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Motivation: Why do we need to study dissolution? B,
Technology Anode Cathode Potential Dissolution [Ref]
PEMFC Pt Pt, FeNC Pt, Fe 1,2,3
PEMWE Ir Pt Ir 4,5, 6
AEMFC PtRu, NiMo, ... FeNC, Ag Ru, Mo, Fe, Ag 7
AEMWE NiFe, CoFe, ... Pt, NiMo Fe, Mo 8
Alcohol FCs PtRu Pt Pt, Ru 9
CO, Electrolysis Ir, Pt, Ni, ... Cu,Ag, ... Ir, Ni, Cu, Ag 10,11
Ag. batteries Na,NiFe(CN), Ni, Fe 12

[Ref]

[1] T. Fuchs, ..., J. Drnec, O.M. Magnussen
[2] D.J.S. Sandbeck, .., J. Kibsgaard, ...
[3] A. Pedersen, ..., |.E.L. Stephens, F. Maillard
[4] S. Geiger et al.

[5] S. Czioska, ..., J.-D. Grunwaldt

[6] R.A. Krivina, ..., S.W. Boettcher

[7] Y.-P. Ku et al.

[8] M. Schalenbach et al.

[9] A. Kormanyos et al.

[10] J. Vavra, ..., R. Buonsanti

[11] A. Vass, ..., C. Janaky

[12] X. Lamprecht, ..., A. Bandarenka

Nature Catalysis 3 (2020) 754-761

ACS Catalysis 10(11) (2020) 6281-6290
EES (2024) In press

Nature Catalysis 1 (2018) 508-515

ACS Catalysis 11(15) (2021) 10043-10057
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Platinum in PEMFC

Fuel cell car Stack of many cells

]

ETEEON

I~ Catalyst

Cathode Membrane Anode layer >

Quantify (Do we care?)
Understand (When? Why? How?)
Mitigate (Operational and/or material solutions)
[1] C. Baldizzone Thesis, Ruhr-University Bochum, 2015, pp. 150 5

From: E. Guilminot et al. J. Electrochem. Soc., 154 (2007) B96-B105
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How to approach? Dissolution, Leaching, Corrosion, ...

https://www.icorr.org/world-corrosion-science/

..., we know that the Romans covered copper utensils with a thin layer of tin to prevent corrosion.
... Robert Boyle published two papers which served to introduce corrosion science in 1675.
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How to quantify electrocatalyst dissolution?

In-situ
Electrochemistry (Evan's diagram) Electrochemistry + EQCM Electrochemisry + RRDE
E A potentiostat Quartz Crystal
LEE S
0.74
0.6E
“T TN W A pe—— Ring clectrode
a4 000 &S N Y/
03t At
2«4 S x  =.r
014 '} . .
t t t + t } t —>
® = % = % S = = g Disk electrode
https://assets.palmsens.com Insuls ling ring
1 Monolayer 400 ng cm2 (nA cm-?) 1 ok

Dissolution selectivity < 0.01%

Pros: Cons: https://doi.org/10.1016/B978-0-444-63278-4.00006-9
- dissolution rate - not selective
- cheap 7



https://doi.org/10.1016/B978-0-444-63278-4.00006-9

How to quantify electrocatalyst dissolution?

Ex-situ

Electrode:

- SEM, TEM,...
- EDX, XPS,...
- gravimetry

IL-TEM

A
-d
-
/.
4
\

[1] N. Hodnik and S. Cherevko
[2] M. Minichova et al.

Electrolyte:
- UV-Vis
- ICP-OES

- ICP-MS

H-cell + ex-situ ICP-MS

Current Opinion in Electrochemistry 15 (2019) 73-82
Electrochimica Acta (2024) in Press
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- Complementary data

cons:

- integrated signal

- Pt dissolution ; ; b)]
--®-- PtRu/C 1.5 RT G pumant it i
--0--PtRu/C 1.5 RT CC___.-."
r‘- -
o7
K 4
L Ru dissolution o)
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Quantifying Pt dissolution

In-situ ICP-MS Electrochemistry Dissolution

to Reference Dissolved species i ' ' ' ' ' ' ' ' ] 60
I | £ 50l
O >1.05V
to Counter o~ | | (%) |
¢ - - - 30l
Pt2+ 4E: fl-'/) 30
'-:-. B T % 20-
&
S 10}
i M DR DR RPN SR SENPI RPN S | 0- 1 1 L 1 L 1 1 L
00 02 04 06 08 10 12 14 16 00 02 04 06 08 10 1.2 14 16
Evs. RHE |V Evs. RHE IV
We can quantify!
In liquid electrolyte...
[1] S. Cherevko et al. Journal of The Electrochemical Society 161 (2014) H822-H830 10

[2] S. Cherevko et al. Nano Energy 29 (2016) 275-298 (Review paper)



Ir dissolution (PEMWE)

on-line ICP-MS

Dissolved species

to Reference

to Counter

%
Ir3+, IrO %, ...
1. Reduction (cathodic) IrO, to Ir metal
2. Oxidation (anodic) Ir metal to IrO,
3. OER IrO, to O, and Ir...

[1] S. Cherevko et al.

Dissolution rate

Evs.RHE/V

—~
O
N

dir /dt*S

/ ng cm?s”

geom
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8 | — with oxide reduction
- — - without oxide reduction:

Catalysis Today 262 (2016) 170-180

800

11
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Ir dissolution (PEMWE): Consequences
End-of-test CCM

2- +
|l’[|4 + ZH Ir distribution

Pt distribution
2['2 H,0 Irband = J:S()Onm

' 25 um
‘ K

||"|]3 + Pt recombination layer 4200 0m
H*+ e
Anode
183 pm
- IFI] I]H Membrane [
lr Y |r[|2 IFDQDHEdS s 2 N117 Membrane
2 : /
|r f yz [I2 Cathode v Ir band
HIFDZ Cathode, Pt/C Pt? 2ol Membrane
H++ ; Ir redeposition ~ 20um ¢moranc
P on the cathode 6% RONTNE

|ps*

Loading: 0.2-0.3 mg,, cm™

[1] O. Kasian et al. Angewandte Chemie 57(9) (2018) 2488-2491
[2] S. Geiger et al. Nature Catalysis 1 (2018) 508-515 After 5000h at constant operation: 30% lost

[3] S. Czioska, ..., J.-D. Grunwaldt ACS Catalysis 11(15) (2021) 10043-10057
[4] Z. Zeng et al. JES 169 (2022) 054536
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All noble metal oxides dissolve

Dissolved species

to Reference

to Counter

(-

>
Amount of native oxide formed in air

t:tg
W, = / Us. i (t)
t:ﬁ

[1] Cherevko et al.

Dissolution of native oxides

Helmholtz Institute
Erlangen-Nirnberg

S

o 404

g
w
?

N
?

Dissolution rate / pg cm

" 50
t/s

—
100 150 O

—
150

g cm2

Dissolved amount / n

—_
T T T

©
—
I

Ru 4

10 100

Timeinair/s

1000 100 1000
Time in air/ s

Journal of Electroanalytical Chemistry 787 (2017) 11-13.
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High entropy alloys dissolution

Contact with electrolyte

Dissolved species

to Reference

Helmholtz Institute
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Observations

0081 301ngem?) - Dissolution trend as Ir < Ru<Rh
"E 005- Ru (2.04 ng cm?) - Dlssglutlon_almost stops after 3 min
© . - No dissolution for Pt and Pd
to Counter % "_cn 0.04
S > T Rh (1.28 ng cm?)

© ~ 003 Assume you study
% _ activity/selectivity
B 0021 Pd (BDL*)
s . . .. -
3 001 Which composition to take

! Pt (BDL*)
000 —4— 4L e :
At least 5 elements 0 50 100 150 200
O...o— Configurational entropy 2 1.5 R t/s
00 0 |
....O. All elements in a single phase What do we |ea|‘n from th|S’)
5&):"* Unique chemical environment .
QO )5 v Thermodynamics
OOCI )
High Entropy Alloy K|net|CS
Mass Transport
. o . o Mechanism
[1] T. Priamushko et al. Current Opinion in Chemical Engineering 44 (2024) 101020 14

[2] A. Kormanyos et al. iIScience 26(10) (2023) 107775



E vs SHE /V

Pt dissolution thermodynamics — Pourbaix diagram

14
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Oxidation/reduction:

(1) Pt + H,O = PtO + 2H* + 2e-  E°(Pt?/PtO) = 0.98 — 0.0591pH
(2) PtO + H,0 = PtO, + 2H* + 2~ E°(Pt/PtO) = 1.045 — 0.0591pH

Dissolution/deposition:
(4) PtO + 2H* = Pt2* + H,O log(Pt?*) = —7.06 — 2pH
(5) Pt = Pt2* + 2e- EO(Pt/Pt2*) = 1.188 + 0.0295 log(Pt2*)
(6) PtO, + 4H* +2e- = Pt2* + 2H,0 E°(PtO,/Pt2*) = 0.837 — 0.1182pH — 0.0295log(Pt2+)
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Pt dissolution thermodynamics: measurements

Pt = Pt2* + 2e- EO(PY/Pt2*) = 1.188 + 0.0295 log(Pt2*)
i Nernst equation
1E-4 | RT
; E.=E® —— ) v/Ing

0 [ e e ZF ' i i
E 1E5F [
o 5
©
E L
~ 1E-6 [
c E
iel F
& i
S 1E7 3
O C
c
8 i

1E-8 |

L — ; Limited amount of
1E-0 | experimental data
0.6 0.8 1.0 1.2 14 1.6
[1] S. Cherevko et al. Nano Energy 29 (2016) 275-298 ( Evs.RHE/V
From: X. Wang et al. Electrochem. Solid-State Lett. 9 (2006) A225-A227 16

From: P. Bindra et al. Journal of The Electrochemical Society.126 (1979)1631-1632



Using Materials Project: Pt alloys

Platinum
— = Oxygen Stability Line
""u:‘ 1 I — — Hydrdgen Stability Line
| Az Labels
I
V)
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o |
o —0.5¢ I .
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pH

[Mx+] = 1012 M

https://next-gen.materialsproject.org/pourbaix

Why and how PtCo in this car ‘ ?

Nickel

— — (Oxygen Stability Line

0.5F

—0.5¢

— = Hydrdgen Stabil¥ Line
Az Labels

lon

Solid
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Platinum (0.5) + Nickel (0.5)

= = Qxygen Stability Line
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No Co or Ni on the surface

E (V vs. RHE)
0.0 0.2 0.4 0.6 0.8 1.0

—6nmPt/C
—— acid treated PtNi/C
0.1 —— acid treated/annealed PtNi/C
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~ & ] &
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From: C. Want et al., JACS 133(36) (2011) 14396—14403 Pt “skin” electrocatalysts
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Bifunctional PtRu electrocatalysts for LOHCs

LOHC concept with IPA fuel cell

Dissolution of Pt and Ru

OH O
CH3CHCH3 —_— CH3—C— CH3 o e '
150 _ Ruthenium dissolution
Isopropyl alcohol Acetone 0 :
(a secondary alcohol) (a ketone) C}IE 100 |
o 0.7V {
Activity and Selectivity P S0r ‘LW
Pt PtRu; PtRu;g g 0 -"“"""’“I“-*‘*w“f---.«x;m,.:-.--. 'I | | |
101 ) I I (a) 4 'g 50 : T : T : T : T T T
Flectrochemistry S 40 | Platinum dissolution ]
st n
w 2 i
§ 6 - 30 _
O 2 20| 0.9V i
5 I
2t l w 10 i i ]
/ O 0 e A\t i M AR aim A e o dasbits
0 : 'I " 1 1 | " 1 1 1 | 1
Mass Spectrometery (b) ] w [ I .I ! l ; I I I I
Y 0.8} Potential -
= i
z > 04l i
3 “ oo
:n v I T T T T T T
£ 150 200 250 300 350 400 450
. : ; . t/s
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Evs.RHE/V

[1] P. Khanipour, ..., |. Katsounaros
[2] M. Minichova et al.
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Consequences

= 44)

Carbon dioxide

— ,\a‘,"d":,

60.0-60.1)
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Acetone

100

50

Current density

-= Pt/C
— PtysRu, ¢/C

Pt, sRu, 5/C after AST 74 7]
l' 1

4
- el se ]

ACS Applied Materials & Interfaces 12(30) (2020) 33670-33678

Electrochimica Acta (2024) in Press

EvsRHE / V
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Pt dissolution kinetics

Tafel equation
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S azkmn
la = loexp( RT ) Bulk concentration (ex-situ)
1.0
E 0.8
s 7| ° ®
N ) »
€ S 06 1 o
< *
E & g4
2 024
£
0.0 0j2 of4 0j6 018 1i0 1j2 1f4 1j6 0.0 ' ' ‘
Evs. RHE IV 0 20 40 60 80
Time {h)
24 1 Monolayer 400 ng cm? (nA cm2) d[Ptz"']
d[P t ] Dissolution selectivity < 0.01% = const
o = [(E 1) dt
[1] S. Cherevko et al. Nano Energy 29 (2016) 275-298 (Review paper) 20

From: X. Wang et al. Electrochem. Solid-State Lett. 9 (2006) A225-A227



Pt dissolution (kinetics?)

Time effect
1E-10 ¢ :
F 20mV's’
to Reference Dissolved species
c;‘” 1E-11 |
,°/o 5 5mV s’
[@)]
to Counter \’Q -
%o © 1E12 |
C
0 X
5
2 1E13 |
(7]
k7]
-c -
TE H-Cell
: -Ce
d[Pt>*]
[ ——— = const
1E-15 | dt
2y . | . | . |
Evs RHE/V

Mass transport effects

[1] S. Cherevko et al. Nano Energy 29 (2016) 275-298 (Review paper)
[2] V. Briega-Martos et al. Electrochimica Acta (2024) In Press
From: X. Wang et al. Electrochem. Solid-State Lett. 9 (2006) A225-A227
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Redeposition?

A) Potential jump vs. ramp, UPL =1.6 V¢

1.5¢
o Z1of
E 140_ I oH 1 50_5.
o I o+ 3
- 1200 Eoens ook
51001 :
Q2 gpo- =2H11 < A
-~ H12.7 S e s
7, 60 L e
O 404 - &
5 20- -
% O~ T———T7T———T T
0 200 400 600 800 1000 1200
t/s

B) Dissolved amounts ratio (ramp:jump)
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Pt dissolution mass transport

.|| WE CE
RE < >

)
d[Pt*"]

—— = f(@)

From: T. Nagai etal. J. Electrochem.

Amount of dissolved Pt ion / ug

©
[N

o
N

o
o

o
n

o
F

o
w

o
[N

0 100 200 400

Rotation rate / rpm

Soc. 161 (2014) F789
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X Nernst-Planck equation

J=cv—DVc— DCEVgo
RT

800

No clear trends
Dissolution/redeposition
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current / pA

Pt dissolution from Pt/C thin film catalyst layers

2 layers
4 layers
6 layers
8 layers

o < o
(N} ES o
I

Pt concentration / ug L™

c
o

Pt amount / ng cm™

[1] G. Keeley et al.
[2] D.J.S. Sandbeck, .., J. Kibsgaard, ...

ChemElectroChem 3 (2016) 51
ACS Catalysis 10(11) (2020) 6281-6290

1.2

potential / V (vs. RHE)
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Cleaning CV at 200 mV s cvat10mvs

£
<]
@
o

Loading / pgp: cmg2

~J
—

0 200 400 600 800 1000
Time /s

4 N I T I T I

0 .40 , 60
Loading / ugpicMgeom

Specific Pt dissolution is increasing
with loading decrease

N
w



Pt dissolution in real systems

Cathode Membrane Anode

Dissolved species

to Reference

to Counter

VS.

24



Electrolyte purge

Detail:
Flow field RE (Aa/AdCl)
/ .\ : CE

\"l [
ql]lﬂl;[' ‘, Cap (PTFE)

Electrolyte compartment

Sealing (Viton)

Flow Field (Graphite)

- J

Pt dissolution from “breathing” catalyst layers

Gas Compartment (PTFE)

[1] K. Ehelebe et al.
[2] K. Ehelebe, T. Ashraf et al.

JES 166 (2019) F1259-F1268.
Electrochemistry Communications 116 (2020) 106761.

to ICP-MS
Gas Electrolyte
compartment compartment
Viton sealing

Gas inlet

d[Pt] dt'S"/pgs™

Check also:

o = N

HCIO,

B. A. Pinaud et al. JES 164(4) (2017) F321.



Pt dissolution: liquid vs solid electrolyte

Pt dissolution in aqueous electrolyte and MEA

Gas
compartment

Viton sealing

Gas inlet \m/

Electrolyte
compartment

B

B \A

Gectrog

Luggin
capillary
to RE

<

27/

[1] K. Ehelebe et al.
[2] K. Ehelebe et al.

2
Mpt gissolved / ng cmp;

1 k‘““‘-ﬂ
[>1oumes
0.1 '\!__\_.
0 S e e—
0.01 0.1

Loading / mgp, cm™

(
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Mechanism — effect of mass transport

SFC
RDE

GDE
MEA

(0p)
=
o
&)
o
carbon
gaseous
environment
RPt,dissolved / g
o
Q
carbon o
26

Journal of The Electrochemical Society 166 (2019) F1259-F1268.

Angewandte Chemie 60 (2021) 8882-8888.
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Diffusion coefficient of Pt ions in Nafion

Experimental estimation of Ptx+ diffusion coefficient

Bl nomembrane [ NR-211 (254 um) EH NR-212 (50.8 um)

. ! . , . , . , : |
[ Model:
20F _O—p=2x10" y
15 | E@—D=4x10"
[ —[-D=8x10"
%)
= 10 | -
P < i
no membrane NR-211 NR-212 S -
L Experimental: -
R o A src -
5 T T : B GDE
_ 0.10 H \ \ . I . I . I . I
2 ..A/\ 0 10 20 30 40 50
'E— 0.05 E . T e Axmembrane/l'lm
e ._____://\
° 7y
—_ o —_ -11 2 -1 —_ -9 2 -1
ﬁ:_‘ 0.00 poapey—i - 1 i DPt/Nafion 4x10 m< S << DPtlwater 1x10°° m+¢ s
© 3300 3400
t/s

27
[1] K. Ehelebe etal.  Angewandte Chemie 60 (2021) 8882-8888.



Pt dissolution mechanism

Surface XRD

Small-angle scattering:

Reciprocal space geometry
nano-/mesoscopic structure

L* L4

5 Bragg peak

Wide-angle scattering:
Atomic structure
(Bragg peaks, CTRs)

l'
’ in situ SXRD cell
m/

— K

X .

4 - )
3¢ N
21 f

v

t
[1] T. Fuchs, ... and O. Magnussen

Electron density profiles Anodic dissolution

dM/dt

Electron density

! 1143V
1 |
A | :I 1.53 V
lh A L 1.63V ] _ : _
-2 -1 0 1 2 3 4 5 6 0 10 20 30
Z—ZPt,I!'A time / min

Angewandte Chemie 62 (2023) e202304293
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Cathodic dissolution

L 30F
2| 520}
w L
~ 10
e o[
30 31 32 33 34
time / min

t:tz
W, = / Vs, (t)
l:h

Olaf Magnussen (Uni. Kiel, Germany)
Jakub Drnec (ESRF, France)
Federico Calle-Vallejo (UPV/EHU, Spain)
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Pt dissolution mechanism

SXRD: different oxides

ICP-MS: dissolution amounts

(1)

0.7 F

o
»

o
o

Oxide coverage / ML
o o
W +=

O
N

o
—

T T T T [ (II) !(Ilj__ T T T T
. E| 5F i il I
L : I
Eaf |
_ = | T 4
n_ 1
st
LR 3
2t
w | | .
il _g 1L i § anodic dissolution
. ! 8 cathodic dissolution -
i D 1 1 1 L 1 L 1
Pt = Pt?* + 2e-
PtO, + 4H* +2e- = Pt?* + 2H,0

1.0 1.1 1.2

1.3

1.4 1.5 1.6

E 1V (vs RHE)

[1] T. Fuchs, ... and O. Magnussen

Angewandte Chemie 62 (2023) e202304293
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Outlook: destructive reactions

OER: ORR: CO2RR:

°D; + 2H:

IrO 2 yz [I2 1H2[| Dissolution/redeposition

Ir(0
PE‘\(rH*Ha

I 10, OO g 0K

r3+ /‘/2 I]2
e
e

++
|rOX IF3+
[1] O. Kasian et al. Angewandte Chemie 57(9) (2018) 2488-2491
[2] S. Geiger et al. Nature Catalysis 1 (2018) 508-515
[3] Y.-P. Ku et al. JACS 144(22) (2022) 9753-9763

[4] J. Vavra, ..., R. Buonsanti Nature Catalysis 7 (2024) 89-97
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Summary

- (Almost?) All electrocatalysts dissolve

- Dissolution can be quantified using ex-situ and in-situ ICP-MS

- Pourbaix diagrams is a good starting point to understand dissolution tendencies
- Material loss in real devices is often governed by mass transport processes

- Reactions like OER or ORR can be destructive to electrocatalysts
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