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a  b  s  t  r  a  c  t

LaFeO3 powders  doped  with  Sr (20  mol%)  and  Cu  (0-10-20  mol%)  were  prepared  by  citrate  auto-
combustion  synthesis  and investigated  in terms  of  crystal  structure,  morphology,  surface  area  and  optical
properties.  All powders  showed  photocurrent  response  in the  form  of  a pasted  and  annealed  electrode
and  as  slurry  electrode;  the highest  value  was  obtained  for undoped  orthoferrite  calcined  at  600 ◦C.
Their  physical–chemical  properties  were  related  to photoelectrochemical  behaviour.  The  position  of  the
quasi-Fermi  level  of  electrons  for  all the  photocatalysts  calcined  in  the range  600–980 ◦C is  about  the  same
aronna for his retirement.

eywords:
hotocatalysts
hotocurrent response
uasi-Fermi level

within  experimental  error (between  −0.62 and  −0.67 V with  respect  to  Ag/AgCl  reference  electrode,  at
pH  7).  Doping  with  20 mol%  of  strontium  did not  influence  the  flat  band  potential  of the powders,  while
doping  with  copper  caused  an  important  and reproducible  change  in  the  titration  curve,  indicating  the
presence  of  intermediate  energy  states  in  the  samples  calcined  at 600 ◦C, but  not  in those  calcined  at
980 ◦C.
errites

. Introduction

Recently, perovskite-type transition metal oxides (TMOs) have
een proposed as promising photocatalysts for wastewater and
ir pollution treatments [1–5]. Some perovskite-type TMOs are
emiconductors with a band gap narrow enough for efficient
bsorption of visible light, and thus can potentially be employed as
isible-light-active photocatalysts. In this case they offer a strong
dvantage over the most used photocatalyst for environmental
emediation, i.e. titanium dioxide, which absorbs UV light, the use
f solar radiation or visible-light lamps, and hence the development
f lower costs technologies.

Lanthanum orthoferrite LaFeO3, with perovskite structure,
xhibits p-type conductivity at high oxygen partial pressures
pO2 > 10−4 atm) [6]. LaFeO3 is a charge-transfer-type insulator and
xhibits a band-gap energy of about 2.1–2.0 eV [7,8]. Generally,
he functional properties of perovskite materials can be controlled

ither by modulating structure and defectivity or by substitution of
he metal in the oxide. On substituting Sr2+ for La3+, hole states with

 character are introduced in the system above the Fermi level [8],
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and a band-gap energy at the Fermi level is present for all composi-
tions in the range 0 < x < 0.67 as shown by the photoemission study
reported in Ref. [9]. While most of the photoelectrochemical prop-
erties of strontium-doped LaFeO3 are understood, less is known
about the effects of simultaneous substitution of iron with copper.

Copper-doped LaFeO3 is a viable candidate as visible-light pho-
tocatalytic material, however most of the technical requirements
(large specific surface area, high photocatalytic activity, chemical
stability, structural integrity, etc.) have not been sufficiently inves-
tigated. As a part of an ongoing study on (La1−xAx)(Fe1−yBy)O3
perovskites [10–13], several strontium and copper-doped LaFeO3
powders were investigated by photo-electrochemical measure-
ments in order to study their electronic features. The work
presented here concerns also their physico-chemical characteri-
zation.

2. Experimental

2.1. Synthesis of materials and characterization

LaFeO3 (LF), La0.8Sr0.2FeO3−w (LSF20), La0.8Sr0.2Fe0.9Cu0.1O3−w

(LSFC2010) and La0.8Sr0.2Fe0.8Cu0.2O3−w (LSFC2020) powders were
prepared by citrate auto-combustion of dry gel obtained from a
solution of the corresponding nitrates in citric acid solution. Analyt-
ical grade La2O3, Sr(NO3)2, Fe(NO3)3·9H2O, Cu(NO3)2·2.5H2O, citric

dx.doi.org/10.1016/j.electacta.2013.07.132
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Fig. 1. Observed (cross) and calculated (continuous line) intensities in the XRD

La1−xSrxFe1−yCuyO3 brought a significant increase in the surface
area of the samples measured after annealing at 600 ◦C. In fact
an increase from 14 to 25 m2/g was observed going from the par-
ent structure of the LF to that of the more substituted LSFC2020.
I. Natali Sora et al. / Electroc

cid, nitric acid, and aqueous NH3 were used as the starting mate-
ials. A specific amount of dried La2O3 was dissolved in a nitric acid
olution to prepare La(NO3)3·6H2O. The experimental details have
een previously reported [10,11]. The resulting lightweight powder
as calcined at 600–980 ◦C for 3 h in air.

Powder X-ray diffraction patterns (XRD) were collected at
oom temperature (Cu-K�  radiation). The structural refinements
ere carried out with the Rietveld method of profile analysis

or LSF20, LSFC2010 and LSFC2020 calcined at 600 ◦C. The mor-
hology of the particles was observed at 20,000× magnification
y analytical environmental scanning electron microscopy (LEO
450EP) at 15 kV. The BET surface area was obtained by nitrogen
dsorption–desorption isotherms according to the conventional
ET method using a Micromeritics ASAP 2010 system. Powder sam-
les of the photocatalysts were characterized by ultraviolet–visible
iffuse reflectance spectroscopy (UV–vis DRS). The spectra were
ecorded in air with a spectrophotometer UV/VIS/NIR Jasco V-570
quipped with an integrating sphere for solid samples (model ISN-
70) in the region 200–2000 nm,  BaSO4 was used as reference for
he baseline. The reflectance spectra were represented by using the
ubelka–Munk function F(R∞) which is proportional to the absorp-

ion coefficient obtained for weakly absorbing sample.

.2. Electrochemical measurements

Photocurrent measurements were performed to evaluate the
unctional characteristics of the samples. To measure dark and illu-

inated currents chrono-amperometric tests were carried out at
oom temperature under front wall illumination using an Autolab
GSTAT30 potentiostat/galvanostat in a standard three-electrode
et-up with a saturated Ag/AgCl reference electrode, a Pt wire
s counter and a Ti foil, on which the powder of the samples
as deposited, as working electrode. A suspension of ferrite pow-
er, solvent and Carbowax polymer was drop deposited on the Ti
oil, dried at 80 ◦C, and then annealed at 200 ◦C in air for 3 h to
emove the Carbowax polymer from the photoelectrode surface.
unlight was simulated with a 300 W xenon ozone-free arc-lamp
quipped with AM 1.5 G filter at 100 mW/cm2. Potentiodynamic
urves (photo- and dark currents) were obtained under poten-
ial scan in the range −1.5 to +1.5 V at a rate of 0.015 V/s for LF
nd LSFC2010 samples. For all the samples potentiostatic plots
ere obtained by applying a positive bias of 0.1 V between the
hoto(working)-electrode and the reference electrode through dif-
erent ON–OFF irradiation cycles. The selected bias conditions are
he same generally used to test the photoelectrochemical proper-
ies of photoactive materials such as Degussa P25 titania. 1 M KOH
olution purged with N2 was used as the electrolyte.

Quasi-Fermi levels of electrons were measured according to the
iterature [14]. 20 mg  of the powder were suspended in 100 cm3 of
.1 M NaNO3 in the presence of 20 mg  of methyl viologen dichlo-
ide and irradiated with UV light (medium-pressure Hg lamp Helios
talquartz, Italy). Suspensions were stirred and purged with N2
rior to and during the measurement. The pH was adjusted by HNO3
nd NaOH solutions and monitored with a pH-meter. In general
he starting suspension had pH 1.7 and the experiment was  carried
ut at room temperature. A large surface platinum flag (5 cm2) and
g/AgCl were working and reference electrodes, respectively. Sta-
le photovoltages were recorded about 1.5 min after adjusting the
H value.

. Results and discussion
LF exhibited the orthorhombic symmetry (space group Pnma)
nd crystallized with the well known orthorhombic perovskite
tructure in agreement with results previously reported for
owders prepared at 600 ◦C [10], and at 900 ◦C [15]. LSF20 and
pattern of LSFC2010 prepared at 600 ◦C. The differences between observed and cal-
culated intensities are plotted at the bottom. The crystal structure was refined in
the  Pnma space group.

LSFC2010 perovskites prepared at 600 ◦C were single phase, and
crystallized in the orthorhombic symmetry (in Fig. 1 the XRD
data from LSFC2010 are shown). For LSFC2020 sample prepared
at 600 ◦C the reflections were broader and with lower intensity
than those of LSFC2010, but no additional peaks were detected
in the diffractogram. We  have previously reported the structural
characterization of samples calcined at 980 ◦C [11,13]: LSF20
and LSFC2010 powders were monophasic with orthorhombic
symmetry, while LSFC2020 was  biphasic, with a main (78.5 wt%)
orthorhombic phase and a secondary rhombohedral phase. The
oxygen content determined by Rietveld refinement of neutron
diffraction data resulted in full occupancy of the oxygen sites for
both LSFC2010 and LSFC2020 [11]. The unit cell volume decreases
with increasing Cu doping. Since the larger Cu2+ cation partially
substitutes Fe3+ cation (Cu2+(VI) = 0.73 Å, Fe3+(VI) = 0.645 Å), a
charge compensation mechanism occurs by oxidation of Fe/Cu
cations [13].

The morphology of the LF powder is shown in Fig. 2. Agglom-
erations of particles with particle size smaller than 100 nm are
detectable. As reported in Table 1 the partial replacement of
lanthanum with strontium and of iron with copper in the system
Fig. 2. ESEM micrograph of LF powder calcined at 600 ◦C.
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Table 1
Selected morphological parameters: powder colour, mean crystallite sizes (from XRD data), and BET surface areas for samples calcined at 600 ◦C.

Samples LFa LSF20 LSFC2010 LSFC2020

Colour Ochre Black Black Black
Mean  crystallite size (nm) 43 26 22 18
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BET  surface area (m2/g) 14 

a BET surface area of LF prepared at 900 ◦C is 6 m2/g.

orrespondingly, crystallite size calculated from XRD data using the
ebye Scherrer equation decreases as the Sr/Cu doping increases.

Fig. 3A shows the diffuse reflectance UV–vis spectrum of sample
F calcined at 600 ◦C. The absorption edge between 400–600 nm
as related to the band-gap energy of LF [7]. It was assigned to the

ransfer of electrons from the valence band (mainly contributed by
trongly mixed eg states of Fe 3d and O 2p states) to the conduction
and (t2g states of Fe 3d).

For estimation of the optical band gap Eg Kubelka–Munk func-
ion F(R∞) of the diffuse reflectance spectra was used instead
f the absorption coefficient. As done for La1−xAgxFeO3 [16] and
i(Fe1−xMnx)O3 [17] the absorption data were modeled assuming

 direct gap by plotting (F(R∞)E)2 as a function of E the energy of
ncident photons. The intercept on abscissa of the (F(R∞)E)2 vs E
ave the value of optical absorption edge energy. Following this
rocedure the measured Eg for nanosized LF is 2.54 eV (Table 2),

arger than that value previously found for dense polycrystalline
ample 2.1 eV [7] and for porous submicrometric powders 2.4 eV
16], but smaller than 2.64 eV estimated using direct transition for
pitaxial thin film of LF [18].

In LSF20, LSFC2010 and LSFC2020 the absorption of visible light
s higher than in LF in accordance with their black color (the parent
F is ochre in color) (see Fig. 3B). As has been reported in refs [7–9]
ole doping via Sr2+ for La3+ substitution causes changes in the
lectronic structure introducing hole states at about 1.0 eV above
he Fermi energy. It is important to note that even for Sr-content

 = 0.40 (double than here) the hole states do not overlap the top
f the valence band retaining the charge-transfer-type behaviour,
lthough with a minor band-gap energy [8,9].

For LSF20, LSFC2010 and LSFC2020 in addition to the absorption
dge between 400 and 600 nm we considered an additional transi-
ion found at lower energy (higher wavelength) than the previous
ransition. Following Refs. [8,9] this transition was attributed to the
ole states doped into the band-gap. The energy of the first tran-
ition was determined assuming a direct gap and the estimated
ransition energies are reported in Table 2 for each material. These
orrespond to 2.2 eV for LSF20, 2.1 eV for LSFC2010, and 2.3 eV for
SFC2020. The substitution of Sr2+ for La3+ causes a red-shifting of
he transition in accordance with a recent work [18].

In agreement with Scafetta et al. [18] the transition found at
ower energy likely depicts the true band gap transition. The energy
alue for this transition was estimated about 0.70 eV for LSF20,
SFC2010 and LSFC2020 (see Fig. 3C).

Fig. 4 reports the current density (J) vs potential (E) curves for
he samples LF and LSFC2010 recorded in dark condition and under

imulated solar irradiation AM 1.5 G. In both cases it is clearly
hown how the photocurrent density recorded by irradiation (red
nd green curves) is significantly higher than the dark current
black and dark green curves) with mean increases in photocurrent

able 2
he quasi-Fermi level Efb, and the optical band gap Eg for samples calcined at 600 ◦C (LF, L
f  optical absorption edge energy was obtained by extrapolating to zero a linear fit to a p

Samples LF 600 ◦C LSF20 600 ◦C LSF20 980 ◦C 

Eg (eV) 2.54 0.7 – 

Efb1 (V) −0.63 −0.62 −0.63 

Efb2 (V) – – – 
18 23 25

density of about 0.8 mA/cm2 for LF and 2.9 mA/cm2 for LSFC2010,
respectively for potential values >1 V, whereas values of about
some microamperes per cm2 were observed at lower potential
(around 0.1 V) as discussed below and well illustrated in chrono-
amperometric plots reported in Figs. 5 and 6. It is worth to note that
the plots do not show a proper plateau region. In order to check a
possible contribution from the Ti substrate (for example due to the
formation of titanium dioxide) a blank experiment was  performed
using the Ti foil annealed at 200 ◦C in air for 3 h, without the pasted
ferrite layers. As expected no photocurrent was measured in accor-
dance with the fact that the production of TiO2 by oxidizing the
surfaces of Ti foils requires a thermal treatment in air at tempera-
tures higher than 400 ◦C [19]. Further investigations are required to
check the effects of the porosity of the ferrite layers on the current
density.

As concerns the potentiostatic plots by photo-irradiation with
UV–vis light a rapid generation of photocurrent was observed when
the electrons photogenerated by the materials were captured and
transported on the Ti foil (Fig. 5). All the samples were found to
be photoactive and a gradual reduction of the photocurrent was
observed when the tests were conducted with the aid of filters
capable of blocking increasing ranges of the incident UV radia-
tion (see Fig. 6). The results show that the LF sample calcined at
600 ◦C exhibits the highest activity, and the activity decreases with
increasing calcination temperature, which is in good agreement
with the surface area measurements, indicating lower activity for
the samples with smaller surface area. The observed photocurrent
response was  significantly different depending on the composition
of the samples, with a higher density of photocurrent for LF com-
pared to that recorded for the samples with partial substitution
of lanthanum and iron in the structure. Furthermore ON/OFF illu-
mination of the materials deposited on the photoelectrode shows
an instantaneous rise in photocurrent and quick recovery to the
original photocurrent density through multiple ON/OFF cycles. The
monitoring during discontinuous illumination revealed stability
and reproducibility of the photocurrent density in all the tested
samples (see Fig. 7).

Quasi-Fermi levels of electrons, Efb, were measured according
to the literature [14] by measuring the photovoltage as a func-
tion of pH value. For this purpose a slurry electrode consisting of
20 mg  of the powder, suspended in 100 cm3 of 0.1 M NaNO3 in the
presence of 20 mg  of methyl viologen dichloride (MV2+) was irra-
diated with UV light (medium-pressure Hg lamp Helios Italquartz,
Italy). Increasing the pH value of the suspension shifts the edges of
the conduction and valence bands towards more negative poten-

tials so that, approaching the inflection point pH0, photogenerated
electrons can reduce MV2+ present into the solution to its corre-
sponding radical cation. A lower pH0 value corresponds to a more
negative quasi-Fermi level. From pH0 value of the corresponding

SF20, LSFC2010 and LSFC2020) and calcined at 980 ◦C (LSF20, LSFC2010). The value
lot of (F(R∞)E)2 vs E.

LSFC2010 600 ◦C LSFC2010 980 ◦C LSFC2020 600 ◦C

0.7 0.8 0.7
−0.65 −0.67 −0.63
−0.56 – −0.56
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Fig. 4. Potentiodynamic plots (photocurrent density (J) versus applied potential (E))
of LF and LSFC2010 samples recorded in the dark (black and dark green lines) and
under light radiation (red and light green lines) at scan rate 0.015 V/s. The photoac-
tivity was examined under AM 1.5G (100 mW/cm2) simulated solar irradiation in

quasi-Fermi level potential and the conduction band edge is negli-
gible, the valence band edge values are obtained by addition of the
band gap energies reported in Table 2.

Fig. 5. Photocurrent profiles of LSFC2010 and LF samples; black line and red line,
respectively. Both sample were calcined at 600 ◦C and deposited on a Ti metal sup-
port. The potential of the KCl saturated Ag/AgCl reference electrode was E◦ = 0.197 V
ig. 3. UV–vis absorption spectra of LF (A) and LSF20, LSFC2010 and LSFC2020 (B
nd  C) calcined at 600 ◦C.

itration curve (see Fig. 8), the quasi-Fermi level at pH 7 can be
alculated via the following equation:

fb(pH) = E◦
MV2+/MV+ + k(pH0 − pH)
here E◦
MV2+/MV+ is the redox potential of the MV2+/MV+ couple

nd k is assumed to be equal to 0.059 V. The obtained values are
eported in Table 2.
1  M KOH electrolyte with a Pt wire and Ag/AgCl as the counter and the reference
electrodes, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web  version of the article.)

Fig. 8 reports the measurements carried out with the sample
LSFC2010 prior to (A1) and after (A2) calcination at 980 ◦C and
with the sample LSF20 prior to (B1) and after (B2) calcination at
980 ◦C. Sample LSFC2020 (not shown) showed a titration curve sim-
ilar to that in Fig. 8A1 whereas samples without copper behave
analogously to Fig. 8B1 (not shown).

It should be pointed out that the present method for determin-
ing the quasi-Fermi level can be successfully used for both p-type
and n-type semiconductors. In fact, semiconductor irradiation of
suitable energy causes the formation of two  quasi-Fermi levels
(one for the holes and one for the electrons) and the method in
both cases gives information about the potentials of the photo-
generated electrons. By assuming that the difference between the
vs  SHE at 25 ◦C. ON–OFF cycles with different interval time for a better visualiza-
tion of the trends were carried out. Irradiation was conducted by a 300 W Xe light
source. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of the article.)
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Fig. 6. Typical photocurrent profiles of LF (calcined at 600 ◦C and 900 ◦C), and
LSFC2010 (calcined at 600 ◦C) recorded under illumination with a 300 W Xe light
s
l
v

t
−
t

Fig. 7. Typical photocurrent response of a LF film (activated at 900 ◦C and deposited

F
r

ource with (or without) blocking filters used to cut different fractions of incident
ight. The potential of the KCl saturated Ag/AgCl reference electrode was E◦ = 0.197 V
s  SHE at 25 ◦C.
It may  be noted that the position of the quasi-Fermi level for all
he catalysts is about the same within experimental error (between
0.62 and −0.67 V). The presence of strontium did not influence

he flat band potential of the powders. On the other hand, the

ig. 8. Variation of photovoltage with pH value. 20 mg  of catalyst with 20 mg of methyl
oom  temperature. Pt, working electrode and Ag/AgCl, reference electrodes.
on Ti metal support) to ON–OFF cycles carried out by means of a 300 W Xe
light source. The potential of the KCl saturated Ag/AgCl reference electrode was
E◦ = 0.197 V vs SHE at 25 ◦C.

presence of copper caused an important and reproducible change
in the titration curve as shown in Fig. 8. In fact, at about pH 4.5
the curve slope suddenly changes indicating that, from this pH
value, an electron transfer can take place from a different phase

or a different semiconducting material present into the powder to
the MV2+ dissolved into the suspension. This feature was observed
only when copper was  present into the powders i.e.  for LSFC2010
and for LSFC2020. Rusina et al. [20] observed a similar behaviour

 viologen dichloride are suspended in 100 mL of 0.1 M NaNO3 aqueous solution at



himica

f
fi
p
e
t
p
f
l
c
d
s
i
(
s
t
s
d
b
c
v
l
a
c
c
c
t
t
a

p
f
o
i
p
l
a

4

p
w

s
r
t
s
d
t
c
t
t
F
t
p
p
c
p
h
i
t

[

[

[

[

[

[

[

[

[

[

[

I. Natali Sora et al. / Electroc

or mixed semiconductors titanium dioxide–iron titanate. This
nding suggests that Cu-doping promotes the presence into the
owders calcined at 600 ◦C of a secondary phase with different
lectronic properties. Although the XRD analysis did not suggest
he presence of a secondary phase for LSFC2010 and LSFC2020
owders calcined at 600 ◦C the Rietveld refinements gave unsatis-
actory agreement factors, so a certain structural disorder and/or
ack of homogeneousness could not be excluded. Moreover, the
alcination at 980 ◦C of the Cu-containing samples resulted in the
isappearance of this specific feature, leaving a powder with the
ame flat band potential as the others listed in Table 2. Interest-
ngly, calcining at the same temperature the Cu-undoped samples
LF and LSF20) did not produce changes in the titration curve. For
amples calcined at 980 ◦C detailed NPD analyses [11] have shown
hat LSFC2010 is monophasic, while LSFC2020 is largely biphasic,
o it is unlikely that the change in the titration curve is due to the
isappearance of a secondary phase after calcining at 980 ◦C. It has
een reported that in the system La1−xSrxFeO3−w the higher the
alcining temperature the lower are the concentration of oxygen
acancy and the content of iron cations with oxidation state
arger than +3 [21]. Accordingly, the NPD analysis has indicated

 full occupancy of the oxygen sites in LSFC2010 and LSFC2020
alcined at 980 ◦C [11]. Possibly the thermal treatment at 980 ◦C
auses a good bulk and surface chemical homogeneousness in Cu-
ontaining samples. In general, doping with copper may  lower the
emperature during the auto-combustion synthesis, as found for
he system LaFe1−yCuyO3−w [10]. However further investigations
re necessary to clarify this point.

The extent of photocurrent obtained in the case of Cu-doped
owders was lower with regard to that obtained by using copper-
ree powders. This finding is in good agreement with the results
f the quasi-Fermi level measurements, i.e. with the presence of
ntermediate energy states introduced when Cu was present in the
owders. Being these states at lower energy than the primary Fermi

evel of the powders, recombination of the photoproduced excitons
nd lowering of the photocurrent response are more likely.

. Conclusions

All samples showed moderate absorbance of visible light. All
owders showed photocurrent response; the highest photocurrent
as obtained for LF calcined at 600 ◦C.

In order to elucidate the complex electronic properties of these
amples, the quasi-Fermi levels of electrons were measured and the
esults indicate that: (i) the position of the quasi-Fermi level for all
he photocatalysts calcined in the range 600–980 ◦C is about the
ame within experimental error (between −0.62 and −0.67 V), (ii)
oping with strontium does not influence the flat band potential of
he powders, and (iii) for LSFC2010 and LSFC2020 the presence of
opper caused an important and reproducible change in the titra-
ion curve, indicating the presence of intermediate energy states in
he samples calcined at 600 ◦C, but not in those calcined at 980 ◦C.
urther work will be required to ascertain whether an intermediate
emperature structural transition takes place, and to investigate a
ossible photocatalytic activity for removal of organic molecules
resent in air or water effluents. Based on these photoelectro-
hemical characteristics, the proposed perovskite-type lanthanum

owders could be considered not only as traditional electrodes for
igh temperature solid oxide fuel cells (SOFC) but also as functional

norganic materials in photocatalytic applications operating at low
emperature.

[
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