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The behaviors of polycrystalline La,Sri—,TiO3(x<0.05) electrodes in a photoelectrochemical cell for
water decomposition have been investigated in aqueous NaOH electrolyte. The lanthanum substitution for
strontium resulted in impressive visible photosensitization of the corresponding electrodes under anodic
polarization. This visible photoresponse is based on the relatively deep subband gap states introduced into
the forbidden band by lanthanum doping, in analogy with the polished undoped SrTiOj3 electrodes reported

previously.

The practical realization of a photoelectrochemi-
cal system for the electrolysis of water will depend crit-
ically on the development of stable and efficient semi-
conductor electrodes. SrTiOs has received a great deal
of attention as a semiconducting photoanode for the
photodecomposition of water because it is chemically
stable and requires no external biasing to generate Hs
and O2.1712 However, it does not show visible light
absorption due to its large band energy gap (3.2 ev).
This is clearly insufficient for solar energy conversion
applications. It is, therefore, very important to extend
the SrTiOs spectral response in the visible region in
realizing the efficient photodecomposition of water.

In our previous papers,!3:19 we have reported that
mechanical polishing of undoped polycrystalline
SrTiOj electrode surface results in an anomalous vis-
ible photoresponse extending to 600 nm with relatively
negative onset potential of about —1V (vs. SCE, 1 M
NaOH (1 M=1 moldm3)), and that the principal
mechanism could be related to the introduction of
subband states, [ Ti:3d(t2;)]sub near the conduction band
and [O:2p]sw near the valence band, by the mechanical
polishing. These results suggests us the importance
of controlling the formation of the subband states in
the band gap by selected surface modifications or sub-
stitutions of Sr and/or Ti sites with appropriate do-
pants.

It is well-known that the reduced titnates such as
n-TiOz and SrTiOs have a lot of defect energy levels in
the forbidden band. The nature of these defects is
largely dependent upon reduction temperature, oxygen
activity, impurity additions, Sr/Tiratio for SrTiOsand
so on.15723 In general SrTiOs can be converted into
n-type semiconductor by donor doping(e.g. niobium)
and/or reduction in high vacuum or flowing hydrogen
gas.1»11.16.29 Tt is reasonable to think that lanthanum
can be selected as a dopant of SrTiOs for three main
reasons;

(i) stability in the trivalent state.

(ii) similarity of Sr?+ and La3* ionic radii (rse=
0.140 nm, 7.+=0.132 nm) which insures a substitu-
tional incorporation of lanthanum within the stron-
tium sublattice.29

(iii) the compensation of extra charge resulting from
partial Sr?*—La3+ substitution may occur via elec-
tronic or lattice defects according to the reduction

temperature and the oxygen partial pressure;2:27
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The presence of Ti*3 should confer n-character to
SrTiOs and render the corresponding material per-
forming asa photoanode, so La-doping can be expected
to be a good method for controlling the formation of the
subband states. Recently Odekirk and Blakemore have
repored the enhancement of the photoactivity of
lanthanum-doped, strongly reduced SrTiOs in micro-
crystalline ceramic form; La-doping (x<0.01) provides
an extention of the spectral response to longer wave-
length and improves the quantum efficiency for all
wavelengths.?® Besides, Tsubomura et al. described
briefly that lanthanum-doping showed week effect on
the sensitization of SrTiOs photoanode at wavelengths
longer than 400 nm.2® The purpose of this paper is to
study how lanthanum-doping changes the photoelec-
trochemical properties of polycrystalline SrTiOj elec-
trodes and sensitizes it in more detail, in comparision
with the mechanical polishing effects.

Experimental

The compounds synthesized in this work correspond to the
compositions Sri-;La,TiOs+x2 (x<0.05). The polycrystal-
line samples have been prepared by heating the correspond-
ing mixtures of SrCOs, La203, and TiOz in air at 1350 °C for
16 h. The obtained powders were pelletized, sintered in air
at 1400 °C for 16 h, and then reduced in flowing hydrogen gas
at 1400 °C for 10—20 h to make them n-type. The conductivi-
ties of the samples after reduction were between 0.01—
10 Q-1cm™.

Electrode preparation and electrochemical measurement
procedures used to characterize the semiconductors have been
described elsewhere.13:19 1 M NaOH solution was used as an
electrolyte and all the potentials were referred to a saturated
caromel electrode. To caluculate a quantum efficiency at
each wavelength, the observed photocurrents were corrected
for the spectral distribution of the light sourse(150W-Xe) and
of the monochrometer. Impedance measurements have been
performed a 10kHz to get the flatband potential of the
samples.
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Results and Discussion

Figure 1 shows visible photocurrent (i.i)-potential
curve of a La(0.5%)-doped sample (curve 1) under illu-
mination of polychromatic visible light(A=400 nm).
For comparison, a similar curve of an polished un-
doped sample (curve 2) was also given in it. Dark cur-
rents were less than 10~6A between —1.0 and 0.5 volts,
and the visible photoreponses were very sharp. One can
observed different behaviors of ivs-potential curve for
the above two; while the visible photocurrent of the
polished undoped sample tends to be saturated as the
potential becomes more positive, that of the lantha-
num-doped sample increases almost linearly with a
raising of the potential, at least below 1V. On the other
hand, onset potential of i for La-doped sample was
found to be —0.8V, being more positive by 0.2V than
that for the polished undoped sample. Such properties
of the La-doped sample are very similar to those of Cr-
doped SrTiO3 photoanodes.3?

As shown in Fig. 2, the effect of lanthanum-doping
on the sensitization of SrTiOs becomes remarkable for
[La]=0.5%. Too high concentration of the dopant
([La]=2%) leads to a decrease in the visible photocur-
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Fig. 1. Visible photocurrent-potential curves of La-
(0.5 % )doped electrode(curve 1), the polished undop-
ed electrode(curve 2), and the unpolished undoped
electrode(curve 3) in 1 M NaOH (1>400 nm).
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Fig. 2. Effect of the concentration of La-dopant on the
sensitization of SrTiO; photoanode at 0 volt.
curve 1; before polishing, 2; after polishing.
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rent as well as the full light photocurrent. Further-
more, mechanical polishing of the La-doped electrodes
results in an enhancement of i when [La]<1% as
shown in curve 2.

Mott-Schottky plots were constructed from capaci-
tance vs. electrode potential measurements a 10 kHz
and are shown in Fig. 3. The flatband potentials (Vp),
obtained from the intercepts of 1/C2 us. potential, were
found to be —1.35, —1.30, and —1.20 volts for [La]=0, 0.2
and 0.5%, respectively. This means that La-doping
causes V' to shift to more positive direction. A striking
feature of the Mott-Schottky plot is the break near —1V.
This feature suggests us the existance of two kinds of
donor levels, one very close to the conduction band and
the other deep below it, as discussed on n-Fe2Os elec-
trodes.3¥ According to Goodenough, counter-cation
charge compensation of La+3 for Sr+2 introduces no
anion vacancies to induce Ti*4 ion displacements, and
the larger charge La+3 vs. Sr*2 ions stabilizes from the
conduction band a shallow trap state which sharply
reduces electron mobility, hindering electron-hole sepa-
ration.3? Typically it may be the case of heavily La*3-
doping; the full light photocurrent of La(0.5%)-doped
sample at 0 volt was less than one tenth of the undoped
sample. Lanthanum has a stronger affinity to oxygen
than strontium because of its higher electron negativ-
ity. The covalent bond between titanium (mainly Ti+8)
and oxygen, neighboring La*3 on the opposite side,
must be considerably weakened. Therefore, the for-
mation of the above deep donor level could be asso-
ciated with this lowering in the covalency between
Ti*3 and O~2. Analogous to the previously proposed
mechanism of the sensitization of the polished undoped
SrTiOs,¥ it is reasonable to think that the appearance
of the visible photoresponse by La-doping should
result from the introduction of the deep subband gap
states, [ T1; 3d(tzg)]sw, accompanying the simultaneous
introduction of the acceptor subband gap states,
[O; 2plsw, above the valence band.

Figure 4 shows the effect of La-doping on wavelength
dependences of the quantum efficiency(n) at 0 volt. Itis
obvious from comparison for curve 1 with curve 2 that
La-doping results in a decrease of U.V. photocurrent,
being inconsistent with Odekirk’s results.?® Thus the
subband gap energy states introduced by La-doping act
as intermediate centers for secondary recombination
processes between the photogenerated conduction band
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Fig. 3. Mott-Schottky plots at a frequency of 10 kHz
for La-doped electrodes in 1 M NaOH.
(a) La(0.2 %), (b) La(0.5 %).
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Fig. 4. Wavelength dependences of quantum efficiency
of photocurrent for the undoped(curve 1) and La(l
% )doped(cuvre 2) electrodes at 0 volt in 1 M NaOH.

electrons and valence band holes. At the same time,
La-doping leads to a remarkable increase of the visible
photoresponse down to 600 nm. Besides, one can see
the appearance of shoulder near 370 nm in curve 2 for
the La-doped sample. From (nhv)¥2 vs. hv plots by
using Fig. 4, we can deduced a reduced value of E;
(3.10 eV) for the La(0.5%)-doped sample together with
Eg=3.15€V for the undoped sample. Furthermore,
(nhv)Y2 us. hv plots in the longer wavelengths can be
extrapolated to E;’=1.9 eV which probably corresponds
to the energy gap between the top of the valence band
and [Ti; 3d(tg))sw or between the [O; 2pJw and the
bottom of the conduction band.

Based on the existence of the two subband gap energy
states resulting from La-doping, two main mechanisms
could be proposed to explain the production of the
visible photocurrent. In mechanism I, the photocur-
rent is due to a direct electron excitation from the va-
lence band to the empty [Ti; 3d(tg)]sws followed by a
tunneling process of the excited electron to the conduc-
tion band. In mechanism II the electrons are photoex-
cited from the [O; 2p]w to the conduction band by the
visible light. The photogenerated holes must then
tunnel into the valence band. Both processes I and II
could take place simultaneously, especially under high
anodic polarization.

Figure 5-(a) illustrates a schematic energy diagram at
the flatband potential for the La(0.5%)-doped electrode
in IM NaOH solution when the mechanism I is
assumed to be more predominant. From the observed
value of Vp=—1.20 volts and an assumption of
E.—E=0.3 eV, the bottom of the conduction band, E.,
was set at —1.50 volts vs. SCE. The [T1; 3d(tgg)]sub states
exist not only near the surface butalso in the bulk of the
electrode, differing from those in the polished undoped
sample. Asshown in Fig. 5-(b), anodic biasing is neces-
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Fig. 5. Energy level diagram for La(0.5 %)-doped
SrTiO; electrode at the flatband potential in 1 M
NaOH (a) and a predominant mechanism giving rise
to an anodic visible photoresponse (b).

sary for making the [Ti; 3d(tg))us states empty and for
accelerating the tunneling process. The onset potential
of the visible photocurrent must be much more positive
than V. As described above, the visible photocurrent
of the polished undoped sample has a tendency to be
saturated as the potential raises up. Itappears to reflect
the limited state density of the subband gap energy
levels which decreases rapidly with the depth from the
surface. On the other hand, in the La-doped sample the
raising of anodic potential leads to a continuous
increase in the empty state density by lowering Eg, and
consequently results in the continuous increase of the
visible photocurrent, at least below 1 volt.
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