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A first principles study of spinel ZnFe2O4 for
electrode materials in lithium-ion batteries
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Zinc ferrite (ZnFe2O4) is a prospective lithium ion battery (LIB) material, owing to its large theoretical
capacity (1000 mA h g1). Here, we report a density functional study of the discharge process at an early
stage from ZnFe2O4 up to LixZnFe2O4 (x = 2), aiming to provide a fundamental understanding of the
mechanism. According to our calculations, with x increasing up to 1 the intercalation of Li+ ions prefers
octahedral 16c sites, which is accompanied by Zn2+ ion displacement from tetrahedral 8a sites to 16c
sites starting at x = 0.25 and a gain in stability, while the stability decreases for 1 o x r 2 due to the
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occupation of Li+ ions at the less active tetrahedral 8a/48f/8b sites. The open-circuit voltages estimated
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based on the structures of stable intermediates identified by DFT calculations are in good agreement
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with the experimental values. Our results highlight the importance of the interplay among Li, O2, Fe3+
and Zn2+ in enabling their high performance as LIB materials.

Introduction
Lithium (Li) ion batteries (LIBs) have been widely used as energy
storage devices in portable electronics.1–3 These rechargeable
batteries are a promising alternative for the internal combustion
engine (ICE) to power electric vehicles (EVs).1 LIBs are highly
advanced as compared to other commercial rechargeable
batteries, in terms of gravimetric and volumetric energy.4,5
However, whether LIBs will be able to power the world’s needs
for portable energy storage in the long run remains unclear.
Some of the disadvantages of LIBs at present are their cost, and
a shortage of some of the transition metals currently used.6
In addition, the battery capacity, power and cycle life should
also be enhanced to ensure their extended usage.7 Extensive
research efforts have been devoted to electrode materials of LIBs
to lower the cost and enhance the performance. In conventional
LIBs, LiCoO2 is the cathode material;8,9 yet the toxicity and cost
of cobalt limit the development of LiCoO2. One of the effective
methods to avoid that is to develop nontoxic multivalent
materials.
Zinc ferrite (ZnFe2O4) is a prospective alternative for electrode
materials, anode in particular, owing to its large theoretical
capacity (1000 mA h g1),10 structural stability, facile synthesis

method and low toxicity. ZnFe2O4 adopts an AB2O4 spinel structure with an oxygen cubic-close-packed (ccp) array and a 3D
framework for Li+ ion diﬀusion (Fig. 1), which is not significantly
impacted by the arrangement of the surrounding anion and
therefore enhances the electrochemical performance.11–19 Although
the structure of ZnFe2O4 has been well studied,13,20 the origin of
the high performance of ZnFe2O4 in LIB materials is not well
understood, in particular the fundamental understanding of the
discharge mechanism. One of the controversies appears in terms of
structural and phase changes of LixZnFe2O4 in different lithiated
states. Chen et al.21 first reported the study of Li insertion into zinc
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Fig. 1 Polyhedron structure of spinel ZnFe2O4 (a) and Li0.125ZnFe2O4 with
Li at the octahedral 16c site (b), tetrahedral 48f site (c) and the 8b site
(d) (gray: Zn; yellow: Fe; red: O; green: Li).
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ferrite using X-ray diffraction (XRD) and Mössbauer spectroscopy,
proposing that a significant Zn2+ displacement from the tetrahedral
8a sites to the octahedral 16c sites (Fig. 1) started at x = 0.5, and
completed at x = 1. At x 4 1, the Li+ ions were inserted in
the tetrahedral 8a/48f sites, very energetically unfavorable due to
a strong electrostatic repulsion between adjacent octahedral and
tetrahedral sites.8 However, Bresser et al.22 identified that the Zn2+
displacement occurred ranging from x = 0.4 to x = 0.9 according to
ex situ XRD characterization. The spinel structure was stabilized up
to x = 1.45. For x 4 1.45, phase separation was observed and
eventually LiZn, Fe, and Li2O were formed, where the Li–Zn alloy
was confirmed by Guo et al.23 as the final product of discharge
using selected area electron diffraction (SAED) patterns. The x = 0.2
intermediate was also identified by Sharma et al.10 as the starting
point for Zn2+ displacement. Larcher et al.24 indicated that these
critical points during discharge could be influenced by applied
current densities, particle sizes and shapes for spinel LixAB2O4.
Besides the efforts to identify the critical intermediates during the
charge/discharge process, little has been done on understanding
the detailed mechanism.
With recent advances in computational methods, many key
properties of LIBs can be accurately predicted by theoretical
modeling.3,25–30 Herein, we employed density functional theory
(DFT) to describe the early-stage discharge process of ZnFe2O4
up to Li2ZnFe2O4. The sequential Li+ intercalation into the
lattice of ZnFe2O4 was calculated in detail. Our calculations were
able to identify the structures of key discharging intermediates,
LixZnFe2O4, which are able to well describe the experimentally
measured open-circuit voltages (OCVs). The good agreement with
the experiment allowed us to provide deep insight into the
discharge mechanism, the active sites for Li+ intercalation, and
the roles that Fe3+ and Zn2+ ions play, which can be of great
importance to the further optimization of ZnFe2O4-like materials
for LIBs.

lower formation energy is more preferable. The average intercalation voltage was calculated by38


E Lixj ZnFe2 O4  E ðLixi ZnFe2 O4 Þ  xj  xi EðLiÞ

V¼
xj  xi F
(2)
where F is Faraday’s constant. The relative stability of a
LixZnFe2O4 system was expressed with respect to ZnFe2O4 and
Li2ZnFe2O4 as26
Es = E(LixZnFe2O4)  (2  x)E(ZnFe2O4)  xE(Li2ZnFe2O4)
(3)
Here Ef represents the energy cost to form LixZnFe2O4 from
ZnFe2O4 and Li bulk, while Es corresponds to that from
ZnFe2O4 and Li2ZnFe2O4 bulk. The minimum energy path for
Li+ insertion was calculated using the nudged elastic band
(NEB) method, with four images linearly generated between
the initial and final states.39
The present DFT calculations described the sequential
intercalation of Li+ ions into ZnFe2O4 bulk, where all possible
sites for each inserted Li+ ion were considered. In addition, to
account for the possible displacement of Zn2+ ions from the
tetrahedral 8a sites to the octahedral 16c sites observed during
the discharge process,40 the ZnFe2O4 system was allowed to
fully relax on Li+ ion intercalation in path 1; while in path 2,
a Zn2+ ion at the tetrahedral 8a site next to an intercalated
Li+ ion was artificially shifted to the neighboring 16c site.
We considered two paths according to the previous studies
showing that the Zn2+ ion displacement was critical and could
be influenced by applied current densities, particle sizes and
shapes for spinel LixAB2O4.24

Results and discussion
Method

Formation energy of LixZnFe2O4

DFT implemented in the Vienna ab initio simulation package
(VASP)31,32 was employed. Spin-polarized DFT+U calculations
were carried out with the PAW potential33 using the PBE
exchange–correlation functional34 and a kinetic energy cutoff
of 520 eV. A Hubbard U correction of Ueff = 5.3 eV was applied to
the Fe d orbitals.35 The tetrahedron smearing method with
Blöchl corrections36 was used with the total energies converged
better than 104 eV. The first Brillouin zone was sampled using
a 4  4  4 k-mesh. Various models of LixZnFe2O4 were
constructed and the corresponding formation energies were
calculated as
Ef ¼

E ðLix ZnFe2 O4 Þ  E ðZnFe2 O4 Þ  xEðLiÞ
x

(1)

according to the previous study,37 where E is the DFT-calculated
total energy of a specific configuration. ‘‘x’’ is the lithiation
(discharge) extent. E(Li) is the constant and is equal to the total
energy of bulk metallic Li, which is assumed to be the anode.
Ef was expressed in eV per formula unit. The structure with
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Our calculations started with the non-lithiated ZnFe2O4 crystal
structure (Fig. 1a), which was modeled with the Fd3% m primitive
cell containing eight formula units. The DFT-optimized lattice
parameters of 8.54 Å (8.45 Å in experiment)41 and magnetic
moments of 4.3 mB (4.2 mB in experiment)42 are in good agreement with the values measured experimentally. For Li+ intercalation, there are three types of vacancy sites available in the
lattice of spinel ZnFe2O4, including octahedral 16c, tetrahedral
48f and 8b sites (Fig. 1). To determine the structural dynamics
during the discharge, Li+ ions were sequentially inserted into
ZnFe2O4, with various possible sites tested (Fig. 2a). The inclusion
of various possible configurations in the DFT calculations is
important, as the geometry optimization at 0 K may in some cases
result in a local minimum configuration and overlook other stable
possibilities. In agreement with previous studies,40 among the
vacancies, the 16c site is the most preferable to accommodate Li+
ions during discharge; by comparison the 8b and 48f sites are less
energetically favorable for cation occupation due to the shortened
distance with Fe3+ ions and therefore increased electrostatic
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Fig. 3 The DFT-estimated OCV (symbols) for Li+ ion intercalation into
ZnFe2O4, where the experimental values (lines) are cited from Takeuchi
et al.24 Path 1 and path 2 refer to the two diﬀerent methods for Li+ ion
intercalations considered in DFT calculations.

Fig. 2 (a) Formation energy of LixZnFe2O4. (b) Relative stability of the
LixZnFe2O4 configurations relative to ZnFe2O4 and Li2ZnFe2O4.

repulsion. For instance, Li0.125ZnFe2O4 with Li+ at the 16c site is
more stable than that with Li+ at 8b sites by 3.53 eV and the 48f site
by 0.26 eV.
As shown in Fig. 2a, the formation of LixZnFe2O4 is more
exothermic with increasing x at x o 1. That is, the discharge of
ZnFe2O4 is energetically favorable. A rapid gain in formation
energy is observed at x o 0.375, which is slowed down at
0.5 o x o 1. It indicates that Li0.125ZnFe2O4, Li0.25ZnFe2O4 and
Li0.375ZnFe2O4, especially Li0.125ZnFe2O4, are much less stable
than the other LixZnFe2O4. This is also confirmed by the DFT
results on relative stability (Fig. 2b). During the lithiation
process, the FeO6 octahedron remains unchanged by insertion
of Li+ ions, a solid-solution is formed at x o 1. The most stable
LixZnFe2O4 is observed at x = 1, where all the active 16c sites
are occupied by both Li+ and Zn2+ ions as shown below. Upon
further increasing x (x 4 1), Li+ ions start to occupy the
tetrahedral 8a/48f sites, and the stability of LixZnFe2O4 is
decreased (Fig. 2a and b). Our results suggest that the discharge
of ZnFe2O4 is likely more active for x o 1 than for x 4 1.
To confirm that, in the following the average voltages for Li+
intercalation were calculated, and compared with the corresponding experiment.
Discharge performance of ZnFe2O4
On the basis of the DFT-determined total energy of LixZnFe2O4,
the average Li+ intercalation voltage was estimated using Eqn (2),
where only LixZnFe2O4 with the corresponding formation energy
lower than 1.0 eV were considered. As shown in Fig. 2a, these
intermediates include LixZnFe2O4 with x Z 0.5. That is, at the
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initial stage of discharge (x o 0.5), LixZnFe2O4 are not as stable as
those with x Z 0.5 (Fig. 2), and may not contribute to the
experimental OCV measurements, assuming that the measurement is based on stable intermediate structures. As shown in
Fig. 3, good agreement between DFT-estimated values and experimentally measured values is achieved. That is, the current DFT
calculations are able to well describe the discharge behaviors of
LixZnFe2O4 at x Z 0.5. Both theoretical and experimental results
show a decrease in voltage after x reaches a value between 0.75
and 1, indicating a more active discharging for LixZnFe2O4 with
x o 1 than those with x 4 1.
We also tested the possible sites contributed to the initial
Li+ intercalation, which are likely more active than those in an
ideal bulk structure. One possibility is associated with defect
sites in bulk. A point defect was generated at the tetrahedral
Zn(8a) site, the octahedral Fe(16d) site and the O(32e) site,
separately. A Li+ ion was intercalated into the defect site or the
16c vacancy site in the defect structure. The formation energy
was calculated based on eqn (1). According to the DFT calculations,
the formation of defect vacancies is energetically unfavorable with
the positive formation energy (referenced to pristine ZnFe2O4,
Zn2+(aq), Fe3+(aq) and H2O(l)) over 5.10 eV per formula unit, and
the preference decreases in a sequence: 8a Zn2+ ions site 432e O2
ions site 416d Fe3+ ion site. In addition, Li+ ions prefer to fill none
of these vacancies; the corresponding intercalation voltages are
negative and are more negative than that at the 16c site (0.60 V) by
at least 0.91 V. That is, the vacancy sites in the bulk are not only
diﬃcult to form but also not active to stabilize the intermediates
during the initial discharge. The other possibility corresponds to
the various surface structures and orientations, assuming that the
initial discharge occurs near the surface. On the surfaces, the
interaction with Li+ ions can be enhanced via the presence of
either the active ions, which have the lower coordination than those
in bulk, or the active defect sites, which may be likely formed due to
as well as the direct interaction with the chemical environments.
As a result, the OCV for Li+ ion intercalations can be increased
as observed experimentally. The calculations on surfaces are now
under consideration and beyond the current interest, bulk
structures.
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Discharge mechanism of LixZnFe2O4
Structure of LixZnFe2O4 along path 1. In a (ZnFe2O4)8 cell, at
x = 0.125 a Li+ ion (Li1) prefers the octahedral 16c vacant site
instead of the tetrahedral 48f site in the lattice by 0.26 eV, and
the neighboring Zn2+ (Zn1) is slightly shifted away from the 8a
site along path 1 (Fig. 4). At x = 0.25, the second Li+ (Li2) tends
to occupy the 16c sites adjacent to Zn1, which also drives the
spontaneous displacement of Zn1 from the 8a site to the 16c
site in path 1 (Fig. 4). In addition, our results suggest that the
displaced Zn1 activates the neighboring 16c sites to attract
additional Li+ ions. Following this principle, at x = 0.375 and
x = 0.5, Li+ (Li3 and Li4) ions favor to occupy the 16c sites next to
Zn1 (Fig. 4). During the insertion of Li4, again, the cooperative
displacement of another Zn2+ (Zn4) ion to the 16c site occurs.
It also becomes the active center to attract Li5 at x = 0.625 and Li6
at x = 0.75 to occupy the neighboring 16c sites. Such combined Li+
insertion and Zn+ displacement is repeated until x = 1, when all
16c sites are occupied by either Li+ or Zn2+ ions.
After all octahedral sites have been occupied, the additional
Li+ ions are inserted into 8a/48f/8b tetrahedral sites starting
from x = 1.125 (Fig. 4). The present DFT calculations confirm
the results from the previous study,21 showing that 8b sites
sharing four faces with neighboring Fe3+ ions are the most
unfavorable positions. Compared with 48f sites sharing two
faces with Fe3+ ions, 8a sites are the most preferable sites for Li+
ions from x = 1.125 to x = 2. Li10 (x = 1.25) and Li11 (x = 1.375)

PCCP

prefer to be inserted into the same layer as Li9 (x = 1.125),
because the previously inserted Li+ ion enlarges the lattice of
that layer and makes it beneficial for further intercalation. Such
behavior occurs until all the 8a sites are occupied at x = 2.
Significant displacements of Zn2+ ions and Li+ ions from the
octahedral sites to the tetrahedral sites were observed for
Li2ZnFe2O4 together with large distortion in the lattice from
the spinel LiZnFe2O4 (Fig. 4). This is likely due to a strong
electrostatic repulsion between tetrahedral Li+ ions and adjacent octahedral Li+/Zn2+ ions, which may eventually lead to
phase separation with the proceeding of discharge (x 4 2)
observed experimentally.35 The discharge pathway identified in
the current calculations for ZnFe2O4 is more preferential than
the previously proposed coarse pathway,43 where the corresponding intermediates Lix=0.5,1,2 ZnFe2O4 are about 2 eV more
stable.
Comparison between path 1 and path 2. As indicated before,
the diﬀerence between path 1 and path 2 is the initial structure
of LixZnFe2O4, where the Zn2+ displacement in response to each
Li+ intercalation is not considered along path 1 and is included
in path 2. At x = 0.125, when Zn1 is artificially moved to the 16c
site nearby via path 2, it shifts spontaneously back to the 8a site
after the optimization. That is, path 1 and path 2 merge and the
Zn2+ displacement does not occur at this stage (Fig. 5). With x
increasing to 0.75, path 1 and path 2 remain merged, though
the Zn2+ displacement is observed. As shown in Fig. 5, 12.5% of

Fig. 4 Optimized structures of LixZnFe2O4 along path 2 for Li+ ion intercalation into ZnFe2O4 (green: Li; gray: Zn; yellow: Fe; red: O).
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Fig. 5 The percentage of Zn2+ displacement during the discharge of
ZnFe2O4. Path 1 and path 2 refer to the two diﬀerent methods for Li+
ion intercalations considered in DFT calculations.

Zn2+ displacement starts at x = 0.25, which agrees well with the
proposed starting point at x = 0.2 based on the OCV profiles,
observed capacity values, ex situ transmission electron microscopy (TEM) and SAED data.10 That is, the Zn2+ displacement
can occur spontaneously upon Li+ ion intercalations. At x = 0.5,
the amount of displaced Zn2+ increases to 25% along both
paths, which is also observed by X-ray absorption fine structure
spectroscopy (XANES) in our previous study.41
The divergence between path 1 and path 2 emerges at
0.75 o x o 1.125 (Fig. 5). The energy gain of 0.07 eV at
x = 0.875 is observed on going from path 1 to path 2, which
increases significantly to 1.14 eV at x = 1. The preference to path
2 over path 1 is associated with the full Zn2+ displacement on
single Li+ insertion to the 16c site. In path 1 the insertion of
an Li+ ion into Li0.75ZnFe2O4 only induces 12.5% Zn2+ ion
displacement and the amount of displaced Zn2+ remains as
50% till x = 1; while in path 2, moving one Zn2+ ion from the 8a
to the 16 site triggers the spontaneous displacement of
the remaining Zn2+ ions or 100% Zn2+ ion displacement, as
observed for Fe3O4 by Takeuchi et al.35 LiZnFe2O4 with
50% Zn2+ ion displacement in path 1 has been confirmed by
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synchrotron XRD refinement,41 while that with 100% Zn2+ ion
displacement along path 2 is also in good agreement with
the previous study using the same tools, proposing that
all Zn2+ ions displace to the 16c sites on the formation of
Li0.9ZnFe2O4.22 Therefore, it seems that both structures for
LiZnFe2O4 may exist. This is the case for Li0.875ZnFe2O4 according
to the NEB calculations, where the diﬀerence at x = 0.875 in
structural stability along the two paths is rather small, and there is
a barrier of 0.55 eV to overcome for the transition from 50% Zn2+
ion displacement to 100% displacement (Fig. 6a, c and d) and
0.62 eV for the reverse. Both transitions should be feasible under
the operation conditions of LIBs. However, for LiZnFe2O4 the
barrier for the transition from path 1 to path 2 is as low as 0.06 eV,
while the reverse is rather diﬃcult corresponding to the barrier of
1.20 eV due to the big diﬀerence in the stability between the
structures along path 1 and that along path 2 (Fig. 6b, e and f).
It means that the 100% Zn2+ ion displacement for LiZnFe2O4
should be much more likely to be observed experimentally, rather
than the 50% Zn2+ ion displacement at x = 1.
The two paths are converged again at x = 1.125, with 100%
Zn2+ ion displacement along both paths and all of the 16c sites
have been occupied by either Zn2+ or Li+ ions (Fig. 4). As a
result, any additional Li+ ion is forced to be intercalated into 8a
sites, and no more Zn2+ displacement occurs.
According to our DFT calculations, the discharges along
path 1 and path 2 mostly correspond to the same LixZnFe2O4
structures. The only exception is for the intermediate states
with 0.75 o x o 1.125, which features a big diﬀerence in the
amount of displaced Zn2+ ions (Fig. 5) and leads to the
divergence in the stability of the intermediates (Fig. 2b) and
the estimated OCVs (Fig. 3). Such a diﬀerence between x = 0.75
and x = 1.125 is also observed in variation of cell volume
expansion induced by the Li+ ion intercalation, which is
expressed with respect to pristine ZnFe2O4 (V0 = 622.99 Å3), as
(V  V0)/V0  100%. Along both path 1 and path 2 a slow
volume expansion is observed with the cell volume expanded to
3.62% on going from x = 0 to x = 0.75 (Fig. 7). This is due to the
partial counterbalance in volume expansion induced by Li+

Fig. 6 NEB barrier for displaced Zn from 8a to 16c at x = 0.875 (a) and x = 1 (b) on going from path 1 with reaction coordinates of 0 to path 2 with
reaction coordinates of 1, where the structures for Li0.875ZnFe2O4 with 50% (c) in path 1 and 100% of Zn2+ displacement (d) in path 2 and LiZnFe2O4 with
50% (e) in path 1 and 100% of Zn2+ displacement (f) in path 2 were also included (green: Li; gray: Zn; yellow: Fe; red: O).
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Fig. 7 Cell volume expansion during the discharge of ZnFe2O4. Path 1 and
path 2 refer to the two diﬀerent methods for Li+ ion intercalations
considered in DFT calculations.

intercalation and the volume shrink caused by Zn2+ displacement from 8a sites to 16c sites starting from x = 0.25. Such slow
cell expansion continues to 4.41% at x = 1 in path 1. With the
occurrence of 50% Zn2+ displacement at one time upon Li+ ion
insertion, the resulting cell shrink over-balances the expansion
at x = 1.125 in this case and leads to a small volume decrease
along path 1. Similarly, in path 2, 62.5% of Zn2+ displacement
at one time results in an abrupt volume shrink by 1.87% at
x = 0.875 (Fig. 7). At x = 1.125, the cell expansion merges again
with that in path 1, which rapidly climbs up to 22.06% on going
to x = 2. According to our DFT calculations, both paths are
possible, which can be competitive at x = 0.875, while the clear
preference for path 2 over path 1 is observed at x = 1, which
should be much likely to observe experimentally.
Electronic structure of LixZnFe2O4
The variation in atomic structures during the discharge of
ZnFe2O4 is always accompanied by the change of electronic
structures. To describe that, the projected density of states
(PDOS) of LixZnFe2O4 was calculated. In agreement with the
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previous DFT study,20 our calculations show that in pristine
ZnFe2O4 the valence bands are mainly composed of O 2p, Zn 3d
and Fe 3d states; while the conduction bands are dominated by
Fe 3d states (Fig. 8a).
Upon Li+ ion insertion, Li 2s and 2p orbitals strongly overlap
with O 2s and 2p orbitals, where the valence bands are mostly
empty (Fig. 8b). It suggests the formation of ionic bonding
between Li and O via one electron transfer from Li to ZnFe2O4
and the formation of Li+ ions. Now the question is the location
of the electron transferred from Li. Here we chose LiZnFe2O4
as a representative, which was the most stable discharge
intermediate among all LixZnFe2O4 (Fig. 2b), and was also
captured experimentally.41 According to the PDOS (Fig. 8), the
variation in O 2p and Zn 3d on going from ZnFe2O4 to
LiZnFe2O4 is rather small; instead Fe 3d states change more
significantly with a clear transition from localization in pristine
ZnFe2O4 to delocalization in LiZnFe2O4, which indicates the
reduction of Fe3+ ions. That is, during the discharge process,
the electrons donated by inserted Li are transferred mainly to
Fe3+ ions via the directly bound O2 ions.
The variation in the electronic structure induced by Li+ ion
intercalation was observed not only for LiZnFe2O4, but also
for the other intermediates. Fig. 9a shows the increase in
the delocalization of Fe 3d upon discharging from ZnFe2O4
Li0.5ZnFe2O4, LiZnFe2O4 to Li2ZnFe2O4, where the Fe3+ ions
near the inserted Li+ or displaced Zn2+ ions are reduced. With
increasing amount of inserted Li, the number of reduced Fe3+
ions also increases. Both Fe3+ and reduced Fe2+ ions likely
coexist in LixZnFe2O4 until all of the Fe3+ ions are reduced to
Fe2+ at x = 2. By comparison, the changes in Zn 3d are rather
small during the discharge process (Fig. 9b), and the ions are
likely to remain in the +2 state though the location undergoes
significant displacement from the 8a to the 16c site.
Overall, the discharge of ZnFe2O4 up to Li2ZnFe2O4 leads
to significant changes in atomic and electronic structures.
Each component participates in this process directly and the

Fig. 8 Projected density of states (PDOS) plots of O 2p, Zn 3d, 4s, 4p, Fe 3d and Li 2s, 2p in (a) ZnFe2O4 and (b) LiZnFe2O4 along path 2.
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Projected density of states (PDOS) plots of (a) Fe 3d and (b) Zn 3d, 4s, 4p in ZnFe2O4, Li0.5ZnFe2O4, LiZnFe2O4 and Li2ZnFe2O4.

interplay among them is critical to enable the high performance as
LIBs. Li is the electron donor, which donates electrons to ZnFe2O4
upon insertion. O2 ions are the mediators, which mediate the
attraction of inserted Li and the transfer of electrons from Li. Fe3+
ions are the electron acceptors, which accept the electrons donated
from Li via directly interacted O2 by taking advantage of the high
reducibility to Fe2+. Finally, Zn2+ ions which have a more negative
reduction potential than Fe3+ remain as +2 during the initial stages
of the discharge; however it allows the facile displacement from
the 8a to the 16c site upon Li+ insertion, which is the key to
generating active sites and facilitating Li+ ion intercalation.

Our study highlights the importance of the interplay among
Li, O2, Fe3+ and Zn2+ in enabling the high performance as
LIBs. Li ions are electron donors. O2 ions are the mediator for
the attraction of inserted Li and the transfer of electrons from
Li. Fe3+ ions are electron acceptors by taking advantage of the
high reducibility to Fe2+. Finally, Zn2+ ions are the key to
generate active sites and facilitate Li+ ion intercalation via
facile displacement from the 8a to the 16c site.
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Conclusions
In conclusion, the discharge process of ZnFe2O4 at the early
stages of lithiation was investigated using DFT calculations.
Various structures of LixZnFe2O4 (0 o x r 2) were investigated
to describe the details of structural dynamics during Li+ ion
intercalation. Our results show that LixZnFe2O4 at the initial
discharging (x o 0.5) is not stable. The stability is enhanced
upon increasing the amount of Li+ ions up to x = 1, which is
decreased for x 4 1. LiZnFe2O4 is the most stable intermediate
state. The OCVs estimated based on the stable intermediate
structures from the DFT calculations are in good agreement
with the experimental values.
At the initial stage of discharge, Li+ ions prefer the octahedral 16c sites over the tetrahedral 8a/48f/8b sites in the
pristine ZnFe2O4 lattice. Such insertion is always accompanied
by the displacement of nearby Zn2+ from the 8a to the 16c site
starting from x = 0.25 and ending at x between 0.875 and 1.125,
in reasonable agreement with the experimental measurements.
The displaced Zn2+ ions in turn activate the 16c site next to it to
attract additional Li+ ions and facilitate the discharge process.
The stable LiZnFe2O4 corresponds to a conformation with all
active 16c sites occupied by either Li+ or Zn2+ ions.
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33 P. E. Blöchl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953–17979.
34 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.
35 W. Zhang, D. C. Bock, C. J. Pelliccione, Y. Li, L. Wu, Y. Zhu,
A. C. Marschilok, E. S. Takeuchi, K. J. Takeuchi and
F. Wang, Adv. Energy Mater., 2016, 6, 1502471.
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