-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Northumbria Research Link

Northumbria Research Link

Citation: Shi, Jianjian, Wang, Zhiguo and Fu, Yong Qing (2017) Density Functional Theory
Analysis of Surface Structures of Spinel LiNi0.5Mn1.504 Cathode Materials. Journal of
Materials Science, 52 (1). pp. 605-612. ISSN 0022-2461

Published by: Springer

URL: http://dx.doi.org/10.1007/s10853-016-0357-y  <http://dx.doi.org/10.1007/s10853-016-
0357-y>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/27637/

Northumbria University has developed Northumbria Research Link (NRL) to enable users to
access the University’s research output. Copyright @ and moral rights for items on NRL are
retained by the individual author(s) and/or other copyright owners. Single copies of full items
can be reproduced, displayed or performed, and given to third parties in any format or
medium for personal research or study, educational, or not-for-profit purposes without prior
permission or charge, provided the authors, title and full bibliographic details are given, as
well as a hyperlink and/or URL to the original metadata page. The content must not be
changed in any way. Full items must not be sold commercially in any format or medium
without formal permission of the copyright holder. The full policy is available online:
http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher’s website (a subscription may be
required.)

www.northumbria.ac.uk/nrl @umhﬁa

UNIVERSITY NEWCASTLE


https://core.ac.uk/display/46520557?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://nrl.northumbria.ac.uk/policies.html

Density Functional Theory Analysis of Surface Structures of

Spinel LiNiysMn; ;04 Cathode Materials

Jianjian Shi,' Zhiguo Wang,l* Y.Q. Ful**

1 School of Physical Electronics, University of Electronic Science and Technology of China,
Chengdu, 610054, P.R. China

2 Department of Physics and Electrical Engineering, Faculty of Engineering and
Environment, University of Northumbria, Newcastle upon Tyne, NEI 8ST, UK

*Corresponding author. E-mail: zgwang@uestc.edu.cn(ZW); richard.fu@northumbria.ac.uk(YF)

Abstract

First-principle calculation was employed to investigate the surface stability for (100),
(110) and (111) low index facets of LiNigsMn; sO4 (LNMO) crystallographic structures with a
P4,32 space group and phase transitions at the surface regions of NipsMn; sO4. The calculated
surface energies of (100) and (111) facets with Li-terminations are 1.39 and 1.40 eV,
respectively, indicating that both these facets of the LNMO are stable according to the
calculation results. Defect formation energies and diffusion barriers of Ni and Mn in surface
facets of the NipsMn; 504 are much lower than those in the bulk. This suggests that the Ni and
Mn ions in the surface regions of the LNMO easily occupy the tetrahedral Li-positions during
delithiation process, which supports the experimental results and explains the surface structure

changes of the LNMO upon delithiation.
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1. Introduction

A typical lithium-ion batteries (LIBs) consist of anode, cathode and electrolyte. To cope with
the great demands for high performance, scientists are designing and developing new electrode
materials for the LIBs. Recently, the electrochemical performance of the anode materials has
been significantly improved [1-4]. Whereas cathode electrode materials with a high energy
capacity and good thermal stability are becoming the critical factor for the successful
applications of the LIBs into portable electric devices and plug-in hybrid electric vehicles.
Spinel structural LiNig sMn; sO4 (LNMO) crystal used as the cathode material for the LIBs has
received much interest owing to its higher specific energy capacity of 146.6 mAh/kg, higher
rate performance, and higher operating voltage (above 4.7 V) than those of the currently used
cathode materials of LiCoO, and LiFePO, [5-8].

LNMO has two different crystal structures with P4;32 and Fd-3m space groups, which are
related to the arrangements of atoms in the cells. For the LNMO with the P4532 structure, Mn
and Ni atoms occupy 4b and 12d sites, respectively. Li atoms occupy 8c sites, and O atoms
occupy the 8c and 24e sites [9]. For the LNMO with the Fd-3m space group, Li ions are located
at 8c sites. Mn and Ni ions are randomly distributed in 16d sites, and O ions occupy the 32e
sites (as shown in Fig 1). These two types of the LNMO were synthesized experimentally and
used as cathode materials for the LIBs [10]. The transformation of the LNMO from Fd-3m to
P4532 during high temperature annealing was found to occur at about 700 °C [10].

Yoon et al. found that the capacity of the LNMO with Fd-3m space group deteriorated

rapidly at 60°C upon lithiation/delithiation cycles [11]. The deterioration of the capacity causes



problems for the commercial application of the LNMO in practice, especially at high
temperatures. To improve the electrochemical properties of the LNMO, nano- and
micron-sized LNMO was synthesized and nano- and micron-scaling effects of the LNMO were
investigated as the cathode electrode materials for the LIBs [12-15]. Both experimental
analysis and theoretical calculation indicated that the micron-sized LNMO can be used as a
cathode material with a good rate performance [15].

Surface properties of the electrode materials play critical roles in the surface reactions and
stability during electrochemical cycling for LIBs [16, 17]. Surface modifications of the LNMO
spinel materials using carbons, AlFs, nano-Y,0s3, TiO; and Al,O3 coatings have been explored
to improve their electrochemical performance [12, 18-20]. Results indicated that the surface
properties of electrode materials have a prominent effect on electrochemical properties of the
LNMO used as cathode materials for LIBs. Lee et al. [14, 21] have investigated the surface
stability of LNMO using the density functional theory (DFT). They predicted that the (111)
facet is the energetic favorable surface for the LNMO and concluded that nano-scale LNMO as
the cathode electrode material can improve the electrochemical properties of the LIBs, such as
rate capability. Hai et al. [22] experimentally found that the rate capability and diffusion
properties of the LNMO single crystal with a (111) surface are superior to the one with a (112)
surface.

The surface atomistic structures of electrode materials can be easily identified using
transmission electron microscope (TEM) and scanning TEM (STEM) [23-25]. Several

TEM/STEM studies have revealed Ni tends to segregate on the surface the LNMO cathode,



which results in a structural transition [24]. Recently, Pan et al. [26] investigated the surface
facet segregation of Ni and Co in the LNMO using intensive aberration corrected STEM. They
found that Ni and Co show strong facet selectivity when building up their surface segregation
layers: Ni prefer to segregate on (200) crystalline plane of Li-Mn-rich oxide whereas Co has a
strong preference to (20-2) one [26]. Lin et al. [27] found using an STEM that a layer of
Mn;0;-like structure with a thickness of ~2 nm was observed on the surface of the LNMO
cathode materials during the initial charging to 4.9 V. They found that the surface phase
transition resulted in the diffusion of Ni/Mn ions into the Li ion positions. DFT simulations
have been successfully used to show that the O deficiency will promote Ni/Mn ions diffusion
from octahedral positions to tetrahedral Li ion positions in the bulk LNMO [9].

Fundamental understanding of the surface structure and surface phase transition is crucial
to improve the electrochemical performance of cathode materials. In this work, the surface
energies of (100), (110) and (111) low index facets of the LNMO were investigated using the
DFT. The diffusion of Ni/Mn ions on the surface NMO were investigated and compared with

the experimental results.

2. Computational methods

Surface energies of (100), (110) and (111) facets and surface defect chemistry were
calculated using the SIESTA (Spanish Initiative for Electronic Simulations with Thousands of
Atoms) code [28] based on DFT [29, 30]. The electron exchange-correlation functional was

described using generalized gradient approximation (GGA) with the Perdew-Burke-Emzerhof



(PBE) function [31]. Norm-conserving pseudo-potentials [32] were used to describe the
interactions between the core electrons and valence electrons.

Simply employing the GGA by the omission of on-site coulomb interaction is considered to
be insufficient to capture the correct electronic state of materials. GGA+U can improve the
description of the electronic structure. The surface properties of the spinel LiMn,O4 were
studied by Karim et al. [33] using both the GGA and GGA+U for the electron
exchange-correlation function. However simulation results demonstrated that although the
surface energies calculated using the GGA and GGA+U differ by the absolute values, the
resulting Wulff shapes obtained using these two are comparable due to their similar relative
surface energies. We have also calculated the diffusion barriers in the bulk LNMO using
GGA+U, and the results showed that the energy barrier is 3.6 eV for the Ni to diffuse from its
original lattice site to an tetrahedral site [9]. As will be discussed in the Results Section, the
diffusion barrier calculated is 3.7 eV for the Ni diffuse along the same path by the omission of
the on-site coulomb interaction. Therefore, we conclude that the omission of the on-site
coulomb interaction in our work would not significantly affect our conclusion.

The valence electron wave functions were expanded using double-( basis functions. An
energy cutoff of 150 Ry was used for the Fourier expansion of the density and the Monkhorst
Pack of k points (4x4x4 and 4x4x1 for bulk and surface calculations, respectively) was used
for sampling the Brillouin zone. Atomic positions in the pristine crystal structure and the
surface structure were relaxed until the forces on each atom became less than 0.02 eV/A. A

vacuum layer of 25 A was used to avoid the interactions between adjacent surfaces.



The surface energies (AE, ;) were calculated using Equation (1) [34].

AE =AE,+AE (1)
where AE, is the cleavage energy, which is defined as the energy required per unit area to
split the bulk crystalline structure into two complementary surfaces on either side of the
vacuum slab. AE | represents the energy difference between the relaxed surface structure and

unrelaxed one. AE,; and AE, were calculated using Equations (2) and (3), respectively.

1 un un
ME (1 +T,)= (BN T) + BN T) - nE @)
where 4 is the area of T} - or T,-terminated surfaces; E'"(T})and E""(T,) refer to the
total energies of the unrelaxed structures with 7, - and 7, -terminated surfaces,

respectively; E, is the total energy of the bulk cell, and 7 is the total number of bulk

units in these two complementary surface structures. The value of 1/4 was used indicating

that four surfaces are created upon the crystal cleavage.

The relaxation energies AE, for the T-terminated surface can be defined as
1 un
AE, (1) = B8, () + E )] G)

where E} (T) and E'"X(T) are the total energy of T-terminated surfaces which have

been relaxed and unfixed, respectively. The value of 1/2 used means that two surfaces are
created upon crystal cleavage.

The defect formation energy of the TMie-Vacty complex was calculated using
equation (4). This defect complex is composed of transition metal (Ni or Mn) moving to

tetrahedral site with transition metal vacancy in its original lattice position:



AE = E(TMtetral - VaC ™ ) - E(p erf) (4)

where the E(TM,,, -Vac,,) and E(perf) are the total energies of NMO bulk or slab

tetral

with and without Ni- and Mn-Vreyra TMienrai-Vacmy defect complex, respectively.

3. Results and discussions

The LNMO is composed of Li/Ni/Mn/O(1)-, Mn/O-, Li/Ni/Mn/O(2)-, Ni/Mn/O-atomic
layers stacking in a sequence along the [110] direction as shown in Fig. 1. Therefore, the (110)
surface of the LNMO can be terminated with Li/Ni/Mn/O(1)-, Mn/O-, Li/Ni/Mn/O(2)-, or
Ni/Mn/O-atomic layers. Here we defined the two adjacent layers as complementary layers.
Two pairs of complementary layers ]in \[RFI] (110) plane, i.e. Ni/Mn/O- and
Li/Ni/Mn/O(1)-terminated surfaces, Mn/O- and Li/Ni/Mn/O(2)-terminated surfaces, are
shown in Fig. 1 as the part enclosed by dashed rectangles. The (110) surfaces with different
terminations can be obtained by cutting the bonds between two complementary layers, as
shown in Figs. 2a, 2b, 2c and 2d. All the possible terminations of (100), (110) and (111)
surfaces of the LNMO are considered and given in Table 1.

The calculated surface energies of (100), (110) and (111) with different terminations are
listed in Table 1. The (100) and (111) surfaces with Li-terminations have the lowest surface
energies, which are 1.39 and 1.40 J/m? respectively. The (110) surfaces show large surface
energies over 2.0 J/m”. These results indicate that both the (100) and (111) facets are more
energy stable surfaces. The atomic configurations of the (100) and (111) surfaces of the LNMO

terminated with Li-layers are shown in Fig. 3 before and after relaxation. It can be seen from
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this figure that the surface Li moves inward to the second layer with a displacement of about
0.45~0.90 A for the (100) surface and 0.15~0.23 A for the (111) surface, respectively. Other
motions of surface atoms to the second layer are also observed but with a smaller displacement.
For example, the Ni/Mn/O terminated layer moves to the sub-layer with a displacement of
about 0.09~0.15 A for the (100) surface, and the O- and Ni/Mn-terminated layers move to its
sub-layer with displacements of 0.04~0.20 A and 0.05-0.12 A for the (111) surface,
respectively. The atoms in the second layer and inside of the slabs do not show apparent atomic
displacements.

STEM observation showed that the delithiated LNMO samples have different atomic
configurations compared with the spinel structures at the surface upon initial delithiation [27].
It was found that the Ni or Mn ions move to the tetrahedral sites of the spinel structure at the
surface, which was previously occupied by the Li ions before the delithiation process. The
migration of the Ni/Mn ions from the octahedral sits to the tetrahedral sites has also been
observed in the spinel LNMO upon heating [9, 27, 35, 36].

In order to understand the defect formation on the surface, the defect formation energies of
TMietrai-Vacty complex in the bulk and (110) surface of a fully delithiated LNMO (namely
NMO) were calculated using equation (4) and the results are listed in Table 2. The defect
formation energies of the Nieq-Vacni and Mnyeqq-Vacy, complex are 2.13 and 2.51 eV in the
bulk NMO, respectively. These values are decreased to 1.25 and 1.31 eV when these complex

appear on the (110) surface of the NMO, respectively. The defect formation energies are



significantly reduced compared with those in the bulk counterpart, which indicates that the
TMietra- Vacty complex tends to form on the surface of the NMO.

The diffusion energy barriers for the Ni migration from the octahedral site to the tetrahedral
site in (110) surface and bulk of NMO are shown in Fig. 4(a), i.e., migrating form crystalline
lattice site to an interstitial site. The calculated diffusion barriers are 3.70 eV and 1.48 eV for
the Ni diffusion in bulk and surface of the NMO, respectively. This indicates that it is easier for
the Ni atom to diffuse from an octahedral site to the tetrahedral site on the surface of NMO than
in the bulk during the delithiation process. The energy curves of the Ni diffusion on the surface
are quite different compared with those in the bulk. A new metastable position appears when
the Ni diffuses from the octahedral site to the tetrahedral site on the (110) surface. Several key
positions along the migration path in the bulk and on the surfaces are shown in Figs. 4 (b) and
(c), respectively. The Ni diffuses from the octahedral site to a neighboring tetrahedral site by
passing through a tetrahedral site enclosed by four oxygen atoms with an energy barrier of 3.70
eV as shown in Fig. 4 (b). Whereas the Ni diffuses on the (110) surface from the octahedral
site to a metastable B site by passing through a polydral composed of seven oxygen atoms with
a Ni-O bond length of 1.33~2.97 A. Ni is surrounded by six oxygen atoms with the Ni-O bond
length of 1.99~2.33 A as it occupies an octahedral interstitial (B) site, as shown in Fig. 4(c). Ni
also diffuses from the metastable octahedral interstitial site to the surface tetrahedral site by
passing through another octahedral composed of six oxygen atoms (with a Ni-O bonding
length of 1.73~2.57 A) with an energy barrier of 0.75 eV. The results should be related to the

surface reconstruction of the NMO.



The surface atomic layer of the transitional metal moves to its sublayer by a displacement
of about 0.18~0.19 A on the (110) surface the NMO. Accordingly, the surface spinel structure
is destroyed, but the result does not show much change of the bond for both the sublayer and
the bulk. This causes that the surface tetrahedral Li-positions are different from the bulk with
atomistic configurations. On the surface, the diffusion paths of the Ni from the octahedral site
to the tetrahedral site will be blocked once the Ni atoms occupy the octahedral interstitial site.
According to diffusion energy barrier curves of the Ni on (110) surface of the NMO (see Fig.
4a), the diffusion energy barrier is 1.44 eV when the Ni migrates from the Ni octahedral site to
the octahedral interstitial site. Whereas the energy barrier is 0.75 eV when the Ni migrates from
the octahedral site to a nearest tetrahedral one.

The diffusion of Mn in the bulk and surface layer of the NMO show similar behaviors as
those of the Ni as shown in Fig. 5. The diffusion barriers are 3.39 and 1.80 eV for bulk and
surface diffusions, respectively. Two metastable sites of B and C (as shown in Fig. 5) also
appear when the Mn diffuses in the surface of the NMO.

The above results clearly indicate that the Ni/Mn atoms in the octahedral site will migrate
to the tetrahedral site on the surface of the LNMO when the octahedral interstitial sites are
occupied by the Ni/Mn. Results suggest that the transitional metal atoms diffuse easily from the
octahedral site to the tetrahedral Li-positions on the surface of the LNMO crystallographic
structure during the delithiation process, which agrees well with the previous experimental

observation [27].
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4. Conclusions

Surface structures of the LNMO and defect chemistry on the (110) surface of a
fully-delithiated LNMO were studied using the DFT. The calculated results indicate that the
(100) and (111) surfaces of the LNMO are energy stable than that of (110) surface. Defect
formation energies and diffusion barriers of Ni and Mn are much lower in the (110) surface
than those in the bulk material. TMua-Vacty complex could be easily formed on (110)

surfaces, which strongly supports the previous experimental observation [27].
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Table 1 Surface energies (AEqys) of the (100), (110) and (111) facets for LiNipsMn; 504

crystalline structure.

Termination — AEg«(J /mz)

(100) Li 1.39
Ni/Mn/O 1.56
(110)  Li/Ni/Mn/O(1) 2.04
Ni/Mn/O 2.11
Mn/O 2.15
Li/Ni/Mn/O(2) 2.12
(111)  Ni/Mn(1) 5.09
o(1) 4.93
0(2) 2.54
Li(1) 2.41
Ni/Mn(2) 1.66
Li(2) 1.40

Table 2 Defect formation energies of Ni and Mn-V e, in Nig sMn; sO4 with space group P4332

surface structure with (110) facets and the bulk crystallographic structure.

Formation energy (eV)

Atom Surface Bulk
Ni 1.25 2.13
Mn 1.32 2.51
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Figure captions:

Figure 1. Crystalline structure of (110) plane of LNMO. There are two complementary
surfaces for the (110) plane as labeled in two rectangular dashed lines, in which Ni/Mn/O- and
Li/Ni/Mn/O-terminated surfaces, Mn/O- and Li/Ni/Mn/O-terminated surfaces are mutually

complementary ones, respectively.

Figure 2. (a) and (b) surface crystalline structures are complementary surfaces with Ni/Mn/O -
and Li/Ni/Mn/O (1)-terminated surfaces, (c) and (d) are complementary surfaces with Mn/O-

and Li/Ni/Mn/O (2)-terminated surfaces.

Figure 3. (a) Unrelaxed and (b) relaxed (100) surface structures of with Li-terminations; (c)

unrelaxed and (d) relaxed (111) surface structures with Li-terminations.

Figure 4. (a) The diffusion energy curve of Ni in surface and bulk NMOs, in which the red and
black lines refer to surface and bulk energy curves, respectively. (b) Bulk and (c¢) (110) surface
of NMO crystalline structures, in which blue balls refer to the migrating Ni atoms in different
states. I and F refer to the initial and final states of Ni, respectively. A, B and C are the

metastable states.

Figure 5. (a) Diffusion energy curves of Mn in surface and bulk NMOs, in which the red and
black lines refer to surface and bulk energy curves, respectively. (b) Bulk and (¢) (110) surface
of NMO crystalline structures, in which black balls refer to the migrating Mn atoms in different
states. I and F refer to the initial and final states of Ni, respectively. A, B, C and D are the
metastable states.
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