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ABSTRACT

In this study, we showed the effect of Sb substitution on lattice structures,

physical properties and photocatalytic activities for the double-perovskite oxi-

des with mixed valence. High quality powders of Ba2Tb(Bi1�xSbx)O6

(0:1� x� 1:0) were successfully synthesized using a citrate pyrolysis approach.

Through partial substitution of Sb at Bi site of this compound, it was possible to

design oxidative photocatalysts at lower x, and reduction-type ones at higher x.

These findings are discussed on the basis of the conduction and valence band

edge potentials of a series of Ba2(Tb, Pr)(Bi, Sb)O6 photocatalysts. The Sb sub-

stituted sample with the x = 0.6 composition predicted from the machine

learning procedure exhibited the highest performance of methylene blue

degradation, which is comparable to typical degradation rates for good per-

ovskite catalysts.

1 Introduction

Pseudo-cubic perovskite oxides have been exten-

sively studied in the field of solar light active pho-

tocatalysis for water splitting into H2 and O2

evolution as alternative materials for TiO2 [1–4]. In

this crystal structure of ABO3, the larger and smaller

cations occupy the A and B sites, respectively. The

perovskite structures have large potential to design

novel functional materials based on the selective

occupancy of cations at the A and B sites. Although

there are so many reports on the photocatalytic

properties for these candidate oxides, detailed stud-

ies on these compounds have been desired for higher

performances under visible light illumination.

Double-perovskite-based oxides with the general

formula AA0BB0O6 provide a wider possibility to

design various kinds of functional materials by tun-

ing suitable cations at AA0 and/or BB0 sites. In par-

ticular, the double-perovskite-based compounds with

B-site substitution belonging to A2BB
0O6 have been

investigated because of a variety of the physical
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properties and potential applications [5]. Recently,

rare-earth double-perovskites Ba2LnBiO6 (Ln: rare-

earth element) have been examined on the view point

of photocatalysis materials [6]. In particular, it is

shown that the Ba2PrBiO6 semiconductor exhibits

good performance, which is related to the mixed

valence state of rare-earth ion [6, 7]. Furthermore, the

magnetic susceptibility data for the Ba2PrBiO6 com-

pound revealed that the average valences of Pr ion

reach the intermediate values between trivalent and

tetravalent states [8].

For fabrication of visible light driven photocata-

lysts, it is one of the key factors to tailor the energy

band gap separating between the valence band (VB)

and conduction band (CB) of their semiconductors

[9, 10]. Moreover, it is of importance to adjust a rel-

ative relation between the upper VB and lower CB

positions, and surface redox reactions in photocatal-

ysis [11]. It is needed that the absolute positions of the

VB and CB edges are optimized to effectively facili-

tate photocatalytic oxidation and reduction pro-

cesses. Our goal of higher photocatalytic activity is

achieved by reducing the rapid recombination of

electrons and holes and promoting the photo-excited

charge separation, before the redox reaction at the

surface [9, 12]. In our previous research [13], it has

been proposed that the coexistence between Pr3þ and

Pr4þ ions contributes to the separation of photogen-

erated charge carries. Further, we extended photo-

catalytic researches to the Ba2TbBiO6 system [14].

In this paper, we demonstrate crystal structures,

physical, and photo-active properties for

Ba2Tb(Bi1�xSbx)O6, for our further understanding of

photocatalytic activities of double-perovskite com-

pounds with mixed valence states. First, the experi-

mental setups are briefly illustrated. In the section of

results and discussion, we describe the structural

phase diagram, the mixed valence states, and

the energy band gaps for the Ba2Tb(Bi1�xSbx)O6.

system, on the basis of tolerance factors, and band

calculations. For both the Pr- and Tb-based com-

pounds, we evaluate the photocatalytic activities of

the MB reductive degradation and the 2-propanol

oxidative decomposition as a function of band gap

energy. Furthermore, these findings are well

explained in terms of CB and VB edge potentials of

the Ba2(Tb, Pr)(Bi, Sb)O6 photocatalysts [15, 16]. For

comparison, the structural, physical and photocat-

alytic data for BaBiO3 prepared by the same approach

are given since its chemical formula Ba2Bi
3þBi5þO6 is

taken as a pristine compound of Ba2Ln
3þBi5þO6

[17, 18]. Finally, the concluding section is given.

2 Experiment

High quality powders of Ba2Tb(Bi1�xSbx)O6 with x ¼
0:1; 0:1; 0:5; 0:6; and 1.0, and BaBiO3 were synthesized

using the citrate pyrolysis approach [13, 14]. In the

first step, at 70–80 �C, stoichiometric mixtures of high

purity Ba(NO3)2, Tb4O7, Bi2O3, and Sb were dis-

solved in nitric acid solution. After adding citric acid

and neutralizing it with aqueous ammonia, we

obtained the porous products through the self-igni-

tion process using halogen-lamp stirrer. (Molar ratio

of metal cations, citric acid, and nitric acid, Ba2Tb(Bi,

Sb)O6:C6H8O7:HNO3 = 1:6:10.) In the next step, the

precursors were ground and the resultant fine pow-

ders were annealed in air (or nitrogen gas) at 900–

1000 �C for 48–96 h, in order to synthesize the dou-

ble-perovskite phase. Powder X-ray diffraction data

for all the samples were collected with a diffrac-

tometer (Ultima IV, Rigaku). The lattice parameters

were calculated from the X-ray diffraction data using

the least-squares fits [19], as listed in Table 1. The

surface area of powder samples was obtained by BET

measurement on N2 absorption at 77 K (BELSORP-

mini II , Microtrac). The polycrystalline films for the

scanning electron microscope (SEM) measurement

were fabricated from the Ba2Tb(Bi1�xSbx)O6 powders

using an electrophoretic deposition technique [20].

Typical SEM images for Ba2Tb(Bi1�xSbx)O6

(x = 0.5) powders will be given in Fig. 2.

For our estimation of energy band gaps, optical

measurements were conducted using a diffuse

reflectance spectroscopy (V550, JASCO Co.). We

applied the Kubelka–Munk (KM) conversion to the

diffuse reflection spectrum and obtained the optical

band gap energies by the extrapolation [6, 13, 17].

Moreover, electronic band structures for the double-

perovskite structure compound Ba2Tb(Bi1�xSbx)O6

were calculated using the density functional theory

as implemented in the ‘Quantum ESPRESSO’ [21, 22].

We utilized the Perdew–Burke–Ernzerhof (PBE)

functional [23] for the exchange-correlation effect.

Pseudopotentials of ‘pslibrary’ [24] were adopted to

represent the core electronic states. The cut off energy

of 40 Ry and the 4� 4� 4 Monkhorst–Pack grid for

the K-point sampling were applied.
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For our understanding of the valence state of Tb

ion, we estimated the values of effective magnetic

moment (leff) through applying the Curie–Weiss law

to the magnetic susceptibility data. Here, the tem-

perature variation of dc magnetization was measured

under the magnetic field cooling process of 0.1 T

using a superconducting quantum interference

device magnetometer (MPMS, Quantum Design).

Finally, we demonstrated the methylene blue (MB)

degradation as a function of the Sb content, to eval-

uate photocatalytic reduction performance of the

Ba2(Tb, Pr)(Bi1�xSbx)O6 fine powders. A 300 W Xe

lamp system including UV and IR filters was utilized

as the light source (Cermax LX300F, Excelitas Tech-

nologies). In reducing environment, it is a common

understanding that aqueous MB is decolorized to

colorless leuco-MB, LMB [25, 26], and it has been

widely used for the model pollution. The MB aque-

ous solution of 50 mL (10 ppm) and Ba2(Tb, Pr)(Bi,

Sb)O6 powders of 0.2 g were prepared . Before visible

light irradiation, the suspension of the photocatalyst

powders was stirred in the dark for 30 min. We

measured the temporal bleaching of MB with the

UV–Vis spectrometer (V730, JASCO Co.). The MB

solution of 3 mL was transferred into the test cell for

chemical analysis at the regular time interval. For

comparison, we examined the photo-induced

decomposition of 2-propanol (IPA) using a gas

chromatography system (GC-2014, Shimadzu Co.).

After photocatalytic oxidation of the IPA gas, the

amount of resultant CO2 was recorded as a function

of time, as described in [13, 27].

3 Results and discussion

Figure 1 shows the X-ray diffraction data for the Sb

substituted Ba2Tb(Bi1�xSbx)O6 compounds. Typical

SEM image of the cubic Ba2Tb(Bi0:5Sb0:5)O6 is shown

in Fig. 2. The polycrystalline grains with sub-micron

order were uniformly distributed on the surface of

electrophoretical deposition film. A SEM photograph

for the Sb-free sample has been presented in [14].

Furthermore, the morphologies for the Ba2PrBiO6

(x ¼ 0) and the Sb substituted Ba2Pr(Bi1�xSbx)O6

(x ¼ 0:1 and 1.0) have been examined in Fig. 2a in

[13] and Fig. S2a and b in [13], respectively. These

experimental data revealed that the Sb substitution at

Bi sites promotes the refinement of polycrystalline

grains. This fact seems to be close to good perfor-

mance of photocatalysis as well as other factors, as

will be discussed later.

The lower Sb substituted sample was well fitted on

the basis of monoclinic structure model as the parent

sample [14]. The samples with higher Sb contents

(0:5� x� 1:0) crystallized in a cubic phase. The lattice

parameters estimated for the end-member x ¼ 1:0

sample were in good agreement with previous data

[8, 28]. In Fig. 3, the structural parameters for all the

samples are plotted as a function of Sb content, which

are also listed in Table 1.

Table 1 Structural and physical properties, and photocatalytic performance for Ba2Tb(Bi1�x, Sbx) O6.

Sb x Crystal symmetry a (Å) b (Å) c(Å) leff (lB) Eg (eV) CO2 (ppm/g) MB (%)

0.0 Monoclinic 6.1223a 6.0903 8.6110 8.91a 0.92a 221 9.7a

0.1 Monoclinic 6.1069 6.0809 8.5916 8.89 0.94 204 –

0.5 Cubic 8.4814a – – 8.86a 2.45a 32 80.7a

0.6 Cubic 8.4611 – – 9.13 2.59 – 85.8

1.0 Cubic 8.4506 – – – – – 81.3

BaBiO3 Monoclinic 6.1910 6.1407 8.6780 – 0.83b – 10.7

2.10c

Crystal symmetry, lattice parameters, effective magnetic moment, energy gap, gas evolution of CO2, and MB degradation are summarized

for x ¼ 0:0; 0:1; 0:5; 0:6 and 1.0. The CO2 and MB data for photocatalytic activities were collected at an irradiation time of 90 min and

60 min, respectively. For comparison, the data for BaBiO3 prepared by the citrate method are given, which will be also shown in Figs. S1

and S2
aReference [14]

bIndirect
cDirect
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For our understanding of the valence state of Tb

ion, we estimated the values of effective magnetic

moment (leff) through applying the Curie–Weiss law

to the magnetic susceptibility data (not shown). For

example, we evaluated leff = 8.89 lB at the x ¼ 0:1

and 9.13 lB at x ¼ 0:6, as listed in Table 1. Using the

similar equation as described in [13, 29], the ratio of

Tb3þ to Tb4þ ions is ranging from 0.51:0.49 at x ¼ 0 to

0.64:0.36 at x ¼ 0:6. The magnetization measurements

on both the present Tb and previous Pr-based sam-

ples revealed that their mixed valence states are a

common property over the whole range of the Sb

content [13]. In addition, it is another evidence that

X-ray photo-emission spectroscope study on the Pr-

based sample has revealed a dominant peak of the

trivalent ion accompanied by a shoulder structure of

tetravalent ion [30].

Next, we discuss the stability of the crystallo-

graphic phase diagram in Fig. 3 using the tolerance

factor considering the mixed valence state of the Tb

ions. The tolerance factor for Ba2Tb(Bi1�xSbx)O6 is

given in the form of the following equation,

t ¼ rBa þ rO
ffiffiffi

2
p

rTbþrM
2 þ rO

� � ;

where rBa, rO, rTb, and rM¼ðBi;SbÞ are the ionic radii of

each element (in details, refer to [31]). In general, it is

well-known that the tolerance factor represents aFig. 1 Powder X-ray diffraction data (black dots) for the

monoclinic Ba2Tb(Bi1�xSbx)O6 (x ¼ 0:0 and 0.1) and cubic

Ba2Tb(Bi1�xSbx)O6 (0:5� x� 1:0). X-ray diffraction curves (red

lines) were computed using the corresponding lattice parameters,

which will be given in Table 1 (Color figure online)

Fig. 2 SEM image of the cubic Ba2Tb(Bi0:5Sb0:5)O6

Fig. 3 Lattice parameters (left hand side) and tolerance factor

(right-hand side) as a function of Sb content for

Ba2Tb(Bi1�xSbx)O6. (c� ¼ c=
ffiffiffi

2
p

, a� ¼ a=
ffiffiffi

2
p

). The data points

for the x ¼ 0; 0:1; 0:5; and 0.6 samples show the tolerance factor

estimated from the ratio of Tb3þ to Tb4þ (see the text). For

comparison, a solid line denotes the tolerance factor for the mixed

valence state of Tb ion (Tb3þ:Tb4þ = 1:1)
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lattice distortion of the ABO3 perovskite structure. As

for the trivalent and tetravalent ions of Tb, we eval-

uated the tolerance factors using the chemical for-

mula such as Ba2þ2 Tb3þBi5þ1�xSb
5þ
x O6 and

Ba2þ2 Tb4þM14þ1�xM24þx O6, respectively [14]. Here, we

set M14þ = Bi3þ0:5Bi
5þ
0:5 and M24þ = Sb3þ0:5Sb

5þ
0:5. In Fig. 3,

the tolerance factor was shown for a mixed valence

state of Ba2þ2 Tb3þ0:5Tb
4þ
0:5 Bi5þð1�xÞ=2Sb

5þ
x=2M14þð1�xÞ=2M24þx=2O6

(0:0� x� 1:0). The data points for the x ¼ 0; 0:1; 0:5;

and 0.6 samples are displayed as their tolerance fac-

tors considering the ratio of Tb3þ to Tb4þ from the

magnetic moments as mentioned before. The toler-

ance factor for Ba2Ln(Bi, Sb)O6 as a function of the

ionic radius of Ln (Ln: rare-earth element) has been

reported in [28]. The crystallographic phase diagram

for the double-perovskite rare-earth compounds is

separated into the monoclinic, rhombohedral, and

cubic regions. The crystal structures obtained for the

lower and higher Sb substituted samples are in rea-

sonable agreement with the phase diagram reported.

For the x ¼ 0:5 sample, the ratio of Tb3þ to Tb4þ listed

in Table 1 gives rise to the value of t = 0.973, which is

located just above the phase boundary between cubic

and rhombohedral structures [32]. This finding is

related to the stability of the cubic phase for higher Sb

substituted samples [33].

Here, we give some comments on the factors

affecting B-site cation ordering. The charge difference

between the B and B0 cation oxidation states is

defined as DZB, whereas we represent the ionic

radius difference between the two states as DrB. For
the compounds with the trivalent, intermediate, and

tetravalent ions of Tb, we obtain DZB ¼ 2; 1; and 0,

respectively. In the case of DZB ¼ 2; the B-site cations

of A2þ
2 B3þB05þO6 perovskites tend to order with

increasing DrB [5]. On the other hand, A2þ
2 B4þB04þO6

perovskite compounds with DZB ¼ 0 are disordered

when DrB\0:17 Å. Accordingly, it is expected that

the present mixed valence compounds exhibit a

partially disordered phase.

Applying the KM conversion to the diffuse reflec-

tion spectrum, we obtained the typical optical spectra

of the KM conversion for the x ¼ 0:1 and 0.6 samples

(Fig. 4). Additionally, we evaluated the optical band

gap energies by the extrapolation [6, 13, 17], as shown

in the inset of Fig. 4. For the direct and indirect

optical transitions, we utilized the absorption coeffi-

cient ðaKMepÞ2 vs. ep plot and ðaKMepÞ1=2 vs. ep plot,

respectively (in details, see [6, 13]) . Here, aKM, and ep
represent the absorption coefficient, and the photon

energy. For the Sb substituted samples, we estimated

Eg to be 0.94 eV at x ¼ 0:1 and 2.59 eV at x ¼ 0:6; as

listed in Table 1. The Sb substitution for Bi enlarges

the band gap energy as well as that in the case of the

Pr-based compound. Following our previous work

on Ba2Pr(Bi1�xSbx)O6 [34, 35], we examined the

influence of the Sb substitution on band gap energies

on the basis of first-principle electronic structure

calculation. In Fig. 5, we exhibit our calculated results

for both the monoclinic Ba2TbBiO6 and cubic

Ba2TbSbO6 compounds. We adopted the experimen-

tally determined lattice parameters as listed in

Table 1. The atomic position parameters listed in

Table 2 were used [8, 28]. Here, we utilized the

density functional theory as implemented in the

Quantum ESPRESSO [21, 22], to study the structural

and electronic properties of the corresponding dou-

ble-perovskite. The direct band gaps were evaluated

to be 1.90 eV and 3.77 eV for the parent and end-

member samples. Our previous findings predict that

the 6s orbitals of the Bi5þ ion occupy the bottom of

the CBs, while the top of the VBs is composed of the

6s orbitals of the Bi3þ ion. Accordingly, it is reason-

able that Bi5þ is partially replaced by Sb5þ with

increasing Sb content, resulting in the band gap

Fig. 4 KM conversion to diffuse reflection spectrum for

Ba2Tb(Bi1�x, Sbx)O6 with x ¼ 0:1 and 0.6. Inset shows optical

band gap estimation. For x ¼ 0:6; ðaKMepÞ2 vs. ep plot for the

direct band gap was used. For the indirect band gap, we applied

plots of ðaKMepÞ1=2 vs. ep to the inset data for the x ¼ 0:1 sample.

The values of Eg were given by the extrapolation method
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opening. Furthermore, we found out that the partial

B-site disordering of the double-perovskite com-

pound Ba2Tb(Bi1�xSbx)O6 causes narrowing the band

gaps. For the present calculation, the B-site disor-

dering effect has not been considered, which is

probably related to the overestimation of the band

gap for the parent sample. For the pristine perovskite

BaBiO3, the optical measurement as shown in Fig. S2

revealed an indirect energy gap of 0.83 eV followed

by a direct one of 2.1 eV. This result is in good

agreement with the several theoretical predictions

based on the density functional approach [35, 36].

Furthermore, we demonstrated the reductive

degradation of methylene blue under visible light

irradiation for the Ba2(Tb, Pr)(Bi, Sb)O6 citrate

pyrolysis samples. Figure 6a shows the typical

absorbance spectra for the MB degradation of

Ba2TbBi0:4Sb0:6O6. When the peak intensities around

k ¼ 665 nm are responsible for the MB concentra-

tions, the MB degradation rate (%) is expressed as

ðCð0Þ � CðtÞÞ=Cð0Þ � 100. Here, C(0) and C(t) repre-

sent at the initial and final concentrations at different

time intervals, respectively. In Fig. 6b, c, the MB

degradation data for Ba2Tb(Bi1�x, Sbx) O6 and

Ba2Pr(Bi1�x, Sbx) O6 are plotted as a function of time

under visible light irradiation. The reductive degra-

dation rates of MB to colorless LMB rapidly increased

with substituting Sb at the Bi site. For the Tb-based

samples with heavy Sb content, their higher perfor-

mances were observed. For the Ba2Pr(Bi1�x, Sbx) O6

system, the end-member sample Ba2PrSbO6 exhibited

highest degradation among all the Pr-based samples.

Here, we comment on the reason for selecting the

x ¼ 0:6 composition in the Tb-based compounds.

Recently, with the aid of materials informatics such

as machine learning, it is possible to design new

materials with the desired properties under mini-

mum experiments or simulations [37]. We applied

the machine learning program (Common Bayesian

Optimization library, COMBO.exe [38]) to the three

data sets (Sb content, MB degradation) obtained for

the both end-member and intermediate samples

(x ¼ 0:0; 0:5 and 1.0). As a result of this procedure, the

x ¼ 0:6 composition was recommended as next can-

didate material. In fact, the experimental data in

Fig. 6b strongly support the present prediction

though there are small differences in the MB degra-

dation rate. The band gap for the x ¼ 0:6 sample

showed 2.59 eV as listed in Table 1, which is slightly

larger than the values for the x ¼ 0:5 and 1.0 samples.

Additionally, the Sb substitution at Bi sites promoted

the refinement of powder samples as shown in our

previous study [13]. Around x ¼ 0:6; it is expected

Fig. 5 Energy band structures and total density of states near the

Fermi levels for a monoclinic Ba2TbBiO6 and b cubic

Ba2TbSbO6. Band gap values are 1.90 eV and 3.77 eV for the

former and latter compounds, respectively

Table 2 Atomic position parameters

Ba2TbBiO6 atom (I2/m) site x y z

Ba 4i 0.5036 0.5 0.25

Tb 2c 0.5 0 0

Bi 2b 0 0.5 0

O1 8j 0.24210 0.25400 �0:03340

O2 4i 0.43610 0 0.25890

Ba2TbSbO6 atom (Fm�3m) site x y z

Ba 8c 0.25 0.25 0.25

Tb 4b 0.5 0.5 0.5

Sb 4a 0 0 0

O 24e 0.237 0 0
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that the photocatalytic active sites on the powder

surfaces are optimized against the number of MB

molecules. These factors contribute to the highest

performance for MB degradation. Furthermore, in

Table 3, the MB degradation rates for typical per-

ovskite compounds such as manganite, titanate, fer-

rite and niobium perovskites were cited. Our present

data seem to be comparable to other similar studies.

For the pristine perovskite BaBiO3 with Eg ¼ 0:83 eV,

we obtained low MB degradation rate similar to that

of the Ba2TbBiO6. Compared with the previous

studies on BaBiO3 [17, 18], we note that the present

sample is isostructural with the previous one pro-

vided by Tang. However, the latter sample with a

relatively larger gap of 2.05 eV exhibited high pho-

tocatalytic performance of MB degradation as listed

in Table 3. The discrepancies in the energy band gap

and its associated photo-induced activity are proba-

bly related to partial B-site disordering. Additionally,

the photo-induced reaction on the surface of powders

strongly depends on sample synthesis approaches

[18].

In addition to the MB degradation, we examined

the photocatalytic oxidation activity of the powder

samples using gaseous 2-propanol (IPA). Figure 6d

shows the visible light driven CO2 evolution vs.

irradiation time for the Ba2Tb(Bi1�x, Sbx) O6 powder

samples. The CO2 concentration for the samples with

light Sb content showed a rapid enhancement at the

initial time and then remained a steady rise at further

irradiation time. This stable behavior is responsible

for the CO2 absorption process on the surface of the

(a) (b)

(c) (d)

Fig. 6 a Typical absorbance spectra of MB degradation under

visible light illumination for Ba2TbBi0:4Sb0:6O6. MB degradation

vs. irradiation time for b Ba2Tb(Bi1�x Sbx)O6 and c Ba2Pr(Bi1�x

Sbx)O6. The solid line denotes the MB only decomposition data. d

Visible light driven CO2 evolution vs. irradiation time for the

Ba2Tb(Bi1�x Sbx)O6 powder samples. The data for the x ¼ 0 and

0.5 samples prepared from the different batches were collected

J Mater Sci: Mater Electron          (2023) 34:281 Page 7 of 10   281 



powders, leading to a reduction of the photo-induced

CO2 gas concentration. For the x ¼ 0:5 sample, we

detected no remarkable quantity of CO2.

Our photocatalytic data for both the MB degrada-

tion and IPA decomposition are scaled with the band

gap energy in Fig. 7a. The data for CO2 evolution and

MB decomposition rate were collected at a light

irradiation time of 90 min. The unit for CO2 concen-

tration was transformed by the BET surface area of

the samples. For both the Pr- and Tb-based com-

pounds, we conclude that the photocatalytic reduc-

tion process of MB bleaching is in contrast to the

oxidative one of IPA decomposition with respect to

the magnitudes of band gap energy.

In Fig. 7b, we illustrate schematic plot of the band

edge potential with respect to normal hydrogen

electrode (NHE) for the Ba2(Tb, Pr)(Bi, Sb)O6 com-

pounds. For the Sb-free compounds, their VB edge

potentials are located to facilitate oxidation reaction.

However, the lower CB level is not suitable for pro-

moting reduction reaction. On the other hand, the

higher CB edge potentials for both

Ba2Tb(Bi0:4Sb0:6)O6 and Ba2PrSb O6 are suitable for

promoting effective reduction process. Here, the CB

edge potential (ECB) of the Ba2(Tb, Pr)(Bi, Sb)O6

semiconductor is estimated using the following

empirical equation [15, 16],

ECB ¼ v� Ee � 0:5Eg;

where v and Ee are the electronegativity of the

semiconductor and the energy of free electrons on the

hydrogen scale (� 4:5 eV), respectively. For example,

the electronegativity of the present Ba2Tb(Bi1�x, Sbx)

O6 semiconductor is calculated by the geometric

average of the electronegativities of its constituent

atoms in the following form [16, 17],

v ¼ ½v2ðBaÞvðTbÞv1�xðBiÞvxðSbÞv6ðOÞ�1=10;

where the atomic electronegativity on the right-hand

side is given by the arithmetic average of the atomic

electron affinity and the first ionization energy [15].

According to this expression, we evaluated the CB

edge potential ECB to be 0.34 eV and �0:45 eV for the

parent and x ¼ 0:6 substituted samples, respectively.

In a similar way, for the Pr-based photocatalytic end-

member compounds, the values of ECB were esti-

mated to be 0.23 eV at x ¼ 0:0 and �0:51 eV at

x ¼ 1:0. For the parent compounds with Eg � 1 eV, the

oxidation reactions concerning the IPA decomposi-

tion process are in progress through the photo-ex-

cited holes near the VB edge. The heavily Sb

Table 3 Comparison with

different perovskite

photocatalysts for MB

degradation rate

Catalyst Initial MB (mg/L) Mass (mg) Time (min) Degradation rate (%)

Ba2Tb(Bi, Sb)O6 10 200 90 100

BaBiO3 [17] 15.3 300 60 100

Nd0:7Ca0:3MnO3 [39] 10 40 180 96

Fe-doped CaTiO3 [40] 10 100 180 100

Y-doped BiFeO3 [41] 50 100 120 97.6

NaNbO3 [42] 10 160 180 99.3

(a)

(b)

Fig. 7 a Photocatalytic activity vs. band gap energy. The

published data for Ba2Pr(Bi1�x Sbx)O6 are referred from our

previous work [13, 14]. b Schematic illustration of the band edge

potential with respect to normal hydrogen electrode (NHE) for

Ba2(Tb, Pr)(Bi, Sb)O6 and BaBiO3 compounds
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substituted compounds with Eg � 2:5 eV exhibit the

strong degradation of MB and their CB edges are

optimized for the photocatalytic reductive reactions.

Finally, we give some comments on the mixed

valence states. As mentioned in Introduction, the

mixed valence states between trivalent and tetrava-

lent rare-earth ions are related to the improvement in

photogenerated charge separation. In addition, the

ionic radius differences between trivalent and

tetravalent ones give rise to the B-site partial disor-

dering and then suppress the band gap energies of

the ordered double-perovskite compounds. More-

over, for the highly Sb substituted samples, their

mixed valence states contribute to the stability of the

cubic phase through the higher tolerance factors as

discussed above.

4 Conclusion

We investigated the influence of Sb substitution at B

sites on the lattice structures, the magnetic valence

states, the band gap energies, and photocatalyst

performance for the double-perovskite-based semi-

conductors. High quality powders of

Ba2Tb(Bi1�xSbx)O6 (0:1� x� 1:0) were successfully

synthesized using the citrate pyrolysis approach. The

single-phase powder samples with the light and

heavy Sb contents crystallized in the monoclinic and

cubic structures, respectively. These findings are in

reasonable agreement with the structural phase dia-

gram previously reported, through the tolerance

factor considering the mixed valence states. We

examined the band gap widening associated with the

partial substitution of Sb through performing the

optical reflectance measurement and first-principle

electronic structure calculation.

Through the partial substitution of Sb at Bi site of

this compound, it was possible to design oxidative

photocatalysts at lower x, and reduction-type ones at

higher x. The photocatalytic properties were well

explained in terms of CB and VB edges of the Ba2(Tb,

Pr)(Bi, Sb)O6 photocatalysts. For the x ¼ 0:6 sample,

we experimentally observed the highest performance

of MB degradation, which was derived from the

machine learning prediction. These data seem to be

comparable to typical degradation rates for good

perovskite catalysts. For comparison, the structural,

physical and photocatalytic data for BaBiO3 synthe-

sized by the same approach were shown since its

chemical formula Ba2Bi
3þBi5þO6 was considered as a

pristine compound of double-perovskite oxide

semiconductor.
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