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A B S T R A C T

The partial substitution of copper by antimony in Bi4V1.8Cu0.2O10.7 compounds leds to the solid solution 
Bi4V1.8Cu0.2-xSbxO10.7+3x/2 (0.00 ≤ x ≤ 0.20). X-ray diffraction and thermal analysis showed that for all com
positions, the obtained phases are isotype to the tetragonal γ or γ′ form of Bi4V2O11. The effect of Sb5+ doping on 
electrical conductivity was studied using electrochemical impedance spectroscopy in the temperature range 
200–700 ◦C. The changes in slope observed in the Arrhenius plots correspond to the structural transitions that 
occur within the material. The band gap was determined by DRS spectra, BiCuSbVOx materials have a very low 
gap band (1.77–1.80 eV) compared to parent phase Bi4V2O11 and the most of BIMEVOX semiconductor mate
rials. The band located around 860 cm− 1 in Raman spectroscopy is attributed to V–O bond and more especially to 
V–O2 bond.   

1. Introduction

The bismuth vanadate Bi4V2O11 is a member of the Aurivillius ho
mologous series (Bi2O2)(An-1BnO3n+1) with n = 1. Bi4V2O11 has been 
highlighted since the last 1980s because of their interesting electrical 
properties, in particular the conduction by oxygen ions O2− [1]. 

The crystal structure of de Bi4V2O11 is constituted by an interlayer 
growth (Bi2O2)2+ and pérovskite type layers (VO3.5)2-. Bi4V2O11 present 
three thermodynamically stable crystallographic polymorphs α, β et γ. 
When heating the phase α- Bi4V2O11 stable at room temperature, turns 
into β and then into γ - Bi4V2O11. This last form is characterized by a 
disorder of oxygen vacancies in the layers (VO3.5)2- [2,3]. This disorder 
is responsible for the high conductivity observed in this polymorph (0.2 
S. cm− 1 à 600 ◦C) [1]. Thus, for this reason, many studies have been
carried out in recent years to stabilize the most conductive γ - Bi4V2O11 
phase at room temperature, which led to the preparation of a new family
of compounds known by the acronym BiMeVOx with the de formula
Bi4V2-xMxO11-δ, obtained from the partial substitution of vanadium with
cations in the parent phase Bi4V2O11. These materials have several
interesting applications, such as their use in electrochemical oxygen
pumps, oxygen sensors, catalytic membranes or in fuel cells [4–6]. In
1990, Abraham et al. succeeded in stabilizing the γ-polymorph by

doping Bi4V2O11 with copper, resulting in a new solid solution BiCuVOx. 
In this system, the compound with a V5+ degree of substitution of 10% 
has the best electrical conductivity [7]. Some works concern the double 
substitution of V5+ ions by iso/aliovalent cations, the solid solutions are 
formulated by Bi4V1.8M0.2-xM’xO11 [8–12]. However, the mono- and 
bi-substituted phases can occur, at low temperatures, in the form of a 
pseudomorph of the γ-form, denoted γ’. Such phases can be obtained by 
the partial ordering of the anionic vacancies. The γ′ form has a lower 
conductivity and higher activation energy than those of the γ. On the 
other hand, the use of substituted BIMEVOX semiconductor materials is 
a method for improving the structural, microstructural, electrical, op
tical, and photocatalytic properties, which means their applicability to 
various fields. Due to its relatively narrow band gap (2.4–2.9 eV), bis
muth and vanadium oxide (Bi4V2O11) is a semiconductor that reacts 
with visible light and can absorb sunlight. Therefore, we can solve a very 
interesting environmental problem by the photocatalytic degradation of 
industrial pollutants from various factories (pharmaceutical, chemical, 
petrochemical …) The substitution by transition metals or rare earths in 
the mother phase Bi4V2O11 improves their optical absorption, reduces 
the band gap and makes them useable for photocatalytic applications. 

In the present work, the study of copper substitution in Bi4V1.8

Cu0.2O10.7 by Sb5+ cations is undertaken. Indeed, the monosubstituted 
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2. Experimental

During the synthesis process, the reagents Sb2O5 (Merck, 99.99%),
Bi2O3 (Merck, 99.5%), V2O5 (Merck, 99%) and CuO (Merck, 98%) are 
first dried, then weighed in stoichiometric proportions. The reaction 
mixture is then intimately ground in an agate mortar. The powder ob
tained is placed in a platinum crucible and heated for 24 h at 800 ◦C. The 
rate of temperature increase is about 5 ◦C/min. In order to obtain phases 
in a state of equilibrium at room temperature, a slow cooling to room 
temperature is carried out with a rate of 2 ◦C/min. Three heat treatments 
interspersed with grinding were sufficient to obtain pure phases. 

The powdered samples were characterized by X-ray diffraction using 
a Rigaku diffractometer, Smart Lab, using a copper anticathode (λKα =
1.5418 Å). Diffractograms were recorded for 2θ angles between 10 and 
70◦, using increments of 0.02◦. Lattice parameters were calculated using 
the Fullprof program (Dicvol 6). The γ phase was modeled in space 
group I4/mmm with approximate mesh parameters a = 3.93 Å and c =
15.54 Å. 

Structure refinement of Bi4V1.8Cu0.15Sb0.05O10.625 phase was carried 
out by Rietveld method using Fullprof-suite software. Data were 
modeled using a tetragonal mean subcell in space group I4/mmm with a 
starting model based on the structure of γ-BICOVOX with approximate 
cell dimensions a≈3.92 Å and c ~ 15.44 Å. 

Differential Thermal Analysis (DTA) experiments were conducted on 
all samples using a LABSYS Evo TGA 1600 analyzer. The temperature 
range spanned from 25 ◦C to 750 ◦C, employing a heating rate of 10 ◦C/ 
min. 

The synthesized powder was dispersed in dried potassium bromide 
KBr (99% KBr and 1% samples) and the mixture was compressed under 
vacuum to prepare pellets for infrared spectroscopy analysis. Using a 
Burker VERTEX 70 FTIR spectrometer in transmission mode, the pellets 
obtained were analyzed in the frequency range from 400 to 4000 cm-1. 

Raman scattering spectra of the pellet samples were captured using 
the Confotec MR520 spectrometer. An argon ionized laser emitting in 
the green at wavelength λ = 532 nm was used for these measurements. 

The electrical conductivity of the samples was evaluated using the 
Electrochemical Impedance Spectroscopy (EIS) technique. The mea
surements were conducted over a frequency range of 0.01–1 MHz using 
an AUTOLAB PGSTAT 302 instrument. A sinusoidal AC signal with an 
amplitude of 50 mV was applied to the samples. The experiments were 
carried out on sintered pellets with a relative density exceeding 90% 
under steady-state conditions. To prepare the pellets, they were initially 
heated to 830 ◦C and held at this temperature for 15 h. Platinum ink 
electrodes were then deposited on both flat surfaces of the pellets. 
Impedance measurements were recorded from 120 to 700 ◦C under dry 
air conditions, maintaining an isothermal plateau for 60 min. The ob
tained impedance spectra were subsequently analyzed using electrical 
equivalent circuits consisting of resistances and Constant Phase Ele
ments (CPE) connected in parallel. The parameters of the circuit ele
ments were determined through non-linear least-square fitting utilizing 
the Z.View software developed by Scribner Associates. 

The UV–visible diffuse reflectance spectra were acquired using a 
Jasco-770 spectrophotometer equipped with an integrating sphere ILN- 
925 for diffuse reflectance measurements. The reflectance data obtained 
were converted to absorbance values. The optical band gap was then 
determined from the absorbance data using the Tauc plot method, which 
involves applying Kubelka-Munk’s equation. 

For the ceramic study, the powder has been ground for 10 min then 
sieved with a 50 μm sieve and compacted by uniaxial manual pressing (1 
ton/cm2) into cylindrical pellets (8 mm diameter and about 2 mm thick). 
The obtained pellets were sintered at 800 ◦C for 10 h and cooled slowly 
to room temperature. 

In order to observe the microstructure using scanning electron mi
croscopy (SEM), the faces of the sintered pellets were carefully polished 
using SiC paper with grit sizes ranging from 1500 to 5000. The polished 
samples were then analyzed using a scanning electron microscope, 
specifically the VEGA3 LMU model. To highlight the grain boundaries, 
thermal etching was employed by subjecting the samples to a temper
ature of 750 ◦C around 20–30 min. 

3. Results and discussion

3.1. X rays diffraction characterizations

The X-rays patents recorded at room temperature related to the 
selected compounds de Bi4V1.8Cu0.2-xSbxO10.7+3x/2 (0.00 ≤ x ≤ 0.20), 
are reported on Fig. 1. The presence of an indexed singlet peak (110) at 
2θ ≈ 32◦, suggests the stabilization of the tetragonal structure of the γ - 
Bi4V2O11 polymorph at room temperature. Thus, the substitution of 
copper in Bi4V1.8Cu0.2O10.7 by Sb5+ stabilizes the high-temperature va
riety for all solid solution compositions Bi4V1.8Cu0.2-xSbxO10.7+3x/2□1.3- 

3x/2 (□ represents oxygen vacancies). Bi4V2O11 is a member of the 
Aurivillius 2(Bi2O2)2+(An-1BnO3n+1)2- family compounds, whose struc
ture consists of alternating fluorite-like (Bi2O2)2+ layers and perovskite- 
like (An-1BnO3n+1)2- blocks. In the case of Bi4V2O11 (n = 1), the 
perovskite-like layers are reduced to a layer of oxygen-deficient octa
hedra (VO3.5□0.5)2-, i.e. 2(Bi2O2)2+(VO3.5□0.5)2- (Bi4V2O11□1). In the 
case of substitution of V5+ by ions with lower valence, the chemical 
formula for BiMeVOx is therefore as follows Bi4MexV2-xO11-δ□1+δ. The 
quantities of oxygen vacancies in solid solutions have been calculated 
according to electrical charge neutrality, using the chemical formula 
Bi4CuxV2-xO11-3x/2□1+3x/2 (in the present case, x = 0.2, i.e. 
Bi4Cu0.2V1.8O10.7□1.3) and Bi4V1.8Cu0.2-xSbxO10.7+3x/2□1.3-3x/2 (in this 
family of compounds, 0.0 < x ≤ 0.2). 

The variations of the crystal lattice parameters as a function of the 
antimony content are reported in Fig. 2. The evolution of a and c pa
rameters is dependent on two factors involved during the substitution: 
the decrease of the ionic radius of the dopant (Sb5+ (r = 0.60 Å), Cu2+ (r 
= 0.74 Å) [14] and decrease of the level of anionic vacancies. It can be 
mentioned that at low dopant concentration (x = 0.1), a slight decrease 
in the volume of the lattice due to a significant contraction of the 
a-parameter compared to x = 0.0. Then, for increasing x, an increase of
the a parameter up to the composition x = 0.15 was observed and can be
explained by level of anionic vacancies which are located generally in
equatorial positions in BiMeVOx. In the case of x = 0.20 the decrease of
the a-parameter may be assigned to the effect of the dopant size which
becomes predominant. The same behavior was observed in the case of

Fig. 1. X rays diffraction patents of Bi4V1.8Cu0.2-xSbxO10.7+3x/2 phases (0.00 ≤
x ≤ 0.20). 

phases by copper and by antimony present high values of ionic con-
ductivity σ (Bi4V1.8Cu0.2O10.7) = 4.16 × 10−  2 S cm−  1 à 600 ◦C [6] and σ 
(Bi4V1.7Sb0.3O11) = 10−  2 S cm−  1 à 317 ◦C [13]. 
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substitution of Cu2+ ions by Al3+ ions in Bi4V1.8Cu0.2O10.7 where the 
variation of the parameter a was explained by the competition of the 
effects of dopant size and level of vacancies in the lattice [11]. The c 
parameter increases with the degree of substitution over the entire solid 
solution domain. This unexpected behavior cannot be explained on the 
basis of the effective ionic radii (r(Sb5+) < r(Cu2+)), so since the c-axis 
reflects the distance between the vanadate and bismuthate layers, such a 
trend seems to indicate the decrease of the interaction between these 
layers. The same behavior was observed for the Bi4V2-xGexO11-y solid 
solution where the size of Ge4+ ion is smaller than that of the V5+ ion 
[15]. 

Fitted XRD profile for Bi4V1.8Cu0.15Sb0.05O10.625 composition with a 
γ - phase structure, at ambient temperature is shown in Fig. 3. The 
refined unit cell parameters and the refined atomic parameters are given 
in Table 1. The Bi–O and V/M − O contact distances are shown in 

Table 2. The crystal structure obtained by the vesta software is given in 
Fig. 4. The structure is formed by intergrowth of a fluorite-like Bi2O2 
layer and a perovskite-like layer. In the crystallographic model adopted 
in this study, Bi shows three types of bond to O: the shortest one Bi–O1 in 
bismuthate layer (2.328 Å), and two longer bonds to oxygen atoms in the 
vanadate layer Bi–O2 (2.552 Å) and Bi–O3 (2.577 Å). M (V, Cu or Sb) 
shows two types of contact to O: M-O2 (1.671 Å) and M-O3 (2.027 Å). 
This result agrees with that of the Raman study, which shows only two 
bands corresponding to the vibration modes of M − O bonds. The dis
tance M-O2 is consistent with V5+ in a tetrahedral coordination (ri(V5+) 
+ ri(O2− ) ≈ 1.70 Å [14]) and the distance M-O3 is consistent with Cu2+

in octahedral coordination (ri(Cu2+) + ri(O2− ) ≈ 2.08 Å [14]).

3.2. Differential Thermal Analysis 

The DTA analysis was performed for the parent compounds Bi4V2O11 
and the Bi4V1.8Cu0.2-xSbxO10.7+3x/2 samples with compositions x = 0.05, 

Fig. 2. Evolution of the cell parameters and the lattice volume versus the x 
substitution ratio x in the solid solution solid Bi4V1.8Cu0.2-xSbxO10.7+3x/2. 

Fig. 3. Rietveld refined X-ray pattern of Bi4V1.8Cu0.15Sb0.05O10.625.  

Table 1 
Parameters and R-factors for Bi4V1.8Cu0.15Sb0.05O10.625 from the Rietveld 
refinement.  

Atom Valence Site x y z 

Bi1 3 4e 0.0000 0.0000 0.1687 
V1 5 2a 0.0000 0.0000 0.5000 
Cu1 2 2a 0.0000 0.0000 0.5000 
O1 − 2 4d 0.0000 0.5000 0.2500 
O2 − 2 16n 0.0000 0.1967 0.4041 
O3 − 2 16n 0.0000 0.4007 0.0222 
Sb1 5 2a 0.0000 0.0000 0.5000 

a = 3.919(1) Å c = 15.463(5) Å 
Z = 1. 
Number of Space group: 139. 
Space group: I4/mmm. 
Volume = 237.510(0) Å3. 
The density of the compound: 7.947. 
R factors Rp = 10.6% Rwp = 8.9% Rexp = 7.93%. 
χ2 = 0.988. 

Table 2 
The M − O bond distances found by the Rietveld 
refinement (M:Cu/Sb).  

bond length Distance (Å) 

(V/M)-(O2) 1.671(1) 
(V/M)-(O3) 2.027(1) 
(Bi)-(O1) 2.328(9) 
(Bi)-(O2) 2.552(9) 
(Bi)-(O3) 2.577(3)  
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0.10, 0.15 and 0.20. The results of the measurements are shown in Fig. 5. 
The existence of two endothermic peaks at 447 ◦C and 531 ◦C in the DTA 
curves can be observed for Bi4V2O11 are attributed to the α→β and β→γ 
transitions A single endothermic peak, with low intensity, was observed 
in the temperature around T = 458 ◦C for the material with x = 0.05. 
This phenomenon can be attributed to the γ’ → γ transition, while no 
thermal effects have been observed for the compounds with x = 0.10, 
0.15, and 0.20 (Fig. 5). The absence of any peak in the plot shows that 
these phases contain a low level of the γ′ pseudomorph. These results, 
which are in significant accord with the XRD results, indicate to the 
double substitution’s ability to stabilize the tetragonal form at room 
temperature. 

3.3. Infra-red spectroscopy measurements 

The FT-IR spectra recorded in the frequency range 1200–400 cm− 1 

for different compositions 0.00 ≤ x ≤ 0.20 and for the compound 
Bi4V2O11 are shown in Fig. 6. 

The characteristic bands of BiMeVOx are found in all spectra. The 
bands at 440 cm− 1 and 520 cm− 1 correspond to the ν (Bi–O) bond 
stretching vibrational mode of the bismuth layers in BiO6 octahedral 
units and the ν (Bi–O) stretching vibrational mode in distorted BiO6 
octahedral units, respectively, which is superimposed on the longitudi
nal stretching mode of V-OA (OA: represents the oxygen in apical posi
tion in VO3.5□0.5 layers. The bands around 735 cm− 1 and 817 cm− 1 have 

Fig. 4. Crystal structure of Bi4V1.8Cu0.15Sb0.05O10.625.  

Fig. 5. DTA curves of Bi4V2O11 and selected compounds x = 0.05, 0.10, 0.15, 
0.20 in the solid solution Bi4V1.8Cu0.2-xSbxO10.7+3x/2. 

Fig. 6. FT-IR spectra of the compounds Bi4V1.8Cu0.2-xSbxO10.7+3x/2 (0.00 ≤ x 
≤ 0.20). 
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––

ν = 21349 × exp(-1.9176 × R) (1) 

The V–O bond lengths, denoted by the letter R, calculated from 
Equation (1), are given in Table 4. The dependence of R on composition 
highlights the local changes affecting the V–O bond environment. For x 
≤ 0.15, it can be noticed that R has the same type of variation as the a 
and c lattice parameters as a function of composition. The increase of R 
can be explained by the decrease of the level of anionic vacancies and 
the increase of the vanadium coordination for increasing x. The value of 
V–O bond lengths obtained from Raman spectroscopy is the same ob
tained for the V–O2 distances from the crystallographic study, so we can 
also conclude from the results of the Rietveld refinement (Table 2) that 

the band located around 860 cm− 1 can be attributed to the vibration of 
the V–O2 bond in VO4 polyhedron in the crystallographic model 
adopted. 

3.5. Microstructure characterization by SEM images 

The SEM micrographs of the compounds Bi4V1.8Cu0.2-xSbxO10.7+3x/2 
with 0.00 ≤ x ≤ 0.20 are reported on Fig. 8. The morphology of the 
ceramics differs according to their composition. The SEM micrographs 
show well defined grains and well visible grain boundaries for all the 
ceramics studied. A relatively uniform grain size distribution is 
observed. The increase of the antimony degree of substitution is 
accompanied by a decrease of the grain size and an increase of the 
porosity which is located along the grain boundaries. Indeed, the sub
stitution of Cu2+ by Sb5+ is associated to a decrease in the level of 
anionic vacancies which leads to a decrease in the diffusion of ions. The 
substitution ratio x = 0.05 seems to be the optimal composition which 
allows both grain growth and better densification. 

3.6. Ionic conductivity measurements 

The Electrochemical Impedance Spectroscopy (EIS) analysis were 
carried out on pellets sintered at 800 ◦C for 10 h in air. The studied 
samples have a relative density of about 89%. Fig. 9 shows typical 
impedance diagrams for the Bi4V1.8Cu0.2-xSbxO10.7+3x/2 solid solution. 
The impedance diagrams in the Nyquist plane consist of a single 
depressed semicircle for all compositions studied. Unlike most materials 
with oxygen ion conductivity that exhibit two semicircular contribu
tions, the EIS diagrams are characterized by a single arc that reflects an 
overlapping effect of both grain interior and grain boundary contribu
tions. A straight line is observed at low frequencies corresponding to the 
phenomenon of polarization of the electrode due to ion blocking process 
at the noble metal surface. This is the reason why an equivalent circuit 
based on a R//CPE elements associated with a low frequency Warburg- 
type impedance has been selected for data modelling (see insert Fig. 9). 

Table 3 
Bi–O and V–O infrared vibrational frequencies.  

Composition Bi–O (cm− 1) Bi–O/V-OA (cm− 1) V–O (cm− 1) V–O (cm− 1) 

0.00 428.63 520.01 733.60 – 
0.05 439.58 523.11 735.06 815.68 
0.10 436.47 524.57 730.50 820.06 
0.15 425.53 516.91 730.50 – 
0.20 419.33 520.02 753.67 823.34  

Fig. 7. RAMAN spectra of the compounds Bi4V1.8Cu0.2-xSbxO10.7+3x/2 (0.00 ≤ x 
≤ 0.20). 

Table 4 
The V–O bond distances estimated from Raman bands.  

x ν (cm− 1) R (Å) 

0.00 859 1.6755 
0.05 863 1.6731 
0.10 861 1.6743 
0.15 858 1.6761 
0.20 854 1.6785  

been assigned to the symmetrical stretching vibration vs(V–O) and to the 
asymmetrical stretching vas(V–O) respectively [13]. These latter bands 
are wider than those observed for the parent compound Bi4V2O11. This 
indicates crystallographic disorder in the BiCuSbVOx system that 
evolves with the doping level. Examination of the FT-IR spectra show 
that some bands shift to low or high frequencies, while others disappear 
completely from the spectrum depending on the composition as shown 
in Table 3. These observations confirm the substitution of copper by 
antimony. Thus the absence of the vas(V–O) band for some compositions 
(Table .3), suggests a high degree of crystallographic disorder as pre-
viously observed in the case of the compounds BiTiNbVOx [15,16]. 

The vs(V–O) and vas(V–O) bands are clearly defined for the com-
pound Bi4V2O11, indicating an ordered crystal structure. However, for 
the BiCuSbVOx system, the broadening of the vs (V–O) band indicates a 
disorder in the network confirmed by the near disappearance of the vas 
(V–O) band in the spectrum for some compositions (x = 0.00 and x = 
0.15). 

3.4. Raman spectroscopy analysis 

The Raman spectra measured at room temperature for the com-
pounds Bi4V1.8Cu0.2-xSbxO10.7+3x/2 in the substitution range 0.00 ≤ x ≤ 
0.20 are reported in Fig. 7. The signals between 300 and 860 cm−  1 are 
associated to V–O modes, including bending (360–369 cm−  1), sym-
metric stretching (ca. 500 cm−  1) and asymmetric stretching (600–860 
cm−  1) vibrations. 

All spectra show a similarity of some overlapping bands in the 
spectral range of 600–900 cm−  1 as dominant characteristic bands. The 
main Raman bands in this region, have been attributed to symmetric and 
asymmetric stretching vibrations of the V–O bonds in the VO4 poly-
hedra. For the compositions x = 0.15 and x = 0.20, the appearance of a 
band around 922 cm−  1 which becomes visible for an increasing anti-
mony content can be noticed. This band can be attributed to short V O 
terminal bond elongation vibrations [17–19]. 

Raman spectroscopy measurements was used to estimate the V–O 
bond length (R (Å)) from Raman spectra in the frequency range 
400–1200 cm−  1. For this purpose, an empirical equation, established by 
Hardcastle and Wachs [20], was applied. 

From a large number of experimental data for compounds containing 
V–O bonds, Hardcastle and Wachs correlated Raman frequencies with 
V–O bond lengths in vanadium oxide compounds. The method uses the 
diatomic approximation, which assumes that each separate metal- 
oxygen bond vibrates independently of the crystal lattice. The associ-
ated relation is as follows:  
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It can be observed that the modification of the antimony content leads to 
a shift in the plots and a change in the diameters of the semicircles. 

The logarithm of conductivity versus the reverse of the working 
temperature log (σ) = f (1000/T) is given in Fig. 10 for different com
positions. The samples show straight lines of the Arrhenius type ac
cording to a thermally activated process. A change in slope is observed 
in the temperature range between 495 and 527 ◦C, which can be related 
to the γ→γ′ order/disorder transformation [21]. This result is in good 
agreement with those of XRD and DTA. It is clear that the double sub
stitution of vanadium by copper and antimony increases the stability 
range of the γ phase to lower temperatures at the expense of the less 
conductive γ′ phase (Table 5). In the high temperature range, a decrease 
in conductivity is observed for increasing copper substitution rates 
(Table 5). This behavior may be related to the decrease in the rate of 
oxygen vacancies that contribute in O2− ionic transport, therefore 

Bi4V1.8Cu0.2O10.7 shows the best conductivity at high temperature 
(σ600◦C = 2.19 10− 2 S/cm). In addition, the microstructure of ceramics 
can also affect the conductivity. Indeed, in polycrystalline compounds, 
increasing grain size often decreases the contribution of grain bound
aries to resistivity and thus favors oxygen vacancy transport [22]. For 
this purpose, the SEM micrographs (Fig. 8) corresponding to the com
positions x = 0.00, x = 0.05 and x = 0.10, presenting less porosity and 
larger grains, are therefore, more conductive at high temperatures. At 
low temperature, the conductivity is significantly higher for the doubly 
substituted phases than for the monosubstituted phases Bi4V1.8

Cu0.2O10.7 and Bi4V1.8Sb0.2O11 (Table 5). This result highlights the role 
of double substitution in creating disorder in the crystal lattice. A 
comparison of the conductivity of the BiCuSbVOx double-substituted 
phases with that of the reference electrolyte used so far, the yttria sta
bilized zirconia YSZ [23] shows that these ceramic compounds perform 

Fig. 8. SEM micrographs of selected compounds Bi4V1.8Cu0.2-xSbxO10.7+3x/2 with x = 0.00, 0.05, 0.10, 0.15 and 0.20.  
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better. 
Furthermore, the evolution of the half-value width (FWHM) of the 

band located around 500 cm− 1 in the FT-IR spectra and that of the 
activation energy at low temperature are represented in Fig. 11. The 
FWHM increases with the degree of substitution x which confirms that 
the oxygen environment is changed upon substitution. Thus, the width 
at the midpoint of the band informs about the increase in the local 
disorder of the oxygen atoms of the Bi–O bond. This highlights the effect 
of substitution in the perovskite layers on the Bi–O bonds and shows that 
the BiO6 and VO6 units do not vibrate independently of each other. A 

similar behavior in the case of the solid solution BiCuAlVOx have been 
observed [12]. Furthermore, the half-value width of this band and the 
activation energy for the doubly substituted BiCuSbVOx phases vary in 
opposite directions as a function of the antimony content. Assuming that 
this band can be assigned to the Bi-OA/V-OA vibrations, the disorder in 
the position of the apical oxygen OA (O2 in the crystallographic model) 
can contribute to the band broadening. 

3.7. UV–vis diffusion reflectance spectra (DRS) 

Fig. 12-a shows the DRS spectra of the synthesized BiCuSbVOx 
powder samples in the 200–700 nm wavelength range. The results 
indicated that the BiCuSbVOx samples (0.00 ≤ x ≤ 0.15) show an ab
sorption edge at ≈ 470 nm. Furthermore, the light absorption intensity 
of the BiCuSbVOx was found to be maximal for the compound with 
composition x = 0.10, indicating significant absorption in the UV–vi
sible light ranges. 

The characteristics of the optical inter-band transition and the values 
of optical band energy gap (Eg) were determined by the Tauc’s using Eq. 
(2) [24].

А.h.ν = A (hν-Eg)n/2 (2) 

Where α, υ,h, A, and Eg stand for absorption coefficient, light frequency, 
Planck constant, absorption constant and bandgap energy, respectively. 
In this equation, n is governed by the kind of optical transition charac
teristics of the semiconductor (generally, n = 1/2 for a direct transition 
and n = 2 for an indirect transition), n = 1/2 for this study. 

Fig. 9. Typical Nyquist diagrams of ceramic compounds Bi4V1.8Cu0.2- 

xSbxO10.7+3x/2 recorded at 300 ◦C, under air. The numbers inside are the fre
quencies logarithm. The selected equivalent circuit is also inserted in the figure. 

Fig. 10. Ionic conductivity Arrhenius plots of Bi4V1.8Cu0.2-xSbxO10.7+3x/2 
compounds and YSZ (as reference material). 

Table 5 
Ionic conductivity values and activation energy of the Bi4V1.8Cu0.2-xSbxO10.7+3x/ 

2 ceramics.  

x σ600◦C (S.cm− 1) σ300◦C (S.cm− 1) EaHT(eV) 
T > 600K 

EalT(eV) 
T < 600K 

Tγ-γ’ (◦C) 

0.00 2.19 × 10− 2 1.13 × 10− 6 0.74 1.42 523 
0.05 1.392 × 10− 2 1 × 10− 4 0.71 0.94 454.27 
0.10 9.53 × 10− 3 1.33 × 10− 4 0.31 0.82 441.28 
0.15 8.9 × 10− 3 1.2 × 10− 4 0.31 0.71 441.28 
0.20 1.64 × 10− 3 1.07 × 10− 5 0.56 0.68 527  

Fig. 11. Evolution of the activation energy and of the width at half-height of 
the IR band located at 500 cm− 1 as a function of x substitution ratio in the 
family compounds. 
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In the plots of (αhυ)1/2 vs Eg (Fig. 12-b), the tangents to these curves 
intercept the X axis at the values of band gap energies between 1.77 and 
1.80 eV. 

Compared to Bi4V2O11 (Eg = 2.86 eV) [25], 
Bi4V1.8Cu0.2-xSbxO10.7+3x/2 (x = 0.00) exhibits the highest absorption 
and lowest Eg value (for Bi4V1.8Cu0.2O10.7(x = 0.00), Eg = 1.77 eV). 
Which may be due to oxygen vacancies created when V5+ ions are 
replaced by Cu2+ ions in the Bi4V2O11 lattice, which can produce in
termediate defect energy levels in the band gap. 

For Bi4V1.8Cu0.2-xSbxO10.7+3x/2, the values of Eg increase when the 
concentration of Sb5+ doping increases, sample with x = 0.00 has a low 
Eg, this value may be the reason why this compound has à highest 

conductivity value compared to other samples. The transition of elec
trons from the valence band (VB) to the conduction band (CB) was 
slowed down by the intermediate energy levels, resulting in a narrowing 
of the band gap. Because of the restricted band gap, BiCuSbVOx may be 
photoexcited to produce more photoinduced charge transport carriers 
when exposed to visible light, which can result in enhanced photo
catalytic activity. It is clear that photocatalytic degradation performance 
would be improved by substitution compared to Bi4V2O11 [26]. 

4. Conclusion

The objective of the present study was the development and

Fig. 12. DRS spectra of BiCuSbVOx in the range 200–700 nm and (b) The calculated band gap with the help Tauc plot.  
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characterization of the series of low dimensional compounds 
Bi4V1.8Cu0.2-xSbxO10.7+3x/2 by substitution of copper (II) with antimony 
(V) in the compound Bi4V1.8Cu0.2O10.7. The stabilization at room tem-
perature, of the tetragonal variety has been demonstrated throughout 
the compositional range 0.00 ≤ x ≤ 0.20. The change in conductivity
values as a function of composition, is in good agreement with the level
of anionic vacancies and the microstructure of the ceramics studied. The
compositions x = 0.00, x = 0.05 and x = 0.10 show the best micro-
structural and electrical properties. Moreover, in the whole range of
studied temperature, the double substitution of vanadium by copper and
antimony leads to a significant improvement of the conductivity 
compared to the two compounds mono-substituted with copper (x =
0.00) and antimony (x = 0.20). The DRS spectra show that the
BiCuSbVOx solid solution as a function of x has a weak band gap in the
range of 1.77 eV ≤ Eg ≤ 1.80 eV. Overall, it can be concluded that the 
microstructural, optical and electrical properties of Bi4V1.8Cu0.2O10.7 are
improved by the partial substitution of Cu2+ by Sb5+.
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