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Photoeffects in SrTiOj ceramic anodes, undoped and NbZOs, Sb*O,, and VIOs doped, have been 
investigated. Photoresponses in undoped SrTiO, electrodes appear at a wavelength of about 390 nm 
and the quantum efficiency is about 3.5% at a wavelength of 340 nm for a bias of 0.5 V vs Ag/AgCl. 
Photocurrents of NbrOx-, Sb203-, and Vz05-doped SrTiOs electrodes decrease as the amount of dopant 
increases. The onset of photocurrent for both NbzOs- and SbzOj-doped electrodes is at 390 nm while 
for the Vz05-doped electrode it is at 500 nm. 0 1987 Academic PBS, IIIC. 

Introduction 

As hydrogen is a nonpoluting fuel which 
can be easily used and is highly energy in- 
tensive, many researchers have been inter- 
ested in its production (1). Among many 
production methods, photoelectrochemical 
conversion using sunlight and water is said 
to be relatively more economical. 

In this experiment we used SrTiO3 ce- 
ramic electrodes, which are easy to prepare 
and to which additives may be added quan- 
titatively, and observed their photoelectro- 
chemical characteristics and the influence 
of additives, NbzOs: , SbzOs , and V205. 

Experimental 

Fujishima and Honda have suggested The starting material was SrTi03 powder 
that it is possible to dissolve water into hy- having a purity of 99.9% and the additives 
drogen and oxygen by photoelectrochemi- Nb205, SbzOs, and V205 were powders hav- 
cal conversion using a single crystal Ti02 ing purities of 99.9%. Additives were added 
electrode (2). But even though the energy in portions of 0 to 1.0 mol%. Each mixed 
band gap of SrTi03 (-3.2 eV) is larger than powder was isostatically pressed under a 
that of Ti02 (-3.0 eV), SrTi03 photoelec- pressure of 20,000 psi into a pellet with a 
trodes have shown higher conversion effi- diameter of 14 mm and a thickness of 4 mm. 
ciency because of the lower electron affin- They were sintered in hydrogen at 1350°C 
ity (3, 4). Only radiation with wavelengths for 4 hr. The sinters were sliced and pol- 
shorter than 390 nm is effective with SrTiOj ished with Sic abrasive papers to a thick- 
electrodes. If the photoresponse region ness of 0.2 mm. These specimens had cop- 
could be expanded, SrTi03 would become a per wires attached by silver paste and were 
very excellent material for photoelectro- sealed over with epoxy resin except on the 
chemical conversion. face to be illuminated to prevent contact 
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with the electrolyte. Current-voltage 
curves for the SrTiOrsilver paste electrode 
junction were found to follow Ohm’s law. 

The PEC cell is the same as that used in 
experiments with polycrystalline TiOz elec- 
trodes which have been reported on from 
this laboratory (5-7). The apparatus for 
measurement of the characteristics is also 
the same as that used in experiments on 
polycrystalline Ti02 electrodes (6, 7). With 
this equipment the photocurrent-voltage 
and photocurrent-wavelength characteris- 
tics and quantum efficiency were mea- 
sured. 

Results and Discussion 

When singly crystal SrTiOJ is reduced by 
hydrogen, oxygen vacancies are formed 
and electrons released for charge compen- 
sation, 

00 = b02 + Vi + 2e’. 

SrTiOj is dark gray and is an n-type semi- 
conductor due to the oxygen vacancies (3, 
9, IO). As the SrTi03 ceramic electrode sin- 
tered in hydrogen also turns dark gray, it 
can be seen to be an n-type semiconductor. 

The wavelength at which the photores- 
ponse in the pure SrTi03 ceramic electrode 
begins to appear is 390 nm, which is nearly 
equivalent to the energy band gap of SrTi03 
(-3.2 eV) (12) and is consistent with that 
reported for single crystal SrTi03 elec- 
trodes (3, IO, II). These suggest that the 
mobility of the electric carriers and the pho- 
toabsorptivity of the polycrystalline SrTiOj 
structure of the sinters do not differ much 
from those of a single crystal. 

When the additives, Nb205, Sb203, and 
V205 are added to SrTiO3, the defect equa- 
tions 

Nb205 = 2Nbii + 400 + 2e’ + $0, 

SbzOj = 2Sb$, + 200 + 2e’ + 40, 

V205 = 2V& + 400 + 2e’ + 402 
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FIG. 1. Z-V curves for SrTi03 ceramic electrodes 
doped with NbZOS. 

can be formed (8). Therefore it was ex- 
pected that the increased electrical conduc- 
tivity of the specimens would increase the 
photocurrents. But as shown in Figs. 1-3, 
the photocurrent decreased as the amount 
of additive increased. Kennedy et al. (14), 
in an experiment on the a-Fez03 electrode 
with SnO?, observed similar results. Ac- 
cording to the report by Butler (13), the 
photocurrent is given by 

and the depletion layer width is given by 

w - Vfb) 

doped with Sb203. 
FIG. 2. Z-V curves for SrTi03 ceramic electrodes 
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FIG. 3. Z-V curves for SrTiOj ceramic electrodes 
doped with V205. 

where $0 is the photon flux, L, the hole dif- 
fusion length, V, the flatband potential, and 
iVd is the donor density. From these equa- 
tions, as the amount of additive is increased 
the donor density increases, and the deple- 
tion layer width decreases. Consequently 
the photocurrent decreases. It seems that 
the decrease in depletion layer width con- 
tributes more than the increase in electrical 
conductivity does. In Fig. 3, the extent of 
decrease in the photocurrent is larger than 
those in Figs. 1 and 2. Harten (IS) reported 
that the energy level in the band gap acts as 
a recombination center facilitating electron- 
hole recombination. According to the re- 
port by Matsumoto et al. (16), when Co 

x pore SrTiO3 
. 0. Imd % Nb$& 
.0.3ml% N%@!j 
0 0.5mol 96 Nb& 
a I.clTd%Nt@Jj 

Wavelergth ( nm ) 

FIG. 4. Z-A curves for SrTi03 ceramic electrodes 
doped with Nb205. 

350 400 450 
Wavelength (nm) 

FIG. 5. Z-A curves for SrTiO, ceramic electrodes 
doped with Sb203. 

was added to Ti02, the formation of an in- 
termediate level was attributed to the inter- 
action of d orbits. And Monnier and Augus- 
tinski (17) reported that for TiOz the 
addition of Ni, Cr, and Zn decreases the 
photocurrent because the intermediate 
level plays the role of a recombination cen- 
ter. Therefore, it is assumed that in this 
case also the reason for the larger decrease 
is the intermediate level acting as a recom- 
bination center, as well as the decrease of 
the depletion layer width. 

Figures 4 and 5 are the photocurrent- 
wavelength characteristics of SrTi03 ce- 
ramic electrodes with Nb205 and Sb203, re- 
spectively. As shown, the wavelength of 
the light at which photoresponse starts is 
equal to that in the undoped SrTi03 ceramic 
electrode. This means that the addition of 
Nb205 or Sb203 does not influence the band 
gap of SrTi03, for interaction of d orbits 
cannot occur because the 4d orbit.in Nb is 
empty and in Sb the d orbit is occupied (18). 
In Fig. 6, the photocurrent-wavelength 
characteristics of SrTiOJ ceramic elec- 
trodes with V~OS, it is seen that the wave- 
length of light at which the photoresponse 
appears shifted to about 500 nm, longer 
than the 390 nm for the undoped SrTi03 
ceramic electrode. Matsumoto et al. (16) 
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FIG. 6. Z-A curves for SrTi03 ceramic electrodes 
doped with V20s. 

reported that when Co was added to TiOz, 
the photoresponse started at a longer wave- 
length due to the intermediate level formed 
by interaction of d orbits. Monnier and 
Augustinski (17) and Ghosh and Maruska 
(20) reported that visible light response ap- 
peared due to the formation of intermediate 
levels in the band gap, which can originate 
from impurity cations or/and from defects 
induced by doping Cr, Ni, and Zn in TiOz. 
Odekirk and Blakemore in an experiment 
on the SrTiO3 electrode with La also re- 
ported that visible light response was due to 
the formation of impurity bands (22). Cam- 
pet et al. reported that d energy levels of V 
were localized within the optical band of 
Ti02 (22). Therefore, comparing with the 
conduction and valence band levels of vari- 
ous electrode materials (23), it can be ex- 
pected that 3d energy levels of V lie within 
the band gap of SrTi03. In the case of Sr- 
TiO3 electrodes with Cr, etc., Matsumura 
et al. (19) observed similar results. When 
V205 is added to SrTiO3, the 3d orbits of Ti 
and V interact to form an intermediate 
level. And for electrons excited through 
this intermediate level, the photoresponse 
starts at a longer wavelength which has the 
lower energy. 

The quantum efficiency, 7, is the number 

x pure SrTiO3 
. O.lmal% Nb&j 
. 0.3md % Nb&j 
o 0.5d % NbpQ 
0 I.olrd% Nl205 

r 
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FIG. 7. Quantum efficiencies for SrTi03 ceramic 
electrodes doped with Nb205. 

of electrons in the circuit per incident pho- 
ton and is given by 

J,le 
’ = Whlhv 

where J, is the current density (A/cm*), W, 
is the energy of the incident photon (W/ 
cm2), h is Planck’s constant (6.63 x 1O-34 J . 
set), v is determined by Co/h, and C, is the 
speed of light in vacuum (3.0 x lOi cm/ 
set). The quantum efficiencies from this 
equation are shown in Figs. 7-9. In the un- 
doped SrTi03 ceramic electrode, the quan- 
tum efficiency is about 3.5% (Vapp = 0.5 V 
vs Ag/AgCl) at a wavelength of 340 nm. 
And in the case of electrodes with V205, it 
is seen that light in the visible region, where 
much more radiation is available, can be 
effective. 

I x we Siri 
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-32 
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FIG. 8. Quantum efficiencies for SrTiO, ceramic 
electrodes doped with SbZ03. 
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FIG. 9. Quantum efficiencies for SrTi03 ceramic 
electrodes doped with VzOs. 

Conclusion 

In the undoped SrTiOs ceramic elec- 
trode, the wavelength at which photore- 
sponse appears was equivalent to that for a 
single crystal SrTiO3 electrode. And the 
quantum efficiency was about 3.5% (Vapp = 
0.5 V vs Ag/AgCl) at 340 nm. 

In the electrodes with Nb205 or Sb203, 
the photocurrent decreased as the amount 
of additive increased, and the photore- 
sponse started at a wavelength of 390 nm. 
In the electrodes with V205, the photocur- 
rent decreased as the amount of V205 in- 
creased, but the wavelength for photore- 
sponse appeared shifted to 500 nm. 
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