Universiteit

4 Leiden
The Netherlands

Operando Spectro-electrochemical investigations of Pt and Pt-alloys as

fuel cell catalysts
Nagra, H.J.

Citation
Nagra, H. J. (2025, September 25). Operando Spectro-electrochemical investigations of Pt
and Pt-alloys as fuel cell catalysts. Retrieved from https://hdl.handle.net/1887/4262106

Version: Publisher's Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/4262106

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4262106

Operando Spectro-electrochemical
investigations of Pt and Pt-alloys as Fuel Cell
Catalysts

Hassan Javed Nagra



Promotor:
Prof. dr. M. T. M. Koper
Co-promotor:

Dr. R. V. Mom

Promotiecommissie:

Prof. dr. M. Ubbink

Prof. dr. L.J.C Jeuken

Prof. dr. J.M. van Ruitenbeek

Prof. dr. E. A. Lladé (AMOLF Amsterdam)

Dr. I. Khalakhan (Charles University, Prague)

The work presented in this thesis was financially supported by the Netherlands Organization
for Scientific Research (NWO, grant # ECCM.TT.001).

ISBN:




Operando Spectro-electrochemical
investigations of Pt and Pt-alloys as Fuel Cell
Catalysts

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op donderdag 25 september 2025

klokke 14.30 uur
door
Hassan Javed Nagra

geboren te Lahore, Pakistan

in 1992



Table of Contents

Chapter-1: INtroducCtion.......ccccieeiiieeiiteeieeiieeiereeiienereeiernereneresssensesessssnsesanes 1
1.1 Oxygen Reduction Reaction and Polymer Electrolyte Fuel Cells............... 1
1.2 Degradation Mechanismsin a Fuel Cell........couoveieiiiininin e 2

1.3 Near Ambient Pressure X-ray Photoelectron Spectroscopy.........cccecveuee. 6

1.4 Soft X-ray Absorption SPeCtroSCOPY.....cuvvririiierieriessrrree et se e e e se e 8
1.5 Outline of the thesis......cccirecice e e 9
RETEIENCES. ..o et st e e e sae e e e b s e saeenaene 10

Chapter-2: A Laboratory based electrochemical NAP-XPS system for operando

electrocatalysis StUIES.........cecvveererceriiristeeciseerecieeeescseeeesssneesessasesesssssasasssssasesens 14
2.1 INTFrOAUCTION. ..ottt s e et st s s e e s ee e e 15
B A VA X< 0 (1 D LT T o P TSP 16

i) In situ EC-XPS cell eXtensioN...... coocvcceevieccee et e 17

i) Membrane electrode assembly (MEA).......ccooevieiecceece e 19
2.3 Experimental Methods..........cooviciiieie e e 22
2.4 RESUIES ..ttt e et st s sae e ettt e et e s et enaebaennas 23

i) Pt oxidation in Acidic Media...... .ecceciieceee e 23
2.5 CONCIUSIONS .. ettt sttt ettt et ae st st st eb et et e e e eneeaes 29
RETEIENCES. ...ttt e st st e e e e ettt eeas 30

Chapter-3: A structural model for transient Pt oxidation during fuel cell start-

up using electrochemical XPS...........ueererecceinrrrrnerccneeseeeeceess s essseessnsssnsenens 35
3.1 INTFOAUCTION. ...ttt ettt st e s s s e s e e e e e 36
3.2 METROAS. ... et e e st e e 37
i) Electrochemical measurements .......cccoceee e cecececceeceeceeeece e 37
ii) In SitU X-ray SPECIrOSCOPY eeevvrrririirrierierietetie ettt e e ere et sreere e 38

3.3 ROSUIES AN DiSCUSSIONS.cceuetueeeeeereerereereeeereeesereeeereeresseseeseessesesssesesssesesesensseeees 39



i) Electrochemical measurements ........ccoeeveeieveeieicecvevvecse e e 39

i) In-situ oXidation Of Pt.......cccoeeees e 41
iii) Pt oxide thickness Modelling..........ccceceiveneeveireerecce e 42
. IR A 0o Tol [V o 1= OO OO 44
RETEIENCES ..ttt e et st e s st st st e sre e e 46

Chapter-4: The potential-dependent structure of Pt3Ni alloy electrocatalysts

and its effect on electrocatalytic actiVity......cccceceeerreerrcrirrserecneensenreceenneeeennes 51
4.1 INErOAUCTION ... .oiiititieeieeiee ettt sttt ettt er s e e e e e 52
4.2 IMEENOUS.....ccii et st st st st s sre s e e er e e 53

i) IN SitU X-ray SPECLIOSCOPY..uiirirrrererteiteeeeste et ereeseeseesreereer s e e e e e s 53

ii) Electrochemical measurements.........ccccceeveeeieeneeceeceeeeccee e e 53
4.3 Results and DiSCUSSIONS.......cceviriiririeieieniee e sie e e et esseseessesseesensensesaens 54
4.4 CONCIUSIONS. ...ttt ettt st s e st st e e e e e 61
RETEIENCES. ..ttt s et e st e b eae e saeene e 62
A: Supplementary Information for Chapter 2.........cccvveeeeirveerceereceenrereenne. 67
A2.1 Manipulator and load l0Ck deSigN........cccevueeveeeeceerirecceeee e 68
A2.2 Main Chamber.......cooiiiieree e et e 69
A2.3 X-ray source and ANAIYZEr.......cccecveeieeieieeee ettt et sae v eaeenees 69
A2.4 Electrolyte and Gas SUPPIY....eeececeeiie et 70
A2.5 Safety INterlock SYyStEM.........cceee e e 71

i) Pressure Safety INterloCK........ooiveieccene et 71

ii) Power Failure INterloCK..........cvvveeiiiciee e 72
A2.6 BaKE OUL...uiuiiiiiiieiiieiieen ettt s st et e es e e et e st sae s 72
A2.7 ClEaNING PrOCESS. ..ceiuiiieeeeteeeertieeeste et esteessressaesseseseesseessesseaesaessassesneessessnns 72
A2.8 Curve fitting parameters for PL A ... 72
A2.9 SEM Images of graphene on MEA...........cooieece e 73

RO BN CS . ..ottt e e e e e e e eeaeeeeeseasaseeaeeeessansannnseasssnsenassessanannneennnes 75



B: Supplementary Information for Chapter 3.........ccvervceerivcveenrenrecseencnnens

B3.1 Insitu cell sample preparation...........cececieinnese e
B3.2 Change in oxidation states of Pt with potential.......ccccoceeveiireieiine.
B3.3 Catalyst wetting observed via XAS spectra........ccccoeveevveviecciecce e
B3.4 XPS data fitting parameters

......................................................................

B3.5 Charge transfer calculation for the XPS data.......cccoeevveeieveeviecce e
B3.6 XAS experiments with consecutive voltage pulses........ccccceevvvverenne.n.
B3.7 Extended potential pulse experiments........ccevevvviecervenieninnnsese e

B3.8 Modelling oxide layer thickness

B3.9 Ertl and Kupper’s model

References

C: Supplementary Information for Chapter 4..........oovvreeevrenerrcrveerecrennennns

C4.1 Nafion membrane activation

.....................................................................

C4.2 Glassy carbon electrode preparation

--------------------------------------------------------

C4.3 Membrane electrode assembly preparation

...........................................

.......................................................

C4.4 Graphene deposition on Nafion MEA

C4.5 EDX sample analysis

.....................................................................................

C4.6 Cell design

.....................................................................................................

------------------------------------------------------------------------------------

C4.7 Pt 4f XPS data fitting

C4.8 Pt 4f/ Ni 2p peak area integration

-------------------------------------------------------------

C4.9 Pts3Ni SEM

......................................................................................................

C4.10 XAS data processing for Ni Ls edge

----------------------------------------------------------

C4.11 Pt & Pt3Ni cyclic voltammetry and activity.

C4.12 Ni 2p potential dependent XPS Spectra.......ccceeveevveeceeeceecerecire e e e,
References

---------------------------------------------------------------------------------------------------------------

D: SUMMAry & OULIOOK........cccccvueeiiceirneniiereneiennecsnneesessssnneesessanensnsnsessnsnssenes



10 0] 4 111 V7SRO SPR PSPPSR 96

Nederlandse samenVatting.......ccccovievieviesieie e 98
(@11 d (o o | SO OPRORRTSTSN 100
Perspectief op vervolgonderzoeKk.........c.uvvveiecicieninnesscerseese e 101
E: List of publications........ccccveeiecceiicinnenicrnntnccennescnneeccennesensessnseesessnsasesnens 102
F: Curriculum Vitae.......occeviiiuieiiiniiisinnninns s s ssssssssnssssssesss e 103

G: Acknowledgements..........cccvveieninnninnsnnnninennnnninensnssnsnessssssssmsss e 104



