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ABSTRACT

Colloidal semiconductor redox catalysts were used to accelerate the photo-
decomposition of water and ammonia in aqueous solution. Parameters that
affect overall catalytic efficiency, e.g. support material, doping and
surface modification, were investigated.
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SUMMARY

Fuel clean-up systems of fusion reactors produce tritiated waste water and
ammonia. The tritium will be recovered from the waste streams by high
temperature thermal oxidation. This report describes work done in an
attempt to develop a low temperature photochemical method to recover the
tritium by the simultaneous decomposition of water and ammonia.

Light (300-500 no) was used to catalytically decompose the water and
ammonia to their constituent gases, using supported catalysts. Pt/Ru02
catalysts supported on TiO2 and CdS were used. The gases generated as
a result of photolysis were used as a measure of catalyst activity and
efficiency. Gas chromat og raphy was used to monitor the H2» O2 and N2
produced.

We were able to demonstrate that it was possible to photodecompose water
and ammonia using colloidal semiconductor catalysts. Catalyst particles
supported on CdS were found to be the most efficient but prone to photo-
anodic corrosion. Doping TiO2 supports with Cr improved the catalytic
activity of TiC>2 catalysts. Coating the Pt/RuO2/TiO2 catalysts with
Teflon led to a dramatic increase in activity though the actual mechanism
is a matter ot speculation.

Two areas for further work were identified: (1) Catalyst development and
(2) Process development.
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l. INTRODUCTION

During the late 1970's, considerable research effort was directed towards
the utilization of solar radiation to produce chemical energy. It was
believed that solar light could be used to photodissociate water to produce
plentiful supplies of hydrogen thereby providing the world with a clean,
non-polluting form of energy. Time has tempered this Utopian dream with
realism, for whilst the chemistry to bring about the photodissociation of
water is feasible, the yield of hydrogen has been low. One of the successes
of the solar energy research program has been the application of colloidal
redox catalyst on semiconductor oxide supports to catalyse the photo-induced
dissociation of water. Two avenues of research were established.

(i) the use of heterogenous catalysts
(ii) the use of surface modified electrodes in photoelectrochemical cells.

The chemical principles underlying both avenues are the same and involve
redox chemical reactions. The photo-induced catalytic breakdown of water
would be an ideal process for application in a situation where remote
handling was necessary and overall efficiency was not of paramount
importance.

Fuel clean-up systems of fusion reactors produce tritiated waste water and
ammonia, both of which pose a significant radiological hazard. At present,
the tritiated ammonia and tritiated water are decomposed thermally. A
catalytic oxidation reactor operating at 800 K is used to decompose the
ammonia and the water is reduced to hydrogen and oxygen in a uranium metal
bed operating at 750 K. It would, therefore, be a great advantage if the
waste water and ammonia could be broken down by light to their constituent
gases to facilitate waste treatment. The breakdown could be done remotely
and thereby reduce radiation exposure.

This project set out to examine the feasibility of photodissociating
tritiated water and ammonia simultaneously at room temperature using a redox
catalyst. The experimental work was done using H2O, D2O and NH4OH
(tritiated compounds were not used in this study because of the radiological
hazard). Catalysts prepared by different methods were screened. The effect
of doping the supports and coating the catalyst was investigated and,
finally, the feasibility of using a redox catalyst to mediate the photo-
dissociation of water and ammonium hydroxide was determined.

2. BACKGROUND

The concept of using coupled redox reactions to bring about the breakdown of
compounds is not new. Indeed, plant tissue produces chemical energy by
photosynthesis, a process by which light energy is converted to chemical
energy by a series of one electron redox reactions. How then can we apply
this concept to the photodissociation of water and ammonia?

There are certain thermodynamic factors that allow the use of visible light
to induce the dissociation of water to generate hydrogen and oxygen. The
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reduction of water leads to the formation of hydrogen and conversely oxygen
will be formed by oxidation.

2H+ + 2e~ *• H2 E - -0.41 V

2H2O *• 0 2 + 4H+ + 4e~ E = 0.82 V

JJ^***1 H-0 *• H, + %0_ AG « 1.23 V
Reaction 2 2- " 2
Hence, the minimum amount of energy required to bring about the dissociation
of water is 1.23 V. Thus, a redox couple having a potential more positive
than 0.82 V is thermodynamically capable of oxidizing water at pH 7 and any
couple having a redox couple more negative than -0.41 V is thermodynamically
capable of reducing water. Electronically excited molecules, generated by
the absorption of light, are more efficient oxidizing or reducing agents
than their ground state counterparts, and a number of chemical systems have
been invented to exploit this principle. One of the most common is
described below using the electron relay methylviologen (MV^+).

2+ hv 2+*
^ *- Ru(bipy)3

Ru(bipy)2+* + MV2+ " ° - 8 6 , Ru(bipy)3+* + MV+

3
+ CAT 7+ —

MV + H20 » MV + \U2 + OH
- 3+* CAT 2+

OH + Ru(bipy)^ — — *- 0 2 + Ru(bipy)^

The excited state of Ru^+ reduces MV^+to MV+. MV+ in the presence of a
catalyst will reduce water to hydrogen whilst being oxidized back to MV^+.
Likewise, Ru-"" generates oxygen over a catalyst and, in doing so, is con-
verted back to Ru^+. This example illustrates the principles of electron
transfer reactions in the presence of a redox catalyst. The major problem
that has plagued such a chemical system has been promoting the efficient
coupling of the photoredox events with the catalytic steps leading to water
decomposition.

Wagner and Traud^-) were the first to develop the concept of redox
catalysis in 1938. Electron transfer processes of the type,

D + A -_ " T& + A~ D = Donor, e.g. Ru(bipy)^+

A = Acceptor, e.g. MV' ,

can be influenced by conducting solids such as metals and carbon. These
authors indicated that redox catalysis ought to be particularly effective in
the case of metals for which both D/D+ and A/A~ redox couples are
electrochemically reversible. In the case of a colloidal redox catalyst,
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the metal particle serves as a microelectrode which couples two heterogenous
electron transfer steps, one being the oxidation of the donor in the
presence of light:

D v
 h V *D+ + e-(aq),

and the other being the reduction of the acceptor,
A + (ai) •* A

One can describe the electron transfer processes occurring on a colloidal
surface by standard current-voltage curves as shown in Fig. 1. As the net
current across the metal/solution interface is zero, the potential E p that
the particle reaches under stationary conditions is given by the inter-
section point of the two curves. At this potential, the anodic and cathodic
currents are equal and their value corresponds to i^ - this value defines
the overall reaction rate.

McLendon and Spiro(2) have discussed this model and derived the rate
equations to describe mass transfer and irreversible electrode reactions. A
detailed discussion would be out of place here. However a few general
points ought to be noted:

(1) In the case where both redox couples are reversible on the raicroelec-
trode in question, the particle potential will lie at the midpoint between
the two Nernst potentials E0^ and E°2-

(2) If E°i and E°2 are sufficiently separated the reaction current will be
high and approach the diffusion controlled limit.

(3) If only couple is reversible, then the particle potential will remain
near to the Nernst potential of the reversible couple.

The concepts of electron transfer redox reaction and redox catalysts that
have been discussed so far have implied that one must have discrete species
which, in their excited state, are used as the oxidant or reductant.
However, work done by Gr'atzel et al.(^) showed that one could exploit
the light absorbing properties of the semiconductor support. Supports like
TiO2 can absorb visible light to produce an electron hole pair (e-h). The
electron, which is now in an excited state, can be used directly to reduce
H2O over a catalyst, whilst the hole can be used as an oxidant. The work
described in this report focuses on the production of such e-h pairs and the
subsequent use of these electrons and holes to bring about the catalytic
decomposition of water and ammonia solutions. Fig. 2 illustrates the
photodecomposition scheme envisaged in the presence of a catalyst.

In the absence of a catalyst, the reduction of water to hydrogen occurs
through a free H-atom intermediate:

2H4" + 2e~ *-H2.
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The energy barrier for this reaction can be Lowered by using a catalyst. In
this case, the hydrogen forming reaction would have to be kinetically
favoured to compete with the efficient back reaction. Platinum was used as
the catalyst for the hydrogen evolution reaction because it has a low
hydrogen overvoltage, i.e. the reverse reaction is not favoured. Since
RuO£ has a low overvoltage for oxygen (in acid solution), it was used as
the oxygen catalyst. Therefore, an oxide support doped with Pt and R.uC>2
should constitute a catalyst capable of mediating tb'i light-induced cyclic
decomposition of water.

Such catalysts have been shown to work but their efficiency has been limited
by photoanodic corrosion, which leads to the dissolution of the catalyst
support by the holes generated in the valence band of the semiconductor
support. Thus, a process is required to compete efficiently with the anodic
dissolution reaction and reduce or slow down the degradation.

This work set out to demonstrate that the electrons produced by light could
be used to reduce water and the hole generated would in turn oxidize water
and ammonium hydroxide to give oxygen and nitrogen. The two chemical
reactions would compete with anodic corrosion (i.e. use up the holes) and,
therefore, the (e-h) pairs produced would be utilized to do chemical work.
An attempt was made to establish some of the parameters that governed the
efficiency of these heterogenous catalysts.

3. EXPERIMENTAL METHODS

The optical arrangement used to irradiate the solutions is shown schematic-
ally in Fig. 3. The light from the lamp was filtered through a water filter
to remove the I.R. component of the light and thereby prevent sample
heating. A cut-off filter (X = 300 nm) was used to exclude the UV light.
All glassware used was made from pyrex glass. The irradiation cell used is
shown diagrammatically in Fig. 4. A variac was used to control the light
intensity and all experiments were done using a light intensity of
500 mW.cm"^. The source was calibrated using a power meter (Coherent
Model Number 212).

The gases generated during irradiation were analyzed by gas chromatography
using an 8 ft. molecular sieve column and a thermal conductivity detector.

All solutions were purged with argon for an hour prior to irradiation to
remove any dissolved H2 an<^ ^2 • -^ w a s usually impossible to keep the
experimental flask completely air-tight during the course of the.experiment.
Therefore two cells, containing the same amount of liquid, were used in
irradiation experiments.

To find two cells with roughly equivalent vacuum properties, we measured the
leak rate of N£» H2 and O2 into two glass vessels oveL a fixed length
of time. Two such cells were then used - one for photolysis and the second
one kept in the dark as a blank. The concentration of gases found in the
control experiment enabled us to correct the measured concentrations of
gases generated by photodecomposition of H2O.
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3.1 Catalyst Preparation

Platinum colloids were deposited onto a support by photoplatinization
(photon-assisted reduction of a platinum salt with subsequent plating out
onto the support) or by mechanical agitation. The Ti(>2 and CdS supports,
the Pt, and RuO£ were prepared by colloidal methods described below:

(1) Pregaration_of_TiO2

Titanium dioxide was prepared by the Blumfeld procedure and by the
hydrolysis of titanium isopropoxide^ '. The Blumfeld procedure involved
the dissolution of TiCl4 C5 m L ) i n d i l u t e H C1 (20 m L ) • The solution was
then added slowly to H2O containing concentrated NH4OH (80 mL). A white
precipitate was formed and the final solution was at pH 9. The bulk of
supernant liquid was decanted off and the remaining slurry was then added Lo
boiling water (3 L) which was acidified with concentrated HC1 (30 mL). The
precipitate was peptised by boiling for 2 h, resulting in an opalescent
solution. The colloid particles thus produced were 1-2 ym in diameter.

The second method of preparing TiC>2 used titanium isopropoxide
as a starting material. TiPo* (5 mL) was added to isopropanol (10 mL).
The solution was hydrolyzed with HC1 (.3N 100 mL) and the colloid was formed
after stirring for 15 minutes.

It was possible to modify the electronic structure of the semiconductor
support by "doping" the colloid during preparation. We used Cr^+ as the
dopant.

( 2 ) Pregarat ion_of_dop_ed_su2gorts

The Cr was added to the gel-like precipate formed during the addition of
of NH4OH to the hydrolysis product. The Cr was added as K^C^Oy such that
a doping level of 40-100 yg of Cr/g of Ti02 was achieved. The mixture was
stirred, filtered and finally annealed at 400°C for one hour.

Colloidal Cds(5) was prepared by dissolving Cd(NO3)2 (5 x 10"
4 M) in

sodium hexametaphosphate (100 mL). H2S was passed slowly through the
mixture for ̂  1 min. A bright yellow colour was diagnostic of colloid
formation. The excess H2S was removed by bubbling Ar through the
solution.

(4) Loading_with_Pt_and_Ru02

The final stages of catalyst preparation consisted of loading the semi-
conductor supports with Ru02 and ultrafine colloidal platinum particles
(Pt^). RUCI3 (3 mg/g Ti02) was dissolved in a minimum amount of H2O.
The support particles were then dispersed in the concentrated aqueous
RUCI3 solution. The solution pH was adjusted to 6 and the product was
filtered and dried overnight at 100°C.
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Loading with Pt was the last step in catalyst preparation. Two methods were
used to prepare the Pt particles and deposit them onto the
particles:

(i) Preparation of Pt (&) - An aqueous solution of hexachloroplatinic
acid (0*1 g in 225 mL) was stirred under argon for \ h. Sodium citrate (1%,
85 mL) was then added and the mixture was refluxed for 3-4 h at 83°C.
Precise temperature regulation was essential since the reflux temperature
determined the ultimate size of the colloid. The final product was a bright
gold coloured solution made up of very small metallic Pt spheres, 2.5 nm in
diameter.

The excess citrate was removed from the solution by dialysis or ion exchange
using an Amberlite MB-1 resin. Dialysis, though more time consuming was
found to be more efficient than ion exchange. Solution conductivity was
used as a measure of how efficient dialysis was as compared to ion exchange.
The conductivity of the dialysed solution was 0.43 mmhos, whereas by ion
exchange the solution conductivity was 11 mmhos.

Finally, the Pt sol was mixed with the solution containing the semiconductor
support/Ru(>2 particles and sonicated in a water bath for 30 minutes.

(ii) Photoplatinization(7) - This method involved the deposition of Pt
particles onto the catalytic support, by photoreducing the hexachloroplatinic
acid in-situ. A solution containing the Pt acid, KeOH (5 mL), HCHO (150 mL)
and TiO2/RuO2 particles was degassed by bubbling argon through it for
15 minutes. The solution was then irradiated for 45 minutes. The electrons
produced by illumination of the TiC>2 reduced the Pt VI to metallic Pt and
the holes were quenched by the formaldehyde present. The excess formalde-
hyde and methanol were removed on a rotavaporator. The catalyst was
filtered and then dried.

(5) Tef Ion_coating_the_catalyj3ts

A 5% Teflon solution was prepared by adding Teflon (6 mL) to H2O (66 mL).
The teflon solution (10-15 mL) was added to the RuO2/TiO2/Pt catalyst
and the slurry was cured at 375° for 15 minutes.

3.2 Catalyst Characterization

The amounts of Pt, RuO2 and Cr (where doped catalysts were used) deposited
on a Ti02 support before and after an irradiation were determined by
neutron activation and the results are tabulated in Table 1.

Table 1 - Neutron Activation Results

Cat. Pt mg/g TiO2 RuC>2 mg/g TiC>2 Cr doping Vg/g TiC>2

Before irradiation 1.2 1.6 80

After irradiation 0.14 1.2 40
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These results highlight the major problem with supported catalysts - the
erosion of the catalytic centres from the support. Redox catalysts made by
colloidal deposition allow for the use of ultrafine Pt and RuO£ particles;
however, they are very prone to degradation by erosion.

The various catalyst preparations were examined by Scanning Auger Microscopy
(SAM) and Scanning Electron Microscopy (SEM). The colloidal Pt particles
were examined by Transmission Electron Microscopy (TEM). These particles
had an average diameter of 2.3 nm. SEM/EDX measurements were confined to
observing gross morphological changes brought about by light irradiation.
The micrographs in Figure 5 show the state of the RuO2/Pt/TiO2 catalyst
before and after reaction. The Pt and RuC>2 were identified by EDX but the
concentration of the two catalysts was too low to get a quantitative
measurement. Figures 5 and 6 describe the teflon-coated catalysts.

4. RESULTS AND DISCUSSION

It was necessary to first define the support to be used and then optimize
its performance using the amount of H2 produced as a measure of the
efficiency of the catalyst. We used two supports and investigated the
effectiveness of the method of preparation of the support on the catalytic
activity. We then tried to improve the efficiency of the catalyst support
by doping the support with Cr^+ ions. Two other techniques were used, viz:

(i) Sensitization of TiC>2 with 8-hydroquinoline
(ii) Coating the catalyst with Teflon to improve the hydrophobic properties.

Then, using the same catalyst preparation, the decomposition of D2O,
H2O/NH3 (aq) and D2O/NH3 (aq) mixtures was investigated.

4.1 Generation of H2

CdS and TiO2 were used as catalyst supports.

4.1.1 Pt supported on CdS

The CdS was prepared by a colloidal synthesis and loaded with Pt and RuO2«
The CdS catalysts were found to be highly efficient catalysts. The measured
rate of hydrogen generated was 353 nL.h^.g"^- (Fig. 7). However,
CdS-supported catalysts degrade very rapidly; CdS is very susceptible to
photocorrosion. The holes generated at the valence band attack the CdS
producing Cd^+ and elemental sulphur. A yellow precipitate can be
observed being formed during the course of the reaction. The presence of
Ru(>2 retards the photocorrosion to some degrerc but does not prevent it.
Therefore, though CdS supported catalysts were very efficient, they were not
stable. Degradation was brought about by photoanodic corrosion.



4.1.2 Pt/RuO2 supported on

TiO2_supports

The following HO2 supports were used:

(i) Colloidal TiO2 prepared from titanium isoproxide - (i-TiO2);
(ii) Colloidal TiC>2 prepared from titanium tetrachloride - (TiC>2);
(iii) Polycrystalline TiC-2 - commercially available - (p-TiO2)»

Each of the three TiO2 samples was loaded with Pt and Ru(>2 and then
solutions containing the catalysts, at pH 3, were irradiated. The rates of
H2 generation are summarized in Table 2.

Table 2 - Hydrogen Production (pL.hr"1-g"1) with Different TiC>2 Supports

i-TiO2 <1.0
TiO2 11.0
p-TiO2 3.0

It was found that colloidal Ti02 prepared from titanium tetrachloride was
the most active. Colloidal Ti02 prepared from isopropoxide was found to
be the least active for H2 production.

4.1.3 Cr-doping of HO2

An attempt was made to improve the light absorbing properties of the TiO2
support by doping the support with Cr (the reasons for using Cr will be
discussed later). Initial experiments indicated that Cr doping did indeed
improve the efficiency of the catalyst by about 20% (Figure 8). We, there-
fore, tried to define the optimum level of Cr doping. Two Ti02 supports
containing 40 ug and 80 ug of Cr^+ were prepared and irradiated. H2
measured with time is plotted in Fig. 9. The rates of H2 production
calculated for the two experiments were 36 pL.h"1 .g""l- and 22-25 yL.h"1 .g"1,
respectively. However, the problems associated with achieving reproducible
doping levels led us to abandon this study. Tentatively, it can be
suggested that low Cr doping levels are more effective.

4.1.4 Teflon Coating

The dissociation of water into hydrogen and oxygen occurs on the Pt and
RuO2 surfaces, respectively. The reverse reaction, i.e. the recombination
of H2 and O2 to form H2O is catalyzed by platinum. However, the rate
of recombination is increased dramatically if the platinum catalyst is
coated with Teflon. It is believed that the Teflon forms a hydrophobic
surface which prevents liquid H2O from binding irreversibly to the surface
and aids the mass transfer of gases to and from the surface.
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Therefore, if the hydrophobic layer promotes the recombination by
facilitating the gas phase reaction on the surface, one would expect the
dissociation reaction to be inhibited by the presence of the hydrophobic
layer since the adsorption of H2O is a necessary first step to the
generation of H£ and 02-

Teflon was used to coat the Pt/RuC>2 catalyst and the efficiency was
measured in the usual way. The coated catalysts produced H2 at the rate
of 12 pL.h-^.g""^ as compared to the rate achieved with the uncoated
catalyst from the same batch, viz. 7.0 pL.h"-'- .g~^, Fig. 10.

Therefore, Teflon had a dramatic positive effect on catalytic efficiency.
These two experimental observations cast some doubt on the exact role of the
Teflon coating. One suggestion is that the Teflon barrier acts as an ion
conducting membrane - this, however, is speculation*

4.2 Use of D20

The H2 generation experiment was repeated using D2O instead of H2O.
The measured rate of D2 production was 2.5 pL.tfl.g~l (Fig. 11).
The normal rate of hydrogen production is 7.0 - 11.0 yL.h~^ •g"-'-.
A difference in the rates was expected due to the variation of the surface
bond energies between H and D and the surface.

4.3 The Combined System - H2O/NH3 (aq)

The final objective was to determine whether it was possible to photo-
decompose water and ammonia. The electrons generated by light adsorption
could reduce H2O over the Pt catalyst while the corresponding hole would
be used to oxidize H2O and ammonia over the RuO2 catalyst.

Measurement of the volume of N2 was complicated by the fact that it was
not possible to keep the irradiation flasks completely air-tight during the
course of the experiment nor was it possible to completely remove N2 from
the solutions by bubbling argon through the liquid. Therefore, the volume
of N2 generated was measured as a ratio of N2:O2- If there was an
increase in N£:02 equivalent to the ratio of N2:02 in air, then the
increase in N2 volume was due to ingress of air. Therefore, variation in
this ratio was a measure of the amount of N2 produced. The background
N2:C>2 ratio after degassing with argon was 1.4. The measured ratio of
N2:O2 in air was 3 (theoretical 4). The ratio was seen to increase,
thus implying that N2 was being generated by photolysis.

The results observed are summarized in Table 3 and in Figure 12.
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Table 3 - N2:C>2 Generated by Photolysis

Sample Vol. Analyzed N2/O2
(ML)

300 0
300 3.20
300 3.78
300 5.44
600 5.79
300 3.0

Background after degassing using Ar 1.4

A solution of D2O/NH4OH (initial pD of 2.8) was irradiated and H2, D2, N2,
and O2 gases were measured by GC. Thus, we were able to show that H2O/NH4OH
could be photodecomposed using a Pt/TiO2/RuO2 catalyst to give H2 and N2.

The experiments discussed so far demonstrate that it is possible to photo-
dissociate water and ammonia in the presence of a catalyst. It is,
therefore, appropriate to dwell briefly on the mechanism of the dissocia-
tion. The decomposition of water is well understood and can be explained by
the following mechanism:

where CB implies the conduction band (of the support) and VB the valence
band.

Illumination of the Ti02 will produce an e-h pair. The excited electron in
the conduction band will reduce H2O to hydrogen over Pt and the hole will
generate oxygen at the valence band. Laser photochemical work has shown
that the rate of electron transfer via the Pt is fast and therefore competes
efficiently with e-h+ recombination which would reduce the efficiency of
the process. The position of the conduction band has a dramatic influence
on the interfacial electron transfer and consequently pH variations will
affect this rate. For every unit change in pH, the flatband potential will
move 59 mV. To facilitate the rapid electron transfer, the water molecules
must be adsorbed to the surface of Pt. Once the reduction is complete, the
products will desorb from the surface and some surface reconstruction will
have occurred. Much of present day knowledge about the decomposition of
water on platinum surfaces is based on single crystal work in UHV conditions.
At present, there is some debate as to whether colloids possess bulk metal
or atomic-like properties. Colloids probably do not have well ordered
crystal surfaces. Therefore, it is difficult to use single crystal
mechanisms and apply them to chemical reactions occurring on colloidal
surfaces in solution.
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The solubility of gaseous NH3 in water is governed by pH and temperature.
The two dominant dissolved forms are NH4+ and NH4OH. NH3 and its solutions
can be oxidized by powerful oxidizing agents forming a number of products,
e.g. dissolved HNO2, N02~> N03~ and gaseous N2, N2O and NO. These
oxidations are irreversible^*^). Therefore, NH3 will dissolve as

NH3 + H20

NH4"1" + OH

The following oxidation, can occur:

2NH4OH *N 2 + 2H2O + 6H+ + 6e~

In addition, if hydrogen peroxide is present, the peroxide can oxidize the
ammonia to nitrite^"'. This is an unlikely reaction which might,
however, occur in the presence of a catalyst and be under kinetic control.
The ammonium nitrite formed is unstable, decomposing to N2 and H2O.

All these reactions can occur and we did not have time to elucidate the
mechanism of decomposition.

It should be noted that two authors^^'^-) suggest that H O 2
facilitates the breakdown of NH3.

By increasing the number of protons absorbed by the TiO2 support, one would
increase the overall efficiency of the catalyst. However, the TiO2 bandgap
is wide (EJJQ = 3.1 V) and, therefore, light towards the blue end of the
spectrum (i.e. higher energy) is required to generate e-h pairs. The
absorption properties of TiO2 can be improved by impurity doping. ^
was used to dope the TiO2 supports. The chromium ions replace the Ti^+

ions in the TiO2 lattice and induce optical transitions from the d electrons
of the Cr^+ to the TiO2, thus extending the spectral response to visible
light. Increase in catalytic efficiency brought about by Cr^+ doping
was observed. However, the difficulties in catalyst preparation and time
preclude a detailed study of Cr-*+ doping.

The most dramatic increase in catalytic efficiency was noted when the
catalysts were Teflon coated. It is thought that "wetproofing" a catalyst
forms a hydrophobic shell around the catalyst and, therefore, improves the
mass-transfer to and from the catalyst surface. A 50% improvement in
catalytic efficiency was achieved and hence wetproofing bears further
investigation.
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5. CONCLUSIONS

The major aim of this work was to demonstrate qualitatively that it was
possible to photocatalytically dissociate water and NH4OH simultaneously.
This we did. The other conclusions reached were

(1) CdS is a far more efficient support for water cleavage than TiO2 but
is plagued by corrosion problems.

(2) Cr^+ doping does improve the light absorption properties of

(3) Teflon coating the catalyst dramatically enhances the yield during
irradiation. The actual mechanism is not known at this time.

(4) The performance of catalysts prepared by colloidal deposition falls off
with time due to erosion of the Pt and RuO2 from the support. This
deficiency must be weighed against the advantage derived from knowing
that a Pt is always deposited on the surface. Catalysts prepared by
the reduction of adsorbed chloroplatinic acid to Pt will have some
unreduced Pt ions on the surface. The chloroplatinic acid might poison
the surface reactions.

6. PROPOSALS FOR FURTHER WORK

The great advantage ot using a photocatalytic system to treat tritiated
water and ammonia lies in the fact that it can be done remotely and at room
temperature. Further work could be done in two areas, viz.

(1) Process development

(a) More work needs to be done to obtain quantitative information on the
decomposition processes. The reactions must be studied in a larger reactor
system like the recirculating, differential conversion photoreactor
developed at Princeton.

(b) Improvements in cell design using membranes, e.g. Nation or solid
electrolytes, e.g. ZrO2, Co separate the products have to be incorporated
in cells to improve cell efficiency. The possiblility of doing the photo-
decomposition with water vapour and ammonia, i.e. in the gas phase ought to
be investigated. The Teflon results suggest that this will be a very
efficient reaction.

(2) Catalyst Development

A number of areas bear investigation.

(a) The method of depositing ultrafine Pt and RuO2 crystallites onto supports
needs to be improved. The concentration of catalyst needs to be increased
and the deposited catalyst must be more resistant to leaching. A possible
way to improve the catalyst may be to sputter the Pt onto the support.
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(b) To design more efficient catalysts we need to define the parameters that
govern photocatalytic reactions. Such reactions have three main steps:

(i) Generation of the e-h pair and efficient charge separation to prevent
recombination.

(ii) Reduction and oxidation reactions by the separated electron and holes
with suitable adsorbed species.

(iii) The desorption of products and the resulting surface reconstruction.

Efficient e-h generation and separation has been achieved. The reduction
and oxidation processes have been observed. Therefore work ought to focus
on the surface aspects of the photocatalytic decomposition. The effect of
adsorbed reaction intermediates and products on the electrdnics of the
catalysts needs to be determined and understood. Electrochemical and
surface techniques e.g. Laser Raman Specti.oscopy and Rutherford back-
scattering could be used to provide the necessary information about surface
pher.omena to allow the design of more efficient catalysts. The development
of practical photoelectrode catalysts will lead to a number of applications.
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i) Large K, Cl rich flakes seen
in catalyst before exposure.
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c) TiC>2 particles after
exposure.
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b) TiO2 particles.
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d) Enlargement of a HO2
particle.

Fig. 5 Micrographs of Pt/Ru(>2/TiO2 catalyst both before
and after exposure.
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Fig. 6 Micrographs of Teflon-Pt/Ru02/Ti02 catalyst after exposure
to test solution. (Sample was gold-coated to prevent changing
during examination).
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FIGURE 9 THE EFFECT OF VARYING THE DOPANT
CONCENTRATION ON THE YIELD OF O2
AND H2
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FIGURE 10 TEFLON COATED v / s UNCOATED CATALYSTS
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FIGURE 11 D2 GENERATION FROM D2O AND A COLLOIDAL

TiO2 CATALYST
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