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Basic electrochemical thermodynamics
Reversibility: thermodynamically important

(a) Chemical reversibility
Pt/H,/H*, CI"/AgCI/Ag 0.222V
H, + 2AgCl —» 2Ag + 2Cl- + 2H*
Reversing the cell — reversed cell reaction “chemically reversible

Zn/ H*, SO,#/Pt
Discharging the cell: Zn + 2H* — Zn?* + H, (hydrogen evolution)
Reversing the cell:

2H* + 2e »> H, (Zn electrode)
2H,0 — O, + 4H* + 4e (Pt electrode)
2H,0 — 2H, + O, (Net)

— “chemically irreversible”

(b) Thermodynamic reversibility: an infinitesimal reversal
Chemically reversible: thermodynamically reversible or not




(c) Practical reversibility
- Actual process at finite rate — depends on the time domain
- In electrochemistry, following Nernst equation (linkage E and concentrations)
O+ne=R

E=E° + (RT/nF)In(C,/Cy)
— electrochemically (or nernstian) reversible

Reversibility & Gibbs free energy
Reversible: net work from the cell = AG
Irreversible: net work from the cell < AG

Free energy & cell emf (electromotive force)
Zn/Zn** (a=1), CI- (a=1)/AgCIl/Ag
Discharge the cell through R = 2o (zero current) — reversible
— AE (potential difference) is the equilibrium value (open-circuit)

Zn + 2AgCl — Zn?* + 2Ag + 2CI-  E.,, =0.985 V (spontaneous)
Reversed cell: -0.985 V



Positive E,,, (Spontaneous reaction
AG = -nFE,,,
AG® = -nFE,, "
E...0: standard emf of the cell reaction

rxn

AS = -(3AGIAT), = NF(BE,,,/aT),

rxn

AH = AG + TAS = nF[T(8E,,/aT), - Ey]

rxn

RTINK,,, = -AG® = nFE,,,

Half-reactions & reduction potentials

Half-reaction emf to a standard reference electrode

- NHE (normal hydrogen electrode) or SHE (standard)
Pt/H,(a=)/H*(a=1) E =0V at all temperatures

Reaction: 2H*+2e=H,

Appendix C (p808-): standard electrode potentials for the reduction



Pt/H,(a=)/H*(a=1)//Ag*(a=1)/Ag 0.7999 V
— Agt+e=Ag E°=+0.7999 V vs. NHE

cf. Ag,, n <20 — quite different from bulk Ag metal
Ag;: Ag*(ag) + e = Ag,(aq) E°=-18V
2.6 VV more negative than bulk Ag: much easier to remove e- from single Ag!!

Ag,: Agt+Ag,+te=Ag, ES~0V
Cluster size T — E.° approaches bulk: greater surface energy of small cluster

emf & concentration
Consider VvH, + voO — VgR + VH*

AG = AG? + RTIn(ag"Ra,,"H*/a,"a,,,H?)
a: activity (a,, =ay, =1), AG =-nFE & AG? = -nFE®

Nernst equation
E = E® - (RT/nF)In(agvRa,,"H*/a,?a,,,"H?) = E® + (RT/nF)In(a,°/as"R)

E v = Eright — Eler > 0 (Spontaneous reaction)



Formal potential

Activity a = Y[A], y: activity coefficient — unconvenient to use activity due to
unknown activity

E = E°—RT/nF In ¥&/ ¥o — RT/nF In [R])/[O]

E =EY - RT/nF In [R]/[O]

EY : formal potential (Table C.2 (p. 810))

- lonic strength — effect on activity coefficient — formal potential is different
from that in each medium — standard potential: from ionic strength to
extrapolate to zero ionic strength

Reference electrodes
NHE
Ag/AgCI/KCI (sat) 0.222 V vs. NHE
Saturated Calomel Electrode 0.2415 V vs. NHE
Non-Cl system: Hg/Hg2S04/K2S04
Nonaqueous system:
- quasireference electrode (QRE):
Ag or Pt wire in organic solvent (e.g., ferrocene/ferrocenium)



E9(Zn?*/Zn) —0.763 -1.00 3.7 -3.7
NHE 0 —-0.242 4.5 —4.5
0.242 0 : :
SCE 4.7 —4.7
EO(Fe® e 0.77 0.53 53 —5.3
Evs. NHE E vs. SCE £ vs. vacuum Er (Fermi energy)

(volts) (volts) (volts) (eV)



Interfacial potential differences

Potential at any point within a phase: ®(x,y,z) work required to bring a unit
positive charge from oo to point (X,y,z)

O(x,y,z) = -edl
g. electric field strength (force/unit charge)

Potential difference between (x",y",z") and (X,y,z)
O (xy,z2)-dxyz)=] -edl

Charge g inside an imaginary surface (Gaussian surface)
q=¢g,% &dS

given by an integral of the ¢ o GEc
£, - permittivity, 8.85419 x 10-*2 C°N-1m"
Excess charge resides on the surface
of the conducting phase
— space charge region (~A - ~1000A)




Interactions between conducting phases

Electrolyte layer

Surrounding vacuum with no net charge

When two conductors (e.g., metal & electrolyte) contact e
— electrical double layer & v

Metal with
charge ¢™

Gaussian surface

— interfacial potential difference (®M — ®9)

depends on charge imbalance at the interface & physical size of the interface
that is, charge density (C/cm?)
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Measurement of potential differences
- No measurement of A for single interface — Need two interfaces
< ) Zn /,;\ Zn

(%

— Cu/Zn/Zn?*, CI/Cu— —— Zn/Zn°*, ClI7/Zn
(a) (h)

Measurement of cell potential: a sum of several interfacial differences

Cu/zZn/zZn?*, CI-/AgCI/Ag/Cu’ cu
Electrolyte
To focus a single .
Interfacial potential difference . 0% = 0% = E
— maintain constant interfacial
Potential at all of the other junctions Cu \

In the cell

Distance across cell



Electrochemical potentials
Electrochemical potential for species i with charge z; in phase o

W = K + ZFo®
Chemical potential, ;* = (G/9n;) v p. 1

Electrochemical potential, p;* = (9G/an;)y p i

G: electrochemical free energy
(a) Properties of electrochemical potential

1. For an uncharged species: J.® = W%
2. Forany substance: i,® = 1% + RTIna,*, where p,°* is the standard chemical

potential, and &, is the activity
3. Fora pure phase at unit activity (e.g., solid Zn, AgCl, Ag, H,): i, = p,%
4.  For electrons in a metal (z = -1): P * = P 0% - Fo%
5. For aequilibrium of species i between phase a. and B: p® = i



Cell potential
Cu/Zn/zn?*, CI-/AgCI/Ag/Cu’

Cell reaction: Zn + 2AgCl + 2e(Cu’) = Zn?* + 2Ag + 2CI- + 2e(Cu)
At equilibrium

— Nernst equation for the cell



Fermi level & absolute potential
Electrochemical potential of electrons in a phase a, Y, “Fermi level” or “Fermi

energy”
— electron energy E:*

Absolute potential (vs. potential of a free electron in vacuum) of NHE: 4.44
Energy to remove an electron from NHE to vacuum = 4.44 eV



Ligquid junction potentials
Interface (liquid junction) between two solutions: transport processes to mix the
solutes

Cu/Zn/Zn%*/Cu?*/CU!'
a B

Overall cell potential at null current

E=[0 - 7] - [0 - 7] + [9° - ¢°]

Cu Zn liquid junction potential
Cu Zn o ‘ [ Cu’
e P g I 23 R
—_— —t Zn?* ; —— Cu?*

Non-equilibrium
Types of liquid junctions
1. Two solutions of the same electrolyte at different concentrations
2. Two solutions at the same concentration with different electrolytes having an
Ion In common
3. Two solutions not satisfying conditions 1 or 2



Type 1

0.01 M 0.1M
HCI HCI

OO

(a)

Conductance, transference number, & mobility

Type 2

0.1 M 0.1 M

a

HCI KCI

B

Type 3
0.1 M 0.05 M
HCI KNOZ
Cl" ———
~—t—K*
st N Oy

(-) Pt/H,(1 atm)/H*, CI/H*, CI/H,(1 atm)/Pt' (+)

Galvanically operated:

Left electrode (oxidation): H, — 2H*(a) + 2e(Pt)
Right electrode (reduction): 2H*(B) + 2e(Pt') - H,

()

(@)

— positive charge T in o phase & negative charge T in B phase
H* movement to the right, Cl- to the left

a, < a,



(a)

Transference number (or transport number)
The fraction of the current carried by H* and Cl: t, and t.

t,+t=1
>t=1
e.g., Figure above: t, =0.8,t. =0.2
Conductance (S = Q1), L = KA/

conductivity (k, Scm1): contribution from all ionic species
oc ion conc, charge magnitude (|z;|), index of migration velocity (u;)



Mobility (u;): limiting velocity of the ion in an electric field of unit strength
unit: cm?V-1st (cm/s per V/cm)
electric field, E — electric force — counterbalance with frictional drag —
terminal velocity

Direction of movement

Drag force \_/ Electric force

Electric force = |z)|eE e: electronic charge
Frictional drag (Stokes law) = 6tnrv

n :viscosity of medium, r: ion radius, v: velocity
When the terminal velocity is reached:

u. = v/IE = |z;|e/ 61TNr
Conductivity
K =F>|z|u,C,



Transference number for species i = conductivity by i /total conductivity
G = |zi|uCi/ > |z;|u,C;

For pure electrolytes (e.g., KCI, CaCl,, HNO,) — equivalent conductivity (A)
== e
N =KIC,,
Ceq: concentration of + (or -) charges = C|z|

AN=Fu,+u)=A,+A_
equivalent ion conductivity, \; = Fu,

t. = AJA=ul(u, +u)

- Table 2.3.1: t, — individual ionic conductivities, A;

- N\, t. depend on concentration of pure electrolyte because interactions between
lons tend to alter mobilities

— Table 2.3.2: \;; (extrapolated to infinite dilution) — calculate t;

For pure electrolyte: t. = /N



For mixed electrolytes:

G = |z|CA/ 2|7 |CA,

Concentration, C,, 4

Electrolyte  0.01 0.05 0.1 0.2

HCI 0.8251 0.8292 0.8314 0.8337
NaCl 0.3918 0.3876 0.3854 0.3821
KCl 0.4902 0.4899 04898 0.4894
NH,Cl 0.4907  0.4905 0.4907 0.4911
KNO; 0.5084 0.5093 0.5103 0.5120
Na,SO, 0.3848  0.3829 0.3828  0.3828
K>SO, 0.4829 04870 0.4890 04910

la

Ion Ao, cm?> Q! equiv i, cm> sec | V1P
H 349.82 3.625 X 1073
K’ 73.52 7619 % 1074
Na* 50.11 5.193 x 1074
B 38.69 4.010 X 10~#
NH, 73.4 761 10
tcaZt 59.50 6.166 X 1074
OH 198 905 Sl
Cl 76.34 7912 x 10°*
Br 184 S8 Mg
I 76.85 796 x10°*
NO; 71.44 7.404 X 10~*
OAc 40.9 424 x107*
ClO; 68.0 705 X 1074
1503 79.8 8oy B0
HCO; 44.48 4.610 x 10°*
Fe(CN),~  101.0 {047 X 1073
"Fe(CN)} 110.5 1 14 1=

Solid electrolyte: ions move under electric field without solvent — conductivity
— batteries, fuel cells, and electrochemical devices



Calculation of liguid junction potentials

|

——

(=) PyHHCI@HCIBHPE (+)

Metal-solution interfaces
1/2H, - H*(a) + e(Pt)
H*(B) + e(Pt") —» 1/2H,

Charge transport at the liquid junction

t,H*(a) + tCI(B) = t,H*(B) + t Cl(a)

—  H*(B) +e(Pt’) = H*(a) + e(Pt)

t HY

(a4)




Under null current conditions
EH+B +Eept’ — EH+(x + aept
FE = F(OP - ©PY) = JH+B — JI_Ha

E = (RT/F)In(a/a,) + (6°- %)
E .= E + E

cell — ™Nernst j

E;: liquid junction potential



For type 1 junction involving 1:1 electrolytes

E. = (0°- 0% = (t, - t)(RT/F)In(a,/a,)

e.g.,
(t,-t)—0, E,—0

Fora, =0.01M,a,=0.1MHCI, t,=0.83 &t =0.17 (Table 2.3.1)
E, = (0.83 -0.17)(59.1)log(0.01/0.1) = -39.1 mV

For a total cell, E = (59.1)log(a,/a,) + E; = 59.1 - 39.1 = 20.0 mV
— liquid junction potential: effect on cell potential

For type 2 junctions between 1:1 electrolytes
E; = £(RT/F)In(AP/A%)
Minimizing liquid junction potentials
[h == E;: additional troublesome — should be minimized! — salt bridge

(concentrated ions of nearly equal mobility)
HCI(C,)/NaCl(C,) — HCI(C,)/KCI(C)/NaCI(C,)




Cl— Ejl because ion transport at the two junctions is dominated more and more
extensively by the massive amounts of KCI

Concentration of KCI, C(M) F »mV
0.1 2F
0.2 20
0.5 13
1.0 8.4
2.5 34
955 1.1
4.2 (saturated) <]

Salt bridges: KCI (t, =0.49,t. = 0.51), KNO, (t, =0.51,t = 0.49)
CsCl (t, = 0.5025), RbBr (t, = 0.4958), NH,I (t, = 0.4906)

Junctions of two immiscible liquids
Biological membrane model



Selective electrodes
Two electrolytes phase but only a single ion could penetrate by selectively
permeable membrane (t = 1 for the permeating ion i, t = O for other ions)

(RT/z)In(a;’/a,*) + F(oP - 0*) =0
E., = -(RT/z;F)In(a;’/a;,*)

E., (membrane potential): potential difference between the two phases
— lon-selective electrode
Ag wire
Glass electrodes
pPH measurement, alkali ion activity

Excess AgCI
Internal _
filling solution Thin glass
(0.1 M HCI) membrane



Hg/Hg,Cl,/KCl(sat’d)/test solution/Glass membrane/HCI(0.1 M)/AgCI/Ag
SCE (reference) Internal reference
Glass electrode (Figure)

If the Interface Is selective toward a single species i
E = constant + (RT/z;F)Ina; "

constant: sum of potential differences at all of the other interfaces

Hydrated layer Hydrated layer
I

Test solution Dry glass Internal filling solution

5-100 nm E 5-100 nm
50 um —————= <




Glass: affinity for certain cations

Hydrated zones —
Test solution l Internal filling solution

Dry glass
o m’ m m" B
Equilibrium Diffusion Equilibrium
adsorption potential adsorption

Ep=(@F-¢™ ) + (0™ - ™) + (97 - ™) + (o™ - %)

v 1t & last terms: interfacial potential difference from equilibrium balance of
selective charge exchange across an interface — “Donnan equilibrium”

Suppose Na* & H* as active ions



v’ 2M & 3 terms: junction potentials within the glass membrane — “diffusion
potentials”

Whole potential difference across the membrane

E =

m

(Donnan term) (Diffusion term)
Rearrangement

E =

m



(. Qg M= Qg m
MNa+ +UH+ = Mp+ +UNa+

Na*(a) + H*(m") = H*(a)) + Na*(m”)
Equilibrium constant Ky, nar = 8ns “8nae™ /g™ Ay
Same for 3 andm ”~

E =

m

K+ nas @Nd Uy,, /Uy, are constant — their product: “potentiometric selectivity
coefficient” K, nai™®

E.,=
B phase: internal filling solution (of constant composition) & a : test solution

Overall potential of the cell

E = constant + (RT/F)In(a,, * + Kiyy nae™ Anas @)



Cell potential is responsive to the activities of both Na* & H* in the test solution
Degree of selectivity between these species is defined Ky, ..

1T Ky nasP Anae @ << 8, ¢, membrane responds exclusively to H*

Glass membranes also respond to other ions, Li*, K*, Ag*, NH,*
— relative responses by potentiometric selectivity coefficients

Different types of electrodes (from different type of glass)

(a) pH electrodes with a selectivity order H* >>> Na* > K*.. > Ca?*
(b) sodium-sensitive electrodes with the order Ag* > H* > Na* >> K*..
(c) cation-sensitive electrode



Concentration pH
Species Type? Range(M) Range  Interferences
Ammonium (NH;) L 10740107 528 K*, Nat, Mg?*
Barium (Ba>") L 10 el 59 K Nat et
Bromide (Br ") S [to 1077 Pl TSP aEN
Cadmium (Cd*>") S 0 l0™ 37 Ag sHp*" €T PhR '
Calcium (Ca®™") L 1to 1077 49  Ba*t,Mg’", Na', Pb?"
Chloride (C1) S 105 X 107> 2-11 I .S8% ,CN . Br
Copper (Cu®") S 07hied0 " 0 Ag®, Hg®", 8?7, Cl™, Br
Cyanide (CN ) S 10210107 10-14 8%
Fluoride (F™) S Ltoidne? 58 OH™
Todide (I") S It 07" 83D .igA
Lead (Pb>*) S 107't0107®  0-9  Ag", Hg?", 8?7, cd*t, cu?t, Fett
Nitrate (NO3) L 1to5X 107® 3-10 CI7,Br,NO;,F,S0;"
Nitrite (NO5 ) L L f0i1057° 3-10 Cl,Br ,NO;,F,S0;"
Potassium (K ) I o0 4-9 Na®, Ca?*, Mg?*
Silver (Ag™) S o0 29 8%, Hg*t
Sodium (Na') G Sat’dto 107°  9-12 Li*,K*,NH}
Sulfide (S%7) S 1to 1077 12-14  Ag", Hg?>*

Electrical contact

—— Module housing

Agueous reference
solution

Reference element
(AgCl)

lon selective
membrane



(d) Detection limits: 10¢ ~ 10" M

Gas-sensing electrodes
Typical potentiometric gas-sensing electrode: SO,, NH,, CO, penetrate the
membrane — change in pH

ZrO, with Y,O5: O, athigh T
Sensors for exhaust gas (CO & NO,)

overocy — | | QDT T oo
Enzyme-coupled devices Inner body itomal
Polymer diaphragm filled with a matrix in ~ solution
which an enzyme is immobilized g

e.g., urease in polymer gel — urea

: — O-ring
J — | Bottom cap

N

Sensing element Membrane



