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Abstract

In recent years, the sharp rise of price and limited supply of raw materials for lithium-ion batteries
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have spurred the search for alternative technologies. Sodium-ion batteries have emerged as a prom-
inent candidate due to sodium’s chemical similarity to lithium, abundant natural reserves, and high
safety profile. Among potential cathode materials for sodium-ion batteries, the manganese-based
sodium oxide Nao.1.4sMnO: stands out for its excellent cycling stability, low cost, and facile synthesis,
which make it become a promising option for practical applications. However, the low theoretical
specific capacity (120 mAh-g-1) strictly impede its practical application. In this study, we attempted
to introduced Nb5+ into the Nao.4«4«MnO: lattice and successfully synthesized Nao.«4Mno.osNbo.0202 via
solid-state method. Characterization results show that the crystallinity of Nao.44Mno.0sNbo.020: is en-
hanced compared to the pristine Nao.«4«MnOz, structure of layered oxide appear in the material at
the same time. Electrochemical tests reveal that the half-cell that used Nao.«4Mno.osNbo.0o202 as cath-
ode delivers an initial discharge specific capacity of 141.8 mAh-g-1 at 1 C, corresponding to an en-
ergy density of 369.2 Wh-kg-1. After 100 cycles at the same rate, the discharge specific capacity re-
tains 94.2 mAh-g-1, confirming the material’s high energy density and satisfactory cycling stability.
This work provides a potential strategy to address the challenges associated with the practical ap-
plication of Nao.44MnOz-based cathode materials.
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Figure 1. Structure of tunnel oxide and layered oxide for sodium ion battery [5]
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RIMEH RN B Hord, B0 WA RAE Mn SATEATIB 2200, Oz 25815 M 1% Ni 44414 1
— AR/ R E R A AR, ZAPRE 1 C BRIEEA RN 82.5mAR-g !, 0.3 C %&AfF R4t 100 & 78
JORAE, HEARFFRILT] 86.4%. Li Z5[91fFH 5% B EHAT T Mg 575, 02 C FRHibyFLAE
LE]T 105 mAh-g !, 2C T 800 KAGH G HIh A B IR FFRAH 67%. Zhang 5F[10]% Fe 4% (115 LT
THET, RIMEBIEN 1% B R e s, Ui b sE 0.1 C R A LA RN 123.5 mAh-g!, 100
G B B IRFFRAN 72%.

SR, H AT B AR R AT A AR A R S & B s R AT B4, X w52
WFAAEAN A PR R AR Y KB, HAT, AU Shi ZE[117EEREMD Pl T mih kB2, &/ E
JE7E Nag.7sNio33Mng.6702 13544 N> 43 2] 1~ Nag 7sNio31Mng 67Nb 02020 &5 KB, HAE 50C FHILA &1
F|7 65.8mAh-g’!, —40°C. 2 C %M FEIF 1800 K5, HERFFEILR] T 76%. HIBRINE RIF1fE%
PERE, EE& TRFIMRIRMEGE. Bk, FE TN R, AR LG R A, K= 5 2%
Nb** 5| N\ NagasMnO, #4724, MINHI4& T NagasMnoosNbo2O2, H 1 C FHEE M LAREIXT 141.8
mAh-g™!, B3 100 J& G REFE 94.2 mAh-g™!, EH T FRIBREIERE.
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Table 1. Source and specification of reagent in experiment

1. LW FRIRE R AR

SER 7 44 FR 2 g A=K
BRI B NaCO:3 99.8% BT RHEE AL 27
— YA MnO: 99% AR RHL
T e Nb20s 99.99% bR T AR
Tk LB CH3CH20H 99.7% BT RHEE AL 27 i
TR R C b DL RE BT REUR R
Rl A ~(CH2CF2)n- R 2R s B BEHT REVR B
N- F Sk i i CsHoNO 99% MR T AR
LR NaPFs/PC Lt 2% REETTRHR AT BT REI R
By Na HL it 2 TR R
(=i - CERY 13 E[E IR 2

23. WIRTE

X} Nao.4sMnOs 55 Nag 4sMno.ogNbo.0202 #E4T 1 X FHEATHS IR LA E MRS K 59040, IR b4
LGy 10°~70°, WA KN 0.03°. FHAHHE B 7 WA (SEM) 5 RE1E AL (EDS) 73 Al AT 1 T3l
R AR DS SO S e R/ A ta o . A 1 W A A il R Gext IR BEAT T AL
MR, TAERETEENY 2.0~4.0 Vo DL EIAE BRFT 34805 10k 2 B
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Table 2. Main instrument used in experiment

2 FWFEMIEE

D& s CI
R R BSA-1245CW 1 [ 2% 2 1) 20 4 ]
BREEHL YXQM-2L SUF SV ESIE S
HL AR XA 101-0AB RIS
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Figure 2. XRD Patterns of NMNO(1) and NMNO(2)
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K& PDF e B op 0k AT U6 AR, 75 P 00 K5 it p 38y o] DAL 31— L kb, JLH, 65T NMINO(2),
TE(140)FHTHIXS BRI 2 0= 16.66° A FTHTIEA M, v LAALEE B — AN BRI/ NMTHT . Sk o ar UREL, %
W67 B 5 NagsMnOa.os [ PDF FrifE (&S [E#E: P6s/mme, JCPDS: No.27-0751)H L&A E %, X
YLHTEE Nb 51\ NaogasMnO, R R J5, FHRIIFIGE H LA P2 BUZIRES A . T 75 R R A A 45
R, /NS ZUREIE P AN B T ICTRSE B AT R . R RER B S AR, 1 ERAE g i T RS
S AT R (R AN S T BRI TR R, TR Nb (51 N BES A Nap 4aMnO, 1R HLS L A BT .

UEAh, FERE S L ] DOREE R PFp 28 T A AE . 55— NaNbOs. 7E NMNO(2)[#) XRD # &1, 22.55°
AEXT LIRS R I T BEAL IR . FETEMS T I A Ak HH I T 3 —ANEUINIIRT S, V&R NaNbOs VK R
(22.89°). AEJyite—AUEHE, FECT PO FE S R IA I HARATR %, NMNO(Q2)5 NMNO(1)E 32.5°4b (1)U 58
FEAE BRI K, T B A IF RN Nag44MnO, 55 NaNbO; TS I BT Ab 147 B (- KR 2 0 B4 518 32.49°
55 32.52°) MR4E Park Z5[12]%F B 7L & B 24 LINIO, WAL, A 6 R S 5K LIMO A I(M +5/+6
Prid S EC RN, KRB T &R MEARY Z 30— BRI AR, M PO = A= T AL mp
RE, T T I AR e M . X —REPE R BRRIREAE TR BN, R ERT T Rl i Re .

XRD i rp REBLIG S5 — R 244N MnoOs (%51 #E: 1a-3, JCPDS: No.41-1442). REKH T Mn A+4
Hrif) MnO, YE SRR, AHAEF O FE it TS AR ES T LA SR 3 MnoOs IIAALE . (EFTAR B 6l B, X6
FE ) XRD BT T Rietveld ¥51&. FFATHEAR S| 7 &M IR A LI 3 BroR). it
KL, NMNOQ)H Mn,O; LB 8.5% FF&EE] 7.9%, 1B NMNO(2)H MnyOs fi7 5 1t 5 75 48 i 2 |
TR AR LS I 3R &, B Nb FIAAE RE IS PRAICIZ L2 N MnyOs A4 k.

N IR R SIS B, SRR AT T XPS MRS /I A . 75 NMNO(1) Hillitxt 4
N Mn 2p, NMNO(2)H 24y Mn 2p 5 Nb 3d, 4558401 4 fis. £ NMNO(1) /Mg &, 1154585 Mn*
5 Mo [T & EE1 90 51N 51.06% 5 48.94%, 11 Rietveld A5 EHE N 5351l 48.76%5 51.24%. £ NMNO(2)
i L — 258K, Mn* 5 M3 RIET &7 E Al 23 Bilik 1) 59.19% 55 40.81%, Rietveld FEIEEHENIR 47.77%5
52.23%, T XPS MRRH A EZE GRS R A, bR ZH & T2 Mn* e m I E . 1M
Nb 3d 05 A ILLE 206.82 eV 5 209.52 eV, XTI 3dsp 5 3dsn, R Nb & LA+5 452 NFEf .
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Figure 3. XRD Rietveld refinement patterns of NMNO(1) and NMNO(2)
3. NMNO(1)5 NMNO(2)#9 Rietveld #& & XRD Ei&
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Table 3. Ratio of phase in NMNO(1) and NMNO(2)
£ 3. NMNO(1)5 NMNO(2)#o4#8 EL 51

FE b YA (%) il 1Y s
Nao.44MnO2 (91.5%) Pbam
NMNO(1)
Mn20;3 (8.5%) la-3
Nao.44MnO: (82.3%) Pbam
Mn203 (7.9%) la-3
NMNO(2)
Nao7MnO2.05 (5.1%) P63/mmc
NaNbOs3 (4.7%) Pbma
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Figure 4. XPS Patterns of NMNO(1) (a) and NMNO(2) (b, c)
[ 4. NMNO(1) (a)5 NMNO(2) (b. ¢)RYJ XPS EiZ

XA L EAT T SEM MW El 5 FrzR)e WTLAEHAE 5 um REER, NMNO()#H AR i F 2 Hix
LR IR (I HOIR BN 4B, AT K R GK Aok B 36 T BRI R T o 7R 2 pm RS UG ot it
ATAREERT, AEBAR RO, 45 K0 SR 58 R B AR AE 1~3 pm 2 8], KPBEN A 7E 2~8 pm Z [H],
A A BRI RSTLE 1 pum Zs 110 43 B 2 T R IB0RE_E 1R /NGO )R~ i B R, KRBT 100~300 nm
XIa],  HASCREARIA KN . 7EE] 3 Bk,  HORBOR 2 BEE B A S B3, T DASORE TR 25 55
AT H T 1N MnoOs kL. (ERTE AR . DAK PR SR 2 8] [ SRS 45 e ™ 5, R W R 44
BHE 45 I

FLEZ R, 7E 5 pm R T M EE Nag.4aMno.osNbo.oxOx ¥ AAFE i 1] LU I, R AR AT DLW 22 305 43
i B 5K P B B O DR RV RIORE, EUH A o A8 AR DR JSURE B 2 38 0 s I AN TR 1 22 )2 ME 28 kL P B B
HHHE S . XHZA SEM EURHEHT SR & IR AT &0, PERHERIRBURL 1) 58 B O AL /NE 0.5~1 um [X[A],
HLH 4 BURL 58 B A H] 100~200 nm;  BhAh, FRREEMMK M L T BRI, SRR g e 1K B
BOARLE 5~15 um X [8] . 177N BURL R A2 i AL T 2~4 pm X (8], JE RN 2 7E 200~400 nm 2 8], JBEHF
PAFRSUR A Y AR 1S SE A ] . HLETR AR S5 B B, IEBH Nag4aMngosNbo 020> 5 Mno05 45 i
PRI ERAF 2] 74T, X5 XRD MRS R — 8. AHECT I EOR FIR0RL, A AR B0 (1) b 3R T A 2
RER N, Fhe BER RS RNACR . 1l TROER AR Na' S5 R EZY s & Wi
RITURL I JEE 7 1R AT, TR R A3 3 K 0K T o] FiL b R PR R P AR, (LA ATH AR SR T 98
RLTE S5 1) 2
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Figure 5. SEM images of NMNO(1) (a, ¢, ¢) and NMNO(2) (b, d, f))
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Figure 6. EDS mapping results of NMNO(2)
& 6. NMNO(2)#9 EDS mapping JT 2 5% [El1&
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7£ SEM MG H3ERE F, 3T NMNOQ)#EAT 7 EDS W43, ARG & RS e KAt ol. anf&l
6(c)~(DFi7v, NMNO(Q2)H Na. Mn. O JLE M Aifu 5K a HERATATE B S EE S, B
FERRL Na & ARG, 1 Mn 5 O ML T &4, X WUER TR HIRZ 73 MnoO;. {2 Nb 578
At ELE 53 A X SRR HR PR RT3 oA JURL 2 B ) 23 Bt Ak o 7 L B B S A A0 T W A 20 F
FTEBEMFRF, TEBAEHEERKIE 0.5%-1%2 8. X% mh TtikNhES 58 R
Som, RULAER S AMRI, B2 REE B 4 th i) BT MR e G5 44 LR H RE AR SRR P
A BN Sk 58 B A Nb U5 A e =R AE T RS 3% — st B b 30 XRD R 45 A5 31 7B
iE. B Nb 584 Na M4 R T NaNbO;.

NHE— S HARE R B 24 B, X NMNOQ)#ET 7 TEM iR, 41 7 fis, 4 TEM EUG G5
A, R ST AR 0.2375 nm, XS ST DN(201) g . KR PDF ARdER A AT, 765G NagMnoOs
FZ A TIAI B 0.2398 nm, R ST RS/ A s SOU B 7 3900, TEW Nb 76 S A% sesil 74575 .
YERVEUE, X NaoasMnoosNbo.eO2 BURLIZEAT T EDS M. MIE 8 nLIEH, HEHS SEM-EDS llif4:
—3, EJ Na, Mn. O JCRHEHIEBRIH, (H Nb JC3NTE & ETBOR A 1 [FIF, 54 /85 kb F-50kE LA
Ab, IXBERE—BUEW T Nb 7F NagasMnO, HSEEL T 4578, HIEH T 2% B kit m . SEURAE KRR,

«—0.2375 nm—*¢ 0.4596 nm
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Figure 7. TEM image and interplanar spacing distance of NMNO(2)
7.NMNO(2)H9 TEM Elf& 5 & mEia)ia
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Figure 8. TEM-EDS mapping results of NMNO(2)
[ 8. NMNO(2)#) TEM-EDS Elf&

3.2. EBALFERR

X NMNOQ)ZH 3~ HihdE A7 1 A2k, TP O84E 0.1 C TFRET 3 e fash . LLSERE
Wi, ZJafE 1 C FEET 100 IRFEBUEIE . MREIRANIE] 9 Fros. FEEAT 0.1 C FETB A, &
LA EIAE] T 1824 mAhg™!, FRAEHARNZEE T 190.7 mAh-g™, ST RERIERMEL. AL, WEH
MRS R 2N AT LUSEL, 2 L 7B e, L 3.6 VRN T — L RR BT S 7,
LT 5 AL T EARVEA A % 0 NaoasMnO MR . 220 5 3CHR IR 117 [13], AT ST &
Pl P2 RUAAIAE 3.6 V INHITBEF 6, SR ZRAR SN RNk 1 T8 AT N RIARAL, 336 T Nag 4sMnO,
ML RS 7 . TS = Feant, mibi A EIREE] 7 1832 mAh-g !, X HEZH
TH A TSR, AR IE TR AR S AR, DIRAE SR = RIS, HOAEENEL TR R

4.0
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Figure 9. Charge/discharge curves during the initial cycle at 0.1 C (red) and 1 C (blue) in voltage ranging from 2.0 to 4.0 V
for NMNO(2)

9. NMNO(2)7£ 0.1 C (I f8)5 1 C (&) TF 2.0~4.0 V BESEE A E B i B thk &
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MBI IEREN 1 C TR AR, L A R i A EIA ] T 1443 mAh-g !, LA RN 141.8
mAh-g™', 3R IE T NagasMngosNbo 20> HIH it [L 7 & (120.5 mAh-g™"), WL T NapuMnO, 5
Nao7MnO; 05 4fi#H1% Rietveld FEIEAT1F VAR LR A G IR LA B (141.8 vs. 123.6 mAh-g ). ST Hijth
Xof R e IR B T 369.2 Whekg ™, RIS 2% F& 3] ph 2 o it B Ak DAy 2 B 2B 77 o ) 4 s I e R BLER) R e
HALEHEWRRE R KT R 1. 3G k) TGN 1 i i e 555 B FRviE(120~160 Whekg ™).
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