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Chapter 8 The Thermodynamics of Electrochemical Systems
8.1 The Chemical Potential and the Electric Potential

@ electric field &= F , Hi b _ Yolt (| Force/charge)
Q Coul m
@ electric potential ¢, ¢&=-Vo HIGE 2 volt, V  gradient

(A = potential energy/charge)
(® electrostatic potential energy V = Qg HifE  Joule (FY eV)

My = M chem) q‘o_ﬁ)xm19 C

= Hichem) T ZiF @ F: Faraday's constant = 96485 C mol™
1 eV=96.485 kJ mol ™' =23.06 kcal mol™

S 2 [ gl & B AL T e L P11 2,F @ compensate
t\TF“TEJZﬁE’EjFLf&P —;

/ui = V+/u+ + V_/U_
= V+/u+(chem) + V—/u—(chem) + (V+Z+ TV.Z, )F ¢
= V+/u+(chem) + V—/u—(chem) 5 ,Lli (chem)

Al] * electrostatic part T‘j\%ﬁi RS ”ET chemistry J[]f’
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8.2 Electrochemical Cells
G
electrolytic cell—fc! 9 "J[l?t?‘j‘?h? T;'Tl &4 ek
galvanic cell—% ?ﬁﬂ;’f

equilibrium electrochemical cell—[] : reversible cell (Y} [VF%"E#* RN

2 A Figure 8.2 cell without liquid junction
half - reaction
cathode
anode

hydrogen Ag-AgCl
electrode electrode
“ ¢ oxidation: anode ([ 1) H,, —2Hg +2¢
AF[ - reduction: cathode AgCly+e —> Ag, +Clg,
2AgCl +Hy, =2H,, +2C, +2Ag

2. ?fﬁﬁpj/%{ =

(1) =3[ oxidation, F[ 3% reduction

(2) M]*|”% phase separation, “ || % salt bridge F% drop 4|/ liquid junction,

(3) ST A RIREEY T2, A1 : CuSO ) A, 47 Cu™ , 80,7

(4) ¥ phase & conc.

(5) =l F R HiL

fing]

: 73 liquid junction

[ JF =, [ physical description, [~ &

7] : Pt |H (0.99 atm)[HCI(0.5 m")|AgCl, |Ag Pt
(7] * Zn, |ZnS0,, CuSO,y, [Cuy,  Daniel Fi

4(aq) * 4(aq)

£l emf JoI *'] potentiometer, £l reversible potential difference
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/'Ji’ﬂ’ﬁl%@
E=Ap=p(R)-o(L)
V) ?li%?’ﬁi*i% >0 £ spontaneous

3. Nemnst Eq. p=u°+RTIna, AG=AG°+RT InQ , [N AG =-nF¢ , non-PV work
RT - .
£=&"———InQ (1= HhL15E)

" RT, a;
FEY e=6°——InH9
R nF P,

(y,y-m.m_)’
4,..4
=g°— RT In| €=

2nF T

RT _8314x298.15

=0.0257V
F 96485
<i§q> : Zn(s)|ZnC12(aq,m=1)|AgCI(s)|Ag(s)
“ i 7Zn > ZnY+ 2e £=0.7628 V
JF |+ 2AgCl, +2€e —2Ag+2Cl £=02225V
Zn +2AgCl, =2Ag +ZnCl,, £=09853V
RT

Fr,’sr £=0.9853——InQ
nF

_oogsy SAM4x28IS,
2x96500 :

=0.9853— 0'0225 ! In(4m’y?) N ZnCl, — Zn" +2CI°

a=a,a’ =my, (4m*)y’ = 4m’y;

m=1, logy, =—0.510x2 3 =-0.645, 7, =0.226, 1 =3m (ELE AT )

1+\/§

A |Davies Eq. [l logyi:—O.SIOxQ[ 3 —0.3-3J-yi>1,7w;l REE RSN S L)

1+\/§

HEE -y, =0.325
i £=0.9853-0.01281n(4x1x0.325) = 0.9853—(~0.0255) =1.011 V
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4. gk HlE &

[NEL &° V7 standard state F %t , ‘U\ﬁ:ﬁl ENE”

“ﬂﬁ F 7 R s approach &°

J } HZ(g) i 2AgC1 2HC1(a¢l) + 2IAg(s) t"ﬁ, WJ
\ 2RT IRT
E=¢ e R R
F F
-RT . (yim*)_ -2RT
% P = P° = 1, J 1 — ln m :
IJ H, E“ 2F ( PH2 J F 7/7
:go_ZRT 1nm_ZRT>< 17 \/E o
- F 1++/m

2RT

O+ g':g+¥mm, 1 = o <Xl in g Fps 7, L &'

@ &=¢- 21?[ 11711ﬁﬁ+bmjmg +£1 1713m, J5 S V(R

® E& e r— o+ 2R i LI Fm , I e'=c'-2Rlbm m 50,65
F FENTE -
(@4 Eq. 8.2-21 {78 5H)
g 8' g"
FM T P

m mﬁ‘}\/ﬁ \ mﬁ%/ﬁ
a=1 HE'
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8.3 Half-cell Potentials and Cell Potentials

1. Es
hydrogen electrode 7+ -3 E'Eﬂj e g
1L ‘I'JF 5 9. standard reduction potential
Fi#fi standard half-cell potential
RIS e
e=£(f) —~5(*A
TFEH] & AP, ] 5 2¢7 +2H' +ClO; - ClO; +H,0 , & =119V, AG"=-2-F-1.19
6e +6H" +ClO; »>ClI' +3H,0 , &' =138V, AG" =-6-F-1.38
1.19x2+1.38%x6

8¢ +8H" +ClO, > Cl" +4H,0 , & #2577V, & =- 2 =133V

2. Cell with liquid junction
"EJE\JJ:?\LHF,J"Ef 7€ solution, PHf’ FJ ST RSO, f[‘/ electrode Ti F*F J cEhl- }ﬂﬁﬁ’z’r‘%
1 Zn—>Zn" +2e”

Cu”+2¢" —Cu [l]] Cu™ 4[] rﬁlﬁlfég"ﬂ Zn (B8] R It R

[Z

W

222K Figure 8.6

4[] Daniel Cell ?[ Eﬁ%ﬁﬁ);@%gﬁgj

S TP HELCUSO, (BEET) S ™ i1, 77 ZnSO, 7 b1 (IE oo
(MEFDY: (1) It | persistent metastable state,
[ ions ¢7 diffuse, even it open circuit
(2) 35F~Ty4Y, [NE ) transference Fﬁjﬁg
(3) T reversible, [N | liquid junction potential

RT
I e=&"+¢,———1In
'L‘EEII‘ L nF Q
§ (O H]|salt bridge Y& ') LJ potential (~ mV)

suspended in agar gel
(RUM): (1) KT % CI” [V transference number %! (%Zr,gf)
2 prl ?EI] concentrated, dominate LJ potential

@ *"]concentration cell 7 J#Er LI potential
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3. Concentration cell

FIP B T il AR A i 7% % emf
( 5- factor of 2 : RT RT,5_ 8.314x298.15 2= 0.018V
nF n-96485
(D Electrode concentration cell
1 : PUH, (g, P)H" (ag, m)H, (g, P,)[Pt
F¥ PtH, (g, R)IHCI(m)|AgCl(s)|Ag|AgCl(s) HCI(m)[H, (g, P,)|Pt
Rx. H,(R)—>H,(P,)
Py BT T

g—ﬂl i 00128V01t><lnE AG=—n5F=RTlni
2F P P P

1 2 1

)

- . : P 5
F=ifif @ reversible expansion at constant T , w=RT lan, A EFUAE ]
1

i (7 [P s (e vs, BARD)
doublecell:

2K Figure 8.8 2Z MK Figure 8.9

i £ liquid junction I/ /2%

(@ Electrolyte concentration cell

(71 + PtH,(R)HCI(m,)[[HCI(m,)|H, (F)|Pt
Rx.= HCI(m,) — HCI(m,) «— Note: kL m —m, , PNEEBAG H,, — 2H"(m,)

a, (HC)
:——1 - ZHy 2H"(m,) > H
& F n a (HCI) llf‘ﬁ] ( 2) 2(g)

— (7+1m ) 2RT In 7¢1m1 S Note: T\ F;I ;;_f‘ﬁ}‘ |2
F (7/+2m ) F VM,

0! g AR 2 e )

> ]
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8.4. Determination of a, and y, of Electrolytes

1. ¥fvolatile compds , [T vapor pressure Ji' f4 #I

(7= 10 m ¥ HCl solution ?J Py =4.2 torr
k™ =4.92x10"" atm kg’mol ™

4.2

P
<l P :k(m) 2m2 , 2 _ HCl _ _ 760 =112
[ HC1 + yi 7/i kim)mZ 4,92)(1077 102
7, =10.6
e R T Henry's law, BERL] k(™ POEGENES reference
\ ] 5 =
2. ' Emf E=y=1)

(B71): Pt/H, (2)[HCI(aq)|AgCl(s)|Ag(s)[Pt

HCl

c=¢& — RT In a;
2F P(sz
p

P =1 bar [, Ina, =2In(y.m)= e -4

RT
£=0.3524V, £ =0.2223V, [l[] Ina,, =5.064 =2In(y,m)
for my,., =0.1 2532
= =0.795
[7;, Pszlbar) Ve 0.1

3. F'1 Osmotic pressure !

F'1 KCl soln. [ osmotic pressure || ¢ (*f<fV)

FIF 2 i soln. fra=<fy. ¢ ﬁ'[ﬁj, 51 ¢ 3] sucrose V ¥

I} 1" 3 H,O0 (solvent)

phase I reference soln

phase II ?ﬁ JH] soln.

e

a(D=a( [}JF‘I Hzo]

|

7,(Dx, (D)
~Ina, (' -m)
my M, RT

5% molar osmotic coefficient ¢ =

Higg : [T =icRT , T1V, :@, IV, =vp—=RT
nl

—IHT Ina

. n n
FFISF p=——"Ina =- Ina, (W n,=m,nM,) Note: X, =—>=
n,v vim, vl 1 2

PR )R R

B T

]

A= {535 RV [, non-ideal V ST
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Ina, =-vm,M,¢
i = u° —RTM v m,¢ <pVEEE> Ina, = —H\%T _ —icRT\% .
M, = 1y +vRT In(y,m,) = —v¢% =-vpM m,
1
(P 7,0 o m,y, pU L)

dm,

FIHInde +nydu, =0
m,
Fll =nRTM v(m,d¢+¢dm,) +(m,n M )vRT [dln 7, + ] =0

= -mdg—gdm,+m,dlny, +dm, =0

diny, =d¢+¢_1dm2
m

2

j:zodln ¥, = jr:iodwj: O%dm

In 7, (m,) = g(m,) -1+ [ 21
WER i ¢

4. E'IEfF{fJ’T volatile [ compd. Y[l : sucrosein H,0,

Enclosure

isopiestic method

iy 2 i £ FIRY solution fl1 solvent ¥ mole fraction

iR rﬁﬁmﬂ A1 a*ﬁ[[ﬂ

Bl solution '3{1“ 4 (=1 1A 288, AFIB, 59T W approach,
—— rﬁJ 5 I{ﬁ:‘f [ —ff '] *{
e —— ~ A IE R g 1A
T o/
Thermostated base
538}

F{|*'| Gibbs-Duhem eq. [ H,0, . a ## sucrose . a
n,du, +ngdy, =0, I n,dlna, +n,dlna, =0
Y1 | molality - E'[J ng,=m=mM,n,

( A £% solvent , % solute ) n, = A" (*'] ST unit)
Ff,'? dlnag =——AdlnaA
B
__ dlna,
mM ,

S i
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xarr —

Jp' B £} electrolyte, —» v, +v_=v [HEES

1
ldlna, =— dlna
Al ? mvM A
& ¢ molal osmotic coefficient (flL3E% I/ function)
b= —-Ina,
mvM
<Note>
¢ AT =icRT I "i" , [HH5E v
IV = gvn,RT
v, =2 RT = RTIna,
nA
i g=-Ina, -
vn,
=-Ina, !
vmM

d¢:—dlnaA+ lznaA i [ﬂ—dlnaA:
vmM va:) vmM
dlnaB:d¢+£dm
m

diny, +30 —dg+ L am
B m m

dlna,

dliny, =d¢+Edm _____________
_ m

["diny, =j: d¢+J-0m%dm |

m¢—1 |

Iny, =g(m)—1+ [ F—dm
o m /}
|

m-—0 E?f], ¢—1 0

M Ina, ~Inx, =In(1-%3) = —X;, :—vm/'v}:—vaA CHERA g1
A

AYEHim—0 Eﬁ , solvent £% ideal, ﬁ? ¢=1

B T

]



8.5 Determination of pH
pH=-log,a .
I

Calomel electrode

"saturated" * "normal"

calomelelectrode

e

RE A Figure 8.10

T,

(FEE1) : a, T bhIFEE

B oa, AR TR
e, =a, [k

ElL]r

KCl

g,ClL,

Hg

Eichr,

IR pH

Pt

HIl £=02415V+E, —%m

it

SN Gl SR T I i S e S

H,, —>2H" +2e

2(g) (aq)

2e +Hg,Cl, , — 2Hg +2C1°,,

Hz(g) +Hg,Cl, , — ZHCl(aq) +2Hg(l)

2 (s)

KCl(aq, m)|Hg2C12(S)|Hg(l)|Pt
Hg,Cl,, +2¢” — 2Hg" +2CI°
m=0.1m £=0.3338V
=lm £=0.2802 V normal

=saturated ¢=0.2415V

al-l+ acr

(PHZ /P°)%

i o JHJE! reference pH soln. Pt IF'—JF'JFIJ @F% On Efy 65" ® a.. T

I
& —

F

5 pH® — pHO =
I pHT —pHT =20

(PEE2) M, EIREE, 56, BbEEE
HER 1 glass electrode 7Vt H, electrode

P E In a. (I)
a,. (D

(S(H) _ g(l))

10


Yuegui
螢光標示


PURI B )P 5
e o ' - BE
HEJR voltage == glass & a . T JF»TJ

[HY[= reference soln. A1k, Ti'£Tif)

s : VELHE T e
B2 K Figure 8.11 OB fol IR
X &dep.onT

11
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8.6 Thermodynamic for Electrochemistry

-nFe"=AG"=-RT InK, &° :%InK [CEy= (W iQ"EJ E15H)
n

K= exp[an"/RT]

As = —| 9B el 2
o ), oT ),

AH® =-nF&” +nFT

o AH +T(58 j
-nF

12
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8.7 lon Mobility and Transference Number (FF']%)
1. Ion Mobility

=1 +1
dQ dN.
IEI Ii =, |4 e—-
— anode dt l|\l | dt
®®/ :|Zi|e_i(AVi)
S H—’ NS
cathode,_~ 1 FITOP [ ety A R VBT T,

'fw | AV AL R B

(HEES V> [ 1 }ﬂ‘ i 2 2| steady state velocity
friction drag
q]] zeE=fv, (f=6nnr)

n: viscosity , I:radius of sphere

z.eE V.
$ . = i D ‘L — £ ili
Ff[sf v, : ElflfkL v, oc E ET U, : mobility]

.. . energy m _|kg

l'llf" . —:k o il — |
FJF L d s s
f

m
S
Vv

CRART v, TEIRLE) FTJ PREL 2R Tl

”electrophoretlc effect"-F&+" I FI}J[;IT 7T/ solvent
"relaxation effect"-#%-" (¢/fU{ V ionic atmosphere #ff], "F B s

[RIF= 1L = |z.|e& Au.E  electric field
\/

=z, |e—Au =
> -—OCVN n, ("FI II[Ia E‘Trﬁ'fiﬁg})
=auFyz |—— il =F
® FillE v.]z]=v [z
i :_+:“_+ S+ mobility o, ST " T
u

@ fﬁ]ﬁﬂ/ positive ion f[1,

uva| " |12l mobility
1l - (%) ﬂ'{i%@ }?J%%

bl U

13

JE_I
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2. Transference Number
(F97i transport number)
(1) &35 -
I, u _ o

I+l u+u L+l u +u
Al E R Y

+

transference number t, ~ t 7 [fil, AT BT Ry ERA RS VT [H
1 :

I ==
u.

W Ve g e Vs, e,

(2) Cell with transference (|| : concentration cell with liquid junction)
{7 = Na(Hg)NaCl(aq, m,)[NaCl(aq, m,)Na(Hg)
Left: Na(Hg) —> Na’(m)+e"
LJ: t, Na"(m)—t Na’'(m,)
t CI'(m,) >t Cl'(m) [ﬂeﬁm[ﬂjm &
Right: Na"(m,)+e — Na(Hg)
FEFI, Na® (m,) +t,Na"(m,)+t CL (m,) —» Na'(m,)+t,Na"(m,)+t CI"(m,)
' (1-t)Na"(m,)+t CI"(m,) — (1-t,)Na*(m,)+t CI"(m,)
At NaCl(m,) >t NaCl(m,)

[ﬂ_'_ﬁ\ﬂ ey j

[k & when LJ present

O Y[tkL concentration cell with liquid junction, & 147 74!
@ Y[R 5T liquid junction, EJU%AT*E | €1

14
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ELACT P (RS ) W B el

§ J‘}r%ﬁ cell ffli &, M@ L]
(77 D: PtH, (P)HCI(m,)[[HCI(m,)[H, (P[Pt

= Pt|H,(R)HCI(m,)|AgCI(s)|Ag|AgCIl(s)[HCI(m, )[H, (P )[Pt
Ag ﬂr‘jﬁlfﬁi{l, 3?;?.‘}% 2 cell ' s LT

(71 2): %IJE'JF;%@E t, =t (Y : KCl, NH,Cl, NH,NO,)

e RT . a RT 1711
REMNE MUNEe

, RT
LE[ gNemst == 1 17/&
Foomy,

‘\ t NaCl(m,) =t NaCl(m,)
Na“(m,)=Na"(m,)

&= gNernst + gLJ H ELJ =&z gNernst

. :(1—2t7)£1 M7

F m, 7,
:(t+-t7)£ln% Ff’sr t, =t Eﬁ 1 £

E m, .,
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