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Bi,La;_, VO, solid solutions were obtained in the form of fine powder via a microwave-assisted hydro-
thermal route. The presence of a solid solution in the studied system was confirmed using X-ray diffrac-
tion technique (XRD) and optical spectroscopy. Pure BiVO, and LaVO, were obtained in the monoclinic
form, whereas solid solutions in the tetragonal, zircon-type structure. The optical band gap dependence on
a composition of the solid solution is parabolic, thus there is a possibility to tune this parameter in a wide
concentration range, from 2.4 to 4.0 eV. An absorption coefficient maximum is also concentration-
dependent, possibly, due to the structural disorder of the samples. Between 11.94 and 32.57 at. % of Bi**
concentration, solid solutions exhibit intense, green luminescence. It indicates the presence of Bi-
originated electronic states within the band gap. A value of the conduction band edge potential, measured
both with an electrochemical impedance spectroscopy and work function measurements, is concentration-

independent. Moreover, solid solutions exhibit a Photoelectrochemical Photocurrent Switching Effect,

thus they may be promising materials for molecular electronics and dioxygen activator.

Introduction

Bismuth orthovanadate is a very promising material with poten-
tial use in several fields. To begin with, it is commercially used in
the pigment industry,' at the same time, it is also a very promis-
ing photocatalyst for O, evolution in photoelectrochemical cells,
as well as for degradation of organic pollutants from wastewater.
In the Earth crust, BiVO, occurs in the orthorhombic crystal
structure (pucherite).” There are also other known polymorphs,
namely: monoclinic (mBiVO,, clinobisvanite), exhibiting the best
photocatalytic activity, tetragonal scheelite-like (stBiVO,, high
temperature phase) and tetragonal, zircon-type (ztBiVO,, drey-
erite).* BiVOy, is the an n-type semiconductor with a value of the
band gap varying for different polymorphs. Both mBiVO, and
stBiVO, have similar band gaps (2.4 and 2.3 eV respectively).> °
ztBiVO, in turn, has a wider band gap, equal to 2.9 eV.® The
electronic structures of mBiVO, and stBiVO, phases are quite
similar. The valence bands are dominated by oxygen 2p states
with some contribution of bismuth 6s states, which are located
close to the valence band edge. For z/BiVO, polymorph, stronger
interaction between O 2p and Bi 6s states occurs. Conduction
bands, in turn, are composed mainly of vanadium 3d states with
significant contributions of O 2p and Bi 6p levels. Both mBiVO,
and s/BiVO, are indirect band gap semiconductors, whereas, for
ztBiVOy, the DFT calculations indicated the predominance of the
direct transition.” ®
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Pure lanthanum orthovanadate is much less frequently applied
as a photocatalyst,” however, it may be a good candidate for
catalyst in the oxidation of NH; to NO and H,S to the elemental
sulphur.'® ' 1t is also considered as a promising host for lumines-
cent lanthanide ions.'? Lanthanum orthovanadate crystallizes in
two polymorphs, namely monazite-type monoclinic (mLaVOy,)
and  zircon-type,  tetragonal  (ztLaVO,),  which s
a metastable phase.'> '* The upper parts of the valence bands in
the vicinity of the band maxima, for both LaVO, polymorphs are
composed mainly of O 2p and V 3d states, with a small contribu-
tion of La 5d states. The lower parts of the conduction bands,
slightly above the band edges, are also composed of O 2p and V
3d states, with a La 6p admixture (more prominent in the case of
ztLaVO,). Whereas O 2p dominates the valence band,
the V 3d states are the major component of the conduction band.
The interband transition in mLaVQ,, similarly to mBiVOy,, is
indirect, whereas in zfLaVO, is direct as in z/BiVO,."* The band
gap energy for mLaVO, is equal to 3.5 eV." Although zfLaVO,
has been successfully synthesised,'®'® the band gap has not been
determined yet. The value obtained using DFT calculations
equals to 3.01 eV,' however, this method is known to give un-
derestimated results. The band gap of mLaVO, was calculated as
equal to 3.42 eV, which is slightly below the measured value of
3.5ev."

The cation substitution is a very common way for modifying
both the band gap energy and the band edge potentials. In gen-
eral, substitution of an electropositive cation, exhibiting noble gas
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configuration (like La®") with a p-block cation (like Bi*") should
decrease the value of the band gap.'® The more similar ionic radii
are, the wider range of solubility is. For BiVO, — LaVO, system,
ionic radii are 115 pm for La*" and 103 pm for Bi**?° These
values indicate the possibility of substitution of La*" ion with
Bi**, while retaining the lattice symmetry. Common crystal struc-
ture, (tetragonal, zircon type), the same valency and similar elec-
tronegativity values of both cations should also extend the range
of solubility.?'

On the whole, BiVO, as well as LaVO, are obtained by the
solvothermal (in particular hydrothermal) route'®'® ** % or solid
state reactions.”* ** A microwave-assisted method of synthesis
can also be applied.'* %

Although vanadates are extensively examined due to their
promising properties, the BiVO, — LaVO, system has not been
paid much attention yet. So far, only its photocatalytic activity
was investigated.”® We hypothesize that the electronic and photo-
electrochemical properties of the Bi,La;_ VO, solid solutions can
be tuned via stoichiometry modifications. Therefore, detailed
study on the synthesis, structure and electronic properties of these
materials was undertaken. To authors best knowledge, there are
no reports on the synthesis of these solid solutions in such a wide
range of composition.

Experimental

The synthesis was performed in a microwave heated, high pres-
sure autoclave Magnum II (Erfec, Poland). Bismuth nitrate
(Bi(NOs);3-5H,0, Sigma Aldrich, 98.5%) and lanthanum nitrate
(La(NOs);3-6H,0, Alfa Aesar, 99.99%) were dissolved in 20 ml of
deionized water and mixed with 5 ml of 2 M HNO;, which was
added to prevent hydrolysis. Sodium orthovanadate was dissolved
in 20 ml of deionized water with the addition of 4 ml of 2 M
NaOH. Upon mixing of both solutions, pH was adjusted to 7,
deionized water was added up to 50 ml and the reaction mixture
was transferred into a Teflon vessel. In each case the synthesis
was calculated to obtain 1 mmol of the product with the content
of BiVO, varying from 0 to 100 at. % with 10 at. % step. The
reaction vessel was tightly sealed in the autoclave and the reac-
tion mixture was heated by a microwave irradiation up to 553 K
and kept at this temperature for 1 hour under the pressure of 43 to
45 bar. The precipitate was obtained in the form of a very fine
powder, washed several times with deionized water, centrifuged
and dried in the air.

The preliminary evidence of samples composition was provid-
ed by the results of the inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) measurements, using the ELAN
6100 spectrometer (Perkin Elmer, USA). The samples were
prepared by dissolution of approximately 0.003 g of the powder
in the concentrated hydrochloric acid. The mixtures were further
diluted by the addition of deionized water up to 250 ml. These
were examined for the amount of bismuth, lanthanum and vana-
dium, which allowed to determine the elemental composition of
the obtained materials. The crystalline phases were identified by
the X-ray diffraction (XRD) technique using the Miniflex II
(Rigaku, Japan) diffractometer with Cu K, emission line,
A=0.15406 nm. The morphology of the product was studied with
the scanning electron microscopy (SEM) on the SU 70 instrument
(Hitachi, Japan). The electronic structure of the obtained materi-
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als was determined using the diffuse reflectance spectroscopy,
fluorescence spectroscopy and electrochemical impedance spec-
troscopy (EIS) as well as the work function measurements (Kel-
vin probe, KP technique). Diffuse reflectance spectra were rec-
orded on the Lambda 950 (Perkin Elmer, USA) spectrophotome-
ter equipped with the 150 mm integration sphere. 0.01 g of each
sample was dispersed in spectrally pure BaSO, in 1:80 weight
ratio. Pressed BaSO, pellet was used as a reference. Photolumi-
nescence spectra were recorded on the Fluoromax 4P spectrofluo-
rimeter (Horiba Jobin Yvon, France). The samples were prepared
as follows: 0.002 g of the sample was dispersed in 4 ml of deion-
ized water, then diluted 50 times and homogenized using an
ultrasonic bath just before the measurement. The samples were
excited at 300 nm. The band edge potentials and work function
values of the samples as functions of their composition were
estimated according to the results obtained from the EIS and KP
respectively. Electrochemical impedance spectra were measured
in 0.1 M KCI on the SP-300 potentiostat (Bio-Logic, France) vs.
Ag/AgCl reference electrode. The electrodes for the EIS and KP
were prepared by the deposition of the obtained powders onto the
indium-tin oxide coated polyethylene terephthalate foil
(ITO@PET). The work function values were measured on the
ambient Kelvin probe system KP020 (KP Technology, Scotland)
customized by Instytut Fotonowy (Poland). The last step in the
characterization of the obtained materials were photoelectro-
chemical experiments (pulsed photocurrent spectroscopy) per-
formed using a custom-built photoelectric spectrometer (Instytut
Fotonowy, Poland) equipped with the 150 W xenon arc lamp and
coupled with the SP-300 potentiostat. The experiments were
performed in 0.1 M KNO; vs. Ag/AgCl sat. reference electrode.

Results and discussion

The first step after the synthesis was to confirm the elemental
content and to determine the phase composition of the obtained
materials using ICP-AES and XRD analysis, respectively. ICP-
AES measurements indicate a significant deviation of samples
composition from the intended ones (Table 1). This may be a
result of slightly higher stability/lower solubility of bismuth-rich
phases.

Table 1. Assumed and real composition of BixLa;«VO; solid solutions.

BiVO, assumed content [% at.] BiVO, real content [% at.]

0 0.00
10 11.94
20 23.47
30 32.57
40 47.75
50 56.97
60 70.80
70 76.48
80 80.75
90 92.86

100 99.80

The XRD diffractograms recorded for all samples are present-
ed in Fig. 1. They reveal that pure LaVO, exists in the monoclinic
crystal structure (space group P21/n (14)), whereas introduction
of 11.94 at. % of Bi*" to the material induces the phase transition
into the tetragonal, zircon-type structure (space group I41/amd
(141)). This transition, however, is incomplete and there are still
some remains of the mLaVO, phase, which can be noticed in the
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diffraction pattern. This is probably caused by too short hydro-
thermal treatment of the reaction mixture.

For 11.94 at. % of Bi*", the observed contribution of the mon-
oclinic phase is significant, for the next sample it considerably
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s decreases and from 32.57 up to 80.75 at. % of Bi*" it is insubstan-
tial. At 92.86 at. % of Bi*", three different phases exist, namely
some remains of mLaVOy,, ztBiVO, and mBiVO,.
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10 Fig. 1. XRD diffractograms for the Bi,La, VO, samples.
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For pure BiVO,, the monoclinic crystal structure 12/b (15) was
obtained. Although it was originally reported for mBiVO,, it is
a non-standard space group and can be converted to the standard
space group C2/c.”’

These results can be easily explained. Taking into considera-
tion all possible polymorphs of bismuth and lanthanum orthovan-
adates, only the zircon-type, tetragonal structure is common for
both materials. Therefore, introduction of Bi** into the LaVO,
lattice (or La®" into the BiVO, lattice), results in the transition
from the monoclinic to the tetragonal, zircon-type crystal struc-
ture, which in turn suggests the formation of BiVO, — LaVO,
solid solution. It may be proved by the analysis of the obtained
diffraction patterns. It can be seen that increasing Bi*" content
results in the alteration of the peak positions, towards the higher
values of 20 angle. At the same time, the higher the value is, the
stronger the displacement is. For four most intensive peaks ob-
served for the zircon-type structure (i.e. (200), (112), (312) and
(332)) the interplanar spacing dj; was calculated, according to
the Bragg’s law, Equation (1):

d = A
hkl ~ 94

2sin Hh Xl 0
where 4 = 0.15406 nm and 6, is the angle, at which the peak
originating from the (hkl) plane was observed. Subsequently, the
parameters a and c of the tetragonal unit cell were calculated as
follows, Equation (2):**
12

1 R +k

2 2 2
d,y, a c

@

The parameter a was calculated from the d, interplanar spacing
and the ¢ values were obtained from the d;;,, d;;, and ds;,. Then,
knowing the parameters a and ¢, the unit cell volume was esti-
mated. Its changes, in respect to the volume obtained for the
sample synthesized with 11.94 at. % of Bi*', are plotted against
the Bi** content (Fig. 2).
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Fig. 2. The change in the unit cell volume (in respect to the 11.94 at. % of
Bi®" sample) plotted against Bi** concentration. The calculations were
performed for three different diffraction peaks.

Obtained results clearly indicate that, between 11.94 and 92.86
at. % of Bi’" content, the solid solution was obtained, as the
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introduction of the bismuth ions into ztLaV O, results in the linear
decrease in the unit cell volume. Thus, the BiVO, — LaVO,
system obeys Vegard’s law*” *° as the linear dependence of the
cell volume versus the composition was found. This indicates
a significant ionic character of the lattice,31 as more covalent
semiconductor solid solutions suffer from the significant parabol-
ic deviations from Vegard’s law.** **

The SEM images confirmed the presence of a mixture of at
least two phases only for the sample obtained at 92.86 at. % of
Bi3+
(Fig. 3). Since the mLaVO, phase was obtained in the nanocrys-
talline form, with the average size below 80 nm, it cannot be
observed in the presented SEM image. Moreover, the admixture
of this phase is rather insignificant. Therefore, only mBiVO,
(regularly-shaped microcrystals) and zircon-type tetragonal phase
(nanocrystals) may be distinguished in the SEM image.

a

10.0kV 10.1mm x1.00k PDBSE(CP)

= X 4

10.0kV 10.1mm x5.00k PDBSE(CP

Fig. 3 Morphology of the sample containing 92.86 at. % of Bi*", charac-
terised by the presence of two phases: Bi — rich (regularly shaped micro-
crystals) and BiVO4 — LaVOj solid solution (nanocrystals).

The diffuse reflectance spectroscopy was applied in order to
determine the band gaps E, of the powdery samples. Kubelka-
Munk function values 5 were calculated from the normalized
reflectance spectra as follows, Equation (3):**
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Fig. 4. The absorption spectra (a) and the band gap dependence on the ICP-AES measured composition of the obtained materials (b). The direct character
of the band gap, part (b), is represented by the black points, the indirect, by the blue ones. The red line presents a parabolic fit to the experimental data.

where R(hv) is the reflectance of the sample measured vs. 100%
reflectivity standard, a(hv) is the absorption coefficient and S
stands for the scattering factor of the mixture, which practically is
equal to the value of the pure diluent (BaSO,) scattering factor.
S may be regarded as a wavelength independent for a sufficiently
large grain size (in comparison with the wavelength of incident
light). The Kubelka-Munk formula is valid for the infinitely thick
absorbing layer. Usually, to fulfil this condition, the layer thick-
ness of approximately 3 mm is sufficient. However, in the case
where the grains are much smaller than the wavelength of inci-
dent light, it may be necessary to prepare the sample as thick as
100 mm.** After the measurements, McLean analysis of the
absorption edge was performed.*

The relation between the energy of the incident light (4v) and
the /" in the vicinity of the absorption edge can be described
using modified Tauc equation,*® >’ Equation (4):

KM nl2
()" = a(hv-E,) .
In the above formula, a contribution from the phonon energy was
neglected. 4 and n are parameters; where n depends on the transi-
tion character: n = 1 for the indirect transitions and n = 4 for the
direct transitions. It was found that in the case of both mBiVO,
and mLaVOy, n equals 1, whereas n = 4 for the tetragonal, zircon-
type phase.® ' Thus, the monoclinic phases can be regarded as
indirect band gap semiconductors and the tetragonal as direct
ones. The Kubelka-Munk function plotted against incident light
energy and the band gap dependence on the composition of the
reaction mixture is presented in Fig. 4a. For pure mLaVO, the
estimated value of the band gap (3.6 e¢V) is in a good agreement
with measurements performed by Sun and co-workers (3.5 eV).'
Introduction of 11.94 at. % of Bi*" into pure mLaVO, results in
the substantial increase in the band gap value, due to the phase
transition from mLaVO, to zfLaVO,. It means that mLaVO,
should have narrower band gap than ztLaVO,, contrary to the
data from DFT calculations.' However, further introduction of

Bi** into the z/LaVO, lattice results in a decrease in the band gap.

40 Substitution of the La*'cation, (characterized by the electronic
configuration of Xe), with Bi*" (p-block element) should reduce
the width of the forbidden band due to the involvement of 6s
states in the formation of the valence band.'” Empty 6s states
should result in a decrease of the valence band edge energy, while

45 filled 6s levels should exert an opposite effect due to the effective
mixing with oxygen 2p levels (Fig. 5). It is important to note that
hard and weakly polarizable La** tends to form the highly ionic
bonds, whereas much softer Bi'" should provide a significant
contribution to a covalently-bonded structure.*® Specific interac-

so tions occurring between bismuth 65 levels and 2p levels of oxy-
gen atoms lead to the significant increase in the valence band
edge energy.’

conduction band (metal d-levels)

A

La6s

\4

O2p

N

Fig. 5. The simplified qualitative band diagram and the nature of the
55 fundamental transition in the lanthanum containing (blue) and bismuth-
containing (red) oxide semiconductor. Adapted from ref.*

¥

The existence of the two-phase region, (zrBiVO, with mBi-
VO,, a small admixture of mLaVO, can be neglected), was con-
firmed for 92.86 at. % of Bi’* by the XRD diffraction pattern and

This journal is © The Royal Society of Chemistry [year]
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SEM imaging (Fig. 3). In the UV-Vis reflectance spectrum of this
sample the presence of two phases is manifested as two absorp-
tion steps. The McLean analysis was performed for both of them.
The absorption spectrum was calculated twice. The first time for
the indirect transition, second time for the direct one. The band
gap value for the high-energy step was taken from the spectrum
calculated for the direct transition and is in a good agreement
with the value found for pure zfBiVO,.° Since the low-energy
absorption step originates from mBiVO,, the band gap energy in
this case was taken from the low-energy step in the spectrum
calculated for the indirect one. The obtained value is very close to
that one for the monoclinic phase. It means that the solubility of
La®" in the mBiVO, lattice is insubstantial.

The introduction of La®* ions induces the phase transition
(mBi1VOy into zfBiVO,). To determine the solubility changes that
occur in the system within the range from 0 to 11.94 at. % of
La*, the additional studies are necessary. The presence of resi-
dues of the mLaV O, phase does not influence the absorption edge
of the solid solutions. On one hand, it contributes to the increase
in the structural disorder and could be partially associated with
the considerably higher absorption in the low-energy part of the
spectrum (so called Urbach tail).** On the other hand, the pres-
ence of La**cations, (and the related energy levels), affects the
part of the spectrum above the absorption edge, as the additional
transitions are available.

In Fig. 4b it may be seen that the composition-band gap de-
pendence can be well approximated by a parabola. Such
a quadratic correlation of the band gap energy vs. the composition
is a manifestation of the Van Vechten-Bergstresser model,41
according to which, the band gap E, of a solid solution of two
semiconductors A and B can be expressed as a quadratic function
of molar ratios of components, Equation (5):

E,=E,+(E,—E,—b)x+bx’ )

where x is the molar ratio of a component A and b is a bowing

35 factor. Increasing value of the bowing factor indicates a signifi-
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cant lattice mismatch and/or differences in the electronic proper-
ties of the isovalent constituents.*> The bowing factor calculated
for the BiVO, — LaVO, system amounts to —1.41 + 0.27 eV. The
Van Vechten-Bergstresser model also allows to estimate the band
gap energy values of two tetragonal phases that were not obtained
using applied hydrothermal procedure: zfBiVO, and ztLaVO,.
The extrapolated E, value for LaVO, amounts to approximately
3.9 eV, whereas, for BiVOy, it is equal to 2.8 eV, which is in good
agreement with the reported value of 2.9 eV.°

From Fig. 6a it may also be concluded that the absorption
coefficient of the studied systems depends on the material com-
position. Such a dependence is presented in Fig. 6a. Two lowest
values are observed for pure LaVO, and BiVO, phases
(x =0 and x = 1, respectively). With increasing x, the absorption
coefficient increases and reaches its maximum at x = 0.32. Fur-
ther increase in the Bi*" content results in a slight decrease of the
absorption coefficient which reaches local minimum at x = 0.57
and subsequent increase with the second maximum at x =~ 0.76.
To explain such a behaviour, the role of the fundamental transi-
tion character should be considered. In the studied case pure
phases show the indirect band gap, whereas solid solutions the
direct one. For the indirect transitions, the absorption coefficient

60

65

=3
&

90

is usually much lower than for the direct transitions. Indeed, pure
LaVO, and BiVO, phases exhibit the indirect band gaps, and
their absorptivity (estimated from the reflectance) is lower than
the one of the solid solutions. On the other hand, the absorption
coefficient of the samples changes gradually with the composi-
tion which suggests other mechanism superimposed over the
direct/indirect change of the fundamental transition.

0.25-
D,
3
0.20 \ ./\
L}
=} \/ °.
0157 \
~ d L ]
s
S : \
<_ 0.10- \
0.054
/.
0.00
<rBi—Bi > <rLa—La >
rB,Bi
8.1
—/ — |
0.0 02 0.4 06 08 1.0

X

Fig. 6. The dependence of the maximum value of the Kubelka-Munk
function in the studied systems as a function of bismuth content (a) and its
correlation with the average distance between doping ions and the esti-
mated exciton Bohr radius (b).

This can be associated with a local disorder of the lattice, as a
random distribution of La®>" and Bi*" results in the fluctuations of
the local electric field. The characteristic length scale of these
fluctuations (approximately 2 nm, which is comparable with the
dimensions of the unit cell) is much shorter than the incident light
wavelength. Therefore, the Anderson localization*® of light can-
not be directly responsible for the absorptivity changes.** ** This
subtle phenomenon, however, can be related to the polaritonic
transport within the semiconductor particles. Then, the perturba-
tion within the cationic sublattice should generate enough aperi-
odic distortion to increase slightly the absorption coefficient of
the material. This process should be observed when the character-
istic length of disorder is comparable with the Bohr radius of an
exciton. The increasing concentration of dopant ions (Bi*" in the
case of LaVOy and La®* in the case of BiVO,) results in the de-
crease of the distance between them from infinity (for undoped
crystals) to the average interaction distance in the lattice (for
crystal composed only of “dopant ions” at the cationic sublattice)
as schematically shown in Fig. 6b. At the same time, the expected
value of Bohr radius changes gradually with changing the dielec-
tric constant of the material and the effective masses of the charge
carriers. In this case, two nearly symmetrical crossover point
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should be found, where Bohr radius matches the average ex-
pected distance between the minority cations (dopants) in the
lattice. These points may be associated with the local maxima of

light absorption due to the exciton confinement as schematically
s shown in Fig. 6b.

a —— BiVO, 11 - b
7] - Bi“,‘)lLa{HWVO-J .
4.0 1 BiygiLag 19VO, 0.9
. - Big 7613024 VO,
= ~ Bip71LagVOy ]
© 4
; 3.0 Big s7Lap43VOy 0.71
E T BigasLags2VO; N \ X
-g 2.0 T BiossLaosr VO, 0.5 \
= ] T Bip2sLag77VOy N \
— Bip12Laygs VO,
1.0 Lavo, 03] “’\\\/
. ] "/
0.1
0 T T T 1 T T T 1
2.0 2.5 3.0 3.5 4.0 2.0 25 3.0 35 4.0
EleV EleVv

Fig. 7. The emission spectra of the synthesized powders suspended in deionized water; the samples were excited at 300 nm (a). The spectra with three

most intensive signals removed (b).
10
It was already observed that numerous semiconductors show
higher absorptivity near the absorption onset in the amorphous
state than in the crystalline phase.*® ¥ However, the role of the
structural disorder in the determination of optical properties is
1s much less pronounced than in the case of the electrical proper-
ties.*®
Apart from the band gap width and the absorption coefficient
value, there is another important parameter which is necessary for
full characterization of obtained materials — the conduction band
20 edge potential. Its value was estimated using the Mott-Schottky
analysis of the recorded EIS spectra. For the n-type semiconduc-
tor, the dependence of the space charge layer capacitance C on
the electrode potential ¥ may be formulated as follows,*

Equation (6):
e

where ¢ stands for the dielectric constant of the sample, ¢, is the
vacuum permittivity, e is the elementary charge, Np — the donor
density, Vg, — the flatband potential which may be regarded as the
conduction band edge potential within 0.1 — 0.2 V accuracy,

30 kg — the Boltzmann constant and 7 — the temperature. Since the
Mott-Schottky analysis is usually complicated due to the frequen-
cy dispersion, the constant phase element (CPE) was applied
instead of the capacitor. Equation (7) expresses the impedance of
the CPE:*

1 2
25 T =

—=
C°  ggeN,

(V_ij - (6)

1

" gjey

(M

where o is the angular frequency and o is a constant, equal to 1
for the capacitor.

Since a simple equivalent circuit was applied, i.e. a resistor in
series with the CPE, the capacitance can be easily calculated

40 according to Equation (8):*°

®)

First of all, the validity of the measurements was confirmed
using the Kramers-Kronig transformation.’" > Subsequently, the
equivalent circuit was fitted to the spectra recorded at the differ-

ss ent electrode potentials in the frequency range between 50 kHz
and 10 Hz and a good fit was found (> approximately 10™). The
detailed procedure of the Mott-Schottky analysis may be found in
the authors’ previous work.> The obtained values of the flat band
potential are scattered within the range of —0.3 - 0 V vs. SHE

so (Standard Hydrogen Electrode) showing a negligible increase
with the increase of the Bi** content. The obtained conduction
band edge potential values are presented in Fig. 9b.

The contact potential difference (CPD) of the samples deposit-
ed onto a conductive substrate was also measured. Knowing the

ss work function of the gold reference (WF,, =5.1 eV),>* the work
function of the stainless steel tip (WFy,) was calculated on the
basis of the measurement of the CPD between the gold plate and
the stainless steel tip, Equation (9):
WF, =WF,,—CPD

tip

©

Knowing the work function of the tip, the CPD between the
sample and the tip was measured and the work function of the
sample WF,,, was calculated, Equation (10):

60

WEF.

sample

=WF, +CPD

tip

(10)

The work function for the semiconductor can be associated

6s with its Fermi level, which can be related — in the case of heavily

doped n-type semiconductors — with the conduction band edge

energy. Since the work function values were calculated vs. the

vacuum level, they were converted to the standard hydrogen scale
according to the Equation (11):

This journal is © The Royal Society of Chemistry [year]
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-WF,

sample

—-4.5eV
A (11)

sample

e

where Ej,,. can be interpreted as the conduction band edge
potential. All obtained values are scattered in the range of 0.8-1.1
V and do not change along with the composition of the samples
(data not shown). The discrepancy, at the level of 1 V, between
the values obtained from the EIS and CPD experiments arises due
to the different conditions during both measurements (the electro-
chemical impedance spectroscopy experiment was performed in
0.1 M KCl, whereas the work function measurement was per-
10 formed in the air) and different nature of the measured parame-
ters, thus the aforementioned difference is fully acceptable. These
experiments, however, confirm only mere dependence of the
conduction band edge potential on the composition of the sample.
This also indicates that the changes in the composition signifi-
15 cantly affect the valence band energy. It demonstrates the role of
the filled 65 states of bismuth which effectively interact with the
oxygen 2p levels forming the upper part of the valence band.”
The emission spectroscopy was applied to investigate the
electronic structure of the samples in more detail. The photolumi-
nescence spectra of the prepared materials are presented in Fig.
7a. For clarity reasons, three strongest emission bands, for the
samples characterized by the Bi*" content in the range of 11.94 —
32.57 at. %, were removed from the plot shown inFig. 7b. The
first conclusion that may be drawn is that there is a significant
increase in the emission intensity for the Bi,La;_, VO, (tetragonal,
zircon-type structure) samples as compared to mBiVO, and
mLaVO, themselves. It may be associated with the change of the
band gap character from the indirect one, (in the monoclinic
polymorphs), to the direct one, (in the tetragonal, zircon-type
phase) and it confirms the assumed model used for the band gap
calculations. It is also noteworthy that the emission bands visible
at approximately 3 eV become blue-shifted when the content of
La*" in the reaction mixture is increased. It can be associated with
a widening of the forbidden band with the increase in the La®*
35 concentration (Fig. 7b).

[

20

samples characterized by the low Bi*" concentration (i.e. from
11.94 to 32.57 at. %), can be attributed to the presence of the
additional bismuth-related electronic states within the band gap.

40 Since the very intense green emission slightly above 2.4 eV is
observed, these states should be located approximately 2.4 eV
below the conduction band edge. Closer inspection of the absorp-
tion spectra confirms the presence of such states (Fig. 8).

1.0 1
—— Big12LaggsVOy
— Bip23Lag77VOy4
Bip33Lage7VOy
S —— Bigaslao VO,
©
05
§ n
—
WV
0.0 T T T T T T T T T
1.0 1.2 1.4 16 1.8
E/eVv

45 Fig. 8. The absorption spectra of the samples characterized by the low
Bi*" concentration (i.e. from 11.94 to 47.75 at. %).

For the samples exhibiting the intense green emission, (i.e.
from 11.94 to 32.57 at. % of Bi’"), three small absorption bands
at 0.95, 1.15 and approximately 1.35 eV are visible, whereas the

so samples containing 47.75 at. % or more of Bi** show no absorp-
tion in this region. It also does not exhibit the intense lumines-
cence in the green part of the emission spectrum. These absorp-
tion bands can be attributed to the transitions from the valence
band to the states within the band gap. The higher Bi** concentra-
ss tion, the larger is the number of available, partially filled, states,
introduced between the valence band edge and the top of the
observed set of energy levels, which is located approximately 2.4
eV below the conduction band edge and does not change its
energy. These states can be associated with the isolated bismuth

60 10NS.
The emergence of the low-energy, high intensity signals in the
b
ot 1,_,; ,,,,,,, - n_ . | B
14
w
T
%)
§ 2| )
> = = s B
w 3] = = =
=
-
4l ——
K 0 20 4 60 80 100
% at. BiVO,

Fig. 9. A simplified picture of the postulated band structure of the examined materials in the wave vector space: LaVOj (red line), BiVO, (black line) and
intermediate state — solid solution (green line). The arrows indicate possible transitions. In the case of solid solutions two different paths are available:
6s direct, interband transition (I) and the deexcitation to the electronic states within the band gap (II) manifested as the intense green emission (a). A sche-
matic representation of the electronic structure of studied materials. Yellow fields indicate the indirect character of the interband transition, the blue field —
the direct type, whereas at 92.86 at. % of Bi’" there are two phases: the Bi-rich one marked with the red square and the La—rich one marked with the black
square. Two phase region is depicted as a shaded zone between the blue and the yellow areas. The black bars represent postulated electronic states within

the energy gap (b).

70
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is slightly below the value of the absorption edge measured with
the reflectance spectroscopy, which may suggest the absorption
within the Urbach tail. Depending on the electrode potential,
either anodic or cathodic photocurrent is observed. Such a phe-
nomenon is known as the Photoelectrochemical Photocurrent
Switching Effect (the PEPS effect). *"*° The switching potential
is approximately equal to 0.2 V vs. SHE. When the electrolyte is
purged with oxygen, below the switching potential, the intense
cathodic photocurrent is observed. Removal of oxygen leads to
the decrease in the photocurrent amplitude. Therefore, the cathod-
ic reaction may be the one-electron reduction of molecular oxy-
gen dissolved in the electrolyte. One should consider the one-
electron redox reactions, since only one photon is needed to
generate an electron—hole pair and induce the photocurrent flow.
40 The mechanism of the switching phenomenon is summarized in
Fig. 10c. The anodic photocurrent may be attributed to the one-
electron oxidation of a hydroxyl group from the electrolyte (or
adsorbed at the semiconductor surface) what is a typical process
observed in the case of the wide band gap n-type semiconductors
45 illuminated in the presence of aqueous electrolytes. In contrary,
the Bi,La;_ VO, phases show both the cathodic and anodic pho-
tocurrents in the presence of oxygen. This indicates that they can
be of potential interest in the photocatalysis as oxygen activators.
Since the switching effect occurs around 0.2 V vs. SHE, the
so actual reduction potential of oxygen should be located close to
this value, while the formal potential is equal to —0.16 V vs.

w
=3

w
o

d SHE.” In fact, the real value depends on the concentration of

<& oxygen dissolved in the electrolyte. Therefore, purging the solu-

E o tion with oxygen results in a shift in the reduction potential,

5 ss towards more positive values. No photocorrosion is observed,

@ since the hydroxyl ions can efficiently scavenge the holes. How-

%’ 0 _ ever, too negative electrode potential may result in the degrada-

£ OH/OH tion of the material due to the redox processes involiving vanadi-
h um(V).

VB 60  The switching effect was observed for the vast majority of the

Fig. 10. The photocurrent amplitude as a function of the incident light obtained samples with the exception of BiVO,, LaVO, and the
wavelength and the photoelectrode potential for the sample containing sample characterized by the 11.94 at. % of Bi®" content. The

70.80 at. % of Bi*" in the 0.1 M KNO; solution purged with oxygen (a) . . . . .
and with nitrogen (b) along with the mechanisms of the anodic (c) and change in the photocurrent direction from the anodic to cathodic

cathodic (d) photocurrent generation. Formal reduction potential of (or vice versa) are due to the electrode polarization, was exten-
oxygen and the hydroxyl ion was marked in the scheme based on ref. "% s sively described for the surface-modified semiconductors.”” In the

unmodified, n-type semiconductor, upward band bending pre-
vents the electrons from the transition towards the electrolyte and
thus, only the anodic photocurrent is observed.® In the presence
of an efficient electron acceptor (e.g. molecular oxygen), the
70 electrons from the conduction band could, in principle, tunnel
through the potential barrier and reduce the electron acceptor in
the electrolyte. However, the observed cathodic photocurrent
intensity would be rather low. Therefore, all factors reducing the
extent of the band bending should enhance the efficient genera-
75 tion of the cathodic photocurrent. The built-in-voltage V), (i.e. the
potential drop between the semiconductor surface and the bulk)
directly reflects the magnitude of the band bending and may be

o

A

The last step in the characterization of the obtained materials
involved the investigation of the photoelectrochemical properties.
The pulsed photocurrent action spectroscopy was used to follow
the relative photocurrent generation efficiency, photocatalytic
properties and photocurrent switching phenomena. It was found
that the pure LaVO, phase is a poor photocurrent generator,
yielding weak photocurrents (ca. 0.2 pA) in the UV range. Both
the amplitude and the polarity of the photocurrent was found to
be oxygen-independent. The same phenomenon was observed in
the case of BiLa;_,VO,; (x = 0.12). Increased bismuth content
results in the increased photocurrent intensities, furthermore, in

>

o

the presence of dissolved molecular oxygen, a photocurrent described as follows (12):%!
20 switching can be observed. This trend continues up to x = 0.93,
where the pure BiVO, phase again generates only the anodic eNp .,
. . . v, = /4 (12)
photocurrent irrespectively of the presence of oxygen. Fig. 10a 28,8

and b show the photocurrent action spectra recorded at the differ-
ent potential values in the 0.1 M KNOj; solution purged with s where ¢ stands for the dielectric constant of the sample, ¢, is the
25 oXygen or nitrogen. Its amplitude decreases around 425 nm which vacuum permittivity, e is the elementary charge, Nj is the donor

This journalis© The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 |9
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density and W is the width of the depletion layer. Therefore, the
decrease in the built-in-voltage may be realized by decreasing
either the width of the depletion layer or the donor density. The
former may be done by the reduction in the grain size of the
powder. Indeed, for pure BiVO,, 500 nm long crystals were
obtained, whereas the introduction of La®" ions resulted in the
two-fold decrease of their dimensions. However, the latter factor
may be of a higher importance. The introduction of Bi* into the
LaVOQy lattice (or the other way around) induces the formation of
defects in the crystal structure (which is manifested for example
as the presence of the Urbach tails). These defects could theoreti-
cally compensate the donor density and lower the position of the
Fermi level, thus yielding rather compensated than the n-type
semiconductor. Nonetheless, that is probably not the case, since
the work function measurements indicate no significant influence
of the Bi** ions concentration on the position of the Fermi level.
The slopes on the Mott-Schottky plots recorded for each sample
could in principle resolve this hypothesis, however, the actual
surface area of the prepared electrodes is unknown just like indi-
vidual dielectric constants. Despite the fact that the presented
mechanism of the photocurrent switching still needs confirma-
tion, described materials show prospective applications in con-
struction of the optoelectronic logic devices.

Conclusion

The set of Bi,La;_ VO, phases presents a simple chemical sys-
tem, which can be tuned on different levels (crystal structure,
electronic structure and quantum effects) by the simple cation
substitution procedure. The materials are synthesized via the
microwave-assisted hydrothermal route. For the pure LaVO, and
BiVO, phases, monoclinic crystal structure was obtained, while
the addition of at least 11.94 at. % of dopant ions leads to the
phase transition from the monoclinic to the tetragonal, zircon-
type structure. However, a small amount of the monoclinic phase
still remains in most of the samples. Obtained results indicate the
possibility to control the band gap energy and the valence band
position via the substitution of the d-block with p-block metal
cations in the lattice. The electrochemical impedance spectrosco-
py and the work function measurements indicate that the conduc-
tion band edge potential does not depend on the composition of
the reaction mixture. Three samples with the lowest Bi*" content
(i.e. 11.94, 24.47 and 32.57 at. %) exhibit a very intense green
emission which can be attributed to the presence of the electronic
states within the band gap. This conclusion was also confirmed
by the analysis of the absorption spectra. For higher Bi*" concen-
tration, the most intense emission peaks agree well with the band
gap values obtained from the reflectance spectroscopy, however,
some features corresponding to the green emission (and addition-
al energy levels) are also visible. The photoelectrochemical char-
acterization proves that the obtained solid solutions (from 24.47
to 92.86 at. % of Bi* concentration) exhibit the PEPS effect,
which may be utilized in the construction of the optoelectronic
logic devices in the nanoscale. Furthermore, the absorption coef-
ficient can be finely tuned on the basis of the Anderson localiza-
tion and the exciton confinement. All these features make the
Bi,La,_,VO, system a unique playground for both studying the
basic phenomena in the solid state physics and for the develop-
ment of novel materials for heterogeneous photocatalysis and
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