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ABSTRACT

' The dissociation of water to hydrogen and oxygen requires energy of
AGpgg = 228 kJ/mole. By irradiating a semiconductor with light of energy
greater than this amount, one may product electrons in the excited state and
elegtron vacancies at the surface that can perform the photochemical reduction
(2H" + 2e + 2H » HZ) and oxidation (20H™ + 2+ » H,0, + H,0 + (1/2)0,).

There are several semiconductors, SrTi03, Ti0,, CdS, and Fej03 among
them, that can photodissoclate water. Some possess sites for both
reduction and oxidation, while others carry out the two processes at
different surfaces. A reversible solid state reaction that involves -
changes in the transition metal and ion oxidation state must accompany
the splitting of water. Platinum, rhodium, and ruthenium oxide, when
deposited on the semiconductor, serve as catalysts that accelarate the
water photodissociation. :These additives accelerate the recombination of
hydrogen and oxygen atoms, shift the semlconductor Ferml level to a more
favorable position that improves the thermodynamic feasibility for the
process, accelerate electron transport, and inhibit side reactions like the
photoreduction of oxygen. Many of the elementary reaction steps leading to
photoproduction of hydrogen and oxygen over SrTiO3 and Fey03 have been
identified and will be discussed.



I. Introduction

Chemical interactions between molecules in excited electronic, vibr;-
tional, or rotational states and surfaces is a new field of batalytic
science. Until recently; catalysis of chemical reactions has only been
considered for molecules in their themodynamic ground states. Most of
the surface reactions to be catalyzed were exothermic or thermodynamically
downhill. In carrying out endothermic reactions, the only source of
energy considered hés been the“addition of heat. This also assured that
the molecules maintained an equilibrium energy distribution throughout

the reaction.

There is growing evidence from fields other than catalysis that when.
molecules are allowed to react from excited electronic or vibrational.
states, they often take diffefent reaction paths than would be available -
from a ground state configuration; "Some examples of this are the deposition
of materials from low energy plasmas, the formation of compounds undér
bombardment by high energy particles, or the application of explosions to
induce bonding. Such techniques can lead to the forﬁatioﬁ of unique

coatings, improved adhesion, or better electrical contact between materials.

Photoassisted tﬁermodynamically uphill reactionsrsuch as the photo-
dissociation of water to hydrogen and oxygen are one class of these
excited state reactions. Figure 1 shows free energies for the dﬁssociation
of both Hy0 and CO3. Both of these molecules are reactants in bhotosynthesis
to prddpce hydrocarbons and oxygen. If light could be usedvtbﬁdissociate
either ﬁéo and COQ, all subsequent reactions of hydroggn with carbon
dioxide or carbon monoxidefwifh water are thermédymically downhill. These

reactions can readily be catalyzed by a large number Qf transition metals or

s



transition metai compounds to produce small organic molecules. - Thus, in
the photodissociation of water for example, one produces oxygen, and the
subsequent catalytic reactions of h&drogen with carbon dioxide might .
yleld small organic molecules from inorganic photosynthesis even more
efficiently than the chlorophyll-catalyzed process of photosynthesis. It
is possible that inorganic photosynthesis was an important path in the

formation of organic molecules in the pre-chlorophyll era of this planet.

The érocess of using photons to dissociate stable and abundant
molecules like wéter and carbon dioxide coul&, if successful, provide for
chemicals or for fuel. It is somewhat surprising ﬁow_little catalytic
chemistry has beén published using carbon dibxide or methane as carbon

sources, or using water for a source of hydrogen or oxygen.

The catalyzed photodissocia;ion of water has been fZ¢eiving increased.
atteqtion since the early 70's, when tﬁe first experiments on thé
photoelectrochemical dissocilation of water were reported.1 When a strontium
titanate (SrTi03) anode was illuﬁinated with light of greéter than bandgap
energy in a basic solution using a Pt counterelectrode, hydrogen and
oxygen evolution o;curred at the cathode and anode respectiveiy without the
use of any external potential.2 The reaction was catalytic and the

electrodes showed no sign of deactivation.

The electronic‘state of an n-type semiconductor such as SrTiOj
immersed in solution is well understood (Figure 2). Water photodissociation
may also be observed when ﬁhe platinum cathode is substituted with a p-
type semiconductor such as gallium phosphide. In this clrcumstance, both
the semiconductor énode and cathode muét be illuminated with light of

energy greater than their respective bandgaps. While both configurations



may photodissociate water, these two types of photoelectrochemical cells
have one essential difference. The n-type semiconductor/metal cell
requires illumination of only the semiconductor anode, while the n-type/p-
type semiconductor cell requires the illumination of both electrodes

simultaneously to induce water photodissociation.

The thermodynamic conditionS'necessary to carry out this photochemical
reaction have been investigated3 and give restrictions on the location of
semiconductor band edges in solution. The conduction band edge must be
anodic with respect to the H /H2 half reaction, while the valence band
edge must be cathodic with respect to the 02/0H redox couple.: This way,
electrons at the cathode can produce hydrogen atoms, while electron transfer
from OH™ to hole states in the valence band will produce OH radicals,

which can then be dimerized to H202, that splits up to produce oxygen.

Figure 3 shovs‘the conduction and valence band edges forva numher of
oxides. In order to qualify as a suitable electrode,.a'naterial must
satisfy three basic criteria. It must have a bandgau larger.than 1.23 eV>
(AG for the reaction H,0 + OH; + H+). Inhaddition, band edges must
be appropriately.positioned with respect to the redox couples as described
above. Finally,.the naterial must be chemically stable under the reaction

conditions.

As seen in Figure 3, SrTi03 satisfies the thermodynamic conditions
remarkably well, while Fezoj does.not. In-fact, SrTiOj has heen found to
photodissociate water with about 5% efficiency (calculated as hydrogen
energy produced‘divided‘by the total photon energy) even in the'short
circuit configuration'as shown in figure 4, Thus when small particles or

single crystal surfaces of SrT103 are platinized and illumlnated with



light of energy greater than the bandgap of 3.1 eV, the steady state
evolution of hydrogen and oxygen can readily be observed. The rate of

gas evolution is gréater if the SrTi03 is pre-reduced in a hydrogén furnace
and the electrolyte solution has a pH of 14 or greater. These findings
indicate that this is not only an electrochemical process, but that water
photodissociatioﬁ over this material involves both photoelectrochemical

and photocatalytic reactions.

Carrier generation and elec;ron transfer at the semiconductor surfgce
are the first of several elementary steps in the photodissociation of
water. Electrons and holes are usually generated near the surface in
close proximity to the solutiop. Thus single crystals with high charge
mobilities in the bulk are not necessarily needed. Alternatively, small
particles or colloids may be utilized in a short circuit configuration to
maximize the active surface area of the device. Indeed colloidal platinized

Ti0y and SrTiO3 systems have been found effective for water photodissociation.4

In this paper, we review what 1is known about the photoelectrochemical
dissociation of water in two different configurations - the SrTi03/Pt/KOH
semiconductor metal system and the n—type/p—-type iron oxide photoelectrochemical
diode. Both have been shovn to drive the water splitting photochemical
reaction without an external potential. The SrTiO3 based system requires
illumination by light in the near UV region (hv > 3.1 eV), while the
Iron oxide system can operate with light in the visible region (hv
> 2.3 eV). Through the discussion of these two systems for water
dissociation, we will dgmonstrate the accomplishments and difficulties of

research in this fileld of inorganic photosynthesis.



The SrTiO3/Pt/KOH System:

Figure 5 shows the steady state evolution of hydrogen from a strontium
titanate single crystal which had been pre—;educed in a hydrogen furnace,
platinized and immersed in 1IN KOH solution. The reactipn appeared to
continue indefinitely with no signs of deactivation, and from the hydrogen
yileld, this photoinduced process appeared to utilize about 5% of the
incident photon energy that is absorbed by the solid. Upon turning off
the light, the hydrogen evolution stops. In fact, some of the hydrogen
and oxygen disappears due to the favorable back reaction of recombination
in the dark. When bandgap radiation illuminates the surface again, the
evolution of hydrogen recommences. .Heating the electrolyte sélution
increases the rate somewhat, since the activation'enefgy for this process

is about 8 kcal/mole.

A variety of surface science techniques have been used to study the
elementary steps in this photochemical surfage reaction. Some of these
are shown in Figure 6. Auger electron spectroscopy yields the surface
composition of the stoichiometric or hydrogen furnace reduced strontium
titanate. Photoelectron épectroscopy reveais the presence of 113+ formal
oxidation staté.metal ién alongAwith 114+ ions, while ultraviolet
photoelectron spectroscdpy éhows a small peak near tﬁe Fermi level also
associated with the presence of a Ti3+ ion. It is apparent that Ti3+
ions at the strontium titanate surface play an important role during the
phocodissociatioh reactién. Figure 7 shows the intensity of the Ti3+
signal as ;ater is adsorbed on the sﬁrface in the form of D0 and the

surface is illuminated. Upon illumination, deuterium gas evolves and the

113+ signal diminishes, indicating that surface ions are being oxidized



to Ti%t. 1In the dark, oxygen desorption occurs and the surface returns
to its reduced state. Upon illumination in the presence of adsorbed
water, the process repeats. Thus, it appears that the photon interaction
with the surfacé results in an oxidation/reduction reaction, involving a

charge transfer for the transition metal ion from the 73t to the T14+

oxidation

state, which is subsequentlf retﬁrned to its reduced state.
;

Figure 8 gives direct evidence of the solid state reaction between
water and the oxide surface. When H2180 is adsorbed on the surface and a
thermal desorption experiment is carried out, part of the water desorbs
as H2180. In addition, a substantial amount of the water desorbs in the
form of H2169. This indicates an exchange of oxygen in the water with
the oxygen in the oxide surface. Further information on this solid state
reaction isbprovided by Figure 9, showing a thermal desorption spectrum
from SrTiO3 after adsorption of D70 or Dy on the surface. In both cases,
the Dy desorbs in addition to D20, indicating that the deuterium is a
reducing agent whiéh removes oxygen from the oxide lattice. From these
results, one can conclude that the photodissociation of water over SrTiOj
is a solid state surface reaction similar to the photographic process
except that instead of a gross, irreversible photodecomposition of the
solid itself, molecules near the surface undergo a reversible

photodecomposition. The oxidation/reduction cycle of the transition

metal ions on the surface is an integral part of this process.

In Figure 10, the importance of the presence of alkalli hydroxide in
this process is demonstrated. As one increases the hydroxyl ion
concentration in the electrolyte solution, there is an increased rate of

hydrogen evolution. Photoelectron spectroscopy Indicates that the surface



1s completely hydroxylated. In Figurg 11, the top curve shows the UPS
spectrum from sodium hydroxide. The three electronic transitions are the
fingerprints of the presence of OH; ions. It is clearly seen that the
strontium titanate surface in thé presence of hydrogen or water shows the
same fingerprint. Thus we can infer that a strontium titanate surface

which is active towards water photodissociation is completely hydroxylated.

The hydroxylation of the oxide surface does not occur readily at
room temperature, and the pfesénce of pofgssium hfdrﬁxide of other alkali
hy&roxides seems to catalyze this p;ocegs;. This is the reason>that'alkgli
hydroxide plays such an important'role Qhen ;ge ré;cﬁion is cafried.out
at 300K, However, if we carry”out the.reactién at 450-560k in thevpresenée
of steam, alkali hydroxides are not needed. Under_;hesé circumstaﬁces, |
the surface is readily hydroxylated and hydrogen evél&tion commenées

without the presence of alkali hydroxides.5

Next, we investigate the import;nce of the presence of platinum or .
other metals on the surface in accelerating this reacﬁidn. Table I
indicates that the reaction occuré faster in the presence of metals on
the surface. Platinum seems to be more active than gold, while gold is
more active than strontium titanate without aﬁy metal. Hydrogen atom
recombination is one of the elementary reaction steps leading to the
formation -of hydrogen gas after the photodissociation of water. Strontium
titanate does not éarry out hydrogen atom recombination well; however,
platinum is an excellent catalyst for this process. Thus, the best water
splitting system wogld involve strontium ﬁifanaté that carriesbouﬁlthe
photodissociation proéess, aikali hydroxides that keep the éurface
continuously hydroxylated, and metal that is needed for hydrogen atom

recombination.



Let us summarize these important findings that indicate the complexity

of this process:
(1) Irradiation by energy hv > 3.1 eV 1is needed to induce water
photodissociation over SrTiOj.

(2) Alkali hydroxides such as KOH catalyzé the hydroxylation of the
~strontium titanate surface and facilitate water dissociation.

(3) Oxygen vacancies and the presence of T13* at the surface are
critical in the dissociation.

(4) Transition metals such as Pt at the strontium titanate surface
accelerate water photodissociation by catalyzing the formation of
hydrogen molecules from atoms.

These observations provide information on many of the elementary
reaction steps, so one can propose a simple reaction mechanism for the
photodissociaton of water on strontium titanate surfaces. This mechanism
is shown schematically in Figure 12.6 In the dark, strontium titanate
14+

consists of titanium atoms in the T oxidation state. Upon illumination,

a photoelectron that is generated by bandgap or higher energy radiation
reduces the T14+ to Ti3+. The electron vacancy takes the charge from the OH™
ion and converts it into a peroxide molecule that splits up oxygen. The
surface is left in a reduced state éhat is ready to adsorb another molecule
of water which reoxidizes the surface to T14+,and produces hydrogen in

the process. Then, the reaction will repeat itself in a catalytic manner.

This mechanism is consistent with all experimental information available

on the photodissociation process over strontium titanate at present.

The difficulty with strontium titanate for the photodissociation of
water is the necessity for ultraviolet radiation. Since thils process
works poorly with solar radiation, hydrogen generatlion using SrTiO3 is

not an economical possibility. A continued search for materials that



-10-

would carry out this reaction in the solar range led us to the study of

iron oxide surfaces.

I11. The N-type Iron Oxide / P-type Iron Oxide Photochemical Diode:

Undoped iron oxide is an intrinsic n-type semiconductor with a
bandgap of approximately 2.3 eV. Early work by Hackerman et al7 demonstrated
some of the desirable properties of iron oxide for water photodissociation.
When Feg03 is used against a Pt counterelectrode, phétocurrents corresponding
to oxygen production are generated for an appliea bilas éf Vy 2 700 mV,
RHE. It has been found in our labérato;y that doping with Si reduces the
magnitude of the bias that must be employed and increases the magnitude
of the anodic photocurrents. This result motivated’a-systematic study
of various dopants in Fep03, which showed that the introduction of Mg
could yield .iron oxide electrodes with p—type behavior. In preparing
these p—type samples we followed a well-defined procedure that includea
heating the mixed oxide powders to 1400°C and then rapidly quenching them
in water. The resultirng material was a highly heterogeneous Mg:doped
iron oxide, also containing phases of magnesium ferrate (MgFej;0;) and

magnesium oxide (MgO).

Individual photocurrent versus voitage characteri;tics for the”n—
type (Si dope@) and p-type (Mg doped) electrodes are sho&n in Figure 13.
For the n-type (Si doped) electrodes, énodic photocurrents due.to oxygen
evolution appear for V, » z00 mV, RHE,.while the p—type (ﬁg doped)
electrodes yielded cathodic photocurrents corresponding to Hy evolution
of V, < 900 mV, RHE. Individually, these electrodes require an external
bias to séstain oxygen or hydrogen evolution under illumination when

employed against a platinum counterelectrode. However, when connected in
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a short circuit configuration as shown in Figure 14, the p/n assembly
assumes an intermediate .operating bias of approximately 750 mV, RHE so
that 09 and H) production’will occutr simultaneously without external bias.

v R ey

‘Theviron oxide based assembly hasﬂaﬂphotoresponse more closely
matched to the solar spectrum:than SrTi03. .Fiéore 15 shons the quantum
efficiency (defined as the number of .chemically active electron/hole'
pairs¢produced'per incident photon) plotted versus wavelength for three
different iron oxide electrodes. For the undoped Fe903 electrode, the -
quantum efficiency was a maximum of 0.03-at a wavelength of 3800A.
Dopingrwith Si (Figure 15b). produced photocurrents about an order of
magnitude larger than undoped Fe03, due to enchanced electronic mohility.
Figure 15c shows the effect of doping with Mg. In this case, the -

photocurrents are cathodic, while features of the spectral response curves

are very similar to both the undoped and Si doped.electrodes.

By examining photocurrents in the near bandgap region, one can
determine the bandgap. In Figure 15 we have replotted the photocurrents
from the Si doped and Mg doped electrodes as (Iphhv)ll versus photon f
energy hv. -The ‘linearity.of these plots tells us that both n-type
and p-type materials are indirect bandgap semiconductors with a bandgap.

of approximately 2.3 eV. These results indicate that the photoelectrochemi~-

cally active component in both electrodes 1s most likely Fep03.

The locations of conduction and valence band edges with respect to
redox couples in solution are of critlcal importance. To determine the
location of these edges on the electrochemical scale we performed Mott

Schottky measurements in which the capacitance of the space charge layer

was determined for the Si doped and Mg doped electrodes sepatately uslng
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a phase shift'technique. In Figﬁre 17, we use the Mott Schottky relation
and plot the inverse square space charge capacitance (1/Csc2) versus
applied potential to obtain the flatband potential from the intercept for
the n-type and p-type iron oxides. In addition, one can obtain carrier

types and concentrations from the slopes of these plots.

For heavily doped semiconductors such as these iron oxides, the
flatband potential is nearly coincident with the band carrying the majority
carriers. Thus for the n-type electrode, the measured flatband potential
corresponds to the conduction band edge (E. = 200 mV, RHE); in the p-t&pe
the flatband potential gives the valence band edge (Ev = 2300 mV, RHE),
Information on flatband potentials can therefore be used to generate an
energy level diagram as shown in Figure 18. This shows the interfaces
between the electrolyte and the n—-type or p-type surfaces. We have
determined band edges from Mott Schotttky plots as described aboye and
extrapolated using the measured bandgap (2.3 eV) to find the alterna;e
band édges.‘ Thé Fermi level was determined by connecting an operétiﬁg

aséembly through a high impedance voltmeter to a reference electrode.

From this diagram, one can easily see how the p/n assembly operates.
Upon illumination in solution, electron hole pairs are produced in both
the p—~type and n—type iron oxides. In the p-~type electrode, electromns
are driven through the depletion layer towards the interface where they
convert hydronium ions in solution to hydrogen gas. Conversely, vacancies
driven to the n-type interface convert hydroxyl species to oxygen gas.
In both electrodes, the majority carriers migrate away from the surface
to produce the observed photocurrents. Thus hydrogen evolution occurs at

the p-type electrode and oxygen evolution takes place at the n—type electrode.
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Hydrogen generation over undoped. Fe03 was.shown to be energetically
unfeasible. However, in this.p/n.assembly, Hy evolution now occurs
readily at.the p-type electgode._ It_gppear§~§h§tkdpping_the iron oxide
with Mg has shifted the. p-type.band.edges cathodically by several hundred

millivolts so that hydrogen.evplution is thg;modynamically.feasible.i

‘To establish.éﬁét the iron“oxide'ésgembiy operateé ;é a true p/n
diode wfth a depletion layer at both i;tefgacés, experiments were perfofmed
using a CW Kr' laser. Both ;-type and n-tfpe electrodes were 1lluminated
with the laser at a wavelength of 411 nm or 544 nm. Figure 19 shows the
'6pen circﬁit.VBltége generéted between the p-type and n-type electrodes
in solution .as a function ofgi¥1qmination intensity at both wavelengths.
The most important result from this plot is:that open circuit Qoltage
increages 118 mV;per décadg increaSe_in‘light intensity. For_ a single.
~depletion layer, it is knoyn,thatmyoc will increaser59 mvV fof every
tenfold increase in the.intensity of illumination as the semiconduc;or is
driven toward flatband conditions.. Since we obtained twice this value in
our experiments, it is clear that Schottky barriers exist at both the b-

type and n—-type electrode surfaces.

In separate experiments, oxygen:evolution has been observed fromran
unbiased p/n cell. An NaOH/Ho0 solution containing igotopically labellgd
water (HZISQ) was used as the electrolyte and the production of 3402 was
monitorgd as a function:of timngith a massvspgctrometeg. FigqreXZOU‘
clearly shows$that oxygen was:evolved,when_;hehp-type_aqd:n—tygefi;qn
oxide electrodes were connected and ;liuminateq in solution, but that no

oxygen was produced when the electrodesvwerg disconnected.
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Another important consideration for the viability of this process for .
solar energy conversion is the long term stability‘of these oxides in
solution. Figure 21 shows the photocurrents generated by an illuminated
p-type/n—type iron oxide assembly as a function of time after the first
immersion in solution. Initially, photocurrents and the corresponding
gas proddction rates were low. However these photocurrents gradually
increased over an 80 hour period to approximately 15pA, where they
.remained for the duration of the test. The stability of the photocurrents
as well as Auger analysis of the electrodes before and after testing

indicate that there 1s no appreciable dissolution of the iron oxide electrodes.

At present, the efficiency of the iron oxide p/n assembly is low,
approximately 0.1%Z. This efficlency is lower thaq strontium titanate
under ulﬁraviolet illumingtion, but the iron oxide assembly operates with
visible light in the solar range. In addition, iron oxide is an excellent
catalyst. Thus, once hydrogen is created, it might be reacted in situ .
with carbon dioxide or nitrogen to form organic molecules or ammonia,

respectively.

It is interesting to note that the olivins which comprise over 507%
of the mantle of the earth have chemical compositions very similar to tﬁe
doped iron oxides we have prepared. These materials are primarily iron
silicates and magnesium iron silicates, which in .various compounds are
known to display either n-type or p—-type behavior. One can speculate
that some of ;hese minerals could form p/n diode configurations, leading
to the formation of hydrogen and oxygen from water in the presence of
sunlight. Subsequent chemical reactions involving hydrogen might have

produced organic molecules in a thermodynamically downhill process.
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FIGURE CAPTIONS |

Free energies for the dissociation of Hy0 and Cop related to the
electrochemical energy scale (RHE).

Solid state models of band bending for n-type and p-type semicon-
ductor electrodes immersed in aqueous solution. a) n~type semicon-
ductor electrode short circuited to a Pt electrode, b) n-type (TiOp)
electrode in electrical contact with a p-type (GaP) electrode.

Location of conduction and valence band edges of oxide semiconductors
relative to the hydrogen and oxygen redox couples.

Photoelectrolysls with suspensions of catalyst coated semiconductor
particles.

Steady state hydrogen evolution from a platinized strontium titanium
(reduced) crystal immersed in 1N KOH,

Surface analyses of reduced SrTi03:Ti1:0 ratiog determined by Auger
electron spectroscopy, and the presence of Ti and Ti * fons deter-
mined by X-ray photoelectron spectroscopy and ultraviolet photoelec-
tron spectroscopy.

Simultaneous evolution of D, gas and the oxidation of Ti3+ to Ti['+
after water (D20) adsorption is shown by monigoring the Dy gas by
mass spectrometry and the intensity of the Ti + signal with ELS.

Thermal desorptiog8
labelled water (H2

of water following adsorption of isotopically
0) on a SrTi03 crystal.

Thermal desorption from SrTiO3 following adosrption of D20 or Dj.

Hydrogen evolution from a SrTiO3/Pt. Dependence on hydroxyl concen-
tration in the electrolyte solution.

The same characteristic features are seen by comparison of the UPS
spectra of hydroxyl ions and SrTiO3 exposed to hydrogen or water.

A simple reaction mechanism for the photodissociation of water on
strontium titanate surfaces.

Photocurrents for n—-type (Si-doped) and p-type (Mg—doped) iron oxide
electrodes under biased conditions.

Schematic illustration of p/n assembly for the photodissociation of
water using doped iron oxide electrodes.

Measured quantum efficiencles as a function of wavelength for doped
and pure iron oxide.

Bandgap determinations of doped iron oxide electrodes from photo-
current dependence on wavelength.



Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Table I
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Mott—-Schottky plots of the inverse square of space charge
capacitance versus applied potential for n-type and p-type
iron oxide electrodes.

Energy level diagram depicting band edge locations of doped iron
oxide electrodes relative to hydrogen/oxygen redox couples.

Open circuit voltage generated between p—tybe and n-type elec-
trodes immersed in solution as a function of illumination inten-—
sity at 41llnm and 544nm. :

Oxygen evolution from a p/n assembly with doped iron.oxide
electrodes.

Photocurrent as a function of time for a p/n assembly during the
first immersion.

A summary of hydrogen evolution rates from stoichiometric and
pre~reduced SrTi03 crystals in varled NaOH environments and with
metal catalysts deposited on the surface.
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A. Hydrogen production from SrTiOq crystals covered by a
thick (>30u) NaOH films saturated with water vapor

Crystal | | Monolayers* Ho/hr
Pre-reduced, platinized 1580
Pre-reduced, metal-free 100

Stoichiometric, metal-free 30

B. Hydrogen production from SrTiO4 cfystals in 20 M-NaOH

Crystal Monolayers* Ho/hr
Pre-reduced, platinized 4500
Stoichiometric, platinized 120
Pre-reduced, metal-free - 30
Stoichiometric, metal-free 50
Pre-reduced, gold coated 200

*1 monolayer = 1 x 1019 molecules/cm2 illuminated surface

Table I



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



