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Glossary & key words:

guasi-inert metals
Inert: Hg, Au; not inert: Fe, Zn, Cu
*Quasi-inert: noble metals, with strong adsorption agtiv
*Platinum-group metals

lonic liquids: (organic) salts, molten at room temperature

interfacial capacitance:dg¥/dE
(C, andC, ) — determined by impedance measurements

single crystal electrodessingle crystals, cut along theinKl)
crystallographic planes (reproducible, well-defined)

zero charge potentials pz9: pzfc, pztc, pme next page
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The aim of the double layer studies:understanding double layer structure
( i(E) with cross-sectional distributions) and associated lageti

Measured quantity: i(t) as function of E(t) — CV (i(t, E(t))), EISZ( ))
Provided thatwe can get rid of (or separate) Faradaic currents
Step 1: i(t, E(t) orZ( ) C=dg'/dE

Provided thatwe knowpzc E(gqV=0)
Step2: C(E) JWE);

Provided thatwe know electrosorption valencies (formal charge transfer
numbers) .=(-1/F)dg¥/ .

Step3: M(B) (B (E) = -zF qM(E)
can be calculated.



Step 1 (determination of capacitances): 5/25

CV: determination of capacitance froml(t) :
Separation of Faradaic and charging currgptsthen calculation o€ . as

o) qu — qu/dt — jnF
“ dE  dE/dt v

EIS (Electrochemical Impedance Spectroscopyfinding an equivalent circuit
which is

 adequate (corresponds to the underlying phisico-chemioakgses)

e can be fitted to the measured spectra
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Electrochemical impedance spectroscopyor characterizing charged interfaces
(double layers) and determining rates

Measurement: in equilibrium or in steady state

Stimulus: E(t)=E,.+ E,.sin( t)
Response 1(1)=1 4.+ | .SIN( t+ )
Impedance

IS a complex quantity defined as
Z° Z ..exp(i )= Z,cos +i-Z,sin with Z, °E_/I.

IS a spectrum (typically 1 mHi<1MH2);

IS usually interpreted in terms of equivalent cirswif R, C and other
(e.g. W: diffusional impedance) elements.

Information obtained: d/dE of
surface charge (=double layer and adsorption capacitances)
rates of Faradaic and non-Faradaic processes
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Impedance in the absence of Faradaic reactions
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Origin:

adsorption impedance theory of

Dolin & Ershler (hydrogen adsorption, 1940),

Frumkin & Melik-Gaykazyan, 1951

» no Faradaic reaction,

* W: in case of adsorption ofrainor component
(with supporting electrolyte)
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For easier visualizationZ(w) is transformed to C(w) as

Y (w) 1
M= T izw)- R)

where

w. frequencyj: imaginary unit

«Z(w): measured impedance spectrum
‘R=Z(WR¥ )

*C(w): (complex) capacitance spectrum
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Points shift clockwise
with increasingc, 4



Step 2 (pzc determination): 9125

1.Potential of zero
free charge,pzfc
metal | electrolyte

2.Potential of zero 3. Potential of maximum
total charge,pztc entropy, pme
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1. Potential of zerofree charge, pzfc

Theory: the ions (charge carriers) attracted to / repelled
from the metal; scattered by thermal motion.

Poisson-Boltzmann equation for the spatial distribution of

charges.
(Physical theory: no chemical interactions are assumed.)

Dilute electrolyte — metalinterfaces:
Both charge carriers are free to move
Gouy-Chapman-minimum on tH&E) curve
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*Predicts small capacitances (5-30 uHcdilute solutions)
*Rather special case: ,textbook theory”; minor effect.
*Frequency independent capacitance.

2KT
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metal | electrolyte

° 3. Potential of maximum entropy, pme Climent &
o Compton (2002))

echaracterizes water-metal interactions

much smaller effect than that of ion-adsorption
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Lazarescu & Clavilier, 1998 Pajkossy & Kolb, 2001
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metal | electrolyte
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2. Potential of zerototal charge, pztc

Charge needed to create the double layer:

metal electroéte o
O °° g o i)t

l o o immersion
°°° pztc E(gVM=0)

| Y T°
)é\/ \ ] ~
metal | electrolyte Cl IR >_
~“E
o © FD—-
i C? o)
os i :

Measurable (but initially the surface must be clean).
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Alternative: (-) charge needed to eliminate the double Iger:

metal | electrolyte

Typical example (Clavilier, Feliet al, 1992-)
CO charge displacement method:

*Pt(111) in 0.1 M HSO, (HCIO,);
«Setting potential t&

—T—E *CO bubbling (current transient recorded)

*Ar bubbling (CO removal from the solution)

metal

*Positive scan (surface CO oxidation)

-g" o i(t)dt

CObubbling

pztc E(gqVM=0)



Quasi-inert metals in aqueous

solutions

double layer
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The R+W-C_,branch is related to Chdsorption, the R 5~C,4,to H" adsorption.
And the G;?

Are C, and C_4 coupled ?



adsorbate base electrolyte adsorbate = base electrolyte
(ImM HCl in 0.1M HSO,) (0.1M HCI)

C4 and C_, are charged by:

C, : lons of the base electrolyte C, : adsorbate

Car adsorbate C.. adsorbate

lon movement:

SO, (sol. bulk  OHP) Cl- (sol. bulk OHP)
CI- (sol. bulk  IHP) Cl- (sol. bulk IHP)
Cl-(sol. bulk OHP IHP)

C4 andC_, are independent. C4 andC_, are coupled.
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Cl- (sol. bulk OHP);
Cl- (sol. bulk 1HP)
Cl- (sol. bulk OHP IHP)

Cy and C_, are coupled (,Delahay’s coupling”).

Double layer/adlayer rearrangement kinetics.
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Au(111) in an ionic liquid, BMImPF
(butyl-metyl-imidazolium )*PF4

Stable voltammograms, within the -0.9V and +0.7 V {ani
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Impedance:

Interfacial capacitance:
1. There is a potential-independer® F/cnt capacitance plus a

2. Parallel CPE, its coefficient peaks at -0.2V.
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Additional findings:

1. pztc, immersion experiments
(Markus Gnahm)

\

Charge zero crossing at -0.2V.
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Additional findings:

2. STM image (100x100 nm) of the surface
at +0.2V and -0.3V (Markus Gnahm)

The change is reversible
the tip senses the surface through different interfacialrfaye
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Summary:
General conclusion regarding the double layer capacitance:

* The double layer capacitance of inert metals immersadlutionswith no
adsorbing anions (like Hg in NaF solutions) is frequendejendent (exceptional
case).

*The double layer capacitance of metals immersed in solsivith adsorbing
anions (unlike Hg in NaF solutions) exhibits frequency demnce (frequent
case) — characterizing double layer rearrangement kmetic
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What can we learn from electrical measurements on the double layer?

The aim of the double layer studies:understanding double layer structure(E)
with cross-sectional distributions) and associated laseti

Measured quantity: i(t) as function of E(t) — CV (i(t, E(t))), EISZ( ))
Provided thatwe can get rid of (or separate) Faradaic currents
Step 1: i(t, E®) orZ( ) C=dg“/dE

Provided thatwe knowpzc E(gM=0)

Step2: C(E) JdWE);

Provided thatwe know electrosorption valencies (formal charge trangfienlers)
=(-1/F)ddg¥/

Step 3: gM(E) - (E)

can be calculated.



