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Abstract 

The band structure, Density of States, optical properties of intrinsic and Mg, Ni-doped 
ZnV2O4 have been simulated by Materials Studio software based on density functional 
theory (DFT). The results show that intrinsic ZnV2O4 is a semiconductor material with 
indirect optical transition. The band gap increases after doping Mg or Ni. The magnetic 
properties of doped ZnV2O4 decrease, which has a certain theoretical significance for 
exploring the magnetic transformation of ZnV2O4 and the existence of nickel-vanadium 
compounds. The calculation results of optical properties show that ZnV2O4 is a kind of 
low dielectric material with low absorption coefficient and refractive index in the visible 
region, which is mainly characterized by ultraviolet absorption. After doping, the 
absorption and photoconductivity of ZnV2O4 were increased in the visible region. 
Therefore, this provides a theoretical guidance for improving the photoelectric 
properties of ZnV2O4. 
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1. Introduction 

In recent years, transition metal oxides have attracted much attention due to their high theoretical 

capacity and good cycle stability [1, 2]. Among these oxide families, spinel-type oxides have become 

the object of special attention due to their attractive physical properties, for example , the heavy 

fermion behavior in LiV2O4[3], the charge ordering in AlV2O4 [4], and the superconducting state in 

LiTi2O4 [4]. Among them, the vanadate ZnV2O4 is formed by tetrahedron of ZnO4 and octahedron of 

VO6, Because of its unique structural characteristics, it has huge application prospects in the fields of 
magnetism, photocatalytic, electrochemical supercapacitors and so on [2, 6, 7]. Especially in recent 

years, ZnV2O4 has shown excellent performance as an alternative electrode material in lithium-ion 

batteries, which attracts more and more scholars to explore its application[8]. In addition, Liu Yi [9] 

et al. studied spinel zinc acid ZnV2O4 as the negative material of high-performance water-based zinc 

ion battery by electric activation. After the electric activation, ZnV2O4 showed a high reverse capacity 

of 312 mAh g-1, After 1000 cycled at high speed and 206 mAh g-1 capacity was retained, the 

electrochemical reaction on the surface was enhanced by the adaptive adjustment of lattice structure, 

which guaranteed excellent electrochemical performance. Duan fang [10] et al. successfully 

synthesized hollow ZnV2O4 microspheres by one pot method without template solvent heat method. 

The application of the hollow spheres in organic dyes was studied. It is proved that the porous 
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structure has good adsorption capacity for methylene blue organic dyes. Although there have been 

many reports on the application of ZnV2O4, there are still some deficiencies in its theoretical research, 

such as the optical properties and modification of ZnV2O4, in order to expand its application more 

broadly and provide some theoretical guidance for the material research with this structure. 

In this paper, the electronic structures and photoelectric properties of ZnV2O4 were theoretically study 

by using the calculation software Materials Studio CASTEP [11]. At the same time, Mg and Ni were 

selected to calculate the doping of ZnV2O4 crystal, and the electronic structure and optical properties 

before and after doping were compared to explore the influence of doping on the related properties 
of ZnV2O4. According to the optical properties of ZnV2O4, it is found that ZnV2O4 has high theoretical 

absorption in the ultraviolet region, which indicates that ZnV2O4 has the potential to be used as device 

material in the ultraviolet region. The purpose of this article is to enhance the response of ZnV2O4 in 

the visible light region, provide certain theoretical guidance for the study of the photoelectric 

properties of metal elements Mg, Ni-doped ZnV2O4, and encourage more theoretical exploration and 

more practical applications based on ZnV2O4. 

2. Theoretical model and calculation method 

2.1 Crystal structure model 

The relevant crystal structures of ZnV2O4 are shown in Figure. 1. ZnV2O4 has special cubic spinel 

structure at room temperature. The space group is Fd3m, and the unit cell parameters are α = β = γ = 

90o, a=b=c=8.409Å. The lattice constant is consistent with the theoretical value in literature [12], and 

the error is 0.12% compared with experimental parameter a=b=c=8.399 Å. Each α-ZnV2O4 cell 

consists of 8 ZnV2O4 units, 56 atoms in total. Zn is coordinated with the surrounding oxygen atoms 
to form a tetrahedral structure of ZnO4, and V is coordinated with the surrounding oxygen atoms to 

form an octahedral structure of VO6. When doping, the ZnV2O4 unit cell is changed into primary cell 

at first, and then the properties of the intrinsic ZnV2O4 are calculated by using the 2 × 2 × 1 supercells 

structure. A Mg, or Ni atom is used to replace a Zn atom in the supercells to establish the ZnV2O4 

structure. 

 

Figure 1. Schematic crystal structure of ZnV2O4  

2.2 Calculation details 

For the calculation of electronic structures, materials studio standard Cambridge Series Total Energy 

Package (CASTEP) is used, which is a first-principles pseudo potential method based on density 

functional theory [13]. The generalized PBE function [14] has been used to deal with the exchange 

and related interactions, but this method generally leads to the lower calculated value than the 

theoretical value. Although the recently proposed generalized gradient density approximation 

functional (GGA) [15] is better than the local density approximation functional (LDA) and PBE 

method, but no matter what kind of functional describes the crystal structure of materials, there are 
certain errors [16]. The core valence electrons involved in the calculation are Zn3d64s2, V3d34s2, 

O2s22p4 and Mg2p63s2, Ni3d44s2, in order to approximate the core electrons, ultra-soft 
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pseudopotential is used [17], geometric optimization is performed by the BFGS (Broyden-Fletcher-

Goldfarb-Shanno) algorithm. Cut-off energy is set to 360eV, the convergence accuracy standard is 

"fine", the allowable error of electron iterative convergence energy is set to 1.0-5eV/atom, the 

numerical integration of Brillouin zone is carried out by using 3x3x3 Monkhorst-Pack. 

3. Results and discussion 

3.1 Band structure and density of States 

Figure.2 shows the band structure and corresponding density of states of undoped and Mg, Ni doped 

ZnV2O4. The Fermi level E f  is set as a dotted line with zero ordinate. For convenience of observation, 

only the band structure in the range of -4 ~ 3eV is shown. Figure.2 (a) is the energy band structure 

diagram of undoped ZnV2O4. It can be seen from the diagram that the maximum value of valence 

band is 0eV at K and the minimum value of conduction band is 0.355eV between G and X, which 

indicates that ZnV2O4 has an indirect optical transition and the band gap energy is 0.355eV, which is 

basically consistent with that reported by Q. Mahmood[18].Figure.(2b), (2c) are the energy band 

diagrams of Mg, Ni-doped ZnV2O4. It can be seen from the Figure that no matter what element is 

doped, the maximum value of the top of the valence band always coincides with the Fermi level, 

which indicates that the impurity level is completely immersed in the valence band and conduction 

band. Moreover, the maximum value of the valence band and the minimum value of the conduction 
band are not obtained at the same point, indicating that ZnV2O4 doped with Mg, Ni is also an indirect 

band gap, the corresponding band gaps are 0.942eV, 0.785eV, respectively. Compared with the 

intrinsic ZnV2O4, the band gap of Mg or Ni-doped ZnV2O4 increases and the energy required for 

electronic transition is increases. Doping makes the impurity energy level mainly appear near the 

Fermi level of ZnV2O4, and the change of Fermi level has an important influence on the properties of 

band structure. 
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Figure 2. Band structure (left) and Density of states (right) of (a) Undoped. (b) Mg-doped. (c) Ni-

doped ZnV2O4 

In order to better analyze the electronic contribution, the total density of States and partial density of 

states of ZnV2O4 before and after doping are also plotted in Figure.2. It can be seen from the Figure. 

2(b) that the valence band near the Fermi of undoped ZnV2O4 is mainly composed of V-3d and O-2p 

states, while the conduction band is mainly composed of V-3d states. This is consistent with the actual 
situation, because the electronegativity of V in the system is smaller, and it is easier to provide 

electrons. It can be seen from Figure. (2d), (2f) that the composition of valence band and conduction 

band of Mg-doped ZnV2O4 is basically consistent with that of undoped ZnV2O4 and Mg basically 

does not provide electronic contribution, the reason is that the outermost 2s and 2p orbitals of Mg are 

full electronic states and do not participate in bonding. However, it can be seen from the Figure that 

the density of states of V-3d increases in the region of -1 ~ 0eV, and an obvious peak appears. The 

density of states of O-2p also increases in the region of -5 ~ 4eV, there is a peak of V-3d and O-2p 

density of states at the energy of-4.35eV, and the peak of total density of states at this point increases 

obviously after Mg doping, which indicates that Mg doping promotes the hybridization of V-3d and 

O-2p orbitals, leading to more electrons being excited.  

By comparison, after doping Ni, Ni-3d electrons contribute greatly to the composition of the valence 

band and conduction band of Ni-doped ZnV2O4, especially the valence band in the low energy region. 

Compared Figure. (2d), (2f) with Figure. 2(a), it can be seen from the total electronic density of states 

of Mg, Ni doped-ZnV2O4 increases, especially the valence band increases obviously, which 

corresponds to the increase and densification of the number of band and valence band in Figure.(2c), 

(2e). 

3.2 Magnetic spin density of States 

Through the analysis of density of spin state of ZnV2O4 before and after doping, we can further 

explore the magnetic changes of the system of Mg, Ni-doped ZnV2O4.As shown in Figure.3. It can 
be seen from Figure.3 (a) that the Density of Spin electrons states of the up and down spin electrons 

of undoped ZnV2O4 is not completely coincident, especially in the low energy region of valence band. 

It shows that the undoped system has certain magnetism. Compared with Figure.3(b), (c), it can be 

found that the spin mismatch between the upper and lower spins is effectively improved after doping, 

by contrast, the effect of Mg doping is better. We boldly speculate that although Mg itself is not 

magnetic, it promotes the orbital hybridization of V and O in the system, resulting in the weakening 

of magnetism, which is corresponding to the increase of density of states of V and O after Mg doping 

mentioned above. At the same time, the introduction of metal ions Mg2+, Ni2+ can effectively reduce 

the magnetism of ZnV2O4 system and transform it into a non-magnetic system, which has a certain 

theoretical significance for exploring the existence of stable nickel vanadium oxides. From 

Figure.(3b), (3c), we can also see that the density of states drops sharply at the Fermi level, which 
reflects the semiconductor properties of the doped system. In addition, the Fermi level passes through 
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the up and down spin states, which indicates that the system doped with Mg, Ni presents 

semiconductor metal properties. 

 

Figure 3. Density of spin states of (a) Undoped. (b) Mg-doped. (c) Ni-doped ZnV2O4 

3.3 Optical properties 

3.3.1 Complex dielectric function 

Zinc vanadate has great potential in energy storage and photocatalytic applications. Therefore, its 

optical properties are studied in this work. The optical properties can be described by dielectric 

function. The complex dielectric function reflects the linear response of semiconductor materials to 

electromagnetic radiation, which can be obtained by the following relationship: 

)(j)()( 21                                (1) 

Where 1  is the real part of the dielectric function, 2  is the imaginary part of the dielectric function, 

 2 represents the loss term of materials, and also reflects the spectral information of some materials 
and the band structure of solids[19]. And for other optical properties of materials, such as absorption 

coefficient δ, emission spectrum R and energy loss function L of the material can be derived from the 

following equation, and the corresponding calculation formula is as follows: 
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Figure.4 shows the real and imaginary parts of the dielectric functions of undoped and Mg, Ni-doped 

ZnV2O4. It can be seen from Figure 4(a) that the static dielectric function of undoped ZnV2O4 is 3.60, 

that is, when there is no light,  0
1 = 3.60, the photon vertically transmits to the interface, which 

shows that ZnV2O4 is a low dielectric material (k < 3.9) and has semiconductor properties. The static 

dielectric functions of Mg, or Ni-doped ZnV2O4 are 3.49, 4.89, which indicates that the static 

dielectric constant of Mg-doped ZnV2O4 decreases slightly, while the static dielectric function 

increases after doping Ni, which means that ZnV2O4 will obtain higher refractive index. Generally, a 

higher static dielectric function will reduce the binding energy of light as a catalyst and promote the 

further decomposition of excitons into free charges[20]. The maximum peak value of 4.38 is achieved 

at the incident photon energy of 4.80eV and the minimum value of ZnV2O4 is -1.30(the incident 
photon energy is 8.63eV). In the range of 7.03-12.08eV, the real part of ZnV2O4 is below the zero 

interface, which indicates that the ZnV2O4 material has certain near-metal properties in the region 

[21], and ZnV2O4 has strong light absorption characteristics in this energy range. In the range of 

0~1.2eV, the real part of Ni-doped ZnV2O4 is larger than that of pure ZnV2O4, which indicates that 
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the charge polarization ability of the system is enhanced, the migration rate of photo excited carriers 

in the crystal is accelerated, and the charge binding force is enhanced. It can be found that the real 

part of ZnV2O4 moves to the low energy region after doping. 

 

Figure 4. Dielectric functions of undoped and Mg, Ni-doped ZnV2O4. (a)Real. (b) Imaginary. 

The transition of electrons from occupied state to non-occupied state is closely related to the peak 

value of imaginary part of dielectric function [22,23]. According to Figure 4(b), the imaginary part 

of intrinsic ZnV2O4 reach the maximum peak value of 5.10 when the energy is 6.42eV, this is due to 

the electronic transition from O-2p of the valence band into V-3d of the conduction band. After that, 

there is a significant drop in the imaginary part and tends to be stable at 12.08eV. Comparing with 

the intrinsic state, the main peak intensity of the imaginary part of the dielectric function after doping 

decreases to some extent, and a red shift occurs in the direction of low energy. The imaginary part of 
the doped material increases significantly in the low energy region (0-1.53eV), and a new dielectric 

peak appears, combined with Figure.2 that the new dielectric peak mainly comes from the 

enhancement of O-2p and V-3d orbital hybridization after Mg doping and the electronic transition of 

Ni-3d energy levels to O-2p and V-3d orbitals, and the effect of the latter is significantly stronger 

than that of the former. When the photon energy is less than 2.3eV, the imaginary part of the dielectric 

function is larger than that of the intrinsic state ZnV2O4, which indicates that doping enhances the 

interaction between photons and electrons in this region, resulting in the enhancement of light 

absorption ability. 

3.3.2 Refractive index 

Figure.5 shows the refractive index of undoped and Mg, Ni-doped ZnV2O4. For undoped ZnV2O4, 
the static value of refractive index is 1.89. When the energy increases to 5.05eV, the maximum peak 

value is 2.19, then the refractive index drops sharply, and the minimum value of 0.08eV appears when 

the incident photon energy reaches 12.08eV. When the incident photon energy is greater than the 

critical value of 8.02eV, the refractive index of ZnV2O4 is less than 1, which indicates that the 

structure plays an accelerator role for the incident photon with superluminal effect [24]. When the 

incident photon energy reaches 7.03eV, the refractive index of ZnV2O4 is equal to the extinction 

coefficient. At this same time, the real part of the dielectric function is zero. The extinction coefficient 

describes the degree of light absorption when passing through the material. In the range of 7.03-

12.08eV, the value of the real part of the dielectric function of ZnV2O4 is less than zero, and the 

extinction coefficient of ZnV2O4 reaches the peak in this region, which indicates that ZnV2O4 has 
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strong light absorption ability. The extinction coefficient approaches zero when energy is greater than 

12.4eV, at this time, the light will not be lost when passing through, that is, the energy will not be 

reduced. The static refractive index values of Mg, Ni-doped ZnV2O4 are 1.87, 2.21, compared with 

the intrinsic state of ZnV2O4, the static refractive index values of the latter two substances increase, 
which indicates that Ni-doped ZnV2O4 has the potential to act as cladding in optically active systems. 

For the extinction coefficient K, Mg, Ni-doped ZnV2O4 is larger than that of undoped ZnV2O4 in the 

low energy region (0~3eV), and there is an obvious peak, which indicates that doping improves the 

absorption characteristics of ZnV2O4 in the visible region (1.59 ~ 3.26eV). 

 

Figure 5. Refractive index plot of undoped and Mg, Ni-doped ZnV2O4. 

3.3.3 Reflection spectrum and Absorption spectrum 

Figure.6 shows the reflectance and spectra absorption Spectrum of undoped and Mg, Ni-doped 

ZnV2O4. It can be seen from the Figure.6(a) that the static reflectance spectrum value of eigenstate 

ZnV2O4 is 0.98, which indicates that ZnV2O4 has semiconductor properties. In the visible region, the 

reflectivity of ZnV2O4 is low and the change is small. Then it continued to rise and reached a 
maximum peak of 0.7 at 12.08eV. In the range of 10.7-12.4eV, the reflectivity of ZnV2O4 is larger 

than 0.5, which indicates that more than half of the light will not pass through the ZnV2O4 material 

and will be reflected back, it allows most of the incident light to pass through or be absorbed by 

ZnV2O4. In addition to Mg doping, Ni doping can increase the static reflectance value of ZnV2O4, but 

the main reflectance peak value decreases in different amplitude and moves to the low energy 

direction. Compared with the intrinsic state ZnV2O4, the doping greatly improves the absorption 

capacity of ZnV2O4 to incident light (7.8~13.0eV). Combined with its absorption characteristics, it 

can be found that ZnV2O4 has excellent performance in the ultraviolet region. Therefore, it is of great 

theoretical significance to further explore its application in the ultraviolet region. 

As seen from the Figure.6(b) that the absorption edge of ZnV2O4 is 0.55eV, that is, there is no light 

absorption in the range of 0-0.55eV, indicating that the infrared absorption of the material in this 

region is negligible. In visible light region (1.59-3.26eV), the absorption coefficient of ZnV2O4 is 

lower, when the energy is larger than 4.5eV, the absorption coefficient increases significantly, and 

reaches the maximum peak when energy is 8.4eV. In the range of 9-12eV, the absorption coefficient 

decreased sharply. At both ends of the absorption peak, the absorption coefficient is close to zero 

when the energy is (0-1eV) and (13-19eV), indicating that the incident light can passes through the 
ZnV2O4 system, and to some extent, ZnV2O4 material is transparent in the region. and the peak value 

of ZnV2O4 absorption coefficient is mainly in the ultraviolet region, which indicates that ZnV2O4 has 
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a good absorption performance in the ultraviolet region. Compared with the intrinsic state, the 

absorption edge of the system doped with Mg, or Ni shifts to 0.3eV, 0.1eV, respectively, and the 

absorption peak of ZnV2O4 appears in the low energy region (1-3eV) after doping, And the overall is 

higher than that of undoped, the main absorption peaks are also reduced in varying degrees, and a red 

shift occurs. 

 

Figure 6. Reflection spectrum and Absorption Spectrum of undoped and Mg, Ni-doped ZnV2O4. 

3.3.4 Energy loss function 

Figure.7 shows the energy loss function of undoped and Mg, Ni-doped ZnV2O4. For the intrinsic state 

ZnV2O4, the energy loss peak appears at 12.08eV, the peak value of ZnV2O4 is 37.8, and the 

corresponding frequency is called plasma resonance frequency p [25]. After Mg or Ni doping, the 

energy loss peak appears at 10eV, the corresponding sizes are 3.49, 4.26 respectively, and the two 

curves are basically consistent. Compared with the intrinsic state, the peak value is significantly 

reduced, and it moves to the lower energy direction, which indicates that the emission rate of 

secondary electrons after doping is lower. According to the energy conservation in quantum 

mechanics, the absorption coefficient and reflectivity of Mg Ni-doped ZnV2O4 are generally reduced, 

which indicates that the transmittance of the material increases, which is consistent with the 
significant decrease of the energy loss peak, which has a certain theoretical significance for the 

research of high transmission materials in practical application. For pure ZnV2O4, when the energy 

is larger than 12.08eV, the spectral line of the energy loss function drops sharply and eventually tends 

to zero. As a threshold, when   1
>0(ω > p ), as the incident photon energy increases, the value of 

the energy loss function will continue to decrease, and eventually ZnV2O4 will appears transparent. 

When   1
＜0(ω < p ), the energy loss function increases with the increase of the incident photon 

energy, corresponding to the energy range of the reflection peak in the reflection spectrum[26]. When 
  1

=0(ω = p ), the energy loss of ZnV2O4 is the largest, and the refractive index drops sharply. At 

this same time, the peak value of the reflection spectrum is close to the characteristic energy of the 
plasma corresponding to the material, resulting in the sharp decline of the reflection spectrum curve 

after the peak value. 



International Core Journal of Engineering Volume 7 Issue 11, 2021 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202111_7(11).0060 

 

405 

 

Figure 7. Energy loss function of undoped and Mg, Ni-doped ZnV2O4. 

4. Conclusion 

The electronic structures, Density of States and optical properties of Mg, Ni-doped ZnV2O4 were 
analyzed by first principles based on density functional theory (DFT). The results show that undoped 

ZnV2O4 is an indirect band gap semiconductor with a band gap of 0.355eV, the asymmetry of the 

spin density of States indicates that it has a certain magnetism. After doping Mg or Ni, the band gap 

increases, and all the magnetic properties decrease, which has a certain theoretical significance for 

the magnetic transformation of ZnV2O4 and the exploration of nickel vanadium compounds. The 

energy band near the Fermi level of undoped ZnV2O4 is mainly composed of O-2p and V-3d, and the 

valence band is mainly contributed by O-2p and V-3d orbitals, and the conduction band is mainly 

contributed by V-3d orbitals. The composition of valence band and conduction band of Mg-doped 

ZnV2O4 is basically the same as that of the intrinsic state ZnV2O4, but it promotes the orbital 

hybridization between O-2p and V-3d, which leads to the increase of the density of states near the 
Fermi level. Mg and Cr doping contribute greatly to the valence band and conduction band 

composition of ZnV2O4.Through the analysis of optical properties, it is found that the intrinsic state 

ZnV2O4 is a low dielectric material with very low absorption coefficient and reflectivity in the visible 

region, which is mainly characterized by ultraviolet absorption, indicating that it has certain 

application potential in the preparation of ultraviolet semiconductors, ultraviolet shield and other 

applications. The photoelectric properties of Mg, Ni-doped ZnV2O4 mainly change in the low energy 

region, which improves the absorption characteristics and conductivity in the visible region, which 

provides theoretical guidance for the application of ZnV2O4 in the visible region. 
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