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Introduction 

In recent years, the development and utilization of solar 

energy in environmental remediation and water splitting 

have been widely studied worldwide, which have become 

one of the most important topics in the fields of 

photocatalytic researches [1,2]. Massive efforts have been 
made to develop non-toxic, low-cost, efficient and stable 

photocatalysts for water splitting and environmental 

remediation. Up to date, many kinds of photocatalysts 

based on metal oxides, sulphides and (oxy) nitrides with 

different structures and compositions have been reported 

[3-8]. Among them, perovskite oxides (ABO3) and their 

derivatives (layered perovskite oxides) are ideal 

photocatalysts for water splitting because they exhibit 

excellent photocatalytic properties in the UV region [4-8]. 

However, they exhibit low solar-to-hydrogen conversion 

efficiencies under visible light irradiation, although they are 

stable in aqueous solutions and resistant to oxidation. Such 
underperformance is mainly ascribed to their too wide band 

gaps (3 - 5 eV) to effectively absorb the main portion of the 

sunlight spectrum, i.e., visible light. Therefore, in order to 

develop more efficient visible-light photocatalysts, much 

attention has been paid to double perovskite oxides with a 

general formula of A2BBO6 (A: rare earth ions, B, B: 
transition metals), where the narrow band gaps can be 

realized by using two different transition-metal cations 

occupied at the Band B sites in double perovskite oxides, 
leading to the B-sited cation off-center displacements due 

to the different ionic radii [6]. In addition, the band gaps of 

double perovskite oxides can be also effectively reduced by 

using their chemical flexibilities rather than incorporating 

anion impurities or transition metal impurities (with d10 
orbitals or partially filled dn orbitals) [9]. For example, in 

the double perovskite Ba2BiNbO6, the Bi-rich and Nb-poor 

off stoichiometry (i.e., Ba2Bi1+xNb1-xO6) can significantly 

reduce the band gap to 1.64 eV in a form of film with a 

composition of Ba2Bi1.4Nb0.6O6 [9]. As for multiferroic 

double perovskite Bi2FeCrO6, its band gap can be tuned 

effectively by engineering the cationic ordering at B-sites 

[10,11]. Such strategy can be further used in developing 

visible-light photocatalysts based on double perovskite 

oxides. Besides the promising applications as visible-light 

photocalysts, double perovskite oxides also exhibit a wide 
range of multifunctional properties (e.g., magnetic 

insulating [12-14], half-metallic ferromagnetic [15-17], 

ferromagnetic [18], antiferromagnetic [19], ferroelectric 

[20,21], magneto-dielectric [22,23], and multiferroic 

properties [24,25]), which enable double perovskite  

oxides to be applicable in a broad spectrum of fields such 

as oxide spin electronics, energy, environment, and health 

[26-28]. 

Double perovskite oxides with various combination of 

A, B, and B cations have been studied by different authors 
[29-33]. Many of them are highly ordered double 

perovskites, with predominant antiferromagnetic 

interactions and/or magnetic frustration due to the different 
competing magnetic interactions in these materials. That 

can be ascribed to the different kinds of structural 

distortions and order/disorder between B and B cations. 
Furthermore, band structure calculations indicate that some 

of them are half-metallic ferromagnets with relatively high 

 

 
   



  

Curie temperature [34], and they exhibit large low-field 

room temperature magnetoresistance [15]. The local spin 

density calculations also predict that half-metallic charac-

teristics exists in some of the antiferromagnetic (AFM) 

double perovskites [35]. As lead-free double perovskite and 

eco-friendly materials, Ba2FeNbO6 (BFN) compounds  
attract much attention of researchers due to their high 

dielectric constant (~104) over a wide temperature range 

(100 - 600 K), which have important applications in the 

fields of capacitors, sensors, and memory devices [36,37]. 

The origins of the high dielectric constant in the BFN 

system are ascribed to grain boundary effect, space charge 

effect, electron hoping, Maxwelle-Wagner type interfacial 

and dipolar polarizations [38-42]. The relaxor-like 

dielectric behavior observed in the BFN double perovskite 

ceramics is attributed to the thermally induced oxygen 

vacancies and enhanced electrons hopping between the 

localized carriers [43,44]. The magnetic properties of BFN 
double perovskite ceramics is also reported, which is an 

antiferromagnetic insulator with TN = 25 K and exhibits a 

weak ferromagnetic behavior at 5 K [45,46]. Narrow 

optical band gaps (~ 1.30 eV) are also reported in the La-

modified BFN double perovskite ceramics, and a broad 

diffusion absorption bands was observed in the wavelength 

of 200 - 900 nm [38]. Such narrow band gaps of these La-

modified BFN double perovskite ceramics make them 

promising candidate used for the photocatalyst and solar 

cells. In addition, the structural, electrical and optical 

properties of BFN thin films are also investigated [47-49]. 
The band gap of the BFN thin films was reported to be 1.37 

eV, indicating that the BFN films can be used as 

photocatalyst and other photoelectric devices.  

Despite plenty of works have been reported on the BFN 

ceramics and thin films, there are still few works reported 

on the BFN powders [50-52]. In our previous study, we 

reported on the synthesis of BFN powders at low 

temperatures by molten-salt synthesis (MSS) method [52]. 

The effects of MSS processing parameters (e.g., annealing 

temperature, holding time as well as the molten salt ratios) 

on the microstructure, dielectric and magnetic properties of 

the BFN double perovskite powders were systematically 
investigated. To explore the potential applications of BFN 

powders in the technical fields of photovoltaic and 

photocatalytic devices, the optical properties of BFN 

powders are investigated by UV-Vis spectroscopy in this 

work. The optical band gaps (Eg) of the BFN powders were 

deduced from their UV-Vis absorption spectra. It is found 

that the Eg values of BFN powders can be tuned in the range 

of 2.12 - 2.25 eV by adjusting the MSS processing 

parameters (e.g., annealing temperature, holding time as 

well as the molten salt ratios). A possible electronic band 

structure of BFN is proposed to interpret their optical 
properties. 

Experimental 

In this work, BFN double perovskite powders were 

synthesized by MSS method from the regent grad BaCO3, 

Fe2O3, Nb2O5, SrCO3 and TiO2 powders (Sigma-Aldrich, 

Shanghai, China). The eutectic mixed NaCl-KCl salts with 

analytical grade reagent were used as molten salt medium. 

Details for the synthesis of BFN powders by MSS method 

were described elsewhere [52]. Three group samples (A-C) 

were synthesized at different conditions, details are given 

out in Table 1. For the synthesis of the BFN- SrTiO3 solid 
solution powders by MSS method, analytical pure BaCO3, 

Fe2O3, Nb2O5, SrCO3 and TiO2 were used as raw materials 

and the eutectic mixed NaCl-KCl salt were used as molten 

salt medium.  

Phase structures of the BFN powders were examined by 

X-ray powder diffraction (XRD) using Cu-Kα radiation at 

λ = 1.54056 Å. The morphology and grain size of the BFN 

double perovskite powders were characterized by a 

scanning electron microscope (SEM) (S-3400N II, Hitachi) 

equipped with an X-ray energy dispersive spectroscopy 

(EDS) (EX-250 spectroscopy, HORIBA Corporation) for 

chemical composition analyses. The UV-Vis absorption 
spectra of the BFN powders were measured in the reflection 

geometry by the UV-Vis spectrophotometer (Shimadzu, 

UV2550) at room temperature. The measured diffuse 

reflectance spectra are used to estimate the absorbance 

according to the standard Kubelka–Munk theory, which is 

based on the assumption of multiple scattering, describing 

the optical behaviour of materials with small particles that 

scatter and absorb radiant energy. The Kubelka–Munk 

equation expresses the reflectance or transmittance in terms 

of an absorption coefficient, (E), and a scattering 
coefficient, S. It is known that the absorption coefficient 

(E) in a solid is contributed from both the direct and the 
indirect band gap transitions [53], which is given as  

𝛼(𝐸) =
𝐴

𝐸
(𝐸 − 𝐸𝑔,𝑑𝑖𝑟)0.5 +

𝐴

𝐸
(𝐸 − 𝐸𝑔,𝑖𝑛𝑑𝑖𝑟 ∓  𝐸𝑝ℎ)2                              (1)  

where Eg,dir and Eg,indir are the magnitudes of direct and 

indirect band gaps, respectively, Eph is the emitted (or 

absorbed) phonon energy, and A and B are constants. While 

assuming a simple band shape this model allows for 

extracting the direct optical energy gap (Eg,dir) by plotting 

(E)2 versus the photon energy E. In contrast, plotting 

(E)0.5 as a function of the photon energy E and linear 

extracting (E)2 = 0 gives the indirect optical energy gap 
(Eg,indir) [54]. In this work, we focus on the direct optical 

band gaps (Eg) of the BFN powders, which are obtained by 

using the Tauc equation [54]:  

(𝛼𝐸)2 = 𝐴 (𝐸 − 𝐸𝑔  )                                                 (2)  

where E is the incident photon energy, A is the absorption 

edge width parameter. 

Results and discussion 

Ultraviolet-visible (UV-Vis) spectroscopy is used for 

determining band structures of semiconductors. It further 
amounts response of the sample to UV and visible range of 

electromagnetic radiations. Fig. 1 shows the UV-Vis 

optical absorption spectra of the group A samples 

synthesized at different temperatures, and the 

corresponding plots of (αE)2 vs E. It is observed in  



  

Fig. 1(a) that the wavelength corresponding to the optical 

absorption peak has a red shift (from 390 nm to 447 nm) as 

increasing the annealed temperature from 800oC to 1100oC. 

Details are shown in the inset of Fig. 1(a). That is attributed 

to the larger particle sizes of the BFN powders synthesized 

at higher temperatures [52]. A small absorption shoulder 
with absorption edge around 650 nm (Eg ~ 1.91 eV) was 

also observed in the BFN powders (A800) synthesized at 

800oC. In order to determine the direct band gap energy of 

the BFN powders, in Fig. 1(b) we perform the linear 

extrapolations of (E)2 vs E plots to (E)2 = 0, yielding the 
direct band gaps, which are in the range of 2.18 - 2.23 

(0.06) eV. These Eg values are close to that (Eg = 2.29 eV) 
reported by Zhang et al. [50]. The obtained optical band gap 

energy corresponds to the energy difference between the 

valence band maximum (VBM) and the conduction band 

minimum (CBM). Detailed discussions will be given in the 

following section.  

 

Fig. 1. (A) Optical absorption spectra of the group A samples synthesized 

at different temperatures. (a) 800oC, (b) 900oC, (c) 1000oC, and (d) 

1100oC. Inset is the local optical absorption spectra, indicating the red shift 

of the wavelength corresponding to the optical absorption peak. (B) 

Corresponding plots of (αE)2 vs E curves. 

 

Fig. 2. (A) Optical absorption spectra of the group B samples synthesized 

at 900oC with different holding time. (a) 2 h, (b) 5 h, and (c) 8 h. (B)  

Corresponding plots of (αE)2 vs E curves.   

Similarly, the optical absorption spectra of the group B 

samples (synthesized at 900oC with different holding time) 

are also measured, as shown in Fig. 2(a), and their optical 

band gaps are determined from the corresponding plots of 

(αE)2 vs E curves shown in Fig. 2(b). As shown in Fig. 2(a), 

the optical absorption peak had a red shift (from 395 nm to 

420 nm) as increasing the holding from 2 h to 5 h but 

remained the same position as the holding time was 
increased up to 8h. Similarly, small absorption shoulder 

with absorption edge around 650 nm (Eg ~ 1.91 eV) was 

observed in the BFN powders synthesized at 800oC  

with holding time of 2 h. The Eg values of the BFN  

powders synthesized at 900oC with holding time of 2, 5, and 

8 h, were deduced from the (E)2 vs. E graphs, which was 
2.25, 2.18, and 2.25 eV, respectively. The direct optical 

band gaps of the BFN powders can be also tuned by using 

different molten salt ratios, which is also investigated in this 

work. The optical absorption spectra of the group C 

samples are shown in Fig. 3(a), and the corresponding plots 

of (E)2 vs. E curves are shown in Fig. 3(b). With 
increasing the molar ratios of BaCO3:Fe2O3:Nb2O5:NaCl: 

KCl from 4:1:1:20:20 to 4:1:1:100:100, the wavelength 

corresponding to the optical absorption peak had a blue 
shift (from 463 nm to 453 nm) due to the reduction of the 

average particle size from 480 to 310nm (seen in Table 

1)[52], and the Eg values of the group C samples were 

increased from 2.12 eV to 2.23 eV. The direct optical band 

gaps of the BFN powders synthesized at different 

conditions are summarized in Table 1. It is found that the 

Eg values of the BFN powders can be tuned in the range of 

2.12eV-2.25eV by adjusting the MSS processing para-

meters (e.g., annealing temperature, holding time as well as 

molten salt content), which enables the BFN powders to be 

used as visible-light photocatalysts in the application fields 
of photovoltaic and photocatalytic devices.  

 

Fig. 3. (A) Optical absorption spectra of the group C samples synthesized 

at 1000oC for 5 h under the molar ratios of BaCO3:Fe2O3:Nb2O5:NaCl:KCl 

equal to (a) 4:1:1:20:20, (b) 4:1:1:40:40, (c) 4:1:1:60:60, (d) 4:1:1:80:80, 

and (e) 4:1:1:100:100. (B)  Corresponding plots of (αE)2 vs E curves. 

Table 1. Three group (A-C) Ba2FeNbO6 powders synthesized by MSS method, their EDS data, average particle size and direct optical band gaps  (Eg). 

Sample 

group 

Annealing 

Temperature (oC) 

Holding 

time (h) 

Ratio of molten salt 

(BaCO3:Fe2O3:Nb2O5:NaCl:KCl) 

Atomic percentage (%) 

(Ba:Fe:Nb)a) 

Cation molar ratio 

(Ba:Fe:Nb) 

Average grain 

size (nm) 

Optical band gap 

Eg (eV)b) 

A800  800  

 

5 

 

 

4:1:1:100:100 

20.23:10.43:9.75 2:1.03:0.96 165 2.22 

A900  900 21.58:11.01:10.47 2:1.02: 0.97 300 2.18 

A1000 1000 19.26:9.92:9.63 2:1.03:1.00 500 2.23 

A1000 1100 20.92:10.88:10.25 2:1.04:0.98 525 2.19 

B2  

900 

2 4:1:1:100:100 21.65:11.15:10.61 2:1.03:0.98 200 2.25 

B5 5 21.58:11.01:10.47 2:1.02:0.97 300 2.18 

B8 8 22.26:10.74:10.72 2:1.01:0.99 355 2.25 

C20  

 

1000 

 

 

5 

4:1::1:20:20 24.08:10.58:10.68 2:0.88:0.88 480 2.12 

C40 4:1::1:40:40 20.91:10.77:10.21 2:1.03:0.97 475 2.22 

C60 4:1::1:60:60 22.56:11.37:10.52 2:1.01: 0.93 410 2.19 

C80 4:1::1:80:80 22.83:10.98:10.40 2:0.96:0.91 395 2.22 

C100  4:1::1:100:100 20.60:10.51: 10.31 2:1.02:1.00 310 2.23 

a)The error bar for EDS data of compositions: Ba:  2%; Fe:  5%; Nb:  5%; b)the error bar for the direct optical band gap Eg is  0.06 eV. 

 



  

 The optical band gaps of BFN powders are determined 

from the energy difference between the VBM and the 

CBM, which are closely related to the electronic structures. 

The electronic structures of the perovskite transition metal 

oxides are generally defined by the d-level of the transition 

metal and the 2p-level of the O atoms, when composed of 
d0 transition metals like Ti4+, Nb5+ and Ta5+. However, in 

the perovskite oxides containing transition metals with the 

d orbitals partly occupied, their electronic structures should 

be strongly influenced by those transition ions with partly 

occupied d orbitals [6]. Basically, in the ferroelectric 

perovskite oxide, the VBM arises mainly from the O-2p 

orbitals, while the CBM is essentially set by B-site 

transition metal d orbitals. Compared to the A-cation, the 

B-cation has a much more significant effect on fixing the 

band gaps of perovskite ABO3 oxides [55,56]. In the 

present BFN powders, the Nb and Fe metal ions occupy the 

octahedral sites at random with some oxygen vacancies in 
ordered or disordered distribution. The Fe3+ ions with 

electronic configuration of 3d54s0 (high spin configuration) 

reside at the center of the Fe-O octahedrons with partly 

oxygen vacancies, their five degenerate 3d orbitals would 

be split by the octahedral crystal field into two parts, an 

lower energy level of 6-fold degenerate t2g orbitals (dxy, dyz, 

and dzx) and a 4-fold higher energy level of eg orbitals 

(𝑑𝑥2  -𝑦2  and 𝑑𝑧2 ). The distorted Fe–O octahedrons (an 

elongated oxygen octahedron or compressed oxygen 

octahedron) with the random oxygen vacancies make it 

possible for the further splitting of the eg and t2g orbitals. 

The eg orbitals will be split into a higher energy b1g 

(𝑑𝑥2  -𝑦2 ) orbital and a lower-energy a1g (𝑑𝑧2) orbital, and 

the t2g orbitals with 6-fold degenerate will be further split 
into a higher energy b2g (dxy) orbital and a lower 4-fold 

degenerate eg (dyz, dxz) orbitals, which are schematically 

shown in Fig. 4(a). The excitation energy from t2g to eg 

orbital is called o (or 10 Dq), its theoretical value is 
calculated to be 1.80 eV in LaFeO3 and SrFeO3 [57]. The 

split Fe 3d-t2g and Fe 3d-eg orbitals and their further 

splitting due to the distorted octahedron should play 

important roles in constructing the band structures of BFN 

powders. Therefore, in the BFN powders, the VBM consists 

of the hybridized Fe 3d-eg and O-2p orbitals, and while the 

CBM is formed by the hybridization of Nb-4d and Fe 3d-

b1g orbitals. Despite Ba atoms offer electrons to keep the 

system charge balanced, however, they do not make a 
contribution to the VBM or CBM, like the case of the 

Ba2BiNbO6 compound [9]. A schematic diagram of the 

band structure of the BFN is shown In Fig. 4(b).  

The direct optical band gaps of the BFN powders (in the 

range of 2.12 - 2.25 eV) correspond to the electronic 

transition from the valence band to conduction band.  

The variations of the Eg values for the BFN powders  

can be attributed to the different content ratios of Fe3+ to 

Fe2+ and the oxygen vacancies, as revealed by the  

XPS spectra [52]. The oxygen vacancies in the BFN 

powders would lead to the distortions of FeO6  
octahedrons (e.g., an elongated oxygen octahedron), thus, 

the Fe-O bond lengths became shorter in the ab plane 

whereas longer in the c direction. Therefore, the 

overlapping between the O-2p and Fe-3d orbitals is 

changed, resulting in the varied Eg values of the present 

samples in the range of 2.12 - 2.25 eV. The small absorption 

shoulder with absorption edge at 650 nm (Eg ~ 1.91 eV) can 

be ascribed to the d-d electronic transition from the  
Fe 3d-b2g to Fe 3d-b1g orbitals, which are formed by the 

further splitting of Fe 3d orbitals due to the distorted 

octahedral crystal field. Similar case was reported in the 

antiferromagnetic CaFe2O4 compound, where its band gap 

energy was calculated to be about 1.9 eV, and it was 

increased by including the on-site Coulomb interaction 

between the d-electrons that enhances the splitting between 

the filled and empty orbitals in Fe 3d manifold [58]. More 

experiments are needed to reveal the exact band structure 

of the BFN photocatalysts. 

 

 

Fig. 4. Schematic diagrams showing (A) 3d orbitals of Fe3+ ions (3d54s0, 

high spin configuration) splitting under different ligand fields and (B) the 

band structure of the Ba2FeNbO6, respectively. 

Conclusion  

Double perovskite BFN powders were synthesized by 
molten-salt method. Their optical properties were 

characterized by UV-Vis spectroscopy. The optical Eg 

values of the BFN powders deduced from their UV-Vis 

spectra, were in the range of 2.12 eV - 2.25 eV, which can 

be adjusted by controlling the processing parameters of 

molten-salt route. The direct optical band gaps of the BFN 

powders are associated with the electronic transition from 

the valence band (formed by the hybridized Fe 3d-eg and  

O-2p orbitals) to conduction band (formed by the 



  

hybridization of Nb-4d and Fe 3d-b1g orbitals). The varied 

Eg values of the BFN powders can be ascribed to the 

different content ratios of Fe3+ to Fe2+ and the oxygen 

vacancies. The oxygen vacancies in the BFN powders 

produce the distortions of FeO6 octahedrons, leading to 

different Fe-O bond lengths, thus, the overlapping between 
the O-2p and Fe-3d orbitals changed, resulting in the varied 

Eg values of the present samples. The observed small 

absorption shoulder with absorption edge around 650 nm 

(Eg ~ 1.91 eV) is ascribed to the d-d electronic transition 

from the Fe 3d-b2g to Fe 3d-b1g orbitals, which are formed 

via the further splitting of Fe 3d orbitals because of the 

distorted octahedral crystal field. The present works 

provide an effective approach to tuning the optical band 

gaps of double perovskite BFN powders, which have 

promising applications in the fields of photovoltaic and 

photocatalytic devices.  
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Graphical abstract 

Optical absorption spectra of the Ba2FeNbO6 samples synthesized at 

different temperatures and their plots of (αhν)2 vs hν curves. (a) 800oC, (b) 

900oC, (c) 1000oC, and (d) 1100oC. Inset is the local optical absorption 

spectra, indicating the red shift of the wavelength corresponding to the 

optical absorption peak. The optical direct band gap energy (Eg) values 

(linear extrapolation of the Tauc method), are determined to be in the range 

of 2.12 eV - 2.25 eV. 

 


