resolution transmission electronic microscope igliagble for crystalline study of smaller
nano-materials (within several nanometers). In tefncomposition analysis, energy
dispersive spectroscropy (EDS) is commonly usedudtively coupled plasma mass
spectroscope (ICP-MS) is adopted for highly aceuaimposition studies and catalyst
loading measurement. For the binary and ternanalnmtstems characterization, X-ray
photoelectron spectrometry (XPS) is used to vetffg formation of alloys. All the
technigues mentioned can give insight into theticiahip between the structure and the

electrocatalytic performance.
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1.2.4.2 Electrochemical performance evaluation

Cyclic voltammetry (CV) in an acid medium is adapte assess the electrochemical
active area (ECA) of the Pt and Pt-based nano-ralerCVs and linear sweep
voltammertry (LSV) in relevant electrolytes are coonly used to evaluate the catalytic
activity of the sample catalysts. Chronoampermeing repeating CVs can be use for
durability analysis. Samples preadsorped with C@eurCO saturated electrolyte and a
subsequent LSV study allow for understanding thet@l@&ance properties. For reaction
mechanism investigatiorin situ infrared spectroscopyin( situ IR) and electrochemical
impedance spectroscopy (EIS) are commonly used.

For the purpose of clarity, characterization teghaes mentioned above are summarized

in Table 1.3.
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Table 1.3 characterization techniques for Pt adobBed electrocatalysts

Technique Properties studied
XRD Crystalline
EDS Composition
SEM Morphology
TEM Morphology
SAED Crystalline
XPS Electronic
ICP Metal loading
cvVv ECA, activity evaluation
LSV Activity evaluation
CO stripping Poisoning study
Chronoampermetry Durability analysis
EIS Mechanism study

1.2.5 Anodic electrochemical reactions in directdjuid fuel cells

1.2.5.1 Methanol oxidation

Methanol is used as fuel in direct methanol fuellscéDMFCs). Therefore, the

electrochemical reaction occurs in the anode of BBl methanol elelctroxidation which
can be represented by the equation below,

CHOH+HO —» CO+66+6H  (15)
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It is a 6-electron transfer process which can ddféheoretical energy density of 4900
Wh L. [96] Between CHOH and the ideal product GCthere exists various intermediate
species such as formaldehyde, carbon monoxide anucf acid, which are produced at
different carbon oxidation stages between methamol carbon dioxide. The reaction
mechanism of methanol oxidation is rather complexc@ss and has been extensively
studied in the past decades. [97-106] It included tlensity function theory (DFT)
calculations as well agn situ measurements by IR and mass spectroscopy. Though
variations exist from different research groups, ist generally accepted that the
electroxidation of methanol occurs mainly throughaldpathway mechanism which is
presented in Figure 1.7. In an indirect oxidatioethanol first dissociates to form CO at
low potential and subsequently undergoes furthafation at a higher potential to the final
product CQ. On the other hand, HCHO, HCOOH and HCOQC&te the major
intermediates in the direct oxidation. These digslel intermediates can be further oxidized
to CQO, by convection. In an ideal condition, the CO-imediate oxidation is the dominant
pathway for methanol electroxidation. It can belaixgd by the fact that the energy barrier
for bonds breakage is in the order of C-O > C-H sH(104] However, in real life
experiments, there are many factors that are netdé@ taken into consideration. For
instance, methanol oxidation in sulfuric acid shqwsference for direct oxidation while
the indirect pathway is found to be favored in pédc acid. [102] This is owing to the
different absorption behaviors of the anions in riblevant electrolyte. Additionally, steps
and terraces in the Pt catalysts are also knovpteiokey a role in the methanol oxidation

process. Electronic effect which is induced byitfearporation of a different metal into the
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Pt lattice has significant influence on the oxidatprocess. [107]

— CO,ye — CO,

CH30H — CH;0H,4s

—— HCHO + HCOOH + HCOOCH,

Figure 1.7 lllustration of methanol oxidation meaisan.

Owing to the well established bi-functional mecisami [108, 109] PtRu is a
state-of-the-art electrocatalyst for methanol otiada that has come into application in
commerical DMFC anodic catalysts. The presencewba&ivates water to form Okt a
relevant low potential which oxidizes the as getetaCO on Pt. However, some
researches proposed other possible reasons fentt@nced activity of PtRu, known as the
ligand effect, namely that Ru lowers the bindingrgy of Pt-CO of the nearby Pt atoms.

[110, 111]

1.2.5.2 Ethanol oxidation

Theoretically, ethanol is a better fuel for diriqtiid fuel cells since it processes many
advantages as compared to methanol including laigitg easy production from biomass
distillation as well as high energy density owirg its 12 electron transferring for a
completed oxidation to carbon dioxide. [112-114ETdxidation of ethanol is presented as
Equation 1.6. An energy density of 6280 Whtan be calculated by the equation 1.2

coupling with the oxygen reduction reaction onc¢héode.
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CH;CH,OH + 3HO ——» 2CQ+ 12é+ 12H (1.6)

The reaction mechanism of ethanol oxidation is mmex multi-step process which
involves intermediates such as adsorbed acetateorcanonoxide, Cklspecies, acetyl,
acetic acid, acetaldehyde and finally carbon diexid15-121] The general scheme for
ethanol oxidation on a Pt electrode is showed guife 1.8. Other than carbon dioxide, side
products formed during ethanol oxidation are natirddle since they lower the overall
energy density. Nevertheless, £@rmation involves C-C bond cleavage which is not
preferable on the Pt electrode. Moreover, CO anglabe intermediates are strongly
adsorbed on the Pt surface which degrade the tatplgrformance. Therefore, a second
metal is usually added to the Pt catalysts to mzenthe poisoning effects. Sn and Ru are
found to be among the most efficient metals foreheancement of Pt activity for ethanol
oxidation. Similar to the case of methanol, sevepaksible effects including the
bifunctional mechanism and ligand effect have bemposed for the improvement of the

catalytic activity.

CH,CH,0H—— CH,CHO— CH,COOH

N "

CO + additional fragments ——>2CO,

Figure 1.8 lllustration of the ethanol oxidationehanism.
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1.2.5.3 Formic acid oxidation

Theoretically, the final product for formic acididation is CQ and it is a two electron

transfer process. The reaction equation can beipiext as follows:
HCOOH + 1/2Q —» CQ, + H,0O 2.7

The reversible potential for reaction (1.7) can thermodynamically calculated
approximately based on the Gibbs energy chat@eA -0.25V was obtained for the above
reaction, which means that formic acid is more lgasiectrooxided when compares to
methanol and hydrogen. [122] It results in a 1480afi\theoretical elecctromotive force
(EMF) for direct formic acid fuel cells in relatioto the theoretical oxygen reduction
potential in the same electrolyte.

In the past decade intensive investigations haven baimed to understand the
mechanism of HCOOH electroxidation. [123-125] Itw&lely believed that formic acid
oxidation on platinum surface undergoes a dualvpa@ghmechanism. [126-128] In the
direct pathway, formic acid, most likely an adsaibenolecular HCOOHWy species, is
oxidized “directly” via one or several reactivedannediates to C§€ without the formation
of COq) as shown in reaction (1.8). While in the indirpathway, dehydration occurs to
form adsorbed Cg, which is then oxidized to G(as presented in reaction (1.9).

HCOOH—> reactive intermediates®»  €O2H + 2¢ (1.8)
HCOOH— CQy+H, O —» CQ+2H +2¢ (1.9

In addition to the above dual-pathway mechanismaw@as[129] and Behm [130]

recently proposed a third pathway for formic acxitlation base oin situ IR studies. The

so-called *“triple pathway” involved bridge-bondedrrhate formation and subsequent
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oxidation to CQ. Therefore, the oxidation of formic acid can bensuwarized by the

following diagram: [131]

Direct pathway

i
4
P H‘l-'nrmate pathway " \
HCOOH «— HCOOH,, ~— HCOO,, :e_ -~ CO,
A
x‘bjx/;ba
—— €0,, —x¢

Indirect pathway

Figure 1.9 Scheme of formic acid oxidation.

1.2.5.4 Oxygen reduction

Oxygen reduction reaction is a four electron trangfrocess which is presented in
reaction (1.10).

O, +4H + 46 — H,0 (1.10)

This is the cathodic reaction occurring in mosedidiquid fuel cells (DLFCs). Similar
to the anodic catalyst, Pt or Pt containing maleidae commonly used at the cathode for
DLFCs as the oxygen reduction catalysts. [132] Thigh cost of Pt limits the
commercialization of fuel cells devices as bothdmand cathode require Pt. Moreover, the
slow kinetic dynamics of ORR on Pt also pose gobatlenge to fuel cells applications.
The electrochemical ORR on Pt electrodes proceida eomplex multi-step mechanism.

[133-139] The mechanism depends on the experimeataitions, such as solvent, pH of
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the electrolyte, as well as the electrode materi@gygen is reduced to superoxide
(reaction (1.11)) in aprotic solvents while 2-eftent or 4-electron reductions are the
predominant pathways in agueous and organic s@yaatshown in reaction (1.12) (1.10).
O,+é —» O, (1.11)
O, +2H + 26— H,0, (1.12)
Recently, Sovinova [140] proposed a dual-path mmisha for ORR based on
experimental and simulation studies: under a piaerf 0.8V (vs NHE), the ORR
proceeded predominantly via a 2-electron pathwadis WO, as the main product (1.12);

while at potential between 0.8V and the onset ef@RR a 4-electron path is dominant.

1.2.6 Improvement of catalytic performance for diret liquid fuel

cells

1.2.6.1 Size control

Since the electrochemical reaction is a heterogenpmcess which takes place on the
catalyst surface, therefore, it is pivotal to irae the surface to volume ratio of the catalyst
material in order to enhance the catalytic activibne straightforward approach for
substantial surface area increment is to reducesithe of the materials. Moreover,
fabrication of materials with larger surface towmk ratio can also lower the usage of the
precious metal, which is important for the commalization of fuel cells. In general,
platinum nanoparticles can be easily obtained lopicieng platinum salt with hydrogen,

[141, 142] hydrazine, [143] alcohol, [144-146] odgim borohydride. [147] Antoine et al.
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[15] investigate the activity of hydrogen oxidation platinum particle size ranging from
2.5 nm to 28 nm by a model simulation. They conetuthat decreasing the particle size
can enhance the overall activity. Monodisperseddpiparticles with an average particle
size of 1.8, 2.3, 3.4, 3.8, 4.7, and 5.8 nm wenath®sized by reducing platinum(ll)
acetylacetonate with 1,2-hexadecanediol in thegmes of a long-chain carboxylic acid
and alkylamine stabilizing agents. [149] The pé&etgize can be well tuned by varying the
refluxing time and a combination of either oleiédaand oleylamine or nonanoic acid and
nonylamine protecting agents. The catalyst wittaegrage diameter of 1.8 nm was found
to possess the highest activity toward hydrogerdaiion. With regards to ORR, Pt
nanoparticles with an average diameter of 2.2nm preged to possess the best activity,
[150] which is in good agreement with the fact tisatnmercially available Pt/C with
2.5nm exhibiting the highest activity. PreparatiminPt nanoparticles with size ranging
from 1-5nm was conducted by layer-by-layer consgioacthrough the displacement of
under potential depositing Cu by Pt. The maximélayg at 2.2nm is owing to the weakest
oxygen binding for all surface sites of the 2.2nantiples, which was confirmed by DFT
calculations. Wan et al. [151] first prepared Phoyarticles and modified them with
triphenylphosphine. The modified Pt nanoparticlesravdeposit onto carbon nanotubes.
The organic molecules on the surface of the parpckvented the aggregation while acting
as cross-linkers. The prepared Pt-CNT compositébézt better catalytic performance in
methanol oxidation in comparison to the commerdalTEK catalyst. Recently, a
peptide-mediated method was adapted to synthe$lzquhrticle ranging from sub-2 nm
seed crystals to monodispersed 4 nm Pt polyhedt& da 8 nm Pt cubes. [152] The merit
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of this method is that it was conducted under antbeendition and the peptide could be
removed from the metal surfaces at mild pH or enghesent of enzymes.

Though materials with smaller size display highetivity, their stability is a key issue
for fuel cell applications. As the size of the mitls becomes smaller, a higher surface
energy will be resulted thus leading to higher pgmlty for the aggregation and dissolution
during the operation. Therefore, further efforte atill needed in respect to durability

improvement.

1.2.6.2 Shape control

Shape control is another way to enhance the citalgtivity of platinum. It is reported
that the catalysis by metal nanocrystals is oftefase structure dependent. [153-157] For
instance, Pt nanocubes with {100} terminated exaibi significantly enhanced
electrocatalytic activity for oxygen reduction réan. [158, 159] In general, metal
nanocrystals tend to form facets which process minmi surface energy in order to
minimize the total excess free energy. For exangfjnum is usually bounded by three
low-index planes, namely {100}, {110} and {111} vhit a face-centered cubic (fcc)
symmetry. Normally, the shape of the nanocrystslgidverned by thermodynamic and
kinetic factors, which are controlled by both th&insic structural properties of the metal
and reaction conditions such as solvents, cappilegta or reducing agents. Therefore, it
offers great potential to synthesize nanocrysthidifterent shapes by simply varying the

synthetic conditions. Pt nanocrystals can be sgithd in a non-agqueous or aqueous
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system. The platinum precursors can be hexachitio acid (HPtCk), potassium

tetrachloroplatinate (#°tCl), potassium hexachloroplatinate ;fCk), or platinum

acetylacetonate (Pt(acac)depending on the choice of solvents. [160] Bodside,

hydrazine, hydrogen, citrate, and ascorbic acid lsanused as reducing agents in an

agueous solution and diols, polyols and aminescaremonly used in organic systems.

Polycrystalline Pt nanoparticles (NPs) and lengthtolled Pt nanorods (NRs) with

exposed high index facets were prepared througiiadytic growth approach from M@,

NPs. [161] MO, played a critical role in this preparation. Pt oenystals with high-index

contain a high density of steps and kinks that isbia$ a large number of low-coordinated

atoms, which will result in the improvement of dgti@ activity. The Pt NRs exhibit higher

catalytic activity and stability for the oxidizatiaof methanol than commercially available

Pt/C catalysts, indicating potential applicatioms direct methanol fuel cells. Platinum

nanocubes can be obtained by a non-auqueous sgnihdgke present of Fe(CE)162]

Coy(CO),[163] W(CO}. [164] It is demonstrated that the favorable gioeft Pt nanocube

is mainly due to the co-adsorption of CO and anoinghe Pt {100} surface. Pt nanocube

was found to display higher activity toward methamthanol and formic acid oxidation

owing to the dominantly exposed (100) facets aspased to Pt nanospheres. [21]

Moreover, Pt concave nanocrystals were preparethdyeduction of Pt pyrophosphato

complex in presence of Bions as the capping agent. [165] The concave Roamgstals

were enclosed by high index facets including (5Z2020) and (830), and thus exhibited

substantially enhanced electrocatalytic activitynpared to Pt cubes and the commercial

Pt/C. Recentlyin situ shaping of Pt nanoparticles on carbon supportaghgeved by a one
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pot synthesis in the presence of both an anchagent and the carbon support. [166]
Cysteamine was used as the anchoring agent asasvéiile shape-controlled agent which
induces Pt nanocubes overgrown on the carbon sispfdrein situ cubic Pt/C possesses

superior performance for ORR catalysis.

1.2.6.3 Incorporation of other metals

It is generally accepted that M-Pt nanocrystalsilékibetter electrocatalytic activity
attributed to a so called bifunctional mechanisb®.7] One commonly studied example is
PtRu which shows excellent activity towards mettaaogidation compared to pure
Pt-based nano-materials going through the bifunaticmechanism. [168-173] Other metals
such as Ni, [174] Mn, [175] Co, [176] Cu [177] aBd [178] were also proven to be the
promoter for electrocatalytic activity in form oftN® electrocatalyts. Other than
bifunctional mechanism, similar to the case of &ugpther possibility for the enhancement
of catalytic performance is the electronic effentiliced by the foreign metal. It is
considered that the incorporation of another niatal the lattice would shift the d-orbitals
of Pt and in turn weakening the binding to the tieacintermediates. However, further
investigations are needed for direct evidenceghisrtheory even though there are some
computational simulations shedding light on thectetaic effect. Recently, Pt containing
ternary alloys were demonstrated to exhibit impdbeatalytic activity including PtRuNi,
[179] PtRuOs, [180] PtRulr, [181] PtRuW, [182] P&u[183] and PtRuRh. [184] Some

models have been proposed to account for the extedltivity. For instance, in case of
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PtRuNi, the enhancement is ascribed to hydrogdiowg on Ni which liberates the Pt
active sites. For PtRuSn, Sn behaves as the electrmdifier while the Ru acts as a water
activator. As for PrRuW, hydrogen ions transferrtngthe tungsten oxide was suggested,

which resulted in the catalytic improvement.

1.3 Scope of this thesis

As mentioned above that the high cost of Pt eleatadysts hinders the widespread
applications of fuel cells on a commercialized leWénerefore, the aim of the thesis is to
develop Pt containing electrocatalysts with enhdnee utilization as well as improved
activity for direct liquid fuel cells.

In Chapter 2, atomic design of Pt on the surfacAwhanoparticles was achieved by
ion-adsorption andn situ electrochemical reduction. The submonolayer Riciire was
illustrated by CVs accompanied with ICP-MS analy3ike electrochemical properties of
the resulting catalysts were fully studied. In CleaB, PtAg hollow nano-sphere was
prepared through galvanic displacement. Physicataditerizations including XRD, XPS
and HRTEM were employed to verify the PtAg alloyrfation. A detailed investigation of
the as synthesized PtAg catalyst for formic acid arethanol oxidation were carried out
and compared to commercially available Pt catalystsChapter 4, PA@PdPt/MWCNTs
composite was fabricated via a two-step processctwimvolved the preparation of
Pd/MWCNTs precursor and the galvanic replacemerttvéen Pd and Pt¢l. The
electrochemical performance of Pd@PdPt/MWCNTs eleatalyst for methanol and

ethanol oxidation was thoroughly studied.
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Chapter 2

Synthesis of Ultralow Pt Loading Au@Pt/MWCNTSs for
Formic Acid Electroxidation and Methanol-Tolerant

Oxygen Reduction Reaction

2.1 Background

2.1.1 A brief overview of carbon nanotubes

Since the discovery of multiwall carbon nanotub@SMCNTSs) in 1991, people have
applied MWCNTSs into a range of different fields Bus supercapacitors, fuel cells, lithium
ion batteries, accumulators, sensors as well amdaaal applications [1-5] due to their
unique physical and chemical properties. [5-11] CNTan allotrope of carbon like
amorphous carbon, graphite and diamond. It cantioetgrally described as a sheet of
graphene rolled into a tube. With regards to thenlmer of layer in the sidewall of
MWCNTSs, it can be categorized into single-wall carlmanotubes (SWCNTSs), double-wall
carbon nanotubes (DWCNTs) and multi-wall carbonabapes (MWCNTS), as shown in
Figure 2.1. The synthesis of MWCNTs mainly invotiie decomposition of carbon sources,
such as graphite and hydrocarbon, followed by déposand growth in the presence of
certain metal catalysts.[12, 13] Some of the comyaised methods include chemical

vapor deposition (CVD), arc discharge and lasepriagtion.
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Figure 2.2 Orientation of the carbon network.

2.1.1.1 Physical and chemical properties of MWCNTs

MWCNTs show similar properties to that of graphido some extend since they are
rolled form of graphene. In general, the electrastiticture of MWCNTs depends on the
details of their microstructure. Additionally, batie cylindrical geometry and an extended
n-electron system of the Sparbons bonded in the hexagonal network givetoiséfferent
properties as compared to graphene. For examfileretiit ways of rolling up of graphene
sheet result in different conductivities rangingnfr metallic to semiconducting [14] and
different numbers of sidewall layers results iniatons in Raman scattering. [15]

Depending on the wrapping orientation relativeht® ¢arbon network, different MWCNTs
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can be described by the indices of their chiratatrem andm, as shown in Figure 2.2). For
instance, armchair MWCNTs1 (= m) usually process metallic conductivity while Zigza
(m = 0) or chiral  # m) MWCNTSs are semiconductors. To be more specifie virapping
of the network is presented by the following equati16]

C=ng +ma (2.1)
where aand a: unit vectors of the hexagonal netwonkandm: intergers.

Analysis shows that the MWCNTs are metallic if tteue ofn — m is an integer.
Otherwise, the MWCNTs formed are semiconductorsdture with a band gap & =
0.9d eV, whered is the diameter of the nanotube. Some noteworttygipal attributes of
MWCNTs are summarized in Table 2.1. [16] The syithenethod of MWCNTs
determines their quality in terms of crystallindggpd impurity contents.[17] Data presented
in Table 2.1 apply to high quality MWCNTs. The dteal properties make MWCNTs a
promising electrode material which can be appledhe field of electrocatalysis[18] and
field effect transistor (FET)-based sensors.[19]r&dwer, the high strength of MWCNTSs

can be exploited in mechanical applications.
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Table 2.1 Summary of the physical attributes of MWS

Attribute Comment

Metallic to semiconductor electrical No other known molecule

conductivity, depending on has this property

microstructure

Electrical conductivity: 108 Q' m~! Comparable to that of
copper

Thermal conductivity: 10* Wm ™' K~ = that of diamond

Carrier mobility: 10*cm? V' s > that of GaAs

Supports a current density of Due to very weak

10° A cm ™ electromigration

Nanoscale heterojunctions Common defect that can
create an on-tube
heterojunction

Young's modulus: 1TPa Stiffer than any other
known material

Tensile strength: 150 GPa 600 times the strength/

weight ratio of steel

In connection with the chemical properties of MWGNEome researcher reported a
color change of MWCNTSs which is originated from theerband excitonic resonance. [20]
MWCNTs also exhibit similar properties as metalsstimowing a redox potential. [21]
Therefore, MWCNTSs can be used as a reductant [228hmxidant [23]. The most striking
merit of MWCNTSs is the high structural stability dacorrosion resistance in acidic and

basic solutions [24-26] which, once again, makentlevery promising electrode material.

2.1.1.2 Modification of MWCNTSs

Ideally, the surface of MWCNTSs consists of an edthr-electron system of the Sp
hybridized carbon hexagonal network resulting iryv@n-polarity and inert surface which
is difficult for further functionalizing. Furtherme, pristine MWCNTs undergo aggregation

easily when they are suspended in polar solvergsabundling caused by van der Waals
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interactions, presenting another difficulty for nfaghtion. The functionalization of

MWCNTs mainly includes covalent and non-covalentifications. [27] Proper addictives

were employed in the non-covalent modification Whi@an generate some unique electrical

and optical properties. [28] Figure 2.3 shows acBipfunctionalisation MWCNTSs via

non-covalent method which utilizes ther interaction to introduce amine groups onto the

sidewall of MWCNTSs. For covalent modification, sacé oxidation is commonly used to

generate hydroxyl and carboxyl groups for furtherctionalization as illustrated in Figure

2.4.

NH,

(Aminopyrene)

NH; @NH: @NH, @NH: @NH; @NH;

Figure 2.3 Scheme for modification of MWCNTSs vianrmovalent method. [29]
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COOH OH NH,

H,S04,/HNO; COOH LiAlHy OH APTES NH,

e COOH THF OH  Toluene NH,

reflux COOH OH NH,
MWCNT MWCNT-COOH MWCNT-OH MWCNT-NH,

Figure 2.4 Scheme for modification of MWCNTSs viavatent method.

2.1.2 Recent development of electrocatalysts forrfaic acid

Intensive research efforts have been devoted teeldetrocatalysts design aiming to
enhance the activity as well as the utilizatiofiPofor formic acid oxidation. There are two
major catalysts designs in this connection. Tha 6f which is to synthesize Pt containing
mixed metal (Pt-M) alloys. The mechanism of theivitgt enhancement is still
controversial and requires further investigatiofer example, even the exact form and
surface composition of the most active alloys dilé ambiguous. [30-34] For instance,
PtBi alloy was reported to show higher activity sods formic acid oxidation as compared
to Pt. However, the interaction between Pt andsBitill unclear though a CO free pathway
has been proposed. However, it is widely accepttitaiethe incorporation of other metal
will shift the d-orbitals of Pt leading to a weakeinbonding between the poisoning
intermediates and the catalysts. Another conclusiawn is that a second metal can
provide oxygenated species at a relatively low mtdé which help to remove the
poisoning intermediates. PtAu alloy is one of thestrefficient electrocatalyts for formic
acid oxidation since it possesses high activity dadhbility. [35-37] PtSn [38], PtCu [39]

and PtPb [40] were also proven to exhibit enhanaetivity compared to their Pt
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counterpart. Moreover, trimetallic alloy such asPta [41] were also prepared for
electroxidation of formic acid. Another way to dgsieffective catalyst for the formic acid
oxidation is the fabrication of core-shell likewsttures. Au@Pt structures were extensively
prepared by galvanic replacement, [42] thermaltineat, [43] electrostatic self-assembly,
[44] and seeds-mediated growth. [45] In additicsing another metal to modify Pt surface
was demonstrated to be a better way to enhancacthaty. Bismuth, [46] lead, [47] and
antimony [48] were proven to be potential candigéate decorate Pt surface in order to

enhance its activity towards formic acid oxidation.

2.1.3 Recent development of Pt-based ORR catalyst

The activity enhancement of Pt for ORR can be aglidy shape-controlled synthesis,
[49] alloys formation [50] and core-shell structaieonstruction. [51] It was demonstrated
that Pthkl) towards ORR exhibited an increasing activity imet order of
Pt(111)<Pt(100)<Pt(110) in sulfuric acid.[52] Suravh successfully prepared Pt
nanocrystals of different shapes. [53] The Pt nabhes shows higher activity compared to
its spherical and truncated cubic counterparts. $hape-dependent ORR activity is
attributed to the different adsorption capabilitidssulfate ions on the Pt faces of different
indices. The binding strength of Pt(111) with stdfeons is dramatically higher than that of
Pt(100) owing to the matching three-fold symmetryh® oxygen atoms and the Pt atoms
on (111) layer. [54] Incorporating another metah caso increase the ORR activity.

Extensive research efforts have been focused snréfgiards on the fabrication of Pt-based
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alloys such as PtNi, [55,] PtFe, [56] and PtCo [ff]ORR catalysts. It is widely believed
that the shift in d-orbitals of Pt by alloying wigmother metal is one possible reason for the
activity enhancement. On the other hand, electroata dealloying [58, 59] is also needed
to be taken into consideration. It occurs easilyirduthe electrochemical analysis which
results in a Pt skeleton shell. Another commonlhedusstrategy for ORR catalyst
optimization is a core-shell structure constructigth the active component appearing on
the outer shell for electrochemical reaction. Theeeshell structures can be realized by
electrochemical dealloying, [60] galvanic replacemg61] or seed-mediated growth. [62]
Though there is no consensus on the originatidghe&nhancement of the ORR activity for
this sort of catalysts, DTF calculations [63] sugjgd that the lattice mismatch between the

core and the shell may play a critical role.

2.1.4 Synthesis of ultralow Pt loading catalysts

The high cost of Pt catalysts is one of the magtiénecks for the commercialization of
fuel cells. Figure 2.5 shows the relationship betweost of Pt versus the layer thickness
for a planar catalyst. [64] The cost of the catalysan be reduced dramatically via
employing a suitable substrate to replace the puscinetal underneath. The cost could be
cut down for a thousand times if monolayer Pt gatalcould be realized, which is of great
significance for the widespread applications oflfoell devices. Therefore, intensive
interest has been concentrated on the design alfystt with lower Pt loading. Successive

reduction [65] is a common way to prepare catalyste enhanced Pt utilization. Pt was
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reduced in the presence of metal nanoparticle S@ad$Ps in most cases) forming a core
shell structure. The amount of the Pt growing oa #urface of the seeds could be
controlled easily by changing the Pt sources addeditionally, catalysts with different
activity can be obtained by tuning the size of tteee employed. [66] Spontaneous
deposition is another effective way to fabricatb swonolayer of Pt catalysts. However, it
is found to be only available in the cases of Ru@PRu@Pd synthesis. [67] In the
preparation process, Ru(0001) was immersed intisel®ce solution. Reaction occurrs on
the surface of Ru(0001) with the formation of Pbrsonolayer, generating Ru oxide.
Recently, underpotential deposit (UPD) and galvamplacement were employed to
prepare monolayer Pt catalysts. [68, 69] Monolag@pper is usually deposited on the
surface of a precious metal such as Au, Pd ang Bhberpotential electrodeposition. The
monolayer copper was replaced by Pt via galvamtaocement reaction between copper
and Pt ions, resulting in the monolayer structdrBto The generation of monolayer copper
is a key step for the monolayer Pt structure cacsitn. Russell useth situ extended
X-ray absorption fine structure (EXAFS) to study tdPD process of Cu on Au surface.
[70] It was proven to be a morphology dependentegss and it is difficult to realize a
uniform and completed monolayer copper structut@hifization effect induced by the core
materials was reported by Adzic. [71] The stabitifyPt shell was increased by shifting its
oxidation potential positively to which the dissiibim of Pt did not take place at the
cathodic reaction. Another emerging means for thestuction of Pt monolayer structure
is through galvanic replacement between metal alinyd Pt ions. [72] This facile method

is suitable for low cost and large scale prepanat@mpared to methods involving the UPD
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of Cu. However, formation of Pt-M alloy shell wals@reported to be dependent on the

metal alloys employed and the amount of Pt sousee 73]

1,000

100 & Bulk Pt

74

Pt thinfilm

Costof Pt / $ m=2

1 1 1

0 1 10 100 1,000 10,000

Thickness of Pt overlayer / nm
Figure 2.5 Relationship between cost of Pt and layer thickness for a planar

configuration catalysts

2.2 Synthesis of ultralow loading Pt catalysts folormic acid

oxidation and methanol tolerant oxygen reduction raction

The preparation scheme for Au@Pt/MWCNTs is illustda in Figure 2.6. Au
nanoparticles were first loaded onto the surfaceadfl-treated MWCNTs forming a
AU/MWCNTs composite. lons adsorption was accomplishby immersing the

AU/MWCNTs composite in 0.1M 50O, containing KPtCl, or K,PtCk of different
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concentrations. Finally, Au@PtMWCNTs composite wadbtained via in situ

electrochemical reduction of the adsorbed Pt ions.

Electrochemical
reduction

Decoration
of Au NPs

Au NPs

&PtC*  _ptatom
ion

PtCl,” ions
adsorption

Figure 2.6 Preparation scheme of Au@Pt/MWCNTS caitpo

2.2.1 Functionalization of multiwall carbon nanotules

(MWCNTS)

0.1mg of the as-received MWCNTs was dispersed 30mmL of 65% w/w HNQ in a
200mL round-bottom flask by sonication for 0.5hemtthe black dispersion was refluxed
under 60C in a oil bath for 12h. Afterwards, the black soliés collected by filteration
and washed with deionised water until the pH apghea around 5.8. The treated

MWCNTSs were dried at 80 for overnight and kept in a vial for further use.
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2.2.2 Synthesis of AuUUMWCNTs composite

2.0mg MWCNTs and 88 1%(Ww/w) HAuUCI, solution were suspended in 100mL of
dionised water, followed by the addition of 70pbyéne glycol (EG) and 250uL sodium
citrate. The mixture was sonicated for 30min umrtildark dispersion was obtained.
Afterwards, 8nL of 0.1M NaBH, was added as the reducing agent. The ratio between
HAuUCI, and NaBH was kept to 1:10 to ensure a completed reducﬁwrudl4'1ions. After
stirring for 2 hours, the mixture was filtered amdshed with deionised water. Afterwards,
the AUIMWCNTs was dried in oven at 80 for 12 hours. For the preparation of
Au@Pt/MWCNTs composite as methanol tolerant ORRulgst, the 1%{/w) HAuCl,
used was increased to 3d0and 34@L of 0.1 M NaBH,was employed. Other procedures

were remained unchange.

2.2.3 Synthesis of ultralow Pt loading Au@Pt/MWCNTs

composite

Au@Pt/MWCNTs composite was fabricated by the stedalons adsorption anth situ
electrochemical reduction. Au/MWCNTs (2mg) were peised ultrasonically into 0.5mL
ethanol. Then 1@ of the dispersion was pipetted onto a glass carlectrode (GCE with
diameter of 3mm) and dried in air. Afterwards, thkectrode was activated by cyclic
voltammograms (CVs) in 0.1M 480, between -0.3 and 1.5V until a stable CV curve was
obtained. The ion adsorption process was carried bguimmersing the electrode with

AU/MWCNTSs in 0.1M HSO, containing Pt ions prepared withRRCl, or K,PtCl of different
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concentrations. After immersion for 10min, the #&lede was washed thoroughly with
deionised water and electrochemically reduced.aw-@or 50s. The Pt source concentrations of

the used in the preparation processes were betiveeange of 0.02 - 20.48mM.

2.2.4 Morphology and phase characterization

Morphology studies were carried out by transmiss@ectron microscopy (TEM FEI
Tecnai G2 20) measurement. Samples were dispemsethanol and then dropped onto the
copper grid with holely formvar and carbon coatifepr phase analysis, X-ray powder
diffraction (XRD Rigaku 9kW SmartLab) was employesamples were casted on a single
crystalline silicon support for each measuremeht XRD study was carried out between a 2

theta values of 10 to 90 degree.

2.2.5 Metal loading analysis

Metal loading studies were conducted using indetficoupled plasma mass spectrometer
(ICP-MS Agilent 7500ce). After electrochemical sag] the composite on the GCE was
transferred to an ultrapure microtube. 1mL aquadaregs added into the microtube and then
the mixture was sonicated for 15min to accomplisboaplete digestion. Afterwards, the
obtained dispersion was centrifuged and the uppsutisn was separated for ICP
measurements. Before injection to ICP-MS, j@08olution was adopted and diluted with 1%

HNO;3 to 10mL.
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2.2.6 Electrochemical studies

Electrochemical characterizations were carriedabubom temperature using a CHI 660D
electrochemistry station with a three-electrodetesyscomposed of Pt strip and saturated
calomel electrode (SCE) as the counter and referehectrodes respectively. The potential
presented here are all against SCE reference adectiPt deposited on the surface of Au
nanoparticles was characterized by cyclic voltamaog in 0.1M  HSO, between -0.3 and
1.5V. The electrolyte was purged with fér 30min before each measurement. The coverage of
Pt was estimated in reference to the decrease ofedluction peaks. The electrocatalyitc
activity of the as prepared Au@Pt/MWCNTSs for forraid were investigated by CVs between
-0.2 and 0.9V and chronoamperometry at 0.15V iMOH,SO, containing 0.05M HCOOH.
Methanol tolerant oxygen reduction reaction measerdés were conducted in 0.5M,0O
saturated 50O, in presence or absence of 0.1M methanol usingaging disk electrode (RDE

Pine MSR).

2.3 Results and discussion

2.3.1 MWCNTs functionalization

It is well known that the dispersion of the as-reed MWCNTSs in water is extremely
low due to their high hydrophobicity. Thereforegipeatment is needed before anchoring
metal nanoparticles onto the surface of MWCNTs. Hwereceived MWCNTs were

pretreated with 65% nitric acid under‘@0for 12h. The strong nitric acid oxidizes the
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surface of MWCNTSs resulting in the generation afboxyl groups and hydroxyl groups.
[74] This procedure significantly improved the disgion of MWCNTSs in water, which is a
critical step for the deposit of metal nanoparticlEigure 2.7 shows a comparison of the
dispersion of the as-received MWCNTs and the amdt¢d MWCNTS. After 20min,
aggregation of the as-received MWCNTs was cleablseoved while no change could be
observed for the acid treated MWCNTSs dispersions Tispersion is highly stable that it
can be kept in the sample vial for months withdutious aggregation. The pH value of the
acid treated MWCNTSs dispersion is slightly lowearththat of the non-treated MWCNTs
dispersion (5.32 vs 6.86). The weakly acidic nabfrthe treated MWCNTSs dispersion also

indicated the presence of carboxyl groups on thiace.

a (b)

Figure 2.7 Dispersion of MWCNTs in water: (a) frigsprepared MWCNTSs dispersion:

as-received (left); acid treated (right); (b) aémin.
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2.3.2 AuU/MWCNTs composite

AU/MWCNTs composite was prepared via traditionatroical impregnation by using
NaBH, as the reducing agent. Typical TEM images of théMWCNTs with different
loading are presented in Figure 2.8. Au nanopedidf diameter ranging between 3 to 9
nm were deposited on the surface of MWCNTs. Noaisal Au nanoparticles were
observed in the background of the TEM image, suggeshat all the nanoparticles were
anchored on MWCNTSs. It is worthy to notice thatetovious particle size change can be
seen even when the Au loading was increased tov@®%oFigure 2.9 (a) (b) (c). However,
aggregation of the Au nanoparticles occurred winenloéading rose to 60% as shown in
Figure 2.8 (d).

Since gold is a precious metal, the Au utilizati®@ critical issue in term of large scale
applications. In order to further prove the compla@¢position of Au nanoparticles on to the
MWCNTSs, UV-vis measurement was used to study thate to verify whether there were
remaining Au particles after the anchoring proceas. shown in Figure 2.10, the
absorbance peak at around 510nm which originate fa nanoparticles vanished after the
decoration of MWCNTSs. It demonstrated once moré tizafree Au nanoparticles existed,
[75] and was in good agreement with the TEM studies

The AuU/MWCNTs composite was further characterizgdXRD, HRTEM and SAED.
Figure 2.10 shows the XRD pattern of the as prepaneMWCNTs composite. The Au
nanoparticles obtained exhibited fcc crystal stireewith the diffraction peaks indexed as
(111), (200), (311), (220) and (222). [76] The paalaround 26 degree is correspondence

to the (002) face of MWCNTs. [77] To further invigsite the crystal structure of
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AU/MWCNTs, HRTEM and SAED were carried out. In tHRTEM, Figure 2.11 (a), a
lattice fringe with the d value of 0.23 was ideetif which is related to the (111) face of Au

nanoparticles. From the SAED image, all diffraci@orresponding to that presented in the

XRD patterns can be observed.

Figure 2.8 TEM images of AAMWCNTSs of different Aodding: (a) 10%; (b) 20%; (c) 30%;

(d) 609%.
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Figure 2.9 UV-visible patterns of gold colloidalofdine) and filtrate after AU/MWCNTSs

preparation (solid line).
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Figure 2.10 XRD pattern of the AU/MWCNTSs
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Figure 2.11 HTTEM (a) and SAED (b) of Au/MWCNTSs.

2.3.3 Au@Pt/MWCNTs composite

In order to enhance the utilization of Pt, oneigtraforward way is to synthesize
monolayer Pt catalysts. The most common way togseepingle layer Pt structure mainly
involves processes of under potential deposit (UBD)XCu and galvanic replacement
reaction between the deposited Cu and Pt. A magaddantage of these methods is the
difficulty in the single layer copper preparatid/p-to-date, there are only few reports on
the construction of monolayer Pt structure materealcept those which employed UPD
and galvanic replacement procedures. Recently, Kiteya and co-workers [78] proved
that immersion of an ordered Au(111) electrode inhéoroplatinate solution results in
spontaneous and irreversible adsorption of a subtager to a monolayer Pt complex on

the Au surface. Inspired by this, we proposed @mat design for the construction of
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submonolayer Pt decorated Au nanoparticles on wallticarbon nanotube support by

means of ion adsorption and electrochemical redncti

In order to obtain a clear surface for the iongatson process, AU/MWCNTSs was first

activated by CVs in Nsaturated 0.1M B0, solution until a steady curve was obtained.

Then the AUUMWCNTSs were transferred to a solutiof.aM H,SO, containing a Pt source

of varying concentrations immediately for the icadsorption. The immersion time was

fixed at 10min. Figure 2.12 shows the CVs of AuU/MWIS, Pt/C and AUu@Pt/MWCNTSs in

N, saturated 0.1M }BO, solution Significant changes were observed in the CV curfve o

AU/MWCNTSs after modification. Obviously, the redigct peak for gold oxide at around

0.8V in the backwards scan is decreased due tooverage of Pt. A broad peak related to

Pt oxide reduction at around 0.25V appeared whidvend the presence of Pt, almost

identical to the CV of Pt/C. However, the typicelfures for hydrogen adsorption and

desorption on Pt in sulfuric acid [79] was onlyddgrobserved because of the low loading

of Pt. Since the current originating from gold axieéduction was still present in the CVs,

it indicated that a submonolayer structure of P& wacorated on the surface of gold

nanoparticles. This structure was of great sigaifee with regards to the electroxidation of

formic acid and methanol tolerant ORR.
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Figure 2.12 Cyclic voltammetric curves in 0.1M, Maturated E50O, solution and

Au@Pt/MWCNTs, 50mV/s. Solution for ions adsorptiontM H,SO, + 0.08mM KPtCl,.

To verify the adsorption of Pt ions onto the suefa¢ Au nanoparticles, we must first
clarify whether there was interaction between MWGNAnd Pt ions during the ions
adsorption process. A control ions adsorption erpent was performed using MWCNTs
instead of AUUMWCNTSs, after which linear sweep gaimetry (LSV) was used to verify
the presence of Pt. The results were showed inr€&igLL3. Apparently, no change in the
LSV of MWCNTSs after the immersion could be observédemonstrated that there was no
decoration of Pt ions onto the MWCNTSs took place.

Linear sweep voltammetry studies were then empldyguiove the adsorption of Pt ion
on the surface of Au surface. After 10min immersiorsolution of 0.1M HSGO, + 1mM

K,PtCl, three consecutive LSVs were conducted, as shoviigure 2.14. From the first
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sweep, the reduction peak of Pt ions around 0.24¥ elearly observed. The second sweep
started at 1.5V in order to electrochemically oz&dithe Pt formed in the first sweep.
Similar to the first sweep, the reduction peak egponding to Pt oxide appeared at the
same potential region. In the third sweep, thaaingotential was moved to 0.5V, which
was not positive enough to electroxidize Pt. Thiuotion peak related to Pt oxide can be
seen to be missing in the third scan. Combiningath@ve results, we can conclude that the
presence of Au was critical for Pt ions adsorptionorder to obtain direct evidence for the
adsorbed Pt ions on the surface of Au nanopatisleay photoelectron spectroscopy (XPS)
was carried out. For the sample preparation, Au/MNVE were dipped into solution of
0.1M H,SO, + 0.1mM KPtCl, for 10min but without reduction subsequently. TXRS
pattern is showed in Figure 2.15. TheAdnd 4§, peaks at 72.2 and 75.1eV which can be
attributed to PtGF” comparable to metallic Pt with the value of 70n@ &4.3eV. [80-82]
Although a positive shift of binding energy wasadpd for Pt in AuPt alloy, [83] this can
not be accounted for the positive shift in thisecas no reducing agent was added.

It has been reported that the driving force forahsorption of PtGf on Au surface was
the strong interaction between Au and chlorine] \84 aim to verify this statement by
replacing PtGf with PdCL” in the ions adsorption process since they shardlasim
molecular structure in solution state. As showrFigure 2.16, similar to its platinium
anologue Au oxide reduction peak at around 0.8V was desa@alue to the coverage of Pd;
the hydrogen desorption signal was clearly obseerxsh though the signal for that of
hydrogen adsorption was featureless. Additionadlyweak peak related to Pd oxide

reduction appeared at about 0.4V. These resultsdao further support the conclusion that
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strong interaction between Au and chlorine wasntlagn reason for the metal chloride ions

adsorbing on to the Au surface, as seen from thiesireactivity of Pt and Pd halides.
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Figure 2.13 LSVs of MWCNTSs before and after the insion in 0.1M HSO, + 0.1mM

K,5PtCl, for 10min.
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Figure 2.14 LSVs of AuU/MWCNTs before and after tiemersion in 0.1M HSO, +

0.1mM K;PtCl, for 10min.
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Figure 2.15 XPS pattern of Pt, sample preparathaiMWCNTs composite was immersed
in 0.1mM K;PtCl, + 0.1M HSO, for 10min, the composite was separated by filienséand

washed thoroughly with deionised water and driedlitirior XPS measurement.
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Figure 2.16 CVs of AU/MWCNTs and Au@Pd/MWCNTSs id M. N, saturated E50;.
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Based on the mechanism discussed previously, th@Pucatalyst obtained should

possess a sub-monolayer Pt structure on the swfate nanoparticles. In order to control

the Pt coverage on this basis, ion absorption @xpats were carried out with different

K,PtCl, concentrations. As the concentration ofPkKCl, increase, more Pt should have

decorated on to the surface of Au, which can beatdd by both the increasing Pt oxide

reduction peak and the decrease of the Au oxidk (f@gure 2.17(A)). The Pt coverage

was calculated by the amount of decrease of thexdde peak. [85] As shown in the inset

of Figure 2.17(A), a good linear relation betwedre tPt coverage and the,RCl

concentration was obtained within the estimatedrett suggests that the coverage of Pt

can be tuned by varying the Pt source concentratioing the ions adsorption process,

similar to the results attained by C. K. Rhee ef88] Nevertheless, a state close to

saturation was reached when the concentrationiseddao 20.48mM since no apparent

increase in Pt coverage can be obtained by incrgdlse concentration of RtCl, further

Indeed, the ca. 2% decrease in coverage obsen&t 3 mMK,PtCl, concentration also

suggests that the adsorption reached a plateha &RtCl, concentration of 20.48mM. On

the other hand, the Pt coverage can also be cledtroby repeating the

adsorption-electrochemical reduction processes.shswn in Figure 2.17(B), the Pt

coverage increased as we repeated the ion adsogiter each electrochemical reduction.

A coverage of about 87.8% was achieved as cylesrg@sated for 11 times. In order to

obtained a series of coverage, differenPtCl, concentrations were chosen: 0.08mM

KoPtClL + 0.1M HSQO, for the first 7 cyles, 0.32mM #RtCl, + 0.1M HSO,for the eighth

and the ninth immersions and 1.28mMP¥Cl, + 0.1M H,SGO, for the tenth immersion and
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finally 5.12mM K,PtCl, + 0.1M HSO, for the eleventh immersion. Noticeably, for the
concentration of 0.08mM, a maximum coverage of agdo65.5% was observed as there
was no apparent increase in coverage between trenteeimmersion and the sixth
immersion. However, increasing the concentratiosulted in further increase on the
coverage. These results imply that it is feasihkt the Pt coverage can be controlled by
other means other than merely changing the Pt éomsentration. Moreover, repeating
immersion at a raletively low concentration for ghhcoverage is significant for the

reducing the use of Pt in the production process.
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Figure 2.17 CVs of Au@Pt/MWCNTSs in 0.1M,80, prepared in 0.1M SO, containing
K.PtCly of different concentrations (A) and repeating i@usorption times in 0.08mM
K,5PtClL + 0.1M H,SO, for the first seven times immersions and 0.32mpPicCl, + 0.1M
H,SO, for eighth and ninth immersions and 1.28mNMPKCl, + 0.1M HSO, for the tenth

immersion and 5.12mM #RtCl, + 0.1M HSO, for the eleventh immersion, 50mV/s.
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Pt is widely used as the catalytic materials irl éa# devices. Nevertheless, the limited
natural abundance and in turn the high cost of ®&epchallenges for widespread
applications of fuel cells. Therefore, submonolayemonolayer construction of Pt will be
of great influence in this respect. It is diffictitt characterize the submonolayer structure
on the surface of Au nanoparticles by employinglitianal techniques such as TEM,
HRTEM, SAED, XRD, EDS since the Pt loading is towl In contrast, electrochemical
techniques are surface mediated method with vegly bensitivity. Therefore, we for the
first time use cyclic voltammetry to aim verifioai of the sub-monolayer Pt structure on
the surface of Au. With regards to the synthetmcpss, it resulted in two effects upon the
decoration of Pt: the decrease of gold surface ai®q, and the increase of Pt surface area,
ASe. The change in surface areas of Au and Pt can derepresented by the charge
transfer during the related electrochemical praeess CVs. [87] Again, considering the
preparation scheme, if sub-atomic layered Pt siracivas achieved, the decrease in Au
surface area should equal to the increase in Ricguarea. This is due to the fact that a
single layer of Pt atoms are laid directly on téph@ Au surface in an ideal scenario. It can

be presented as:

ASAu = (CAu /CAu) - (CAUCPt) = 42OCAU
ASy  (Cp/Cx) (Cpp,) 400CH

C
= 105(&) =1 21
c, ~tey
Thus

C
(=) =095 (5,
Cor (2.2)

whereC,, andCpstand for the charge for the Au oxide and Pt oxatkiction, respectively;

the specific numbers, 420 and 400, are the sudricke reduction charge of polycrystalline
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Au and Pt[87] Figure 2.18(A) presents the plot&%sias a function oAS,, derived from
figures obtained from different Pt] concentration#\ slope of 0.993 was obtained upon
linear fit, which is close enough to 1 within cdition error. [87] Similarly, very good
linear relation ofASp; and AS,, was also observed when Au@Pt/MWCNTs was prepared
through repeating immersion cycles, Figure 2.18f83lope of 0.992 was obtained. These
results proved that the as synthesized Au@Pt/MWCINGssesss sub-monolayer Pt
structure. Table 2.2 and Table 2.3 present the sumem ofCp, / Cpiderived from the
various CV measuremtns. Considering that the stdndaror for electrochemical
measurement is 10%, one could consider that tteeatdatin good agreement with equation
(2.2). Base on these analyses, a conclusion cadréen that sub-atomic layer to
monolayer Pt structure was successfully attainedhbyso called ions adsorptiam-situ
electrochemical reduction approach. The proposedraton scheme for the increase of Pt

coverage on the surface of gold nanoparticlesustrated in Figure 2.19.
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to repeating immersion cycles.
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Table 2.2 Summary of data derived from CVs of Au@MCNTs prepared through
different K;PtCl, concentrations.

C/mM Decrease of Au  Increase of Pt oxide ACA/ACp; Coverage / %
oxide reduction  reduction pealiCp;
peakACy, / x10* / x10*C
C
0.02 1.754 1.812 0.97 16.5
0.08 2.846 2.976 0.97 28.9
0.32 4.328 4.168 1.04 39.2
1.28 4.359 4518 0.96 47.4
5.12 5.631 5.507 1.02 54.6
20.48 6.255 6.077 1.03 62.7
81.92 6.308 6.660 0.95 60.4
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Table 2.3 Summary of data derived from CVs of Au@®{CNTs prepared through
consective immersion cycles

NO. of C/mM Decrease of Increase of Pt ACa/ACp: Coverage /
cycles Au oxide oxide %
reduction reduction
peakACy, / peakACp; /
x10*C x10*C
1 0.08 2.621 2.792 0.94 27.1
2 0.08 3.927 4.005 0.98 40.6
3 0.08 4.776 4.775 1.00 49.3
4 0.08 5.68 5.318 1.06 58.7
5 0.08 6.109 5.750 1.06 63.1
6 0.08 6.342 5.951 1.06 65.5
7 0.08 6.372 5.927 1.07 65.8
8 0.32 6.994 6.702 1.04 72.2
9 0.32 7.338 7.335 1.00 75.8
10 1.28 7.581 7.290 1.04 78.2
11 5.12 8.500 8.526 1.00 87.8

2.3.4 Electrochemical oxidation of formic acid

As mentioned in the background section that foracic electroxidation on Pt occurred
mainly through three pathways: direct oxidation higlrogenation), indirect pathway
(dehydration) and the formate pathway. A deepetuatian of the reaction is required
before any discussion in greater details. FiguP® 2hows the CV of commercial Pt/C in
0.1M H,SO, + 0.05M HCOOH. There were two peaks in the forwsran. The weak broad
peak (peak I) between 0.2 to 0.4V is originatednfrdirect oxidation of formic acid and
indirect oxidation is responsible for the relativetrong peak at around 0.7V (peak II). [88]
As demonstrated biyn situ IR studies, the dissociation of formic acid occatgotential
under the onset of peak I, identified by the pnegeof CQq IR signal, [89] which in turn
indicates that that peak Il correlates to the edioxidation pathway. Meanwhile, Pt oxide
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was formed resulting in the decrease in currettténregion following peak Il as shown by
Figure 2.12. In the reverse scan, only one pealeapp due to the direct oxidation of
formic acid after the reduction of Pt oxide formed the positive-going sweep. The
considerable hysteresis and the significant diffeeeof the positive and negative going
scans were generally ascribed to the hysterediseirformation and the reduction of the

surface Pt oxide in high potential region, and ¢x&lation or build-up of the poisoning

COyqlayer in the lower potential range. [90-93]

04
034 Peak Il
<
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e
o
5 017 Peak |
(8]
0.0 4
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-0.2 0.0 0.2 04 0.6 0.8
E/V vs (SCE)

Figure 2.20 CV of Pt/C in 0.1M 430, + 0.025M HCOOH, 50mV/s.

The electrochemical properties of the as prepare@Rt/MWCNTSs catalysts towards
formic acid oxidation were analyzed by CVs in 0.HY50, + 0.025M HCOOH. The result
was shown in Figure 2.21. The shape of the CV blosesembles that of the Pd/C
catalyzed formic acid oxidation which was reportedfavor dehydrogenation of formic
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acid without the formation of CO. [94, 95] CompariRigure 2.20 with Figure 2.21, only
one peak at around 0.4V corresponding to the dioe@ation of formic acid can be
observed in the forward scan. Moreover, the curfesitavior in both forward and
backward scans were nearly identical, indicatingt vanprovement for formic acid
oxidation over pure Pt catalyst. [96] Direct oxidatof formic acid on Pt-based catalysts
has been reported recently. [97-99] It was genetadlieved that the elimination of CO
during formic acid oxidation on Pt was due to acatled ensemble effect of Pt atoms. [100]
Dehydrogenation of formic acid requires only 1-2aRims while the dehydration occurrs
over greater atom ensemble size (above 3). Asdrcéize of AU@Pt/MWCNTSs, Pt ions
were first absorbed on the surface of Au and fimesitu electrochemically reduced. The
resulting submonolayer Pt structure may consisisofated Pt atom since the lattice
mismatch of Au and Pt is small. Therefore, the dehityon of formic acid was mostly

eliminated.
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Figure 2.21 CV of Au@Pt/MWCNTs in 0.1M ;BO, + 0.025M HCOOH, 50mV/s;

Solution for ions adsorption: 0.1M,BO,+ 0.08mM KPtCl,.

Base on the mechanism of formic acid oxidation grtle coverage of Pt on the gold
surface may have a significant influence on thectedeatalytic behavior of
Au@Pt/MWCNTs. Further investigations regarding tlpiospect were performed. As
proven previously, the electrocatalysts with difgr Pt coverage can be obtained by using
a variety of concentrations of the Pt sources énitims adsorption process or repeating ions
adsorption. Figure 2.22 shows the electrochemicalpgrties of the as prepared
Au@Pt/MWCNTSs catalysts. Interestingly, indirectaeiion of formic acid can be observed
in the curve 2.22(d) when the concentration efP#ClLwas increased to 1.28mM. Further
increase of Pt on the Au surface resulted in everenndirect oxidation of formic acid as
indicated by the increase of the dehydration peakshown in curve (e) and (f). The

increasing ratio of between peak Il and peak | gfsom 0.76 in (d) to 0.88 in (f))
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suggested that more formic acid was oxidized thnodghydration. These were consistent

with results obtained by other researchers. [97,] K the Pt coverage increases, the

proportion of ensemble structure of Pt atoms ongibld surface increases, which led to a

higher proportion of indirect oxidation in the faoracid oxidation reaction. In addition,

electroxidation of formic acid on Au@Pt/MWCNTSs paeed via repeated immersions was

also carried out. As shown in Figure 2.23, simi&sults were observed. As the Pt coverage

increase, the indirect oxidation related peak rish#e the peak corresponding to direct

oxidation decrease. The CV of a 88.4% Pt coveragpife 2.23(f)) actually resembls the

shape of Pt/C.

0.04mA/cm2 (a) ) (d)
0.2mA/cm
2
0.2mA/cm (b) |O zmA/cm2 (e)
0.2mA/em’ (c) |0_2mA,cm2 (M)
UL T UL L v T 7T T 1T T 1T T 717
02 00 02 04 06 08 02 00 02 04 06 08
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Figure 2.22 CVs in 0.13$0, + 0.025M HCOOH of (a) Pt/C and Au@PtMWCNTs
fabricated from PtGF of different concentrations with different coveeagb) 0.08mM,
28.9%; (c) 0.32mM, 39.2%; (d) 1.28mM, 47.4%; (elZnM, 54.6%; (f) 20.48mM,
62.7%.
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Figure 2.23 CVs in 0.1M $$0, + 0.025M HCOOH of Au@Pt/MWCNTSs prepared through

repeating adsorption-reduction cycles with incregu$tt coverage: (a) 28.9%; (b) 45.2%; (c)

59.2%:; (d) 72.8%; () 81.6%; (f) 88.4%.

The stability of the electrocatalysts for fuel sali a critical issue especially in terms of
large scale applications. Since the loading of rPtthe submonolayer Pt catalyst is
extremely low, thus its durability would be a keyncern. We investigated the stability of
our catalysts by scanning the catalyst in 0.1pM®, + 0.025M HCOOH between -0.2 to
0.9V for 2000 cycles. As shown in Figure 2.24, dloéivity of Au@Pt/MWCNTs and Pt/C
decrease after the accelerade durability test (ADM§ activity loss for Au@Pt/MWCNTSs
was 14% at the peak potential while the loss f6€ Rtas around 40%. There are two major
proposed causes for the gradual loss of electrocaéactivity: (1) dissolution of Pt which
led to Ostwald ripening; [102] and (2) Pt sinterlmgparticles migration and agglomeration.

[103] Both situations would result in the electrenfical active surface area (ECSA) loss
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and thus degradation in the catalysts’ performanterefore, we used CVs to study the

ESCA loss before and after the accelerated dumabést. As shown in Figure 2.25, no

significant change in the CV of Au@Pt/MWCNTs colild observed after the durability

test whereas the current signal for hydrogen adisordesorption and Pt oxide reduction

show apparent decrease in the CV of Pt/C. It sugddbat the ECSA loss in Pt/C is more

severe compared to the AU@PYMWCNTSs. The supetadildy of the our catalysts may

be ascribed to the better electrochemical resistafiche Au support in an acid medium

since the reversible potential for Au was more fpgesithan that of Pt under the same

condition.
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Figure 2.24 (A) LSV of Au@Pt/MWCNTSs before and aféecelerated durability test; (B)

LSV of Pt/C before and after accelerated durabiést; in 0.025M HCOOH + 0.1M 430,

50mV/s.

83



(A)

before ADT

- after ADT

Current / au

———r—7r—r—7T—— 777777
-04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

E/V (vs SCE)

before ADT
---- after ADT

Current / au

— T T T T T T T T
04 02 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 16
E/V (vs SCE)

Figure 2.25 (A) CVs of Au@Pt/MWCNTs before and atiecelerated durability test; (B)
CV of Pt/C before and after accelerated durabilégt; in 0.1M N saturated 5O,

50mV/s.

2.3.5 Methanol tolerant ORR catalysis

Recently, there are a few literatures reporting $yathesis of methanol tolerant

catalysts. Zhao and co-workers [104] synthesizetbred mesoporous graphitic carbon
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supporting Pt nanostructure as a highly active mpthanol tolerant ORR catalysts. A. K.

Shulka fabricated a Pt-Au alloy cathode catalyst RMFCs which showed better

methanol-resistant performance compared to its pareounterpart.[105] Unfortunately,

the Pt loading in both cases is too high for lasgale application. With regard to the

loading of the submonolayer Pt catalyst, Au@Pt/MWGENvere quite promising as ORR

electrocatalysts. Based on Metthew’s calculatid®0] we expected that the as prepared

submonolayer Pt structure may exhibit good perforweafor a methanol resistant ORR

catalysis reaction. Inspired by this consideratior investigated the electrochemical

oxidation of methanol using our catalysts. As shoimnFigure 2.26, interestingly,

Au@Pt/MWCNTSs with coverage below 40% showed almaséactivities towards methanol

oxidation ((b) and (c)) while those with higher ecage was active for methanol oxidation.

Catalysts prepared through repeated immersions dilsplayed similar behavair for

methanol oxidation (Figure 2.27). A closer lookila# comparison between the activity of

commercial Pt/C and the Au@Pt/MWCNTSs was presemté&dgure 2.28. The specific area

activity of Au@Pt/MWCNTSs for methanol oxidation wéwee times higher compared to

that of the Pt/C catalysts. In the meantime, basethese results, it can be suggested that

the Au@PYMWCNTs with lower Pt coverage, namelyolel0%, may potentially have

potential applications in methanol resistance ORfRtecatalysts for direct methanol fuel

cells.
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Figure 2.26 CVs in 0.1M 80O, + 0.1M methanol of (a) Pt/C and Au@Pt/MWCNTs
fabricated from PtGF of different concentrations with different coveeagb) 0.08mM,
28.9%; (c) 0.32mM, 39.2%; (d) 1.28mM, 47.4%; (eLlZnM, 54.6%; (f) 20.48mM,

62.7%.
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Figure 2.27 CVs in 0.1M $50, + 0.1M methanol of Au@Pt/MWCNTs prepared through
repeating adsorption-reduction with increasing Bvecage: (a) 28.9%; (b) 45.2%; (c)

59.29%:; (d) 72.8%; () 81.6%; (f) 88.4%.
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Figure 2.28 CVs in 0.1M }$0, + 0.1M methanol of Pt/C (red) and Au@Pt/MWCNTshwit

88.4% Pt coverage (black), 50mV/s.
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We analyzed the methanol resistance performantechu@Pt/MWCNTs with 27.9%

Pt coverage by linear sweep voltammetry (LSV) measent in the presence and absence

of 0.1M methanol on a rotating disk electrode. FrBigure 2.29, one can observe no

change in the LSV curves in both cases. It inde#tat the presence of methanol have no

influence on the ORR catalysis. This result is ood) agreement with the CV study in

Figure 2.26 and Figure 2.27 that Au@Pt/MWCNTSs wiletively lower Pt coverage show

no activity for methanol oxidation. Furthermoreg taddition of methanol induced a 40mVv

over potential for the ORR at the same currentitieas in the case of Pt/C. These results

suggest that the as prepared catalyst has gresttabffor methanol tolerant ORR in direct

methanol fuel cells. To provide further evidencetfee methanol tolerant properties of the

submonolayer Pt structure, chronoamperometric measnts were conducted in the

presence of 0.1M methanol. The result is shownigureé 2.30. The current-time (i-t)

chronoamperometric response for Pt/C shows an obwecrease (about 34.9%) in current

upon the addition of 0.1M methanol. In contraste tamperometic response from

Au@Pt/MWCNTs remains unchanged even upon the adddf methanol. Therefore, the

as prepared submonolayer Pt catalyst has bettenamat tolerance than typical Pt/C

electrocatalyst. Figure 2.31 shows the ORR polaomacurve of the as prepared

Au@Pt/MWCNTs in Q saturated 0.5M FB0O,. The current was corrected in reference to

the area of Pt. The specific area activity of thbrsonolayer Pt catalyst is much higher

than that of the commercially available Pt/C, ane $pecific mass activity at 0.45V has

also shown a two-fold increase.
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Figure 2.29 (A) LSV of Au@Pt/MWCNTs with 27.9% Pdwerage in 0.5M 5O, with
and without 0.1M methanol, 10mV/s, 1600rpm; (B) LBMPY/C in 0.5M HSO, with and

without 0.1M methanol, 10mV/s, 1600rpm.
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Figure 2.30 I-t curves at 0.5V in 0.5M,@aturated K50, of AuU@Pt/MWCNTs and Pt/C

in the presence of 0.1M methanol: methanol wasddéter 100s.
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Figure 2.31 ORR polarization curves of Au@Pt/MWCNiFsl Pt/C in @saturated 0.5M

H,SO,, 10mV/s, 1600rpm.
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2.4 Summary

To summarize, ultralow loading Au@Pt/MWCNTSs electatalyst was synthesized by a
so-called ions adsorption amd situ electrochemical reduction method. The as prepared
composites were used as electrocatalyts for foanid oxdidation and methanol tolerant
oxygen reduction reaction.

(1) MWCNTs were pretreated with concentrated nitricdadihe dispersion of MWCNTSs
in water had improved significantly after the atidatment due to the formation of
oxygen containing function groups on the surfaceMMWCNTs. In addition, the
function groups would serve as the anchoring site the deposition of Au
nanoparticles.

(2) AUUMWCNTs composite was prepared via traditionaleroical impregnation.
Complete deposition of Au nanoparticles on MWCNTaswconfirmed by UV-vis
measurement. TEM analyses illustrated that thegadize was in range of 4 to 9 nm.
Au loading on Au/MWCNTs composite could be easibnizolled by varying the
amount of Au source, but some aggregations werere@ison in high loading. XRD
study demonstrated that Au nanoparticles exhifatatructure.

(3) AuU@Pt/MWCNTs composite was fabricated by ions golsmm and in situ
electrochemical reduction. Linear sweep voltammatrg XPS were used to confirm
the adsorption of Pt ions on to the surface of Anaparticles. The driving force for
adsorption of the Pt chloride ions on to the Auaue is the strong interaction between
Au and chlorine. The key role of chlorine atom Ire tions adsorption process was

proven by replacing the platinum chloride with pdlum chloride base on the similar
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(4)

adsorption mechanism. The submonolayer Pt strueutur the surface of Au

nanoparticles were verified for the first time byckc voltammetry. Electrochemical

studies demonstrated that the Pt coverage can Iéroled by varying the

concentration of the Pt ions in the adsorption @sscor repeated immersions. Direct

oxidation of formic acid occurred on the catalystth lower Pt coverage, namely less

than 40%, whereas both direct and indirect pathwaly place on those with higher Pt

coverage due to the ensemble effect. The Au@Pt/MWCalectrocatalyst possess

higher stability as compared to commercial Pt/C algat which make

Au@Pt/MWCNTSs promising electrocatalysts for dirkrimic acid fuel cells.

Catalyst with lower Pt coverage showed excellemfopmance for methanol tolerant

ORR catalysis since it was inactive towards metharRoth the CV and

chronoamperometric studies provided evidencesHhisr ¢onclusion. In addition, the

specific area activity of ORR showed a tow-fold amtement when compared to the

commercial Pt/C catalyst.
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Chapter 3

Synthesis of Hollow PtAg Nanostructures with Excedint

Electrocatalytic Performances

3.1 Background
3.1.1 An overview of hollow nanostructures

Owing to their fascinating physical and chemicabpgarties originating from the
nanoscale size, nanostructures have attracted enerimterest in the last few decades. [1]
Thanks to the recent advancement in nanotechnalogievide range of nanostructures
have been successfully prepared including nanggtars3] nanorods, [4, 5] nanocubes,
[6-8] nanospheres [9] and nanowires. [10] Amongrthikollow nanostructure is one of the
emerging significant members in nanoscience. Withards to the morphology of the
hollow nanostructures, it consists of hollow-spBereanotubes, hollow-nanocubes and
hollow-octaheron and so forth. Compared to itsdsaknostructure counterparts, hollow
structures show features such as high specifiasarérea, high pore volume ratio, low
density, easy permeability and enhanced reactifit}~13] Therefore, it holds potential
applications as drug-delivery carriers, [14] biomatdiagnostic agents, [15] cell imaging
agents, [16] and catalyts. [17] For example, to eéut a few, hollow Pd nanospheres have
been employed in catalyzing Suzuki cross coupliegction that showed higher
performance than Pd nanoparticles. [18] Au nanacdgee been proven to be an ideal

candidate for photothermally triggered drug releagent in tissues owing to their strong
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surface plasmon absorption. [19] Pt hollow spheseisibited higher activity for both
oxygen reduction reaction (ORR) and methanol oildateaction (MOR) than its solid
anologues. [20-23] Noble metal such as Pt and Pdaaes showed enhanced catalytic
efficiency for the reduction reaction of 4-nitropioé resulting from the nanocage effect.

[24]

3.1.2 Synthesis of hollow nanostructures

There are many techniques to generate hollow narodstes which mainly involve the
sacrificial templates as the precursors. For exapgalymer and inorganic spheres, [25-28]
microemulsion droplets, [29] vesicles, [30] andul@jdroplets [31] were all been employed
as the templates. After the desirable materials dmeosited on to the surface of the
templates, the templates would be removed whidhliteeis the hollow structures. For this
reason, the morphology of the remaining hollowddtite largely depends on the template.
Therefore, the design of the templates is a kep fbe the fabrication of the hollow
structures. However, in recent years, newly devwdomethods have ermeged for the
preparation of hollow structures. Base on a brdfrdture review, we categorize the

methods as follows.

3.1.2.1 Hard template assist synthesis

Hard template assistance synthesis usually invavesnplate such as polymers, [32]
silica, [33] titanium oxide [34] and metal nanopaeds [35] as the precursor. There are

mainly two main steps in the hard template assistgmmeparation. For example, Figure 3.1
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shows the preparation process of PtRu hollow siracusing the porous carbon as the
template. The desirable shell materials are degbgih to the surface of the template by
chemical reduction. Afterwards, the templates areaved generating the hollow structures.
The methods used to remove the template mateegldad to be chosen carefully in order
to obtain decent hollow structures. Normally, potyrand carbon templates were removed
simply by calcinations at 500-6Q0D; other precursors were cleared up by chemical
dissolution. The morphology of the resulting holl@tvucture obviously depends on the
precursor. The thickness of the shell can be easityrolled just by varying the amount of

the relevant materials employed. The disadvantdghi® method is mainly that of the

tedious and complicated preparation of the template addition, the post-synthetic

treatment for the removal of the templates may s$iones destroy the hollow structures.

Infiltration with

¥ i ¥ ¥ ¥ X v RuCl; and H-PtClg solution

Porous carbon Salts coated porous carbon

Borohydride reduction
reaction with 1M NaBH,

Burned out the carbon at 630°C [

L ¥ v v E R v
Sy W e

Hollow metal sphere assemblies Metal coated porous carbon

Figure 3.1 Schematic illustration of PtRu hollovhspes synthesis. [36]
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3.1.2.2 Soft template assist synthesis

In contrast to the hard template assistance syisthe®ft template assistance
preparation employs template such as micelles,\j83icles, [38-40] and emulsions [42] as
the precursors for hollow structure constructiome Tword “soft” originates from the
physical state of the templates as oppose to fitetemplates in the hard template assisted
preparation. Generally, this approach is suitabidtfe synthesis of semiconducting hollow
structures such as silica, [43] CdS [44] and Sr@5] A typical fabrication process is
illustrated in Figure 3.2. In this case, sodium end sulfate (SDS) was adopted as the
micelle template. Pt ions and Pd ions are adsodsedo the SDS micelle surface by
electrostatic attraction. Hollow spheres can baiokt by simply washing away the SDS
after the metal ions reduction. Compared to thel @mplate synthesis, the soft templates
can be removed easily with little impact on thefihollow structures. However, the soft

templates consist of surfactants which may intredtamtaminations to the final products.
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Hollow sphere
PtPd Alloy

&~ 3sps @ Pd+ @ PCL>

Figure 3.2 Schematic illustration of PtPd holloweges synthesis. [46]

3.1.2.3 Galvanic displacement involved synthesis

Inspired by Xia's pioneering work, great advanceitnélave been achieved in
nano-hollow structures preparation through galvatiplacement reaction. [47] In this
synthetic process, nanostructures of a metal vaitih électrochemical potential are first
synthesized as the sacrificial templates. The delgr or the shell materials, metal source
ions are subsequently introduced into the as peepaemplate dispersion. Galvanic
replacement takes place resulting in the hollowosmcture formation. The driving force
for the reaction is the electrochemical potentiffietence between the respective metals

involved. Template metals behave as the cathodke wiétals with higher electrochemical

104



potential serve as the anode. Therefore, transitietal such as Co, [48, 49] Ni, [50, 51]
Ag [52, 53] and even Pd [54 55] are usually empibgs the sacrificial template. In the
cases of Co and Ni, an oxygen free atmosphere eslenein order to avoid surface
oxidation of the template which would then inhibiie galvanic displacement reaction.
Since the final hollow structures usually exhibitgchilar morphology to the employed
templates, therefore, by controlling the morpholagythe templates, nanostructures such
as hollow sphere, [56] nanotubes, [57] and hollaic [58] can be easily synthesized.
Moreover, the thickness of the shell of the holkivactures could be tuned just as easily by

changing the amount of the relevant metal souroéasito other preparation methods.

3.1.2.4 Other synthetic methods

Apart from the approaches mentioned above, theretrer means of the preparation
of hollow structures which are worthy of our notiéer instance, photochemical synthesis
[59] and electrochemical methods. [60] Ag@Pt cdrellsstructure was first prepared and
then photo-excavated by picosecond laser pulsedtingsin a hollow Pt spheric structure.
[61] The thermalized photon energy of Pt Plasmaluaes the core Ag to melt and effuse
out, since Ag has lower melting and boiling tempe than Pt. This technique can
eliminate any chance of contamination by silveroddle as in the case of galvanic
displacement. Electrochemical methods such as retlgiosition and electrochemical
anodizing have been proven to be versatile appesadbr the preparation of hollow

structures. Ce doped ZnO hexagonal nanotubes amotages were successfully fabricated
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using electrodeposition by Li's group. [62] Ti®anotubes can be synthesized through
anode electrolysis of Ti electrode in a glycol amuge solution. [63] Compared to other

approaches, electrochemical methods are simplek @md economical.

3.1.3 Mechanism of the formation of hollow structue through

galvanic displacement

An enoumous amount of works have been done indsgarthe preparation of hollow
structures through galvanic replacement, neverbel¢he hollow structure formation
mechanism was rather poorly understood. Xia's greas one of the pioneers, in this
context, to investigate the mechanism by using A& a typical case study. The galvanic
replacement reaction was run similar to a titratiath the HAuUC}, solution being added
into the Ag templates gradually. Products at défferstages were analyzed by TEM, SEM
and elemental analysis. [64] Galvanic reaction indisted locally at the high-energy sites
of the Ag template such as defects, surface stepsle rather than on the entire surface.
[65] As the reaction proceeded, more Ag atoms Hissout through the pinhole formed in
the previous stage. The stripping electrons migratethe surface which would then be
captured by AuGl ions, forming Au atom on the surface. As this psxwas repeated over
time, hollow structures were formed. TEM and eleetdiffraction analysis confirmed that
the as formed shell consisted of an Ag/Au alloydad of an Ag and Au phase separated
regime. This observation can be explained by thaabsolubility of Ag and Au in their

lattices especially with the high diffusion ratetla¢ reaction temperature. [66, 67] Further
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increase in the amount of HAuGNould result in dealloying causing the collapsettaf
shell structures. [68] Similar to iniate stagehd# teaction, dealloying occurred at the active
sites of the as formed shell structures. Therefgmreat caution was needed in determining
the amount of HAuGlused for synthesizing the Au hollow structures.uBe cubic Ag
template as an example, the whole process isriligst in Figure 3.3.

In this chapter, Ag nanoparticles were employethasprecursor to synthesis of PtAg
hollow nanostructure. The reason why Ag was usdti@template is that Ag nanoparticles
are quite stable in water in an ambient atmosphEmnerefore, it offers great ease in the

preparation process.

' - - - ' - '
—_— —_— —_—

Cross

section

B A Anode Reaction: 3Ag — 3Ag"+ 3@
B AulAg Cathode Reaction: AuCl4 + 38 — Au +4CI-

{11}
h
I

(D)

r--- -

—

Figure 3.3 Schematic illustration summarizing abbrphological and structural changes

involved in the galvanic replacement reaction betwsilver nanocubes and an aqueous

HAuCI, solution. [64]
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3.2 Synthesis of PtAg hollow spheres

3.2.1 Preparation of Ag nanoparticles template

Ag nanoparticles template was prepared by seed ateeddigrowth under room
temperature. In a typical process for Ag seedshegis, 60(L of 0.1M AgNG; solution
was mixed with 300mL of 0.5mM sodium citrate aguesolution. Then 3mL of freshly
prepared 0.1M NaBHwas added dropwise to the mixture while stirrifipe colorless
solution turned bright yellow indicating the fornmat of Ag nanoparticles. Afterwards, the
solution was further stirred for a further 2h tacdepose the remaining NaBH-or the
growth process, a relatively weak reducing ageht;®H-HCI, was used. 3.0mL of 0.2M
NH,OH-HCI solution was added into the above seed isoluAfter stirring for 5min,
75QuL of 0.1M AgNG; solution was added. The mixture was then stiroedL.h to ensure

the completion of the growth process.

3.2.2 Synthesis of the PtAg hollow spheres

30mL of the above template colloidal solution wasted to 6@ in an oil bath for
10min. A predetermined amount o£Cl, solution was added with continous stirring.
Immediate color change was observed upon the edditi K;PtCl, solution. Thereafter,
the solution was kept stirring for 1h. The prodwets then separated by centrifugation at
6000rpm for 20min. In order to remove any by-prddad the unreacted silver, the black

solid was washed with 35% ammonium hydroxide and BNIO; solution consectively
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respectively. Typically, the obtained black solidsadispersed into 3mL of 35% ammonium
hydroxide by sonication for 15min. The resultinguse product was centrifuged and
washed with 6mL deionised water twice. The finaldil solid was washed with 3mL of 5M
HNO; soultion once and 6mL deionised water twice and dred at 60C overnight

afterwards.

3.2.3 UV-visible spectroscopic measurement

In order to prove the successful formation of a dPtghell on the surface of Ag
nanoparticles, UV-visible spectroscopic studiesenmmducted at a HP 8453 spectrometer.
10QuL of the Ag colloidal solution was transferred feetcell and diluted to 4mLwith
deionised water. The absorption spectrum was reddodtween 200 to 800nm. In the same
manner, measurements for the PtAg solution afterréfaction were also conducted for

comparison.

3.3.4 Physical characterizations

X-Ray powder diffraction analyses were conducted an Rigaku Smartlab
diffractometer. The sample was placed on a silisobstrate for measurement and the 2
theta range was chosen at the region between 20Gddgree. Morphology studies were
carried out by transmission electronic microscopfl(Tecnai G2 20). Samples were
prepared by dropping the relevant dispersion ortarbon and Formvar copper grid for the

observation. Energy dispersive X-ray spectra (ER8) selected electron diffraction
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(SAED) were also carried out during the TEM studi€sirface analyses were also

performed by X-ray photoelectron spectrum (XPS)sueament.

3.3.5 Electrochemical analysis

All electrochemical performance tests were condleteroom temperature condition
and were performed in a three-electrode settingCéth 660D electrochemical station.
Saturated calomel electrode (SCE) and Pt plate wsaéd as the reference electrode and the
counter electrode respectively. To prepare the ingrklectrode, 1mg sample was mixed
with 795uL deionised water, 2Q@ isopropanol and g of 0.05% nafion by sonication to
form a homogeneous inkuP of the ink was casted to the glass carbon eldet(@&CE)
using a micropipette to yield a total metal loadimfg2ug. The working electrode was
cycled at 50mV/s between -0.24 and 1.0V in ashiturated 0.1M B0, solution until a
stable CV curve was obtained. The last cycle wasd u® determine the hydrogen
adsorption-desorption charge which was relatechéoRt electrochemical active surface
area (ECSA). For the formic aicd activity test, therking electrode was transferred to a
cell containing 0.1M LSO, + 0.05M HCOOH electrolyte solution. A CV betwedn2-to
1.0V was recorded when it reached a stable st#te séveral cycles. For the methanol
oxidation activity study, the electrolyte solutiavas changed to 0.1M 80, + 0.1M
methanol. Chronoamperometric studies were perforinetie same electrolytes as with

that of the activity tests under relevant potential
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3.4 Results and discussion

3.4.1 UV-visible spectroscopic analyses

UV-vis spectroscopic measurement is a common tgakenio study the silver related
chemistry since it shows the absorbance which ratgi from the surface plasmon
resonance (SPR). [69] The UV-vis spectroscopic istuthefore and after the galvanic
replacement with different amount of/Cl, were shown in Figure 3.4. The amount of the
Ag colloidal was kept constant at 30mL (0.45mMYhe galvanic displacement process to
enable direct comparison. As the amount 0fPi#Cl, increased, the absorbance
corresponding to Ag silver decreased suggestinigtileaPt atoms were being deposited on
to the surface of the Ag nanoparticles. [70] A flae was observed when the amount was
raised to 650L, which indicated that all silver was completeBntoved. The gradually

decrease of the Ag-related absorbance peak imleetbrmation of hollow structure.
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Figure 3.4 UV-vis spectra of the Ag colloidal soduis after reaction with different amount

of 25mM K;PtCl,.

3.4.2 Morphology characterization

3.4.1.1 Ag template observation

TEM measurement is typically used for morphologyedaination. Figure 3.5 shows
the TEM image of the Ag templates. The Ag templatlieplayed nanosphere morphology
with a diameter ranging from 20 to 50nm. From tHRTHM, shown in Figure 3.6(a), the
lattice fringe with a d value of 0.24nm was obsdrwehich corresponded to the (111) face
of silver. The SAED measurement confirmed thatab@repared Ag templates exhibited a
fce structure with the appearance of diffractiamgs corresponding to (111), (200), (220),
(311). The template preparation is a key step ef hbllow structures design since the

morphology of the hollow structure, in most casesuld resemble that of the templates.
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Moreover, the size of the templates plays a crucild in the construction of the hollow

structure since small particles can not be useraplates for the preparation of hollow

spheres.

Figure 3.5 TEM image of Ag templates.

Figure 3.6 HRTEM (a) and SAED (b) of the Ag templatinoparticles.
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3.4.1.2 PtAg hollow structures observation

As proposed from the UV-vis analyses, the newlynied Pt atoms gradually deposited
on to the surface of the Ag templates. TEM studiese used to further confirm this
conclusion. In similar manner, we carried out tla@vagnic displacement with different
amount of 25mM KPtCl, solution with a fixed amount of template colloidsdlution
(30mL, 0.45mM). The results were shown in the FegBu7. A trend can be easily observed:
as the amount of #RtCl,increased, more hollow structures could be seeditiddally, the
surface of the hollow spheres is rougher when h higount of KPtCl,was used. During
the galvanic replacement reaction, AgCl was theomdjy product which would
contaminate the PtAg hollow structures. [71] Thoitghias proposed that the AgCl would
dissolve in a relatively high temperature, [72]arfiie could still be detected in the EDS
analysis of the purified hollow spheres as showifrigure 3.8. Therefore, the remaining
solid core at low amount JRtCl, preparation may be attributed to the unreacted Ad) a
AgCl. [35]

Another trend can be observed from Figure 3.7:tthekness of the hollow sphere
increased as the amount of XCl,added was raised. To improve the clarity, sampleew
washed with ammonium hydroxide and 5M nitric aggpectively to remove any AgCI
and unreacted silver. The relationship betweenhioness of the hollow spheres and the
amount of KPtCl,added can be obviously observed in Figure 3.9.eTadl presents the
summary of the thickness of the resulting hollownaspheres prepared from different
amount of KPtCl,. The thickness increased from ca. 2.3 nm to &anih as the KPtCl

precursor amount rose from 1p0to 550uL. Based on this observation, one can conclude
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that the thickness of the hollow sphere can berothed just by simply varying the volume

of K,PtCl,source. A closer look at the thickness derived foifferent amount of KPtCl,

source, one can observe that hollow spheres witterigdhickness consist of a smooth

surface while those of relatively high thicknessmpose of continous aggregated

nanoparticles growing on the smooth outer surfdtes provides further proof for the

hollow structure formation mechanism: active silaéoms first react with Pt ions, newly

formed Pt atoms then deposited on to the surfatieeoAg templates forming pinholes. As

the reaction proceeded, silver dissolved out frbenginholes while Pt atoms continuously

deposited onto the surface, which resulted in W structures. Unlike the case of Au,

when excess amount of Pt ions were used, deallaithgnot occurred. We increased the

K,PtCl, volume to 65QL and verified the presence of excess Pt ions @énfiltrate by

ICP-MS measurement. In contrast to the dealloyinghe case of Au, [73] the hollow

spheres did not change. This is of great signitieanhen the hollow structures were used

as electrocatalysts since the large surface arebewell preserved for the electrochemical

catalytic reaction.
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Figure 3.7 TEM images of PtAg hollow sphere pregasith different volume of 25mM

K,PtCl, before washing: (a) 15Q; (b) 25QuL; (c) 35QuL; (d) 55QuL.
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Figure 3.8 EDS spectrum of PtAg hollow structurefobe washing, sample prepared from

250uL of 25mM K;PtCl, solution.
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Figure 3.9 TEM images of PtAg hollow sphere pregasith different volume of 25mM
K,PtCl, solution after being washed by ammonium hydroxidé nitric acid: (a) 150_; (b)
25QuL; (c) 35QuL; (d) 55QuL.

Table 3.1 Data summary derives from TEM studies

25mM KyPtCl, usedjL Shell thickness/nm
150 23+0.1
250 3.6+0.1
350 5.1+ 0.1
550 75+£0.2
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Figure 3.10 TEM images of PtAg hollow sphere pregawith 80@.L of 25mM K,PtCl,

solution

3.4.3 Structural analyses

3.4.3.1 XRD studies

To obtain the structural information of the as @repl PtAg hollow composite, XRD
characterization was carried out. The results d&ewn in Figure 3.11, along with
thediffraction pattern of silver and platinum aderence. The pattern of PtAg hollow
structure exhibited diffraction peaks of (111), @20(220), and (311) at 2 theta values of
39.1° 45.7° 67.1° and 80.1°, respectively. The peaks indicated that the PtAtjow

structure took up a face-centered cubic struct{ifé] A detailed comparison of the
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diffraction patterns between Pt, Ag and PtAg hollspheres was presented in Table 3.2.
All diffraction peaks of PtAg are located in betwebe peaks of that of the patterns of Ag
and Pt, implying the formation of PtAg alloy resdtfrom the galvanic displacement
reaction. Moreover, there were no noticeable diffoan peaks related to Ag or Pt as
compared to the references suggesting that theavga®md degree of alloying between Pt

and Ag. [75, 76]

3.4.3.2 HRTEM and SAED measurements

High resolution transmission electron microscopyR{lEM) and selected area
diffraction (SAED) are commonly used approaches stnuctural analyses for alloy
nanocrystal. The PtAg hollow structures were furtiheestigated by HRTEM and SAED
to confirm the formation of PtAg alloy. The resulisre shown in Figure 3.12. The fringes
spacing of 2.29A, 2.30A, 2.31A can be observed igufe 3.12(a), which was
corresponding to the (111) face of the PtAg holitmcture. [77] It was noteworthy that all
these values are located between that of Pt (2)2hd Ag (2.35 A), again, demonstrating
the formation of PtAg alloy resulting from the gahic replacement reaction. [77] The
incorporation of Ag atoms enlarged the d valuehef(tl11) face of Pt. In the SAED pattern,
Figure 3.12(b), it displays the diffraction ringgginating from (111), (200), (220), (311)
faces of the PtAg alloy with the d-space value 8823, 2.01 A, 1.43 A and 1.21 A. The

HRTEM and SAED results were in good consistencé thie XRD measurements.
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Figure 3.11 XRD pattern of the PtAg hollow struetur

Table 3.2 Data summary derived from XRD studies

Face Pt/ Agl° PtAgP
(111) 39.7 38.0 39.1
(200) 46.3 44.3 45.7
(220) 68.3 64.8 67.1
(311) 81.2 77.5 80.1
(222) 85.7 82.2 -———-
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Figure 3.12 HRTEM image and SAED pattern of PtAdvo structure.

3.4.3.3 XPS characterization

Further investigation on the PtAg hollow structared the interaction between Pt and
Ag were made by X ray photoelectron spectrum aealyéXPS). The results were
presented in Figure 3.13. With reference to purariét Ag, the binding energy of Pt in the
hollow structure shifted to higher values whilettbfAg shifted to lower values, implying
the formation of PtAg alloy. [78] The positive ghifi binding energy of Pt indicated an
increase of 5d-obitals vacancy, which is of graghificance for the enhancement of
electrocatalytic activity. An atomic ratio of 4.39etween Pt and Ag was obtained. With
regards to the PtAg alloy preparations, it was regbthat PtAg alloy was difficult to form
because Pt does not readily undergo solid-solitisidn with Ag. [79] However, on the
other hand, PtAg alloy had been successfully fakeit by co-reduction of Pt and Ag metal
sources. [80] In our case, the PtAg alloy formatiyn galvanic displacement was well

proven by analyses such as XRD, HRTEM, SAED and.XPS
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Figure 3.13 XPS spectra of the as-prepared PtApwoaostructure: (a) Ag; (b) Pt; The

dotted line represented the binding energy for pgrand Pt metal, respectively.

3.4.4 Composition analyses

The composition of the as-prepared PtAg alloy wasgial for its electrochemical
performance. [70] One straightforward way to contihe atomic ratio between Pt and Ag
in the PtAg alloy synthesis is to change the retjme@mount of the Pt and Ag metal
sources used in a co-reduction approach. [81] éndhase of galvanic replacement, we
carried out the experiments by varying the rativieen PtCf” and Ag colloid, aiming to
tune ratio of Pt and Ag in the resulting PtAg allbgllow structure. The results are
presented in Table 3.3. The atomic ratio betweearidt Ag in the hollow structure was
found to be in range of 4.3 to 7.2. No distinchttecan be observed from Table 1. On the
other hand, the galvanic displacement reactionsvaamious temperatures were also
conducted in hope of changing the composition efRbAg alloy. The results were shown
in Table 3.4. Similar results were obtained. Thegosition variation may be caused by

the multiple steps involved in the preparation. Fmtance, the washing with nitric acid
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might have induced dealloying of the PtAg nanostnes.

Table3.3 Atomic ratio between Pt and Ag*

25mM K;PtCl, /uL Pt/Ag(precursor) Pt/Ag(product)
150 0.28 7.25
250 0.46 6.76
450 0.83 5.27
550 1.02 477
650 1.20 6.57

*The amount of Ag colloidal was fixed: 0.45mM, 30mL

Table3.4 Atomic ratio between Pt and Ag**

Temperaturél Pt/Ag
0 8.91
20 5.31
60 4.81
90 5.91

**The amount of Ag colloidal and #tCl, were fixed, Ag: 0.45mM, 30mL; #tCl:

25mM, 55QuL.
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3.4.5 Electrochemical characterizations

3.4.5.1 CVsin HSO,

Platinum shows some typical features in CV in ad agedium including the hydrogen
adsorption-desorption, Pt oxidation and reductibimerefore it is a common approach to
study Pt related materials. Figure 3.14 shows theo€ PtAg alloy and commercially
available Pt black in Nsaturated 0.1M $80O,. From the CV of Pt black, one can observed
hydrogen adsorption and desorption related to rdiffe faces. The peaks with more
negative value corresponds to the (111) face amskthppeared in more positive potential
originates from the (200) face. [82, 83] Howevarcontrast, it was not featured in the CV
of PtAg because the incorporation of Ag into thda®tce could decrease the crystallinity
of the surface. Therefore, in the hydrogen regi@owuld not observe the relevant H
adsorption-desorption peaks as in the case of &kblit was worth noticing that the
electrochemical active area (ECSA) of PtAg hollgheres is larger than that of Pt black,
which was proven by both the hydrogen region amrdRhoxide reduction current signal.
The ECSA can be calculated by the following equatj84, 85]

ECSA=Q/mgy (3.1)
where @ is charge transfer for Jg adsorptionm is the amount of metal loading, ang q
(210uC/cnf) is the charge for monolayer hydrogen adsorptiorPo surface. A value of
18.7nf/g of ECA was obtained for the PtAg hollow sphecespared to 14.9ffy for Pt

black.
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Figure 3.14 CVs of Pt black and PtAg hollow struetun N, saturated 0.1M 5O,

solution, 50mV/s.

3.4.5.2 Electroxidation of methanol and formic acid

The advantages of the PtAg hollow structures fectebchemical catalysis includes: (1)

large ECSA would result in higher activity; (2) tbélization of the precious metal could

be enhanced significantly since the cores were freemetal; and finally (3) the

incorporation of Ag has apparently increase theobithls vacancy of Pt which could

weaken the interaction of Pt and poisoning inteiated (mainly CO), thus leading to an

enhancement of catalytic capability. [86] To inigste the electrochemical performance of

the as prepared PtAg hollow structure alloy, methamd formic acid electroxidations

were carried out in 0.1M #$0,. Figure 3.15 shows the electroxidation activityradthanol

and formic acid. To aid direct comparisons, idaitiexperiments were conducted for Pt

black. The current values were normalized to thesyad the Pt. For the activity study of

methanol (Figure 3.16(a)), the PtAg alloy displayegroved reactivity compared to that
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of commercially available Pt black. A factor of Iies enhancement was calculated from

the current intensity at 0.5V as shown in Figur&63.Significant improvement was

observed in case of formic acid oxidation as shawhRigure 3.15(b). The onset potential

for formic acid oxidation negatively-shifted for@lt 40mV on PtAg alloy as compared to

that of Pt black. A broad peak appeared at thedaivecan in the CV of PtAg while the

dehydration of formic acid (shoulder at 0.2-0.4\ideoxidation of CO (peak at around

0.62V) were clearly seen in the CV of Pt black.][87 suggests that less poisoning

intermediates were formed on the surface of PtAgyalThe activity for formic acid

oxidation at 0.3V was enhanced by five-fold as carag to Pt black (Figure 3.16).

(a) 200 (b)
- — -Ptblack
—PtAg

600 - — — -Ptblack
——PtAg

T T T T -50 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 02 0.0 0.2 0.4 0.6 0.8 1.0
E/Vvs SCE E/VvsSCE

Figure 3.15 CVs of Pt black and PtAg alloy in (@)iM H,SO, + 0.1M methanol; (b):

0.1M H,SO, + 0.05M HCOOH, 50mV/s; Current was normalizedhet inass of Pt.
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Figure 3.16 Specific mass activity comparisonstéfghand Pt black.

3.4.5.3 Chronoamperometric studies

In order to investigate the long term electrocdtalperformance of the PtAg alloy
hollow structure, chronoamperometric studies wameied out. At a fixed potential, due to
continuous oxidation of the respective fuels theveuld be an accumulation of
intermediates on the surface of the catalysts, whiould decrease the current and degrade
the performance of the catalysts. [88] As showRigure 3.17, the activity of PtAg for both
methanol and formic acid was much higher than thfaPt black in throughout the
measurement. A closer look shows that the currentedise for PtAg for methanol and
formic acid oxidations were 18.6% and 12.8%, retipely, whereas the equivalent
calculations for Pt black were 55.2% and 38.9%eWealed that the PtAg alloy possesss
higher stability compared to commercial Pt blacke3e results can be linked to the higher

poison tolerance of the PtAg alloy, which can behiermore ascribed to the electronic
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effect caused by the incorporation of Ag as corgarby the XPS study.
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Figure 3.17 Chronoamperometric responses of Ptibg ahd Pt black recorded at (a) 0.5V,

0.1M H;SO, + 0.1M methanol; (b) 0.3V, 0.1M430, + 0.05M HCOCOH.

3.5 Summary

To summarize, an excellent electrocatalyst PtAghian form of hollow structure was
successfully synthesized by galvanic replacemexttien using the Ag nanoparticles as the
template.

(1) Ag template was prepared by a seed-mediated grapgloach. Ag nanoparticle seeds
were obtained by chemical reduction with sodiumobgdride as the reducing agent.
The growth process was performed under a weak imglagent, NHOH-HCI at room
temperature.

(2) The galvanic displacement reaction was conducte@0&t. The thickness of the
hollow sphere can be easily controlled by simplaradiing the volume of Pt source
added. EDS study revealed that the ratio of PtAmavas in a range of 4.2 to 7.2 but

was found to be difficult to tune by either varyittge precursors ratio or reaction
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temperature. Both the XRD and XPS analysis confirthe alloying of Pt and Ag.
(3) Electrochemical investigations revealed that thprapared PtAg alloy displays higher
activity and stability towards methanol and formacid oxidation compared to

commercially available Pt black.
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Chapter 4

Synthesis and Characterization of PA@PdPt/MWCNTSs

Core-Shell Structure for Electrocatalysis

4.1 Introduction

4.1.1 A brief overview of core-shell structure in kectrocatalysis

For a heterogeneous reaction, the catalyst plagritieal role which can decrease the
activation energy required for the generation & itermediate states. Precious metals,
such as Au, Pd and Pt, are crucial to electrochmitalysis owing to their high activity
and excellent durability. However, their limitedtural abundance and high cost is one of
the major challenges for widespread applicatioh.lfilthis context, the construction of
core-shell structures with precious metals on thefase will be important for cost
reduction. For example, polymer electrolyte membrdREM) fuel cells will be more
cost-competitive in automotive applications if tamount of Pt used in the cathode is
lowered at least by a factor of two by a core sételicture design. [2]

Electrocatalytic processes are of growing imporainc variety of technological areas,
including fuel cells, HCI electrolysis and othe®ore-shell structure design is one of the
most efficient approaches for catalysts preparatigh regard to both cost reduction and
activity enhancement. By using non noble metaldsag Fe, [3] Ni, [4] Co [5] or other
semiconductors including SpQ[6] iron oxide [7] as the core materials, the gesaf

precious metals can be lowered dramatically. Mogeathe influence induced by the core
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materials in some cases can improve the catalgpalglity. The most prominent case is
Au@Pt catalyst. [8] Decoration of Pt on the surfatéAu can cause a shift of the Pt d
orbital, in turn decreasing the binding energy lo¢ intermediates to Pt and thereby

enhancing the activity.

4.1.2 Synthesis of M@Pt core-shell materials

There are various methods to fabricate M@Pt coedl-sinaterials, namely,
co-reduction, seed mediate growth, electrochendepbsition, electrochemical dealloying
and galvanic replacement. Each approach is apjdic@ba certain condition with both

advantages and shortcomings.

4.1.2.1 Co-reduction

Co-reduction is a facile method which involves &-step process to prepared M@Pt
catalysts. [9, 10] The redox potential of the retpe metals plays a key role in the
core-shell formation. In the case of Au@Pt, theiotidn of Au core first takes place owing
to the higher redox potential of AuCIAu as compared to PtIPt. The resulting Au
cores serve as the nuclear centre for the substyueduced PtGF, thus resulting in a
core-shell structure. Core-shell like Pd-Pt strrestias also reported to be prepared by this
method. The spontaneous separation of Pd intendr the dendritic Pt exterior was
ascribed to the different reduction kinetics of #@ and the Pt complexes with ascorbic
acid. The thickness of the shell or the dentriktegor Pt can be easily tuned via changing

the original Pt source used. It is note worthy thatredox potential of the complexes can
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be tuned by adding suitable coordinating agentsnm leading to varying redox potential
difference between the related metal complexeslwedoin the core-shell preparation.
However, up to date, there is no particular rulgorteed for choosing which coordinating
agent to adopt. As a result, there are limitedditges in this regard reporting the core-shell

construction by this method.

4.1.2.2 Seed-mediate process

Seed-mediate process is a straightforward apprmatore-shell material preparation.
[11-21] It is the most commonly used method whish promising for large scale
preparation. Compared to the above mentioned oactish approach, it involves two
reduction steps in the seed-mediate process:yfitht reduction of the core material,
followed by the reduction of related Pt salt whignlow as a shell on to the nuclei formed
by the reduced core. Theoretically, various materizan be employed as the core.
Nevertheless, the synthetic conditions vary depenadin the core materials chosen. For
instance, Au@Pt core-shell structures are usuallyidated under aqueous medium since
the Au surface is stable in an aqueous solutidh. 23] On the other hand, preparation of
core-shell materials involving transition metalgt]j[2metal oxides [6, 7] and transition
metal containing alloys [25, 26] as core is condddh a non-aqueous system under the
protection of N to avoid surface oxidation of the cores. Simitathte co-reduction process,
the thickness of the Pt shell can be controlleddoying the Pt source used in the growth

process.
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4.1.2.3 Galvanic replacement

Galvanic replacement is a practical method to preepare-shell nanostructure. [27-30]
It involves the synthesis of a template from noblaometals which is subsequently
replaced by precious metals ions such as4?’,t(]§1dCh2' and AuC}. Similar to the seed
mediate growth process, the galvanic replacemerdhiimg transition metal templates,
such as Cu, Ni, are always carried out under theeption of N to avoid surface oxidation.
Generally, the shape of the core-shell nanostrecteésembles that of the template.
Therefore, materials of different morphologies barreadily fabricated including nanowire,
nanorod and nanocubes by simply modifying the shafpthe template used. Another
advantage to this approach is that it is possibleorepare monolayer Pt structure by
employing processes involving under potential dép@#D). [31-34] A single layer of
copper is first deposited on a certain metal sabstr(noble metals in most case) via UPD
which is then displaced by Pt through redox exclkatigis resulting in a monolayer Pt
structure. Due to the involvement of UPD, it is neadily applicable to mass production

for commercialization.

4.1.2.4 Electrochemical method

Electrochemical preparation of core shell structoam be classified into, namely,
bottom-up or top-down construction. For the bottgpnfabrication, the desired metals are
electrodeposited on a certain substrate in a laydayer fashion that forms the core-shell
structure. As illustrated in Figure 4.1, Ni is dsjped on to the ZnO nanorods first, and then
Pt is decorated on the as formed ZnO@Ni, generdtiagZnO@Ni@Pt composite. [35]
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After the removal of ZnO, Ni@Pt core shell nanotibee obtained. As for the top down
construction, Pt containing alloys are first systhed followed by the electrochemical
dealloying to dissolve the less noble metals, tyeferming M@Pt nanostructure. [36-39]
Due to the redox potential difference between HEt/Ag, as shown in Figure 4.2, a suitable
potential can be chosen to dissolve Ag withoutdhssolution of Pt. The electrochemical
method construction of Pt core shell materials radyminvolves multiple steps, however,
parameters such as shell thickness and morphokigpe accurately controlled. Moreover,
various core-shell nanostructures can be preparecthis method through precise

experimental design.

H ;'_:j':|. Jru
U

Ti plate ZnO nanorod arrays ZnO@Ni core-shell
nanorod arrays

[———

Ni@Pt core-shell ZnO@Ni@Pt triple-layered
nanotube arrays core-shell nanorod arrays

Figure 4.1 Schematic illustration of the Ni@Pt eshell nanotube arrays. [35]
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@ Ag atom
@ Ptatom

PlaaAdes

Figure 4.2 Electrochemical dealloying of PtAg naaubigles. [37]

4.1.3 Recent development of Pt-Pd materials for elgocatalysis

Pd and Pt are two precious metals which play ingmbrtole in electrocatalysis. In the
past decades, there has been a large number oditdites related to Pt and Pd
electrocatalysis, and great achievements have bemte owing to the advancement of
nanotechnologies and engineering. For the preparafi PtPd electrocatalyst, co-reduction
is one of the most commonly used and convenientoapp. [40-47] The electrocatalytic
activity is enhanced which is proposedly due to #tectronic effect caused by the
interaction between Pd and Pt. The synergetic telfes reported to be correlated to the
composition of PdPt electracatalyst. [40, 41] Altbb there is no concensus as to what
constitute the optimal molar ratio due to the M#iain experimental condition. Another

merit of the PdPt materials is the methanol toler@RR catalysis. [45, 46] By
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incorporating of Pd into the Pt lattice, the resmise for methanol upon ORR is enhanced

considerably. By adjusting the preparation condijtiétPd of multiple (111) twins with the

exposure of high index facets can be obtained. T4 surface with high index facets is

vital for the activity improvement. Template assisinethod is a versatile approach for the

synthesis of PdPt materials with various morphasgsince the final product normally

inherit the same morphology as that of the templd#8-50] Moreover, the morphology of

the PtPd has been proven to have great influendleeoactivity of the catalysts, originating

from increment of the surface area as well as tr@nge in surface crystallinity. Pd@Pt

core shell electrocatalysts have recently receigedsiderable interest owing to its

excellent electrochemical performance. These sfrest can be generated by

electrodeposition [51], galvanic displacement [#];50r physical process such as

sputtering. [55] The coating of Pt on Pd surfaceld@reatly increase the surface area of

Pt, thus enhancing the Pt utilization. Interactibesnveen the Pd core and the Pt shell give

rise to the electrocatalytic activity enhancementvall as stability improvement. In term of

further development of the core shell structure Pd@ layer-by-layer assembly of Pd and

Pt was reported and resulted in an electrocataljtsi high efficiency. [56] The Pd/Pt

bimetallic alternating multilayer mesoporous filnxhéited good catalytic activity in

methanol oxidation.
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4.2 Preparation of Pd@PdPt/MWCNTs composite

4.2.1 Catalyst preparation

For the preparation of PA/IMWCNTs composite, 2m@aifl treated carbon nanotubes
(MWCNTSs, multi-wall) was dispersed in 50ml of deieed water by ultrasound for 30min.
Then the black dispersion was heated t& 6t an oil bath. After that, a desired amount of
K,PdCl, was added into the dispersion while stirring. Tifirture was stirred for another 2
hour for the complete hydrolysis of Pd&l The black solid was separated by
centrifugation and washed twice with deionised wdter the reduction process, the as
obtained black solid was re-dispersed in 50ml abrised water in a round bottom flask
and was bubbled with pure hydrogen for 10min. Tthend bottom flask was sealed and the
mixture was heated to 80 under the protection of hydrogen. After stirrirgg finother 2
hour, the product was collected by centrifugatiod &vashed twice with deionised water
and dried at 6T for further used. The preparation process for #dWCNTs is the same
as that of the PA/MWCNTs composite. As for the Isgais of PA@Pt/MWCNTSs, 1mg
Pd/MWCNTs composite was dispersed into 5mL of ds&ghwater in a vial by sonication
for 5min. A desired amount of RtCl, was then added into the dispersion. The vial was
heated to 9T and stirred for 1h. The product was collected éntéfuge and wash twice
with deionised water. The catalysts were charatdrby transmission electron microscopy
(TEM), X-ray diffraction (XRD), and X-ray photoelgon spectroscopy. The mass loading
of the carbon tube supporting samples was meadwyeithduce coupled plasma mass

spectrometry (ICP-MS).
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4.2.2 Electrochemical measurements

All electrochemical characterizations were condidicde@ CHI 660D electrochemistry

station under room temperature. A conventionaletfglectrode system was used with the

saturated calomel electrode (SCE) and Pt foil &srdference and counter electrodes

respectively. All the potentials reported are iference to SCE unless stated otherwise. For

the preparation of the working electrode, 1mg gatalvas dispersed into 800 of

deionised water and 20D of isopropanol by ultrasonic for 30minul2 dispersion was

casted on to the glass carbon electrode (GCE)amitticro-pipette. After drying in air,pu2

of 0.05% nafion solution was dropped on to the GE&HEnprove the attachment. Cyclic

voltammetry and chronoamperometry were performediimgnostic purpose and catalytic

activity investigation. The working electrolyte wparged with pure Nfor 15min before

each measurement. For the accelerate durabilityttes working electrode was swept for

1000 cycle in the respective electrolyte.
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4.3 Results and discussion

4.3.1Scheme of preparation of PA@PdPt/MWCNTs

K,P(Cl,

‘—
Galvanic displament %

® pdo Pd ) PdPt

Figure 4.3 Preparation scheme of Pd@PdP/MWCNTgosite.

The synthetic scheme of Pd@PdPtYMWCNTs was illterain Figure 4.3.
PdO/MWCNTs was prepared by the hydrolysis gP#Cl in the presence of MWCNTSs.
Due to the high affinity of Pd toward oxygen, PgfQNill react with the oxygen containing
functional groups on the side wall of MWCNTSs, fongiPdO on the surface of MWCNTSs.
The resulting PdO was then reduced by hydrogenrn @€ to generate a surfactant free
Pd surface for further modification. PdPt alloy tog of the Pd nanoparitcles was
achieved by the galvanic displacement between Ptéhd Pd. The advantages of this
synthetic method include that it is quite applieafdr mass production which is in high
demand for fuel cell catalysts production and iteisvironmentally benign since no

surfactants and capping agents is needed whiamisnonly used to achieve better particle
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size distribution.

4.3.2 Verification of the hydrolysis of PdC)*

To verify the formation of PdO, XRD analysis wasrieal out. Figure 4.4 shows the
XRD pattern of the sample before and after hydrogatuction. Clear transforming of
cystal phase could be observed upon the reduckiom peak marked with star corresponds
to the (002) faces of MWCNTs. The diffraction peaks® value of 34.1 degree for the
sample before reduction corresponds to the (1n)egsl of PdO while other peaks were
also compatable to that of palladium oxide. [57jeAfeduction, the XRD pattern showed a
crystalline Pd face centre cubic (fcc) phase wiffratttion peaks correspond to the (111),
(200), (220), (311) planes of Pd. Provide furthexofs fo the occurrence of the hydrolysis
of PdCL?, a control experiment was carried out in 0.1MBEy instead of deionised water.
Base on both TEM and EDS measurements, we couldbs#rve the signals originating
from Pd which suggested that no hydrolysis took@ld his is in good agreement with the
hypothesis since the hydrolysis of PgfOlould be hindered in an acidic medium and
therefore PdO can not be formed. The pH values atao provide evidences for the
hydrolysis of PdGF". Table 4.1 lists the pH value at different stafjéhe reaction mixture.
The pH value had dropped by 2 after the reactiawden PdCF and MWCNTSs. Taking
into accounts the influence of water since hydielysf PdC}> can occur in water, a
decrease of only about 1 in pH value was obser¥éis implies that the addition of

MWCNTs enhance the hydrolysis of PgGlwhich generates PdO on the surface of
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MWCNTs owing to the oxygen containing group on sieface of MWCNTS. It is known
that carbon nanotube is a superior supporting maafer precious metals such as Pt and Pd
which can enhance the utilization of the noble teetehen used as electrocatalysts for
PEMFCs. It has stimulated numerous research warktss aspect. [58-61] Very recently, it
is reported that apart from being the supportingenegls, MWCNTSs can act as a reducing
agent also for the fabrication of M/IMWCNTs compesi{M=Pt or Au). [62] Xie et. al. also
demonstrated the successfully synthesis of Pd/grepltomposite through the redox
reaction between Pd€land graphene. However, in our case PAO/MWCNTS ositep
was obtained before the reduction by hydrogen asnéirmed by XRD analyses presented
in Figure 4.4. A strong diffraction peak appearthvd 2 theta value of around 34 degree
which corresponds to the (101) plane of PdO. [6&]tBgraphs of the MWCNTSs dispersion
before and after reaction with,RdCl, clearly shows that aggregation of the MWCNTSs was
induced after the deposition of PdO on the surf@be. discrepancy between our synthesis
compared to that in the literatures might be duthéodifferent synthetic condition. In our
case a relatively high temperature (GPwas employed whereas(0 was chosen in Xie's
preparation. Hydrolysis of Pdglcan take place readily in this temperature fornstaple
PdO, hindering the electron transfer from MWCNTs Rd*. In addition, the redox
potential of graphene and MWCNTSs also played acatitole as it is higly dependent on

the physical state of the graphene layer. [64, 65]
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Figure 4.4 XRD patterns of PA/IMWCNTSs before andraféduction, Peaks marked with

starts correlate to 002 plate of MWCNTSs.

Figure 4.5 TEM image of PA/MWCNTSs prepared und&MoH,SO;.
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Table 4.1 pH value of the respective solutions

Solution pH
Deionised water 5.62
MWCNTs + deionised water 5.32

K,PdCl 4.21

MWCNTs + K,PdCl, 3.45

m Spectrum 1

Full Scale 289 cts Cursor: 0.000 ke

Figure 4.6 EDS pattern of the sample prepared uhdéd H,SO,.

4.3.3 EDS, XRD and XPS characterizations

The modification of Pd was achieved by galvanipldisement between Pd and RfCI
Based on the above discussion, the as preparedVPdRT's composite was surfactant free

which is quite applicable for the surface decoratirough galvanic replacement. Energy
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dispersive spectroscopy was used to study the csitigpo of the Pd@PdPt/MWCNTs

catalyst. The result is shown in Figure 4.7. A Bt atomic ratio of 2.6 : 1 was obtained,

which is higher than that of the stiochiometricicdabf the recursors (1.5 : 1) in the

preparation process. The lower content of Pt irfitted product may be due to termination

of the galvanic displacement once a complete laf€tdPt alloy is formed on the surface

of Pd nanopatrticles. Similar results were obseagwe varied the amount of Pt precursor

in the galvanic displacement process. The surfaceposition of the Pd@PdPt catalyst

was further investigated by XPS. The atomic ragoneen Pd and Pt was 1 : 1 as revealed

by the XPS measurement. Compared to the EDS asaljsch can be used to the study

the overall atomic ratio of the samples, XPS measent is a surface characterization

technigue that cannot account for the core comtesamples. Therefore, a relatively lower

Pd content was obtained as compared to the ED$. St result is a good evidence for

the alloy nature of the PdPt shell of the syntrebieatalyst as proposed in Figure 4.3. The

formation of PdPt alloy was confirmed by the shifthe binding energy of palladium’s 3d

orbital. As shown in Figure 4.8, the binding eneo§yd;, and Pd), for PA/MWCNTs and

Pd@PdPt/MWCNTs were 335.09eV, 340.39eV and 335.684¥.93eV respectively. The

lower binding energy for the PAd@PdPt/MWCNTs comgate that of the PA/IMWCNTSs

unambiguously indicates the modification of thecetenic structure by the alloy formation.

Considering the electronegativity of the two meta&kectrons will be withdrawn by Pd

from Pt in the PdPt alloy thus resulting in a lovianding energy of Pd compared to its

monometallic counterpart. XRD was used to studycttystal structure of the as prepared

catalyst. As shown in Figure 4.9, the diffraction$ the Pd/MWCNTs and the
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Pd@PdPt/MWCNTs composite both displays fcc crysgbtructure. A slightly down shift

of the diffraction peaks was observed for the PdRMRWCNTSs nanocatalyst compared

to PdA/MWCNTSs indicating the decrease of the d valpen the galvanic replacement.

Fpectrum 2

0 14 13
Full Scale 116 ets Cursor: 13.805 (0 cts) ke

Figure 4.7 EDS pattern of PA@PdPt/MWCNTs

512 —— Pd@PdPt/MWCNTs

-—r T 777
332 334 336 338 340 342 344 346 348
Binding energy / eV

Figure 4.8 XPS spectra for the Pd 3d core leveRd&IMWCNTs and Pd@PdPt/MWCNTS.
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Figure 4.9 XRD patterns of PA/MWCNTs and Pd@PdPtGNVs

4.3.4 TEM characterization

Pd loading can be readily controlled in this sytith@rotocol of PA/MWCNTs. A
different loading can be obtained by varying thi@gorhetween the metal precursor and the
MWCNTSs. Figure 4.10 presents typical TEM image dINPWWCNTs composites. The Pd
loading can be increased up to around 58% (w.tijthEr increase in the amount of Pd
precursor could not result in a higher loading, lymg that the surface had reached a
saturated state. A closer observation revealed #hatlight change in size of the
nanoparticles occurrs as the metal loading incegdsem ca. 2.3 = 0.1nm at 6.1% loading
to ca. 3.5 = 0.1nm at 33.8%, as shown in Table M@&tceably, no aggregation of
nanoparticles can be seen at relatively high metding which demonstrated that the
synthetic method is a highly efficient approachptepare PA/MWCNTSs with better size

distribution. To examine the morphology changeratite coating of PdPt alloy through
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galvanic displacement, TEM analysis was also peréar. For the purpose of comparison,
TEM images of PA/IMWCNTSs before and after surfacaifieation are shown in Figure
4.11. After the decoration by Pt, no obvious changaorphology was observed. However,
a d value of 2.28A correlating to the (111) faceswhtained by the HRTEM of the sample
Pd@PdPt/MWCNTSs (inset of Figure 4.11(B)), indicgtihhe formation of PdPt alloy. [10,
48] The small decrease in the d value agrees wil the result of XRD measurements

which shows a slight down-shift for all the difftems.

Table 4.2 Data summary derived from TEM studies

K.PdCl, applied/g Loading/% Particle size/nm
0.41 6.1 23+0.1
0.82 115 23+0.1
1.63 20.6 25+0.1
3.27 33.8 3.6+0.1
6.53 48.6 3.6+0.1
13.06 58.0 3.6+0.1
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Figure 4.10 TEM images of PA/IMWCNTs composite wdifferent metal loading: (A)

6.1%; (B) 11.5%;(C) 20.6%; (D) 33.8%; (E) 48.6%) §8.0%.
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Figure 4.11 (A) TEM image of Pd/MWCNTs compositeB) (TEM image of

Pd@PdPt/MWCNTSs composite. Insets: HRTEM.

4.3.5 Electrochemical characterization

4.3.5.1 Cyclic voltammetry in sulfuric acid

Cyclic voltammetry (CV) is a commonly used method $tudy the precious
metals-containing electrocatalysts for diagnosticppse such as electrochemical active
surface area and catalytic activity measuremente TV curves for PdA/MWCNTS,
Pt/MWCNTs and Pd@PdPt/MWCNTSs are presented in Eigut2. Obvious change can be
observed for the PA/MWCNTs after modification by Rt the hydrogen characteristic
region, namely between -0.24V and 0V (vs SCE), bla¢hadsorption and desorption peaks
shifted negatively, implying the formation of Pdilby. On the other hand, considering the
metal oxide reduction region between 0.4V and 0#8¥ intensity of the metal oxide
reduction peak decreased for Pd@PdPt/MWCNTs comdptoethat of PA/IMWCNTs

accompanied by a positively-shifter the onset p@érwhich indicates the coating of PdPt
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alloy on the surface of Pd nanoparticles. The tesuCV analysis was in good agreement

with the physical characterizations.

] ——Pd/MWCNTs
0.04 —Pt/MWCNTs P

1 Pd@PdPt/MWCNTs

N

Current/ mA
S S o
= Py P
= N o
| 1 1

-0.06

-0.08

T T T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E/V (vs SCE)

Figure 4.12 CVs in 0.1M N saturated 50O, 50mV/s. Loading for the catalysts:

Pd/MWCNTSs: 33.8%; Pt/MWCNTSs: 29.9%; Pd@PdPt/MWCN3IB:7%.
4.3.5.2 Methanol and ethanol oxidation

The electrochemical activity of Pd@PdPt/MWCNTs foethanol was examined by
linear sweep voltammetry (LSV) in 0.1M,80, + 0.1M methanol. For comparison
purposes, the LSV for PMWCNTs and commercial Rt#&e also carried out under the
same condition. The results were shown in Figulde3.4The current are corrected with
reference to the metal mass for easy comparisas.well known that Pd is inert towards
methanol oxidation. The inset of Figure 4.13 shdhe CVs of PA/IMWCNTs in 0.1M
H,SO, + 0.1M methanol. No current signal correspondmgnethanol oxidation appeared.

However, the Pd@PdPt/MWCNTSs displayed superiowviggtior methanol as proven by
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the LSV in Figure 4.13. The activity at 0.55V ftretPd@PdPt/MWCNTSs is 400mA/mg,

whereas the values for Pt/C and Pt/MWCNTs were lat#y8 mA/mg and 164.1 mA/mg,

respectively. An enhancement by a factor of 2.4 acmseved. Moreover, a close look at the

onset potential for the methanol oxidation revedthed a negative shift of around 40mV for

the PA@PdPt/MWCNTs (ca. 0.117V) as compared to ahd&t/C and PYMWCNTs (ca.

0.153V).

The Pd@PdPt/MWCNTs catalyst displayed excellenttelehemical performance

towards ethanol oxidation also. Figure 4.14 shov®&v/4 of ethanol oxidation using

Pd/MWCNTs, Pt/MWCNTs and Pd@PdPt/MWCNTSs in 0.1M Mb6olution containing

0.1 M ethanol. The current values were normalizethé total metal mass of the catalysts

which was measured through ICP-MS. It is notewortigt the current density of the

Pd@PdPt/MWCNTs composite is the highest over thieeepotential region as compared

to the other catalysts. The peak current densithefPd@PdPt/MWCNTs was calculated

to be 335.8mA/mg, which is about 1.4 and 2.2 fagghlr than those of the PA/MWCNTSs

(240.3 mA/mg) and the Pt/MWCNTSs (153.7 mA/mg) cgdtd, respectively. Moreover, the

Pd@PdPt/MWCNTs shows a more negative onset poltatize (ca. 0.667V) as compared

to those of Pd/MWCNTs (ca. 0.642V) and Pt/MWCNTs.(0.613V). The enhanced

electrocatalytic activity of the PAd@PdPt/MWCNTSs ¢snascribed to the synergetic effect

caused by the formation of PdPt alloy. The Pd®ldilas a modified electronic structure as

compared to its monometallic counterparts, and rspravement of electrocatalytic

properties was resulted. [66-68]

158



004
—Pt/C
. ——Pt/MWCNTs
400 — S Pd@PdPYMWCNTSs
EOZ
3
‘Tm | 004
E. 006 4
< 00 02 04 06 08 |IU
E E/V vs (SCE)
S
.\200 g
04
I T I T I T
04 0.8

0.0
E /Vvs (SCE)

Figure 4.13 LSVs in 0.1M $50, + 0.1M methanol of different electrocatalysts einV

of PA/IMWCNTSs in 0.1M HSGO, + 0.1M methanol; Current was normalized to the srafs
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Figure 4.14 LSVs in 0.1M NaOH + 0.1M ethanol ofeliént electrocatalysts; Current was

normalized to the mass of metals.
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4.3.5.3 Chronoamperometry characterization

Chronoamperometry is a practical approach for pewdmce evaluation for
electrocatalysts. In this measurement, potentiétefest was chosen for polarization for a
certain period of time. The current response waeebted to decline over time due to two
possible reasons. [69] The first is the accumuatid intermediates on the electrode
surface which hinders any the further electrochamrieaction; the second is that the
electrode material, particularly metal nanoparticlesually undergoes coarsening and
dissolution during the operation. Figure 4.15(A¢gants the chronoamperometry results of
Pt/C, Pt/MWCNTs and Pd@PdPt/MWCNTs in 0.1MS@, + 0.1M methanol. The
polarization potential was 0.45V and was held f@0ds. The Pd@PdPt/MWCNTs
exhibited the highest current respond throughoat witnole measurement. The retained
current for PA@PdPt/MWCNTs, Pt/C and Pt/MWCNTs weB4%, 28.3% and 21.2%
respectively, demonstrating that the highest stalif Pd@PdPt/CNT among the three.

It is well known that Pd is an excellent electratydt for ethanol oxidation. However,
the low stability of Pd has limited its widespreapplication. The Pd@PdPt/MWCNTSs
possesses high electrochemical stability compacedPd/MWCNTs and Pt/MWCNTSs.
Figure 4.15(B) shows the chronoamperometric expartmat -0.2V vs. SCE of different
composites. PA@PdPt/MWCNTs maintained a highevigcthroughout the measurement
revealing the better electrochemical stability caned to PA/MWCNTs and Pt/MWCNTS.

The retained activity for the PAd@PdPt/MWCNTSs, Pd/EMNTs and Pt/MWCNTSs catalysts
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were 56.7%, 10.8% and 37.5% respectively.
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Figure 4.15 Chronoamperometic curves in (A) 0.1p66, + 0.1M methanol, 0.45V and

(B) 0.1M NaOH + 0.1M ethanol, -0.2V.

4.4 Summary

To summarize, Pd@PdPt/MWCNTs core-shell nanocdtalgs prepared through
galvanic replacement by using PA/MWCNTSs composittha precursor.

(1) PA/MWCNTs composite was synthesized by a néeleloped method which involved
the hydrolysis of PdGl" in presence of MWCNTs, and the crude product was
subsequently reduced by hydrogen. XRD analysispthd/alue change measurement
were used to prove the hydrolysis of PACI The synthetic method was
environmentally benign since no surfactant was uséoteover, it is applicable for
mass production.

(2) The PA/IMWCNTs composite exhibited better siigrithution. The Pd loading can be
readily controlled with this synthetic method with@bvious change in the size of Pd

nanoparticle. Aggregation of nanoparticles didaaatur for a relatively high Pd loading
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as confirmed by the TEM observation. The Pd/MWCNIsnposite provides a
surfactant free Pd surface for further modificatiétd coating by PdPt alloy was
achieved by the galvanic displacement of Pd and,PtChe formation of PdPt alloy
was confirmed by XPS, XRD, HRTEM as well as CVslgsia.

(3) Electrochemical studies demonstrated that ti@PdPt/MWCNTS possess superior
performance for methanol and ethanol oxidation. iflygrovement of electrochemical

properties may be ascribed to the electronic eiffeticed by the alloy formation.
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Chapter 5

Conclusions

The high cost of Pt catalysts for direct liquid Ifuzells limits their widespread
applications. In this regards, three approacheg weveloped to enhance the utilization of
Pt, namely, submonolayer Pt structure constructimoljow structure fabrication and
core-shell nanostructure design.

Submonolayer Pt structure was successfully prepayedthe surface of gold
nanoparticles by a so-called ions adsorption arettichemical reduction method.
AuU/MWCNTs composite was prepared via traditionakroical impregnation. Complete
deposition of Au nanoparticles on MWCNTs was canéid by UV-vis measurement. TEM
analyses illustrated that the particle size ishim tange between 4 to 9 nm. Au loading on
AUu/MWCNTs composite can be easily controlled byyirag the amount of Au source,
while some aggregations were observed at highhgaRD studies demonstrated that Au
nanoparticles exhibited a fcc structure. Au@Pt/MWENomposite was fabricated by ions
adsorption andh situ electrochemical reduction. Linear sweep voltamynatrd XPS were
used to confirm the adsorption of PACbn to the surface of Au nanoparticles. The drive
force for the Pt chloride ions on the Au surfaceassidered to be the strong interaction
between Au and chlorine. The key role of chlorit@main the ions adsorption process was
proven by replacing the Pt chloride with Pd chleridased on their similar molecular
structure. The sub-monolayer Pt structure on thfase of Au nanoparticles was verified

for the first time by cyclic voltammetry. Electraamical studies demonstrated that the Pt
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coverage can be controlled by varying the concgairaof the Pt ions in the adsorption

process or repeated immersions. Direct oxidatiofowhic acid occurred on catalysts with

lower Pt coverage, namely less than 40%, while dottt and indirect pathway took place

on those with higher Pt coverage due to the ensendffect. Moreover, the

Au@Pt/MWCNTSs possess higher stability as compapecbtmmercial Pt/C which made it

a promising electrocatalysts for direct formic attidl cells.

Catalysts with lower Pt coverage showed excellamfopmance for methanol tolerant

ORR catalysis as they were inactive towards methaf®oth the CVs and

chronoamperometric studies provided evidences ffii®@ tonclusion. In addition, the

specific area activity of ORR was also enhancedaspared to the commercial Pt/C

catalyst.

PtAg hollow nanospheres were prepared via galvdisplacement by using silver

nanoparticles as template. Ag nanoparticle seeds al@ained by chemical reduction with

sodium borohydride as the reducing agent. The drqwbcess was performed under a

weak reducing agent, NBH-HCl at room temperature. The galvanic displacgme

reaction was conducted at’60 The thickness of the hollow sphere can be easityrolled

by simply changing the amount of Pt source useds Bidy revealed that the ratio of Pt

and Ag was in a range of 4.2 to 7.2, but was diffico tune either by varying the

precursors ratio or reaction temperature. BothXR® and XPS analyses confirmed the

formation of alloyed of Pt and Ag. Electrochemigalestigations revealed that the PtAg

alloy displays higher activity and stability towarenethanol and formic acid oxidation

when compared to commercially available Pt black.

169



Pd@PdPt/MWCNTs core-shell nanocatalyst was obtainddough galvanic
displacement between Pd/MWCNTs and FtCPd/MWCNTs composite was synthesized
by a newly developed method which involved the biis of PG in presence of
MWCNTs and subsequently reduced by hydrogen. XRBlyais and pH value change
measurement were used to prove the hydrolysis @lPd The synthetic method is
environmentally benign since no surfactant was irequMoreover, it is suitable for mass
production. The Pd/MWCNTs composite exhibited bresige distribution. The synthetic
method can easily control the Pd loading withoutialss change in the size of Pd
nanoparticle. Aggregation of nanoparticles did wotur for relatively high loading
composites as confirmed by the TEM observationg dittained Pd/MWCNTs composite
can provide surfactant free Pd surface for furtmedification. Pd coating by PdPt alloy
was achieved by means of galvanic displacementiafrfel PtCf". The formation of PdPt
alloy was confirmed by XPS analysis, XRD, HRTEMwsll as CVs. Electrochemical
studies demonstrated that PA@PdP/MWCNTs posspssi@uperformance for methanol
and ethanol oxidation. The improvement of electemsital properties may be ascribed to

the electronic effect induced by the alloy formatio
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Chapter 6

Experimental Details

6.1 Materials

Auric chloride acid (HAuC), potassium chloroplatinate(ll) ¢RtCl), potassium
tetrachloropalladate(ll) (#dCl), platinum black, silver nitrate (AgNQ multi-wall
carbon nanotubes (MWCNTs), sodium borohydride (NgBH hydroxylamine
hydrochloride (NHOH-HCI), sodium citrate (N&sHsO;), enthylene glycol (gHs0,),
methanol (CH30OH), ethanol {BsOH), formic acid (HCOOH), sulfuric acid ¢S0y),
ammonium hydroxide (NEHH,O), sodium hydroxide (NaOH), nitric acid (HNQ
hydrochloric acid (HCI) were purchased from SIGMAPRICH and used as received
unless otherwise stated.

The industrial grade gaseous nitrogen, oxygen amogen were purchased from Hong

Kong Air Oxygen and stored in high pressure staskeel cylinder and used as received.

6.2 Sample preparations

6.2.1 Au/MWCNTs composite

Au/MWCNTs were prepared through tradictional chexhideposition. HAuGI was
used as the Au source and NapBds the reducing agent. Sodium citrate and ethydgmel

were used as stabilization agents. Experimentalldatere presented in chapter 2.
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6.2.2 Au@Pt/MWCNTs composite

Pt deposition on the surface of Au nanopartialas achieved by ion adsorption and
situ electrochemical reduction. Au/MWCNTs composite waaded onto GCE and
electrochemically cleaned through repeating CV4 anstable curve was obtained. After
that, the GCE was immersed into a 0.1¥5B, solution containing KPtCl, of different
concentration for the ion adsorption. Then the G&4&s washed and electrochemically

reduced at -0.1V (vs SCE) for 50s.

6.2.3 PtAg hollow nanospheres composite

Ag nanoparticles were used as the template Her donstruction for the hollow
nanospheres. Ag colloid was prepared through cr@méduction of silver nitrate with
NaBH, in the presence of sodium citrate. Galvanic disgteent between the Ag colloid

and KPtCl, was employed for the fabrication of PtAg hollovhepes.

6.2.4 Pd@PdPt/MWCNTs composite

Pd/MWCNTs was first prepared by the hydrolysfs RICL® in the presence of
MWCNTs and was followed by hydrogen reduction. Scef modification of Pd was

realized by galvanic replacement of Pd and BtCl

6.3 Instrumentation

6.3.1 Transmission Electron Microscope (TEM)

All morphological studies were carried by Tramssion Electron Microscope (TEM,
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FEI Tecnai G2 20) equipped with an energy disper3ivay spectroscopy (EDS, Oxford)
for composition analyses. High resolution TransmissElectron Microscope (HRTEM)
and selected area electron diffraction (SAED) weerformed on field emission
Transmission Electron Microscope (FETEM, JEOL JEMMZF). For sample preparation,
the solid were dispersed into ethanol by sonicaf@mnl10min and then dropped onto a
carbon coating Formvar copper grid. The sampleaioimig copper grid was finally dried

in air before TEM measurements.

6.3.2 Powder X-Ray Diffraction (XRD)

Powder X-ray diffraction (XRD Rigaku SmartLab)ittv Cu Ko (A=1.5406) was
carried out at a scanning rate of 0/85vith 2 ranging between 2@Gnd 96. The samples

were grinded and placed on a single crystal silmdpstrate for measurements.

6.3.3 UV-visible Spectroscopy (UV-vis)

UV-vis spectroscopic study was conducted with a viB/spectrometer (HP 8453).
100uL metal nanoparticle colloidal solution was tramsfd to a cell and diluted to 4mL

with deionised water. The adsorption spectra weaarsed between 200 to 800nm.

6.3.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS patterns were recorded on X-ray photoelactigectroscopy (XPS, ESCALAB

250).
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6.4 Electrochemical Measurements

All electrochemical measurements were performealuipin a three-electrode system on
the CHI 660D electrochemical station (Shanghai @hejh The working electrode was a
catalyst modified glass carbon electrode (GCE)ura&td calomel electrode (SCE) and
platinum plate were employed as reference electaydk counter electrode respectively.
For the preparation of the working electrode, thtalkysts were dispersed into a certain
solvent (details were presented in the respechepiers) and casted onto the GCE. Before
loading of catalyst, the GCE was polished with @r&l 0.0um alumina slurries, then
washed with water and ethanol. The catalyst layas when dried in air prior to
electrochemical measurement. Before each measutetherelectrolyte was purged with

nitrogen gas for 15min.
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