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Chapter 19

Electrochemistry
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19.1 Describing Electrochemical Cells

LEARNING OBJECTIVE

�� /F�;@JK@E>L@J?�9<KN<<E�>8CM8E@:�8E;�<C<:KIFCPK@:�:<CCJ�

%E�8EP�<C<:KIF:?<D@:8C�GIF:<JJ	�<C<:KIFEJ�=CFN�=IFD�FE<�:?<D@:8C�JL9JK8E:<�KF
8EFK?<I	�;I@M<E�9P�8E�FO@;8K@FEXI<;L:K@FE��I<;FO��I<8:K@FE���J�N<�;<J:I@9<;�@E
�?8GK<I�����?<D@:8C�-<8:K@FEJ�	�8�I<;FO�I<8:K@FE�F::LIJ�N?<E�<C<:KIFEJ�8I<
KI8EJ=<II<;�=IFD�8�JL9JK8E:<�K?8K�@J�FO@;@Q<;�KF�FE<�K?8K�@J�9<@E>�I<;L:<;��/?<
reductant � @J�K?<�JL9JK8E:<�K?8K�CFJ<J�<C<:KIFEJ�8E;�@J�FO@;@Q<;�@E�K?<�GIF:<JJ��K?<
oxidant � @J�K?<�JG<:@<J�K?8K�>8@EJ�<C<:KIFEJ�8E;�@J�I<;L:<;�@E�K?<�GIF:<JJ��/?<
8JJF:@8K<;�GFK<EK@8C�<E<I>P�@J�;<K<ID@E<;�9P�K?<�GFK<EK@8C�;@==<I<E:<�9<KN<<E�K?<
M8C<E:<�<C<:KIFEJ�@E�8KFDJ�F=�;@==<I<EK�<C<D<EKJ���"FI�DFI<�@E=FID8K@FE�FE�M8C<E:<
<C<:KIFEJ	�J<<�?8GK<I����/?<�,<I@F;@:�/89C<�8E;�,<I@F;@:�/I<E;J�	 .<:K@FE����
�!E<I><K@:J�F=�%FE�"FID8K@FE���

�<:8LJ<�@K�@J�@DGFJJ@9C<�KF�?8M<�8�I<;L:K@FE�N@K?FLK�8E�FO@;8K@FE�8E;�M@:<�M<IJ8	�8
I<;FO�I<8:K@FE�:8E�9<�;<J:I@9<;�8J�KNFhalf-reactions � 	�FE<�I<GI<J<EK@E>�K?<
FO@;8K@FE�GIF:<JJ�8E;�FE<�K?<�I<;L:K@FE�GIF:<JJ��"FI�K?<�I<8:K@FE�F=�Q@E:�N@K?
9IFD@E<	�K?<�FM<I8CC�:?<D@:8C�I<8:K@FE�@J�8J�=FCCFNJ�

�AE1D9?>�
��


4E�J�����I � �8H����4E �� �8H������I �̂8H�

/?<�?8C=
I<8:K@FEJ�8I<�8J�=FCCFNJ�

�AE1D9?>�
���

I<;L:K@FE�?8C=
I<8:K@FE���I� �8H�����<^ ����I �̂8H�

�AE1D9?>�
���

FO@;8K@FE�?8C=
I<8:K@FE��4E�J����4E�� �8H�����<^

!8:?�?8C=
I<8:K@FE�@J�NI@KK<E�KF�J?FN�N?8K�@J�8:KL8CCP�F::LII@E>�@E�K?<�JPJK<D��4E�@J
K?<�I<;L:K8EK�@E�K?@J�I<8:K@FE��@K�CFJ<J�<C<:KIFEJ�	�8E;��I� @J�K?<�FO@;8EK��@K�>8@EJ

�� ��JL9JK8E:<�K?8K�@J�:8G89C<�F=
;FE8K@E>�<C<:KIFEJ�8E;�@E�K?<
GIF:<JJ�@J�FO@;@Q<;�

�� ��JL9JK8E:<�K?8K�@J�:8G89C<�F=
8::<GK@E>�<C<:KIFEJ�8E;�@E�K?<
GIF:<JJ�@J�I<;L:<;�

�� -<8:K@FEJ�K?8K�I<GI<J<EK�<@K?<I
K?<�FO@;8K@FE�?8C=�FI�K?<
I<;L:K@FE�?8C=�F=�8E
FO@;8K@FEXI<;L:K@FE��I<;FO�
I<8:K@FE�

�?8GK<I����!C<:KIF:?<D@JKIP

����



<C<:KIFEJ����;;@E>�K?<�KNF�?8C=
I<8:K@FEJ�>@M<J�K?<�FM<I8CC�:?<D@:8C�I<8:K@FE
�!HL8K@FE����������I<;FO�I<8:K@FE�@J�98C8E:<;�N?<ED85�>E=25B�?6�5<53DB?>C�<?CD�2I�D85
B54E3D1>D�5AE1<C�D85�>E=25B�?6�5<53DB?>C�719>54�2I�D85�?H941>D��(@B<�8EP�98C8E:<;
:?<D@:8C�<HL8K@FE	�K?<�FM<I8CC�GIF:<JJ�@J�<C<:KI@:8CCP�E<LKI8C��K?8K�@J	�K?<�E<K�:?8I><
@J�K?<�J8D<�FE�9FK?�J@;<J�F=�K?<�<HL8K@FE�

Note the Pattern

%E�8EP�I<;FO�I<8:K@FE	�K?<�ELD9<I�F=�<C<:KIFEJ�CFJK�9P�K?<�I<;L:K8EK�<HL8CJ�K?<
ELD9<I�F=�<C<:KIFEJ�>8@E<;�9P�K?<�FO@;8EK�

%E�DFJK�F=�FLI�;@J:LJJ@FEJ�F=�:?<D@:8C�I<8:K@FEJ	�N<�?8M<�8JJLD<;�K?8K�K?<
I<8:K8EKJ�8I<�@E�@EK@D8K<�G?PJ@:8C�:FEK8:K�N@K?�FE<�8EFK?<I���:@;X98J<�I<8:K@FEJ	
=FI�<O8DGC<	�8I<�LJL8CCP�:8II@<;�FLK�N@K?�K?<�8:@;�8E;�K?<�98J<�;@JG<IJ<;�@E�8�J@E>C<
G?8J<	�JL:?�8J�8�C@HL@;�JFCLK@FE��2@K?�I<;FO�I<8:K@FEJ	�?FN<M<I	�@K�@J�GFJJ@9C<�KF
G?PJ@:8CCP�J<G8I8K<�K?<�FO@;8K@FE�8E;�I<;L:K@FE�?8C=
I<8:K@FEJ�@E�JG8:<	�8J�CFE>�8J
K?<I<�@J�8�:FDGC<K<�:@I:L@K	�@E:CL;@E>�8E�<OK<IE8C�<C<:KI@:8C�:FEE<:K@FE	�JL:?�8J�8
N@I<	�9<KN<<E�K?<�KNF�?8C=
I<8:K@FEJ���J�K?<�I<8:K@FE�GIF>I<JJ<J	�K?<�<C<:KIFEJ�=CFN
=IFD�K?<�I<;L:K8EK�KF�K?<�FO@;8EK�FM<I�K?@J�<C<:KI@:8C�:FEE<:K@FE	�GIF;L:@E>�8E
<C<:KI@:�:LII<EK�K?8K�:8E�9<�LJ<;�KF�;F�NFIB���E�8GG8I8KLJ�K?8K�@J�LJ<;�KF�><E<I8K<
<C<:KI@:@KP�=IFD�8�JGFEK8E<FLJ�I<;FO�I<8:K@FE�FI	�:FEM<IJ<CP	�K?8K�LJ<J�<C<:KI@:@KP�KF
;I@M<�8�EFEJGFEK8E<FLJ�I<;FO�I<8:K@FE�@J�:8CC<;�8Eelectrochemical cell � �

/?<I<�8I<�KNF�KPG<J�F=�<C<:KIF:?<D@:8C�:<CCJ��>8CM8E@:�:<CCJ�8E;�<C<:KIFCPK@:�:<CCJ���
galvanic (voltaic) cell � #8CM8E@:�:<CCJ�8I<�E8D<;�=FI�K?<�%K8C@8E�G?PJ@:@JK�8E;
G?PJ@:@8E�(L@>@�#8CM8E@������X�����	�N?F�F9J<IM<;�K?8K�;@JJ<:K<;�=IF>�C<>�DLJ:C<J
KN@K:?<;�N?<E�8�JD8CC�<C<:KI@:�J?F:B�N8J�8GGC@<;	�;<DFEJKI8K@E>�K?<�<C<:KI@:8C
E8KLI<�F=�E<IM<�@DGLCJ<J�LJ<J�K?<�<E<I>P�I<C<8J<;�;LI@E>�8�JGFEK8E<FLJ�I<;FO
I<8:K@FE���� ����KF 75>5B1D5<C<:KI@:@KP��/?@J�KPG<�F=�<C<:KIF:?<D@:8C�:<CC�@J�F=K<E
:8CC<;�8F?<D193�35<<8=K<I�@KJ�@EM<EKFI	�K?<�%K8C@8E�G?PJ@:@JK��C<JJ8E;IF�1FCK8
�����X�������%E�:FEKI8JK	�8E electrolytic cell � 3?>CE=5C<C<:KI@:8C�<E<I>P�=IFD�8E
<OK<IE8C�JFLI:<	�LJ@E>�@K�KF�:8LJ<�8�EFEJGFEK8E<FLJ�I<;FO�I<8:K@FE�KF�F::LI���� �
����FK?�KPG<J�:FEK8@E�KNFelectrodes� 	�N?@:?�8I<�JFC@;�D<K8CJ�:FEE<:K<;�KF�8E
<OK<IE8C�:@I:L@K�K?8K�GIFM@;<J�8E�<C<:KI@:8C�:FEE<:K@FE�9<KN<<E�K?<�KNF�G8IKJ�F=�K?<
JPJK<D��"@>LI<�������!C<:KIF:?<D@:8C��<CCJ����/?<�FO@;8K@FE�?8C=
I<8:K@FE�F::LIJ�8K
FE<�<C<:KIF;<��K?<anode� �	�8E;�K?<�I<;L:K@FE�?8C=
I<8:K@FE�F::LIJ�8K�K?<�FK?<I��K?<
cathode� ���2?<E�K?<�:@I:L@K�@J�:CFJ<;	�<C<:KIFEJ�=CFN�=IFD�K?<�8EF;<�KF�K?<
:8K?F;<��/?<�<C<:KIF;<J�8I<�8CJF�:FEE<:K<;�9P�8E5<53DB?<ID5	�8E�@FE@:�JL9JK8E:<�FI
JFCLK@FE�K?8K�8CCFNJ�@FEJ�KF�KI8EJ=<I�9<KN<<E�K?<�<C<:KIF;<�:FDG8IKD<EKJ	�K?<I<9P

�� �E�8GG8I8KLJ�K?8K�><E<I8K<J
<C<:KI@:@KP�=IFD�8�JGFEK8E<FLJ
FO@;8K@FEXI<;L:K@FE��I<;FO�
I<8:K@FE�FI	�:FEM<IJ<CP	�LJ<J
<C<:KI@:@KP�KF�;I@M<�8
EFEJGFEK8E<FLJ�I<;FO
I<8:K@FE�

�� �E�<C<:KIF:?<D@:8C�:<CC�K?8K
LJ<J�K?<�<E<I>P�I<C<8J<;
;LI@E>�8�JGFEK8E<FLJ
FO@;8K@FEXI<;L:K@FE��I<;FO�
I<8:K@FE�	�w�( �� ���
KF
><E<I8K<�<C<:KI@:@KP�

�� �E�<C<:KIF:?<D@:8C�:<CC�K?8K
:FEJLD<J�<C<:KI@:8C�<E<I>P
=IFD�8E�<OK<IE8C�JFLI:<�KF
;I@M<�8�EFEJGFEK8E<FLJ
�	�w�( �� ���

FO@;8K@FEXI<;L:K@FE��I<;FO�
I<8:K@FE�

�� ��JFC@;�D<K8C�:FEE<:K<;�9P�8E
<C<:KIFCPK<�8E;�8E�<OK<IE8C
:@I:L@K�K?8K�GIFM@;<J�8E
<C<:KI@:8C�:FEE<:K@FE�9<KN<<E
JPJK<DJ�@E�8E�<C<:KIF:?<D@:8C
:<CC��>8CM8E@:�FI�<C<:KIFCPK@:��

�� +E<�F=�KNF�<C<:KIF;<J�@E�8E
<C<:KIF:?<D@:8C�:<CC	�@K�@J�K?<
J@K<�F=�K?<�FO@;8K@FE�?8C=

I<8:K@FE�

�� +E<�F=�KNF�<C<:KIF;<J�@E�8E
<C<:KIF:?<D@:8C�:<CC	�@K�@J�K?<
J@K<�F=�K?<�I<;L:K@FE�?8C=

I<8:K@FE�

�?8GK<I����!C<:KIF:?<D@JKIP

����� <J:I@9@E>�!C<:KIF:?<D@:8C��<CCJ ����



D8@EK8@E@E>�K?<�JPJK<D\J�<C<:KI@:8C�E<LKI8C@KP��%E�K?@J�J<:K@FE	�N<�=F:LJ�FE�I<8:K@FEJ
K?8K�F::LI�@E�>8CM8E@:�:<CCJ��2<�;@J:LJJ�<C<:KIFCPK@:�:<CCJ�@E.<:K@FE�����
�!C<:KIFCPJ@J��

�97EB5�
��
 �<53DB?385=931<��5<<C

��71<F1>93�35<<��<56D��DB1>C6?B=C�D85�5>5B7I�B5<51C54�2I�1�C@?>D1>5?EC�B54?H�B513D9?>�9>D?�5<53DB931<�5>5B7I�D81D�31>
25�EC54�D?�@5B6?B=�G?B;��*85�?H941D9F5�1>4�B54E3D9F5�81<6�B513D9?>C�ECE1<<I�?33EB�9>�C5@1B1D5�3?=@1BD=5>DC�D81D
1B5�3?>>53D54�2I�1>�5HD5B>1<�5<53DB931<�39B3E9D��9>�1449D9?>��1�C53?>4�3?>>53D9?>�D81D�1<<?GC�9?>C�D?�6<?G�25DG55>�D85
3?=@1BD=5>DC��C8?G>�85B5�1C�1�F5BD931<�41C854�<9>5�D?�B5@B5C5>D�1�@?B?EC�21BB95B��9C�>535CC1BI�D?�=19>D19>
5<53DB931<�>5EDB1<9DI��*85�@?D5>D91<�49665B5>35�25DG55>�D85�5<53DB?45C��F?<D175��31EC5C�5<53DB?>C�D?�6<?G�6B?=�D85
B54E3D1>D�D?�D85�?H941>D�D8B?E78�D85�5HD5B>1<�39B3E9D��75>5B1D9>7�1>�5<53DB93�3EBB5>D�� >�1>�5<53DB?<ID93�35<<��B978D��
1>�5HD5B>1<�C?EB35�?6�5<53DB931<�5>5B7I�9C�EC54�D?�75>5B1D5�1�@?D5>D91<�49665B5>35�25DG55>�D85�5<53DB?45C�D81D�6?B35C
5<53DB?>C�D?�6<?G��4B9F9>7�1�>?>C@?>D1>5?EC�B54?H�B513D9?>��?><I�1�C9>7<5�3?=@1BD=5>D�9C�5=@<?I54�9>�=?CD
1@@<931D9?>C�� >�2?D8�;9>4C�?6�5<53DB?385=931<�35<<C��D85�1>?45�9C�D85�5<53DB?45�1D�G8938�D85�?H941D9?>�81<6�B513D9?>
?33EBC��1>4�D85�31D8?45�9C�D85�5<53DB?45�1D�G8938�D85�B54E3D9?>�81<6�B513D9?>�?33EBC�

Galvanic (Voltaic) Cells
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NUMERICAL PROBLEMS
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19.2 Standard Potentials

LEARNING OBJECTIVES
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%K�@J�G?PJ@:8CCP�@DGFJJ@9C<�KF�D<8JLI<�K?<�GFK<EK@8C�F=�8�J@E>C<�<C<:KIF;<��FECP�K?<
49665B5>359<KN<<E�K?<�GFK<EK@8CJ�F=�KNF�<C<:KIF;<J�:8E�9<�D<8JLI<;���/?@J�@J
8E8CF>FLJ�KF�D<8JLI@E>�89JFCLK<�<EK?8CG@<J�FI�=I<<�<E<I>@<J��-<:8CC�=IFD�?8GK<I���
��?<D@:8C�/?<IDF;PE8D@:J�K?8K�FECP49665B5>35C@E�<EK?8CGP�8E;�=I<<�<E<I>P�:8E
9<�D<8JLI<;���2<�:8E	�?FN<M<I	�:FDG8I<�K?<�JK8E;8I;�:<CC�GFK<EK@8CJ�=FI�KNF
;@==<I<EK�>8CM8E@:�:<CCJ�K?8K�?8M<�FE<�B@E;�F=�<C<:KIF;<�@E�:FDDFE��/?@J�8CCFNJ�LJ�KF
D<8JLI<�K?<�GFK<EK@8C�;@==<I<E:<�9<KN<<E�KNF�;@JJ@D@C8I�<C<:KIF;<J��"FI�<O8DGC<	
K?<�D<8JLI<;�JK8E;8I;�:<CC�GFK<EK@8C��� T��=FI�K?<�4E��L�JPJK<D�@J�����1	�N?<I<8J� T
=FI�K?<�:FII<JGFE;@E>�4E��F�JPJK<D�@J�����1��/?@J�@DGC@<J�K?8K�K?<�GFK<EK@8C
;@==<I<E:<�9<KN<<E�K?<��F�8E;��L�<C<:KIF;<J�@J�����1�^�����1�������1��%E�=8:K	�K?8K
@J�<O8:KCP�K?<�GFK<EK@8C�D<8JLI<;�LE;<I�JK8E;8I;�:FE;@K@FEJ�@=�8�:<CC�@J�:FEJKIL:K<;
N@K?�K?<�=FCCFN@E>�:<CC�;@8>I8D�

�AE1D9?>�
���

/?@J�:<CC�;@8>I8D�:FII<JGFE;J�KF�K?<�FO@;8K@FE�F=�8�:F98CK�8EF;<�8E;�K?<�I<;L:K@FE
F=��L�� @E�JFCLK@FE�8K�K?<�:FGG<I�:8K?F;<�

�$�P�	�T�
�?�$�P���� �	�B�R��� �.�
 �A�$�V���� �	�B�R��� �.�
 �?�$�V�	�T�
�&�h�� ���������7
��� /?<�GFK<EK@8C�F=�8E

<C<:KIF:?<D@:8C�:<CC�D<8JLI<;
LE;<I�JK8E;8I;�:FE;@K@FEJ����)
=FI�JFCLK@FEJ	���8KD�=FI�>8J<J	
8E;�GLI<�JFC@;J�FI�GLI<�C@HL@;J
=FI�FK?<I�JL9JK8E:<J��8E;�8K�8
=@O<;�K<DG<I8KLI<��LJL8CCP����
'��

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����



�CC�K89LC8K<;�M8CL<J�F=CD1>41B4�5<53DB?45�@?D5>D91<C9P�:FEM<EK@FE�8I<�C@JK<;�=FI�8
I<8:K@FE�NI@KK<E�8J�8�I<;L:K@FE	�EFK�8J�8E�FO@;8K@FE	�KF�9<�89C<�KF�:FDG8I<�JK8E;8I;
GFK<EK@8CJ�=FI�;@==<I<EK�JL9JK8E:<J���.K8E;8I;�<C<:KIF;<�GFK<EK@8CJ�=FI�M8I@FLJ
I<;L:K@FE�I<8:K@FEJ�8I<�>@M<E�@E�?8GK<I������GG<E;@O�!��.K8E;8I;�-<;L:K@FE
,FK<EK@8CJ�8K���T�����/?<�JK8E;8I;�:<CC�GFK<EK@8C��� T:<CC��@J�K?<I<=FI<�K?<49665B5>35

9<KN<<E�K?<�K89LC8K<;�I<;L:K@FE�GFK<EK@8CJ�F=�K?<�KNF�?8C=
I<8:K@FEJ	�EFK�K?<@I�JLD�

�AE1D9?>�
��
	

� T:<CC� � T:8K?F;<^ � T8EF;<

%E�:FEKI8JK	�I<:8CC�K?8K�?8C=
I<8:K@FEJ�8I<�NI@KK<E�KF�J?FN�K?<�I<;L:K@FE�8E;
FO@;8K@FE�I<8:K@FEJ�K?8K�8:KL8CCP�F::LI�@E�K?<�:<CC	�JF�K?<�FM<I8CC�:<CC�I<8:K@FE�@J
NI@KK<E�8J�K?<CE=F=�K?<�KNF�?8C=
I<8:K@FEJ���::FI;@E>�KF!HL8K@FE�����	�N?<E�N<
BEFN�K?<�JK8E;8I;�GFK<EK@8C�=FI�8EP�J@E>C<�?8C=
I<8:K@FE	�N<�:8E�F9K8@E�K?<�M8CL<�F=
K?<�JK8E;8I;�GFK<EK@8C�F=�D8EP�FK?<I�?8C=
I<8:K@FEJ�9P�D<8JLI@E>�K?<�JK8E;8I;
GFK<EK@8C�F=�K?<�:FII<JGFE;@E>�:<CC�

Note the Pattern

/?<�FM<I8CC�:<CC�I<8:K@FE�@J�K?<�JLD�F=�K?<�KNF�?8C=
I<8:K@FEJ	�9LK�K?<�:<CC
GFK<EK@8C�@J�K?<�;@==<I<E:<�9<KN<<E�K?<�I<;L:K@FE�GFK<EK@8CJ�� T:<CC� � T:8K?F;<^

� T8EF;<�

�CK?FL>?�@K�@J�@DGFJJ@9C<�KF�D<8JLI<�K?<�GFK<EK@8C�F=�8EP�<C<:KIF;<�;@I<:KCP	�N<�:8E
:?FFJ<�8�I<=<I<E:<�<C<:KIF;<�N?FJ<�GFK<EK@8C�@J�;<=@E<;�8J��1�LE;<I�JK8E;8I;
:FE;@K@FEJ��/?<standard hydrogen electrode (SHE)�� @J�LE@M<IJ8CCP�LJ<;�=FI�K?@J
GLIGFJ<�8E;�@J�8JJ@>E<;�8�JK8E;8I;�GFK<EK@8C�F=��1��%K�:FEJ@JKJ�F=�8�JKI@G�F=�GC8K@ELD
N@I<�@E�:FEK8:K�N@K?�8E�8HL<FLJ�JFCLK@FE�:FEK8@E@E>���)�$� ��/?<�5$� 6�@E�JFCLK@FE�@J
@E�<HL@C@9I@LD�N@K?�$� >8J�8K�8�GI<JJLI<�F=���8KD�8K�K?<�,K
JFCLK@FE�@EK<I=8:<��"@>LI<

������/?<�.K8E;8I;�$P;IF><E�!C<:KIF;<� ���,IFKFEJ�8I<�I<;L:<;�FI�?P;IF><E
DFC<:LC<J�8I<�FO@;@Q<;�8K�K?<�,K�JLI=8:<�8::FI;@E>�KF�K?<�=FCCFN@E>�<HL8K@FE�

�AE1D9?>�
��



���) �� �	�B�R�
�� ���F�1 �� �) �� �	�H�


��� /?<�<C<:KIF;<�:?FJ<E�8J�K?<
I<=<I<E:<�=FI�8CC�FK?<I
<C<:KIF;<J	�N?@:?�?8J�9<<E
8JJ@>E<;�8�JK8E;8I;�GFK<EK@8C
F=��1�8E;�:FEJ@JKJ�F=�8�,K�N@I<
@E�:FEK8:K�N@K?�8E�8HL<FLJ
JFCLK@FE�K?8K�:FEK8@EJ���)
�) �� @E�<HL@C@9I@LD�N@K?�) ��
>8J�8K�8�GI<JJLI<�F=���8KD�8K
K?<�,K
JFCLK@FE�@EK<I=8:<�

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����

averill_1.0-ch96appE#averill_1.0-ch96appE
averill_1.0-ch96appE#averill_1.0-ch96appE


+E<�<JG<:@8CCP�8KKI8:K@M<�=<8KLI<�F=�K?<�.$!�@J�K?8K�K?<�,K�D<K8C�<C<:KIF;<�@J�EFK
:FEJLD<;�;LI@E>�K?<�I<8:K@FE�

�97EB5�
��� *85�)D1>41B4��I4B?75>��<53DB?45

*85�)���3?>C9CDC�?6�@<1D9>E=�G9B5�D81D�9C�3?>>53D54�D?�1�&D�CEB6135�9>�3?>D13D�G9D8�1>�1AE5?EC�C?<ED9?>�3?>D19>9>7�

#�� � 9>�5AE9<92B9E=�G9D8��� 71C�1D�1�@B5CCEB5�?6�
�1D=�� >�D85�=?<53E<1B�F95G��D85�&D�CEB6135�31D1<IJ5C�D85�?H941D9?>

?6�8I4B?75>�=?<53E<5C�D?�@B?D?>C�?B�D85�B54E3D9?>�?6�@B?D?>C�D?�8I4B?75>�71C���-1D5B�9C�?=9DD54�6?B�3<1B9DI���*85
CD1>41B4�@?D5>D91<�?6�D85�)���9C�1B29DB1B9<I�1CC97>54�1�F1<E5�?6�	�,�

"@>LI<������� <K<ID@E@E>�8�.K8E;8I;�!C<:KIF;<�,FK<EK@8C�0J@E>�8�.K8E;8I;
$P;IF><E�!C<:KIF;<�J?FNJ�8�>8CM8E@:�:<CC�K?8K�:FEJ@JKJ�F=�8�.$!�@E�FE<�9<8B<I�8E;
8�4E�JKI@G�@E�8EFK?<I�9<8B<I�:FEK8@E@E>�8�JFCLK@FE�F=�4E�� @FEJ��2?<E�K?<�:@I:L@K�@J
:CFJ<;	�K?<�MFCKD<K<I�@E;@:8K<J�8�GFK<EK@8C�F=�����1��/?<�Q@E:�<C<:KIF;<�9<>@EJ�KF
;@JJFCM<�KF�=FID�4E�� 	�8E;�$ � @FEJ�8I<�I<;L:<;�KF�$� @E�K?<�FK?<I�:FDG8IKD<EK�

/?LJ�K?<�?P;IF><E�<C<:KIF;<�@J�K?<�:8K?F;<	�8E;�K?<�Q@E:�<C<:KIF;<�@J�K?<�8EF;<�
/?<�;@8>I8D�=FI�K?@J�>8CM8E@:�:<CC�@J�8J�=FCCFNJ�

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����



�AE1D9?>�
��
�

4E�J��4E�� �8H��$ � �8H	���)��$ � �>	���8KD��,K�J�

/?<�?8C=
I<8:K@FEJ�K?8K�8:KL8CCP�F::LI�@E�K?<�:<CC�8E;�K?<@I�:FII<JGFE;@E>�<C<:KIF;<
GFK<EK@8CJ�8I<�8J�=FCCFNJ�

�AE1D9?>�
��
�

�AE1D9?>�
��


�AE1D9?>�
��
�

�D�B�U�I�P�E�F�����) �� �	�B�R�
�� ���F�1 �í �) �� �	�H�
�&�7
�D�B�U�I�P�E�F�� �� �7

�B�O�P�E�F���y�O�	�T�
�í �y�O���� �	�B�R�
�� ���F�1 �&�7
�B�O�P�E�F�� �1���������7

�P�W�F�S�B�M�M���y�O�	�T�
�� ���) �� �	�B�R�
�í �y�O���� �	�B�R�
�� �) �� �	�H�


�&�7
�D�F�M�M�� �&�7

�D�B�U�I�P�E�F�1 �&�7
�B�O�P�E�F�� ���������7

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����



�97EB5�
��� �5D5B=9>9>7�1�)D1>41B4��<53DB?45�&?D5>D91<�+C9>7�1�)D1>41B4��I4B?75>��<53DB?45

*85�F?<D=5D5B�C8?GC�D81D�D85�CD1>41B4�35<<�@?D5>D91<�?6�1�71<F1>93�35<<�3?>C9CD9>7�?6�1�)���1>4�1�.>�.>�� 3?E@<5�9C
� L35<<��	����,���531EC5�D85�J9>3�5<53DB?45�9>�D89C�35<<�49CC?<F5C�C@?>D1>5?EC<I�D?�6?B=�.>�� �1A��9?>C�G89<5��� �1A��9?>C

1B5�B54E354�D?��� 1D�D85�@<1D9>E=�CEB6135��D85�CD1>41B4�5<53DB?45�@?D5>D91<�?6�D85�.>�� �.>�3?E@<5�9C�Q	����,�

�CK?FL>?�K?<�I<8:K@FE�8K�K?<�8EF;<�@J�8E�FO@;8K@FE	�9P�:FEM<EK@FE�@KJ�K89LC8K<;� T
M8CL<�@J�I<GFIK<;�8J�8B54E3D9?>GFK<EK@8C��/?<�GFK<EK@8C�F=�8�?8C=
I<8:K@FE�D<8JLI<;
8>8@EJK�K?<�.$!�LE;<I�JK8E;8I;�:FE;@K@FEJ�@J�:8CC<;�K?<standard electrode
potential �� =FI�K?8K�?8C=
I<8:K@FE�%E�K?@J�<O8DGC<	�K?<�JK8E;8I;�I<;L:K@FE�GFK<EK@8C
=FI�4E�� �8H�����<^ ��4E�J��@J�^����1	�N?@:?�D<8EJ�K?8K�K?<�JK8E;8I;�<C<:KIF;<
GFK<EK@8C�=FI�K?<�I<8:K@FE�K?8K�F::LIJ�8K�K?<�8EF;<	�K?<?H941D9?>F=�4E�KF�4E�� 	�F=K<E
:8CC<;�K?<�4E�4E�� B54?H�3?E@<5	�FI�K?<�4E�4E�� 3?E@<5	�@J�^�^����1��������1��2<�DLJK
K?<I<=FI<�JL9KI8:K� T8EF;<=IFD� T:8K?F;<KF�F9K8@E� T:<CC���^��^����1��������1�

�<:8LJ<�<C<:KI@:8C�GFK<EK@8C�@J�K?<�<E<I>P�E<<;<;�KF�DFM<�8�:?8I><;�G8IK@:C<�@E�8E
<C<:KI@:�=@<C;	�JK8E;8I;�<C<:KIF;<�GFK<EK@8CJ�=FI�?8C=
I<8:K@FEJ�8I<�@EK<EJ@M<
GIFG<IK@<J�8E;�;F�EFK�;<G<E;�FE�K?<�8DFLEK�F=�JL9JK8E:<�@EMFCM<;���FEJ<HL<EKCP	
� TF1<E5C�1B5�9>45@5>45>D�?6�D85�CD?9389?=5DB93�3?5669395>DC�6?B�D85�81<6�B513D9?>	�8E;	�DFJK��� /?<�GFK<EK@8C�F=�8�?8C=
I<8:K@FE

D<8JLI<;�8>8@EJK�K?<�.$!
LE;<I�JK8E;8I;�:FE;@K@FEJ�

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����



@DGFIK8EK	�K?<�:F<==@:@<EKJ�LJ<;�KF�GIF;L:<�8�98C8E:<;�FM<I8CC�I<8:K@FE�;F�EFK�8==<:K
K?<�M8CL<�F=�K?<�:<CC�GFK<EK@8C�

Note the Pattern

� T�M8CL<J�;F�EFK�;<G<E;�FE�K?<�JKF@:?@FD<KI@:�:F<==@:@<EKJ�=FI�8�?8C=
I<8:K@FE�

/F�D<8JLI<�K?<�GFK<EK@8C�F=�K?<��L��L�� :FLGC<	�N<�:8E�:FEJKIL:K�8�>8CM8E@:�:<CC
8E8CF>FLJ�KF�K?<�FE<�J?FNE�@E"@>LI<������� <K<ID@E@E>�8�.K8E;8I;�!C<:KIF;<
,FK<EK@8C�0J@E>�8�.K8E;8I;�$P;IF><E�!C<:KIF;<�9LK�:FEK8@E@E>�8��L��L�� :FLGC<�@E
K?<�J8DGC<�:FDG8IKD<EK�@EJK<8;�F=�4E�4E�� ��2?<E�N<�:CFJ<�K?<�:@I:L@K�K?@J�K@D<	
K?<�D<8JLI<;�GFK<EK@8C�=FI�K?<�:<CC�@J�E<>8K@M<��^����1��I8K?<I�K?8E�GFJ@K@M<��/?<
E<>8K@M<�M8CL<�F=� T:<CC@E;@:8K<J�K?8K�K?<�;@I<:K@FE�F=�JGFEK8E<FLJ�<C<:KIFE�=CFN�@J

K?<�FGGFJ@K<�F=�K?8K�=FI�K?<�4E�4E�� :FLGC<��$<E:<�K?<�I<8:K@FEJ�K?8K�F::LI
JGFEK8E<FLJCP	�@E;@:8K<;�9P�8�GFJ@K@M<� T:<CC	�8I<�K?<�I<;L:K@FE�F=��L�� KF��L�8K�K?<

:FGG<I�<C<:KIF;<��/?<�:FGG<I�<C<:KIF;<�>8@EJ�D8JJ�8J�K?<�I<8:K@FE�GIF:<<;J	�8E;�$�

@J�FO@;@Q<;�KF�$� 8K�K?<�GC8K@ELD�<C<:KIF;<��%E�K?@J�:<CC	�K?<�:FGG<I�JKI@G�@J�K?<
31D8?45	�8E;�K?<�?P;IF><E�<C<:KIF;<�@J�K?<1>?45��/?<�:<CC�;@8>I8D�K?<I<=FI<�@J
NI@KK<E�N@K?�K?<�.$!�FE�K?<�C<=K�8E;�K?<��L�� ��L�:FLGC<�FE�K?<�I@>?K�

�AE1D9?>�
��
�

,K�J��$ � �>	���8KD��$ � �8H	���)���L �� �8H	���)���L�J�

/?<�?8C=
:<CC�I<8:K@FEJ�8E;�GFK<EK@8CJ�F=�K?<�JGFEK8E<FLJ�I<8:K@FE�8I<�8J�=FCCFNJ�

�AE1D9?>�
��
�

�AE1D9?>�
��
�

�$�B�U�I�P�E�F���$�V���� �	�B�R�
�� ���F�1 �í �$�V�	�H�
�&�7
�D�B�U�I�P�E�F�� ���������7

�"�O�P�E�F���) �� �	�H�
�í ���) �� �	�B�R�
�� ���F�1 �&�7
�B�O�P�E�F�� �� �7

�?8GK<I����!C<:KIF:?<D@JKIP

�����.K8E;8I;�,FK<EK@8CJ ����



�AE1D9?>�
��
�

/?LJ�K?<�JK8E;8I;�<C<:KIF;<�GFK<EK@8C�=FI�K?<��L�� ��L�:FLGC<�@J�����1�

Balancing Redox Reactions Using the Half-Reaction Method
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FO@;8K@FE���%�̂8H����%� �8H�����<^

Step 4:/F�?8M<�K?<�J8D<�ELD9<I�F=�<C<:KIFEJ�@E�9FK?�?8C=
I<8:K@FEJ	�N<
DLJK�DLCK@GCP�K?<�FO@;8K@FE�?8C=
I<8:K@FE�9P���

FO@;8K@FE���%�̂8H�����% � �J�����< ^

Step 5:�;;@E>�K?<�KNF�?8C=
I<8:K@FEJ�8E;�:8E:<C@E>�JL9JK8E:<J�K?8K�8GG<8I
@E�9FK?�I<8:K@FEJ	

�I � +�
�^ �8H������$ � �8H�����%̂�8H������I �� �8H�����$ � +�C�����%� �8H�

Step 6:/?@J�@J�K?<�J8D<�<HL8K@FE�N<�F9K8@E<;�LJ@E>�K?<�=@IJK�D<K?F;��/?LJ
K?<�:?8I><J�8E;�8KFDJ�FE�<8:?�J@;<�F=�K?<�<HL8K@FE�98C8E:<�

!O<I:@J<

�FGG<I�@J�:FDDFECP�=FLE;�8J�K?<�D@E<I8C�:FM<CC@K<���L.���/?<�=@IJK�JK<G�@E
<OKI8:K@E>�K?<�:FGG<I�@J�KF�;@JJFCM<�K?<�D@E<I8C�@E�E@KI@:�8:@;��$*+� �	�N?@:?
FO@;@Q<J�JLC=@;<�KF�JLC=8K<�8E;�I<;L:<J�E@KI@:�8:@;�KF�*+�

�L.�J����$*+ � �8H����*+�>�����L.+ � �8H�

�8C8E:<�K?@J�<HL8K@FE�LJ@E>�K?<�?8C=
I<8:K@FE�D<K?F;�

Answer: ��L.�J�����$*+ � �8H�����*+�>������L.+ � �8H�����$ � +�C�

Calculating Standard Cell Potentials
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/?@J�@J�K?<�J8D<�M8CL<�K?8K�@J�F9J<IM<;�<OG<I@D<EK8CCP��%=�K?<�M8CL<�F=� T:<CC@J

GFJ@K@M<	�K?<�I<8:K@FE�N@CC�F::LI�JGFEK8E<FLJCP�8J�NI@KK<E��%=�K?<�M8CL<�F=� T:<CC@J

E<>8K@M<	�K?<E�K?<�I<8:K@FE�@J�EFK�JGFEK8E<FLJ	�8E;�@K�N@CC�EFK�F::LI�8J�NI@KK<E
LE;<I�JK8E;8I;�:FE;@K@FEJ��@K�N@CC	�?FN<M<I	�GIF:<<;�JGFEK8E<FLJCP�@E�K?<�FGGFJ@K<
;@I<:K@FE��J�N<�J?8CC�J<<�@E.<:K@FE�������!C<:KIFCPJ@J�	�K?@J�;F<J�EFK�D<8E�K?8K�K?<
I<8:K@FE�:8EEFK�9<�D8;<�KF�F::LI�8K�8CC�LE;<I�JK8E;8I;�:FE;@K@FEJ��2@K?�8�JL==@:@<EK
@EGLK�F=�<C<:KI@:8C�<E<I>P	�M@IKL8CCP�8EP�I<8:K@FE�:8E�9<�=FI:<;�KF�F::LI�!O8DGC<��
8E;�@KJ�:FII<JGFE;@E>�<O<I:@J<�@CCLJKI8K<�?FN�N<�:8E�LJ<�D<8JLI<;�:<CC�GFK<EK@8CJ�KF
:8C:LC8K<�JK8E;8I;�GFK<EK@8CJ�=FI�I<;FO�:FLGC<J�

Note the Pattern

��GFJ@K@M<� T:<CCD<8EJ�K?8K�K?<�I<8:K@FE�N@CC�F::LI�JGFEK8E<FLJCP�8J�NI@KK<E���

E<>8K@M<� T:<CCD<8EJ�K?8K�K?<�I<8:K@FE�N@CC�GIF:<<;�JGFEK8E<FLJCP�@E�K?<

FGGFJ@K<�;@I<:K@FE�

�D�B�U�I�P�E�F���$�V���� �	�B�R�
�� ���F�1 �í �$�V�	�T�
�&�7
�D�B�U�I�P�E�F�� ���������7

�B�O�P�E�F���y�O�	�T�
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 �� ���F�1 �&�7
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�� �$�V���� �	�B�R�
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EXAMPLE 4

��>8CM8E@:�:<CC�N@K?�8�D<8JLI<;�JK8E;8I;�:<CC�GFK<EK@8C�F=�����1�@J
:FEJKIL:K<;�LJ@E>�KNF�9<8B<IJ�:FEE<:K<;�9P�8�J8CK�9I@;><��+E<�9<8B<I
:FEK8@EJ�8�JKI@G�F=�>8CC@LD�D<K8C�@DD<IJ<;�@E�8���)�JFCLK@FE�F=�#8�C� 	�8E;
K?<�FK?<I�:FEK8@EJ�8�G@<:<�F=�E@:B<C�@DD<IJ<;�@E�8���)�JFCLK@FE�F=�*@�C� ��/?<
?8C=
I<8:K@FEJ�K?8K�F::LI�N?<E�K?<�:FDG8IKD<EKJ�8I<�:FEE<:K<;�8I<�8J
=FCCFNJ�

:8K?F;<��*@�� �8H�����<^ ��*@�J�

8EF;<��#8�J����#8 �� �8H�����<^

%=�K?<�GFK<EK@8C�=FI�K?<�FO@;8K@FE�F=�#8�KF�#8�� @J�����1�LE;<I�JK8E;8I;
:FE;@K@FEJ	�N?8K�@J�K?<�GFK<EK@8C�=FI�K?<�FO@;8K@FE�F=�*@�KF�*@�� �

Given: >8CM8E@:�:<CC	�?8C=
I<8:K@FEJ	�JK8E;8I;�:<CC�GFK<EK@8C	�8E;�GFK<EK@8C�=FI
K?<�FO@;8K@FE�?8C=
I<8:K@FE�LE;<I�JK8E;8I;�:FE;@K@FEJ

Asked for: JK8E;8I;�<C<:KIF;<�GFK<EK@8C�F=�I<8:K@FE�F::LII@E>�8K�K?<�:8K?F;<

Strategy:

A 2I@K<�K?<�<HL8K@FE�=FI�K?<�?8C=
I<8:K@FE�K?8K�F::LIJ�8K�K?<�8EF;<�8CFE>
N@K?�K?<�M8CL<�F=�K?<�JK8E;8I;�<C<:KIF;<�GFK<EK@8C�=FI�K?<�?8C=
I<8:K@FE�

B 0J<!HL8K@FE�����KF�:8C:LC8K<�K?<�JK8E;8I;�<C<:KIF;<�GFK<EK@8C�=FI�K?<
?8C=
I<8:K@FE�K?8K�F::LIJ�8K�K?<�:8K?F;<��/?<E�I<M<IJ<�K?<�J@>E�KF�F9K8@E�K?<
GFK<EK@8C�=FI�K?<�:FII<JGFE;@E>�FO@;8K@FE�?8C=
I<8:K@FE�LE;<I�JK8E;8I;
:FE;@K@FEJ�

Solution:

A 2<�?8M<�9<<E�>@M<E�K?<�GFK<EK@8C�=FI�K?<�FO@;8K@FE�F=�#8�KF�#8�� LE;<I
JK8E;8I;�:FE;@K@FEJ	�9LK�KF�I<GFIK�K?<�JK8E;8I;�<C<:KIF;<�GFK<EK@8C	�N<�DLJK
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D<I:LIP�<C<:KIF;<�@DD<IJ<;�@E�8���)�8HL<FLJ�JFCLK@FE�F=�D<I:LI@:�8:<K8K<
5$>��$ � �+ � � � 6�8E;�FE<�:FDG8IKD<EK�K?8K�:FEK8@EJ�8�JKI@G�F=�D8>E<J@LD
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F::LI�

:8K?F;<��$>�� �8H�����<^ ��$>�C�

8EF;<��)>�J����)> �� �8H�����<^

%=�K?<�GFK<EK@8C�=FI�K?<�FO@;8K@FE�F=�)>�KF�)>�� @J������1�LE;<I�JK8E;8I;
:FE;@K@FEJ	�N?8K�@J�K?<�JK8E;8I;�<C<:KIF;<�GFK<EK@8C�=FI�K?<�I<8:K@FE�K?8K
F::LIJ�8K�K?<�8EF;<�

Answer: ����1

Reference Electrodes and Measuring Concentrations
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JL9JK8E:<�9<@E>�D<8JLI<;��/F�<EJLI<�K?8K�8EP�:?8E><�@E�K?<�D<8JLI<;�GFK<EK@8C�F=
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<C<:KIF;<��2?<K?<I�I<;L:K@FE�FI�FO@;8K@FE�F=�K?<�JL9JK8E:<�9<@E>�8E8CPQ<;�F::LIJ
;<G<E;J�FE�K?<�GFK<EK@8C�F=�K?<�?8C=
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Note the Pattern
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I<HL@I<J�8�:FEJK8EK�=CFN�F=�?@>?CP�=C8DD89C<�?P;IF><E�>8J	�N?@:?�D8B<J�@K
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I<=<I<E:<�<C<:KIF;<J��+E<�@J�K?<silverÐsilver chloride electrode �� 	�N?@:?�:FEJ@JKJ
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D<8JLI<;�8>8@EJK�K?<�.$!�

��J<:FE;�:FDDFE�I<=<I<E:<�<C<:KIF;<�@J�K?<saturated calomel electrode (SCE)�� 	
N?@:?�?8J�K?<�J8D<�><E<I8C�=FID�8J�K?<�J@CM<IXJ@CM<I�:?CFI@;<�<C<:KIF;<��/?<�.�!
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:8CC<;31<?=5<@E�K?<�FC;�:?<D@:8C�C@K<I8KLI<��8E;�'�C��/?@J�@EK<I@FI�:<CC�@J
JLIIFLE;<;�9P�8E�8HL<FLJ�'�C�JFCLK@FE	�N?@:?�8:KJ�8J�8�J8CK�9I@;><�9<KN<<E�K?<
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19.3 Comparing Strengths of Oxidants and Reductants

LEARNING OBJECTIVE
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F=�I<;FO�I<8:K@FEJ��� T:<CC���	�8J�@CCLJKI8K<;�@E�!O8DGC<���

�?8GK<I����!C<:KIF:?<D@JKIP
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EXAMPLE 5

/?<�9C8:B�K8IE@J?�K?8K�=FIDJ�FE�J@CM<I�F9A<:KJ�@J�GI@D8I@CP��>� .��/?<�?8C=

I<8:K@FE�=FI�I<M<IJ@E>�K?<�K8IE@J?@E>�GIF:<JJ�@J�8J�=FCCFNJ�

8� -<=<II@E>�KF/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=

-<8:K@FEJ�8K���T��	�GI<;@:K�N?@:?�JG<:@<JY$� +� �8H�	�4E�J�	�%̂�8H�	
.E �� �8H�Y:8E�I<;L:<��> � .�KF��>�LE;<I�JK8E;8I;�:FE;@K@FEJ�

9� +=�K?<J<�JG<:@<JY$� +� �8H�	�4E�J�	�%̂�8H�	�.E�� �8H�	�@;<EK@=P�N?@:?�@J�K?<
JKIFE><JK�I<;L:@E>�8><EK�@E�8HL<FLJ�JFCLK@FE�8E;�K?LJ�K?<�9<JK
:8E;@;8K<�=FI�8�:FDD<I:@8C�GIF;L:K�

:� "IFD�K?<�;8K8�@E/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE
$8C=
-<8:K@FEJ�8K���T��	�JL>><JK�8E�8CK<IE8K@M<�I<;L:@E>�8><EK�K?8K�@J
I<8;@CP�8M8@C89C<	�@E<OG<EJ@M<	�8E;�GFJJ@9CP�DFI<�<==<:K@M<�8K�I<DFM@E>
K8IE@J?�

Given: I<;L:K@FE�?8C=
I<8:K@FE	�JK8E;8I;�<C<:KIF;<�GFK<EK@8C	�8E;�C@JK�F=
GFJJ@9C<�I<;L:K8EKJ

Asked for: I<;L:K8EKJ�=FI��>� .	�JKIFE><JK�I<;L:K8EK	�8E;�GFK<EK@8C�I<;L:@E>
8><EK�=FI�I<DFM@E>�K8IE@J?

Strategy:

A "IFD�K?<@I�GFJ@K@FEJ�@E/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;
-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T��	�;<:@;<�N?@:?�JG<:@<J�:8E�I<;L:<��>� .�
 <K<ID@E<�N?@:?�JG<:@<J�@J�K?<�JKIFE><JK�I<;L:K8EK�

B 0J</89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ
8K���T�� KF�@;<EK@=P�8�I<;L:K8EK�=FI��>� .�K?8K�@J�8�:FDDFE�?FLJ<?FC;
GIF;L:K�

Solution:

2<�:8E�JFCM<�K?<�GIF9C<D�@E�FE<�F=�KNF�N8PJ������:FDG8I<�K?<�I<C8K@M<
GFJ@K@FEJ�F=�K?<�=FLI�GFJJ@9C<�I<;L:K8EKJ�N@K?�K?8K�F=�K?<��>� .��>�:FLGC<�@E
/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K
��T�� FI�����:FDG8I< � T�=FI�<8:?�JG<:@<J�N@K?� T�=FI�K?<��>� .��>�:FLGC<
�^����1��

�" �H�� �4�	�T�
�� ���F�1 �í ���" �H�	�T�
�� �4���1�	�B�R�
�&�h�� �1�������� �7

�?8GK<I����!C<:KIF:?<D@JKIP
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8� A /?<�JG<:@<J�@E/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE
$8C=
-<8:K@FEJ�8K���T��8I<�8II8E><;�=IFD�KFG�KF�9FKKFD�@E�FI;<I�F=
@E:I<8J@E>�I<;L:@E>�JKI<E>K?��+=�K?<�=FLI�JG<:@<J�>@M<E�@E�K?<�GIF9C<D	
%̂�8H�	�.E�� �8H�	�8E;�$� +� �8H��C@<�89FM<��>� .	�8E;�FE<�54E�J�6�C@<J�9<CFN
@K��2<�:8E�K?<I<=FI<�:FE:CL;<�K?8K�4E�J��:8E�I<;L:<��>� .�J��LE;<I
JK8E;8I;�:FE;@K@FEJ	�N?<I<8J�%�̂8H�	�.E�� �8H�	�8E;�$� +� �8H��:8EEFK�
.E �� �8H��8E;�$� +� �8H��8GG<8I�KN@:<�@E�K?<�K89C<��FE�K?<�C<=K�J@;<
�FO@;8EK��@E�FE<�?8C=
I<8:K@FE�8E;�FE�K?<�I@>?K�J@;<��I<;L:K8EK��@E
8EFK?<I�

9� /?<�JKIFE><JK�I<;L:K8EK�@J�4E�J�	�K?<�JG<:@<J�FE�K?<�I@>?K�J@;<�F=�K?<�?8C=

I<8:K@FE�K?8K�C@<J�:CFJ<I�KF�K?<�9FKKFD�F=/89C<�������.K8E;8I;�,FK<EK@8CJ
=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T��K?8E�K?<�?8C=
I<8:K@FEJ
@EMFCM@E>�%�̂8H�	�.E�� �8H�	�8E;�$� +� �8H�����FDD<I:@8C�GIF;L:KJ�K?8K�LJ<�8
G@<:<�F=�Q@E:�8I<�F=K<E�D8IB<K<;�8J�8�ZD@I8:C<�GIF;L:K[�=FI�I<DFM@E>
K8IE@J?�=IFD�J@CM<I���CC�K?8K�@J�I<HL@I<;�@J�KF�8;;�N8ID�N8K<I�8E;�J8CK�=FI
<C<:KI@:8C�:FE;L:K@M@KP��

:� B +=�K?<�I<;L:K8EKJ�K?8K�C@<�9<CFN�4E�J��@E/89C<�������.K8E;8I;
,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T��	�8E;�K?<I<=FI<
8I<�JKIFE><I�I<;L:K8EKJ	�FECP�FE<�@J�:FDDFECP�8M8@C89C<�@E�?FLJ<?FC;
GIF;L:KJ���C�J�	�N?@:?�@J�JFC;�8J�8CLD@ELD�=F@C�=FI�NI8GG@E>�=FF;J�

!O<I:@J<

-<=<I�KF/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=

-<8:K@FEJ�8K���T��KF�GI<;@:K

8� N?@:?�JG<:@<JY.E�� �8H�	��Ĉ�8H�	��> � �8H�	��I �� �8H�	�8E;�FI�$ � +� �8H�Y:8E
FO@;@Q<�)E+� �J��KF�)*+ �

^ LE;<I�JK8E;8I;�:FE;@K@FEJ�
9� N?@:?�JG<:@<JY.E�� �8H�	��Ĉ�8H�	��> � �8H�	��I �� �8H�	�8E;�FI�$ � +� �8H�Y@J

K?<�JKIFE><JK�FO@;@Q@E>�8><EK�@E�8HL<FLJ�JFCLK@FE�

Answer:

8� �> � �8H���$� +� �8H�
9� $ � +� �8H�

�?8GK<I����!C<:KIF:?<D@JKIP
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EXAMPLE 6

0J<�K?<�;8K8�@E/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=

-<8:K@FEJ�8K���T��KF�;<K<ID@E<�N?<K?<I�<8:?�I<8:K@FE�@J�C@B<CP�KF�F::LI
JGFEK8E<FLJCP�LE;<I�JK8E;8I;�:FE;@K@FEJ�

8� .E�J�����< �� �8H����.E �� �8H�����<�J�
9� )E+ � �J����$ � +� �8H�����$ � �8H����+ � �>����)E �� �8H�����$ � +�C�

Given: I<;FO�I<8:K@FE�8E;�C@JK�F=�JK8E;8I;�<C<:KIF;<�GFK<EK@8CJ��/89C<�����
�.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T���

Asked for: I<8:K@FE�JGFEK8E<@KP

Strategy:

A %;<EK@=P�K?<�?8C=
I<8:K@FEJ�@E�<8:?�<HL8K@FE��0J@E>/89C<�������.K8E;8I;
,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T��	�;<K<ID@E<�K?<
JK8E;8I;�GFK<EK@8CJ�=FI�K?<�?8C=
I<8:K@FEJ�@E�K?<�8GGIFGI@8K<�;@I<:K@FE�

B 0J<!HL8K@FE�����KF�:8C:LC8K<�K?<�JK8E;8I;�:<CC�GFK<EK@8C�=FI�K?<�FM<I8CC
I<8:K@FE��"IFD�K?@J�M8CL<	�;<K<ID@E<�N?<K?<I�K?<�FM<I8CC�I<8:K@FE�@J
JGFEK8E<FLJ�

Solution:

8� A )<K8CC@:�K@E�@J�FO@;@Q<;�KF�.E�� �8H�	�8E;��< �� �8H��@J�I<;L:<;�KF
<C<D<EK8C�9<IPCC@LD��2<�:8E�=@E;�K?<�JK8E;8I;�<C<:KIF;<
GFK<EK@8CJ�=FI�K?<�C8KK<I��I<;L:K@FE��?8C=
I<8:K@FE��^�����1��8E;
=FI�K?<�=FID<I��FO@;8K@FE��?8C=
I<8:K@FE��^����1��;@I<:KCP�=IFD
/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=

-<8:K@FEJ�8K���T���

B �;;@E>�K?<�KNF�?8C=
I<8:K@FEJ�>@M<J�K?<�FM<I8CC�I<8:K@FE�

�?8GK<I����!C<:KIF:?<D@JKIP
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/?<�JK8E;8I;�:<CC�GFK<EK@8C�@J�HL@K<�E<>8K@M<	�JF�K?<�I<8:K@FE�N@CC
>?DF::LI�JGFEK8E<FLJCP�8J�NI@KK<E��/?8K�@J	�D<K8CC@:�K@E�:8EEFK
9<�LJ<;�KF�I<;L:<��<�� KF�9<IPCC@LD�D<K8C�LE;<I�JK8E;8I;
:FE;@K@FEJ��%EJK<8;	�K?<�I<M<IJ<�GIF:<JJ	�K?<�I<;L:K@FE�F=
JK8EEFLJ�@FEJ��.E�� ��9P�D<K8CC@:�9<IPCC@LD	�N?@:?�?8J�8�GFJ@K@M<
M8CL<�F=� T:<CC	�N@CC�F::LI�JGFEK8E<FLJCP�

9� A )E+ � @J�K?<�FO@;8EK��)E�� @J�I<;L:<;�KF�)E�� �	�N?@C<�$� +� @J
K?<�I<;L:K8EK��+�^ @J�FO@;@Q<;�KF�+� ���2<�:8E�F9K8@E�K?<�JK8E;8I;
<C<:KIF;<�GFK<EK@8CJ�=FI�K?<�I<;L:K@FE�8E;�FO@;8K@FE�?8C=

I<8:K@FEJ�;@I<:KCP�=IFD/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI
.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T���

B /?<�KNF�?8C=
I<8:K@FEJ�8E;�K?<@I�:FII<JGFE;@E>�GFK<EK@8CJ�8I<
8J�=FCCFNJ�

/?<�JK8E;8I;�GFK<EK@8C�=FI�K?<�I<8:K@FE�@J�GFJ@K@M<	�@E;@:8K@E>
K?8K�LE;<I�JK8E;8I;�:FE;@K@FEJ	�@K�N@CC�F::LI�JGFEK8E<FLJCP�8J
NI@KK<E��$P;IF><E�G<IFO@;<�N@CC�I<;L:<�)E+� 	�8E;�FOP><E�>8J
N@CC�<MFCM<�=IFD�K?<�JFCLK@FE�

!O<I:@J<

0J<�K?<�;8K8�@E/89C<�������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=

-<8:K@FEJ�8K���T��KF�;<K<ID@E<�N?<K?<I�<8:?�I<8:K@FE�@J�C@B<CP�KF�F::LI
JGFEK8E<FLJCP�LE;<I�JK8E;8I;�:FE;@K@FEJ�

�D�B�U�I�P�E�F��

�B�O�P�E�F��

�P�W�F�S�B�M�M��

�.�O�0�� �	�T�
�� ���) �� �	�B�R�
�� ���F�1 �í �.�O���� �	�B�R�
�� ���) �� �0�	�M�


�) �� �0�� �	�B�R�
�í �0�� �	�H�
�� ���) �� �	�B�R�
�� ���F�1

�.�O�0�� �	�T�
�� �) �� �0�� �	�B�R�
�� ���) �� �	�B�R�
�í

�0�� ( �H) �� �.�O���� �	�B�R�
�� ���) �� �0�	�M�


�&�h�D�B�U�I�P�E�F�� ���������7

�&�h�B�O�P�E�F�� ���������7

�&�h�D�F�M�M�� �&�h�D�B�U�I�P�E�F�1 �&�h�B�O�P�E�F

�� �1���������7

�D�B�U�I�P�E�F��

�B�O�P�E�F��

�P�W�F�S�B�M�M��

�.�O�0�� �	�T�
�� ���) �� �	�B�R�
�� ���F�1 �í �.�O���� �	�B�R�
�� ���) �� �0�	�M�


�) �� �0�� �	�B�R�
�í �0�� �	�H�
�� ���) �� �	�B�R�
�� ���F�1

�.�O�0�� �	�T�
�� �) �� �0�� �	�B�R�
�� ���) �� �	�B�R�
�í

�0�� ( �H) �� �.�O���� �	�B�R�
�� ���) �� �0�	�M�


�&�h�D�B�U�I�P�E�F�� ���������7

�&�h�B�O�P�E�F�� ���������7

�&�h�D�F�M�M�� �&�h�D�B�U�I�P�E�F�1 �&�h�B�O�P�E�F

�� �1���������7

�?8GK<I����!C<:KIF:?<D@JKIP

������FDG8I@E>�.KI<E>K?J�F=�+O@;8EKJ�8E;�-<;L:K8EKJ ����



8� ��< �� �8H������C �̂8H������< �� �8H�����C� �>�
9� �)E+ � �J�����+ � �>�����+$ �̂8H�����)E+ � �̂8H�����$ � +

Answer:

8� JGFEK8E<FLJ��� T:<CC������1�
9� EFEJGFEK8E<FLJ��� T:<CC��^���1�

�CK?FL>?�K?<�J@>E�F=� T:<CCK<CCJ�LJ�N?<K?<I�8�G8IK@:LC8I�I<;FO�I<8:K@FE�N@CC�F::LI

JGFEK8E<FLJCP�LE;<I�JK8E;8I;�:FE;@K@FEJ	�@K�;F<J�EFK�K<CC�LJ�KF�N?8K5HD5>DK?<
I<8:K@FE�GIF:<<;J	�8E;�@K�;F<J�EFK�K<CC�LJ�N?8K�N@CC�?8GG<E�LE;<I�EFEJK8E;8I;
:FE;@K@FEJ��/F�8EJN<I�K?<J<�HL<JK@FEJ�I<HL@I<J�8�DFI<�HL8EK@K8K@M<�LE;<IJK8E;@E>
F=�K?<�I<C8K@FEJ?@G�9<KN<<E�<C<:KIF:?<D@:8C�:<CC�GFK<EK@8C�8E;�:?<D@:8C
K?<IDF;PE8D@:J	�8J�;<J:I@9<;�@E.<:K@FE�������!C<:KIF:?<D@:8C��<CCJ�8E;
/?<IDF;PE8D@:J��

Summary

/?<�FO@;8K@M<�8E;�I<;L:K@M<�JKI<E>K?J�F=�8�M8I@<KP�F=�JL9JK8E:<J�:8E�9<
:FDG8I<;�LJ@E>�JK8E;8I;�<C<:KIF;<�GFK<EK@8CJ���GG8I<EK�8EFD8C@<J�:8E�9<
<OGC8@E<;�9P�K?<�=8:K�K?8K�<C<:KIF;<�GFK<EK@8CJ�8I<�D<8JLI<;�@E�8HL<FLJ
JFCLK@FE	�N?@:?�8CCFNJ�=FI�JKIFE>�@EK<IDFC<:LC8I�<C<:KIFJK8K@:�@EK<I8:K@FEJ	�8E;
EFK�@E�K?<�>8J�G?8J<�

KEY TAKEAWAY

U /?<�I<C8K@M<�JKI<E>K?J�F=�M8I@FLJ�FO@;8EKJ�8E;�I<;L:K8EKJ�:8E�9<
GI<;@:K<;�LJ@E>� T�M8CL<J�

�?8GK<I����!C<:KIF:?<D@JKIP

������FDG8I@E>�.KI<E>K?J�F=�+O@;8EKJ�8E;�-<;L:K8EKJ ����



CONCEPTUAL PROBLEMS

�� /?<�FI;<I�F=�<C<:KIF;<�GFK<EK@8CJ�:8EEFK�8CN8PJ�9<�GI<;@:K<;�9P�@FE@Q8K@FE
GFK<EK@8CJ�8E;�<C<:KIFE�8==@E@K@<J��2?P�� F�PFL�<OG<:K�JF;@LD�D<K8C�KF�?8M<�8
?@>?<I�FI�8�CFN<I�<C<:KIF;<�GFK<EK@8C�K?8E�GI<;@:K<;�=IFD�@KJ�@FE@Q8K@FE
GFK<EK@8C��2?8K�@J�@KJ�8GGIFO@D8K<�<C<:KIF;<�GFK<EK@8C�

�� 2@K?FLK�I<=<II@E>�KF�K89LC8K<;�;8K8	�F=��I� ��I 	̂��8 �� ��8	�+ � �+$ 	̂�8E;��C�� ��C	
N?@:?�NFLC;�PFL�<OG<:K�KF�?8M<�K?<<51CDE<>8K@M<�<C<:KIF;<�GFK<EK@8C�8E;
N?@:?�K?<=?CDE<>8K@M<��2?P�

�� �<:8LJ<�F=�K?<�JLC=LI
:FEK8@E@E>�8D@EF�8:@;J�GI<J<EK�@E�<>>�N?@K<J	�<8K@E>�<>>J
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19.4 Electrochemical Cells and Thermodynamics

LEARNING OBJECTIVES
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The Effect of Concentration on Cell Potential: The Nernst
Equation
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Concentration Cells
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EXAMPLE 10

�8C:LC8K<�K?<�MFCK8><�@E�8�>8CM8E@:�:<CC�K?8K�:FEK8@EJ�8�D8E>8E<J<�<C<:KIF;<
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<C<:KIF;<�@DD<IJ<;�@E�8����_� ^� )�JFCLK@FE�F=�)E.+� 8J�K?<�8EF;<��* �
��T���

Given: >8CM8E@:�:<CC	�@;<EK@K@<J�F=�K?<�<C<:KIF;<J	�8E;�JFCLK@FE�:FE:<EKI8K@FEJ
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Strategy:

A 2I@K<�K?<�FM<I8CC�I<8:K@FE�K?8K�F::LIJ�@E�K?<�:<CC�
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K?<�*<IEJK�<HL8K@FE�KF�:8C:LC8K<�K?<�MFCK8><�

Solution:

A /?@J�@J�8�:FE:<EKI8K@FE�:<CC	�@E�N?@:?�K?<�<C<:KIF;<�:FDG8IKD<EKJ�:FEK8@E
K?<�J8D<�I<;FO�8:K@M<�JL9JK8E:<�9LK�8K�;@==<I<EK�:FE:<EKI8K@FEJ��/?<�8E@FEJ
��C^ 8E;�.+ �

�^ ��;F�EFK�G8IK@:@G8K<�@E�K?<�I<8:K@FE	�JF�K?<@I�@;<EK@KP�@J�EFK
@DGFIK8EK��/?<�FM<I8CC�I<8:K@FE�@J�8J�=FCCFNJ�

)E �� �8H	����)����)E �� �8H	���� _� ^� )�

B "FI�K?<�I<;L:K@FE�F=�)E�� �8H��KF�)E�J�	> �����2<�JL9JK@KLK<�K?@J�M8CL<�8E;
K?<�>@M<E�)E�� :FE:<EKI8K@FEJ�@EKF!HL8K@FE�������

/?LJ�D8E>8E<J<�N@CC�;@JJFCM<�=IFD�K?<�<C<:KIF;<�@E�K?<�:FDG8IKD<EK�K?8K
:FEK8@EJ�K?<�DFI<�;@CLK<�JFCLK@FE�8E;�N@CC�9<�;<GFJ@K<;�FE�K?<�<C<:KIF;<�@E
K?<�:FDG8IKD<EK�K?8K�:FEK8@EJ�K?<�DFI<�:FE:<EKI8K<;�JFCLK@FE�

!O<I:@J<

�&�D�F�M�M�� �&�7
�D�F�M�M�1

(
�������������7

�O )
�M�P�H�2 �� �� �7 �1

(
�������������7

�� )
�M�P�H

(

�������m���� �1��

������ )
�� �����������7

�?8GK<I����!C<:KIF:?<D@JKIP

�����!C<:KIF:?<D@:8C��<CCJ�8E;�/?<IDF;PE8D@:J ����



.LGGFJ<�N<�:FEJKIL:K�8�>8CM8E@:�:<CC�9P�GC8:@E>�KNF�@;<EK@:8C�GC8K@ELD
<C<:KIF;<J�@E�KNF�9<8B<IJ�K?8K�8I<�:FEE<:K<;�9P�8�J8CK�9I@;><��+E<�9<8B<I
:FEK8@EJ����)�$�C	�8E;�K?<�FK?<I�8����)�JFCLK@FE�F=�*8� .+ � 8K�G$����
�FK?�:<CCJ�8I<�@E�:FEK8:K�N@K?�K?<�8KDFJG?<I<	�N@K?�1�0�� �����8KD��%=�K?<
I<C<M8EK�<C<:KIF:?<D@:8C�I<8:K@FE�@E�9FK?�:FDG8IKD<EKJ�@J�K?<�=FLI
<C<:KIFE
I<;L:K@FE�F=�FOP><E�KF�N8K<I	�+� �>�����$ � �8H�����<^ ���$ � +�C�	�N?8K�N@CC�9<
K?<�GFK<EK@8C�N?<E�K?<�:@I:L@K�@J�:CFJ<;�

Answer: ����1

Using Cell Potentials to Measure Solubility Products
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<HL8C�KF��^� ��!HL@C@9I@LD�:FEJK8EKJ�F=�K?@J�D8>E@KL;<�8I<�M@IKL8CCP�@DGFJJ@9C<�KF
D<8JLI<�8::LI8K<CP�9P�;@I<:K�D<K?F;J	�JF�N<�DLJK�LJ<�8CK<IE8K@M<�D<K?F;J�K?8K�8I<
DFI<�J<EJ@K@M<	�JL:?�8J�<C<:KIF:?<D@:8C�D<K?F;J�

/F�LE;<IJK8E;�?FN�8E�<C<:KIF:?<D@:8C�:<CC�@J�LJ<;�KF�D<8JLI<�8�JFCL9@C@KP�GIF;L:K	
:FEJ@;<I�K?<�:<CC�J?FNE�@E"@>LI<����������#8CM8E@:��<CC�=FI�)<8JLI@E>�K?<�.FCL9@C@KP
,IF;L:K�F=��>�C� 	�N?@:?�@J�;<J@>E<;�KF�D<8JLI<�K?<�JFCL9@C@KP�GIF;L:K�F=�J@CM<I
:?CFI@;<�! JG��5�> � 65�Ĉ6��%E�FE<�:FDG8IKD<EK	�K?<�:<CC�:FEK8@EJ�8�J@CM<I�N@I<

@EJ<IK<;�@EKF�8����)�JFCLK@FE�F=��>� ��K?<�FK?<I�:FDG8IKD<EK�:FEK8@EJ�8�J@CM<I�N@I<
@EJ<IK<;�@EKF�8����)��C^ JFCLK@FE�J8KLI8K<;�N@K?��>�C��%E�K?@J�JPJK<D	�K?<��>� @FE
:FE:<EKI8K@FE�@E�K?<�=@IJK�:FDG8IKD<EK�<HL8CJ! JG��2<�:8E�J<<�K?@J�9P�;@M@;@E>�9FK?

J@;<J�F=�K?<�<HL8K@FE�=FI! JG9P�5�Ĉ6�8E;�JL9JK@KLK@E>��5�>� 6�� ! JG�5�Ĉ 6�� ! JG�����

! JG��/?<�FM<I8CC�:<CC�I<8:K@FE�@J�8J�=FCCFNJ�

�> � �8H	�:FE:<EKI8K<;�����> � �8H	�;@CLK<�

/?LJ�K?<�MFCK8><�F=�K?<�:FE:<EKI8K@FE�:<CC�;L<�KF�K?<�;@==<I<E:<�@E�5�>� 6�9<KN<<E�K?<
KNF�:<CCJ�@J�8J�=FCCFNJ�

�?8GK<I����!C<:KIF:?<D@JKIP

�����!C<:KIF:?<D@:8C��<CCJ�8E;�/?<IDF;PE8D@:J ����



�AE1D9?>�
����

�97EB5�
��
� ���1<F1>93��5<<�6?B�#51CEB9>7�D85�)?<E29<9DI�&B?4E3D�?6��7�<

%>5�3?=@1BD=5>D�3?>D19>C�1�C9<F5B�G9B5�9>C5BD54�9>D?�1�
�	�#�C?<ED9?>�?6��7� ��1>4�D85�?D85B�3?=@1BD=5>D�3?>D19>C�1
C9<F5B�G9B5�9>C5BD54�9>D?�1�
�	�#��<QC?<ED9?>�C1DEB1D54�G9D8��7�<��*85�@?D5>D91<�4E5�D?�D85�49665B5>35�9>�/�7�0
25DG55>�D85�DG?�35<<C�31>�25�EC54�D?�45D5B=9>5! C@�

�P�:CFJ@E>�K?<�:@I:L@K	�N<�:8E�D<8JLI<�K?<�GFK<EK@8C�:8LJ<;�9P�K?<�;@==<I<E:<�@E
5�>� 6�@E�K?<�KNF�:<CCJ��%E�K?@J�:8J<	�K?<�<OG<I@D<EK8CCP�D<8JLI<;�MFCK8><�F=�K?<
:FE:<EKI8K@FE�:<CC�8K���T��@J�����1��.FCM@E>!HL8K@FE������=FI! JG	

�&�D�F�M�M�� �� �7 �1
(

�������������7
�� )

�M�P�H
(

�<�" �H�� �>�E�J�M�V�U�F

�<�" �H�� �>�D�P�O�D�F�O�U�S�B�U�F�E)
�� �1�������������7 �M�P�H

(
�, �T�Q
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�� �1�������������7 �M�P�H�, �T�Q
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�AE1D9?>�
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/?LJ�8�J@E>C<�GFK<EK@8C�D<8JLI<D<EK�:8E�GIFM@;<�K?<�@E=FID8K@FE�N<�E<<;�KF
;<K<ID@E<�K?<�M8CL<�F=�K?<�JFCL9@C@KP�GIF;L:K�F=�8�JG8I@E>CP�JFCL9C<�J8CK�

�M�P�H�, �T�Q

�, �T�Q

��
�1�&�D�F�M�M

�������������7
��

�1���������� �7

������������ �7
�� �1��������

�� �������m���� �1����

�?8GK<I����!C<:KIF:?<D@JKIP

�����!C<:KIF:?<D@:8C��<CCJ�8E;�/?<IDF;PE8D@:J ����



EXAMPLE 11

/F�D<8JLI<�K?<�JFCL9@C@KP�GIF;L:K�F=�C<8;�%%��JLC=8K<��,9.+� ��8K���T�	�PFL
:FEJKIL:K�8�>8CM8E@:�:<CC�C@B<�K?<�FE<�J?FNE�@E"@>LI<����������#8CM8E@:��<CC
=FI�)<8JLI@E>�K?<�.FCL9@C@KP�,IF;L:K�F=��>�C�	�N?@:?�:FEK8@EJ�8����)
JFCLK@FE�F=�8�M<IP�JFCL9C<�,9�� J8CK�5C<8;�%%��8:<K8K<�KI@?P;I8K<6�@E�FE<
:FDG8IKD<EK�K?8K�@J�:FEE<:K<;�9P�8�J8CK�9I@;><�KF�8����)�JFCLK@FE�F=�*8� .+ �

J8KLI8K<;�N@K?�,9.+� @E�K?<�FK?<I��3FL�K?<E�@EJ<IK�8�,9�<C<:KIF;<�@EKF�<8:?
:FDG8IKD<EK�8E;�:CFJ<�K?<�:@I:L@K��3FLI�MFCKD<K<I�J?FNJ�8�MFCK8><�F=���
D1��2?8K�@J! JG=FI�,9.+ � ��-<GFIK�PFLI�8EJN<I�KF�KNF�J@>E@=@:8EK�=@>LI<J�

Given: >8CM8E@:�:<CC	�JFCLK@FE�:FE:<EKI8K@FEJ	�<C<:KIF;<J	�8E;�MFCK8><

Asked for: ! JG

Strategy:

A "IFD�K?<�@E=FID8K@FE�>@M<E	�NI@K<�K?<�<HL8K@FE�=FI! JG��!OGI<JJ�K?@J
<HL8K@FE�@E�K<IDJ�F=�K?<�:FE:<EKI8K@FE�F=�,9�� �

B  <K<ID@E<�K?<�ELD9<I�F=�<C<:KIFEJ�KI8EJ=<II<;�@E�K?<�<C<:KIF:?<D@:8C
I<8:K@FE��.L9JK@KLK<�K?<�8GGIFGI@8K<�M8CL<J�@EKF!HL8K@FE������8E;�JFCM<�=FI
! JG�

Solution:

A 3FL�?8M<�:FEJKIL:K<;�8�:FE:<EKI8K@FE�:<CC	�N@K?�FE<�:FDG8IKD<EK
:FEK8@E@E>�8����)�JFCLK@FE�F=�,9�� 8E;�K?<�FK?<I�:FEK8@E@E>�8�;@CLK<�JFCLK@FE
F=�,9�� @E����)�*8 � .+ � ���J�=FI�8EP�:FE:<EKI8K@FE�:<CC	�K?<�MFCK8><�9<KN<<E
K?<�KNF�:FDG8IKD<EKJ�:8E�9<�:8C:LC8K<;�LJ@E>�K?<�*<IEJK�<HL8K@FE��/?<�=@IJK
JK<G�@J�KF�I<C8K<�K?<�:FE:<EKI8K@FE�F=�,9�� @E�K?<�;@CLK<�JFCLK@FE�KF! JG�

B /?<�I<;L:K@FE�F=�,9�� KF�,9�@J�8�KNF
<C<:KIFE�GIF:<JJ�8E;�GIF:<<;J
8::FI;@E>�KF�K?<�=FCCFN@E>�I<8:K@FE�

�<�1�C���� �>�<�4�0�� ���1�>

�<�1�C���� �>

�� �, �T�Q

��
�, �T�Q

�<�4�0�� ���1�>
��

�, �T�Q

�������.
�� �, �T�Q

�?8GK<I����!C<:KIF:?<D@JKIP

�����!C<:KIF:?<D@:8C��<CCJ�8E;�/?<IDF;PE8D@:J ����



,9 �� �8H	�:FE:<EKI8K<;����,9 �� �8H	�;@CLK<�

JF

!O<I:@J<

��:FE:<EKI8K@FE�:<CC�J@D@C8I�KF�K?<�FE<�;<J:I@9<;�@E�!O8DGC<����:FEK8@EJ�8
���)�JFCLK@FE�F=�C8EK?8ELD�E@KI8K<�5(8�*+� � � 6�@E�FE<�:FDG8IKD<EK�8E;�8���
)�JFCLK@FE�F=�JF;@LD�=CLFI@;<�J8KLI8K<;�N@K?�(8"� @E�K?<�FK?<I����D<K8CC@:�(8
JKI@G�@J�@EJ<IK<;�@EKF�<8:?�:FDG8IKD<EK	�8E;�K?<�:@I:L@K�@J�:CFJ<;��/?<
D<8JLI<;�GFK<EK@8C�@J�����1��2?8K�@J�K?<! JG=FI�(8"� ��-<GFIK�PFLI�8EJN<I
KF�KNF�J@>E@=@:8EK�=@>LI<J�

Answer: ��� _� ^��

Using Cell Potentials to Measure Concentrations

�EFK?<I�LJ<�=FI�K?<�*<IEJK�<HL8K@FE�@J�KF�:8C:LC8K<�K?<�:FE:<EKI8K@FE�F=�8�JG<:@<J
>@M<E�8�D<8JLI<;�GFK<EK@8C�8E;�K?<�:FE:<EKI8K@FEJ�F=�8CC�K?<�FK?<I�JG<:@<J��2<�J8N
8E�<O8DGC<�F=�K?@J�@E�!O8DGC<���	�@E�N?@:?�K?<�<OG<I@D<EK8C�:FE;@K@FEJ�N<I<
;<=@E<;�@E�JL:?�8�N8P�K?8K�K?<�:FE:<EKI8K@FE�F=�K?<�D<K8C�@FE�N8J�<HL8C�KF! JG�

,FK<EK@8C�D<8JLI<D<EKJ�:8E�9<�LJ<;�KF�F9K8@E�K?<�:FE:<EKI8K@FEJ�F=�;@JJFCM<;
JG<:@<J�LE;<I�FK?<I�:FE;@K@FEJ�8J�N<CC	�N?@:?�<OGC8@EJ�K?<�N@;<JGI<8;�LJ<�F=
<C<:KIF:?<D@:8C�:<CCJ�@E�D8EP�8E8CPK@:8C�;<M@:<J��,<I?8GJ�K?<�DFJK�:FDDFE
8GGC@:8K@FE�@J�@E�K?<�;<K<ID@E8K@FE�F=�5$� 6�LJ@E>�8�G$�D<K<I	�8J�@CCLJKI8K<;�@E
!O8DGC<����
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�<�1�C���� �>�E�J�M�V�U�F

�<�1�C���� �>�D�P�O�D�F�O�U�S�B�U�F�E)
�� �1�������������7 �M�P�H
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EXAMPLE 12

.LGGFJ<�8�>8CM8E@:�:<CC�@J�:FEJKIL:K<;�N@K?�8�JK8E;8I;�4E�4E�� :FLGC<�@E�FE<
:FDG8IKD<EK�8E;�8�DF;@=@<;�?P;IF><E�<C<:KIF;<�@E�K?<�J<:FE;
:FDG8IKD<EK��"@>LI<������� <K<ID@E@E>�8�.K8E;8I;�!C<:KIF;<�,FK<EK@8C
0J@E>�8�.K8E;8I;�$P;IF><E�!C<:KIF;<����/?<�GI<JJLI<�F=�?P;IF><E�>8J�@J���
8KD	�9LK�5$� 6�@E�K?<�J<:FE;�:FDG8IKD<EK�@J�LEBEFNE��/?<�:<CC�;@8>I8D�@J�8J
=FCCFNJ�

4E�J��4E�� �8H	����)����$ � �8H	���)��$ � �>	����8KD��,K�J�

2?8K�@J�K?<�G$�F=�K?<�JFCLK@FE�@E�K?<�J<:FE;�:FDG8IKD<EK�@=�K?<�D<8JLI<;
GFK<EK@8C�@E�K?<�:<CC�@J�����1�8K���T��

Given: >8CM8E@:�:<CC	�:<CC�;@8>I8D	�8E;�:<CC�GFK<EK@8C

Asked for: G$�F=�K?<�JFCLK@FE

Strategy:

A 2I@K<�K?<�FM<I8CC�:<CC�I<8:K@FE�

B .L9JK@KLK<�8GGIFGI@8K<�M8CL<J�@EKF�K?<�*<IEJK�<HL8K@FE�8E;�JFCM<�=FI
^CF>5$� 6�KF�F9K8@E�K?<�G$�

Solution:

A 0E;<I�JK8E;8I;�:FE;@K@FEJ	�K?<�FM<I8CC�I<8:K@FE�K?8K�F::LIJ�@J�K?<
I<;L:K@FE�F=�GIFKFEJ�9P�Q@E:�KF�>@M<�$� �EFK<�K?8K�4E�C@<J�9<CFN�$� @E/89C<
������.K8E;8I;�,FK<EK@8CJ�=FI�.<C<:K<;�-<;L:K@FE�$8C=
-<8:K@FEJ�8K���T����

B �P�JL9JK@KLK@E>�K?<�>@M<E�M8CL<J�@EKF�K?<�J@DGC@=@<;�*<IEJK�<HL8K@FE
�!HL8K@FE�������	�N<�:8E�:8C:LC8K<�5$� 6�LE;<I�EFEJK8E;8I;�:FE;@K@FEJ�

�;�O�	�T�
�� ���) ���� �	�B�R�
�í �;�O���� �	�B�R�
�� �) �� �	�H�
�&�h�� ���������7

�?8GK<I����!C<:KIF:?<D@JKIP

�����!C<:KIF:?<D@:8C��<CCJ�8E;�/?<IDF;PE8D@:J ����



/?LJ�K?<�GFK<EK@8C�F=�8�>8CM8E@:�:<CC�:8E�9<�LJ<;�KF�D<8JLI<�K?<�G$�F=�8
JFCLK@FE�

!O<I:@J<

.LGGFJ<�PFL�NFIB�=FI�8E�<EM@IFED<EK8C�C89FI8KFIP�8E;�PFL�N8EK�KF�LJ<�8E
<C<:KIF:?<D@:8C�D<K?F;�KF�D<8JLI<�K?<�:FE:<EKI8K@FE�F=�,9�� @E
>IFLE;N8K<I��3FL�:FEJKIL:K�8�>8CM8E@:�:<CC�LJ@E>�8�JK8E;8I;�FOP><E
<C<:KIF;<�@E�FE<�:FDG8IKD<EK��� T:8K?F;< �������1���/?<�FK?<I�:FDG8IKD<EK
:FEK8@EJ�8�JKI@G�F=�C<8;�@E�8�J8DGC<�F=�>IFLE;N8K<I�KF�N?@:?�PFL�?8M<�8;;<;
JL==@:@<EK�8:<K@:�8:@;	�8�N<8B�FI>8E@:�8:@;	�KF�<EJLI<�<C<:KI@:8C�:FE;L:K@M@KP�
/?<�:<CC�;@8>I8D�@J�8J�=FCCFNJ[

,9�J���,9 �� �8H	���)��$ � �8H�	����)�+ � �>	����8KD��,K�J�

2?<E�K?<�:@I:L@K�@J�:CFJ<;	�K?<�:<CC�?8J�8�D<8JLI<;�GFK<EK@8C�F=������1��0J<
/89C<��������FDG8I@JFE�F=�#8CM8E@:�8E;�!C<:KIFCPK@:��<CCJ�8E; �?8GK<I���
��GG<E;@O�!��.K8E;8I;�-<;L:K@FE�,FK<EK@8CJ�8K���T��KF�;<K<ID@E<�K?<
:FE:<EKI8K@FE�F=�,9�� @E�K?<�>IFLE;N8K<I�

Answer: ��� _� ^� )
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�?8GK<I����!C<:KIF:?<D@JKIP
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Summary

� coulomb (C)I<C8K<J�<C<:KI@:8C�GFK<EK@8C	�<OGI<JJ<;�@E�MFCKJ	�8E;�<E<I>P	
<OGI<JJ<;�@E�AFLC<J��/?<�:LII<EK�><E<I8K<;�=IFD�8�I<;FO�I<8:K@FE�@J�D<8JLI<;
@Eamperes (A)	�N?<I<�����@J�;<=@E<;�8J�K?<�=CFN�F=�����J�G8JK�8�>@M<E�GF@EK��/?<
faraday (� ) @J��MF>8;IF\J�ELD9<I�DLCK@GC@<;�9P�K?<�:?8I><�FE�8E�<C<:KIFE�8E;
:FII<JGFE;J�KF�K?<�:?8I><�FE���DFC�F=�<C<:KIFEJ��/?<�GIF;L:K�F=�K?<�:<CC
GFK<EK@8C�8E;�K?<�KFK8C�:?8I><�@J�K?<�D8O@DLD�8DFLEK�F=�<E<I>P�8M8@C89C<�KF�;F
NFIB	�N?@:?�@J�I<C8K<;�KF�K?<�:?8E><�@E�=I<<�<E<I>P�K?8K�F::LIJ�;LI@E>�K?<
:?<D@:8C�GIF:<JJ���;;@E>�KF><K?<I�K?<��� M8CL<J�=FI�K?<�?8C=
I<8:K@FEJ�>@M<J���
=FI�K?<�FM<I8CC�I<8:K@FE	�N?@:?�@J�GIFGFIK@FE8C�KF2?D8K?<�GFK<EK@8C1>4K?<
ELD9<I�F=�<C<:KIFEJ��>��KI8EJ=<II<;��.GFEK8E<FLJ�I<;FO�I<8:K@FEJ�?8M<�8
E<>8K@M<��� 8E;�K?<I<=FI<�8�GFJ@K@M<� :<CC���<:8LJ<�K?<�<HL@C@9I@LD�:FEJK8EK! @J

I<C8K<;�KF��� 	 � T:<CC8E; ! 8I<�8CJF�I<C8K<;��(8I><�<HL@C@9I@LD�:FEJK8EKJ

:FII<JGFE;�KF�C8I><�GFJ@K@M<�M8CL<J�F=� T��/?<Nernst equation 8CCFNJ�LJ�KF
;<K<ID@E<�K?<�JGFEK8E<FLJ�;@I<:K@FE�F=�8EP�I<;FO�I<8:K@FE�LE;<I�8EP�I<8:K@FE
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KEY EQUATIONS
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NUMERICAL PROBLEMS
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19.5 Commercial Galvanic Cells

LEARNING OBJECTIVE
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LithiumÐIodine Battery

*FE<�F=�K?<�98KK<I@<J�;<J:I@9<;�89FM<�@J�8:KL8CCP�Z;IP�[�/?<P�8CC�:FEK8@E�JD8CC
8DFLEKJ�F=�C@HL@;�N8K<I	�N?@:?�8;;J�J@>E@=@:8EK�D8JJ�8E;�:8LJ<J�GFK<EK@8C�:FIIFJ@FE
GIF9C<DJ���FEJ<HL<EKCP	�JL9JK8EK@8C�<==FIK�?8J�9<<E�<OG<E;<;�KF�;<M<CFG�N8K<I

=I<<�98KK<I@<J�

+E<�F=�K?<�=<N�:FDD<I:@8CCP�JL::<JJ=LC�N8K<I
=I<<�98KK<I@<J�@J�K?<lithiumÐiodine
battery �� ��/?<�8EF;<�@J�C@K?@LD�D<K8C	�8E;�K?<�:8K?F;<�@J�8�JFC@;�:FDGC<O�F=�%� �

.<G8I8K@E>�K?<D�@J�8�C8P<I�F=�JFC@;�(@%	�N?@:?�8:KJ�8J�K?<�<C<:KIFCPK<�9P�8CCFN@E>�K?<
;@==LJ@FE�F=�(@� @FEJ��/?<�<C<:KIF;<�I<8:K@FEJ�8I<�8J�=FCCFNJ�

�AE1D9?>�
���

:8K?F;<��%� �J�����< ^ ���% �̂(@%�

�AE1D9?>�
����

8EF;<���(@�J�����(@� �(@%�����<̂

�AE1D9?>�
����

�J�J?FNE�@E�G8IK��:��@E"@>LI<��������/?I<<�'@E;J�F=
,I@D8IP��*FEI<:?8I><89C<���8KK<I@<J�	�8�KPG@:8C
C@K?@LDX@F;@E<�98KK<IP�:FEJ@JKJ�F=�KNF�:<CCJ�J<G8I8K<;�9P
8�E@:B<C�D<K8C�D<J?�K?8K�:FCC<:KJ�:?8I><�=IFD�K?<�8EF;<�
�<:8LJ<�F=�K?<�?@>?�@EK<IE8C�I<J@JK8E:<�:8LJ<;�9P�K?<
JFC@;�<C<:KIFCPK<	�FECP�8�CFN�:LII<EK�:8E�9<�;I8NE�
*FE<K?<C<JJ	�JL:?�98KK<I@<J�?8M<�GIFM<E�KF�9<�CFE>
C@M<;

�P�W�F�S�B�M�M�	�"�H�
���;�O�	�T�
�� ���" �H�� �0�	�T�
�í ���" �H�	�T�
�� �;�O�0�	�T�
�&�D�F�M�M�� �������7

�P�W�F�S�B�M�M�����-�J�	�T�
�� �*�� �	�T�
�í ���-�J�*�	�T�
�&�D�F�M�M�� �������7

��� ��98KK<IP�K?8K�:FEJ@JKJ�F=�8E
8EF;<�F=�C@K?@LD�D<K8C�8E;�8
:8K?F;<�:FEK8@E@E>�8�JFC@;
:FDGC<O�F=�*�� �N@K?�8�C8P<I�F=
JFC@;�(@%�@E�9<KN<<E�K?8K�8CCFNJ
K?<�;@==LJ@FE�F=�-�J�� @FEJ�

�?8GK<I����!C<:KIF:?<D@JKIP

������FDD<I:@8C�#8CM8E@:��<CCJ ����



Cardiac pacemaker.�>�H�B1I�?6
1�@1D95>D�C8?G9>7�D85�<?31D9?>
1>4�C9J5�?6�1�@135=1;5B�@?G5B54
2I�1�<9D89E=M9?49>5�21DD5BI�

�LG�KF���PI��8E;�I<C@89C<��/?<P�8I<�K?<I<=FI<�LJ<;�@E
8GGC@:8K@FEJ�N?<I<�=I<HL<EK�I<GC8:<D<EK�@J�;@==@:LCK�FI
LE;<J@I89C<	�JL:?�8J�@E�:8I;@8:�G8:<D8B<IJ�8E;�FK?<I
D<;@:8C�@DGC8EKJ�8E;�@E�:FDGLK<IJ�=FI�D<DFIP
GIFK<:K@FE��/?<J<�98KK<I@<J�8I<�8CJF�LJ<;�@E�J<:LI@KP
KI8EJD@KK<IJ�8E;�JDFB<�8C8IDJ��+K?<I�98KK<I@<J�98J<;
FE�C@K?@LD�8EF;<J�8E;�JFC@;�<C<:KIFCPK<J�8I<�LE;<I
;<M<CFGD<EK	�LJ@E>�/@.� 	�=FI�<O8DGC<	�=FI�K?<�:8K?F;<�

�97EB5�
��
� *8B55�!9>4C�?6�&B9=1BI��$?>B5381B7512<5���1DD5B95C

�1����"53<1>38K�4BI�35<<�9C�13DE1<<I�1�NG5D�35<<�O�9>�G8938�D85�5<53DB?<ID5�9C�1>�139493�G1D5B�21C54�@1CD5�3?>D19>9>7
#>%� ��$�  �<��.>�<� ��7B1@89D5��1>4�CD1B38��*8?E78�9>5H@5>C9F5�D?�=1>E613DEB5��D85�35<<�9C�>?D�F5BI�5669395>D�9>

@B?4E39>7�5<53DB931<�5>5B7I�1>4�81C�1�<9=9D54�C85<6�<965���2�� >�1�2EDD?>�21DD5BI��D85�1>?45�9C�1�J9>3M=5B3EBI
1=1<71=��1>4�D85�31D8?45�31>�25�59D85B��7%��C8?G>�85B5��?B��7� %�1C�D85�?H941>D���EDD?>�21DD5B95C�1B5�B5<912<5�1>4

81F5�1�8978�?ED@ED�D?�=1CC�B1D9?��G8938�1<<?GC�D85=�D?�25�EC54�9>�1@@<931D9?>C�CE38�1C�31<3E<1D?BC�1>4�G1D385C�
G85B5�D859B�C=1<<�C9J5�9C�3BE391<���3����<9D89E=M9?49>5�21DD5BI�3?>C9CDC�?6�DG?�35<<C�C5@1B1D54�2I�1�=5D1<<93�>93;5<
=5C8�D81D�3?<<53DC�381B75�6B?=�D85�1>?45C��*85�1>?45�9C�<9D89E=�=5D1<��1>4�D85�31D8?45�9C�1�C?<94�3?=@<5H�?6� � ��*85

5<53DB?<ID5�9C�1�<1I5B�?6�C?<94�"9 �D81D�1<<?GC�"9� 9?>C�D?�4966EC5�6B?=�D85�31D8?45�D?�D85�1>?45���<D8?E78�D89C�DI@5�?6
21DD5BI�@B?4E35C�?><I�1�B5<1D9F5<I�C=1<<�3EBB5>D��9D�9C�8978<I�B5<912<5�1>4�<?>7�<9F54�

 IP�:<CCJ	�9LKKFE�98KK<I@<J	�8E;�C@K?@LDX@F;@E<�98KK<I@<J�8I<�;@JGFJ89C<�8E;�:8EEFK
9<�I<:?8I><;�FE:<�K?<P�8I<�;@J:?8I><;��-<:?8I><89C<�98KK<I@<J	�@E�:FEKI8JK	�F==<I
J@>E@=@:8EK�<:FEFD@:�8E;�<EM@IFED<EK8C�8;M8EK8><J�9<:8LJ<�K?<P�:8E�9<�I<:?8I><;
8E;�;@J:?8I><;�ELD<IFLJ�K@D<J���J�8�I<JLCK	�D8EL=8:KLI@E>�8E;�;@JGFJ8C�:FJKJ�;IFG
;I8D8K@:8CCP�=FI�8�>@M<E�ELD9<I�F=�?FLIJ�F=�98KK<IP�LJ8><��/NF�:FDDFE
I<:?8I><89C<�98KK<I@<J�8I<�K?<�E@:B<CX:8;D@LD�98KK<IP�8E;�K?<�C<8;X8:@;�98KK<IP	
N?@:?�N<�;<J:I@9<�E<OK�

�?8GK<I����!C<:KIF:?<D@JKIP

������FDD<I:@8C�#8CM8E@:��<CCJ ����



NickelÐCadmium (NiCad) Battery
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CONCEPTUAL PROBLEMS
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19.6 Corrosion

LEARNING OBJECTIVE
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Summary
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19.7 Electrolysis

LEARNING OBJECTIVE
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EXAMPLE 14

%=�8�DFCK<E�D@OKLI<�F=�)>�C� 8E;�'�I�@J�<C<:KIFCPQ<;	�N?8K�GIF;L:KJ�N@CC
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Given: @;<EK@KP�F=�J8CKJ

Asked for: <C<:KIFCPJ@J�GIF;L:KJ

Strategy:

A (@JK�8CC�K?<�GFJJ@9C<�I<;L:K@FE�8E;�FO@;8K@FE�GIF;L:KJ���8J<;�FE�K?<
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B %;<EK@=P�K?<�GIF;L:KJ�K?8K�N@CC�=FID�8K�<8:?�<C<:KIF;<�
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Note the Pattern
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Electroplating
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Quantitative Considerations
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KEY EQUATION

Relationship of charge, current and time
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NUMERICAL PROBLEMS
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APPLICATION PROBLEMS
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