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Liquid-Junction Potentials

Chapter 2
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Q: What’s in this set of lectures?
A: B&F Chapter 2 main concepts:

 ● “Section 2.1”:   Salt; Activity; Underpotential deposition

 ● Section 2.3:    Transference numbers; Liquid-junction
         potentials

● Sections 2.2 & 2.4: Donnan potentials; Membrane potentials;
         pH meter; Ion-selective electrodes

(UPDATED)



574Refresher… the equilibrium potential and the Nernst Equation

O + ne– ⇌ R

the standard potential
(look it up in the back of your book or in the CRC table)

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

𝑎𝑅

𝑎𝑂

activity of R

activity of O

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅𝐶𝑅/𝐶𝑅
o

γ𝑂𝐶𝑂/𝐶𝑂
o

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

… the activity is the product of the activity coefficient and the concentration…
… divided by the standard-state concentration, which is (nearly) always 1 M…

(UPDATED)



575Refresher… the equilibrium potential and the Nernst Equation

E0'

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

𝐸 = 𝐸0′ −
𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

the formal potential… this depends on the identity and 
concentration of all ionizable species present in solution

(UPDATED)
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Fig. 10-1, p. 268 in Skoog & West

BaSO4

CH3COOH

H2O

However, (concentration) equilibrium “constants”…
                … are not constants…
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BaSO4(s) ⇌ SO4
2-(aq) + Ba2+(aq)

A (activity) = 1.0 for any pure solid compound 
in its standard state at room temperature

… let’s focus on the solubility of BaSO4…
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BaSO4(s) ⇌ SO4
2-(aq) + Ba2+(aq)

… let’s focus on the solubility of BaSO4…

the activity coefficient
for SO4

2-

the concentration 
of SO4

2- 

(already divided by the standard-state concentration)

(UPDATED)
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BaSO4(s) ⇌ SO4
2-(aq) + Ba2+(aq)

… let’s focus on the solubility of BaSO4…

the thermodynamic equilibrium constant

the concentration equilibrium constant

(with each concentration already divided by its standard-state concentration)

(UPDATED)



580

𝐼

Fig. 10-3, p. 272 in Skoog & West

Ionic strength, I = 0.5(zA
2[A] + zB

2[B] + zC
2[C] + …)

… the greater the charge on an ion, the greater the depression of its 
activity coefficient by an inert salt…

… so, for NaCl, what is I?

(~10 mM)
~100 mM

[NaCl]!
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Bockris & Reddy, Fig. 2.18

… the greater the charge on an ion, the greater the depression of its
activity coefficient by an inert salt… but at high concentration, this trend flips!



582

BaSO4(s) ⇌ SO4
2-(aq) + Ba2+(aq)

… let’s focus on the solubility of BaSO4…

… but what are these values? That is, how do we calculate them…
… and why do they depend on the concentration of salt?

(with each concentration already divided by its standard-state concentration)

(UPDATED)
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BaSO4(s) ⇌ SO4
2-(aq) + Ba2+(aq)

2H2O ⇌ H3O
+ + OH– 

CH3COOH + H2O ⇌ H3O
+ + CH3COO– 

… in all three of these cases, K' > K, at not too large of an ionic strength

general observation: K' always shifts (from K) to favor
the most ionic state of the equilibrium

more ionicless ionic



584Refresher… the equilibrium potential and the Nernst Equation

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

𝐸 = 𝐸0′ −
𝑅𝑇
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ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

Fe3+ + 1e– ⇌ Fe2+

Question: How, qualitatively, is the equilibrium potential for Fe2+/Fe3+ 
affected by the addition of a supporting electrolyte, KF, at a 
concentration of 0.1 M? 

… now, γFe3+ < γFe2+, agreed?…

(UPDATED)
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Table 10-2, p. 274 in Skoog & West

Debye–Hückel equation
   (in water at 25 °C)

α = effective diameter of hydrated ion (nm)

− log γ𝑥 =
0.51𝑧𝑥

2 𝐼

1 + 3.3α𝑥 𝐼
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α = effective diameter of hydrated ion (nm)

… the derivation is long… but the main idea is that you balance
thermal motion (Boltzmann) with electrostatics (Poisson/Gauss)…

from Wiki

Physicist & P-Chemist

Peter Joseph William Debye

(1884–1966)

Physicist & P-Chemist

Erich Armand Arthur Joseph Hückel

(1896–1980)

Debye–Hückel equation
   (in water at 25 °C) − log γ𝑥 =

0.51𝑧𝑥
2 𝐼

1 + 3.3α𝑥 𝐼
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… the “limiting law” is when I → 0 (< 10 mM)…
             … and then the Debye–Hückel
             equation simplifies to just the
             numerator:

Bockris & Reddy, Fig. 3.23

− log γ𝑥 = 0.51𝑧𝑥
2 𝐼

α = effective diameter of hydrated ion (nm)

Debye–Hückel equation
   (in water at 25 °C) − log γ𝑥 =

0.51𝑧𝑥
2 𝐼

1 + 3.3α𝑥 𝐼
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Fe3+ + 1e– ⇌ Fe2+

and

… and we conclude that in the presence of added salt… you tell me!

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

ln
γ𝑅

γ𝑂
> 0

γ𝑅

γ𝑂
> 1.0

Question: How, qualitatively, is the equilibrium potential for Fe2+/Fe3+ 
affected by the addition of a supporting electrolyte, KF, at a 
concentration of 0.1 M? 

… now, γFe3+ < γFe2+, agreed?… So…

(UPDATED)
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no added salt…

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

γ𝑂 ≈ γ𝑅 ≈ 1.0

ln
γ𝑅

γ𝑂
≈ 0

with added salt…

ANSWER: E0' shifts to more negative potentials

Fe3+ + 1e– ⇌ Fe2+

Question: How, qualitatively, is the equilibrium potential for Fe2+/Fe3+ 
affected by the addition of a supporting electrolyte, KF, at a 
concentration of 0.1 M? 

and ln
γ𝑅

γ𝑂
> 0

γ𝑅

γ𝑂
> 1.0

(UPDATED)



increasing 

supporting

electrolyte

Im-Tl+, to bring Tl+

to the electrode

Id-Tl+, to bring Tl+

to the electrode

cathodic reaction

590Question: What if the redox species were positive/neutral charged, 
like Tl+/0, and we increased the concentration of supporting electrolyte 
to ~0.1 M? 

Tl+ + 1e– ⇌ Tl0

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

with added salt…

and 𝐥𝐧
𝜸𝑹

𝜸𝑶
> 𝟎

𝜸𝑹

𝜸𝑶
> 𝟏. 𝟎

ANSWER: E0' shifts to more negative potentials (which are more positive in TX!)

(UPDATED)



591Question: What if the redox species were negatively charged, like 
[FeIII(CN)6]3–/[FeII(CN)6]4–, and we increased the concentration of 
supporting electrolyte to ~0.1 M? (FROM LAB!)

[FeIII]3– + 1e– ⇌ [FeII]4–

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln

γ𝑅

γ𝑂
−

𝑅𝑇

𝑛𝐹
ln

𝐶𝑅/𝐶𝑅
o

𝐶𝑂/𝐶𝑂
o

with added salt…
Fe(CN)6

3-/Fe(CN)6
4-

No added salt
(note ipc and iR)

and 𝐥𝐧
𝜸𝑹

𝜸𝑶
< 𝟎

𝜸𝑹

𝜸𝑶
< 𝟏. 𝟎

ANSWER: E0' shifts to more positive potentials

(UPDATED)
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Co0 ⇌ Co2+ + 2e–

Eeq

Underpotential deposition (UPD)

Co2+ + 2e– ⇌ Co0

… practical “activity”… even of solids!

… but what are these 
small cathodic current "bumps" 
that occur at Eapp > Eeq?

B&F, pg. 420

… aCo(s) < 1… because the activity 
of a solid is proportional to its 
surface coverage!
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Co0 ⇌ Co2+ + 2e–

Co2+ + 2e– ⇌ Co0

Eeq

Coδ+

gold

OPD of cobalt

gold

cobalt UPD of cobalt

Mendoza-Huizar, Robles, & Palomar-Pardavé, J. Electroanal. Chem., 2003, 545, 39

Underpotential deposition (UPD)… practical “activity”… even of solids!

B&F, pg. 420

… aCo(s) < 1… because the activity 
of a solid is proportional to its 
surface coverage!
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Q: What’s in this set of lectures?
A: B&F Chapter 2 main concepts:

 ● “Section 2.1”:   Salt; Activity; Underpotential deposition

 ● Section 2.3:    Transference numbers; Liquid-junction
         potentials

 ● Sections 2.2 & 2.4: Donnan potentials; Membrane potentials;
         pH meter; Ion-selective electrodes
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an ISE (for nitrate ions)an SCE

Now on to two general liquid junctions that we care about (the most)…
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when two ionic solutions are separated across an interface that 
prevents bulk mixing of the ions, but has ionic permeability, a potential 
(drop) develops called the liquid junction potential.

Bard & Faulkner, 2nd Ed., Wiley, 2001, Figure 2.3.2

same salt;
different conc.

one ion in common;
same conc.

everything else

… liquid junctions:
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same salt;
different conc.

Bard & Faulkner, 2nd Ed., Wiley, 2001, Figure 2.3.2

● starting at the side with larger ion concentration
● the ion the with larger mobility will impart its
 charge to the opposite side of the junction

… example “1”:

… conceptually, let’s think about a condition in the 
limit where tH+ → 1 (say tH+ ≈ 0.9)…

… as H+ diffuses down its concentration gradient, 
an electrostatic force is exerted on Cl– to pull it 
along (at a larger flux) while at the same time 
slowing down transport of H+

… this happens until ti–effective = 0.5 for both H+ 
and Cl–, and at which time the system has attained 
steady-state mass transport and has generated a 
maximum liquid-junction potential.

… FYI, in semiconductor physics this same process 
results in a Dember potential… and the transport 
process is called ambipolar diffusion



598Recall that transport number, ti, (or transference number) is based on …

… and that the ionic conductivity, κ or σ, is defined as…

… so ti is the fraction of the solution conductivity attributable to ion "i"

units: S/cm or 1/(Ω cm)

units: cm2/(s V)
(Stokes' law)

Siemens

Λ α (C)1/2

The Kohlrausch law (empirical) and 
Debye–Hückel–Onsager equation 
(theoretical) predict that the molar 
conductivity is proportional to the 
square root of the salt concentration

from Wiki

Physicist

Friedrich Wilhelm Georg Kohlrausch

(1840–1910)



599Recall that transport number, ti, (or transference number) is based on …

… and that the ionic conductivity, κ or σ, is defined as…

… so ti is the fraction of the solution conductivity attributable to ion "i"

units: S/cm or 1/(Ω cm)

units: cm2/(s V)
(Stokes' law)

Siemens

from Wiki

P-Chemist & Physicist

Lars Onsager

(1903–1976)

The Kohlrausch law (empirical) and 
Debye–Hückel–Onsager equation 
(theoretical) predict that the molar 
conductivity is proportional to the 
square root of the salt concentration

Λ α (C)1/2
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/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

= F

… and recall the 
Einstein–
Smoluchowski 
equation to 
calculate Di,

𝝁𝒊 =
𝒛𝒊 𝑭𝑫𝒊

𝑹𝑻
 

"equivalent" 
molar (ionic) 
conductivity
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… the sign of the liquid-junction potential is 
obvious for Types 1 and 2 (but not Type 3) 
based on the mobilities of the individual ions…

… and so when in doubt, think logically about 
the sign of the potential to verify answers…

… and yes, Cl– will migrate/drift based on the 
electric potential formed by cation transport

Bard & Faulkner, 2nd Ed., Wiley, 2001, Figure 2.3.2

one ion in common;
same conc.

● compare dissimilar ions (cations or anions)
● the ion with the larger mobility will impart its
 charge to the opposite side of the junction

… example “2”:

Cl–



602



603we use ti values, which are based on kinetic transport to determine
  the liquid-junction potential (for derivations, see B&F, pp. 70 – 72)…

Type 1 Type 2 Type 3

same salt;
different concentrations

same cation or anion;
different counter ion;
same concentration

no common ions,
and/or one common 
ion; different concs
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Type 1

Type 2

(α)

(β)

Type 3

the Henderson Eq. (with a few assumptions, pg. 72)

… as written, these equations calculate Ej at β vs α

… use the conductivity due to 
all ions, even the common one

… sign depends on the charge of the dissimilar ion:
  (+) when cations are dissimilar, and (–) when anions are dissimilar

(with a few assumptions, pg. 72)

we use ti values, which are based on kinetic transport to determine
  the liquid-junction potential (for derivations, see B&F, pp. 70 – 72)…

… use the 
activity of the 
entire salt



605example:  B&F Problem 2.14d

Calculate Ej for NaNO3 (0.10 M) | NaOH (0.10M)

1.  What Type?

2.  Polarity? 

Type 2
α | β



606



607example:  B&F Problem 2.14d

Calculate Ej for NaNO3 (0.10 M) | NaOH (0.10M)

1.  What Type?

2.  Polarity? Polarity should be clear… compare mobilities… µOH– is larger…
     … so NaNO3 side will be (–)… and so β vs α will be (+)

3.  Calculate it: 

… (–) due to 
anions moving-

𝐸𝑗 = −0.05916 log
µNO3

− + µNa+

µOH− + µNa+

𝐸𝑗 = −0.05916 log
7.404 + 5.913

20.5 + 5.913
= 0.0176 V = +17.6 mV

as predicted, a (+) LJ 
potential correlates 
with the compartment 
in the denominator, β, 
vs α

… a rather large Ej (at β vs α)!

α | β
Type 2
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… so, why do trained 
electrochemists prefer to 
use saturated KCl (or KNO3) 
as the salt to fill reference 
electrodes?

… similar mobilities and 
thus, similar ti’s and thus,…

… vanishingly small LJ 
potentials!
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