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a b s t r a c t

Photoactive BaSnO3−ı is synthesized at 1253 K under air free atmosphere. The oxygen deficiency leads to
a concomitant reduction of Sn4+ ions and the transport properties suggest low lattice polaron conduction
with activation energy of 0.16 eV. Above 445 K, a plateau region is observed in the thermal variation of the
conductivity caused by oxidation process, i.e. oxygen capture. The absence of the electrochemical peak
Sn2+/4+ in the intensity-potential curve corroborates the delocalization of the stereo chemical pair Sn2+:
5s2. From photoelectrochemical measurements, the band gap is 2.80 eV and the transition is directly
allowed. Moreover, indirect transition occurs at 2.60 eV. The material exhibits a long-term chemical
stability over the whole pH range. In KOH (0.5 M) solution, the semi-logarithmic plot gave a current
density of 24 �A cm−2 and a corrosion potential of −0.447 VSCE. The capacitance measurements and cyclic
rain boundaries
-ray diffraction
lectrochemical reactions

voltammetry indicate that the photoresponse of BaSnO3−ı is characteristic of n-type conductivity with a
flat band potential of −0.87 VSCE and an electron density of 1.2 × 1020 cm−3. The best quantum efficiency
occurs at 400 nm and is attributed to a depletion width (15 nm) and a diffusion length (57 nm) compared
to a large penetration depth (820 nm). The electrochemical impedance spectroscopy (EIS) reveals the
presence of bulk contribution effect and the Nyquist response has been decomposed on R–C parallel
circuit. As application, BaSnO3−ı has been tested successfully for the hydrogen evolution under visible

ned w
illumination when combi

. Introduction

The perovskites ASnO3 in which A is commonly an alkaline earth
re important sensor materials to detect various gases [1]. They
ave also been studied for possible applications of the light-to-
lectrical and/or chemical energy conversion [2], stable capacitors
3] and oxygen-permeable ceramic membranes [4]. BaSnO3 is clas-
ified as a wide band gap semiconductor where the conduction
and (CB), originating from � anti bonding mixture of Sn: 5s-O2−:
p orbital, is separated from the broad valence band (VB) of anionic
2−: 2p parentage by a gap exceeding 3 eV [5]. It is well established
ow that the transport properties of stannates can be significantly

mproved by either doping on both A- and Sn-sub lattices [6] with
eterovalent ions or by oxygen deficiency [7]. The electrical con-

uctivity changes considerably when heated under low oxygen
artial pressure due to the redox equilibrium with the surrounding
tmosphere. Electrons are dominant carriers in the perovskites and
he oxide represents a valence compensated system where oxygen

∗ Corresponding author. Tel.: +213 24 79 50; fax: +213 24 80 08.
E-mail address: labosver@gmail.com (M. Trari).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.081
ith the delafossite CuFeO2 as sensitizer.
© 2010 Elsevier B.V. All rights reserved.

extraction from the crystal lattice occurs concomitantly with tin
reduction [8]. Consequently, ASnO3 are n-type semiconductors and
increasing the unit cell (Ca → Ba) enhances the mobility of oxygen
ions and the degree of reduction [9]. The electrical studies reported
on BaSnO3 so far have been limited to low temperatures, a transi-
tion occurs from hopping mechanism to a conduction governed by
activation to the mobility edge [10]. The scattering is so small that
the hopping occurs through equivalent sites with almost free carri-
ers and activationness energy. The conduction occurs via adiabatic
hops of low polaron and the increase of the conductivity reflects an
enhancement in the mobility. In the solid solution Ba1−xLaxSnO3,
the thermo electric power indicated that there is more charge car-
riers than that would follow nominal valence and this is due to
oxygen vacancies [11]. However, the data at high temperatures are
missing and to our knowledge, no studies have been dealt in this
direction.

On the other hand, there have been many investigations aimed

to improve the efficiency of wide band semiconductors in photo-
electrochemical (PEC) devices. Most materials used for the water
splitting are based mainly on titanium oxides. So, it seemed attrac-
tive to develop new active materials for PEC conversion. The oxides
containing cations with nd10 configuration are among the most sta-

dx.doi.org/10.1016/j.jallcom.2010.06.081
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:labosver@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.06.081
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le materials in photoelectrochemistry. In order to have a large
and bending at the interface semiconductor/electrolyte, i.e. an
fficient charge separation of electron/hole (e−/h+) pairs, the junc-
ion electric field must be large [12]. This requirement supposes the
lectron affinity of the semiconductor to be as low as possible. In
his optic, barium should decrease the electron affinity of BaSnO3
nd shifts the flat band potential cathodically. In addition, BaSnO3
s no toxic and chemically long lived. These characteristics make it
ttractive for the solar energy conversion [13]. However, it suffers
rom the drawback of low quantum efficiencies resulting from the
arge gap absorbing the UV radiations which entails only 5% of the
unlight. The hetero-junctions allow the extension of the spectral
hotoresponse toward the visible region. Therefore, the main aim of
he present work was the PEC characterization of deficient stannate
aSnO3−ı to assess its photoactivity for the hydrogen production.
he importance of hydrogen, as sustainable and clean energy, has
een highlighted in the literature [14]. We have coupled the chem-

cal stability of BaSnO3−ı with the absorbance of the delafossite
uFeO2 while attempting to provide photoelectrons with enough
educing ability to reduce water into hydrogen. CuFeO2 is selected
ecause of its low cost, small optical gap and chemical stability
15].

. Experimental

BaSnO3, prepared by solid state ceramic method [16], served as starting mate-
ial for further heat treatment. Appropriate amounts of BaCO3 (Prolabo, 99%) and
refired SnO2 (Ventron, 99.9%) were homogenized in an agate mortar for 30 nm.
he powder was cold pressed into pellets under uniaxial pressure of 5 kbar. The
ellets were fired at 1323 K for 48 h in air after which they were reground and
efired for a further 36 h to get a well-crystallized oxide. Reduction was achieved
y sealing BaSnO3 pellets in silica ampoule under low pressure (<1 mbar) and firing
t 1253 K (10 K min−1) overnight. The process was speeded up considerably when
mall amount of Fe was used as getter. CuFeO2 powder has been synthesized by
itrate route as reported in our previous work [15]. The control of the phases purity
nd the refinement of the lattice constants were performed with X-ray diffraction
XRD) at a scan speed of 0.05◦ min−1 in the 2� range (5–80◦) using monochromatized
u K� radiation.

Care was taken to minimize contacts resistance. Silver past was deposited on
oth sides of the pellet and the electrical conductivity was measured by the standard
wo probe technique. The thermoelectric power (type of conductivity) was per-
ormed by the differential technique with a temperature gradient of ∼10 K through
he pellet. The thermo emf was measured with a digital micro voltmeter (Tacuss-
el, Aris 20000, impedance 1012 �) while the temperature gradient was determined
ith a thermo couple (type K).

Copper wires were soldered on one face of the pellets with silver paint; the
ellets were assembled in glass holders with insulating epoxy resin leaving a
eometrical surface of 0.2 cm2. A standard three-electrode cell has been used for
EC characterization: the working electrode, an auxiliary Pt cathode (1 cm2) and
saturated calomel electrode (SCE) to which all the potentials were quoted. The

ntensity-potential J(V) characteristics and the capacitance curves were plotted
hanks to a Voltalab PGZ 301 potentiostat/galvanostat (Radiometer). The electrode
as irradiated through a quartz window with a 500 W Xenon lamp whose output
as passed trough a monochromator with 10 nm band pass. The light intensity was
easured at each wavelength with a calibrated light-meter (Testo 545) placed at

he same position of the electrode. The aqueous solution containing KOH (0.5 M)
s supporting electrolyte was continually flushed with nitrogen. The capacitance
as measured as a function of the potential with a rate of 10 mV step AC voltage

ignal at a frequency of 10 kHz and 10 mV peak to peak in magnitude. The complex
mpedance data were acquired using small amplitude wave signals through a fre-
uency response analyzer in the frequency range (10−3–105 s−1) with ten points per
ecade.

The photocatalytic tests were carried out in a closed gas circulation equipped
ith a water cooled double walled reactor previously described in detail [17]. The

eactor was placed in a fixed position to keep a constant light flux. The tempera-
ure was regulated by a thermo stated bath regulated at 323 ± 2 K. The light source
onsists of three tungsten lamps (200 W) providing 2.09 × 1019 photons s−1 and the

owder was dispersed by magnetic stirring under constant agitation. Prior each run,
he solution (Na2SO4, 10−2 M) was purged for 35 min with pure nitrogen. Hydrogen
n the outgoing gas was identified by gas chromatography; the amount was eval-
ated volumetrically by means of a graduated burette and corrected from blank
xperiments. The solutions were prepared from reagents of analytical quality and
wice distilled water.
Fig. 1. XRD pattern of BaSnO3−ı elaborated in silica tube.

3. Results and discussion

BaSnO3−ı exhibits a blue color and the XRD pattern (Fig. 1)
is indexed in a cubic unit cell as evidenced from the tolerance
factor t (1.01: considering Shannon ionic radii). The lattice con-
stant {a = 0.4117(2) nm; } is slightly larger than that of BaSnO3
{0.4115(3) nm}; this implies an increase of the unit cell volume
(�V = 0.0698 nm3) induced by the oxygen under-stoichiometry.
This is attributed to a small amount of Sn2+ (rSn2+ = 0.110 nm) in
six-fold coordination [18], generated by a charge compensation
mechanism, smaller than Sn4+ (rSn4+ = 0.110 nm). The materials
with a Jahn–Teller ion bearing a lone pair like Sn2+ or Sb3+ crystal-
lize in distorted structures with a low coordination environment
and a limited composition range unless the lone pair ns2 is delo-
calized in CB [19]. Under strong reducing atmosphere (H2/Ar: 1/9),
BaSnO3 converts into SnO and �-Sn as proven by XRD and optical
microscopy.

3.1. Transport properties

The high temperature defect chemistry of oxides and mecha-
nism of transport properties have been well investigated in the
past. In BaSnO3, the ions Sn4+ occupy octahedral sites while Ba2+

are located in dodecahedrons and the perfect oxide is white and
exhibits an insulating behavior [20,21]. The conductivity (�) is
extremely low and could not be measured, it can be assumed to be
less than 10−8 �−1 cm−1. However, � is significantly increased by
oxygen deficiency caused by equilibration under low oxygen par-
tial pressure; the presence of iron (getter) lowers the partial oxygen
pressure down to 10−6 atm. The system is electrically neutral and
the formation of anionic vacancies occurs with Sn4+ reduction
whose associated energy levels lie below the bottom of CB:

BaSnO3 → BaSn4+
1−ı/2Sn2+

ı/2O3−ı + 2ı[e−(CB )] + ı/2O2 (1)

The conduction occurs by electron hopping through mixed
Sn4+/2+ions located in octahedra sharing common corners. The
thermal variation �(T) indicates semi conducting behavior with a
positive temperature coefficient, i.e. � increases with increasing T
and the data are well fitted by a polaron model: � = �o exp −(�E/kT)
(Fig. 2, Inset), the pre-exponential constant �o is temperature
independent. The activation energy �E (0.16 eV � 0.5Eg), i.e. the
separation between the Fermi level and CB, rules out any intrinsic
conductivity. Consequently, the variation �(T) should result from
a thermal activation of electrons, localized at the Fermi level. The

released electrons are captured by Sn4+ ions to yield Sn2+ which act
as donors shallows in conformity with n-type conductivity. This
is explained in term of oxygen vacancies in accordance with the
Kröger–Vink notation when the oxide is heated under oxygen free



594 S. Omeiri et al. / Journal of Alloys and C

F
l

a

O

r
d

t

m
t
t
d
r
(
i
d
c

F
v

ig. 2. The thermal variation of the thermo power of BaSnO3−ı . Inset: variation of
og � with 1000/T.

tmosphere:

O ↔ 1
2 O2 + VÖ + 2e− (2)

The vacancies promote the mass transport and recent studies
evealed that the high temperature sintering of BaSnO3 favors the
ensification, thus lowering the resistance of the grain boundaries.

Such process is enhanced because of the covalent character of
he Sn–O bond, due to vaporation/condensation process [22].

In order to get insights into the nature of the conduction
echanism, we have determined the thermo power (S) on sin-

ered pellets. S is measured with zero current and is less sensitive
o the lattice imperfections and grain boundaries [21]. The con-
uction mechanism should be yet dominated by electron as S

emains negative. Initially, |S| rises with temperature up to 450 K
∼−40 �V K−1) above which it remains nearly constant. The initial
ncrease is attributed to ionization of donors. The little temperature
ependence above 450 is consistent with non degenerate semi-
onductivity (Fig. 2) and is attributed to a thermal generation of

ig. 3. The J(V) characteristics of BaSnO3−ı plotted both in the dark and under illuminatio
s. potential. Inset (b) The corresponding Mott–Schottky plot.
ompounds 505 (2010) 592–597

electrons by impurity ionization (extrinsic process); S is expressed
by [23]:

S =
(−k

e

)
ln

(
1 − c

c

)
(3)

where c is the ratio of the number of carriers to sites. For bosons
lying in the impurity band, c = 1/2. An electron pairing is expected
with post transition metals having lone pairs. The magnetic
susceptibility was found to be positive and slightly temperature-
dependent consistent with electron gas degeneracy [10]. The tin
moments enable the carriers to form spin polarons. The existence
of onsite bipolaron is ascribed to the tendency to Sn3+ ions to dis-
proportionate into Sn2+ and Sn4+. The process of oxygen extraction
is reversible and the vacancies can be removed. The stoichiometry
is entirely restored by heating the oxide in air up to 510 K, above
which � shows a plateau region and the color turns progressively
to white with time heating.

3.2. Photoelectrochemistry

Preliminary tests showed that BaSnO3 exhibits a chemical inert-
ness over the whole pH range. A stable anode should have a small
exchange current density Jex and a low slope ∂ log J/∂V, a Jex value
of 0.714 mA cm−2 was found in KOH (0.5 M) electrolyte (Fig. 3,
Inset a). The electrochemistry is a sensitive technique to detect
impurity phases as well as the presence of mixed valences in non
degenerate semiconductors. The J(V) characteristic (Fig. 3) shows
that BaSnO3−ı exhibits a good electrochemical stability with a
dark current Jd less than 10 �A cm−2 and a rectifying junction at
the electrolyte contact (chemical diode). Additional support of the
delocalization of the inert pair Sn: 5s2 is brought by the missing of
the peak corresponding to the electrochemical couple Sn4+/2+ and
which should theoretically appear at ∼−0.1 V (depending on the
substrate). A large current flows below ∼−0.5 V, due to H2 evolu-

tion.

As expected for n-type SC, the photocurrent (Jph) is observed in
the anodic region. The photocurrent onset potential Von, taken as
the potential above which Jph could be observed can be assimilated
to the potential Vfb. Upon scanning the potential toward positive

n, in KOH (0.5 M) electrolyte. Inset (a) Semi-logarithmic plot of the current density
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alues, Jph appears at −0.5 V and increases gradually before reach-
ng saturation at ∼0.3 V. However, the accurate Vfb value has been
btained from the differential capacitance, measured at a frequency
f 10 kHz:

−2 = 2(εεoeND)−1
(

V − Vfb − kT

e

)
(4)

here all the symbols have their usual significations. The potential
fb (−0.87 V) and the density ND (1.20 × 1020 cm−3) were obtained
espectively by extrapolating the curve to C−2 = 0 and from the slope
f the linear part (Fig. 3, Inset b). The permittivity ε (=500) of BaSnO3
as taken from Ref. [24]. The positive slope confirms the n-type

haracter which is obviously the result of oxygen vacancies. The
fb value should give rise to large band bending at the interface
aSnO3/electrolyte with the existence of a depletion layer (W):

=
{

2εε0(V − Vfb)
eND

}0.5

(5)

The width W, equal to 7 nm for a band bending (V − Vfb) of 0.5 V,
xtends over many crystallographic units. The optical characteri-
ation and hence the gap is a dominant property of any oxide while
etermining its application for PEC conversion. The quantum yield
�), measured with monochromatic light, was determined by divid-
ng the electron flow in the external circuit (from the photocurrent
ph) by the incident photon flux determined with a calibrated pho-
odiode at each wavelength:

= (Jph − Jd)
e˚

(6)

being the light intensity falling on the electrode and e the elemen-
ary charge. The electrode was biased at – 0.25 V, a value belonging
o the plateau region in the Jph(V) curve. The �(	) characteristic
learly shows the existences of two wavelength ranges (Fig. 4a)
hich allow the determination of interband optical transitions

25]:

˛h
)n = A(h
 − Eg) (7)

The plot with n = 2 is linear whose intercept with h
 axis yields
g-value of 2.80 eV (Fig. 4b), close to that determined previously
5]. Further transition (n = 1/2), indirectly allowed occurs at 2.60 eV
Fig. 4c). The electric current in SC is the sum of two components;
he first one is attributed to carriers present in the depletion width

whereas the second one is due to carriers generated within the
iffusion length LD. When the determining step in PEC process is
he rate of electrons flow, � is given by

= 1 − [exp(−˛W)]
(1 + ˛LD)

(8)

is proportional to the optical absorption coefficient ˛ if both the
uantities ˛W and ˛LD � 1 [26]. Combining Eqs. (5) and (8), one
btains:

ln(1 − �) = ˛
(

2εεo

eND

)1/2
(V − Vfb)1/2 + Ln(1 + ˛LD) (9)

From the linear part of −ln(1 − �) against (V − Vfb)1/2 (Fig. 5), the
arameters ˛ (12195 cm−1) and LD (57 nm) have been determined
t 	max (400 nm).

The electrochemical impedance spectroscopy (EIS) is a power-
ul technique for the analysis of electrical behavior of the junction
aSnO3/solution. It was measured at the open circuit potential
OCP, +0.324 V) in the frequency range (10−3–105 Hz) and allows

o distinguish between the various conduction mechanisms. The
xchange of majority carriers through the interface is represented
y the Nyquist plot (Fig. 6). The arc at high frequencies is attributed
o the bulk contribution, i.e. faradic charge transfer and the inter-
ection with the potential axis lead to the resistance of the charge
Fig. 4. (a) The quantum efficiency � of BaSnO3−ı in KOH (0.5 M) solution. (b) Plotted
as (� h 
)2 of the direct gap. (c) Plotted as (� h 
)1/2of the indirect gap.

transfer Rct (88.9 k� cm2). The absence of arc at low frequencies
indicates a small effect of grain boundaries in conformity with the
high compactness of the pellet. Another hypothesis is that the relax-
ation times of the bulk and grain boundaries contributions are close
to each other resulting in an arc overlapping. We also note a slight
offset near the origin indicating a low series resistance attributed to
the ionic electrolyte Rel (175 � cm2). The experimental data were
refined by the least square method thanks to the Randles model.
The centre of the arc is localized below the real axis with an angle
of 11◦. The depletion, expressed by a constant phase element (CPE),
is due to the inhomogeneity of the electrode. Such behavior can be

attributed to various phenomena such as surface states, the poros-
ity of the electrode, the distribution of current and potential field as
well as slow adsorption [27]. The above results can be represented
by a equivalent circuit (Fig. 6, Inset), composed of the resistance Rct
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Fig. 7. Times course of the volume of H2 over CuFeO2 and the hetero-junction
CuFeO2/BaSnO3−ı .
Fig. 5. Plot of ln (1 − �) vs. (V − Vfb)1/2.

n parallel with CPE which in turn are connected in series with the
lectrolyte resistance Rel.

To our knowledge, only one paper is devoted to the hydrogen
ormation on stannates [28]. Unlike pellets, the crystallite cannot
e polarized electrochemically. So, a further condition to eventu-
te in photoreductions is that OCP must be more positive than the
otential Vfb. In addition, the crystallite is cathodically biased at
CP lower than the photodecomposition potential and the corro-

ion would be therefore prevented. The potential of BaSnO3–CB
Vfb − �E = −4.1 eV/−0.64 V), using 4.74 as the work function of SCE,
ndicates a conduction band made up Sn4+: 5s orbital. In neutral
olution (Na2SO4, 10−2 M), BaSnO3–CB is more cathodic than the
otential of the couple H2O/H2 (−0.5 V) and should give rise to a
pontaneous hydrogen evolution. The latter was determined from
he J(V) characteristic under similar conditions. This hypothesis has
een checked experimentally by illuminating a powder suspen-
ion with visible radiation (Fig. 7). However, in practice most of the
un spectrum is sub band gap and therefore not converted. Hence,
aSnO3−ı exhibits a weak performance for H2-production under

ne sun (air mass 1.5). An alternative to improve the photoactivity,
.e. to shift the spectral photoresponse of BaSnO3−ı toward longer

avelengths and to improve the charges separation involves the
etero-junctions. The delafossite CuFeO2 exhibits a dark blue color

ig. 6. Complex impedance spectroscopy of BaSnO3−ı in KOH (0.5 M) solution with
he equivalent circuit. Inset: Bode plots for BaSnO3−ı .
Fig. 8. Working characteristics of the hetero-junction n-BaSnO3−ı/p-CuFeO2,
derived from separate J(V) curves under visible light.

with a gap of 1.32 eV [15] and is a good sensitizer since its conduc-
tion band (∼−1 V) is positioned at a potential more negative than
BaSnO3–CB. Preliminary experiments led us to select a pH 7 and
the hetero-junction p-CuFeO2/n-BaSnO3−ı has been tested success-
fully for the hydrogen evolution. The cascade photochemical cell
has the potential for achieving solar energy conversion [27]. The
enhancement is attributed to the electron transfer from CuFeO2–CB
to BaSnO3−ı–CB resulting in the water reduction. One can derive
the power characteristic from the two separate J(V) curves of n-
BaSnO3−ı and p-CuFeO2 (Fig. 8). The system operates ideally with
negligible resistance and the equilibrium potential Ue (0.126 V) is
obtained by connecting of the points where the anodic and cathodic
current densities (17 �A cm−2) balance to each other.

4. Conclusion

The electrical conductivity of BaSnO3−ı was strongly enhanced
by heating the stochiometric oxide under inert atmosphere. The
electro neutrality is achieved by oxygen deficiency with concomi-
tant reduction of Sn4+ ions and n-type conductivity. The conduction
occurs by electron hopping through mixed valent Sn4+/2+ ions
accommodated in octahedral sites. The temperature dependence

of the resistivity and thermo power reveals non degenerate con-
ductivity at high temperatures. The insulating properties are totally
restored by heating the deficient oxide in air. The lack of the peak is
due to Sn4+/2+ electrochemical couple lends further support to the
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elocalization of the inert pair Sn2+: 5s2. The flat band potential
nd the doping density were determined from the Mott–Schottky
haracteristic. The PEC measurements indicated an upper valence
and primarily of oxygen character. The potential of the conduction
and is positioned below the water reduction level and BaSnO3−ı

as found to be a potential candidate to generate hydrogen. This
ypothesis has found an experimental support and BaSnO3−ı has
een tested successfully for the H2 evolution under visible light. The
ctivity of BaSnO3−ı was significantly improved when combined
ith the delafossite CuFeO2.
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