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ABSTRACT: The atomic and electronic structures of the LiFePO, (LFP) surface, both bare and reconstructed upon possible
oxygenation, are theoretically studied by ab initio methods. On the basis of total energy calculations, the atomic structure of the
oxygenated surface is proposed, and the effect of surface reconstruction on the electronic properties of the surface is clarified.
While bare LFP(010) surface is insulating, adsorption of oxygen leads to the emergence of semimetallic behavior by inducing the
conducting states in the band gap of the system. The physical origin of these conducting states is investigated. We further
demonstrate that deposition of Li,S layers on top of oxygenated LFP(010) surface leads to the formation of additional
conducting hole states in the first layer of Li,S surface because of the charge transfer from sulfur p-states to the gap states of LFP
surface. This demonstrates that oxygenated LFP surface not only provides conducting layers itself, but also induces conducting
channels in the top layer of Li,S. These results help to achieve further understanding of potential role of LFP particles in
improving the performance of Li—S batteries through emergent interface conductivity.
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1. INTRODUCTION

Lithium—sulfur (Li—S) batteries have received significant
attention in recent years due to their high energy density (up
to 2500 VVh/kg), promising economics, and environmental
safety."”” As compared to Li-ion batteries, where intercallation
chemistry is used, Li—S batteries employ a concept of so-called
“integration” chemistry." In this approach the arrival of Li ions
to the cathode site is accompanied by the cleavage and
formation of covalent bonds as well as significant structural
changes in the cathode material. This results in a much denser
packaging of Li ions at the cathode site during the discharge
process. However, the practical implementation of the Li—S
batteries is severely stalled by a series of technical problems,
such as poor cyclability, low cycle efficiency and severe self-
discharge. Extremely low electronic and ionic conductivity of
sulfur and sulfur—lithium reaction products, as well as solubility
of intermediate polysulfides in the electrolyte are known to be
the main reasons for these problems.
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In a Li—S cell, the final discharge product Li,S is formed at
the cathode site via the reversible reaction of Sg + 16Li" + 16e~
— 8Li,S. The rate of this reaction strongly depends on the
ability of the electrons to transfer from the electrode to the
surface of the sulfur particles, where this reaction takes place. As
Li,S is a bulk insulator, its poor conductivity eventually leads to
the termination of the battery discharge process as soon as a
certain Li,S-film thickness is achieved. The dissolution of
intermediate polysulfides in the electrolyte represents another
serious problem limiting the cycle life of L—S batteries. The
polysulfide molecules react with the Li anode causing the loss
of active sulfur, redeposit back onto the cathode surface
creating agglomerates, and also act as an internal redox shuttle
giving low Coulombic efficiency. One of the main trends to
attack these problems is to encapsulate the active sulfur
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particles with conducting materials, which is expected to both
improve electronic transport and keep the polysulfides inside
the cathode. Material classes such as nanostructured meso-
porous carbon,™ porous silica,”° manganese dioxide nano-
sheets,” carbon nanotubes,® graphene oxide,® and transition
metal lithium insertion oxides’ are currently considered as
prospective coating materials.

In their recent study, Kim and co-workers’ used carbon-
coated LiFePO, (LFP) particles to confine the active sulfur
core. These S-LFP composites demonstrated increased Li—S
cell capacity, which was attributed to the enhanced utilization of
the active sulfur. At the same time, a capacity decay over
repeated cycles was observed, and the insulating properties of
the final discharge product was suggested as a probable reason
for cell degradation.” We note that Kim et al. employed carbon-
coated LFP particles in their synthesis procedure, and the
thickness of the carbon coating layer was estimated to be ~50
A'? At this thickness of the carbon layer, any changes of the
electronic properties of the Li,S surface are probably more
induced by interaction with carbon atoms rather than with LFP
particle itself. As carbon, by nature, is a nonpolar material it is
unlikely that its interaction with polar Li,S will induce
conducting electronic states inside the Li,S crystal. At the
same time, good electrochemical performance has also been
demonstrated for noncoated pure LFP with reduced particle
size."" This indicates that LFP/Li,S interface properties may
play a significant role in the operation of Li—S batteries
particularly for the coating LFP particles of small sizes, where
surface effects are expected to be significant.

Another important fact is the decomposition of the LFP
coating shell upon the first few charge/discharge cycles.
Because of the changes in volume between Sg and Li,S phases,
the coating shell is destroyed which turns the LFP-sulfur
composite with a “protected” sulfur core into a mixture of
independent sulfur and (carbon-coated) LFP particles.12 In this
situation, the decarbonized surface areas of LFP particles can
potentially be sulfidated,">'* and, at the final stage of reaction,
may potentially serve as a “substrate” for Li,S growth. We
admit, however, that the Sg — Li,S transformation in the
presence of LFP (or any other) particles is a complex multistep
process, and each step of this process deserves a separate in-
depth theoretical study.

In this article, we take a first step in understanding the
possible electronic role of LFP particles in the process of Li,S
formation on the cathode site of Li—S batteries. Using first-
principles calculations, we investigate the atomic and electronic
properties of LiFePO, surfaces, both bare (clean) and
reconstructed upon possible oxygen adsorption. Our study
shows that oxygenation leads to significant atomic reconstruc-
tion of the LFP surface, which provides it with emergent
semimetallic electronic properties distinct from the insulating
bulk crystal. We analyze the physics behind this transformation.
We further demonstrate that the emergent conducting
properties of oxygenated LFP surface are preserved when a
thick layer of Li,S is grown on top of it. Moreover, because of
charge transfer in the interface region, additional hole
conducting states are formed in the contact Li,S layer,
therefore improving the electronic properties of the LFP/Li,S
interface. This study both contributes to our understanding of
emergent oxide interface conduction, as well as provides a
possible route for improving the performance of Li—S high
energy density batteries.

2. CALCULATION DETAILS

Our calculations were performed within density functional theory
(DFT)"'*'"” using the generalized gradient approximation (GGA) for
exchange-correlation interactions in Perdew—Burke—Ernzerhof (PBE)
formulation.'® The GGA+U treatment was used to correctly describe
the localized d-states on Fe atoms. In all calculations we used the
effective U value of 3.7 eV, which was earlier obtained by Zhou et al."’
for LiFePO, structure using the self-consistent constrained-LDA
approach.”® We utilized the SIESTA package,”" which employs norm-
conserving pseudopotentials and numerical atomic orbitals (NAOs) as
a basis set. Because of the large size of the system under study (732
atoms for LFP/Li,S interface) we limited ourselves to a double-¢ basis
set, consisting of doubled {s, p} orbitals for P, O, S atoms, doubled {s}
and {s, d} orbitals for Li and Fe atoms, respectively. To improve the
calculation accuracy in the interface region, additional polarizing
(unoccupied) d-orbitals were included at the surface oxygen and sulfur
atoms. All calculations were spin-polarized, and I'-point sampling of
the Brillouin zone was used. All the structures were relaxed with
respect to atomic positions until the forces on atoms were less than
0.03 eV/A.

As a benchmark, we did test calculations of LiFePO, and Li,S
stoichiometric crystal structures. The calculated lattice parameters for
LiFePO, (a =10.56 A, b = 6.00 A, c = 491 A) are in good agreement
with previous theoretical studies (10.4S, 6.06, 4.75 A),22’23 as well as
with experimental values (10.34, 6.01, 470 A).”® The same
calculations for bulk Li,S crystal also produced the lattice parameter
(5.79 A) in line with previous theoretical calculations (5.72 A)** and
experimental results (5.69 A).*’ To further verify our computational
framework, we also calculated the migration barrier for Li atom along
the (010) direction inside the LiFePO, matrix. The resulting barrier

(~0.25 eV) is in line with the previously calculated values (0.2—0.3
eV).22’34

3. RESULTS AND DISCUSSION

3.1. LiFePO, (010) Surface Oxygenation. The problem
of the surface energy of different crystal planes for LiFePO, was
extensively addressed by Wang et al.”* using ab initio methods,
and by Fisher and Islam™ employing the model potentials
approach. The authors theoretically demonstrated that the
(010) plane of LiFePO, has the lowest surface energy and this
surface dominates the thermodynamic equilibrium shape of
LiFePO, crystals. The (010) surface is normal to the Li
pathways inside the LFP structure, and, moreover, the Li redox
potential for this surface is significantly lower than the
corresponding bulk value.”” These theoretical results agree
with the electron microscopy data, showing that the LFP
crystals are platelike with the largest facets comprised of the
(010) surface.””

In our calculations, the LFP (010) surface was modeled as a
finite-thickness slab, periodic in (XY) directions parallel to the
surface. The XY supercell measured 21 A X 15 A, which
corresponds to doubled and tripled LFP lattice parameters in X
and Y directions, respectively. The slab thickness (Z-direction)
was set at 14 A, which included five layers of Fe—O octahedra.
A similar thickness of LFP (010) slab (12.1 A with a relaxation
top layer of 3.3 A) was earlier shown by Wang et al.** to give a
good surface energy convergence. A vacuum layer of 20 A was
introduced in Z-direction to separate the surface from its image
in the next unit cell. To mimic the influence of the deeper core
part of the LFP particle on the atomic relaxation of the surface
layers, the size of the supercell in XY directions was fixed to
doubled and tripled calculated LFP bulk lattice parameters.
Also, the atomic positions in the lower part of the slab were
fixed to their bulk values, while the positions of the atoms in the
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upper two layers of Fe—O octahedra (~5.5 A layer) were
completely relaxed.

Figure 1 shows the upper half of the LFP (010) slab, used in
our surface calculations. We started from the surface

(@)

R ol TR _SA O
R ho Ths
BIP T o XY o AV 8

-

Figure 1. The upper part of the slab used in calculations of the
LiFePO, (010) surface geometry. The Li, Fe, P, and O atoms are
shown in orange, red, gray, and blue, respectively. Panel a shows a
clean (010) surface, reconstructed as proposed in previous studies.”>**
Panel b shows the lowest-energy geometry of oxygenated LiFePO,
(010) surface.

. . 2324
reconstruction pattern, proposed by previous studies™" as

the lowest-energy one (Figure la) . This reconstruction
features the noncomplete and tilted FeOj blocks at the surface,
as compared to perfect FeO4 octahedra in all deeper layers.
Although this type of reconstruction breaks the Fe—O surface
octahedra, it preserves well the covalent PO, network of the
crystal, as all surface P atoms are 4-fold coordinated (as in the
bulk). This is likely one of the reasons of the stability of this
type of the surface. As in the previous studies,”””* we also kept
slab surfaces 50% lithiated to keep intact the stoichiometry of
LiFePO,.

We plot in Figure 2a the electronic density of states (DOS)
for the bare LFP(010) surface (Figure la), projected on the
first (surface) layer of iron atoms. The DOS contribution from
Fe atoms deep inside the slab (bulk LiFePO,) is also shown for
sake of comparison. The bare LFP(010) surface features a band
gap of ~2 eV, and a sharp localized peak right below the
valence band maximum (VBM) in the spin-down channel. This
peak is a signature of the Fe** ionic state and corresponds to
the localized Fe 3d electron, which was transferred from the Li
atom.”>?° Interestingly, we do not see a significant difference
between the DOS contribution from the Fe surface layer and
the one deep inside the slab. The Fe?* peak of the surface Fe
layer becomes a little wider, which can be attributed to breaking
of the octahedral crystal field inside the surface FeOg blocks.
No additional resonances are induced in the LFP band gap for
this type of surface reconstruction.

Upon placing an O, molecule on top of the LFP(010)
surface, we noticed a significant attraction between the
molecule and the 5-fold coordinated surface iron atom. We
considered several possible (meta) stable adsorption patterns

DOS, States/eV/spin

DOS, States/eV/spin

Energy, eV

Figure 2. Projected density of electronic states (DOS) for the clean
(a) and oxygenated (b) LiFePO, (010) surfaces. The contribution of
top two Fe layers, as well as O atoms between them, is shown. The
DOS contribution of Fe atoms in the middle of the slab (bulk DOS) is
also shown for comparison.

for O, molecules on top of the LFP(010) surface (seeFigure
S1). The simplest geometry (Figure S1(a)) was the attachment
of the O, molecule via one of its oxygen atoms to the 5-fold
coordinated surface Fe atom. However, this configuration
relaxed to a more energetically favorable one, where the O,
molecule forms a bridge between the surface Fe and P atoms
(Figure S1(b)). An even more energetically favorable
reconstruction was uncovered when we placed the O, molecule
between the two neighboring Fe atoms of the surface. In this
case the molecule dissociated with the oxygen atoms
independently attaching to two neighboring 5-fold coordinated
Fe atoms, thus turning their coordination number to six (Figure
S1(c)). The final lowest-energy configuration of oxygenated
LFP(010) surface was computed when the adsorbed O atoms,
shown in Figure S1(c), made a second bond with the
neighboring P atom, therefore forming a Fe—O—P bridge on
the surface (Figures 1b and S1(d)), and creating a significant
reconstruction of the first surface atomic layer. The total energy
calculations demonstrated that the oxygenation with this type
of surface reconstruction has a large energy gain of 4.7 eV per
O, molecule (taking as a reference standalone O, molecule and
bare LFP(010) surface), and is also 1.3 eV lower in energy than
the previous metastable configuration, shown in Figure S1(c).

Figure 2b shows the calculated DOS for the oxygenated
LFP(010) surface for the lowest-energy reconstruction pattern
(Figure 1b). We immediately see a striking difference in the
electronic structure of the oxygenated surface, as compared to
the nonoxygenated one. A wide peak of conduction states now
completely fills the band gap of the system, thus transforming
the insulating surface into an emergent semimetallic one. By
analyzing the DOS contributions from different atomic layers,
we observe that these conduction states are uniquely formed by
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the d-states of the first and second Fe layers, with the admixture
of p-states from the oxygen layer in between of these top iron
layers (marked as Op._q_p, in Figure 1b and 2b). Importantly,
this result indicates that uncoated bare LFP particles may
provide a large conductivity boost to hybrid Li—S batteries.

Interestingly, the DOS contributions from the top two iron
layers of the oxygenated surface do not carry any signature of
the Fe®" ionic state, contrary to the case of the nonoxygenated
surface where all of the top Fe atoms were in a well-defined
ionic state. Instead of being localized, the d-states of the top
two Fe layers mix together via the p-states of the oxygen atoms
between them, which creates a sufficiently wide hybridized
band in the gap of the system (Figure 2b). To understand the
physical origin of this substantial change in the electronic
structure, we refer to the atomic geometries of bare and
reconstructed surfaces (Figure 1). In case of bare non-
oxygenated surface (Figure la), all oxygen atoms (including
those on the surface, as well as Op,_g_p.) are part of the
covalent PO, network. Therefore, they all contribute to the
same DOS profile, constructing the valence band of the system,
and giving no contribution in the energy region of the band gap
(Figure 2a). When an additional oxygen atom is attached to a
Fe surface atom, a surface reconstruction takes place, and this
adsorbed oxygen also becomes a part of the PO, network via
connecting to the neighboring P atom (Figure 1b). However,
to keep the 4-fold coordination, the P atom detaches from the
lower-lying oxygen (marked as Op._o_p.), therefore excluding
this oxygen atom from the covalent PO, network. As a result,
the p-states of Og,_o_g. atom hybridize with the d-states of the
neighboring first and second layer Fe atoms, and therefore
destroys their 2+ ionic states. This results in a hybridized iron—
oxygen band filling the band gap of the system, as presented in
Figure 2b, to give an emergent surface electron density that
may conduct in a band-like manner, in contrast to a typical
polaronic conduction associated with LFP. This mechanism is
also reflected in the interatomic Fe—O distances. For the
oxygen atoms, “excluded” from the PO, network, the Fe—O
distance was calculated to be 1.9 A, which is lower than the
distance of 2.1 A between iron and phosphorus-bound oxygen.
This shorter Fe—O bond is a consequence of a significant
hybridization between the p-states of Og,_o_g. atom and the d-
states of the neighboring Fe atoms.

We note that in the present study we consider the case of
“complete” surface oxygenation (each of the surface Fe atoms
gets additional oxygen neighbor), and the dependence of the
electronic properties on the surface oxygen concentration
should be a topic of a separate investigation. However, based on
our results we can speculate that even at lower oxygen
concentrations, the surface conductivity is expected to be
significantly higher than the one of a bare LFP surface. The
reason for this expectation is in the physical nature of the gap
states. As we demonstrated, the gap band is formed by the
overlap of the mixed Fe—O—Fe electronic states, which are
delocalized within this 3-atom cluster (in contrast to Fe-
localized polaronic state of bare LFP surface). At lower
concentrations of surface oxygen, the overlap between these
cluster states will be reduced, which will lead to reduction of the
bandwidth. At even larger distances between these cluster
states, the conducting electron should still be able to tunnel
between them, which is expected to give a significantly higher
conductivity than in the case of a hopping of a polaron,
localized on bare LFP surface.

To verify this hypothesis, we performed a test calculation of
the 50%-oxygenated LFP surface. In this calculation, half of the
surface Fe atoms were kept in atomic environment as in Figure
la (no oxygenation), and half of them followed the oxygen
adsorption reconstruction, as shown in Figure 1b. Therefore, in
this test calculation the number of the hybridized Fe—O—Fe
clusters was twice smaller compared to the original case of
100%-oxygenated surface. The calculated DOS for this system
is presented in Figure S2(a). The DOS plot for the 100%-
oxygenated surface is also presented for sake of comparison
(Figure S2(b)). As we expect, half of the surface Fe atoms do
not contribute anymore in the formation of the gap states, and
start contributing to the Fe*" peak below the Fermi level, as
well as to the unoccupied resonance state at 3 eV. In other
words, half of the surface Fe atoms are now following the
nonoxygenated surface behavior, and half of them are still
forming the gap states via the described above mechanism. We
see, that the reduction of surface oxygen by 50% leads the
reduction of the gap DOS amplitude, but no collapse or
disappearance of these hybridized states is observed. We note
again that the question of the dependence of the LFP surface
electronic properties on the amount of adsorbed oxygen
deserves a separate study, which should require larger supercells
and, most probably, should also include the study of the
possible clusterisation of oxygen on the LFP surface.

3.2. LFP(010)/Li,S Interface. As a next step of our
investigation, we model the situation when the surfaces of LFP
particles serve as potential growth substrates for Li,S during the
discharge process. Growing lithium sulfide during battery
discharge is a complex multistep process, and each of these
steps deserve a separate study. In our present investigation we
limit ourselves to the final stage, when a Li,S film is formed on
the LFP(010) surface. There exists a probability that this type
of interface is formed during the discharge process, and the aim
of our theoretical investigation is to study its atomic and
possible emergent electronic properties. In particular, it is of
special interest to see how the oxygenation of the LFP(010)
surface may give rise to emergent electronic properties at the
LiFePO,/Li,S interface.

An obvious problem we face when constructing the
LFP(010)/Li,S interface is the choice of the crystalline Li,S
surface. Recent ab initio studies’”’’ demonstrate that the
stoichiometric Li,S(111) surface has the lowest surface energy,
and is also thermodynamically stable around the operating
voltage of the Li—S cell. These findings are also in good
agreement with previous experimental X-ray diffraction and
high-resolution transmission electron microscopy measure-
ments.>>>* On the basis of these results, we constructed the
LFP/LL,S interface by matching the LiFePO, (010) slab and
stoichiometric Li,S (111) surface. Both cases of the bare and
oxygenated LFP surfaces were studied to clarify the influence of
surface reconstruction on atomic and emergent electronic
properties of the interface. To model the situation when the
Li,S film is grown on top of the LFP surface, we fixed the (X,
Y) (parallel to the interface) lattice parameters of LFP slab to
its bulk values, and the atoms in the lower part of the slab were
also fixed to their bulk positions. The upper part of the LFP
slab was allowed to relax, as well as the 16 A-thick Li,S film,
deposited on the LFP surface. A 20 A vacuum layer was
introduced in Z-direction on top of the Li,S film, which allowed
the film to freely relax on top of the LFP slab. The resulting
supercell is presented in Figure 3, and included 708 and 732
atoms for the bare and oxygenated cases, respectively.
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Figure 3. Relaxed atomic structure of the LiFePO,(010)/Li,S(111)
interface for the cases of clean (a) and oxygenated (b) LFP surfaces.
Only the interface portion of the slab is shown. Sulfur atoms are
shown in green color.

The calculated electronic DOS for the Li,S-LFP interface is
plotted in Figure 4. In case of the bare LFP surface (a), we do
not observe any substantial changes in the electronic properties.
The DOS of the interface is close to a superposition of the LFP
surface DOS (Figure 2a) and the one of the bare Li,S surface
(not shown). This indicates that emergent interface con-
ductivity does not occur merely due to Fermi level offsets
between the two separate materials (as in a typical p—n
junction). The only new feature in the electronic structure is
the appearance of several small resonances in the middle of the
energy gap, formed by the states of the surface Fe and S atoms
(Figure 2a). To trace the origin of these resonances, we refer to
the atomic structure of the relaxed interface, shown in Figure
3a. We see that the first Li—S—Li layer of the Li,S film is
noticeably affected by the presence of the LFP surface and gets
partially attracted to it. Moreover, we observe that several sulfur
atoms are “pulled out” from the Li,S layer, and form a
molecular-type bond with several surface iron atoms (marked
as Feg in the figure). The bond length of these Fe—S pairs is 2.4
A, which is a little higher than 2.22 A, calculated by Xu et al."
for the case of monolayer atomic sulfidation of LFP (010)
surface. This difference is understandable as in the present
setup the interface sulfur atoms also feel attraction from higher-
lying Li layer of Li,S.”” The calculations show that the
antibonding orbitals of these newly created Fe—S pairs form the
small resonance peaks, which we see in the gap of the system
(Figure 2a). The observed trend to form Fe—S bonds,
accompanied by the formation of resonance states in the gap
upon LFP surface sulfidation, is also in good agreement with
previous experimental and theoretical studies.'"*

Substantially different physics and chemistry arises when a
Li,S film is placed on top of the oxygenated LFP(010) surface
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Figure 4. Projected electronic DOS of the LiFePO,(010)/Li,S(111)
interface for the cases of clean (a) and oxygenated (b) LFP surfaces.
The contributions of top two Fe layers, O atoms between them, as well
as the DOS of the first sulfur layer are shown.

(Figure 3b). Analyzing the DOS for this system, shown in
Figure 4b, we immediately notice that the interface emerges
into a conducting one. The hybridized Fe—O—Fe band of the
oxidized LFP surface becomes further occupied by electrons
transferred from the first sulfur layer of Li,S surface. This
process induces electron carriers in the first two iron surface
layers of LFP, as well as hole carriers in the first sulfur layer of
Li,S.> This effect is clearly seen by analyzing the density of
states near the Fermi level, depicted in Figure 4b. The
integration of the density of states, projected on the interface
atomic layers, demonstrated that for our size of the interface
area (Figure 3b) ~4 electrons are transferred from the first Li,S
layer to the two top iron layers of LFP. To visualize the
conducting properties of the interface, we calculated the real-
space distribution of the electronic states of the interface
starting from the Fermi level, and up to 1 eV in the energy gap.
This included both the hole states at the Fermi level and the
electronic hybridized states in the gap. The resulting plot is
presented in Figure 5. As expected, we observe delocalized hole
states, induced on the top layer of sulfur atoms, as well as
hybridized Fe states, located on two top iron layers of the
oxidized LiFePO, (010) surface.

Finally, we should note that the aim of our study is not to
provide a theoretical explanation of the Li—S cell capacity
increase, observed by Kim and co-workers.” This problem
requires a separate complex multistep approach, including the
comparative study of carbon- and LFP-coated particles (taking
into account possible interaction with electrolyte), as well as
studying the ionic diffusion processes. Instead, inspired by this
experiment, we investigate one of the interesting effects, related
to the interface electronic conductivity, which may be one of
the factors in the complex picture of electrochemistry of LFP/

DOI: 10.1021/acsami.5b04108
ACS Appl. Mater. Interfaces 2015, 7, 18362—18368


http://dx.doi.org/10.1021/acsami.5b04108

ACS Applied Materials & Interfaces

Research Article

Figure 5. Real-space distribution of the emergent electronic density of
the LiFePO,(010)/Li,S(111) interface for the case of oxygenated LFP
surface. The calculated density includes both occupied (near Fermi
level) and unoccupied (up to 1 eV from Ejp) electronic states (see

Figure 4b).

Li,S composites. Our theoretical findings, the appearance of
emergent electron conductivity at the LFP/Li,S interface, may
show promise for potential improvements of the performance
of Li—S battery technology.

4. CONCLUSION

In conclusion, using ab initio calculations, we demonstrate that
adsorption of oxygen molecules on bare LiFePO, (010) surface
leads to a significant atomic surface reconstruction. In contrast
to clean LFP (010) surface, which is a wide-gap insulator, the
reconstructed surface shows emergent semimetallic electronic
properties. This dramatic change is due to the formation of a
new hybridized band in the energy gap of the system. This
sufficiently wide band originates from mixing of the Fe 3d- and
O 2p-states, and is localized on the top two surface iron layers,
as well as on the oxygen atoms connecting them. We further
show that when Li,S (111) film is present on top of oxygenated
LFP (010) surface, the electrons are transferred from sulfur 3p-
orbitals to the new hybridized band of the reconstructed
surface. This not only introduces electron-conducting channels
in the top two iron layers of LFP surface, but also hole-
conducting states in the first sulfur layer of Li,S, therefore
extending the emergent conductivity present at the oxygenated
LFP surface.

These results provide interesting information for future
theoretical and experimental studies of the processes, taking
place in Li—S battery cathodes. In particular, our study shows
emergent conducting properties of LFP(010)/Li,S interface in
directions along the interface plane. Based on these results, we
suggest that using wuncoated LFP particles of reduced size
(where the surface effects become important) may play a
significant role in improving the performance of the cathode
material in the Li—S battery.
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