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Inhibition of P2-O2 Phase Transition for P2-Nay;sNiq3M n,30, as Cathode
of Sodium-ion Battery via Syner getic Substitution of Cu and Mg

ZHU Zhijie, SHEN Mingyuan, WU Tao, LI Wencui

(School of Chemical Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: The research of sodium-ion batteries (SIBs) is of great significance for development of new energy and
energy storage methods. As cathode material, P2-type layered oxide material Na,;Ni;;3Mn,30, has attracted wide
attention due to its excellent capacity and high working voltage. However, it suffers from undesired P2-O2 phase
transition, which leads to a drastic change in volume and rapid capacity decay. Here, a P2-Nay ¢;Nig 15Cug 10Mg0.0sMng 6,0,
(NCMM-10-05) cathode was synthesized through solid-state method with synergetic substitution of Cu and Mg. The
results indicated that the incorporation of Cu and Mg suppressed irreversible P2-O2 phase transition when charging to
high voltage and initialized OP4 phase formation, which improved reversible stability of structure. Thus the as-obtained
material exhibited excellent electrochemical performance, which delivered an initial discharge capacity of 113 mAh-g ' in

the voltage range of 2.00-4.35 V (vs. Na'/Na), a reversible capacity of 64.1 mAh-g ' at 8C (1C=100 mA-g '), and a
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capacity retention of 88.9% after 200 cycles at 1C. The effect of Cu and Mg synergetic substitution on the structure

and electrochemical properties of P2-type layered oxides was explored, and the specific roles played by Cu and Mg in

the structural evolution were further investigated by in situ X-ray diffraction (XRD) analysis and density functional

theory (DFT) calculations. This work provides a new insight into the rational design of highly stable cathode materials

with rapid Na" transport capability for SIBs.
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Fig. 1 XRD patterns and electrochemical performances of NCMM
(a) XRD patterns; (b) Rate performances; (c) Cycling performances for 200 cycles at 1C
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Fig. 2 Crystal structure information of NCMM-00-00 and NCMM-10-05
(a, b) Rietveld refinement results and (c, d) crystal structure diagrams of (a, c) NCMM-00-00 and (b, d) NCMM-10-05.
Colorful figures are available on website
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Fig. 3 Morphologies of NCMM-00-00 and NCMM-10-05
(a) SEM image of NCMM-00-00; (b) SEM, (c) HRTEM images and (d) EDS elemental mappings of NCMM-10-05
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Fig. 4 Electrochemical performance of NCMM-00-00 and NCMM-10-05
(a, ¢) GCD curves of (a) NCMM-00-00 and (c¢) NCMM-10-05 at 0.2C; (b, d) CV curves for initial 3 cycles at 0.1 mV-s™'
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Colorful figures are available on website
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(a) Model structures of discharging and charging states for NCMM-10-05; (b, c¢) Electronic localization function maps
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(h) Two possible local structures around Mg atom at 4.2 V. Colorful figures are available on website
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Fig. S1

First GCD curves of NCMM

Fig. S2 Cycling performance of NCMM-10-05 at 1C for 300 cycles

S3
Fig. S3 (a, b) HRTEM images and (c) EDS elemental mappings of NCMM-00-00

NCMM-00-00 ffJ(a, b) HRTEM H& i #i(c) EDS J5 & 247 K
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Fig. S5 Model structures of discharging and charging states for NCMM-00-00

'Na OT™ ©0

Kl S6 Na™y M1t &
Fig. S6 Migration paths of Na*
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TableS1 Compositions and electrochemical performance of NCMM samples

Sample Composition Or*(0.2C)/(mAh-g™") Or*(8C)/(mAh-g™") (Cl egjazc ég’;;g:;?;ﬂ
NCMM-00-00 Nay 67Nig 33Mn 670, 150 21 69.8
NCMM-05-05 Nay 67Nig23Cug.0sMgg.0sMng 670, 120 31 67.0
NCMM-05-10 Nay 67Nig.15Cug.0sMgg.10Mng 670, 104 49 88.5
NCMM-10-05  Nag 5Nig 15Cug 10Mgo.0sMng 6702 113 64 88.9
NCMM-15-05  Nag Nig 15Cug 1sMgo.0sMng 6702 99 49 74.6

* Or: Reversible capacity
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Table S2 Crystal structure information of NCM M-00-00
obtained by XRD refinement
Space group: P6 /mme, a=b=2.88696 A, c=11.15500 A,

3
V=80.515916 A", R,,: 2.18%, R,: 1.58%

Wyckoff

Atom position ¥ z U, Occupancy
Nal 2b 0 0 1/4 0.004 0.171
Na2 2d 173 2/3 1/4 0.188  0.490
Mnl 2a 0 0 0 0.013  0.668
Nil 2a 0 0 0 0.013  0.332

o1 4f 2/3  1/3 042320 0.004 1

% S3 XRD #1528 NCMM-10-05 & LH1E R
Table S3 Crystal structureinformation of NCMM-10-05
obtained by XRD refinement
Space group: P6 /mmc, a=b=2.89219 A, c=11.17830 A,
V=80.976690 A°, R,,: 2.45%, R,: 1.68%

Atom X)};Ciggflf z Uiso  Occupancy
Nal 2b 0 0 1/4 0.051  0.245
Na2 2d 173 273 1/4 0.090  0.425
Mnl 2a 0 0 0 0.007  0.670
Nil 2a 0 0 0 0.007  0.181
Cul 2a 0 0 0 0.007  0.100
Mgl 2a 0 0 0 0.007  0.050

0O1 4f 2/3  1/3 0.42063 0.007 1

%& S4 NCMM-00-00 #1 NCM M-10-05 Ky BE#T
Table S4 Impedance of NCMM-00-00 and NCM M-10-05

Sample Resistance/Q
Ryt 1088
NCMM-00-00
R 2638
Ry 596.2
NCMM-10-05

R 688.5

# S5 NCMM-00-00 FEFEFB/B FBRIR S THY
Bader BITF 2 #T45 R
Table S5 Bader charge analysis of NCM M-00-00

State Type  Charge Zval* Valence state
Discharge (¢} 7.04 6 -1.04
Ni 8.84 10 1.16
Mn 5.27 7 1.73
Charge O 6.84 6 —0.84
Ni 8.71 10 1.29
Mn 5.25 7 1.75

* Zval: the number of valence electrons (The results shown in the table
are the average of all atoms of the same type in the model.)

#& S6 NCMM-10-05 ZEFRH/FBERESTH

Bader BT &R

Table S6 Bader charge analysis of NCMM-10-05

State Type Charge  Zval* Valence state
(0] 7.05 6 -1.05
Ni 8.85 10 1.15
Discharge Cu 9.79 11 1.21
Mg 0.35 2 1.65
Mn 5.28 7 1.72
(0] 6.89 6 —-0.89
Ni 8.75 10 1.25
Charge Cu 9.76 11 1.24
Mg 0.35 2 1.65
Mn 5.25 7 1.75

* Zval: the number of valence electrons (The results shown in the table
are the average of all atoms of the same type in the model.)



