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Photoelectrodes 

Hydrogen can be evolved in either 
photocathode- or photoanode-based 
cells. Photocathodes and ~hotoanodes 
are based on electrical contacts between 
semiconductors and electrolytes, be- 
tween semiconductors and metallic elec- 
trocatalysts, or between semiconductors 
and both electrolytes and catalysts. As- 
sociated with these contacts is a barrier, 
+B, which separates the photogenerated 

Optimal conversion of sunlight by Ideas for their stabilization emerged in electrons (e-) and holes (h+) (Fig. 1). 
a single-threshold converter, whether 1966 (26), but the introduction of rela- Hydrogen evolution at photocathodes 
semiconductor-based or molecular, re- tively stable photoanodes took nearly a requires the presence of a catalyst on or 
quires an energy gap near 1.4 electron decade (27-50). near the surface. When the catalyst is on 
volts (1-3). Tandem systems, based on Simultaneously, the second key prob- the surface of the semiconductor, photo- 
two semiconductors or on two light-har- lem of photoelectrodes, the reduction of generated electrons diffuse or drift-to the 
vesting molecules, require materials with quantum yield from radiationless recom- interface of the semiconductor and the 
gaps near 1.8 and 1.0 eV (4). At normal bination of electron-hole pairs at the catalyst (Fig. la), where they reduce 
solar irradiance and at 27"C, the thermo- 
dynamic limit to the solar conversion 
efficiency is 27 percent for a single con- Summary. Sunlight is directly converted to chemical energy in hydrogen-evolving 
verter and 36 percent for tandem cells photoelectrochemical cells with semiconductor electrodes. Their Gibbs free energy 
(4). For nonconcentrated sunlight the efficiency of solar-to-hydrogen conversion, 13.3 percent, exceeds the solar-to-fuel 
actual efficiency that has been attained is conversion efficiency of green plants and approaches the solar-to-electrical conver- 
21.9 percent (5). Although the thermody- sion efficiency of the best p-n junction cells. In hydrogen-evolving photoelectrodes, 
namic efficiency limits for semiconduc- electron-hole pairs photogenerated in the semiconductor are separated at electrical 
tor and molecular systems are the same, microcontacts between the semiconductor and group Vlll metal catalyst islands. 
all efficient systems today are semicon- Conversion is efficient when the island diameters are small relative to the wave- 
ductor-based. lengths of sunlight exciting the semiconductor; when the island spacings are smaller 

The foundations of the science of than the diffusion length of electrons at the semiconductor surface; when the height of 
semiconductor-based photoelectrodes the potential energy barriers that separate the photogenerated electrons from holes at 
were laid between 1955 and 1970 (6-16). the semiconductor surface is raised by hydrogen alloying of the islands; when 
In 1972 it was shown that when an oxy- radiationless recombination of electron-hole pairs at the semiconductor-solution 
gen-evolving metal anode is replaced by interface between the islands is suppressed by controlling the semiconductor surface 
the stable semiconducting anode n-Ti02 chemistry; and when the semiconductor has an appropriate band gap (1.0 to 1.8 
( I n ,  a substantial part of the electrical electron volts) for efficient solar conversion. 
energy required for the electrolysis of - 
water is conserved (18). Unfortunately, 
the band gap (EBG) of n-Ti02 is 3.0 eV, semiconductor-solution interface, was adsorbed protons to form hydrogen, ac- 
so the excitation spectrum of this materi- addressed. It was shown that recombina- cording to 2e- + 2H+ -+ Hz. Electrical 
a1 is confined to the ultraviolet. Conse- tion can be reduced by properly control- neutrality is maintained by transport of 
quently, sunlight could not be efficiently ling the interfacial chemistry (37, 51-66). holes through both the bulk of the semi- 
converted in early cells based on n-Ti02 These advances led to the first power- conductor and its back electrical contact 
or n-SrTi03 (EBG = 3.2 eV) photoan- producing photoelectrochemical cells of to the anode, where they oxidize either 
odes (1 9-24). greater than 10 percent solar conversion dissolved anions such as chloride, 

Photoanodes with band gaps appropri- efficiency (51, 52, 63, 64, 67). Stabiliza- through the reaction 2h+ + 2C1- -+ C12, 
ate for efficient solar conversion were tion and reduction of surface recombina- or water itself, through the reaction 
first reported in 1960 (9) ,  before the tion also opened the way to efficient and 
introduction of the concept of power- direct photoelectrochemical cells for Adam Heller is amember of the technical staff and 

producing ("regenerative") cells (25). producing hydrogen. These cells are the head Of the Research Depart- 
ment at Bell Laboratories, Murray Hill, New Jersey 

However, these were quite unstable. subject of this article. 07974. 
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4h+ + 2H20 -, 4H+ + 02. As in con- 
ventional solar cells, the light generates a 
potential difference between the front 
and the back of the semiconductor. If 
this photogenerated potential is inade- 
quate to produce electrolysis, it must be 
augmented by an external d-c power 
source. 

In illuminated photoanodes, the pho- 
togenerated holes drift to the contacting 
solution interface, where they oxidize 
the electrolyte or water. The electrons 
traverse the semiconductor to the back 
contact and reach the cathode through 
the external circuit, where they reduce 
protons to hydrogen (Fig. lb). 

If the Gibbs free energy change in a 
thermodynamically uphill reaction, such 
as H 2 0  -+ HZ + 1!2 0 2 ,  is AG kcalimole, 
and if the same reaction can be run under 
sunlight by investing only AG' kcal! 
mole, the Gibbs free energy efficiency of 
solar-to-chemical conversion is q = 
(AG - AG1)!$; I dh,  where the denomi- 
nator is the solar irradiance (I) integrated 
over wavelengths from A = 0 to A = a. 

In an electrochemical cell a gain in free 
energy translates to a reduction in the 
potential bias needed for electrolysis. If 
electrolysis requires in a thermodynami- 
cally reversible cell a potential bias of 
V = AGlnF volts (where n is the number 

of electrons transferred and F is Fara- 
day's constant), and if under sunlight 
electrolysis results at a bias V' = AG'! 
nF, a bias reduction AV = V - V' is 
realized. The Gibbs free energy efficien- 
cy of solar-to-chemical conversion (q, 
Fig. 2) is now defined by 

where AV,,,,, and i,,, are the reduction 
in potential bias and the photocurrent 
density at the point where their product 
reaches its maximum value. Thus q is 10 
percent if, at pH 0, under a solar irradi- 
ance of 100 mW!cm2 hydrogen is evolved 
at AV,,, = tO.5 V versus the standard 
hydrogen electrode (SHE) potential, at a 
photocurrent density i,,, = 20 m ~ i c r n ~ .  
At the threshold of hydrogen evolution 
(i = 0), AV is AVO,. At AV = 0 the pho- 
tocurrent density is is, (Fig. 2). 

Quantum Efficiency 

A photoelectrode reaches its theoreti- 
cal integrated quantum efficiency of uni- 
ty when all incident photons with ener- 
gies exceeding EBG produce electron- 
hole pairs and when all of the charge 

(1 Cata lys t  

Fig. I .  (a) Separation, 
transport, and reaction 
of photogenerated elec- 
tron-hole pairs in pho- 
tocathode-based cells. 
Under intense irradi- 
ance the maximum bias 
reduction (AV,,) ap- 
proaches the height of 
the barrier that sepa- 
rates the charge carri- 
ers ($B). (b) Same, 

>, in photoanode-based 
P cells. Abbreviations: 
c CB, conduction band; 
0, 

m - VB, valence band. 
0 
I 

carriers react with the electrolytic solu- 
tion to produce the desired cathodic and 
anodic products. Losses in current effi- 
ciency are caused by radiationless re- 
combination of photogenerated electron- 
hole pairs, leakage of the "wrong" 
charge carriers across the barrier, ab- 
sorption and reflection of photons by the 
metallic catalyst needed to accelerate the 
desired electrochemical reaction, reflec- 
tion of photons at the semiconductor- 
solution interface, absorption of light by 
the solution, and undesired electrode re- 
action products. 

Recombination, leakage, and reflec- 
tion losses are common to all solar cells 
(I). In hydrogen-generating cells the 
quantum efficiency is determined by the 
ratio of the desired rate of hydrogen 
evolution to the sum of this rate and the 
undesired recombination and leakage 
rates (68). All of these rates depend on 
AV and on the surface chemistry of the 
semiconductor. Hydrogen evolution at 
high AV is much slower on most semi- 
conductor surfaces than are recombina- 
tion and leakage, even if the latter are 
suppressed by a properly controlled in- 
terfacial chemistry. Hydrogen produc- 
tion is greatly enhanced when a group 
VIII metal catalyst, such as platinum, is 
incorporated in the semiconductor sur- 
face (69). 

An example of a catalyst-caused 
change from recombination and leakage 
to efficient hydrogen production is seen 
in p-InP photocathodes (69-72), which 
have ideal band gaps for solar conver- 
sion (EBG = 1.34 eV). In contact with 
aqueous acids, their surfaces become 
covered with a 6- to 10-A pore-free layer 
of hydrated indium oxide, through which 
electrons freely tunnel (73). The thin 
indium oxide layer, together with ca- 
thodic protection by the photogenerated 
electrons (69-72), provides stability 
against oxidative corrosion (74-75). This 
layer also reduces ("passivates") the 
radiationless recombination of the pho- 
togenerated electrons with holes (62, 64, 
65, 71, 72). The presence of a group VIII 
metal at the surface catalyzes the reac- 
tion H +  + e- -+ 112 Hz and thereby in- 
creases the hydrogen evolution rate and 
the quantum efficiency. For example, at 
pH 0 and AV = 0.5 V incorporation of 
platinum yields an increase in quantum 
efficiency of lo4, to 0.8 (Fig. 3) (72). 

A uniform, 50-A-thick layer of plati- 
num will, however, reflect and absorb 
about half the useful photons in the solar 
spectrum. To avoid much of this loss, 
the catalyst must be deposited in the 
form of islands with diameters smaller 
than the useful wavelengths of sunlight. 
Coverage of a semiconductor surface by 
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such catalyst islands results in greater 
transmission of light than expected from 
simple geometric reasoning, because of 
the screening of the optical electric field 
by the mobile electronic charge of the 
metal. This screening channels the light 
into the regions between the islands. 
This phenomenon, well known in the 
study of the optical response of hetero- 
geneous materials (76), is described by 
the effective medium theory (77). 

While increasing the island spacing 
improves the optical efficiency, it also 
reduces the collection efficiency of pho- 
togenerated electrons. The crossover 
point occurs where nearly all the elec- 
trons reach the islands before recombin- 
ing with holes or leaking through the 
barrier. The maximum acceptable spac- 
ing between the islands can be increased 
and the transmission of photons to the 
semiconductor improved by increasing 
the ratio of lateral diffusivity to recombi- 
nation and leakage of the electrons. 
Therefore, the most efficient photoelec- 
trodes for conversion of solar energy to 
hydrogen are made from high-quality, 
defect-free semiconductors with non- 
leaking barriers and with surface recom- 
bination passivated by a controlled semi- 
conductor surface chemistry. If the sur- 
face diffusivity of electrons is small, one 
must choose between a severe light ab- 
sorption loss caused by a high density of 
catalyst islands, or a severe loss in col- 
lection efficiency from a low density of 
catalyst islands. Thus, high quantum 
(current) efficiency can be achieved only 
when three conditions are simultaneous- 
ly met: the catalyst islands cover only a 
small fraction of the surface; their diame- 
ter is much smaller than the wavelength 
of the exciting photons; and their spacing 
is not larger than the minority carrier 
surface diffusion length. 

Two examples which demonstrate that 
catalyst islands smaller than the wave- 
length of exciting light do not reduce the 
quantum efficiency in proportion to their 
surface coverage are given in Fig. 4. In 
one (Fig. 4a) the platinum catalyst is- 
lands cause a loss of less than 8 percent 
in the quantum efficiency of the p-InP 
photocathode, even though the islands, 
with an average diameter of 700 A, cover 
about 40 percent of the surface and are 
several hundred angstroms thick. The 
islands in Fig. 4b, with an average diam- 
eter of 1400 A, are - 1000 A high and 
cover 60 percent of the p-InP surface. 
However, the light absorption loss is less 
than 30 percent (78). Because the surface 
diffusion length of electrons in p-InP is 
much greater than the - 1000-A spacing 
between the islands, all of the photogen- 
erated electrons are collected efficiently. 
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, AV, bias gain (volts) I 

' t without catalyst 
t \ 

Fig. 2 (left). Definition of the maximum bias 
reduction (AV,), the short circuit current 
(is,), and the maximum solar-to-hydrogen 
conversion point (AV,,,, i,,,). The Gibbs 

10-51 , , , , ,\ , 
free energy efficiency is the ratio of the prod- o 0.2 0.4 08 

uct AV,, . i,,, to the solar irradiance inte- Bias gain, A V (volts) 

grated over all wavelengths. Fig. 3 (right). Increase of the current density of hydrogen 
evolution upon incorporation of platinum in the surface of a p-InP photocathode, as a function 
of AV (3M HC104, tungsten-halogen source). 

The surface chemistry, which deter- 
mines the density and distribution of 
surface states in which photogenerated 
carriers recombine, is dependent on po- 
tential. Consequently, an island spacing 
that ensures efficient hydrogen genera- 
tion at one potential may not be suitable 
at another. This is illustrated for cata- 
lyzed p-InP photocathodes. Their quan- 
tum efficiency drops at excessively re- 
ducing potentials or upon operation at 
low AV. The drop is caused by a partial 
loss of the indium oxide layer, which 
introduces recombination centers (79). 
Full efficiency is readily restored upon 
reoxidation of the surface (69, 70, 72, 
80). 

The photocurrent efficiency is a func- 
tion of the surface composition also in 

photoanodes. Layered-compound pho- 
toanodes, such as n-MoSe2 and n-WSe2, 
have appropriate band gaps for solar 
conversion. They are more stable against 
oxidative photocorrosion than other 
photoanodes having such band gaps (35, 
40-43, 57, 59-61, 63, 67, 81, 82), but 
stability and high current efficiency are 
realized only for the cleavage (van der 
Waals) planes of the crystals (43,57,59- 
61, 63, 67, 82). Because electron-hole 
recombination is rapid on the other crys- 
tallographic planes, the solar conversion 
efficiency decreases with the density and 
height of steps in the surface (Fig. 5) (57, 
59, 60). With perfectly smooth photoan- 
odes, efficiencies of 10 percent have 
been reached (63, 67). 

Other than recombination, leakage is 

Fig. 4. Platinum islands on a hydrogen-evolving p-InP photocathode. The dimensions of the 
islands are small relative to the wavelengths of the solar spectrum exciting the semiconductor 
and are spaced at center-to-center distances smaller than the surface diffusion length of the 
photogenerated electrons. In (a) about 40 percent of the surface is coveted with an optically 
thick catalyst layer, but fewer than 8 percent of the solar photons are lost. In (b) the optically 
thick catalyst covers 60 percent of the surface, but fewer than 30 percent of the photons are lost 
(78). 



AV (volts versus SHE) 
-0.2 0.0 0.2 0.4 0.6 

I /  
Fie. 5 (left). Electron beam-induced current 
m;rograph of a p-WSe,lAl contact. Light 

areas, representing sites where electrons and holes recombine, are observed at steps in the van 
der Waals plane. (60). Fig. 6 (right). Photocurrent bias reduction characteristics of a p-InPl 
(hydrogen-saturated rhodium) photocathode in 1M HCIO, under sunlight at 81.7 mwlcm2. The 
solar-to-hydrogen conversion efficiency is 13.3 percent (80). 

the most important loss process. Leak- 
age of majority carriers (holes in photo- 
cathodes and electrons in photoanodes) 
from the bulk of the semiconductor to 
the catalyst or to the solution interface 
reverses the desired photoelectrochemi- 
cal reaction. Leakage of minority carri- 
ers (electrons in photocathodes and 
holes in photoanodes) from the catalyst, 
or from the solution interface, to the bulk 
produces the same effect. If interfacial 
hydrogen atoms are oxidized either by 
bulk holes or by loss of electrons to the 
bulk, the quantum efficiency of hydrogen 
evolution drops. 

Leakage is caused by thermionic emis- 
sion across, or by chemical imperfec- 
tions in, the barrier ($B) that separates 
the photogenerated minority and major- 
ity carriers (Fig. 1). It is avoided if the 
interfacial potential barrier is made uni- 
formly high. For example, metallic ru- 
thenium forms a leaky barrier with n- 
GaAs. The leakage is reduced when the 
metal is saturated with hydrogen that 
reacts with the leakage-causing sites 
(83). 

Bias Reduction 

In a hydrogen-evolving solar cell, the 
bias reduction (AV) is the equivalent of 
the photovoltage in a power-generating 
cell. Like the open-circuit photovoltage 
(V,) of a power-generating cell, AV,, 
the bias reduction at the threshold for 
hydrogen generation is determined by 
the barrier height ($B) and by the irradi- 
ance. In photocathode-based cells the 
contact that determines JrB is created 
between the semiconductor and the met- 
al, not between the semiconductor and 
the solution. This is true even if only a 
small part of the surface of a hydrogen- 

generating photocathode is covered by 
the metal catalyst (72). The reason is that 
the overwhelming majority of the charge 
carriers reach the solution via the cata- 
lyst. The rate or current of hydrogen 
generation at the semiconductor-solution 
interface is usually negligible. Thus, cat- 
alyzed photoelectrodes that generate hy- 
drogen are in essence classical metal- 
semiconductor or Schottky junctions. 
Their barriers are the same whether the 
cells are wet or dry (72, 84). In the 
absence of chemical reactions between 
the catalyst and the semiconductor, $B 

depends on the catalyst work function 
(4,). In photocathodes, JIB increases 
when +, decreases; in photoanodes the 
reverse is true. 

In some cases, the barrier height var- 
ies at different points of the semiconduc- 
tor surface. The resulting leakage lowers 
the efficiency, unless the surface regions 
where the current might leak are covered 
by an electrical insulator or by a layer 
that blocks the transport of ions to and 
from the surface. Thus, there are three 
ways to reduce leakage losses: electrical 

Table 1. Barrier heights of catalyst contacts to 
semiconductors in air and in hydrogen. 

Barrier Banier in Semicon- Cata- in air hydrogen 
ductor lyst 

(eV) (eV) 

insulation of the leakage sites; blockage 
of reactant transport to, or product 
transport from, the sites (for example, by 
a polymer layer); and maintenance of 
uniformly high barriers across the semi- 
conductor surface. The last method is 
implemented in hydrogen-generating p- 
InP photocathodes, where the same V, 
is observed when hydrogen is adsorbed 
on the semiconductor surface, regardless 
of whether it is catalystcovered or bare 
(72). In oxygen-evolving photoanodes, 
such as silicon with platinum-silicide is- 
lands (83, leakage is probably reduced 
by an insulating SiOz layer covering the 
nonmetallized regions between the is- 
lands. 

Dissolution of gases in catalysts and 
adsorption of gases on catalyst surfaces 
cause drastic changes in 4, and there- 
fore in JIB. Hydrogen dissolution in plati- 
num, palladium, rhodium, rhenium, and 
ruthenium lowers +,, increasing JIB and 
AV, and thereby increasing the solar-to- 
hydrogen conversion efficiency of photo- 
cathodes (72, 84). These are decreased 
correspondingly in photoanodes. Thus, a 
catalyzed hydrogen-generating photo- 
cathode is most efficient when it is envel- 
oped by hydrogen; a catalyzed oxygen- 
or halogen-evolving photoanode is most 
efficient when its products reactively 
eliminate traces of hydrogen from the 
catalyst. Values of JIB in air and in hy- 
drogen (84) are listed in Table I for 12 
semiconductor-catalyst contacts. While 
in 1 I cases $B is drastically different in 
air and in hydrogen, in CdS with plati- 
num the change is minor. The reason for 
the small change is that platinum reacts 
with CdS to form a platinum sulfide. 
Thus the contact is not RICdS, but a 
hydrogen-insensitive contact (RS,-Cd- 
CdS)/CdS. 

In the absence of leakage and recombi- 
nation, each tenfold increase in irradi- 
ance increases AV, by 59 mV until AV, 
approaches $B. The photocathode p-InPI 
(hydrogen-saturated platinum) shows 
such ideal behavior (72, 86). 

Efficient Hydrogen-Evolving 

Photocathodes 

From the preceding sections it is evi- 
dent that solar-to-hydrogen conversion 
can be efficient only if several require- 
ments are simultaneously met. These 
include the classical requirements of all 
semiconductor-based converters, such 
as an appropriate band gap and an ade- 
quate minority carrier diffusion length, 
as well as requirements unique to hydro- 
gen-generating photoelectrodes, such as 
chemical passivation of corrosion and 
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photocorrosion reactions; acceleration 
of the hydrogen evolution kinetics by 
catalyst islands that are small relative to 
the wavelength of the exciting sunlight; 
distribution of these islands at  distances 
smaller than the minority carrier surface 
diffusion length; and nonleaking, high 
barriers a t  the catalyst-semiconductor 
contacts. 

Although numerous photocathodes 
have been explored, only catalyzed p-  
InP meets all the requirements, and it is 
the only photocathode now known that 
converts solar energy to chemical energy 
stored in hydrogen gas at  a Gibbs free 
energy efficiency of 13.3 percent (80). 
Nevertheless, some of the less efficient 
photocathodes have interesting features. 
In p-LuRh03,  an external catalyst is not 
needed (87); in another, p-type iron 
(magnesium) oxide has been used (88); in 
a third, based on p-Si, the catalyst has 
been placed in a polymer in contact with 
the semiconductor rather than directly 
on it (89). 

The i-AV characteristics of the p-InPl 
(hydrogen-saturated rhodium) hydrogen- 
evolving photocathode under sunlight a t  
81.7 mw1cm2 are shown in Fig. 6. The 
maximum reduction in bias at  threshold 
for hydrogen evolution (AV,,), is 0.64 V, 
and the quantum or current efficiency at 
AV = 0 iS - 0.9. The maximum solar-to- 
fuel conversion efficiency point is a t  
i,,, = 23 m ~ / c m ~  and AV,,, = 0.45 V, 
where the Gibbs free energy efficiency of 
solar-to-hydrogen conversion reaches 
13.3 percent (80). 

Efficient Photoanodes 

In photoanode-based cells hydrogen is 
evolved at  their nonilluminated, catalyst- 
activated counterelectrodes. The re- 
quirements that must be met for the cells 
to be efficient-particularly those related 
to electron-hole recombination, leakage, 
and barrier heights-apply equally to 
photocathodes and photoanodes. The 
catalyst requirements are, however, re- 
laxed as  some photoanodes function ade- 
quately in the absence of a metallic cata- 
lyst on their surface. For  example, the 
oxidation of S2- to  SZ2- (22-29, 90) and 
that of cysteine to  cystine (90, 91) pro- 
ceed on "bare" n-CdS at  sufficient rates. 
Similarly, water is oxidized to oxygen on 
noncatalyzed n-Ti02 (12), n-SrTi03 (92- 
96), n-W03 ( 9 7 ,  and n-Fe203 (98). Nev- 
ertheless, oxygen- and chlorine-evolving 
n-Si photoanodes do require catalysts: 
Examples of catalyzed electrodes are n- 
Sitplatinum silicide (85) and n-Silindium 
tin oxidelRu02 (99). 

The delicate relationship between the 

0.5 - Two-Photoelectrode Cells 

Splitting the incident sunlight between 
m x .- - a photoanode and a photocathode con- 
.? 2 0.3 - nected by an electrolytic solution has 

two potential advantages. First, the sum 
of the two AV's is obtained, and the 
unassisted photoelectrolysis of species 
that cannot be photoelectrolyzed sponta- 

, neously in single-photoelectrode cells 
500 600 '0° 800 'OoO becomes possible (102-104). Second, dif- 

Wavelength (nrn) ferent segments of the solar spectrum 
Fig. 7. Action spectrum for unassisted pho- 
toelectrolysis of aqueous HBr in the p-  
InP(Pt)l(2M HBr)ln-WSe2 cell (107). 

need for a catalyst and recombination is 
best seen in layered chalcogenide pho- 
toanodes like MoS2, MoSe2, WS2, and 
WSe2, on which I- is oxidized to I2 and 
13-, Br- to Br2 and Br3--, and C1- to CI2. 
Because recombination of photogenerat- 
ed electron-hole pairs is much more rap- 
id on crystal faces perpendicular to the 
van der Waals planes than in the van der 
Waals planes themselves, a high AV can 
be reached, in the absence of a catalyst, 
only with perfectly smooth van der 
Waals surfaces (63, 67). However, if 
there is a high density of steps in these 
surfaces, then AV is small and is in- 
creased to values approaching those of 
smooth surfaces by incorporating plati- 
num islands in the surface (100). 

So far,  most photoanodes of greater 
than 10 percent efficiency were made for 
and evaluated in electrical power pro- 
ducing cells (65). Among the photoan- 
odes that were operated in electrolytic 
cells, n-MoSe2, n-WSe2 (63, 6 7 ,  and Pt- 
catalyzed n-Si (101) were shown to pro- 
duce a sufficient AV for the spontaneous 
photoelectrolysis of HI.  

Ohmic back 
contact 

can be u'ed for each of the two photo- 
electrodes and the solar conversion effi- 
ciency can be increased. As pointed out 
in the introduction, optimal efficiency is 
reached in two semiconductor systems 
when one semiconductor has a band gap 
of about 1.0 eV and the second about 1.8 
eV (4). 

For  a two-photoelectrode cell to be 
efficient, the photocurrents of the two 
electrodes must be the same. This re- 
quires precise balancing of the spectral 
segments of sunlight that reach each of 
the electrodes and necessitates a system 
of a complexity substantially beyond 
that of present photoelectrochemical 
cells. For  this reason, no optimized pho- 
toelectrochemical cell utilizing split seg- 
ments of the solar sDectrum has been 
reported. Furthermore, although many 
two-photoelectrode cells have been de- 
scribed since the introduction of the con- 
cept (102-107), only a few have both a 
photoanode and a photocathode with 
band gaps appropriate for solar conver- 
sion. Those that do have such gaps con- 
tain either an n-MoSe2 or an n-WSe2 
photoanode and either a p-InP(Pt) or a p -  
InP(Rh) photocathode (107) and can pho- 
toelectrolyze aqueous HBr to H 2  and Br2 
and Br3- without an external bias. Their 

Asymmetrical 
b junction 

Symmetrical 
C junction 

Photo 
AVLimi, = 0 

Fig. 8. Maximum bias gain in photoelectrolysis. The limit to AVO, in a microcell consisting of a 
suspended semiconductor particle is the difference between the barrier height at the microcath- 
ode (GBC) and the barrier height at the microanode (GBa). (a) In an n-type semiconductor based 
cell with an ohmic microcathode contact, AVO, equals the microanode barrier height. (b) In an 
asymmetric cell, more energy is gained in the transport of holes to the microanode than is lost in 
the transport of electrons to the microcathode. (c) In a symmetrical cell. all the anode gain is 
lost at the cathode and there is no net reduction in bias. 
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The thermodynamic asymmetry re- action spectra (Fig. 7) overlap the visible 
and near-infrared segments of the solar 
spectrum. If optimized, the cells should 
approach the Gibbs free energy efficien- 
cy of their individual photoelectrodes 
(- 10 percent). 

p-n Junction Cells 

The classical p-n junction silicon solar 
cell (108) in which all the requirements 
for efficiency are met develops a suffi- 
cient photovoltage to electrolyze H I  to 
Hz and 13- (109). The photovoltage of a 
pair of n-p and p-n cells connected in 
series is adequate to electrolyze HBr to 
H2 and Br2/Br3- (110, 111). T o  acceler- 
ate the rate of hydrogen evolution at the 
S i02  layer of the Si-solution interface, 
and to generate conductive paths 
through the insulating S i02  layer that 
forms upon exposure of silicon to aque- 
ous bromine, catalysts are incorporated 
in the solution-exposed surfaces of both 
the photocathode and the photoanode. 
The catalyst must not form metal-semi- 
conductor contacts with barriers that im- 
pede electron transport to the cathode 
catalyst or hole transport to the anode 
catalyst. 

The only commercial product-orient- 
ed engineering attempt at  electrochemi- 
cal solar cells in the United States uti- 
lized a pair of silicon p-n and n-p junc- 
tions. These were produced in the form 
of glass-embedded, etched, and cata- 
lyzed microspheres, which electrolyzed 
HBr. Photoelectrochemically formed hy- 
drogen was stored as a metal hydride. 
When electric power was needed the 
products were allowed to recombine in a 
fuel cell (110, 111). The Gibbs free ener- 
gy efficiency of the Hz- and Br2-generat- 
ing solar panels was 8.6 percent. Similar 
efficiencies have been reached in labora- 
tory experiments on H I  electrolysis with 
catalyzed p-n junctions (109) 

Photoelectrolysis by Suspended 

Semiconductor Particles 

Illuminated semiconductor particles 
suspended in a solution constitute a col- 
lection of microcells. The surface of each 
particle contains two chemically and 
physically distinct zones: a microanode 
and a microcathode. 

The suspensions that have been ex- 
plored thus far are of n-type particles. 
The analysis of the photoanode require- 
ments applies to these, though with some 
modifications. Because the distances tra- 
versed by photogenerated charge carri- 
ers on their way to the microelectrodes 
are short, recombination in bulk impuri- 

-0.4 0 0.4 0.8 1.2 1.4 
Bias (volts) 

Fig. 9. Characteristics of the n-SrTi0,IRh 
contact in air and in hydrogen (84). 

ty and defect centers is less important. 
Surface processes, including recombina- 
tion, leakage, and electrochemical kinet- 
ics, dominate the characteristics. Sur- 
face recombination velocities decrease 
approximately exponentially with EBG. 
The three semiconductors used thus far, 
n-Ti02 (112-116), n-SrTi03 (117, 118), 
and n-CdS (90-92, 119-121), have large 
band gaps (3.0, 3.2, and 2.4 eV, respec- 
tively). While the large band gaps reduce 
recombination, they also rule out the 
possibility of attaining high solar conver- 
sion efficiencies. In very small particles 
(50 A in diameter or less) the band gaps 
increase beyond their normal bulk value 
(122), further lowering the efficiency of 
the suspensions. 

The fundamental requirement for pho- 
toelectrolysis by a microcell is 

where AG is the Gibbs free energy of 
formation of the photoelectrolyzed spe- 
cies from the electrolytic reaction prod- 
ucts. AVO,, and therefore AV, is deter- 
mined in the microcell by the difference 
between the barrier height a t  the mi- 
croanode ($Ba) and that at the microcath- 
ode ( 4 ~ ' )  (Fig. 8). At very high irradi- 
ance 

When the anode and cathode barriers are 
equal in height, light cannot be convert- 
ed to chemical energy (Fig. 8c). Any 
work gained upon transport of a hole to 
the microanode must be reinvested in the 
transport of an electron, across a block- 
ing barrier, to the microcathode. The 
best microcells have microcathodes that 
are ohmic ($BC = 0) (Fig. 8a). The for- 
mation of ohmic microcontacts, a sci- 
ence in itself, is a formidable problem 
in suspended semiconductor particles, 
where ohmic contacts must be formed at 
some spots while high barrier contacts 
must be maintained at  others. Fortunate- 
ly, different microelectrode environ- 
ments created by the chemical products 
of the microanode and microcathode re- 
actions enhance the asymmetry (84). 

quirement for the photoelectrolysis of 
water is 

When group VIII metal-hydrogen evolu- 
tion catalysts such as platinum are used, 
part or all of the asymmetry derives from 
hydrogen alloying of the catalyst a t  mi- 
crocathode sites. As discussed earlier, 
and as seen in Table 1, hydragen dissolu- 
tion lowers the work function of the 
catalyst, decreasing the barrier heights 
of its contacts with n-type semiconduc- 
tors and increasing the barrier heights 
with p-type semiconductors. Figure 9 
shows an example of the reversible 
change in the diode characteristics of the 
Rhln-SrTiO, Schottky diode in air and in 
hydrogen. While in air, the contact has a 
high barrier and is rectifying; it shows 
nearly ohmic behavior in hydrogen. The 
asymmetry of the barriers in the two 
environments is adequate to  allow the 
Rhln-SrTi03 contact to photoelectrolyze 
water. Note that hydrogen-saturated cat- 
alysts form microcathodes, while 02- 
exposed catalysts form microanodes 
(84). 

The likelihood of photoelectrolyzing 
water diminishes as the band gap of the 
semiconductor particles approaches the 
domain that is relevant for solar conver- 
sion, because $B is always smaller than 
EBG Nevertheless, substrates that are 
less stable than water (Eqs. 2 and 3) 
might be photoelectrolyzed by particles 
with appropriate band gaps for solar con- 
version. For  example, the free energy of 
formation of H2S is much smaller than 
that of water. The asymmetry require- 
ment can be relaxed to 0.14 eV (Eq. 3), 
at a penalty of reducing the amount of 
stored chemical energy from 1.23 to 0.14 
eV per hydrogen atom. Indeed, photo- 
electrolysis of H2S proceeds at high 
quantum yield on catalyzed n-CdS mi- 
crocrystals (121) and might also proceed 
efficiently on microcrystals of materials 
with smaller gaps. 

Because none of the suspensions as  
yet meet the essential band gap require- 
ment, their solar-to-fuel conversion effi- 
ciencies remain low. The challenge is to 
find a system where itbBa - $ B C I  is high 
enough to drive a substantially thermo- 
dynamically uphill reaction, where EBG 
is in the range 1.0 to 1.7 eV, where the 
recombination velocity of the photogen- 
erated electrons and holes at the semi- 
conductor surface is lower than their rate 
of reaction with the electrolyte, and 
where the chemical and photochemical 
corrosion stabilities are adequate. Until 
such a system is found, efficient solar-to- 
hydrogen conversion will continue to 
require macroscopic photoelectrodes. 



Conclusion 

For efficient solar-to-hydrogen con- 
version, the photogenerated charge car- 
rier reaction rates must be high relative 
to the rates of recombination and of 
leakage across the barrier. Conversion is 
efficient only under the following condi- 
tions: when electron-hole recombination 
at photoelectrode surface regions be- 
tween the catalyst islands is slowed by a 
controlled interfacial chemistry, when an 
appropriate electrocatalyst accelerates 
hydrogen evolution, and when the chem- 
istries of the semiconductor-catalyst and 
semiconductor-solution interfaces are 
such that the barrier separating the pho- 
togenerated electron and hole is uniform- 
ly high or such that no current can flow 
through low-barrier regions. 

To  avoid light absorption losses, the 
catalyst must cover only a fraction of the 
semiconductor surface and must form 
islands with diameters small relative to 
wavelengths of the solar spectrum excit- 
ing the semiconductor. To  ensure effi- 
cient collection of the photogenerated 
charge carriers, these islands must be 
spaced at distances smaller than the sur- 
face diffusion length of the minority car- 
riers. 

Unassisted ("spontaneous") but inef- 
ficient solar photoelectrolysis of water is 
possible with large-band-gap semicon- 
ductor photoelectrodes or with micro- 
cells based on suspended, large-band- 
gap semiconductor particles. The photo- 
voltage (AV), and thus the very feasibil- 
ity of photoelectrolysis by a suspended 
particle, depends on the asymmetry of 
its microcathode and microanode barri- 
ers-that is, on the difference in the 
work functions of the cathode- and an- 
ode-forming catalysts. This difference is 
greatly enhanced by, and in some cases 
is entirely due to, a combination of hy- 
drogen saturation of the microcathode 
and oxidative stripping of all traces of 
hydrogen from the microanode. 

The barrier height is increased and the 
external voltage bias required for elec- 
trolysis is reduced in macroscopic, cata- 
lyzed photocathodes upon hydrogen sat- 
uration of the catalyst. In all of the 
efficient photoelectrodes AV is sufficient 
to allow unassisted solar electrolysis of 
HI.  By pairing a photocathode with a 
photoanode, or a p-n junction with an n- 
p junction, HBr can also be spontane- 
ously and efficiently photoelectrolyzed 
with sunlight. Although efficient solar 
electrolysis of HC1 or  water requires an 
external bias, a substantial part of the 
energy consumed in the generation of 
either hydrogen and chlorine or hydro- 
gen and oxygen can now be derived from 
sunlight. 
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RESEARCH ARTICLE 

Herbicide-Resistant Mutants from 
Tobacco Cell Cultures 

R. S.  Chaleff and T. B.  Ray 

In recent years, many novel plant mu- centration that is toxic to normal cells. 
tants have been isolated by the applica- The feasibility of this experimental ap- 
tion of selective growth conditions to proach was demonstrated by the isola- 
cultured cells (1). However, few of the tion of tobacco mutants exhibiting in- 
variant phenotypes that have been re- creased tolerance for picloram. Toler- 
ported so far are of potential agronomic ance was expressed by regenerated 

Abstract. Several mutants resistant to the herbicides chlorsulfuron and sulfomet- 
uron methyl were isolated form cultured cells of Nicotiana tabacum. Resistance was 
inherited as a single dominant or semidominant mutation in all cases. Linkage 
analysis of six mutants identiJied two unlinked genetic loci. Studies of plants 
hornozygous for one mutation showed the mutant plants to be completely resistant to  
treatment with a concentration of chlorsulfuron 100 times higher than that which 
produces symptoms of phytotoxicity on normal plants. 

value. This limited practical success of 
mutant selection in vitro results to a 
large degree from the genetic and devel- 
opmental complexity of agronomically 
important characteristics. Many such 
traits are exclusively whole plant func- 
tions that are not expressed and, there- 
fore, cannot be selected at the cellular 
level (2, 3). 

One trait of agronomic interest that 
may be expressed by cultured cells is 
herbicide sensitivity. Herbicides that in- 
terfere with basic metabolic activities 
can be expected to inhibit growth of 
cultured cells as  well as of the whole 
plant. In such cases, herbicide-tolerant 
mutants can be selected by culturing 
cells in the presence of a herbicide con- 

plants and was transmitted to progeny as 
a dominant or semidominant nuclear al- 
lele (1, 4,  5). 

We now report the isolation from to- 
bacco cell cultures of mutants resistant 
to chlorsulfuron and sulfometuron meth- 
yl. Chlorsulfuron and sulfometuron 
methyl (Fig. 1) are, respectively, the 
active ingredients in the herbicides 
Glean and Oust (Du Pont). Important 
features of these compounds are very 
high herbicidal activities and low mam- 
malian toxicities. The demonstration 
that chlorsulfuron rapidly inhibits cell 
division in root tips (6, 7)  suggested that 
this herbicide interferes with a basic cel- 
lular function and, therefore, could be 
used to select resistant cell lines in vitro. 
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Isolation and Genetic 

Characterization of Mutants 

Callus cultures initiated from young 
leaves of a haploid plant (HI) obtained 
by culturing anthers of Nicotiana taba- 
cum cv.  'Xanthi' (8) were maintained on 
C1 agar medium (4). Resistant cell lines 
were selected by transferring callus to 
medium supplemented with either chlor- 
sulfuron or  sulfometuron methyl at 2 ppb 
(approximately 5.6 x 10-9n/i). In several 
experiments, callus cultures were main- 
tained on medium containing 1 mM eth- 
ylnitrosourea for 3 weeks prior to selec- 
tion. Isolates C3 and C4 were obtained 
from cultures that had been mutagenical- 
ly treated in this manner. Resistant cell 
lines were propagated on selective medi- 
um for two additional passages of 3 
weeks each before plants were regener- 
ated as  described (4). The letter preced- 
ing the isolate number indicates the com- 
pound on which that isolate was recov- 
ered (S for sulfometuron methyl and C 
for chlorsulfuron). 

Crosses of fertile plants regenerated 
from several isolates were made. The 
results of crosses with a diploid plant 
regenerated from isolate S4 (Table 1) 
demonstrate that the regenerated plant 
was homozygous for a single dominant 
nuclear mutation conferring resistance to 
sulfometuron methyl. Similar series of 
crosses with plants regenerated from 
other isolates (S l ,  S4, S5, S6, S7, C1, 
C2, C3, C4, and CS) established that, in 
these cases, resistance likewise resulted 
from single dominant or semidominant 
nuclear mutations. Plants regenerated 
from only one isolate (C3) were hetero- 
zygous. Apparently, the mutation con- 
ferring resistance on isolate C3 arose 
after diploidization of a haploid cell of 
the parental H1 cell line. In all other 
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