Technical Report

] X

)F U LA FVELRAEESEERMENEMR
FEIE R

LisMoOs D7

Charge-discharge Property of LisMoOs
as Novel Negative Electrode Active Material
with High Capacity for Li-lon Batteries

oI Ez R SN < K L
S == | e hr F % e
Shinnosuke Ichikawa Daisuke Endo Takeshi Sasaki
Takeshi Tonoya  Shigeki Yamate
Abstract

LiaMoOs, which crystallizes in the P-1 space group, was evaluated for the first time as a negative electrode active

material for lithium-ion batteries and exhibited high electrochemical performance. LisMoOs shows voltage plateaus

between 0.8 and 1.2 V; this behavior is distinct from that of other molybdenum-based oxides such as MoOs,
LisMos017, and Li2M0oOs. When the charge voltage is limited to 0.4 V, LiaMoOs exhibits a higher volumetric dis-
charge capacity (1076 mAh cm™) than graphite (818 mAh c¢cm™), a lower average discharge voltage (1.2 V on
LisMoOs / Li cell) compared to LisTisO12 (1.6 V), and relatively small charge-discharge hysteresis (0.4 V) among

the molybdenum-based oxides examined in this study. Furthermore, the volumetric expansion ratio at full charge,

estimated from lattice volume changes, is relatively small at approximately 3%.
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Table 1 Synthesis conditions for various molybdenum-based oxide samples (Samples 1-9).
Sample  Starting materials and the nominal Li/Mo  Calcination ~ Calcination  Calcination
No. molar ratio in the precursor temperature time atmosphere

1 - MoOs3 0.00 - - -

2 Li.COs MoOs 0.80 500°C 52h Air
3 Li.COs MoOs 2.00 600°C 4h Air
4 Li.COs MoOs 4.00 950°C 4h Air
5 Li.COs MoOs 4.50 950°C 4h Air
6 Li.COs MoOs 4,95 950°C 4h Air
7 Li.COs MoO> 4.00 950°C 4h N2
8 Li.COs MoO> 4.40 950°C 4h N2
9 Li.COs MoO> 4.80 950°C 4h N2
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Table 2 Crystal structures used for reduction-potential calculations with one Li atom inserted per super cell.
Unit-cell structures were obtained from the Materials Project and expanded to construct super cells.

Formula unit MoOs LisMosO17 Li2MoO. LisMoO:s
Materials Project id mp-20589 mp-541578 mp-18050 mp-19117
(reference structure)
Unit cell Mo4O12 LisM010034 Li12M06024 LisM02010
Number of atoms 16 52 42 20
a/A 3.681 6.905 8.831 5.032
b/A 3.919 9.643 8.831 5.075
c/A 14.229 11.081 8.831 7.653
Super cell Mo01604s LisM010034 Li2sM01204s Liz2MosOao
Number of atoms 64 52 84 80
a/h 3.681 X 2 6.905 8.831 X 2 5032 X 2
b/A 3919 X 2 9.643 8.831 5.075 X 2
c/A 14.229 11.081 8.831 7.653
The theoretical capacity 11.64 mAh g 17.19 mAh g 12.85mAh g 16.45 mAh g

corresponding to one Li atom
inserted into a super cell
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Fig. 2 XRD patterns of Samples 4-9 (54-59), which
are LisMoO:s synthesized with various precursors and

Li/Mo ratios.
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Fig. 3 Results of Rietveld analysis of the XRD patterns of Samples 4 and 8 (54 and S8),
LisMoOs synthesized with various precursors and Li/Mo ratios, assuming P-1 symmetry.
The observed (dots) and calculated (solid lines) patterns are shown at the top. The
calculated positions of Bragg reflections are shown in the middle. The difference curve
between the observed and calculated patterns is shown at the bottom.
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Table 3 Reliability factors from Rietveld refinements
of LisMoOs synthesized with various precursors and
Li/Mo ratios (Samples 4-9).

Sample No. Reliability factors (%)
Ruwp Rs Re
4 19.12 13.62 8.69
5 16.22 11.93 6.70
6 13.76 1043 6.25
7 11.75 6.84 3.15
8 8.80 4.09 2.04
9 10.49 6.30 2.66
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Table 4  Space groups, lattice parameters, and identification by ICDD PDF numbers of various molybdenum-
based oxides (Samples 1-3 and 8). The space group and lattice constants of 3-LisMoOs are also listed.

Sample Space Lattice parameters ICDD PDF Chemical
No.  group 2/ A b/A A o/ B/° NE number composition
1 Pbnm 3960 13.850 3697 90 20 90 00-000-1672 MoOs
2 P-1 6.780 9473 10808  73.14 88.96 69.77 01-088-1122 LisM0osO17
3 R-3 14337 14337 9590 90 920 120 00-012-0763 LiMoO4
8 P-1 5.120 7.722 5065 10159 10158  108.50 01-088-0757 LisMoOs
- P2i/c 6.424 8.370 6.608 90 90.63 90 - LisMoO:s ( 3 -phase)™®

Table 5 Electrochemical properties of various molybdenum-based oxides (Samples 1-4 and 8)
obtained in the second cycle of Li-metal half-cells.

Sample  Chemical Voltage Discharge capacity / mAh g™ Averag?e discharge Charge-discharge
No. composition  range/V (with AB) (without AB) oltage /V hysteresis / V
1 MoO; 0.0-3.0 779 683 1.328 0.867
0.6-3.0 281 267 2371 0.809
2 LisMosO17 0.0-3.0 1088 992 1.386 0.902
0.5-3.0 356 337 1.708 0.642
3 LizMoO4 0.0-3.0 816 720 1.359 0.888
0.4-3.0 424 400 1.270 0.572
4 LisMoO:s 0.0-3.0 646 550 1.286 0.850
0.4-3.0 359 335 1.284 0.493
8 LisaMoO:s 0.4-3.0 308 284 1.230 0.383
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Table 6 Theoretical specific capacities of MoOs, LisM0s017, Li2MoQs,
and LisMoOs, based on the six-electron redox reaction of Mo®/Mo°.

Chemical composition

Theoretical specific capacity
/mAh g™

MoO:;
LisMosO17
Li2MoOa
LisMoO:s

117
1031
925
789
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T, AEFNRBLEZ 06V ELTARELLGE, 2
YA 7VHMUEIC BN TE 2.4 VABLOEEFEHED
B Nz,
3.2.2 Sample 2 (LisMosO17) DFEMESFIE

FEEREH 5K 235 mAh g (Ax = 6.8 in LisaMosO17)
T, 23VEBIU 1.75 VLR TEITKISDETL,
2 MBS OB HHE B E Nz, Z0%, 1 VLR
MBREPN B T2 & 75> TEITRICDHET
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Fig. 4 Charge and discharge curves of Samples 1-4 and 8 (S1-S4 and S8), corresponding to MoQs, LisMosO17,
Li2M0oQs, and two types of LisMoOs (Samples 4 and 8), respectively. The voltage range is indicated in the figure.

Table 7 Space groups, lattice parameters, and lattice volumes of LisMoOs (Sample 8) in the pristine state and the
charged state to 0.4 V.

State Space Lattice parameters Lattice volume
group a/h b/A c/A al B/° y /e v/ A -
pristine P-1 5.120 7.722 5.065 101.59 101.58 108.50 178.2 100.0%
charged P-1 4.779 7.827 5.390 99.90 99.50 108.60 183.0 102.7%
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Eﬂﬁéﬁ?&@ FL;H’J 1VTHh D MoOs3 *® LisMosO17
DEGEDR 275V H BN 23 VEDEHE W,
N, HEYEICET Y F T LOETH Efx‘i]%'%
(electron-donor effect of Li) Ic K% & D L HERE
FEBRAICIE, LisVOs BZHD XK 5 x—FRD Li 1@%’@!%
EMCBNTHEEINTVEIHR{TH S (V05 /
LisVOs DFEERRE#HDOEF 134V / 1.0V). Lk
NoT, EREERElHRE &8I, Li/Me lhELEFE
B BZBALZEETINTA—RTHBHEEIDBN
%. AR TIE, LizMoOs B &K U LisMoOs O & FE B4R
EZROEEMENT & DZYWZRT 7 TH—FD 1
DELT, 2.5 HICEEH OB T, Matlantis IZ X5
TV F—EHRICK D Liffi AFIEEZ RS 0,
MoOs & % WM& LisMosOr D& & DR E B x>
Tz, F DR R, MoOs @ £ 332 VIcxf L T,
LisMosO17 D EJE 2.73 VR <, LizMo0s B &
U LisMoOs OFEFE 1.48 V, 1.31 VA2 VIEWCT &
WHRFEE 5N, FHROEERE & B s 5 551G
5njec.
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(a) Charge curve and (b) XRD patterns of Sample 8 (LisMoOs). The estimated charge curve of AB is also

shown as a dashed line in Fig. 5(a). The XRD patterns in Fig. 5(b) were collected during the first charge at the pris-
tine state, at charged states with specific capacities of 80, 160, 240, and 320 mAh g™, and after CC-CV charging to
0.4 V. @ and V¥ in Fig. 5(b) indicate representative diffraction peaks corresponding to strong reflections.
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4 FS5m

a2 DTV 7T VRBEYORT, Z22MEE P11l
JBEN 3 LisMoOs EffilE, 0.8 ~ 1.2 V {umic R
IR R T e iR Uiz, 7z, LisMoOs
oreERBER (LA ICBT 2%EHED MoOs
DFE XD BV & WS FERFEIRIE, Matlantis I K
DEtE SNz Li MAMIHEE & B s L Tunre.
E 51, LisMoOs BMiZz 785 FIREF 0.4 VICREL
TEHT3T LT, T 7T VRBIEY I3RS
LBELCENREZ R Uz, 37abb, K40
T# 1076 mAh cm 3 DEWVWHEREZ/RT L EEIC,
LTO &Mk © &RV 1.2 VO ikEEERS KU,
%7 0.4 VOBV NS KA REL A7V & Az i F
DREMEF SNz, COMERRIT, EROEMBX
U LTO Btz RSB TH -z, T HIC, lFEIR
REIC B 2 AREIARRIZH 3% L LRI NE W & 72
B L7z, LIEORER KD, LisMoOs 1 B A R AT
WEMEE LTHEE TH S EEZDBNS.
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