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ABSTRACT 

Several recent studies have demonstrated that photosystem 1 
(PSI), one of the two light-active complexes of photosynthesis, can be 
used as a light transducer in a biolo~;ical photoe lec trochemical  cell. 
This paper examines the results of using phenazine methosulfate 
(PMS) and phenazine ethosulfate (PES) as an electron acceptor in 
such a cell. The PMS and PES have relatively high formal potentials 
compared to flavin mononucleotide (FMN) and other acceptors used 
in the past, yet the PMS and PES resulted in power outputs and con- 
version efficiencies second only to the use of FMN as an acceptor. The 
mechanism of action has been interpreted in terrns of electroactive 
products of parent compounds formed durin~ the normal function of 
the cell under illuminated conditions. For example, photolysis and 
cyclic voltammetry data demonstrate that pyocyanin (Py) [formal po- 
tential - -0.37 vs saturated calomel electrode (SCE) at pH 8.5], the 
photoproduct of PMS, is the electroactive species in cells containin~ 
PMS (formal potential -0.19 vs SCE at pH 8.5). Similar phenom- 
ena were observed for PES and FMN. The power output of the cell 
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results from about equal contributions from a cyclic photosynthetic 
component and a component caused by the direct photoreduction of 
the acceptor and reoxidation by sacrificial donors in the buffer. Future 
research directions are discussed in terms of designing cells that func- 
tion purely in the photosynthetic or photochemical modes. 

Index Entries: Photoelectrochemical cell; photosystem I, photo- 
synthesis; photochemistry; acceptors; phenazine methosulfate; phen- 
azine ethosulfate; flavin mononucleotide; pyocyanin; electrochemis- 
try; solar cell. 

IblTRODUCTIOI I 

Bhardwaj et al. (1-3) have reported on the development  of a photo- 
electrochemical cell that can utilize the energy inherent in the light- 
induced separation of charge within the reaction center of photosystem I 
(PSI) particles as a driving force. In this device, a membrane containing 
PSI particles isolated from spinach separates two compartments that con- 
tain solutions of a PSI electron acceptor and electron donor, respectively. 
Irradiation of the PSI particles produces a strong reductant [P430, E ~ 
(formal potential vs NHE {normal hydrogen electron}, -0 .42  V at pH 7) 
= - 0 . 5  V] and a weak oxidant (PT00 ~ , E ~ = +0.43 V) that can interact 
with the electron acceptor and donor to produce a gradient of chemical 
potential (4). Electrodes in each compartment  connect the cell, which acts 
like a battery in the light, to an external circuit. This "uphill" transport of 
electrons results in the reduction of an electron acceptor in one compart- 
ment  and the oxidation of an electron donor in the other. The standard 
free energy change [AG ~ (at pH 7)] for the photosynthetic contribution 
can be determined from: 

A G  ~ : - Ed ',,0 (1)  

where u is the number  of electrons transferred, E is the Faraday constant, 
E~,,, is the formal potential of the acceptor at pH 7, and Ed(,,1 is the formal 
potential of the donor also at pH 7. 

Several recent papers have described the operation of this "biologi- 
cal solar cell," using various photoreducible dyes, including flavin mono- 
nucleotide (FMN) (/-3,5,6), phenosafranine (PS) (7), methylviologen 
(MV) (8), and anthroquinone-2-sulfonate (AQS) (3,5) as electron accept- 
ors. The redox potentials of these acceptors are quite negative (FMN, E ~ 
= -0 .19 V;PS, E ~ = - 0 . 2 5 V ;  MV, E ~ = - 0 . 4 4 V ; a n d  AQS, E ~ = 

-0 .18  V) relative to the electron donors used: Fe(CN) 4(, (1-3,5), E ~ = 
+0.42 V; diaminodurene (DAD) (4), E ~ = +0.22 V; and N , N , N ' , N ' -  

te t ramethylphenylenediamine (TMPD) (4), E ~ = +0.26 V. The action 
spectrum of the cell output  indicates that, in fact, two reactions (Fig. 1) 
contribute to the photovoltages and photocurrents generated by the cell 
(5). The first, as ment ioned above, is the photosynthetic reduction of a 
PSI electron acceptor, such as FMN, and the oxidation of a PSI electron 
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Fig. 1. The two mechanisms of photopotential and photocurrent genera- 
tion. D,,, and D,.,,a represent the oxidized [Fe(CN) ,~,] and reduced [Fe(CN) ~] 
forms of the electron donor, respectively. A,,, and A,,,a are the oxidized and re- 
duced forms of the electron acceptor. El represents the RVC electrodes. 
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donor, such as K4Fe(CN)r,. The reaction, mediated by PSI, goes as fol- 
lows: 

2H ' + FMN + 2Fe(CN) 4 /<ps, ~ , FMNH,_ + 2Fe(CN) ,3~, (2) 

The second reaction is the direct photoreduction of the acceptor at 
the expense of sacrificial donors, such as EDTA, Tris-HCl, or Tricine 
buffers. It does not require the light reaction associated with PSI, pet" se, 
and goes as follows: 

FMN + EDTAr~.d + H20 ; .... , FMNH2 + oxidation products (3) 

Although the actual power of the cell should depend  on Eq. (1), a 
number  of other factors may also be involved. These include the effi- 
ciency of the photosynthetic processes, the efficiencies of the reduction 
and oxidation of the dyes by PSI, the efficiency of the direct photoreduc- 
tion of the acceptor dye, the rates of diffusion of the electroactive species 
to the electrodes, and the rates of reaction of the electroreactive species at 
the electrode surfaces. With this in mind, the best results obtained so far 
with this type of cell were achieved when FMN was used as the electron 
acceptor, when  K3Fe(CN);,/K4Fe(CN)(, was used as the electron donor, 
and when  the cell electrodes were made from reticulated vitreous carbon 
(RVC) (9). These conditions resulted in a maximum power output of 2180 
p,W (272 tzW/cm) and a power conversion efficiency of 3.9%. The 
efficiency figure, of course, ignores the sacrificial nature of the photo- 
chemical contribution. 

In this paper, we report in particular on the use of phenazine 
methosulfate (PMS) and phenazine ethosulfate (PES) as electron accept- 
ors and explore the effects of their electrochemical and photochemical 
properties on cell function. Of interest in the above context are their 
significantly more positive formal potentials (PMS, E ~ = 0.076V; PES, 
E ~ = 0.068) compared to the other electron acceptors that have been 
used previously. Despite this fact, however, both afford power outputs 
and conversion efficiencies superior to all other acceptors tested, except 
for FMN (9). 

MATERIALS AND METHODS 

Measurement of Photovoltages 
The cell experimental design and photoresponse measurements  

were the same as described previously (5), except when noted otherwise. 
The PSI particles were isolated according to the method of Shiozawa et 
al. (10), as modified by Gross and Grenier (11). The PSI particles con- 
taining 80 >g of chlorophyll, as measured by the method of Arnon (12), 
were aspirated onto a Metricel (cellulose triacetate) filter, with an area of 
1 cm 2 and a pore size of 0.45 ~m. The PSI-containing filter was placed 
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between two aqueous compartments in the cell. Each compartment con- 
tained 32 mL of a solution composed of ]60 mM Tris-HCl (at indicated 
pH). In addition, the acceptor compartment contained 3 mM PMS (or 
PES) and 5 mM EDTA, whereas the donor compartment contained a mix- 
ture of 5.25 mM K3Fe(CN)~ and 1.75 mM K4Fe(CN)~,. The 
Fe(CN) 3/Fe(CN) ~ mixture was necessary to poise the donor compart- 
ment at the correct redox potential for maximal cell response (5). The ac- 
ceptor side of the cell was illuminated with white tungsten light (I = 1970 
W/m 2) from a slide projector.~ An 8 cm 2 area of acceptor solution (path 
length, 3 cm) and a ] cm- area of PSI were illuminated. Anaerobicity was 
maintained by bubbling argon through both compartments of the cell. 
Each compartment contained an RVC (100S mesh) electrode with an area 
of 35 cm 2. The measured areas of the RVC electrodes were corrected for 
thickness, i.e., the areas of the sides were included. Electrical contact be- 
tween the electrode and the external circuit was made with a platinum 
wire. 

Photovoltages were measured across a variable load resistance box, 
using a Radiometer Model 26 pH meter as a high-impedence voltmeter. 
Light intensities were measured using a Yellow Springs Instruments 
Model 65 Radiometer. The photochemical contribution was determined 
after inactivating the PSI particles on the filter with 15% trichloroacetic 
acid (TCA). Cyclic voltammetry was performed with a Bioanalytical Sys- 
tems Model CV-]B voltammetry module and recorded on a Houston In- 
struments Series 100 X-Y recorder. The working electrode used was car- 
bon paste, the counter electrode was a platinum wire, and the reference 
electrode was a saturated calomel electrode (SCE). Absorption spectra 
were obtained on a Cary Model 118-C spectrophotometer. 

Reticulated vitreous carbon was obtained from Fluorocarbon Process 
Systems Division, Anaheim, CA and had a porosity of 100 pores/linear 
inch. The PMS and PES were obtained from Sigma Chemical Company, 
St. Louis, MO. Silia gel 60 (70-230 mesh) and aluminum TLC sheets, 
precoated with silica gel F-254, were obtained from E & M Laboratories, 
Darmstadt, Germany. All other chemicals were of reagent grade. 

Synthesis and Purification of Pyocyanin 

Pyocyanin (Py) was prepared by photochemical oxidation of PMS in 
aqueous solution (13). Approximately 12 mE of a 3-4 mg/mL solution of 
PMS in 0.01M Tris-HC1 (pH 7.0) was photolyzed for 40 rain in tungsten 
light illuminated through a blue, low-pass, optical filter (<456 nm). The 
resulting blue-green solution was lyophilized and the residue dissolved 
in 2 mE of methanol. This solution was then adsorbed onto a silica gel 60 
column (2.5 • 40 cm) that had previously been equilibrated with ]% 
methanol in chloroform. Elution was accomplished with 15% methanol 
in chloroform, and the products appeared in the following order: A 
yellow-colored side product, an orange-colored side product, and, 
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finally, the blue-colored Py mixture. A yellow-green material remained 
absorbed on the packing gel. Solvent was removed from each of these 
three solutions by rotary evaporation. Photolysis with white light pro- 
duced the same products, but with somewhat different relative yields. 

Further purification of Py was performed by redissolving the re- 
sulting blue residue in about 2 mE of methanol and adsorbing it onto a 
second column (2.5 • 26 cm) packed with silica gel 60 and equilibrated 
with 1% methanol in chloroform. From this material a yellow impurity 
was eluted with 16/,, methanol in chloroform, a red impurity with 6% 
MeOH in CHC13, and pure, blue Py with 15% MeOH in CHCI> The sol- 
vent was removed from this solution by rotary evaporation. 

Thin-layer chromatography on aluminum sheets precoated with sil- 
ica gel F-254 was performed on the products obtained from the second 
column. R~ values for the blue (Py), red, and yellow products were 0.62, 
0.82, and 0.89, respectively, in 1:1 methanol-chloroform (solvent system 
A) and 0.37, 0.81, and 0.79, respectively, in 3:2:1 ethyl acetate-acetic 
acid-water (solvent system B). Absorption spectra in chloroform showed 
the following maxima: blue (Py) 740, 699, 327, 310, 255, and 243 nm; red 
517, 364, 350, 289, 281, and 252 nm; and yellow 653, 600, 370, 364, and 
363 nm. The Py was crystallized from chloroform and exhibited a melting 
point of 130-131 ~ C. These data obtained for Py are in good agreement 
with the literature accepted values (14-17). 

RESULTS 

The effect of pH and acceptor concentrations on the power output of 
the solar cell are shown in Fig. 2. The power is maximal at pH 8.2 for both 
PMS and PES. In both cases the power output increases with increasing 
acceptor concentration, reaching a maximum between 0.5 and 0.6 mM 
and decreasing slightly at higher concentrations. 

Table 1 summarizes the electrochemical results obtained from the 
use of PMS and PES as electron acceptors from PSI in the cell. Also 
shown for comparison are the results obtained using FMN, the most 
efficient acceptor found to date. The open circuit voltages produced by 
EMS and PES in the cell are lower than those observed for FMN. This is 
consistent with the more positive formal potentials for PMS and PES. 
The photopotentials are also comparable to those obtained using the elec- 
tron acceptors listed in the Introduction (1-3, 5-9). However, PES and 
PMS, respectively, afford power outputs and power conversion efficien- 
cies (ignoring the sacrificial nature of the photochemical component) sec- 
ond only to the use of FMN as the acceptor. This is an unexpected obser- 
vation in light of the rather positive formal potentials of EMil, PES, and, 
in fact, FMN relative to other acceptors that have been used (1-3, 5-9). 
Some interesting insights into this anomaly are found upon examination 
of the photochemical reactions involving PMS, PES, and FMN. 
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The PMS, PES, and FMN are known to undergo mechanistically 
complex photochemical reactions, producing a number of photopro- 
ducts. One of the major photoproducts of the relatively well studied PMS 
reaction is the 1-hydroxyl derivative of PMS, Py (Fig. 3) (13,18-20). Figure 
4 is the cyclic voltammogram of a 0.5-raM anaerobic aqueous solution of 
PMS. Before photolysis, the redox couple corresponding to a reversible 
oxidation and reduction of PMS is located with a formal potential of 
-0.19 V vs SCE at pH 8.5. Upon photolysis, at least one new redox cou- 
ple is generated with a midpoint potential, 0.18 V more negative than the 
PMS parent couple. Furthermore, upon continued photolysis, the cur- 
rent resulting from the PMS redox wave decreases with time, whereas 
that of the newly generated redox wave increases. This suggests a grad- 
ual conversion of PMS into another electrochemically active photopro- 
duct. The new redox wave that arises from PMS photolysis is caused by 
the production of Py, since the cyclic voltammogram of isolated Py re- 
sults in a similarly shaped reversible wave at the same formal potential 
( -0 .37 V vs SCE) (not shown). Plots of the anodic peak potentials of 
PMS and Py vs pH (Fig. 5) show negative shifts in the redox potential 
with increasing pH. The slopes of the lines in Fig. 5 correspond to a two- 
electron redox reaction for PMS and a one-electron redox reaction for Py. 
The Py produced bv photohydroxylation of PMS is quite stable in the ba- 
sic, aqueous environment used in our solar cell and produces no 
electroactive photoproducts of its own. 

Figure 6 is a cyclic voltammogram of an anaerobic aqueous solution 
of 0.5 mM PES, which shows a reversible redox wave with a formal po- 
tential of -0.16 V vs SCE at pH 8.0. Photolysis of the PES solution gives 
rise to a new, reversible redox wave, with a more negative formal poten- 
tial than PES (-0.30 V vs SCE). Continued photolysis shows a gradual 
decrease in the current resulting from the PES redox couple and an in- 
crease in the current resulting from the formation of the electrochemi- 
cally active photoproduct. The identity of this PES photoproduct is pre- 
sumably the 1-hydroxyl derivative of PES. Plots of the anodic peak 
potentials of PES and PES-photoproduct are shown in Fig. 7. These plots 
show a negative shift in potential with increasing pH. The slopes of these 
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Fig. 3. Structures of PMS, PES, Py, and FMN. 
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Fig. 4. Cyclic voltammogram of PMS before and after photolysis. The 
data were obtained under anaerobic conditions, using 0.5 mM PMS in 160 mM 
Tris-HC1 (pH 8.5), at a carbon paste working electrode with a scan rate of 70 
mV/s. (--), the cyclic voltammogram before photolysis; ( ..... ), after 5 rnin of pho- 
tolysis; ( ....... ), after 15 rnin of photolysis. R1/O1 and R2/O2 correspond to the 
redox couples of PMS and Py, respectively. R and O represent the reduction and 
oxidation waves, respectively. The figure is plotted according to the 
polarographic convention. Other conditions were described in the Materials and 
Methods section. 

lines correspond to a two-electron redox reaction for PES and a one- 
electron redox reaction for the photoproduct  of PES. 

These results imply that the power-producing species in the solar 
cell might not be PMS and PES as such, but, rather, their photoproducts.  
To test this hypothesis,  PMS and PES were photolyzed prior to addition 
to the solar cell. In the case of photolyzed PM$ (pyocyanin), the power  
developed was almost identical to that of the parent PMS (Table 1). 
Purified Py was also tested and gave comparable results. The power  ob- 
served for photolyzed PES was 76% of the control. These data suggest 
that the active agent in power  production in each case is the photolyzed 
product.  This conclusion is in contrast to the work of Hisada et al. (21), 
who found that the photoproducts  of PMS degradation were less effec- 
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The solid line (--) represents PES before photolysis and the dashed line ( .... ) 
represents PES after 5 min of photolysis. RdOl and R2/O2 correspond to the 
redox couples of PES and the PES-photoproduct, respectively. Other conditions 
were as described for Fig. 4. 

rive than the parent  c o m p o u n d  at media t ing  electron t ransport  be tween  
NADH and ni t rotetrazol ium blue. 

Our  hypothes is  is fur ther  suppor t ed  by the results of a s tudy  on 
power  ou tpu t  as a funct ion of photolysis  time, using PMS and  PES as 
electron acceptors (Fig. 8). In both cases, power  ou tpu t  increased rapidly 
over a 2-min photolysis  t ime span to an intermediate  plateau region that 
was main ta ined  for approximately  2-3 more  min. Immedia te ly  after this, 
however ,  a second increase in power  ou tpu t  was observed. This second 
power  surge rose gradually to the observed power  m a x i m u m  plateau 
and  was main ta ined  for at least 40 min of cont inuous  i l lumination.  
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were determined at different illumination times and the maximum power was 
calculated from these data. Other conditions were as described for Fig. 2. (A) 
(---), PMS; (B) (--), PES. 

Figure 9 is a cyclic vol tammogram of a 3-raM anaerobic aqueous so- 
lution of FMN that shows a reversible redox couple (A) with a formal po- 
tential of - 0.48 V vs SCE at pH 8.0. Photolysis of the solution results in a 
complex assortment of electrochemically active photoproducts,  with 
redox waves appearing more positive and more negative than the parent 
FMN redox couple. One of the major photoproducts  of riboflavin (the 
precursor of FMN) is lumichrome (7,8-dimethylisalloxazine), which is 
known to be polarographically reduced at potentials more negative than 
that of riboflavin (22). Other photoproducts  of riboflavin that have been 
identified as being formed under  similar pH and ionic strength condi- 
tions used in our cell include 2'-ketoflavin 7,8-dimethyl-10-(l'-deoxy-D- 
erythro-2'-pentulosyl) isoalloxazine (23,24) and lumiflavin. The redox 
potential of this photoproduct  is unknown.  Other unidentified electro- 
chemically active species may also represent the products of FMN photo- 
destruction. 

DISCUSSION 

In contrast to other biological solar cells in which the photosynthetic 
component  is immobilized directly on the electrode (25-28), the device in 
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Fig. 9. Cyclic voltammogram of FMN before and after photolysis. The 
data were obtained under anaerobic conditions, using 3 mM FMN in 160 mM 
Tris-HC1 (pH 8.0), at a carbon paste working electrode with a scan rate of 70 
mV/s. (A) No photolysis; (B) 45 rain of photolysis; and (C) 60 min of photolysis. 
Other conditions were as described in the Materials and Methods section. 

this article uses the pho tosyn the t i c  c o m p o n e n t  (PSI) to separate  the do- 
nor  and  acceptor  half cells. The pu rpose  of this s tudy  was to fur ther  char- 
acterize the exact m e c h a n i s m  of funct ion in this type of cell. 
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The use of PMS, PES, and FMN with fairly positive formal potentials 
as electron acceptors from PSI resulted in unexpectedly good power out- 
puts and conversion efficiencies compared to phenosafranin (7) or 
methyl viologen (8), which have lower redox potentials. A partial expla- 
nation for this anomalous behavior might lie in the observation that 
aqueous solutions of both PMS and PES produce electrochemically active 
photoproducts with formal potentials approximately 0.18 V more nega- 
tive than the parent redox couple. Under conditions of continuous pho- 
tolysis normally employed to operate the cell, parent PMS and PES mole- 
cules are converted to electrochemically active photoproducts very 
rapidly (Fig. 8). We suggest that the photoproducts can replace the par- 
ent compounds as electron acceptors in the cell. Since the photoproducts 
(Figs. 4 and 6) have more negative redox potentials than the parent com- 
pounds, a larger decrease in free energy potentially can be generated (Eq. 
1). Hence, one observes a greater power output and conversion effi- 
ciency than would be expected. A similar phenomenon may also explain 
the results obtained for FMN. 

Furthermore, PMS and its photoproduct Py, PES and its photopro- 
duct, and FMN all exhibit negative shifts in redox potential with 
increasing pH. This observation explains why the cell operates more 
efficiently at pH 8.2 than at lower pH values (Fig. 2). The decrease in 
power observed at pH 8.5 may reflect a decrease in the photosynthetic 
contribution since PSI activity decreases at a pH greater than 8. 

The PMS and PES, as well as FMN, contribute to both the photosyn- 
thetic and photochemical components of the solar cell output. The pho- 
tosynthetic contribution appears much smaller (Table 1) in part because 
of the difference in active area illuminated. Note that the area of PSI 
particles illuminated was 1 cm 2 compared to 8 cm: for the electron ac- 
ceptor. The two contributions appear more equal if maximum power out- 
put is compared on the basis of equal area illuminated. Using the data 
presented in Table 1, the photosynthetic contribution was calculated by 
subtracting the power observed with filters containing TCA-inactivated 
PSI from those with active PSI. The photochemical contribution was cal- 
culated by dividing the power obtained using inactivated PSI by 8 (i.e., 8 
cm 2, the area of illumination). Table 2 shows that when compared in this 
manner, the photosynthetic and photochemical contributions are ap- 
proximately equal. However, it should be noted that the photosynthetic 
contribution is smaller in the absence of a simultaneous photochemical 
contribution (3,6). 

The AG ~ for the photosynthetic contribution (Eq. 2) can be calcula- 
ted using Eq. (1) and is + 117 kJ/mol using K4Fe(CN)~, as the electron do- 
nor and FMN as the electron acceptor. The AG ~ for the photochemical 
contribution can be estimated as outlined below. The products obtained 
from the anaerobic oxidation of EDTA include glyoxylate plus residual 
amine (29). 
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R1 ..,,C 0 
R. N / N - C H 2 - C ~ ' ' O  + FMN + 17120 

R1 CHO 
">NH + [ 

R. / COO 

~'~ , FMNH. + 

(4) 

For computational purposes, this can be divided into two half- 
reactions: 

R1 .,.~0 
I G ) N - - C H - - C  % _  

R~N CHO 
+ - + ] + /5) 

- R 2 / N H  COO - 

and: 

FMN + He " FMNH2 (6) 

Since the standard free energy of formation of EDTA is not available, 
the AG ~ for Eq. 5 was estimated using glycine as a substitute for EDTA. 

NH~- -CH2COO § H20 , NH~ + CHOCOO § H2 (7) 

Taking the standard free energy of formation of glycine from the 
Handbook of Biochemistly and Molecular Biology (30) and the values for the 
other reactants and products from National Bureau of Standards (NBS) 
circular 500 (31), we calculated a AG ~ of +62.7 kJ/mol for the Eq. 7 half- 
reaction. The AG ~ for the reduction of FMN by H2 at pH 7 (Eq. 6) is 
-44 .3  kJ/mol. Combining these two half reactions yields an estimated 
AG ~ of + 18.4 kJ/mol for the total reaction of Eq. 4 in the absence of light 
input. The actual Gibbs free energy change of a reaction at pH 7 (AG') 
will, of course, depend  on the ratio of products to reactants under  
steady-state conditions. In the light, Eq. 4 proceeds to the right. One can 
calculate the maximum rate of EDTA oxidation under  conditions of maxi- 
mum power output  (1916 ~W from an illuminated area of 8 cm 2, Table 1) 
and from that rate derive an equation that relates the power output of the 
cell to the AG' of the light-driven reaction. The result of the calculation 
gives a AG' of -70 .2  kJ/mol. The difference between this value and the 
above-estimated AG ~ for the reaction in the absence of light is an indica- 
tion of the energy light contributes to the photochemical reaction in the 
cell. 

Nevertheless, thermodynamically, much more energy is potentially 
stored by the photosynthetic than the photochemcial reaction. The fact 
that we observe approximately an equal contribution of the two reactions 
to the power output of the cell tells us that kinetic factors involved in the 
photosynthetic reaction are suboptimal compared to those involved in 
the photochemical reaction. 
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There are two possible directions for future research. One would 
emphasize improvement  of the photochemical contribution. This would 
eliminate the need to isolate and stabilize the PSI particles. On the other 
hand, it would be necessary to surmount  the sacrificial nature of the pho- 
tochemical contribution (i.e., regenerate EDTA~,.d or equivalent in Fig. 1), 
which is currently nonreversible. The second approach is to improve the 
photosynthetic contribution and make it independent  of the photochem- 
ical contribution. The advantages of this approach are that the reaction 
center of the PSI particles (which converts the light energy to chemical 
potential) is cyclic in nature, and the antenna chlorophyll molecules in 
the complex are arranged for efficient absorption of light energy (4,32). 
To do this, however,  one must redesign the cell so as to allow optimal 
illumination of the PSI particles, enhance the activity and lifetime of the 
PSI particles, and find nonphotochemically active redox agents to couple 
the oxidizing and reducing side of PSI to their respective electrodes. 
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