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The two alkaline earth niobates Sr2Nb207 and Bao.5Sro.5Nb206 have been prepared, their electronic 
properties measured, and their photoresponses compared. The indirect band gap in Sr2Nb207 is 3.86 eV 
compared with 3.38 eV for Bao.sSro.sNbz06. Hence, photoanodes composed of Sr2Nb20, respond to 
much less of the “white” light spectrum than those made from Bao.5Sr0.5Nb206. Nevertheless, their 
electrical outputs at an anode potential of 0.8 eV with respect to SCE in 0.2 M sodium acetate under 
“white” xenon arc irradiation of 1.25 W/cm2 are comparable. 

[ntroduction 

Few reports of the use of niobium 
compounds for photoelectrodes have 
appeared in the literature. For n-type 
Nb205, an optical band gap of 3.4 eV was 
observed, and the measured flat-band 
potential was reported to be -1.0 eV with 
respect to a saturated calomel electrode 
(SCE) at a pH of 13.3 (1). It would appear 
that other niobium oxide compounds should 
also have band gaps which are too large to 
make them useful as photoelectrode 
materials. However, n-type Hg2Nb207 was 
reported by Kung et al. (2) to have a band 
gap of only 1.8 eV, but a flat-band potential 
of 0.1 V vs SCE at a pH of 13.3. Hence, the 
gain of utilizing a larger portion of the solar 
spectrum obtained from the smaller band 
gap is compensated by the need for a larger 
applied bias voltage. 

Although it might be anticipated that the 
large difference in the optical and electronic 
properties between n-type Nb205 and 
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Hg2Nb207 are -due to the effect of Hg(II), 
there remains the possibility that a 
comparison of niobium-oxygen compounds 
crystallizing with different structures would 
show different properties. It is, therefore, of 
interest to investigate the photoresponses of 
two alkaline earth niobium oxides crystalliz- 
ing with different structures, but where the 
photoactive center can be assigned uniquely 
to the Nb06 octahedra and where the A-ions 
chosen are as similar as possible. Accord- 
ingly, the two alkaline earth niobates 
Sr2Nb207 and Ba0.5Sr0.5Nb206 were pre- 
pared, their electronic properties measured, 
and their photoresponses compared. 

The compound Bao.5Sro.5Nb206 was 
reported to crystallize as a tetragonally dis- 
torted perovskite (3), whereas Sr2Nb207 was 
reported to be orthorhombic (4). Although 
the two structures have not been determined 
completely, both compounds contain Nb06 
octadedra. If both compounds could be pre- 
pared so as to accommodate Nb4+ ions as 
well as Nb5’, compensating for the change in 
the valence of the niobium by the formation 
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of oxygen vacancies, then it might also be 
possible that the conductivity of both 
compounds could be controlled by adjusting 
the condition for the reduction of Nb(V) to 
Nb(IV). 

Synthesis 

SrzNbz07 was prepared from the solid 
state reaction between SrC03 (Johnson 
Mathey, spec. pure) and Nb205 (Kawecki 
Beryico Industries, spectroscopic grade). A 
finely ground mixture of appropriate 
amounts of the starting materials was placed 
in a platinum crucible and heated at 1150°C 
for a total of 120 hr in order to obtain a single 
phase, as determined from its powder X-ray 
diffraction spectrum. The heating process 
was interrupted several times to permit 
regrinding and X-ray analysis using a Phillips 
Norelco diffractometer using Cuba radia- 
tion (1.5405 A) at a scan rate of 0.5” 
28 min-‘. 

Disks formed by pressing aliquots of 
approximately 130 mg at 60,000 psi were 
placed on platinum supports in a cold 
furnace. The temperature settings were 
increased stepwise at hour intervals to 
1115°C which was maintained for 5 hr. Then 
the temperature was raised to 1330°C and 
was held there for about 15 hr. The samples 
were allowed to cool in the furnace. Pure 
white, well-sintered disks were obtained by 
this method. 

The sintered disks were reduced by heat- 
ing in evacuated sealed silica tubes in the 
presence of powdered Nb (Atomergic). As 
described by Schleich et al. (5) the niobium 
powder was placed in a small silica tube, so 
that the sample and reducing material were 
not in direct contact. Reductions were car- 
ried out at 900°C for various lengths of time. 
Although the measured resistivities of the 
products continued to decrease with 
increasing time of reduction, the rate of 
change became small after 67 hr. Reduction 
for this time produced blue-white disks 

which showed negligible change in measured 
resistivity upon abrasion to two-thirds their 
original thickness. Consequently, these disks 
were judged to be homogeneous. 

The defect perovskite Ba0.&-0.SNb206 
was prepared by the solid state reaction of 
BaC03 (Johnson Mathey) and SrC03 with 
NbzOS. A finely ground mixture of weighed 
amounts of the starting materials was heated 
in a platinum crucible at 1100°C for about 
42 hr, reground, and heated for another 
40 hr. The product was reground, pressed 
into disks of about 130 mg, and sintered a$ 
described above. Well-sintered disks of a 
faint yellow color were obtained. The 
powder X-ray diffraction spectrum of this 
material indicated single-phase Bao.sSro.5- 
Nb206. The reduction process was similar to 
that described above, but was carried out at, 
750°C for 60 hr. Essentially identical resis- 
tivities were measured before and after 
abrading these disks to two-thirds their 
original thickness, which established their 
homogeneity. 

Experimental Results 

The resistivities of the samples were 
measured using the Van der Pauw technique 
(6). Contacts were made by the ultrasonic 
soldering of indium directly onto the 
samples, and their ohmic behavior was 
established by measuring their current- 
voltage characteristics. The room tempera- 
ture resistivities of reduced SrzNb207 and 
Bao.sSro.sNbzOc disks were 35 and 1.6 ohm- 
cm, respectively. The variations with 
temperature of these resistivities are shown 
in Fig. 1. The slopes of the indicated lines 
yield thermal activation energies of 0.12 and 
0.18 eV, respectively, for these compounds. 
In addition, the low-temperature behavior of 
Sr2Nb207 shows evidence of a small number 
of carriers with a much smaller activation 
energy. 

The reduced materials were proved to be 
n-type semiconductors by qualitative 
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FIG. 1. Comparison between the thermal variations 
of the resistivities of Sr2Nb207 and Bao.sSro.sNbzOs. 

measurement of the Seebeck effect. 
However, routine measurements were 
unable to detect any Hall voltage in these 
compounds, which indicates that their 
mobilities are less than 0.1 cm*/V-set, as 
would be expected for a hopping conductor 
(7). Given the above resistivities, minimum 
carrier concentrations of the order of 2x 
1018 and 4 x 1019 cmB3 can then be estimated 
for the strontium and barium strontium nio- 
bates, respectively. 

Photoanodes were prepared by evaporat- 
ing thin films of gold on the backs of the 
reduced disks to provide good electrical 
contacts. The photoelectrolysis measure- 
ments were carried out with a 150-W xenon 
lamp, a monochromator (Oriel Model 7240), 
a glass cell with a quartz window, and a 
current amplifier as previously described (8). 
The electrolyte, 0.2 h4 sodium acetate (pH = 
8.3), was purged of dissolved oxygen by 
continuous bubbling of 85% argon-15% 
hydrogen gas. 

A comparison of the observed photo- 
responses is presented in Fig. 2, where the 
photocurrents obtained in “white” light are 
plotted against the anode potential measured 
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FIG. 2. Comparison between the variations of photo- 
current with anode potential with respect to SCE for 
SrzNb107 and Ba,&rr,sNb206 in 0.2 M sodium 
acetate under “white” xenon arc irradiation of 
1.25 W/cm*. Zero applied bias corresponds to an anode 
potential of -0.63 V. 

with respect to a saturated calomel electrode 
(SCE). The difference between the flat-band 
potentials of these two compounds is strik- 
ing. That of Sr2Nb207 lies lower by about 
0.4 V. In this context, it is worth noting that 
adjustment of the reported flat-band poten- 
tial of Nb205 to a pH of 8.3 gives a value of 
-0.7 V, midway between the curves shown 
in Fig. 2 (I). Furthermore, in these experi- 
ments the condition of zero applied bias cor- 
responds to an anode potential of -0.63 V 
with respect to SCE. Consequently, it can be 
seen from Fig. 2 that Sr2Nb207 photoanodes 
yield nearly half as much current unbiased as 
when biased to the maximum value shown. 
Conversely, the output of Ba0.sSr0.sNb20c, at 
zero bias is negligible. 

These two structures also yield signifi- 
cantly different spectral responses, as shown 
in Fig. 3. Both measurements were made 
with an applied bias of 1.2 V and with a 
monochrometer half-width of 8 nm. The 
quantum efficiency (electrons/photon) was 
determined by dividing the observed photo- 
current by the incident light flux as measured 
with a calibrated silicon photodiode (United 
Detector Technology), no corrections being 
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The spectral response data of Fig. 3 is 
replotted for the determination of the 
indirect band gaps in Fig. 4. Extrapolation of 
the linear portion of the curves yield values 
of 3.86(2) eV for Sr2Nb207 and 3.38(2) eV 
for Bao,5Sro,5Nb206, the latter in fair 
agreement with the previously reported 
value of 3.28 eV (9). Both of these indirect 
gaps possess “tails” which, as shown in Fig. 5, 
correspond to energy gaps of 3.36(4) and 
2.6(l) eV, respectively. 

FIG. 3. Spectral variation of the quantum efficiency t) 
in electrons per photon for Sr2Nb207 and 
Ba0.&,,sNbz06 in 0.2 M sodium acetate with an ap- 
plied anodic bias of 1.2 V. 

made for absorption in the cell or for 
reflection from the sample surface. This 
quantum efficiency extends to longer 
wavelengths in Ba0.5Sr0.5Nb206, but rises 
more abruptly in Sr2Nb207. These two 
effects balance out to produce the nearly 
equal responses to “white” light seen in Fig. 
2. 

The rapid increase in the quantum 
efficiency below 280 nm seen in Fig. 2 for 
Ba0.5Sr0.5Nb206 is due to the existence of a 
higher-energy direct band gap at 4.44(2) eV, 
as shown in Fig. 6. This result supercedes the 
previously reported value of 4.2 eV, which 
was based on measurements limited to 
4.6 eV and below. No evidence for such a 
direct band gap for Sr2Nb207 can be seen in 
Fig. 3. 

Summary and Conclusions 

The two alkaline earth niobates Sr2Nb207 
and Bao.5Sro.sNb206 have been prepared, 
their electronic properties measured, and 
their photoresponses compared. The 
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It has been shown that the quantum 
efficiency n of a photoanode can be a 
powerful tool for the determination of 
interband optical transitions, since n is 
directly proportional to the absorption 
coefficient (Y when both the depletion layer 
width (W) and the hole recombination 
length (L,) are much smaller than the light 
penetration depth (9). These conditions 
imply that n be small, which can be verified 
for both these materials from Fig. 3. 
Furthermore, it can be estimated from the 
mobilities and carrier concentrations that 
L, < W < lop6 cm for both niobates, so that 
the desired proportionality will hold for (Y G 0 1 

lo6 cm-l. Consequently, n - (hv -E,)*/hv L 00 o 
for an allowed indirect band gap, and n - 
(hv-~?Z,)~.~/h~ for an allowed direct gap. 
Thus these band gaps can be obtained, 
respectively, from the linear portions of Sr,NbzO, and Ba0.,Sr,.,Nbz06. 
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FIG. 4. Determination of the indirect band gaps in 
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FIG. 5. Comparison between the indirect band tails 
for Srzm07 and Bao.sSro.sNb206. 

ds crystallize with different struc- 
contain A-ions as similar as pos- 

h niobates become n-type, hopping 
uctors upon reduction. However, 
Nbz06 is more easily reduced by 

me&&c niobium, as evidenced by the lower 
&u&on temperature needed and by the 
lower nsistivity attained after similar reduc- 
tion times. As shown in Fig. 1, the variations 
of their resistivities with temperature differ 
awe&ably, with room temperature activa- 
tion energies of 0.13 and 0.18 eV, respec- 
tively. 
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As seen in Fig. 4, the indirect band gap in 
Sr2Nb207 is approximately 0.5 eV greater 
than in Ba0.&0.5Nb206 (3.86 eV compared 
with 3.38 eV), with an even greater 
difference in the band tails shown in Fig. 5. A 
higher energy direct band gap of 4.44 eV can 
be determined from Fig. 6, for the latter 
compound, but none is found for the former. 
However, essentially identical band gaps 
have been reported for the two perovskites 
SrTi03 and BaTi03 despite the substitution 
of A-ions, whereas the optical band gap in 
TiO:! (rutile) is smaller by 0.4 eV (2). Thus, it 
appears that variations in band gap among 
related compounds are due primarily to 
structural differences. 

FIG. 6. Determination of the direct band gap in Given the values determined above, both 
Bao.sSro.sNb206. Sr2Nb207 and BaO.SSrO.SNbzOa adhere 

The photoresponses of both niobates stud- 
ied can be attributed uniquely to photoactive 
centers of Nb06 octahedra, as can also the 
properties reported for Nb205 (1). In a 
similar fashion, the photoelectric properties 
reported in the literature for SrTi03, 
BaTi03, and TiOz can be attributed uniquely 
to TiOd octahedra. Both of these systems of 
related compounds encompass differences in 
structure and/or A-ion. Hence, by cross- 
correlation of their observed properties, it is 
possible to distinguish between those pho- 
toresponse characterisitics which depend 
primarily upon structure and those 
dominated by A-ion contributions. 

From the photoresponse data presented in 
Fig. 2, the flat-band potential of SrzNb207 
was found to lie 0.4 V below that of 
Ba,&&Nb206, with that of Nb205 falling 
in between (I ). This result is to be compared 
with the flat-band potential of SrTi03 being 
0.6 V below that of BaTi03. However, both 
of these latter compounds crystallize with the 
same, perovskite structure. Thus, one may 
conclude that variations in the flat-band 
potential among related compounds is due to 
A-ion contributions. The substitution of 
strontium for barium lowers the flat-band 
potential by about half a volt. 
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closely to the relationship between energy 
gap and flat-band potential observed by 
Kung et al. (2). The span in values represent- 
ed by these compounds with photoactive 
Nb06 centers is comparable to the span 
reported for compounds with Ti06 centers. 
However, the values reported for Hg2Nb207 
lie so far outside this span as to preclude any 
possibility of the shift arising from structural 
or A-ion effects. Consequently, the proper- 
ties of the pyrochlore Hg2Nbz07 must be 
attributed to photoactive HgOs centers, and 
not to NbOs octahedra. 

Because of its larger band gap, photo- 
anodes composed of Sr2Nb207 respond to 
much less of the “white” light spectrum than 
those made from Ba0.5Sr0.5Nb206. Never- 
theless, their electrical outputs at an anode 
potential of 0.8 V vs SCE are comparable, as 
shown in Fig. 2. This circumstance arises 
because of the rapid increase in the quantum 
efficiency of the former compound at 
wavelengths just below the band edge, as 
seen in Fig. 3. Thus, the value of the optical 
band gap does not by itself determine the 
spectral response of a photoanode; the slope 
of the quantum-efficiency versus photon- 
energy curve is also important. The results of 
this investigation suggest that this important 
parameter may be structure dependent. 
Further study of such a structural depen- 
dence would be desirable. 
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