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Structural Evolution and Electrochemical Perfor mance of Na,FeP,O1,.,/C
Cathode M aterialsfor Sodium-ion Batteries
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(School of New Energy, Zhengzhou University of Light Industry, Zhengzhou 450001, China)

Abstract: The development of low-cost and long-lifespan sodium-ion battery (SIB) cathode materials is crucial for
large-scale energy storage. Iron-based phosphate cathode materials have attracted significant attention in recent years
for their high theoretical capacity, excellent structural stability and rich resources. Here, a series of NaFe,P4O1,,,/C
(x=2.6-3.3) electrode materials are prepared using Sol-Gel technique and thermal treatment process. Effect of the
phase structure on electrochemical performance of Na,Fe P,0,../C electrode materials is investigated. It is found that
three phases, including Na,FeP,0; (NFPO), NasFe;(PO,),P,0; (NFPP) and NaFePO, (NFP), mainly exist in the
NayFe P4O1,:,/C system. Among NayFe P,O,,.,/C electrode materials, NasFe; ;P4O;5,/C electrode material with the
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highest content of NFPP phase possesses rapid electronic and sodium-ion conduction characteristics, thereby

exhibiting the optimal electrochemical performance. As a result, the SIB equipped with NayFe; ;P,0;5,/C electrode

material shows high reversible capacity, with a discharge specific capacity of 102.8 mAh-g ' at a current density of

0.1C (1C=129 mAh-g "), as well as capacity retention of 88.7% after 700 cycles. Furthermore, the as-assembled

battery exhibits excellent rate performance with a discharge specific capacity of 61.5 mAh-g ' at a current density of 5C.

K ey wor ds: sodium-ion battery; iron-based phosphate; phase transition; electrochemical performance

AW A A Rk R T T (Y PR e DA
REVRSEHL, RIBSEEMIRIRMET R HE L
fR Ve UL IR BRI BB IR 0] A, T RS R L AR ik
P, M, BB EI AR A B T G X S A,
B ZEIRLEHER TP s B A BRE, 10N 0.0065%.
T B3 R A s R P fif = =F ' (2.3%), PRlitk, SIBs A
e B N 1 T A == D S L
T AR, R R e R PP AR
M, B AR A K 5 iy 1) SIBs IE AR AR FR il
e b S F f 3 LR AS

FHT, BFFCiHCN) 32 16 SIBs 1E WA R i i 4
JRE A RO B AU R K -
A Hh, BHETFA AR RS MRE. &
ARG /N AR R R s o, 2 — il R T
10 SIBs IEARATRI, RAE I 7R, BB T
RUEMRAD R = BRI AN BRERE . FEREIR 3
EREE . FERR AL . WEMR/EREIRIB A2k, AR S
ARSI BRI IR Th IE AR A R AR A
FHg B U SRR ESN AT, Jr sk 3
T RE . TER 2B EE B R 3h E WM R,
NayFe, P40y (2 < x < 4) 7E 1§ ¥R 1k 72 o R AL AR 4K /1N
(T 3%), RO RIFRIMEIRFase v, Hoal DA 2%
IRB A R A, A5 B4t SIBs (1) 32 B2,

LI NeayFe,PyO o FEARAARI = BAFAE NFPO #
NFPP 4. NFP "1, NFPO HJ# /)2 Fa 5 b 4544
R, B =g rimiE, HILBR I A
E(90 mAh-g YR TAERECNF 3.0 V)R 73—
A . NFP AT SN A7 28R 2k A 70 75 ol b 55
4, FLFR T SR A A HLA 2 T O B e T
), T A& FEAL 22 P IO A 28 NFP J2 Hh B R Bk
H(LFP)JE I B8 7 A8 ik 15 2, (BIAE TR 2
SRR AL SN TR BN B 454 . NFPP A
A TP = 4ERESR £, A L HL & PUs K Na ™ Bl g
2, [N 3 EL A i (0 B 25 (129 mAh-g P, i
TR IR LA, R A % H A NasFe, POy, HL
WA R o PRI, NagFe, P4O 1. 385 N 2 AHTR A (1 AR
MEL. S8, HHETXT NasFePyOyr, FRA R AH
SER A L A E R M IR E A 2 . R

NayFe, P40 o, FEARATRI AR 45 #7848 5 Bt 24 M RE T
FAIRIOR ZO0 S AL S Ve R AR AL B R L. hAL,
NayFe,PyOro., F AR ARG HE M 22 PR 1) T L 33—
AL B .

9 T B F NagFe,PaO 1o, FRFRAL R AH 25 K 15 32
XA YRR RS2 AR, DL A HR R NasFe,PyOqpey
FLRROM B 5 LM, AT SR P T SR 1 VB B ARV,
A I U AN [ Ak LR S A R AR £5 4, RIS
BB 24 03 NagFe,PyO o MR S M . AT
VE#I45 T — 551 NagFeP4010/C(x=2.6 2.7. 2.8,
2.9, 3.0, 3.1, 3.2, 33)HEMAMEL, FEWEF T HAL
IS AL EVERR MM O R . 45 R,
x, A L3 NFPO AH A1 NFP AH 4 i, HI3AE 3
B NFPP A s AR o 38 8 35 hH 45 44 DA R Bk
Bk, R4S T B AR 0 R 1 AR E 1 R Y
NayFe; 1P4O5.1/C AR KL .

1 EWHE

11 MRE&E

KRR R VL 4 A R b B R %
NayFe, P40 /C HIFAT R o 4% HEAH N.AL 25 11 & LU RR
 NaH,PO4. Fe(NO;);-9H,O. T R (Frig iR 5
Fe(NOs);-9H,0 MIBE/RLE A 1.5 - 1), BMHBETLEH
TIK, 7£ 80 C NHiFEZR AWM. HZ/KIHT pH
£ 7~8, BN 6 h J5 13 BRSO . B
AURTHE 24 h 513 30T . B A3 2 1T B 78 20
WEEE AR K G, BT EAEHI T, ERAHAET
FHE S 300 CHARIR 2 hoffi 5, 4k4: TR ZE 470 C
R 10 h, BPAI3R18 NayFe P40 ,-./C HIA L

SEIG ATV R 2 S AERE B AN A R
1.2 #MRIERIE

1 ] X 5267 5H(XRD, Rigaku Ultima IV)%
AERE i 1 SR A 24, W YE BB Dy 20=5°~80° . 1 FH
AR 2T AP TEU(FT-IR, Nicolet iS50)4 HT4E i
(153 F G5 AL S A R . A 2 2l 3 4% (Raman,
LabRAM HR Evolution) 7 HT#E S IV, AW K



ERR

TR, % NagFe,PyO12.,/C BB T Ul IEBUBBY I 5 Mg B s AL P 499

N 532 nm. A X SEOGHTFREEIU(XPS, VG-
Escalab250xi) 70 T #¢ i R H o R KL A . fEH
94 o 7 S 1485 (SEM, FEI-Nova NanoSEM230) £l
% 5t 7 B (TEM, FEI Titan G260—300)% £ £f
it I TE SR 45 44 o 38 3 #EE 73 74X (TG, Netzsch
STA449C) 7 HT i il I # AR 8 PRI & &
1.3 Bzl

¥4 NasFe,PsO1o./C IR EL . 2 HR SR FN 5 Al 960
LJF(PVDF)% 8« 1 ¢ 1 [ & LU AR B B e v 78 7
WEEEIR & 151, 180 CH % T4 (Kj-01200-60-IC,
YiHeng) F T4 2 he BfiJ5, HHAHTER N-F
LML GEf R, 780 B 30~60 min. ¥ TR R
SJRBESRTAE L, 120 CTRFESTE 12 h 553 H
W, WEHEYIR A EL N 2.0 mg-cm_zo bEACN Yy
A g16 mm M f, HARBEE I FEM
(Lab2000, Etelux)™ . PA NasFe,P401,.,/C NIEW, 4
AR TR, R BT 4R, 41255 fith . FE AR TR
791 mol-L™" NaClOy [f] 2 —EE R IR g (EC) — 2 3
WERER(DEC)(IAFIEL 1« D)W, & B4 5 5%
B O R IR (FEC) o >R 2 i 18 M i iR &R 4t
(CT2001A, LAND)#AT 78 i B Ik, 4k o o
2.0~4.0 V(vs. Na'/Na). KA 62 T./E3 (CHIG60E,
Chenhua) il G R 22(CV, HIEE 0.1 mV-s)
i 28 DL K Fa Ak 24 B 370 (BIS, 100 kHz~10 MHz). LA
A AR IS R A = R R AT

2 HR5HE

2.1 NasFePsO0124/C HI¥IHEH 5T #7

KA XRD i 3 At Bl % NasFe,P4O124,/C HL
WAL A S5, 25 Rl 1 fros. B 1)y,
B S 020 AT S x R AR T A A R AL
B 1(b, c)l 20=8°~18°F1 30°~40°K] = # K A,
20=9.8°. 15.9°, 16.8°, 32.1°., 33.8°fll 36.9°J)y NFPP

AR AEAT ST, 26=10.8°F1 31.1°4 NFPO HH 14
TEAT I, 20=34.9° NFP AHIIFFAERT ST 14 . 24
x=2.6 I, #E i NFPP A& E&K, 3404 NFPO
o 24 x=2.6~3.1 i, XRD K 20=16.8°F1 33.8°
AbPUEERE x 3G OIZEWT ISR, R NFPP AHI & &8
BN, R, 20=10.8° &b [ 06 3E W0 55, B
NFPO HI& BB H . 24 x=3.1 i, NFPP {1
U fz 5, 3R B NasFes (P4Oys.1/C HIH AL KL H1 NFPP AH
i Ll B, IR A A AT T 1 H AR s R
% x KT 3.1 i), NFPP AH [0 H Bk 55 3h, &9
NFPP #1105 b FF%, [FEF, NFPO FHX} . 26=10.8°
Ab TR0 JLF9E %, 3R B NFPO A & 7 9 2K »
NayFe,P,015.,/C AR XRD FFAEAT U4 58 FE (1)
Apfp ek T NFPO. NFPP. NFP =FhAHZ5 ¥y )
B

9 7 ik TR ] A% FAR AR 25 R R Ak 2
R, X NagFes; P4O15./C #47 T FT-IR. Raman Y%
i XPS 1 TG RAE T, 45F K 2 Frax. E 2(a)
A NagFe; P4Oy5.1/C HAEM B FT-IR 15/, LT
723 I 889 cm ' A2 A RFAEIE R T P,O; F[AI
P-O-P BEAIXIFRAASK R IBLER SN . 2T 400~700 cm '
A 975~1300 cm' 2 [A](RIREAEUE St T PO, 3£
O-P-O S5 HIFR SN AN P-O SR AEIR SN, I 2(b)
N NayFe; |P4O;s,/C KA EHE Raman Y6ig K, Hh
25 5 IR S T T 5 ) UG, Ay B R b R R I U
KU FTH &R SE e 'R m.
NayFe,P4O12,/C FEARA AL IR OR AT A6 IR e il FA i
B i . BARAM T AT 50, 1335 em ' Ak U4 % N7 Bk
(1 D W, 117 1576 cm ' /245 (UG8 TRR 1040 524 G
2T, 4 S1 A 2(b)F R, NagFe,P4O104,/C #1E
(1) D G UgE5EFE L (In/IG)7E 1.300 7247, 3RO AR A
REER K 32 ZE LA TE P RS AR AE

T NagFe,PyO1.,/C HLFR A R [ sk 75 & A
K FasE e, WK T AR TG #hZk, WA A N

(b) NFPP NFPO
=32 x=3.3 A

NFPP NFPP (c) NFPP NFPP

=32 .

=31

A Pl

Intensity / (a.u.)
(
p
(
2 } S
¢
1
Intensity / (a.u.)

=29 N

=27 .

=28 PREAAN aUA |

M

NFPO NFP NFPP
X x=3.3

x=3.2

T e

x=3.0

N

I, _

Intensity / (a.u.)
‘ |
e

10 20 30 40 50 60 8 0 12

20/ ()

14 16 18 30

1 Na4FexP4012+x/C *j*ll'ﬁ'{] XRD ijaﬁ

Fig. 1

XRD patterns of NagFe, P4O1,+,/C materials

(a) 26=5°-60°; (b) 26=8°-18°; (c) 26=30°-40°
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Fig. 2 (a) FT-IR spectrum, (b) Raman spectrum, (c¢) TG curve, and (d) Fe2p XPS spectrum of NayFe; ;P,O;5 ;/C material
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Fig. 3 (a-c) SEM images, (d-f) TEM images and (g) EDS elemental mappings of NasFe; ;P4O;5,/C material
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(a) Initial charge—discharge curves; (b) Initial specific discharge capacities and Coulombic efficiencies;
(c) Cycling test at 0.1C. Colorful figures are available on website
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Table S1 Cycle performance comparison of polyanionic cathode materials of sodium-ion
batteriesin thiswork and literatureS'-5®
Material Initial dzrsgllizlalrggfi 1(;apacity/ (Reversiblcey z?é)iiigé(eTAh g hy Capacity retention Ref.
NayFe; 1P,0¢5,/C 102.8 101.2/200; 95.0/500 98.8%; 92.4%  This work

NayFe; oMng 14(PO4),(P,O)@C 94.5 92.1/100 97.4% [S1]
NayFe3(PO,4),(P,0,)/C 95.3 90/100 94.7% [S2]
NaNig 4Fey ,Mng 40, 100 70/100 70% [S3]
NayFe3(PO,4),(P,0,)@C/TizC,Tx 93.4 91.1/200 97.5% [S4]
Na3V,(POy)s/C 102 94/500 92.1% [S5]
Nag 44Mn0O,/C 114 74.1/1000 65% [S6]
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