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Abstract. Photosystem I particles isolated from spinach were used to modify the electrode of a
photoelectrochemical cell. The presence of photosystem I particles on the electrode was essential for
photovoltage generation by the cell. This effect is closely related to the properties of electron donors
used. The spectrum of monochromatic incident photon to current conversion efficiency (IPCE) was
found to be coincident with the absorption spectrum of photosystem I particles in solution. The maxi-
mal values of IPCE were 7.79% and 5.0% at wavelengths 420 and 700 nm, respectively. This device
could be used as a model system to investigate the photosynthetic electron transport of photosystem 1.
We alsodemonstrated it to be a possible means for the direct conversion of solar energy into electricity.
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Introduction

It has been shown that photoactive biological

materials, such as chlorophyll a (Takahashi and Kiku-

chi, 1976), chloroplasts (Haehnel ef al., 1978), isolated
chloroplast particles (Lemieux and Carpentier, 1988,
Gross et al.,1978; Pan et al., 1982, 1983; Fan et al., 1982;
Bhardwaj et al., 1982, 1981a, b, c; Janzen and Seibert,
1980; Seibert et al., 1982; Rao et al., 1990), bacterial
reaction centers (Janzen and Seibert, 1980; Seibert et
al., 1982; Seibert and Kendall-Tobias, 1981, 1982) and
purple membrane fragments from halobacterium
(Lopez and Tien, 1980) could be wused in the
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‘Abbreviations: AA, allylamine; Asc, ascorbate; Chl, chloro-
phyll; DADox (or rea), OXidized or reduced form of diaminodur-
ene; EDC, 1-ethyl-3-(3-dimethylamine propyl)-carbodiimide;
HQS, hydroquinone 2-sulfate; IPCE, incident photon to current
conversion efficiency; I, short circuit current; P, reaction
center of photosystem I; PSI, photosystem I; TMPD, N, N, N,
N’-tetramethylphenyldiamine; V,., open circuit voltage.

photoelectrochemical cells to harvest the solar energ‘y.
The photoactive biological materials were incorpo-
rated into bilayer lipid membrane (Tien, 1982), suspend-
ed in a galvanic cell (Haehnel et al., 1978) or strongly
adsorbed on the electrode surface (Janzen and Seibert,
1980; Seibert et al., 1982; Takahashi and Kikuchi, 1976;
Rao et al., 1990). Lopez and Tien (Lopez and Tien,
1984) incorporated the photosystem I particles isolated
from spinach into their bilayer lipid membrane. An
open circuit voltage (Vo) of about 10 mV and a short
circuit current (Is.) of 30 pA could be achieved.
Photosystem I particles were also employed by Bhar-
dwaj et al. (1982) in their flavin mononucleotide -
photosynthetic photoelectrochemical cells which gener-
ated synergistically a V. of 670 mV and [ of 1.6 mA.
An energy conversion efficiency of 0.2% was obtained
for their cell.

Recently, Rao et al. (1990) successfully deposited
photosystem II partilces from spinach on dye-derivat-
ized TiO,. They obtained photocurrents up to 35 uA/
cm? of electrode surface and 10 mA/mg of chlorophyll.
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The maximum monochromatic incident photon to cur-
rent conversion efficiency observed was 12% for their
PSII dye-derivatized TiO, photoelectrochemical cell.
On the other hand, several groups (Janzen and Seibert,
1980; Seibert et al., 1982; Seibert and Kendall-Tobias,
1982) utilized the bacterial photosynthetic reaction cen-
ters isolated from R. sphaeroides to modify electrodes
such as SnO, and platinum by direct strong adsorption.
This “reaction center-SnQ,” electrode showed light -
dependent charge separation between the reaction cen-
ter and the semiconductor SO,. Such primary charge
separation resulted in a photovoltage of 80 mV under
open circuit conditions and a photocurrent as high as 0.
5 uA/cm? under short circuit condition. However,
their “reaction center-platinum” electrodes did not
generate any significant photoelectric response under
the same condition.

Cuendet and Gratzel (1984) also immobilized
photosystem I or photosystem II on semiconducting
powder. A mixture of these two systems yielded only
trace amount of H, rather than photovoltage. They fur-
ther immobilized hydrogenase on semiconducting parti-
cles such as Ti0, and CdS, and produced H, in the pres-
ence of sacrificial electron donors (Cuendet ef al.,
1984).

In this report, we demonstrated the possibility that
photosystem I particles can be used to modify the inert
platinum electrodes through linking molecules. This
photosystem I-platinum electrode developed
photopotential under illumination. Such modified
photosystem I-platinum electrode may be used as a
new probe for investigating the reaction of photosynth-
etic electron transport of PSI as well as to serve as a
model system for the design of photoelectrochemical
devices.

Materials and Methods

Preparation of Photosystem I Particles

Photosystem I particles were isolated from market
spinach according to a modified method of Schiozawa
et al. (Burkey and Gross, 1981). The chlorophyll con-
centration was measured according to Arnon (1949).
The absorption spectrum of PSI particles was obtained
using DW2000 spectrophotometer (Aminco).

Modification of the Platinum Electrode with Photosys-
tem I Particles
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Fig. 1.  Maodification of a platinum electrode by PSI particles

through linking allylamine. The detailed modification
procedure was as described in “Materials and
Methods”.

A bright clean platinum electrode (1 cm? in area)
was washed with concentrated HNO; and HCI alterna-
tively for 1 h. It was then thoroughly rinsed with double
distilled water and air dried for immediate use.

The functional groups which serve as linking mole-
cules between photosystem I particles and inert plati-
num was introduced by immersing the clean platinum
into 509% (v/v) allylamine solution (Land and Hubbard,
1973). After 30 min the allylamine treated platinum
electrodes (AA-Pt) were thoroughly rinsed with double
distilled water. AA-Pt was then incubated for 60 min in
a solution containing 0.3 M phosphate buffer (pH 6.0),
0.05% Triton X-100, 200 kg chl/ml PSI (Chl/P,q, ratio
was 75 ug chl/mol P,,,) and freshly made 0.1 M EDC (1
-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) as
catalyst (Burkey and Gross, 1981). The reaction of this
modification is shown in Fig. 1. The PSI-AA-Pt elec-
trode was gently rinsed with double distilled water and
air dried for immediate use. The PSI-AA-Pt electrode
was stable for several weeks when stored in 50 mM

.phosphate buffer (pH 7.0) at 4°C in the dark (data not

shown).

Cell Design

The two-compartment photoelectrochemical cell
as shown in Fig. 2 has been previously described else-
where with minor modification (Pan et a/., 1983). The
PSI-AA-Pt electrode was immersed in the light com-
partment (the compartment facing the light source)
which contained an electron donor to PSI (as indicat-
ed), 80 mM Tris-HCI (pH 8.2) and 100 mM NaCl. The
counter clean platinum electrode was immersed in the
dark compartment which contained 80 mM Tris-HCl
(pH 8.2), 100 mM NaCl and 1 mM methylviologen as
PSI electron acceptor. The photopotentials across the
load resistance were measured using a conventional pH
meter with high input impedance. The light source was
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Fig.2. Cell design. The design of two-compartment
photoelectrochemical cell was as described in “Mate-
rials and Methods”. Aox (or rea): OXidized or reduced
form of PSI electron acceptor; Dres ox): reduced or
oxidized form of electron donor to PSI; M: membrane
to separate two compartments; Pt: platinum electrode;
PSI-AA-Pt: PSI-allylamine modified platinum elec-
trode; R: external resistance.

provided by a xenon lamp with power supply model
8540 and model 8541 from Oriel Corporation (Stanford,
CT). The light intensity on the surface of electrode was
determined as 1.7 x 10° W/m? using a model 25 Ketter-
ing Radiometer (Yellow Spring, OH) or Oriel Detection
System model 7070 (Stanford, CT). The photocurrents
generated under different wavelengths were obtained
by illuminating the cell at the same light intensity with
appropriate optical filter from Detrich Optics Inc.
(Hudson, MA). The monochromatic incident photon to
current conversion efficiency (IPCE) was calculated
according to the equation derived by Rao et al. (1990):

1240 x photocurrent (zA/cm?)
E (%)=
IPCE (%) wavelength (nm) X photon flux (W/m?)

Cyclic Voltammetry

The working electrodes for the measurement of
cyclic voltammetry were prepared as described above
with an area of 1 cm?. Platinum and saturated calomel
served as counter and reference electrodes, respective-
ly. The supporting electrolyte was 50 mM phosphate
buffer (pH 7.0). The measurements were made at the
potential sweep rate of 25 mV/s. Light intensity was
adjusted to be 1.7 x 10> W/m? as mentioned above. All
potentials are given versus the saturated calomel elec-
trode (SCE). Cyclic voltammetry was carried out with
CV-1 Cyclic Voltammogragh (Bioanalytical System
Inc., IN) online with an X-Y recorder (CX-446, Ono
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Sokki).

Matevials

All chemicals were of analytical grade and used
without further purification. Allylamine and hydro-
quinone 2-sulfonate were purchased from Aldrich.
Diaminodurene, 1-ethyl-3-(3-dimethylamino propyl)-
carbodiimide, flavin mononucleotide, and N, N, N’, N'-
tetramethylphenyldiamine were obtained from Sigma.

Results

Development of Photovoltage

The development of open circuit photovoltage is
shown in Fig. 3. In the presence of the electron donor to
PSI, DAD plus Asc (an electron reservoir), the
photovoltage was generated within a few seconds. The
steady state photoresponse could last continuously at
least for 30 min under this condition (data not shown).
As light was turned off, the photovoltage dropped
immediately to the initial level. Such light-dark cycle
could be carried out without any deteriorated effect on
the photoresponse. The electron donor was crucial for
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Fig. 3. Time course of the photoresponse of the PSI-al-
lylamine platinum electrode. The PSI-allylamine plati-
num electrode was prepared as described in “Materials
and Methods”. The light compartment contained 80
mM Tris-HCl (pH 8.2), 100 mM NaCl, PSI-AA-Pt
electrode and PSI electron donors, 1 mM DAD and 2
mM Asc, if present. The dark compartment consisted
of 80 mM Tris-HCI (pH 8.2), 100 mM NaCl, 1 mM
methylviologen (as PSI electron acceptor) and plain
platinum electrode. The light intensity was 1.7 x10°
W/m? Arrows: up, light on; down, light off. —,
DAD/Asc; ---, Asc alone; ——-— , DAD,.q alone.
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the generation of the photoelectric effect. In the pres-
ence of the oxidized form of electron donor such as
DAD,, the photovoltage did not develop as expected.
On the other hand, ascorbate could support only one
third of the photopotential generated by DAD + Asc

Table 1.  The photoresponse of a photoelectrochemical cell
using the PSI-allylamine platinum

The modification of platinum by allylamine and PSI parti-
cles and the photoresponses were measured as described in

“Materials and Methods”.

Electrodes TCA Voe (mV)
Treatment
PSI-AA-Pt - 80.0+8.7
+ 0.0%0.0
AA-Pt - 0.0%0.0
+ 0.0£0.0
Pt - 0.0+0.0
+ 0.0£0.0

V., open circuit photovoltage; AA-Pt, allylamine modified plat-
inum; PSI-AA-Pt, PSI-allylamine modified platinum; +, 5%
TCA treatment.

Table 2.  The photoresponse of a photoelectrochemical
cell using PSI-allylamine platinum electrode
and various electron donors

The preparation of PSI-allylamine platinum electrode
and the measurement of photoresponse were as de-

scribed in “Materials and Methods”.

Additions PSI Vo (mV)
DAD/Asc + 80.0+8.5
— 0.0+0.0
DAD + 0.0£0.0
- 0.0£0.0
TMPD/Asc + 20.0x£2.5
- 0.0+0.0
TMPD + 0.0%£0.0
- 0.0£0.0
HQS + 8.0%£0.9
— 0.0+0.0
Asc + 7.0x1.0
- 0.0+0.0

The concentrations of additions: DAD, 0.5 mM; TMPD, 0.5 mM;
HQS, 8 mM; and Asc, 2 mM. +, active PSI: -, inactivated PSI by
5% TCA; V., open circuit photovoltage.
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since Asc alone is a less effective electron donor than
DAD:.q (as shown in the next section).

For unmodified (plain) or allylamine-treated elec-
trode, there was no photovoltage developed at all. If
the PSI-AA-Pt electrode was further treated with 5%
trichloroacetic acid to denature PSI on electrode, the
photoresponse disappeared (Table 1). These results in-
dicated unambiguously that the development of
photovoltage was absolutely due to the charge separa-
tion of PSI on the surface of electrode.

The Effect of Electron Donors

As mentioned previously, the photovoltage devel-
oped was dependent on electron donors to PSI (cf. Asc
vs DAD in Fig. 3). Several electron donors to PSI were
scrutinized in our system. Table 2 shows that various
electron donors might be used in this photoelectr-

‘ochemical cell to generate photovoltage. Among the

electron donors investigated, DAD was most efficient.
This is not surprising since DAD is the best electron
donor while HQS or Asc are relatively poor donor to
PSI. This might reflect the degree of accessibilities for
respective electron donors to PSI reaction center. The
denaturation of PSI particles on the surface of elec-
trode (treated with 59 trichloroacetic acid) abolished
the photoresponse completely no matter what kind of
electron donor was present.

The Incident Photon to Current Conversion Efficiency
at Various Wavelengths .

The monochromatic incident photon to current
conversion efficiency (IPCE) was determined by il-
luminating the PSI-AA-Pt electrode under appropriate
conditions as shown in Fig. 4. The light intensity at the
wavelength of interest was adjusted to be 1.7 x 10* W/m2
The photocurrent was measured by a conventional pH
meter with high input impedance. The monochromatic
incident photon to current conversion efficiency, as cal-
culated from the equation derived by Rao et al. (1990),
is plotted as a function of the excitation wavelengths.
The IPCE curve shows two prominent peaks at wave-
lengths around 420 and 700 nm where they reach 7.7
and 5.0%, respectively. The IPCE of our electro-
chemical cell is slightly smaller than that of Rao et al.
(cf. 12%, Rao et al., 1990) who immobilized photosys-
tem II particles on dye-derivatized TiQ, film. The
absorption spectrum of PSI was obtained spectro-
photometrically. The maxima of IPCE coincide with
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Fig. 4. The incident photon to current conversion efficiency of
PSI-allylamine electrode at various wavelengths and
absorption spectrum of the PSI particles. The prepara-
tion of PSI-AA-Pt electrode and the measurement of
photocurrent were as described in *“Materials and
Methods”. The monochromatic incident photon to cur-
rent conversion efficiency was calculated according to
the equation derived by Rao ef a/. (1990). The absorption
spectrum of PSI particle was measured in a solution
containing 50 mM phosphate (pH 7.0) and 50 g Chl/ml.
- o -, spectrum of monochromatic incident photon to cur-

, absorption spectrum of

rent conversion efficiency;
PSI particles in solution.

Fig. 5. Cyclic voltammogram of PSI-allylamine platinum elec-
trode. The PSI-allylamine platinum electrode was pre-
pared as described in “Materials and Methods”. Cyclic
voltammetry was scanned at potential rate of 25 mV /sec
with various electrodes in 50 mM phosphate buffer (pH
7.0). —, plain Pt electrode with or without illumina-
tion; ..., PSI-AA-Pt electrode without illumination; ---,
PSI-AA-Pt electrode under illumination.
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those of the absorption spectrum of PSI particles in
solution. A smaller IPCE was observed at the wave-
length around 550-630 nm. The origin of this small
photocurrent is unknown and deserves further exploi-
tation. Nevertheless, we believe that photocurrent ob-
served was probably the response of PSI particles on
the surface of the platinum electrode.

The Cyclic Voltammetry of PSI Modified Electrode

The cyclic voltammetry of PSI-modified electrode
under illumination was investigated as depicted in Fig.
5. When plain platinum electrode was tested, the cur-
rent was almost negligible (Fig. 5, —). The coating of
PSI particles through allylamine even slightly de-
creased the current in the dark (Fig. 5, ...). However,
the current was enhanced significantly under illumina-
tion when the PSl-allylamine electrode was used (Fig.
5, ---). The increase of photocurrent was PSI-particle
-dependent since the treatment of modified electrode
with 5% trichloroacetic acid abolished the photore-
sponse (Table 1,2). Reductive scanning produced negli-
gible photoresponse. However, oxidative scanning
generated PSI-dependent photocurrent. The cathodic
photoresponse demonstrates that PSI reaction center
donates electrons to the platinum electrode resulting in
the electron flow to the external load. The study of
cyclic voltammetry showed the feasibility of using the
PSI-allylamine electrode as a device for photoconver-
S10n.

Discussion

PSI particles have been used to convert the solar
energy into electricity (Bhardwaj ef «l., 1982, 1981a,
1981b, 1981c; Pan et al., 1982, 1983; Fan et al., 1982;
Lopez and Tien, 1984; Janzen and Seibert, 1980; Seibert
et al., 1982; Rao et al., 1990) and for the production of
H, gas (Cuendet and Gratzel, 1984) as well. In the for-
mer case the PSI particles were either incorporated
into lipid bilayer membrane (Lopez and Tien, 1984) and
supporting the filter membrane (Bhardwaj et al., 1982,
1981a, 1981b, 1981c; Pan et «l., 1982, 1983; Fan et al.,
1982), both of which were separated into two compart-
ments, or strongly adsorbed on the surface of elec-
trodes (Janzen and Seibert, 1980; Seibert et a/., 1982;
Rao et al., 1990). Both processes provide the possibil-
ities of utilizing solar energy and the model systems to
study the reaction of photosynthetic electron transport.
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It is demonstrated in the present studies that the
PSI particles could be immobilized on the surface of
platinum electrode through linking molecules. This PSI
-immobilized electrode can be used in photoelectro-
chemical cells. The photovoltage generated by il-
luminating the PSI-AA platinum was dependent on the
presence of PSI on electrode surface. The plain (un-
modified control) electrode or the electrode with in-
active PSI particles (i. e. treated with 59 trichlor-
oacetic acid) could not develop the photoresponse.
Meanwhile, the spectrum of incident photon to current
conversion efficiency coincides with the absorption
spectrum of PSI particle in solution. The photovoltage
depended also on the presence of electron donors to
PSI particle. The magnitude of photoresponse was a
function of efficiency of the electron donors to PSI.
Hydrophobic electron donors such as DAD and TMPD
were more efficient than hydrophilic electron donors
such as HQS and Asc. This implies that the
photovoltage generated depends on the accessibility of
electron donors to the reaction center of PSI. Thus, the
photoelectric effect was the result of the charge separa-
tion on electrode surface under illumination. The
charge separation then induced the electron movement
across the electrode surface through the external resis-
tance load. The electron donors might prevent the
charge recombination by reducing the oxidized PSI
reaction center. The photoevents occurred on the elec-
trode surface may be elucidated in the following
scheme:

hv

Prog——2P;0" + €~ (1)
X+eT—mm>X~ (2)
P700++Dred——"—>P7oo +Dux (3)

where P, is the reaction center of PSI, X the primary
electron acceptor of PSI, and D;eq (ox) the reduced (or
oxidized) form of electron donors to PSI. X~ then
donates electrons to the surface of electrode which
leads to an external resistance load. The exact mecha-
nism of interaction of X~ on the electrode surface
requires further elucidation.

Janzen and Seibert (1980) failed to generate a
photovoltage using bacterial photosynthetic reaction
centers which were strongly adsorbed on the surface of
platinum electrodes. However, in the present study, a
photoelectric effect was observed. The discrepancy
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between these two laboratories may be due to the dif-
ferent photosynthetic materials employed. Spinach PSI
particles were immobilized through linking molecules
on the surface of the electrode in this study, while the
bacterial reaction centers were strongly adsorbed in
their laboratory. The olefinic structure of allylamine
may increase the electron transfer from PSI particles
to the platinum surface. It is also possible that the
covalent immobilization may change the conformation
of PSI particles to make X~ interact on the electrode
surface in a more feasible way or may increase the
accessihility of electron donors to PSI. The exact cause
for the discrepancy requires more detailed investiga-
tion. Nevertheless, our device can be used as a model
system for the study of photosynthetic electron trans-
port. In addition this photoelectrochemical cell can
serve as a prototype for the direct conversion of solar
energy into electricity.
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