Chapter 11
Electrochemistry & Electron Transfer

1. Define the oxidation and reduction processes.
Oxidation is the loss of electrons and reduction is the gain of electrons. Oxidation results in an increase in an
atom’s oxidation state and reduction results in a lowering (reduction) of the oxidation state.
3. Distinguish between donor and acceptor orbitals. Which orbital is on the oxidizing agent?
Transferred electrons move from the donor to the acceptor orbital in a redox reaction. The donor orbital is on
the reducing agent and the acceptor orbital is on the oxidizing agent.
5.  What change in potential does an electron experience when it moves from a potential of +0.5 V to one at -0.3 V? Is
this a spontaneous process?

Change in potential = final potential — initial potential = -0.3 — 0.5 = -0.8 V. An electron’s free energy is greater
at the more positive potential, so moving from high potential to low potential is moving from low free energy to
high. AG > 0, so the process is not spontaneous.

7. The A/Al* couple is 0.5 V above the B/B2* couple. Which of the four species is the best oxidizing agent? Which is
the best reducing agent. Write the balanced chemical equation for the spontaneous process that occurs when the
two couples are connected in a galvanic cell.

The A/A1+ couple is at the higher potential, so it is at lower free energy. The direction of spontaneous electron
flow is “downhill” in free energy, i.e., A - BZ+. Consequently, A is the best reducing agent and B2+ is the best

oxidizing agent. The spontaneous reaction occurring when the couples are connected is 2A + B2+ - 2A1+ +
B.

9. The energy level diagrams for elements V and W are shown in the text. Assume that the redox orbital energies are
the dominant term in AG.

a) Write the standard reduction half-reactions for V, W, V2+ and W2+ and order them from most negative at top
to most positive at the bottom.

W+ 2" = w? highest energy redox orbital
V+2e" =V
v r2e = v

W2+ + 2e1' = W lowest energy redox orbital

b) Of the species, V2H, W2+, V, W, V2-, W2, which is the best oxidizing agent? Which is the best reducing agent?
The best oxidizing agent is W?, lowest unfilled orbital.
The best reducing agent is w2, highest occupied orbital.

¢) Indicate whether each of the following electron transfer reactions would be extensive:

i) V+ W=V +W Yes, electron transfer is to lower energy.

ii) V:-+Wa=V+ W No, electron transfer is to higher energy.

ii) W2+ VH=2W+V Yes

iv) W2+ V-=2W+V Yes

v) V+W2-==2V2-+W Yes

11. Determine the oxidation state of carbon in each of the following compounds:
a) CH, (-4) b) CH,O (0) c) CO, (+4) d) CHsF (-2) e) CH3;0H (-2)

13. Indicate whether each of the following chemical conversions requires an oxididant, a reductant, or neither:

a) CO - CO, Oxidizing agent required to take C from +2 to +4
b) BaSO, — Ba Reducing agent required to take Ba from +2 to 0
¢) Hg,Cl, - HgCl, Oxidizing agent required to take Hg from +1 to +2
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15. Determine the oxidant, the reductant, and the number of electrons transferred in each of the following reactions:
Oxidizing Reducing Electrons

Agent Agent Tansferred
a) 3C,H;OH + 2Cr,0,* + 16H!" — 3CH;COOH + 4Cr3* + 11H,0 Cr,0/ C,HsOH 12
b) 4NH; + 6NO — 5N, + 6H,0 NO NH; 12
¢) 5Pb+2MnO,!- + 16H!* — 5Pb?* + 2Mn2* + 8H,0 MnO," Pb 10
d) CgH,c+ 120, —» 8CO, + 8H,0 O, CgHi1e 48

17. The following processes are all spontaneous:
a) 2Y+Z2+ — 2Y1H+Z b) 3Y+W3+ — 3YI++W ¢) X+Z72+ — X2H+Z d) 2W+3X2+ — 2W3++3X
List the four redox couples that are involved in the above reactions in order of their standard reduction potentials
in a manner similar to Table 11.1, i.e., the most negative at the top.
The couple that is reduced is at the higher potential in each case, i.e., lower on the table. Reactions a and b
indicate that Y1+/Y is above both 22+/Z and W3+/W. Reactions c and d show that X2+/X is above 22+/Z but
3+ . .
below W™ /W. In order decreasing potential,

(top) Y1y < wrw < XX < 72*17 (bottom)
Y is the best reducing agent and Z2+ is the best oxidizing agent.

19. What is the difference between an anode and a cathode?

The anode is the electrode at which oxidation occurs, while the cathode is the electrode at which reduction
occurs.

21. The standard reduction potentials for U3* and In3+ are determined by measuring the voltage of the cell made by
connecting a standard Ni2*/Ni half-cell to the “Lo” terminal of a voltmeter and a standard U3*/U half-cell or
standard In3*/In half-cell to the “hi” terminal.

a) If the voltmeter reading was -1.43 V when the U3*/U half-cell was attached, what is the standard reduction
potential of uranium(IIT)? Write the spontaneous cell reaction between the U3+/U and the Ni2*/Ni half-cells.

Elo=E aooe = E'n = -0.23V (see Table 11.1)

(gOCELL = "’dHi - (gOLo = é’dOCATHODE - (gooANODE =-143V

Solving for €, i = & catnone = € ce + Elo=-143-023=-166V =&
The standard reduction potential of U(lll) is -1.66 V

Since the cell potential is negative, the spontaneous half-reactions are the opposite of those used above.
Consequently, the nickel half-reaction occurs at the cathode not the anode and the uranium half-reaction

occurs at the anode not the cathode. 2U(s) + 3Ni 2+(aq) = 2U3+(aq) + 3Ni(s)

b) If the voltmeter reading was -0.11 V when the In3+/In half-cell was attached, what is the standard reduction
potential of indium(III)? Write the spontaneous cell reaction between the In3*/In and the Ni2*/Ni half-cells.

uo ol uo uo
¢ e = En- €Lo= & catrone- € anope =-0.11V
N o o > 0
Solving for &, &4 = € cathope= € cew + Glo=-0.11-0.23=-0.34V = ¢ |,
The standard reduction potential of In(lll) is -0.34 V. The cell potential is negative, so the spontaneous half-

reactions are the opposite of those used above. Consequently, the nickel half-reaction occurs at the cathode
not the anode and the indium half-reaction occurs at the anode not the cathode:

2In(s) + 3Ni**(ag) = 2In>*(aq) + 3Ni(s)
¢) An In3*/In half-cell and a U3*/U half-cell are connected as a galvanic cell. Which compartment is the anode,
and what is the cell voltage?

The cathode of a galvanic cell is always the half-reaction with the more positive standard reduction potential
(less negative in this case). Thus, we may write

Cathode: In>*(aq) + 3¢ = In(s) & =034V
Anode: UGs) = U¥(aq) + 3™ & =166V

(/0 (/0 (O
é CELL = & CATHODE ~ & anopEe = -0.34 -(-1.66) = +1.32 V
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23. In the following pairs of metals, one is used to protect the other by galvanization. Indicate which metal would be

25.

27.

29.

31.

33.

sacrificed.

a)FeandMg b)NiandCu c¢)FeandPb

Note that the metal with the more negative standard reduction potential is sacrificed.

Indicate whether each of the following cell reactions, run at standard conditions, would take place in a galvanic or

an electrolytic cell.

a) H,O0() = H,(g) + 1/, 05(g) .
b) Zn2*(aq) + 2 I'-(aq) — Zn(s) + L,(s) ¢ =-076-054<0

¢) Cu2*(aq) + Sn(s) — Cu(s) + Sn2*(aq) E° =4034+014>0
d) 2 Fe3*(aq) + Cu — 2 FeZ*(aq) + Cu?*(aq) ¢ =+0.77-0.34> 0

Write net equations or “no appreciable reaction” for the following:

¢ =.044-088<0

a) An aluminum bar is placed in 1 M HCL
2AI(s) + 6H"*(aq) - 2A1*"(aq) + 3H2(g)
b) Aqueous bromine is added to a solution of Fe2*,
Bra(aq) + 2Fe”*(aq) — 2Br ' (aq) + 2Fe>*(aq)
¢) A lead bar is placed in water.
Pb(s) + H20O(l) — no appreciable reaction
d) KBr is dissolved in an acidified solution of Cr,0,%-.
6Br'(aq) + Cr207° (aq) +14H"*(aq) — 3Bra(aq) + 2Cr>*(aq) + 7TH20(1)
e) KEF is dissolved in an aqueous bromine solution.
no appreciable reaction

f) Steel wool is placed into a solution of NiSO,.
Fe(s) + NiZ*(aq) - Fe>'(aq) + Ni(s)

= electrolytic
= electrolytic
= galvanic
= galvanic

Lead acid batteries indicate that there should be no smoking during recharge because of the possibility of
dangerous gases being released. Suggest what gas might be generated in the recharge cycle of a lead acid battery.
(Hint: the gas reacts explosively with oxygen.) Write the half-reaction for its production.

As the name suggests, lead acid batteries contain acid, H1+, and under an applied voltage, the following reaction

can be initiated, 2H1+ + 2e1- — Ha(g). Hydrogen can react explosively with oxygen in the presence of a fire.

The following redox couples are combined to make galvanic cells; in each case, indicate which couple is the anode

and which is the cathode:

The couple with the more negative standard reduction potential is the anode.

Anode
a) BryBr and ClyCl" Bry/Br"
b) Sn*/Sn and Ag1+/Ag Sn*/Sn
¢) Iy1' and NiZ'/Ni NiZ'/Ni
d) Zn>*/Zn and Fe*/Fe?" Zn*1Zn

Cathode
Cl,/Cl™

Ag"IAg

/1"
Fe®/Fe®

Write the cell reaction and determine & for the galvanic cells constructed from the following redox couples:

a) Bry(l)/Br' (aq) and Cly(g)/C1"(aq)

b) Sn*'(aq)/Sn(s) and Ag' (aq)/Ag(s)

c) Iz(s)/Il'(aq) and Ni2+(aq)/Ni(s)

d) Zn**(aq)/Zn(s) and Fe* (aq)/Fe’*(aq)

Cly(g) + 2Br"(aq) — 2CI"(aq) + Bry(l)
Sn(s) + 2Ag™(aq) — Sn*'(aq) + 2Ag(s)
Ni(s) + I(s) — Ni**(aq) + 21" (aq)

Zn(s) + 2Fe*(aq) - Zn*(aq) + 2Fe*(aq)

& =027V
& =094V
& =077V
& =153V
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35. Determine how many moles of electrons and how many coulombs are must be transferred for each of the following
processes:

a) reduction of 1.3 mol A3+ to Al
The half-reaction is AI3+ + 3e1' — Al, so 3 moles of electrons are required for each mole of Al.

3 mol e"

1.3 mol AP* X
1 mol Al

=3.9mole": 3.9mol e’ x 96,500 C/mol = 3.8 x 10° C

b) oxidation of 3.4 mol Br!- to Br,
The half-reaction is 2Br ™~ — Bro + 2e1', s0 2 mol e are transferred for each mole of Br'~ ions.

2 mol e"

e =68 male”; 6.8 mol e’ x 96,500 C/mol = 6.6 x 10° C
mol br

3.4 mol Br'" x

¢) oxidize 2.8 g of copper to Cu2*
The half-reaction is Cu — Cu2+ + 2e1_, so 2 mol e1- are transferred for each mole of copper.

1molCu 2 mole"

X =0.088 mole™: 0.088 mole' x 96,500 C/mol = 8.5 x 10° C
63.5gCu 1 mol Cu

2.8 g Cu* x

37. A standard galvanic cell, constructed with Agl*/Ag and Zn2*/Zn couples, is discharged until 3.3 g of Ag forms.
a) What are the overall cell reaction and the standard cell potential?
2Ag"t + zn > 2Ag + Zn?*
& = E sathode - € anode = € (Ag'TIAg) - € (zn%*1Zn) = +0.80 — (-0.76) = 1.56 V
b) How many moles of electrons flow through the circuit during the discharge?

The Ag1+/Ag half-reaction is Ag1Jr + 1e1' — Ag, so 1 mol e1' are transferred for each mole of silver(l) ions that
are reduced.

1molAg_1mole"

3.3 g Agx
108 g Ag 1 mol Ag

=0.031 mol e"

¢) How many coulombs of charge flow through the circuit?

0.031 mol e"™ x 96,500C/mol = 2.9 x 10° C
(Note that the calculator answer to part a (0.03556) not 0.031 was used in the calculation.

d) What is the maximum work that could be done by the electrons during the discharge?
The maximum work is —AG, which can be determined with Equation 11.3:

96,500C _1.56J_ 1kJ

w=-AG = nZé" = 0.031 mol " x X X
mol e Cc 1000 J

=4.6kJ

(See note to part c.)

11-4




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1224.000 792.000]
>> setpagedevice


