
AO-AS10 136 TEXAS UNIV AT AUSTIN DEPT OF CHEMISTRY F/6 20/12
PI4OTOELECTROSYNTHESIS AND PHOTOCATALYSIS AT SEMICODUCTOR ELECT--ETC(U)
AUG 81 A J BARD N00014-78-C-O592

UNCLASSIFIED TR-18 1.



W 11112.2

1111 s~ 11U

III' ,

1111. L. 

ICROCOP RE ION S HA

MICROCOPY RESOLUTION TEST CHART



iYEL~
OFFICE OF NAVAL RESEARCH

Contract N00014-78-C-0592

Task No. NR 051-693

* TECHNICAL REPORT No. 18

PHOTOELECTROSYNTHESIS AND PHOTOCATALYSIS

AT SEMICONDUCTOR ELECTRODES

by

Allen J. Bard

Prepared for Publication

in the

Proceedings of the Sweden Symposium

DTIC
ELECTE

S JAN27 1982

B
The University of Texas at Austin

Department of Chemistry
Austin, Texas 78712

August 1, 1981

Reproduction in whole or in part is permitted for
any purpose of the United States Government.

This document has been approved for public release
and sale; its distribution is unlimited.

01 26 82 018



SECURITY CLASSIFICATION OF THIS PAGE (U'lhie Doe Enter**,_

REPOT DCUMNTATON AGEREAD INSTRUCTIONS
BEFORE COMPLETING FORM

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

18 A,, -A 1C
4. TITLE (and Subtitle) 0 S. TYPE OF REPORT A PERIOD COVERED

Photoelectrosynethesis and Photocatalysis 9/1/80-8/31/81
at Semiconductor Electrodes

S. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(e) I. CONTRACT OR GRANT NUMBER(*)

Allen J. Bard N00014-78-C-0592

3. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT. TASK
Department of Chemistry AREA & WORK UNIT NUMBERS
University of Texas at Austin

Austin, TX 78712
II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research A, gust 1 1981
800 N. Quincy 13. NUMBEROF PAGES

Arlinatnn, VA 2217 38
14. MONITORING AGENCY NA;AE & AODRESS(I dliferent from ControlllngOffice) IS. SECURITY CLASS. (of iLs report)

Unclassified
ISa. DECL ASSI FICATION/DOWNGRADINO

SCHEDULE

16. DISTRIBUTION STATEMENT (of &hie Report)

This document has been approved for public release and sale;

*1 its distribution is unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, It dltferent from Repori)

1. SUPPLEMENTARY NOTES

Prepared for publication in the Proceedings of the Sweden Symposium.

It. KEY WORDS (Continue on reveree side If nec.e..ry and Identify by block number)

2 . ABSTRACT (Contenu. on revwoe side It necoesary eid Ident/ty by block nmbeor)

The principles and applications of semiconductor electrodes in photo-
electrochemical (PEC) cells for carrying out useful chemical reactions
are described. The factors in the design of efficient and stable systems
and semiconductor particulate systems constructed on the basis of PEC
cell principles are discussed.

DD ,'0A1M 1473 EDITION OF, NOV68 IS OBSOLETE

SIN 01[02'-014- 6601 1 ,Unclassi fipdSECURITY CLASSIFICATION OF T144 PAGE (Mn De Bnnke)

II .. . .



PHOTOELECTROSYNTHESIS AND PHOTOCATALYSIS
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(ABSTRACT)

The principles and applications of semiconductor electrodes in

photoelectrochemical (PEC) cells for carrying out useful chemical

reactions are described. The factors in the design of efficient

and stable systems and semiconductor particulate systems constructed

on the basis of PEC cell principles are discussed.
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The efficient production of fuels from inexpensive precursors by

utilization of solar energy ,iwth cheap and stable chemical systems

has become the goal of numerous research efforts. Examples of such

reactions are the reduction of water (or protons) to H2 and the re-

duction of CO to methanol driven by light. Because the effect of

light in any system is the creation of electron-hole (e-h + ) pairs,

along with the fuel-producing reduction reaction an oxidation reaction

must occur. This oxidation reaction must also consume an inexpensive

or waste material (e.g., produce oxygen from water), or alternatively

produce a substance of some value (e.g., C12 from Cl- oxidation). The

model often used for such systems is biological photosynthesis, which

utilizes light to produce reduced carbonaceous materials and 02 .

However the field efficiencies of biological systems, in terms of

conversion of solar energy to fuel value, is rarely better than 1%

and the individual systems do not show long lives (but they are, of

course, self-replicating). Man-made photosynthetic fule-producing

systems will have to show at least an order-of-magnitude better effi-

ciency as well as lifetimes of many years.

One approach to the construction of such a system involves the

use of photovoltaic cellsi(e.g., the solid state p/n junction Silicon

solar cells) combined with conventional electrochemical cells (e.g.

water electrolysis cells). In this paper I will discuss only integral

photoelectrochemical systems based on semiconductor materials.

The basic principles and examples of such liquid junction semi-

conductor devices have been the subject of a number of reviews. 5

.1 will emphasize in this paper the concepts involved in desiging

photoelectrochemical (PEC) systems, recent work in this area, and

some of the problems that still remain.
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The general construction of such a system involving a single

light absorber is shown schematically in Figure 1. The energetics of

the system, in terms of electron energy levels and redox potentials

is given in Figure 2. In general the overall reaction involves

the following stages:

(1) Photon capture and e'h pair formation (1,2).

(2) Trapping of e- and h+ in rapid chemical reactions (3,5).

(3) Catalytic formation of final products (4,6) and

separation.

Light is captured in the light-absorbing system (1,2) which represents

a support material and the sensitizer layer. This could be a metal

substrate with a thin layer of semiconductor (e.g., TiO 2 on Ti), or

an organic dye sensitizer on a semiconductor substrate (e.g., Ru(bpy)3
2+

or ZnPc on TiO2 ; where bpy is 2,2'-bipyridine and Pc is phthalocyanine).

The light-absorbing system serves to convert the incident photons into

electron-hole pairs and, frequently, provides a gradient in electrical

or chemical potential to cause separation of e and H+. Recombination

of e and h+ is also discouraged if they are transferred rapidly to

suitable acceptor, A(3), or donor, D(5), molecules. The couple
2+ + 2- 2- V2+

represented by A/A (e.g., MV 2/MV+ or S2 /S ; where MV is methyl
x

viologen) should have as negative a redox potential as possible, con-

sistent with rapid reaction with the photogenerated electron. It is

unlikely that the fuel producing reaction can occur directly at this

stage, since these reactions frequently involve multielectron transfers

and high energy intermediates. Similarly the D/D+ couple (e.g., Br-/Br2

or Fe 2+/Fe 3+ ) should be as positive as possible consistent with rapid

reaction of the photogenerated h+. As shown in Figure 2 formation



4

+ +.
of A and D results in some degradation of the energy of the e-h pair.

The spontaneous electron transfer reaction between A7 and D+ must be

prevented by keeping them spacially separated or by having them react

rapidly in a subsequent step. Similarly any reaction of A with h+ or

D with e represents a loss in efficiency. The reaction of A to

form fuel (e.g., H+ -* H2) usually will require a catalyst, CATR (4),

which serves to couple the A- - A and 1l+ reduction reactions and provide

a surface for adsorbed intermediates. Similarly an oxidation catalyst,

CAT (6), will usually be required to couple the D+ - D and the terminal
*1 0

oxidation (e.g., H 2 02) reaction. These catalyzed reactions again

represent some degradation of the initial photon energy and again back-

reactions (e.g., A7 or e- with 02) must be prevented. The total energy

0

of the products, AG , is less than the energy of the captured photon,
p

given by the band gap of the light-absorber, Eg, by the needed driving

forces (or overpotentials) of the various electron transfer steps.

Thus if AG0 is .1.3 eV (representative of many fuel-forming reactions)
p

and each electron transfer step involves a n,0.2 eV overpotential, then

E must be greater than 2.1 eV.
g

Principles of Semiconductor Electrodes

The principles of semiconductor electrodes as applied to photo-

electrochemical cells have been discussed in a number of reviews1-7 and

will only be outlined here. Basically a space charge layer forms at

F * the setniconductor/liquid interface as the two phases come into electronic

equilibrium (i.e., as the Fermi levels or electrochemical potentials

become equal) (Figure 3). The electric field in this space charge region

serves to separate the eh pairs produced by light absorption. The
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direction of the field is usually such that holes move to the surface

at n-type semiconductors and lead to oxidations while electrons move to

the surface at p-type semiconductors and cause reductions. The primary

energetics of the system can be obtained from a knowledge of the flat-

band potential (which approximately corresponds to the location of the

conductor band edge, Ec, in n-type semiconductors and the valence band

edge, E, in p-type) and the the band-gap energy, Eg. Typical values

for n-TiO2 and p-GaAs are shown in Figure 3. However for a given

semiconductor, the location of these energy levels depends upon the

nature of the solvent, the presence of ions which adsorb on or react

with the semiconductor surface, and the presence of surface states or

surface charge which leads to pinning or inversion. However, at least

as a first approximation, it is useful to consider that under irradiation

holes and electrons are delivered at potentials corresponding to E andv

EC, respectively. A PEC cell with a single absorbing semiconductor system

and a metal or carbon counter electrode thus can represent the general

system of Figure 1 with e-h+ separation driven by the electric field in

the space charge region and spacial separation of products preventing

back reaction.

Design of Semiconductor PEC Cells

The design of a practical photoelectrosynthetic cell (a PEC cell which

converts radiant energy to chemical free energy) is based on both semicon-

ductor and solution properties.

1. Band-gap energy. The value of E should be as small as possible
g

consistent with driving the desired overall cell reaction. The maximum

efficiency for terrestrial solar energy utilization occurs for a E of 1.1

to 1.3 eV, although values up to Q2.0 eV can be used with reasonable efficitncies.8

6,l
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2. Band edge locations. The values of E and E, as represented
c

by the corresponding redox levels, must be compatible with the desired

+
half reactions (A/A- and D /D). The location of these levels depend

upon the inherent work function of the semiconductor, but also upon the

nature of the solvent and specific adsorption of ionic charge at the

interface.

3. Stability. Both the thermodynamic and kinetic factors involved

in stability of the semiconductor have been discussed. 9,10 The problem

appears more acute with n-type materials where the photogenerated holes

which move to the interface are capable of oxidizing the semiconductor

itself. For example, with ZnO in an aqueous solution at pH = 0 the

half-reaction ZnO + 2h +  Zn2+ + 02 (Eo = +0.9 V vs. NHE) can occur

readily with holes produced at the potential of the valence band edge

(,-3.0 V vs. NHE). Thus irradiation of a ZnO electrode in an aqueous

solution will cause at least partial decomposition of the semiconductor

electrode. A number of approaches have been taken to stabilize the semi-

I conductor. By proper choice of the D +/D couple the photogenerated hole

can be removed rapidly before decomposition can occur. If the standard

potential of the D+/D couple is below ED, a direct attack by D+ on the

semiconductor is thermodynamically possible, however. It also appears

that a think layer of metal or conductive polymer on the electrode surface

may serve to remove the photogenerated charge rapidly and stabilize the

material. If the solvent is changed to a nonaqueous one or the water

0. activity is greatly decreased, ED can be made more positive and the
ID

stability enhanced. Experiments are also under way on the modification

of semiconductor surfaces, e.g. by derivitization or polymer coating tech-

niques, in attempts at improving stability.12'13

JM
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Although p-type materials can be reduced by the photogenerated

electrons brought to the electrode surface (e.g. p-Cu 20 in aqueous

electrolytes), in general they tend to be more stable than n-type

14
and are, in fact, self-cathodically protected from oxidation.

4. Doping level. The thickness of the space charge layer and the

resistance of the bulk semiconductor are controlled by the doping level.

This can be adjusted so that the space charge layer extends sufficiently

deep that essentially all of the light is absorbed within it. Higher

doping of the bulk semiconductor is desirable, and n n or p p structures

4can be used to optimize efficiencies.
5. Crystallinity. From the standpoint of ease of production and

low cost, polycrystalline semiconductor electrodes are needed. These

have been prepared by a number of techniques (e.g. chemical vapor deposi-

tion, vacuum evaporation, sputtering, electrodeposition) and in many

cases show efficiencies approaching those of single crystal materials.

6. Surface treatment. The nature of the semiconductor surface canI be an important factor in the efficiency, since surface states can act as

* e-h recombination centers. Thus different etching, chemical pretreatment

and surface modification methods have been used to improve the cell per-

formance.

+7. Redox couple. The redox couples chosen for A/A- and D/D must

satisfy a number of requirements. Both forms should be stable as well as

highly soluble (> 1 M) to prevent mass transport control of the current.

The heterogeneous electron transfer rates should be rapid and the redox

potentials appropriate to drive the desired final fuel-producing reaction

at the catalyst and yet be located where photodriven charge transfer and

stabilization of the semiconductor occur. They should be inexpensive and

neither form should absorb light of energy below Eg"
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Catalysis

Although the conduction band energy of several p-type electrodes

(e.g. GaAs, Si) in aqueous electrolytes are at sufficiently negative

values that direct reduction of protons to H is thermodynamically
2

possible, the hydrogen evolution reaction does not occur with good effi-

ciency under illumination. This can be attributed to the slow reaction

kinetics for hydrogen evolution at most electrode materials; in electro-

chemical terminology, most semiconductors show a high hydrogen overpotential.

As depicted in Figure 4, formation of hydrogen atoms (H') by the one-electron

half-reaction requires a very negative potential. This energy can be over-

come if H-atoms are adsorbed, as they are, for example on Pt. The energy

of adsorption of H. on most p-type semiconductors is apparently small.

As was demonstrated with both p-GaAs1 5 and p-Si, 16 the use of the rapid

one-electron redox couple MV 2+/ V+ and finely divided Pt promotes photo-

generated hydrogen evolution. The Pt plays the role of a catalyst, and

allows the pooling of electrons so that the electron transfer reactions

2 2H+ +2e - H 2+ 2+ +e can both occur at equal rates. An

electrochemica7 model for this catalyzed electron transfer has recently

been described.
1 7

* Oxygen .volution directly at semiconductors (e.g. n-TiO 2, n-Fe2 03

n-SrTiO3 ) Y as been observed, but the valence band location in these is

usually sufficiently positive that formation of the high energy intermediate,

hydroxyl radical (OH-) appears possible. Indeed, spin trapping experiments
~18

demonstrate that at irradiated TiO2 powders OH" is formed. The production

+
of 0 utilizing an appropriate couple, D /D, and/or a heterogeneous catalyst
should be possible but hA not yet been investigated. As discussed earlier,

stability of small band-gap semiconductors with appropriately placed valence

band edges (e.g. at "+1.7 V vs. NIIE at p1l 0 or lu+1.3 V at p1l 7) may be

an important problem.



Other oxidation balf-reactions, which are inherently more rapid

and occur at less positive potentials, such as 2 Br- - Br2 + 2 e, may

also be of interest. Another possibility is the v',e of "sacrificial"

waste materials. For example, the photo-oxidation of acetate to produce

ethane and CO2 at n-TiO2 occurs quite readily,
1 9 and acetate and other

carboxylic acids are fermentation products obtainable from biomass.

However, one should note that the overall reaction 2 CH3COOH +

C H +,CO + H occurs with AG < 0, i.e. is thermodynamically downhill,2 6 2 2

.4 so that the PEC cell reaction is really a photocatalytic (rather than an

energy-storing photoelectrosynthetic) one.

Particulate Systems

The principles of semiconductor PEC cells can be applied to the

design of particulate or powder systems for carrying out photoreactions.
1,2

For example, platinized TiO2 powder represents a short circuited photocell

analogous to that of Figure 3. Light impinging on the TiO2 again causes

e-h+ pair formation and the Pt again appears to serve as an effective.1
reduction site. While there have been few studies on the detaileC mech-

anisms and physical-chemical nature of photoreactions at semiconductor

powders in solution, a number of different photoreactions, includiwn

metal depositions, decarboxylations, polymerizations, and even smallA: 1,2
amounts of amino acid synthesis have'been demonstrated. 1 Reduction of

CO2 to methanol and other reduced species on irradiated Ti 2, CdS, and

20
GaP powders has also been reported, although the overall efficiency for

this reaction is quite low. An electrochemical model can again be proposed

for photoprocesses on semiconductor powders (Figure 5). An alternative,

more chemical, way of looking at photoprocesses is as follows. Consider

a TiO2 particle. The eh+ pair formed near the surface on irradiation
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forms, at least transiently, oxidized and reduced sites on the surface.

Spin trapping experiments 18 and the results of a number of photochemical

studies (e.g. the formation of hydroxylated products during irradiation

of benzene and benzoic acid) strongly indicate that the primary h+ -

trapping step is formation of hydroxyl radical. The nature of the reduced

site is less certain. However, Ti(III) species in solution have been

identified during irradiation of TiO powders in the presence of oxalate
222

ion, and this may represent the primary reduced species. The formation

of a lattice 02 species also appears possible from gas phase studies of

231
irradiated TiO223 and spin trapping1 9 experiments. Thus the process can

2

be written,in chemical termsas:

hy - h+ + e-

hV- +e

.. OH- +h -.. OH. (primary oxidation step)

Ti(IV) 02 + e - Ti(Ill)-'' 2 or Ti(IV)'..0 2. (primary reduction step)

Subsequent reactions of the oxidized and reduced forms lead to recombination

or to the final products. Surface catalysts can promote these secondary

reactions, e.g.,

Ti(III)...O 2 + H Pt Ti(IV)''"O2 + H2

The powder systems are of interest because they are inexpensive and

relatively easy to fabricate. They do not offer the large spacial separa-

tion of the initially-produced oxidized and reduced forms of the PEC cells

and the final products from particulate systems are formed as a mixture

rather than in separate streams. There are numerous studies of photo-

reactions at powders urier way and new physical methods of characterizing

the photoprocesses in solution (e.g. photoelectrophoreLic and electro-

94
chemicali meas1iremenL ),2 as well as powurful microscopic and spectroscopic

methods of examining the powders in vacuum, are emerging.
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The State-of-the-Art and the Future

The solar power efficiency of most photoelectrosynthetic systems

with no input of external electrical energy is generally about 1-2% in

terms of fuel value of products out vs. solar energy in. Photoassisted

processes, where an electrical bias is applied to the PEC cell and both

A:l radiant and electrical energy are used to produce products, show higher

*l efficiencies but are of less interest from a practical viewpoint. These

Ai photoelectrosynthetic efficiencies are 5 to 10 times smaller than those

obtainable with liquid junction photovoltaic cells. Improvements in

performance and practical cell construction require consideration of the

following:

1. Energetics. As discussed in the introduction consideration of

the driving forces needed to carry out a fuel-producing reaction suggest

that an E 9 22.1 eV is required. This value is outside the range of max-

imum efficiency of solar energy utilization and can be contrasted to

the smaller band-gap materials used in photovoltaic cells (e.g. GaAs

and IP; = 0,1.3 eV) where output voltage (usually < 0.6 V) is not a

-major factor. A suggested approach to the more effective utilization of

solar energy is a dual light absorbing system, depicted in Figure 6.

In this case the needed energy can be obtained from two small band gap

semiconductors (E "1.3 eV) (Figure 7). While two photons are now requiredg

in this system to drive a single electron through the redox chain, the

smaller band gaps allow a much better match to the solar spectrum. The

- light absorbing systems could be tow n-, two p-, or an n- and p-type semi-

conductors utilizing the O/R redox pair to couple to the two systems.

An alternative approach is the use of n- and p-type materials connected

* with an olunic junction ("photochemical diodes") to couple two photons

into the overall chemical reaction.
2 5



12

In particulate systems involving such dual light absorbers, specil

pains will have to be taken to avoid "short-circuiting" reactions of thv

intermediate redox species from greatly reducing the efficiency. One

approach may be the immobilization of some of the redox couples on the

surfaces within polymer layers.

An important apparent problem in the enerp"tic analysis described

above is the existence of "Fermi level pinning." 2 6 Briefly, it appear!;

that surface states within the semiconductor band gap, if present at a

high enough density, can pin the Fermi level in the semiconductor at

a volue that is less than the total gap energy. For example with both

p-Si and p-GaAs maximum photovoltages of only ,,0.6 V are obtained in

liquid junction photocells. This would imply that larger band gap

materials may be required to drive the desired reactions. A positive

aspect of Fermi level pinning is that the semiconductor band edges can

be moved with respect to solution redox energy levels to carry out real*-

tions which would not appear possible by consideration only of the

semiconductor electrode energetics in the solution in the absence of rcol,,

couples. Surface treatments to decrease the extent of Fermi level pinl,,,

may be possible.

2. Kinetics. Recombinati n of the initially formed e-h+ pair, as

well as intermediates on particulate systems, decrease the efficiency. Th,

extent of recombination can be decreased by improving the kinetics of

removal of J and h+ to form final products. There is some evidence tha,

surface states and grain boundaries can act as recombination centers and

methods of passivating these by specific chemical treatment have been

27
proposed.

3. Stabilitv. A key problem appears; to be stability of the small

band gap semicond-ctors to the reactiv intermdiates, e.g. those in tw-

kL
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|+

oxygen-evolution reaction, or to the very positive redox couples (D +/D)

needed to drive the oxidation. Various approaches, such as covering the

surface with a passivating or polymer layer or employing surface modifica-

tion are under investigation. The rapid removal of photogenerated

charge and reactive intermediates by use of a catalyst on the electrode

surface also promotes semiconductor stability. Another approach involves

the use of larger band gap and stable semiconductors, e.g. TiO 2, and a

2+ 28-30sensitizer layer (e.g. an organic dye, Ru(bpy)3  , metal phthalo-

cyanine 31 ) to allow the utilization of lower energy radiation. A number

of examples of sensitized processes at semiconductors have been described,

however, so far the observed efficiencies have been rather low because

thin sensitizer layers do not absorb sufficient quantities of light and

thicker layers tend to be resistive. In some cases, recombination processes

within the sensitizer layers and dye stability also appear to be problems.

However, this approach, particularly with particle systems, is still under

active investigation.
3 2 ,3 3

Conclusions

About a decade has passed since Honda and Fujishima 34 suggested that

PEC cells based on single crystal n-type TO 2 might be used for the

1 photodecomposition of water to H2 and 0 During this period much has

been established about the behavior of the semiconductor/liquid interface

j| and many new materials have been investigated. Particulate systems have

been devised and a number of different photocatalytic and photoelectro-

synthetic methods have been developed. While the goal of an efficient and

stable system for the direct solar production of fuels remains an elusive

one, semiconductor-based systems remain the most efficient chemical systems

described so far for such reactions. Moreover, research in photoelectrochemistry
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has provided new insight into a variety of processes (electrochemical,

photographic, catalytic, photolytic). With the efforts under way in a

number of academic and industrial laboratories throughout the world,

semiconductor/liquid junction systems continue to show great promise

as devices for solar-driven chemical reactions.
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Figure Captions

Figure I - Schematic diagram of system for utilization of solar energy

in a photoelectrosynthetic reaction (e.g. H20 -) 2 + 02).

I and 2 represent the light-absorbing system and support; the

dashed line around 1 and 2 represents a possible stabilizing

layer on the system. 3 and 5 are redox couples, either in

solution or incorporated onto the surface of the system;

they act as the primary electron and hole acceptors. The

final reaction is catalyzed by oxidation and reduction

catalysts, CAT0 and CATR, respectively.

Figure 2 - Representative energetics for the system in Figure 1. The

numbers at the energy levels represent potentials in V vs.

NHE for the reactions at pH = 0. These potentials would

shift by 'v0.059 V per pH unit at 25 0C, so that at pH 7,

they would be about 0.4 V more negative.

Figure 3 - Schematic representation of (A) n-type semiconductor photo-

chemical cell with typical values for the band edge locations

for n-TiO 2 at pH = 0 (V vs. NHE). (B) p-type semiconductor

cell with band edge locations for p-GaAs at pH = 0.

Figure 4 - Representation of effect of Pt in catalysis of hydrogen

evolution reaction. Potentials at pH = 0 in V vs. NIUE at

right. AGad s Is the energy of adsorption of H-atoms on Pt.

The relative location of the H+ to H, and H2 levels depends

upon potential of the particle.

*Figure 5 - The application of individual electrode (semiconductor and

Pt) current-potential (i-V) curves in the design of photo-

* electrochemical. cells and narticulate systems. Curves shown
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Figure Captions (cont'd)

are for an n-type semiconductor (e.g. n-TiO2) as shown in

Figure 3A. The broken lines show the behavior for the

oxidation (D -* D + ) and reduction (0 - R, e.g. H2 evolution)

at Pt and the solid lines at the irradiated semiconductor.

The D - D reaction occurs at less positive potentials

at the semiconductor because it is driven by light. a is the

operating point for a semiconductor/Pt system and b is for

the semiconductor alone. The higher currents at the oper-

ating point show that the platinized semiconductor should

show a high reaction rate.

Figure 6 - Schematic diagram of a solar energy utilization system

employing two light-absorbers and requiring two photons

(at energies hv1 and hv2) to drive one electron through the

system. The system is similar to that in Figure 1, except

that an intermediate redox couple, O/R, connects the two

light absorbing systems.

Figure 7 - Representative energetics for the system in Figure 6. See

Figure 2 caption for other information.
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