Charged interface and its effects on heterogeneous

electron transfer: experimental information creating 3 AnaIOgies in electrocatalysis

challenges and verification tools for theory.

* Hydrogen evolution (HER), from mercury to transition metals

 Hydrogen reactions, organic molecules oxidation, and oxygen reduction (ORR): certain
information on reaction zone is available, but....

* CO, reduction: puzzle, no information on reaction zone

* Oxygen evolution (OER): puzzle complicated by electrode material transformations

CO,RR HER HOR OrganicOR ORR OER

Surface q N 1.23 Surface

reconstruction Available g;E data reconstruction

Galina A. Tsirlina Parallel HER e > Catalyst
Available adsorption data degradation

CENN Nanocenter, Ljubljana,

SI ' . . .
ovenia This lecture presents mostly thoughts and feelings, as well as suggestions.

Galina.Tsirlina@nanocenter.si
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Methodology: from simpler electrochemical kinetics to electrocatalysis

Outer-sphere electrode reactions:

* free electrode charge (non-local EDL

effects),

e adsorption of the background
electrolyte ions (local EDL effects).

non-local

local

G.A. Tsirlina, J. Solid State
Electrochem. 21 (2017) 1833 - 1845

Inner-sphere electrode

reactions:

 the same,

+ specific adsorption,

Electrocatalysis:
e thesame,

+ chemosorption, incl. dissociative
adsorption,

+ charge- and ions-affected + charge- and ions-affected solvent

solvent structure at the

interface.

local

adsorbed

non-local

structure at the interface,

+ complex multi-step reaction
pathway.

Reaction zone is the area with inhomogeneous
charge and substance distribution.

.

Concentrations of reactants in this zone (coming
into kinetic equations) can be only estimated with
account for electrostatic interactions.
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Problem 1. We cannot be sure that all declared effects are reproducible

Commercial ‘high purity’ substances contain a lot of impurities. Purification of cesium Ng 3.0 B
salts is a special challenge, and even for potassium and sodium salts additional < - -
purification is sometimes required. Perchlorates and hydroxides purification is more & 40- -

tricky than of other salts.

0 0.1 M CsOH (99.95%)[
O 0.1 M NaOH (99.99%)

'5.0 I | I I I | I

Pay attention to Supplementary information on purification (if any). 02 03 04 05 06
Overpotential (V)

Do not trust immediately the effects declared by only one group.....

Problem 2. We have a pile of published data, but we hardly have the
complete set of data to solve crossword puzzles:

Log(j, A cm'z)

» data for electrocatalysis in solution(s) more or less comparable with that ones,

. . . . CsO - i
for which direct free charge/adsorption data exist, 54— H-(pr? EI?C“FIY?IS)
02 03 04 05 06 07
» data for relative reactions under exactly the same conditions (e.g., ORR and Overpotential (V)
HPRR, or CO, and CO reduction), X. Li, ... M.M.Waegele,
J. Electrochem. Soc.
« data for different reactions occuring in the same potential interval, collected for 167 (2020) 106505

solutions of identical composition.



Cation concentration (?) effects make sense only at fixed ionic strength P,V

! Au Polycrystalline [ Au(111) 0f3 ) 0001 M
0.0 | - 0.0 |- 2RT '
s ’ O -
"E 05 [ [Na] —_ ,:g‘ os [ 7 [Na] 5 mM (P2 = F ElI‘CSh —‘\/_ 0,2 6
3) m 3 ™ m ) ommamE R
E a0 ——— 250 mM E [ —— 250 mM 2AYc 0’1 et 01M
§ | ——500mM | g'of —— 500 mM . .
b —1000mM |~ | —— 1000 mM -20 . 10 20
20 e § ’ /4 - Charge, pC cm-2 -
! (NaClo4) (NaClo4) | mETo— z 0,1 Charge, uC em
-0.7‘-01.8.-(;.5‘-01.4 .-01.3‘-0].2.-0..1 ‘ 0?0 ‘ 0f1 ‘ 0.2 -0.7L-01.6A-01.5‘ —Ol.4 : -(;3(;2-(;1 . 0?0 : 0%1 ’ 0.2 —0,2
EN vs RHE EVwsRHE ~ EE e e = ===
A.Goyal, M.T.M. Koper, Angew. Chem. Cation AND/OR ionic strength? 1-0.3
Int. Ed. 60 (2021) 13452-13462 - it —k - : :
( ) H,O +e¢ +* — H-" + OH Roughly: Frumkin correction for the
oy ——T T AT outersphere Ox + e = Red reaction
zi : : ZOAGOV pR 11SIope =06 :2.6 L : :0.60V P Slope = 0.48 (|f OX = HZO’ ZOX=O):
o g € 2 . aFn (@ — Zox)F
= sof g j = const - cpy * €xp BT | E€XP 2T
% o} LT o & i o
R Slope = 0.57 gl e Other factors
-38 [ s r Slope = 0.43
b PE (electrode/reactant overlap, At least 0.5-(-0.1)
D W - gt} reorganization energy, etc.) =-0.05V

. . 4
log [Na'] /M log [Na’] /M Julich, May 2025, lecture 3



Cations inhibit hydrogen evolution on Hg in acid, Herasymenko-Slendyk (1930) and Frumkin

(1933)

L,V A. Frumkin, Z. Phys. Chem.

164 (1933) 121-133

Tabelle 3. 0-01 norm. Salzsiaure.

913 : :
~ — Potential vs. NCE at constant current densit Ca Cls?
\\ 24
o -:to\Lag‘* Normalitiit des 730w Na Ol ol ot o SrCls
Dl NG BaZt\, Salzzusatzes i Py Ba Ols
i ~ Volt Volt Volt Volt Volt Volt
008 I~ ,:: A 1-313 1-316
A - . ) ) )
008 L 10 1-299 1-306 1-306 1-308 1.340 1.343
! 10-= 1-308 1-321 1-326 1-329 1-364 1.368
907 |- 10! 1-339 1-350 1.360 1-372 1-387 1-393
7 norm — — — - 1.395
106 [~
bos I~
Q04 |- Tabelle 4. 0-01 norm. Salzsaure.
ok P. Herasymenko, I.
A Normalitiit des LaCl Th Cly Slendyk, Z. Phys.
baz |- Salzzusatzes Volt Volt Chem. 149 (1930) 123-
, -—
1 | | I * - <
— — — 1“ ' 1 30 1; )
9 § g g =9 - ~J 10~ 1.315 1-331
Solid: C-potential recalculated from hydrogen 10 1-339 1-355
10 1-365 1-390

evolution data for 10 mM HCI: C = AE.
Dash: calculated using Stern theory
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Cations effects on hydrogen evolution and anions reduction on Hg, activation energies as
diagnostic tool for local (short-range) interactions

Indifferent Ink,, o
electrolyte (25°C) (25°C)
HER

0.1 M NaC(Cl —10.35 (.52
(E—¢?=—-14V)

0.1 M KC] —10.41 0.51
(E—¢'=—-14YV)

0.1 M CsCl —10.76 0.50

(E—¢?'=—14V)

H4IO¢ ™ reduction

02 M NaOH  —542  SCE 0.24
(E—¢*=—0.5V)

0.2 M KOH —5.55 0.26
(E—¢*=—0.5V)

B.G. Chauhan, W.R. Fawcett, T.A. McCarrick, J.

The same for

=+
L.EH*E' _, Peroxodisulfate
/kJ mol reduction
Lit 95

98.7 Na* 86
100.8

96.9 Cs* 66

Data from rarely available
articles in Russian,
discussed by Fawcett

103.4

920

Electroanal. Chem. 58 (1975) 275-288 Julich, May 2025, lecture 3

Possible origin of cations effects:

Non-local electrostatics
(expected to be the same for both
types of reactions)

Local ion pairing/association
(expected to affect anions)

Effect on water structure

- Hydrogen bonds

- Reorganization energy
(expected to be the same for both
types of reactions)

Local hydrolysis

Deacrease of an apparent activatioﬁ?%eecrlgffl;%rqﬁlcﬁggrqg@ﬁ



Cations effects on hydrogen evolution on Au and Pt, impressive qualitative effect

Much higher

negative free charge

04

-0.34

-0.64

j/mAcm™

-0.94

1,] Au

1Pt

06 -04 -02

E/V vs. RHE

First observed in: S.

Xue....A.S. Bandarenka,

ChemeElectroChem 5
(2018) 2326-2329

Different limiting

steps?

-+

— | |74
—K‘

03
0.1 M MOH

E/Vvs. RHE

0 01

urrent / mA

)=

| 112 mv/dec

1—Li"

-_—*

43 mV/dec 7

Pt

03

0
logj/Acm?

0.9

0.08 -

-0.08

0

M.C.O. Monteiro, A. Goyal, P. Moerland, M.T.M.
Koper, ACS Catal. 11 (2021) 14328-14335
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0.04 -

0.04 -

E/V vs. RHE

Activity, E;_ s na omz VS RHE (V)

0.09 012 015 018 021 024 027

——0.25 M Na,SO4, H, |
——0.25 M K;SO4, H,

06 -04 -02 0.0
E vs RHE (V)

O_Aupc
pH ~7
& -2
&
o
< -4
E
) " -6-
Rather risky »
experimentsin -8 ;
) 1.0 -0.8
neutral solutions
HER %1 pt
Pty » W
H,-saturated o~
0.5 M (AM),SO, £ .2/
1 Q
....... _Na* <
.. i, K* g
Surprizingly e ey
.. Cs*
low pme 0 . o)

—0.5M Li,SO,, H,

—0.5 M Na,SO,, H,/
—0.5 M K,SO,, H,
—0.5 M Cs,S0O,, H,-

04 03 02 01 00
PME vs RHE (V) EVS RHE (V)
S. Xue....A.S. Bandarenka,
ChemElectroChem 9 (2022) e202101088 7



What can be guessed concerning HER reaction zone on Pt (alkaline solutions)

-10

OV RHE

1 mM H,SO, +
5 mM Cs,SO, +
5 mM Li,SO,

R
1r.:
10

0

0.01 M CsOH

1
»

0

0.01 M NaOH
Julich, May 2025, lecture 3 8

(1) At 0 RHE, Cs* adsorption is above 20 uC/cm?, but
it can decrease at more negative potentials.

(2) Na* adsorption is lower than for Cs*, but surely
above 15 uC/cm? at 0 RHE.

(3) Cs* competition with Na* is stronger than on Hg,
i.e. Cs* specific adsorption is stronger than on
Hg, so more than a half of Cs*can be located in
the ‘dense layer’.

(4) Both cations compete with H_,, so they are
expected to inhibit recombination.

(5) If discharge step becomes slow, H_, coverage is
expected to decrease. So, at higher
overpotentials cations adsorption finally starts
to increase again.



Hypotheses on the origin of HER promotion by cations

Schemes A....D are from Y.-S. Hsu, S.T. Rathnayake, M.M.
Waegele, J. Chem. Phys. 151 (2019) 160902

(A) OH-Water Interaction (B) Activating H,0 I (C) Positioning and l I (D) Altering Solvent |
Dissociation I Orienting H,0 I l Reorganization 4
e o e e e e o e d Y g, d 20
.4 Esolvent(Cation)
! 9 a ®
] ' . -
‘o + . +--._ & + o '? [ = e
0 M o 2 A 2
.q E &t 5 p‘ b 2 12
looks like induced Theoretical treatment We can hardly separate these CI?: 8-
cation adsorption; OH s available effects, and both can be included
is not involved in HER into hypothesis B 44
directly
. . . 0
All hypotheses A....D operate with cations in the dense part, and should

also account for non-local electrostatic effects of cations at reaction
plane.

Cation surface coverage and location are crucial for all A....D schemes. OH
presence on Pt (A) looks less probable at HER potentials.

Julich, May 2025, lecture 3

Promotion affected by bulk
cation concentration

(E) Water discharge from solvation shell

T Nd
1 —1.1V RHE
Ce3+
¢
i Au, pH 3 Be? A|3"§ i
@
Sulfates or perchlorates,
1-2 mM at 0.2 M ionic strength
CS+ 24
i Bat o,
1@ .Ll ® a!CaA
0 0.05 0.1 0.15

cation acidity / Z* r

M.C.O. Monteiro, F. Dattila, N.
Lopez, M.T.M. Koper, J. Amer.
Chem. Soc. 144 (2022) 1589-1602

9



Comments on hypotheses B and D

(B) Activating H,0

Dissociation ° H C
0 O
M. Koper, J. Solid State Electrochem. 28 ok
(2024) 1601-1606
[ ¢
o
~ 00€
&
=

Equivalent to
Frumkin correction

Saveant’s approach; works only for
equal slopes of terms, see in:

E.D. German, A.M. Kuznetsov, J.
Phys. Chem. 98 (1994) 6120-6127
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Current density (mA cm?)

. 0.1 M LiOH

333K
323K
313K/

303K

-1.0

293K /
I | W2
-0.88 -0 86 .84
-0.5 0.0

Potential (Vge.pg0(T))

(1) T dependencies are measured close to

equilibrium potential, this can be a
reason of surprisingly low activation

energies.
(2) Difference of 7 (Cs) and 45 (Li) kJ/mol

can result from limiting step difference

as well.
(3) For recombination step (Li), the

meaning of reorganization energy is less

transparent.

B. Huang, ...,

Exchange current density j, (mA cm™)

Y. Shao-Horn,
JACS Au 1 (2021) 1674-1687

10F

0.1F

303317
(293K
Y

L 0.1 MCsOH

333K

323K

-088 -0.86

0.84

-1.0

05
Potential (Vge.go(T))

0.0

Pt poly

R

pH13

> @x

20

40 7140

Reaction entropy AS (J mol™* K™')

160

o o o - — —_
> ) [ o [N a
Reorganization energy (eV)

=)
N

10



Comments on hypotheses C and D: these two can

,"m"mol kg I LI 504 ;ﬂf{ng] kg 1 MgSO

work only simultaneously Saturated solutions 0.0000 133248 0.0000 1.33248
NaCl, M 0.2520 1.33727 0.2096 1.33762
25 C, 632.8 nm 0.01  1.33126 W 04681 13409 0.3448 1.34072
. 0.7337 1.: 0.5911 1.
Conen., Refractive Index ggg 1331 g? NaCl 2634 1.37958 0.9917 1.34944 (7832 1.35009
M NaCl KCl ' 591 KCl 2605 1.36905 1.2447 135316 _0.9997 1.35438
| 0.05 1.33172 1.4685 1.35628 1.1898 1.35810
1 1.3432¢9 1.34253 0.10 1.332 18 RbCl 48.54 1.38851 17564 1.36011 1.3786 1.36174
0.5 1.33817 1.33786 0.20 1.333 13 CsCl 6547 1.41963 1.7573 1.26(2)13 1.6214 1.36613
0.2 1.33502 1.33496 0.50 1.336 28 : : 1.9387 1.36242 18675 1.37039
. 100 134130 R. Meng, S. Li, Q. Zhai, 21241 1.36472 21201 1.37469
0.1 1.33405 1.33399 . :
. 2 1.45 Y. Jiang, H. Lei, H. 2.3061 1.36691 23603 1.37853
0.05 1.33361 1.33340 - ’ )
D , 1.50 25419 1.36964 25923 1.38211
0.03 1.33340 1.33521 : Zhang, M. Hu, J. Chem 27977 137243 2.8588 1.38613
0.02 1.33329 1.33302 1820 13493 .5 pata 56 (2011) 29827 1.37442 30869 1.38927
0.01 1.33315  1.33296 3.687 18641 o 4650 .
5.302 1.377 1 S. Urrejola, A. Sanchez, M.F. Hervello, J.
Pure water 1.33315 J.V. Leyendekkers, R.J. Chem. Eng. Data 55 (2010) 482-487

R.N. O’Brien, J. Chem. Eng. Data
13 (1968) 2-5

Hunter, J. Chem. Eng.
Data 22 (1977) 427-431

—————————————————— _ 25} solvent reorganization/
I (C) Positioning and (D) Altering Solvent | *  Pekar factor 1/n?—1/¢ is mostly energy, eV
| OrientingH,0  Reorganization | determined by n value, which is  20f, ;. e donse reactant size 0.15 nm
> ¢ Euuveng(cation) increasing with concentration for _laye" "
+ !"U' < B q: ALL cations; A change cannot ; changing both reorganization
Q s exceed 1-2%. ol 4 | energy and
: I ) N  But H-bonding can affect reactant B electrode/reactant overlap.
location, » 3mame alo:12g the no(;'lr‘:ral to thggurface grg =

Julich, May 2025, lecture 3



Hydrogen evolution on metals with low pzfc, surface pretreatment problem

Very old explanation of HER dependence on

cation concentration (nickel):
Na* +

Na(l} + H;O — H(a) + Na"+OH"

T. Ohmori, A. Matsuda, J. Res. Inst.
Catal. Hokkaido Univ. 15 (1967) 20

- '
o 3]

Current density (mA cm?)
&

-20

-0.8 -0.6 -0.4 -0.2

E vs. RHE (V)

P.F.B.D. Martins, .... N.M. Markovic,
D. Strmcnik, Electrochem.
Commun. 100 (2019) 30-33

Julich, May 2025, lecture 3

e —> Naf(l) 031

(I means Intermediate) I 0.0!772 N HCL

1-206 01 Il +1mM LaCl,
1 "r I

1.0 ’ J 4 Lg i x10°A/cm?

0.5‘: ~__
“E 0gf*sa .
~8-05] " - P. Lukowzew, S. Lewina, A.
£ 104 : 4. Frumkin, Acta Physicochim.
=t ~137 ‘ \ URSS 11 (1939) 21-44
E -2.0- O %
N NiOx?
o 257 1.0
; -3.01 2.65 |

-354 3.15.3 i ' ) )
= _32_- 4291 i Hypothesis (A) is the most

"~ 15.34.0 | 0.1 M NaOH .
454 &' 45 | promising for these metals.
-5.0 T - . - ' ; . g |
-0.20 -0.15 -0.10 -0.05 0.00
17 (V vs RHE)

A.G. Oshchepkov, A. Bonnefont, E.R. Savinova,

12
Eletrocatalysis 11 (2020) 133—-142



Hydrogen oxidation in alkaline solutions: inversion of cation effect?

. 10®[, equiv.em™®  lodide in 0.01 M CsOH
. I
—— LiCH | pr— S i .
P P | — NaC | ' s,i‘, | 4 5", gﬁ. \ . 5'& h s 5‘ 96‘ \ E | 0 RHE | + 0 01 M CSI
s = A\ ‘ot QY gt Q4 :
EC RN < wy YW ! ' 1V RHE
% 1.54 NO L||<CS ': fa B B LT R LN \:;534 G Fa & e k;, L e L RA e ) u | ;
% 1.0 effect : | Li<Cs? ‘ : Cs*in0.01 M CSdH
5 | 1 The highest possible surface coverage g
5 osl o S g S . Cs'in 0,01 M CsOH + Cs|
0.1M MOH | or cations does not exceed 0.1 (Cs*). 9 e e e e
0.0 . . . | | = -08 - 0% [ +0% o,V NHE
0.0 0.2 0.4 0.6 0.8 1.0 12 )
Applied potential (V versus RHE)
Pt(111) . o L
T T .
~ 400 |~ HOH | . he Recalculated . Li+ - : : ;’\\LIJ' N.A.Balashova,
5 —— NaOH - —— Cs .
§ 0] |01 | | ,f:/ o from CV A 501 T f}u}\csﬂ\jf\ \ V.E.Kazarinov, Russ.
: | reversible OH '» ey £ CRN I S U S A Chem. Rev. 34 (1965)
7 200 eversible GOV L e | TS, | = ;
3 ~ y b 2 L_,/ “}\ /'/ ~ 730-736
%1001 N ff;f’: | 04 © § -50- \ \ML_,/ |
= N L . = Y I . . .
S oo H O S—— ﬂr Irreversible OH ¢ o | Inversion is not confirmed
: : : | | : 5 Y | .
00 02 04 06 08 10 12 - Vo : in L. Shen, A. Goyal, X.
Applied potential (V versus RHE) | I |||: :IV Chen MT.M Koper‘ J
, M.T.M. - J.
oo 02 04 06 08 10 12 Phys.Chem. Lett. 15

D. Strmcnik, K. Kodama, D. van der Vliet, J.
Greeley, V.R. Stamenkovic, N.M. Markovic,
Nature Chem. 1 (2009) 466-472

Applied potential (V versus RHE)

(2024) 2911-2915

At what potential adsorbed cations turn to O-

Julich, May 2025, lecture 3

bonded? Closer to 1 V RHE?

13



Cations effects on ORR, and on hydrogen and organic molecules oxidation are similar

I
°1 —on : ,
& I NaOH I I
£ — KOH [ |
L]
< 5 CsOH : :
£ 2 ORR |/ /] |
g _3 | | :
L
o |
5 4 '
z |
(o 5 4 I
. L|<Cs.
0.0 0.2 0.4 0.6 08 10 1.2
Pt(111) Applied potential (V' versus RHE)
6 I I
T n |
.5 HoH AR
D ST I |
§ 4] |——KOH i |
< | |
E 5] I |
= I |
g 2] methanol | |
= | |
s 1 | |
5 ! |
Y0 .
L|<Cs’TP |
_"I ; . ; : - .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Applied potential (V versus RHE)

D. Strmcnik, K. Kodama, D. van der Vliet, J.
Greeley, V.R. Stamenkovic, N.M. Markovic,

Nature Chem. 1 (2009) 466-472

2
But the data for methanol Li* Na* K* Cs*
are affected by self-poisoning. < 0.8-1.0V P
E 17 HOR,095VRHE & - e
| T ! _HOR E 6 -
S ' 2 0| ORROSVRHE - "
R e S g
S [ 2 2 7 0.7-1.0V e ¢
< 1 £ = I
£ -107 LR S 1] A
Tl g £ e 071.0V7
] ap L PR
-20 KQH : : _2 T T T T T
52700 02 04 06 08 10 12 14 -550  -500  -450  -400  -350  -300  -250
E/Vvs RHE Hydration energy (kJ mol™)
L. Shen, A. Goyal, X. Chen, M.T.M.
Koper, J. Phys. Chem. Lett. 15 o Nar -
g y 000 | Qualitatively _ %7 "3
(2024) 2911-2915 o _E B
g the same for~ -
No effect g osjanyPtm -~ r 1
—@ —0 ] - P
0 1.23 L e
HER HOR ORR ™ = ORR, E1/2
——- 5nm Pt
Probe reactions for missed T — pam
intervals should be found 550  -500  -450  -400  -350 300  -250

Julich, May 2025, lecture 3

Hydration energy (kJ mol™)
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Any organic molecule oxidation suffers from self-poisoning, steady-state data are requnred

Positive sweep

/‘ < \ / 1
OH OH OH DH OH DH

Negative sweep

@

*
=9
= I
o 0-.' =
-1 2
QN -
5
O ~-1 | 50mVs™ Orpm \/
Arsatwated =~ VV
) . ——0.1MKOH
B +102ML|OH
o.ng —— + 10"*M Ba(OH), .
| 50mvs™ 1600r
é1 COsaturatedpm
20— — l
g I 1
o 2L
e
g L
50mVvs’! 1600r
O1}FCO sasturatedpm
!
- \W}
0— 2 " 9 | . 'y 3 5 | 9
0 0.5 1

K. Kodama, Y. Morimoto, D.S. Strmcnik, N.M.
Markovic, Electrochim. Acta 152 (2015) 38-43

Potential (RHE) / V

Ethanol oxidation »

CO oxidation, assumed to be limited by CO

&

A 4

+ OH chemical step

C. Stoffelsma,....,
M.T.M. Koper, J. Amer. Chem. Soc.
132 (2010) 16127-16133
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0.4 06 08

E IV vs RHE
N.M. Markovic,

0.2

j/mAcm‘2

04}

0.6}

0.4}
0.2}

0.0

0.8}

0.4

0.0F ¢

NaOH 0.1M A
[~ - ~LiOH 0.1M
A O\
S |
[EtOH] = 20mM Au(111) 7
0 0.3 0.6 0.9 1.2 1.
T T 1] B
| [EtOH] = 20mM Pt(111)
0 0.3 0.6 09 1 2
) -
F [EOH]= 300mM . "’(1111)
0 0.3 06 0.9
E/V vs. RHE

P. P. Lopes, D. Strmcnik, J. S. Jirkovsky, J.
G. Connell, V. Stamenkovic, N. Markovic,
Catal. Today 262 (2016) 41-47 15




For organic molecules oxidation, low potentials are most important. Separation of parallel

reactions is highly desirable.

If you write ‘fuel cell’ in Introduction,
you are obliged to study this region

800 Potentiostatic curves:
1 —initial current

2-6 —time 15....300 s
7 — steady-state

600" Slow
— dehydrogenation
E /
=\

400

Pt/Pt, 0.1 M H,SO, + 0.5 M methanol
|
-20 O 12'.0
og i

O.A. Petry, B.l. Podlovchenko, A.N. Frumkin, Hira La
J. Electroanal. Chem. 10 (1965) 253-269

Julich, May 2025, lecture 3

iimAcm™2)

Smooth electrodes, including single crystalline, can be

hardly used to study the kinetics in desired region.

Cations effects for PtRu are of interest, as ca. 0.2 V RHE
potentials can be studied, at which cations adsorption

surely takes place at any pH.

Why adatoms are forgotten?

Pt/Pbad

50 mV/s

r

L] sz.

°

oo

160

d_
109

3 63
Pt poly, 1 M HCIO4 + 0.265 M HCOOH

R.R. Adzic, Isr. J. Chem.

18 (1979) 166-181
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For larger organic molecules oxidation, cations do not affect products distribution

wavenumber / cm™

Absorbance / a.u.

1700
1600
1500
1400

1300

-
~n
o
o

1700 F
1600
1500 -A"t
1400 -
1300
1200

 PH(111) E=05V T

B L 1 g 1 -3 ]
2200 2000 1800 1600 1400
wavenumber / cm”

L 1l Spaid ot A

g

' NaOH 0.1M

=13 : : -

02 04 06 0.8
FIWVve RHF

absorbance /a.u.

©

&
o
s_

| / mA cm~2

wavenumber f cm’

Pt poly, 0.5 M KOH +

0.1 M glycerol

0.8 ; : r
Pt(111) - EtOH 50mM E
0.6 E=060V
04 i
02} LiOH 0.1M 1
NaOH 0.1M
0_0 1 2 1
0 200 400 600
time / s

PI(111) - EtOH S0mM E=06V

P. P. Lopes, D. Strmcnik, J. S. Jirkovsky, J. G. Connell, V.
Stamenkovic, N. Markovic, Catal. Today 262 (2016) 41-47
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|5 T
3500

3000 2500

1 I b
2000 1500

0.05

Wavenumber / cm™’
3
o
A
3 Positive-going , Negative-going
1.2 4 = o : T T
£ e e LiOH E 06 LIOH 976Yn 078V
o o -0 1
@ < x5 < 0.3+
Cl g 947 . E o
= gg: E ™ os A )
-2 s i cog+co,
0.2 " -0 ) L_. LA A
T e
COg +CO,, 3 ad "W UL
- 0.0 1 1 E 4 0‘6 1 1 1 LAT] 1 1
E 0.4 u 2 Cco
" - ! L
3 02- . s 0.3 0
© H
o 0.0 CO. v 4 0.0 \
._0 1 1 I 4~ o

VY. Yukuhiro, R.A. Vicente, P.S. Fernandez, A. Cuesta,
J. Amer. Chem. Soc. 146 (2024) 27745-27754
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ORR on Pt: two approaches to modeling Highly desirable: to model ORR and HPRR

: I simultaneousl
A single limiting step Self-inhibition? y
i 0,4 : 0.1 M NaOH
— — 1.0
RDS? Bond rupture=— OH,y -RDS? 09 ] ® ORR -
. N 0.8 - ® HPRR 2
a ., b ' d, 074 * @ * =
02 o Oz;adg R HDZ,ads —=> Il 02 ads — H,0 0.6 =
- . 1 Bond rupture 0.5 - ] =
e f h 0.4 ] ° =
¢ ' ' : E T 034 ° =
02 .- - Hoz' E . H202 ——— = = 027 e e ** . =
g . . = 2 01 L ® =
Bond rupture L3 ::g_
T T s =
o =g ® o |=
A.M. Gémez—Marin, E.A. Ticianelli, Curr. 0.6 - =
Opin. Electrochem. 9 (2018) 129-136 e ° . . . C
. . — . 0.3 & b
Or more general microkinetic simulation 2] o o ® o * ® =
0.1 + -
J. Huang, M.H. Eikerling, Curr. Opin. Electrochem. 13 0.0 L e L AN A e
0.0 0.5 1.0 1.5 2.0 25

(2019) 157-165
step density 10°/ cm™

Golden mean: first analyze ‘double layer’ effects on each R.Rizo. J.M. Feliu. E. Herrero. J.
step, then go to microkinetic modelling Catal. 398 (2021) 123-132

(a_ZOx)Ffpz)
RT

To say, if Ox = O,, z,,=0, exp ( easily explains pH effect Julich, May 2025, lecture 3 18



Hydrogen peroxide reactions, as affected by cations and pH

1.7 mM H,0, b SHEAY Pt(111)
02 00 02 04 06 08 10 12
1 1 1 1 1 1 1
1.0 < .+ - 1.0
| Li
0.5 - 405
T 0.0 oo
"~ 054 d s :
1.0 4 4.0
1.0 - 4 1.0
0.5 - J0s
= 004 J 007
0.5 4 405~
1.0 - 410
| 1 | | | | | |
1 ' 1 1 i) 1 1 1
1.0 - N : 1.0
1 Cs : -
0.5 0.5
T 004 ! 007
£ ' E
= . ; oF
"~ 0.5 - \ : 05~
1.0 4 ; 10
1 i 1 i 1 i 1 i 1 1 1
02 00 02 04 06 08 10 12
; Y
HPRR Evs. SHE/V HPOR

V. Briega-Martos, F.J. Sarabia, V.
Climent, E. Herrero, J.M. Feliu, ACS
Meas. Sci. Au 1 (2021) 48-55

MeF/HCIO,
pH
3.0 3.5 4.0 4.5 5.0
0.65 _ % = Loss
0.60 + } e L 0.60
s 055 {' : I 0.55
=) .50+ 0.30
045 . F0.45
0.40 I ; I ; 0.40
0.35 % } 0.35
7]
Z 030 0.30
w
= [ P S
(=9
m Cs’
0.25 e Nal (025
a L
T T T T
3.0 3.5 4.0 4.5 5.0
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pme ./ V vs, SHE

pme / V vs. RIIE

M+ =0/pCcm?

20

2

DN
o
T

o

oy
o
L)

(data for sulphate)

Very slight cation effect
in the region of ‘normal’
adsorption, and the
effect on pme as well.
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[=
(&)
<
£

log U, .

log Il (MACM™)

Zz P oH 11 I pH 12 I pH 13
-0'2.
-0,4f
-0'6.
-0'8.
-1,0} ek
-1,2} |
-1,45 ,. '- : 1 s \ : ..
¥ \(\\'\ Q\\"QQ Q\Q\Q Q\@@'b Q&(gb Q\Qo\%
HER
-1 : v
Pt(110)
Slope = -2.1
ol Slope = 0.56 ;\I\Q
: Slope = 0.4 Slope =-1.6
pH 11 pH 13
= 20 16 12 08

log [Na'] (M)

Cations/pH effects are sensitive to surface crystallography,

Pt(111) cannot model Pt poly

A. Goyal, S. Louisia, P. Moerland,
M.T.M. Koper, J. Amer. Chem. Soc.
146 (2024) 7305-7312

é

C. Stoffelsma,...., N.M. Markovic,
M.T.M. Koper, J. Amer. Chem. Soc.»
132 (2010) 16127-16133

Probably this is the time to separate
fuel cell/electrolysis research (using
the real catalysts) and basic research
of ‘double layer’ effects for relatively
simple electrocatalytic reactions:
HER/HOR can help with ORR + HPOR,
as reaction zone is the same as for
HOR.

Julich, May 2025, lecture 3

jluAcm?

P co OM
0-

100 4 Pt(15,1514) =
0

—

{pt(s54)
100 -
D -
| Pt (553)
100 -
0 -
Y T y T ’ T T
{ Pt(110)
100 -
0 -

v T T T T T T T
0.0 02 0.4 086 08

0.1 MNaOH E/vysrHE 0.1 M LIOH

Large collection of the effects of surface
crystallography: A.R. Fairhurst, J. Snyder,
C. Wang, D. Strmcnik, V.R. Stamenkovic,
Chem. Rev. 125 (2025) 1332-14129O



Early CO, reduction: Hori assumed ‘usual’ Frumkin correction, with specific cation adsorption

Herasymenko/slendyk data f(?r Cu, it is assumed that interfacial H* concentration decreases from Li to Cs

HER on Hg, cation concentration

at constant ionic strength CO,, 5 mA/cm? CO, 1.5 mA/cm?

é - " Cati Potential Potential

D 1) R o 0.1M MHCO ation

o SRS 3 V/SHE Hs V/SHE H, Cl/C2

vl K+ ~~Na* K* A

S 4t Li* —1.45 60.5 —1.40 60.5

E N Nat —1.45 25.1 —1.43 25.1

g sl M | K+ —1.39 145 —1.37 145

g Li* Cs* —1.38 24.4 —1.31 244

oy

3 -Ls} /o/"’“ A. Murata, Y. Hori, Bull. Chem. Soc. Jap. 64 (1991) 123-127

=

8 Hg pool, constant current However, this effects are hardly pronounced if pH in diffusion layer is

o -1.7 . L L . R — . . .

= 0.05 0.1 0.2 05 1 1 changed, as Hori also assumed. Buffering effects of cations were addressed
Concentration of HCO,~-/M many times

reviewed, e.g., in F. Ni, K. Jia, Y. Chen, Y.Wen, S. He, Mater. Chem.

Y. Hori, S. Suzuki, Bull. Chem. Soc. Jap.
Front. 7 (2023) 2750-2763

55 (1982) 660-665
but why they do not manifest themselves, to say, in the effects of
alkali metal cations on hydrogen evolution on Hg?

(Buffering with multicharged cations is of course possible)

Single electron outer=sphere reaction is possible at

least at —0.9 - —1.0 V RHE.
Cation effects look very similar to that for anions

reduction on Hg.
& Julich, May 2025, lecture 3 21



Activating CO,™ dissociation is realistic hypothesis, but it should be balanced

CO,(g) + 6™+ * = *CO,"
*CO, +M* = *CO, - M*

*CO, —M* + H,0 — "COOH + M* + OH"
*COOH + & — *CO + OH"

*CO — CO(g) +*

L 4

¢ s*Qe

2

e

.

.t

CO,, charge (uC cm %)

50 4

.
o

[ ]
L]

L]
1

=
1

M.C.O. Monteiro, F. Dattila, B. Hagedoorn, R. Garcia-Muelas,

N. Léopez, M.T. M. Koper, Nature Catal. 4 (2021) 654-662

Questions:

]
=]
. 1

——————————— Cs'®
K
0" Au, pH3
e —1.2 V RHE
T

M*—0 bond length (A)

2 times difference in surface
concentrations of Na* and Cs*? for Na®and Cs*

1.2

1.[}—-
D_B—-
D.Er—-
0.4-
D.E—-

0

—0.2

H.O L* Na* K Cs'

No significant difference

(1) Cations in this scheme do not interact with metal, so the difference in specific adsorption cannot play any role?

(2) Cations surface coverage is < c.a. 10% in any case, so there are no neighbor cations. How C2 products can form on Cu?

(3) How to separate this and parallel outer-sphere pathways (also cation-dependent)?

(4) How to separate this and subsequent steps (also cation-dependent)?

Julich, May 2025, lecture 3
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Current density (mA cm™)

N
(3]

*

10

0.1

0.01

0.1

0.01

0.001

Ethylene

\

I I I I I
Li Na K Rb Cs

Electrolyte Cation COZ

Ethanol

T I 1T T W R N B I WA U1 R

J. Resasco, L.D. Chen, E. Clark, C. Tsai, C. Hahn,
T.F. Jaramillo, K. Chan, A.T. Bell, J. Amer. Chem.
Soc. 139 (2017) 11277-11287

| —e—Hydrogen ¢ Cations effects in subsequent steps are documented (products)
204 —&— Methane /
| —=—c,, products ¢ 10 5 10 3
15| —o—Total §/ § Ethylene . E Ethanol
' 1 v——"_"/ .
104 3 v/ 3 v
3 . _
| ; e |co, e
A
5- 0.1 A" 01 3 - —
1 . =~ —e—-08VVsRHE
0{ 4 4 A A A - . .._.—-o/ i —A—-09Vyvs RHE
Li N K Rb c 0.01 3 o 0.01 = —v—-1.0V vs RHE
: i . 3 E 1.1V vs RHE
Cuin 0.1 M hydroxide under CO — | I I I — T I I I
I 0.005 a.u. Li Na K Rb Cs Li Na K Rb Cs
Electrolyte Cation Cu(lOO) Electrolyte Cation
1
4 Ethylene 1 Ethanol
—_ i 0.1 5
3. | | /l/. 3
3 ‘ " CO ]
o
o e /. 0.01 4
© 1 = ]
Q ] ’
o) -—m—-0.8 Vvs RHE _ -0.8 Vvs RHE
N | - CO saturated 0.1 M MHCO, 0.001 CO saturated 0.1 M MHCO,
n .
L Lli Nla |]< R’lb cls L[i Nla rl< Rlb cls
Electrolyte Cation Electrolyte Cation
A.S. Malkani, J. Li, N.J. Oliveira,
Lion ‘ M. He, X. Chang, B. Xu, Q. Lu,
LI | LI | L] | LILLIL I rrri | LI L SCi. Adv. 6 (2020) eabd2569
2200 2100 2000 1900

Wave number (cm’')
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One more pathway: CO, reduction on dispersed Pd (also modified with Cu adatoms)

ECI.I = 1 ﬂcu = 05
Solution 1MKHCO; +CO, 05MK,CO;+05MKHCO; 0.5MK,CO;+05MKHCO; 05 M K,CO, + 0.5 M KHCO,
(pH80) Curvel (pH9.9) Curve3 (pH9.9) Curve?2 (pH 9.9)
Reduction
potential /V 0 0.02 0.02 0.02
HCOO ™ current
yield % 95 80 80 100
tog (1jl7/am™2real surt)  B.l. Podlovchenko, E.A. Kolyadko, Shigan Lu, J. Electroanal. Chem. 373 (1994) 185-187 EV (RHE)
-1.0 0
; @ O——
<3 €0y
s I Outer-sphere +H
AORIL NG Heog gap? =
S “;?\\ 3 | Only formate Only formate?
:—gl \_\\ COSH G
5 \\\\ | -ak adsorbates
o]
n‘ =\
0.5 HCOOH % CO, and also CH,, alcohols, C2 products (on Cu)
Hcoo™ a2f" = T '_
gii S e GG \Why we ignore
o 2 4 s . - ‘—g’f;:: -o.s%: H., participation
DH =2 ZZ for Cu?
~0.0l 0 0.05 0.10 o4 s ”

L 1 i 1 1 S L2 4
-0.30 -0.25 -0.20 -0.15 -0.10 -0.05

E.»v RHE Julich, May 2025, lecture 3 B (Vo)



One cannot exclude participation of H_, on Cu; it is crucial to study low negative RHE

VIIl group metals: potentials using high surface area electrodes
Electrode  Pressure Faradaic efficiency of CO, reduction product (%)
of CO,/atm  ~5""""HcooH CH, C,H, C,H, CiHy C,H, iC,H,y 1n-CyH,y COsp,
Fe 1€ 0 0 0 0 0 0 0 0 0 0
Fe 50 6.7 3.7 161 132 0.05 1.53 0 0.19 1.01 16.0
CO and C2 Co 1°¢ 1.2 t 0.31 0.2 t 0.19 0 t 0.09 2.0
Co 60 14.4 4.1 0.93 0.45 0.13 0.48 t t 0.33 20.1
appearat . 1¢ 0 0.1 062 0 063 006 O 0 0 1.4
lower Ni 60 104 232 1.78 0.88 0.44 0.41 0.06 t 0.3 37.5
potentials Pd 1° 5.3 4.4 0 0 0 0 0 0 0 9.7
Pd 50 579 44 0 0 0 0 0 0 0 62.3
Pt 1¢ 0 0 002 t 0 0 0 0 0 0.02
Pt 60 9.3 24.1 0.31 0.08 t 0.08 t 0 t 33.9
c.a.—-1.0--1.1VRHE S. Nakagawa, A. Kudo, M. Azuma, T. Sakata, J. Electroanal. Chem. 308 (1991) 339-343
Copper: Faradaic efficiency (%)
CO E®
[atn?L) (V) CH, CoHg C.H, C,H;:OH CO HCOQOH H, HCP CO, red”
AgCl/Ag
1 —-1.57 Trace Trace 0.01 nd* nd nd 98.7 0.0 0.0
10 —-1.61 2.5 0.02 0.56 nd nd 0.8 91.8 3.1 3.9
20 —1.62 25.0 0.04 2.33 0.9 nd 3.1 58.7 28.3 314
30 -1.61 48.4 .04 3.62 1.1 Trace 3.3 31.8 b3.2 56.5
40 -1.63 54.4 0.08 3.34 1.1 Trace 9.5 15.9 58.9 68.4
50 —1.60 43.5 (.13 7.26 2.3 nd 8.9 11.1 53.2 62.1
60 -1.61 32.9 0.13 5.40 1.7 Trace 13.7 6.5 40.1 23.8
c.a.—-0.9 VRHE K. Hara, A. Tsuneta, A. Kudo, T. Sakata, J. Electrochem. Soc. 141 (1994) 2097-2103 .
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Look for similarities: nitrate reduction on Pt (also modified with Cu adatoms) and on Cu

j/uh om™ t 0.5MH,S0,
6F |
Nitrite/Pt 54 o . 5] .
Cu/P | o} I O_ |I-’{po|sonmg blank NltratE/CU O: H poisoning BlaRi NltrItE/cu
st isuh et ‘ < '
I
I
\ . |
af il 3 /-0 . jE:/ I
Nitrate/Pt ~ 0] ,, R ] - . :
M 121 = 4 * 10 RHE 10 RHE
3 o] OIJ 5.2 0.3 o‘.4 0.5 - ‘ 2. ’ |
E/N om0 1 Nd9Yv%eYe S |
’ RHE ' 10 12 14 1
18- ?0010 rpmx —rr 0 2'4‘”1/2‘5’21501/2:2r o -18 (rfd Us ? o
2k Pt: also + Cs* 16 -15 -14 -1E.3(V-1.2 1:11'/1H O1)0 09 -08 -07 46 15 14 -13 19 11 10 '09 08 07
A\ TN . . vs. Hg/Hg E (V vs. Ha/HgO
« Cs* is surely adsorbed in 0.1 M NaOH LaL e
1 this region, but does not D. Reyter, D. Belanger, L. Roue, Electrochim. Acta
affect nitrate reduction 53 (2008) 5977-5984; see also G.E. Badea,
A Electrochim. Acta 54 (2009) 996-1001
0 0..I 0..2 DI.3 C:.t’i 0:5
v RHE

Similarity of CO, and NO reduction is mentioned in H. Wan, A.

O.A. Petrii, T.. Saf J. Elect .
e aronova, ectroans Bagger, J. Rossmeisl, Angew. Chem. Int. Ed. 60 (2021) 21966-21972

Chem. 331 (1992) 897-912
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Julich, May 2025, lecture 3



Cations effect on OER formally agrees with inverted pzfc, known for oxide as well Ru

| LioH

w
o

50

However, this effect is not very

1 strong, mostly observed under non-
steady-state modes, and is not
accompanied by oxide recharging
studies.

N
w
I

N
o
I

(8)]
o

=
o
o

o
u

Current Density (mA/cm?)
=
un

T J.D. Michael, E.L. Demeter, S.M.
llles, Q. Fan, J.R. Boes, J.R.

Current density (uA/cm?)

“-?} —— 1 Kitchin, J. Phys. Chem. C 119 50
Overpotential (V) (2015) 11475-11481 °/C IrO2
Raman, Ni-0O? o1 0
240 mV 340 mV 40 mV 05 . A A 2 A 4
LiOH, left peak 48043 + 023 48093 + 020 48127 + 0.19 ' 1.3 1.4 1.5 1.6

Potential (V vs RHE)

R.R. Rao,.... Y. Shao-Horn, J.
Phys. Chem. C 125 (2021)
819508207

CsOH, left peak 478.87 + 0.17 47947 = 0.15 479.77 = 0.15
LiOH, right peak 562.07 + 0.51 56193 + 047 561.13 + 0.39
CsOH, right peak 557.03 £ 0.35 55693 + 0.27 556.57 + 0.26

0

~05F
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This can be cation effect on oxide stoichiometry, and correspondingly on lattice-related OER

pathways
3

— =NaOH

N

—

Current density (mA cm™)
o

P24/

- - - CsOH

2k
-3 1 1 1 1 a 1 1
04 0.6 0.8 1.0 1.2 1.4
Potential (V vs. RHE)
40 -
— + = LiOH = = NaOH /
. — - -KOH -=-- CsOH 3%
o 7.
e 30 .’
(3] J -
< -,/
E KA
%20 - /'l' /
c . ' . 7 :
o] I /. | .
o i,"." 7 P
E 10 - s {I/ . (
£ A e
8 . /"'/ i " - i
0 ___...---S-:.-’l".'r . "'"!..;’ _’_I
! 1,5645-1625V !
1 | ] 2 1 J
1.40 1.45 1.50 1.55 1.60 1.65

Potential (V vs. RHE)

s LiOH
— L 2+ IpA3+
= | e
E — - =KOH N
<
E 05F
=
7]
C
[}
o
@ 0.0}
5
o
_0‘5 1 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4
Potential (V vs. RHE)
20
e |_iOH - = NaOH
& + — - = KOH '
e =1 il 3
- 1) 2, /
< B[ oyt A
3 | & VT , /
= F A Ak
2 10]; Bow e b %y
| - ./ - £ * /
() ; - - /
o . % :’ - i 38
= " 000 ,'./ /
€ S6F v w0 60 30 0 -/ 7/
S "o, iR-free overpotential (mV) -~ .
//
0 L 1 .,l' 1 1
1.40 1.45 1.50 1.55 1.60 1.65

Potential (V vs. RHE)

14.0

Electron transfer number

3.8

8
] OOH, , selectivity

" | T [ Electron transfer number
_ | ||| FromRRDE, IrO,
£ ¥ T —~ i
a -
>
il
3 |

!

3 [ T T
o4l l &
O

0 —"Ton NaOH KOH CsOH

J.A.D. del Rosario, G. Li, M.F.M.

Labata, J.D. Ocon, P.- Y. A. Chuang,
Appl. Catal. B 288 (2021) 119981
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Probably more evident is anion effect on OER, but is it
steady-state? 5 |
g I
5k b N
Ir black rticl Pol talline | £ AN
. ‘r acl nanop'a |ce' " ) | O){crysallne r | 5—3” . ,2:\3.,
0.5 M HCIO, [——0.1 M H,SO, =)
_ 12504 [0.1M HCIO, 1 f=——0.1 M HCIO, 2] ‘ After 1.4V
<c(”1ooo- 0.05 M H,SO, 1 3
< 0. LSE), x x e
-*E 750- o.;m:'zsod . RHE
.ﬁ = T 600 800 E/mV 1000
i 500- Ly E::(fzcl)roe
(%) = » o oAfter ~ . .
< 20 20 | {2 Anion adsorption on metals
14,50, E
0 3 ol ke <  decreases dramatically after
, : : : : : ; : = = c L .
v N e 8 o Before/after -0 g polarization at OER potentials.
2 2] 10hat1.55V s 3
J.A. Arminio-Ravelo,A.W. Jensen, K.D. Jensen,J. Quinson, M. - . R —  Direct data on ionic adsorption
Escudero-Escribano, ChemPhysChem 20 (2019) 2956-2963 are crucial for electrocatalysis by

1.35 1.40 1.45 1.50 1.55 1.60

| E/V vs. RHE oxides.
Before answering this question, we need first to clarify what reaction we study. Peroxide yield?

EFFECT OF CATIONS 1IN 1 A NaOH EFFECT OF axionNs 1x 1 N H.S50;
Pt H.O» formeds Efficiency Flectrolvt, H:Oa formed> Efficiency
Electrolyte (g1 2p8) (%) ectirolyte (ng + 1.0 ug) (or)
1 M NaOH 72.0 63.0 1 !\: H-50, _ 15.0 14.2
1 M NaOH + o.oor A CaClaP 19.5 146.7 1 N H2S0,; + o0.033 A1 KF 187 17.6
1 M NaOH - o.cot M Sr(ClO;)a 38.4 36.2 i 1;_ gzggq i gggg ﬁ i%lr 328 305
¥ e 2 - = 3 - 353-2 2.
1 A NaOH -+ o.oot M Ba(ClO;)a 22 4 21.1 1 N HCl 39.2 36.9

A. Kozawa, J. Electroanal. Chem. 8 (1964) 20-39 Julich, May 2025, lecture 3 29



We can expect some news from organic

electrochemistr
y be very helpful
30 . . 0.00 —————— e —
i S go —— NaOH 0.05 Vs
- Li-acetate ;. Cs+ L —0.05 . ~ LIOH
— Li-acetate ., | 40 |
18 Na-acetate .. ‘
Na-acetate r-0.10 b
Ring z |
— 169 ——K-acetate ., - : 0}
K-acetate o - —0.15 e ‘
E 14- —Cs-acetateﬂn,E; ! E =2 -40!
"E 12 4 Cs-acetate ., L —0.20 ‘5
= I = -80 |
3 107 L —0.25 3 ; :
@ 8- vt = 0.0 0.2 0.4 0.6 0.8
a Pt, 1M_acetate, pH 5 Li i 7 Ve (v. RHE)
Ch OER region
44 Onset for OER L 0. from
2
2 - . -
0l _ Kolberegion | OER T, Ashraf, B.T. Mei, G. Mul,

Quantification of adsorbate formation steps can

16/0,.= 0.05

. 500/ 0, = 0.05

400/

_.
(&)

Potential (Vgye)

3.0 @ ChemElectroChem, 11 (2024)
e202400274

Considering more than one reaction occurring in the same
potential interval, we can learn more about reaction zone.

As wide as possible potential interval is desirable, to judge about
electrode charge induced changes of reaction zone.

A’

NaOH

LiOH
Ll 1 g 1 —
]

a4 ] 12

E(V)

C.-Y. Lin, H.D. Abruia, J. Suntivich, J.
Electrochem. Soc. 172 (2025) 016503
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Still unsolved most urgent issues (including experimental)

I. Reactions kinetics

Collect/measure electrocatalytic effects for solutions already characterized in respect to free charge and ionic
adsorption.

Use traditional redox probes sensitive to cations, to estimate what effects take place for more or less outer-sphere
reactions, and what effects are unique for electrocatalysis.

Il. Analysis under assumption of equilibrium ‘double layer’

Compare computed charge vs. potential dependence with “thermodynamic” experiments, to get more realistic
parameters for further modeling of reaction.

Is it possible to model the interface for various free electrode charges fixed in advance?

Is it possible to estimate solvent reorganization or effective permittivity in the ‘dense layer’?

Improve and complement ‘double layer’ knowledge: radiotracer and optical techniques
lll. Choice of the next set of the most urgent issues

How to arrange the reliable experimental tests of the non-equilibrium ‘double layer’ effects?

S. Chen, A. Kucernalk, J. Phys.
Effect of catalyst particle size on free charge and adsorbates distribution? « Chem. B 108 (2004) 3262—;/276
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Vladimir S. Bagotsky (1920-2012)

Vladimir S. Bagotsky

Fuel Gells

Problems and Solutions

ELECTROCHEMICAL
POWER SOURCES

Batteries, Fuel Cells, and Supercapacitors

WILEY

- Fhe Elect

Vladimir S. Bagotsky
Alexander M. Skundin
Yury M. Volfkovich

The Flectrochemica
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