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A B S T R A C T

Zinc-ion batteries (ZIBs) employing aqueous electrolytes have emerged as one of the most promising alternatives 
to lithium-ion batteries (LIBs). Nonetheless, the development of ZIBs is hindered by the scarcity of cathode 
materials with suitable electrochemical properties. In this work, we investigate the unique properties of zinc 
vanadate oxide (ZnV2O4, ZVO) and zinc vanadate sulfide (ZnV2S4, ZVS) compounds as cathode materials, 
focusing on their crystal structures, electrochemical performance, spectroscopic features and potential applica
tions in ZIBs. Additionally, we investigate a new cathode material, zinc vanadate selenide (ZnV2Se4, ZVSe), 
constructed by replacing sulfur with selenium in the ZVS cubic structure. Our findings reveal that these com
pounds exhibit distinct electronic and electrochemical properties, although they have similar magnetic prop
erties due to the fact that vanadium has the same oxidation state in all three compounds. On average, ZVS stands 
out as the most promising candidate for ZIBs cathodes, followed by ZVO. ZVSe, shows lower electrochemical 
performance and also has the obvious drawback of being more costly than the sulfur- and oxygen-based com
pounds. Our theoretical results align closely with available experimental data, both for electrochemical prop
erties as well as x-ray and photoelectron spectroscopy, where a comparison can be made.

1. Introduction

Lithium-ion batteries (LIBs) are extensively used in a variety of ap
plications, such as electric vehicles, mobile phones, and laptops, owing 
to their high energy storage capacity, long life cycle, and portability. 
However, the rapid increase in electric vehicle production is expected to 
lead to a gradual shortage of metallic lithium resources, raising concerns 
about its impact on sustainable development [1]. Alternative types of 
ion batteries, including sodium [2,3], potassium [4,5], magnesium [6,
7], calcium [8,9], zinc [10,11] or aluminum [12,13] are now being 
explored.

Zinc-ion batteries (ZIBs), employing aqueous electrolytes, have 
emerged as promising alternatives to LIBs [14–20] due to their similar 
ionic radii, abundance in the Earth’s crust, high volumetric energy 

density, low cost, environmental compatibility, large redox potential 
against the standard hydrogen electrode (SHE), and stability of metallic 
zinc (see Table S1 of the Supplementary Information (SI) for zinc and 
lithium characteristics). The two-electron transfer mechanism of Zn can 
lead to a high volumetric energy density during the cycling process [21].

Despite these advantages, the lack of suitable cathode materials for 
the battery charge/discharge process is the main factor hindering the 
advancement of ZIBs. As a result, several cathode materials are being 
produced and tested to overcome this limitation, but the cathode ma
terials reported so far for ZIBs with aqueous electrolytes face significant 
challenges. For example, Mn-based oxides suffer a marked reduction in 
their capacity due to irreversible structural changes caused by the 
dissolution of Mn in the electrolyte [22,23]; similarly, Prussian blue 
analogs, despite maintaining a considerable battery life cycle, exhibit 
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very low specific capacity [24,25].
Spinel-type (AB2Y4) materials have good applications in batteries. 

Among them, vanadium-based compounds became an important 
research topic in the development of cathodes for use in ZIBs [26,27], 
due to their multiple oxidation states (+II, +III, +IV, and +V), low cost, 
and environmental compatibility [28–34]. Recently, the electro
chemical properties of ZnV2S4 (ZVS) [30] pointed to a great potential to 
be used as a cathode material in ZIBs. With a structure analogous to 
ZnV2S4, ZnV2O4 (ZVO) also emerged as a promising candidate for a 
cathode material to be used in ZIBs [31]. ZVO and ZVS electrochemical 
performances, in aqueous electrolytes, as well as for some other cathode 
materials available in the literature, are summarized in Table S2 of the 
SI, where it can be noticed that ZVS presents excellent cycling perfor
mance compared to other cathode materials, while ZVO exhibits only 
reasonable performance. It is important to highlight that although ZVO 
has a relatively low-capacity retention rate compared to other current 
cathodes, its other electrochemical properties (structural stability, 
electrical and ionic conductivities, among others) are worth investi
gating, since it has been experimentally proven that there are techniques 
to solve the retention problem as in, for example, the ZnMn2O4 case 
[35-39].

In addition to ZVO and ZVS, which have already been synthesized 
experimentally, here we also investigate ZnV2Se4 (ZVSe), a new 
possible cathode material, by replacing sulfur with selenium in the 
stoichiometric cubic structure of ZVS. Cycling performance properties 
can only partially characterize a compound as a promising cathode 
material for use in ZIBs. Our goal here is, by using a theoretical approach 
in the framework of the Density Functional Theory (DFT), to inspect and 
describe several distinctive properties of ZVS, ZVO, and ZVSe cathode 
materials through the examination of their crystal structures, structural 
and electronic behavior during zinc extraction, electrochemical perfor
mance as well as potential applications in ZIBs. This study also has the 
ambition to shine light on spectroscopic features of these materials, 
since both x-ray- and photoelectron spectroscopy are frequently used as 
characterization tools for their physical and chemical properties.

It is worth noting that the cubic phases of ZVO [40,41], ZVS [42] and 
ZVSe [43] compounds without Zn deficiency have already been theo
retically investigated by calculations based on first-principle, density 
functional theory. However, the complete mapping of the properties of 
these materials during Zn extraction and their potential for application 
in ZIBs are here described for the first time. An in-depth understanding 
of these materials is crucial in driving the development of more efficient, 
cost-effective, and sustainable energy storage technologies.

2. Methodology and calculation details

The first-principles calculations were carried out using the all- 
electron spin-polarized full-potential linearized augmented plane wave 
(FP-LAPW) method [44], implemented in the WIEN2k computational 
package [45], within the framework of the DFT [46,47]. The cut-off at 
Kmax = 7.0/RMT was employed to limit the number of plane-waves in the 
interstitial region. The atomic muffin-tin radii (RMT) were chosen to be 
RMT(V) = 1.80, RMT(Zn) = 1.95, and RMT(O, S and Se) = 1.60 atomic 
units (a.u.). The electronic valence configurations used were Zn: 
3p63d104s2, V: 3s23p63d34s2, O: 2s22p4, S: 3s23p4 and Se: 3d104s24p4. 
The Brillouin zone integration has been performed upon the 3 × 3 × 3 
k-point grid (14 k-points in the irreducible zone), according to the 
Monkhorst-Pack scheme [48].

The exchange-correlation effects were described by the generalized 
gradient approximation (GGA), within Perdew-Burke-Ernzerhof 
parametrization (PBE) [49] combined with the Hubbard-U potential 
[50–53] to describe the electronic correlation among the V-3d electrons 
in a mean-field approximation. We calculated the U values in a 
self-consistent manner [52,53], and the corresponding values are pre
sented in Table S3 of the SI. In the literature, only the ZVO experimental 

band gap value is available. The band gap width obtained for ZVO with 
the calculated U value was 1.80 eV, which underestimates the experi
mental value of 2.80–2.95 eV [54,55]. We performed tests to determine 
the U value that would align the theoretical band gap with the experi
mental one. We found that a U value of 6.5 eV yielded a theoretical band 
gap of 2.70 eV, significantly closer to the experimental value than the 
band gap obtained using the self-consistently calculated U value. The 
semi-local modified Becke-Johnson (mBJ) potential offers an alternative 
approach to accurately determine the band gap width [56]. This po
tential has demonstrated enhanced accuracy in describing band gap 
widths for diverse semiconductors and insulators, as evidenced by 
numerous studies [57–63]. The band gap width of ZVO, calculated using 
the spin-polarized mBJ approach, was 2.92 eV, closely matching the 
experimental value. The ZVS and ZVSe band gap values, also obtained 
using this approach, were 0.6 eV and 0.30 eV, respectively. The band 
gaps calculated using the mBJ potential for the ZVS and ZVSe materials 
are consistent with those obtained by the GGA + U method, where the U 
values were determined in a self-consistent manner (Table S3). In this 
work, the mBJ potential was solely employed for band gap and elec
tronic structure calculations, while the GGA + U method, with the U 
value calculated in a self-consistent manner, was used for all other 
property calculations such as lattice parameter, average voltage, energy 
density, energy barrier and contraction volume.

The calculations were carried out in both ferromagnetic (FM) and 
antiferromagnetic (AFM) ordering. Our findings revealed that at T = 0 K, 
the AFM alignment for the ZVO, ZVS and ZVSe compounds exhibited a 
total energy, per formula unit, of 10.6 × 10–2 eV/f.u., 1.1 × 10–2 eV/f.u. 
and 1.6 × 10–2 eV/f.u. lower than that of the FM alignment, respectively. 
We conducted some tests performing calculations with both FM and 
AFM alignments and found that the only significant change (when 
making FM or AFM calculations) in the cathodic properties of these 
materials is in the band gap width and consequently in their electronic 
structures. The theoretical specific capacity, average voltage, energy 
density, volume contraction/expansion, and ionic conductivity practi
cally do not change concerning the magnetic ordering. For example, the 
average voltage and energy density results for the ZVS with AFM 
ordering are 1.13 V and 204.95 Wh/kg, respectively, and with FM 
ordering, are 1.12 V and 203.14 Wh/kg, respectively. However, the 
band gap width is fundamental in the simulations of cathode materials, 
as it directly influences the electrical conductivity; therefore, in contrast 
to previous works [40–43], all calculations in the present investigation 
were performed using AFM ordering. Our calculations were carried out 
considering the compound’s conventional cells with 56 atoms 
(Zn8V16Y32, with Y = O, S, Se).

The average open circuit voltage was calculated based on the 
following formula: 

V =
− [E(Znx V2Y4) − E(V2Y4) − xE(Zn)]

nx
, (1) 

where E(ZnxV2Y4) are the compounds DFT total energies, while E(V2Y4)

are the total energies when all Zn ion of the ZVO, ZVS and ZVSe were 
extracted; E(Zn) are the energy of the Zn standard ground state, i.e., the 
DFT total energy of metallic hcp Zn, per atom, and n is the number of 
transferred electrons, per Zn atom. The theoretical specific capacity of 
the ZVO, ZVS, and ZVSe can be calculated by 

Q =
nF

3.6 m
, (2) 

where F is the Faraday constant and m is the electrode molar mass.
Ionic diffusion was calculated with the Cambridge Sequential Total 

Energy Package (CASTEP) plane-wave code [64], using on-the-fly 
generated (OTFG) ultrasoft pseudopotentials [65]. The 
exchange-correlation effects were described by the GGA-PBE functional 
[49] and a cutoff energy of 550 eV was considered for the plane wave 
basis set. The irreducible part of the Brillouin zone was sampled by a 14 
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K-points mesh, following the Monkhorst-Pack scheme [48]. The atomic 
valence electron configurations were Zn: 3p63d104s2, V: 3s23p63d34s2, 
O: 2s22p4, S: 3s23p4 and Se: 3d104s24p4. The CASTEP computational 
code does not have the mBJ exchange-correlation potential imple
mented; therefore, the ionic diffusion calculations were performed using 
only the GGA + U approach. The U values for the V 3d-states were 6.5 eV 
(ZVO), 3.63 eV (ZVS), and 3.49 eV (ZVSe). The band gap widths of 2.78 
eV for ZVO, 0.69 eV for ZVS, and 0.25 eV for ZVSe, using these U values, 
agree with those obtained by the mBJ approach used in WIEN2k simu
lations. This indicates that the diffusion energy barriers, which were 
obtained by applying a full linear and quadratic synchronous transit 
(LST/QST) transition state (TS) search algorithm in CASTEP [66], are 
well described.

We also investigated the V L2,3-edge X-ray photoelectron spectros
copy (XPS) and L2,3-edge XANES. To do this we solved the DFT problem 
using the code RSPt [67,68], based on linear muffin-tin orbitals (LMTO) 
and a full-potential geometry, and used Löwdin orthogonalized LMTO’s, 
denoted as “ORT’ in Refs. [69,70], for the correlated orbitals that were 
defined in an energy window of [− 10.2, 6.8] eV. With these orbitals a 
multiconfiguration approach was used to calculate the XPS and XANES 
spectra, in the dipole approximation. The exact procedure to calculate 
the XANES is outlined in Refs. [71,72], and the software used in these 
calculations can be downloaded from Ref. [73]. A few salient features of 
the calculation should be noted; the local Hamiltonian in the ORT basis 
was allowed to hybridize with 3 bath states per correlated orbital, to 
describe the interaction with the rest of the lattice. A representation of 
the fit of the hybridization function of the eg and t2g orbitals of ZnV2O4 

can be observed in Figure S1 of the SI. The higher-order Slater param
eters were calculated using the Slater integrals that were scaled to 80% 
of their calculated values, due to screening effects not included in the 
expression of the Slater integrals. Also, we used our estimate of 6.5 eV 
and 3.63 eV of the Hubbard U for the zeroth order parameter Fdd

0 for 
ZVO and ZVS, respectively. The zeroth order parameter Fpd

0 has been 
estimated as Fpd

0 = 1.3 Fdd
0. As a final comment on this section, note that 

the XPS was calculated in the same manner as the XANES spectrum, with 
the only difference being that the transition operator in the XPS does not 
excite the 2p-electrons into the empty 3d-orbitals but instead excite 
them into a decoupled unbound state.

3. Results and discussion

3.1. ZVO, ZVS and ZVSe without Zn deficiency

Under ambient conditions, ZVO and ZVS crystallize in a cubic 
structure with the space group Fd3m (#227). V3+ ions occupy octahe
dral sites (Wyckoff atomic position 16c), while Zn2+ ions are located in 
tetrahedral sites (8b), as shown in Figure S2 of the SI. After replacing S 
by Se in the ZVS structure, the resulting ZVSe structure remains 
belonging to the Fd3m group.

Firstly, the lattice parameters of ZVO, ZVS, and ZVSe were opti

mized, and their atomic positions were relaxed. In the subsequent step, 
we obtained the electronic structure of the materials. Table 1 shows the 
results of the lattice parameters, band gap widths, vanadium oxidation 
states and magnetic moments for the stoichiometric configurations. The 
lattice parameters are in excellent agreement with the available exper
imental data. The V3+ ion has 2 unpaired 3d electrons; therefore, it is 
expected that the magnetic moment must be around 2 μB, as obtained by 
our calculations. Compared with the experimental value, it can be 
observed that the ZVO band gap is well described using the mBJ 
approach. To the best of our knowledge, no experimental results 
regarding the ZVS and ZVSe band gap widths have been yet reported. As 
shown in Table 1, the ZVSe compound has the narrowest band gap, 
therefore it is the one that exhibits the best electronic conductivity 
among the three of them. Similarly, the ZVS compound presents better 
electronic conductivity compared to ZVO.

The ZVO, ZVS, and ZVSe partial densities of states (PDOS) calculated 
with mBJ potential are shown in Fig. 1. Without zinc deficiency, all 
compounds contain only a type of vanadium ion oxidation state in their 
structure (V3+). The crystals split the V3+ 3d-related states and the 
electronic configuration is given by t2

2g and e0
g . The top of the valence 

band and the bottom of the conduction band of ZVO, ZVS, and ZVSe are 
dominated by the V-related 3d-orbitals.

3.2. ZVO, ZVS, and ZVSe with Zn deficiency

The modifications in the properties of ZVO, ZVS, and ZVSe with zinc 
extraction were investigated by constructing various structures with 
several zinc concentrations [ZnxV2Y4, 0 ≤ x ≤ 1, and Y = O, S, Se]. 
Subsequently, the crystal structures, electrochemical performances, and 
potential applications in zinc batteries were analyzed. All the properties 
that characterize the ZVO, ZVS, and ZVSe as potential cathode materials 
for use in ZIBs are shown in Table 2. As can be observed, ZVO exhibited 
the highest theoretical specific capacity, the highest energy density, and 
the lowest diffusion energy barrier, properties that characterize it as a 
suitable cathode material. However, it also displayed the lowest elec
tronic conductivity and the highest volume contraction when all zinc 
ions are removed. This ZVO volume contraction of 12.3%, although not 
ideal, falls within acceptable values for cathodes used in zinc batteries 
[75]. The host matrix is expected to undergo a more significant change 
in volume during the insertion/extraction of divalent ions compared to 
monovalent, as shown in our previous work [76]. The electronic con
ductivity, in turn, can be improved, for example, by doping and 
co-doping. Therefore, under certain conditions, ZVO has potential as a 
cathode material to be used in ZIBs.

The ZVSe compound exhibited only a small volume contraction 
when all zinc ions were removed, an excellent characteristic for battery 
applications. Furthermore, it presented a narrow band gap width, 
indicating good electric conductivity. However, the ZVSe presented low 
specific capacity, low voltage, low energy density, and a high diffusion 
energy barrier compared to ZVO and ZVS, properties that hinder its 
application as a cathode material to be used in ZIBs. It is worth noting 
that this compound is a theoretical prediction, since it has not yet been 
synthesized. Although ZVSe does not exhibit favorable electrochemical 
performance, it can be used for other applications that require materials 
with narrow band gaps and that undergo small changes in their struc
tures. Therefore, the ZVSe properties investigated in this work can be 
very useful for providing new insights to applications that require small 
band gaps.

The ZVS was the compound that presented the best properties on 
average and is positioned as a promising candidate to be used as a 
cathode in zinc batteries. The theoretical specific capacity is higher than 
other commercialized cathodes, such as LiMn2O4 (capacity = 148 mAh/ 
g) and LiFePO4 (capacity = 170 mAh/g) [77]. The energy barrier (eb) is 
lower than that of other spinel-type materials that were predicted by 
machine learning as potential cathodes for use in zinc batteries, such as 

Table 1 
Theoretical lattice parameters, vanadium spin magnetic moments (μ), and the 
direct transition band gap widths of ZVO, ZVS, and ZVSe compounds, with 
available experimental data. Here "a" represents the results obtained with the U 
value adjusted to the experimental band gap, and "m" represents the results 
obtained with the mBJ potential.

a(Å) μ(μB) band gap (eV)

Theor. ​ ​ ​
ZnV2O4 8.47 1.60a/1.64m 2.70a/2.92m

ZnV2S4 10.10 1.64m 0.60m

ZnV2Se4 10.34 1.66m 0.30m

Expt. ​ ​ ​
ZnV2O4 8.40[74] — 2.80[54]/2.95[55]

ZnV2S4 10.07[30] — —
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ZnSn2S4 (eb = 0.95 eV), ZnMo2S4 (eb = 0.70 eV), ZnMn2S4 (eb = 0.43 
eV), ZnFe2S4 (eb = 0.77 eV), ZnCu2S4 (eb = 0.77 eV), ZnCa2S4 (eb = 0.29 
eV), and MgZn2S4 (eb = 0.42 eV) [75]. It is worth noting that in this 
theoretical prediction, the authors found an energy barrier of only 
0.0019 eV for ZnNi2O4 and 0.09 eV for ZnCu2O4; however, these com
pounds experienced volume variations of 20.10% and 17.95%, respec
tively [75].

In contrast to the theoretical predictions obtained from machine 
learning, ZVS and ZVO have already been experimentally synthesized as 
cathodes; therefore, our results have good validation, since we were able 
to reproduce experimental results, which strengthens our theoretical 
predictions. The calculated voltage for ZVO and ZVS agree reasonably 
well with experimental results. The complete behavior of the lattice 
parameters and volume of ZVO, ZVS, and ZVSe as a function of zinc 
concentration are presented in Figure S3 and Table S4 of the SI, while 
Figures S4 and S5 illustrate the diffusion pathways of Zn2⁺ ions and the 
corresponding energy barriers within the ZVO, ZVS, and ZVSe 

structures. As pointed out earlier, the ZVSe does not have potential to be 
used as a cathode material in ZIBs and, consequently, an analysis 
described below will be carried out only for the ZVO and ZVS 
compounds.

As demonstrated in our previous work [76], X-ray absorption 
near-edge structure (XANES) is a powerful technique for mapping the 
redox process in battery materials. In this work, we used the WIEN2k 
code plus mBJ potential to calculate the vanadium K-edge XANES 
spectrum of ZVO and ZVS compounds. By analyzing this edge, it is 
possible to characterize the vanadium oxidation/reduction during bat
tery charge/discharge. The core-hole effect was considered, meaning 
one electron was removed from the vanadium ion 1s orbital and placed 
at the bottom of the conduction band, which approximately corresponds 
to the final state of the X-ray absorption process. Full details of how 
these calculations are performed can be found in a previous work, where 
we successfully evidenced the manganese oxidation process in the 
ZnMn2O4 and LiMn2O4 compounds during battery charging [76].

The ZVO and ZVS theoretical XANES spectra, calculated for the x = 1 
zinc concentration, are shown in Figs. 2a and 2b, respectively. The va
nadium K-edge XANES spectra were generated by electric dipole- 
forbidden transition from the 1s electron to an unoccupied 3d orbital 
(pre-edge) and by dipole-allowed transitions from the vanadium 1s 
electron to the conduction empty bands above the Fermi energy. The 
peaks above the pre-edge region are attributed to the dipole-allowed 
1s → 4p transition. The theoretical vanadium K-edge XANES spectra 
for ZnxV2S4 and ZnxV2O4, calculated for x = 1 and x = 0 zinc concen
trations are illustrated in Figs. 2c and 2d. The spectra for x = 0 shifted 
to higher energies during the extraction of zinc due to the increase of the 
V oxidation state. The absorption edge shift indicates that V3+ ions are 
being oxidized to V4+. V4+ ions are more strongly bonded to the oxygen 
atoms and require more energy to be excited, which causes the shift of 
the absorption edge to higher energies.

Fig. 2b compares the ZVO obtained results for x = 1 concentration 
with experimental data available in the literature [78]. The experi
mental energy range was adjusted to the theoretical energy range (for 
justification see our previous work [76]). The results for the vanadium 
K-edge XANES spectra align well with the experimental ones for x = 1. 
All main peaks determined theoretically (a, b, c, and d) are in 

Fig. 1. Partial density of states (PDOS) calculated with WIEN2k code and using the mBJ potential of ZVO, ZVS, and ZVSe. The dashed lines represent the top of the 
valence band, i.e., the highest occupied energy level (Fermi energy).

Table 2 
Theoretical specific capacity (mAh/g), average voltage (V), energy density (Wh/ 
kg), energy barrier (eV), contraction volume (CV in %), and band gap width (eV) 
of ZVO, ZVS, and ZVSe compounds, along with experimental data. "c" represents 
the results obtained with the calculated self-consistently U value, "a" represents 
the results obtained with the U value adjusted to the experimental band gap, and 
"m" represents the results obtained with the mBJ potential.

Cathode Capacity Voltage Energy 
density

Energy 
Barrier

CV Band Gap

Theor. ​ ​ ​ ​ ​ ​
ZnV2O4 231.78 1.02c/ 

1.35a
236.41c/ 
312.9a

0.16c/ 
0.19a

12.3c 1.80c/ 
2.70a/ 
2.9m

ZnV2S4 181.38 1.13c 204.95c 0.24c 7.6c 0.72c/ 
0.60m

ZnV2Se4 110.95 0.51c 56.58c 0.68c 3.7c 0.22c/ 
0.30m

Expt. ​ ​ ​ ​ ​ ​
ZnV2O4 — ≈ 0.8[31] — — — 2.80[54] 

/2.95[55]

ZnV2S4 — ≈ 1.0[30] — — — —
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concordance with those observed experimentally (a*, b*, c* and d*) 
[78]. This fact demonstrates that the electronic structures of the mate
rials have been accurately calculated. To the best of our knowledge, no 
experimental results regarding the vanadium K-edge XANES spectra of 
ZVS have been reported.

We show the calculated V L2,3-edge XPS for ZnxV2O4 and ZnxV2S4 
for both x = 1 and x = 0 in Fig. 3. Note that all spectra have been shifted 
in energy so that their L3-edge aligns with the experimental L3-edge of 
ZVO. In Fig. 3a, we compare the experimental and calculated L2,3-edge 
XPS of ZVO with x = 1. As shown, theory reproduces the experimental 

Fig. 2. Theoretical vanadium K-edge XANES spectra for x = 1 for a) ZVS and b) ZVO, compared to experimental results [78]. Calculated vanadium K-edge XANES 
spectra at x = 1 and x = 0 zinc concentrations for c) ZVS and d) ZVO. Calculations performed using the WIEN2k code with the mBJ potential.

Fig. 3. Theoretical vanadium L2,3-edge XPS spectra for x = 1 for a) ZVO and b) ZVS, compared to experimental results [79]. Calculated vanadium L2,3-edge XPS 
spectra at x = 1 and x = 0 zinc concentrations for c) ZVO and for d) the singlet and spin polarized state of zinc removed ZVS. Calculations performed using the 
RSPt code.
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spectra quite well. In Fig. 3b, we plot the calculated L2,3-edge XPS of 
ZVS, which shows a satellite peak between the L3 and L2-edges. A 
comparison of the calculated L2,3-edge XPS of ZVO for x = 0 and x = 1 
can be seen in Fig. 3c. Here, one can observe that the spectra are very 
similar to one another, and the only change seems to be that both the 
L3-edge and the L2-edge becomes somewhat larger in intensity when 

zinc is removed from the system. In the case of the zinc removed ZVS, we 
found two qualitatively different competing ground state solutions with 
a relative energy difference of <10 meV. The first one is a spin singlet 
state, while the other has a local spin moment. This competition is only 
observed in this material, because the V 3d orbitals strongly hybridize 
with the S 2p at the Fermi energy. Both states are sensitive to the hy
bridization and therefore the local environment of the vanadium atom. 
We present both solutions in Fig. 3d, because both solutions or a mixture 
of both could be possible in a sample depending on disorder or defects in 
the crystal structure. The XPS of both states is similar with the spin 
polarized state having a higher intensity on the L2-edge. Comparing the 
XPS of both states to the XPS of the ZVS with x = 1, we can see the same 
changes as in ZVO and a disappearance of the satellite peak.

In Fig. 4, the calculated V L2,3-edge XAS for ZVO and ZVS is plotted 
for both x = 1 and x = 0. All spectra have been shifted so that the main 
peak of the L3-edge aligns with the experimental L3-edge of 
Zn0.9Li0.1V2O4 [80], which is the closest system for which we found 
experimental data. In Fig. 4a, we compare the calculated L2,3-edge XAS 
for ZVO with the experimental L2,3-edge XAS of Zn0.9Li0.1V2O4. It is 
clear that we reproduce all features that can be observed in the exper
iment but some of the calculated features have slightly lower intensity. 
In particular, the calculation reproduces the small but clearly visible 
satellite peak between the L3 and the L2-edges. In Fig. 4b, we show the 
calculated L2,3-edge XAS of ZVS. Compared to ZVO one can see that the 
satellite peak is shifted to higher energies and that the L2-edge only 
consists of a single peak. Unfortunately, no XANES experimental data is 
available for this system, similar to the lack of XPS data, and the theory 
presented here serves as a prediction. Fig. 4c shows the effect of zinc 
being removed from ZVO. One can see that the main peak of the L3-edge 
shrinks and that all other peaks move slightly to lower energies. It 
should be noted that the two L3-edge main peaks have been aligned, 

which means that the energy shift due to the removal of zinc is not 
included in the figure. In Fig. 4d, we can see the XAS of the singlet and 
spin polarized state of zinc removed ZVS, which both look distinct from 
the pristine ZVS spectra. Similar to ZVO, the left shoulders of the L3 and 
L2 edges are more pronounced after zinc removal in both states. This 
effect is more pronounced in ZVS compared to ZVO, and it is most 
prominent when transitioning to the singlet state. Note that the back
ground that was added to Fig. 3a and Fig. 4a to compare with the 
experiment is comprised of two step-like functions, which are located at 
the maxima of the L3 and the L2-edge. For the step-like functions we used 
the Fermi-Dirac distribution as outlined in [81]. Also, the Lorentzian 
broadening due to lifetime effects of the L3 and L2-edges in XAS and 
XPS have been fitted to match the width of the corresponding experi
ment of ZVO. The same broadening parameter is then applied to all 
systems even if the lifetimes of the excited states could change between 
systems.

The total density of states (TDOS) at x = 1 and x = 0 for the ZVO and 
ZVS are illustrated in Figure S6 of the SI. At x = 1, the ZVO has a 
calculated band gap of 2.92 eV, and at x = 0 the width is 2.12 eV. 
Therefore, the electrical conductivity of ZVO is improved by extracting 
zinc. The same analysis can be done for the ZVS, as the band gap de
creases from 0.60 eV to 0 eV. Due to a much narrower bandgap, it is 
expected that ZVS exhibits better electrical conductivity than ZVO. The 
redox process can also be observed by analyzing the magnetic moment 
of vanadium as a function of zinc concentration (Tables S5 and S6 of the 
SI). At x = 1, ZnxV2O4 and ZnxV2S4 have only V3+ in their structure 
(magnetic moment ≈ 1.60 μB). However, when zinc ions are extracted, 
V3+ ions are oxidized to V4+ (magnetic moment ≈ 0.9 μB). For example, 
at x = 1, there are 16 V3+ ions in the ZnxV2S4 and ZnxV2S4 structures; at 
x = 0.5 there are 8 V3+ ions and 8 V4+ ions; and at x = 0, total oxidation 
of V occurs, i.e., only V4+ ions are observed. The vanadium magnetic 
moments and oxidation states of ZnxV2O4 and ZnxV2S4 for x = 1, x =

0.5, and x = 0 concentrations of zinc in the compound are shown in 
Tables S5 and S6 of the SI.

Fig. 4. Theoretical vanadium L2,3-edge XANES spectra for x = 1 for a) ZVS and b) ZVO, compared to experimental results of Zn0.9Li0.1V2O4 [80]. Calculated va
nadium L2,3-edge XANES spectra at x = 1 and x = 0 zinc concentrations for c) ZVS and for d) the singlet and spin polarized state of zinc removed ZVS. Calculations 
performed using the RSPt code.
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4. Discussion and conclusions

In this study, we have explored the intricate properties of ZnV2O4 
(ZVO) and ZnV2S4 (ZVS) as potential cathode materials for zinc-ion 
batteries (ZIBs), along with the variant ZnV2Se4 (ZVSe), through den
sity functional theory (DFT) calculations as well as theory of x-ray- and 
photoelectron spectroscopy that is based on multiplet ligand field the
ory. Our investigations provide a detailed mapping of their structural, 
electronic, magnetic, electrochemical, and spectroscopic (XPS and 
NEXAFS) properties, which are in close agreement with existing 
experimental data and offer predictive insights where such data are 
absent. The l-edge spectra are particularly interesting since a multi- 
configuration approach must be taken, due to the correlated nature of 
the valence electron states of the investigated systems, as well as the 
nature of the excitation process. Taking such an approach allows for 
excellent reproduction of known spectroscopic data for ZVO, and en
ables faith in the predicted values for ZVS.

Particularly, our findings highlight ZVS as a standout candidate for 
cathode applications in ZIBs due to its superior electrochemical per
formance compared to both synthesized and theoretically predicted 
cathodes. While ZVO shows promising electrochemical properties, 
challenges such as its wide band gap and poor capacity retention need to 
be addressed for it to be a viable cathode material. On the other hand, 
ZVSe, despite its poor electrochemical performance, may hold potential 
for other applications due to its unique properties.

Our work extends beyond the analysis of specific capacities and ca
pacity retention, delving into changes in volume, electrical and ionic 
conductivity, thus providing a comprehensive understanding of the 
electrochemical behavior of these compounds. The theoretical insights 
gained from this study are well-aligned with available experimental 
data, paving the way for the development of high-performance cathode 
materials for ZIBs, with possible impact on sustainable energy solutions 
in the electrification of society.
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D. Schmitz, P. Kögerler, Polyoxopalladates as prototype molecular hydrogen 
uptake systems and novel in situ hydrogen detectors on the nanoscale, Eur. J. 
Inorg. Chem. 2019 (2019) 448–455, https://doi.org/10.1002/ejic.201800972.

O.M. Sousa et al.                                                                                                                                                                                                                               Acta Materialia 282 (2025) 120468 

9 

https://doi.org/10.1103/PhysRevB.96.245131
https://doi.org/10.1103/PhysRevB.96.245131
https://doi.org/10.1103/PhysRevB.109.115126
https://github.com/JohanSchott/impurityModel
https://doi.org/10.1140/epjb/e2003-00282-4
https://doi.org/10.1140/epjb/e2003-00282-4
https://doi.org/10.1016/j.ensm.2021.07.042
https://doi.org/10.1016/j.ensm.2021.07.042
https://doi.org/10.1088/2515-7655/ad39dc
https://doi.org/10.1088/2515-7655/ad39dc
https://doi.org/10.1016/J.MATTOD.2014.10.040
https://doi.org/10.1016/J.MATTOD.2014.10.040
https://doi.org/10.1016/j.jtice.2018.03.052
https://doi.org/10.1088/1361-648X/ac101d
https://doi.org/10.1088/1361-648X/ac101d
https://doi.org/10.1002/ejic.201800972

	Ab initio investigation of ZnV2O4, ZnV2S4, and ZnV2Se4 as cathode materials for aqueous zinc-ion batteries
	1 Introduction
	2 Methodology and calculation details
	3 Results and discussion
	3.1 ZVO, ZVS and ZVSe without Zn deficiency
	3.2 ZVO, ZVS, and ZVSe with Zn deficiency

	4 Discussion and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References


