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A B S T R A C T   

A high entropy dopant approach has been used to prepare a new BIMEVOX ceramic system, Bi2V1- 

x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2. Structures were investigated using a combination of X-ray and neutron 
powder diffraction, with electrical characterisation by A.C. impedance spectroscopy. A γ-type phase is observed 
at room temperature over the compositional range 0.10 ≤ x ≤ 0.30, the upper limit of which is beyond that seen 
for all the single substituted systems based on these substituents, apart from BIMGVOX. No stabilisation of the 
fully disordered γ-phase is seen at room temperature over this compositional range, with only the incom-
mensurately ordered γ’-phase evident below around 450 ◦C. Changes in defect structure are used to explain an 
apparent transition in the compositional variation of lattice parameters. The HE dopant approach has no 
detrimental effect on ionic conductivity, with values comparable to those of the single substituted systems based 
on the component oxides.   

1. Introduction 

There has been much recent interest in so called “High Entropy” (HE) 
stabilised materials. These materials consist of multiple components 
(typically four or more) in equimolar fractions yielding single phase 
materials, with stabilisation proposed to occur as a result of high 
configurational entropy in the system. First identified in metallic alloys 
[1–6], the HE approach offers a wide compositional space for new ma-
terials discovery, with some of these materials exhibiting enhanced 
physical properties such as magnetic, electrical and mechanical (hard-
ness) [7]. In 2014, Murty et al. [8] proposed the existence of analogous 
HE systems in ceramics and polymers and in 2015 Rost et al. [9] were 
the first to successfully obtain an HE multicomponent single phase oxide 
in the system Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O, which exhibited the rocksalt 
structure. More recently, other groups have synthesised HE perovskites, 
[10] fluorites [11,12] and spinels [13]. Recent progress in this area has 
been reviewed by Zhang and Reece [14]. 

In HE oxides, as opposed to metallic alloys, the enhancement of 
configurational entropy is limited to the cation sublattice. Moreover, it 
has been shown for example in the ABO3 perovskite systems that the 
multicomponent nature can be limited further, in that case to the B- 
cation sublattice [10]. It is clear from the work carried out to date, that 

high configurational entropy is only one factor in determining whether a 
single phase will form and many other factors are also very important. 
These include relative ionic radii, enthalpy of mixing or a preference for 
a particular cation to adopt a particular structural arrangement, leading 
to it dictating the structure adopted by the other components [15]. 

Oxides that show a massively defective anion sublattice are of in-
terest as electrolyte materials for a variety of electrochemical devices, 
due to their high oxide ion conductivity. In these systems there is an 
intrinsically high configurational entropy, associated with the defective 
oxide ion sublattice. Partial substitution within the cation sublattice, by 
subvalent cations, is often used to increase vacancy concentration and 
hence configurational entropy and can lead to stabilisation of high 
symmetry highly disordered phases. Additionally, in the case of ionic 
conductors, increase in configurational entropy has a direct effect on 
conductivity through an increase in the entropy component of the pre- 
exponential factor in the Arrhenius equation for ionic conductivity. 
The BIMEVOXes [16] represent such a system and are based on isovalent 
or aliovalent substitution of V5+ and or Bi3+ in Bi4V2O11-δ (note: the 
value of δ is a measure of the degree of vanadium reduction and can vary 
significantly with preparation conditions [17]). The parent compound, 
Bi4V2O11-δ, can be described as a layered Aurivillius type structure 
consisting of alternating layers of [Bi2O2]n

2n+ and [VO3.5]n
2n-. Three main 
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Fig. 1. Fitted diffraction profiles for Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.305-δ at (a-c) 25 ◦C and (d-f) 700 ◦C, showing fits to (a and d) neutron back scattering, (b 
and e) neutron 90◦ and (c and f) X-ray data. Observed (red + symbols), calculated (green line) and difference (magenta line) profiles are shown. Reflection positions 
are indicated by markers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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polymorphs are observed over different temperature ranges on heating 
and are differentiated by different degrees of order viz.: the monoclinic 
α-phase (originally thought to be orthorhombic) at room temperature, 
the orthorhombic β-phase between ca. 447 and 567 ◦C and the tetrag-
onal γ-phase above ca. 567 ◦C [18]. It is the fully disordered γ-phase that 
shows exceptionally high oxide ion conductivity. Work has focused on 
stabilising the γ-phase to room temperature, most notably through 
partial substitution of V5+ by divalent cations such as Cu2+, Mg2+, Ni2+, 
Co2+ and Zn2+ in solid solutions of general formula Bi2V1-xMxO5.5-3x/2-δ 
[19–29]. While very high oxide ion conductivities have been achieved at 
low temperatures, in the order of 10− 3 S cm− 1 at 300 ◦C [30], high 
temperature conductivities are generally lower than in the γ-phase of the 
parent compound due to trapping of oxide ions/vacancies in the coor-
dination environment of the substituent cation. Additionally, at lower 
temperatures the γ-type BIMEVOXes exhibit incommensurate super-
lattice ordering of the oxide sublattice and this ordered phase has been 
termed γ’ [25,31]. Thus, the fully disordered γ-phase is metastable at 
low temperatures. 

In the present study, we investigate the possibility of using a “High 
Entropy” dopant approach to stabilise the γ-phase to low temperature in 
a BIMEVOX system. The investigation sought to answer two main 
questions: firstly does the enhanced configurational entropy allow for 
stabilisation of the fully disordered γ-phase rather than the ordered 
γ’-phase and hence yield an improvement in low temperature conduc-
tivity; secondly can the stability range of the γ-type phases be extended 
to lower levels of overall substitution and hence yield compositions with 
fewer defect traps and higher conductivity? For this study four 
substituting cations, Mg2+, Cu2+, Ni2+ and Zn2+ were chosen because of 
their known ability to form BIMEVOXes [19–29] and their similar ionic 
radii (r = 0.72, 0.73, 0.69, 0.74 Å in six coordinate geometry for Mg2+, 
Cu2+, Ni2+ and Zn2+, respectively [32]). 

2. Experimental 

2.1. Preparations 

Polycrystalline samples of Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/ 

2-δ (0.05 ≤ x ≤ 0.40) were prepared by conventional solid state reaction 
from the parent oxides. Stoichiometric amounts of Bi2O3 (Sigma Aldrich, 
99.9%), V2O5 (Sigma Aldrich, 99.6%), MgO (Sigma Aldrich, ≥ 99%), 
CuO (Reachim, ≥ 99%), NiO (BDH, ≥ 99%) and ZnO (POCH, ≥ 99%) 
were ground together in ethanol using a planetary ball mill. After dry-
ing, the powders were heated to 650 ◦C for 24 h and then cooled to room 
temperature. After regrinding, pellets of approximate dimensions 10 
mm diameter and 3 mm thickness were pressed uniaxially at a pressure 
of 400 MPa. The pellets were sintered for 5 h at temperatures ranging 
from 800 ◦C to 840 ◦C, depending on the value of x (840 ◦C for x ≤ 0.07, 
820 ◦C for 0.10 ≤ x ≤ 0.19, 800 ◦C x > 0.19, with values based on 
thermal analysis and density measurements). Samples were then cooled 
over a period of approximately 5 h to room temperature. 

2.2. Diffraction 

Room temperature X-ray powder diffraction data were collected on a 
PANalytical Empyrean diffractometer fitted with a PIXcel3D-Medipix3 
area detector using Ni-filtered Cu-Kα radiation. Measurements were 
made in flat plate θ/θ geometry, over the 2θ range 5–125◦, in steps of 
0.013◦, with an effective scan time of 250 s per step. Elevated temper-
ature measurements were made using an Anton Paar HTK-1200 camera 
mounted on a Philips X’Pert Pro diffractometer, fitted with an X’Celer-
ator detector, using Ni-filtered Cu-Kα radiation in flat plate θ/θ geom-
etry. Data were collected at selected temperatures from ca. 25 to 700 ◦C 
in the 2θ range 5–105◦, in steps of 0.0334◦, with an effective scan time of 
200 s per step at room temperature and at 700 ◦C, with shorter scans of 
50 s per step at intermediate temperatures. 

Neutron powder diffraction data for the x = 0.13 composition were 
collected on the Polaris diffractometer at the ISIS Facility at the 

Table 1 
Crystal and Refinement Parameters for Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.305-δ at 25 ◦C and 700 ◦C. Standard deviations are given in parentheses.  

Temperature 25 ◦C 700 ◦C 

Chemical formula Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.279 Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.243 

δ 0.0256 0.0623 
Formula weight 553.70 g mol− 1 553.08 g mol− 1 

Crystal system Tetragonal Tetragonal 
Space group I4/mmm I4/mmm 
Unit cell dimensions a = 3.92523(3) Å 

c = 15.4927(2) Å 
a = 3.98284(5) Å 
c = 15.6059(2) Å 

Volume 238.703(6) Å3 247.557(9) Å3 

Z 2 2 
Density (calc.) 7.704 g cm− 3 7.420 g cm− 3 

Sample description Brick-red powder Brick-red powder 
R-factorsa (a) Neutron backscattering: 

Rwp = 0.0294, Rp = 0.0434 
Rex = 0.0083, RF

2 = 0.1431 
(b) Neutron low angle: 
Rwp = 0.0360, Rp= 0.0510 
Rex = 0.0051, RF

2= 0.1288 
(c) X-ray: 
Rwp= 0.0740, Rp= 0.0596 
Rex = 0.0147, RF

2 = 0.1352 
(d) Totals: 
Rwp= 0.0472, Rp= 0.0495 

(a) Neutron backscattering: 
Rwp = 0.0158, Rp = 0.0227 
Rex = 0.0087, RF

2 = 0.1511 
(b) Neutron low angle: 
Rwp = 0.0186, Rp= 0.0223 
Rex = 0.0054, RF

2= 0.1651 
(c) X-ray: 
Rwp= 0.0740, Rp= 0.0495 
Rex = 0.0270, RF

2 = 0.1670 
(d) Totals: 
Rwp= 0.0219, Rp= 0.0478 

χ2 25.78 6.850 
Total no. of variables 93 93 
No. of profile points used 3153 (neutron backscattering) 

1826 (neutron low angle) 
8379 (X-ray) 

3153 (neutron backscattering) 
1826 (neutron low angle) 
2609 (X-ray) 

No. of reflections 275 (neutron backscattering) 
258 (neutron low angle) 
154 (X-ray) 

285 (neutron backscattering) 
265 (neutron low angle) 
123 (X-ray)  

a For definition of R factors see Larson and Von Dreele [33]. 
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Rutherford Appleton Laboratory, UK. The sample was loaded into an 11 
mm diameter vanadium can and placed inside an evacuated furnace. 
Data collected on back-scattering (average angle 146.72◦) and 90◦

(average angle 92.5◦) data banks, corresponding to the approximate d- 
spacing ranges 0.05–2.65 Å and 0.1–4.1 Å, respectively, were used in 
structure refinement. Measurements were performed at room tempera-
ture and at 50 ◦C intervals from 300 ◦C to 700 ◦C. Collection times 
corresponding to total proton beam currents of 200 μA h were made at 
room temperature and at 700 ◦C to allow for detailed structural char-
acterisation, with shorter collections of 30 μA h at other temperatures. 

Structure refinement was carried out by Rietveld whole profile fitting 
of X-ray data sets, and in the case of the x = 0.13 composition a com-
bination of X-ray and neutron data sets, using the program GSAS [33]. 
The α-phase was modelled in the monoclinic space group C2/m with 
approximate lattice parameters a = 5.60 Å, b = 15.37 Å, c = 16.60 Å, β =
89.96◦ [34], the β-phase in space group Amam with approximate lattice 
parameters a = 11.08 Å, b = 5.59 Å, c = 15.41 Å [35] and the γ-phase in 
space group I4/mmm with approximate lattice parameters a = 3.93 Å, c 
= 15.54 Å [36]. Fitted diffraction profiles for the x = 0.13 composition 
at 25 ◦C and 700 ◦C are given in Fig. 1, with the corresponding crystal 
and refinement parameters given in Table 1. 

2.3. Electrical measurements 

A.C. impedance spectroscopy was used to assess electrical behaviour 
with a Solartron 1255/1286 system. Platinum electrodes, sputtered by 
cathodic discharge, were applied to rectangular sample blocks (ca. 2 × 3 
× 5 mm3) cut from slow cooled sintered pellets using a diamond saw. 
Spectra were recorded automatically, over the frequency range 1 Hz to 5 
× 105 Hz, over two cycles of heating and cooling at stabilised temper-
atures in the approximate range 200 to 800 ◦C. The consistency of 
measurements was monitored throughout and if above a preset drift 
tolerance of 2%, were repeated until consistency was achieved or a 
maximum number of 25 repeats had been reached. To examine the 
separate contributions of intragrain and intergrain conductivity at low 
temperatures, additional measurements were performed for selected 
samples (x = 0.13 and 0.16) over a wider frequency range from 0.01 Hz 
to 10 MHz, using a Solartron 1260 Impedance/Gain Phase Analyser and 
a Keithley 428 Current Amplifier as previously described [37]. Spectra 
were recorded over the temperature range 80–600 ◦C on heating and 
cooling. The impedance spectra were analysed by means of non-linear 
least-squares fitting of an equivalent circuit using the computer pro-
gram FIRDAV [38]. 

Fig. 2. Detail of X-ray diffraction data for studied compositions in the system 
Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ. The tetragonal γ-type phase is seen 
in the compositional region 0.10 ≤ x ≤ 0.30. 

Fig. 3. Compositional variation of (a) a and b mean cell parameters, (b) c mean 
cell parameter and (c) mean cell volume. Error bars are smaller than the 
symbols used. 
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3. Results and discussion 

3.1. Structure 

Fig. 2 shows the room temperature X-ray diffraction patterns for 
compositions in the series Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ. 
Bragg peaks characteristic of BIMEVOX phases are observed in all pat-
terns, but that for the x = 0.40 composition contains additional peaks 
attributable to Bi8V2O17 [39], indicating that this composition lies 
beyond the solid solution limit. Further discussion is therefore restricted 
to compositions with x ≤ 0.30. At x ≤ 0.05 the peaks are attributable to 
the α-phase and are best modelled with a monoclinic structure, as 
described by Joubert et al. in space group C2/m [34]. At x = 0.07, the 
structure is that of the orthorhombic β-phase (space group Amam), while 
in the compositional range 0.10 ≤ x ≤ 0.30 the structures are tetragonal, 
corresponding to a γ-type phase (space group I4/mmm). The composi-
tional lower limit of x = 0.10 for the existence of the γ-type phase is in 
line with the values observed in the single substituted systems BIMG-
VOX, BICUVOX, BINIVOX and BIZNVOX [22–24,27–29]. However, the 
upper compositional limit for the existence of the γ-type phase is above 
the observed limits for BICUVOX, BINIVOX and BIZNVOX and is com-
parable to the upper limit seen in the Mg substituted system [22]. The 
value of x = 0.30 is close to the theoretical solid solution limit for 
substituent cations with preferred tetrahedral geometry [40]. To allow 
for comparison of the lattice parameters of the different structures of the 
BIMEVOX phases, the unit cell parameters were converted into the 
equivalent mean cell parameters [20,34,41]. 

amean = bmean = aγ
̅̅̅
2

√
; cmean = cγ (1)  

amean = bβ

/2; bmean = aβ; cmean = cβ (2)  

amean = cαsinβ /3; bmean = aαsinβ; cmean = bα (3) 

The compositional variation of mean cell lattice parameters at room 
temperature is shown in Fig. 3. The difference between the a and b mean 
cell parameters decreases from x = 0.00 to x = 0.07 as the structure 
approaches tetragonal symmetry at x = 0.10. There is a general 
increasing trend in the layer dimensions (a and b mean cell parameters) 
with increasing x-value, with a small but significant step between x =
0.16 and 0.19. The c-axis parameter also shows a general increasing 
trend, with two linear regions which meet between x = 0.16 and 0.19. 
There is also a general increase in unit cell volume with increasing x- 
value, with the plot showing a step between x = 0.07 and 0.10, as the 
structure evolves from the orthorhombic β-phase to the tetragonal γ-type 
phase. Additionally, there is a change in slope in unit cell volume at 

Fig. 4. Detail of the neutron diffraction patterns (back scattering data) for 
Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.305-δ (x = 0.13) at 25 ◦C and at 700 ◦C. 
Superlattice peaks are indicated by asterisks. 

Fig. 5. Thermal evolution of tetragonal lattice parameters in Bi2V0.87(Mg0.25-

Cu0.25Ni0.25Zn0.25)0.13O5.305-δ (x = 0.13) showing (a) a-parameter, (b) c- 
parameter and (c) cell volume. Error bars are smaller than the symbols used. 
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around x = 0.19. This general increasing trend in volume is consistent 
with the substitution of the small vanadium V5+ cations (r = 0.54 Å in six 
coordinate geometry [32]) by the larger divalent cations. 

Detail of the neutron diffraction patterns for the x = 0.13 composi-
tion at room temperature and at 700 ◦C is shown in Fig. 4. Additional 

superlattice peaks characteristic of the incommensurately ordered γ 
′-phase are evident in the diffraction pattern at room temperature and 
are absent in the pattern at 700 ◦C which corresponds to the fully 
disordered tetragonal γ-phase. The thermal evolution of the tetragonal 
lattice parameters is shown in Fig. 5. The a and c parameters show two 
linear regions of thermal expansion, with a clear transition around 
500 ◦C corresponding to the γ’ ↔ γ transition. On heating, there is a step 
up in the a-parameter at the transition temperature, while the c- 
parameter shows a step down. These steps appear to compensate each 
other such that the thermal evolution in unit cell volume appears 
continuous, with only a change in slope at the transition temperature. 
The larger volume of the high temperature phase, compared to that 
expected from a simple linear expansion of the room temperature phase, 
is consistent with the greater disorder of the γ-phase. Interestingly, there 
is a small degree of thermal hysteresis associated with the transition 
evident in the plots of the a and c parameters. 

The structure of the γ’-phase was modelled using a tetragonal subcell 
model based on the disordered structure of the γ-phase. Although this 
approach ignores the superlattice reflections, it does give a fairly accu-
rate picture of the average structure [23,36]. The refined structural 
parameters for the x = 0.13 composition at 25 and 700 ◦C are given in 
Table 2, along with significant contact distances. No gross structural 
changes are evident between the two temperatures. There is a small 
change in the distribution of oxide ions between O(2) and O(4) sites as 
well as a small decrease in the O(3) site occupancy, indicative of a small 
degree of reduction at 700 ◦C. 

The bismuth atoms show four pyramidal coordination geometry, 
with four short bonds of around 2.3 Å to O(1). This type of asymmetric 
coordination geometry is typical for the Bi3+ cation, which exhibits 
stereochemical activity of the Bi 6s2 lone pair. As we have previously 
described, the Bi 6s2 lone pairs point towards each other through the 
vanadate layer [42]. 

Oxide ions are distributed over three distinct sites in the vanadate 
layer. The O(2) and O(4) sites are coordinated to a single metal cation in 
the vanadate layer and may be considered to be apical. In fact O(4) 
shows relatively short contact distances to Bi in the bismuthate layer of 
around 2.6 Å, leading to stronger interaction between the vanadate and 
bismuthate layers. The inter-site contact distances between O(2) and O 
(4) preclude simultaneous occupation. Free refinement of the occu-
pancies of these sites led to [O(2) + O(4)]:M ratios close to 2 and in the 
final refinements a total occupancy constraint was applied such that the 
[O(2) + O(4)]:M ratio was equal to 2. The oxygen atoms in the O(3) site 
are coordinated to two neighbouring cations in the vanadate layer and 
may be described as equatorial. Since the model contains the maximum 
number of oxygen atoms in the O(2) and O(4) apical positions, all va-
cancies can be considered to be located on the O(3) site, i.e. in equatorial 
positions. 

Careful analysis of the site occupancy ratios and inter-site contact 
distances, allows for possible coordination environments for the cations 
in the vanadate layer to be derived (Fig. 6). Fig. 6b shows a possible six- 

Table 2 
Final refined atomic parameters and significant contact distances (Å) for 
Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.305-δ.  

Atom Site x y z Occ. Uiso (Å2) 

(a) Fractional coordinates, site occupancies and Isotropic thermal parameters at 25 ◦C. 
Bi(1) 4e 0.0 0.0 0.16885 

(4) 
1.0 0.0224 

(4) 
V 2b 0.5 0.5 0.0 0.87 0.062(2) 
Mg/Cu/Ni/ 

Zn 
2b 0.5 0.5 0.0 0.0325 0.062(2) 

O(1) 4d 0.0 0.5 0.25 1.0 0.0241 
(4) 

O(2) 4e 0.5 0.5 0.1082 (6) 0.311 
(8) 

0.067(2) 

O(3) 8g 0.5 0.0 0.0296(3) 0.320 
(6) 

0.070(3) 

O(4) 16n 0.5 0.3043 
(21) 

0.0923(4) 0.172 
(2) 

0.067(2)   

(b) Fractional coordinates, site occupancies and Isotropic thermal parameters at 
700 ◦C 

Bi(1) 4e 0.0 0.0 0.16908 
(5) 

1.0 0.0447 
(6) 

V 2b 0.5 0.5 0.0 0.87 0.185(6) 
Mg/Cu/Ni/ 

Zn 
2b 0.5 0.5 0.0 0.0325 0.185(6) 

O(1) 4d 0.0 0.5 0.25 1.0 0.0475 
(6) 

O(2) 4e 0.5 0.5 0.1055 (5) 0.289 
(7) 

0.076(1) 

O(3) 8 g 0.5 0.0 0.0306(3) 0.311 
(7) 

0.129(4) 

O(4) 16n 0.5 0.3116 
(17) 

0.0929(3) 0.178 
(2) 

0.076(1)   

(c) Significant contact distances (Å) at 25 ◦C and 700 ◦C  

25 ◦C 700 ◦C 

Bi-O(1) 2.3308(4) 2.3581(4) 
Bi...O(2) 2.9300(30) 2.9859(28) 
Bi...O(3) 2.9167(33) 2.939(4) 
Bi...O(4) 2.586(5) 2.631(4) 
V/Mg/Cu/Ni/Zn-O(2) 1.677(9) 1.647(8) 
V/Mg/Cu/Ni/Zn-O(3) 2.0154(10) 2.0479(13) 
V/Mg/Cu/Ni/Zn-O(4) 1.623(7) 1.632(6) 
O(2)...O(4) 0.806(7) 0.776(6) 
O(3)...O(3) 0.916(9) 0.955(11) 
O(3)...O(3) 1.540(8) 1.576(7) 
O(4)...O(4)′ 1.086(12) 1.061(10) 
O(4)...O(4)′ ′ 1.535(16) 1.501(14)  

Fig. 6. Proposed vanadate layer cation coordination polyhedra in Bi2V0.87(Mg0.25Cu0.25Ni0.25Zn0.25)0.13O5.305-δ: (a) average cation environment, (b) distorted oc-
tahedron and (c) distorted tetrahedron; (b) and (c) are representative coordination polyhedra derived by considering inter-site contact distances and site occupancies. 
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coordinate geometry based on two oxygen atoms in O(2) sites and four 
atoms in the O(3) site. Since each atom in an O(3) site is shared between 
two neighbouring cations, the average formula for this distorted octa-
hedral geometry would be MO2. Distorted tetrahedral geometry is 
readily achieved with two atoms in the O(4) site and two in the O(3) site, 
giving a general formula MO3 (Fig. 6c). Since each distorted octahedron 
involves two O(2) atoms, the fraction of octahedra, Xoct, in the vanadate 
layer is half the number of O(2) atoms per M atom, FO(2). Similarly, an 
average of two O(4) atoms per metal atom make up each tetrahedron 
and therefore the fraction of tetrahedra in the vanadate layer, Xtet is half 
the number of O(4) atoms per M atom, FO(4). This approach does not 
exclude other coordination environments, such as five-coordinate 

geometry, since this can be considered to be an average of the 4 and 6 
coordination geometries. The polyhedral fractions for the x = 0.13 
composition at 25 ◦C and 700 ◦C are presented in Table 3. Xtet for the x =
0.13 composition at room temperature and at 700 ◦C is seen to be 
around 70% with a slight increase at the higher temperature. The 
theoretical value of Xtet is readily calculated by considering the number 
of vacancies required for electroneutrality, which at x = 0.13 is 0.695 
vacancies per metal atom. From Fig. 6c it is evident that the tetrahedral 
coordination involves two vacant O(3) sites. i.e. an average of one va-
cancy per metal atom and therefore the theoretical fraction of tetrahedra 
is 0.695, i.e. very close to that observed. 

However, the observed number of vacancies is greater than that 
predicted by electroneutrality considerations if all the vanadium is 
considered to be in the 5+ state. This suggests a small degree of 
reduction of vanadium to the 4+ state. This is a known phenomenon in 
these systems [17,23] and is accounted for by the symbol δ in the general 
formula Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ. The value of δ is 
readily calculated by subtracting the refined oxygen content in the 
vanadate layer from the ideal value, i.e. 3.305-(FO(2) + FO(3) + FO(4)). 
Similarly, the average charge on vanadium Zeff is given by: 

Zeff =
2
(
FO(2) + FO(3) + FO(4)

)
− (2 + 2x)

1 − x
(4)  

where the subtracted value in the numerator is the absolute value of the 
charge of the vanadate layer per metal atom [2] plus the charge asso-
ciated with the substituent cations (0.26 for x = 0.13). Based on the 
values in Table 2, the value of δ is found to be 0.027 and 0.059 at room 
temperature and 700 ◦C, respectively, corresponding to average vana-
dium oxidation states of 4.938 and 4.864, respectively. Taking these 

Table 3 
Fractions of polyhedra and extracted parametersa for Bi2V0.87(Mg0.25Cu0.25-

Ni0.25Zn0.25)0.13O5.305-δ at 25 ◦C and 700 ◦C.    

25 ◦C 700 ◦C  

FO(2) 0.622 0.578  
FO(3oct) 0.622 0.578  
FO(3tet) 0.658 0.666  
FO(3) 1.280 1.244  
FO(4) 1.376 1.424  
Xoct 0.311 0.289  
Xtet 0.688 0.712  
Zeff 4.938 4.864  
δ 0.027 0.062  

a FO(m) is the number of O atoms in site m per metal atom in the vanadate layer, 
Xoct and Xtet are the fractions of metal atoms in the vanadate layer in octahedral 
and tetrahedral coordination environments, respectively, Zeff is the effective 
valency of vanadium and δ is the degree of oxygen non-stoichiometry. 

Fig. 7. Typical Nyquist plots at selected temperatures for a representative composition (x = 0.16) in the system Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ, with fits 
shown at 145 and 243 ◦C. The equivalent circuit used to model low temperature impedance spectra for compositions in the γ-phase region is shown inset. Resistors R, 
capacitors C, and constant phase elements P, were used to model intragrain (gi), and intragrain (gb) dispersions, with charge carrier relaxation represented by the 
Cole-Cole function, intragrain resistance with parallel non-ideal capacitance, and impedance of the interface between the platinum electrodes and the sample. 
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values into account, the theoretical fractions of tetrahedra (based on the 
number of vacancies per metal atom in the vanadate layer) are some-
what higher at 0.722 and 0.754 for the room temperature and 700 ◦C 
structures, respectively. It should be noted that in the model the fraction 
of tetrahedra is dictated solely by the number of vacancies and not by the 
particular coordination preference of the substituting cations. Indeed, 
cations such as Ni2+ are thought to adopt 6-coordinate geometry in the 
single substituted system BINIVOX [36]. 

As discussed above, oxygen atoms in the O(4) site show relatively 
short contacts to Bi. This fact may help explain the observed composi-
tional trends in lattice parameters, which appear to show a “transition” 
at around x = 0.19. In particular, the c-axis, which reflects the interlayer 
spacing between vanadate and bismuthate layers, shows two distinct 
compositional regions. This could be explained by considering two 
processes. As the level of substitution increases, the average cation 
radius in the vanadate layer increases and chemical expansion of the 
lattice results. This process is dominant at lower levels of substitution. At 
the same time, the number of vacancies in the vanadate layer increases 
with increasing x-value and hence the theoretical number of tetrahedra 
also increases. This would be expected to manifest itself in the structure 
through an increase in O(4) site occupation at the expense of that of O 
(2). This could result in a compression of the vanadate layer allowing for 

a reduction in the interlayer spacing. This process appears to be more 
dominant at higher levels of substitution. The fact that a “transition” 
appears to occur at a particular composition suggests a critical ratio of 
tetrahedra to octahedra has to be attained before the second process 
becomes significant. While the interlayer interaction is essentially ionic 
in nature, the shorter contacts introduce a degree of covalency in the 
interaction between layers. Indeed, the interlayer interactions in 
α-Bi4V2O11-δ are considered to be significantly more covalent than in the 
BIMEVOXes [34]. 

3.2. Electrical behaviour 

Fig. 7 shows impedance spectra at selected temperatures for the x =
0.16 composition, as representative examples. Their shape does not 
differ significantly from those observed in other BIMEVOXes. Generally, 
in the γ-phase region (0.10 ≤ x ≤ 0.19) at lower temperatures (< ca. 
250 ◦C), two depressed semicircles are observed at higher frequencies, 
attributable to intragrain and intergrain dispersions, with a curved in-
clined spur at lower frequencies, associated with the build-up of charge 
at the interface between the electrolyte and the Pt electrode. At higher 
temperatures, the semicircles associated with the intergrain and intra-
grain dispersions mainly move out of the frequency window, leaving the 
electrolyte/electrode interface spur. The low temperature data were 

Fig. 8. Arrhenius plots of (a) intragrain, intergrain and total conductivities for 
a representative composition (x = 0.16) and (b) total conductivity for compo-
sitions in the system Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ. Data corre-
spond to cooling run. 

Fig. 9. Compositional variation of (a) conductivity at 300 ◦C (σ300) and 600 ◦C 
(σ600) and (b) low temperature activation energy (ΔELT) and high temperature 
activation energy (ΔEHT) in Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x/2-δ 

compared to literature data for Bi2V1-xMgxO5.5-3x/2-δ [22], Bi2V1-xNixO5.5-3x/2-δ 

[24,47] and Bi2V1-xZnxO5.5-3x/2-δ [26]. 

A. Dziegielewska et al.                                                                                                                                                                                                                         

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

26



Solid State Ionics 360 (2021) 115543

9

successfully modelled using the equivalent circuit shown inset in Fig. 7 
(example fits are shown at 145 and 243 ◦C), which is similar to that used 
to model impedance spectra in other polycrystalline BIMEVOXes, such 
as BICUVOX [43] and BIMGVOX [38]. It is evident from the fits in Fig. 7 
that the intergrain resistance makes only a small contribution to the total 
resistance. This is reflected in Arrhenius plots of the separate intragrain 
and intergrain conductivities at low temperatures (Fig. 8a), where on the 
logarithmic scale the intragrain and total conductivities are almost 
coincident. In the impedance spectra of samples in the orthorhombic 
phase regions (x < 0.10), the intragrain and intergrain dispersions could 
not be separated. In these cases, the model was simplified, taking into 
account only one dispersion corresponding to the total resistance of the 
sample Rtot. 

Arrhenius plots of total conductivity for Bi2V1-x(Mg0.25Cu0.25-

Ni0.25Zn0.25)xO5.5-3x/2-δ compositions are shown in Fig. 8b. For the x =
0.00 composition, clear steps are seen in the plot at ca. 575, 450 and 
400 ◦C, corresponding on cooling to the γ → ε, ε → β and β → α phase 
transitions, respectively. It should be noted here that the ε-phase is only 
ever observed on cooling and in BIMEVOXEs is only seen at very low 
levels of substitution [44]. Hence, in the x = 0.05 composition, a direct γ 
→ β transition is seen at around (500 ◦C), with the β → α transition 
suppressed to below 250 ◦C. The plot for the x = 0.07 composition shows 
two linear regions, one at high temperatures, above ca. 450 ◦C, and a 
low temperature region of higher activation energy, below ca. 400 ◦C. 
There is a clear step between the two regions, indicative of the phase 
transition between β and γ phases seen in the single substituted BIME-
VOX compositions with Mg, Cu, Ni and Zn [23,24,27,45,46]. At x =
0.10, two linear regions of different activation energy are seen again at 
low and high temperatures, but in this case no step is seen, due to the 
more subtle nature of the γ’ ↔ γ transition. This type of Arrhenius plot is 
seen in all the higher x-value compositions, but at x = 0.16 a “knee” is 
evident at the transition, which becomes more prominent with 
increasing level of substitution. 

Fig. 9a shows the compositional variation of total conductivity at 
300 ◦C (σ300), characteristic of the low temperature region. This is seen 
to reach a maximum at x = 0.10, but then shows a near linear decrease 
with increasing x-value. In the case of the high temperature region, 
characterised by the conductivity at 600 ◦C (σ600), a nearly steady 
decrease with increasing level of substitution is observed. These trends 
are reflected in the low temperature and high temperature activation 
energies, ΔELT and ΔEHT. A minimum in ΔELT occurs at around x = 0.10, 
while there is a steady increase with increasing x-value for ΔEHT 
(Fig. 9b). These trends are similar to those seen in the single substituted 
analogues [22,24,27,45], the data for which are also shown in Fig. 9 for 
comparison. Despite the increase in vacancy concentration with 
increasing x-value, the high temperature conductivity decreases due to 
increased defect trapping caused by the increased concentration of 
substituents. These substituents effectively lower the mobile vacancy 
concentration, by trapping vacancies in their preferred coordination 
geometries acting as barriers in the conduction pathway. At lower 
temperatures, where ordering of the oxide ion sublattice occurs, a 
maximum in conductivity is seen for the most disordered structure with 
the lowest level of substitution. The levels of conductivity and the values 
of activation energy seen in these quadruple substituted BIMEVOXes are 
comparable to those in the component single substituted BIMEVOX 
systems. Thus, the high entropy dopant approach seems to yield no 
significant advantage in terms of electrical conductivity in this system. 

4. Conclusions 

A high entropy dopant approach has been used to successfully pre-
pare a quadruple substituted BIMEVOX system. The enhanced configu-
rational entropy does not appear to increase the stability range of the 
γ-type phases to lower x-values. However, at the upper compositional 
limit a γ-type solid solution is maintained up to around x = 0.30. This is 
in line with the best of the single substituted systems, BIMGVOX, and is 

close to the theoretical solid solution limit for divalent substituents with 
preferred tetrahedral geometry. No evidence is found for the stabilisa-
tion of the fully disordered γ-phase (as opposed to the ordered γ’-phase) 
to room temperature. 

While the structure of Bi2V1-x(Mg0.25Cu0.25Ni0.25Zn0.25)xO5.5-3x-δ is 
similar to that of the single substituted analogues, it shows interesting 
compositional variation. A compression of the vanadate layer is pro-
posed, associated with a reduction in the interlayer spacing. This be-
comes more significant at higher levels of substitution. 

Although conductivity values are close to those of the single 
substituted systems, preliminary results suggest enhanced stability to 
aging at elevated temperatures for the HE-BIMEVOX system compared 
to the single substituted systems. This is the subject of an ongoing study. 
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