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ABSTRACT: Spinel zinc ferrite (ZnFe2O4) is a well-known
anode material in lithium ion batteries (LIBs) because of its
large theoretical capacity. However, the high potentials
observed at the initial stage of lithiation cannot be captured
using a model of Li+ intercalation into the stoichiometric
ZnFe2O4 bulk. Here, using density functional theory, we
report for the ﬁrst time that the ZnFe2O4 surfaces are
responsible for the measured initial potentials. Among the
three identiﬁed stable surfaces, ZnFeO 2 -terminated
ZnFe2O4(1 1 0), O-terminated ZnFe2O4(1 1 1), and Znterminated ZnFe2O4(1 1 1), both (1 1 1) surfaces display higher lithiation potentials than the (1 1 0) surface, and the estimated
potentials based on Zn-terminated (1 1 1) ﬁt well with the experimental observations, whereas using the models based on
ZnFe2O4(1 1 0) and previously ZnFe2O4 bulk, the estimated potentials are much lower. In terms of Li+ diﬀusion, the Znterminated ZnFe2O4(1 1 1) surface is the most active, where the energetically favorable saturation of Li+ on the surface is able
to facilitate the process. Our results provide a new strategy for the design of LIB materials, via controlling the particle shape and
the associated surface characteristics, thus enhancing the discharging performance.
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INTRODUCTION
Zinc ferrite (ZnFe2O4) is a prospective anode material for
lithium ion batteries (LIBs) owing to its large theoretical
capacity (1000 mA h/g), good structural stability, facile
preparation method, and low toxicity.1,2 Although the structure
of ZnFe2O4 bulk has been well studied, the origin of the high
performance of ZnFe2O4 as LIB materials is not well
understood, in particular the detailed fundamental understanding of the lithiation mechanism, which is essential to
optimize the performance of ZnFe2O4.
Previously, we have employed density functional theory
(DFT) to successfully describe the mechanism at the initial
stage lithiation of ZnFe2O4 up to LinZnFe2O4 (n ≤ 2) using
bulk models.1,3 Our calculations identiﬁed the key lithiation
intermediates and were able to describe well the experimentally
measured open-circuit voltages (OCVs) for n ≥ 0.5. However,
the model failed to describe the initial lithiation stage with n <
0.5, where the predicted OCVs were lower than the
corresponding measured values.1,3 Such phenomena are not
speciﬁc for ZnFe2O4 and have also been reported for other
LIBs materials, for example, Fe3O4.4 Our hypothesis is that the
discrepancy is associated with the surfaces of ZnFe2O4, where
the initial lithiation likely occurs. On the surfaces, the
interaction with Li+ can be enhanced via the presence of
either the active ions with lower coordination than those in
© 2018 American Chemical Society

bulk or the defect sites formed upon interacting with the
chemical environments. Moreover, the detailed understanding
of the surface will be very helpful to provide guidelines for
future LIB material design, such as coating, doping, or
controlled fabrication of ZnFe2O4 to improve its electrochemical performance.
Herein, we employed DFT to determine the surface
structures of spinel ZnFe2O4 and describe the corresponding
performance during the lithiation process. In contrast to the
studies on bulk, little has been reported for the surface
structures and properties of LinZnFe2O4. One of the focuses of
previous studies was the surface structure and stability of
unlithiated ZnFe2O4. According to the measurement using
high-resolution transmission electron microscopy (TEM),
bulk-terminated (2 2 0),2,5,6 (1 1 1),5−9 and (3 1 1)2,5,8,10
were exposed facets of the crystal, and the particle morphology
was sensitive to synthesis conditions. During the lithiation
process, the (1 1 1) facet was found not only to be stable but
also to accelerate the Li intercalation.6 Thus, the fabrication of
ZnFe2O4 with increased area of (1 1 1) facet helps in
promoting the cyclability and enhancing the lithiation rate.
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μZn, μFe, and μO have a range in which ZnFe2O4 bulk is stable

However, the origin of the facet-preference and the facetdependent performance remains unknown because of the
diﬃculty in using existing experimental tools to characterize
the atomic surface structure of such a complex system.
To provide the mechanistic understanding at the atomic
level, theoretical calculations were performed for ZnFe2O4. So
far, to our best knowledge, there has been only one DFT study
focusing on the facet-preference among the low-index (0 0 1),
(1 0 0), (1 1 0), and (1 0 1) surfaces.11 The results showed
that the Zn- and Fe-terminated (1 1 0) and (1 0 1) surfaces are
more stable than the Zn-terminated (0 0 1) and (1 0 0)
surfaces; however, the promising (1 1 1) surface identiﬁed
experimentally1,6 was not studied. In addition, to make it
energetically comparable from one surface to the next, the
surface was described by a slab with diﬀerent terminations on
two ends, which can be very diﬀerent in surface energy in some
cases.12−14 This can result in inaccuracy of the calculated facetpreference.15
In the present DFT study, both the low-index surfaces, (1 0
0), (1 1 0), and (1 1 1), and high-index surface of ZnFe2O4, (3
1 1), were taken into consideration, according to the previous
X-ray diﬀraction (XRD) and TEM studies.1,2,5−10 To eliminate
the eﬀect introduced by diﬀerent terminations on both ends of
a slab surface, the same terminations were chosen. In addition,
according to the previous studies on similar systems, the
surface energy of diﬀerent terminations was deﬁned as a
function of Zn and Fe chemical potentials for comparison
among diﬀerent orientations.16−19 Indeed, on the basis of the
most stable surface structures, the estimated OCV values at n <
0.5 are able to well describe the experimental measurement,
which could not be achieved previously using the bulk
model.1,3 Our results highlight the essential contribution of
ZnFe2O4(1 1 1) at the initial stage of lithiation, via stabilizing
Li+ and facilitating the diﬀusion into bulk.

■

EZnFe2O4 = μZn + 2μFe + 4μO
ΔμZn = μZn − EZn < 0
ΔμFe = μFe − E Fe < 0
ΔμO = μO − EO < 0
where EZn, EFe, and EO are the total energy of metallic Zn bulk,
metallic Fe bulk, and O in gaseous molecular O2, respectively, and
ΔμZn, ΔμFe, and ΔμO refer to the diﬀerence of chemical potential in
the slab and in metallic bulk (Zn and Fe) or gas phase (O), at 0 K and
1 bar. Therefore, a more negative value indicates a Zn- or Fe-poor
condition, whereas a value close to 0 represents a Zn- or Fe-rich
environment condition. This method has been proven previously,
being able to describe well the experimental results of metal
compound surfaces including LiMn2O4.16−19
Therefore, the surface energy was expressed as a function of ΔμZn
and ΔμFe
ζ=ϑ−

2S

where ϑ is a constant and measures the surface stability with respect
to ZnFe2O4 bulk and metallic Zn and Fe. On the basis of the
equations, the phase diagrams of various surfaces with diﬀerent
terminations of ZnFe2O4 were determined.
Lithiation Reactivity Calculations. The Li absorption/binding
energy is deﬁned as24
E b = EnLi/Surface − ESurface − nE Li+
where EnLi/Surface, ESurface, and ELi+ correspond to the total energy of the
Li-adsorbed surface, bare surface, and aqueous Li+ ion, respectively. n
is the number of Li on the surface. Negative Eb represents an
energetically favorable adsorption.
The average intercalation voltage is calculated by25
V=

METHODS

EnLi/Surface − ESurface − nE Li
nF

where ELi stands for the total energy of Li bulk and F is the Faraday’s
constant.

DFT Calculations. DFT implemented in the Vienna ab initio
Simulation Package20,21 was employed. The spin-polarized DFT + U
calculations were carried out with the projector augmented wave
potential22 using the Perdew−Burke−Ernzerhof exchange−correlation functional23 and a kinetic energy cutoﬀ of 520 eV. A Hubbard U
correction of Ueff = 5.3 eV was applied to the Fe d orbitals. This setup
was successfully used to predict the lithiation properties observed
experimentally for bulk ZnFe2O4 according to our previous studies.1,3
The Gaussian smearing method was used with the total energies
converged better than 10−4 eV, and the ﬁnal force on each atom is less
than 0.02 eV Å−1. The ﬁrst Brillouin zone was sampled on a 3 × 3 × 1
k-mesh.
Surface Stability Calculations. The slab model was considered
to describe various ZnFe2O4 surfaces. The surface was modeled using
a 2 × 2 surface slab. The number of layers included varied depending
on the termination, making sure that the slab was terminated by the
same surface termination (Figure S1). A 20 Å thick vacuum was
added along the direction perpendicular to the surface to avoid the
artiﬁcial interactions between the slabs. During geometry optimization, the top three layers were allowed to relax with adsorbed Li+,
whereas the rest were ﬁxed at the bulk positions.
Following the previous studies,16−19 the stability of the surface was
determined by the surface energy deﬁned as
ζ=

(x − z /4)ΔμZn + (y − z /2)ΔμFe

■

RESULTS AND DISCUSSION
ZnFe2O4 Surfaces: Structures and Stability. ZnFe2O4
adopts a normal spinel structure, in which the equivalent
positions are divided into six diﬀerent groups, 8a, 8b, 16c, 16d,
32e, and 48f sites. The octahedral 16d sites are occupied by
Fe3+, whereas Zn2+ and O2− take up the tetrahedral 8a sites and
octahedral 32e sites, respectively. The vacancy sites, including
octahedral 16c and tetrahedral 48f and 8b, are available for Li
insertion and/or diﬀusion. Our calculations started with the
previously optimized bulk ZnFe2O4 structure in the Fd3̅m
primitive cell and containing eight formula units.1,3 The DFToptimized lattice parameters of 8.54 Å (8.45 Å in experiment1)
and magnetic moments of 4.3 μB (4.2 μB in experiment26) are
in good agreement with the values measured experimentally.
The surface stabilities of low-index surfaces, (1 0 0), (1 1 0),
and (1 1 1), and the high-index surface (3 1 1) with various
bulk terminations of ZnFe2O4 were considered. The phase
diagrams based on the calculated ζ were plotted to reveal the
most stable structures as a function of ΔμZn and ΔμFe.
Various terminations of ZnFe2O4(1 0 0), ZnFe2O4(1 1 0),
ZnFe2O4(1 1 1), and ZnFe2O4(3 1 1) surfaces were considered
(Figures S2−S5), where each termination was expressed by the
corresponding composition in our notation. On the basis of
the calculated ζ, Figure 1 summarizes the most stable surface

ΕSlab − xμZn − yμFe − zμΟ
2S

where ESlab is the total energy of ZnxFeyOz surfaces. μZn, μFe, and μO
are the chemical potentials of Zn, Fe, and O, respectively, in the
ZnxFeyOz surfaces; S is the surface area of the slab.
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more preferred to accommodate the curvature than the
extended surfaces, such as (1 1 1). However, the structure
on the terrace of (3 1 1) adopts that on (1 1 1) (Figure S5).
The (1 1 1)-I surface is constructed by a FeO6 octahedron
layer, which is parallel to the surface (Figure S1b,c). With the
increasing Zn amount in the environment, the (1 1 1) surface
goes from (1 1 1)-I terminated by oxygen from the FeO6
octahedron layer (Figures 1 and S1b) to (1 1 1)-II by stacking
Zn2+ ions over the FeO6 octahedrons (Figures 1 and S1c). (1 1
1) is the only surface orientation of ZnFe2O4 in our study,
being able to maintain the stable FeO6 octahedron layer on the
surface.
According to the projected density of states (PDOS) (Figure
2a,b), the presence of the FeO6 octahedron layer is the key for
the high stability and preference for the (1 1 1) surface. Similar
distributions of Zn 3d orbitals were observed for Zn positioned
on the surface and in the sublayer of ZnFe2O4(1 1 1). The
results show a strong overlap with O 2p orbitals mainly around
−5 eV and therefore the existence of Zn in a divalent ionic
state (Figure 2b,c). This is a result of the low electronegativity
of Zn, which easily loses two electrons to form stable Zn2+ in
interaction with an oxidizing agent, such as oxygen in this case.
Accordingly, the presence of Zn on the surface depends on the
availability of a Zn resource, whereas the corresponding eﬀect
on the surface stability is relatively small. Thus, at the Zn-poor
region, (1 1 1)-I is preferred, and with the increasing Zn
amount, (1 1 1)-II becomes favorable (Figure 1). However,
this is not the case for Fe. As shown in Figure 2a, the top of the
valance bands, 0−5 eV, is mainly composed of O 2s, 2p. There
are some contributions from Fe 3d states, which associate with
partially reduced Fe2+ because of the formation of surfaces.
Our calculations show that the amount of reduced Fe2+
exposed on the surface is a descriptor to determine the surface
stability. The more reduced Fe ions result in the higher the
surface energy. It is only when the surface Fe ions are present
in the form of a FeO6 octahedron layer, as in the case of (1 1
1)-I, II (Figure 1), that the contribution from the reduced Fe2+

Figure 1. Phase diagram and the corresponding structures of stable
terminations of ZnFe2O4(1 1 0) and (1 1 1) surfaces.

structures as a function of ΔμZn and ΔμFe. Among the four
surfaces studied for ZnFe2O4, the (1 1 1) and (1 1 0) surfaces
were found to be stable under a range of chemical potentials
for which ZnFe2O4 bulk is stable. Speciﬁcally, in both the Znrich and Fe-rich regions, the stoichiometric ZnFeO2-terminated ZnFe2O4(1 1 0) is stable. In the Zn-poor and Fe-rich
regions, the O-terminated ZnFe2O4(1 1 1) surface, (1 1 1)-I in
our notation, is preferred. The Zn-terminated ZnFe2O4(1 1 1)
surface, (1 1 1)-II in our notation, is the most likely surface
conﬁguration, which covers the relatively large area in the
phase diagram including Zn-rich and Fe-poor as well as
extensive intermediate regions. Our results indicate that (1 1
1) is likely the dominant facet in spinel ZnFe2O4, which agrees
well with the previous experiments using XRD, TEM, and
calculations on spinel LIB materials.5−9,18
According to the DFT calculations, both ZnFe2O4(1 0 0)
and ZnFe2O4(3 1 1) are not stable under the range of chemical
potentials for which ZnFe2O4 bulk is stable (Figure 1). The (3
1 1) surface observed in XRD and TEM for ZnFe2O4 may be
associated with the corresponding particle size in the
nanoscale, where the stepped surfaces, such as (3 1 1), are

Figure 2. PDOS of surface Fe3+ (a) and Zn2+ (b) on ZnFe2O4(1 1 1) with diﬀerent terminations, going from ZnFe2O4(1 1 1)-I to ZnFe2O4(1 1 1)VI surfaces, where the corresponding structures of ZnFe2O4(1 1 1)-III−VI are shown in (c).
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Figure 3. (a) Li+ adsorption sites on bare ZnFe2O4(1 1 0), (1 1 1)-I, and (1 1 1)-II surfaces and the corresponding structures under Li+ saturation.
(b) Variation in binding energy (Eb) with the density of Li+ on the surface.

is small; by comparison, more Fe2+ states are observed for the
(1 1 1) surfaces with other terminations, (1 1 1)-III, IV, V, V,
where the FeO6 octahedron layers are broken on the formation
of the surface (Figure 2c). As a result, the corresponding
surface becomes less stable than (1 1 1)-I, II, where the FeO6
octahedron layer remains intact.
The identiﬁcation of stable ZnFe2O4 surfaces allows us to
estimate the eﬀect of surfaces on the lithiation performance
during the initial stage of lithiation. The contribution from
surfaces is associated with the corresponding capability in
capturing Li+ and providing a feasible path for Li+ to transport
into the bulk. Accordingly, Li+ adsorption on the surface and
diﬀusion from the surface to the sublayer were studied on the
following stable surfaces, ZnFe2O4(1 1 0), ZnFe2O4(1 1 1)-I,
and ZnFe2O4(1 1 1)-II (Figure 1).
Li+ Absorption and Average Voltage. ZnFe2O4(1 1 0).
On (1 1 0), various top (T), bridge (B), and hollow (H) sites
were considered for Li+ adsorption, where the adsorptions at
three sites, O−O-bridge (B1−O, B2−O, and B3−O in our
notation), survived after geometry optimization (Figure 3a).
However, all of them are not energetically favorable (Eb = 0.63
eV at B1−O, Eb = 1.66 eV at B2−O, and Eb = 0.88 eV at B3−
O) (Figure 3b). The diﬀerence between B1−O and B2−O sites
is that the presence of surface Zn2+ between the two O2− of the
B2−O site provides a strong repulsion and makes the Li+
absorption energetically less favorable than that on the B1−O
site. A similar situation is observed for the B3−O site, yet the
repulsive interaction is less intensive with Fe3+ positioned
underneath further away from the surface. The O-top (T−O in
our notation) and O−O−O-hollow (H−O in our notation)
sites are not stable for initial Li+ adsorption and Li+ shifts to
the B1−O site after optimization.
With the increasing coverage of Li+, the preferential
adsorption position varies from the B1−O site to the T−O

site (Figure S6), which is accompanied with increasing surface
distortion. This enhances the corresponding Eb going from
positive to negative values (Figure 3b). In addition, the
saturation of the (1 1 0) surface by Li+ is energetically
favorable up to 15.51 Li/nm2 with an energy gain of 4.23 eV
and all T−O sites occupied (Figures 3a and S6). After
saturation, the adsorption of an additional Li+ ion is hindered,
which costs 1.60 eV. This is due to the strong repulsion from
the previously adsorbed Li+ ions together with strong structural
distortions (Figure S6). Overall, the ability of the (1 1 0)
surface to capture the Li+ ion during the lithiation process is
rather low. Moreover, the structural distortion is signiﬁcant
under high Li+ coverage, indicating that the (1 1 0) surface is
not stable during the Li+ absorption process and may lead to
low cyclability.
ZnFe2O4(1 1 1)-I. On (1 1 1)-I, three sites were identiﬁed as
being able to stabilize the Li+ ion, including the O−O−O-fcc
hollow site (H1−O in our notation, Eb = −4.81 eV; H3−O in
our notation, Eb = −2.72 eV) and O−O−O-hcp hollow site
(H2−O in our notation, Eb = −3.34 eV) (Figure 3a). At low
coverage of Li+, the H1−O site is the most active for
adsorption, whereas the presence of a Fe3+ ion underneath of
H2−O hinders the adsorption of Li+ via electrostatic repulsion.
The least active is the H3−O site. The three O−O sides that
construct the H3−O sites are involved in the formation of
three stable FeO6 octahedral units. The strong Fe−O
interactions make them too rigid to allow the same structural
ﬂexibility as is the case of H1−O and thus achieve strong
binding. Nevertheless, all of the H−O sites on (1 1 1) are able
to provide much stronger binding than that on (1 1 0) because
of its larger cavity and higher coordination with O. This
preference of Li+ adsorption on (1 1 1) over (1 1 0) increases
with the increasing coverage of Li+ (Figures 3b and S6), even
though the additional adsorbed Li+ ions have to occupy the
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Figure 4. PDOS of surface ions before and after adsorption of Li+ at the low coverage on ZnFe2O4(1 1 0) (a), ZnFe2O4(1 1 1)-I (b), and
ZnFe2O4(1 1 1)-II (c).

less stable H2−O site. The energy release from Li+ adsorption
on (1 1 1)-I increases from 4.81 eV at low coverage (surface
density: 1.58 Li/nm2) to 26.04 eV at the saturated coverage
(12.66 Li/nm2) where the two active sites, H1,2−O, are both
occupied. The further increase in Li+ coverage to 14.25 Li/nm2
forces the previously adsorbed Li+ ion to diﬀuse to the
octahedral 16c site in the 1st sublayer, with an energy cost of
1.37 eV.
ZnFe2O4(1 1 1)-II. On (1 1 1)-II, because the most preferred
H1−O sites as the case of (1 1 1)-I are occupied by Zn2+, the
Li+ ion prefers to adsorb at the O−O−O-fcc hollow site (H4−
O in our notation). This is diﬀerent from that on (1 1 1)-I,
where the adsorption on H 4 −O is not stable and
spontaneously shifts to the H1−O site. Yet, the corresponding
binding (Eb = −3.19 eV) is not as strong as that on the H1−O
site on (1 1 1)-I. In this case, the three O−O sides surrounding
the H4−O site are part of either a FeO6 octahedral or a ZnO3
unit (Figure 3a), which promotes the stability of O2− ions and
hinders the stabilization of Li+. This is also the case for the
adsorption at the H2−O (Eb = −2.18 eV) sites and H3−O (Eb
= −1.67 eV), where the presence of Zn2+ on the surface
promotes the rigidity of the H−O sites and deactivates the
sites for Li+ adsorption as compared to that on (1 1 1)-I. The
binding of Li+ on (1 1 1)-II increases with an increasing Li+
coverage, where the adsorption site varies from the most active
H4−O site to the H3−O site (Figures 3b and S6). Even though
Li+ is initially adsorbed on the H2−O site, it displaces to H3−O
sites after geometry optimization. It can be attributed to the
fact that the H2 site is neighboring to the adsorbed Li+ ions at
high coverage of 9.50 Li/nm2 and becomes destabilized
because of the strong lateral repulsion. Upon going to the
saturated coverage of 12.66 Li/nm2, the corresponding energy
gain (−17.21 eV) is less than that of (1 1 1)-I (Figure 3b).

During this process, the Zn2+ ions on the surface are very
mobile, displacing from the surface to the octahedral 16c sites
in the 1st sublayer and blocking the typical 16c → 16c pathway
for Li+ diﬀusion from the surface to the bulk (Figure 3a). The
further addition of Li+ at the coverage of 14.25 Li/nm2 is not
energetically favorable with an energy cost of 0.29 eV because
of the lateral repulsion from the neighboring absorbed Li+ ions
(Figures 3b and S6).
Three stable surfaces of ZnFe2O4 are likely to be saturated
by Li + ions up to 15.51 Li/nm 2 according to the
thermodynamics. During the lithiation process, Li is the
electron donor. With the formation of Li−O coordinate bonds
over the ZnFe2O4 surfaces, about 1 electron is transferred from
a Li atom to the system, which is demonstrated by the limited
states right below the Fermi level according to the calculated
PDOS (Figure 4). Fe 3d states are delocalized signiﬁcantly,
whereas the variation in Zn2+ is relatively small. This indicates
that the surface Fe3+ sites are partially reduced and are the
electron acceptors during the lithiation process.
The capability to capture Li+ is diﬀerent. Both (1 1 1)
surfaces are able to bind Li+ more strongly than the (1 1 0)
surface ranging from the low Li coverage to the saturated
coverage (Figure 3b). This is also conﬁrmed by the PDOS
(Figure 4), where less occupied states are observed for the
adsorbed Li+ on ZnFe2O4(1 1 1)-I,II surfaces and therefore
more stable than those on ZnFe2O4(1 1 0). The unique FeO6
octahedron-based surface structure of (1 1 1) not only
promotes the surface stability but also provides highly active
H−O sites, capable of Li+ ion capture.
To evaluate the contribution of Li+ adsorption on the
surfaces to the lithiation of ZnFe2O4, the DFT-calculated
binding energies (Figure 3b) on the stable surfaces were used
to estimate the average cell voltages. Here, the coverage of Li+
35627
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was converted to the n value in LinZnFe2O4. For comparison
with the experimental measurements on ZnFe2O4 nanoparticles,1 the corresponding surface areas for particles with
the sizes observed experimentally were estimated. Accordingly,
the number of Li+ adsorbed and therefore the number of
electron transfers were calculated and converted to n by
dividing the number of ZnFe2O4 units included in the particle.
In addition, the adsorption on (1 1 1)-II was chosen, which
showed the higher possibility under the interested environments than (1 1 1)-I and (1 1 0) (Figure 1). The results
indicate that indeed our hypothesis is right. At n < 0.5 (Figure
5), the estimated voltages based on the DFT-calculated

Figure 6. Top: Potential energy of Li+ diﬀusion from ZnFe2O4(1 1 0),
(1 1 1)-I, and (1 1 1)-II surfaces toward the bulk under low Li
coverage and saturate Li coverage conditions, where the energy was
expressed with respect to bare surface and aqueous Li+ ion; bottom:
The corresponding structures. (a) Bare ZnFe2O4(1 1 1)-I; (b) Li+
adsorption on (1 1 1)-I at low coverage; (c) Li+ diﬀusion to the 2nd
sublayer at low coverage; (d) Li+ diﬀusion to the 3rd sublayer at low
coverage; (e) ZnFe2O4(1 1 1)-I saturated by Li+; (f) Li+ diﬀusion to
the 1st sublayer at saturate coverage; (g) Li+ diﬀusion to the 2nd
sublayer at saturate coverage; and (h) Li+ diﬀusion to the 3rd sublayer
at saturate coverage.

Figure 5. DFT-estimated average cell voltages on surface and bulk
structures, in comparison with experimental operating voltage circuit.
The bulk data points are cited from Guo, et al.,3 and the experimental
results are cited from Zhang, et al.1

binding energies on (1 1 1)-II align well with the experimental
measurements, which cannot be achieved previously using the
bulk model.3 Such an observation conﬁrms the importance of
surface considerations during the initial lithiation stage.
Li+ Diﬀusion from Surface toward Bulk. Besides the
capture of Li+, ion diﬀusion is also a key to the lithiation
performance. To gain better understanding, we investigated
the Li+ ion diﬀusion from the surface toward the bulk on three
stable surfaces, ZnFe2O4(1 1 0), ZnFe2O4(1 1 1)-I, and
ZnFe2O4(1 1 1)-II. Three sublayers, 1st, 2nd, and 3rd
sublayers (Figure S1), were deﬁned, making a path for Li+
transported from the surface toward the bulk. Finally, both low
and saturated coverage of Li+ ions were considered to account
for the coverage eﬀect (Figures 6, S7 and S8), as the saturation
of Li+ on three surfaces is energetically favorable (Figure 3b).
ZnFe2O4(1 1 0). At low coverage, the initial diﬀusion of the
adsorbed Li+ ion from the surface to the octahedral 16c site at
the 1st sublayer is unfavorable with an energy loss of about
1.16 eV (Figures 6 and S7). By comparison, the further
diﬀusion into the most stable 16c position at the 2nd and 3rd
sublayers becomes more exothermic, with energy gains of
about 0.70 and 2.34 eV, respectively. The Li+ diﬀusion is also
accompanied with the decrease in Eb from 0.63 eV on the
surface to −1.25 eV in the 3rd sublayer. Given that at low
coverage, the Li+ diﬀusion on (1 1 0) is thermodynamically
favorable overall with the energy release of 1.88 eV. However,
kinetically, the barrier of at least 1.16 eV must be overcome to
allow the most endothermic diﬀusion of Li+ from the surface to
the 1st sublayer to occur.
Our calculations show that the saturation of (1 1 0) by Li+ is
more energetically favorable than the Li+ diﬀusion (Figures 3b
and 6). That is, Li+ prefers to accumulate on the surface at the
initial lithiation stage to a saturated coverage before diﬀusion

toward bulk. Accordingly, the Li+ adsorption and diﬀusion on
the Li+-saturated (1 1 0) surface was also studied. First, the
adsorption of Li+ is hindered and the corresponding binding is
not as strong as that on the bare surface with an energy cost of
1.60 eV (Figure 3b); however, it helps the diﬀusion toward the
bulk (Figure 6). On Li+ adsorption, 22% of adsorbed Li+
migrates from the surface to the octahedral 16c vacancies at
the 1st sublayer (Figure S7), whereas in the case of low
coverage, the further Li+ diﬀusion to the 16c position at the
2nd and 3rd sublayers is more thermodynamically favorable,
with the energy release of 0.56 and 1.94 eV, respectively.
Again, a signiﬁcant structural distortion was observed during
the diﬀusion process, indicating the low stability of the surface
(1 1 0) during the Li+ diﬀusion process.
ZnFe2O4(1 1 1)-I. Li+ adsorption on (1 1 1)-I is the most
preferred among the three stable surfaces (Eb = −4.81 eV,
Figure 3b). The surface site is too stable for Li+ at low coverage
to allow the diﬀusion to the 16c position of the 1st sublayer,
which shifts back to the surface site after geometry
optimization (Figure 6b). The Li+ ions at the 16c position at
the 2nd and the 3rd sublayers drive the Zn2+ displacement
from the 8a site on the same sublayer toward the surface or
upper sublayer, and the left 8a vacancy is ﬁlled by the
displacement of Li+ from the 16c site (Figure 6c,d). During
this process, the diﬀusion from the 2nd sublayer to the 3rd
sublayer is the only endothermic step with an energy cost of
0.99 eV.
On the Li+-saturated surface, which is preferred over the
diﬀusion into bulk, the Li+ ions occupy all of the active surface
sites (Figure 6e). Further adsorption results in spontaneous
diﬀusion of a Li+ ion nearby from the surface to the octahedral
16c vacancy in the 1st sublayer (Figure 6f). In this case,
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because of the high coverage of Li+ on the surface, the diﬀused
Li+ ions at the 1st sublayer are stable with an energy gain of
2.10 eV. For the same reason, the displacement of Zn2+ toward
the surface is also hindered. As a result, the diﬀused Li+ to the
16c site at the 2nd and the 3rd sublayers (Figure 6g,h) can also
stay; however, the corresponding process is not thermodynamically preferred with the energy cost of 1.01 and 0.71 eV,
respectively.
ZnFe2O4(1 1 1)-II. At low Li+ coverage, Li+ is strongly
adsorbed (Eb = −3.19 eV), which hinders the diﬀusion into the
bulk, as the case of (1 1 1)-I (Figure 3b). However, diﬀerently,
the pathway for the Zn2+ displacement from the 8a site in the
sublayers toward the surface is blocked, as the H1−O sites in
(1 1 1)-II are occupied by Zn2+. Instead, the neighboring Zn2+
ions are only distorted from the lattice 8a position when Li+
presents at the 16c sites on the same sublayer (Figure S8).
Although the Li+ diﬀused to the 16c site in the sublayers
remains, the corresponding process is energetically not
favorable, which has energy penalties of 1.35, 0.32, and 1.55
eV for diﬀusion from the surface to the 1st, 2nd, and 3rd
sublayers, respectively (Figures 6 and S8).
The preferential Li+-saturation on the surface enhances the
+
Li diﬀusion toward bulk. On the saturated surface, the Li+
adsorption on the H2−O site is not favored due to the lateral
repulsion from the neighboring absorbed Li+ ions (Eb = 0.29
eV). Because the surface octahedral 16c sites are occupied by
displaced Zn2+ ions, the diﬀusion of Li+ ion to the 1st sublayer
and then the 2nd sublayer can be stabilized at the 8a site, with
energy gains of 0.46 and 1.67 eV, respectively (Figures 6 and
S8). By comparison, the 16c site in the 3rd sublayer is less
preferred and the diﬀusion from the 2nd sublayer costs energy
of 0.55 eV. In comparison with (1 1 1)-I at saturated coverage,
the Li+ diﬀusion from the 1st sublayer to the 2nd and the 3rd
sublayers on (1 1 1)-II is more preferential (Figure 6). This
can be attributed to the fully occupied and closely packed
octahedral sites in the 1st sublayer due to surface saturation,
which strengthens the lattice stability (Figure S8). Indeed, a
relatively small structural distortion during the Li+ diﬀusion is
observed for the saturated (1 1 1)-II surface.
Generally, under the lithiation conditions, all three surfaces
are likely saturated by Li+ ﬁrst, followed by the Li+ diﬀusion
from the surface toward the bulk. In most of the cases, the 16c
site is preferred in the sublayers, whereas the 8a site becomes
more favorable when Zn2+ is mobile and a segregation path
toward the surface becomes feasible. Under the surface
saturation conditions, (1 1 1)-I/II surfaces are more feasible
for both capture and penetration of Li+ than (1 1 0), in
addition to the higher lattice stability. Wherein, (1 1 1)-I shows
higher capability in Li+ adsorption than (1 1 1)-II, whereas the
Li+ diﬀusion from the surface toward the bulk is more slightly
facile on (1 1 1)-II.

stability depends on maintaining the stable FeO6 layer on the
surface.
In terms of Li+ capture, both (1 1 1) surfaces are more active
than the (1 1 0) surface among the three identiﬁed stable
facets of ZnFe2O4 particle, favoring the saturation of Li+ on the
surface (12.66 Li/nm2). The high lithiation potentials
estimated based on the Zn-terminated (1 1 1) surface ﬁt
well with the experimental observations at the initial stage,
whereas the estimated potentials based on ZnFe2O4(1 1 0) and
previously ZnFe2O4 bulk are much lower. The excessive
amount of O2− sites on the surface promotes the attraction of
Li+ from the solution to the surface and the formation of stable
Li−O ionic interaction.
The Li+ prefers to accumulate on the surface to saturated
coverage before diﬀusion toward bulk. The adsorption of Li+
on the saturated surface facilitates the diﬀusion of existing
adsorbed Li toward bulk because of the electrostatic repulsion.
Among the stable surfaces, both (1 1 1) surfaces not only
display higher capability to allow the penetration of Li+ than (1
1 0) but also higher lattice stability during the diﬀusion
process. Wherein, the Li+ diﬀusion from the Zn-terminated (1
1 1)-II surface toward bulk is the most feasible.
Overall, the O-terminated (1 1 1) surface displays high
activity to capture Li+ from the solution, whereas the Znterminated (1 1 1) surface likely promotes the diﬀusion of Li
from the surface toward the bulk. Our results may provide a
design strategy for more stable particle morphologies with
enhanced lithiation reactivity.
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