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Stoichiometric photocatalytic decomposition of pure
water in Pt/TiO, aqueous suspension system
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The influence of the direction of ultraviolet irradiation upon the yields of the photocatalytic
decomposition of pure water has been investigated in Pt/TiO, aqueous suspension system.
The yields of the photocatalytic decomposition irradiated from the top of the reaction cell are
about 10° times higher than those irradiated from the bottom. The difference seems due to the
reverse reaction of the formed H; and O, in the suspension.
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1. Introduction

TiO; has been most widely used for the study of photocatalytic decomposition
of pure water, because of its high stability against photocorrosion and its favorable
band-gap energy. There have been many studies on photocatalytic decomposition
of water over Pt-loaded TiO, catalysts. Sato et al. reported that in a very thin layer
of water, which is not in aqueous suspension system, Pt/TiO, could decompose
water stoichiometrically [1-3].

Most of the studies concluded, however, that in aqueous suspension system
Pt/TiO, could not decompose water stoichiometrically [4-7]. Attempts of photoca-
talytic decomposition of water often resulted in H; evolution without O,. Further-
more, the rate of H, evolution decreased rapidly with irradiation time. The only
exception is Sayama et al.’s report on photocatalytic water decomposition over
Pt/TiO, in Na,CO; aqueous solution [8]. This work attracted considerable atten-
tion, and the Pt/TiO, suspension system has become a candidate for water decom-
position catalyst. Till Sayama et al.’s report [8], Pt/TiO, aqueous suspension
system had been believed to be inactive for stoichiometric water decomposition
because of reverse reaction caused by hydrogen spillover [3] or its inability to evolve
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oxygen due to the formation of peroxospecies [6]. This hypothesis was also sup-
ported by results on NiO, /TiO; and CeO, /TiO; catalysts that could catalyze water
decomposition in NaOH aqueous suspension system [9,10].

We have observed reproducible and stoichiometric decomposition of water
over the Pt/TiO, photocatalyst when the suspension of the photocatalyst was irra-
diated from the top of the reaction cell with the light of a Hg lamp. In this letter,
we will show that the reaction proceeds over along period in an aqueous suspension
of Pt/TiO, without any electrolyte. We will also show the experimental details for
the stoichiometric decomposition of water over the Pt/ TiO, photocatalyst.

2. Experimental

TiO, powder obtained from Degussa (P25, anatase 78%) was used as the support
without any pretreatment. Platinum was loaded on the TiO, powder using the
photochemical deposition method. The TiO, powder (1.0 g) was suspended in
200 cm? of aqueous solution of methanol (2%) and HyPtClg (0.1 wt% per TiO,).
After it had been sufficiently deaerated, the suspension was irradiated with the light
of a high-pressure Hg lamp (about 5 mW at 366 nm) for 8 h. Then the suspension
was centrifuged (5000 rpm) and washed with pure water. After the centrifugation
and pure-water washing had been repeated five times, the sediment was dried and
used as the Pt/TiO, catalyst.

The photocatalytic decomposition of water was carried out in a cylindrical
closed reaction cell (60 mm diameter, 50 mm height, 148 cm® volume) of pyrex.
The reactor has neither O-ring seal nor ground-glass joint except a glass greaseless
vacuum valve (YOUNG PORG6RA, Teflon sealing, glass piston) in order to reduce
air leakage and grease contamination (fig. 1). The greaseless valve served as the
only port for the introduction of the reactant and carrier gas and the sampling of
the product and degassed components. The outer nozzle of the valve was connected
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Fig. 1. The closed reaction cell for photocatalytic decomposition of water: 60 mm in diameter,
50 mm in height.



S. Tabata et al. / Photocatalytic decomposition of water over Pt/ TiO, 247

to a pressure gauge, a vacuum line and an Ar line. It was kept vacuum during the
reaction to prevent air leaking through the Teflon sealing of the valve into the reac-
tion cell. To reduce the gas evolution from and absorption into the materials in
the reaction cell, we used a small stirring tip (5 mm diameter, 15 mm length) for
magnetic stirring; the stirring tip was well degassed in vacuum (1 h) and purged by
Ar gas (1 h) in advance. With the above precautions, the rate of background O,
evolution was 11 nmol h™! at the start of photoreaction and 1.2 nmol h™! 24 h
later.

Pure water, which was treated by KMnOy, deionized, and distilled was used as
the reactant. No electrolyte was added to the reactant. After 300 mg of photocata-
lyst (Pt/TiO,) and 16 cm? of reactant (pure water) had been introduced to the reac-
tion cell, the aggregated catalyst was dispersed by ultrasound (1 min) and
suspended by magnetic stirring (500 rpm). Under this condition, the absorption
coefficient of the suspension at ultraviolet rays (350 nm) was40 um™!.

The suspension underwent repeated cycles of Ar introduction to 140 kPa and
evacuation to 10 kPa for 1 h for deaeration. Care was taken to prevent the suspen-
sion from bubbling and splashing the window for the incident light where the cat-
alyst might react with H,O vapor. After the reaction cell was filled with 20 kPa of
Ar gas, the irradiation was started. The temperature of the reaction cell was con-
trolled to 295 K with a water bath.

The light source was a 250 W high-pressure Hg lamp (USIO, SPOT CURE);
the light of the Hg lamp was collected by a mirror and illuminated the suspension
from the top or the bottom of the reaction cell. The light was focused into a spot of
about 40 mm in diameter to avoid reaction on the side wall of the cell. The photon
flux from the Hg lamp was measured by a chemical actinometer in which photode-
composition of K3Fe(C,04); was used. The photon flux was about 1.8 x 108
photons s~! when both Toshiba UV-D35 filter (300400 nm) and pyrex glass filter
were used.

The evolved gases were sampled (9 cm® at a time) at appropriate intervals and
analyzed with a gas chromatograph (Ar carrier, MS5A column, TCD).

3. Results and discussion

Fig. 2a shows the evolution of H, and O, of four runs of photoreaction as a func-
tion of time when the suspension was irradiated with the light of the Hg lamp
from the top of the reaction cell. Each run lasted 4-6 h during which gas sampling
was carried out. Gas evacuation for 3 min and introduction of Ar gas to 20 kPa
were done at intervals, which is indicated by arrows in fig. 2. Even at the first run,
both H; and O; evolve into the gas phase, though the O, evolution is smaller than
half the H; evolution (H,/0, = 2.6 at 4 h). CO, was also detected only at the first
run (0.06 pmolat4 h). The shortage of O, at the first run could be attributed to resi-
dual organic compounds which act as sacrificial electron donor. After the second
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Fig. 2. Evolution of H, and O3 of four runs of photoreaction as a function of time: (a) the suspension

is irradiated from the top of the pyrex cell; (b) the suspension is irradiated from the bottom of the

cell. (M) H;, (@) O,. Arrows indicate the gas evacuation and introduction of Ar gas. Light source,
250 W high pressure Hg lamp; catalyst, 0.3 g; pure water, 16 cm?.

run, H, and O, evolve stoichiometrically (H,/O; = 2.1-2.0). Furthermore, photo-
catalytic activities do not deteriorate after 14 h of reaction. The partial pressures
of H, and O, increase as a function of time, then saturate. This means that the
reverse reaction of H, and O, into H,O over the catalyst also becomes faster, with
the time course, then equilibrates with the forward reaction at 5-6 h after the start
of the gas accumulation, at which the partial pressures of H, and O, are 2.2 kPa
and 1.1 kPa, respectively. The average rate of H; evolution for the initial 5 min of
the fourth run is 106 pmol h™! without filter and 76 pmol h™' with the filter
(TOSHIBA, UVD-35), which means 1.4% of quantum efficiency.

The photocatalytic activity reproduces within about £10% for four different
Pt/TiO, catalysts supported on P25 of the same lot and another one supported on
P25 of a different lot. For all of the five catalysts we observed the stoichiometric
evolution of H, and O, with the HyO, ratio within the range from 2.0 to 2.1 when
the suspension was irradiated from the top of the reaction cell.

Fig. 2b shows the evolution of H, and O, of four runs of photoreaction as a func-
tion of time when the suspension was irradiated with the light of the Hg lamp
from the bottom of the reaction cell. With the proceeding of the reaction, the rate of
H, evolution decreases rapidly. This decrease of the H, evolution rate could be
attributed to the consumption of residual organic compounds which act as sacrifi-
cial electron donor. The average rate of H evolution for the initial 5 min of the
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fourth run in fig. 2bis 0.12 pmol h™'; this is about 10~ times smaller than that of
top irradiation. Though the evolution of O, is observed from the second run, the
rate does not reach the stoichiometric value (H/O, = 3.5 at the end of the fourth
run).

We believe that the difference of photocatalytic activity between the two direc-
tions of light irradiation is based on the reverse reaction of H; and O,. When the
suspension is irradiated from the top of the reaction cell, H, and O, form near the
surface of the suspension. Therefore, the H, and O, evolve easily from the surface
of the suspension to the gas phase. When the suspension is irradiated from the bot-
tom of the reaction cell, on the contrary, H, and O, form far from the surface of
the suspension. Therefore, most of the H; and O, recombine in the suspension
before evolving from the surface of the suspension to the gas phase.

4. Conclusion

The results show that the Pt/TiO, photocatalyst can decompose water stoichio-
metrically in an aqueous suspension system when the suspension is irradiated with
the light of the Hg lamp from the top of the reaction cell.
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