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ABSTRACT 
The photoelectrochemical properties and the diffuse reflection 
spectrum of MgTiO 3 are reported. MgTiO~ shows an optical 

, . J 

absorption edge near 3.7 eV. Thls makes the material unsuitable 
for solar energy applications. The diffuse reflection spectra of 
CoTi03 and MnTiO 3 ar~ presented. The optical absorption edge 
shifts to lower energy due to the occurrence of Me 2+ ÷ Ti 4~ 
charge-transfer transitions. For various reasons discussed no 
photocurrents were observed for CoTiO 3 and MnTiO 3. 

Introduction 

Extensive studies have been carried out to find the most suitable 
photoelectrode material for the photoelectrolysis of water. Many n-type 
semiconductor anodes for the one-step photoelectrolysis of water have been 
investigated (I), but unfortunately either the material corrodes under 
illumination, or it does not respond to visible light irradiation. For the 
stable wide-bandgap materials TiO 2 and SrTiO 3 (E~ ~ 3 eV) doping with various 
transition-metal ions has been shown to increase~the photoresponse into the 
visible part of the solar spectrum (2,3). However, these transition-metal ions 
form localized levels in the forbidden bandgap, leading to low mobility for 
the associated holes. Consequently a large bias is required to get a 
significant photoresponse in the visible (3). The introduced transition-metal 
ions cannot form an electronic subband, because together with the Ti 4+ ions 
they occupy the same sublattice. Therefore Goodenough et al. (4) suggested to 
use a mixed metal oxide in which each band is associated with a different 
cation. The crystal structure of this oxide must contain two different metal 

ioDs each occupying one sublattice. The compounds MeTiO 3 (Me 2+ = Mg 2+, Mn2+, 
Fe 2+, Co 2+, Ni 2+) which have the ilmenite structure fulfill this requirement. 
The ilmenite structure (5) can be considered as an ordered corundum structure 
with Me 2+ and Ti 4+ ions in alternating layers perpendicular to the c axis of 
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the unit cell. Both cations are octahedrally coordinated by oxygen and within 
each layer these octahedra share edges, so that band formation is possible. 

De Korte and Blasse (6) and Salvador, Gutierrez and Goodenough (7-9) have 
shown that NiTiO 3 acts indeed as a semiconducting anode in water photo- 
electrolysis. Between the 2p valence band of oxygen and the 3d conduction band 
of titanium a narrow cationic (Ni2+:3d 8) band is situated. There is, however, 
a difference in the spectral interpretation between the work of De Korte and 
Blasse and the work of Salvador et al., as the former authors already pointed 
out (6). De Korte and Blasse based their work on data for MgTiO 3 which were 
not used by Salvador et al. 

Recently Bin-Daar et al. (I0) reported the properties of MnTiO 3 as a 
photoanode capable of water splitting. These authors also did not base their 
work on data for MgTiO 3. 

In view of this we report here the optical and photoelectrochemical 
properties of MgT$O 3 and we r~view the optical properties of several titanates 
MeTiO 3 (Me 2+ = Mn 2+, Fe 2+, Co 2+, Ni 2+) with the ilmenite structure. 

Experimental 

Samples were prepared by usual ceramic techniques using high-purity 
starting materials. The TiO 2 used in these preparations was obtained by 
thermal decomposition of ammoniumtitaniumoxalate [(NH4)2TiO(C204)2.H20] at 
i000 °C. Firing of the samples was performed between 1100 °C and i200 °C in 
air (Me = Mg, Co) or in a nitrogen/hydrogen (N2:H 2 = 3:1) atmosphere 
(Me = Mn). Samples were checked by X-ray powder diffraction. Diffuse 
reflection spectra were recorded at room temperature on a Perkin-Elmer EPS-3T 
spectrophotometer. 

The powders were cold-pressed at 100-150 kg/cm 2 and subsequently sintered 
at 1200 °C to 1300 °C. The pellets were polished and again fired in a reducing 
atmosphere. This reducing atmosphere could be a CO/CO 2 mixture, N2/H 2 mixtures 
or pure hydrogen. The MgTiO 3 and the MnTiO 3 samples were doped with 1% of 
niobium. The surfaces of the pellets were examined for their structure and 
composition with a Cambridge Stereo Scan 150 electron microscope, equipped 
with an energy dispersive elementary analysis apparatus (Link Systems, U.K.). 

The cell arrangement and electrochemical measurement procedures have been 
described previously (3). Electrode potentials are referred to a saturated 
calomel electrode (SCE). All photoelectrochemical measurements were carried 
out in 1N NaOH. 

Results 

In Figure I the diffuse refl~tion spectra of MgTiO3, CoTi03, MnTiO 3 and 
of MgTiO 3 doped with 0.5 mol % Cr ~' are presented. The optical absorption edge 
of MgTiO 3 is situated at about 335 nm (3.7 eV). In addition there is a tail in 
the spectrum which extends into the visible region. The CoTi03, MnTiO 3 and Cr- 
doped MgTiO 3 samples are heavily coloured; their reflection spectra are 
dominated by broad intense absorptions in the visible region. We were not able 
to prepare single phase FeTiO 3 by usual ceramic techniques. 

The net photocurrent density as a function of the wavelength of the 
irradiated light is shown in Figure 2 for a MgTiO 3 and a MgTiO 3 - 0.5 % Cr 3+ 
electrode. The measurements were carried out with zero bias voltage (vs SCE). 
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FIG. 1 

Diffuse reflection spectra of 
MgTiO 3, CoTiO 3, MnTiO 3 and of 
MgTi03-0.5 % Cr at room tempera- 
ture. MgO was used as a standard 
reference. 

We remark that our equipment for measuring photocurrents Ss limited on the 
short-wavelength side to 300 nm. The MgTiO 3 electrode showed very low 
photocurrents, the onset wavelength being around 370 nm. The photocurrents 
observed for the Cr-doped MgTiO 3 electrode were even lower, the onset 
wavelength, however, shifted to a longer value, viz. 420 nm. 

Figure 3 shows the net photocurrent density as a function of the applied 
potential (vs SCE) for a MgTiO 3 electrode. The incident monochromatic light 
had a wavelength of 300 nm. For other wavelengths a similar behaviour was 
observed. The onset potential is at about -0.7 V vs SCE. The photocurrent 
rises slowly with increasing potential and tends to reach saturation at 
potentials above 1.0 V vs SCE. 
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Variation of photocurrent 
density with irradiation wave- 
length for MgTiO 3 and for 
MgTi03-0.5 % Cr. 

Variation of ~hotocurrent density 
with applied potential (vs SCE) 
for MgTiO 3. 
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The MgTiO 3 and Cr-doped MgTiO 3 electrodes had a density ratio of 90 % 
after sintering. By doping with 1% of niobium and subsequently firing in a 
hydrogen atmosphere a resistivity of 5 k ~ was obtained. In Figure 4, a re- 
presentative scanning electronmicrograph is shown of the surface of a MgTiO 3 
electrode. X-ray diffraction showed no decomposition of the surface. 

The density ratio of the CoTiO 3 pellets was 83 % after sintering. Firing 
in a slightly reducing CO/CO 2 atmosphere did not lower the resistivity 
sufficiently. X-ray diffraction showed partial decomposition of the surface. 
Firing in a more reducing H2/N 2 atmosphere lowered the resistivity to around 
i0 Q. Figure 5 shows a scanning electronmicrograph of the surface of a CoTiO 3 
pellet after this reduction treatment. A large number of pits is present on 
the surface after reduction. Scanning electronmicrographs of these pits taken 
with further enlargement are shown in Figure 6. In this figure are inserted 
the results of scans on Co and Ti over the horizontal line shown in the 
graphs. For none of the CoTiO 3 electrodes photocurrents were observed. 

For the MnTiO 3 pellets a density ratio of 90 % was obtained after 
sintering. After reduction in pure hydrogen at 1000 °C the resistivity 
remained very high (> 1M ~), even when the material was doped with i % of 
niobium. X-ray diffraction showed no decomposition of the surface. No photo- 
currents were observed for these MnTiO 3 electrodes. 

FIG. 4 

Scanning electromicrograph of the 
surface of a MgTiO 3 electrode. 

FIG. 5 

Scanning electronmicrograph of 
the surface of a CoTiO 3 disk after 
reduction in a H2/N 2 atmosphere. 

FIG. 6 

Scanning e lectronmicrographs 
of the surface of a CoTiO 3 
disk with scans on Co (above) 
and on Ti (below). 
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Discussion 

The bandgap of MgTiO 3 (3.7 eV) is much larger than that of SrTiO 3 
(3.2 eV) or TiO 2 (3.0 eV). This makes the material clearly unsuitable for 
solar energy conversion. The absorption is due to an 0 ~- ÷ Ti 4+ charge- 
transfer (C.T.) transition. The tail in the reflection spectrum of MgTiO 3 will 
be discussed below. 

In CoTiOo and MnTiOo the optical absorption edge is shifted to lower 
energy due to'the occurrence of the Me 2+ ÷ Ti 4+ C.T. transitions. For both 
materials the band edge is situated at 510 nm (2.4 eV) (see Figure 1). For 
NiTiO 3 a shift of the band edge to 450 nm (2.8 eV) was observed (6). The onset 
of the C.T. band is thus at lower energy for Co 2+ and Mn 2+ than for Ni 2+. 
According to the model of Blasse et al. (11), this is in good agreement with 
the 3rd ionization potentials of these ions [Ni: 35.2 eV, Co: 33.5 eV, 
Mn: 33.7 eV (12)]. For Co 2+ the spln-allowed crystal-field transition is 
clearly visible at about 610 nm. Assignment of the band at 570 nm in the 
spectrum of MnTiO 3 is less obvious. It is not expected that the spin- and 
parity-forbidden crystal-field transitions on Mn 2+ can be observable in this 
type of spectra. It is possible that a certain amount of Mn 3+ is present, so 
that this band may be the 5E + 5T 2 transition on Mn 3+ (ref. 13). Apart from 
this absorption band, the spectra of CoTiO~ and MnTiO~ are in good agreement 

• 2+ J2+ J 
with the reflectlon spectra of Co and Mn doped MgT1205 reported by Blasse 
and Dirksen (14), bearing in mind, that the latter are spectra of diluted 
systems. 

The diffuse reflection spectrum of Cr3+-doped MgTiO 3 shows the expected 
Cr 3+ + Ti 4+ C.T. transition up to around 480 nm (see Figure I). Around 480 nm 
and 660 nm the crystal-field transitions on Cr 3+ are clearly visible: 
4A 2 + 4T I and 4A 2 ÷ 4T2, respectively. 

It is more or less common to titanates that defect titanate centres, 
which show absorption on the long-wavelength side of the intrinsic absorption 
edge, are present (15). Note that a slight disorder between Mg 2+ and Ti 4+ in 
MgTiO 3 results in titanate centres, which will be responsible for the tail in 
the reflection spectrum of MgTiO 3. The same phenomenon was observed for the 
titanate K 1 8Mg0 9Ti7 1016 with the hollandite structure (16). Luminescence 
measurements on the same MgTiO 3 samples showed emission from these defect 

titanate centres (17). For KI.8Mg0.9Ti7.1016 photocurrents were observed for 
excitation in the intrinsic titanate centres as well as for excitation in the 
defect titanate centres. In the hollandite structure both titanate centres are 
on the same sublattice (16). In the case of MgTi03, however, the defect 
titanate centre is within the Mg sublattice in the ilmenite structure. Perhaps 
this titanate centre acts as a recombination centre. No photocurrent will then 
be observed with excitation in the defect titanate centres. The photocurrent 
for a MgTiO$ electrode shown in Figure 2 is therefore exclusively due to 
excitation in the intrinsic titanate absorption band. The photocurrents still 
observed around 370 nm can be due to the necessary use of the large slits of 
the monochromator. 

The shift of the absorption edge observed when Cr 3+ is introduced in 
MgTiO 3 amounts to about 9000 cm -I. This is of the same magnitude as in 

K 1 8Cr0 3All 5Ti 6 2016 (ref. 16). Because of this large energy difference 
between'the Cr 3+ ievels and the top of the oxygen valence band, the Cr 3+ ions 
will act as efficient hole traps. Only a very low photocurrent is observed for 
irradiation with light corresponding with the Cr 3+ + Ti 4+ C.T. absorption band 
(see Figure 2). This is well in line with the photocurrent-action spectrum 

observed for KI.8Cr0.3AII.5Ti6.2OI6 (ref. 16). 
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The slow rise of the photocurrent with increasing potential for a MgTiO 3 
electrode (see Figure 3) indicates, that at low potentials recombination 
processes are predominant (18). Recombination will probably take place at the 
defect titanate centres present in the material. The observed onset potential 
of the photocurrent (-0.7 V vs SCE) is the same as observed for NiTiO 3 by 
De Korte and Blasse (6). This has to be expected, since both compounds have 
the ilmenite structure. 

In passing we note the following. For TiO 2 (E~ = 3.0 eV) the onset 

potential is -0.9 V vs SCE (19), for K I 8Mg0 Ti 7 ~O16 (E = 3.4 eV) the onset 
potential is -0.9 V vs SCE (16) and for'MgTi6~ (E~ = 3.7 ~V) we found -0.7 V 
vs SCE, all values corrected to the same pH. The ~alue of the onset potential 
is a measure for the position of the bottom of the conduction band on the 
energy scale, neglecting small differences between the bottom of the 
conduction band and the Fermi level. We conclude that this position is nearly 
the same for the materials under discussion. The great differences in the 
bandgaps, l.e. the distance between the bottom of the titanium conduction band 
and the top of the oxygen valence band, must therefore be fully accounted for 
by the position of the top of the valence band. The differences may be due to 
a decrease of the width of the oxygen valence band in the sequence Ti02, 
K 1 8Mg0 9T17 1016 , MgTiO 3. This will be discussed later in connection with the 
results'of a'study on the luminescence of the tltanates (17). 

The very low resistivity of the CoTiO 3 pellets observed after reduction 
in a H2/N 2 atmosphere is supposed to be due to the presence of metallic 
cobalt. During the reduction treatment large pits are formed on the surface as 
shown in Figure 5. Reduction is thought to take place at these spots and the 
llne-scans on Co and Ti shown in Figure 6 indicate a clustering of Co (metal) 
inside these pits. Because of this decomposition of the material no photo- 
current had to be expected, in agreement with observation. 

It is possible that the presence of Mn 3+ in our MnTiO 3 sample impedes the 
lowering of the resistivity. The authors of ref. (I0), however, succeeded in 
obtaining a conducting MnTiO 3 electrode. The diffuse reflection spectrum of 
their sample showed only feeble absorption above 480 nm. This absorption edge 
corresponds with the Mn 2+ ÷ Ti 4+ C.T. transition observed b~.Lus and the 
absence of any absorption above 480 nm indicates that no Mn ~' is present. 
Bin-Daar et al. place the bulk Mn 2+ level 1.5 eV below the titanium conduction 
band, based on results obtained for TiO 2 by Mizushlma et al. (20). But the 
reflection spectra show, that this difference is at least 2.2 eV. It was found 
before~ that the position of transltlon-metal ion levels depends on the 
bandgap of the host lattice. The position of these levels relative to the 
conduction band is more affected by an increase of the bandgap than its 
position relative to the valence band (Ii, 14, 21). 

Only a very small photocurrent was observed by Bln-Daar et al. for MnTiO 3 
with wavelengths longer than 400 nm. Thls means that for Mn 2+ ÷ Ti 4+ C.T. 
excitation no photocurrents of any importance result. This may be due to the 
fact that the small polarons in this case correspond to Mn 3+ ions which might 
be very immobile due to a Jahn-Teller deformation. The photocurrents observed 
for white light and UV excitation reported in ref. (I0) have a low quantum 
efficiency (about 1%). The photocurrent density is of the same order of 
magnitude as the photocurrent density observed for MgTiO 3. Further the 
potential dependence of the photocurrent for MnTiO 3 with white light 
irradiation resembles the current/voltage characteristic of MgTiO 3. Therefore 
it cannot be excluded that the photocurrents reported by Bin-Daar et al. for 
MnTiO 3 are due to excitation in the edge of the intrinsic tltanate absorption 
band. Their somewhat longer wavelength dependence may be due to the use of 
different techniques. 
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Conclusions 

For titanates with the ilmenite structure the intrinsic titanate 
absorption band is situated at 3.7 eV. In the corresponding transition-metal 
titanates the band edge shifts to lower energy. For NiTiO 3 photocurrents were 
observed with excitation in the Ni 2+ + Ti 4+ C.T. band. But the band edge 
(2.8 eV) is still too large for efficient use in a solar cell. For CoTiO 3 and 
MnTiO 3 the band edge is situated at 2.4 eV. Bu~ CoTiOo decomposes during 
reduction and for MnTi03, excitation in the Mn 2+ ÷ Ti ~+ C.T. band does not 
result in photocurrents. The only other candidate left is FeTiO 3. Ginley and 
Butler (22) reported for this compound E~ = 2.6 eV and Vfb = -0.6 V vs SCE. 
These valaues appeared to depend on the ~egree of ordening of the metal ions 
in the ilmenite structure. According to these authors FeTiO 3 is inferior to 

Fe203 • 
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