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Abstract—A  layered Aurivillius–perovskite type BINIVOX system with the general  formula, Bi2NixV1-xO5.5-(3x/2) was  developed  as a novel 

photocatalyst for degradation of organic dyes. A series of BINIVOX.x catalysts in the composition range 0 ≤ x ≤ 0.20 were successfully 

synthesized by the standard solid– state reaction and characterized using X–ray powder diffraction (XRD), differential thermal analysis 

(DTA), UV–vis absorption spectroscopy  and BET surface area. Then, the photocatalytic activities of prepared catalysts were investigated 

for the first time through the degradation of a new azo dye, namely SDN  in aqueous solution under visible light irradiation. Adsorption 

efficiency and photocatalytic activity of BINIVOX.x catalysts were correlated well with the variation in phase crystal structures  stabilized at 

room temperature as a function of composition.  The stabilized β–BINIVOX phases in the orthorhombic crystal system with space group 

Acam exhibited the best photocatalytic performance which can be attributed to their higher specific surface area, narrower band– gap 

energy, higher oxygen –vacancy concentration in the perovskite vanadate layers. In addition, the possible photocatalytic degradation 

mechanism of aqueous SDN  dye was proposed under visible light irradiation. 

Index Terms— Photocatalyst, BINIVOX, SDN, Perovskite, Oxide.   

——————————      —————————— 

1 INTRODUCTION                                                                     

YNTHETIC dyes comprise an important part of industrial 
wastewaters, as they are discharged in abundance by 

many manufacturing industries. The impact of these dyes on 
the environment is a major concern because of the potentially 
carcinogenic properties of these chemicals [1]. Besides this, 
some dyes can undergo anaerobic decoloration to form poten-
tial carcinogens [2,3]. The wastewaters which are colored in 
the presence of these dyes can block both sunlight penetration 
and oxygen dissolution, which are essential for aquatic life. 
Many researches have been devoted in the literature to devel-
op typical techniques for removal of pollutant dyes from in-
dustrial wastewaters, particularly azo  dyes constituting the 
majority of use [4–10]. All these classical techniques are versa-
tile and useful, but they all end up in producing a secondary 
waste product which needs to be processed further. Another 
set of techniques which are relatively newer, more powerful, 
and very promising is called Advanced Oxidation Processes 
(AOPs) which has been developed and employed to treat dye- 
contaminated wastewater effluents [11,12]. This methodology 
would normally utilize a strong oxidizing species such as 
•OH radicals produced in situ, which causes a sequence of 
reactions thereafter to break down the macromolecules like 
dyes into smaller and less harmful substances. The AOP tech-

nique has drawn considerable attention from various quarters 
of scientific community as it is easy to handle and produces 
significantly less residuals as compared to the classical ap-
proaches. Many metal oxides such as TiO2 , ZnO, ZrO2 etc. 
have been widely investigated in the AOPs for the photodeg-
radation of synthetic dyes in wastewater.  However, because 
of their relatively high band–gap energy, they are activated 
only by ultraviolet light absorption [13–15], which limits their 
commercial application for water and wastewater treatment. 
To overcome this problem, the visible light induced photocata-
lysts are required to apply the AOPs more feasible and to de-
grade these dyes using the viable energy of sunlight. 
In our previous work on the electrical properties of oxide– ion 
conductors, viz. BIMEVOX (Bi= bismuth, Me= dopant metal 
ion, V= vanadium, and OX= oxide) derived by the partial sub-
stitution of Me for V in the parent compound, Bi2VO5.5 of a 
layered Aurivillius–type structure, It has been found that 
many of  BIMEVOX materials possess colors and behave as 
semiconductors at temperatures lower than 300 oC [16–18]. 
BIMEVOX (Bi2Mel

xV1-xO5.5-(5-l)x/2) can be described 
as (Bi2O2)2+ layers alternating with (VO3.50.5)2– /( Mel

xV1-xO3.5-(5-

l)x/20.5)2– perovskite–like slabs, where l and  stand for the 
valence of a metal dopant and oxygen vacancy, respectively. 
Depending on the concentration of a metal dopant the BIME-
VOX can exist in three essential phases; α (monoclinic), β (or-
thorhombic) and the γ (tetragonal)–phases at room tempera-
ture [19, 20]. So the present work aims to investigate the cata-
lytic  efficiency of the BINIVOX  system, Bi2NixV1-xO5.5-(3x/2) for  
the visible -light photodegradation of  a new synthesized azo 
dye, Sodium 4–[(E)–(4,5–dimethyl–1H–pyrazolo [3,4–c] pyri-
dazin–3–yl) diazenyl] naphthalen–1–olate (C17H13N6ONa, 
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340.315 g mol–1), which was abbreviated as SDN in the follow-
ing context for the sake of simplicity. 

 
2 MATERIALS & METHODS  

2.1 Catalyst preparation  

A layered Aurivillius–perovskite type BINIVOX.x photocata-
lysts of the general formula,  Bi2NixV1-xO5.5-(3x/2); 0.0 ≤ x ≤ 0.20, 
was synthesized by the standard solid–state reaction. Appro-
priate amounts of Bi2O3 (Aldrich, 99.9%), V2O5 (ABCR, 99.5%), 
NiO (Aldrich, 99.5%) were ground together as a (1:1) acetone–
toluene paste, according to the reaction equation: 

 2/x35.5x1
)II(

x25232 OVNiBiNiOxOV
2

x)1(
OBi 




             (1) 

The resulting pastes were calcined in a muffle furnace at 650 
oC for 20 hours. At the end of reaction, the product was slowly 
quenched in air to room temperature. The same procedure 
was repeated several times with intermediate grindings in 
acetone– toluene solvent to ensure the completion of reaction.  

2.2 Photocatalyst characterization 

The X–ray powder diffraction (XRD ) patterns obtained on a 
Philips PW 1050/30 X–ray diffractometer using CuK radiation 
(=1.54060 Å), were used to determine the identity of stabi-
lized phases present and their crystallite sizes. The diffraction 
beams were collected using the Bragg–Brentano geometry in 
the range of 10o 2  90o with an increment of 0.15o at 

scantime of 1.3 sec/increment. The unit cell parameters were 
refined using a POWDERX software program. The average 
crystallite size was calculated from the diffraction line broad-
ening via the Scherrer equation:  

      




cosB

89.0
D                                                 (2) 

 
where D is the crystal size in nm,  is the CuK radiation 
wavelength (=1.54060Å), B is the half–width of the peak in 
radians and   is the corresponding diffraction angle. 
Differential thermal analysis (DTA) thermograms collected on 
a Perkin–Elmer thermal analyzer, were used to investigate the 
thermal stability range of different phases of the catalyst. Ap-
proximately weighed 20–mg dry samples of BINIVOX photo-
catalysts were placed in –alumina cell. The experiments were 
run in N2 atmosphere. The flow rate of N2 was maintained at 
30 ml min–1 with a heating rate of 10 oC min–1 from ambient to 
1000 oC.  
The optical band–gap energies (Eg) for the photocatalysts was 
estimated from UV–vis absorption spectra , collected on a 
Shimadzu Scan UV–vis spectrophotometer (UV–2450) at room 
temperature in the wavelength range 200–800 nm. The direct 
band– gap energy was calculated from the wavelength corre-

sponding to the band–gap edge absorption( λg) using Eq.(3): 

)nm(

1240
)eV(E

g
g




                                             (3) 

Surface area measurements were performed by nitrogen ad-
sorption– desorption isotherm at 77 K on an Autosorb–
1(Quantachrome) adsorption apparatus. The adsorption data 
were collected in the nitrogen partial pressure (P/Po) range of 
0.01–0.99. The specific surface areas (SBET) expressed in m2/g, 
were calculated by Brunauer–Emmett–Teller method. 

2.3 Photocatalytic activity measurements 

A 250–ml aqueous solution of 5 × 10–4 M SDN dye solution at 
pH ~10.0 (adjusted with diluted aqueous solution of NH3 and 
H2SO4) was placed in a 450 ml – photoreactor equipped with a 
magnetic stirrer. Before photocatalytic reaction, 200–mg pow-
dered sample of the photocatayst was dispersed in the dye 
aqueous solution. The resulting suspension was then magneti-
cally stirred in the dark for 25 min to reach the adsorption–
desorption equilibrium. The visible light with wavelengths 
greater than 400 nm using a 300–W Xe lamp was irradiated 
perpendicularly to the surface of solution at affixed distance 
between the visible source and the surface of dye solution (25 
cm). At specific time intervals (10 min) about 5ml– aliquot of 
the reaction mixture was withdrawn from the photoreactor 
and then filtered to separate the catalyst residues. The concen-
trations of dye versus irradiation time were determined by 
measuring the maximum absorbance (λmax= 525nm) using a 
Shimadzu UV–vis spectrophotometer (UV–1240). The photo-
catalytic activity of the BINIVOX.x catalyst as a function of 
composition for the dye photodegradation was investigated 
using a pseudo first–order kinetic model.    

tk)C/Cln( appot                                     (4) 

where Co and Ct are the initial concentration and concentration 
at time, t of SDN dye solution, respectively and kapp denotes the 
apparent first–order rate constant. 

 

3 RESULTS AND DISCUSSION 

3.1 X–ray crystallography 

The variation in XRD patterns of as–synthesized BINIVOX.x 
photocatalysts as a function of Ni substitution is illustrated in 
Fig. 1.  The diffraction patterns for the catalyst compositions x 
< 0.10 appear to be identical to the characteristic α–phase dif-
fraction pattern observed for Bi4V2O11, indicating no significant 
polymorphism occurs in the substituted system with increas-
ing Ni content upto x < 0.10. However, the stabilization of β–
BINIVOX.10 phase is clearly evidenced by the existence of 
doublet sublattice peak (020) and (200) at 2θ ~ 32o,and singlet 
peak (220) at  2θ ~ 46.2o which are characteristic to the ortho-
rhombic symmetry with a space group, Acam [21]. the low– 
temperature tetragonal γʹ–BINIVOX.13 phase in space group, 
I4/m mm is stabilized, which is definitely clear from the ap-
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pearance of a singlet sublattice peak indexed as (110) at 2θ ~ 
32o [22].  
Values of unit cell refinement, average crystallite size and crys-
tallographic density obtained from fitting diffraction patterns  
are listed in Table 2. It is clear that the substitution of Ni into 
the Bi4V2O11 compound causes a dramatic increase in the unit 
cell dimensions ( particularly a and c), accompanied by the 
same trend in the overall cell volume. The density strongly 
depends on the initial crystallite size. The density and particle 
size are both lowered slightly with the increase of Ni dopant 
content. This trend is in a good agreement with the variation 
of unit cell parameters, reflecting the positive contribution of 
Ni substitution to the overall lattice expansion as a result of 
the incorporation of Ni(II) dopant ions of larger ionic radius 
(0.83 Å) into the perovskite vanadate layers in the place of 
pentavalent vanadium sites (0.54 Å)[23]. 

 

Fig. 1. XRD  patterns of as–synthesized  BINIVOX.x photocata-

lysts. 

 

3.2 Thermal Analysis 

Thermal stability of the BINIVOX.x system and the onset tem-
perature of phase transition are presented in the DTA thermo-
grams (Fig. 2). The two characteristic  endothermic peaks 
clearly seen for the BINIVOX.05 photocatalyst are attributed to 
the consequent α→β and β→γ transitions [24,25]. It can also 
be observed that the heat flow per unit mass of the α→β  tran-
sition is nearly three orders of magnitude higher than that of  
the β→γ transition. However, the β–BINIVOX.10 photocata-
lyst shows a single endothermic peak 464.2 oC  assigned to the 
→ transition, while the occurrence of incommensurate → 
commensurate, ʹ→ transition is detected for ʹ–BINIVOX.13 

photocatalyst [26,27]. 

3.3 Optical and surface properties 

Fig. 3 shows UV–vis absorption spectra of the BINIVOX.x sys-
tem for various compositions. The pure Bi4V2O11 displays a 
typical absorption in the visible region of spectrum with an 
absorption edge of ~ 593 nm, which is assigned to the intrinsic 
band– gap absorption of Bi4V2O11 due to the electronic  transi-
tions from  Bi6s/O2p orbitals of  the bismuthate (Bi2O2)2+ layers 
(valence band) to the conduction band consisting of V3d orbit-
als of the (VO3.50.5)2–  perovskite–like  slabs [12].  The absorp-
tion edges of the BINIVOX.x photocatalysts are found to shift 
toward longer wavelengths as the dopant concentration in-
creases. This trend is quite consistent with the additional con-
tribution of Ni3d orbitals to the conduction band [28] and in-
creasing oxygen vacancy concentration [24] in the perovskite 
vanadate layers. The influence of Ni substitution on the optical 
band–gap energy of the BINIVOX.x system is illustrated in 
Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. DTA thermograms of as–synthesized  BINIVOX.x photocatalysts. 

 

It is confirmed that the band–gap energy tends to be narrower 
with increasing Ni content, suggesting that the aliovalent tran-
sition metal doping strategy plays a significant role in improv-
ing  the photoabsorption and photocatalytic activities of 
Bi4V2O11.The decreased band–gap energy are found to match 
well with the increase in the corresponding special surface 
areas (SBET) as shown in Table 1. This preliminary trend is basi-
cally due to the increase of active sites available on the con-
duction band, i.e. the positively charged oxygen  vacancies 
created at the equatorial planes of perovskite vanadate layers 
as a result of increasing Ni substitution [29-31]. The interesting 
point to be emphasized here is that the SDN dye molecules are 
expected to adsorb onto the perovskite vanadate layers and 
this adsorption is effectively enhanced by the coulombic inter-
action between negatively charged oxygen atoms of the dye 
and equatorial oxygen vacancies available on the conduction 
band (CB), suggesting that the BINIVOX.x photocatalysts with  
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TABLE 1 

REFINED UNIT CELL PARAMETERS, CRYSTALLOGRAPHIC DENSITIES, AVERAGE CRYSTALLITE SIZES AND SPECIFIC SURFACE AREAS OF AS–

PREPARED BINIVOX.X  PHOTOCATALYST SERIES. 

layered Aurivillius– perovskite type structures can offer high 
specific surface areas and more active sites available for dye 
adsorption and consequently favorable for enhancing photo-
catalytic performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. UV–vis spectra of the BINIVOX.x photocatalysts 
 
 

TABLE 2 

 VALUES OF BAND- GAP ENERGY FOR THE BINIVOX.X PHOTOCATA-

LYSTS 

 
3.4 Photocatalytic activity and mechanism 

The photocatalytic degradation efficiency of SDN dye with vary-
ing BINIVOX.x catalyst compositions is presented in Fig. 4. It 
is observed that the degradation rate in the presence of equally 
weighted amounts of BINIVOX.x photocatalysts initially in-
creases with increasing Ni dopant content upto x=0.10 and 
thereafter it sharply decreases for the BINIVOX.13-
photocatalyzed reaction. It is interesting to note that the pho-
todegradation of SDN dye proceeds more slowly when cata-
lyzed by the BINIVOX.x system whose Ni content lies in the 

compositional range of the ′–phase stabilization.  

Fig. 4. Photocatalytic activities of  the BINIVOX.x catalyst series for the 

degradation of  SDN dye solution under visible light irradiation. 
 

The values of  kapp (min–1) were calculated from the slopes us-
ing the line–regression fitting to the first– order kinetic model 
as shown in Fig. 5. The variation of  kapp as a function of the 
photocatalyst composition and corresponding regression de-
termination coefficients (R) are illustrated in Table 3.   
The maximum value of kapp for the BINIVOX.10 photocatalyst 
suggests that the visible light photocatalytic activity of the 
β−BINIVOX.x catalyst is greatly enhanced by the oxygen–
vacancy creation at equatorial planes of the perovskite vana-

date layers [29]. However, the lowering in the photocatalytic 
degradation rate of the dye with stabilized ′– photocatalyst 
phases is attributed to the increasing apical vacancies that may 
enhance  the recombination of photo–induced holes and elec-
trons and  thereby reducing the visible light photocatalytic 
activity of the BINIVOX.x system. 
The photocatalytic mechanism of SDN dye degradation using 
the BINIVOX.x catalyst under visible light irradiation is sug-
gested in Fig. 6. Initially, the nickel doping narrows the band 
gap of the photocatalysts to enhance visible light absorption 
[32]. The SDN dye molecules are then adsorbed onto the per-
ovskite vanadate layers as a result of a coulombic interaction 
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Unit cell parameters dXRD  

(g cm-3) 
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( μm ) 

BET surface area 

(m2/g)   a(Å) b( Å) c (Å) V( Å3) 

0.00 5.521 5.627 15.293 475.10 6.78 4.12 0.21 

0.05 5.544 5.617 15.355 478.17 6.56 4.04 0.27 

0.10 5.624 5.621 15.393 486.61 6.47 3.86 0.31 

0.13 5.629 – 15.398 487.90 6.43 3.81 0.37 

x λab(nm) Eg (eV) SD R- 

0.00 593.34 2.09 0.0241 0.9847 

0.05 603.67 2.05 0.0182 0.9863 

0.10 628.65 1.97 0.0144 0.9887 
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between negatively charged oxygen atoms of the dye and 
equatorial oxygen vacancies available on the conduction band 
(CB). Under irradiated visible light energy , The mechanism 
suggests that excitation of the adsorbed SDN dye takes place 
by visible light absorption to the appropriate singlet or triplet 
states, subsequently followed by electron ejection from the 
excited dye molecule onto the conduction band, while the dye 
is converted into a cationic dye radical(𝑆𝐷𝑁 .+) that undergoes 
degradation to yield mineralization products. 

 
Fig. 5. Linear least– squares fitted plots of ln(C/Co) versus irradiation time 

of the pseudo first–order kinetics for the visible– light photodegradation of 

SDN dye catalyzed by various compositions of the BINIVOX.x system. 

TABLE 3 

VARIATION IN THE RATE CONSTANT OF PHOTOCATALYTIC DEGRADA-

TION  OF SDN DYE AS A FUNCTION OF NI SUBSTITUTION 

IN BINIVOX CATALYST. 

 

 
 
 
 
 
 

 
The photocatalytic mechanism of SDN dye degradation using 
the BINIVOX.x catalyst under visible light irradiation is sug-
gested in Fig. 6. Initially, the nickel doping narrows the band 
gap of the photocatalysts to enhance visible light absorption 
[32]. The SDN dye molecules are then adsorbed onto the per-
ovskite vanadate layers as a result of a coulombic interaction 
between negatively charged oxygen atoms of the dye and 
equatorial oxygen vacancies available on the conduction band 
(CB). Under irradiated visible light energy , The mechanism 
suggests that excitation of the adsorbed SDN dye takes place 
by visible light absorption to the appropriate singlet or triplet 
states, subsequently followed by electron ejection from the 
excited dye molecule onto the conduction band, while the dye 
is converted into a cationic dye radical(𝑆𝐷𝑁 .+) that undergoes 

degradation to yield mineralization products. 
 

 

Fig. 6. Proposed mechanism of the SDN dye degradation by the BI-

NIVOX.x photocatalysts under visible light irradiation. 

 

 

4 CONCLUSION 

In presented study, a ternary–metal oxide with Aurivillius–

type structure, viz. BINIVOX.x system, has been developed as 

a photocatalyst for dyes degradation under visible light irra-

diation. It has been found that the partial substitution of V(V) 

in α– Bi4V2O11compound by Ni(II) leads to the stabilization of 

photocatalytically active β–phases exhibiting the higher effi-

ciency for the electron–hole generation and the lower recom-

bination rate of the electron–hole. The superior photocatalytic 

activity of  this stabilized β–phase were ascribed to its higher 

specific surface area, narrower band– gap energy, higher oxy-

gen –vacancy concentration in the perovskite– vanadate lay-

ers. Accordingly, These last interesting features confers to the 

stabilized β–BINIVOX system an efficient photocatalyst for the 

degradation of anionic azo dyes.  
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