Chemistry 163B W2020
Lectures 24-25- Electrochemistry Quickie

Lectures 24-23 “Winter 2020
GChemistry 1638

&lectrochemistry

activity coefficients for ions (HW8 #58)

BaCl, (s) 2 Ba™ (aq) + 2Cl " (aq)

2
(a * )(a 3 )
Ba™ (aq) CI” (aq)
K =+—rrn 0l

v (”BaC/,(x) )
Apcryi =1
ey = Vg | B
aCl_(aq) = yCl_ [Cl_]
cannot determine Y g and Yer independently

butonly y,..=v, . =7 (r.=7.=%)

ey ([ ([er )

sp 1 (1)
K,=(rz)' [Ba*][cr ]

K
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work of expansion

H, (10 bar) —H,(1 bar)

pfft
1 bar 1 bar
only P-V real Wyor
useless? useful?

hydrogen pressure [‘concentration’] cell (reaction I of I11)

Hy (10 bar)

[H* = 1M

Hy (10 bar) —— 2H* + 2¢

2H* + 2¢0 — Hy (1 bar)

H, (10 bar) — Hy(1bar)
A=A+ RTInQ

reaction

Ap' =0 A’ is for reaction H, (P =1 bar) - H, (P =1 bar)

P(1 bar
u =-5.706 kJ per mole H,

A=A+ RTIn
H=s e P(10 bar) 4
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du and work-other (previously done for dG)

dyu=dH —TdS — SdT

du= dq-TdS -SdT+VdP+dw,,, (verygeneral)
S ——

<0 by 2nd law

AltT,P S wother

for a spontaneous process at constant T,P
the MAXIMUM work done ON SURROUNDINGS
is |Au| and this occurs when the process approaches

| REVERSIBILITY

If you like|
Wother (P- 29244)p. 292,,, fi vs 1 'perhaps' more rigorous TS

responsible for 3 redox reactions; here’s II (HW8, prob #60)

)
\/
iy
b |
e_
H2 (1 bar)
L— Ag(s)
pt H*]= 1M @—Agm(s)
[CI]= 1M
oxidation anode Hy (1bar) = 2H" [IM] + 2¢°

reduction cathode 2AgCi(s) + 2e- = 2Ag(s) +2CI" [1M]

2e” + Hy (g, 1 bar) + 2AgCI(s) — 2H* [1M] +2CI" [1M] +2Ag(s) + 2e~
6
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Au for the reaction
(see Appendix A, Table 4.1 for data; additional decimal places from other tables)

26 +H, (g, 1bar) + 2AgCl(s) — 2H* [1M] + 2CI" [1M] + 2Ag(s) +2¢™
Aps=AG% (kJ) 0 -109.79 0 -131.23 0  kJimol

A® =AG®  =-(0) 2(-109.79)  +2(0) + 2(-131.23) + 2 (0) = -42.88 kJ

| Au° =for 2 moles e~ transferred |

e” + %2 H, (g, 1bar) + AgCl(s) — H* [1M] + CI" [1M] + Ag(s) + e~

Au® =AG°=-21.44 kJ per %2 mole H,

|Au° for 1 mole e™ transferred |

and FINALLY w,,,,!!! (p. 32,

Table 2.1 Types of Work

Equation for

Types of Work Wariahles, System definition System-Based Work 51 Units
s expansion Pressure inthe surroundings at the system vy
and compression surroundings boundary | P ). volume (1) - f( Py dV Pam’ =1
The gas is the system. ¥
Spring stretching and “orce | ance | "
.| rl,r rctching .lun.\ I_?"].{.Ilsl nce .I_.'c] " Frdx Nm=1]
compression I'he spring is the system. .
Bubble expansion and Surface tension {y ). surface area (o) Ty N it} (m? I
contraction The content of the bubble is the system. [ yd (N ) ()
Current passes Electrical potential difference { ), g
through conductos electrical charge () W / b} V=1
The conductor is the system. S
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BUT

Wother (P- 292,44)

dw

electrical ~—

@ dQ

RN

electric potential ~ charge transfer

dQ = -Fdn ~— moles of ’s transferred

from negative Fis Faraday constant
charge on e 96,458 coulomb (mole e)-"
d.n)electrical == q)fdn
W yoerrica = —1F @ (n electrons transferred)

(w=-nF€) €=electromotive force=P,,
E&R,, p260 z=-n

UNITS: [w] =[Q] [®] 9
joule= coulomb x volt

sign of @ and spontaneity

AlllT,P S wother

A, , <—nF O @ for irreversible

Ay, =-nF @, ®_,=Ew forreversible

All;p < 0 spontaneous = @ > 0 spontaneous

Al < 0 spontaneous = P > 0 spontaneous

when an external ‘reverse potential’ is applied so no electrons flow, the value will be that for reversible
-nF Ewr,=Au even if the reactants and products are not at equilibrium conditions, in the absence of

reverse potential,

10
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@ vs concentration

A‘u = A’uc + BTln Qreaction =-nFo
(I) == Aﬂ - Eln Qreaction
nF nF
——
QO
D=0 - ﬂln O, .oction n =moles electrons transferred
nF
[n]:mol
T =298K
2569 fi=n X mol™
O =0° - ‘:%ln O, ouction :l A% [0] = unitless
n

1

responsible for 3 redox reactions; here’s I (HW8, prob #60)

(\)
p—
:
Ho (1 bar)
L~ Ag(s)
Pt H 1= 1M —AgCI(s)
[Cr]=1M
(DO
oxidation ancde Ho (1bar) = 2H* [1M] + 2e 0
reduction cathode 2AgCl(s) + 2e- — 2Ag(s) +2CI" [1M] 0.22233

26+ H, (g, 1bar) + 2AgCl(s) — 2H* [1M] +2CI" [1M] +2Ag(s) + 26~ 0.22233
12
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example incorporating activities

2e” +H, (g, Py, ) + 2AgCI(s) — 2HY [H* ] + 2CI7 [CI'] + 2Ag(s) +2e~

o 002569 1{612* a, @ }

2
n Ay, A goci(s)

Ayoct = Ay =1
@, =7, IH'] ag =y, [Cl']
can't independently meansure y, .and y,,_

Ve =V =V

o=’

_0.02569 YiH TICIT
n Yir, B,

13

example incorporating activities

o=’

/

0.22233 V 2¢e’s

002569 | yi[HPICI T
Vu, P,

®=0.22233 -

002569, | 7/[H T[CI T
7 2 (PH 2(8) )
unitless; have dropped
standard state concs

and pressure from
denominators

* Calculate v's from observed ® (HW#8, prob 60)

14
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calculate Au from @

A’ from @° (ys=1)

®=0.22233 -

0'0225 D in[1]=0.22233 =0
Au° =-nFo°
Au®==2mol (96,485 Cmol™")(0.22233 V')

Ap°=-4.290x10* CV =—42.90 kJ

15
intensive @ vs extensive Ay~ ®=- (Au/n)
H, (g, 1 bar) — 2H" [1M] +2e~ d°=ov
2e” + 2AgCl(s) — 2CI" [1M] + 2Ag(s) $°=0.22233 v

2e” +H, (g, 1 bar) + 2AgCI(s) — 2H" [1M] + 2CI" [1M] + 2Ag(s) +2e~
D, °=0.22233 V

| Ap° = -42.88 kJ for 2 moles e~ transferred |

267 +H, (g, Pyp) + 2AgCI(s) — 2H™ [H*] + 201 [CI] + 2Ag(s) +2e”
o

cell 2e’s

cell 2e's™ Fecell 2

o o 002569 ln[% a, a ]

2
Ay, A ygcics)

16
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intensive @ vs extensive Ay~ @ =- (Au/n’f)

%H, (g, 1 bar) — H* [1M] +e~ d°=ovV

e~ + AgCI(s) — CI" [1M] + Ag(s) @°= 0.22233 V

e +¥H, (g, 1 bar) + AgCl(s) — H* [1M] + CI" [1M] + Ag(s)|+e

D °= 0.22233 V
A,u":—n]-'d)" cell
= —(1mol e's)(96485 C mol™)(0.22233 V) T
®° intensive
=2.145x10* C V=21.45 K] same as for 2 mole e’s

® is oomph per electron

| Au° = -21.44 kJ for 1 moles e~ transferred |

& +¥H, (9, P,pp) + AgCl(s) — H™ [H*] + CI" [CI] + Ag(s) +&™
()

cell 1e
1 1 1
0.02569 , | 4y Ay a,
q)(ell le— Feell — 11'1 H% C;l = 17
1 @, Ayecis)
intensive @ vs extensive Ay~ @ =- (Au/n’f)
——— | A = -42.88 kJ for 2 moles e~ transferred |
2 2 2
. a.a., a
(I)cell 2e's— (Dcell - 002569 ln C; e
Au,, =2Au,, 2 Ay, A goci(s)
two times greater
(bcel/ Ze= (Dcell le
same
‘ Ap =-21.44 kJ for 1 moles e~ transferred |

cell 16— Fcell — 1 1
1 a’a el
Hy gCl(s)

o _q 002569 ln[a}f a, d, ]

& intensive: independent of

Au e)t(t(.an,;s l ve: ctlep ends —>A,Ll = —nJD ~—{ ‘how reaction is written’
on stoichiometry ooomph PER electron

18
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biological example: cytochrome C iron containing enzyme (reaction III)

CytC=cytochrome C
standard state pH=7, [H*]=107

| standard REDUCTION potentials | @ prlfld;V)
2¢-+  2CytC(Fe3*) - 2CytC(Fe?) 0.25
26+ %0,(g) + 2H*(aq) — Hy0 (£) 0.816
| reaction: the oxidation of Cth(Fe2+ ) | (V)
oxidation 2CytC(Fe2*t ) — 2CytC(Fe3* ) + 2e— -0.25
reduction e+ %0,(g) + 2H" (aq) — Hy0 (£) 0.816
?= O

cell

%0,(g) + 2H" (aq) +2CytC(Fe?* ) - 2CytC(Fe3* ) + H,O (¢)

standard state [H*]=1077 19

biological example (redox equation III)

%0,(g) + 2H" (aq) +2CytC(Fe?* ) — 2CytC(Fe3* ) + H,O (£)

D, = q):all _EIH[Q] = (I)Z;u _A&T In| —— ]
nF nF yIH] 2 Y0P, A
1077M lbal/' e

N

standard state '

what’s ©°' ?
what's Q ?
what'sn ?

20
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@ and thermodynamic derivatives, etc. (HW8, prob #59)

AL =-nF®

A’ =-RThhK, = & —RT

() = (3)-5

Au O]
| _am |7
-+ e, = R
oT T? oT nJ-'T2

P

21

ACp from @

(2 s = ()-8
oT ), daT ), nF
At =AH —TAS

AH = A,u+TAS——n.’FCD+Tn.’F(aq)j
/ T ),

7 2
9AH =AC :_n]_-(aﬁ) +nF aﬁj +nFT a_q;
ar ), ’ aT ), oT ), aT” ),

22
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relationships on final

Electrochemistry:

.Aureaction =_nT(DCe||

o RT
O=p ————1In
nF Q
O=0° - 0'02_569 InQ atT=298K
n

23

batteries and fuel cells

battery -

= nicely package electrochemical cell
= closed system

* runs irreversibly (® < &)

may be recharged (storage battery)

fuel cell-
= electrochemical cell
= open system (reactants continuously flow in)

24

12
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efficiency of W .c4ica VS Wp.y

compare:
Woieatrical (on surr) from lead storage battery
AG=-377 kJ mol!, AH =-228 kJ mol-’
with
Wp.y (on sum of heat engine using qypper™ “AHgiorage battery

heat engine: T,=600K, T =300K
€=(600-300)/600= 0.5
Wp,=(0.5)*228 kJ mol' = 114 kJ mol!

battery: AG=-377 kJ mol'- T=300K
Welectrical— - AG = 377 kJ mol

the winner:
M = 32 - 3.31
w,, 114 25

types of batteries

Lead storage
Pb(s) oxidized to Pb2* PbO, reduced to Pb?*

PbO,(s) + 4 H'(ag) + SOF (ag) + 2e” — PbSO4(s) + 2 HO(l)
E® = 1685V (11.54)
Pb(s) + SO} (aq) — PbSO,(s) + 2¢~ E° = —0356V (11.55)
respectively, and the overall reaction is

PbO,(s) + Pb(s) + 2 HySO04(aq) == 2 PbSO4(s) + 2 H,0(I) E° = 204V (11.56)

Alkaline storage (no liquids)
Zn(s) oxidized to Zn?* MnO, reduced to Mn,O,

Zn (s) + 20H-(aq) — ZnO (s) + H,O (I) + 2e- +1.26V
2MnO, (s) + H,0 (1) + 2e- —Mn,0;, (s) + 20H- (aq) 0.275
Zn (s) + 2MnO, (s) — Zn0O (s) + Mn,0, (s) +1.5V

13
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types of batteries

NiMH- Nickel Metal Hydride
M=‘intermetallic compound’, e.g. M=ABj;,
A'is a rare earth mixture of lanthanum, cerium, neodymium, praseodymium
B is nickel, cobalt, manganese, and/or aluminum

Ni2* oxidized to Ni3*  H* reduced to H-, “M” oxidized

H,O0+M + e—OH + MH
Ni(OH), + OH- —NiO(OH) + H,0 + e

4/ / I —

High power Ni-MH battery of Toyota NHW20 Prius

27

Li-ion batteries

Li-ion batteries can pack more energy into
smaller and lighter weight units than other

LiCo0, = Li;_,Co0y + zLit + ze™

zLit + e + 6C = Li Cq

Specialty Carbon types

LiCo0:

types of batteries. Those attributes have
spurred enormous growth in their use for
cell phones, laptop computers, and other

Positive Electrode Negative Electrode portable e|eCtr’0nIC deVICGS
S==e =
TN |, -
=1 e
e %e
Nicad
; A downside of Li-ion cells, however, is that
piEcN they contain a flammable electrolyte
e solution consisting of lithium salts in
: /L“O organic solvents such as ethylene
P carbonate and ethyl methyl carbonate. This
WQE ; | is not the case for other commercial battery

28
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battery property comparison

Zinc 1.5V Non-rechargeable—first the forerunner and later an inexpensive
alternative to Alkaline batteries. However, reductions in the price of
Alkalines have made both Zinc-Carbon and Zinc-Chloride batteries
all but obsolete.
http://batteryuniversity.com/learn/article/whats_the_best_battery 29

battery property comparison

Zinc 1.5V Non-rechargeable—first the forerunner and later an inexpensive
alternative to Alkaline batteries. However, reductions in the price of
Alkalines have made both Zinc-Carbon and Zinc-Chloride batteries
all but obsolete.

Alkaline 1.5V Rechargeable— Alkaline rechargeable batteries are lower capacity

(don’t hold a charge as long) than the more popular NiMH
rechargeables. The advantage of the rechargeable Alkaline over the
NiMH or the NiCAD is that it loses its charge gradually,

Nickel-Metal 1.25V

Hydride (NiMH)

Rechargeable- Lightweight and rechargeable, the NiMH has a
higher capacity than the NiCAD plus you can throw it away since it
doesn’t contain toxic metals and it isn’t classed as a hazardous waste
item.

Lithium ion 3.6V

Rechargeable- For a given voltage, a lithium ion battery is smaller in
size and lighter in weight than a nickel cadmium (NiCd) or nickel
metal hydride (NiMH) battery. In addition, lithium ion has virtually no
self-discharge. This allows a lithium ion battery to be stored for
months without losing charge. The battery chemistries can be
compared as follows:

http://batteryuniversity.com/learn/article/whats_the_best_battery 30

15
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fuel cells

’ PEM- proton exchange membrane

Electric Current

=
ity e Fuelln |& N aAirm
Flow field Catalyst layer  peroan o = f fi =
= H,0
b |
T |4k
0,
HY -
Excess = Ué‘;‘:gf
Fuel H0!| “out
=
7 Y
Anode | Cathode
Electrolyte

H, —2H*+2e- 0V
10, +2H* +2e- 5> H,0 123V

\ 2

1,0, + 2H" + 2e

Fuel cells come in a variety of sizes. Individual fuel cells
produce relatively small electrical potentials, about 0.7

volts, The energy efficiency of a fuel cell is generally
between 40-60%.
31

H

End qf Lecture

32
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ﬂi the electrochemical potential

dG =—-SdT +VdP+ 11" dn” <dw

iy

(AG)T,P = Zvl(y)lul(y) +:(Alureactiun) < wele(‘

VS

dG =—SdT +VdP + i\ dn

iy

elec

(AG), ,=> v/ <0
iy

=+ (o)

elec

%
=

$amon

[, assigns electrical potential to each species back more

including electrons transferred %

free energy of charged species in the presence of electrostatic potential

— _§(7)dT+I7(7)dP+¢(7) dQ(}’)
other i i L |i
d-Wother

di?” =du? +(dw?)

Faraday
96,485 Coulombs mole-1

—_—
ﬂl( ? = ,ul.(y) + ziT ¢(7/’L‘| electrostatic potential in phase y

u =

| integer (signed) charge |

a charge in two phases (different potential ¢ ; otherwise same) |

_i = z.g.'(¢(”’) _¢(/”) =z, FA¢

#®) is escaping tendency from phase (o) , 4 from phase B

+ charge (z; >0): ion ‘escapes’to phase of lower (more negative) potential ¢

— charge (z; < 0): ion ‘escapes’ to phase of higher (more positive) potential @ "

17
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ﬂi electrochemical potential

[47) :lui(y) +ziT¢m

AG ey = 2 V1 where v”) are the stoichiometric coefficients
i

note: these must now indude /17 for electrons involved in stoichiometry

assume the phases are metal electrodes and solutions with ions.

for ions in a given soultion phase o
z (@) ) _ z (@) (@) Z () ()
Vil = Vi Mt Vi ziT¢

i i

i=ions i

2VOLFP = Fp Y v,
i i

and ) v{¥z,=0 for charge neutrality

i=ions

for any neutral spcies 7, =0

0 =
i

i

thus Y vi®[@ = > vi®u® for all reactants and products except

i i

for eletrons at metal eletrodes

35

ﬂi electrochemical potential

AG, s =2 VI where v\ are the stoichiometric coefficients
i

e

. _ ), (oxidation) (oxidation electrode) (reduction) (reduction electrode)
thus : AG,,.,,, = > V71" + v 2, Fo +v 3, Fo
iy

(reduction) _ (oxidation) _
V‘r - +nrransferred eletrons and V‘r - _"tmnsferred eletrons
0 0
(reactant electrode) _ (product electrode)
and (u _=(u B

AGl‘eﬂCﬁﬂn = z V,(;/)Ill,(;/) - nT (¢( ’

y,i=species
other than e~

_ gloitionsotrod)

emf = 8 = (¢(oxidati0n electrode) _ ¢(reductilm eIe\d‘mde)) (IUPAC Convention)

- ®)
AGream’an - z Vi /‘li +nF 8
y»i=species
other than e~

36
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so it boils down to

firom
H;

from
H;

Ap . =AG

AG

reaction

AG

reaction 'regular’

= Y VWu+nFE <0

¥,i=species
other than ¢~

1
¥,i=species
other than e

= > V(”,uf” < -nr&

VS

(AG
(AG

< -
reaction 'regular' )T P nelectmns transferred
s

<
reaction 'regular' )T P welectrical
>

FE

'regular' = not including / _

RETURN TO
SANITY

(1] 3
37
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