Journal of Electrochemistry

Volume 24 | Issue 4

2018-08-28

Influences of Na-Mn Ratio on Electrochemical Performances and
Intercalation-Deintercalation Processes of Sodium lon in
NaxMnO2

Yong-chun XIE
Cheng WANG
Fang JIANG
Yang YANG
Jing SU
Yun-fei LONG

Yan-xuan WEN

1. School of Chemistry of and Chemical Engineering, Guangxi University, Nanning 530004, China,Guangxi
Key Laboratory of Processing for Non-ferrous Metallic and Featured Materials, Guangxi University,
Nanning 530004, China;,Guangxi Novel Battery Materials Research Center of Engineering Technology,
Nanning 530004, China;Guangxi Colleges and Universities Key Laboratory of Novel Energy Materials and
Related Technology, Nanning 530004, China, wenyanxuan@vip.163.com

Recommended Citation

Yong-chun XIE, Cheng WANG, Fang JIANG, Yang YANG, Jing SU, Yun-fei LONG, Yan-xuan WEN. Influences
of Na-Mn Ratio on Electrochemical Performances and Intercalation-Deintercalation Processes of Sodium
lon in NaxMnO2[J]. Journal of Electrochemistry, 2018 , 24(4): 375-384.

DOI: 10.13208/j.electrochem.180207
Available at: https://jelectrochem.xmu.edu.cn/journal/vol24/iss4/9

This Article is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol24
https://jelectrochem.xmu.edu.cn/journal/vol24/iss4
https://jelectrochem.xmu.edu.cn/journal/vol24/iss4/9

24 % 4
2018 4% 8 J

WAL
JOURNAL OF ELECTROCHEMISTRY

Vol. 24 No. 4
Aug. 2018

DOI: 10.13208/j.electrochem.180207
Cite this: J. Electrochem. 2018, 24(4): 375-384

Artical ID:1006-3471(2018)04-0375-10

Http://electrochem.xmu.edu.cn

$MER EE X Na,MnO, BYTERERD
$1 B3 it R 0L 72 B 22 )

HALLE R E S EL R B
KoER AT E
(1. PR FAL AL T 2288, )08 B9 5 5300045 2. 7 V5 w5 452 5 AE A RE B2 AH 56 B0 R 05 S 28,
IV BT 5300045 3. 7TV H A R S AR TR BRI ST L, )T BT 530004
4. ) VA (48 T R ok RN T8 S S5 5, )P BT 530004)

FEEE . R U AL B T NaMnO,, I X-5F 26 i 5 X5 26 e T AE 3 8 & ST 88 B3Rk ¢ i fk
S LA 3 B TSR B AR A S T AR T AR A A L r Ak P R R A S T B e R A R 4 SRR
NaMnO, F % f1 Nag;MnO, Fl NaggMnO, 415, H NaoeMnO, Y ik Fifi 5 #0145 L #4385 111 38 i Bl 25 80 % L A 185
SET M5 #i | A 1HT FL Ak 2 52 0 1 11 R 7 I 00 5% Ak B S8 020 J 38 K T A (0 I FRL L 78 DU 0 8 K U . M e e
7 0.80 I, & IR 1C 452 F B Ui He 840 152.8 mAh- g, 50 UG 3R 4 1 (R 55 R 80.6%,5C KAGFHT
JBCHL FE 50 88.3 mAh- gt I T R A (V06 I8 1k RE AN A% SR AR R 1 SEL B T80 AL i Hl £k 2 S R R AR T
1 AR BTG AL BE S B A 68.23 .40.07 il 57.62 kJ-mol”.

KEIA . B T IE AR s Na,MnO, ; B 8 i 1%

FESZES: 0646;TMI11

Bifl 5 2 - F b BT BB R VR S A R R B A
LA R T2 B, X R B O A 5 SR e R
K, HAR G U084 B, 0 A N3 5] A5 E s 7
P ) B A 3mSR — R B R R 2%
it AR VR Bl = (%) BRCIR 02, BR L T W] — L 1k
2 VRO RL, T EHLAN TR R R R B, O R,
BEAA S Tt 7E — o B b W A2 e DR R R o
2271 5 | A Rt R Az B[] A,

E SRR A AR 2 A 5 L Sl ) EE 2 A R 4, £
QT e S SR DN N o e 2 W oL
JE R AL DL SR B A W A, TEA A ) T B A
IV 4 R ALY R R DL R R h S L 7R i
PG IR A AL D R E A R LA i R AR
A% TG 27 1 B P A A 5 R b T B R R B R Sk
Yy 3= B 2R 45 44 1) NaMnO,"* Nag,MnO,!>1 |
NaosMnO, " Hl % 18 45 #4 1] Nag,MnO,"* 845 |
JEMRAEA Y E AT O3 BUA P2 RUZUREE# , H A A
ZiRniE 1 R, BET, SRR B Y B

iﬁkﬁiﬂﬁg A

PRBETHRI KPRk R 1 PO 55 A i
%5 . Bucher S52R FA B 15 il 4 T Nag-MnO,,0.3C
FLJ 2 B T AR L 25 5 A 138 mAh- gt i3 20 IR
J& A AR TR N 54.3%. Billaud %12 Na,CO; Fll
Mn,O; Jhp J5oRE, R FH e I [ AR P 20 B R il 25 1
NaMnO,, 2C HL R LA 0 142 mAh-g?,
FI B B H A MR BE. Su R K ARG
BT Nag-MnO, 40K J,40 mA - g 11 HL 70 2 )% T ik
HLEL AN 163 mAh-g!, 80 &0 b () o b2
AE. Ju SFEUSR FH 55 A 25 T Nag;MnO,,0.05C
FL I 4% B R AL L 2% H R 228 mAh- g, 25 RT3
J& A AR RN 90% , 7 BU B AF I PR PR AR B
R LA AR AL, G B AR A P B AN TR
(T8 A5 25 K6, DT 5% W 38064 ) 1 L A 22 R g (R
A O R LU R BN B e O AR B e 4 T 9 A D
S, AR SR FH v i AR 3 AN TR AR LG Y
i & E R A RE , RIS T B G X R R A A5 4
FL b 27 1 B R A 2 I o R 1 5

W B . 2018-02-09, &7 A 1A . 2018-04-04  * JEIAEH, Tel: (86)15277015933, E-mail: wenyanxuan@vip.163.com

B K A SRR 4 BT B3 H (No. 51564002) % )



<376 -

2018 4

(A)

B R R 1 AR S5 4 16 (A)O3 2(B)P2 #I)

(B)

Fig. 1 Structural patterns of (A) O3-type layered oxides and (B) P2-type layered oxides
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Fig. 3 XRD patterns of the samples prepared with different
Na:Mn ratios
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Tab. 1 Lattice parameters of the samples prepared with

different Na:Mn ratios

Na:Mn Ratio a/A b/A c/A V/A?
0.70 2.833 5221 11224  166.02
0.75 2830 5217 11251  166.11
0.80 2.835 5220 11229  166.17
0.85 2.826 5205 11298  166.19
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Fig. 4 SEM images of the samples prepared with different
Na:Mn ratios (A-0.70; B-0.75; C-0.80; D-0.85)
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Fig. 7 Impedance spectra measured at different temperatures (A-E) for the samples prepared with different Na:Mn ratios. (F) An

equivalent circuit used for fitting the impedance data (A-E)

InR, =1n

ct

R
72 ¥ (o 2
nF CAM]1x) =

AG-R
RT @

K R A AARBTRAANTE S % %5,8.314 J-mol - K';
T R K n b Nat 56l 720, o9,
F R 4 1046 % 8, 96485 C - mol™ ; [M*] 4 1 B
Na*® # & ,mol-cm?;Cy "~ NaMnO, N & £ i A 1Y
P o by H AR 2 RN X B R T s A R AR AT
AG k5B A FE A TR R R [B) A B TET B 1 3 Ak

ok
He.

+1

i 9(B) 1 5 2 (2) n] 15 21 4k 25 T 7 H A Al
FE, AR 9 [) 1) S T S 0z 3% AR e AG (181 9(C)). &l 9
(O)FT /R, Bt 5 FNEE LU A0 35 I Ak 55 7 A H AR el A
T () ) S TRT 5 0 39 A e 2R B S e b I 3 R
X AT RS TR A SRR L B0, & sk L R
NagoMnO, B E I, Mn® Y He FEBE 0, i) Mn®
(S T4 KF Mn* 15 72148, AR 5 i
REUE MK, BKT Na® ¥ H0liE ,Na" BE 5§ #l
1) R AR FEL A A R) ) AR TR, AR T T A Ak 2
SR HEAT . AR LU A MR ok 5 4 AR R
MOBHRLAR AR K, WA T LA VR A AR b R



55 4

K 205 R H NaMnO, ¥k BE A4 25 B ik i 752 A9 52 1)

- 381 -

A 0.70 8.5 B
—=—07
2000 - 8.0F
7.5¢
1500 - Z'(s) ]
a Q:E 6.0 0.70
\E 1000 - %m 55 i ®* (.75
~ = 4 0380
S0r v 085
500 451
4.0 Fitting line
0 35L . . . . .
3.0 3.1 32 33 34 3.5
10007"/K"
681
0.65 0.70 0.75 0.80 0.85 0.90
Na:Mn ratio

8 AR EhAR L& WA B Ry SIRER KR (A, B)E T HRE2 5 M LKA (O
Fig. 8 The relationships between Ry and temperature (A) Rsg vs. T, (B) InRgg vs. T, and (C) W vs. Na:Mn ratio

8
A —=—(.70 B
1600 .05
—4—0.80 Tr
1200 - —*—0285
6F 0.70
G g; 0.75
o’ 800 E sl 0.80
0.85
400 -
4r Fitting line
0b—: : : : ' N . . . .
203040 50 60 30 31 32 33 34 35
7/°C 10007" /K"
60
C
55+
2 sof
facy
2
3 45f
3
401
35 1 L 1 L
0.65 0.70 0.75 0.80 0.85 0.90
Na:Mn ratio

9 AIRENER LG O B Ry 5 IR EE 1 OC FR (A, B) K F T R AL BE 5 84 il 1L 5 5 (C)
Fig. 9 The relationships between R, and temperature (A) R, vs. T, (B) InR,, vs. T, and (C) AG vs. Na:Mn ratio



-382- W,

2 2018 4

G345 i A= LT RN M AR A 0.80 B G MR
R B 1 B AR fe /N, BRI AR R Nat ZE
e R P i VR ] 1% P 7T £ 388 T 25 o 1HE AT

B 10(A) R A i) 81 B 25 44 T & B0k B 3
AL D 5B G K B KAy A Bl 2
Tk B 0 T R Na® 76 16 P AR BURL 938 19 37 8 &
B K Ul WY AE — 2 0 L IR B A R T Na
TE I R A RN BURL R O R (3) 24k 3 A 8
(A EE I LA InD xF T R B 45 26 0 56 & (]
10(B)):

E

mD:DO—R% 3)
A, D BN E AR A AR R R R A
em?- s Dy Ry B S 1 A H AR A ORE H B ) 6 4 1
FE om? sk, R RS 7 A HR AR R R T
1HALfE kI -mol™.

1 [ 10(B) Fi 7 & 3 W] 15 AN [] 44 4 be 4% 14
A LA RE Y Na® 78 16 P B R URL P31
TEALRE E,, WE 10(C) PR, WE o] LLE B
AR L B3 N Na® 7635 P 4 RHBURL P93 HIRY I

12

fLiE E, BB b E R, Xl R
Shy B AR LB, A OB R TR Min®t 1 v 8
i, B Me¥ E TR R R T Mot I E TR
PRI ol A5 A4k 19 5 L AR R A R Na™ 7 I3 4 Rk
UKL N BB BCE 25 5 64T, (REAER L R, Mn®™
(1) Jahn-Teller 2507 75 | 2 11 &t 4 W5 25 25 BH A58 25
OETAN: GG RV SR TR X NI N R A
Na* (99 O 23 0, Na* 7 #5028 15 7 1

3 &

SR FH v i TR 35 1) 2% e T A 0 1 P S 1 AR
R, 25 58T AR LA R R A 454 | L fk 2
PEBE LA B B B 1 B8 0 ok AR 10 5 L AE S 58 LY
MR 45

1) SRR L XA L I A 30 45 F AT — 2 1 5 )
kR £ Nag;MnO, 1 NageMnO, 4%, K%
BER L ARSI, G BUR BT NageMnO, 1 7 it 1
T, 4 Rk A A 2R D I 1A

2) BARE A TR b 2 Sk B B R LL R T v T S
B8R G W R LA 0.80 B, A LB RE S FE 1C
£ R 15 K L 25 A 152.8 mAh-g!, 50 YA

| B
10 34+
Tc{; 8 ﬁ: 33+
é 6- N§ 3l = 070
= | 3 e 075
=4 2 31 4 080
X
QO * 085
) 30f
L Fitting line
0 . . . . 29— : : : :
20 30 40 50 60 3.0 3.1 3.2 33 34 3.5
1°C 100077/K"
85
C
80 .
~ 75t
ER
-
< 65+
o
60 \
55+
50 L L L L
0.65 0.70 0.75 0.80 0.85 0.90
Na:Mn ratio

10 A TE Gh4R He & BUM B IS D 5 19 0C R (A, B) R BUE AL e 5 8 L OC R (C)
Fig.10 The relationships between D and temperature (A) D vs. T, (B) InD vs. T, and (C) E, vs. Na:Mn ratio



54 3

K 204 B HE S Na,MnO, Pk RE A1 EH 25 7 It ik 3 72 /Y 52 R -383.

WG A A N 80.6%,5C 15 F ik & &
b 88.3 mAh- g, HLAT R 4F (06 1 BE LA 5 1 BE.

3) BB M A AR b R Y R T L B
AT FEL b 2 I R A 3 B0 Ak R Bl 25 B L 1 3
BRI DN

% % L ik (References) :

[1] Xia Y (X FH), Fang R Y/(J5 W %), Shi S(jiti /&), et al. Re-
view on synthesis of electrode materials derived from bio-
logical templates for lithium-ion batteries[J]. Materials Re-
view(# Bt 42), 2016, 30(1): 128-135.

[2] Shen WL A1), Shen L Y(H! 22 ##), Zhang Z Y (7K 4R 5), et
al. Recent developments in cathode materials for Na-ion
batteries[J]. Advanced Materials Industry (Fr #1 % 7= i),
2017(5): 61-64.

[3] Ye F P( &), Wang L( L #i), Lian F(i% J7), et al. Ad-
vance in Na-ion batteries[J]. Chemical Industry and Engi-
neering Progress(fk T.# J2), 2013, 32(8): 1789-1795.

[4] Liu Y C(XI7 ), Chen C C(Bi 2 i), Zhang N(5K T°), et
al. Research and application of key materials for sodi-
um-ion batteries[J]. Journal of Electrochemistry( fi 1k 2%),
2016, 22(5): 437-452.

[5] Qian J F(#:VT.4%), Gao X P(# 4 ), Yang H X(#% 1L F4).
Electrochemical Na-storage materials and their applica-
tions for Na-ion batteries[J]. Journal of Electrochemistry
(F k), 2013, 19(6): 523-529.

[6] Wang L B, Wang C C, Zhang N, et al. High anode perfor-
mance of in situ formed Cu,Sb nanoparticles integrated on
Cu foil via replacement reaction for sodium-ion batteries
[J]. ACS Energy Letters, 2017, 2(1): 256-262.

[7] Wang C C, Wang L B, Li F J, et al. Bulk bismuth as a
high-capacity and ultralong cycle-life anode for sodi-
um-ion batteries by coupling with glyme-based elec-
trolytes[J]. Advanced Materials, 2017, 29(35): 1702212.

[8] Kim H, Kim H, Ding Z, et al. Recent progress in electrode
materials for sodium-ion batteries[J]. Advanced Energy
Materials, 2016, 6(19): 1600943.

[9] Jia X P, Chen M. Review of electrode materials for sodi-
um-ion batteries[J]. Journal of China Academy of Elec-
tronics Information Technology, 2012, 7(6): 581-585.

[10] Billaud J, Clement R J, Armstrong A R, et al. -NaMnO,:
a high-performance cathode for sodium-ion batteries [J].
Journal of the American Chemical Society, 2014, 136(49):
17243-17248.

[11] Ma X, Chen H, Ceder G. Electrochemical properties of
monoclinic NaMnQO,[J]. Journal of The Electrochemical
Society, 2011, 158(2): A1307-A1312.

[12] SuD, Wang C, Ahn H J, et al. Single crystalline Na,;MnO,,
nanoplates as cathode materials for sodium-ion batteries
with enhanced performance[J]. Chemistry-A European
Journal, 2013, 19(33): 10884-10889.

[13] SohnDR,LimSJ,Nam D H, et al. Fabrication of NaiMnO,/C
composite cathode material by simple heat treatment for
high-power Na-ion batteries[J]. Electronic Materials Let-
ters, 2018, 14: 30-36.

[14] Molenda J, Stoksa A, Than D. Relation between ionic
and electronic defects of Na,;MnO,, bronze and its elec-
trochemical properties[J]. Solid State Ionics, 1987, 24(1):
33-38.

[15] Luo C, Langrock A, Fan X L, et al. P2-type transition metal
oxides for high performance Na-ion battery cathodes [J].
Journal of Materials Chemistry A, 2017, 5(34): 18214-
18220.

[16] Kim H, Dong J K, Seo D H, et al. Ab initio study of the
sodium intercalation and intermediate phases in Nag,MnO,
for sodium-ion battery[J]. Chemistry of Materials, 2012,
24(6): 1205-1211.

[17] Zhao L W, Ni J F, Wang H B, et al. Nay,MnO,-CNT
electrodes for non-aqueous sodium batteries[J]. RSC Ad-
vances, 2013, 3(18): 6650-6655.

[18] Liu C, Li J G, Zhao P X, et al. Fast preparation of Nay -
MnO,, nanorods via a high NaOH concentration hy-
drothermal soft chemical reaction and their lithium stor-
age properties[J]. Journal of Nanoparticle Research, 2015,
17(3): 142.

[19] Bucher N, Hartung S, Gocheva I, et al. Combustion-syn-
thesized sodium manganese (cobalt) oxides as cathodes
for sodium ion batteries[J]. Journal of Solid State Electro-
chemistry, 2013, 17(7): 1923-1929.

[20] Huang J J, Luo J. Composites of sodium manganese ox-
ides with enhanced electrochemical performance for
sodium-ion batteries: Tailoring properties via controlling
microstructure[J]. Science China-Technological Sciences,
2016, 59(7): 1042-1047.

[21] Zhang S Q(ik i 3). Preparation and properties research
of non-noble metal oxide for energy storage[D]. Anhui
Normal University(Z # i X +), 2015.

[22] Shen K'Y, Miklos L, Wang L, et al. Spray pyrolysis and
electrochemical performance of Nay,,MnO, for sodium-ion
battery cathodes[J]. MRS Communications, 2017, 7(1): 74-77.

[23] Xiang X, Zhang K, Chen J. Recent advances and prospects
of cathode materials for sodium-ion batteries[J]. Advanced
Materials, 2015, 46(44): 5343-5364.

[24] Xue M M(F## B B]). Structural characterization and prop-
erties of monoclinic NaMnO,[D]. Northeast Normal Uni-
versity(ZA< b Uiy K 2%), 2010.



.384 . W, 1%, = 2018 4

[25] Shaju K M, Subba Rao G V, Chowdari B V R. Spinel [27] Hou X (/i) Tang Z W(JF T ), Pei B(3£ ). Research

phases LIMMnO,(M=Co, CoAl, CoCr, CrAl) as cathodes
for lithium-ion batteries[J]. Solid State Ionics, 2002, 148
(3): 343-350.

[26] Zhuang Q C(JE4=ilf), Xu S D(#:~F ), Qiu X Y (B #

=), et al. Diagnosis of electrochemical impedance spec-
troscopy in lithium-ion batteries[J]. Progress in Chem-
istry(fh 2% #E J), 2010, 22(6): 1044-1057.

progress of electrode-electrolyte interfacial film in lithium-
ion batteries[J]. Marine Electric & Electronic Technology
(M LB AR), 2017, 37(7): 64-67.

[28] Yang T Y(# [l 53). Study on synthesis and modification

of 5V cathode material LiNi sMn, O, for lithium-ion bat-
tery[D]. Harbin Institute of Technology (% /K ¥ Tk
%), 2011.

Influences of Na-Mn Ratio on Electrochemical Performances and
Intercalation-Deintercalation Processes of Sodium Ion in Na,MnO,

XIE Yong-chun', WANG Cheng', JIANG Fang', YANG Yang',
SU Jing"**, LONG Yun-fei', WEN Yan-xuan'***
(1. School of Chemistry of and Chemical Engineering, Guangxi University, Nanning 530004, China;
2. Guangxi Key Laboratory of Processing for Non-ferrous Metallic and Featured Materials,
Guangxt University, Nanning 530004, China; 3. Guangxi Novel Baitery Materials Research Center of

Engineering Technology, Nanning 530004, China; 4. Guangxt Colleges and Universities Key Laboratory of
Novel Energy Materials and Related Technology, Nanning 530004, China)

Abstract: In this work, NaMnO, was synthesized by a solid-state reaction. The influences of Na:Mn ratio on the structure, mor-
phology and electrochemical performance, and sodium ion intercalation/deintercalation processes were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy, field emission scanning electron microscopy, cyclic voltammetry, electrochemical
impedance spectroscopy and galvanostatic charge-discharge test. The prepared Na,MnO, was mainly composed of Na,;MnO, and
Nayo;MnO,, and the content of Nay,MnO, increased with the increase of Na:Mn ratio. However, the activation energy values of sur-
face membrane diffusion, interfacial electrochemical reaction and Na* diffusion in the bulk material first decreased and then in-
creased with the increase of Na:Mn ratio, while the discharge capability first increasedand then decreased with the increase of Na:
Mn ratio. The sample synthesized with the Na:Mn ratio of 0.80 delivered a discharge capacity of 152.8 mAh-g* with a capacity re-
tention of 80.6% after 50 cycles at 1C. Even being charged/discharged at 5C, this sample still provided a discharge capacity of 88.3
mAh-g?, showing good cycle-stability and rate performance. The activation energy values of surface membrane diffusion, interfa-

cial electrochemical reaction and solid-phase diffusion were found to be 68.23, 40.07 and 57.62 kJ - mol”, respectively.

Key words: sodium-ion battery; cathode; Na,MnO,; sodium-ion intercalation/deintercalation
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