Chemistry Chapter 17
Electrochemistry

Chapter Overview


-the study of the interchange of chemical and electrical energy


-involves oxidation and reduction reactions

Background Material:

Oxidation:
-loss of electrons



-increase in the oxidation number



-generally the metal in the compound



-ion produced more positive



-called the reducing agent

Reduction:
-gain of electrons



-decrease in oxidation number



-generally the non-metal



-ion produced more negative



-called the oxidizing agent

Oxidation and reduction always occur together in a process called a REDOX reaction.  During this reaction the number of electrons gained MUST be equal to the number of electrons LOST.  This is the common balancing method for determining the coefficients in a redox reaction.

Problems:

1.  Assign oxidation numbers to all the atoms in each of the following:

(a)
HNO3

H  _____
N  _____
O  _____

(b)
CuCl2

Cu  _____
Cl  _____

(c) 
O2

O  _____

(d)  
H2O2

H  _____
O  _____

(e)
MgSO4
Mg  _____
S  _____
O  _____

(f)  
PbSO4

Pb  _____
S  _____
O  _____

(g)
Na2C2O4
Na  _____
C  _____
O  _____

(h)
Cr2O3

Cr  _____
O  _____

2.  Specify which of the following equations represent REDOX reactions.  If the reaction is a redox reaction, identify the oxidizing agent (OA), reducing agent (RA), species oxidized (O), and species reduced (R).

(a)
CH4(g)

+
H2O(g)    
(

CO(g)

+

3 H2(g)

(b)
2 AgNO3
+
Cu

(

Cu(NO3)2
+

2 Ag

(c)
AgCl(s)
+
2 NH3(g)
(

Ag(NH3)2+
+

Cl-
Steps in balancing a redox reaction  (half cell method)

1.  Write the oxidation and reduction reactions.

2.  Balance each reaction in terms of all ions except oxygen, hydrogen, then balance oxygen using water , then balance hydrogen using H+ ions.

3.  Balance the oxidation and reduction reactions with each other concerning the number of electrons lost and gained.

4.  Add the oxidation and reduction reactions together - complete if in an acid solution.  If in a base solution add OH- ions to eliminate the H+ ions in the reaction.

In checking the redox reaction, it should be balanced according to:  (a) each element;  (b)  charge.

It is generally a good idea to write the oxidation number of each element in a reaction equation as you begin the balancing process.  Be sure there is no mistake in this step, as the remainder of the process is based on this information.

Problems:

3.  Balance the following redox reactions:

(a)
Cr 
+
NO3-1
(
Cr+3
+ NO

(in an acid)

Oxidation:

__________________________________________

Reduction:

__________________________________________

Balanced Oxidation Reaction:

Balanced Reduction Reaction:

Overall Reaction:
___________________________________________________________________

(b)  Al

+ MnO4-
(
Al+3
+
Mn+2

(acid solution

Oxidation:

__________________________________________

Reduction:

__________________________________________

Balanced Oxidation Reaction:

Balanced Reduction Reaction:

Overall Reaction:
___________________________________________________________________
(c)  Mg

+ 
OCl-
(
Mg(OH)2
+
Cl-
Oxidation:

__________________________________________

Reduction:

__________________________________________

Balanced Oxidation Reaction:

Balanced Reduction Reaction:

Overall Reaction:
___________________________________________________________________
Electrochemistry is defined as the study of the interchange of chemical and electrical energy.  In this chapter we are concerned with the use of chemical reactions to generate an electric current and the use of electric current to produce chemical reactions.

17.1  Galvanic Cells
(also called Voltaic Cells)

When redox reactions take place in the same beaker the electrons are transferred as the ions collide and no useful work can be obtained.  If the reactions take place in different beakers and there is a means of eliminating charge buildup, useful work can be accomplished and a GALVANIC OR VOLTAIC cell is produced.   A galvanic cell is a device in which chemical energy is converted into electrical energy.
To eliminate charge buildup there must be a means of moving ions.  This is accomplished using a salt bridge - a porous material, a gel filled U-tube, or a piece of material (such as a string) soaked in an ionic solution, which allows the flow of ions.  A salt bridge could even be a hot dog.  The salt bridge allows the exchange of ions to keep the solution electrically neutral while electroactive solutions remain separated.

Oxidation occurs at the anode - where electrons are lost.  Reduction occurs at the cathode - where electrons are gained.

Signs of Electrodes in a Voltaic Cell

-the signs of the electrodes in a voltaic cell can be determined from one of two vantage points:



1.  as far as the external circuit toward the cell



2.  as ions within the cell


-as far as the external circuit is concerned, the anode supplies electrons, so it is negatively charged,


-the cathode attracts the electrons, so it is positively charged


-as far as the internal circuit (electrolytic solution) is concerned, the ANODE is losing electrons



so it is POSITIVELY CHARGED, and negative ions migrate toward it.  Likewise, the



CATHODE is gaining electrons, so it is NEGATIVELY CHARGED, and positive ions



migrate toward it


IN MOST CASES, THE INTERNAL CIRCUIT POINT OF VIEW IS THE ONE WHICH



IS MOST USEFUL

-in voltaic cells the driving force - the force which is pushing the electrons - is called the cell



potential, Ecell or the electromotive force (emf) of the cell


-the emf is the driving force with which electrons are pulled through a wire

-the volt (V) is the unit of electrical potential.  A volt is equal to 1 
[image: image1.wmf]Joule

coulomb

.  


-the coulomb is the System International unit of electrical charge



-the charge of 6.25 x 1018 electrons


-the amount of charge that passes a fixed point of wire conductor when a current of 1 amp



flows for exactly 1 second.  The amp is the SI unit of electrical current


-the device used to measure cell potential is a potentiometer.  The device which will be used



in class is a digital electronic voltmeter.  The amount of current drawn by this device



is very small


-as a review, in constructing galvanic cells, keep in mind the direction of the electron flow.


Particles undergoing reduction receive electrons from the cathode.  Particles



undergoing oxidation donate electrons to the anode.  THE DIRECTION OF



ELECTRON FLOW IS THEREFORE FROM THE ANODE TO THE CATHODE!
17.2  Standard Reduction Potentials

Standard Reference Electrode


-consists of a platinum electrode in contact with a 1.0 M H+ solution bathed in hydrogen gas



at 1 atm


-use the platinum electrode because platinum is inert (does not react)


-in order to determine reduction potentials, this reference electrode is defined as having a 



cell potential of zero


-the reference electrode is used to determine all other reduction potentials.  


-these are normally in their standard sates and with solutions concentrations of 1.0 M

Standard Reduction Potential Table


-table is used to determine cell potential


-one of the reactions in the table must be reversed since in any galvanic (or voltaic) cell there



is both an oxidation and a reduction reaction


-the oxidation reaction is determined by simply reversing the reaction and the sign of the



reduction reaction


-the cell potential must be positive, and this can be used to determine which reaction is oxidation



and which reaction is reduction


-when you multiply a reaction by a coefficient (for purposes of balancing the number of



electrons gained and lost) the Eo of the reaction IS NOT CHANGED
Cell Notation


Anode



-oxidation occurs



-source of electrons



-negative ions flow towards the anode


Cathode



-reduction occurs



-received of electrons



-positive ions flow towards the cathode


Line Notation



-shorthand symbols for electrochemical cells 



-anode components on the LEFT



-cathode components on the RIGHT



-
[image: image2.wmf]an indication of a phase boundary 



-
[image: image3.wmf]separation of anode and cathode

Example:


-for a sample cell in which magnesium solid is dissolving in solution to form magnesium plus 2



ions and aluminum ions are going from solution to form solid aluminum, the redox



reaction would be:



3 Mg(s) + 2 Al+3(aq) (  3 Mg+2(aq) + 2 Al(s)


-the cell notation for this reaction would be:



Mg(s) 
[image: image4.wmf]Mg+2(aq) 
[image: image5.wmf]Al+3(aq) 
[image: image6.wmf]Al(s)


-note the anode electrode is to the far left and the cathode electrode to the far right


-be sure to show phase and ion charges


-to determine the voltage potential of the cell



reduction reaction:
2 Al+3 + 6 e-  
(
2 Al(s)


Eo 
=
-1.67 V


oxidation reaction
3 Mg(s)
(
3 Mg+2(aq) + 6 e-​
Eo
=
+2.37 V
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=  
+0.71 V

Cell Notation Review:


-the magnitude of the sign of the Eo values for the half reactions is very important in that



THE MORE POSITIVE THE EO VALUE THE MORE LIKELY THE SPECIES



IS TO BE REDUCED IS A STRONGER OXIDIZING AGENT


-for example, Br2 is more likely to be reduced than I2 because Br2 has the more positive Eo

-on occasion, only ions, rather than solids, will be involved in the redox process.  In this



case, "inert" electrodes are used.

Problem:

4.  Sketch the galvanic cell below, identify all major components, the direction of electron flow, the

cell potential, and write a complete cell equation.

   Cr+3(aq)  + Cl2(g)  ( Cr2O7-2(aq)  + Cl-(aq)


Diagram

Oxidation Reaction:

______________________________________________

Reduction reaction:

______________________________________________

Cell Notation:


______________________________________________
Cell Potential:


____________________________________

_____________




____________________________________

_____________
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5.  Sketch the galvanic cell below, identify all major components, the direction of electron flow, the

cell potential, and write a complete cell equation.

   Cu+2(aq)  + Mg(s)  ( Mg+2(aq)  + Cu(s)


Diagram

Oxidation Reaction:

______________________________________________

Reduction reaction:

______________________________________________

Cell Notation:


______________________________________________
Cell Potential:


____________________________________

_____________





____________________________________

_____________
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Spontaneous Cells


-a voltaic cell will produce a current and be spontaneous is the sum of the oxidation and 


reduction reactions is a positive number.  
Problems:

6.  Calculate the Eo for the following cells.  Determine if spontaneous or not spontaneous.

(a)   
2 Ag+(aq) + Cu(s)  (  Cu+2(aq)  +  2 Ag(s)
Oxidation:

____________________________

__________

Reduction:

____________________________

__________






Eo



__________

(b)
Zn+2(aq)  +  Ni(s)  (  Ni+2(aq)  +  Zn(s)

Oxidation:

____________________________

__________

Reduction:

____________________________

__________






Eo



__________

Use of Reduction Values on Table


-remember the best oxidizing agent would have the largest E value

Questions:

7.  Use the chart to answer the following questions.

________
(a)  Is H+ capable of oxidizing Cu(s) to Cu+2(aq)?

________
(b)  Is H+ capable of oxidizing Mg(s)?

________
(c)  Is Fe+3 capable of oxidizing I-(aq)?

8.  Place the following in order of increasing strength as an oxidizing agent.


MnO4-     Cl2      Cr2O7-2      Mg+2     Fe+2     Fe+3
________  <  ________  <  ________  <  ________  <  ________  <  ________


-to use the chart to talk about reducing agents - want the smallest E​value which will be the best

9.  Consider the following


Br-
Br2

H+
H2

La+3

Ca

Cd

_____
(a)  Strongest oxidizing agent and why?

_____
(b)  Strongest reducing agent and why?

_____
(c)  Can be reduced by Zn and why?

17.3 Cell Potential, Electrical Work, and Free Energy
Review:


-have already discussed that for a cell to be spontaneous the E value must be positive


-from chapter 16 for a reaction to be spontaneous  G must be negative


- G can be useful since can be thought of as the value for the MAXIMUM USEFUL



WORK WHICH MAY BE OBTAINED FROM A CELL

Work Calculation


-the actual work is always less because of wasted energy due to frictional heating


-the amount of work will be affected by the number of electrons which are being



transferred


-must know the total number of electrons being gained and lost


-to determine the amount of work need to use a unit called the faraday (F)


-by definition,




F = 96,485 
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-overall equation for free energy:   G = - n F E

Free Energy =  -  [number of electrons transferred] [96485 C / mole e- ] [ cell voltage]

-the negative sign is necessary since we are viewing from the point of view of the system


-if at standard conditions, the reaction equation is:  





 Go = - n F Eo
Equilibrium Conditions


-at equilibrium  G = 0 and E = 0


-can use these values to determine equilibrium constant K by the equation:
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   where n = number of transferred electrons at 25.0o C and Eo is cell voltage
Problem:

10.  Calculate E,  G, and K at 25.0o C for the reaction:



2 NaClO2(s)  +  Cl2(g)  (  2 ClO​2(g) + 2 NaCl(aq)

Oxidation Reaction:

_______________________________________

Reduction Reaction:

_______________________________________

Cell Notation


_______________________________________
__________

Cell Potential:


_______________________________________
__________





_______________________________________
__________







cell voltage



__________

 Go


____________________




____________________




____________________



K = 
__________

17.4  Dependence of Cell Potential on Concentration

Review:


-cell voltage potential, E, is calculated assuming that the concentrations of the solutions are



1.0 M.  If the solution is not at this concentration, the E value for the cell will be different


-cell voltage is a result of a redox reaction going to equilibrium


-cell voltage value, since in an equilibrium, described using LeChatelier's princriple



-according to LeChatelier, is there is a change in concentration, there is an equilibrium




shift and a corresponding change in cell voltage


-an increase in concentration at the anode would result in a decrease in cell voltage


-an increase in concentration at the cathode would result in an increase in cell voltage

Concentration Cell


-a cell which contains the same chemical solutions but at different concentrations at the anode



and cathode


-because of this difference in concentrations, there is a "stress" put on the system which will



be equalized by electron flow to allow oxidation and reduction to occur


-the affects of changes in concentration are summarized in the NERNST equation


-for a concentration cell to produce a positive voltage at the anode the concentration would be



lower and at the cathode a higher concentration

Nernst Equation


-the Q value is the concentration of the product solutions raised to the appropriate power



divided by the concentration of the reactant solutions raised to the appropriate power


-remember that in heterogeneous solutions the solids which are shown in the reaction equation



are not used in the equilibrium expression


-equation has the form:
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-this equation can be used to calculate cell voltages when the concentrations of the solutions



are not 1.00 M and at any temperature

-as the cell begins to provide power the concentrations in the anode and cathode areas of the



cell begin to change,  and thus the voltage of the cell changes


-at equilibrium the components of the 2 cells have the same free energy and the cell voltage 



will be zero

Problems:

11.  Calculate Ecell for the galvanic cell based on the following half cell reactions at 25.0o C.



Cd+2 + 2 e-  ( Cd


Eo = - 0.40 V



Pb+2 + 2 e-  ( Pb


Eo = - 0.13 V

where [Cd+2] = 0.010 M and [Pb+2] = 0.100 M

Cell Reaction:

___________________________________________
__________
Nernst Equation:

12.  A galvanic cell is set up with the following electrodes and solutions:



Ni+2(aq)   +  Cr(s)     (     Ni(s)     +  Cr+3(aq)

The concentration of the nickel solutions is 0.0001 M and the concentration of the chromium solution is 0.002 M.  Determine the cell potential at 25.0o C.
Oxidation Reaction:

_______________________________
__________
Reduction Reaction:

_______________________________
__________







Cell Voltage


__________

Balanced Oxidation Reaction
_______________________________________________
Balanced Reduction Reaction
_______________________________________________

Overall Reaction:

_______________________________________________

Nernst Equation:

The Nernst equation can also be used to calculate the concentration of a solution.

13.  A chemist wanted to determine the Cu+2 concentration using a silver electrode in a 1.00 M silver nitrate solution connected to a copper electrode in a solution of unknown concentration.  The cell potential was measured to be 0.620 V when the temperature is 25.0o C.  Determine the concentration of the copper solution.

Oxidation Reaction:

_______________________________
__________

Reduction Reaction:

_______________________________
__________







Cell Voltage


__________

Balanced Oxidation Reaction
_______________________________________________

Balanced Reduction Reaction
_______________________________________________

Overall Reaction:

_______________________________________________

Nernst Equation:

The Nernst equation may also be used to determine if a particular reaction will take place, based on calculating the cell voltage when the solutions are not all 1.00 M.  If the cell voltage is positive, the reaction would be predicted to occur.

14.  Can the permanganate ion oxidize Fe+2 to Fe+3 at 25.0o C under the following conditions:

[Mn+2] = 1 x 10-6 M


[MnO4-] = 0.01 M

[Fe+2] = 0.001 M

[Fe+3] = 1 x 10-6 M


pH = 4.00

Oxidation Reaction:

Fe+2 (  Fe+3 + 1 e-



-0.77 V
Reduction Reaction:

MnO4- + 8 H+ + 5 e- ( Mn+2 + 4 H2O
1.51 V






Cell Voltage


0.74 V
Balanced Oxidation Reaction

5 Fe+2 (  5 Fe+3 + 5 e-
Balanced Reduction Reaction

MnO4- + 8 H+ + 5 e- ( Mn+2 + 4 H2O
Overall Reaction:

8 H+ + MnO4- + 5 Fe+2 (  Mn+2 + 4 H2O + 5 Fe+3
Nernst Equation:

17.5  Batteries

-a series of galvanic cells hooked together where the batter voltage is the sum of the voltage



of each individual cell


-lead storage battery - developed in 1915



-commonly used in cars



-very rugged, usable over a wide temperature range



-from sulfuric acid consumption can determine battery condition by checking on the




density of the acid


-dry cell batteries



-include zinc and ammonium chloride



-or zinc and silver oxide


-fuel cells



-used in the U.S. space program



-provided power for moon landing



-oxygen and hydrogen gas come together to produce water and an electric current

17.6 Corrosion


-involve the oxidation of metals to form oxides which are not as structurally sound as the free 



element


-many metals form protective coatings, but these do not always completely protect the metal


-aluminum protective coatings very good in stopping further aluminum oxidation


-iron protective coating not very good - continues to eat away at the iron until all of the iron



has been oxidized

Corrosion of Iron


-because of stress some areas in an iron surface more easily oxidized - areas under less stress



are reduced


-in order to rust there must be water


-rust sometimes forms at sites that are remote from where iron dissolved


-salts present on surface of iron will accelerate the reaction since water a much better



conductor of current when ions (especially Cl- ions) are present

Prevention of Corrosion


-coating with paint or metal plating surface of the iron very effective in protection the metal


-chromium and tin often used to plate steel


-zinc plating on steel called galvanizing


-may form alloys which have much less surface corrosion

Cathode Protection


-use of an active metal such as zinc or titanium to provide electrons to the iron surface which



will protect the iron from corrosion


-used often to protect hulls of ships in the ocean filled with salt water which is very corrosive

17.7  Electrolysis


-occurs in an electrolytic cell


-process which involves forcing a current through a cell to produce a chemical change for which



the cell potential is negative


-useful in charging a battery, producing certain metals such as aluminum, and the chrome plating



of an object (such as a car bumper)

Problem Calculations


-need to know the number of electrons which are being transferred


-need to use the unit Ampere, which is defined as 1 Coulomb / second


-also need to use the Faraday, which previously we defined as 1 F = 96485 C / mole e-
Sample Calculation

How long would it take to plate out 35.0 g of copper from a Cu+2 solution using a 50.0 Amp current?

time = 
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Problems:

15.  How long will it take to plate out each of the following with a 100.0 A current?

(a) 1.00 kg of Al from aqueous Al+3
______________________________________________________________________________

(b)  1.00 g of Ni from aqueous Ni+2
______________________________________________________________________________

(c)  5.00 mole of Ag from aqueous Ag+1
______________________________________________________________________________

Use of Cell Voltages to Determine Reactions and Locations:


-when looking at the reactions in an electrolytic cell remember that the one with the greatest



positive value will be the one most likely to proceed in that direction


-the value of the half cell reactions may not always be used with certainty to determine which



substances are produced at each electrode


-remember that at the anode oxidation occurs and the anode is considered POSITIVE


-remember that at the cathode reduction occurs and the cathode is considered NEGATIVE

Examples:

1.  What reaction will take place at each electrode which molten KF is electrolyzed?

Anode:

2 F-  


(
F2(g)
+ 
2 e-​

-2.87 V
Cathode
K+  
+ 1 e-

(
K(s)



-2.92 V

2.  What reaction will take place in a 0.10 M KF solution

Anode:

2 H2O(l)  

(
4 H+(aq)
+ O2(g)
+ 4 e-

-1.23 V

Cathode
2 H2O(l)
+ 2 e-
(
H2(g)
+
2 OH-(aq)


-0.83 V

Problems:

16.  What volume of  fluorine gas, F2, at 25.0o C and 1.00 atm pressure is produced when molten KF is electrolyzed by a current of 10.0 A for 2.00 hours?

__________________________________________________________________________________

17.  In problem 16, what mass of potassium is produced?

_________________________________________________________________________________

18.  It took 2.30 minutes using a current of 2.00 A to plate out all the silver from 0.250 L of a solution containing Ag+ ions.  What was the original concentration of the Ag+ in the solution?

_________________________________________________________________________________ 
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