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Background / Problem:
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The Future: Fuel Cells

gross weight 2265 kg
payload          439 kg

Jeff Dahn 
@ Dalhousie University

J. Electrochem. Soc. 166 A3031 (2019)
Abstract:
...We conclude that cells of this type 
should be able to power an electric 
vehicle for over 1.6 million kilometers 
(1 million miles) and last at least two 
decades in grid energy storage. …
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The Future: Fuel Cells
MB GenH2 Truck specs:
up to 1,000 km
80 kg liquid H2

300 kW fuel cell
70 kWh battery

2 electric motors with 2x 230 kW
2x 1,577 Nm of torque

gross weight 40 tons 
payload 25 tons



YouTube: 2021 Toyota Mirai - how it works and what's changed

The Future: Fuel Cells
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The Future: Fuel Cells

Uref = μ0



Adapted from M.T.M. Koper, Electrochim. Acta, 2011, 56, 10645 
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Pt(111) Electrochemistry in 0.1 M HClO4:
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Gómez-Marín, A., & Feliu, J. Electrochim. Acta, 2012, 82, 558–569
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Problem: Deterioration of Electrode
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Background / Problem:



Atomic-Scale Identification of the Electrochemical 
Roughening of Platinum:
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Surface & Electrochemical Evolution:
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reduction

oxidation
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Roughening Process:



All the Oxides…

Valls Mascaro, Electrochem. Soc. 2023
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All the Oxides Structures…

Pt-OH
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J. Drnec et al.; Electrochimica Acta 224, 220 (2017)
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All the Oxides Structures…
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Reversible
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Pt(111) Oxidation: Reversible PE Adatom Gas

M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023

repulsive interaction
=>
reversible Place Exchange Atoms 

maximize distances



Pt(111) Oxidation: Formation of 1D Chains / Spokes
Reversible PE atom density high
=>
energetically more favorable to form 

1D rows (or spokes).

rows resemble a α-PtO2 structure
with larger lattice constant than Pt
=> stress is generated

stress partially reduced by a buckling,
but at ends rows push into surface

M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023



Pt(111) Oxidation: Growth of Rows / Spokes
7 α-PtO2 units exactly match 8 platinum units 
=> stress relaxed by pushing out one atom

cross section still shows stressed row

entropy
=> rows align along all 3 orientations

M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023



Pt(111) Oxidation: Creation of Irreversible PE Atoms
all rows reached critical lengths,
all rows pushed out one atom

disordered network of rows appears
type of spoke wheel structure 
=> serves as the nucleation sites 

that a priori did not exist

cross section shows a relaxed row
one platinum atom is pushed onto surface

M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023



Pt(111) Reduction: Adatoms & Vacancies
reduction: oxygen atoms are removed
reversible Place Exchange Atoms fall back 
into their holes

pushed out atoms remain 
as well as their holes

Nucleation and growth occurs 
=> surface changes,

which is (one of) the reasons for the 
deterioration of the electrode in a fuel cell.

M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023



What to Learn from Scan Rate Dependent Measurements ?

B.Valbæk Mygind
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Kink = Very Special Site!

Step Lengths 1

Step Lengths 2



Kink Defines Adatom Formation Energy!

Step Lengths 1

Step Lengths 2

Step Lengths 1
+ 1 atomic unit

Step Lengths 2
- 1 atomic unit

Step Lengths = Step Energy = const.

E form,adatom :=
atom from kink onto terrace !



Chemical Potentials & Adatom Pressure:

Entropy InteractionE form,ad.

Adatom Pressure follows
Boltzmann Distribution



Arrhenius follows Frumkin to describe 
Atomic Diffusion involved Peaks CVs:
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Delay due to Atomic Diffusion: 
Pt atom has to diffuse up, while 2 oxygen’s diffuse subsurface

4 fit parameters:
E0

form, w, 0, E0
diff
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4 parameter numerical fit: E0
form, w, 0, E0

diff

Experiment

Model / Fit



Accounting for Dipole Moments thus Potential Dependence:
Brønsted–Evans–Polanyi (BEP)

6 fit parameters:
E0

form, form w, 0, E0
diff, diff



6 parameter num. fit: E0
form, form w, 0, E0

diff, diff

Experiment

Model / Fit

Best Fit:
E0

form,= 1.11 eV & form = 0.0704
w = 0.0068
0= 6.9E13

E0
diff= 1.27 eV & diff = 0.7278



Kinetic Monte Carlo Approach on 2:



6 parameter fit: E0
form, form w, 0, E0

diff, diff
Best Fit:

E0
form,= 1.11 eV & form = 0.0704

w = 0.0068
0= 6.9E13

E0
diff= 1.27 eV & diff = 0.7278

Per Stoltze, Phys.Condens.Matter 6, 9495 (1994) 
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6 parameter fit: E0
form, form w, 0, E0

diff, diff
Best Fit:

E0
form,= 1.11 eV & form = 0.0704

w = 0.0068
0= 6.9E13

E0
diff= 1.27 eV & diff = 0.7278

Determination of
Fundamental, Atomic Quantities



towards an analytical fit:

6 fit parameters:
E0

form, form w, 0, E0
diff, diff



after quite some math…:
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after quite some math…:



we do have a solution…:



after quite some math…:

Till now
not capable of plotting….



after quite some math…:
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