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Hydrogen formation by the photodecomposition of water over
Pt/TiO2 suspended in a water in oil emulsion
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Hydrogen formation by the photodecomposition of water has been successfully achieved in a water in oil emulsion (w/o emulsion)
system containing Pt/TiO2. The hydrogen formation rate was affected by the amount of water added to the emulsion. It was concluded
that water in the w/o emulsion containing Pt/TiO2 was more active than free water for the photodecomposition to form hydrogen.
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1. Introduction

In the last few decades, the photocatalytic decomposition
of water and the formation of hydrogen/oxygen have been
studied extensively over various semiconductors. Among
these, TiO2 is the most commonly used catalyst due to its
high activity for the decomposition of water and high sta-
bility against photocorrosion under UV irradiation in liquid
water. The presence of group VIII transition metals is re-
quired to bring about hydrogen evolution and Pt is usually
selected for this purpose. However, when Pt/TiO2 cata-
lyst was simply suspended in pure liquid water, the rate of
water decomposition was very slow [1]. To improve the ef-
ficiency of water decomposition over metal/TiO2 catalysts,
various efforts have been made. Yamaguchi and Sato re-
ported that the stoichiometric decomposition of water vapor
into H2 and O2 occurred over NaOH-coated Rh/TiO2 and
Pd/TiO2 catalysts [2]. But, when the water-vapor pressure
exceeded about 21 Torr (saturated vapor pressure at the re-
action temperature), photolysis became very slow because
of the formation of a liquid water layer on the catalyst
surface. Sayama and Arakawa reported that addition of
carbonate salts to Pt-loaded TiO2 led to highly efficient
stoichiometric photocatalytic decomposition of liquid wa-
ter [3]. They concluded that the backward reaction of wa-
ter decomposition was suppressed by covering both Pt and
TiO2 surfaces with carbonate species. In both cases, sep-
aration of the catalyst surface from bulk-liquid water or
rapid desorption of oxygen from the catalyst surface was
considered to be important.

In this letter, we propose a new system for the photode-
composition of water over Pt/TiO2 catalysts by using a w/o
emulsion. When Pt/TiO2 powder is suspended in a w/o
emulsion composed of a small amount of water, oil and
surfactant, the Pt/TiO2 particles will be encapsulated into
the colloidal particles because of their hydrophilic prop-
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erty, and will consequently be separated from the bulk wa-
ter if the amount of water added is little enough. If too
much water is added, the suspension may show poor disper-
sion stability of Pt/TiO2 [4]. The photocatalytic reactions
in such w/o emulsions have been reported already. Zang
and Shen have investigated successful photoreduction of
methyl yellow in a w/o microemulsion system composed
of AOT/isooctane [5]. Shiojiri et al. investigated photocat-
alytic oxidation of cyclohexane on TiO2 ultra-fine particles
formed in AOT/cyclohexane reverse micelles [6]. Meyer
et al. reported hydrogen formation from the photoreduction
of water on Pt/CdS particles in AOT/isooctane reversed
micelles with sacrificial agent [7]. But the effects of the
micelle formation and the surfactant properties for the pho-
todecomposition of water have not been clarified yet. In
this letter, the water decomposition rates in various w/o
emulsion systems containing Pt/TiO2 were quantitatively
compared with that in the pure water system. In addition,
the effects of the amount of water addition as well as the
decomposition of surfactants upon the rate of hydrogen for-
mation were discussed in depth.

2. Experimental

The TiO2 powder employed in this study was obtained
from Japan Aerosil (anatase, P-25). 0.5 wt% Pt/TiO2 was
prepared with a conventional impregnation method by us-
ing a H2PtCl6 aqueous solution. The catalyst powder was
pre-reduced by 200 Torr of H2 at 573 K for 6 h before be-
ing dispersed into a w/o emulsion. The w/o emulsion was
composed of sodium bis-ethylhexylsulfosuccinate (supplied
by Nikko Chemicals, OTP-100S) as an anionic surfactant
or polyoxyethylene nonylphenyl ether (supplied by Lion,
NP-6) as a nonionic surfactant and cyclohexane as a sol-
vent. The surfactant, OTP-100S, is the same anionic sur-
factant known as AOT, but is a special high purity grade,
containing less than 1% of water and no methanol which
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may act as a sacrificial reagent for photoreaction. The OTP-
100S was further dried in a desiccator before use. The cy-
clohexane was also dried with molecular sieve 5A before
the reaction measurement.

The photolysis was carried out in a Pyrex glass reac-
tor connected to a vacuum line and an on-line TCD gas
chromatograph. Water was added to the emulsion be-
fore mixing with the Pt/TiO2 powder (method 1), or after
mixing with the powder and irradiating for a few hours
(method 2). 0.2 g of the catalyst powder was suspended
in 140 ml of AOT/cyclohexane solution with a concen-
tration of 100 mmol/l. The ratio of water to the surfac-
tant (Rw value) was controlled by changing the amount of
added water. Before irradiation, the suspension was deaer-
ated by freezing with liquid nitrogen. The light source was
a 450 W high-pressure Hg lamp (Ushio, UM-452), which
was filtered through a water jacket to cool the reactor dur-
ing irradiation. The gas products were analyzed by TCD
gas chromatography with a MS-13X column. The SO2−

4
ion contained in the emulsion was supersonically extracted
into pure water and separated before quantitative measure-
ment by ion chromatography.

3. Results and discussion

The dispersion stability of Pt/TiO2 was strongly affected
by the amount of added surfactant. If no surfactant was
added to the suspension, the Pt/TiO2 particles settled imme-
diately at the bottom of the reactor. When a certain amount
of surfactant was added to the suspension, the dispersion
was stable for more than 24 h. The quantitative meas-
urement of the dispersion stability was difficult because of
low concentration of solid. From eye measurements, the
sample showed enough dispersion with the concentration
of surfactant above 100 mmol/l.

Figure 1 shows the time courses of the formation of hy-
drogen under irradiation from the emulsion of Pt/TiO2 in
the OTP-100S/cyclohexane system. The gaseous products
detected by TCD were hydrogen and a small amount of
CO. Oxygen evolution was not observed in all the cases
in this study. Shiojiri et al. reported that, cyclohexanol
and cyclohexanone were formed by the photooxidation of
cyclohexane on TiO2 dispersed in AOT/cyclohexane when
oxygen was present in the gas phase [6]. In the absence of
oxygen, H2 and CO were formed slowly by the reduction
of water and the decarbonylation of organic compounds,
respectively. In our study, 1H-NMR measurement of the
emulsion after the photodecomposition of water revealed
the formation of a small amount of cyclohexanol. Accord-
ingly, it is reasonable to suppose that the oxidation of cyclo-
hexane may take place simultaneously with the reduction
of water in our study. As shown in figure 1, even without
addition of water to the emulsion in the first 3 h period,
hydrogen was evolved by the irradiation of the emulsion
with the initial rate of 43 µmol/h, but the rate dropped to
almost zero after 3 h of irradiation. At that time, 2.3 g of

Figure 1. Effect of water addition on hydrogen formation.

pure water were added. Then the rate of hydrogen forma-
tion increased drastically up to 261 µmol/h, which remained
almost constant during additional 3 h. Under the dark reac-
tion, no hydrogen was formed during the prolonged reaction
period. These results indicate that, in our w/o emulsion
system, the hydrogen formation can occur from the pho-
todecomposition of water. It is also reasonable to suppose
that the formation of hydrogen before water addition may
be due to the water originally remaining in the reagents,
and not from the decomposition of surfactant or solvent.
When D2O was added to the solution of OTP-100S and
cyclohexane instead of H2O, the products were dominated
by D2. Since the amount of H2 formed was very small
compared to D2, most of the hydrogen evolved came from
water decomposition.

Figure 2 shows the dependence of the rate of the forma-
tion of hydrogen upon the ratio of water to surfactant (Rw).
The Rw was adjusted by two different procedures as de-
scribed in section 2. When water was added to the emul-
sion before mixing with Pt/TiO2 (method 1), the formation
rate of hydrogen was increased to a maximum at around
Rw = 3–5 and then slightly decreased with increasing Rw

value. The highest value of the hydrogen formation rate
was 117 µmol/h at Rw = 5.7. It is thought that the slow
formation rate in the region of Rw less than 2 may be
caused by a capture of water in the micelles which does
not contain any Pt/TiO2 particles, and the adsorption of
water to the Pt/TiO2 surface would be suppressed. The de-
creasing of the formation rate in the range of Rw larger
than 8 may be resulted from a change in the structure of
water. Jain et al. reported that in the water/AOT/isooctane
system, one surfactant molecule could be hydrated with
a maximum extent of five molecules of water [8]. From
the result of FT-IR measurements, they proposed the exis-
tence of three different types of water in the microemulsion:
bound water, trapped water and free water. The trapped wa-
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Figure 2. Effect of the ratio of water to surfactant on the hydrogen for-
mation rate.

Table 1
The rate of H2 and CO formation from various dispersion systems.

Surfactant Solvent Formation rate (µmol/h)

H2 CO

– Water 22 –
– Cyclohexane 64 –

OTP-100S Cyclohexane 90 11
NP-6 Cyclohexane 545 51

ter and bound water were thought to be the water hydrated
to AOT molecules. Accordingly it is reasonable to suppose
that free water was also formed in our study when the Rw

was increased more than 5, and the decrease in the rate of
hydrogen formation at around Rw = 5 might have been
caused by the formation of free water. It is worth notic-
ing that the hydrogen formation rate by the irradiation of
Pt/TiO2 suspension in the pure water was 22 µmol/h, as
shown in table 1, which is about five times smaller than
that from Pt/TiO2 in w/o emulsion. From these experi-
mental results, it is concluded that water hydrated to the
surfactant is more reactive than free water for hydrogen
formation. In table 1, the hydrogen formation rate from a
w/o emulsion composed of nonionic surfactant (NP-6) was
also shown, which was about six times higher than that
from the emulsion composed of OTP-100S as a surfactant.
In the literature has been reported that a surface of TiO2 is
charged cationically under UV irradiation. Accordingly it
is reasonable to suppose that stronger interaction between
surfactant and cationic surface of TiO2 may suppress the
decomposition of water in the case of anionic OTP-100S
surfactant.

When water was added to the emulsion, which was al-
ready mixed with the Pt/TiO2 and irradiated for few hours
(method 2), the rate of hydrogen formation was higher than

Figure 3. Schematic diagram of water adsorption onto Pt/TiO2 in w/o
emulsion.

Figure 4. Change in CO formation with the ratio of water to surfactant.

the rate of method 1, as plotted by closed circles in figure 2.
The schematic diagrams of adsorption of water and surfac-
tant on the catalyst surface in methods 1 and 2 are shown
in figure 3. When the emulsion is mixed with the Pt/TiO2

powder before addition of water, the surfactants are fully
adsorbed to the Pt/TiO2 surface, and the amount of water
contributing to hydrogen formation may increase. The hy-
drogen formation rate during the experiment by method 2
was 227 µmol/h at Rw = 8.

Figure 4 demonstrates the effect of Rw value on the
formation rate of CO during irradiation, which decreased
considerably with the increase in value of Rw. It is consid-
ered that at low Rw values, the surfactant molecules were
adsorbed easily onto the surface of the Pt/TiO2 and de-
composed by the irradiation of UV light. Hidaka et al.
investigated the photodegradation of various surfactants in
aqueous suspensions of TiO2 [9], and reported the decom-
position of dodecylbenzenesulphonate (DBS) into CO2 un-
der UV irradiation with air. DBS is an anionic surfactant
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Table 2
Amounts of CO and SO2−

4 formed during water decomposition.a

Sample SO2−
4

b CO H2 DLSc

(µmol) (µmol) (µmol) (nm)

a.r.d 68 21 370 400
b.r.e n.d. – – 430

a Amounts formed during reaction for 10 h.
b Determined by ion chromatography.
c DLS – dynamic light scattering.
d a.r. – after reaction.
e b.r. – before reaction, after 24 h mixing under dark condition.

and has a sulfonic acid group as a hydrophobic group simi-
larly to OTP-100S. In our study, the formation of SO2−

4 ion
was also observed in the suspension used for the reaction
by the analysis of ion chromatography as shown in table 2.
These results indicate that the decomposition of the sur-
factant molecules adsorbed onto the catalysts takes place
during irradiation with UV. The formation of CO instead
of CO2 was due to the reductive circumstance of our study,
differing from the experiments of Hidaka et al. The de-
gree of dispersion of Pt/TiO2 particles was not so strongly
affected by the irradiation during the reaction in spite of
the decomposition of the surfactants. From the result of
dynamic light-scattering measurements (DLS) as shown in
table 2, the sizes of Pt/TiO2 aggregates suspended in the
emulsion were about 430 and 400 nm before and after the
reaction, respectively. The amount of SO2−

4 formed dur-
ing irradiation for 10 h was 68 µmol which corresponds to
only 0.5% of total surfactant molecules in the suspension.
From these results, it is concluded that the decomposition
of surfactant is negligible to use the w/o emulsion as a new
system of photo-assisted hydrogen production.

4. Conclusions

(1) Hydrogen formation from the photodecomposition of
water was successfully achieved in the w/o emulsion
system of Pt/TiO2 in OTP-100S/cyclohexane.

(2) The water in the w/o emulsion was more active than
free water for the photodecomposition to form hydro-
gen.

(3) The hydrogen formation was accelerated much more by
the addition of water to the emulsion of surfactant and
solvent after mixing with Pt/TiO2 than before mixing
with the catalyst powder.

(4) In the absence of water, the decomposition of OTP-
100S took place slowly and small amounts of CO and
SO2−

4 were formed. The decomposition of the surfac-
tant was suppressed by an addition of water.
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