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Abstract

SiC and B4C as Alternative Catalyst Support Materials for Low Temperature Fuel
Cells

By Colleen Jackson
Department of Chemical Engineering

University of Cape Town

Supported nano-catalyst technologies are key for increasing the catalyst utilisation and
achieving economically feasible platinum metal loadings in hydrogen polymer electrolyte fuel
cells (PEFCs). High surface area carbons are commonly utilised as support materials for
platinum due to low cost, large surface areas and high conductivity. However, PEFCs using
this technology undergo oxidation of carbon supports, significantly reducing the lifetime of

the fuel cell.

In this work, silicon carbide and boron carbide are investigated as alternative catalyst support
materials to carbon, for the oxygen reduction reaction for low temperature fuel cells.
Electrochemical testing, accelerated degradation studies as well as advanced characterisation
techniques were used to clarify the structure-property relationships between catalyst
morphology, metal-support interaction, ORR activity and surface adsorption onto the Pt
nanoparticles. Extended X-ray Absorption Fine Structure (EXAFS) analysis gave insights into
the shape of the clustered nanoparticles while X-ray Photoelectron Spectroscopy (XPS) and
in-situ X-ray Absorption Near-Edge Spectroscopy (XANES) analysis provided information into

how the metal-support interaction influences surface adsorption of intermediate species.

Electronic metal-support interactions between platinum and the carbide supports were
observed which influenced the electrochemical characteristics of the catalyst, in some cases
increasing the oxygen reduction reaction activity, hydrogen oxidation reaction activity and Pt

stability on the surface of the support.



Contents

Y oy 4 - [ PP P PP PR TPPTRTPPTOPI i
(670 01 (=1 01 £ PP PPPPPPUPTN ii
PlagiariSm DeClaration .......ueiiicuiiieiciiees ettt e s e e e e e e e e e e s saraeeeenn Vi
Inclusion of Publications in this Doctoral Thesis.........ccceiiiiiiiiiiiiiieeeeceeeeeee e vii
ACKNOWIEAGEMENTS. ettt e e st e e s st e e e e sbaeeeesabaeeessssaeeesnns viii
(00 F=T o) =T it B [ a1 o Yo [U T d o o TP PSPPSR 1
1.1 FUEI Cell OVEIVIEW ...ttt ettt 2
1.2 Corrosion ResiStant SUPPOITS. .. ... s 5
1.3 Silicon Carbide (SiC) and Boron Carbide (BaC) ......ccoveuvieeiriiiieeniiieee e 7
1.3.1 Electrical CONAUCTIVILY coocuvieeeieiiiie ettt e et e e ae e e s eaaaeeeenns 7
1.3.2 Chemical Stability, Electrochemical Stability and Electrochemical Activity .............. 7
1.3.3 Support Surface Area and STrUCLUIE ......cccuiiieieiiieee e e e 8

R S N[0 T T To I @ L ] =T 4 V7T PP SPR 9
1.5 REFEIENCES .ttt ettt 11
Chapter 2: Experimental Methods and TEChNIQUES .........ccuvveeeeeieeieiiieeeee e 15
2.1 Platinum Deposition Method..........cccuvieiiiiiiieicreeee e e e e e e e 15
2.2 Electrochemical Characterisation .........cccceceerierieinieereee e 17
2.2.1 Cyclic Voltammetry and CO Stripping Voltammetry .......cccoeeevivveeeeeeieeiccirreeeeeee, 17
2.2.2 Rotating DisC EleCtrode (RDE).....uueiieeiceciiieeeee ettt eee et e e e eeesnnrreeeeee e 20

2.3 Physical CharaCteriSation ........eeiieiiccciiiieeeeee et ee et e e e e e eessbnrreeeeeeeeennnnns 21
2.3.1 Transmission Electron Microscopy (TEM) .......ueeeiiiiiiiecciieee e 21
2.3.2 X-Ray Diffraction (XRD) .....cccuuieeieiiiiee ettt e et e et e e e e e eara e e e e araea e eennneas 21
2.3.3 Energy-Dispersive X-ray Spectroscopy (EDX) .....ccccvueeeeiiiiieeeeciieee e 22
2.3.4 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).................. 22
G 0T o 01V Ty o T ] 1 o o [PPSR 22

2.4 Advanced Characterisation ..........cooiieiiiiiieiiee e 23
2.4.1 X-ray Photoelectron Spectroscopy (XPS).....cccueieiiiiirieeiieee et 23
2.4.2 X-ray Absorption SPectroSCOPY (XAS).....ueei i cuieeeeeiiiee et e e e aree e e e 24

2.5 REFEIENCES. ..o e s 33

Chapter 3: Advanced Surface Characterisation of Pt on Silicon Carbide for the Oxygen
[ 0<To IW ot o) o T {=T= Vot o) o HA SRR 36



3.1 INEFOAUCTION. .. it 36
20 o d o T=1 T2 0= ] =1 SRR 38
3.3 RESUIES e 40
3.3 1 BET-BIH ANQIYSIS uuurtiiieiee ettt s et e e e e e s e e e e e e e e rr e e e e eaeeas 40
3.3.2 Transmission Electron Microscopy (TEM) .......ueeeiiiiiiieeiiiiee e 42
3.3.3 X-Ray Diffraction (XRD) .....cccuueieieiiiie e e ettt e e e e e e e ntae e e e aae e e e e ennees 43
3.3.4 X-Ray Photoelectron SpectroSCOPY ....ccccvvrriieieriieiciireeee e e e e e e e e e e e 44
3.3.5 EX-SItU EXAFS oottt e e et e e e e e e e e e e e e eas 45
3.3.6 Electrochemical Characterisation...........ccoeveeiiiiiiiiiciiiececeeece e 48
3.3.7 Electrochemical DUrability........ccceeeeiiiecciieeee e 51
3.3 8 UIN-SItUXAS ... 53
S B 1T o{ U £ o] o PP OOPPTPUPPRTOt 56
34.1 Pt Nanoparticle and Support Particle Sizes and Shapes........ccceeeevvvveeeeeeeenecnns 56
3.4.2 Charge Transfer EffectS. ... 57
3.43  Electrochemical CharaCteristiCS.......cceveiriirieiniieeere e 58
3.4.4  Accelerated Degradation StUAIES .......ceeeveeiiiieciiiieeieeee e 59
3.4.5 In-Situ X-ray Absorption SPECtrOSCOPY ..evveeeievieiirirerieeeeeeecirreeeee e e eercirrrereeee e 60
3.5 CONCIUSION .t 61
3.6 REFEIENCES...oiiiiieeeeeeeee e e e 62
I A U oY o] 1= 0 d T=T0 ) 7= 1 VU UUUPRRRROt 66
Chapter 4.1 Physical Characterisation and Electrochemical Stability of Boron Carbide as an

Alternative Platinum Catalyst Support Material for the Oxygen Reduction Reaction............ 72
Y o1 1 T TP PR RO 72
4.1 1 INErOAUCTION . e 72
4.1.2 (o Y=T T 1= o1 - | PSS 73
413 RESUIES. ..t 75
4.1.3.1 BET-BJH ANQIYSIS ..ettiiiiiiieiiiiiee ettt ettt ee st e e sree e e s satae e e s s aaaee s snsaaeesenns 75
4.1.3.2 Transmission Electron Microscopy (TEM) .......ooeeeeiiiieeeiiieee et 76
4.1.3.3 X-Ray Diffraction (XRD) .....cccuuiieeeiiiiee ettt eette e e e e evae e e e e sare e e e e enaaeeeenns 79

i S 30 X 0o o [ 4 V71 Y PPNt 80
4.1.3.5 Impurities and Loading Verification ........ccccocuveeiiiiiieiiiiiiee e 81



4.1.3.6 Electrochemical CharaCteriSation.........evvvieuriiiiiiiieeiiiien et ee e e ereieeeeeereseeeans 82

4.1.4 D11 o{ U1 [ o PP 85
4.1.4.1 Support Treatments and Physical Characterisation.......ccccccoeveciiieeeeeeee e, 85
4.1.4.2 Electrochemical Characterisation and Stability.......ccccccceeeeiiiiccciieee e, 86

.15 CONCIUSION ottt st 88

B4.1.6  REFEIONCES ..ottt s 88

Chapter 4.2 Electronic Metal-Support Interaction Enhanced Oxygen Reduction Activity and
Stability of Boron Carbide Supported Platinum .........coovviiiiiiiniiieeeee e 90

Y o Y 4 - [ OO TSP P PP OPPRRTPPRP 90

0 R [ 4 o o [¥ ot i [o ] IO OO P UOR P PP TSPPPRRTPRR 90

B.2.2  RESUIES..eiiuiieiee ettt st e e ans 93
i A N =T 1 g ¥ <Yl Y=Y o 1= PRSPPI 93
4.2.2.2. SUPPOIT SUMACE AlBa...iiiiiiiiiieiiiiie e et ettee e st e e e e e s s srae e e e s aaee e s e naaaeeeenns 93
4.2.2.3. X-ray DiffraCtion...ccccccuuiiii et e e 93
4.2.2.4. Transmission Electron MiCrOSCOPY ....ccuuriiiriiieeieiiiieeesiteeeessreeeeesiaeee e esveaeeeenans 94
4.2.2.5 X-ray AbSorption SPECIrOSCOPY vrvverieeiieiiciirrieieee et eeieirrreeeeeeeeseeirrrereeeeeeseesnsreaeees 96
4.2.2.6 X-ray Photoelectron SpectroSCOPY .....coovcvrrreeieeieiiciiireeeee e e e e e ee e 97
4.2.2.7 In-situ X-ray Absorption Near EAge Structure ........cccovvveeeeeeieeiccinnreeeee e, 98
4.2.2.8 Electrochemical Characteristics and Activity ........ccccovvveeiiiiieicciinieeeeee e, 98
4.2.2.9 Cycle Stability....ccccciiieeeiee et e e e e s e e e e e e nrrraees 101
4.2.2.10 Platinum Nanoparticle Size and Shape.......cc.cccoevveirveeiee e, 104
4.2.2.11 Electronic Metal-Support INteraction ........cccccceeeeeiirreeiee e, 105
4.2.2.12 Charge Transfer and d-Band OCCUPANCY ....eeeeeeeeeeeirrreeieeeeeiccirreeeeeeeeeeenrnenenes 106
4.2.2.13 Comparison of ORR Activity with Benchmark Data .........cceeevuvvveeeeeeeieccnnnnnenn. 107
4.2.2. 14 DUIADIlITY coveeeeiieeiieeeee et e e e e e e e e e e e e s e nrraaees 109

423 IMETROAS. ... 110

424 REFEIENCES .ottt et 112

4.2.5  SUPPIEMENTAIY ..o e e e e s e e e e e e e e e nnereaaes 117

Chapter 5.1 Investigation into the Influence of Metal-Support Interaction between Pt and a

Boron Carbide-Graphite Composite Material on the lon Adsorption.........ccccceeeeeiiecnnnneeen. 126
Y o 1 4 - [ PP PUTRPPPPTOPPRPTPRIN 126
5.0.1  INTrOQUCTION ..ottt ettt 126



5.1.2 (o T=T T =T 0 - PP 128

5.1.3 RESUIES. ..t 129
5.1.3.1 Hydrogen and Carbon Monoxide Absorption ..........ccccceeeeiievccciiieeeee e, 129
5.1.3.2 Potential of Total Zero Charge ........cccueeeeieiiiie et 129

514 D11 o{ U1 [ PP PP 130
5.1.4.1 ECSA RALIOS ..eeuvieiieiiieeite ettt sttt s ettt et b e st sme e s e e b e eaneenneeeanees 130
LT I 3 @ 1 3 11 o] - ol =T 1 =T o | SRR 132

5.1.5  CONCIUSION ettt 133

5,106 REFEIENCES ...oeiiiiee e s 134

Chapter 5.2 Support Induced Charge Transfer Effects on Electrochemical Characteristics of
Pt Nanoparticle EleCtroCatalystS......ccuuiiiiiiiieieiiee e 136

Y o Y 4 - [ PP OO PPORPPRTRPPPRTPPON 136

5.2.1  INTrOQUCTION ..ottt ettt et e e e 136

5.2.2 N o T=T [0 =] a1 - TR 138

5.2.3 RESUIES. ..ttt ettt e e st s b e s bt e e sare e 141
5.2.3. 1 IN-SIU XAS....ceeeeeeeee e e e 141
5.2.3.2 CO Displacement versus Potential .......ccccveeieiiiiiiiiiiieiieeecc e, 144
5.2.3.3 Hydrogen Oxidation Reaction under High Mass Transport Conditions.............. 145

524 DISCUSSION ittt 146
5.2.4.1 Catalyst State of Charge at Intermediate Potentials.........cccoceevvveeeeeeeeicccnnnnnenn. 146
5.2.4.2 Surface Oxidation at High Potentials........cccccceeeeviiiiiieiieeceereeeee e, 147
5.2.4.3 HOR at LOW POteNtialS .....cceeeriiiieeeiieeeneceeeeec e 148
5.2.4.4 HOR at High POtentials .....ccccuvrieeieeiiieeieeeeee et 150

5.2.5  CONCIUSION ettt enees 151

5.2.6  REFEIENCES ettt s 151

I A U o] o1 =T 0 a =T oY - | o PRSP 154

Chapter 6: Conclusion and Future OULIOOK ..........ooueeiiiiiiicie e 164

6.1 Metal-Support Interaction and AdSOrption ........c.cccceeveeeeiieciciiiieeee e, 164

6.2  Oxide Formation on Carbide Supported CatalystS......ccccceeeeciriieeieeeeeicccciieeeeee, 167

6.3  Electrochemical ACHIVILY ......uuiieeiee e e e e 167

6.4  Accelerated DUrability TESES ..occviiiiiiiiiee e 168

6.5  FULUIE OULIOOK ... e 170



Plagiarism Declaration

“This thesis/dissertation has been submitted to the Turnitin module
(or equivalent similarity and originality checking software) and |
confirm that my supervisor has seen my report and any concerns

revealed by such have been resolved with my supervisor.”

Name: Colleen Jackson
Student Number: JCKCOL002 -
Signature:

Date: 31/10/2017

Vi



Inclusion of Publications in this Doctoral Thesis

| confirm that | have been granted permission by the University of Cape
Town’s Doctoral Degrees Board to include the following publications in
my PhD thesis, and where co-authorships are involved, my co-authors

have agreed that | may include the publications:

a) Jackson, C., Smith, G.T., Inwood, D.W., Leach, A.S., Whalley, P.S., Callisti, M.,
Polcar, T., Russell, A.E., Levecque, P., Kramer, D. 2017. Nature
Communications. 8:15802.

b) (Submitted) Jackson, C., Smith, G.T., Markiewicz, M, Inwood, D.W., Leach,
A.S., Whalley, P.S., Kucernak, A., Russell, A.E., Kramer, D., Levecque, P. 2017.
Journal of Electroanalytical Chemistry.

Name: Colleen Jackson

Student Number: JCKCOL002

o -

Date: 31/10/2017

Vii



ACKNOWLEDGEMENTS

Acknowledgements

| have been overwhelmed by all the support I've received during my Ph.D., and the project
wouldn’t have run so smoothly or been as successful without the help of the people listed

below.

Thank you to Pieter Levecque, for seeing potential in me after my MSc, for guiding me through
my Ph.D. and for being a reliable, consistently available and helpful supervisor. I'm so grateful

for the support you’ve given to me over the years.

Denis Kramer, the vast amount of knowledge you have imparted on me is only the beginning
of all I've learnt from you. Your ambition and drive for success is what stands out the most to

me, so thank you for including me, at least in part, on your journey.

To Andrea E. Russell, thank you for welcoming me into your group and of course, for all the
snacks at the beamline. To the Russell Group, for the tea and ice cream breaks, and for

including me in your group without hesitation.

Graham Smith, you’ve played such a significant role during my Ph.D., both as academic
support and emotional support. Thank you for all the work you’ve put into my project and for
the late night TEM imaging. More importantly, for all the times | thought, ‘I can’t do this’, or
‘I'm not good enough’, you’ve been there to reassure and encourage me to persevere, thank

you.

Thank you, Anthony Kucernak, for giving me the opportunely to work in your laboratory and
for your guidance and patience with me during our work together. To the Kucernak Group,

for being so welcoming, I've thoroughly enjoyed our brief time together.

To Dave Inwood, for all you taught me about X-ray absorption modelling and for your

willingness to help with the analysis.

Matthew Markiewicz, for teaching me how to do the floating electrode measurements and

for your patience and helpfulness whilst teaching me.

viii



ACKNOWLEDGEMENTS

To the people who took the time out of their projects and lives to help run my beamtimes,
Andrew Leach, Penny Whalley, Veronica Celorrio, Haoliang (Howard) Huang, Dave Inwood,

Graham Smith and Andrea E. Russell.

HySA Catalysis and the Catalysis Institute for being my home for so long and for providing a
great work environment for its students. Also to Shiro Tanaka, for your enthusiasm about

research and our interesting conversations about electrocatalysis and fuel cells.

Thank you to all the institutions which provided instrument access. To the Electron
Microscope at UCT for efficient work ethic and always friendly faces, to the beamline
scientists, Giannantonio Cibin and Diego Gianolio, at Diamond Light Source for your support
and to the Analytical Laboratory in the Chemical Engineering Department at UCT for your

hard work.

To my friends and family for their support throughout my studies, in particular my parents for
believing in my ability, to Urania, Kevin, Jaimie, Tyler and Graham for our Friday night

gettogethers and to Michelle for your consistent friendship and support.

Lastly, thank you to my funding sources, the Royal Society in the form of a Royal Society-
Newton Advanced Fellowship and University of Cape Town for financial support through a

UCT PhD Mobility Grant.

[l THE ROYAL
@]% SOCIETY

. (/l.lfa,\njf\)\\.




[ THE WAY. ‘

mm ‘(\-\7 b 3
Y? ) R
. ) —)—)) _,):‘-)-)"; ~5r\ ¢
- > o ) i S P e

-~
'

v
¥
¥
v v
k
«
= —>
b
\<17¢\1~




CHAPTER 1

Chapter 1

Introduction

The multi-electron reaction of the oxygen reduction reaction is widely studied in fundamental
research into fuel cells and energy [!l. Research is focused on the kinetic activity, stability and
cost of the cathode catalysts of the hydrogen PEFC since these are identified as the current
challenges to improving the viability of fuel cells for future electricity applications 2. More
specifically, the cathode catalyst improvement is of priority since the oxygen reduction
reaction (ORR) is the efficiency limiting reaction 2. In order for fuel cells to be considered in
demanding applications such as automobiles and on the electrical grid, the oxygen reduction
efficiency and long-term catalyst durability are important research and development areas.
Platinum group metals and platinum based alloys deposited on high surface area carbon are
the typical catalysts used for ORR. However, the stability of these catalysts is reduced due to
carbon corrosion and the subsequent platinum agglomeration at high cathodic potentials Bl.
One approach to this challenge is to investigate alternative catalyst support materials which
would provide a high stability and stronger metal-support interactions in acidic environments

and at high cathodic potentials 341,

Strong metal-support interactions (SMSI) have been shown to increase ORR activity as well as
catalyst stability, since a change in the support electronic structure is suggested to influence
the d-band electronic structure of a catalyst due to electronic equilibrium between the
catalyst and the support Pl. Research into alternative catalyst support materials has
predominantly focused on thermodynamically stable metal oxides, such as titanium
dioxide ®71 which demonstrated higher ORR activities when compared to Pt/C catalysts [,
Despite the higher activity and stability of these catalysts, low surface areas and low
electrochemical conductivity of alternative supports are common downfalls of these
materials [°l. Transition metal carbides, such as tungsten carbides, were also investigated as a
platinum support material with promising electrical conductivity, however, they were found
to be unstable at potentials above 0.8 V, as non-conductive oxides are formed on the catalyst

surface which decreased the electrical conductivity of the catalyst (19,
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Silicon carbide (SiC) and boron carbide (B4C) exhibit high chemical inertness ! and a high
stability when exposed to acids ¥ 12, SiC is considered chemically inert since the corrosion
rate in acids is < 0.002 in/year 3 and B4C is electrochemically inert when exposed to
potentials of up to 2 V in acid %, In addition to chemical durability, SiC and B4C were
previously synthesised with high volumetric surface areas of 361 m2.m3 [ and 194 m2.m3

[16] respectively, far exceeding carbon (6.60 m2.m3) (7],

1.1  Fuel Cell Overview

A hydrogen PEFC consists of two electrodes, the anode and the cathode, which lie on either
side of a proton conducting electrolyte membrane, as shown in Figure 1.1. A common
electrolyte is a polymer electrolyte ion-exchange membrane (PEM). The electrodes consist of
the catalyst layer, the diffusion layer, and the backing layer. A standard catalyst used at the
PEFC anode and cathode is platinum supported on carbon (18], The Pt/C catalyst decreases the
activation energy of the half reaction at each electrode, while functioning as proton and

electron conductors, being gas permeable, water regulating and corrosion resistant.

Anode ¢ Cathode
N
7 .
. e
e
Hydrogen => = « | o o ° < Oxygen
* e * .o °© o -
R ol ° ° B

I

\
* oHydrogen‘Ior;s S= o

% | e ° © () o
o ° -
unreacted hydrogen €= « " . 2 ° o o o° . . = Water
/I\ and unrreacted oxygen
Flow field Catalyst

. ) layer {CL)
Gas diffusion
layer (GDL) and Proton exchange
backing layer membrane

Figure 1.1: Schematic of a hydrogen PEFC.

The half reactions at the electrodes are as follows:

Hydrogen Oxidation: H, » 2H* + 2e~ Equation 1.1

Oxygen Reduction: %02 +2H* +2e~ - H,0 Equation 1.2
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Overall Reaction: H, + %02 - H,0 Equation 1.3

Platinum is the most active element for the oxygen reduction reaction (ORR), as shown by the
volcano-shaped plot in Figure 1.2. The relationship between the rate of the cathode reaction
and the oxygen adsorption energy shows a volcano-shaped trend, with platinum closest to
the peak. Improvement to ORR activity can be made by producing platinum alloyed with

metals which have smaller oxygen binding energies than pure platinum %,

0.0

-0.5F

1.0F

Activity

1.5}

20

-2.5

AEQ (eV)

Figure 1.2: Trends in oxygen reduction activity plotted as a function of the oxygen binding

energy [19],

The mechanism used to describe the multi-electron oxygen reduction reaction is the modified
Wroblowa et al. 2% mechanism, as demonstrated in Figure 1.3. This mechanism shows that
adsorbed oxygen can be directly reduced to water (via k; path) and via an adsorbed peroxide
intermediate (via k2 path). The adsorbed peroxide can be electrochemically reduced to water
(via k3 path), electrochemically decomposed back to adsorbed oxygen (via ks path) and/or
desorbed as peroxide into the bulk solution (via ks path) 21, The cathode potential (E?) is
1.229 V vs. SHE under standard conditions 22, however, the slow kinetics of the oxygen

reduction reaction results in a high overpotential at the cathode 9],
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k, (+4e7)
diff ky(+2e7) ky (+2e7)
0, Oz(ads) H,0, (ads) — > H,0
Ko(-2e7)
Ko | | s
Ky H,0,

Figure 1.3: Proposed oxygen reduction mechanism on noble metals 221,

Carbon is typically used as an electrochemical support material for platinum nanoparticles
since it has a high conductivity, desirable transport properties, high surface area which allows
for good catalyst particle distribution and is a low-cost material. Although the thermodynamic
oxidation of carbon is favoured at potentials above 0.207 V vs. RHE [23], it is kinetically stable

under fuel cell operating conditions 1241,

Figure 1.4: IL-TEM of two representative areas of catalyst | before (a and b) and after (c and
d) 2 h accelerated degradation treatment consisting of potential cycling between 0.4 and 1.4

V vs. RHE at 1 V.s™1 (23],

Despite carbon being kinetically stable under normal cathode potentials, the cathode
experiences potentials of up to 1.44 V vs. RHE under start up and shut down fuel cell
operations. The high potentials of 1.44 V vs. RHE at the cathode result from hydrogen

starvation at the anode, which causes the electrolyte potential to drop from 0 to -0.59 V vs.
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RHE when the anode is exposed to an oxidant. This reaction at the anode increases the
cathodic interfacial potential difference to 1.44 V vs. RHE, at this potential the cathode
catalyst layer is rapidly corroded . In addition, the process of carbon corrosion is partially
catalysed platinum 1221, As studied by Dubau et al. [2%], the formation of holes in the membrane
results in hydrogen crossover which form radical species that partake in irreversible corrosion
of the high surface area carbon at the cathode, further degrading the catalyst support
material. Moreover, amorphous and defected graphitic carbon is more prone to corrosion at

lower potentials and higher potentials than highly ordered graphitic carbon 271,

Upon carbon corrosion, the attachment of platinum on the carbon surface is weakened,
leading to platinum detachment from the surface. This detachment of Pt leads to platinum
agglomeration and platinum dissolution, both resulting in a loss of electrochemically active
surface area and therefore loss of ORR mass activity. The TEM images in Figure 1.4
demonstrate the platinum agglomeration and dissolution as a result of carbon corrosion, due
to the catalysts’ exposure to potentials of 1.4 V. One of the main causes of PEFC performance
degradation is the loss of electrochemically active surface area during fuel cell operations 28],
Moreover, carbon corrosion causes an increase in overpotential, and subsequent decrease in
fuel cell efficiency, due to increased electrode resistance from a decrease in electrical contact

with the current collector 22,

1.2  Corrosion Resistant Supports
A number of approaches have been employed to reduce support corrosion at high potentials,
namely, nanostructured thin film catalysts (NSTF), highly graphitised carbon blacks and

alternative supports e.g. metal oxides, borides or carbides [,

The NSTF whiskers have shown resistivity that reduces electrochemical corrosion of the
films 171, However, the disadvantage of NSTFs is the poor water management properties at
low temperatures resulting in flooding at the cathode 71, Graphitised carbon blacks have
been used to improve carbon corrosion. Graphitisation of carbon results in a more
electrochemically stable support [2°l. Additionally, the increased sp2-hybridized carbons in
graphitized carbon, forming the anchoring centres for Pt B% results in a stronger metal-
support interaction. This stronger metal-support interaction is proposed to decrease the

sintering of Pt nanoparticles on the graphitised carbon surface [2°. However, there are
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thermodynamic limitations to the corrosion resistance of carbon and therefore alternative

supports to carbon, such as metal oxides and carbides, are investigated.

Titanium oxides have received interest as electrochemically stable catalyst supports with high
electrical conductivity of ~10% S.cm™ 31, Krstajic et al. 132 stated that due to strong metal-
support interactions, TiO; is an effective support material which increased the ORR activity of
Pt by allowing less strongly adsorbed intermediates to be reduced easily. Contradictory to
this, Dieckmann & Langer 133 compared the oxygen reduction activity of Pt/ TinO2n-1 (4 < n <
10) to Pt/graphite and the titanium oxide support was shown to decrease the capacity of
platinum to catalyse reactions when compared to graphite. Furthermore, the very low surface
areas of titanium oxides (~3 m2.g1), were not comparable to that of carbon (250 mZ2.g1) 34,
This low surface area leads to low Pt nanoparticle distribution on the support, resulting in
large platinum particle sizes 3°1. Antimony doped tin dioxide (Sn02:Sb) has shown promising
electrical conductivity between 10%-103 S.cm™ B8], while carbon electrical conductivity is ~4
S.cm™ I, However, the antimony and tin from the Pt/ Sn02:Sb has been shown to leach from
the support at low potentials and poison the Pt catalyst 371, Additionally, like most inorganic
metal oxides 3843 the support surface area is low and commonly results in large platinum
catalyst particles (10 — 20 nm). This low surface area has also shown to impact the Pt
utilisation on the support, due to the link between electrical conductivity, support

morphology and surface area [#4,

Transition metal carbides have demonstrated promising electrochemical activities and
durability [, High surface area W>C microspheres prepared by Ganesan & Lee 39 obtained a
surface area of 176 m2.g?, with a 7.5 wt% platinum loading and 6 nm Pt particles. The
electrochemically active surface area was recorded as four times that of 20 wt% Pt—Ru/C with
a mass activity of more than double for the methanol oxidation reaction, however, tungsten
carbides are unstable at potentials above 0.8 V vs. RHE [*8l, Pt on nanosized cubic vanadium
carbide on carbon particles exhibited a 2.4 times higher ORR mass activity when compared to
a commercial Pt/C catalyst, however, stability tests were not mentioned [*71. Metal carbides
have shown potential as support materials for the cathode catalyst as they have
demonstrated high surface areas and activities, however, more electrochemically stable
carbides need to be developed. Therefore, the properties of silicon carbide (SiC) and boron

carbide (B4C) are outlined in Section 1.3.
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1.3  Silicon Carbide (SiC) and Boron Carbide (B4C)

Important factors to consider when working on alternative catalyst support materials are low
cost, high corrosion resistance, high electrical conductivity, high surface area and particle

structure 2,

1.3.1 Electrical Conductivity
SiC and B4C are both extrinsic semiconductor materials. SiC has over 200 polytypes, the most

common polytypes are 3C-, 4H and 6H-SiC. It is well known that 3C-SiC is the more electrically
conductive polytype, with a band gap of 2.3 eV while 4H- and 6H-SiC exhibit band gaps of 3.2
and 3.0 eV “8, The band gap is the energy difference between the electron valence band and
the electron conduction band, therefore it is the energy needed for the material to start
conducting electrons. The electrical conductivity of undoped SiC is 0.001 S.cm™ °1, Boron
carbide (Bs4C) has diamond-like mechanical properties and is also known for its electrical
conductivity since it is used in thermoelectric devices °%. B4C has an electrical conductivity of
0.3 S.cm! at room temperature >3, Moreover, Cai et al. % showed silicon doping of B4C to
increases the electrical conductivity by two orders of magnitude, however, the electrical
conductivity of undoped B4C reported by Cai et al. (0.05 S.cm™) was far lower than that
measured by Wood & Emin 5% (0.3 S.cm™).

1.3.2 Chemical Stability, Electrochemical Stability and Electrochemical Activity
SiC is considered to be chemically inert since the corrosion rate in over 100 different acids,

including sulphuric acid, perchloric and aqua regia, is < 0.002 in/year 3], SiC is also electrically
stable at high temperatures 2, Honji et al. 3 first proposed SiC as a catalyst support for
phosphoric acid fuel cells, the SiC surface area was 10 m2.g"* with Pt nanoparticles in the range
of 3 - 8 nm. The Pt/SiC catalyst showed similar activity to Pt/C at 0.7 V vs. RHE. Later work on
SiC nanowires reportedly showed promising results for ORR activity, with a current density of
290 pA.cm? at 0.57 V vs. RHE and high stability ®%. Lv et al. % also investigated the
electrochemical stability of SiC and found the electrochemical stability to be high as minimal

change was seen to the cyclic voltammogram over a 48 hour period at 1.2 V vs RHE.

B4C is also known for its chemical resistance 4, Grubb & McKee 3¢ investigated Pt/B4C
catalysts for the anode of the phosphoric acid fuel cell, these catalysts showed better stability

and mass activity to Pt/C and Pt/graphite catalysts, this increase in activity was attributed to
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stability and a support promotional effect. Lv et al. 57! prepared platinum deposited on nano-
B4C catalysts and stated the ECSA to be higher at 88 m2.g"* compared to Pt/C’s 62 m2.g™* with

an intrinsic activity which was similar to that of Pt/C.

1.3.3 Support Surface Area and Structure
The support surface area is an important consideration since this surface area should be

sufficient to allow for a good dispersion of Pt nanoparticles, to enhance the Pt utilisation and
to reduce the risk of Pt agglomeration on the surface. It is necessary for the catalyst support
material to form pore structures with pore sizes larger than 25 nm to avoid diffusion
limitations 2. The pore sizes of a typical carbon support, Vulcan XC-72R, is 20 — 100 nm with

micro particle sizes of around 50 nm clustered together to form macro particles (50— 100 pum).

The surface area of SiC is typically in the range of 25 — 80 m2.g™ (58391 and B4C materials are
approximately 3 — 20 m2.g1 00621 However, Parmentier et al. (63 prepared high surface area
SiC via carbothermal reduction of prepared SiO,/C at 1250 — 1450 °C and in inert atmosphere,
this method obtained a surface area of 120 m2.g?! and an average pore size of 15 nm.
Borchardt et al. [*% produced ordered mesoporous boron carbide via precursor nanocasting
at temperatures of up to 1300 °C, the mesoporous structures obtained surface areas of 300
— 770 m?.g%, with pore sizes ranging from 2.4 — 10 nm. Low temperature chemical vapour
deposition is the preferred preparation method for B4C 64, however, most research papers
are not geared towards boron carbide as a catalyst support and therefore surface area and
pore size are not reported. Other methods described to produce high surface area SiC and
B4C materials are reported in Table 1.1, the mass specific surface areas are corrected for the
material density in order to compare these materials to Vulcan XC-72R. As shown in the table,
SiC and B4C vol/vol surface area may exceed that of carbon depending on the preparation

method.

Table 1.1: Comparison of SiC and B4C surface areas to Vulcan XC-72R.

i Preparation Surface Area Surface Area per
Material Reference
Method / m2g? Volume / m2.m-3
Vulcan XC-72R - 250 6.60 [17]
) Chemical vapour
SiC . 30 9.63 [58]
deposition
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SiC Gas-solid reaction 25 8.03 [59]
) Carbothermal
SiC . 120 38.5 [63]
reduction

Modified sol-gel

SiC 112 36.0 [64]
method
Ordered
Ordered mesoporous
. . 147 47.2 [65]
mesoporous SiC carbons with

silicon powder

Ordered ) .
. Direct Pyrolysis 1325 361 [15]
mesoporous SiC
Pressureless
B4C . . 3 0.76 [60]
sintering
B4C Commercial 27 6.8 [62]
Ordered Precursor
. 770 194 [16]
mesoporous BsC nanocasting

1.4  Aims and Objectives

This investigation focuses on evaluating the viability of SiC and B4C as catalyst supports for
the ORR at the cathode of the hydrogen PEFC. In addition, these support materials will be
used to further the understanding of metal-support interactions and their influence on

adsorbates during electrochemical reactions.

Chapter 1: This chapter highlights the current challenges and research studies on cathode
catalysts. Additionally, a background on the properties of SiC and B4C, such as electrical

conductivity, stability, surface area and electrochemical performance, is outlined.

Chapter 2: Outlines the theoretical and practical descriptions of the experimental methods
used in this work. These experimental methods include the catalyst synthesis,
electrochemical characterisations, physical characterisations and X-ray absorption

spectroscopy.
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Chapter 3: Pt/SiC was investigated as an alternative catalyst support material for the ORR in
acidic media. Electrochemical, as well as advanced characterisation techniques, were used to
clarify the structure-property relationships between catalyst morphology, metal-support
interaction, and ORR activity. Extended X-ray Absorption Fine Structure (EXAFS) analysis gave
insights into the shape of the clustered nanoparticles, while X-ray Photoelectron
Spectroscopy (XPS) and in-situ X-ray Absorption Near-Edge Spectroscopy (XANES) analysis
provided information into electronic effects and how these relate to metal-support

interactions.

Chapter 4: (Part 1) Platinum was deposited onto commercial boron carbide, using an in-house
organo-metallic chemical deposition method. These catalysts were physically and
electrochemically characterised to determine the feasibility of boron carbide as an alternative
catalyst support material to carbon. (Part 2) A verbatim reproduction of a published
article [°%], Pt supported graphite-rich B4C composites (BC) are compared to commercial Pt/C
catalysts to investigate the electronic metal-support interactions. Electrochemical, as well as
advanced ex-situ characterisation techniques, were used to explain the relationships

between the electronic structures of the materials and ORR activity.

Chapter 5: (Part 1) Further investigation into the role of strong metal-support interactions on
species adsorption onto the platinum surface in an acidic media. Hydrogen and CO adsorption
were investigated using cyclic voltammograms, CO stripping voltammetry and CO
displacement techniques. (Part 2) A verbatim reproduction of a submitted publication 7],
An investigation into the kinetic HOR activity of Pt/BC and Pt/C catalysts under high mass
transport and low catalyst loading conditions. A link between HOR activity and in-situ X-ray
absorption spectroscopy (XAS) is made, which was used to investigate the platinum particle
shape, interatomic distances and d-band vacancy changes due to ion adsorption at a range of

potentials (0.2 — 1.1 V vs. RHE).

Chapter 6: The overall conclusions of this thesis and future outlook on alternative catalyst

support materials.

10
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Some of the results are repeated between Chapters 3, 4 and 5 since parts of the thesis (i.e.

Chapters 4.2 and 5.2) have been published/submitted for publication and data needed to be

included as a benchmark or for completeness.

1.5 References

1.

10.

11.

12.

13.

14.

15.
16.

Whitesides, G.M. & Crabtree, G.W. 2007. Science. 315(5813):796-798.

Schmidt, T.J. 2012. ECS Transactions. 45(2):3-14.

Huang, S., Ganesan, P. & Popov, B.N. 2011. Applied Catalysis B: Environmental. 102(1-
2):71-77.

Reiser, C.A., Bregoli, L., Patterson, T.W,, Yi, J.S., Yang, J.D., Perry, M.L. & Jarvi, T.D.
2005. Electrochemical and Solid-State Letters. 8(6):A273-A276.

Cheon, J.Y., Kim, J.H., Kim, J.H., Goddeti, K.C., Park, J.Y. & Joo, S.H. 2014. Journal of the
American Chemical Society. 136(25):8875-8878.

Lewera, A., Timperman, L., Roguska, A. & Alonso-Vante, N. 2011. The Journal of Physical
Chemistry C. 115(41):20153-20159.

Dulub, O., Hebenstreit, W. & Diebold, U. 2000. Physical Review Letters. 84(16):3646-
3649.

Xiong, L. & Manthiram, A. 2004. Electrochimica Acta. 49(24):4163-4170.

Antolini, E. & Gonzalez, E.R. 2009. Solid State lonics. 180(9-10):746-763.

Weigert, E.C., Stottlemyer, A.L., Zellner, M.B. & Chen, J.G. 2007. The Journal of Physical
Chemistry C. 111(40):14617-14620.

Krasotkina, N.I., Yakovleva, V.S., Voronin, N.l. & Shmitt-Fogelevich, S. 1968.
Refractories. 9(11-12):723-726.

Samsonov, G.V. 1962. Boron, its compounds and alloys. US Atomic Energy Commission,
Division of Technical Information.

Liquiflo Chemical Processing Pumps 2015. Chemical Resistance

Chart. Available: http://www.liquiflo.com/v2/files/pdf/lit/Chemical Resistance Chart.pd
f[29/04/2015].

Ding, H. & Hihara, L. 2006. ECS Transactions. 1(4):103-114.

Nghiem, Q.D. & Kim, D. 2008. Chemistry of Materials. 20(11):3735-3739.
Borchardt, L., Kockrick, E., Wollmann, P., Kaskel, S., Guron, M.M., Sneddon, L.G. &
Geiger, D. 2010. Chemistry of Materials. 22(16):4660-4668.

11


http://www.liquiflo.com/v2/files/pdf/lit/Chemical_Resistance_Chart.pdf
http://www.liquiflo.com/v2/files/pdf/lit/Chemical_Resistance_Chart.pdf

17.
18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

CHAPTER 1

Debe, M.K. 2012. ECS Transactions. 45(2): 47-68.

Lim, B., Jiang, M., Camargo, P.H.C,, Cho, E.C,, Tao, J., Lu, X., Zhu, Y. & Xia, Y. 2009.
Science. 324(5932):1302-1305.

Ngrskov, J.K., Rossmeisl, J., Logadottir, A., Lindqvist, L., Kitchin, J.R., Bligaard, T. &
Jénsson, H. 2004. The Journal of Physical Chemistry B. 108(46): 17886-17892.
Wroblowa, H.S., Yen-Chi-Pan & Razumney, G. 1976. Journal of Electroanalytical
Chemistry and Interfacial Electrochemistry. 69(2):195-201.

Markovic, N.M., Schmidt, T.J., Stamenkovic, V. & Ross, P.N. 2001. Fuel Cells. 1(2):105-
116.

Zhang, H., Wang, X., Zhang, J.L. & Zhang, J.W. 2008. Electrocatalysts and Catalyst Layers
Fundamentals and Applications. London: Springer.

Pourbaix, M. 1974. Atlas of electrochemical equilibria in aqueous solutions. National
Association of Corrosion Engineers.

Hoogers, G. 2002. Fuel Cell Technology Handbook. Taylor & Francis.

Hartl, K., Hanzlik, M. & Arenz, M. 2011. Energy and Environmental Science. 4:234-238.
Dubau, L., Castanheira, L., Chatenet, M., Maillard, F., Dillet, J., Maranzana, G., Abbou, S.,
Lottin, O., De Moor, G., Kaddouri, A.E., Bas, C., Flandin, L. & Caqué, N. 2014.
International Journal of Hydrogen Energy. 39(36):21902.

Castanheira, L., Dubau, L., Mermoux, M., Berthomé, G., Caqué, N., Rossinot, E.,
Chatenet, M. & Maillard, F. 2014. ACS Catalysis. 4(7):2258-2267.

Knights, S.D., Colbow, K.M., St-Pierre, J. & Wilkinson, D.P. 2004. Journal of Power
Sources. 127(1-2):127-134.

Wang, J., Yin, G., Shao, Y., Wang, Z. & Gao, Y. 2008. The Journal of Physical Chemistry
C. 112(15):5784-5789.

Coloma, F., Sepulveda-Escribano, A., Fierro, J.L.G. & Rodriguez-Reinoso, F. 1994.
Langmuir. 10(3):750-755.

Bartholomew, R.F. & Frankl, D.R. 1969. Physical Review. 187(3):828-833.

Krstajic, N.V., Vracar, L.M., Radmilovic, V.R., Neophytides, S.G., Labou, M., Jaksic, J.M.,,
Tunold, R., Falaras, P. Falaras, P. 2007. Surface Science. 601(9):1949-1966.
Dieckmann, G.R. & Langer, S.H. 1998. Electrochimica Acta. 44(2-3):437-444.
Slavcheva, E., Nikolova, V., Petkova, T., Lefterova, E., Dragieva, |., Vitanov, T. & Budevski,

E. 2005. Electrochimica Acta. 50(27):5444-5448.

12



35.

36.

37.

38.

39.
40.

41.

42.

43,
44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

CHAPTER 1

loroi, T., Siroma, Z., Fujiwara, N., Yamazaki, S. & Yasuda, K. 2005. Electrochemistry
Communications. 7(2):183-188.

Saadeddin, I., Pecquenard, B., Manaud, J.P., Decourt, R., Labrugere, C., Buffeteau, T. &
Campet, G. 2007. Applied Surface Science. 253(12):5240-5249.

Cognard, G., Ozouf, G., Beauger, C., Dubau, L., Lopez-Haro, M., Chatenet, M. & Maillard,
F. 2017. Electrochimica Acta. 245:993-1004.

Pang, H.L., Zhang, X.H., Zhong, X.X., Liu, B., Wei, X.G., Kuang, Y.F. & Chen, J.H. 2008.
Journal of Colloid and Interface Science. 319(1):193-198.

Ganesan, R. & Lee, J.S. 2006. Journal of Power Sources. 157(1):217-221.

Lasch, K., Hayn, G., Jorissen, L., Garche, J. & Besenhardt, O. 2002. Journal of Power
Sources. 105(2):305-310.

Chen, Z., Qiuy, X., Lu, B., Zhang, S., Zhu, W. & Chen, L. 2005. Electrochemistry
Communications. 7(6):593-596.

Suzuki, Y., Ishihara, A., Mitsushima, S., Kamiya, N. & Ota, K. 2007. Electrochemical and
Solid-State Letters. 10(7):B105-B107.

Chhina, H., Campbell, S. & Kesler, O. 2006. Journal of Power Sources. 161(2):893-900.
Cognard, G., Ozouf, G., Beauger, C., Jiménez-Morales, |., Cavaliere, S., Jones, D., Roziére,
J., Chatenet, M. et al. 2017. Electrocatalysis. 8(1):51-58.

Liu, Y., Kelly, T.G., Chen, J.G. & Mustain, W.E. 2013. ACS Catalysis. 3(6):1184-1194.
Zellner, M.B. & Chen, J.G. 2005. Catalysis Today. 99(3-4):299-307.

Hu, Z., Chen, C., Meng, H., Wang, R., Shen, P.K. & Fu, H. 2011. Electrochemistry
Communications. 13(8):763-765.

Wijesundara, M.J. & Azevedo, R. 2011. SiC Materials and Processing Technology. In
Springer New York. 33-95.

Zhang, J., Carraro, C., Howe, R.T. & Maboudian, R. 2007. Surface and Coatings
Technology. 201(22-23):8893-8898.

Cai, K., Nan, C. & Min, X. 1999. Materials Science and Engineering: B. 67(3):102-107.
Wood, C. & Emin, D. 1984. Physical Review B. 29(8):4582-4587.

Young, D.J., Du, J. Zorman, C.A. & Ko, W.H. 2004. Sensors Journal, IEEE. 4(4):464-470.
Honiji, A., Mori, T., Hishinuma, Y. & Kurita, K. 1988. Journal of the Electrochemical
Society. 135(4):917-918.

Niu, J.J. & Wang, J.N. 2009. Acta Materialia. 57(10):3084-3090.

13



55.

56.
57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

CHAPTER 1

Lv, H., Mu, S., Cheng, N. & Pan, M. 2010. Applied Catalysis B: Environmental. 100(1—
2):190-196.

Grubb, W.T. & McKee, D.W. 1966. Nature. 210(5032): 192-194.

Lv, H., Peng, T., Wu, P., Pan, M. & Mu, S. 2012. Journal of Materials

Chemistry. 22(18):9155-9160.

Moene, R., Makkee, M. & Moulijn, J.A. 1998. Applied Catalysis A: General. 167(2):321-
330.

Keller, N., Pham-Huu, C., Roy, S., Ledoux, M.J., Estournes, C. & Guille, J. 1999. Journal of
Materials Science. 34(13):3189-3202.

Kuzenkova, M.A., Kislyi, P.S., Grabchuk, B.L. & Bodnaruk, N.I. 1979. Journal of the Less
Common Metals. 67(1):217-223.

Schwetz, K.A. & Vogt, G. 1980. US Patent number 4195066 A. United States Patent and
Trademark Office.

H. C. Starck 2015. Advanced Ceramic Powders. Available: http://www.hcstarck.com/hcs-
admin/file/8a8181e225548334012554ce05db17e4.de.0/Advanced_Ceramic_Powders_0
614_HC_Starck.pdf;jsessionid=888619103A3C85B4D756D48C2E9CBBF3.51
[17/02/2015].

Parmentier, J., Patarin, J., Dentzer, J. & Vix-Guterl, C. 2002. Ceramics

International. 28(1):1-7.

Jin, G. & Guo, X. 2003. Microporous and Mesoporous Materials. 60(1-3):207-212.

Liu, Z., Shen, W., Bu, W., Chen, H., Hua, Z., Zhang, L., Li, L., Shi, J. Tan, S.

2005. Microporous and Mesoporous Materials. 82(1-2):137-145.

Jackson, C., Smith, G.T., Inwood, D.W.,, Leach, A.S., Whalley, P.S., Callisti, M., Polcar, T.,
Russell, A.E., Levecque, P., Kramer, D. 2017. Nature Communications. 8:15802.

(Submitted) Jackson, C., Smith, G.T., Markiewicz, M, Inwood, D.W., Leach, A.S., Whalley,
P.S., Kucernak, A., Russell, A.E., Kramer, D., Levecque, P. 2017. Journal of
Electroanalytical Chemistry.

14



CHAPTER 2

Chapter 2

Experimental Methods and Techniques

This chapter outlines the background theoretical descriptions of the experimental methods
used in this work. These experimental methods include the catalyst synthesis method,
electrochemical characterisations, physical characterisations and advanced characterisations.

The detailed, step by step procedures are described in the relevant chapters.

2.1  Platinum Deposition Method

An in-house platinum deposition technique, modified from the Organo-Metallic Chemical
Vapour Deposition (OMCVD) method, was used to deposit Pt onto the support materials.
OMCVD involves the formation of a thin solid film on a substrate material by a chemical
reaction of vapour-phase metal-organic precursors, in a vacuum [, This deposition method
is a one-stage process and avoids synthesis steps such as impregnation, washing, drying,
calcination and activation. However, the implications of trace organic fragments on

electrochemical cleanliness of the metal have not been discussed.

H,C CHj

H,C CHj

Figure 2.1: Molecular structure of platinum (Il) acetylacetonate.

Platinum (ll) acetylacetonate (P(acac);) is the precursor used in this synthesis process due to

its low decomposition temperature of 210-240 °C [2], Pt(acac), forms part of the B-diketonate
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family complexes, this is a compound of the form M(CH3COCHCOCHs3),, where M is the metal.

The molecular structure of Pt(acac): is given in Figure 2.1.

The Pt-Oacac bond is suggested to decompose, leaving Pt metal on the surface of the substrate.
The Pt-Oacac bond strength is 180 kJ.mol* and metal de-coordination is assumed to not take

place Bl

The modified in-house procedure deposited Pt under an argon atmosphere, therefore
precursor deposition occurred from the liquid phase rather than the vapour phase. Precursor
deposition from the liquid phase is an assumption which was made based on the phase
diagram of the precursor used in this study, assuming Clausius—Clapeyron relation from

Equation 2.1.
Ln(P) =B —% Equation 2.1

Where P is pressure in atmospheres, T is temperature in Kelvin, A and B are the Clausius-

Clapeyron constants for Pt(acac),, which are 12737 (A) and 20.19 (B) 4.

The vapourisation temperature under 2 bar pressure is therefore calculated to be 380 °C for
Pt(acac),. However, the Pt(acac), melting point is 250 °C, with a decomposition temperature
of ~265 °C 18], As described previously [®), the precursors are likely to melt and decompose
before reaching the vapourisation temperature, therefore decomposition occurs from the
liquid phase rather than the vapour phase. The platinum deposition under argon provided
less oxidation of the metal during deposition, when compared to vacuum prepared catalysts,
and the average Pt particle size was reported to be in a slightly larger and more favourable

range 6],

The catalysts were prepared in a standard in-house reactor, shown in Figure 2.2. This provided

a gas tight sealed environment while the precursors were heated in a tubular furnace.
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Figure 2.2: Reactor used for preparation of chemical deposition catalysts [©],

2.2  Electrochemical Characterisation

2.2.1 Cyclic Voltammetry and CO Stripping Voltammetry

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical measurement where the
potential of the working electrode is swept between two potential limits, while the current
response is measured. Oxidation produces a positive (anodic) current response, while
reduction produces a negative (cathodic) current response. Reactions occur at varying peak
potentials depending on the activation energy required for the reaction to occur. Thus, half-
cell reactions with low activation energies occur at lower potentials, whereas high reaction
energies occur at higher potentials. This information allows for cyclic voltammograms to be
useful in identifying the potentials at which electrochemical reactions occur. The typical cyclic
voltammogram of a polycrystalline Pt electrode in an acidic environment is shown in

Figure 2.3.
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double-layer
cha rEing

oxide
reduction

0-0.4V 0.4-0.8 0.8-1.2

v

Figure 2.3: Cyclic voltammogram of a platinum electrode at a scan rate of 100 mV.s in a low-
oxygen 0.5 M H>SO4 electrolyte. Modified from Kumsa et al. 7 which was redrawn from

Angerstein-Kozlowska et al. (8],

The reversible hydrogen adsorption and desorption regions occur between 0.05 V and 0.4 V
vs. RHE, this region is attributed to the underpotential deposition (Huep) of a hydrogen
monolayer in the negative-going sweep and the desorption of protons (H*) in the positive-
going sweep °. The hydrogen electro-adsorption (Equation 2.2) and the hydrogen electro-

desorption (Equation 2.3) reaction is as follows [19:
Pt+ H*+ e~ - Pt — Hyys Equation 2.2
Pt—Hyys » Pt+ H' + e~ Equation 2.3

The multiple peaks in the Hupp region are attributed to hydrogen electro-desorption from
different surfaces of the platinum crystal (9. Single crystal studies performed by Will (1]
investigated the hydrogen adsorption on the three main platinum faces (100), (111) and
(110). This study found that Pt surfaces interacted with hydrogen atoms at different energies
due to the different type and overlap between the electronic local density of a site and the

adsorbed hydrogen [°!,

The featureless region with low measured current between 0.4 and 0.8 V vs. RHE is attributed

to double layer charging . This is caused by the interaction at the interface between the
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electrode and electrolyte solution. Segregation of positive and negative charges by
preferential adsorption of either positive or negative ions at the interface takes place and
thus, a charge distribution is formed 121, Double layer charging occurs across the whole
potential range, however, there are no electrochemical reactions in this potential range,
leaving the residual current from the double layer. Finally, the oxidation of the Pt surface
takes place at potentials above 0.8 V vs. RHE on the forward scan of the cyclic voltammogram,

followed by oxygen reduction on the reverse scan 13,

The cyclic voltammogram is used to determine the Electrochemically Active Surface Area
(ECSA) by integration of Hyupp or hydrogen desorption regions and using the double layer as a
baseline (Quurp). The integrated area is used to determine the total adsorbed (or desorbed)
hydrogen charge on the platinum surface. The theoretical hydrogen adsorption charge
associated with different Pt crystal surfaces were statistically combined to form an estimated
hydrogen adsorption charge for a smooth polycrystalline platinum surface, of 210
nC.cm?p: (14, Normalising the Hupp charge by the theoretical hydrogen adsorption charge
allows for the number of sites which took part in the reaction to be determined. Therefore,

the ECSA can be calculated using Equation 2.4:

ECSA = %1ue Equation 2.4
LptQf

Where Quuep is the integrated area under the hydrogen adsorption/desorption peak after
subtraction of the double layer, Lp: is the platinum loading on the electrode and Qs = 210

nC.cm?py.

CO stripping voltammetry is similar to that of cyclic voltammetry in that it is a
potentiodynamic electrochemical measurement. However, during CO stripping a monolayer
of CO is adsorbed on the platinum surface, this monolayer is then oxidised and desorbed. CO
stripping voltammetry is another technique used to determine the ECSA of a catalyst surface
by measuring the peak area of the CO oxidation peak [1°. The adsorption charge for CO
stripping voltammetry is Qf = 420 puC.cm?p: since this is a two electron reaction. The ECSA
determined by CO stripping voltammetry is typically 1.4 times that of the ECSA calculated
from the Hypp method using a standard baseline. This is due to the non-linear contribution of

the capacitance of the support material for high surface area catalysts 1%,
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In addition to the determination of ECSA, CO stripping can also be used to determine the
morphology of particles as shown by Fabbri et al. [1®], based on work by Maillard 7). It was
shown that a morphology fingerprint of the surface can be produced to distinguish between

isolated nanoparticles and extended surfaces, as demonstrated in Figure 2.4.

ol — 2 pg,cm’”
' —— 10 pg,cm”’
Ry r—50 ;1gPtCm“‘
5
< 0.6 -
&
oS
0.3+
0.0 L} ' L] - l T l
0.6 0.7 0.8 0.9

"Evs.RHE/ V

Figure 2.4: CO-stripping voltammograms for different Pt loadings at a scan rate 20 mV.s™, Ar-

saturated 0.1 M HCIO4 after CO adsorption at 0.1 V vs. RHE for 15 min in CO-saturated 0.1 M

HC|O4 [reproduced from 16]

2.2.2 Rotating Disc Electrode (RDE)
Oxygen reduction reaction (ORR) activity measurements were conducted on rotating disc

electrodes (RDEs) in an oxygen saturated 0.1 M HCIO4 electrolyte, with rotations speeds of
400, 900, 1600 and 2500 rpm. Linear sweep voltammetry is employed with a sweep from high
to low potentials, known as the cathodic sweep (1.2 V —0.05 V), and then potential is swept
from low to high potentials, known as the anodic sweep (0.05 V — 1.2 V). The anodic sweep
was used to determine the mass and surface area specific ORR activities, corrected for
capacitive current and internal resistance (iR). The capacitive current was determined by
linear sweep voltammograms in an argon saturated electrolyte. ORR curves consist of a
flattened, negligible current at high potentials (1 — 1.2 V vs. RHE), followed by a sharp drop to
larger currents (0.4 — 1.0 V vs. RHE) and then the current is stabilised at low potentials of
approximately 0.4 V vs. RHE which is referred to as diffusion limiting current (ig). The diffusion
limiting current is dependent on the rotation rate and electrode diameter and the theoretical

limiting current value is calculated using the Levich equation (Equation 2.5).

ig = 0.620XnXFXAXD?Pxw?xv=1/6xC Equation 2.5
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Where n is the number of electrons, Fis the faraday constant, A is the electrode area, D is the
diffusion coefficient, w is the angular rotation speed, v is the kinematic viscosity of the

solution, and Cis the reactant concentration specific for oxygen in perchloric acid.

The ORR activities of the catalysts were reported at 0.9 V vs. RHE at a rotation rate of
1600 rpm and scan rate of 20 mV.s? using the anodic sweep. The current reported is
kinetically controlled as well as mass transport controlled, therefore the Koutecky-Levich
equation was used to correct the current for mass transport limitations in order to determine

the kinetic activity (ix) of the catalyst (Equation 2.6).

11,1 Equation 2.6
L 137 ld

As studied by Shinozaki et al., numerous factors affect the ORR activity of a catalyst, namely
the scan rate, electrolyte purity, temperature, glassware cleanliness and platinum loading on
the glassy carbon electrode, thus these parameters were kept constant for each experiment.
Moreover, the ink compositions and drying methods were optimised for the catalyst film

quality (181,

2.3 Physical Characterisation

2.3.1 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was used to determine the particle size and particle
size distribution of the Pt nanoparticles and the support materials. TEM imaging is a
microscopy technique which involves an electron beam transmitted through a sample and an
image is formed through the interaction between the electrons and the sample. This 2-
dimensional image is subsequently magnified and focused onto a fluorescent screen. The

particle sizes were measured in Imagel 1.51j8 software using 100 particles.

2.3.2 X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) is a technique which focuses X-rays onto a solid surface, this is used to
characterise the crystal structure of materials. The incident X-rays diffract in different
directions from the surface of a crystal which allows for the analysis of crystallographic
structure and size to be determined, since diffraction patterns at incident angles (©) are

unique to crystalline structures. Sir W.H. Bragg and Sir W.L. Bragg developed Bragg’s Law
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which describes the relationship between the diffraction patterns of crystals and the incident

angle, shown in Equation 2.7.
nA = 2dysin@ (n =1,2,3,...) Equation 2.7

Where: A is the wavelength of the X-ray source, d is the lattice spacing, © is the half-value of

the diffraction angle, n is the order of the reflection.

2.3.3 Energy-Dispersive X-ray Spectroscopy (EDX)
Energy-Dispersive X-ray Spectroscopy (EDX) was used as an elemental analysis tool, this

spectroscopy technique involves excitation of the elements by charge particles such as
electrons, protons or an X-ray source. The incident beam excites and ejects an electron from
an inner shell and creating a hole, an electron from an outer shell, higher energy shell, fills
the hole releasing the energy in the form of an X-ray. The subsequent electromagnetic
emission spectrum is element specific due to each unique atomic structure. The limits of

detection of EDX include 1 wt% [**'and low performance for light elements (Z < 11) (20],

2.3.4 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used as an

elemental analysis technique to determine the Pt loading on the samples. This emission
spectroscopy utilises an inductively coupled plasma to produce electromagnetic radiation by
excited atoms and ions in a metal, the wavelength of the electromagnetic radiation is unique
to the metal. The measured intensity of the spectrum is compared to known concentrations

of the element to quantify the concentration of the sample.

2.3.5 Physisorption

Physisorption is the physical adsorption of a substance with little change to the structure of
the atom or molecule. Brunauer-Emmett-Teller (BET) theory is used to describe physisorption
of a gas, typically nitrogen, onto the surface of a solid material and describes an analysis
technique for determination of the surface area of a solid material. BET theory is an extension
of Langmuir theory, a theory describing the adsorption of a molecule from a monolayer, to a
multilayer adsorption. BET theory assumes the Langmuir theory is valid for each layer of the
adsorbent, the BET equation is described in Equation 2.8.

= ﬂ(i) + X Equation 2.8

U[(%)—l] Um¢C UmC
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c= exp(%) Equation 2.9
1 .
Uy = . , Equation 2.10
gradient+y—intercept
Spgp = XS Equation 2.11
BET = quation 2.

Where v is the quantity of adsorbed gas, vm is the quantity in a monolayer of gas, cis the BET
constant described in Equation 2.9, p is the equilibrium pressure of adsorbates at the
temperature of adsorption, po is the saturation pressure of adsorbates at the temperature of
adsorption, R is the gas constant, E; is the heat of adsorption for the first layer and E; is the

heat of adsorption for the second and higher layers.

The BET equation can be used to plot the adsorption isotherm as a straight line with the y-

axis as [(%)1] and the x-axis as pﬂ . This relationship only holds as a linear plot in the range
v[(=~)- 0
P

of 0.05 < p£< 0.35. Therefore, v is calculated using the intercept and gradient of the line per
0

Equation 2.10. Lastly, the BET surface area is determined by Equation 2.11, where N is
Avogadro’s number, s is the adsorption cross section of adsorbing species, V is the molar

volume of the adsorbate gas and a is the mass of the adsorbent.

2.4  Advanced Characterisation

2.4.1 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) was used to determine the electronic and chemical

state of the elements in the catalysts. XPS is a surface sensitive spectroscopy technique, which
typically penetrates the sample to a depth of 10 nm, this technique utilises a beam of X-rays
to excite electrons in a material while simultaneously measuring the kinetic energy and
number of electrons which escape. Analysis of the spectrum first requires calibration for the
binding energy of a known bond, typically the binding energy of the C-C sp? bond in the C 1s
spectrum, which is known to be 284.0 eV 21, The spectrum is calibrated due to charge
induced shifting effects. Charge induced shifting is due to an excess of low voltage (-1 to -
20 eV) electrons attached to the surface, or a shortage of electrons (+1 to +15 eV) within the
top 1-12 nm of the sample caused by the loss of photo-emitted electrons. This phenomenon

is known to occur on insulating or semi-conductive materials.
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2.4.2 X-ray Absorption Spectroscopy (XAS)

2.4.2.1 X-ray Absorption Spectroscopy Theory

X-ray Absorption Spectroscopy (XAS) was used to determine the Pt interatomic distances, Pt
nanoparticle shapes and Pt d-band vacancies of the catalysts. An XAS experiment consists of
a sample being exposed to an incident X-ray beam of a definite energy, some of the X-rays
are absorbed by the atoms in the sample and the rest are transmitted through the sample. As
shown in Equation 2.12, the intensity of the X-rays transmitted (/) through the sample
decreases exponentially by the absorption coefficient (1) and the thickness (x) of the sample.

Where Iy is the intensity of the incident X-ray beam 22,
I, = I,e ™™ Equation 2.12

The absorbed X-rays cause excitation or ejection of a core electron. Excited electrons are
known as photoelectrons and an empty electron orbital due to ejection of a core electron is
known as a core hole. Additionally, fluorescence is given off by the excited atoms as an
electron fills the core hole. The X-ray absorption by the sample is quantified by comparing the
intensity of the incident beam to that of the transmitted beam, or by measuring the
fluorescence intensity or the intensity of the Auger electrons from the ejected core electrons,

as a function of the incident energy 221,

As the incident beam energy is increased, the absorption decreases until the binding energy
of a core electron is reached. The excitation of a core electron results in a sharp increase in
absorption, known as an absorption ‘edge’. The energy of the excited core electron (Ex) is
calculated using Equation 2.13, where hv is the incident X-ray energy and Epinding is the binding

energy of the electron.
Ex = hv — Epinging Equation 2.13

The labelling of the absorption edge is based on the principle quantum number from which
the electron was ejected. Excitation from the 1s orbital corresponds to the K shell (n=1), and
the 2s, 2p1/2 and 2ps;2 correspond to the L shell (n=2) of L1, L, and Ls edges, respectively. The
features on and close to the edge are known as X-ray Absorption Near-Edge Structure
(XANES), while the gradual oscillations above the edge are known as Extended X-ray

Absorption Fine Structure (EXAFS).
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In the EXAFS region, absorption decreases as energy is increased until the next binding energy
is reached. The intensity of the absorption is determined by the absorption coefficient (u),
and according to Fermi’s Golden Rule, the probability of the X-ray being absorbed,
transmitted or scattered depends on the similarity of the final state to the indeterminate state

prior to the XAS measurement.
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Figure 2.5: X-ray absorption spectrum of a Pt reference foil, with marked XANES and EXAFS

regions.

2.4.2.2 Data Pre-Processing

XAS spectra were collected at the B18 Core EXAFS beamline at Diamond Light Source, these

spectra were processed using Demeter 0.9.25 using Ifeffit 1.2.12 23] software package.
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Figure 2.6: Uncorrected normalised XAS spectra of Pt reference foils with a dashed line

indicating the literature value for the edge step (Eo).

Pre-processing of the data was completed using the Athena program in the Demeter software
package, this processing consisted of energy calibration of the spectrum, merging of multiple
scans of the same spectrum and background subtraction. Three spectra were collected for
each sample and/or potential controlled experiment in order to increase the quality of data
and to reduce noise in the spectrum. Additionally, a Pt reference foil was measured for

comparison and modelling purposes discussed below.

The monochromator, responsible for providing a specific energy X-ray, is susceptible to slight
variations in energy. This variation in energy is corrected in each spectrum by calibrating the
edge step value (Eo) to the literature value, e.g. the Pt L3 edge energy is 11564 eV. The
identification of the edge step value in a spectrum is often chosen from the energy of the 15t
peak in the 1%t derivative of the spectrum. An example of this spectrum correction is shown
in Figure 2.6, the first peak energy is shifted to the literature value, Eo is then used as a

reference point for the fitting of the background, pre- and post — edges.

Once all the spectra are corrected for the literature value of Ep, the multiple spectra collected
for a single sample and/or potential controlled experiment are merged to form a single
spectrum for further processing. The background of the spectrum is due to the interaction
between photons and matter, as energy is increased the probability of absorption of photons
decreased. This background is corrected by extrapolating a line in the pre-edge region and
the post-edge region as shown in Figure 2.7a, the normalised spectrum is shown in Figure
2.7b. The pre-edge fitting is linear and modelled to the data between 200 eV and 80 eV before
Eo and the post-edge is a quadratic function fitted to pass through the middle of the EXAFS
oscillations using data from 150 eV after Ep to 10 eV from the end of the spectrum. The
background is generated using a combination of the pre-edge, the post-edge and a

polynomial spline function.
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Figure 2.7: XAS spectrum (a) demonstrating the pre-edge, post-edge and background fittings;

(b) normalised for the pre- and post-edges; (c) in ‘k-space’ with a weighting of 2.

EXAFS data are represented in ‘k space’, referring to the conversion of energy scale to
wavelength (A) by Equation 2.14. Depending on the element, (k) is plotted as a function of
k, k2 or k3. Light elements are plotted in lower ‘k space’ since this is where their impact is
appreciated, while heavy elements are more impactful at higher ‘k’.

2meE

k= "

Equation 2.14

. h . ,
Where me is the mass of an electron and i = g’ with h as Planck’s constant.

2.4.2.3 EXAFS Fitting

The fitting of EXAFS data was performed using the Artemis program in the Demeter software
package 23], this fitting is in ‘R space’ which represents radial distance. A Fourier transform is

performed on the EXAFS region to convert ‘k space’ to ‘R space’. This Fourier transform
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excludes the first and/or second oscillations in the xu(E), spectrum since the x(k) spectrum at
the Pt Ls edge is distorted due to white line features, and the x(k) spectrum commonly
contains very noisy data at high values of k, this region is also excluded. The Fourier transform
region typically used was ~2.2 — 16 A1, however, this was altered to ensure a stable and robust

fitting for each sample.

The modelled spectrum is based on the EXAFS equation, shown in Equation 2.15, as well as
Equations 2.16 and 2.17. The spectrum is fitted to this model to obtain the parameters such

as co-ordination number, atomic distances and disorder factors.

2
x(k, T) = Zr%sin(ZkRp + ¢ (k))e~20Fk g=2Rr/AK) Equation 2.15
r
k = % Equation 2.16
Rr = Refs + ARp Equation 2.17

These parameters are the number of photoelectron scattering paths (), the degeneracy of
the path (Nr), the effective photoelectron half path length (Rr), the theoretical value for the
effective photoelectron half path (Res) the mean square disorder of the path (o), the
amplitude reduction factor (S¢?) and the energy required to remove the photoelectron from
the absorbing atom (Ep). Theoretical functions involve the effective scattering amplitude of
the photoelectron (Fr(k)), the phase shift of the photoelectron (®r(k)) and the mean free path
of the photoelectron (Ar(k)). The parameters can be defined as expressions containing
multiple variables in the Artemis software, which enables complex models with multiple
constraints between the variables to be fitted. The crystal structures, and therefore
degeneracy, path length and possible single scattering and multiple scattering paths are
generated from the Crystallographic Information File (CIF) of the material. These parameters
are used as the initial values in the theoretical functions in the EXAFS modelling. The data was
fitted from the first co-ordination shell, atoms at the same distance from the absorbing atoms
are considered to be in the same shell, and shells are numbered sequentially from the closest

neighbouring shell (N1) to extended distance shells (N2..n).

The parameters Ny, S¢?, or, Eo and Rr in Equations 2.15 - 2.17 are defined for each scattering

path and constrained in their relationships to other paths. The Nyquist theorem is used to
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determine the upper limit of the number of independent variables (Ning), this is proportional
to the k-space range used in the Fourier transform and the R-space range used in the fit, as
per Equation 2.18. However, the number of variables is restricted to 50-60% of the N
determined since not all the assumptions used in the Nyquist theory hold when considering

EXAFS spectra.

Equation 2.18

So? scales the theoretical spectrum along the amplitude and Ep scales the theoretical spectrum
along the energy axis, these are influenced by the beamline and therefore these parameters
are represented by a single variable for all the scattering paths modelled. The remaining
variables N, or and Rr are defined as independent variables under specific constraints. or is
constrained by the photoelectron free path with a new variable for each single scattering path
and multi-scattering paths are constrained within the single scattering variables, as described
in Figure 2.8 and Table 2.1. An assumption is made that the path length between the
absorbing atom and its closest neighbour is half that of the path length between the absorbing
atom and the second closest neighbour 24, It is known that the Pt crystal structure is highly
symmetrical in the cubic close packed structure (fcc), therefore Ref path length is defined by
a single variable containing an isotropic expansion, from the theoretical value, for all paths

fitted.
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Figure 2.8: lllustration of the constraints and definitions used in the o? parameter fitting,

where the first shell consists of the closest neighbouring atoms and consecutive shells are

named accordingly.

The theoretical value for the degeneracy (N) of the path was assumed for the Pt reference
foil, in order to determine the amplitude reduction factor (So?) for the catalyst samples
measured, the parameters are described in Table 2.1. Once the amplitude reduction factor is
determined, the degeneracy path (Ny) is fitted with a fixed value for S¢? in the catalyst samples
as degeneracy deviated from theoretical values due to shape and termination effects present
in the particle. The surface area of a Pt nanoparticle contributes significantly to the bulk
material, therefore the assumption that degeneracy is the same as the bulk theoretical value
is not valid and these parameters need to be included as independent variables. The variables
for Nrare constrained with a new variable for each single scattering path and multi-scattering

paths are constrained within the single scattering variable, with the exception of obtuse
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triangle paths 2>2°1. The o, Ep and Rr variables are described identically to the Pt reference

foil described above.

Table 2.1: Parameters and scattering paths included in the EXAFS fitting model for a Pt

reference foil.

Scattering Path Path Type N o2/ A2 Reff / A
Pt - Pty Single 12 ssl 2.775

Pt - Pty Single 6 ss2 3.924

Pt — Pt1a — Ptip Acute Triangle 48 1.5ss1 4.162

Pt — Pt; — Pt, — Pt1 Double 24 ssl+ss2/2 4,737
Pt — Pt3 Single 24 ss3 4.806

Pt — Pt; — Pts — Pt Obtuse Triangle 48 ssl +ss3/2 5.178
Pt — Pt1a — Ptip — Pt3 Obtuse Triangle 96 ssl+ss3/2 5.178
Pt — Pt Single 12 ss4 5.550

Pt — Pt1, — Ptip Non-forward Linear 12 ssl +ss4/2 5.550

Pt — Pt1, — Ptg Forward 24 ssl +ss4/2 5.550

Pt — Pt1, — Pt — Ptss For"‘;ak:i:g;’“gh 12 2ss1 5.550
Pt — Pt1a — Pts—Ptia Double Forward 12 2ss1 5.550
Pt — Ptia — Pt — Ptia Dog-Leg 48 2ss1 5.550
Pt — Pt1a — Pt1p — Ptia Triple 48 2ss1 5.550
Pt — Pt1 — Pts Obtuse Triangle 48 2ss1 5.550

Pt — Pti1a — Pts — Pti1a Dog-Leg 48 4ssl 5.550

The error of the fit in Artemis is calculated using a non-linear least-squares method (Leven-
Marquardt) which determines the chi-squared error criterion (x?) and Equation 2.19 is used
to determine the ‘r-factor’ [7],

r= Y alRe(ratrd— xe(ri)?+ Im(xa(rd)— xe(ri)?]
e dRe(xa(r))?+Im( xq(rp)?]

Equation 2.19
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The values calculated for x? and the r-factor are not meaningful due to the measurement of
uncertainty calculation in Artemis, approximations in the theory, sample inhomogeneity and
non-linearity of detectors. Therefore, these values are used as an estimation of the quality of
the fit between two fits, a lower x?> determines a better fit while a r-factor of less than 0.05 is

a good fit. The error bars reported on parameter fittings are obtained using the diagonal of

covariance matrix, scaled by / y2 in order to ensure error bars are of the correct magnitude.

It should be kept in mind that good fits need also make physical and chemical sense.

2.4.2.4 d-Band Vacancy Calculation

The XANES at the L3 edges originate from exciting 2p core states. The L, edge arises from the
2p J=1/2 core states, and the L3 X-ray absorption edge arises from the 2p J=3/2 core states,
excited to vacant d-states. The L, and Ls edges of the samples and Pt reference foil are
calibrated for the inflection point in the edge step, using the first crossing of the x-axis in the

second derivative of the xu(E) spectrum and setting this value to 0 eV.

An arctan curve is then fitted to the Pt reference foil to pass through the local minima after
the second peak in the Lz spectrum and the local minima after the edge in the L, spectrum, as
shown in Figure 2.9. The difference in area between the Pt reference foil and the arctan for
both the Lz and L, edges were determined (AAgef.arctan,.3 and AAgef.arctan,12), @s shown in the
shaded area in Figure 2.9, for the energy range 0 - 12 eV and 0 - 8 eV. The difference in area
between the Pt reference foil and the arctan for both the L3 and L, edges were also
determined for the energy range of -10 — 40 eV (AA3r and AAzr). The assumption that the
bulk Pt d-band vacancy is 0.3 (hg et suik) and the contribution to d-band vacancy is a ratio of
14:1 for the hs/, : h3/2 d-band holes, was made as described by Mansour et al. 281 and Brown
et al. (2, The difference in area between the samples and the arctan for both the L3z and L,
edges were then determined (AAsample-arctan,.3 And AAsample-rctan,.2) for the energy range 0 - 12
eV and 0 - 8 eV, respectively and Equations 2.20 and 2.21 were used to calculate 4A;3 and

AA.
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Figure 2.9: A demonstration of the arctan fittings on the normalised Lz and L, XAS spectra, the
area between the spectra and arctan fittings (AAref-arctan,.3 and AARgef-arctan,12) are shown in the

shaded area.

AAjs = (AASample—Arctan,LB - AARef—Arctan,L3)xcxp Equation 2.20

AAj, = (AASample—Arctan,LZ - AARef—Arctan,LZ )XcXp Equation 2.21

f _ (AAp3+1.11AA55)
d

= Equation 2.22
(AAL3r+1.11AAL2R)

hy =+ fhg Equation 2.23

Where AA;z and AA;; are the normalised values by the X-ray absorption cross section at the
edge jump (c) and p is the density of platinum [2°l. The value of ¢ was previously reported as
117.1 and 54.2 cm?.g? at the L3 and L, edge, respectively 3%, AA;3z and AAi2r were also
normalised for cXp so all measured areas are in the same units. The calculated fractional
change in the number of holes (f4) (from Equation 2.22) is subsequently used to calculate the

total density of the unoccupied d-state (hr) as shown in Equation 2.23.
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CHAPTER 3

Chapter 3

Advanced Surface Characterisation of Pt on Silicon Carbide for

the Oxygen Reduction Reaction

Abstract

This study presents an investigation into silicon carbide (SiC) as an alternative catalyst support
material to high surface area carbons for the oxygen reduction reaction in acidic media. XPS
spectra confirmed a shift of the Pt 4f spectrum to higher binding energies on the Pt/SiC
catalysts relative to Pt/C, as well as a shift in the Si-C bond in Si 2p and C 1s spectra to lower
binding energies relative to bare SiC. This relationship suggests a charge transfer between Pt
nanoparticles and the SiC support. Additionally, in-situ XANES showed a change in the
interaction of Pt/SiC with adsorbates over a range of potentials when compared to Pt/C.
Although a strong metal-support interaction is demonstrated between the Pt and SiC for the
as prepared catalysts, after sonication during ink preparation, these nanoparticles
agglomerated into Pt nanoparticle clusters and the true ORR activity could not be determined.
Moreover, SiC was not sufficiently conductive to perform electrochemical characterisations
on the Pt/SiC catalysts without the addition of carbon to the catalyst ink. The durability testing
on the Pt/SiC+C catalyst revealed oxidation of the SiC and/or carbon layer at high potentials,

significantly decreasing the ECSA.

3.1 Introduction

The oxygen reduction reaction (ORR) is a multi-electron reaction with a high overpotential
which reduces the efficiency of the PEFC. This is a complex challenge for research into
PEFCs [Y.  Fundamental research into PEFCs is therefore focused on the kinetic activity,
stability and cost of the cathode catalysts 2. Considerable efforts have been made on
improving ORR activity via nanoparticulate Pt and Pt alloys supported on high surface area

carbon B, An emphasis is also placed on preventing the loss of catalyst surface area due to
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support corrosion, Pt dissolution and agglomeration during fuel cell operating conditions 781,
The relationship between the rate of the cathode reaction and the oxygen adsorption energy
shows a volcano-shaped trend, as seen in Figure 1.2, with platinum closest to the expected
peak. Catalytic improvement can be made by producing platinum alloyed with metals which
have smaller oxygen binding energies than pure platinum, such as nickel, cobalt, iron and
chromium 1. An attractive method of improving platinum activity and stability for the ORR is

by exploiting of strong metal-support interactions (SMSls) [10-15],

The strong metal-support interaction of Pt on oxide supports, particularly titanium dioxide, is
widely studied (16181, Additionally, the role of the metal-support interaction on Pt/TiO, [10-13]
and highly conductive SnO-based supports *13 on the increased activities for ORR in
relation to Pt/C was investigated. Thin film studies on SnO,-based supports unveiled an
interesting dependence of ORR activity on support orientation and/or termination sites of the
support 1%l However, comparison between Pt nanoparticles deposited on carbon and oxide

supports is potentially difficult due to changes in particle morphology.

Silicon carbide (SiC) is considered a refractory compound which exhibits high chemical
inertness (29, SiC correspondingly displays high stability when exposed to acids 2%?21. Honji et
al. 23! first proposed SiC as a catalyst support for phosphoric acid fuel cells and similar results
were recorded to Pt/C catalysts. Recently, Lv et al. 2l investigated the electrochemical activity
and stability of SiC at 1.2 V vs RHE for 48 hours and found the electrochemical stability to be
remarkably high as minimal change was seen over this period. Lv et al. 24 deposited Pt/SiC
on carbon to improve ORR activity, the Pt/SiC/C catalyst intrinsic activity was identical to that
of Pt/C. SiC nanowires have also been investigated and showed promising results for ORR
activity with a current density of 290 pA.cm at 0.57 V vs. RHE from a cyclic voltammogram

on an rotating disc electrode and high stability, however, no comparison was made to Pt/C [°],

In this work, Pt/SiC was investigated as an alternative catalyst support material for the Oxygen
Reduction Reaction in acidic media. Electrochemical as well as advanced characterisation
techniques were used to clarify the structure-property relationships between catalyst
morphology, metal-support interaction, and ORR activity. Extended X-ray absorption fine
structure (EXAFS) analysis gave insights into the shape of the clustered nanoparticles while X-

ray photoelectron spectroscopy (XPS) and in-situ X-ray absorption near-edge spectroscopy
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(XANES) analysis provided information into electronic effects and how these relate to metal-

support interactions.

3.2 Experimental

Physical Characterisations: The prepared support material was characterised via
physisorption using Brunauer, Emmett and Teller (BET) theory (Micromeritics Instrument
Corporation TriStar 1l) to determine the support surface area. X-ray diffraction (XRD)
measurements were carried out on a Bruker D8 Advance diffractometer with a Cu Ka
radiation source operating at 40 kV to determine the crystalline phases present in the catalyst.
Rietveld Refinement on the XRD patterns was completed using Bruker AXS TOPAS software,
Version 4.1. Transmission electron microscopy (TEM) was performed on a Tecnai G2 electron
microscope operating at 200 kV to determine particle sizes. X-ray photoelectron
spectroscopy (XPS) was carried out by Nexus XPS service using a Thermo Scientific K-Alpha
instrument with an Al Ka X-ray source. The supported catalyst was characterised using TEM
for Pt particle size using an average of at least 100 particle diameters, XRD to verify the Pt
crystallite size, XPS to investigate the binding energy and quantify Pt and its oxides, ICP-OES

(Varian 730-ES) to confirm the Pt loading on the support.

X-ray Absorption Spectroscopy: Ex-situ and in-situ characterisations were completed using X-
ray adsorption spectroscopy on the B18 line at the Diamond Light Source. The Pt L3 edge (11
564 eV) and Pt L, edge (13 273 eV) was measured with a ring energy 3 GeV and at a current
of 300 mA. A Si(111) monochromator was used and spectra were collected in Quick EXAFS
(QEXAFS) mode. A total of three spectra was averaged for each sample. The measurements
were collected using the ionisation chambers in transmission mode at 298 K. Calibration of
the monochromator was carried out at both edges using Pt foils. The stability of the beam
ensured the energy scale did not drift during data collection. XAS was collected for the 20 wt%
Pt/C and 20 eq wt% Pt/SiC catalysts only. For ex-situ measurements, these catalysts were
prepared using boron nitride to bind pellets of the catalysts, the pellets were then placed
under a H; atmosphere to reduce surface oxides. The absorption spectra were modelled with
Demeter® by Bruce Ravel using Ifeffit® by Matt Newville 26! to solve the EXAFS equation.

The in-situ measurements were carried out in an in-situ electrochemical cell (27, electrodes
were prepared by a catalyst ink coated onto teflon coated carbon base layer (Alfa Aesar). The
ink formulation for the 20 eq wt% Pt/SiC+C catalyst consisted of 174 mg 40 eq wt% Pt/SiC
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catalyst, 178 mg carbon (Cabot Corporation), 4.5 ml 5 wt% Nafion solution, 7.5 ml ethanol
(Sigma Aldrich), this ink mixture was sonicated and a catalyst layer with a loading of 0.5
mget.cm 2pr Was painted onto the carbon base layer. The catalyst coated carbon layer is then
hot pressed at 170 °C and 7.8 kPa. All electrodes were flooded prior to use by vacuum filling
in ultrapure water. A platinum wire was used as a counter electrode, and Hg/HgS0O4 was used
as a reference electrode. Potentials are adjusted to vs. RHE using a correction factor of

0.654 V.

Electrochemical characterisation: A catalyst ink was prepared for the electrochemical
characterisation techniques. The Pt/SiC catalyst ink consisted of 2.5 mg of the catalyst, 2.5 mg
carbon (Cabot Corporation), 1 ml of ethanol (Sigma Aldrich) and 25 uL of 5 wt% Nafion
solution. Carbon was added to the ink due to the low conductivity of SiC to show
electrochemical reactions. These catalyst inks are referred to as Pt/SiC+C. The mixture was
sonicated for 30 minutes and 5 pL was placed on a glassy carbon electrode. The Pt/C catalyst
ink consisted of 5 mg of the catalyst, 5 ml of water (Milli-Q 18.2 MQ.cm), 1.5 ml isopropanol
(Kimix) and 25 pL of 5 wt% Nafion solution. The mixture was sonicated for 30 minutes and 10
uL was placed on a glassy carbon electrode. This resulted in a Pt loading of 4.2 x1077, 1.2 x10
6and 2.2 x10® g on the glassy carbon electrode for the 10, 20 and 40 eq wt% Pt/SiC+C
catalysts, respectively, and 7.7 x107, 1.6 x10°® and 3.1 x10°® g for the 10, 20 and 40 wt% Pt/C
catalysts, respectively. Prior to this the glassy carbon electrode was polished to a mirror finish
using 0.1 and 0.05 um Al,O3 polish on microcloth (Buehler). Cyclic voltammetry was
conducted by cycling the potential between 0.05 — 1.2 V vs. RHE with a scan rate of 100 mV.s
! for 50 cycles at room temperature in an oxygen-free 0.1 M HCIO,4 electrolyte solution to
electrochemically clean the catalyst surface. The reference electrode used was Hg/HgSO4 with
a platinum counter electrode. The scan rate was then changed to 20 mV.s* for 5 cycles and
the potential cycled between 0.05 — 1.2 V vs RHE at room temperature in an oxygen-free 0.1
M HCIO4 electrolyte solution. CO stripping was conducted by purging the electrolyte solution
with CO for 20 minutes while holding the potential at 0.1 V vs. RHE, argon was then bubbled
for 20 minutes to rid the solution of CO, after which the potential was cycled between 0.05 —
1.2 V vs RHE. The ORR activity was measured by rotating disc electrode experiments in an O;
saturated 0.1 M HCIO4 electrolyte (70% Suprapur - Merck) using the anodic scan between

0.05 and 1.2 V vs. RHE, with a scan rate of 20 mV.s™! and rotation rate of 1600 rpm at room
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temperature, all reported ORR activities are iR corrected. All scans were normalised for
electrochemically active surface area, ohmic drop measured by impedance spectroscopy, and
capacitive current in an oxygen free electrolyte. Error margins were obtained from 2 to 4
repeats for each data point. The first durability sequence on the catalysts were completed by
cycling between 0.6 — 1.0 V vs. RHE and the second and third degradation studies were
completed by cycling between 1.0 — 1.5 V vs. RHE. All degradation studies were completed
with a scan rate of 50 mV.s? in 0.1 M HCIO4 electrolyte solution for 6000 cycles at room
temperature, and periodically reverted to a cyclic voltammogram between 0.05 — 1.2 V vs.
RHE with a scan rate of 20 mV.s™ to investigate the changes to the Hupp region. The reference
electrode used was Hg/HgSO. with a gold counter electrode. The Hypp region was used for

changes in ECSA in this instance.

3.3 Results
3.3.1 BET-BJH Analysis

The support surface area, average pore size and pore volume of the supports were evaluated

using physisorption with Brunauer, Emmett and Teller (BET) theory and Barrett-Joyner-

Halenda (BJH) Analysis respectively, and these are reported in Table 3.1.

Table 3.1: BET surface areas, average pore sizes and pore volumes for the Vulcan and SiC.

Subport Surface Area Average Pore Size Pore volume
PP / m?g? / nm /cm3.gt

Vulcan 230 8.7 0.499
SiC 355 12.0 0.107

Vulcan has a large support surface area of 230 m2.g* and large pore volume while the surface
area of the SiC is lower at 35.5 m2.g* with a smaller pore volume. However, the SiC pore sizes

are slightly larger with a pore diameter of 12 nm, compared to Vulcan pore sizes of 8.7 nm.
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Pt/C Pt/SiC

Figure 3.1: Schematic of equivalent Pt loadings on different support surfaces, the grey sphere
represents the support material, the small oblong shapes represent the pores of the support

and the small black spheres represent the Pt nanoparticles.

The BET surface area was used to normalise the loading of Pt on the surface of the support,
therefore Pt/C catalysts can be compared to Pt/SiC catalysts in order to make fundamental
observations on catalyst performance. This normalisation technique is needed to maintain a
constant Pt coverage per surface area of support which maintains a consistent inter-particle
distance and particle size, so that any changes seen in activity can be attributed to a support
effect. An illustration of this Pt coverage on the different supports is shown in Figure 3.1. It is
imperative to keep particle size and inter-particle distances constant across support surfaces

since these, in their own right, can affect ORR activities significantly [282°],

Table 3.2: Nominal, target and actual catalyst loadings on C and SiC supports.

Nominal wt% Pt/C Actual wt% Pt/C Target wt% Pt/SiC Actual wt% Pt/SiC
10 9.19 1.69 1.67
20 17.5 3.71 491
40 37.85 9.33 8.65

Table 3.2 reports the nominal, target and actual catalyst loadings on the Pt/SiC and Pt/C.
Therefore, the Pt loading on the carbide supports will be referred to the equivalent weight
percent, while Pt loading on carbon will refer to the true weight percent and these catalysts

can be directly compared in terms of electrochemical activity.
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3.3.2 Transmission Electron Microscopy (TEM)

The particle sizes of the bare supports were measured using TEM imaging, these were
measured to be 47.1 £ 12 and 57.0 £ 36 for Vulcan and SiC, respectively. The TEM images for
the commercial Pt/C benchmark catalysts and the carbide supported catalysts’” TEM images
with varied loadings are shown in Figure 3.2. The Pt particle sizes and interparticle distances
measured from the TEM images, for all the supported catalysts are reported in Table 3.3. The
Pt nanoparticle sizes and particle size distributions slightly larger on the Pt/SiC catalysts when
compared to Pt/C. The Pt interparticle distances on the 20 and 40 eq wt% Pt/SiC and the 20
and 40 wt% Pt/C catalysts are similar, however, a large deviation is noted between the

interparticle distances on the 10 eq wt% Pt/SiC and 10 wt% Pt/C catalysts.

>
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Figure 3.2: TEM images and particle size distribution graphs of (a) 10 wt% Pt/C, (b) 20 wt%
Pt/C, (c) 40 wt% Pt/C, (d) 10 eq wt% Pt/SiC, (e) 20 eq wt% Pt/SiC and (f) 40 eq wt% Pt/SiC.
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Table 3.3: Pt particle sizes and inter-particle distances measured using TEM images of the

different supported catalysts.

Catalyst Pt particle size / nm Pt inter-particle distances / nm
10 wt% Pt/C 1.1+0.3 6.6+3
20 wt% Pt/C 2.1+0.5 7.1+2
40 wt% Pt/C 2.7+0.7 511
10 eq wt% Pt/SiC 2.6+0.8 13.1+6
20 eq wt% Pt/SiC 3.3+0.8 83+3
40 eq wt% Pt/SiC 3.6+0.9 59+2
3.3.3 X-Ray Diffraction (XRD)
- I I I SiIC 7 I l I 10qu wtl% Pt/lSiC ]
a b —— 20 eq wit% PUSIC
i 1 ——40eq wi% PUSIC |
i o /:' i
2I0 4IU SIO B'D 1 (')D 2I0 4I0 GIO 8I0 1 lIZIO

Figure 3.3: XRD pattern of (a) commercial SiC and (b) different loadings of Pt/SiC where (*)

denotes the 3C-SiC peaks, (¢) denotes the 189R-SiC peaks and (¢) denotes Pt peaks.

Silicon carbide exists in approximately 250 different crystal structures 3%, the most common

being 3C-SiC and 6H-SiC. Figure 3.3a displays the XRD pattern of the commercial SiC, there

are few defining peaks between 3C SiC and 189R SiC, however, the peak height ratios are

specific to the crystal structures. Rietveld refinement presented the SiC to comprise of 67%

3C-SiC and 33% 189R-SiC. These peaks are confirmed by literature for 3C-SiC Y and 189R

Sic 32,
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Figure 3.3b displays the XRD patterns of the carbide supported catalysts with various Pt
loadings. As expected, the Pt peak heights increase (26 = 38°, 46°, 67° and 81°) as the Pt
loading increases. Furthermore, the Pt deposition method does not alter the crystallinity of
the support material. Rietveld refinement confirmed the average Pt crystallite size to be
between 3 - 4.2 nm for the various loadings of Pt/SiC. As expected, the crystallite size
determined from the XRD is slightly larger than the size measured by TEM in Table 3.3, since
the lower detection limit of XRD is 2 - 2.5 nm, so particle sizes smaller than 2 nm are not
identified 33, while these contribute to the TEM particle size measurements. Additionally, the
average particle sizes determined from XRD are volume-weighted, therefore larger Pt

particles have a larger contribution to the average particle size due to their larger volume.

3.3.4 X-Ray Photoelectron Spectroscopy
XPS was primarily used to investigate the binding energies on the various carbide supports.

When analysing XPS data, the results first need to be adjusted for the sample charging effects.
The correction to the SiC catalysts was done by identifying the C-C sp3 bond in the C 1s
spectrum, from adventitious carbon, and adjusting this to its true value of 284.8 eV 34, while
the correction to the commercial catalysts were adjusted for C-C sp? bond’s true value of

284 eV 34,

The Pt 4f and Si 2p spectra of the Pt/C and Pt/SiC catalysts are represented in Figure 3.4 and
the peak positions from deconvolution of the C 1s and Si 2p spectra are reported in Table 3.4.
The Pt 4f spectra clearly shows a shift to higher binding energies of 0.4-0.6 eV from Pt/C, while
the Si-C spectra demonstrates a shift to lower binding energies of 0.1 eV and 0.3 eV in the Si
2p and C 1s spectra, respectively. The modelling of the XPS Si 2p and C 1s spectra are shown
in Figure S3.1 and S3.2 (See Chapter 3.7), respectively.
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Figure 3.4: XPS spectra of the (a) the Si 2p region of SiC and Pt/SiC catalysts with different
loadings and (b) Pt 4f region of the Pt/C and Pt/SiC catalysts.

Table 3.4: Pt 4f, Si-C 2p and Si-C C1s peak positions for the SiC support material and Pt/SiC

and Pt/C catalysts.

Catalyst Pt 4f Peak Positions ' C > 2P bond peak Si-C C1s bond peak

position position
20 wt% Pt/C 71.0 74.2 - -
SiC - - 101.8 284.0
10 eq wt% Pt/SiC 71.6 75.0 101.7 283.7
20 eq wt% Pt/SiC 71.5 74.9 101.7 283.7
40 eq wt% Pt/SiC 71.4 74.6 101.7 283.7

3.3.5 Ex-situ EXAFS
Ex-situ X-ray adsorption spectroscopy, namely the Extended X-ray Absorption Fine Structure

(EXAFS) region, was used to investigate the Pt L3 — edge to give insight into the supported Pt
morphology. The absorption spectra were modelled with Demeter® using Ifeffit© 26! to solve
the EXAFS equation for the first three Pt shell coordination numbers as described by Frenkel
et al. 133, The first shell coordination number is strongly related to the particle size and the
particle size distribution B3¢ while the ratio of the third to first coordination number is an

indication of particle morphology.
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The modelled EXAFS spectra are shown for the 20 wt% Pt/C and 20 eq wt% Pt/SiC catalysts in
Figure 3.5. Figures 3.5a and 3.5b are the actual and modelled data of the 20 wt% Pt/C, shown
in R space and k space respectively. Figures 3.5c and 3.5d are the actual and modelled data
of the 20 eq wt% Pt/SiC in R space and k space, respectively. The fitted model, considering up
to the fourth neighbour shells, describes the EXAFS data well for both samples. The
coordination numbers (N), distances of neighbouring atoms (R) and the disorder factors (o0?)

of the catalyst supported on carbon and silicon carbide are listed in Table 3.5.

Table 3.5: Coordination numbers and distances of neighbouring atoms and their disorder

factors.

Catalyst ng::(’)?:””g N nzii;ab':jrt/o A o> N3/Ni
20 wt% Pt/C Pt - Pty 10.07 £ 0.32 2.749 0.0059 1.11

Pt - Ptz 5.13+1.38 3.888 0.0100

Pt - Pt3 11.15+3.33 4.762 0.0081

Pt - Pta 8.33+1.29 5.498 0.0105
20 eq wt% Pt/SiC Pt - Pts 10.86 + 0.38 2.751 0.0059 1.48

Pt - Ptz 495+1.43 3.890 0.0087

Pt - Pt3 16.10 + 4.30 4.764 0.0086

Pt - Pta 7.92+1.30 5.501 0.0096

The first and third coordination numbers on 20 eq wt% Pt/SiC are larger than those on 20 wt%
Pt/C. The ratio of the third coordination humber to the first coordination number for the 20
eq wt% Pt/SiC is larger than that of the 20 wt% Pt/C. The distance to neighbouring atoms,
otherwise known as lattice spacing, indicates that the lattice spacings of the 20 eq wt% Pt/SiC
catalysts are longer than the lattice spacing seen for the 20 wt% Pt/C catalyst. Lastly, the
Debye-Waller disorder factor, o2, indicates static disorder in the bond lengths, indicating

deviation of the Pt/SiC and Pt/C catalysts from the standard fcc structure.

46



30

20

[x(R)| / A*

-20

-30

-40

30

20

xR/ A*

-20

-30

-40

T T: T T 4
—— Magnitude
——— Magnitude

fit

—— Real space

—— Real space fit

a

1 1 1 ! !

25 30 35 40 45
Radial Distance / A

5.0

—— Real space
—— Real space fit

T T T T T

—— Magnitude

T

—— Magnitude fit

1

15

20

25 30 35 4.0 45
Radial Distance / A

5.0

NN A

k.y(k) /A

CHAPTER 3

24

— kw=1

— kw=1 fit

— kw=2

— kw=2 fit

— kw=3

—— kw=3 fit

10 12 14 16
Wavenumber / A

24

Figure 3.5: Actual and modelled EXAFS data for the 20 wt% Pt/C catalyst is represented in (a)

R space with R real space as Ix(R)I — 15 and (b) k space, kw=1 is scaled by 8.2, kw=2 is unscaled

and kw=3 is scaled by 0.115. The 20 eq wt% Pt/SiC catalyst is shown in (c) R space and (d) k

space, kw=1 is scaled by 8.2, kw=2 is unscaled and kw=3 is scaled by 0.12.

Figure 3.6 is a compilation of the modelled coordination numbers from this study,

superimposed onto the modelled coordination numbers for ideally shaped icosahedron,

cubocahedron and hcp particles, described by Glasner & Frenkel 71, The calculated

coordination numbers for the Pt/SiC and Pt/C catalysts were superimposed onto the plot,

with the error margin in the x-axis defined by theoretical number of atoms calculated from

TEM particle sizes and the error in the y-axis is defined by the modelled data in Demeter®.
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Figure 3.6: Coordination numbers N1 through N4 for icosahedron, cuboctahedron and hcp
clusters with superimposed calculated coordination numbers from the EXAFS for the 20 eq

wt% Pt/SiC and 20 wt% Pt/C. Redrawn from Glasner and Frenkel [37],

3.3.6 Electrochemical Characterisation
The calculated ECSA from CO stripping Voltammetry and ORR activities are shown in Table

3.6. CO stripping voltammetry was used to determine the ECSA via Equation 3.1 and assuming
a 420 pC.cm2p; per CO monolayer adsorbed on the platinum surface, these measurements
were taken at room temperature in 0.1 M HCIO4 electrolyte solution. The kinetic activities,
forming the Tafel plots, were calculated using Equation 3.2 of the cathodic sweep reported at
0.9 V vs RHE with a rotation speed of 1600 rpm. These measurements were completed at 20
mV.s! at room temperature in an oxygen saturated 0.1 M HCIO4 electrolyte solution. It was
necessary to add carbon to all the Pt/SiC catalyst inks for electrochemical testing since this
material showed little to no electrochemical responses due to the low conductivity of the
support material. A 1:1 mass ratio of Pt/SiC and carbon are added to the inks for
electrochemical testing. The CO stripping voltammograms and RDE curves are shown in Figure

S3.2. Figures 3.7a and 3.8b demonstrates the cyclic voltammograms and Tafel plots of the
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Pt/SiC+C catalysts with various loadings, respectively. Figures 3.7c and 3.7d shows the cyclic
voltammograms and Tafel plots of the 40 eq wt% Pt/SiC and 40 wt% Pt/C catalysts. A large

hydrogen evolution peak, or sharp Hupp peak, is seen at low potentials on the Pt/SiC catalysts.

2
h o
ECSA (Z2£t) = - charge (1) Equation 3.1
gpt 420( ”2 >>< catalyst loading (gpt)
CMp¢
I = 2k Equation 3.2
I, -1

Table 3.6: Calculated ECSA from CO stripping and ORR activity for the catalysts supported on

carbon and SiC at 0.9 V vs. RHE in a 0.1 M HCIO4 electrolyte solution at room temperature.

I S R T
10 wt% Pt/C 115+ 15 146 + 66 1.2+£0.5 150+ 70
20 wt% Pt/C 82.8+2.5 156 £ 4.5 1.9+0.1 240+ 10
40 wt% Pt/C 56.0+£3.6 120+ 3.5 22+0.1 330+ 20
10 eq wt% Pt/SiC + C 412+1.0 70.5%t4.6 1.7+£0.1 180+ 10
20 eq wt% Pt/SiC + C 20.0+0.2 83.2+3.1 4.2+0.2 460+ 20
40 eq wt% Pt/SiC+C 20.6£0.6 79.4+8.4 3903 460 + 40

The ECSAs of the commercial Pt/C catalysts reported in Table 3.6 are in line with those
estimated by the supplier, however, the Pt/SiC+C ECSAs are much lower than expected for
the Pt particle size measured using TEM images. The trend in mass specific ORR activity on
Pt/C decreased as loading increased while surface area specific ORR activity and kinetic
activity increased as loading increased. No trend was seen in the mass specific and surface
area specific ORR activities on the Pt/SiC+C catalysts as loading increased, however, an
increase in kinetic activity as loading increased is noted. The mass specific ORR activities are
significantly lower on the Pt/SiC+C catalysts when compared to Pt/C, however, this trend is

reversed for the surface area specific activity and kinetic ORR activities, as seen in Figure 3.7d.
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Figure 3.7: Electrochemical characterisation: all experiments performed in 0.1 M HCIO4 at
room temperature. Cyclic voltammetry (CV) recorded at 20 mV.s! between 0.05V and 1.2 V
vs RHE. For ORR activity, the cathodic scan was recorded at 1600 rpm between 0.05V and 1.2
V vs RHE. (a) Cyclic voltammograms for 10, 20 and 40 eq wt% Pt/SiC; (b) Tafel plots for ORR
activity for 10,20 and 40 eq wt% Pt/SiC; (c) comparison of cyclic voltammograms of 40 eq wt%
Pt/SiC+C and 40 wt% Pt/C and (d) comparison of Tafel plot for ORR activity for 40 eq wt%
Pt/SiC+C and 40 wt% Pt/C.

Figure 3.8 reports TEM images of the Pt/SiC+C ink used in the electrochemical
characterisations. Figure 3.8a shows significant agglomeration of the Pt/SiC+C ink and Figure

3.8b shows migration of a small number of Pt nanoparticles to the bare carbon surface.
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Figure 3.8: TEM images of the 40 eq wt% Pt/SiC+C catalyst ink after sonication, platinum

migration to the carbon surface is marked by the red circles.

3.3.7 Electrochemical Durability
The Pt catalyst degradation studies were completed by cycling between 0.6 —1.0 V vs. RHE in

order to determine the Pt stability towards agglomeration and dissolution on the support
surface. The durability testing consisted of cycling the potential between 0.6 and 1.0 V vs. RHE
for 6000 cycles and returning to the full voltammogram scan limits of 0.05 — 1.2 V vs. RHE to
compare changes in the Hupp region and oxygen adsorption and desorption region. The cyclic
voltammograms before and after Pt degradation on Pt/C, shown in Figure 3.9a, demonstrates
a decrease in Hupp region and the oxygen adsorption and desorption regions. Figure 3.9b
shows the cyclic voltammograms of Pt/SiC+C before and after degradation which
demonstrates a slight support surface oxidation at these low potentials which results in a less

well refined Hypp region and subsequent decrease in ECSA.
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Figure 3.9: Catalyst durability study showing the first and 6000t cycle after degradation

cycling between 0.6 — 1.0 V vs. RHE on (a) 40 wt% Pt/C, (b) 40 eq wt% Pt/SiC + C and (c) the

change of ECSA over cycling in 0.1 M HCIO4 in room temperature at 20 mV.s™.
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Figure 3.10: Support durability study showing the first and 6000t cycle after degradation

cycling between 1.0 — 1.5 V vs. RHE on (a) Vulcan XC-72R and (b) SiC+C in 0.1 M HCIO4 in

room temperature at 20 mV.s™.
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The second and third durability sequences studied were used to investigate the stability of
the support material at high potentials, without the presence of Pt and with the presence of

Pt, respectively.

The first and 6000t cyclic voltammograms after durability for the bare supports are displayed
in Figure 3.10, and for the catalysed supports, Figure 3.11. Figures 3.10 and 3.11 show a
significant increase in capacitance on both the carbon and SiC support materials. Figure 3.11a
demonstrates a marked decrease of the Hupp region on the Pt/C catalyst, while the Pt/SiC+C

shows little resemblance to the first cyclic voltammogram.
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Figure 3.11: Catalyst durability study showing the first and 6000™" cycle after degradation

cycling between 1.0 — 1.5 V vs. RHE on (a) 40 wt% Pt/C and (b) 40 eq wt% Pt/SiC+Cin 0.1 M

HCIO4 in room temperature at 20 mV.s™.

3.3.8 In-Situ XAS
In-situ X-ray Absorption Near Edge Structure (XANES) was used to investigate the Pt Ls and L,

— edge giving insight into the co-ordination numbers, Pt d-band electron vacancies and Pt
oxide formation are a function of the potential. The Ls and L, spectra at each potential are
shown in Figure S3.3 and the corresponding modelling fits for the L3 edge of Pt/C and Pt/SiC+C
are shown in Figures S3.4 and S3.5. The first to fourth coordination numbers for the 20 wt%

Pt/C and 20 eq wt% Pt/SiC at different potentials are reported in Table 3.7.
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Table 3.7: First to fourth coordination numbers of the 20 wt% Pt/C and 20 eq wt% Pt/SiC

catalysts at different potentials.

Potential

Catalyst N (Pt-Pt1) N (Pt—Pt2) N(Pt—Pt3s) N (Pt—Pts)

/ V vs. RHE
20 wt% Pt/C 0.268 11.20+06 7.16+23 13.81+51 828+1.7
0.408 1095+06 6.42+22 146452 9.00+1.8
0.778 11.17+06 6.55+2.6 15.19+57 9.16+1.9
0.948 10.88+0.6 6.00+2.1 1483+51 889+1.8
1.038 1034+06 5.22+21 15.19+59 9.38+2.0
20 eq wt% Pt/SiC + C 0.298 10.52+0.48 5.40+1.71 13.62+4.93 9.00+1.73
0.448 10.67+0.51 5.30%+1.75 13.35+4.95 8.43+1.70
0.728 10.47+0.55 4.83+1.83 13.22+546 8.46+1.93
0.958 10.63+0.50 4.71+1.66 13.89+5.07 8.69+1.75
1.038 10.09+0.48 4.32+1.53 12.63+4.58 8.75%+1.76

The first four coordination numbers from 0.268 —1.038 V vs. RHE on the Pt/C catalyst and are
statistically similar. However, the ratio of N3/N1 increases from 1.35 in the double layer region
at 0.408 V vs. RHE to 1.49 at 1.038 V vs. RHE, implying a slight change in particle shape at
these high potentials. The 20 eq wt% Pt/SiC behaves similarly to the 20 wt% Pt/C catalyst, as
the first to fourth coordination numbers for the varying potentials are identical, within the
error of modelling. However, the ratio of N3/N; remains at 1.25 in the double layer region at
0.448 V vs. RHE and 1.038 V vs. RHE, confirming a consistent Pt particle shape in this potential

range.

Subtle changes to the XANES region due to adsorbate formation and place exchange on the
platinum surface are more closely studied by the ‘Au technique’, this method involves
subtracting two XANES spectra from each other to investigate changes to the catalyst
surface 38, The subtraction of the two spectra removes the bulk metal-metal interactions and

therefore isolates the surface changes due to adsorbates B39, It is assumed that there are no
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adsorbates on the Pt surface at potentials in the double layer region, therefore u(0.408) and
1(0.448) were chosen as the reference spectra for the Pt/C and Pt/SiC catalysts, respectively.
Figure 3.12a details the Apu(0.778), Apu(0.948) and Au(1.038) of the Pt/C XANES spectra. The
Ap curves display a peak below the edge energy (Eo) at 11565 eV followed by a positive peak
above Ep at 11570 eV, while the positive peak high increased as potential increased. The
Ap(0.728), Ap(0.958) and Ap(1.038) of the Pt/SiC XANES spectra are depicted in Figure 3.12b,
similarly to the Pt/C curves in Figure 3.12a, the positive peak is observed with increasing

intensity as potential is increased.
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Figure 3.12: the Ap curves of (a) Pt/C catalyst at different potentials and (b) Pt/SiC+C catalyst

at different potentials.

The Pt d-band vacancy was calculated using a method described by Mansour et al. 4%, and
assuming a bulk Pt d-band vacancy of 0.3, as theoretically calculated by Brown et al. *1. The
d-band vacancy is measured by using the Pt L3 and L; edges and subtracts the contribution
from the s states by an arc tangent function which removes the spectral area from the
inflection point to the second local minimum [0, Using this method, the adsorption spectra
can be used to calculate the d-band vacancies in the catalysts 9, The d-band vacancies for
the Pt/C and Pt/SiC catalysts at different potentials are reported in Figure 3.13. The d-band
vacancies of Pt/C increase considerably after 0.8 V vs. RHE. While the d-band vacancies
calculated on Pt/SiC+C catalysts are larger than those of the Pt/C catalyst, they unchanging

over those potential range.
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Figure 3.13: d-band vacancies at different potentials on the Pt/C and Pt/SiC+C catalysts.

3.4 Discussion

3.4.1 Pt Nanoparticle and Support Particle Sizes and Shapes
The physisorption results in Table 3.1 report a high specific surface area for the Vulcan

support material. Vulcan is well-known to be highly porous which results in the large support
surface area. The large surface area, pore sizes and pore volume are essential properties for
Pt nanoparticle dispersion and oxygen diffusion to the catalytic surface. The surface area of
the SiC is low for numerous reasons, the first being the high density of 3.3 g.cm3, the slightly
larger particle size measured from TEM and the small pore volume. The larger pore sizes seen
in the carbide material are, however, an advantage during electrochemical testing, as the

oxygen diffusion to the Pt surface is quicker and thus not a limiting factor.

The benchmark 10, 20 and 40 wt% Pt/C catalysts in Figures 3.2a, 3.2b and 3.2c respectively,
demonstrate the target Pt nanoparticle dispersion, particle size and particle size range in
order for the carbide supported catalysts to be considered competitive alternative support
materials to carbon. The Pt particle dispersion (seen in Figure 3.2), is relatively uniform on the
Pt/C catalysts. The catalysts show similar Pt inter-particle distances, reported in Table 3.3,
throughout the support surface and decreasing inter-particle distances as loading is
increased, while maintaining a constant Pt particle size and narrow particle size distribution.
The platinum particle sizes of the commercial Pt/C catalysts range from 1.1 — 2.7 nm and the
Pt nanoparticles deposited on SiC were well dispersed with average particle sizes ranging from

2.6 — 3.6 nm. Therefore, it can be concluded that platinum was successfully deposited onto a
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silicon carbide support with particle sizes similar to those on carbon supports. However, the
particle size distributions of the Pt/SiC catalysts, seen in Figure 3.2, are wider than those of
the commercial Pt/C catalysts. Further evidence of the similarity between the different
carbide supported catalysts is that the Pt inter-particle distance, shown in Table 3.3, remains
akin to the commercial Pt/C catalysts with the exception of 10 wt% Pt/C and 10 eq wt% Pt/SiC.
The 10 wt% Pt/C Pt particle sizes were considerably smaller than the Pt particle sizes on the
10 eq wt% Pt/SiC. However, normalising of the loadings by surface area of the support
maintained similar particle sizes and inter-particle distances on the 20 and 40 wt% and eq
wt% catalysts. Therefore, observations associated to the support effects on particle size

distributions, electrochemical activities for the ORR can be asserted.

Table 3.5 stated the ratio of the third coordination number to the first coordination number
for the 20 eq wt% Pt/SiC, which is larger than that of the 20 wt% Pt/C. This ratio is an indication
of Pt nanoparticle particle shape [*2l. However, the standard deviation of N3 is large. The first
coordination numbers obtained for the supported nanoparticles in this work are simply a
representation of particle size. Since the Pt/C catalyst particles are slightly smaller, smaller
coordination numbers are expected when compared to Pt/SiC *3. Additionally, using the
method described by Jentys 44, the shape of the platinum nanoparticles deposited on SiC and
carbon demonstrated ‘distorted cubic’ structures. The distribution of bond lengths, shown in
Table 3.5 reports similar values for both catalysts for the first to fourth coordination numbers.
The combination of coordination numbers and Pt neighbour atomic packing is closely related
to the particle shape. It is seen from the superposition of coordination numbers in Figure 3.6
onto ideal particle shapes, that the slight changes to coordination numbers between the
Pt/SiC and Pt/C are statistcally similar, since these slight changes are within the error of the
calculations. Additionally, the coordination numbers do not represent an ideal geometry. It
can be determined that no statistically significant differences in particle shape can be seen
between these two supported catalysts. Therefore, similar Pt morphologies/shapes are seen

on the different supported catalysts, with larger particle sizes on the SiC supported catalysts.

3.4.2 Charge Transfer Effects
It has been reported in literature that the XPS binding energy of the Pt oxidation states is

influenced by a metal-support interaction *°l. Lewera et al. [*6] demonstrated a shift to lower

binding energies in the Pt 4f spectra. In the case of Pt/SiC, significant shifts in Pt 4f peak
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positions from Pt/C to higher binding energies are seen in Figure 3.4 and Table 3.4. This is
accredited to the lower work function of SiC (4.1-4.5 eV) (47 when compared to carbon (4.5 —
4.7 eV #8]), causing a Fermi level equilibration between the support and Pt which results in a
charge transfer from the SiC support to the Pt, which is represented by a shift to higher
binding energies . Correspondingly, a shift in the Si-C bond in both the Si 2p and C 1s spectra
to lower binding energies is observed in Table 3.4, this too suggests a charge transfer from

the support material into the Pt nanoparticles.

3.4.3 Electrochemical Characteristics
The Pt/C ECSAs cited in Table 3.6 demonstrate a decrease in ECSA as loading is increased,

which is attributed to the increase in particle size and corresponding decrease in the surface
area to volume ratio. The Pt/SiC catalysts however, do not have high ECSAs despite the
particle size being similar to that of Pt/C. In this case, the TEM images of the 40 eq wt%
Pt/SiC+C ink gives insight into the morphology of the Pt nanoparticles in this ink. Figure 3.7
shows agglomerated Pt particles in the ink after sonication and that some Pt nanoparticles
have migrated to the carbon added to the catalyst ink. These images demonstrate the
instability of Pt on this support and results in the low ECSA measured from CO stripping as the

Pt nanoparticles have agglomerated and have therefore lost considerable surface area.

The oxygen reduction activities are also shown in Table 3.5. The Pt/C catalyst activities fall in
line with numerous reported values and compilations of values for kinetic ORR activity on
these catalysts 51, An exception is seen on the 10 wt% Pt/C catalyst, as the average particle
size is 1.1 nm, these have particularly decreased activity for ORR 2], as expected. The mass
activities for ORR on the Pt/SiC+C catalysts were lower than that of Pt/C for all loadings, due
to the low ECSA. However, the intrinsic activities and kinetic activities were higher across
loadings for the Pt/SiC+C catalysts when compared to Pt/C. The results are reiterated in the
Tafel plots shown in Figure 3.8d with the 40 eq wt% Pt/SiC+C exhibiting a higher intrinsic
activity for ORR at a potential range of 0.85 — 1 V vs. RHE than the 40 wt% Pt/C catalyst.
Additionally, Figure 3.8b demonstrates the kinetic activities of the various loadings of
platinum on the SiC support. This trend is explained by a particle size effect and
agglomeration, as discussed above. The particle size effect on ORR is due to the presence of

Pt(100), which is most active surface for ORR. The surface ratio of the crystallographic
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surfaces of platinum varies in accordance to particle size, as the fraction of the Pt(100) surface
decreases rapidly from ~15% surface coverage at 6 nm to 0% surface coverage present below
1.8 nm B3, Additionally, previously reported surface area specific activities for ORR on
different Pt particle sizes ** show that the surface area specific activities for the 20 eq wt%
and 40 eq wt% Pt/SiC+C catalysts are in accordance with the those expected for agglomerates.
Therefore, the ORR activity due to an electronic metal-support interaction between the Pt

nanoparticles and the SiC support material cannot be measured by RDE techniques.

3.4.4 Accelerated Degradation Studies
The Pt catalyst degradation on Pt/C in Figure 3.9a displays a significant decrease in ECSA after

6000 cycles between 0.6 — 1.0 V vs. RHE. Pt/SiC+C shown in Figure 3.9b, demonstrates slight
support surface oxidation at these low potentials which results in a less well refined Hupp
region and subsequent decrease in ECSA. The cyclic voltammograms shown before and after
6000 cycles demonstrate less change to the Hypp region when compared to Pt/C but due to
the low initial ECSA, small changes to this region result in a larger percentage ECSA lost during
cycling. The catalyst support degradation study without Pt described in Figure 3.10, presented
significant oxidation seen by an increased capacitance on both the Vulcan and SiC+C support
materials. The degradation of carbon at high potentials is described as an increase in
interfacial double layer capacitance due to a more hydrophilic surface or an increase in the
roughness of the carbon surface °°. The degradation of SiC was investigated by Lv et al. 24
which reported no support degradation when cycled from 0.6 — 1.2 V vs. RHE for 6000 cycles,
thus it is likely the degradation seen here is from an increase in the carbon hydrophilicity

and/or roughness on the carbon surface.

Insights from the degradation study on the bare supports are important in explaining the
trends seen in Figure 3.11, the support degradation study on catalysed supports. Figure 3.11a
shows the double layer charging increased after the durability study and the Pt ECSA
decreases significantly after 6000 cycles. This phenomenon is explained by the attachment of
platinum on the carbon surface being weakened by the oxidation and corrosion of carbon,
leading to platinum detachment from the surface. This process will lead to platinum
agglomeration as well as platinum dissolution, both resulting in a loss of active surface area
and therefore reaction activity. In addition, the process of corrosion is accelerated by the

presence of platinum *°l, Finally, Figure 3.11b represents the cyclic voltammograms before
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and after degradation of the Pt/SiC+C catalyst and little from the Hupp region is visible in the
cyclic voltammogram after 6000 cycles. It was asserted above that degradation is attributed
to an increase in the carbon hydrophilicity and/or roughness on the carbon surface.
Additionally, it appears that degradation of the Pt/SiC+C catalyst mimics that of the Pt/C
degradation, and therefore this degradation may be due to the additional carbon in the

catalyst ink.

3.4.5 In-Situ X-ray Absorption Spectroscopy
Figure 3.8 shows that the ink preparation procedure for the Pt/SiC+C catalyst results in

agglomeration of the Pt nanoparticles. This did not seem to affect the in-situ XAS analysis
since the first co-ordination numbers of the Pt/SiC catalyst in Table 3.7 are similar to the Pt/C.
This result is expected since the Pt agglomeration seen in Figure 3.8 does not demonstrate an
increase the Pt particle size, but rather clusters of the Pt nanoparticles. The Pt/C Al curves in
Figure 3.12 demonstrate an initial negative response followed by a positive response. The
initial negative response seen on these curves is theoretically ascribed to sub-surface oxygen
due to platinum place-exchange B3%°71, Sasaki et al. 38 confirmed this relationship between
the negative peak in XAS and sub-surface oxygen by X-ray Diffraction (XRD) analysis by
oxidising Pt nanoparticle surfaces from metallic Pt to a-PtO,-type oxide during a potential
sweep to 1.5V. The subsequent positive peak in the Au graphs is interpreted as the
adsorption of O or OH on surface sites of Pt, this adsorbate coverage increases as the potential
increases 381, The Pt/SiC+C Ap in Figure 3.12b displays the positive peak attributed to O or OH
adsorbate on the Pt surface, with increased coverage as potential increases. Contrarily to
Pt/C, Pt/SiC+C does not show signs of subsurface oxygen but a shift of the adsorbate peak to
higher energies is evident, this is attributed to n-fold bonded configuration at higher

potentials 381,

The d-band vacancies for the Pt/C catalyst over a potential range (Figure 3.13), follows that
reported by Mukerjee and co-workers & 51, Additionally, the d-band vacancy of the Pt/C
catalyst increased significantly after 0.8 V vs. RHE which is attributed to the -OH bond on the
surface of the Pt during ORR 839, The calculated d-band vacancy in the double layer of the
Pt/SiC+C catalyst is significantly larger than that of the Pt/C catalyst, this is attributed to larger
electron transfer from the SiC support to the Pt nanoparticles. An electron transfer from the

support material to Pt results in a more negatively charged particle under UHV conditions, as
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demonstrated in the XPS spectra in Figure 3.4. This electron transfer is correlated to a shift of
potential of zero charge (pzc) to lower potentials resulting in a more positively charged Pt
particle in electrochemical environment for the Pt/SiC+C catalyst when compared to Pt/C at
the same potentials in the double layer. Additionally, the Pt/SiC+C catalyst demonstrated a
higher resilience to adsorption of O or OH on surface sites of Pt as the onset of oxide
formation is observed to occur around 1.0 V vs. RHE, 0.2 V after oxide formation is observed

to begin on Pt/C.

3.5 Conclusion

Platinum was deposited on a silicon carbide support material, resulting in well dispersed Pt
nanoparticles with an average particle size range of 2.6 — 3.6 nm. These loadings were
normalised for BET surface area, in order to investigate the fundamental contribution of the
support to oxygen reduction reaction activity. The gathered information from XPS shows a
shift of the Pt 4f spectra to higher binding energies, while the Si-C bond in both the Si 2p and
C 1s spectra shifted to lower binding energies. This correlation suggests an electron transfer

from the silicon carbide to Pt metal, under UHV conditions and overall neutrality.

Supporting the XPS interpretations of electron transfer from the SiC support to the Pt
nanoparticles, the d-band vacancies calculated from in-situ XANES spectra on the Pt L3 edges
report larger electron vacancies in the Pt/SiC catalyst when compared to Pt/C, due to a shift
in the pzc of the Pt/SiC catalyst to lower potentials. This strong metal-support interaction also
distinctly effects the adsorption of O or OH species on the Pt surface, as this is delayed by 0.2
V on the Pt/SiC catalyst. Correspondingly, the Ap technique demonstrates a more stable Pt
surface during the oxygen reduction reaction since no place-exchange of Pt with oxygen is

distinguished, while this phenomenon is detected clearly on the Pt/C catalyst.

The SiC support did not show sufficient conductivity for electrochemical testing, therefore
carbon was added to the catalyst ink to improve conductivity of the catalyst. Despite the
electronic metal-support interaction, the Pt nanoparticles were unstable on the SiC support
material, and Pt agglomerated and some Pt nanoparticles migrated to the carbon surface
during sonication in the catalyst ink. Therefore, the low ECSA and mass specific activities were

approximately a quarter that of the commercial Pt/C. Consistently, the surface area specific
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activities and kinetic activities for ORR were considerably higher than the Pt/C counterpart

due to this Pt agglomeration.

The catalyst durability on SiC, as well as SiC durability at high potentials was investigated. The
low potential durability cycling of Pt/SiC+C catalyst revealed a 15% decrease in durability
when compared to Pt/C. This degradation at low potentials was attributed to surface
oxidation of the SiC, since oxidation of carbon is not known to occur at these potentials.
Moreover, the surface oxidation of carbon was seen in the high potential durability testing

which resulted in a featureless Hypp region in the cyclic voltammogram after 6000 cycles.

The strong metal-support interaction was clearly demonstrated on Pt/SiC catalysts in XPS and
XAS, however, the ORR activity could not be determined accurately due to agglomeration of
the Pt nanoparticles. Furthermore, the Pt/SiC+C catalyst was considerably less durable than

Pt/C, rendering the SiC support an unsuitable alternative support material to carbon.
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Figure $3.3: The CO stripping voltammograms of (a) Pt/C catalysts and (b) Pt/SiC+C catalysts
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Chapter 4

4.1 Physical Characterisation and Electrochemical Stability of
Boron Carbide as an Alternative Platinum Catalyst Support

Material for the Oxygen Reduction Reaction

Abstract

In this preliminary study, boron carbide was investigated as an alternative support material
to carbon for the oxygen reduction reaction, with a focus on physical characterisation and
electrochemical stability of both the Pt nanoparticles and the boron carbide support. Physical
characterisation was carried out on the support materials using TEM, XRD, BET and resistivity
measurements. The boron carbide material investigated was a boron carbide and graphite
composite (BC), wherein the graphite component of the support assisted in the
electrochemical conductivity of the material. This material was surface treated to improve
the Pt nanoparticle dispersion on the surface. The platinum loading was normalised using the
BET surface areas of the treated boron carbide composite material (80 m2.g*) and Vulcan (230
m2.g) to develop equivalent Pt loadings of 10, 20 and 40 eq wt% Pt/BC-HNOs. The platinum
deposited on the treated boron carbide composite support exhibited considerable stability
with regards to Pt agglomeration during durability testing at high potentials, when compared
to carbon. However, an insulating surface layer resulted in a non-conductive surface, and

therefore deactivated catalyst, when cycled between 1.0 - 1.5 V vs. RHE.

4.1.1 Introduction

Platinum group metals and platinum based alloys deposited on high surface area carbon
remain the standard ORR catalysts due to their high activity [*l. However, the loss of active
surface area due to carbon corrosion and subsequent platinum agglomeration at high
cathodic potentials is an important research topic 2. A straightforward approach to this
concern is to investigate alternative catalyst support materials which provide a high stability
and stronger metal-support interactions to stabilise the Pt nanoparticles in acidic

environments and at cathodic potentials.
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Boron carbide (B4C) is a refractory compound which exhibits high chemical inertness and
metallic properties 3. Additionally, B4C is shown to be electrochemically inert when exposed
to potentials of up to 2 V in acid .. Moreover, B4C has previously been synthesized with
volumetric surface areas of 194 m2.m=3 B!, higher than carbon with a volumetric surface area
of 6.60 m2.m=3. Nanostructured B4C have too shown promising electrochemical performance

similar to that of Pt/C (8],

In this chapter, boron carbide was purchased from a commercial supplier (NaBond
Technologies Co., Ltd.) and platinum was deposited using an in-house organo-metallic
chemical deposition method. These catalysts were physically and electrochemically
characterised via Brunauer, Emmett and Teller (BET) theory, Barrett-Joyner-Halenda (BJH)
Analysis, Transmission Electron Microscopy (TEM), Energy-dispersive X-ray spectroscopy
(EDX) coupled to a Scanning Electron Microscope (SEM), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), resistivity measurements, inductively coupled plasma optical
emission spectrometry (ICP-OES), cyclic voltammetry (CV), CO stripping voltammetry and

rotating disc experiments (RDE).

4.1.2 Experimental

Support Treatments: The as-received boron carbide (NaBond Technologies Co., Ltd.) was
treated using two methods. The B4C was stirred in conc. nitric acid (Kimix Chemicals and Lab
Supplies cc.) at room temperature for 8 hrs to produce the BC-HNOs support. The BC-H; was

prepared by treatment of the B4C at 500 °C for 1 hour in a 5% H,/Ar gas mixture.

Physical Characterisations: The prepared support material was characterised via
physisorption using Brunauer, Emmett and Teller (BET) theory (Micromeritics Instrument
Corporation TriStar 1l) to determine the support surface area. X-ray diffraction (XRD)
measurements were carried out on a Bruker D8 Advance diffractometer with a Cu Ka
radiation source operating at 40 kV to determine the crystalline phases present in the catalyst
and Rietveld Refinement on the XRD patterns was completed using Bruker AXS TOPAS
software, Version 4.1. Transmission electron microscopy (TEM) was performed on a Tecnai
G2 electron microscope operating at 200 kV to determine particle sizes, the supported
catalyst was characterised using TEM for Pt particle size using an average of at least 100

particle diameters. X-ray photoelectron spectroscopy (XPS) was carried out by Nexus XPS
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service using a Thermo Scientific K-Alpha instrument with an Al Ka X-ray source. XPS to
investigate the binding energy and quantify Pt and its oxides, ICP-OES (Varian 730-ES) to

confirm the Pt loading on the support.

Electrochemical characterisation: A catalyst ink was prepared for the electrochemical
characterisation techniques, The Pt/BC catalyst ink consisted of 2.5 mg of the catalyst, 0.5 ml
of ethanol (Sigma Aldrich) and 25 uL of 5 wt% Nafion solution. The mixture was sonicated for
30 minutes and 5 pL was placed on a glassy carbon electrode. The Pt/C catalyst ink consisted
of 5 mg of the catalyst, 5 ml of water (Milli-Q 18.2 MQ.cm), 1.5 ml isopropanol (Kimix) and 25
uL of 5 wt% Nafion solution. The mixture was sonicated for 30 minutes and 10 pL was placed
on a glassy carbon electrode. Prior to this the glassy carbon electrode was polished to a mirror
finish using 0.1 and 0.05 um Al;03 polish (Buehler). Cyclic voltammetry was conducted by
cycling the potential between 0.05 — 1.2 V vs. RHE with a scan rate of 100 mV.s™* for 50 cycles
at room temperature in an oxygen-free 0.1 M HClO4 electrolyte solution to electrochemically
clean the catalyst surface. The reference electrode used was Hg/HgSO. with a platinum
counter electrode. The scan rate was then changed to 20 mV.s™ for 2 cycles and the potential
cycled between 0.05 — 1.2 V vs RHE at room temperature in an oxygen-free 0.1 M HCIO4
electrolyte solution. The ORR activity was measured by rotating disc electrode experiments
in an Oy saturated 0.1 M HCIO4 electrolyte (70% Suprapur - Merck) using the anodic scan
between 0.05 and 1.2 V vs. RHE, with a scan rate of 20 mV.s* and rotation rate of 1600 rpm
at room temperature. All scans were normalised for electrochemically active surface area,
ohmic drop measured by impedance spectroscopy, and capacitive current in an oxygen free
electrolyte. The Pt catalyst degradation studies were completed by cycling between 0.6 — 1.0
V vs. RHE and the catalyst support degradation studies were completed by cycling between
1.0 — 1.5 V vs. RHE. Both degradation studies were performed with a scan rate of 50 mV.s ! in
0.1 M HCIO4 electrolyte solution for 6000 cycles at room temperature, and periodically
reverted back to a cyclic voltammogram between 0.05 — 1.2 V vs. RHE with a scan rate of 20
mV.s? to investigate the changes to the Huep region. The reference electrode used was
Hg/HgS04 with a gold counter electrode. The Hupp region was used for changes in ECSA in this

instance.
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4.1.3 Results

4.1.3.1 BET-BJH Analysis

The support surface area, average pore size and pore volume were evaluated using Brunauer,
Emmett and Teller (BET) theory and Barrett-Joyner-Halenda (BJH) Analysis, respectively, and
these are reported in Table 4.1.1. The surface area of Vulcan is approximately 4 times larger
than that of untreated BC. The largest BC surface area, pore size and pore volume was

recorded on the nitric acid treated support material.

Table 4.1.1: BET surface areas, average pore sizes and pore volumes for the Vulcan, treated

and untreated BC.

Support Surface A_‘rea Average Pore Size Pore volu_me
/ m2g? / nm /cm3.g?
Vulcan 230 8.7 0.499
BC 56.7 15.2 0.216
BC - HNOs 80.5 17.8 0.359
BC- H; 57.5 135 0.194

Pt/C Pt/BC

Figure 4.1.1: Schematic of equivalent Pt loadings on different support surfaces, the grey
sphere represents the support material, the small oblong shapes represent the pores of the

support and the small black spheres represent the Pt nanoparticles.

The BET surface area was used to normalise the loading of Pt on the surface of the support
and therefore Pt/C catalysts can be compared to Pt/BC catalysts in order to make

fundamental observations of catalyst performance. This normalisation technique was needed
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to maintain a constant Pt coverage per surface area of support, inter-particle distances and
particle size so that any changes seen in activity can be attributed to a support affect, as
shown in Figure 4.1.1. It is imperative to keep particle size and inter-particle distances
constant across support surfaces since these, in their own right, affect ORR activities
significantly 8], Therefore, the Pt loading on the carbide supports will be referred to the
equivalent weight percent (eq wt%), while Pt loading on carbon will refer to the true weight
percent (wWt%) and these catalysts can be directly compared in terms of electrochemical

activity.

4.1.3.2 Transmission Electron Microscopy (TEM)

The particle sizes of the stand-alone Vulcan and BC supports were measured using TEM
imaging, these are reported in Table 4.1.2. The TEM images of the commercial untreated and
treated BC are shown in Figures 4.1.2a — 4.1.2¢, these images display spherical, high surface
area particles, with little crystallinity visually present, which is similar to what is commonly
seen for carbon supports. The particle sizes of the carbides, reported in Table 4.1.2, are in the
range acceptable for catalyst support materials. The small particle sizes of the nitric acid
treated BC, in conjunction with the large pore volume, benefitted the BET surface area

available for Pt deposition.

The TEM images for the commercial Pt/C benchmark catalysts with varied loadings are shown
in Figure 4.1.3. The benchmark 10, 20 and 40 wt% Pt/C catalysts in Figures 4.1.3a, 4.1.3b and
4.1.3c, respectively, demonstrate the target Pt nanoparticle dispersion, particle size and
particle size range in order for the carbide supported catalysts to be considered a competitive
alternative support material to carbon. The Pt particle dispersion is relatively uniform with
similar Pt inter-particle distances throughout the support surface, with decreasing inter-

particle distances as loading is increased, while maintaining a narrow particle size distribution.
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Figure 4.1.2: TEM images of (a) untreated commercial BC, (b) nitric acid treated BC and (c)

hydrogen treated BC.

Table 4.1.2: Average particle sizes of Vulcan and carbides measured from TEM images.

Support Average particle size / nm
Vulcan 47.1+12
BC 33.0+14
BC - HNO3 34.0+17
BC—H; 38.1+15

cundn3REREES

Frequency / %
Frequency / %
cndaBR8RES
Frequency / %
cwoaBRERES

3 4 5 3 U = 12 3 4 5 6 1

2 7723 4 5 6 7
article size / nm S _ Particle size / nm

Particle size / nm

Figure 4.1.3: TEM images and particle size distribution graphs of (a) 10 wt% Pt/C, (b) 20 wt%
Pt/C and (c) 40 wt% Pt/C.
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Figure 4.1.4: TEM images of (a) Pt on untreated commercial BC, (b) Pt on nitric acid treated

BC and (c) Pt on hydrogen treated BC.

The 20 eq wt% Pt on treated and untreated boron carbide catalysts’ TEM images are shown
in Figure 4.1.4. Figure 4.1.4 shows Pt agglomeration on the untreated BC and hydrogen
treated BC supports, however, the nitric acid treated BC support shows well dispersed, small
Pt nanoparticles. TEM images of the prepared Pt/BC-HNO3 catalysts with varying platinum
loadings are shown in Figure 4.1.5. The images in Figures 4.1.5a, 4.1.5b and 4.1.5c show
platinum nanoparticles on the nitric acid treated BC supports, with varying equivalent
loadings of platinum, these carbide supports are compared to the benchmark Pt/C catalysts
shown in Figure 4.1.3. Table 4.1.3 outlines the average platinum particle sizes and inter-
particle distances for each nitric acid treated BC catalyst and benchmark catalyst. The
platinum particle sizes of the commercial Pt/C catalysts range from 1.1 — 2.7 nm and the
platinum nanoparticles are well dispersed on the treated BC support with average particle

sizes ranging from 2.3 —2.9 nm.

Table 4.1.3: Pt particle sizes and inter-particle distances measured using TEM images of the

different supported catalysts.

Catalyst Pt particle size / nm Pt inter-particle distances / nm
10 wt% Pt/C 1.1+0.3 6.6+2.8
20 wt% Pt/C 21+0.5 7.1+%2
40 wt% Pt/C 2.7+0.7 51+1
10 eq wt% Pt/BC-HNOs 29+0.9 18.6+11
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20 eq wt% Pt/BC-HNO3 23+0.7 79+%3

40 eq wt% Pt/BC-HNO3 2.6+0.6 54+2

23888

Frequency / %
e 9o o,

B S T B ] ; : : T2 3 4 5 6 7 T2 3 4 5 86 7
Particle size / nm i __Particle size / nm Particle size / nm

Figure 4.1.5: TEM images of (a) 10 eq wt% Pt/BC-HNOs3, (b) 20 eq wt% Pt/ BC-HNOs and (c) 40
eq wt% Pt/ BC-HNOs.

4.1.3.3 X-Ray Diffraction (XRD)

The XRD pattern of the untreated commercial BC, seen in Figure 4.1.6a, shows amorphous
and crystalline features. Figure 4.1.6b represents the XRD pattern for the nitric acid treated
BC material, this diffraction pattern clearly shows crystalline peaks, with no amorphous
material, indicative of rhombohedral graphite (3R) and hexagonal graphite (2H). Thus, the
boron carbide is not pure trigonal rhombohedral B4C (R3m). Rietveld refinement was used to

guantify the pattern and indicated 58.0% graphite, 38.7% B4C and 3.0% B,0 in the sample.
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Figure 4.1.6: XRD patterns of (a) untreated commercial BC, (b) nitric acid treated BC and (c)

different loadings of Pt on treated BC.

Figure 4.1.6¢ displays the XRD patterns of the carbide supported catalysts with various Pt
loadings. It can be seen in Figure 4.1.6¢c that the Pt peak height increases as the Pt loading
increases. Furthermore, the Pt deposition method does not alter the crystallinity of the
support material. The Scherrer equation was used to calculate the average Pt crystallite size
to be around 3.9 nm for the various loadings of Pt/BC-HNO:s. It is expected that the crystallite
size be slightly larger than the size measured by TEM in Table 4.1.3 since the lower detection

limit of XRD is 2 - 2.5 nm, so particle sizes smaller than 2 nm are not identified .

4.1.3.4 Conductivity

A conductivity device, pictured in Figure 4.1.7, was designed and manufactured in order to

measure the resistivity of the carbide powders. The powder was placed into the center tube,
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which was manufactured using an insulating material, and a torque wrench was used to place
an applied force on the powder. The resistivity measurement was reported as 0.27 Ohm.cm
for the nitric acid treated BC support. The resistivity of Vulcan was measured to be around

0.26 Ohm.cm, which is similar to the treated BC measurement.

‘.‘

Figure 4.1.7: Schematic of the designed conductivity device.

4.1.3.5 Impurities and Loading Verification

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to confirm the
Pt loadings on the support, the results are tabulated in Table 4.1.4. Determination the Pt
loadings on carbides is not trivial, since carbon and boron are often not distinguishable or
detected during ICP-OES measurements. Therefore, BC supported catalysts were weighed
before ICP analysis, the Pt is dissolved into aqua regia and the concentration is determined in
a known volume of solution and related back to the initial weight of the sample. This method
contains many sources of error but is the best-known method to determine Pt loading on BC.
The Pt loadings measured were in good agreement with the intended loadings calculated

using the equivalent loadings correction.

Table 4.1.4: Pt loadings measured on the carbide supported catalysts using ICP-OES.

Pt loading measured using

Catalyst ICP-OES / wt% Intended Pt loading / wt%
10 eq wt% Pt/BC-HNOs 2.76 3.05
20 eq wt% Pt/BC-HNO3 6.86 6.19
40 eq wt% Pt/BC-HNOs 12.7 15.93
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During the SEM-EDX analysis, silicon impurities in the BC-HNO3 composite material samples
were detected to be approx. 0.4 wt% in concentration and X-ray photoelectron spectroscopy

XPS) also detected small impurities of Si (0.4 wt%), fluorine (0.6 wt%), and sodium (0.2 wt%).
(XPS) P ( ), ( ), ( )

4.1.3.6 Electrochemical Characterisation
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Figure 4.1.8: (a) The cyclic voltammograms of the boron carbide composite support in an
argon saturated 0.1 M HCIO4 electrolyte solution at room temperature with a scan rate of 20
mV.s! ; (b) RDE measurements of the BC-HNOs support in an oxygen saturated 0.1 M HCIO4
electrolyte solution at room temperature with a scan rate of 20 mV.s™ at 1600 rpm rotation
rate; (c) the RDE measurements of the BC-HNOs support and 40 eq wt% Pt/BC-HNOs in an
oxygen saturated 0.1 M HCIO4 electrolyte solution at room temperature with a scan rate of

20 mV.s! at 1600 rpm rotation rate.

The cyclic voltammogram (CV) of the bare BC-HNOs support is shown in Figure 4.1.8a, the RDE

measurements during ORR at 1600 rpm for this support is shown in Figure 4.1.8b and the ORR
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measurements during ORR at 1600 rpm for the support and 40 eq wt% Pt/BC is shown in

Figure 4.1.8c.

The CV of the BC-HNO3 support is similar to that of Vulcan, with redox peaks around 0.6 V vs.
RHE. Figure 4.1.8b demonstrates a reductive current at low potentials on the BC-HNOs
support. However, this does not contribute to the ORR activity at 0.9 V vs. RHE as low currents

are detected at these potentials, as seen in Figure 4.1.8c.
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Figure 4.1.9: Support durability study showing the first and 6000t cycle after degradation
cycling between 1.0 — 1.5 V vs. RHE on (a) BC-HNOs and (b) Vulcan XC-72R in 0.1 M HClO4 in

room temperature at 20 mV.s™.

The first durability sequence studied was used to investigate the stability of the support
material at high potentials, without the presence of Pt. The durability testing consisted of
cycling the potential between 1.0 and 1.5 V vs. RHE for 6000 cycles and returning to the full
voltammogram scan limits of 0.05 — 1.2 V vs. RHE to compare current changes and
capacitance changes to the voltammograms. The first and 6000™" voltammograms for BC-
HNOs3 and Vulcan XC-72R are displayed in Figures 4.1.9a and 4.1.9b, respectively. An increased
capacitance in Figure 4.1.9b is observed on the Vulcan support material, while Figure 4.1.9a
shows the reverse trend with a significantly decreased capacitance after 6000 cycles for BC-

HNOs.
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Figure 4.1.10: Catalyst durability study showing the first and 6000t cycle after degradation
cycling between 1.0 — 1.5 V vs. RHE on (a) cyclic voltammograms of the 40 eq wt% Pt/BC-
HNOs catalyst, (b) TEM images after this durability testing; (c) cyclic voltammograms of the
40 wt% Pt/C catalyst and (d) TEM images after this durability testing in 0.1 M HCIO4 in room

temperature at 20 mV.s™.

The second durability sequence studied was used to investigate the stability of the support
material at high potentials, with the presence of Pt. The durability testing consisted of cycling
the potential between 1.0 and 1.5 V vs. RHE for 6000 cycles and returning to the full
voltammogram scan limits of 0.05 — 1.2 V vs. RHE to compare current changes, capacitance
changes to the voltammograms and Pt active surface area over cycling. The first and 6000t
voltammograms for Pt/BC-HNOs and Pt/C are displayed in Figures 4.1.10a and 4.1.10c, with
TEM images of the Pt/BC-HNO3 and Pt/C catalysts after 6000 cycles shown in Figures 4.1.10b

and 4.1.10d, respectively. Figure 4.1.10c shows the double layer charging on the Pt/C catalyst
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increased and the Pt ECSA decreases after 6000 cycles. Additionally, Figure 4.1.10d displays

significant Pt agglomeration.

The 6000 cycle after degradation on the 40 eq wt% Pt/BC-HNOs catalyst, reported in Figure
4.1.10a, shows no peaks relating to oxidation or reduction on platinum. Contrarily, Figure
4.1.10b demonstrates well-dispersed Pt nanoparticles which have not undergone

agglomeration, as the Pt nanoparticles on carbon displayed.
4.1.4 Discussion

4.1.4.1 Support Treatments and Physical Characterisation
The untreated BC was not able to produce well dispersed Pt nanoparticles on the surface, as

shown in Figure 4.1.4a. The Pt nanoparticles on the untreated BC agglomerated in small
sections of the support surface. This phenomenon is due to two possible reasons. Firstly, low
density of nucleation sites on the support surface, due to surface functional groups which
could prohibit Pt deposition on these sites [19, Secondly, a smooth support surface may also
prohibit Pt deposition, as surface defects increase the number of nucleation sites possible for
deposition U, In order to increase the number of nucleation sites on the BC support, removal
of the current functional groups and roughening of the surface was necessary. Thus, the BC
support was treated before platinum deposition using two methods, oxidation treatment

with concentrated nitric acid for 8 hours and reduction treatment with hydrogen at 500 °C.

As seen in Figure 4.1.4c, the hydrogen treatment did not increase the number of nucleation
sites as there was little change in the Pt deposition on the surface of the support. The removal
of the functional groups by reduction is likely to have occurred, however, the reduction
treatment did not seem to roughen the surface of the support, since no change is seen on the
TEM images before and after treatment (Figures 4.1.4a and 4.1.4c), and therefore the
smoothness of the surface continued to prohibit good Pt dispersion. The boron carbide
oxidation treatment with nitric acid, seen in Figure 4.1.4b was successful in increasing the
number of nucleation sites by exchanging functional groups on the support surface for oxide
termination groups and roughening the surface. After nitric acid treatment of the BC, small
Pt nanoparticles deposited evenly on the support surface, therefore, this treatment was

standardised for all BC supported catalysts.
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The physisorption results obtain a surface area of 230 m2.g™! for Vulcan, this material is well-
known to be highly porous which contributes to a large surface area. The surface area of the
untreated BC material was measured to be 56.7 m2.g1, this surface area is lower than Vulcan
due to the slightly higher density of boron carbide and the smaller pore volume, as reported
in Table 4.1.1. Hydrogen treatment of the BC did not significantly affect the surface area or
pore volume, however, after treatment with nitric acid the surface area increased by 40%.
The XRD pattern, in Figure 4.1.6a, of the untreated commercial BC shows both an amorphous
material and crystalline material. Figure 4.1.6b of the nitric acid treated BC material shows
crystalline material only with a composition of 58.0% graphite, 38.7% B4C and 3.0% B,0. The
amorphous features in the untreated BC are attributed to excess amorphous carbon or boron
oxides, which were removed during the treatment process. The increase in BET surface area
after nitric acid treatment was attributed to the oxidation of excess amorphous carbon and/or
the dissolution of boron oxides in the as received material. This cleaning/removing of

amorphous material creates more pore volume, leading to a higher accessible surface area.

The nitric acid treated BC support was the most promising material since well dispersed Pt
nanoparticles were supported on the surface and BC-HNOs had a large BET surface area (80
m2.g1), average pore size and pore volume. These are essential properties for Pt dispersion
and oxygen diffusion to the catalytic surface. Platinum was successfully deposited onto BC-
HNOs surface with particle sizes similar to the platinum deposited on carbon supports,
however, noting that the average particle size on 10 wt% Pt/C catalyst of 1.1 nm was
considerably smaller than that of the 10 eq wt% Pt/BC catalyst (2.9 nm). Further evidence of
the similarity between the carbide supported catalysts, confirming the equivalent weight
correction factor, is the Pt inter-particle distance which remains similar to the commercial
Pt/C catalysts, with the exception of the 10 wt% Pt/C. By normalising the loadings by surface
area of the support, the particle size and inter-particle distances remain constant and
therefore observations associated with the support effects on particle size distributions,

electrochemical activities for the ORR and electrochemical durability could be made.

4.1.4.2 Electrochemical Characterisation and Stability
The cyclic voltammogram of the BC composite support is similar to that of Vulcan, which was

expected due to the carbon content of the support, reported above ~58%. The similarities in

the cyclic voltammograms lie in the quinone-hydroquinone character of activated carbon and
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carbon black, resulting in redox coupled peaks % around 0.6 V vs. RHE. Figure 4.1.8b
demonstrates some peroxide formation at low potentials on the support materials but this
current is negligible in comparison to the ORR currents measured on the Pt/BC-HNOjs catalyst.
Since boron carbide is not known to be conductive 3], it is assumed that the graphite content

in the BC material assists in the electrochemical conductivity.

The stability of the bare Vulcan support at high potentials, in Figure 4.1.9b, showed an
increased capacitance on the Vulcan support, which is attributed to significant oxidation. The
degradation of carbon at high potentials is described as an increase in interfacial double layer
capacitance, due to a more hydrophilic surface or an increase in the roughness of the carbon
surface 31, Cyclic voltammograms of degradation studies on boron carbide are yet to be
reported, however, the Pourbaix diagram for boron indicates the most stable state in low pH
at high potentials is H3BO3 [*4, Therefore, the reduction in current, in Figure 4.1.9a, could be
explained by the oxidation of boron carbide to aqueous H3BOs and thus the support surface
is dissolved into the electrolyte, or an insulating oxidative layer on the surface of the support

material is formed.

Insights from the degradation study of the bare supports are important in explaining the
trends in the degradation of the catalysed supports (seen in Figure 4.1.10). Figure 4.1.10c
shows the double layer charging increased and the Pt ECSA decreased after 6000 cycles. This
phenomenon is explained by the attachment of platinum on the carbon surface being
weakened by the oxidation, corrosion and roughening of carbon, leading to platinum
detachment from the surface. This process lead to platinum agglomeration, as well as
platinum dissolution, both resulting in a loss of active surface area and therefore loss of
activity. In addition, the process of corrosion is accelerated by the presence of platinum 3],
This assertion is confirmed by the TEM images after degradation, shown in Figure 4.1.10d,
that display significant agglomeration formation. The deactivation of the Pt/BC-HNO3 catalyst
is explained by an insulating boron oxide layer which reduces the electroactivity of the
material. The insulating boron oxide layer produced at high potentials results in a more
resistive surface and no Pt is detected on the cyclic voltammogram. However, unlike the Pt/C
catalyst at high potentials, TEM images after degradation of the Pt/BC-HNO3 catalyst did not

show Pt agglomeration.
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4.1.5 Conclusion

In order for platinum nanoparticles to be successfully deposited onto the BC support, the
surface of the boron carbide-graphite composite required treatment with nitric acid to
roughen the surface of the support and therefore increase the number of nucleation sites for
platinum deposition. The treatment with nitric acid removed amorphous material from the
support, leaving behind a boron carbide and graphite composite. The nitric acid treated BC
obtained a surface area of 80 m2.g"%, this surface area was used to normalize the Pt loading
on the surface to the surface area of Vulcan (230 m2.g?). After normalisation, platinum
nanoparticles were successfully deposited on the BC material with average particle sizes
ranging from 2.3 -2.9 nm for the 10, 20 and 40 eq wt% Pt/BC-HNOs catalysts. As a benchmark,
the 10, 20 and 40 wt% Pt/C consisted of 1.1 — 2.7 nm Pt particle sizes.

The electrochemical durability testing on the Vulcan support and 40 wt% Pt/C catalyst
indicated an increase in interfacial double layer capacitance due to a more hydrophilic surface
or an increase in the roughness of the surface. Moreover, the instability of the carbon surface
resulted in agglomeration of the Pt nanoparticles during degradation testing. Conversely, the
platinum nanoparticles on the BC-HNOs support were stable and showed no signs of
agglomeration during degradation testing. This lack of Pt agglomeration suggests that the
graphite in the support material underwent minimal degradation, however, an insulating
boron oxide layer was formed at high potentials which caused rapid deactivation of the Pt

catalyst.
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4.2 Electronic Metal-Support Interaction Enhanced Oxygen
Reduction Activity and Stability of Boron Carbide Supported

Platinum

Abstract

Catalysing the reduction of oxygen in acidic media is a standing challenge. Although activity
of platinum, the most active metal, can be substantially improved by alloying, alloy stability
remains a concern. Here we report that platinum nanoparticles supported on graphite-rich
boron carbide show a 50—-100% increase in activity in acidic media and improved cycle stability
compared to commercial carbon supported platinum nanoparticles. Transmission electron
microscopy and X-ray absorption fine structure analysis confirm similar platinum nanoparticle
shapes, sizes, lattice parameters, and cluster packing on both supports, while x-ray
photoelectron and absorption spectroscopy demonstrate a change in electronic structure.
This shows that purely electronic metal-support interactions can significantly improve oxygen
reduction activity without inducing shape, alloying or strain effects and without
compromising stability. Optimising the electronic interaction between the catalyst and
support is, therefore, a promising approach for advanced electrocatalysts where optimising

the catalytic nanoparticles themselves is constrained by other concerns.

4.2.1 Introduction

The oxygen reduction reaction (ORR) is a standing grand challenge in fundamental research
in energy, exemplifying a broader class of multi-electron reactions [*). Oxygen reduction
efficiency and long-term catalyst stability are standing fundamental problems that have to
be overcome for polymer electrolyte fuel cells (2! to be used in demanding applications such
as automobiles and grid-scale energy storage. The relatively large overpotential of the ORR
at technically feasible electrodes under practical operating conditions limits conversion
efficiency to typically <50% relative to the thermodynamic limit of more than 80% BI.
Challenging cost targets, especially in the automotive industry, provide further motivation

to reduce Pt loadings . Finally, the dissolution and/or loss of Pt surface area in the
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cathode must be greatly reduced to meet automotive and grid-scale storage stability

targets.

The work pioneered by Ngrskov °! has provided a rational design approach to improve ORR
activity by tailoring the position of the Pt d-band centre, because it determines the stability
of reaction intermediates, especial Oags. Significant efforts have successfully focused on
improving ORR activity by d-band centre engineering via nanoparticulate Pt alloys
supported on high-surface area carbon [268 However, the most active alloys 3 are
unlikely to show long-term stability under cathodic polymer electrolyte fuel cells
conditions 1911 for thermodynamic reasons. At best, one can hope that dealloying is
restricted to the surface, leading to Pt skin structures that are, fortuitously, highly

active [3:1213],

Whether dealloying can be restricted to the surface of the typically 2nm alloy
electrocatalysts over technically relevant lifetimes is an open question. Regardless,
stability concerns motivate other design approaches to engineer the Pt d-band
characteristics without potentially compromising stability. Recently, research emphasis
has shifted to alternative support materials to prevent the loss of catalyst surface area due
to support corrosion and dissolution/agglomeration of nanoparticulate Pt [1415],
Alternative supports also provide an opportunity to indirectly improve ORR activity as well,
because a change in support electronic structure can influence the catalyst’s d-band
manifold via electronic equilibration ¢!, one aspect of strong metal-support interactions

(SMmSI).

Utilisation of SMSIs is a promising approach to improve both activity and stability of
supported Pt catalysts. The SMSI of Pt on oxide supports, particularly titanium dioxide, is
well known 17181 These Pt/TiO; catalysts have previously exhibited higher activities for
ORR in relation to Pt/C 1%, The low conductivity of these materials, however, is a
challenge 29, Highly conductive SnO>-based supports have, therefore, attracted attention
recently (211, and thin film studies unveiled an intriguing dependence of ORR activity on

support orientation and/or termination [22],

Changing the physical nature of the support from carbons to oxides is a radical step. It

potentially impacts catalyst stoichiometry and particle morphology, which in their own
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right change electrocatalytic properties via size [*], strain (231 and proximity 24 effects. It is,
therefore, nontrivial to experimentally isolate these effects to develop the fundamental

understanding needed to rationally exploit SMSiIs.

Transition metal carbides have also been widely investigated as promising support
materials due to high electrical conductivity, thermal stability and similarities in electronic
structure to Pt [2°1. However, the low surface area of carbides and liability to oxidation are
challenging 261, Carbides are, nonetheless, attractive to investigate electronic metal-
support interactions in isolation, because they are physically closer to carbon than oxides.
The material of choice, however, should also show a markedly different electronic
structure and resilience against oxidation. Boron carbide (B4C) is such a material. It is a
refractory compound [2% exhibiting high chemical inertness 271, semi-conducing band
structure and electrochemical stability 281, The first study of B4C as an electrocatalyst
support for hydrogen fuel cells was by Grubb & McKee 2! wherein a high resistance to
sintering and higher current densities when compared to platinum on carbon black were

already observed. More recent work by Lv et al. 3% has also shown promising ORR activity.

Pt nanoparticle supported on graphite-rich B4C composites (BC)* are compared here with
Pt supported on Vulcan XC 72R high-surface area carbon (C) to isolate electronic metal-
support interactions. Electrochemical as well as advanced ex-situ characterisation
techniques are used to elucidate the structure-property relationships between catalyst
morphology, electronic structure and ORR activity. Transmission electron microscopy
(TEM) and extended X-ray absorption fine structure (EXAFS) analysis confirm similar
particle size, shape and packing of the clustered nanoparticles on both supports, while X-
ray photoelectron spectroscopy (XPS) and X-ray adsorption near edge structure (XANES)
analysis show differences in electronic properties due to metal-support interactions. These
differences in electronic properties are correlated with enhanced ORR activity: the surface
and mass specific oxygen reduction activity of Pt nanoparticles supported on BC under
rotating disc electrode (RDE) conditions increases by roughly 40% relative to commercial
Pt/C, while the kinetic current at 0.9 V shows a 50-100% improvement. The increased cycle
stability of the BC supported catalysts after degradation cycling further promotes the
interpretation in terms of increased electronic metal-support interactions on these
catalysts. Purely electronic metal-support interactions are, therefore, experimentally
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isolated demonstrating that optimising the electronic interaction between the catalyst and
support, in conjunction with d-band theory, is a promising approach to designing advanced

electrocatalysts without compromising stability under harsh conditions.

4.2.2 Results

4.2.2.1 Naming Scheme
Graphite-rich boron carbide composites (BC) were catalysed with varying amounts of Pt

nanoparticles following standard procedures. These Pt/BC catalysts are compared with
commercial Pt/C catalysts. It is imperative to keep particle size and dispersion constant
between the Pt/BC and benchmark Pt/C catalysts to isolate electronic effects, because these
affect ORR activities significantly #2324, We use a naming convention for all catalysts that
follows the nominal platinum loading (that is, wt%) of the commercial benchmark catalysts.
The equivalent platinum loading on BC (that is, eq wt%) designates a catalyst that has the

same mass platinum per support surface area (Note 54.2.1).

4.2.2.2. Support Surface Area
The BC support Brunauer, Emmett and Teller (BET) surface area was measured to be 80 m?g~,

in agreement with manufacturer specifications (Figure S4.2.1). This is considerably lower than
seen for high-surface area carbons such as Vulcan XC 72R, which has a surface area of 250—
260 m?g™. To keep the mass platinum per surface area constant, the actual target platinum
loading per mass BC support was, therefore, reduced accordingly (Table S4.2.1) to maintain a
similar Pt coverage per surface area of support and particle size as seen on the commercial

Pt/C benchmark catalysts to isolate support-related activity changes.

4.2.2.3. X-ray Diffraction
The X-ray diffraction pattern of BC (Figure S4.2.2) clearly shows peaks indicative of

rhombohedral graphite (3R) and hexagonal graphite (2H) in addition to rhombohedral B4C
(R3m), showing the material to be a composite of graphite and rhombohedral B4C. Using
Rietveld refinement, the spectrum indicates 58.0 + 7.7 wt% graphite, 38.7 + 7.2 wt% B4C and
3.0 £ 1.7 wt% B0 in the sample. This is in reasonable agreement with the average B:C ratio

of 39:61 as obtained from EELS. The high graphite content ensures comparative conductivities
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between BC and C (Note S4.2.2). The graphite consists of approximately 32.0 wt%
rhombohedral graphite (3R) and 26.0 wt% hexagonal graphite (2H).

The average Pt crystallite size was confirmed by a fit of the Scherrer equation to the Pt(200),
Pt(220) and Pt(311) peaks at 46°, 67° and 81° in the X-ray diffraction (XRD) spectra,
respectively (Figure S4.2.3). This analysis yielded a volume-weighted average particle size
of ~3.9 nm for the various loadings, in good agreement with the size measured via TEM (Table
4.2.1). XRD routinely overestimates particle size compared to TEM at the relevant length
scale, because particle sizes smaller than 2 nm are not identified due to the lower detection

limit of XRD 11,

4.2.2.4. Transmission Electron Microscopy
TEM images of the prepared Pt/BC catalysts as well as the as-received commercial Pt/C

benchmark catalysts, taken at 270 k times magnification to illustrate particle dispersion
and support morphology, are shown in Figure 4.2.1. The Pt loadings on BC were confirmed
via ICP-OES analysis to be 10, 20 and 40 eq wt%, respectively (see Table S4.2.1 for actual
loadings). Pt particle size distribution and dispersion for each catalyst are quantified and
contrasted in Table 4.2.1, which shows average particle size with s.d. as well as average
interparticle distances with s.d. The BC support particles are homogenous with an average
particle size of ~40 nm, and Pt nanoparticles are well dispersed on the BC support with
average particle sizes ranging from 2.3 to 2.9 nm. Particle size and interparticle distances
are very similar for equivalent loadings on both supports at 20 wt% and 40 wt% with little
s.d. Non-conformity is seen between the 10 wt% Pt/C and 10 eq wt% Pt/BC catalysts due

to the unusually small Pt size on Pt/C.
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Figure 4.2.1: Catalyst particle size and dispersion. TEM images taken at 270 k magnification
showing Pt particle size and dispersion on the C and BC supports, TEM scale bars represent
20 nm; histogram scale bars represent 20%; histograms show Pt size distribution obtained

from 100 particles across three images each.

Table 4.2.1: TEM average particle size and proximity. Particle size and interparticle distance

distribution mean and s.d. calculated from TEM images.

TEM average particle size Average inter-particle distances

Catalyst /'nm /nm

10 wt% Pt/C 1.1+03 6.55+2.8
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20 wt% Pt/C
40 wt% Pt/C
10 eq wt% Pt/BC
20 eq wt% Pt/BC

40 eq wt% Pt/BC

2.1+0.5

2.7+0.7

29+0.9

23+0.7

2.6+0.6
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7.09+2.1

5.09+1.3

18.6+11

7.94+3.6

535%1.6

4.2.2.5 X-ray Absorption Spectroscopy
The EXAFS was collected for the 20 eq wt% Pt/BC and 20 wt% Pt/C catalysts. The EXAFS at

the Pt Ls edge gives insights to the supported Pt morphology: the first shell co-ordination

number is strongly related to average particle size 3% while the fourth co-ordination

number is an indication of particle shape.

The measured and modelled EXAFS spectra are shown in Figure S4.2.4. The fitted model,

considering up to the fourth neighbour shells, describes the EXAFS data well. The resulting

co-ordination numbers (N), distances of neighbouring atoms (R) and the disorder factors

(0?) of the catalysts supported on BC and C are listed in Table 4.2.2.

Table 4.2.2: Co-ordination numbers and distances of neighbouring atoms.

Catalyst Neighbouring atom N R/A* 0%/ 103

20 wt% Pt/C Pt - Pt1 10.1+0.3 2.749 5.9+0.17
Pt - Pt 51+14 3.888 10+2.1
Pt - Pt3 11.2+3.3 4,762 81+1.4

Pt - Pt4 83+13 5.498 10.5+0.95

20 eq wt% Pt/BC Pt - Pty 9.9+0.3 2.751 5.8+0.15
Pt - Pt2 42+1.1 3.891 84+1.7
Pt - Pt3 12.8+3.3 4,766 82+1.2

Pt - Pts 80+1.2 5.502 9.8+0.78

“The error associated with distance to neighbouring atoms for the 20 eq wt% Pt/BC and 20

wt% Pt/C is +0.00048 A and +0.00056 A, respectively. Values and confidence intervals
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obtained from EXAFS fits shown in Figure S4.2.4, disorder factors o are given in the fifth

column.

The first, second and fourth Pt co-ordination numbers are slightly smaller for Pt supported
on BC, while the third is found to be slightly larger. Differences, however, are within
experimental error indicating very similar Pt morphologies as further discussed later. Near-

neighbour distances also agree very well between the Pt/BC and Pt/C catalysts.

4.2.2.6 X-ray Photoelectron Spectroscopy
Figure 4.2.2a shows the C 1s and Pt 4f regions of XPS spectra for the Pt/BC and Pt/C

catalysts. The XPS spectra are calibrated via alignment of the C(sp2) peak position in the C

1s spectrum to its reference value of 284 eV.
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Figure 4.2.2: Electronic equilibration across the catalyst support interface. (a) XPS spectra
of the C 1s and Pt 4f region of the Pt/C and Pt/BC catalysts, spectra are aligned to the graphitic
C (sp2) peak at 284 eV; (b) Schematic of charge transfer across the support-catalyst interface
due to Fermi level equilibration rationalising relative shifts in the XPS Pt 4f and C 1s core levels;
(c) In-situ XANES L2 and L3 edge measured at 744 mV versus NHE probing d-band occupancy

in electrochemical environment.

The C 1s region of the Pt/C catalyst is dominated by the C(sp?2) peak with a small, broad

feature at higher binding energies that has been assigned to C—O bonding structures of
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carboxyl groups B3l The C 1s spectrum of the Pt/BC catalysts is a convolution of
contributions from the B4C and graphitic carbon within the composite. The C(sp?) peak is
assigned to the graphitic carbon, and the peaks at 282.7 and 284.8 eV are attributed to
B4C. The low energy polymorphs of B4C 3% provide three C environments at the ends and
centre of tri-atomic chains and in the polar position within B11Cicosahedra. The low binding
energy peak at 282.7 eV was previously attributed to B4C 3% and is likely due to carbon in
low co-ordination (chain centre and/or B11C). The C(sp3) peak at 284.8 eV, which is
reminiscent of diamond B3¢, is also predominantly assigned to B4C due to the strong
similarity of site environment of tetrahedral carbon at the chain ends in B4C and diamond

and the lack of evidence for sp? hybridised carbon from XRD.

This assignment is supported by density functional theory calculations (Note S4.2.3) that
predict a chemical shift of ~2.3 eV between the C 1s core electrons in B11C and CBC units
(Table S4.2.2), in good agreement with the experimental shift of 2.1 eV. Hence, the relative
strength of the C(sp?) and C(sp®) peaks corroborates the phase fractions of B4C and

graphitic carbon within the composite derived from XRD.

The Pt 4f spectra of the Pt/C catalyst features the usual spin—orbit splitting into a 4f”/2 peak
at 71.0 eV and a 4f*2 peak at 74.3 eV. The same splitting is seen for all Pt/BC catalysts.
There is, however, a clear shift of both peaks by ~0.6 eV to higher binding energies for all

Pt loadings on BC to 71.6 and 74.9 eV.

4.2.2.7 In-situ X-ray Absorption Near Edge Structure
Figure 4.2.2c shows the XANES Pt L, and Ls edges for the 20 wt% Pt/C and 20 eq wt% Pt/BC

catalysts measured under potentiostatic control in electrochemical environment. The
increase in the L, white line observed for the Pt/BC catalyst indicates an increase in
unoccupied d-states above the Fermi level for Pt/BC 7] in electrochemical environments.
Using standard post-processing 38!, d-band occupancy can be estimated to be 63% for Pt/C

and 58% for Pt/BC at 0.744 V versus NHE.

4.2.2.8 Electrochemical Characteristics and Activity
The calculated electrochemically active surface area (ECSA) and ORR activities are

summarised in Table 4.2.3. CO stripping voltammetry (Figure S4.2.5) was used to

determine the ECSAs assuming a specific charge of 420 uC.cm2p: per CO monolayer
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adsorbed on the platinum surface. Measurements were taken at room temperature in
0.1 M HCIO4 electrolyte solution. No CO stripping peak was seen on the uncatalysed BC

support. ECSAs were confirmed using Cu-UPD B3,

Table 4.2.3: Calculated ECSA and ORR activity. ECSA determined by CO stripping and ORR
activity measured at 0.9V versus RHE in a 0.1 M HCIO4 electrolyte solution at room

temperature. Error margins (s.d.) were obtained from 2 to 4 repeats for each data point.

L R L T
10 wt% Pt/C 11515 146 £ 66 1.2+0.5 150+£70
20 wt% Pt/C 82.8+2.5 156 £4.5 19+0.1 240+ 10
40 wt% Pt/C 56.0+£3.6 120+ 3.5 22+0.1 330+ 20

10 eq wt% Pt/BC 81.1+3.9 224 +21 2.8+0.1 320+ 30
20 eq wt% Pt/BC 67.7+1.9 172+£7.0 26+0.2 370+ 30
40 eq wt% Pt/BC 69.5+0.4 209+4.0 3.0+x0.1 710+ 30

The specific and kinetic currents reported in Table 4.2.3 were obtained from RDE
measurements at a rotation speed of 1600 rpm. (Figure S4.2.6) during the anodic sweep at
0.9V versus RHE. Measurements were completed at 20 mV.s™! to minimize double layer
charging artefacts at room temperature in an oxygen saturated 0.1 M HCIO4 electrolyte
[4,40] The ECSA obtained from CO stripping voltammetry was used to calculate surface area
specific currents, and the kinetic current was isolated from mass transport limitations using

standard post-processing 411,

The Pt/C catalyst activities fall in line with numerous reported values and compilations of
values for ORR activity on these catalysts (442451, An exception is seen for the 10 wt% Pt/C
catalyst, which exhibited large experimental scatter and anomalously small limiting
currents during RDE measurements (Figure S4.2.6a) indicative of various detrimental
effects [*3], The 10% Pt/C catalyst is, therefore, not considered a suitable benchmark for

our purposes.
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The ORR activities for the BC supported catalysts consistently show a more active catalyst
with higher mass specific (/mass), surface area specific (/spec) and kinetic activities (/) for the
ORR. Additionally, kinetic activity increases as Pt loading increases on both the Pt/C and
Pt/BC catalysts, with the least active ORR catalyst being 10 wt% Pt/C and the most active

being 40 eq wt% Pt/BC. These trends are further discussed below.

Further electrochemical characteristics are summarised in Figure 4.2.3. Cyclic
voltammograms of the BC supported catalysts are shown in the left diagram of Figure
4.2.3a. In addition to the typical characteristics of supported Pt, a slight coupled reversible
reaction at ~0.6 V versus RHE is seen for the Pt/BC materials. The large double layer of the
Pt/BC catalysts results in a less well defined Hypp region than seen on the Pt/C catalysts.
Therefore, no attempt was made to compare the ECSA as obtainable from the Hypp region
with the values given in Table 4.2.3. Careful observation of the cyclic votammograms
in Figure 4.2.3b, which compares the electrochemical response of Pt/BC with the Pt/C
benchmark at 40 wt%, shows slight peak shifts towards higher potentials in the oxide

reduction region for Pt/BC.

The kinetic ORR results are reiterated in the Tafel plots shown to the right in Figure
4.2.3 for completeness. Figure 4.2.3a compares kinetic currents of Pt/BC at various
loadings. Again, kinetic activity generally increases with Pt loading over the full potential
range although the two lower loadings show comparable kinetic currents at lower voltages.
Finally, the Tafel plot of Figure 4.2.3b shows that the 40 eq wt% Pt/BC catalyst exhibits
higher kinetic activity for ORR over the measured potential range of 0.85-0.95 V versus
RHE than the 40 wt% Pt/C benchmark. In fact, relative activity of Pt/BC versus Pt/C seems

to increase further with decreasing potential.
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Figure 4.2.3: Electrochemical characterisation. (a) Shows cyclic voltammograms and Tafel
plots for 10, 20 and 40 eq wt% Pt/BC, and (b) compares 40 eq wt% Pt/BC with 40 wt% Pt;
CVs recorded at 20 mV.s™! between 0.05 and 1.2 V versus RHE and normalised for surface
area specific current, Tafel plots obtained from anodic scan recorded at 1600 rpm.
between 0.05 and 1.2 V versus RHE and normalised for surface area specific current; all

experiments performed in 0.1 M HCIO4 at room temperature.

4.2.2.9 Cycle Stability
Catalyst durability was studied for the most active Pt/BC and Pt/C catalysts to investigate

the platinum dissolution and platinum agglomeration rate on the different supports.
Durability testing consisted of cycling the potential between 0.6 and 1.0V versus RHE for
6000 cycles at a scan rate of 50 mV.s™! and periodically returning to the full voltammogram
scan (0.05-1.2 V versus RHE at 20 mV.s™!) to compare changes in the Hupp region and

oxygen adsorption and desorption region.
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The voltammograms of the Pt/BC catalyst show significantly less change after 6000 cycles
compared to Pt/C (Figure 4.2.4a). Changes in the 1.0-1.2 V range for Pt/BC appear to be
not purely related to ECSA loss, because less variation is seen in the Hypp region after
cycling. Instead, the reduced current response in the oxidative region is in parts attributed
to secondary conditioning effects, which could either be the removal of organic impurities

from Pt or oxidative decomposition of other trace impurities in solution amongst other

things.
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Figure 4.2.4: Catalyst cycle stability. (a) Compares CVs between the first and 6000™" cycle,
and (b) plots the change in ECSA after cycling at 50 mV.s™! between 0.6 and 1.0 V versus

RHE in 0.1 M HCIO4 at room temperature.

Cyclic voltammograms of Pt/C before and after cycling show a significantly altered current
response in the oxide as well as in the Hypp region while the double layer region remains

invariant after 6000 cycles, strongly suggesting catalyst degradation and ECSA loss.
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The ECSAs shown in Figure 4.2.4b were periodically obtained from the Hypp region. Both
catalysts show a relatively stable ECSA for an initial period of ~50— 100 cycles, which might
be due to cleaning and/or roughening effects offsetting initial degradation. A logarithmic
loss of ECSA is seen for both catalysts beyond this initial conditioning phase. Focusing on
the data from cycle 300 onwards, the Pt/C catalyst loses 14.7% ECSA per decade, while the
Pt/BC catalysts shows only 9.8% ECSA loss per decade, a 1/3 reduction in logarithmic

degradation rate.

ORR activity of cycled catalysts as obtained from RDE measurements (Figure S4.2.7) is
compared with ORR activity of the pristine catalysts in Table 4.2.4 for one set of catalysts.
For consistency, specific and kinetic activities are based on ECSAs measured again after
6000 cycles by CO stripping (Figure S4.2.8). The ECSAs reported in Table 4.2.4 agree well
with the cyclic H-UPD measurements (Figure 4.2.4), showing a significantly larger loss in
surface area for the Pt/C catalyst (23% loss after 6000 cycles) than for the Pt/BC catalyst
(12% loss after 6000 cycles). Accordingly, mass activity of the cycled Pt/BC catalyst remains
with 168 A per gp: ~30% higher than seen for the cycled Pt/C catalyst. Relative loss of mass,
specific and kinetic activity of the Pt/BC catalyst are in reasonable agreement with the loss
in ECSA for the Pt/BC catalyst. The Pt/C catalyst, however, shows a markedly different
behaviour. While mass activity also degrades, the relative loss in mass activity (9% loss) is
smaller than the reduction in ECSA (23% loss). Correspondingly, surface specific and kinetic
activities increase for reasons discussed later. Nonetheless, kinetic activity of the cycled

Pt/C catalyst remains significantly lower than seen for the Pt/BC catalyst after 6000 cycles.

Table 4.2.4: Catalyst ORR activity loss. ECSA determined by CO stripping and ORR activity
measured at 0.9 V versus RHE in a 0.1 M HCIO4 electrolyte solution at room temperature

before and after 6000 cycles; mass specific values refer to initial Pt loading.

ECSA | | !
Catalyst /migt 7219'19: /s':'cr:'.gz\;)t / A.rl:w‘zpt
40 wt% Pt/C before cycling 54.4 139 2.55 4.24
after cycling 41.8 126 3.01 4.71
relative change -23% -9% +18% +11%
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40 eq wt% Pt/BC  before cycling 69.8 199 2.89 6.95
after cycling 61.3 168 2.74 5.43
relative change -12% -15% -5% -22%

4.2.2.10 Platinum Nanoparticle Size and Shape
Platinum was successfully deposited onto BC with the same average particle sizes as on

carbon supports (with the exception of 10 wt% Pt/C) and similar particle size distributions
(Table 4.2.1 and Figure 4.2.1). There is no significant increase in particle size for the higher
loadings, indicating that the surface area for both supports is sufficient to accommodate

high loadings of nanoparticles.
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Figure 4.2.5: Catalyst particle shape. Co-ordination numbers N1 through N4 for icosahedra
and cuboctahedra with superimposed calculated co-ordination numbers from the EXAFS
for the 20 eq wt% Pt/BC and 20 wt% Pt/C against average particle size as suggested by
TEM. Error bars indicate s.d. of TEM particle size distribution and confidence intervals from

EXAFS fit. Shape models adapted from Glasner and Frenkel [48],

Figure 4.2.5 compares the Pt—Pt co-ordination numbers obtained from EXAFS results
presented in Table 4.2.2 with co-ordination numbers for ideal icosahedra and
cubocahedra [*¢l. The first four Pt—Pt co-ordination numbers are plotted against average

number of atoms per particle as obtained from TEM. The error margins are calculated from
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the TEM particle size distributions and the confidence interval of the modelled parameters

as given by Demeter [47],

The co-ordination numbers Ni._4 for the two supports are within the error margins of the
fits and, therefore, suggest very similar Pt particle sizes and shapes on both supports. N1 is
often used to deduce particle sizes 9. Comparing N1 with the expectation values for
cuboctahedra and icosahedra shows good agreement with the TEM derived particle sizes

for both catalysts.

Particle shape has a stronger influence on more distant platinum shells 321, N, and N3,
however, do not lend themselves to further analysis in our case. The differences between
icosahedral and cuboctahedral geometries are too small relative to the precision of our
fitted values, which is in part inherently limited by the particle size distribution. For this
reason, we have abstained from using the method described by Jentys 8], which relies on
the ratio of N3 to N1 to deduce particle size and shape. The analysis of N4, however, is
instructive due to the strong shape sensitivity of N4 for icosahedra and cuboctahedra.
The Na values of both catalysts agree better with a cuboctahedal shape model, suggesting
similar exposure of Pt(001) and Pt(111) facets on both supports. Consequently, EXAFS
suggests even stronger than TEM that sample averaged particle sizes and shapes are very

similar for the Pt/BC and Pt/C catalysts.

4.2.2.11 Electronic Metal-Support Interaction
As there is no significant change in catalyst size, shape and lattice constant, it is tempting

to attribute the significant changes in ORR activity to electronic effects. The Pt 4f spectrum
shifts to higher binding energies relative to the C 1 s core levels for Pt/BC (Figure 4.2.2a).
Following Lewara et al. [*7], this might indicate a possible alloy formation with boron or a
change in charge transfer between Pt and the support material. There is no evidence of
alloy formation in the B 1s XPS (Figure S4.2.9). The B 1s peak does not shift, and a model
considering only B—B, B—C and B—O bonds is in perfect agreement with the observed
spectra. The very similar Pt lattice constants obtained from EXAFS (Table 4.2.2) provide
further evidence for pure Pt particles. The Pt 4f binding energy shift is, therefore, assigned

to purely electronic effects.
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It is interesting to note that similar electronic effects have been observed for multiwall
carbon nanotubes by Ma et al. ** who find a similar but smaller shift of the Pt 4f core
levels. These carbons typically show a work function ~0.3-0.5eV different from
graphite [P, It is, therefore, likely that the measured shift in the Pt 4f core levels are a

direct result of changes in the support electronic structure.

Generally, charge is transferred to equilibrate the respective Fermi levels when support
and Pt nanoparticle contact. This is qualitatively shown in Figure 4.2.2b. Amongst other
factors, the magnitude of the expected charge transfer will depend on the electronic
properties of the support material. When changing the support (in this case from C to BC)
the extent of this charge transfer changes, resulting in changes in the valence manifolds of
the supported catalyst Y and/or support 2. This change in electron occupancy can be

probed using relative shifts of core levels on either side of the interface 2.

By aligning the C(sp?) 1s levels for Pt/C and Pt/BC to exclude other effects, a shift in the Pt
4f peak reflects changes in valence state occupancy across the interface as a result of the
changing support material, but might also be influenced to some degree by varying final
state effects 152, The reduction of the difference between Pt 4f and C(sp?) 1's core levels
by ~0.6 eV shown in Figure 4.2.2, therefore, indicates an increase of Pt 4f and/or decrease
of C 1s core level binding energies due to larger electron transfer into Pt under UHV
conditions, strongly suggesting that the improved ORR activity and stability originates from

electronic metal-support interactions.

4.2.2.12 Charge Transfer and d-Band Occupancy
In principle, one should be able to correlate the sign and magnitude of the relative core

level shift with the electronic structure of the respective support materials. There is,
however, considerable uncertainty around the electronic properties of the materials
reported in the literature. For example, the work function of carbons is usually around
5eV, but varies as a function of surface termination 3], Further, the band structure of
boron carbides is sensitive to the local stoichiometry of samples, and the Fermi level

depends on the type/degree of doping.

The situation is further complicated by the fact that the support material is a composite

containing a significant phase fraction of graphitic carbon although we expect the phase
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fraction on the surface to be significantly smaller than for the bulk support materials due
to the aggressive pre-treatment in nitric acid. Regardless, stronger electron transfer should
occur from B4C (typical work function ~4-4.5eV [3¥) to Pt (typical work function
~5.5 eV [53]) than from C (typical work function ~5 eV [33]) to equilibrate the respective
Fermi levels as illustrated in Figure 4.2.2b and in agreement with the metal-support

interaction suggested by XPS under UHV conditions.

The situation in electrochemical environment, however, is more complex. The in-
situ XANES spectra shown in Figure 4.2.2c clearly shows an increased hole density in the Pt
d-band manifold when particles are supported on BC (that is, more positively charged
particles). This apparent contradiction can be resolved by realising that in-situ XANES
probes a charged interface under potentiostatic control, while ex-situ XPS necessarily
probes the catalyst under overall neutrality. Because work function and potential of zero
charge (pzc) are proportional to each other °®], the smaller support work function of the
BC-based catalysts will cause a negative shift of the pzc and, hence, a more positively
charged Pt/BC catalyst if held at the same potential as the Pt/C catalyst in the same
aqueous electrolyte. Finally, it is noteworthy that the support-induced decrease in d-band

filling seen for Pt/BC is reminiscent of electronic effects seen for highly active Pt-alloys 571,

4.2.2.13 Comparison of ORR Activity with Benchmark Data
The trends in ORR kinetic activities (Figure 4.2.3, Table 4.2.3) are not only a function of

support material. Particle size effects are likewise relevant. The conventional
interpretation 81 in terms of changing surface fractions of Pt(100) and Pt(111), which show
different activity for ORR 3%, has recently been challenged over the relevant particle size
range 9. However, they are known to significantly impact the results from RDE

measurements if the standard protocols and data treatment used here are followed.

Figure 4.2.6, therefore, compares surface area specific activity of the Pt/C and Pt/BC
catalysts with benchmark data from Garsany et al. #4451 Note that the data from Garsany et
al. was corrected for temperature from 30 to 25 °C following a suggestion by Neyerlin et
al.'®% and to account for the different definition of specific activity used by Garsany et al.
(Table S4.2.3). Our results for the benchmark Pt/C catalysts are in good agreement with
the literature data attesting to the quality of our films and robustness of experimental
procedures. As already mentioned, the 10 wt% Pt/C catalyst does not lend itself as a
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benchmark for our purposes due to the significantly smaller particle size and considerable

experimental scatter.
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Figure 4.2.6: Comparison of surface area specific ORR activities. Specific current densities
at 0.9 V versus RHE for the Pt/BC and Pt/C catalysts are compared with reference data for
ORR activity of similar Pt/C catalysts from Garsanyet al. [“**]adjusted for

temperature [®% and O, mass transport correction.

The Pt/BC catalysts broadly follow a similar particle size dependence but with overall ~50%
higher surface area specific activity at 0.9V versus RHE. The increase of surface area
specific current density is significantly larger than the expected experimental scatter
indicated as grey areas. We, therefore, conclude that purely electronic equilibration
between support and catalyst has a bearing on ORR activity of Pt nanoparticles. This is

particularly interesting if one considers that the effective charge screening of metals
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should completely screen the charge redistribution due to Fermi level equilibration
between catalyst and support a few atomic distances away from the contact interface [6-
831, Hence, one would not directly expect a pronounced electronic effect on large parts of

the more than 20 A thick Pt particles.

4.2.2.14 Durability
Figure 4.2.4 shows the degradation of ECSA over 6000 cycles for the 40 eq wt% Pt/BC and

the 40 wt% Pt/C catalyst. The voltage range was selected to promote platinum dissolution
and/or agglomeration over support corrosion [®4, There is a significantly larger rate of ECSA
loss for Pt/C after some initial cycles. The consequences of the logarithmic dependence
seen in Figure 4.2.4 are worth highlighting. Due to the 1/3 reduction in loss rate per
decade, the Pt/BC catalyst retains more than 90% ECSA for about 2000 cycles, while the

Pt/C catalyst shows a 10% loss in surface area already after about 200 cycles.

Since particle sizes and shapes of both catalysts are initially similar, this cannot be due to
a more stable particle size as starting point. Hence, the results suggest that the stronger
electronic metal-support interaction between Pt and the BC support leads to a reduction
in platinum dissolution and/or agglomeration. The ORR activities of the cycled catalysts
reported in Table 4.2.4 suggest that mostly Pt agglomeration is inhibited for Pt/BC relative
to the Pt/C catalyst. While the relative loss of mass specific ORR activity after 6000 cycles
is in line with the loss of ECSA for Pt/BC, Pt/C shows an increase in surface specific and
kinetic activity after cycling. This increase in surface specific activity and simultaneous loss
in mass activity is a clear indication of increasing Pt particle sizes on the Pt/C support. CO
stripping voltammetry (Figure S4.2.8) provides further evidence for increased Pt
agglomeration on the cycled Pt/C. The pre-peak that is observed for both pristine catalysts
has been attributed previously to Pt agglomerates [¢°]. This pre-peak feature increases for
the cycled Pt/C catalyst while it disappears for the cycled Pt/BC catalyst, indicating

increased particle agglomeration for cycled Pt/C.

We have argued above that a stronger dipole field is established at the Pt/BC interface
relative to Pt/C, which is corroborated by XPS. This stronger dipole interaction likely
reduces the mobility of Pt nanoparticles mitigating agglomeration. A similar effect is seen

on carbon supports where the rate of platinum nanoparticle agglomeration is seen to
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reduce when carbon supports are modified with nitrogen and oxygen containing functional

groups that strongly interact with nanoparticles [66:67],

Likewise, it suggests that Pt nanoparticles can adopt a lower energy state on BC, which, in
principle, should mitigate dissolution. The CVs in Figure 4.2.3b support this interpretation.
The oxidation/reduction features of Pt/BC are slightly shifted to more positive potentials
relative to Pt/C. Hence, the catalyst might be slightly less prone to surface
oxidation/reduction and associated anodic and cathodic Pt dissolution with beneficial

implications for cycle stability in this potential range.

4.2.3 Methods

Catalyst preparation: As-received B4C (NaBond Technologies Co., Ltd.) was stirred in conc.
nitric acid (Kimix Chemicals and Lab Supplies cc.) at room temperature for 8 h. Organo-
metallic chemical deposition was used to deposit platinum onto the treated B4C to prepare
10, 20 and 40 eq wt% Pt/BC, where the eq wt% was calculated from surface areas
calculated from nitrogen physisorption using a TriStar Il 3,020 (Micrometrics) and
interpreted using BET theory. The catalyst deposition was carried out using platinum
acetoacetate (Sigma Aldrich) at 350 °C under an argon atmosphere 6899 As-received Pt/C
catalysts from Alfa Aesar (HiSpec 2000, 3000, 4000) were used as a commercial standard

for electrochemical activities.

Ex-situ catalyst physical characterisation: The prepared support material was characterised
by nitrogen physisorption, analysed using BET theory (Micromeritics Instrument
Corporation TriStar Il), to determine the support surface area. XRD measurements were
carried out on a Bruker D8 Advance diffractometer with a Cu Ka radiation source operating
at 40 kV to determine the crystalline phases present in the catalyst. Rietveld refinement
on the XRD patterns was completed using Bruker AXS TOPAS software, Version 4.1. TEM
was performed on a Tecnai G2 electron microscope operating at 200 kV to determine
particle sizes and a Tecnai F20 with a FEG at 200 kV to obtain images shown in Figure 4.2.1.
Elemental analyses were carried out by using a Cs probe-corrected JEOL ARM200F (cold-
FEG) TEM/STEM operated at 200 kV and equipped with a Gatan GIF spectrometer. EELS
data were acquired with an energy dispersion of 0.25 eV per channel. XPS was carried out

by Nexus XPS service at Newcastle University using a Thermo Scientific K-Alpha instrument
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with an Al Ka X-ray source. The supported catalysts were characterised using TEM for Pt
particle size using an average of at least 100 particle diameters sampled across three
images for each catalyst; particle distances were obtained by measuring the closest
neighbouring platinum particle distance for 100 particles across three TEM images for each
catalyst. XRD was used to verify the Pt crystallite size, XPS to investigate the binding
energies, and ICP-OES (Varian 730-ES) to confirm the Pt loading on the support. Ex-
situ advanced surface characterisations were completed using X-ray adsorption
spectroscopy on the B18 line at the Diamond Light Source to investigate the morphology
of Pt on the surface of the support. The Pt L, and Ls; edges (13,273 and 11,564 eV) were
measured on beamline B18 at Diamond Light Source which operated with a ring energy
3 GeV and at a current of 300 mA. The monochromator used Si(111) crystals operating in
Quick EXAFS (QEXAFS) mode. A total of three spectra were averaged for each sample. The
measurements were collected using the ionisation chambers in transmission mode at
298 K. Calibration of the monochromator was carried out at both edges using Pt foils. XAS
was collected for the 20 wt% Pt/C and 20 eq wt% Pt/BC catalysts only. These catalysts were
prepared using boron nitride to bind pellets of the catalysts, the pellets were then placed
under a H, atmosphere to reduce surface oxides. The absorption spectra were modelled
with Demeter by Bruce Ravel using Ifeffit by Matt Newville [*7] to solve the EXAFS equation
for the first four Pt shell co-ordination numbers as described by Frenkel et al. **! The ink
formulation for the 20 eq wt% Pt/BC catalysts used for XANES consisted of 228 mg catalyst,
3.42 ml 5 wt% Nafion solution, 7.6 ml ethanol (Sigma Aldrich); a catalyst layer of 91.46 mg

was coated onto a Teflon coated carbon base layer.

Catalyst electrochemical characterisation: Catalyst inks were prepared for the
electrochemical characterisation techniques. The Pt/BC catalyst ink consisted of 2.5 mg of
the catalyst, 0.5 ml of ethanol (Sigma Aldrich) and 25 pl of 5 wt% Nafion solution. The
mixture was sonicated for 30 min and 5 pl was placed on a glassy carbon electrode. The
Pt/C catalyst ink consisted of 5 mg of the catalyst, 5 ml of water (Milli-Q 18.2 MQcm), 1.5 ml
isopropanol (Kimix) and 25 ul of 5 wt% Nafion solution. The mixture was sonicated for
30 min and 10 pl was placed on a glassy carbon electrode. Prior to this, the glassy carbon
electrode was polished to a mirror finish using 0.1 and 0.05 um Al,Ospolish (Buehler). The

reference electrode used was Hg/HgSOa with a platinum counter electrode. Cyclic
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voltammetry was conducted by cycling the potential between 0.05-1.2 V versus RHE with
a scan rate of 50 mV.s™! for 50 cycles at room temperature in an oxygen-free 0.1 M
HCIO4 electrolyte solution to electrochemically clean the catalyst surface. The scan rate
was then changed to 20 mV.s™* for 5 cycles and the potential cycled between 0.05 and 1.2 V
versus RHE at room temperature in an oxygen-free 0.1 M HCIO4 electrolyte solution. CO
stripping was conducted by purging the electrolyte solution with CO for 20 min while
holding the potential at 0.1V versus RHE, argon was then bubbled for 20 min to rid the
solution of CO, after which the potential was cycled between 0.05 and 1.2 V versus RHE.
The ORR activity was measured by RDE experiments in an O;saturated 0.1 M
HCIO4 electrolyte (70% Suprapur—Merck) using the anodic scan between 0.05 and 1.2V
versus RHE, with a scan rate of 20mV.s™' and rotation rate of 1600 rpm. at room
temperature. All scans were normalised for ECSA and corrected for ohmic drop measured
by impedance spectroscopy and capacitive current in an oxygen-free electrolyte. Error
margins were obtained from 2 to 4 repeats for each data point. The catalyst degradation
studies were completed by cycling between 0.6 and 1.0 V versus RHE with a scan rate of
50 mV.stin 0.1 M HClO4 electrolyte solution for 6000 cycles at room temperature, and
periodically reverted to a cyclic voltammogram between 0.05 and 1.2 V versus RHE with a
scan rate of 20 mV.s! to investigate the changes to the Hupp region. The reference
electrode used was Hg/HgS0O4 with a gold counter electrode. The Hypp region was used for
changes in ECSA in this instance. ORR activity and ECSA were reassessed after cycling using

RDE and CO stripping following the procedures described above.
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4.2.5 Supplementary

Note S4.2.1: Determination of target Pt loadings on BC

We aim to keep the mass Platinum per surface area support constant across supports:

C BC

Dt — TPt Equation 4.2.1
Ac ABc
The weight percent Platinum is defined as
C BC
_ __Mp¢ _ Mp¢ .
Xe = ey me AN Xpe = pe Equation 4.2.2

Combining Equation 4.2.1 and 4.2.2, the target weight percent Platinum on BC that yields the
same mass
Platinum per surface area as on C can be calculated from

_ yegt-nTt

= LG i1 Equation 4.2.3

XBc

with y = agc/ac being the ratio of specific surface areas of both support materials. We used
a value of y = 80.4/259 = 0.31 to calculate the target weight percent on BC from the actual

weight percent on Cin Table S4.2.1.

Note S4.2.2: Conductivity

The conductivity of the powders was measured using a custom-made conductivity device, the
graphite rich boron carbide and Vulcan XC 72R conductivities were measured to be 3.8 £ 0.5

S.cm™ and 3.9 + 0.5 S.cm™! at room temperature.

Note S4.2.3: C 1s chemical shifts in BAC from Density Functional Theory

Density Functional Theory (DFT) in the Generalised Gradient Approximation (GGA) as
parameterised by Perdew, Burke, and Ernzerhof (PBE) was used to quantify the chemical shift
of the C 1s core electrons within B4C. The Partially Augmented Wave (PAW) formalism was

used as implemented in Quantum Espresso V5.4.

The B11Co-CBC polymorph with experimental lattice parameters and atomic coordinates
obtained from the Inorganic Crystal Structure Database (ICSD) were used (rhombohedral

primitive cell with a=4.9424 A and a=66.07°).
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The C 1s core binding shift was calculated as the change in total energy between placing a C

1s core hole at Cin tetrahedral coordination (CBC) and the polar position (B11C), respectively:

_ r1s* 1s*
A= EBHC_ECBC

A supercell approach was used to minimized spurious screened hole interactions between

supercell images.
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Figure S4.2.1: Nitrogen adsorption isotherms for BC and C supports; insets show linear fit to

the BET equation from which BET surface areas are obtained.
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Figure 4.2.2: X-ray diffraction pattern of the graphite rich boron carbide catalyst support.
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Figure 4.2.3: X-ray diffraction pattern of the 10, 20 and 40 eq wt% Pt/BC catalysts.
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Figure S4.2.4: Actual and modelled EXAFS data. A) R space and k space plots for the 20 eq

wt% Pt/BC catalyst, k weighting (kw)=1 is scaled by 7.665, kw=2 is unscaled and kw=3 is scaled

by 0.119; B) R space and k space plots for the 20 wt% Pt/C catalyst, kw=1 is scaled by 7.403,

kw=2 is unscaled and kw=3 is scaled by 0.106.
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Figure 4.2.5: CO stripping voltammograms for (a) 10 eq wt% Pt/BC, 20 eq wt% Pt/BC and 40
eq wt% Pt/BC catalysts and (b) 10 wt% Pt/C, 20 wt% Pt/C and 40 wt% Pt/C catalysts: all
experiments performed in 0.1 M HCIO4 at room temperature, recorded at 20 mV.s! between

0.05Vand 1.2 V vs RHE.
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Figure 4.2.6: Current-Voltage curves as obtained by RDE measurements of A) 10 eq wt% Pt/BC
and 10 wt% Pt/C, B) 20 eq wt% Pt/BC and 20 wt% Pt/C, C) 40 eq wt% Pt/BC and 40 wt% Pt/C.
The anodic scan was recorded at 1600 rpm between 0.05 V and 1.2 V vs RHE, all experiments
performed in 0.1 M HCIO4 at room temperature recorded at 20 mV.s? using a 5 mm disc;

corrected for iR and capacitive charging.
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Figure S4.2.7: Current-Voltage curves as obtained by RDE measurements of the 40 eq wt%

Pt/BC and 40 wt% Pt/C catalysts before and after cycling; the anodic scan was recorded at

1600 rpm between 0.05 V and 1.2 V vs RHE, all experiments performed in 0.1 M HCIO4 at

room temperature recorded at 20 mV.s%; corrected for iR and capacitive charging.
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Figure S4.2.8: CO stripping voltammograms for 40 eq wt% Pt/BC and 40 wt% Pt/C catalysts

before and after cycling: all experiments performed in 0.1 M HCIO4 at room temperature,

recorded at 20 mV.s! between 0.05V and 1.2 V vs RHE.

122



CHAPTER 4

T T T T T T T T T T T
7000 | BC B 5000 | —— Measured B 1s |
— 10 eq wt% PY/BC ~——— B-B peak fit
6000 - —— 20 eq wt% PY/BC - —— B-C peak fit
—— 40 eq wt% PYBC 4000 - B-O peak fit
4 5000 |- 1 v —— Background fit
) : Modelled fit
S 4000 | ] S 3000 odelled fi
> 2
) &
5 3000 1 _q‘:_, 2000 1
£ 1=
2000 -
1000 |- g
1000 |- 4
of o a Ol b) BC
1 1 1 1 1 1 1 1 1 1 1
196 192 188 184 180 176 196 192 188 184 180
Binding energy / eV Binding energy / eV
5000 T T T T T 7000 T T T T T
—— Measured B 1s —— Measured B 1s
~——— B-B peak fit ~——— B-B peak fit
4000 |- ——B-C peak fit - 6000 - ——B-C peak fit 1
B-O peak fit B-O peak fit
g —— Background fit ; —— Background fit
S 3000 - Modelled fit - 3 B0 Modelled fit |
> =
@ ‘@ 4000 |- -
2000 4 i)
£ =
3000 4
1000 |- 4
2000 |- A -
1 1 1 1 1 1 1 1 1 1
196 192 188 184 180 176 196 192 188 184 180 176
Binding energy / eV Binding energy / eV
c) 10 eq wt% Pt/BC d) 20 eq wt% Pt/BC
T T T T T
—— Measured B 1s
7000 | R
——— B-B peak fit
—— B-C peak fit
6000 |- B-O peak fit |
5 —— Background fit
© Modelled fit
} 5000 | E
§7)
[
2
£ 4000 |- g
3000 R
2000 1 1 1 1 1
196 192 188 184 180 176
Binding energy / eV
e) 40 eq wt% Pt/BC

Figure $4.2.9: XPS spectra of the (a) B 1s region of BC and Pt/BC catalysts, (b) modelled and
actual B1s region of BC support material, (c) modelled and actual B1s region of 10 eq wt%
Pt/BC, (d) modelled and actual B1s region of 20 eq wt% Pt/BC, (e) modelled and actual Bls
region of 40 eq wt% Pt/BC.
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Figure $4.2.10: XPS spectra of the O 1s region of uncatalysed BC (green), 20 wt% Pt/C (blue),
and 10 eq wt%, 20 eq wt%, and 40 eq wt% Pt/BC catalysts (red); the O 1s region of the BC
supported catalysts can be understood as a linear combination of contributions from impurity
phase B,O and oxygen species on Pt (grey); the relative contribution from Pt-O species

increases linearly with loading.

Table $4.2.1: Nominal, actual, and target catalyst loadings on C and BC supports.

Nominal wt% Pt/C Actual wt% Pt/C Target wt% Pt/BC Actual wt% Pt/BC
10 9.19 3.05 2.76
20 17.5 6.19 6.86
40 37.85 15.93 12.74

Table S4.2.2: C 1s chemical shift calculated from DFT.

Supercell # atoms k-point mesh Chemical shift A / eV
Ix1x1 15 6x6x6 2.18
2x2x2 120 3x3x3 2.28
3x3x3 405  only 2.32
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Table $4.2.3: Literature ORR activity of comparable commercial Pt/C catalysts; temperature
correction 8% with 10 kJ/mol activation energy; a limiting current j;,, of 6 mA.cm2geo was used
to compensate for O2 mass transport corrections applied in the literature according to 1/j; =
1/ji + 1/jim; data used for comparison in Figure 4.2.6 is highlighted; in 0.1 M HClO4 recorded
at 20 mV.s* and 1600 rpm.

Catalyst Lpy ECSA Jr(30°C)  jr(25°C) js(25°C) Comment

/ugemd,  /migrl /pAcmi  /pAcmi /[ pAcmi

40% Pt/VC (JM) 20 49 538 500 268 Rotational drying;
Ref. [45]

40% Pt/VC (JM) 20 49 284 264 181 Stationary drying;
Ref. [45]

19.7% Pt/VC 22 61 511 475 223 Rotational drying;

(E-TEK) Ref. [45]

19.7% Pt/VC 22 55 333 310 186 Stationary drying;

(E-TEK) Ref. [45]

20% Pt/Vulcan 20 61 347 323 190 Good film; Ref. [44]

20% Pt/Vulcan 14.3 66 305 284 193 Good film; Ref. [44]

20% Pt/Vulcan 20 57 272 253 168 Intermediate film; Ref.

[44]
20% Pt/Vulcan 20 42 230 214 163 Bad film; Ref. [44]
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Chapter 5

5.1 Investigation into the Influence of Metal-Support Interaction
between Pt and a Boron Carbide-Graphite Composite Material on the

lon Adsorption

Abstract

This study was an investigation into the influence of strong metal-support interactions on the
adsorption properties of a Pt catalyst supported on a boron carbide-graphite composite
material. The potential of total zero charge (ptzc) and ECSAnupo/ECSAco , with a CO bulk
oxidation baseline, for the Pt/BC and Pt/C catalysts were similar to one another. The CO
displacement charge gradient displayed a clear increase in the charge density of both anions
(<ptzc) and cations (>ptzc) on the Pt/BC catalysts when compared to Pt/C, at potentials close
to the ptzc. This increase in charge density was Pt loading dependent, with the largest charge
displacement gradient reported on the 40 eq wt% Pt/BC catalyst. Although not well
understood, these results give an indication of the electronic interaction between platinum
and the boron carbide-graphite composite support and the differences in electrosorption on

the Pt supported nanoparticles compared to Pt/C.

5.1.1 Introduction

In the 1960s, boron carbide was first investigated as a support for the phosphoric and alkaline
fuel cells. Grubb & McKee M investigated Pt/B4C catalysts for the anode of the phosphoric
acid fuel cell and recognised that this catalyst showed better stability and mass activity to
Pt/C and Pt/graphite catalysts. This was attributed to stability and a support promotional

effect (1. However, this promotional effect was conjecture and not studied in the paper.

More recently, Lv et al. @ studied the catalytic activity of Pt/B4C for the Oxygen Reduction
Reaction (ORR). Platinum was deposited on nano-B4C catalysts via ethylene glycol reduction
method. The reported ECSA was 88 m?.g"! compared to Pt/C’s 62 m2.g%, this higher ECSA was

attributed to fast hydroxyl adsorption and high OHaq coverage occurring during the hydrogen
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desorption process [21. The ORR intrinsic activity was similar to that of Pt/C. Moreover, these
catalysts were investigated for methanol oxidation activity and CO tolerance in acidic media.
The methanol oxidation activity was reported to increase by nearly two-fold on the Pt/B4C
catalysts, due to a marked increase in CO tolerance . This research too, however, did not
provide detailed fundamental investigations into metal-support interactions to support their

findings.

The research was continued in the same group, by Mu et al. 3! which focused on nano-size
boron carbide intercalated graphene as high-performance catalyst supports and electrodes
for PEM fuel cells. The boron carbide support material was stabilised by modulating 2D
graphene sheets. The strong restriction effect of nano-ceramics in graphene interlayers was
reported to improve the usage and electrochemical stability of Pt catalysts. The graphene/B4C
supported Pt catalyst (Pt-RGO/B4C) presented an enhanced electrochemical surface area of
121 m2.g ', twice that of Pt/C and an ORR mass activity (185 A.g %) which was 2.9 times
higher than Pt/C towards ORR. Additionally, after the accelerated durability test for 10000
cycles, the Pt-RGO/B4C catalyst retained 45.2% initial electrochemical surface area, while the

Pt/RGO and Pt/C retained 29.7 and 23.4%, respectively 3,

In our previous works [ (Chapter 4.2), the strong metal-support interaction of Pt supported
on a boron carbide-graphite composite (Pt/BC) was investigated by X-ray photoelectron
spectroscopy (XPS), extended X-ray absorption fine structure (EXAFS) and density functional
theory (DFT). These Pt/BC catalysts demonstrated a 50% increase in surface area specific ORR
activity and a 20% increase in catalyst stability after 6000 cycles, seen through accelerated
durability studies, when compared to commercial Pt/C. This enhanced activity and stability
was attributed to an electronic interaction, supported by XPS spectra, between platinum and

the BC support.

In this chapter, the role of strong metal-support interactions on species adsorption to the
platinum surface is investigated in an acidic media. Hydrogen and CO adsorption were
investigated using cyclic voltammograms, CO stripping voltammetry and CO displacement

techniques.
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5.1.2 Experimental

Catalyst Preparation, Physical and Electrochemical Characterisation: Catalysts were prepared

and characterised as described in Chapter 4.

Electrochemical Characterisation: A catalyst ink was prepared for the electrochemical
characterisation techniques. The Pt/BC and BC catalyst ink consisted of 2.5 mg of the catalyst,
0.5 ml of ethanol (Sigma Aldrich) and 25 uL of 5 wt% Nafion solution. The mixture was
sonicated for 30 minutes and 5 pL was placed on a glassy carbon electrode. The Pt/C and
Vulcan catalyst ink consisted of 5 mg of the catalyst, 5 ml of water (Milli-Q 18.2 MQ.cm), 1.5
ml isopropanol (Kimix) and 25 pL of 5 wt% Nafion solution. The mixture was sonicated for 30
minutes and 10 plL was placed on a glassy carbon electrode. This resulted in a Pt loading of
6.9x107,1.7 x10%and 3.2 x10°® g on the glassy carbon electrode for the 10, 20 and 40 eq wt%
Pt/BC catalysts, respectively, and 7.7 x107, 1.6 x10°® and 3.1 x10°® g for the 10, 20 and 40 wt%
Pt/C catalysts, respectively. Prior to this the glassy carbon electrode was polished to a mirror
finish using 0.1 and 0.05 um Al;03 polish (Buehler). Cyclic voltammetry was conducted by
cycling the potential between 0.05 — 1.2 V vs. RHE with a scan rate of 50 mV.s™ for 50 cycles
at room temperature in an oxygen-free 0.1 M HCIO4 electrolyte (70% Suprapur - Merck)
solution to electrochemically clean the catalyst surface. The reference electrode used was
Hg/HgS04 with a platinum counter electrode. The scan rate was then changed to 20 mV.s?
for 2 cycles and the potential cycled between 0.05 — 1.2 V vs RHE at room temperature in an
oxygen-free 0.1 M HClO4 electrolyte solution. These scans were used to determine the Hupp
surface area. CO stripping was conducted by purging the electrolyte solution with CO for 20
minutes while holding the potential at 0.1 V vs. RHE, argon was then bubbled for 20 minutes
to rid the solution of CO, after which the potential was cycled between 0.05 — 1.2 V vs RHE.
These scans were used to determine the ECSA from CO stripping voltammetry. CO
displacement was conducted in a 0.1 M HCIO4 electrolyte at room temperature in an argon
saturated electrolyte. The potential of the working electrode is held for 2 minutes, thereafter
COisintroduced into the electrolyte and the transient current response over time is recorded.
A baseline is then assumed from the argon saturated solution current before CO

displacement, and the areas under the oxidative and reductive peaks are measured.
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5.1.3 Results

5.1.3.1 Hydrogen and Carbon Monoxide Absorption
Figure 5.1.1 reports the ECSAnupp/ECSAco ratios for each loading on the Pt/C and Pt/BC

catalysts. Figure 5.1.1a displays the ECSAnupp/ECSAco ratios versus the actual loading on the
catalysts, where ECSAnupp is measured via a straight baseline from the double layer region.
This plot shows significant deviation between the Pt/C and Pt/BC catalysts. Figure 5.1.1b
displays the ECSAnuro/ECSAco ratios versus the equivalent loadings, where ECSAnupp is
measured via a CO poisoned cyclic voltammogram. The ECSAnupo/ECSAco ratios in Figure
5.1.1b are similar for the Pt/C and Pt/BC catalysts, with the exception of the 10 eq wt% Pt/BC
and 10 wt% Pt/C.
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Figure 5.1.1: (a) ratio of ECSA calculation via Hypp to ECSA calculated via CO stripping for 10,
20 and 40 wt% Pt/C and 10, 20, 40 eq wt% Pt/BC and (b) the corrected Huypp for support

contribution to double layer.

5.1.3.2 Potential of Total Zero Charge

Table 5.1.1 states the particle sizes, potential of total zero charge (ptzc) measured from CO
displacement, and the charge displacement gradients (Figure 5.1.2) for the Pt/C and Pt/BC
catalysts. The ptzc’s for the Pt/C and Pt/BC catalysts are comparable. The charge displacement
gradients on the Pt/C catalysts are similar to one another, while the charge displacement

gradients are significantly larger on the Pt/BC catalysts and increase with Pt loading.
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Table 5.1.1: Particle size, potential of total zero charge calculated from CO displacement and

charge displacement gradient of the Pt disc, Pt/C and Pt/BC catalysts.

Particle Size  Potential of Total Zero Charge Displacement
Catalyst

/ nm Charge / V vs. RHE Gradient / mC.m2p.V1
Pt disc electrode - 0.291 -0.122
10 wt% Pt/C 1.1+0.3 0.235 -4300
20 wt% Pt/C 2.1+05 0.259 -4720
40 wt% Pt/C 2.7+0.7 0.263 -4310
10 eq wt% Pt/BC 2.9+0.9 0.241 -3690
20 eq wt% Pt/BC 23+0.7 0.250 -7460
40 eq wt% Pt/BC 2.6+0.6 0.266 -19570
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200 | = 40 wt% PY/C 4
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Figure 5.1.2: the CO displacement charge density curves for (a) Pt disc electrode, 10, 20 and
40 wt% Pt/C catalysts and (b) 10, 20, 40 eq wt% Pt/BC catalysts.

5.1.4 Discussion

5.1.4.1 ECSA Ratios
Investigations into the hydrogen adsorption and carbon monoxide adsorption onto the

surface of a Pt catalyst gives further insight into charging effects occurring on the surface, and

subsequently the effect of the support on the Pt surface charge and interaction with
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adsorbates. Mayrhofer et al. Plinvestigated the relationship between ECSA calculated from
Hueo region and CO stripping voltammetry for particle sizes of 1, 2 and 5 nm. The
ECSAnupp/ECSAco for 1, 2 and 5 nm particle sizes were measured to be 0.71, 0.80 and 0.91
respectively. Assuming a logarithmic trend in ECSAnuro/ECSAco vs. particle size and the values
reported P, the 10, 20 and 40 wt% Pt/C ECSAnupn/ECSAco ratios for these particle sizes (Table
5.1.1) should theoretically show 0.73, 0.80 and 0.83, respectively. This calculation is in
reasonable agreement with the measured 10, 20 and 40 wt% Pt/C catalyst ECSAnuprn/ECSAco
ratios of 0.67, 0.70 and 0.84, respectively. The relationship between particle size and
ECSAnuprp/ECSAco was explained by the differences in adsorption sites for hydrogen and CO.
Hydrogen adsorbs onto hollow-three-fold sites, where the frequency of sites is particle size
dependent and less frequent for smaller particle sizes, while CO adsorbs on a-top sites, were

the site frequency is not size dependent [©l,

The theoretical ECSAnupp/ECSAco ratios based on Pt particle size for the 10, 20 and 40 eq wt%
Pt/BC are calculated to be 0.84, 0.81 and 0.82, respectively, these are divergent to the
measured values shown in Figure 5.1.1a, of 0.11, 0.51 and 0.63, respectively. As stated by
Mayrhofer et al. Pl, the determination of ECSA via Hupp contains significant systematic errors,
since this technique does not take into consideration the significant influence of the support
capacitance on the Hypp region. Furthermore, the contribution of the catalyst support is not
constant over this potential range, resulting in an underestimation of the catalyst ECSA when
measured by the Hypp region. Therefore, Figure 5.1.1b shows the corrected Hypp region after
support capacitance is accurately measured by using the CO bulk oxidation cyclic

voltammograms as the baseline for the Hupp region.

Figure 5.1.1a was plotted as ECSAnupo/ECSAco versus actual Pt loadings for Pt/BC since
platinum loading significantly effects the capacitance contribution from the catalyst support
material 78, As platinum loading is decreased, the support contribution in the Hupp is
increased which leads to an underestimation in ECSAnupp 781, Once the support contribution
to Hupp was accurately determined, the ECSA calculated from Hypp follows that of ECSAco,
with the exception of 10 eq wt% Pt/BC. It is assumed the large discrepancy associated with
ECSAHuprp on the 10 eq wt% Pt/BC is due to the small Hypp region and the subsequent difficulty
in determining this area accurately. After the support capacitance correction, little difference

is shown in this ECSAnurp/ECSAco ratio, leading to the assertion that this technique is
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insufficiently sensitive to investigate differences in adsorbates on a platinum surface due to
metal-support interactions. Moreover, work by Schmies et al. P demonstrates that the
ECSAHuro/ECSAco ratio is more complicated when a strong metal support interaction is

present and influences adsorption in an inconsistent manner.

5.1.4.2 CO Displacement
The influence of the adsorption process at the metal-electrolyte interface on the potential of

zero charge (pzc) was first presented by Frumkin & Petrii 1%, This study described the total
charge at the metal-electrolyte interface as the free charge related to the adsorbed
monopoles and the charge associated to the chemical bond formation. Thus, potential of zero
charge can be described as the sum of the potential of zero free charge (pzfc) and the
potential of total zero charge (ptzc). The potential of zero free charge of an electrode is
directly related to its work function . However, the experimentally measurable parameter
is the ptzc, the point at which the free electronic excess charge density plus the charge density
transferred during adsorption processes equals zero. This technique is not used to gain
absolute values for ptzc but rather when conducted under the same conditions, changes and

trends in surface properties of various Pt-electrodes can be evaluated 1,

Climent et al. 2 described CO displacement as a method for determining the potential of
total zero charge (ptzc). Due to the strong adsorption of CO to the platinum surface, this
neutral molecule displaces weakly adsorbed anions and cations completely from the surface.
Additionally, CO adsorption on the surface results in a zero net charge passing through the
interface, therefore the subsequent transient charge is a result of the initially adsorbed
species. Thus, the potential at which a charge density curve plotted against displacement
potential crosses zero is considered to be ptzc, if it is assumed that no other reactions take
place and the remaining charge density on the surface can be neglected. Using the CO
displacement method to determine ptzc, Table 5.1.1 reports ptzc determined from the CO
displacement curves in Figure 5.1.2. Potential of total zero charge is closely related to the
particle size of Pt nanoparticles, as described by Mayrhofer et al. 1, the ptzc is proportional
to the Pt particle size in the 1 — 30 nm particle size range. The values reported in Table 5.1.1

are in accordance with those reported by Mayrhofer et al. 11 for these particle sizes.
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There are notable changes to the gradient of charge density curves normalised for platinum
surface area versus potential for the different catalysts, displayed in Figure 5.1.2. The gradient
shown in Figure 5.1.2a for CO displacement on the Pt disc electrode is gentle, with very little
change in charge displacement as a function of potential, compared to the Pt/C catalysts
displayed in this figure. The charge displacement gradient is identical on the 10, 20 and 40
wt% Pt/C catalysts, while steeper gradient is appreciated on the Pt/C catalysts when
compared to the Pt disc. This trend is an indication of the metal-electrolyte interface on the
different platinum surfaces, as less adsorbates are perceived on the Pt disc electrode,
whereas more adsorbates are observed on the Pt/C catalysts at lower or higher potentials
than ptzc. These results suggest an influence on the Pt nanoparticles or support on the density
of adsorbates on the platinum surface, which impacts the various loadings of Pt on carbon

identically.

A different observation is made for the Pt/BC catalysts, as the charge displacement gradient
is dependent on catalyst loading. The charge displacement gradients reported in Table 5.1.1
and represented in Figure 5.1.2b show a significant change in gradients to steeper slopes as
the Ptloading is increased on the BC support. While this phenomenon cannot yet be explained
in detail, it is clear that the concentration of adsorbates on the Pt surface at potentials lower
and higher than the ptzc is influenced by the metal-support interaction. Trasatti and
Parsons 3! reported that the change in work function of a catalyst can be correlated to
changes in the potential of total zero charge at the metal-solution interface. The changes to
ptzc subsequently affects the electrosorption properties of the metal catalyst, as described
by Frumkin et al. 4. Although no noteworthy deviations in the ptzc were appreciated
between the Pt/C and Pt/BC catalysts, the electrosorption properties as seen in the charge
displacement gradients (Figure 5.1.2), show significant changes to the anion and cation

adsorption before and after the ptzc.

5.1.5 Conclusion

The adsorption of species on the surface of platinum nanoparticles and the possible influence
of metal-support interactions on this adsorption were investigated on Pt/C and Pt/BC
catalysts. The potential of total zero charge was studied by CO displacement measurements,
as expected, the ptzc was strongly affected by Pt particle size, however, no deviations were
seen due to a possible metal-support interaction. A less studied relationship is the charge
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displacement gradient over potentials around the potential of total zero charge. These
findings display an independence of charge displacement gradient on Pt loading on the Pt/C
catalysts, while a large dependency of charge displacement gradient on Pt loading is
appreciated on the Pt/BC catalysts. It is hypothesised that changes to the pzc due to metal-
support interactions on the Pt/BC was present and these changes affected the electrosorption

properties on platinum nanoparticles, particularly at higher loadings.
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5.2 Support Induced Charge Transfer Effects on Electrochemical

Characteristics of Pt Nanoparticle Electrocatalysts

Abstract

The electrokinetic properties of Pt nanoparticles supported on Carbon (Pt/C) and Boron
Carbide-Graphite composite (Pt/BC) are compared over a wide potential range. The influence
of the support on the electronic state of Pt was investigated via in-situ X-ray Absorption
Spectroscopy. Pt d-band filling, determined from XANES white line analysis, was lower and
nearly constant between 0.4 and 0.95 V vs. RHE for Pt/BC, indicating more positively charged
particles in the double layer region and a delay in the onset of oxide formation by about 0.2
V compared to the Pt/C catalyst, which showed a marked increase in d-band vacancies above
0.8 Vvs. RHE. Moreover, Ap analysis of the XANES data indicated a lack of sub-surface oxygen
for the Pt/BC catalyst compared to the Pt/C catalyst above 0.9 V vs. RHE. Additional anion
adsorption on the Pt/BC in the double layer region, detected by CO displacement, was also
confirmed by XANES analysis of the d-band occupancy. The H; oxidation activities of
electrodes with low catalyst loadings were assessed under high mass transport conditions
using the floating electrode methodology. The metal-support interaction between the Pt and
BC support improved the maximum hydrogen oxidation current density by 1.4 times when

compared to Pt/C.

5.2.1 Introduction

Much current research on polymer electrolyte fuel cells (PEFC) is focused on membrane
electrode assembly development since significant challenges remain in increasing kinetic
activity, and stability and reducing the cost of catalysts [X. Typically, Pt nanoparticles
supported on carbon are used as catalysts in the hydrogen PEFC anode and cathode, which
perform the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR),
respectively. However, the oxidation of the carbon support at high potentials decreases the

catalyst lifetime; in addition, Pt dissolution and agglomeration decreases the
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electrochemically active surface area 2. Main group carbides have shown promise as

alternative support materials with improved Pt catalyst activity and durability reported 341,

Recently, some of us have experimentally isolated electronic metal-support interactions for
Pt supported on a boron carbide-graphite composites (Pt/BC) compared to commercial
Pt/C 4. This study was carried out using rotating disc electrode (RDE) electrochemical testing,
X-ray Photoelectron Spectroscopy (XPS), and X-ray Absorption Spectroscopy (XAS), supported
by Density Functional Theory (DFT). The Pt loading on the support surface, particle size, shape
and interparticle distances were kept constant in order to investigate electronic metal-
support interactions without the effects of other influential factors. The Pt/BC catalysts
demonstrated a 50% increase in surface area specific ORR activity at 0.9 V vs. RHE using a
standard RDE technique ' and a ~20% increase in catalyst durability after 6000 cycles in terms
of electrochemical surface area (ECSA) retention. The enhanced activity and durability were
attributed to changes in electronic metal-support interactions between platinum and the
boron carbide-graphite composite support, which were supported by XPS spectra analysis and

XANES.

In the study presented herein, we build on this work by further exploring the effects of varying
charge transfer between the catalyst and support. The hydrogen oxidation reaction under
conditions of high mass transport is used as a surface probe in the oxide region and CO
displacement was used to investigate interface changes in the double layer region. The
observed electrochemical characteristics are correlated to differences in the electronic state

of the Pt particles determined in-situ using X-ray absorption spectroscopy.

Analysis of the d-band vacancies of the Pt particles as a function of the applied potential was
conducted using white line analysis [®l. Additionally, the presence or absence of sub-surface
oxygen was explored using the Ap analysis of the X-ray absorption near edge spectra (XANES)

as previously established by Adzic and co-workers [,

Fundamental investigations of the electrocatalytic performance of catalysts for HOR and ORR
are commonly carried out on RDEs. The RDE technique tends to be favoured over PEFC
testing P! as it is cost effective, uses small amounts of catalyst, and the well-defined
hydrodynamic conditions and testing protocols tend to give reproducible results . Whilst it

is advantageous and convenient to employ the RDE technique, the extrapolation of RDE data
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to predict performance in PEFCs often leads to inaccurate conclusions, since factors such as
oxide coverage, low reactant concentration and differences in water activity are not

considered [9:10],

A ‘floating electrode’ technique recently developed by some of us 1 was tailored to
incorporate the advantages of both the RDE method and PEFC measurements to enable
studies under high mass transport and low catalyst loading conditions to be performed.
Current densities of 600 £ 60 mA.cm2pt (~5700 mA.cm?geo at 10.15 ugpr.cm2) at peak potential
for HOR at standard temperature and pressure (STP) were obtained for a commercial Pt/C
catalyst. In comparison, RDE measurements for the same catalyst reached limiting current at
2.5 mA.cm2geo. The floating electrode results are comparable to kinetic activities for HOR and
ORR reported in PEFCs (11121, This high mass transport technique allows fundamental studies
on HOR and ORR to be carried out in a facile manner, providing data that is comparable to
that obtained in more complex PEFC experiments. Additionally, floating electrode studies
have established that the HOR is sensitive to surface sites and adlayer morphology and,

therefore, can be used as a probe into relative coverages on the platinum surface 3!,

5.2.2 Experimental

Catalyst Preparation and Characterisation: The 20 wt% Pt/C catalysts used in this study were
HiSPEC® 3000 commercial catalysts. The 20 eq wt% Pt/BC was prepared in house as reported
previously . The full physical characterisation of both catalysts were presented in that
previous report and are not repeated. In short, the Pt nanoparticle shapes and particle sizes
were the same, however, the electronic properties were found to depend on the nature of

the support.

In-situ XAS: electrodes were prepared by formation of a catalyst ink which was then coated
on to a Teflon coated carbon base layer (Alfa Aesar) and used as the working electrode in an
in-situ XAS cell 14, The Pt/C ink formulation consisted of 150 mg of catalyst, 4 ml ultrapure
water (Milli-Q 18.2 MQ.cm), 1 ml isopropanol (Sigma-Aldrich) and 2 ml 5 wt% Nafion. The
Pt/BC ink formulation consisted of 150 mg of catalyst, 5 ml ethanol (Sigma-Aldrich) and 2 ml
5 wt% Nafion. Inks were painted on to carbon layer to give a loading of 0.5 mgpt.cm™2pt. The
catalyst coated carbon layer was then hot pressed at 170 °C and 7.8 kPa. All electrodes were

flooded prior to use by vacuum filling in ultrapure water. A platinum wire was used as a
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counter electrode, and Hg/HgS0O4 was used as a reference electrode. All potentials have been
corrected to RHE using a conversion of 0 V. vs. Hg/HgS04 = 0.654 V vs. RHE.

The XAS data were collected at the B18 line at the Diamond Light Source, operated with a
typical ring energy of 3 GeV with a ring current of 300 mA. Data were collected at the Pt L3
edge (11 564 eV) and Pt L, edge (13 277 eV) in Quick EXAFS (QEXAFS) mode using a Si(111)
monochromator and using the ionisation chambers in transmission mode at 298 K. A total of
three spectra were averaged for each sample at each potential. Calibration of the
monochromator was carried out at both edges using Pt foils. The absorption spectra were
modelled out to the fourth Pt shell with Demeter® using Ifeffit® > to solve the EXAFS

equation.

CO displacement on RDE: CO displacement was conducted in a 0.1 M HCIO4 electrolyte at
room temperature in an argon saturated electrolyte. The potential of the working electrode
is held for 2 minutes, thereafter CO is introduced into the electrolyte and the transient current
response over time is recorded. A baseline is then assumed from the argon saturated solution
current before CO displacement, and the areas under the oxidative and reductive peaks are
measured. A platinum counter electrode was used and the reference electrode used was
Hg/HgS0,, with potentials reported vs. RHE as described above. Three of the CO displacement

curves are shown in Figure S5.2.3 for both catalysts.

Floating electrode studies: The catalyst layer was prepared as described by Zalitis et al. 111,
Porous polycarbonate track etched (PCTE) membranes (Sterlitech, PCTF0447100) with a pore
size of 400 nm and a porosity of 0.125 were coated with a 100 nm gold layer by sputter
deposition (Emitech K575X). These gold coated PCTE membranes were then rinsed with
propan-2-ol (Sigma-Aldrich, ACS reagent) in a Soxhlet extractor for 8 hours, followed by ultra-
pure water in the Soxhlet extractor for 8 hours. The commercial Pt/C (Alfa Aesar) catalyst ink
consisted of 5 mg catalyst, 5 ml ultra-pure water, 1.5 ml propan-2-ol and 25 pl 5 wt% Nafion,
10 pl of this first Pt/C catalyst ink is diluted in 7.7 ml water and 2.3 ml propan-2-ol. The Pt/BC
catalyst ink consisted of 2.5 mg catalyst, 0.5 ml ethanol (Sigma-Aldrich, Absolute for HPLC),
and 25 pl 5 wt% Nafion, 10 pl of this first Pt/BC catalyst ink was diluted in 10 ml of ethanol.
250 pl of the diluted inks were vacuum filtrated onto 2 mm diameter spots on separate gold
coated PCTEs. After deposition of the catalyst layer, a hydrophobic coating of an amorphous

fluoropolymer (AF) (DuPont DeNemours, a copolymer of 2,2-bistrifluoromethyl-4,5,difluoro-
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1,3-dioxile and tetrafluoroethylene with the trade name Teflon AF 2400, 2.1 pg.cmgeo)
dissolved in Fluorinert FC-40 (Sigma, F9755) was applied to the unmodified side of the gold
coated PCTE membrane. The electrodes were then dried at 90 °C for 8 hours at 25 mbar
before cleaning in ultra-pure water in the Soxhlet extractor for 8 hours. Table 5.2.1 reports
the Pt loadings and roughness factors of the electrodes, where roughness factor was
calculated by dividing the Pt active area, determined via CO stripping, by the area of the

geometric electrode surface area, using one repeat for each catalyst.

Table 5.2.1: Roughness factor and Pt loading on the 20 eq wt% Pt/BC and 20 wt% Pt/C

electrodes.
Pt loading
Catalyst Roughness Factor
¥ g / ugPt.cmgeo
20 wt% Pt/C 1.2+0.1 1.5+0.1
20 eq wt% Pt/BC 0.75+0.1 1.1+01

Glassware for the floating electrode measurements was soaked for 8 hours in a NoChromix®
solution and then boiled in water (Milli-Q, 18.2 MQ.cm) five times before use. This cleaning
procedure was repeated before each electrochemical test. The electrolytes were prepared
from Suprapur® grade HCIO4 (Merck) and Millipore water (Milli-Q, 18.2 MQ.cm), while the
gases used were > 5.8N (Air Products, BIP PLUS) utilising all stainless high purity regulators

(Druva Ultra high purity).

A three electrode setup was employed with a platinum counter electrode and hydrogen
reference electrode, using an AutolLab potentiostat. 1 M HCIO4 was used as the electrolyte to
decrease the iR drop. The electrolyte was thoroughly purged with N, before electrochemical
testing was performed and during electrochemical measurements the cell’s headspace was
continuously purged as diffusion through the electrolyte was considered negligible. Cyclic
voltammograms were obtained from 0.05 — 1.2 V vs. RHE at 100 mV.s™* for 50 cycles at room
temperature to electrochemically clean the catalyst surface. The scan rate was then changed
to 10 mV.s* for two cycles and the potential cycled between 0.05 — 1.1 V vs RHE at room

temperature. The cyclic voltammograms are reported in Figure S5.2.4a.
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The electrochemical surface area was measured by stripping of an adsorbed CO monolayer.
CO was flowed into the cell’s headspace for 5 minutes while holding the potential at 0.1 V vs.
RHE, N2 was then flowed in the headspace for 5 minutes to rid the solution of CO, after which
the potential was cycled between 0.05 — 1.2 V vs RHE. The CO stripping voltammograms are
reported in Figure S5.2.4b. Due to the 400 nm pore size of the gold coated PCTE, some smaller
catalyst particles are lost through the membrane during vacuum filtration. As reported by
Zalitis et al. 111, the amount of catalyst which is washed through the membrane is related to
catalyst loading on the electrode. Although the amount of catalyst deposited can be
determined from Hupp measurements, it was found that measurements became difficult at
loadings less than 5 pgpr.cm for commercial HiSPEC 9100 60 wt% Pt/C (Johnson Matthey Fuel
Cells) catalyst due to the difficulty of establishing a reliable background. In order to estimate
the loading of the platinum, they utilised a quadratic fit calibrated using the Hypp on higher
loading electrodes. Rather than using Hupp as a measure of surface area, we have used CO-
adsorption and stripping, which allows better separation from the background. In the study
reported herein, we have assumed a stripping charge of 420 mC.cm™: for both types of

catalysts.

The HOR activity was measured at a scan rate of 10 mV.s* between 0.05 — 1.1 V vs RHE at
room temperature and with flowing H, into the cell’s headspace. All HOR scans were
normalised for electrochemically active surface area and Ohmic drop measured by impedance
spectroscopy. Impedance was completed with H; in the cell’s headspace, at the open circuit
potential (OCP) and a frequency of 10 kHz. Error margins on HOR activities were obtained
from one repeat for each catalyst. A previously published kinetic model by one of us ¢! was
used to interpret the HOR data close to equilibrium (0 - 0.2 V vs. RHE). The fitting of the HOR
curves was done for both electrodes simultaneously for each catalyst in Excel using the GDG
non-linear solver with Multistart and a population of 100, using the method described by

Kucernak & Zalitis [1®l. The fitted and measured HOR curves are compared in Figures S5.2.5.

5.2.3 Results

5.2.3.1 In-Situ XAS

In-situ XANES at the Pt L3 and L,— edges for the 20 eq wt% Pt/BC and 20 wt% Pt/C catalysts at

each potential are shown in Figure 5.2.1, which have been presented to highlight the potential
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dependence of the white line at the Pt L3 edge and variations in the post-edge features at the
Pt L, edge. An increase in the Ls and L, white line intensity as potential increased is seen for

both the Pt/BC and Pt/C catalysts.

The XANES at the L3 edges originate from exciting 2p core states. The L, edge arises from the
2p J=1/2 core states, and the L3 X-ray absorption edge arises from the 2p J=3/2 core states,
excited to vacant d-states. Comparison of the spectra for the two edges enables assessment
of the d-band vacancy per Pt atom using a method described by Mansour et al. (. The d-band
vacancies calculated using this method, assuming a bulk Pt d-band vacancy of 0.3 as
theoretically calculated by Brown et al. [*7], are reported in Figure 5.2.2. The d-band vacancies
of the 20 wt% Pt/C catalyst increased significantly as potential increased from approximately
0.8 V vs. RHE. The d-band of the 20 eq wt% Pt/BC was less occupied at lower potentials than
found for the Pt/C catalyst. However, the Pt/BC d-band occupancy is significantly less sensitive

to potential than seen for Pt/C and remained unchanged until approximately 1.0 V vs. RHE.
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Figure 5.2.1: The X-ray adsorption spectra for the (a) Pt Ls edge and (b) Pt L, edge of the 20
wt% Pt/C catalyst and (c) Pt Ls edge and (d) Pt L, edge of the 20 eq wt% Pt/BC catalyst. Circles
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showing the expansion of the leading peak are all performed at the same magnification. The

intensity of the post edge feature (white line) increases with potential for both catalysts.
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Figure 5.2.2: d-band vacancy at different potentials on the Pt/C and Pt/BC catalysts.

Subtle changes to the XANES Ls region due to adsorbate formation and place exchange on the
platinum surface can be more closely studied by the Ap technique, which involves subtracting
two XANES spectra of the same sample at different potentials from each other I, The
subtraction of the two spectra removes the bulk metal-metal interactions if the metal-metal
coordination of the particles is unchanged (implying no significant particle shape change or
extensive oxide formation) over the potential range explored, and, therefore, isolates the
surface changes due to adsorbates '8, These assumptions were verified by analysis of the
EXAFS data (presented in the Supplementary Information Figures S5.2.1 — 5.2.2, and Tables
S5.2.1 —5.2.2). No changes in Pt-Pt coordination numbers or Pt-Pt distances within the error
in the fits were observed for the first four coordination shells over the explored potential

range.
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Figure 5.2.3: the calculated Ap curves at different potentials on the (a) Pt/C and (b) Pt/BC
catalysts. The reference spectrum was obtained at 0.408 V vs RHE for the Pt/C and 0.448 V
vs RHE for the Pt/BC catalysts. The peak at 11570 eV in the difference spectra increases with

sample potential for both catalysts.

The Ap spectra were calculated using the spectra obtained in the double layer region as the
reference, where it is assumed that the Pt surface is free of oxides, at 0.408 V and 0.448 V for
the Pt/C and Pt/BC catalysts, respectively. The potential difference between the Pt/C (0.408V)
and Pt/BC (0.448V) is not significant to d-band occupancy, since these are in the double layer
region. Figure 5.2.3a details the Ap(0.778), Au(0.948) and Ap(1.038) curves of the Pt/C XANES
spectra. The Ap curves display a peak below the edge energy (Ep) at 11565 eV followed by a
positive peak above Ep at 11570 eV. The Au(0.728), Ap(0.958) and Au(1.038) curves of the
Pt/BC XANES spectra are shown in Figure 5.2.3b. Whilst the positive peak at energies above
the edge is present in the difference spectra for both catalysts, the initial negative Au

response, seen for Pt/C (Figure 5.2.3a), is not seen on the Pt/BC Au curves (Figure 5.2.3b).

5.2.3.2 CO Displacement versus Potential

CO displacement measurements were conducted over a wide potential range. There are
notable changes to the gradient of the charge density curves normalised for platinum surface
area versus potential for the different catalysts, displayed in Figure 5.2.4. The curves show a
positive displacement charge at low potentials, attributed to the displacement of H species.
At higher potentials, a negative displacement charge is observed and is understood as an
indication of anion adsorption in the double layer region. The charge displacement gradient

observed for Pt/BC is steeper than that for Pt/C, with a larger minimum charge of ~600
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mC.m?pt compared to Pt/C (~*200 mC.m?pt). At potentials above ~0.5 V vs. RHE, a reduction of
displacement charge is seen because of the onset of CO oxidation to CO,. The values for the
potential of total zero charge (ptzc) are 0.25 and 0.26 V vs. RHE on the Pt/BC and Pt/C

catalysts, respectively.
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Figure 5.2.4: the CO displacement charge density curves for the 20 wt% Pt/C and 20 eq wt%

Pt/BC catalysts. The vertical dashed lines indicated the potential of total zero charge (ptzc).

5.2.3.3 Hydrogen Oxidation Reaction under High Mass Transport Conditions
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corresponding logarithmic. Catalyst loadings were 1.5 + 0.1 pgPt.cm?ge and 1.1 + 0.1

ugPt.cmge, for Pt/C and Pt/BC, respectively.

145



CHAPTER 5

Table 5.2.2: Maximum hydrogen oxidation activities for the 20 eq wt% Pt/BC and 20 wt% Pt/C

catalysts.
Catal Mass Activity Surface Area Specific Activity
atalyst -2
(A.mg-te) (mA.cm™?pt)
20 wt% Pt/C 380+ 18 459 + 22
20 eq wt% Pt/BC 437 £ 16 646 £ 24

The HOR was studied on the 20 wt% Pt/C and 20 eq wt% Pt/BC catalysts under high mass
transport and low catalyst loading conditions. Figure 5.2.5 shows the surface area specific
HOR activity, normalised by using the ECSA obtained from the CO stripping measurements.
Starting from equilibrium at 0 V vs. RHE, the Faradaic current first increases, then passes
through maxima, and finally decreases at high potential. Peaks observed in Figure 5.2.5a
between 0.20—0.42 V vs. RHE have previously been ascribed to different Pt sites 1], followed
by an asymptotic decrease at potential above 0.42 V vs. RHE. Additionally, a hysteresis occurs
between the forward and reverse scans. Table 5.2.2 reports the mass specific and surface
area specific current densities for these catalysts. A maximum surface area specific current
density of 646 + 24 mA.cm 2 is obtained on the Pt/BC catalyst, which is approximately 1.4
times that obtained on the Pt/C catalyst at 459 + 22 mA.cm™p although somewhat less than
that obtained on HiSpec 9100 60 wt% Pt/C catalyst (ca. 650 mA.cm?) (11,

5.2.4 Discussion

5.2.4.1 Catalyst State of Charge at Intermediate Potentials

The d-band vacancy over a wide potential range is reported in Figure 5.2.2. Firstly, the d-band
vacancy of the commercial Pt/C catalyst follows that reported by Mukerjee and co-
workers 2021 for similar catalysts. The d-band vacancy of the Pt/C catalyst increases slightly
between 0.4 and 0.8 V vs RHE. This increase in d-band vacancy is attributed to an increasing
amount of OH.gs species and anion adsorption on the surface of Pt 29211, A significantly more
vacant d-band is calculated for the Pt/BC catalyst in the double layer region compared to Pt/C.

This indicates more positively charged Pt particles at a given potential in the potential range
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between about 0.4 to 0.8 VV vs RHE for Pt/BC. We have argued previously ! that a lower work
function of the boron carbide support should result in a decrease in the potential of zero
charge (pzc) of the Pt/BC catalyst when compared to Pt/C . This is tentatively understood to
imply additional anion adsorption as well. CO displacement, as described by Climent et al. (22,
is a method for determining the potential of total zero charge (ptzc) on a platinum surface.
CO displaces weakly adsorbed anions and cations completely from the surface, due to the
strong adsorption of CO onto Pt. It is assumed that CO adsorption on the surface results in a
zero-net charge passing through the interface. The subsequent transient charge, therefore, is
a result of displacement of the initially adsorbed anion and cation species. The displacement
charge is zero at the ptzc, assuming that no other reactions take place and the remaining
charge on the surface after CO adsorption can be neglected. Therefore, the CO displacement
charge on the catalysts at potentials above the ptzc is largely attributed to the displacement
of anions. Figure 5.2.4 confirms the assertions from d-band vacancy of a larger coverage of
anions on the surface of Pt/BC compared to Pt/C in the double layer potential region (0.4 —

0.5 V vs. RHE). The displacement charge is almost 3x larger on Pt/BC and corresponds to
roughly%e‘ per surface Pt. This indicates a very substantial coverage given the size of likely

anions (ClO4 from the electrolyte and SO3™ from the ionomer). CO displacement, therefore,
confirms the conclusion reached from XANES that Pt/BC is more positively charged at

intermediate potentials with stronger anion adsorption approaching full coverage.

5.2.4.2 Surface Oxidation at High Potentials

The Pt d-band vacancy at higher potentials change more strongly as the adsorbed OHags
anions are replaced by more strongly adsorbing oxygen. This strongly adsorbing oxygen leads
to a non-linear increase in d-band vacancy at higher potentials as seen in Figure 5.2.2. This is
seen for both catalysts. The delay of about 0.2 V seen for Pt/BC, however, indicates a lower

tendency of Pt to oxidise if supported on BC relative to being supported on C.

Similarly to the Pt/C curves in Figure 5.2.3a, the Pt/BC Ap curves shown in Figure 5.2.3b have
a positive peak which is attributed to O or OH adsorbates on the Pt surface. The positive peak
generally increases with increasing potential and is attributed to an increased coverage with
oxygen species at the surface on both catalysts 7], The Ap technique also showed an initial

negative response on the Pt/C curves. This feature has previously been correlated with sub-
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surface oxygen due to platinum place-exchange 18231, Sasaki et al. /! confirmed this
relationship between the negative peak in XAS and sub-surface oxygen by X-ray Diffraction
(XRD) analysis. The absence of the negative peak for Pt/BC is noteworthy and ascribed to a
smaller tendency to form sub-surface oxygen on the Pt/BC catalyst, broadly in agreement
with the lower tendency of Pt to oxidise on BC, which might indicate less strongly bound

oxygen on the Pt nanoparticles when supported on the boron carbide-graphite composite.

5.2.4.3 HOR at Low Potentials

The HOR results shown in Figure 5.2.5 are in agreement with previous studies of HOR on a
Pt/C catalyst under high mass transport and low catalyst loading conditions (11121, Zaliltis et
al. 4 thoroughly investigated the HOR current density behaviour and underlying causes
under different experimental conditions; this was followed up by a study utilising theoretical
modelling vyielding further insights [6l. Parameters such as electrolyte, electrolyte
concentration, roughness factors, gas partial pressures, temperature and scan limits were
investigated for the influence on hydrogen oxidation and oxygen reduction reactions,
obtaining a maximum surface area specific current density of 600 + 60 mA.cm™p: for a
commercial 60 wt% Pt/C catalyst. In those studies, it was proposed that the two peaks are
correlated to reactivity at two different surface sites, edges or Pt atoms with low coordination
numbers (low potential peak) and facets (higher potential peak) 2%, The initial current density
drop after the higher potential peak was attributed to anion adsorption impeding the HOR.
This hindrance of the reaction is expected to be most influential at potentials between the
potential of total zero charge (ptzc) and ~0.8 V vs. RHE, where adsorbed anions are displaced

by more strongly adsorbed oxides further impeding the HOR 241,

Noteworthy differences in absolute HOR activity are observed across the entire potential
range. Figure 5.2.5 and Table 5.2.2 show that the maximum surface area specific current
densities are approximately 1.4 times larger on the 20 eq wt% Pt/BC catalyst when compared

to the 20 wt% Pt/C catalyst.

Hygurf +25 5 25 — Hyy (kqa/kages) Tafel Equation 5.2.1

2S—Hyy & 25+ 2H" + 2e” (k3 /KT Volmer Equation 5.2.2
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Table 5.2.3: Rate constants of the Tafel and Volmer steps for hydrogen oxidation on 20 wt%

Pt/C and 20 eq wt% Pt/BC. The molecular symmetry factor, f, is assumed to be %.

H adsorption H desorption H oxidation H reduction
Catalyst koq/ %1076 Kges / 1076 k57 /x107¢ k%% /x107
mol.cm2.s? mol.cm2.s1 mol.cm2.s1 mol.cm2.s?
20 wt% Pt/C 2.44 4.96 5.45 3.82
20 eq wt% Pt/BC 3.65 9.57 4.71 291

The HOR data in the potential range 0 - 0.2 V vs. RHE (i.e. below the ptzc, where anion
adsorption is expected to be negligible) was fitted using the theoretical model derived by
Kucernak and Zalitis ['®! to gain further insights. The Tafel and Volmer steps (described in
Equations 5.2.1 and 5.2.2, respectively) were fitted to determine the rate constants of each
reaction step. Table 5.2.3 includes the rate constants determined at the equilibrium potential,
where kg4 and kg, are associated with the forward and reverse Tafel steps, respectively,
and k;? and k°? are associated with the forward and reverse Volmer steps, respectively. The
fitting of k4.5 contained a high degree of uncertainty since the hydrogen evolution potential
region was not measured. However, this parameter was assumed to be less relevant at
positive potentials and is, therefore, not included in the analysis of the data, all parameters
are included in Table S5.2.3. Table 5.2.3 shows the adsorption of hydrogen to be rate limiting
above the ptzc for both the Pt/C and Pt/BC catalysts. However, the hydrogen adsorption rate
constant on Pt/BC is determined to be approximately 1.5 times faster than on Pt/C, indicating

that the observed higher HOR activity on Pt/BC is due to a more facile Tafel step.

This is broadly in agreement with theoretical work by Ngrskov 2°. Modelling by Ngrskov [2°!
found the Pt-H adsorption state to be the highest energy state (AGu* = +0.03 eV) at high
coverages of Pt(111) fcc sites. Therefore, the adsorption of hydrogen (Tafel step) is expected
to be the rate limiting step of the hydrogen oxidation reaction at high H coverages. Changes
in the d-band filling (and therefore d-band centre relative to the Fermi level) are suggested to
have consequences for covalently stabilised reaction intermediates following N@rskov’s d-

band theory 2%, although electrostatics and other effects should also be considered 271, In
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any case, the faster rate of adsorption of Hag at equilibrium suggests a decrease in the Pt-H

energy state on the Pt/BC catalysts due to electronic metal-support interactions.

However, the work of Ngrskov ?°! also indicated that H is more strongly adsorbed at low H
coverage, which could indicate a change in the rate limiting step above ptzc. Thus, more work
is needed to fully understand the HOR characteristics above the ptzc. Interestingly, the 20
wt% Pt/C and 20 eq wt% Pt/BC catalysts demonstrate qualitatively the same HOR behaviour,
with a loss in current density from 0.42 — 0.8 V vs. RHE of approximately 70% on both catalysts.
As this has previously been attributed to anion adsorption blocking Pt sites for HOR, it is not
immediately clear why the relative loss in HOR activity seems to be largely insensitive to the
larger anion coverage on Pt/BC that we inferred from CO displacement. The anion adsorption
in this potential range include SOs™ groups, present due to the Nafion on the electrode, and
ClOs in the electrolyte. There is the possibility of specifically adsorbed anions carrying
different charge on the surface of Pt/C than on Pt/BC, which introduces some uncertainty for
the interpretation of CO displacement charges. At the same time, changes in the catalyst state
of charge can be expected to not only influence the binding energy of charged adsorbates due
to electrostatics, but will also bear consequences for reaction intermediates as discussed
above. It is, therefore, not immediately clear how these competing effects affect overall
activity. Further work is, therefore, needed to disentangle contributions from anion
adsorption and reaction intermediates to overall HOR activity between the ptzc and the oxide

region.

5.2.4.4 HOR at High Potentials

Turning to potentials above 0.8 V vs. RHE, the HOR is adversely impacted by oxide species at
both Pt/C and Pt/BC. The Pt/BC catalyst, however, shows a better retention of HOR activity,
leading to an order of magnitude higher HOR current at 1.1 V vs RHE compared to Pt/C, as
clearly shown in Figure 5.2.5. The HOR improvement at 1.1 V vs. RHE on the 20 eq wt% Pt/BC
is reportedly due to less oxide formation at these potentials, and thus more free Pt sites for
hydrogen oxidation to occur 6. This is in agreement with the observed trends in d-band
vacancies on the 20 eq wt% Pt/BC shown in Figure 5.2.2, which also suggested less oxide

formation or strongly bonded oxygen species at high potentials.
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5.2.5 Conclusion

The influence of charge transfer due to electronic metal-support interactions on
electrochemical characteristics of supported Pt nanoparticles was investigated over a wide
range of potentials. In-Situ X-ray Absorption Spectroscopy demonstrated significantly
different responses to potential changes and adsorbates on Pt/BC when compared to Pt/C
catalysts. The d-band vacancy of the Pt/BC catalyst in the double layer region is larger than
that of the Pt/C catalyst; this was correlated with increased anion adsorption at potentials
positive of the ptzc. Additionally, a 0.2 V delay in oxide formation on the Pt/BC compared to

Pt/C was observed.

The Au technique, employed to analyse the XAS spectra, enhanced the sensitivity of the
spectra to enable detection of -OH adsorption on the Pt surface, and the subsequent
vulnerability of the Pt nanoparticles when supported on carbon to disruption by the presence
of sub-surface oxygen. This sub-surface oxygen was not detected on the Pt/BC catalysts,
suggesting a platinum surface that is more stable when supported on the boron carbide-

graphite composite support material.

The Hydrogen Oxidation Reaction (HOR) studies under high mass transport and low catalyst
loading conditions showed enhanced activity on the Pt/BC catalyst, when compared to the
Pt/C catalyst. This increase in activity is attributed to changes in the Tafel step. Pt supported
on BC led to a faster rate of adsorption of Haq at equilibrium, suggesting an increase in Pt-H
adsorption energy on Pt/BC catalysts close to equilibrium and, therefore, enhanced HOR
activity on Pt/BC. Additionally, less oxide formation at higher potentials was noticed in HOR
activity at 1.1 V vs. RHE on the 20 eq wt% Pt/BC, confirming the resilience of Pt/BC against

sub-surface oxidation as asserted from the d-band vacancy at high potentials.
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Figure S5.1.1: Cyclic voltammograms in Ar, Cyclic voltammograms in CO and CO stripping

voltammograms in 0.1 M HClO4 at room temperature for a) 10 wt% Pt/C, b) 20 wt% Pt/C, c)

40 wt% Pt/C, d) 10 eq wt% Pt/BC, e) 20 eq wt% Pt/BC and f) 40 eq wt% Pt/BC.
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Figure S5.1.2: 3 representative CO displacement curves in 0.1 M HCIO4 at room temperature
for the 10, 20 and 40 wt% Pt/C and 10, 20, 40 eq wt% Pt/BC catalysts.
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Table S5.2.1: First to fourth coordination numbers of the 20 wt% Pt/C and 20 eq wt% Pt/BC

catalysts at different potentials.

Catalyst Potential N (Pt-Pt1) N (Pt—-Pto) N (Pt — Pt3) N (Pt — Pt4)
/ V vs. RHE
20 wt% Pt/C 0.268 11.20+ 0.6 7.16+2.3 13.81+5.1 8.28+1.7
0.408 10.95+ 0.6 6.42+2.2 14.64 +5.2 9.00+1.8
0.778 11.17+0.6 6.551+2.6 15.19+5.7 9.16+1.9
0.948 10.88 £ 0.6 6.00%2.1 14.83+5.1 8.89+1.8
1.038 10.34+ 0.6 522+2.1 15.19+5.9 9.38+2.0
20 eq wt% Pt/BC 0.298 9.62+£0.5 433+2.0 10.83+4.3 7.94+1.8
0.448 9.72+0.4 3.89+1.7 12.52+4.6 894+1.7
0.728 9.77+0.4  4.42+1.7 11.38+3.9 8.19+1.5
0.958 9.78+0.4 491+1.7 11.23+3.8 83014
1.038 9.30+04 438+1.8 9.89+3.5 8.03t1.6
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Table S5.2.2: First to fourth distances of neighbouring atoms of the 20 wt% Pt/C and 20 eq

wt% Pt/BC catalysts at different potentials.

Potential R(Pt-Pt1) R(Pt—Pt;) R(Pt—Pts) R(Pt—Pts) RError

Catalyst . . . . .
/ V vs. RHE /A /A /A /A /10 A
Pt/C 0.268 2.759 3.902 4.779 5.518 7.10
0.408 2.759 3.902 4.779 5.518 6.69
0.778 2.760 3.903 4,781 5.520 7.43
0.948 2.761 3.905 4,782 5.522 7.00
1.038 2.761 3.905 4,783 5.523 7.55
Pt/BC 0.298 2.751 3.891 4.766 5.503 7.64
0.448 2.752 3.891 4,767 5.505 6.43
0.728 2.753 3.893 4.768 5.506 6.36
0.958 2.753 3.893 4.768 5.506 6.25
1.038 2.753 3.893 4.768 5.506 6.61
i 50 0225V -. r :50 —0.230V N
7 —Ge j —ov ]
r.vEE i 1 ~E§ L ]
< t < - B
EE N 1 = | ]
J\V\f 20 W% PYC ] 20 eq Wt% PUBC ]
5 ‘ 1‘0 ‘ 2‘0 l 3‘0 4‘0 . SID (I) 1‘0 2‘0 310 4‘0 5‘0
Time /s Time /s

Figure S5.2.3: The CO displacement transient curves for 3 potentials on the 20 wt% Pt/C and

20 eq wt% Pt/BC catalysts in 0.1 M HCIO4 at room temperature.

160



a0 |

20

1
Pt

Current / A.g,
o
T

40

——20W%HPYC |
—— 20 eq wi% PYBC

0.0

02 04 06 08
Potential / V vs. RHE

1.0 1.2

1

Pt

Current / A.g

350
300
250
200
150
100

50

-50
-100

-130

0.0

CHAPTER 5

- —— 20 eq wt% P¥BC

— 20 wit% PY/C

0.2

0.4 0.6 0.8
Paotential / V vs. RHE

Figure S5.2.4: (a) Cyclic voltammograms and (b) CO stripping voltammetry of Pt/C and Pt/BC

in a nitrogen saturated 1 M HCIO4 electrolyte solution at room temperature and a scan rate

of 10 mV.st.
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Figure S5.2.5: HOR curves for Pt/C and Pt/BC catalysts with the fitted model in the potential

range of 0 —0.2 V vs. RHE.
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Table S5.2.3: Fitted and Derived Parameters used to model HOR data, where B is the

TV,eq. . N
molecular symmetry factor, HHadeqls the coverage of Hqa species at equilibrium and AadsGI-elz

is the free energy of adsorption per mole of bimolecular hydrogen 116,

Type 20 wt% Pt/C 20 eq Wt% Pt/BC
B
P Fit 0.702 0.618
(where B = k—)
des
Z
el Fit 1.100 0.492
(where Z = —2-)
kages
8 Fixed 0.5 0.5
TV,eq
eHad
Veq ) Derived 0.412 0.382
(where 8, = 1
AgasG, Derived 1755 J.mol? 2390 J.mol?
kges Derived 4.96 x10° mol.cm?.s?  9.57 x10® mol.cm™.s
kaa Derived 2.44 x10® mol.cm?2.s?  3.65 x10®° mol.cm2.s!
k! Derived 5.45 x10® mol.cm?.s'  4.71 x10® mol.cm2.s!
eq
k=3
B Derived 3.82x10%mol.cm?s? 291 x10® mol.cm2.s?
(where k%9 = —2)
ag+
Real change current
density
TV Derived 0.217 A.cm? 0.173 A.cm?
(where 22— =
kaes
TV,eq
FOu,/.' Z
Linear extrapolation .
Derived 0.130 A.cm? 0.131 A.cm™

exchange current
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(where =— 2o
K

des
TVeq )
H d 1.1
‘ (Z+4+4B)

Anodic Limiting Current

TV
(where 22— = = 2FB?)

des

Derived

Cathodic Limiting

jTV
Current (where k°

2F)

= Derived

des

0.472 A.cm™?

-0.958 A.cm™

CHAPTER 5

0.704 A.cm™

-1.846 A.cm™
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Chapter 6

Conclusion and Future Outlook

Platinum was successfully deposited on silicon carbide and boron carbide-graphite composite
support materials. These catalysts were compared to commercial Pt/C catalysts in order to
investigate metal-support interactions and this influence thereof on electrocatalytic activity

and catalyst durability.

6.1 Metal-Support Interaction and Adsorption

The carbide/carbide-graphite supported Pt catalysts were more positively charged under
potentiostatic control in electrochemical environments when compared to Pt/C. The
electronic interaction between Pt and the support was first explored using X-ray
photoelectron spectroscopy (XPS). Once the spectra were normalised for the same C-C peak
in the C 1s spectra, shifts in the binding energy of Pt 4f in relation to this C-C peak were used
as an indication of charge transfer differences between supports. The Pt/SiC XPS spectra
showed a shift of the Pt 4f spectra to higher binding energies of 0.4 - 0.6 eV from Pt/C, while
the Si-C bond in both the Si 2p and C 1s spectra shifted to lower binding energies when
compared to bare SiC. A similar trend was observed in the XPS Pt 4f spectra on the Pt/BC
catalysts, with a shift of ~ 0.6 eV to higher binding energies from the Pt 4f spectra of Pt/C.
These increases in Pt 4f binding energy on the SiC and BC supported catalysts, compared to
Pt/C, suggested more electron transfer from the SiC and BC to Pt metal than from C to Pt. This
stronger electron transfer can be rationalised by a larger difference in work function (®), as
illustrated in Figure 6.1. The equilibration of the respective Fermi levels resulted in a more
negatively charged Pt particle on the Pt/SiC and Pt/BC catalysts under UHV conditions by a

metal-support interaction.

Characterisation of the carbide/carbide-graphite composite supported catalysts in
electrochemical environment suggested, however, more positively charged Pt particles on

the Pt/SiC and Pt/BC catalysts as in-situ X-ray absorption near edge spectra (XANES) showed
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an increase in Pt d-band vacancy, compared to Pt/C. This apparent reverse in charge was

explained by noting the difference between UHV and potential controlled environments.
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Figure 6.1: lllustration of equilibration of fermi levels on charge transfer from support to Pt

The XPS spectra were collected under UHV and, hence, overall charge neutrality, whereas
electrochemical responses were influenced by the potential and adsorbates on the Pt surface.
As illustrated in Figure 6.2, the catalyst work function is proportional to the potential of zero
charge (pzc), thus the smaller work functions of the Pt/SiC and Pt/BC catalysts compared to
Pt/C catalyst should result in a shift to lower pzc’s. Under the same potential, the supported
catalysts are at varying AV from their pzc (Figure 6.2), with Pt/SiC and Pt/BC further from pzc
compared to Pt/C. The larger the AV, the more positively charged the Pt surface, therefore
the Pt/SiC and Pt/BC catalysts demonstrate a more positively charged surface than the Pt/C
at the same potential. The d-band vacancies on the catalysts in the double layer potential
region, as given by in-situ XANES, follow the order Pt/SiC (0.424 holes) < Pt/BC (0.404 holes)

< Pt/C(0.355 holes), which is in reasonable agreement with expected support work functions.

This simple understanding, however, should be expected to have limited validity in
electrochemical environments as electrosorption phenomena complicate the interaction

between charged catalyst particles and the electrolyte/adsorbates/intermediates. The CO
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displacement charge was investigated on the Pt/BC and Pt/C catalysts to probe
electrosorption characteristics. These CO displacement results displayed a clear increase in
charge density of both anions (<ptzc) and cations (>ptzc) on the Pt/BC catalysts at potentials
around the ptzc. Further, the gradient of the CO displacement charge was Pt loading
dependent for Pt/BC (larger gradient for higher loading), whereas such a dependence of the
gradient could not be seen for Pt/C. The charge displacement gradient is not well understood.
However, these results give an indication of an effect on electrosorption on the Pt supported

nanoparticles for cations, as well as anions, due to an electronic metal-support interaction.

c Pt/C Pt
~5eV ~5.5eVv
ADp
cht/C *A + eV
~4-4.5eV A I ~5.5eV
Pt-BC
SiC Pt/SiC Pt
“arasev I ~5.5eV
Y
Ath/Sic where V > pzc
I e e e e e e e e e e =
f AV
Y e /By
Pt/SiC
Pt/BC

anion absorption
—

Figure 6.2: lllustration of the proposed relationship between the work functions of Pt and the
support materials on the overall catalyst work function, the work function relationship with
potential of zero charge (pzc) and potential of zero charge and anion adsorption at a potential

(V).
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6.2 Oxide Formation on Carbide Supported Catalysts

The Pt/SiC and Pt/BC catalysts were less prone to oxidation. The Pt d-band vacancy at
potentials in the oxide adsorption region change more strongly as the adsorbed anions are
replaced by more strongly adsorbing OH and oxygen species. The strongly adsorbing oxygen
species lead to a non-linear increase in d-band vacancy at higher potentials. This non-linear
increase in d-band vacancy was seen on all catalysts, however, a delay of about 0.2 V was
seen on the Pt/SiC and Pt/BC catalysts, indicating a lower tendency of Pt to oxidise if

supported on the carbides relative to being supported on C.

Correspondingly, the Au technique demonstrated a more stable Pt surface during O or OH
species adsorption. The Au technique showed an initial negative response on the Pt/C curves,
attributed to sub-surface oxygen on the Pt surface due to place-exchange. The absence of the
negative peak on the Pt/SiC and Pt/BC catalysts is noteworthy and ascribed to a lower
tendency to form sub-surface oxygen on the SiC and BC supported catalysts. This was in
agreement with the lower tendency of Pt to oxidise on carbide support materials.
Additionally, less oxide formation at higher potentials was noticed in HOR activity at 1.1 V vs.

RHE on the Pt/BC, confirming the assertions from the d-band vacancy at high potentials.

6.3 Electrochemical Activity

The Pt/BC catalysts showed higher activity for the oxygen reduction reaction (ORR) under
rotating disc electrode (RDE) conditions. The Pt/BC catalysts followed a similar particle size
dependence as seen for Pt/C, but a ~50 % higher surface area specific activity at 0.9 V vs.
RHE. The increase of surface area specific current density was significantly larger than the
commercial Pt/C catalyst activities measured in this study, and other published research
utilising similar carbons. It was, therefore, concluded that electronic equilibration between
the support material and the Pt nanoparticles affected the ORR activity of the catalyst. At high
potentials, higher ORR activity was correlated with lower oxophilicity of the Pt surface. The
more positively charged Pt surface at intermediate potentials, with anion adsorption
approaching full coverage, seems to not be too strongly adsorbed as to hinder oxygen
reduction activity, while the delay in the onset of a strongly bonded oxide surface assists in

oxygen reduction activity. This phenomenon is not completely understood.
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HOR studies under high mass transport and low catalyst loading conditions showed enhanced
activity on the Pt/BC catalyst, when compared to the Pt/C catalyst. This increase in activity
was attributed to changes in the Tafel step at potentials below the ptzc. Pt/BC was shown to
have a faster rate of adsorption of Haiq at equilibrium, suggesting an increase in Pt-H
adsorption energy on these catalysts close to equilibrium and, therefore, enhanced HOR

activity on Pt/BC.

The SiC support was not sufficiently conductive and therefore carbon was added to the
catalyst ink to improve conductivity of the Pt/SiC catalysts for electrochemical testing.
Although electronic metal support interactions on these catalysts was observed, the Pt
nanoparticles were unstable on the SiC support which resulted in Pt agglomerated and some
Pt migration into the carbon surface during sonication of the catalyst ink. Consequently, the
influence of a metal-support interaction on ORR activity could not be determined accurately

on the Pt/SiC catalysts.

6.4 Accelerated Durability Tests

The degradation of ECSA during the catalyst durability study (0.6 — 1 V vs. RHE) was
considerably faster on the Pt/C catalyst compared to the Pt/BC catalyst. Since particle sizes
and shapes of both catalysts were initially similar, this difference in degradation rate between
the catalysts was not attributed to differences in particle size or shape. Therefore, a stronger
electronic metal-support interaction between Pt and the BC support is suggested to reduce
platinum dissolution and/or agglomeration during potential cycling. The ORR activities of the
degraded catalysts suggested that Pt agglomeration was inhibited for Pt/BC relative to the
Pt/C catalyst, and degradation on the Pt/BC catalyst was predominantly due to Pt dissolution.
It was proposed that a stronger dipole field was formed at the Pt:BC interface relative to Pt:C
interface. This stronger dipole interaction was suggested to reduce the mobility of Pt
nanoparticles on the surface of the BC support and thus reduced Pt agglomeration during
degradation cycling. In principle, the stronger dipole field allows the Pt nanoparticles to adopt
a lower energy state on BC, which may mitigate dissolution as well. Additionally, the Pt/BC
catalysts have demonstrated a decrease in surface oxidation at potentials below 1 V vs. RHE,
associated with Pt dissolution, further assisting with stability during degradation cycling.
Catalyst degradation on Pt/SiC+C showed slight support surface oxidation at these potentials
which resulted in a less well refined Hupp region and subsequent decrease in ECSA. The cyclic

168



CHAPTER 6

voltammograms shown before and after 6000 cycles demonstrate less change to the Hupp
region when compared to Pt/C, however, due to the low initial ECSA and changes to the
support capacitance after degradation, small changes to this region result in a larger
percentage ECSA loss during cycling. However, the electrochemical characterisations for the
Pt/SiC+C catalysts were unreliable due to the Pt agglomeration during sonication of the ink

before testing.

Catalysts on all supports showed clear activity loss if cycled at high potentials. However,
activity loss on C and SiC+C was attributed to carbon corrosion and Pt
detachment/dissolution, while activity loss on BC was suggested to be due to formation of an
insulating oxide layer rather than Pt detachment/dissolution. The support durability (1.0-1.5
V vs. RHE) was completed on the bare supports, as well as the Pt/BC, Pt/SiC+C and Pt/C
catalysts. The cyclic voltammograms after degradation of the bare carbon and SiC+C materials
presented significant oxidation, indicated by an increased capacitance. The degradation of
carbon at high potentials was described as an increase in interfacial double layer capacitance
due to a more hydrophilic surface or an increase in the roughness of the carbon surface. The
increase in capacitance in the SiC+C cyclic voltammograms was also attributed to an increase
in the carbon hydrophilicity and/or roughness on the carbon surface. The BC degradation
showed a reduction in current after cycling, this was attributed to the oxidation of boron
carbide, and thus the support surface is dissolved into the electrolyte or, more likely, an

insulating oxide layer is formed on the surface of the support material.

The Pt/C cyclic voltammograms after cycling (1.0 — 1.5 V vs. RHE) showed the double layer
charging increased after the durability study and the Pt ECSA decreased significantly after
6000 cycles. This was explained by the weakening of the attached platinum on the carbon
surface by the oxidation of carbon, leading to platinum detachment from the surface. This
process leaded to platinum agglomeration as well as platinum dissolution, both resulting in a
loss of active surface area and therefore reaction activity. This assertion was confirmed by
TEM images of Pt/C after degradation (1.0 — 1.5 V vs. RHE), which displayed significant Pt
agglomeration. Cyclic voltammograms before and after degradation of the Pt/SiC+C catalyst
demonstrated a significantly reduced Hupp region after 6000 cycles. It was asserted that
degradation was due to an increase in the carbon hydrophilicity and/or roughness on the

carbon surface, as it appeared the degradation of Pt/SiC+C mimicked that of Pt/C. However,
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the Pt/SiC+C catalyst was considerably less durable than Pt/C, rendering the SiC+C support an
unattractive alternative support material to carbon. The deactivation of the Pt/BC catalyst
was explained by an insulating boron oxide layer, which reduced the electroactivity of the
material. The insulating boron oxide layer formed at high potentials caused a more resistive
support, which resulted in a cyclic voltammogram without Pt features. However, unlike the
Pt/C catalyst at high potentials, TEM images after degradation of the Pt/BC catalyst did not
show Pt agglomeration. This continued stability of the Pt nanoparticles when supported on
BC, despite the oxidation of the BC surface, re-affirmed the lower mobility of Pt nanoparticles
on the surface of the BC support and thus reducing Pt agglomeration during degradation
cycling. It also allowed to speculate that degradation might be reversible if the support can

be reversibly reduced again after oxide formation.

6.5  Future Outlook

In this thesis, the electronic metal support interactions between platinum and selected
carbide based supports were explored, which were shown to influence the electrochemical
characteristics of the catalyst. Stronger conclusions on the validity of the theory described
above can be only be drawn if further investigations take place on a number of different
supports with a range of work functions. In addition, the work functions of carbides vary
significantly by changes to the crystal structure and surface features. Therefore,
measurements of the work functions of the supports used should be done. Additionally, the
correlation between potential of total zero charge, charge displacement gradients and work

function requires a deeper understanding in future works.

Further investigations are also needed into the stability of alternative support materials at
high potentials (1 — 1.5 V vs. RHE) and the formation of the insulating oxidised layer on the
support at these potentials. This investigation should include high temperature (80 °C)
degradation studies at high potentials to more accurately mimic degradation in a fuel cell. It
would also be interesting to widen the research into other support materials, such as stable
oxides. Lastly, it is imperative to test these catalysts in a fuel cell, to investigate if the ex-situ

characterisations hold true under more relevant conditions.
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