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ANALYSIS OF THE APPLICATION OF THERMO- 
GALVANIC CELLS TO THE CONVERSION 
OF LOW GRADE HEAT TO ELECTRICITY 

Helena L. Chum. R.F. Fahls ing,  and T.S. Jayadev* 
Solar  Energy Research I n s t i t u t e ,  1617 Cole Blvd., 

Go 1 den, Colorado 80401 

Abs t rac t  

Aqueous thermogalvanic c e l l s ,  the s o l u t i o n  
analogs o f  so l id -s ta te  the rmoe lec t r i c  devices, a re  
compared f o r  power generat ion.  Measurements on the  
copperlcopper formate lcopper system y i e l d  thermo- 
e l e c t r i c  powers,(AE/AT) 1,0, o f  1.25 - 1.9 mV/degree, 
which are higher than those e x h i b i t e d  by o ther  cop- 
per  systems. I n  these s o l u t i o n s  th ree  copper fo r -  
mate complexes are present.  P r a c t i c a l  c e l l s  were 
b u i l t  and tested. The power output  i s  l a r g e l y  li- 
mited.by c e l l  res is tance,  though mass and charge 
t rans fe r  contr ibute t o  t h e  observed overvoltages. 
The cn~rp!ing of t h i s  thennogalvanic system w i t h  an 
electrochemical p h o t o v o l t a i c  e f f e c t  (a p h o t o t h e m -  
galvanic  c e l l )  i s  b r i e f l y  described. 

Nomenclature --. 
EMF e lec t romot i ve  fo rce  
( ~ E / ~ T ) I , ~  the rmoe lec t r i c  power, Seebeck coef-  

f i c i e n t  

8 , .  
molal  ent ropy o f  X 
p a r t i a l  molar entropy o f  X 

3 . entropy o f  t r a n s f e r  o f  X 
5 = y + t o t a l  t ranspor ted  entropy 

: transference number 
f i g u r e  o f  m e r i t  

n e f f i c i e n c v  
s t a b i l i t y -  constant  
temperature d i f f e r e n t i a l  
res is tance  o f  t h e  s o l u t i o n  

I 

Background 

Thermogalvanic Ce l l s  

Ttienncgalvanic c e l l s  can be defined as galvanic  
c e l l s  i n  which the  temperature i s  n o t  uniform. 
They are the e lect rochemical  equiva lent  of thermo- 
e l e c t r i c  devices, which conver t  heat i n t o  e l e c t r i -  
c i t y .  I n  these c e l l s  two o r  more e lect rodes a re  
a t  d i f fe ren t  temperatures. These electrodes, n o t  
necessar i l y  chemical ly i d e n t i c a l  o r  revers ib le ,  are 
i n  contact  w i th  an e l e c t r o l y t e ,  s o l i d  o r  l i q u i d ,  
n o t  necessar i ly  homogeneous i n  composition, and 
w i t h  o r  wi thout  petmeable membranes in terposed i n  
the e l e c t r o l y t e .  Dur ing the  passage o f  c u r r e n t  
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through the thermogalvanic c e l l s ,  m a t t e r , i s  t rans -  
fer red from one e l e c t r o d e  t o  the o ther  as a r e s u l t  
of the  e lect rochemical  r e a c t i o n s  a t  the  e lec t rode /  
e l e c t r o l y t e  i n t e r f a c e  and i o n i c  t ranspor t  i n  the  
e l e c t r o l y t e .  I n  t h i s  respect ,  the thermogalvanic 
' c e l l  d i f f e r s  from meta l1 i c  thermocouples, o r  t h e r -  
moe lec t r i c  devices i n  genera l ,  i n  which no n e t  
t r a n s f e r  o f  m a t e r i a l  occurs, and the  s t a t e  of t h e  
conductor remains unchanged w i t h  the passage of 
cu r ren t .  I n  f a c t ,  t h e n n o e l e c t r i c  e f f e c t s  i n  t h e  
m e t a l l i c  leads from t h e  e lec t rodes  . i n  the t h e m -  
ga lvan ic  c e l l s  c o n t r i b u t e  t o  the  observed EMF o f  
these c e l l s .  1-5 

The EMF.of a thermogalvanic c e l l  i n  i t s  i n i -  
t i a l  s t a t e  a r i ses  f rom t h r e e  f a c t o r s :  (1)  the  d i f -  

.ferences i n  e!ectrode temperature; (2)  the thermal 
l i q u i d  j u n c t i o n  p o t e n t i a l ;  and (3 )  the m e t a l l i c  
thermocouple e f f e c t .  I n  genera l ,  the EMF a r i s i n g  
from (1 )  and ( 2 )  i s  about two orders of magnitude 
l a r g e r  than the EMF f rom ( 3 ) .  which a r i ses  a t  the  
j u n c t i o n  i n  the e x t e r n a l  c i r c u i t  between two e l e c -  
t rode  metals a t  d i f f e r e n t  temperatures ( the  Seebeck 
e f f e c t ) .  With t h e  passage o f  time, a thermal c e l l  
i s  subject  t o  thermal d i f f u s i o n  i n  the e l e c t r o l y t e  
(Soret e f f e c t ) ,  which tends t o  concentrate the  more 
concentrated e l e c t r o l y t e s  i n  the c o l d  region. The 
concentrat ion g r a d i e n t  f u r t h e r  changes the two 
e lec t rode  p o t e n t i a l s ,  and t h e  c e l l  reaches a new 
s t a t i o n a r y  s t a t e  ( f i n a l  EMF). 1-5 

The thermogalvanic c e l l  can be w r i t t e n  as , 

M(Tl)lelectrode(T1) 1 E l e c t r o l y t e ( T 1 )  I E lec t ro ly te (T2) l  
electrode(T2)1M(T1) where T p T 1 .  The e l e c t r o  e 
can be metals o r  gases w i t h  i n e r t  e lect rodes.  f .2 
The e l e c t r o l y t e  can be a s o l u t i o n ,  a fused s a l t .  o r  
a s o l i d  e l e c t r o l y t e .  Temperature T i  i s  f i x e d  and 
T2 i s  var ied.  The most w i d e l y  used s ign  convent ion 
f o r  thermogalvanic c e l l s  i s  t h a t  t h e  EMF(E) i s  pos- 
i t i v e  when the t e r m i n a l  connected t o  the  e lec t rode  
a t  T2 i s  p o s i t i v e  w i t h  respec t  t o  t h a t  connected 
t o  the c o l d  e lec t rode .  Therefore t h e  ho t  e l e c t r o d e  
i s  the  cathode. and t h e  ( d E / d T 2 ) ~ ~  constant i s  pos- 
i t i v e .  This c o e f f i c i e n t  (dE/dT)t e, 1 i s  t h e  
thermoelect r ic  power, sometimes a?so gesignated the 
"Seebeck c o e f f i c i e n t "  i n  analogy w i t h  the nomencla- 
t u r e  used i n  t h e r m o e l e c t r i c  ~ h e n o m e n a . ~  The t h e r -  
moe lec t r i c  power i s  ob ta ined  from measurements a t  
open c i r c u i t  (I=O). 

The t h e m e l e c t r l c  power can be described as 
the  sum o f  a heterogeneous term (due t o  the e l e c -  
t r o d e  temperature e f f e c t )  and a homogeneous p a r t  
( thermal l i q u i d  j u n c t i o n  p o t e n t i a l  f o r  s o l u t i o n s  
o r  the  the rmoe lec t r i c  e f f e c t  on s o l i d  o r  l i q u i d  



i o n i c  conductors). The d r i v i n g  force f o r  t h e  
thenogalvanic  c e l l  i s  the t ranspor t  o f  ent ropy 
from the h igh temperature r e s e r v o i r  (a t  T2) t o  the 
low temperature sink ( a t  T i ) ,  as i s  the case i n  
any heat engine.1-5 

For a thermogalvanic c e l l ,  f o r  instance,  
w i t h  pure metal e lect rodes and a simple e l e c t r o l y t e  
MXn. s o l i d  o r  fused, the EMF of the c e l l  i s  t h e  
e l e c t r i c a l  po ten t ia l  o f  a w i r e  attached t o  t h e  h o t  
electrode minus the p o t e n t i a l  o f  a s i m i l a r  w i r e  
attached t o  the co ld  e lect rode.  The e l e c t r i c a l  
work f o r  n equivalents o f  e l e c t r i c i t y  i s  determined 
by the entropy absorbed from the heat r e s e r v o i r  
surrounding the hot  e lec t rode  when p o s i t i v e  e l e c t r i -  
c i t y  passes t h  ough t h e  c e l l  from the c o l d  t o  t h e  
h o t  e l e ~ t r o d e . ~  This ent ropy i s  i d e n t i c a l  t o  t h e  
sum o f  the entropy absorbed i n  the e lee t rode  reac- 
t i on .  [ i n  t h i s  case, SM(molal entropy of the  meta l )  
SMn+(part ial  molar ent ropy of ~ ~ + ) - n S e ( ~ ) ( p a r t i a l  
molal entropy of the e l e c t r o n  i n  M)] and the  e n t r o w  
transporied away from t h e  ho t  e lect rode [ i n  t h i s  
case, -S~n+(entropy o f  t rans fe r  o f  M ~ + ) - ~ S ;  (en- 
t ropy o f  t rans fe r  o f  e')].3-7 The e n t r o p i e i  df 
t rans fe r  r e s u l t  from heat  e f fec ts  a t t r i b u t a b l e  t o  
the movement of e lec t rons  and ions through a t h e r -  
mal gradient under the in f luence  o f  a vo l tage  drop. 
Since 5 + S* = T ( t o t a l  t ranspor ted entropy) ,  one 
can wr i te :  

This expression a lso holds f o r  aqueous thermocel ls  
a f t e r  the .Soret e q u i l i b r i u m  i s  reached ( f i n a l  EMF). 
For the i n i t i a l  EMF o f  such aqueous thermocel ls  
(uniform e l e c t r o l y t e  d i s t r i b u t i o n )  the  term t-(SGn+ 
+ nSf-), where t- i s  t h e  transference number o f  
the anion, must be added t o  t h a t  expression. 

The thermoelect r ic  power, (dE/dT)themal mea- 
sured a t  1=0 o r  ca lcu la ted  from the appropriate 
equation has been used t o  ca lcu la te  t h e  f i g u r e  o f  
mer i t .  2 ,  o f  the thermogalvanic c e l l  .5 i n  a n a l o w  -- 
t o  t h a t  used f o r  thermoelect r ic  devicesb 

( d ~ / d ~ ) : _ ~  
z = . i n  K - ~  

PK 
( 2 )  

where p = s p e c i f i c  r e s i s t i v i t y  i n  oh -c  
spec i f i c  t h e y 1  c o n d u c t i v i t y  i n  Mcm-TK-T: :n:sd::e 
dT i s  i n  VK- . I o n i c  conductors were found t o  have 
f igures o f  m e r i t  o f  approximately 10'~~'1, which 
are o f  tlie order o f  magnitude o f  the t h e m e l e c t t i c  
semiconducting devices .6 The conversion e f f i c i e n -  
c ies  are Carnot cyc le l i m i t e d  f o r  both t h e  thermo- 
e l e c t r i c  and thermogalvanic c e l l s .  However, a n t i -  
c ipated p r a c t i c a l  f i g u r e s  o f  m e r i t  would be con- 
s i s t e n t l y  less than those obtained from 1-0. 

8 The expression o f  Telkes f o r  s o l i d  s t a t e  de- 
v i ce  e f f i c ienc ies ,  n, has been app l ied  t o  t h e m -  
galvanic c e l l s :  

where the f i r s t  te rm i n  the denominator i s  r e l a t e d  
t o  the Carnot e f f i c i e n c y  and the second i s  r e l a t e d  
t o  the f i g u r e  o f  m e r i t .  Other expressions have 
been c l c u l a t e d  f o r  molten s a l t  thermogalvanic 
c e l l  s. 4 

The analyses o f  Z and (1 above do n o t  consider  
e lect rode p o l a r i z a t i o n  ef fects  which e f f e c t i v e l y  
l i m i t  the power o u t p u t  of such devices under cu r -  
r e n t  dra in.  

Some thermogalvanic c e l l s  have been i n v e s t i -  
gated f o r  power gen rat ion.10 Molten s a l t s 1 1  and 
s o l i d  e l e c t r o l y t e s l S  were chosen f o r  these devices. 
I n  these media wide opera t ing  temperature ranges 
are poss ib le ,  and there fo re ,  l a r g e  Carnot e f f i c i e n -  
cies. 

I n  t h i s  paper we a re  i n t e r e s t e d  i n  t h e  conver- 
s ion  o f  low grade heat  i n t o  e l e c t r i c i t y .  Examples 
of sources o f  f r e e  low grade heat a r e  OTEC (Ocean 
Thermal Energy Conversion), geothermal, waste i n -  
d u s t r i a l  heat, e tc . .  So la r  ponds a re  a l s o  a source 
of low rade heat.  I n  t h i s  context  the  range o f  a 20 - 80 C i s  o f  importance. Aqueous e l e c t r o l y t e s  
are s u i t a b l e  f o r  t h i s  temperature range. Th is  
paper reviews t h r e e  types o f  thermogalvnic c e l l s  
i n  aqueous media and presents new data on a copper 
system. A p r e l i m i n a r y  analys is  of the  s u i t a b i l i t y  
o f  such systems f o r  power generat ion u t i l i z i n g  a 
low grade heat source w i l l  be presented a t  t h e  
meeting. 

Aqueous Thennogalvanic Ce l l s  

Three general types o f '  thermogalvanic c e l l s  
can be s ing led  o u t :  

(1)  Metal e lec t rodes  imnersed i n  unsaturated so lu-  
t i o n s  o f  s a l t s ,  t h e r e f o r e  two e lect rodes o f  t h e  
f i r s t  k ind  (M/M" ) :  

Ce l l s  o f  t h i s  t y p e  have long been s t u d i e d . l s 2  An 
example i s  Cul CuS04 unsaturatedl Cu. 

(2 )  Metal e lec t rodes  immersed i n  s a t u r a t e d  so lu -  
t i o n s  of s a l t s ,  separated by a s a l t  b r i d g e :  

Clampi t t  and ~ e r m a n l 3  patented and measured some 
of these c e l l s ,  e.g., CulCuS04 satd. T1  11 CuSOg 
satd. T ICu i n  aqueous, aqueous acid. and non-aque- 
ous medfa. 

(3)  Redox s o l u b l e  couples w i t h  i n e r t  e l e c t r o d e s  (El: 

su gested b ~ u r r o w s , ' ~  and mea ured f o r  t h e  
ptqFe3+, Fe3'[ P t  and P t  F~(cN)$- ,  F ~ ( c N ) ~ ~ - ~  P t  
systcms. 

I n  the  f i r s t  two types o f  thermogalvanic c e l l s  
described above, t h e  e lect rodes undergo permanent 
changes, w i t h  anodic  d i s s o l u t i o n  a t  one temperature. 
and cathodic  d e p o s i t i o n  a t  the other .  I n  o r d e r  t o  



- .  cont inuously  produce e l e c t r i c i t y  f rom these c e l l s ,  
the temperature of the e lect rodes has t o  be rever-  
sed p e r i o d i c a l l y .  I n  the second type, couples are 
chosen such t h a t  the s o l u b i l i t y  o f  MA var ies widely  
w i t h  temperature. The a c t i v i t y  o f  M ~ +  ions i n  each 
chamber i s  kept reasonably constant  under cu r ren t  
dra in,  by the p r e c i p i t a t i o n  o r  d i s s o l u t i o n  o f  MA, 
coupled t o  the e lect rode processes. There i s  anion 
t r a n s f e r  from one t o  the o t h e r  s ide  of the  c e l l .  
I n  the  t h i r d  type, s ince t h e  redox couple i s  solu- 
b le ,  t h e r k  are no permanent changes a t  the e lec-  . 
trodes, and the devices can be operated. continuous- 
l y  prov ided there i s  a temperature d i f f e r e n t i a l .  

The f i r s t  two types can present  d e n d r i t e  
growth a t  t h e  metal e l e c t r o d e / e l e c t r o l y t e  I n t e r -  
face, which can create p r a c t i c a l  d i f f i c u l t i e s  such 
as s h o r t  c i r c u i t s .  A l l  o f  these c e l l s  can present . 
a c t i v a t i o n  (charge t rans fe r )  and/or concentrat ion 
(mass t r a n s f e r )  p o l a r i z a t i o n  i n  a d d l t i o n  t o  ohmic 
p o l a r i z a t i o n ,  which decrease the  power output.  
F o r  t ype  (2)  the d i s s o l u t i o n  and/or p r e c i p i t a t i o n  
of MA can be r a t e  l i m i t i n g .  

Table I compares t h e  thermoe lec t r i c  powers 
f o r  examples o f  these th ree  types of c e l l s ,  and, 
when ava i lab le ,  the power o u t p u t  of these systems 

TABLE I - THERMOELECTRIC POWERS FOR SOME SELECTED 

THERMOGALVANIC CELLS I N  AQUEOUS MEDIA 

System 
Temperature Power Output2 

("1 (pW/cm ) ~ e f e r e n c e  

E l e c t r o l y t e  (unsaturated)  

[CuSO,] 0.08 M 0.64 

0.5 M 0.73 

1.0 M 0.69-0.79 - 1 

. satd. . 0.9-0.97 - 1 

t c o l d  'hat - - 
0.01 M; pH - 4.65 1 .O 2 5 75 - 15 

E l e c t r o l y t e  (sa tu ra ted)  

saturated I n  H20 0.89 20 100 30.5 13 

saturated I n  20% H2S04 1.03 20 100 251 (7 )  13 

Redox Thennogalvanlc 

~t 1 Fe2+, Fe3+; 1 H HCl 1 P t  

[Fez+]-[Fe3+] 2 M 0.57 30 80 <42+ 

~t ( F~ (cN)~ .F~ (cN) :  

0. SM K2s04 1 P t  . 

[ F ~ ( c N ) : - ] = [ F ~ ( c N ) ~ ] =  

0..2 M - 30 80. . <90e 14b 

0.1 M 1.44 30 .80 < 50' 14b 

0.05 !I - 3 0  80 . < 30+ 14b 

*Maximum power, I R  f r e e  values. . . 



For type (3)  the coupl ing o f  t h e  thermogal- 
vanic c e l l  w i t h  an electrochemical p h o t o v o l t a i c  
e f f e c t  was proposed by ~ u r r o w s l 4  f o r  t h e  c e l l  
( h o t ) n - ~ i 0 ~ 1  F ~ ( c N ) ~ ~ - . I  F ~ ( C N )  3-1 ~ t ( c o 1 d ) .  Such 
c e l l  was c a l l e d  photothermogaPvanic. No data have 
been publ ished t o  date. 

I n  1917, case17 described t h a t  copper e lec -  
trodes imnersed i n  copper formate so lu t ions ,  w i t h  
i n  a c e r t a i n  range o f  a c i d i t y ,  d i sp layed  an e lec-  
trochemical photovol ta ic  e f f e c t ,  when t h e  anode 
was i l l u m i n a t e d  and the cathode kep t  i n  t h e  dark. 
A l t e r n a t i n g  cu r ren t  was produced by  r e v e r s i n g  the  
i l l u m i n a t i o n  process, 1.e.. by i l l u m i n a t i n g  the  
prev ious ly  dark cathode. now anode, and ke p ing  
the o ther  e lect rode i n  the dark. Jayadevle con- 
f i rmed Case's r e s u l t s  on the observed photoef fect .  
I n  t h i s  paper we r e p o r t  the p r e l i m i n a r y  r e s u l t s  
on the  i n v e s t i g a t i o n  o f  the copper-copper formate 
t h e m g a l v a n i c  system. The i n i t i a l  r e s u l t s  on 
the coup l ing  o f  the  thermogalvanic c e l l  w i t h  t h e  
electrochemical photovol t a i c  e f fec t , .  t o  be c a l l e d  
photothermogal vanic e f f e c t ,  are a1 so repor ted.  

11. Experimental P a r t  

The discharge behavior o f  the  t h e m g a l v a n i c  
c e l l s  was inves t iga ted  i n  U-shaped c e l l s  w i t h  
jacketed a m ,  s i m i l a r  t o  t h a t  descr ibed i n  ref- 
erence 14. The temperature i n  each h a l f  c e l l  was 
c o n t r o l l e d  t o  ?0.Z0C by a continuous f l o w  o f  water 
from two thermostated water c i r c u l a t o r s  (Lauda 
Brinkman K/2R and Haake F-3). Cold e l e c t r o d e  
temperatures were maintained a t  10 t o  20°C and 
the ho t  h a l f - c e l l  temperature was v a r i e d  between 
30 and 80%. 

Copper electrodes were made o f  pu re  copper 
sheets (99.99953, E lec t ron ic  Space Products, Inc.), 
spot welded t o  copper wires. The w i r e  and the  
back o f  the  electrodes were coated w i t h  M i c c r o f l e x  
(Miccro product)  pa int ,  r e s i s t a n t  t o  t h e  i n v e s t i -  
gated so lu t ions  under the  experimental condi t ions.  
Copper reference e lect rodes were a l s o  made o f  cop- 
per wires (99.9995, E lec t ron ic  Space Products Inc.) 
protected from contact  w i t h  the s o l u t i o n  by t h e  
Miccrof lex ,pa in t  w i t h  the  except ion o f  t h e  l a s t  
0:3 cm. 

A sample o f  copper f o n a t e  (Cu(HC00)2.4 H20, 
98%) was provided by Koci de Chemical Corporat ion. 
Reagent grade sodium formate (Baker), fo rm ic  a c i d  
(Baker), copper s u l f a t e  pentahydrate (Ma l l  incrodt),  
sodium te t ra f luo robora te  ( A l f a )  , s u l f u r i c  and n i -  
t r i c  ac ids (Baker) were employed. S o l u t i o n s  o f  
copper s a l t s  were made up w i t h  de ion ized  water 
which was prev ious ly  b o i l e d  a d r a p i d l y  cooled ! down. A p l a s t i c  glove bag ( I  R) under n i t r o g e n  
was used f o r  the  preparat ion and t rans fe rence  o f  
so lut ions.  The pH o f  the  so lu t ions  was measured 
w i t h  a Beckman d i g i t a l  pH meter no. 3560 and w i t h  
Orion combination e lect rodes (91-02). 

A po ten t ios ta t -ga l  vanostat, P r ince ton  Appl l e d  
Research Corporat ion (PARC) 173 D w i t h  176 c u r r e n t  
voltage conver ter  o r  376 d i g i  t a l  coulometer was 
employed as a source o f  .constant c u r r e n t  o r  poten- 
t i a l .  The d i g i t a l  vo l tmeter  K e l t h l e y  model 174 
was employed. A conduc t i v i t y  b r idge  (Sybron-Barn- 
stead, PM-70CB) was used f o r  room temperature 
measurements. A c u r r e n t - i n t e r r u p t o r  technique has 
employed f o r  the measurement o f  t h e  res is tance  of 

the s o l u t i o n s  i n  t h e  thermogalvanic c e l l s .  

The more p r a c t i c a l  c e l l s  tes ted  were made of 
PVC tub ing  (2.5 cm diameter) and v a r i a b l e  leng th  
(1.25 t o  5.0 cm). Copper e lect rodes were attached 
t o  the  PVC w i t h  t h e  M icc ro f lex  pa in t .  I n  these 
c e l l s  t h e  temperature a t  each e lec t rode  was main- 
ta ined  through a copper heat-exchanger w i t h  a cop- 
per  p l a t e  (7 cm diameter) which was so ldered t o  
copper t u b i n g  i n  t h e  back. Water from t h e  t h e m -  
s ta ted  c i r c u l a t o r s  f lowed through t h e  tub ing .  

Temperatures were measured w i t h  a B a i l e y  In -  
struments d i g i t a l  thermometer BAT-9 w i t h  micro- 
probes (ICT-4) o r  copper-constantan thermocouples. 

A s l i d e  p r o j e c t o r  w i t h  a tungsten l i g h t  source 
(300 W bu lb )  was used f o r  i l l u m i n a t i n g  t h e  e lec -  
trodes i n  t h e  U shaped c e l l s .  F i l t e r s  were employ- 
ed and t h e  i n t e n s i t y  o f  the r a d i a t i o n  was measured 
w i t h  a thermopi le  (The Eppley Laboratory, Inc.).  

111. Resul ts  and Discussion 

The thermogalvanic c e l l  Cul copper formatel Cu 
has a p o s i t i v e  h o t  e lec t rode  (cathode) and p o s i t i v e  
values o f  t h e  the rmoe lec t r i c  power (AEIAT) I,O. 
From data obta ined i n  U tube c e l l s ,  t h e  thermoelec- 
t r i c  power 'of t h i s  system was measured as a func- 
t i o n  o f  copper formate concentrat ion, f r e e  formate 
concentrat ion,  f r e e  formic a c i d  concentrat ion,  pH, 
and temperature range (AT = 20 - 7O0C). as we1 1 as 
the  discharge c h a r a c t e r i s i t c s  o f  these c e l l s .  I n  
going f rom 0.11 M concentrat ion of C U ( H C O ~ ) ~ - ~ H ~ O  
t o  0.35 M, the  the rmoe lec t r i c  power increases from 
0.62 t o  1.25 mV/degree, f o r  an added formic a c i d  
concentrat ion o f  0.16 M. and a AT = 4S°C. 

The species d i s t r i b u t i o n .  i n  copper formate lg 
so lu t ions  was determined by Tedesco and Quintana , 
i n  i o n i c  s t r e n g t h  1, p e r c h l o r i c  medium, fo rm ic  a c i d  
concentrat ion 0 - 0.7 M, us ing p o t e n t i o m e t r i c  and 
po lamgraph ic  methods. The format ion constants  
are: B (CU(HCO~)+)  = 14; 132 (Cu(HC02)2) = 30; 
0 (CU[HCO~)* )  a 82. Spectmphotometr ic d a t a 2 8 t t  
2&, i n  a d d i u m  o f  i o n i c  s t reng th  o f  3 (ad justed 
w i t h  KN03), and constant  f r e e  f o y i c  a c i d  concen- 
t r a t i o n  o f  0.1 M are:  B (Cu(HC0 ) ) = 50, 02 (Cu 
(HC02)2) = 102, and 03 [cu(Hc02f3-) = 192. No 
data a re  a v a i l a b l e  a t  h igher  temperatures. The 
d i f fe rences  i n  t h e  cond i t i ons  employed and methods, 
j u s t i f y  t h e  d i f f e r e n c e s  i n  e q u i l i b r i u m  constants. 
U t i l i z i n g  t h e  data abovelg, the  copper formate so l -  
u t ions  above c o n t a i n  a t  250C, a l l  t h r e e  copper 
formate complexes and a smal ler  amount o f  the  aquo- 
complex. Increased t o t a l  f o m t e  concentrat ion,  
as sodium formate, favors  the  fo rmat ion  o f  
Cu(HC02)' (30, 50 and 65% r e s p e c t i v e l y  i n  go ing 
from 0.41 t o  0.88 t o  1.18 M added NaHC02, t o  a 0.35 
M Cu(HC02)2-4H20 so lu t lon ,  and t h e  pH increases 
from 3.90 t o  4.23 t o  4.35). Under those cond i t i ons  
the thennoe lec t r i c  power decreases s l i g h t l y :  1.25 
t o  1.20 t o  1.00 mV/degree (AT = 45%). A t  h igher  
temperatures i t  i s  l i k e l y  t h a t  the  formate complex 
species w i l l  undergo d issoc ia t ion ,  and t h a t  aquo- 
copper complexes a r e  present t o  a l a r g e r  ex ten t .  

The t h e r m o e l e c t r i c  power appears t o  be a func- 
t i o n  o f  t h e  f r e e  fo rm ic  ac id  concentrat ion.  For  
so lu t ions  c o n t a i n i n g  0.35 M Cu(~C02) -4H20, and 
a . 3 5  M NaHCO2, (and appmx inu te ly  t6e  same d i s t r i -  



. . 
- bution of copper species and f r e e .  formate) the 

thermoelectric power increases from 1.25 t o  1.65 
mV/degree (AT = 45'~) as the free fonnic acid con- 

'. centration decreases from 0.50 to  0.30 M. The 
thennoelectric power generally increases with in- 
creased AT. For instance,.for the solution above 
with free formic concentration of 0.50 M the ther- 
moelectric power increases from 1.48 t o  1.58 t o  
1.79 to  1.86 mV/degree for AT of 30. 40, 50 and 
60°C respectively. 

The concentration of copper f o n a t e  of 0.35 
M was chosen as upper concentration l imi t  fo r  
being close. but less than the so lub i l i ty  a t  the 
low temperatu- half ce l l  (10 - 2o0c). 

The data above were obtained by cleaning the 
electrodes in 10-20% v/v HNO3, followed o r  not by 
mechanical polishing, and l e t t ing  the  electrodes 
stand in solution for a t  l eas t  2-3 hours in the 

dark. Current-voltage curves were obtained. Ref- 
erence electrodes a t  each half-cell  indicated that 
the overvoltages are generally higher a t  the lower 

.temperature electrode. Both mass t ransfer  and 
charge t ransfer  seem to  contribute t o  the observed 
overvoltages. These are. however, smaller than 
the ohmic overvoltage. The current-voltage curves 
were reproducible. For instance. fo r  a 0.35 M 
Cu(HC0 )2-4H20, 0.35 M NaHC02. and added formic 
acid of 0.08 H. the product V open c i r c u i t  (V C)  
times I short  c i r c u i t  (ISc),  VOCXISC = 54.9x.f8l = 
9.94 IJW was obtained, and a f t e r  a week. VOCXISC = 
53 .3~ .  185 = 9.86 pW, for  a AT = 350C 

Addition of sodium sa l t s .  e.g., sodium te t ra-  
fluoroborate, decreases s l ight ly  the thermoelectric 
powers. and the power output of the systems. The 
resistance of the solution decreases as  ex ected. 
The investigated concentration range of N ~ D F ~  was 
0.35 t o  1.0 M. 

. 2 5  .75 1.25 

Current l m A  l 

0 5 0  100 
Voltage I mV1 

- 
Figure 1. (a)  Vol tage-current characte i is t lcs  of the copperlcopper f rmatel copper thermogalvanlc cel l  as 
a function of the temperature d i f fe ren t i a l .  Electrode area: 1.5 mq; Cell length = 5.0 M. (b) Power 
output vs. voltage of the copper 1 copper formate 1 copper thermogal vanic ce l l .  Total copper concentration : 
1.13 M; pH = 3.6 (200C). Only representative points shown. 



A more .pract ical  c e l l  was b u i l t  w l t h  a PYC 
tube (2.5 an diameter). 5 un length. and f i l l e d  up 
w i t h a s o l u t i o n 0 . 3 5 M C ~ ( H C 0 ~ ) ~ ~ 4 H O  0.35M . 
HaHCO2. and 0.08 M added formic aci8. * The area o f  
the copper electrodes was 4.5 2 0.5 cd. The above 
Figure l a  shows the voltage-current characteris- 
t i c s  o f  t h i s  c e l l  f o r  three temperature differen- 
t i a l s .  From the curves i n  Figure la .  one can con- 
clude tha t  charge and mass t rans fe r  are important 
i n  t h i s  system, i n  addi t ion t o  ohmic act ivat ion.  
responsible f o r  the major power losses (R (AT =O) 
s 90 ohm). The resistance decreases w i th  i n -  
creased AT (AT = 60°C. R %60 ohm). These c e l l s  
are very inexpensive. $0.15 i s  the cost  o f  the 
chemicals, except for the, copper electrodes, which 
determine the overal l  cost o f  the c e l l .  These 

.aqueous c e l l s  are much less expensive than the 
equivalent so l i d  state thennoelectr ic  devices t o  
date. Estimated maxi wn power dens i ty  f o r  AT = 
6 0 ' ~  i s  about Z@W/d.  The above Figure I b  i l l u -  
s t ra tes  the power outputs o f  the  c e l l  as a func- 
t i o n  o f  the voltage. 

Smaller ce l l s  ' ( 2 3  and 1.25 an length) were 
also b u i l t  and tested i n  a va r i e t y  o f  solutions. 
For copper formate solutions contain ing 1 bl NaBF4. 
a t  AT = 40°C. 2.5 un c e l l  s gave a maximum power o f  
11.8 IJW (electrodes o f  1-1.5 area). Halving 
the length the power output o f  10 IJW was obtained. 
suggesting tha t  f o r  these solut ions the tempera- 
tu re  gradients may not  have been maintained. For 
AT = 50 C. ce l l s  1.25 un long gave 9.5 pW w i th  
0.35 M NaBF . By comparison. the same c e l l  f i l l e d  
h i t h  ~ u ~ o q ( 8 . 3 5  M )  gave 3.3 uH (AT = 50°C). uhere- 
as twice the length gave 5.8 PW. The addi t ion o f  
s u l f u r i c  ac id  (20% v/v) increased the power by a 
fac tor  o f  2. The optimum length fo r  these systems 
i s  between 2.5 and 5 an. 

These c e l l s  are being employed t o  invest igate 
comparatively the power outputs of the thennogal- 
vanic c e l l s  types (1) t o  (3). Type (3) I s  being 
invest igated on graphite electrodes. The e f f i -  
ciency o f  these devtces under load I s  being mea- 
sured. These data w i l l  al low us t o  analyze the 
feast b i  11 t y  o f  the coup1 i ng  o f  these inexpensive 
devices t o  convert . f ree  low grade heat i n t o  elec- 
t r l c i  ty .  

case1' suggested tha t  copper electrodes I n  
copper fonnate solutinns fnrm a l aye r  o f  Cu20. the 
semiconductor electrode. This red  l aye r  i s  formed 
upon standing o r  by potent los ta t ic  o r  a lvanosta t t  
methods. A solut ion 0.35 M i n  C U ( H C O ~ ? ~ . ~ H ~ O .  
0.35 M i n  NaHC02. and approximately 0.2 M i n  added 
formic ac id  was placed i n  the U tube c e l l .  w i t h  a 
AT = 30%. The copper electrodes were plates 
4 x 0.5 x 0.1 an., i m r s e d  i n  the so lu t ion  f o r  2 
days, a f t e r  which a red uniform coat ing o f  CuzO was 
formed. Figure 2 shows a comparison o f  the voltage 
'current curves f o  a AT = 30% t n  the  dark. and 6 upon i l luminat ton  (45 PW/&) o f  one o f  the faces 
of the anode (the cold slsctrnde). Upon Illumina- 
t i o n  a photovoltage i s  added t o  the  themvol tage.  
The photovoltage slowly but  continuously decays. 
The power output upon I 1  1 m i n a t i o n  p r a c t i c a l l y  
doubles. The photoeffect observed i s  an electro-  
chemical photovoltaic e f fec t ,  s ince It I s  not  pre- 
sent when pure copper electrodes are i l luminated. 
I n  order t o  restore l i g h t  s e n s i t i v i t y  o f  the i l l u -  
minated electrode. i t  has t o  be reduced f n  the 
dark. This e f f ec t  I s  being lnwesttgaeed. Surface 
analyses are being employed t o  character ize the 

nature o f  the electrodes i n  the dark and a f t e r  
f l luminat ion  i n  these ce l ls .  

Current IpA l 

FIGURE 2. V P ~  tage-current cha rac te r i s i  t i c s  of the 
copper1 copper formatel copper t h e m g a l  vanic c e l l  
(a) i n  the dark; b) w i t h  the co ld  anode i l l um i -  h nated a t  4 5 m / a n  . Total copper concentration: 
0.35 M e  t o t a l  formate concentration: 1.25; pH: 
3.7(206c). Only representative po in t s  shown. 

I V .  Conclusion 

The copperlcopper f o m t e l c o p p e r  system was 
Investigated. Pract ical  thermoelectr ic  powers. 
(AE/AT)I=o of 1.25 t o  1.9 mV/degree. can be obtain- 
ed i n  t h i s  system, depending on the  copper fonnate, 
f r e e  f o m t c  ac id  concentration. as w e l l  as on the 
temperature di f ference between the c o l d  and hot 
ha l f - ce l l s .  These powers are h igher  than those 
obtained i n  other copper s a l t  systems. and i n  
o ther  systems as wel l  (see Table I). 

Current-voltage curves l nd l ca te  t h a t  i n  addi- 
t i o n  t o  ohmic drop, ac t i va t i on  and concentration 
overpotent ia ls l i m i t  the power output  of these de- 
vices. 

Prac t ica l  c e l l s  were b u i l t  and maximum power 
outputs o f  about 20 p ~ / a n 2  estimated. 



The coupllng of the thermogalvanic with an . electrochemical photovol t a i c  e f f ec t ,  the photo- 
thermogalvanlc ce l l ,  was shown for  the  f l r s t  tlme 
in t h i s  system. 
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