Arrhenius follows Frumkin
to describe Atomic Diffusion involved Peaks in Cyclic Voltammograms:

the Reversible Place-Exchange on Pt(111)
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Surprising Aspects of Pt(111) Oxidation and Reduction:

Unravelling Four Different Oxidation Stages
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Surprising Aspects of Pt(111) Oxidation and Reduction:
Unravelling Four Different Oxidation Stages
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Background / Problem:
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The Future: Fuel Cells

bstract: f
...We conclude that cells of this type
hould 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.-—" 600 km 21s 322 km/h 1,020 hp

Range 0-100 km/h* Top Speedt Vehicle Powert
(WLTP)
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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
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YouTube: 2021 Toyota Mirai - how it works and what's changed




The Future: Fuel Cells

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




Pt(111) Electrochemistry in 0.1 M HCIO,:

H,O + * 5 OH_ 4.+ H* + e

| double
T+ 5 Hads + HZO Iayer

region

0.4 0.6
E/V, .

Adapted from M.T.M. Koper, Electrochim. Acta, 2011, 56, 10645




Problem: Deterioration of Electrode

Goémez-Marin, A., & Feliu, J. Electrochim. Acta, 2012, 82, 558-569
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Background / Problem:

Pt dissolution

Green Car Congress Pt nano particles

Energy, technologies, issues and policies for sustainable mobility

Pt disfolutiog, o g4

Toyota details design of fuel cell systemin Mirai; J = /R | £8

Carbon oxidation
work on electrode catalysts

While other major automakers have either introduced (Hyundai, Honda) or are in After

Fall off Pt particles
serious development of new hydrogen fuel cell vehicles for the market, Toyota

continues to take the point in not just promoting, but also supporting the broader

H
technical (and infrastructure) development required for a large-scale realization of ) Agglomeraﬂon®m550m"0!- Reduction®@ Fall off
hydrogen-based electromability. (Ostwald growth)
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Atomic-Scale ldentification of the Electrochemical

Roughening of Platinum:
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L. Jacobse, Y.-F. Huang, M.T.M. Koper, and M.J. Rost, Nature Materials, doi: 10.1038/541563-017-0015-z



Roughening Process:




All the Oxides...

Pt(111) in 0.1 M HCIO4, with 50 mV/s and [0.06;1.35] Vgpye
150 A n
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—100 A
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Valls Mascaro, Electrochem. Soc. 2023 @ [Varue]




All the Oxides...

Pt(111) in 0.1 M HCIO,, WIth 50 mV/s and [0.06;1.35] Vgpue

—100 A

are oxidized!
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All the Oxides...
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—100 A

are oxidized!

0.0 0.2 0.4 0.6 0.8 1.0
Valls Mascaro, Electrochem. Soc. 2023 @ [Varue]




All the Oxides...

Pt(111) in 0.1 M HCIO4, with 50 mV/s and [0.06;1.35] Vgye
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All the Oxides Structures...

Reversible
Pt(111) in 0.1 M HCIO4, W|th 50 m\ Place-Exchange | v,
c) FEIRIH )
A A A.A.A.

b e

N PO, / Pt(111) &
A

are oxidized! :

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
J. Drnec et al.; Electrochimica Acta 224, 220 (2017) 4) [VRHE]




All the Oxides Structures...

Reversible
Pt(111) in 0.1 M HCIO,, W|th 50 m\ Place-Exchange | v,
o) IR ; N
RAAANS
..A’L'Q:?A,A

N PO, / Pt(111) &
A

are PtO2- adatoms
: lvnbei'

are oxidized!
O.lO 0.l2 0.14 0.6 0.8 1.0
Valls Mascaro, Electrochem. Soc. 2023 @ [Varue]




All the Oxides Structures...

Reversible
Pt(111) in 0.1 M HCIO,4, with 50 m\ Place-Exchange 1y,
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Pt(111) Oxidation: Formation of 1D Chains / Spokes

6.7% PE_rev Rever3|ble PE atom density high
—

1D rows (or spokes).

rows resemble a a-PtO, structure
221 with larger lattice constant than Pt
2] => stress is generated

2223 stress partially reduced by a buckling,
but at ends rows push into surface
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M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023




Pt(111) Oxidation: Growth of Rows / Spokes

11.1% PE_rev 7 a-PtO, units exactly match 8 platinum uni
% PE_irr => stress relaxed by pushing out one atom

cross section still shows stressed row

entropy
=> rows align along all 3 orientations
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M.J. Rost, L. Jacobse, M.T.M. Koper, Angewandte Chemie 2023




Pt(111) Oxidation: Creation of Irreversible PE Atoms

| 20.8% PE_rev | all rows reached critical lengths,
2.6 % PE Irr | all rows pushed out one atom
:> 117V —b
Tanaaaana: Sy - disordered network of rows appears
222 type of spoke wheel structure
2221 => serves as the nucleation sites
that a priori did not exist

221321 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

2.6 % PE_irr

'<059v
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DTS

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 ?
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Kink = Very Special Site!




Kink Defines Adatom Formation Energy!
- Step Lengths = Step Energy = const.

A E o b
atiom mrom Kink onto terrace ! . i




Chemical Potentials & Adatom Pressure:

ead
Wog = Wo T K Tln(
ad 0 B 1_ead

E form.ad. =plife]e) Interaction

6ad ~ exp(— Eform,ad./kBT)

) ek W(ead) ~ Uada = Ho o kBT ln(ead
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Arrhenius follows Frumkin to describe
Atomic Diffusion mvolved Peaks CVs:
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Arrhenius follows Frumkin to describe
Atomic Diffusion involved Peaks CVs:
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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
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Delay due to Atomic Diffusion:
Pt atom has to diffuse up, while 2 oxygen'’s diffuse subsurface

0; = E)E.q-u. '[ i) = E}Equ { ‘i’t.,—hh
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4 parameter numerical fit: E°

0
W, Vo, E% i

form>
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Accounting for Dipole Moments thus Potential Dependence:
Bragnsted—Evans—Polanyi (BEP
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a)

6 parameter num. fit: E®_, ., Aeormn W, Vg, ECyiry Agise

Experiment P

Model / Flt :

Best Fit:
E0. = 1.11 eV & Ay = 0.0704

Vo= 6.9E13
E%= 1.27 6V & L4 = 0.7278




| A B
EO 117 Vv
pzc 036V
v 0 5,50E+12 Hz
E_b 1,15E+00 eV
kT 0,02525 eV
|omega 0,024
‘Iambda E_O 0,055
lambda E_b 0715
Xhi42 - 50mV/s  1,184837
Xhi*2 - 100mV/s 1,171086
Xhi?2 - 200mV/s 1,046058
XhiA2 - 500mV/s 1,013376
Xhi*2 Total 4,415357
0,838861
689,8995
no 0
yes 12
total 34
new values 14
1,116102
6,21E+13
1,294262
0,021799

RESULTS - see below line #50

Kinetic Monte Carlo Approach on y?:
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6 parameter fit: E% ., Aeory W, Vo, EQ4s, Agis

Best Fit:

EO. =1.11eV % i = 0.0704
"™ Tw=oo0088

vo= 6.9E13
EO..= 1.27 eV & Ay = 0.7278

%Ch Research Articles

www.angewandte.org

How to cite:

Electrochemistry doi.org/10.1002/anie.202216376

Non-Random Island Nucleation in the Electrochemical Roughening
on Pt(111)

Marcel J. Rost,* Leon Jacobse, and Marc T. M. Koper relaxed surface
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6 parameter fit: E% ., Aeory W, Vo, EQ4s, Agis
Best Fit;

, (100) [ (110) (110) [(110) (001) [ (111) |
15 Cu |0.848 | 0.534 1.165 | 0.770
Ag |0.722| 0455 | 00919 0.629 |
e Au|0.811 | 0407 | 0058 | 0.559 |
1,3 Ni | 1.125 0.773 | 1.638 1.105 |
9\ Pd [0.922 0.541 | 1.100 730
1,2 Pt |1.152 0.608 1.349  (0.820)|
< 11 \63 Table 12: Activation energy (in eV) for diffusion of an atom ouvt of a step
D 1 Per Stoltze, Phys.Condens.Matter 6, 9495 (1994)
= 0,9
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0,7
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6 parameter fit: E% ., Aeory W, Vo, EQ4s, Agis
Best Fit:

VA= 0.
E0..= 1.27 eV & Ay = 0.7278
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towards an analytlcal flt

x At vy exp (— (Eairs) /ET)
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after quite some math...:
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we do have a solution...:
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