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ABSTRACT 

The effect of light flux, redox couple concentration, and the number  of panels on the electrical and chemical efficiency 
of a bipolar semiconductor photoelectrode array has been examined using a model based on the power characteristic 
curves of a single photoelectrochemical cell and the current-voltage characteristics of any desired electrolytic process. 
Data from a single bipolar CdSe//CoS photoelectrode were used to simulate water splitting array performance under  a va- 
riety of conditions. Experimental data from a 6 photopanel array were consistent with the simulated results. The optimum 
number  of panels was shown to be independent  of light intensity over a range of 0.1-1 AM2 and of the concentration of 
polysulfide in the interior of the arrays from 0.1 to 1M. The efficiency of the CdSe/CoS array for electrical generation (after 
correcting for light absorption due to the electrolyte) is about 6%. 

Recent papers from this laboratory described bipolar 
semiconductor photoelectrode (BSP) arrays and their ap- 
plication to light-driven water splitting and electrical 
power generation (1, 2). The term bipolar electrode refers 
to a configuration consisting of a n- or p-type semicon- 
ductor surface in ohmic contact with a clark catalytic elec- 
trode surface that serves as the counterelectrode to the fac- 
ing semiconductor of the next bipolar electrode. These 
electrodes can be used in a wireless series configuration 
array to provide sufficiently high voltages to drive electro- 
lytic reactions of interest. The principles of such an array 
are shown in Fig. 1A. These arrays obviate two problems: (i) 
the location of the semiconductor bandedges relative to 
the water decomposition potentials and (ii) the require- 
ment  of semiconductor stability during photohole genera- 
tion and oxygen production in aqueous solution. 

Studies of water photoelectrolysis ("water splitting") 
date from the work of Honda and Fujishima working with 
TiO2 and Pt electrodes (3). The inadequate photopotential 
generated at the TiO~/solution interface required the appli- 
cation of an external bias and hence the expenditure of 
energy in addition to the incident radiant energy. An alter- 
native strategy involves series arrays of PEC cells. The ba- 
sic principles of PEC devices have been discussed in detail 
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(4-7). In bipolar semiconductor photoelectrodes, vectorial 
charge transfer occurs: photogenerated minority carriers 
move to the semiconductor surface and majority carriers 
move to the electrocatalytic surface. This arrangement op- 
timizes light collection and obviates the need for connect- 
ing wires. With five n-TiOj/Pt (where // represents an 
ohmic contact) (1) BSP's in series, hydrogen was evolved 
at the Pt surface of panel 1 with oxygen evolution on the n- 
TiO2 surface of panel 5 (1). The electrodes on the inside 
panels behaved as photovoltaic cells and carried out a re- 
generative reaction (in this case photoproduction and re- 
duction of oxygen) to provide a bias for the end electrodes. 
This initial version of the BSP array suffered from the re- 
quirement  of contact of the end photoanodic semicon- 
ductor surface (electrode 1 in Fig. 1) with the solution 
where O2 is evolved, thereby limiting the BSP material to 
large bandgap semiconductors stable under  conditions 
where photogenerated holes oxidize water. However, a 
(dark) electrocatalytic electrode can be used on the anodic 
(O2-evolution) end, instead of the n-type semiconductor, 
removing this need for semiconductor stability (Fig. 1B). 
The anodic side of the dark bipolar electrode 1 should be 
composed of an electrocatalyst for oxygen evolution on 
the substrate of choice, while the cathodic side is an elec- 
trocata~yst appropriate for the redox couple (O/R) used in 
the P JP array. In these arrays, the il luminated array of 
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Fig. 1. (A) Initial version of BSP array with end photoanodic surface 1 in contact with solution where oxygen is evolved, n-SC = n-semiconduc- 
tor; DC = dark electrocatalyst (O --~ R); DC(H2) = dark electrocatalyst for H2 evolution. (B) Small bandgap version with dark bipolar electrode 1. 
DC(O2) dark electrocatalyst for oxygen evolution. 

BSP's  induce a potential  in the end dark bipolar electrode. 
This electrode completes isolation of all BSP semicon- 
ductor  surfaces from the end solution, permit t ing the use 
of any desired redox couple in the interior of the array. The 
terminal  BSP should have a cathodic surface tailored for 
hydrogen evolution on the cathodic end solution of choice. 
The interior BSP electrodes should have cathodic surfaces 
tailored for the redox couple of choice. Thus, an n-type 
BSP array contains three types of electrodes: (i) a terminal  
dark bipolar  electrode with an anodic catalytic surface for 
oxygen evolution and a cathodic catalytic surface tailored 
to the redox couple of choice; (ii) interior BSP electrodes, 
where the anodic side is an i l luminated semiconductor;  
and (iii) a terminal  BSP electrode, where the cathodic side 
is appropriate  for hydrogen evolution. The construction of 
such a BSP array is shown in Fig. 2. [Alternatively, a p- 
type array can be fabricated using a semiconductor  such 
as p-GaAs. In such a case, the dark bipolar electrode (B/C) 
would be on the cathodic side of the array with the direc- 
t ion of electron flow the reverse of that in an n-type array.] 
In a prel iminary letter, we described the above arrange- 
ment  where i l luminated CdSe, a small bandgap semicon- 
ductor  (1.8 eV), was used to photolyze water yielding sepa- 
rated products  of hydrogen and oxygen in a stoichiometric 
ratio with minimal  decomposit ion of the semiconductor  
surface (2). The three electrode types comprising the CdSe 
BSP array are: (i) Pt//CoS, (ii) CdSe//CoS, (iii) CdSe//Pt 
[where CoS is a (dark) electrocatalyst  for polysulfide re- 
duction]. 

We present  here a model  of BSP arrays with experimen- 
tal data describing the relationship between the water 
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Fig. 2. Pictorial representation of a water photoelectrolysis cell: (a) 

Side view; (b) top view. Experimental n-CdSe//CoS array. Electrodes: A, 
CdSe; B, CoS; C, D, Pt. Solutions: 1, 1M NozS, 1M S, 2M NaOH; 2, 2M 
KOH. Gas collectors: 3, hydrogen; 4, oxygen. Conceptualized p-type 
array. A, p-GaAs; B, catalytic surface for reduction of 13-; C, D, Pt. So- 
lutions B: 1,0.25M 13-; 0.75M I ; 2, 2M KOH. Oxygen collected in 3, 
hydrogen collected at 4. 
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Fig. 3. (a) Current-patential characteristics of a CdSe//CoS PEC in 
1:1 : IM. NaOH:S:Na2S solution. Curve J~d corresponds to the dark re- 
duction: $22- + 2e-  --~ 2S 2-. Curve Jo~ corresponds to the photo-oxi- 
dation: 2S22- + 2h § --~ $22 . Curves JH2 and Jo2 are hydrogen and oxy- 
gen evolution on platinum electrodes, in 2M KOH, respectively. 
Effective solar flux: 67 mW/cm 2. (b) Cathodic and anodic waves for a 
BSP array with 6 photopanels. Curve Ic: sum of six jred and IH. Curve jo: 
sum of six Jo~ and/o �9 jo includes internal resistances and bridge resis- 
tance of experimental array. 

spl i t t ing eff iciency and electr ical  power  eff ic iency and 
how these  quant i t ies  depend  on the  n u m b e r  of  panels,  the  
overpotent ia l s  of  the  e lect rodes  invo lved  in gas genera-  
tion, l ight  in tensi ty  and redox  couple  concentra t ions .  Sim- 
ilar analysis for the  electrolysis  of  water  us ing solid-state 
devices  have  been  presented;  see, for example ,  P leskov  
et al. (9). We then  analyze expe r imen ta l  data  for the CdSe-  
based array based on the model .  

Principles of Operation 
The  curves  Jr~d and Jox in Fig. 3a define the  electr ical  char- 

acteris t ics  of  a CdSe/ /CoS pho toe lec t rochemica l  cell wi th  
polysulf ide  (1M Na2S, 1M S, 1M NaOH) as the  inter ior  re- 
dox  couple  (2) and the  Pt /Na+OH interfaces.  Current  den- 
s i ty-potent ial  (j-V) curves  for four  different  processes  are 
given:  S 2- photo-oxida t ion  on CdSe  (jo• S~ 2 reduc t ion  
(wri t ten for s implic i ty  as $2 ~-) on CoS (J~ed); wa te r  reduc-  
t ion on P t  (Jn2); water  oxida t ion  on Pt  (Jo2). The open-cir- 
cui t  vol tage (Voc), short-circui t  current  (i~o), and power  
curves  for the  inter ior  cells are calculable  f rom Jred and Jox. 
As descr ibed  previous ly  (1), for a B S P  array system, the 
ca thodic  current  for H2 evolut ion,  jo, is obta ined  by addi- 
t ion of  the  potent ials  requ i red  for a g iven JH2 to in teger  
mul t ip les  of  the  potent ials  requ i red  for j,.ed to genera te  the  
same  currents ,  where  the  in teger  represen ts  the n u m b e r  of  
B S P ' s  in series. Similarly,  f rom Jo2 and jox, the  anodic  cur- 
rent, Ja, is obta ined  (Fig. 3b). Photoce l l  in ternal  res is tances  
are inc luded  in the  jred wave. With good catalytic cathodes,  
the  wave  is l inear  wi th  a s lope depend ing  on the  cell resist- 
ances.  The  res is tance th rough  the  externa l  br idge  can be 
measu red  or calculated and inc luded  in ja (ja' is the  anodic  
cur ren t  wi thou t  inclusion of  the  br idge resistance).  The  op- 
erat ional  current  densi ty  for water  spl i t t ing (N = 6), (where 
N is the number of panels) is indicated by the dotted line in 
Fig. 3b, where the cathodic and anodic currents are equal 
in magnitude. 

Another approach is illustrated in Fig. 4. Curve JR is the 
power characteristics of a single PEC derived from curves 
Jred and Jox in Fig. 3a by connecting points of equal anodic 
and cathodic currents to find the corresponding points of 
the power characteristics. At the point of maximum 
power, where curve JR contacts the vertiee of rectangle A, 
d(jR �9 V)/dV = 0, or 

djR/dV = jR*/VR [1] 

Curve JH' is the power  r equ i r emen t  curve  for water  split- 
t ing der ived  f rom curves JH2 and Jo2, in Fig. 3a, by connect-  
ing points  of  equal  anodic  and cathodic  currents  to find the  
co r respond ing  points  of  power  requ i rement .  Curve JH is 
the power  r equ i r emen t  curve  shif ted to inc lude  res is tance 
losses th rough  the  solut ion br idge of  the  expe r imen ta l  de- 
v ice  of  this study. The m a x i m u m  electr ical  eff iciency is de- 
fined as 

~e ma~ = j~oVoJ/I = jR*VR*/I [2] 

where  jR*VR*, the m a x i m u m  power  suppl ied  by one PEC,  
is graphical ly  depic ted  as the  area of  rectangle  A (AA). The  
l ight  f lux (W/cm 2) and fill factor are I and f, respect ively.  
The  m a x i m u m  wate r  spl i t t ing eff iciency is 

~H* = WH AG~ = 1.23 jH*/IN* [3] 

whe re  W~ is the hydrogen  produc t ion  rate (tool/s), AG ~ is 
the  s tandard  Gibbs  free energy  of format ion  for water  
(J/mol), and N is the  n u m b e r  of  panels.  The  power  r equ i red  
is graphical ly  depic ted  as the  sum of the areas of  rectan- 

~JH \ 
\ 

\ \ \ \  

, ,  C 

VH, I I I ] /  h, 
-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1 .23-1 .1  

j (mA/cm 2 ) %R 
8 \ 

4 A 

I I  I 
0 0.2 

B VR•V V(Volts) 
I 

0.4 0.6 
Fig. 4. Graphical method for determining optimum number of panels required for electrolysis. Curve jR: power curve for CdSe in t M polysutfide. 

Curve j,: power requirement curve for water electrolysis on platinum electrodes including bridge and internal resistances of experimental device. 
Curve j'H does not include bridge resistance. 
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gles B and C (AB and Ac, respectively). AB is the power 
available as Gibbs free energy of hydrogen evolution and 
AB/(AB + Ac) is the ratio between hydrogen evolution and 
electrical efficiencies 

~H/'% = 1.23/NVR = 1.23/V~ [4] 

The opt imum number  of panels, N*, can be determined 
from the areas of rectangles, A, B, and C for j~* = JR* 

N* = Ac+B/AA = V H * / V R *  [5] 

This method can be used for any electrolytic process, 
given the j-V data for the electrolytic process desired. 
Since the semiconductor surfaces are isolated from the 
end solution, the process can be carried out for any me- 
dium without a need to consider the type of semicon- 
ductor surface. 

Experimental 
The semiconductor face of the bipolar electrodes used in 

this study was fabricated by the method of Hodes et al. 
(10), by painting a slurry of CdSe on a titanium foil (0.025 
mm thick) annealing in air at 500~ followed by photoetch- 
ing in 0.1M H2SO4. 

The CoS face was prepared by electroprecipitating 
Co(OH)2 (11) from a COSO4 solution (20 g/liter, pH = 4) at 
20-30 mA/cm 2 followed by a reductive treatment in a 1:1:1 
sulfide-polysulfide-hydroxide solution at -1.2V vs. SCE. 
The terminal electrode faces were prepared by coating the 
Ti foil with a Pt film (ca. 350 nm thick) by RF sputtering 
with a Materials Research Company (Orangeburg, New 
York) Model 8620 sputtering apparatus. 

The array device (Fig. 2) was identical to one used previ- 
ously (2). A Pyrex tube having an inner diameter of 1.15 cm 
and a wall thickness of 0.118 cm was cut into segments at 
45 ~ angles. Six photoelectrodes were sandwiched between 
the segments with epoxy cement. A (dark) bipolar elec- 
trode was glued into a 90 ~ cut. The terminal ends had gas 
collectors to monitor the volumes of gas evolved. Gas anal- 

ysis was performed with a Varian Aerograph, Model 90-P 
using a column packed with 50g of 13X, 60-80-mesh sieves 
from Alltech Associates, Incorporated, with argon as the 
carrier gas at 30 ml/min. 

The various polysulfide solutions were prepared by dis- 
solving equimolar amounts of Na2S and S in aqueous 
NaOH. The NaOH concentration in all the polysulfide solu- 
tions was 1M. The solution in the bridge and terminal com- 
partments was 2M KOH. 

Current-potential data were obtained with a Princeton 
Applied Research (PAR) Model 173 potentiostat/galvano- 
stat, a PAR Model 175 universal programmer, and a Hous- 
ton Instruments Model 2000 X-Y recorder. The illumina- 
tion source was a 2500W xenon lamp. The lamp spectrum 
of the xenon lamp was measured with a monochromator  
(Jarrell Ash, Model 82560) and a radiometer (EG&G 
Princeton) Model 550. The equivalent solar power was de- 
termined by calculating the total solar flux required to ob- 
tain the bandgap light provided by the xenon lamp. The to- 
tal light flux at the PEC and array device was measured 
with a surface adsorbing disk calorimeter (Scientech, 
Model 36-0203). The light intensity was varied with neutral 
density filters (Muffoletto Optical Company, Incorpo- 
rated). Absorbances of polysulfide solutions were mea- 
sured with a HP 8450A UV/VIS spectrophotometer. Solu- 
tion and cell conductivities were measured with a Yellow 
Springs Instruments conductance meter, Model 32. 

Results and Discussion 
CdSe/polysulfide/CoS.--The effect of light fiux.--The ef- 

fect of light intensity and polysulfide concentration on the 
performance of a single PEC cell was experimentally stud- 
ied. The results of this study were used to simulate the 
above effects on the performance of an array system. The 
light intensity was varied by one order of magnitude using 
neutral density filters. Power curves as a function of light 
intensity are given in Fig. 5a. The open dots indicate points 
o'f maximum power output. As can be seen from the dotted 
line, the potential corresponding to the maximum power 
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Fig. 5. Effect of light flux on electrical power output of a single PEC cell. (o) Power curves as a function of light intensities. Open points repre- 
sent points of maximum power output. Polysulfide concentration: 1M. Effective solar flux densities (mW/cm 2) curve 1, 67; 2, 53.2; 3, 42.3; 4, 33.6; 
5, 26.7; 6, 21.2; 7, 6.7. (b) Semilogarithmic plot of light flux density vs .  open-circuit voltage. (c) Power output and short-circuit current vs .  light flux 
density. 
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poin t  is only  weakly  d e p e n d e n t  on the  l ight  flux at intensi-  
t ies above  20 mW/cm ~. In Fig. 5B the logar i thmic  plot  of  
l ight  in tens i ty  vs. open-ci rcui t  vol tage shows that  the semi-  
conduc to r  is not  saturated at the  l ight  fluxes used. F igure  
5C shows  that  both the  short-circui t  current  and the elec- 
tr ical  power  ou tpu t  are l inearly related to the  l ight  flux. 

Polysulfide concentration effects.--The polysulf ide con- 
cent ra t ion  (e.g., S + S ~- taken  as $22 ) was var ied  f rom 0.1 
to 1.0M. One  would  expec t  that  a decrease  in the  polysui-  
fide concentra t ion,  an e lect rolyte  which  absorbs s t rongly 
in the  visible,  would  have  two oppos ing  effects. While the  
l ight  flux to the semiconduc to r  surface wou ld  increase,  
there  wou ld  be a negat ive  effect  on the mass  t ransfer  of  re- 
actants  (S 2- and $22-) to the electrodes.  As can be seen in 
Fig. 6a and 6c, at concent ra t ions  h igher  than  0.60M. the  
power  ou tpu t  is l ight  l imited.  Above  that  concentra t ion,  
the  power  ou tpu t  is l inearly re la ted to the  l ight  flux as 
shown  in Fig. 5c. As the  concent ra t ion  is decreased,  the  
B S P  array becomes  mass  t ransfer  control led  and the fill 
factor  decreases  as shown in Fig. 6b and by the  f lat tening 
of  the  power  curves  in Fig. 6a. The dot ted  line in Fig. 6 
shows that  the  potent ia l  at the  m a x i m u m  power  poin t  is 
weak ly  d e p e n d e n t  on the  redox  couple  concentra t ion.  

Simulation of bipolar CdSe-CoS PEC arrays.--The 
above  data  were  used  in a c o m p u t e r  analysis of  the  type  
p rev ious ly  descr ibed,  u sing Jred, Jox, jH~, and Jo2 f rom experi-  
men ta l  waves,  to ascer ta in  the  effect  of  l ight  intensi ty,  re- 
dox  couple  concent ra t ion  and n u m b e r  of  panels  on the  ef- 
f ic iency of  water  spl i t t ing and electr ical  power  genera t ion  
and h o w  these  parameters  are interrelated.  F igure  7 shows 
the  effect  of  l ight  in tens i ty  on the  eff iciency of  both  simu- 
la ted and expe r imen ta l  array devices  opera t ing  wi th  a 

1:1:1 [S2-]/[S]/[OH ] electrolyte.  A correct ion has been  m a d e  
for the  l ight absorbed by the polysulf ide solut ion and for 
the  l ight  ref lected at the  air-glass and glass-solut ion inter- 
faces of  the  array device.  The  data show that  the  eff iciency 
and the  re la t ionship  be tween  electr ical  and hydrogen  pro- 
duc t ion  efficiency are not  l ight intensi ty  dependent .  This  
is cons is ten t  wi th  the  data  shown in Fig. 5a. The dot ted  
l ine  is the  locus  of  o p t i m u m  power  points  for a s ingle panel  
at var ious  l ight  fluxes. At  each l ight  flux, addi t ional  curves  
can  be  obta ined  for a series array of  panels.  Such  curves  
were  measu red  at one l ight  flux in a previous paper  (2). 
With each  addi t ional  panel  added  to the series, a n e w  locus  
of  o p t i m u m  power  points  at var ious l ight  fluxes is ob- 
tained. At the  o p t i m u m  n u m b e r  of panels,  the locus of op- 
t i m u m  power  points  above  20 mW/cm 2 has a ve ry  similar  
current -vol tage  dependence  as the  water  spl i t t ing current-  
vol tage data. Hence,  the  o p t i m u m  n u m b e r  of  panels  is not  
l ight  in tens i ty  d e p e n d e n t  in the range 20-70 mW/cm 2. The  
data  show that  the m e t h o d  yields s imulat ions  in good 
a g r e e m e n t  wi th  expe r imen ta l  data. 

F igure  8 shows the s imula ted  hydrogen  and electr ical  
genera t ion  efficiencies for an array with  8 panels  as a func- 
t ion of  total  sulfide concentrat ion.  The  axis on the  r ight  
gives actual  uncor rec ted  efficiencies. The  axis on the  left  
shows the  efficiencies after correc t ing  for l ight absorp t ion  
and reflections. The  absorp t ion  by the polysulf ide solut ion 
in the  expe r imen ta l  array is qui te  significant  as the  average 
path  length  th rough  the  solut ion is about  0.5 cm. A com- 
pu te r  p rogram was used to calculate  average l ight fluxes, 
in tegra t ing  over  the  pho toanode  surface area, cons ider ing  
the  g e o m e t r y  of  the a r r angemen t  of the  panels. Hence,  i f  
an internal  r edox  couple  that  gave the  same Voc and in- 
vo lved  less absorbing  species was used, an upper  l imit  of  
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Fig. 6. Effect of polysulfide concentration on o single PEC cell output. Polysulfide (S 2- + S) concentration (M) end light flux at electrode surface 

(mW/cm2): curve 1, 1,0, 49.0; 2, 0.8, 50.1; 3,0.6, 53.5; 4, 0.4, 57.0; 5, 0.2, 63.2; 6, 0 .1 ,67 .5 .  (a) Power curves as a function of polysulfide concen- 
tration open points represent points of maximum power output. (b) Fill factor vs. concentration. (c) Power output and short-circuit current vs. concen- 
tration of polysulfide. 
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Fig. 7. Effect of light flux on electrical and water splitting efficiency 
of the BSP array system (I ~ = 67 mW/cm2). (�9 Calculated electrical 
efficiency of BSP array; (O) calculated water splitting efficiency of BSP 
array with 8 panels; (G) calculated water splitting efficiency of 6 panel 
BSP array; ([]) experimental electrical efficiency of 6 panel system; (ll) 
experimental water splitting efficiency of 6 panel system. 

6% eff iciency could be obta ined with  eight  panels  in the  
expe r imen t a l  device  used  in this study. Alternat ively,  wi th  
a min ib l ind  type  of  array that  min imizes  the solut ion l ight  
path,  us ing very  narrow panels,  the upper  l imit  could  be  
obta ined,  even  with  highly absorb ing  r edox  couples.  
Above 0.6M polysulfide the array is light limited and the ef- 
fieiencies are weakly concentration dependent. Below 
0,6M the array is mass transfer controlled. 

The water splitting efficiency has been shown to be a 
function of the number of panels (Eq. [3]), attaining a maxi- 
mum value. The efficiency is also concentration depen- 
dent. These relationships can be described as a surface in 
~-N-C space and is depic ted  in Fig. 9 as a two~dimensional  
project ion,  where  each ~I-N curve  cor responds  to a g iven  
concent ra t ion .  The  solid dot ted  l ine in Fig. 8 is a cross sec- 
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Fig. 8. Effect of polysulfide concentration on BSP array efficiencies. 
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rected) electrical efficiency; (&) actual (uncorrected) water splitting 
efficiency for 8 panel system. 
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Fig. 9. Water splitting efficiency vs. number of panels at different to-  
ta l  sulfide concentrations ('q~ = 0.028) .  

t ion of  Fig. 9 for N = 8. Al though  N is an integer,  contin-  
uous  curves  are d rawn for i l lustrat ive purposes .  The  
curves  in Fig. 9 show no dependence  of the o p t i m u m  num-  
ber  of  panels  on the concent ra t ion  of  the  r edox  couple.  
This  is cons is tent  wi th  the  data in Fig. 6a. The  dot ted  l ine is 
the  locus of  o p t i m u m  power  points  as a funct ion  of  redox  
couple  concentrat ion.  Again,  i f  series power  curves  are ob- 
ta ined wi th  the  o p t i m u m  n u m b e r  of  panels,  this locus  of  
points  will  spread out, resul t ing  in a current -vol tage  curve  
s imilar  to the  water  spl i t t ing current -vol tage  locus. Hence,  
the  o p t i m u m  n u m b e r  of panels  is not  concent ra t ion  de- 
pendent .  

Conclusions 
The effect  of  l ight  fluxes, polysulf ide concentra t ion,  and 

n u m b e r  of  CdSe/ /CoS panels  on the electr ical  and hydro-  
gen  evolu t ion  efficiencies of  an array sys tem has been 
s tud ied  us ing a s imple  mode l  requi r ing  current -vol tage  
data  for a single pho toe lec t rochemica l  cell  and the power  
r equ i r emen t  curve  for the  des i red electrolyt ic  process.  

We have  shown that  the o p t i m u m  n u m b e r  of  pane l s  for 
water  photolys is  is ne i ther  d e p e n d e n t  on l ight  flux nor  on 
the  polysulf ide concen t ra t ion  in the  ranges  studied.  This  
o p t i m u m  n u m b e r  in the  array based on n-CdSe was be- 
tween  8 and 9. The  o p t i m u m  polysulf ide concen t ra t ion  
was 0.8 to 1.0M. The sys tem is not  sa tura ted  at the  l ight  
f luxes used  (<70 mW/cm2), and the  electr ical  power  ou tpu t  
is l inearly related to the  l ight flux. U p p e r  l imits  of  6 and 
2.8% cor rec ted  electr ical  and water  spli t t ing efficiencies,  
respect ively ,  have  been  obtained.  

Eff iciencies  could  be increased and the  o p t i m u m  num-  
ber  of  panels  reduced  by us ing bet ter  catalytic surfaces for 
oxygen  evolut ion,  such as IrOx or Fe-doped  nickel  ox ide  
e lec t rodes  (12, 13), and by us ing smal ler  bandgap  material .  
Such  i m p r o v e m e n t s  are current ly  under  invest igat ion in 
these  laboratories.  
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Electrochemical Flue Gas Desulfurization 
Reactions in a Pyrosulfate-Based Electrolyte 

Kevin Scott, 1 Terry Fannon, and Jack Winnick* 

School of Chemical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 

A B S T R A C T  

A n e w  electrolyte  has been  found suitable for use in an e lec t rochemica l  m e m b r a n e  cell for flue gas desulfur izat ion 
(FGD). The  e lect rolyte  is pr imar i ly  K2SaO7 and K2SO4, wi th  V2Os as oxida t ion  enhancer .  This e lec t ro lyte  has a mel t ing  
poin t  near  300~ which  is compat ib le  wi th  flue gas exi t ing  the  economize r  of  coal-burning power  plants. S tandard  electro- 
chemica l  tests have  revealed  high exchange  current  densit ies,  a round 30 mA/cm 2, in the  free electrolyte.  Sul fur  d ioxide  is 
found to be  r emoved  from s imula ted  flue gas in a mul t ip le-s tep  process,  the  first of wh ich  is e lec t rochemica l  reduc t ion  of  
pyrosulfate.  

E lec t rochemica l  t echnology  for gas separat ion has been  
used  to r e m o v e  trace amoun t s  of  con taminan t  gases and 
concen t ra te  t h e m  into a by-product  s t ream (1-4). An  elec- 
t rochemica l  dr iv ing force causes a net  t ransfer  of mass 
f rom a region of  low concent ra t ion  to a region of  high con- 
eentrat ion.  A test  cell opera t ing  on this pr inc ip le  has been  
found  (5) to successful ly  r e m o v e  and concen t ra te  the sul- 
fur d iox ide  in s imula ted  power  plant  flue gas. This device  
ut i l ized a te rnary  Li-Na-K sulfate euteet ic  (rap = 512~ as 
the  t ranspor t  m e d i u m  for the sulfur species. Sul fur  diox- 
ide is r e m o v e d  at the ca thode  and genera ted  at h igh con- 
cent ra t ion  at the  anode  with  the  ne t  react ions 

SO2 + 02 + 2e- --~ SO42 ca thode  [1] 

SO42- --> SO3 + 1/2 02 + 2e anode  [2] 

The  benefits  of this mol ten  salt e lec t rochemica l  flue gas 
desulfur izat ion cell include:  h igh selectivity,  no waste  
s ludge  product ion,  one-step sulfur d iox ide  remova l  and re- 
covery,  and relat ively easy expans ion  capabi l i ty  by cell  
stacking.  However ,  the high opera t ing  t empera tu re  
(>512~ is incompat ib le  wi th  direct  appl ica t ion to conven-  
t ional  power  plants. The flue gases in a power  plant  leave 
the  economize r  at 250~176 (6), which  is the  ideal operat-  
ing t empera tu re  range for the desulfur izat ion device.  A 
new, lower  mel t ing  e lec t ro lyte  mus t  be identified. Alkali  
bisulfates  have  been s tudied  (7), but  lack suff icient  ther- 
mal  stabil i ty at the  t empera tu res  of  interest .  Here,  we ex- 
amine  po tass ium pyrosulfate  which  is s table as a l iquid in 
the  des i red  t empera tu re  range. It  is also wide ly  avai lable 
and inexpens ive .  

The  commerc i a l  device  would  be conf igured l ike a s tack 
of  fuel  cells, each with  l iquid e lect rolyte  conta ined  in a ce- 
ramic  matr ix.  Ceramic  gas-diffusion e lect rodes  appear  at- 
t rac t ive  as both  ca thode  and anode  [e.g., Ref. (8)]. At  the 
ca thode,  the  sulfur  d ioxide  and oxygen  presen t  in flue gas 2 
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1Present address: E.I. du Pont de Nemours and Company. Wil- 

mington, Delaware. 
2Typically 0.3% SO2 and 3-5% 02. 

m u s t  be conver ted  into anions t ranspor table  to the anode  
(see Fig. 1). Here  they are oxidized to sulfur t r ioxide  and 
oxygen.  

The  process  is qui te  similar  to that  in a mol ten  carbonate  
fuel cell  where  the  overall  ca thodic  react ion is 

C O 2 + 1 / 2 0 2 + 2 e  =CO32 [3] 

In a sulfate electrolyte,  the  overall  ca thode  reaction,  Eq. [1], 
was found to be l imi ted only by gas-phase diffusion of the  
SO2 (9). P rope r  cell des ign can provide  economic  opera t ion  
even  at 90% SOz remova l  (5). 

At  the  lower  tempera tures ,  wi th  po tass ium pyrosulfa te  
as electrolyte,  the  cathodic  react ions wi th  sulfur  d iox ide  
and oxygen  mus t  be reinvest igated.  In contrast  wi th  the 
sulfate electrolyte,  no prior  s tudy  seems available.  Here  we 
e x a m i n e  the e lec t rochemica l  behavior  of  mol ten  K2S207 in 
contac t  wi th  gases conta in ing low levels  of sulfur d ioxide  
and oxygen.  The  effect  of  V~Os, a sulfur d ioxide  oxidat ion  
catalyst,  is also explored.  We focus on the ca thodic  pro- 
cesses, where  the flue gas will act as oxidant,  as these  are 
expec t ed  to be rate l imit ing (10). 

Experimental 
Pyrex  cell housings  of  var ious designs were  employed  to 

conta in  the  mol ten  electrode.  One type  is shown schemat i -  
cally in Fig. 2. The t empera tu re  was main ta ined  at 340 ~ _+ 
5~ in a cus tom-bui l t  furnace  control led  by a double-pole  

FLUE GAS_~ 
I o ~  s%~'[ [ > c l e a n  g a s  

, , " c a t h o d e  
\ n~embr ane  

, ; a n o d e  

Fig. 1. Flue gas desulfurization test cell schematic 
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