Electrochemistry and the Nernst Equation Problem

1. The measured electromotive force (EMF) for the cell
Pt(s)[Ha(g, p = 1 atm)[H'(aq, a = 1)||Cu*'(aq, a = 1)|Cu(s)

1s +0.337 V. Write down the cell reaction and calculate the value of AG® for this reaction.

2. For the following hypothetical cell,
Al(s)|Al"(aq)||Cu**(aq), Cu’(aq)|Pt(s)
at 298 K:
(i)  State the cell reaction.
(i1)) Give the Nernst equation for the cell.
(ii1)) Calculate the cell EMF when
(@) aat =ac’ =ac," = 1.0
(b) aat" =ac’" =ac," =0.1
The standard electrode potentials are:
E°cyic® =+0.15V
E°aa? =-1.61V

3. At 298 K, the EMF of the cell shown below is +0.84 V.
Pt(s)[Fe**(aq, a= 1), Fe*'(aq, a = 1)|| Ce**(aq, a = 1), Ce**(aq, a = 1)|Pt(s)
(i) Define what is meant by the standard EMF of the cell.
(i1))  Write down the cell reaction and the Nernst equation for the cell.

(ii1)) Calculate the equilibrium constant for the cell reaction at 298 K.

4. From the following standard electrode potential data, calculate the solubility product (Kp)
of Agl at 298 K.

Agl(s) +te = Ag(s)+I(aq) E°c=-0.152V

Ag'(aq) +e = Ag(s) E°=+0.800V

5. For the electrochemical cell
Pt(s)[Hz2(g, p = 1 atm)|HCl(aq, a = 1)|AgCI(s)
The EMF at temperatures near 298 K obeys the following equation:
E°/V =-0.00558 +2.6967 x 10T — 8.2299 x 10°T2 + 5.869 x 10°T>



Where T is the absolute temperature measured in K. Calculate AG°, AH° and AS° for the
reaction at 298 K

6. Consider the cell

Pt(s)|Ha(2)|HC(aq)| AgCl(s)| Ag(s)
for which E£° =+0.2225 V at 298 K. If the concentration of HCl is such that the measured cell
potential is +0.385 V when the pressure of H» gas is one atmosphere, what is the pH of the

solution?

7. For the reduction of Cl1O, to ClOj5 the standard electrode potential under alkaline
conditions is +0.37 V, while under acidic conditions it is +1.20 V.
Write a balanced half-cell reaction for each reduction and deduce the value for the ionic

product of water, K,.

8. In a fuel cell, hydrazine, NoHa, is oxidized to nitrogen, and oxygen is reduced to water.
The standard electrode potentials for the reduction of N> to NoH4 and of O2 to H20 at 298 K
are —1.155 V and +0.401 V, respectively, both under alkaline conditions.

(i)  Write a balanced equation for both of the half cell reactions under alkaline
conditions. For the cell reaction where the hydrazine electrode is on the left, calculate the
standard EMF of the cell at 298 K.

(i1)) In a practical cell the concentrations of NoH4 and OH™ are 0.5 M and 1.0 M,
respectively, and the pressure of O2 and Ny are 0.2 bar and 0.8 bar, respectively. Use the
Nernst equation to estimate the cell EMF at 298 K, assuming all activity coefficients are

unity.

9. Calculate the standard electrode potential for the aqueous couple
[Fe(ox)3]* (aq)/[Fe(ox)3]* (aq)
from the following data (298 K), where ox*" refers to the oxalate anion, C204%":
Fe¥'(aq) + e = Fe?(aq) E°=+4+0.770 V
Fe?* (aq) + 3 ox* = [Fe(ox)3]*(aq) K=17x10°
Fe’* (aq) + 3 ox* = [Fe(ox)3]*(aq) K=2.0x10%*



Table 1 Standard Reduction Potentials
(Harvey, D. 2000. Modern Analytical Chemistry, USA : McGraw-Hill.)

Standard Reduction Potentials?

E° E*’ E° E~
Aluminum V) (v) Bromine V) (v)
Al 436~ = Al(s) -1.676 Bry + 2e- = 2Br- 1.087
Al(OH)y; + 3~ = Al(s) + 40H- -2.310 HOBF + H* + 26~ = Br-+ H,0 1.341
AlFg- + 3¢~ = Al(s) + 6F- -2.07 HOBr + H* + &= = ¥Br,(f) + H,0 1.604
BrO~+ H,0 + 26~ = Br-+20H- 0.76 1 M NaOH
e o BrOs + 6H* + 5e~ = %Bry(f) + 3H,0 1.5
Antimony W) W) BrOs + 6H* + 6e- = Br-+ 3H,0 1.478
E° £~
Sh(s) + 3H* + 3e- = ShHs(g) -0.510 Cadmium v W)
Sb,05(s) + 6H* + de~ = 25bO* +3H,0  0.605
ShO* + 2H* + 3e= = Sh(s) + H,0 0.212 Cd?* +2e” = Cd(s) -0.4030
Cd(CN)s2- + 26 = Cd(s) + 4CN- -0.943
CA(NHa)s2* + 26~ = Cd(s) + 4NHs -0.622
Eﬁ EOI
Arsenic ) v) E° E*
Calcium (v) (v)
As(s) + 3H* + 3e- = AsHs(g) -0.225
H3AsO, + 2H* + 26~ = HASO, 4+ 2H,0  0.560 Ca?+2e- = Cals) -2.84
HAsO, + 3H* + 3e- = As(s) + 2H,0  0.240 E° £~
Carbon (V) (V)
E° £ CO,(g) + 2H* + 26~ = CO(g) + H,0  -0.106
Barium (V) v) CO,(g) + 2H* + 2e- = HCOH -0.20
Bate+ 26 — BaG) o2 2C0O,(g) + 2H* + 26 = H,C,04 -0.481
HCHO + 2H* + 2e- = CH3OH 0.2323
BaO(s) + 2H* + 2~ = Ba(s) + H:0 2.365
E° E>
Cerium (V) (v)
Ev EOI
Beryllium ) v) Ce3+ 4+ 3e- = Ce(s) -2.336
Cot+ 4 o= = Ce¥ 172 170 1 MHCIO,
Bel+ + 2e- = Be(s) -1.99 144 1 MH,S0,
1.61 1M HNO;
e £ 128 1MHc
Bismuth (v) v) £ £
Bi** + 3¢ = Bi(s) 0.317 Chiorine W) 2
BiCly~ + 3e~ = Bi(s) + 4Cl- 0.199 Cly(g) + 2e- = 2CI- 1.396
ClO-+ Hy0 + &= = %Cly(g) + 20H 0.421 1 M NaOH
£ P ClO- + Hy0 + 26~ = CI- + 20H- 0.890 1 M NaOH
Boron W ) HCIO, + 2H* + 2e- = HOC| + H,0 1.64
ClOs + 2H* + &= = ClOy(g) + H,0 1.175
B(OH)s + 3H*+ 3e- = B(s) + 3H,0  -0.890 ClO5 + 3H* + 26~ = HCIO, + H,0 1.181
B(OH)4~+ 3¢~ = B(s) + 40H- -1.811 ClOF + 2H* + 26~ = ClOy + H,0 1.201

continued



Table 1 Standard Reduction Potentials — continued

(Harvey, D. 2000. Modern Analytical Chemistry, USA : McGraw-Hill.)

Standard Reduction Potentials*—continued

E° E* E* E
Chromium (v) (V) Iron (V) V)
Cri*ty e = Cr##+ -0.424 Fel* 4 28~ = Fa(s) -0.44
Cri*+ 26" = Cr(s) -0.90 Fe3* + 3e~ = Fe(s) -0.037
Cry07% + 14H* + 6~ = 2Cr*+ + 7H,0  1.36 Fe3+ 4+ g = Fel+ 0.771 0.70 1 M HCl
CrOg2~ + 4H;0 4 3¢~ = Cr(OH)4 + 40H -0.13 1M NaOH 0.767 1 M HCIO,4
e o 0.746 1M HNO;
Cobalt (V) ) 0.68 1 MH;504
0.44 0.3 M HzPO4
Co?+ + 2e~ = Cols) -0.277 Fe(CN)g*- + e = Fe(CN)+ 0356 071 1 M HC
Co*+e = Co* 1.92 Fe(phen)s** + &= = Fe(phen):2+ 1.147
Co(NH3)g™ + e~ = Co(NHa)e?* 0.1 Fe(CN)g- + e = Fe(CN)g+ 0.356
Co(OH)a(s) + e= = Co(OH)a(s) + OH-  0.17 e o
Co(OH)z(s) + 2e- = Cols) + 20H- —0.746
(OH:(5) + (s)+ lanthanum (\")] )
Eo Eo’ 3+
Copper (V) ) La® + 3e- = Lal(s) -2.38
Cu+ + e~ = Cu(s) 0.520 Lead (f:) g:)
Cu 4 e = Cur 0.159 ea
Cu+ + 2e- = Culs) 0.3419 Ph2+ 4+ 28~ = Ph(s) -0.126
Cut 4 -+ e~ = Culls) 0.86 PhOs(s) + 4H* + 2e- = Ph2+ + 2H,;0 1.46
Cu++ Cl- 4+ & = Cucl(s) 0.559 PhO,(s) + SO, +4H* + 26~ = PBSO,(s) + 2H,0  1.690
e Eor PbSO,(s)+ 26~ = Pb(s) + SO, -0.356
Fluorine (V) (V) E° E*>*
Lithium
Fa(g) + 2H* 4 26~ = 2HF 3.053 ) v
Fi(g) + 26 = 2F 2.87 Li+ + e- = Li(s) ~3.040
E° E* E° E*
Gallium V) V) Magnesium (\")] )
Ga** + 3e- = Gals) -0.529 Mg+ + 2e- = Mg(s) -2.356
£ £ Mg(OH),(s) + 2e- = Mg(s) + 20H- -2.687
Gold v) V) E° E°*
Manganese
Aut +e- = Auls) 1.83 9 ) v
AU+ 4 20— = Au+ 1.36 Mn2+ + 2e- = Mn(s) -1.17
AL+ 4 3e- = Au(s) 1.52 M3+ 4+ &= = Mn2+ 1.5
AuCly + 3 = Au(s) + 4Cl 1.002 MnO;(s) + 4H* + 26~ = Mn?* + 2H,0 1.23
£ E* MnOy~ + 4H* + 38~ = MnO;(s) + 2H,0 1.70
Hydrogen ) ) MnQy~ + 8H* + 5e- = Mn?* + 4H,0 1.51
MnOy + 2H;0 4+ 3e- = MnO;(s) + 40H- 0.60
2H* + 2e = Halg) 0.00000 o £
HO+ e = KH OH- -0.828
= 29+ Mercury V) (V)
E° E* 2
lodine ) ) Hg#+ + 2e- = Hg{f} 0.8535
2Hg2* + 26~ = Hg,2* 0.911
la(s) + 2~ = 2I 0.5355 Hgp2* + 2e~ = 2Hg(f) 0.7960
la™+ 20" = 3I7 0.536 HgCla(s) + 26 = 2Hg(¥) + 2Cl- 0.2682
HIO + H* + 2e” = I"+ H;0 0.985 HgO(s) + 2H* + 2e~ = Hg(f) + H0 0.926
103~ + 6H* + 5e= = 'l5(s) + 3H,0 1.195 Hg.Bra(s) + 2e- = 2Hg(#) + 2Br- 0.1392
103~ + 3H0 + 6~ = |-+ 60H- 0.257 Hgala(s) + 26~ = 2Hg(f) + 217 —0.0405




Table 1 Standard Reduction Potentials — continued
(Harvey, D. 2000. Modern Analytical Chemistry, USA : McGraw-Hill.)

EO EDJ ED Eo!
Molybdenum V) (V) Selenium (V) (v)
Mo+ + 3e- = Mo(s) -0.2 Se(s) + 2e- = Se- -0.670 1 M NaOH
MOOa(s) + 4H* + de~ = Mols) + 2H,0 -0.152 Se(s) + 2H* + 26 = HaSe(g) -0.115
MoO. + 4H,0 + 68~ = Mol(s) + BOH~ —0.913 Hy5e0s + 4H* + 4e~ = Se(s) + 3H,0  0.74
£ - Se0,* + 4H* + &= = H;5e03+ H,0  1.151
Nickel W) M E° E°*
Ni2* + 2e- = Ni(s) -0.257 Silicon V) V)
Ni(OH),(s) + 2e= = Ni(s) + 20H-  -0.72 SiFe> + de- — Si(s) + 6F- 137
Ni(NHz)g** + 2e- = Ni(s) + 6NH3 -0.49 S$i05(s) + AH* + de- = Si(s) + 2H,0  -0.909
£ o SiO,(5) + BH* + Be~ = SiHy(g) + 2H,0  -0.516
Nitrogen
9 V) V) E E”
Na(g) + SH* + de= = N Hg+ -0.23 Silver (v) (v)
N3O(g) + 2H* 4 2e- = Na(g) + H0 1.77 AgH+e = Ag(s) 0.7996
ZNO(g} + 2H* + 2 = Nzo(g}+ H,O 1.59 AgB[{S}+ o = Ag(s} +Br- 0.071
HNO, + H* + e~ = NO(g) + H.0 0.996 AQiC:04(5) + 26~ = 2Ag(s) + C:0g>  0.47
ZHNG; + 4H* + de- = Nzo{g) +3H;0 1.297 Agcl(s) yo = Ag(s) +Cl- 0.2223
NO5 + 3H* + 2e- = HNO; + Hz0 0.94 AQIS) + & = Ag(s)+ I 0152
E° > Ag,S(s) + 280 = 2Ag(s) + 5+ -0.71
Oxygen W) M Ag{NH3}2+ +o = Ag(s} + 2NH3 0.373
0,(g) + 2H* + 26 = H,0, 0.695 1% Eo*
0O5(g) + 4H* + de~ = 2H,0 1.229 Sodium (V) (v)
H,0;+ 2H* + 26~ = 2H,0 1.763
ket 2 Na*+e- = Na(s) 2713
0z(g) + 2H;0 + 4e- = 40H- 0.401
0s(g) + 2H* + 26~ = 0,(g) + H0 2.07 £ o
£ £ Strontium (V) (v)
Phosphorus ) (V) Sr2+ 4 2e- = 5r(s) -2.89
P(s, white) +3H* + 3e- = PHs(g) -0.063 e £
H3P03 + 2H* + 28~ = H3P02 + H20 -0.499 Sulfur (V) W)
HiPO4 + 2H* + 26” = H3PO;+ H,©0  -0.276
S(s) + 2e- = S* -0.407
) E° E* S(s) + 2H* + 2~ = H,S 0.144
Platinum V) V) $,062 + 4H* + 26~ = 2H,50, 0.569
P2+ + 26~ = Pi(s) 1.188 5,052 + 26 = 250, 1.96
PtCl2- + 2e- = Pt(s) + 4Ck 0.758 54057 + 26~ = 25,07 0.080
2503% 4 2H,0 + 26 = 5,02+ 40H -1.13
or
_ E° E 25027 + 3H,0 + de- = 5,052+ GOH- —0.576 1 M NaOH
i 2 V) 250,42 + AH* + 26~ = 5,06 +2H,0 —0.25
K* 4+ e = K(s -2.924 5042 + HO 4+ 2e- = S0O32-+ 20H-  -0.936
(s)
SO + AH+ + 26 = H;50:+ H, 0 40.172
EO EOI
Ruthenium (V) (V) E° E>
Ru3+ + &= = Ru2+ 0.249 Thallium (V) W)
RUO,(s) + 4H* + de~ = Ru(s) + 2H,0  0.68 T3+ 4 26~ = TI* 1.25 1 MHCIO4
RU(NH3)g®* + &= = Ru(NH3)e2* 0.10 077  1MHCL
RU(CN)e* + &= = Ru(CN)g*+ 0.86 T2 + 3e- = TI(s) 0.742

continued



Table 1 Standard Reduction Potentials — continued
(Harvey, D. 2000. Modern Analytical Chemistry, USA : McGraw-Hill.)

Standard Reduction Potentials*—continued

E* E* E® E
Tin V) V) Uranium V) V)
SN2t + 28” = Sn(s) -0.19 1M HCI U3t 4+ 36 = U(s) -1.66
SN + 28 = Spt 0.154 0.139 1 M HCI U 4o = U3+ -0.52
UO5* 4+ dH* + o = Ud 4 2H,0 0.27
U0+ ¢+ e = UO,+ 0.16
U0+ 4 AH* + 2e- = U4+ 4 2H,0 0.327
E° E* E® E”
Titanium (V) (v) Vanadium () )
Titt 4+ 2~ = Ti(s) -1.63 Vit 4 20 = V(s) -1.13
Tid 4+ o= = Tiz+ -0.37 Vit 4 o= = 2+ -0.255
VO 4 2HY 4+ & = V3 4+ H:0 0.337
VOg* + 2H* + & = VO + H,0 1.000
E° E* E® E”
Tungsten (V) (V) Zinc () V)
WO3(s) + dH+ + de- = W(s) + 2H,O  -0.119 Zn+ 4+ 28~ = Znl(s) -0.7618
WOa(s) + 6H* + 6~ = W(s) + 3H,O  -0.090 Zn(OH)42- + 2e- = Zn(s) + 40H- -1.285
Zn(NH3)s?+ + 2e- = Zn(s) + 4NHz -1.04
Zn(CN)4% + 2e- = Zn(s) + 4CN- -1.34

Source: Values are compiled from the following sources: Bard, A. J.; Parsons, R.; Jordon, J., eds. Standard Potentials in Aqueous Solutions. Dekker: New
York, 1985; Milazzo, G.; Caroli, 5.; Sharma, V. K. Tables of Standard Electrode Potentials. Wiley: London, 1978; Swift, E. H.; Butler, E. A. Quantitative
Measurements and Chemical Equilibria. Freeman: New York, 1972,

#50lids, gases, and liquids are identified; all other species are aguecus. Reduction reactions in acidic solution are written using H* instead of H3O".
Reactions may be rewritten by replacing H* with H:0* and adding one molecule of H,0 to the opposite side of the reaction for each H*; thus
HzA504 + 2H* + 2e” = HAsQ; + 2H,0
becomes
HaAsOy + 2H;0%+ 2e- = HAsO, + 4H,0

Conditions for formal potentials (E*7) are listed next to the potential.



