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The mechanism of the photocatalytic decomposition of Hz0 into Hz and O2 over NiO-SrTiO, 
powder was studied on the basis of the structure of the catalyst. It was elucidated that H2 evolution 
occurs over NiO while 02 evolution takes place over SrTiOr The importance of the existence of Ni 
metal between the interface of NiO and SrTiO, suggested the transfer of an electron between 
both materials. Two possible mechanisms, a one-photon process and a two-photon process. were 
discussed. Q 1986 Acade~n~ P~c\\, 1”~. 

INTRODUCTION 

Photoelectrochemical decomposition of 
water has been achieved using some semi- 
conductors as photoelectrodes (I-5). Espe- 
cially, Wrighton et al. (3) reported that 
photoelectrolysis of water into H2 and O2 
proceeds over a reduced SrTi03 electrode 
with a platinum counterelectrode without 
an external bias in an electrochemical cell. 

On the other hand, some attempts for 
catalytic decomposition of water have been 
done over those semiconductor powders (5- 
26). We found that NiO-SrTi01 powder 
with proper pretreatment can steadily de- 
compose water photocatalytically (6-8). 
Lehn et al. also showed the activity of pho- 
todecomposition of water over SrTi03 pow- 
ders modified by rhodium oxide (10). 

Although the principle of photoelectroly- 
sis of water in a photoelectrochemical cell 
has been established, that of the photocata- 
lytic decomposition of water over a powder 
system is not definitely understood. 

In our previous paper (17) the structures 
of NiO-SrTiOx catalysts after various pre- 
treatments were investigated by means of 
several spectroscopic methods. In this pa- 
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per, the activities of those NiO-SrTi03 cat- 
alysts for the photocatalytic decomposition 
of water, as well as for Hz evolution from 
aqueous CH30H solution and O2 evolution 
from aqueous AgN03 solution, were stud- 
ied. Comparing those results with the cor- 
responding structures of the catalysts, the 
mechanism of the photocatalytic reactions 
over NiO-SrTiOj powder was discussed. 

EXPERIMENTAL 

SrTiOj powder (average particle size 2 x 
10m6 m, surface area 3.9 m2/g) was pur- 
chased from Alfa-Ventron. Ni(NOj)2 * 
6H20, CH30H (Wako Pure Chemical), and 
AgNO3 (Kant0 Chemical Co.) were used 
without further purification. 

NiO--SrTi03 powder was impregnated 
with aqueous Ni(NO& solution as de- 
scribed in the previous papers (7,17). NiO- 
SrTiOx powder after the calcination in air is 
hereafter noted as “nontreated” catalyst. 
The pretreatments of the catalysts and re- 
actions were carried out in a closed gas cir- 
culation reaction system (300 ml) con- 
nected with a vacuum line as shown in Fig. 
1. At first, NiO-SrTi03 powder was re- 
duced by Hz at 500°C for 2 h (hereafter, 
RSOO catalyst), and then was reoxidized at 
200°C (R500-0200 catalyst) or at 500°C 
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FIG. 1. The apparatus for the photocatalytic reaction. (I) Stopcocks, (2) sampling cell, (3) circulation 
pump, (4) vacuum line, (5) reaction cell. (a) Inner irradiation reaction cell: (6) cooling water, (7) high 
pressure mercury lamp, (8) magnetic stirrer. (b) Flat-bottom reaction cell. 

(RSOO-0500 catalyst) for 1 h. Two kinds of 
reaction cells were used as shown in Figs. 
la and b. For the photocatalytic decompo- 
sition of water, an inner irradiation reaction 
cell made of Pyrex was used. The solution 
(300 ml) suspended with catalysts (0.5 g) 
was stirred magnetically. For the H2 evolu- 
tion from aqueous CH30H solution (50 
~01%) and the O2 evolution from aqueous 
AgN03 solution (0.1 N), the reaction cell 
with a flat bottom (ca. 30 cm2) made of 
quartz was used. The catalyst (2.0 g) was 
dispersed on the bottom and dipped in the 
solution of 10 ml. The vessel was irradiated 
through the bottom. 

The light sources used were high pres- 
sure mercury lamps (Ushio UM452,450 W) 
in both cases. In the closed circulation sys- 
tem, the solution was degassed completely 
before the reaction until residual O2 and N2 
could not be detected by a gas chromato- 
graph. The evolved gases, H2 and 02, were 
analyzed quantitatively by a gas chromato- 
graph (TCD, Ar carrier) with a molecular 
sieve 5A column. The sampling cell for a 
gas chromatograph was attached directly 
to the gas circulation system as shown in 
Fig. 1. 

RESULTS AND DISCUSSION 

(I) Photocatalytic Decomposition of 
Water over NiO-SrTi03 

The evolution of H2 and 02 from distilled 
water over NiO( 1.5 wt%)-SrTiO, photocat- 
alysts with various pretreatments took 
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FIG. 2. Time courses of HZ and O2 evolution from 
distilled water over NiO( 1.5 wt%)-SrTiO, catalysts af- 
ter various pretreatments under irradiation. (m) HZ, 
nontreated catalyst; (0) HI. (0) 0:. MOO-0200; (A) 
HZ, (A) 02. RSOO-0500. Inner irradiation reaction cell. 
catalyst = 0.5 g, high pressure mercury lamp (450 W). 
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place as shown in Fig. 2. The nontreated 
catalyst showed very low activity for H2 
evolution (0.1 pmol/h) and no O2 was de- 
tected during the reaction. On the other 
hand, the RSOO-0200 catalyst evolved H2 
and 02 steadily after an induction period for 
2-3 h. The ratio of the rate of H2 evolution 
(24 pmol/h) to that of O2 (11 pmol/h) was 
almost 2 : 1. When the catalyst was reox- 
idized at higher temperature, the R500-0500 
catalyst, the rate of H2 evolution decreased 
markedly (1.2 pmollh) and that of O2 (0.05 
pmollh) was not stoichiometric. These 
results showed clearly the effect of the pre- 
treatment of catalysts for photodecomposi- 
tion of water. 

In Fig. 3, the evolution of H2 and O2 from 
aqueous NaOH solution (5 N) as well as 
from distilled water over the RSOO-0200 cat- 
alyst are shown. The activity in aqueous 
NaOH solution was higher than that in dis- 
tilled water as previously reported. (8). 

The quantum yield at 365 nm was mea- 
sured using a monochrometer (H.20, ISA 
JOBIN YVON Instrument) and a thermo- 
pile (The Eppley Laboratory Inc.). Al- 
though the activity changed by the factor of 
2 to 3 due to the small difference of pre- 
treatment conditions or to the difference of 
the origin of SrTi03 powder, the value at- 
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FIG. 3. Time courses of Hz and O2 evolution from 
aqueous NaOH (5 Nj solution and distilled water over 
NiO(1.7 wt%)-SrTiO,, R500-0200 catalyst. (0) H2, 
(0) 02, in aqueous NaOH solution; (m) Hz, (0) 02, in 
distilled water. Inner irradiation reaction cell, catalyst 
= 0.5 g, high pressure mercury lamp (450 W). 
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FIG. 4. The effect of 02 on the activity of photode- 
composition of water over NiO( 1.7 wt%)-SrTiO?, 
R500-0200 catalyst, in aqueous NaOH solution (5 N). 
At 5 h, the gas phase was evacuated and O2 (300 Torr) 
was introduced and saturated for 1 h in the dark. After 
10 h, the gas phase was evacuated again. (0) Evolved 
HZ, (0) evolved Oz. Inner irradiation reaction cell, 
catalyst = 0.5 g, high pressure mercury lamp (450 W). 

tained for RSOO-0200 catalyst in aqueous 
NaOH solution (5 N> was ca. 1%. 

As shown in Fig. 3, the rates of H2 and O2 
evolution decreased gradually both in aque- 
ous NaOH solution and in distilled water 
with the irradiation time. To study the ef- 
fect of the evolved 02 during the reaction 
over R500-0200 catalyst in aqueous Na0I-I 
solution (5 N), 02 (300 Torr, 1 Torr = 133.3 
N me2) was intentionally introduced in the 
gas phase after the reaction had proceeded 
for 5 h as shown in Fig. 4. In the presence 
of 02 of 300 Torr the rate of HZ evolution 
was suppressed by about 25%. When the 
gas phase was evacuated after a 10-h reac- 
tion, the activity of the H2 evolution was 
almost recovered. As mentioned previously 
(6) the reverse reaction, 2H2 + 02 + 2H20, 
is very slow in the dark over NiO-SrTiOj 
catalyst and therefore the effect should be 
due to the photoreaction of 02 over the cat- 
alyst, i.e., O2 + e- + 0; etc. 

The evolution of HZ and 02 in water over 
the R500 catalyst which contained Ni metal 
on the surface of SrTi03 were also studied 
as shown in Fig. 5. The rate of H2 evolution 
was lower than that over the R500-0200 cat- 
alyst, and 02 did not evolve at all. The ac- 
tivity of the H2 evolution decreased rapidly 
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FIG. 5. Time courses of Hz and 0: evolution from 
distilled water over RSOO catalyst under irradiation. 
(0) Hz, (0) Oz. Catalyst = 0.5 g, inner irradiation reac- 
tion cell, high pressure mercury lamp (450 W). 

with the irradiation time. In this case the 
surface of Ni metal was oxidized instead of 
OH- and/or H20. Ni(OH)* formation over 
the catalyst during the reaction was ob- 
served by XPS (17). 

The ratio of the amounts of produced H2 
and O2 gases should be 2 : 1 when the photo- 
decomposition of water proceeds catalyti- 
cally. However, in the present experi- 
ments, the amount of O2 produced was 
sometimes smaller than that expected. 
When the catalyst was reduced by Hz at 
lower temperature such as 200°C and then 
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FIG. 6. Time courses of Hz and Oz evolution from 
aqueous NaOH solution (5 N) over R500-0200 cata- 
lyst. (0) Hz, (0) Oz. Catalyst = 0.5 g, inner irradiation 
reaction cell, high pressure mercury lamp (450 W) 

reoxidized at 200°C it was found that 02 
did not evolve in stoichiometric amount, as 
shown in Fig. 6. Even after long time irradi- 
ation, the ratio of evolved HZ and 02 was 
not 2 : 1. Further, the activity is lower than 
that of R500-0200 catalyst. Although the 
reason is not clear, the oxidation of water 
into O2 seems not to proceed catalytically 
over these catalysts. 

(2) Activities of HZ Evolution from 
Aqueous CHjOH Solution (1: 1 in 
volume) and 02 Evolution from 
Aqueous AgN03 Solution (0.1 N) 

The rate of H2 evolution from aqueous 
CH30H solution and the initial rates of O2 
evolution from aqueous AgN03 solution 
are summarized in Table 1, along the rates 
of H2 and O2 evolution from distilled water. 
Evolution of O2 from aqueous AgNO3 solu- 
tion over the R500-0500 catalyst is shown in 
Fig. 7. The rate of O2 evolution decreased 
with time due to the deposition of silver 
metal on the catalyst surface. To compare 
the activities, the amount of evolved 02 for 
the first hour was regarded as those activi- 
ties. 

The activities for H2 evolution from 
aqueous CH30H solution over various pre- 
treated catalysts changed markedly, simi- 
larly to that of the activity for Hz0 decom- 
position. On the other hand, the activities 

TABLE 1 

Activities of some Photocatalytic Reactions over 
NiO(l.5 wt%)-SrTiO, after Various Pretreatments 

Catalyst Rate of gas evolution (pmolih) 

Hp CH30Haqh &NOi ,iq' 

H? 02 H2 02 

Nontreated 0.1 0.2 76 
od if 0.2d 99d 

RSOO 8.5 0 9.8 47 
RStXl-0200 24.4 10.6 16.8 124 
R5Ol-0500 I.2 0.05 1.8 66 

’ Catalyst: 0.5 g. inner irradiatmn reactmn cell, H:O; 3(M) ml. 
b Catalyst: 2 g, flat-bottom reaction cell, CHxOH + Hz0 (I : I in vol); 

10 ml. 
c Catalyst; 2 g. flat-bottom reaction cell, AgNOj aq (0. I M); IO ml. 
d Only SrTiOp 
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FIG. 7. Time course of O2 evolution from aqueous 
AgN03 solution (0.1 N) over RSOO-0500 catalyst. Flat- 
bottom reaction cell, high pressure mercury lamp (450 
W), solution = 10 ml, catalyst = 2g. 

of O2 evolution were not much different 
among those catalysts treated under vari- 
ous conditions, although the RSOO-0200 
catalyst showed the highest activity. This 
difference is probably caused by the 
difference of the reduction site for H+ and 
Ag+. The reduction of H+ ion proceeds 
only over the NiO surface, on the other 
hand, the reduction of Ag+ ion occurs both 
over the NiO and SrTi03 surfaces. 

(3) The Nature of the Interface of Ni 
Metal and SrTiOJ 

Recently, Bard et al. have conducted 
studies on the interface between Pt metal 
and TiOz (rutile) (29). They found that the 
electrical properties of the contacts were 
strongly altered by thermal treatment of the 
sample, where extended annealing pro- 
duced a low-resistance ohmic junction and 
not a Schottky type junction. In the present 
case, a similar ohmic junction seems to be 
formed at the interface between Ni metal 
and SrTiO3, since NiO-SrTiOj catalyst 
was activated by the reduction at 500°C. In 
the previous paper (8), we found that the 
lower the reduction temperature below 
5OO”C, the lower the photocatalytic activity 
of NiO-SrTi03. After the reoxidation at 
2OO”C, Ni metal still remained at the inter- 
face between SrTi03 and NiO. When the 
reduced catalyst was reoxidized at higher 
temperature above 5oo”C, Ni metal disap- 
peared completely (17), and the activity of 

the catalyst was very low, as mentioned 
above. In this case, the ohmic interface be- 
tween NiO and SrTi03 would be destroyed. 
These results seem to suggest that the elec- 
tron in the conduction band, excited by the 
photon, flows into Ni metal through the 
ohmic junction, at the interface. 

(4) Roles of SrTiOs and Nickel Oxide 

According to the electrochemical model, 
the surface of n-type semiconductor, Sr- 
Ti03, is suitable for the oxidation of Hz0 or 
OH- by the hole in the valence band, while 
that seems not to be suitable for evolution 
of H2 because of the large excess potential. 
When SrTi03 powder, without NiO, was il- 
luminated in aqueous AgN03 solution, O2 
evolved efficiently as shown in Table 1. On 
the other hand, when SrTi03 powder alone 
was illuminated in aqueous CH30H solu- 
tion, very low activity of the H2 evolution 
was found, while evolution of H2 over 
NiO-SrTi03 steadily takes place under the 
same condition. These experimental facts 
indicate that the hole at the surface of Sr 
Ti03 can oxidize OH- and/or methanol, 
and the electron at the surface can reduce 
Ag+, but cannot reduce H+ to HZ. Taking 
these results into consideration, it can be 
concluded that evolution of HZ occurs on 
the surface of NiO. 

Lehn et al. (10) have reported the system 
of SrTi03 powder modified by Rh deposi- 
tion, which could also decompose water 
into H2 and O2 photocatalytically. They 
found that SrTi03 loaded with Rh(II1) spe- 
cies is active, whereas that with reduced Rh 
showed no catalytic activity. Their cata- 
lytic system is similar to the one discussed 
here. In our case, without reoxidation of 
the reduced catalyst (R500 catalyst) at 
proper temperature (200°C) the evolution of 
H2 and O2 does not take place, although Hz 
is evolved slowly. The important role of 
NiO must be to prevent the reverse reac- 
tion, i.e., Hz + 4 O2 + H20, over the cata- 
lyst surface. Further NiO is stable during 
the reaction, although the surface seems to 
be hydrated in part (27). 
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FIG. 8. Energy diagram of NiO-SrTiO, system. 

On the other hand, NiO is well known as 
a p-type semiconductor containing excess 
oxygen. Goodenough et al. (20) studied the 
photoelectrochemical properties and pro- 
posed the band structure of NiO. They also 
proposed the mechanism of H2 evolution 
over NiO. Koffyberg and Benko (21) stud- 
ied the band structure of NiO by the elec- 
trochemical method. By referring to these 
studies it is possible to describe an energy 
level diagram of the NiO-SrTiO3 system as 
shown in Fig. 8. An ohmic contact at the 
interface between Ni metal and NiO is ex- 
pected although the structure is not clear. 
The electron donation to H+ over the Sr 
Ti03 surface should be considered. In that 
case, NiO would act only as the catalyst for 
the recombination of H atoms to form HZ. 
Such a mechanism, however, does not ap- 
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FIG. 9. The possible mechanisms of Hz0 decompo- 
sition over NiO-SrTi03 powder system under irradia- 
tion. (a) One-photon scheme: photon is absorbed in 
SrTiO?. (b) Two-photon scheme: photons are absorbed 
both in SrTiO? and in NiO. 

pear probable in this case, because Ni metal 
must be present at the interface between 
NiO and SrTi03 for an efficient photoreac- 
tion. We propose the model in which the 
electron donation to H+ occurs on the NiO 
surface. The thickness of NiO on SrTi03 
powder was estimated to be in order of 100 
A according to the results of SEM and 
TEM (17). Therefore, two possible ways 
for the electron transfer can be taken into 
consideration. These two models are illus- 
trated schematically in Fig. 9. One is a di- 
rect electron transfer from Ni metal to H+ 
which is adsorbed on the NiO surface, and 
another is an electron transfer from the 
conduction band of NiO. In the latter case, 
both NiO and SrTi03 have to be excited by 
photons. Actually NiO as well as SrTi03 
are irradiated in the working state. This 
model would be regarded as an example of 
a particulate system of a p-n type photo- 
chemical diode which was proposed by No- 
zik (22). Goodenough et al. (20) concluded 
that the low efficiency of photoresponse of 
NiO single crystal is due to the small diffu- 
sion length of electrons. In the present 
case, the thickness of NiO may be compa- 
rable to the diffusion length (=I00 A) of 
NiO. 

So far, we have discussed the mechanism 
of the reaction on the basis of an electro- 
chemical model of a semiconductor elec- 
trode. However, there may be critical dif- 
ferences between the particulate system at 
the submicrometer level and the electrode 
system, and some of those have already 
been pointed out (23). Based on these 
points of view, further studies are now pro- 
ceeding in our laboratory. 
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