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Abstract  Spinel LiNiysMn; 50, is recently considered as a promising cathode material for rechargeable Li-ion batteries, yet
its large-scale application is limited due to relatively poor cycling and rate performance. Metal doping is expected to be an
effective approach to improve the electrochemical performance of spinel LiNijy sMn; sO,. However, deeper understanding into
doping effects on structural and electrochemical properties of LiNipsMn; 50, electrode materials is still ambiguous. In this
work, systematic first-principles studies based on the density functional theory (DFT) have been carried out to investigate
electronic and structural properties of LiMj 155Nig375Mn; 504 (Where M=Cr, Fe, and Co) cathode. All computations were
carried out on the basis of projector augmented wave (PAW) approach as implemented in VASP. The exchange and correla-
tion potential was treated with the generalized gradient approximation (GGA) of Perdew and Wang (PW91). In order to take
into account the strong on-site Coulomb interaction (U) presented in the localized d electrons of transition metals, the GGA+
U framework was used for evaluating the exchange-correlation energy. Within this framework, the effective single parame-
ters Uy 0f 3.5, 4, 5, 5.62 and 5.96 eV were used for Cr, Fe, Mn, Co and Ni, respectively. The electron wave functions were
expanded by a high cutoff of 500 eV and the total energy was converged to 10 eV. The following electronic states are
treated as valence electrons: Li, 2512p0; O, 2522p4; Cr, 3d%4s'; Mn, 3d%s'; Fe, 3d74s'; Co, 3d%s'; Ni, 3d%4s'; Regarding the
accurate calculations of total energy and electronic structure, the tetrahedron method with Bloch correction was adopted for
structural relaxation and density of state (DOS) analysis. The cell parameters, volume cells, and positions of all the atoms in
the primitive cell were fully relaxed until the residual Hellmann-Feynman force on each atom was less than 107> eV/A. It is
found that doping a small quantity of metal M atoms into the Ni site results in a decrease in the volume variation during the
lithiation/delithiation cycle (ca. 4% from lithiated phase to delithiated phase, whereas 4.7% for the undoped case). Electronic
calculations suggested that transition metal doping (Cr-, Fe-, and Co-doping) would effectively improve the electronic con-
ductivity of systems. To evaluate effects of dopants on lithium mobility, we calculated the activation energies for lithium
diffusion in M-doped LiNiysMn, sO4 cathode. Our calculations indicate that doping with Co can potentially reduce lithium
diffusion barrier as compared to that of pristine LiNij sMn, 50, spinel.
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Material /g a, b, c/A a, B, 7/(°) VI(Afu ")
LigNisMn ;05 — 8.305, 8.305, 8.305 90.0, 90.0, 90.0 71.61
LigNigMn ;05" — 8.170, 8.170, 8.170 90.0, 90.0, 90.0 68.17
Li,NigMn ;05 — 8.254, 8.254, 8.254 90.0, 90.0, 90.0 70.30
NiMn;,0s, — 8.179, 8.179, 8.179 90.0, 90.0, 90.0 68.38
LisCrNisMn,,0s, 3.02 8.317,8.317,8.317 90.0, 90.0, 90.0 71.92
Li,CrNisMn 03, 2.94 8.259, 8.259, 8.259 89.6, 90.4, 90.4 70.43
CrNi;Mn ;03 2.47 8.209, 8.209, 8.209 89.7,90.3, 90.3 69.15
LigFeNi;Mn;,0s, 3.64 8.311,8.311,8.311 90.0, 90.0, 90.0 71.77
Li,FeNi;Mn,,0s, 3.56 8.291, 8.291, 8.291 89.9,90.1, 90.1 71.23
FeNizMn,,03, 3.92 8.210, 8.210, 8.210 89.5,90.5, 90.5 69.16
LigCoNizMn;,03, 0.09 8.304, 8.304, 8.304 90.0, 90.0, 90.0 71.57
Li,CoNizMn;,03, 0.06 8.254, 8.254,8.254 90.4, 89.6, 89.6 70.29
CoNi;Mn;,03, 1.67 8.196, 8.196, 8.196 89.7,90.3, 90.3 68.81
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Figure 1 (a) Optimized crystal structure of LiNipsMn;sO4 with P4;32
space group; Panels (b)~(d) represent optimized configurations derived
from optimized LiNijsMn,sO, geometry by substituting one out of four
Ni*"ions with one M ion in the supercells: (b) LiCro125NipsMn; 504, (¢)
LiFeg 12sNipsMn; 504 and (d) LiCoyg 125NigsMn; sO4. Li atoms are located
8c sites, Ni atoms at 4b sites, Mn atoms at 12d sites, and O atoms at 8¢
and 24e sites
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Figure 5 Schematic illustration of lithium hopping paths in both pristine
LiNip sMn; 504 and M-doped LiNiysMn,; 504, (M=Mg, Cr, Fe and Co)

(a) Three-dimensional lithium diffusion paths in pristine LiNiysMn, sO4. Local
environments of metal ion rings: (b) the metal ion ring composed of three Ni
ions and three Mn ions, (c) the metal ion ring composed of one Ni ion and five
Mn ions, (d) the metal ion ring composed of one M ion, two Ni ions and three
Mn ions, (e) the metal ion ring composed of one M ion and five Mn ions.
Metal ion rings of (d) and (e) are derived from metal ion rings of (b) and (c) by
substituting Ni with M. (f) Three-dimensional lithium diffusion paths in
M-doped LiNio_sMn1_504
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Figure 6 Lithium diffusion barriers in LiMy 1,5NiopsMn; 504 (M=Cr, Fe
and Co), in reference to pristine LiNigsMn,; sO4 (light gray and charcoal
gray bars)
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