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PREPARATION AND PERFORMANCE STUDY OF IRON-BASED
SULFATE POLYANIONIC CATHODE MATERIALS FOR SODIUM-
ION BATTERIES

ABSTRACT

With the increasing cost of lithium-ion batteries in electric vehicles and large-
scale energy storage systems, the limited availability of lithium resources is
gradually hindering the rapid development of large-scale energy storage systems
using lithium-ion batteries. Considering the similar physical and chemical properties
to lithium-ion batteries, as well as the abundance and low cost of sodium, sodium-
ion batteries are considered as an ideal alternative energy storage technology to
supplement lithium-ion batteries. The cathode material is one of the key components
in developing high-performance sodium-ion batteries. Among various cathode
materials reported, polyanionic compounds have received widespread attention due
to their robust crystal structure, significant stability, and excellent cycling life.
Among them, iron-based materials have abundant resources, low cost, and
nontoxicity. [ron-based sulfate materials, as cathode materials, offer advantages such
as high voltage, high cycle stability, and low cost, making them ideal candidates for
sodium-ion batteries. However, the intrinsic electron conductivity and air sensitivity
of iron-based sulfate cathode materials limit their practical applications. Therefore,
this study focuses on sodium iron sulfate as the cathode material and aims to enhance
its electronic conductivity and air stability through the encapsulation of in-situ
conductive carbon materials. The specific research content is as follows:

(1)  Generally, the composite with carbon materials is an effective strategy to
improve the sodium storage performance of sodium iron sulfate (NFS) materials.

However, the role of carbon materials on the electrochemical performance of NFS
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cathode materials has not been thoroughly investigated. To uncover the role of
carbon materials, Chapter 3 of this study utilized various conductive carbon
materials to prepare NFS@C composite materials. Among them, NFS@KB (NFS
coated with Ketjen Black) had the highest specific surface area, which was beneficial
for the penetration of electrolyte, promoting the rapid migration of ions/electrons,
thereby enhancing electrochemical performance. Therefore, NFS@KB exhibited a
longer cycle life (74.6 mAh g after 1000 cycles), excellent rate performance (61.5
mAh g!at5 Ag'), and good temperature performance (-10 °C to 60 °C). Moreover,
the practicality of the NFS@KB cathode was further demonstrated by assembling a
full battery with NFS@KB//hard carbon, which had a working voltage as high as
3.5 V. Therefore, this study demonstrates that the use of suitable carbon materials
can greatly activate the sodium storage performance of NFS cathodes.

(2)  The novel NagFes(SO4)7/KB cathode material was innovatively prepared
through in-situ carbon coating and modulation of the molar ratio between ferrous
sulfate and sodium sulfate, which can effectively suppress the generation of non-
active impurities and the aggregation of active particles, thereby enhancing the
electrochemical performance of the material. It exhibits a large reversible capacity
(113 mAh g! at a current density of 0.01 A g'!), an ultra-long cycle life (at a high
current density of 5.0 A g!, the capacity retention rate is still 80.5 % after 10,000
cycles), and excellent rate performance (a reversible capacity of up to 80 mAh g at
a current density of 5.0 A g"). Furthermore, the fast charging performance and high
air stability of the NagFes(SO4)7/KB cathode material were verified, and it also
exhibits good cycle stability at high and low temperatures. Therefore, this study
indicates that the NagFe4(SO,); cathode material has a broad application prospect in
the field of sodium-ion batteries.

Wengqing Zhu (Materials and Chemicals)
Supervised by Professor Zongcheng Miao
KEY WORDS: sodium ion battery, cathode material, polyanion, sodium iron sulfate,

carbon coating
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Figure 1.1 Schematic diagram of the working mechanism of a sodium-ion battery.
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Figure 1.3 Crystal structure of Nao4sMnO,.
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Figure 1.2 Schematic illustration of Na migration paths in different layered structures. A, B, and C represent

different oxygen packing patterns in Na,MO> frameworks. Reproduced with permission.
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Figure 1.4 2. (a) Left: An intact AxMaA[Mg(CN)s] framework without structural defects. Right: An ideally
defective AxMa[Mg(CN)slo.75°0.25 framework with 25 % Fe(CN)s vacancies existing in each unit cell. (b)
Possible interstitial sites of Na* ions in the cubic structure of iron hexacyanoferrate (Fe[Fe(CN]s]).(c)

Schematic illustration of the redox mechanism and phase transition of PB.
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R BRAR BTS2 DRI I < s B A W S v RO IR AR E M, AT AE RS 2 P R B L SR ) 22
ftErg. SR, B E TR AR R T RS R S5 T B A A R R, KR T
Hosth R e e rkERe . Ik, BT RIEERR ZMokn, et . w/NBR R
WIS BT AE, DR 3

1.4 SRE RS FERMRIBRITIA

TERZWMRERE FRME T, Barif R R EE R MRS, P Emst,
Na3V(PO4)s Fll NasVa(POa)oFs, HI T HAMBEERE, mIEHGmSI g ZikiE. A
&, HTAR R A SR R BRI S, AR T KRG RE IR . PR BT V
TR PR BRI B 7 R IE A R, AR E TR B2, IR, mE TS
iR . MECTHL, SRIEAOR TS R, SRR R A, NS T
HEE T FUE 1) T2 590 BRI TR B B T IE AR B 3 BRI B IR & . RS AR £h
BRERA R B T AR 2 55
1.4.1 SREBERREL

Tk R R £ 1F B ARG i B AX 2 O NaFePOu, % BHE AL 2 5 b 2246 B RhAS [3] (1)
PR AR SRR GE R, a0 ) N RO A KR RO Bk BT AR o 3K T A 4 R 2 R A LR Y FeOs J\THT
P AN PO4 DUTHI AR . TERBMS A A, FeOg GBIt 5 PO PUTHI AL S 17, #E b
HHI T T R — e IR RS E () 1.5a) o TEREERANT M NaFePO4 1, AHARI FeOs
Fonld g =y e, IR EMAN T S PO, WUTHIAERARE (B 1.5b fle) o iX—
ZERRF R, BEERINTT A NaFePOs "ANEEANY HUBIE, DI Jvie —Fr el s
PERIR KL, Seung % ABTHIE T NaFePO4 AL 22 PERE, R ML T R B2 Eae, 3
TAEEREAN 2TV, BB AEEN 125 mAh gt 2, HA % NaFePO, 1IEHM R %18
A% G [ AR B 4% . RSB XS LiFePOs 1E M AT M A0 10 i R i SR A5 A 4
NaFePO4 1EAK, XML FRER, SRR E, AFF LA .

T3 v RE 4 78 HE T DUBR FEBE AN M NaFePO4 [ HLALZETE 1, MM A 3 s
HIVB () AL 22 PR RE . 2014 4, Kim 55 AP R IE T B 2L 945 A0 NaFePO4 1E L 57
I IE AR A R o 31X T AR IE BB B 2k 9 A NaFePO4 7F 4.5V HUJE NRFZEFEH 5 /N )5
MR 2 1 E & FePO4 AL A, R RS T E T 9 B 2 K, A 23R FHZ B M
BHOAEBIVERE . BEER AN A NaFePO4 FITGE JE FePO4 $2t T 142 mAh g M= & &,
IR TG VERE . i, AR NP T — o i ¥ Ji - 458 TR R ik A, Add 2 1)
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w6 1AL ZE AE B R v 2 N PR AN HE NaFePOs 9K KE T 1 IEM A4 KL (m-NFP@C) - Hi
THEMEE . BMPUKREE B ERIR)Z, XL AR B - b Al 4 fujt b A
A HBABEALETERE. 7E 20 mA g B E T4 100 RAEIF 5 LRI H 4 NENRIEA
[ 101.4mAh g UATIE 5 &, RIHEIA 90.5 % EBMREFR . 1AL, M58 BLEEIR
HAEY) (BI@NC-MF) k&G mf, Frifilid f4nes 4 iith R I sk e M fe e v, 18
250 AEA A EIRFF DY 90.6 %.

Triphylite (--NaFePOy,) Maricite (m-NaFePOQ,)

Kl 1.5 (a) M4 A NaFePO4 Al(b) 4440 #H NaFePOq [ SR LEHy . 542 T FeOs IR (44(0) |
PO, PUTHfA CHE) M Na &1 (BEth) o (c) HH2E FeOs /\ A Z [H] 73 il H == A AL 32 P B 1601
Figure 1.5 Schematic presentation of orthorhombic structured triphylite NaFePOx (left) and maricite NaFePOx4
(right) polymorphs (a and b). FeOs octahedra (green), PO4 tetrahedra (blue), and Na atoms (yellow) are
depicted. (c) Corner-sharing and edge-sharing coordinations among chains of neighboring FeO6 octahedra are
highlighted for triphylite and maricite phases, respectively.
1.4.2 SREEEMARRER
2012 4F, Yamada PRARZHIOUT KR H NaxFeP,O7 1E NN E F HUlth IR AT K} . NasFeP,O7
EU =R AR (FWEEE: P-1) 458, B H FeOs \THAAF PO, PUTIARKILERI IR, PAAZHEH
Jr A ERE, MMVEE[0111)7 AEBCRBEE, AT Na 3L 1K ] B LU IR A RN
il 1.6 Fros, SRS K-S ILE MK FeOn — 34k (I FeOs—FeOs) , EATMRIRHENE
1) P2O7 —BERRER e AL A AL i i) 07 N H % . 2810, BT NaFeP2O7 HBEREEL 1 4>
Na®, #2112 97.5mAhg! FIA S, BRE| 7 HAAEMNE TR R . 8id 7% Na #l Fe 7o
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R pR I S R RN L B E 8O0 L, Liv ZAOPTRR T — i a4
ARG, DLEERRY (SA) G JE A A HE (-GO) Al i £ 2 Sk & 1
Nas 12Fe2.44(P207)2/r-GO “BERIEA B, Fe i I H AL 7 A 2 1t e, 0.1 C AT &k
116.1 mAh g!, 5000 XG5 R IRFFR N 88.82 %, 20 C HIfEERE RN 723 mAh g'!,
ZE1H T NaFeP2O7. [ 1 4% Na # Fe JeR M LLG], 18] LUl o ER B 412 5 NaxFeP2Oy
(FPEfE . Wang 55 NSNS ERB A 508, B8 m T NaFeP.Or@C & R 1A= e, 1
40 C F {5 G 1000 k)5 LR &L 3] 50 mAh g DL S RCEREEE 100 %, XEP Ti
5% SRNE W] LAOR B AE IR 2R 10 e (M S A R e 1

Bl 1.6 (a) NaFeP,O7 fIA AL HITR[0111J7 M (b) Nal 1 Na2 A7 5L K (¢) Na3-Na6 A7 miff]
Na i I8 IE 04,
Figure 1.6 (a) The crystal structure of Na,FeP>O7 projected along the [011] direction showing the different
sodium sites and the arrangement of octahedral and polyhedral units. The sodium migration channels for (b)

the Nal and Na2 sites and (c) the Na3—Na6 sites.
143 E RS RIS T

Sanz %5 NS Je3 7 — KA E 2L AR & PO4 Al P2O7 TRFH B IR A B £5,
Bl NasM3(PO4)2(P207) (M =Fe, Mn, Co, Ni). HETIRIERZ MBI A RKIHE TR 2
NasFe3(PO4)2(P207), emfEGWIE 1.7 Fx, ERA 5 THATH =4 (3D) Na'#izik
1, IF H SRR G5 ) POL AT PoO7* ™ Z B4R T DAY /D e % A1 W A, AT e HL 185 12 &1
A B TR ER 1A 5 . Chen 25 NSU@E I — D I B - B IRV, A Th & BT AT R $5 19
NasFes(PO4)2(P207) 44K v 1 NagFes(POa)a(P207) T ALAIRL I B AT e 400 B AH AN 35050 e 0. 7
JZ= o EAMEME N BB B A UL R A 3 A e A R AP A AR E 1%, 0.05C f10.1C (1C=120
mA g") HIEAE 5N 113.0mAh g #1 108.3 mAh g !, 20 C 75 a] LA{##F 80.3 mAh g
e, HAEANHRDSRE EM e RE R G . ok, % ANCRH# Ry 28
R, Wit IHEH15 T 0 2 RBR ) NasFes(PO4)2(P207) 4K 214 . M7 ) NasFes(PO4)2(P207)/C
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I

HARTE BN RS T F P A RAFIONUEE I, ST SR RD Na' 1T, B
AR (0.2 CHY 118 mAh g™  RARAIMEHMFEEME (10 C R 10000 RIGFRZ &
RN 79.6 %) AR B3RS (20 CI N 64 mAh g™

i

P 1.7 NasFe3(PO4)2(P207) i fi 1A 45 4g168)
Figure 1.7 Crystal structure of NasFe3(PO4)2(P,07)

1.4.4 SREMERER

2010 4, Barpanda %5 N[WE 1 S64R1E T NaFeSO4F 84 E T IEARM R, B 3.6 VI
FHRIEF G, (H e WA . KFTTT TS MR T8 iR SR AR T 7]
N T fE R NaFeSOJF PRI HL A REZ, I8 F A EZ M, NaFe(SO4)2-4H07% % 3
J K AT A4 NasFe(SOa)al"! T MBI AR AR A H SR o SRTHT, B ATTIOEG P 308 25 s AL 22 1) 2
O RIS T EAIE AR Tt IEAR A SEPR R, X AT REIA R T EATTECZE ) Na F Fe
RASE HoO MIAEAE TR BE B AF 66 1A 75 = 5Tk

HAREHRBIERILLE NasFex(SO4)3 7F 2014 4EH Yamada UL ARIE, S
ARSI E 1.8a Firas, 1B 1.8b Rom P MIAL Fe A7 m 1R B A . St TR, et
U T A A (e BR A 20 591 7™ FeOes SO4 Al Nao Fe BT 54 R LA vk J\ i 44 T LART PR
AR IRAL R B> FeOs J\THIMA S A2 B4 200 )\ HHAR L = — MU I T Al FeaO10 — 5K
Ao SO S PR IX L — TR B AR S = EAEZR S5 40 . 19 208 TIX FhERRR G M, 120 B3
T FeX' /Fe* AL IR R s B IR F B ik 3.8 V, BRI I MREE %,

11 -
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] 1.8 NasFex(SO4)3 ¥y ¢ FlFR LIS H;  (b)INBHAL Fe fi7 sl i JR S A 5731
Figure 1.8 Structure of NasFex(SO4)3 projected along the c-axis; (b) local environments of two independent Fe
sites.

1.5 SREFRRRER IE AR MR E IR A B2 14 o) #5 A% R TR TR B
1.5.1 EImAY R (5] 35

PREEBR IR Eh AR N B T L FRAG AV TR R SR R —, B 1) LA U RIAE T
Bramm s, JF HAENE 7 i it IE A B AR AR AR B e e . 2RI, BREEZRIE T6i
R ERAP RS KRR S 2, TR N A 5 2 R SO2, X IR 1 LG i A7
FMRLH, FFE—2 R 7 A AR,
1.5.2 FHN O RR SRR
1.5.2.1 Z5 002 1 0 3 1 s ve—— e .78

EERA 2N H, REBREIRIRL T B L, XA TR
BRIL IR TR F AR R 28k e . FLUR, B B0 B Ak SR B o T BRI Eh A R RE W R 4
AN EIKIY, FEHRETE A E IR R, ([T sim, Jrat— DLk
WA BEAh, VERIRIRF, BRIZEE4S AT LA I Fe fI4 k. MIIFEAR T 445, 2804, k3t
R B TR ML EROBRZ T ReAE & i R bR 7 I R K, SEm & A
ARNWRS e BJa, BT RREA BRI R, R I s R RS E , IX AT RE
Pl LRSS S AR Z TR R S B, JE e T AR I AR e . BE T IR, mtE
WOANA R — TP NS, P0G SRk R TR B B - R b AR 1 Fa AL 2 M e

Goiii 25 N3] 4% T NaasFe1 75(SO4)s/ketjen/rGO B AMEIFEHT 7T T iR ZE X SEI &
FIREHR . AR4E XPS M TEM 4528, Rk =4 A TAEMEIA N 72 2 &40k IR A E /) SEL.
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Chen % A USSR FIC IR ¥ VR T 8 R0V AH J7 v 45 & J5E A A0 3 AL Bk I 2, 49 2
NaxFex(S04):@C@GO B A kL, 1% 85 NasFea(SO4)s # LR B H 175 (1) FL AL 4 RE (0.1
C (1 C=120mA g") JHAEN 1079 mAh g") FILRAEHRMA (10C F 75.1mAh g
) o Fang %5 N7V I 55 1807 VA =4 (3D) f1 82 )7 (07 1) Naz.aFe1 s(SO4)3@rGO 1
K, 541 NayaFeis(SOa)s #HLL, HIT 3D Rl S840 W48 AW RN, Mk 2= PR RE A 213
o, HAHEEMEES (50C F 45mAhg!) PLEKMEREG (10 C F#Eid 10000 KIEF
56 58 %A EIRFFR) .
1.5.2.2 T80 )2 I R 45 44 B T h——4R oK A%

gk TR LU M E 2 L. AOREUT GRS B, T LLAE 45 Na' 97 5L
A, IR T A F T TR RS . UMUK R ST E, BRIEIREB E B R SR A LR H i
W RN AEAR T AR I I, 3G R T8 B 50 2 I SR JE S R e, ANTTTHR i R H
WF R

Yu S ANIZE S5 G 22 FTH M 55 H R M EE T NazioxFer «(SO4)s@PCNF Ak i, flr
£ R 12 B 2 AL SRR AR AT Y R LR R TR AR RN, T R AL R ER 2 @PCNF [
2. R R E 2 LM S i OHESE DL SR R RIAR E OS5 M, SEBL T DU i) i 1/ TAE e
TR BRI R AR E PR TE 40 C 1 5 C R E 53 TIEI 500 K5 2 2 A RFETE 95 %A I,
JEBLT AR AR i IR R R A R AR AR 7. Li S ANU@ I — bRk T — b
NacFes(SO4)s@5 %CNTs (NFS@5 %CNT)A K E G EL. IER SRR, DKk gN
KEGFBEREANRPETHELE, TR BRGIR LT 4ERITURL S 2070 A 5 F N 2% . VAR T ThR
P£ CNT HEZE, NFS@5 %CNTs AR KTEF R I S5 M F20E 1%, 78 0.1 C T ATt 110.2
mAh g [E A&, JEFE 1000 (XPEIFEAE 2 C FIREE 87.1 mAh g (A& .
1.5.2.3 M R TH I G R B X

TOER B R BRI Eh I 45K, AT 52 M AR FLAG 22 PR RE . 2018 4F KO 45 N\ Boiid
ZANG R UK T 284 T NaogrKFe(SOa)2, I /M7 /3T H~0.97 mol Na &7 LA
o Fe /e AL IE IR e N AT (i) R AN g5t rh, PR SR JR A7 ~3.27 V.
Nao.o7KFe(SO4)2 7E C/10 FHIEL AR A~85mAh g 7E 10C N (12 34 N 584 78 H/RCRD)
T8 T1E C/10 NIIE A RINZ) 53 %. 2020 4, Plewa 22 NBUfHH Mn 1 Ni 765 #4 HY
T NagFea(SO4); H1H Fe, 33T NaxFeMn(SO4)3/C 1 NasFeNi(SO4)s/C #4 8t 24 Fe #iHL
B, W FIERIELRER N, TEHALH 3.2 V (NaFex(SO4)) IME T 3.6 V
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(NazFeNi(S04)3/C) , 3.7V (NaxFeMn(SO4)3/C) »
1.6 RREMEXNEEZMRAR

PR T LR TR SR A BR H AN 20 A IR A 7 AR OB e B i A7 R G I
o BIE, ARBAKIPNES 7 Bt 32 28 T % AN BTN, AT LUSOy B8 Bt AR O M
AR SRR . SR, BN KRR RE B Al A7 R G RO 1 i, REEA R
RE R H LR EVE . Hordr, IEARAPRHE H 2080 B 7 it s e PR RE A R B I 0 22—
TR0 SR PR AR 75 2 — Al 5, BRI, XSRS, & R S AN 1 5 i Tt LE AR
Blo BREEOTIR ShAFE v LA REEAT m i g, SRR e PEAM A I g A e i 1
FLU B AR R AR o (ER BRI AR IR sh DR R AL i 7 T R 2E, HORP s SR, FR
7 HSEPRN ] . SERAR R AR SR R R IR BANAL L N RE (A ROR S . SR, ASFRIBR
PR R BN AR AT LA 2 PR RE IR I RIS BIERAIE T . AT, AR SCH H 12 48
N FLI A U R B B e AN I BE AR S2 e, I U 2 SO K AT s — o B 1 R B At
BRERADRL, B UL IE IR AR B R B R AR AN AT I AT, DS BA i R AR REAN
e B AR E I Y IERR AT L

HARTM S, AR SO EE0 7 TARA

(1) REAF T BB BT NaxFea(SO4)s IEHATRL AL = PEREIISZ I o il £ A
R L IRIR BN E S B NFS@C, 456 X Sf4ATh . AR T 2. S5 75
W BRI RAE . X S EOH T RS B2 IR ZL AN i X AR P AH R 2H R
f7o0Mr, JERFIEAAR 22k 8 LI 78 B0 AT T P 97T ) B S RS T R R et A A
[l 3 LB AT BEXS T NagFea(SOa)s IEMRATBHALZETERE RN, JHRZR AR Fe R AR
I IZEAT 9. RIS, IRREMRHE R RIRIA BT P HPERE, T 42 4 el it 2 0 HL S B B 2K
R

(2) e Ji Aoy 0, 78 AR R 2 1 R IV ARG TR 4 2 T 118 B8 7K LG A3 25 - R 2 o 6 1
B NFS@C IEMATRE, (EB) X SERATH . ST B0 @M BT 8. 2R
BERAE. X HEOCH T RENE . B2 0CIEAZLAM G 5 T BER AL NFS@C AR B 5T
e R g i . R E RS R BRI E SR R U MR AT K
TEIARSE N, I A OR 230 AT FL IR 1) i 5 IR T A B 3R R R 30 7 A R AL
e MR s IRV ERE . PRTETEREAN S SR e 1, IR TUEA RN sE
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SB2E SKIUMHEE. (NE

2.1 SEREM RS NER

2.1.1 SRR

S T it B EMPRHINER 2.1 s
2.1 SR ARG R

E7 7%

Table 2.1 Table of chemical reagents used in the experiment

e

iy

AR

BRI LKA
(FeSO4-7TH,0)
BREREN (NaxSO4)
FlZEH (Ketjen Black, KB)
SR (Super P, SP)
IR (Acetylene Black,
AB)
S 478 (Conductive
Graphite, G)

Flwm M LM (PVDF)
N-FEEAE S el (NMP)
ik (HC)

IKPER: (SAD
FLAAW 1 (1 M NaClOy in
EC:DEC(1:1) with 2 wt% FEC)
FLAAW 2 (1 M NaClOy4 in PC

with 5 wt% FEC)

ST, 99.0 %

Srrat, 99.0 %
EC-600JD

SUPER P-Li

Kappa 100

KS-6

Tk
ST, 99.0 %

BT T A AR A IR A 7

B T AR PR A )
HAWIE 224

Imerys 7 i £1

JIAR MO RIS PR 22 7]

Imerys % Fif1

P AR R R R IR 24 7]

ST T A AR IR PR 7

MR B RE TR A 7
UL DR IR A

JiM% 2GSRI A

TN 2 2 A A R PR A 7]

2.1.2 SRR Z 5N EE

S FITAE A s & S AER R 2.2 Pos
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R 2.2 SERPTAE RS B S RS )X

Table 2.2 Specification models and manufacturers of instruments and equipment used in the experiments

A 5 & AR UtRs) TR
T sop HEFWREAEE dEsD A
RN
HAE T DZF-6022 bl ERFEACE A TR A ]
BOA T4 g R A PR A A
17 B m B EREE AL GQM-4SP02 IR R A IR A R
17 B AEREL QM-3SP4 P 2 R KA A PR ]
CEWG OTF-1200X GO R B IE R IR A A
TR BN ERE AL MSK-SFM-12M GO R B IE R IR A A

LLAMIT AR ER AL

X I ERRTHHX

MSK-AFA-ES200

Aeris Research Benchtop X-Ray

YT e B AR PR 7]

Malvern Panalytical

Diffractometer
75 BT R JEM-2100F HA 7 # a4 (JEOL)
EEEi L ATk EVO 10 i [ 3% )
4= B R A A LAR 7 AT AR V-Sorb 2802TP R TR (iR Tt
PR 2 ]
Fr =2 HEAX HORIBA XploRA PLUS HORIBA Scientific
(ERANEVE S, Sint % SHIMADZU IRA ffinity-1S H A 5
LEA AT ZCT-A AL A R AHMU AR A IR A 7]
X GOt HTRETEX PHI-5000 VPIII H A Ulvac-Phi
ML 5 AR CHI660E Eig RS AR A
7 A R Y A NIHW-200-160CH YN BUR TR A
i T R G BLC-300 BT L FR R T R A PR )
BRI TFEH Universal %7 Lﬁ*ﬁ?ﬂiﬁﬁﬁﬁmﬁ
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2.2 R RAES AN
2.2.1 #ARAEFNLE R 5

XRD (X SFEATHD & —F0 877k, @il XRD KR, w7 L4 i BE b A7
TERIIM, FERfE s MGk . W EaMR S, WL T ARSI, DA R 2 58 1
FR2ERE; @i XRD WERIALEMITEAR, 7T LR A ol ) B AR G5 A R i S8, 04 Tk e
BN A [ . 1A BT3RS RE AR S M IR N XRD ] RABEAT B AL Bl i
AL, TR AR EAS [F) 25 A T SRR, BIIn{E SR BCR AR P AR Sk 384k, it
FUI SIHLEE SR AL B L3 A T B A XRD MBI A8 H (194X 2% 9 Malvern Panalytical [#) Aeris
Research Benchtop X-Ray Diffractometer.

Raman Y635 & 78 70 Hrds BHBMOUL 45440 573 PA S AR 27 S LR ) ) 322 - BL 22— . Raman
JGE AT LG NFS@C B a# R i S R SEKPIRAS, I ER1GAT S BRI 1 B 245
Raman SGi I D 5 G 7 98 E FURT SOWORe bt vh o sRAURR RS L A RR A T 5 TRk
& . B, AF NFS@C EEMEITRICE K& &, XA BT HUE R d PSR 45
o AT WSS Raman IR RIUEEAL, ] DUHIWTALRL T REBIRNSE, AN Al b T Bk
FA T DAt e MR R . AR S Raman 6 3% 3BT 48 (143 #% ° HORIBA XploRA PLUS.

LA GIE R AR AL - A B S MR AE ) B T Bz — o MZLANBIR G )71,
T AR 2 LD RIBOR TR A RSNIRE, RIS HEREE f 7 RE RN BRI . X PR
ENFRITHIER S 2B ARE AL LA R s AR S AELLADGTE L7 A — 8 R E
WA, o) S AS [F] T ZE AN AR o A X X SEARF AR W (1) 70 B, 7T DA 70 AR AL o
R, R E RERI S AELLAMDCUE 7 AR g AR i . PRI R DUE S 21 A6 A g
P S8 AN AEHCR LD A G A T 707 R 2D R SOR S AL S A e RERIE 2. A
SCALAM BT FH XS 9 SHIMADZU IRAffinity-1S.

2.2.2 RS MU

P T B (SEM) MR M BRSSO Sk o I F Bl —. il
P SRR SR, R R R T S S R O R T R RN B AL, TR R . R TR
KRR,  HRE AR A S T, IR TR TR RE R R I TESUE B . K
TEFWER I Z IR, BORJR TR G 0 R AR iR TR R . A3 SEM T il
A4 EVO 10,

EHTE TR (TEM) FZEH TS AR ROR S50 . B3, JToR A, 45
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AT OURI SRR, DAEDUL T AR R AR5 R IR 520 . TEM S KE 7 SRR BN X
B, BT HREERES, ot T SR B ER ARG S, T SREURE S 1 ROl 45
{5 5o TEM (1 B 1 SR 2 S i HE A3 20 /N (R it BURLEUR, TR AT S %, a7 1
B AR AR A5 R L AR AORE B X2 P AR T, X T R A
FRUSCER S5 T B B GT L P PSR, AT S HRE ot RO T 30 s 368 3 PR N ARE 5 76 3R IRTRFAIE X S48,
TEM REE I € FEah T R AT IGO0 FIA 7 RO ATH R, HRTEM Af DASRAR 5 5 R
FERISE R VEANE B o BRI TT DA ER BIRE R T BCH AR Mk 2 B R, 20 ST IS DL
AL TEM A BT A8 ] B4R D9 JEM-2100F

BRI RAE (BET) R 32 T VE Al b4 b A S R B R, LG5 R o Fep ok
PRI R S S 1 LA R S KRR S BN EE R TR IR A, R HIRIR S T
TENEA, BALERE R ST R, SR U b & 5 LE R A e L . 2
FF it T PR B PN, RERE i N AOIRZAS B B e, B R T LI o 7E 5256
H, FRATTIE I O R D SR B RN, I E IR AR U B AR 2 o e Rl R B S U
LRHNARNAI AT, BATREWE V5 AR it I B s LR T AR, DT R R AR . AR BET 3
WIS, BRI T R E AL R TR, 4830 BET MHKFT A 9IS V-Sorb
2802TP.
223 MBITENTS T

X BEOCH T REE (XPS) & —FhE B AR E /T 5 i % TB . XPS it X 2k
FEIRTRE R T, R R T 1) P S2 WO S I B AR R R T o 3R 8Tt R T 1 F TR
NGHT, EATRERCKRB) RS & RE R IR . XPS I8 L (Y e kAT 20 47
SREUPRL R TH H) 0 R AR A RS B . XPS MR E 6 i FRIshRE M dESS A RE, Rk
A K R AR RINZR TG (AR o XPS B BFE MR TR
A AN A, W] LI I 0 10 A 2 A fe se W ooae, DA S i [ AR E Bt ST &R
AR & & tbgh, il AR JE AL XPS P, Z 0 78 OB AR i B Bk s BRI A A A AR
A, DLEAREIN 7o 5 i 3 A b AR R AR A o AR SC XPS PR 456 #9435 9 PHI-5000 VPIIL
224 MBIAE SR

WEHT (TG EEH TG E AR E M. 8 I IR 5 0 5 5 B i 5 R
() PRI AR A SRR AR DA S5 o A b E 1 E FHIRE = T I, R AP Rl 52 — ORE b 1) B 84K
AT A % PR B DX [R), T ST ot PR AR E M o A S TG IS FH IR 28 ZCT-A.
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2.3 Bt RYHIE 5% sE M
2.3.1 AR AYH &

Je¥s WA )% (PVDF) 5 N-FREEIERg Beli] (NMP) 4218 1:20 Fi =R G, Bk
5], WIS % PVDF V. KA R R 5 3 LRI 5 % PVDF Wl (& A 8:1:20)
R, SHAMAEREN B SRE, RERRE TR S RAATER R AT L.
LI HERMRL IR R FE 6 E 80 °C FEZ T 6 /N, HEELN 1.5-2 mg em?, RJ5IE]
RUADE AR (EAR 10 mm) o 7EALH1 2032 B dilip @i (Na) [FIN AR Bl AT 2
e, BORL4ER (Whatman, GF/D) FIERREL. 5T F T4 4 v b PR R sk A7 B8 P
£, 80 %ML RE (HC) 5 10 %[ Super P Al 10 %HI/KTER (SA2) ¥E&FI IR A,
B S IR EAEARTE b, AR A s A4 B g5 4G R Sl . BT AL L 2032 R R TE— A
FIHE T ER AN, HAPH 0 f 20 & &4 =H#EHI7E 0.1 ppm LR
2.3.2 TREIMRZ MK

TG R L (CV) I AR SR RIS F7 4R, VEARARL I 7 7 ) B 2R
Bz —. fE CV I, U DUE 8 sl e SR MR AL . AR AL AT M — /MBI, K
AR AR I B CV 2R B TR AT DU e FE R PR P R, 458 PN e 2 Fé v ) =42
HITE R 20 i s 7= i B TR BREEEAT T Bk 2 D il e IS . T8I0 #r CV 2k, 7T R4S
B g RO AR R B ARAEVERL S IR N AN ARVE RS [N, AR DTk S . AT CV I A s A
{28 N R CHIG60E FEAL2: TAEM .

2.3.3 [EEE R FE AR MR

L FELIAT 70780 R D SR R A R R AL S M R BT B, AT APPAS TEAS 7] F I 25
FER IR B b B, DA R TR a2 v 1) o R AR A s A 9 FRI AR 78 B BLAE B
R L2 B IR S I O, AT VA AR EA R e PEANAE F s bl RO i 2, 0 i O
WA, $8R 7 I R
2.3.4 |EELIRIE) &R E N

fE IR (RO 2 M (GITT) 2 IRECEIRM B3 )% S 80 EE T B, e Ak
WAEERE . SCEMRIRE T R IR EEAE A . ARl AR 25 °C EIRAR o i i £ e
SE ML, AT — BN R AR, RS OGP R, 1 skt N H i I SR TR I ) e
BrARAL, I LA SR GG 5 7 B B AR S S R AR S, BRI H 5 R 1 3 ) 5445 2
JHHEGL T GITT °f LAURRINE B F 8 BURE. Na' i BUR Bot 5 an -2,

-19 -



RUCRE R AL 57 183

= & (mBVMy2 AEsy2 L
Dya+ = n‘r( MgS ) (AET) (T <« DNa+)

Hrr, v 2B, mp/Mp i BE/REG Vm 2 R BB R, S J& AR/ HL i
AR IR, AEGZENK SR ISR AEZERRTE GRO BRI,
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B35 FRISHEREMEIEE M NaFex(S04):@C EAMRIRiEHTE
BEffF R
3.15|8

T RER R SRAN I E Y5 g, R R AT AR TE S AR (WORPARE . AURRFIHEFARE) TN
TR o T P AR T T AR R IR (R ROME R A A KU B i A7 2R G H v ORI R 456
PEVEH . B e B BRI A PR 73 i D0 35 1R FELAK 2 R B A R TE K U e 4 A7
RGP RRHERE . AE NI B REE A ROR, B T it O & R R R
Ak . SR, R BT AT BR BN 20 A BR 1) T AR KR RE St A7 RGP R o DR,
ICRCA AN ES T FIB 2 28 T 5% BN TS VR, n] DR B B At 2B AR S F v f B AR B
FAHEA.

WE TR =102 A) HEETRRER (=076 A) K3, [KH2Y Natre Ak
RN 5 IO R AR 5 ) 3 35 8k, BAESN )% BB 79 BUS 1T R EUE
M T BCEARARL A 22 1 BE M 2UEDBAL . 75 CHOE I 2 R ERA R, BB &Y
DR LI [ ) AR 4 4, RESR AL 38 R e PR AN s AR M AE 3R iy, T2 RIS 2 R0E. EiE4
NIERRFRERAE FHEW T, AT LLRARS K AMNA AR, Na BT 314
(NASICON) #EH, FEBERR L FAPRLRIR IR £h B U056, Forr, BRBLAPRLE A 5 3
V5, ARBASFNTCEE I, (A R B R Sh M B E N IEARM R R A S i s, R ER AR e 1k
RIS B AS 1R 0 35 Bl DA O 2 B 3 7 i it 1 B B (o e b ) o LA AR 28 M ) Bk 3 R
NazFea(SOa4)3 7E 2014 4F-H1 Yamada PREEZH E XHRIE), 1By 3.8 V NS 1 HLIL IEAR A AL,
HAe R % Eia2) 450 Whkg's RMHBTHESMEZE, SEREEERARAR. KL, A
M1 Z 4 H T 51N T HBBRIR 2 SRS SR G R IR 2R M B - S s . B, Chen 48 A6
Wit T —Ff NazFex(S04):@C@GO EEMEL, M BRI H AR R AL ERE (12 mA ¢!
ifFA 107.9 mAh g 1200 mA g IfFA 75.1 mAh g') o —MoRUE, K2 Bk & AN E TR
IR BRI AR AN IR RS, TS HL B LR AL M R PR s 7] A — A kL7275, 76, 78 79 84
86]

AN ELES B (Ketjen Black, KB) « §HLUK B (SuperP) « R (Acetylene Black,
AB) fI'FH A5 (Conductive Graphite, G) SRIERIRM BT AL 2ZVEREI 5200 o 38 i i) B2
() [ AH & B i 46 T — R AR AR L7 NaxFex(SOs)s (NFS@C) HE &M kL. H,
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NFS@KB P AL 5 1 B Ak 27 S B B ) 2 o HY B R R F AL 22 e . NFS@C B &k k&
PR R EIAERE (1000 XIER G TSR N 74.6 mAh gD FIfEZEMERE (50 mA ¢!
5 61.5mAhg!) o H4h, NES@C/HC 4= Hibik B0 5 A B AL 22 T RE

3.2 SLIGERSY

3.2.1 NFS@C IE#R#RIa0HI&E

i 3.1 Fros, EREEFT,  amad fa 5 R AH S A R AL IR L7 ) NagFea(SO4)s3
(NFS@C) HEMEL. B K FeSOs4 7TH20 fEE A IAM T, FHEER 5 °C min',
280 °C frifit 12 h 4332 H57K FeSOso T TIWENLT 30 %M =N, 2R 1:2 #EFIPR
& NaxSO4 MITE7/K FeSO4, RIGHHRIR G YA T ik 7:1 & LURRE T ik, —[RIIAZ|H
Wk, ELAMT RS T, BHEE 30 08h. SNSRI S M RN BREE RS, %R
1:40 )57 & PURREUER BE B (CH A AS R /N ER S BR B4R 3 mm:5 mm: 10 mm i &= LU G R 2:2:1)
IMNEREEGE, 15T 240 o BRI GE N I UR B Bl U, SRS ERBEEREE L 800 rpm
R ERES 6 h, SRIATIRAR . WA RHMEE P AR, THREZ 5 °C min,
350 °C fRifi: 24 h 135 NFS@C #okt. R 3 ik (B8 (Ketjen Black, KB) .
SHRE (SuperP) . ZHHE (Acetylene Black, AB) FlI'FHIf 58 (Conductive Graphite,
G) ) WIARE, 43ildr4 N NFS@KB, NFS@SP, NFS@AB, NFS@G. H, ¥ RIS

Hif, FAthE kA AL 1= ¥ 4 44 79 Bare NFS.

>

Ball milling Annealed
Ar N,
ZrO, Ball @ Carbon Na,SO, @ FeSO, Na,Fe,(SO,);

K 3.1 MRS s E K
Figure 3.1 Schematic diagram of material synthesis

3.2.2 NFS@C IER#H#BFRAE

TEAZ AT 5T 48 ] XRD #2454 Malvern Panalytical [f'] Aeris Research Benchtop X-
Ray Diffractometer, Cu # (K,, 2=0.15406nm) . H, J3L7ER 10-60°, 934 1°min
"o SEM R HIB% 8 EVO 10, TEM PRI H93#%  JEM-2100F,  [A) il 1% e &
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BETEACIIR Nay Fev Sy O Al C (MG /34T £/ V-Sorb 2802TP #4720 < W Ui 5 it P 5
% . {1 HORIBA XploRA PLUS fF 500-2500 cm™ {5 [l 4 3E1T Raman JUik. FT-IR i
M2 H SHIMADZU IRAffinity-1S %45, MHA3#2% K8 4em™, JEHIZ 400-3000 cm™ .
RZEE RN (ZCT-A) HHAT TIGE (TG) ¥, FHEHEE N 5°Cmin, HEMNER
14 600°C. Ak, BHIH X B4t RS (XPS, PHI-5000 VPIID 5T 7 &k Moo &
AR
3.2.3 NFS@C 1EMR#HIRY R L S 14 RESRAE

FEHT B I I 2R G AN F I R e R AT 1 % ol EL U 2 B (LI 78 R/ E
LR B R FRAE 2 2 4.5V 200, ARG 2.3.1 FA5TFR, Ha BN 1M
NaClO4 in EC/DEC(1:1) with 2 wt.% FEC. [AJf}, A B 7 a0 s il ik R 488k 4T GITT ik,
MR H R ZE N 10 mA g, BRI (A4 30 min, SHIEESIEIY 10 he Mb4bh, IEFE
CHI660E LA 2% TAEu, EdhAT TR 2L (CV) A, HfEE N 0.1 £ 0.5mV s
33ERSTTL
3.3.1 NFS@C MR&EE 7 th SR 3RRIE

Wk 3.2a R, HR4E X G447 (XRD) , 7£ Bare NFS Rl NFS@C %5 W52 2%
WA, RIS G P e mT DL DR R AT S W AR — 35, FLDURPRLARL 45 it P
Behf. P 3.2b & Bare NFS I NFS@C 1) X HTZOGHFRERE (XPS) FIRHFFLIUFIR R b
B As, AR DOR LU RO R3S B AN, Hordr, Fe2Ps, MHRFIENR IS I T 25 &
REN 710.4 eV F1 713.4 eV ALY SIS R4 Fe? Al Fe IIRFAE %, H. Fe 2Py URFAE
WS I 723.9 eV Al 726.5 €V AL IR 53 0T A Fe? Rl Fed [IARFEIR WS % . 7E NFS@C Ff
f AR RSN B K Y Fe R m] S ANt Fe*'. {57 R /&, Bare NFS Hi Fe¥' & Eit
BT NFS@C Ffath it Fe* P Eri, XSRS Bl i) 5] NAFI Tk G i) 2 1 F2 o Fe? AN
Fe¥*, G ZAR AR SLE (BET) 04T NFS@C MBI E R . @i 3.2¢ Fiw,
T BRI M LRI Z I, XA T BAREE, Wit e B, E15
FERZ, NFS@KB ot KRN 18.85 m? gl
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(a) (b) Fe2p,, 5 Fe2p,, (C) 4—4'37ng-1
ey Fe?t T O e
ireyRTHRY i N o e 24
Bare NFS M\A/JU\,\J\_ Bare NFS o 0 Bare NFS
3 201169 m* g™
NFS@AB \\ 5107
NFS@AB » - o NFS@AB
> - v 20 1356 m2 g
E NFS@G 5 \ g10
£ £ |NFs@G 5 0 NFS@G
g AN § 20 {12.05m? g™
MMM\/\}\ B ‘\ §10 M
9 E T
Vot NFS@SP S g 0 NFS@SP
¢} 2 1
: 104
NFS@KB 0 NFS@KB
10 15 20 25 30 35 40 740 730 720 710 00 02 04 06 08 10
26 (°) Binding energy (eV)

Relative Pressure (P/P,)

K 3.2 (a) XRD &3, (b)Fe2p ) XPS i, (c) NFS@C E &4 KA Bare NFS %0 b - Wi 251
2.
Figure 3.2 (a) XRD patterns, (b) XPS spectra of Fe 2p, (c) nitrogen adsorption-desorption isotherm of NFS@C
composite materials and bare NFS.
gbah, B RN AR AR (FT-IR, B 3.32) M EEEIPIALH FeOs HIC N Fe?*
1 O? Z A IR B O RRE S (601 ecm™) o 995 em! Al 1080 ecm™ AbFIIE 43 il HE 7% SO4 #IT
(PR FRRLAR FNA S PR IR SN0 R F hr &6 4878 T NFS@C EA MR iR A (Bl 3.3b).
NFS@KB. NFS@SP. NFS@AB Al NFS@G K D i 5 G s Is&Z Ltk (In/le) 40314 1.14,
111, 1.6 1 1.28, KBk I T0 @ Ik b 32 FHUALUSY, [FIEF, B NFS@C A4 KR
FTIHL AR E M (3400 °C, El3.3c0)

a b - c
( ) ( ) v(80,) 1016 cm™! ( 1)00_
Bare NFS Bare NFS
Y S-0) 90+
< SO 24_~2- ~4
= v(S0O,) v(Fe“*-0%) . NFS@AB =
O INFS@AB = @80
8 2 8
£ [NFs@G E NFS@G ] .
[ =4 o) 4
S NFS@SP-W\/ w = | — NFs@ks
— NFS@SP .
60 NFS@AB Ambience: N,
W NFS@KB NFS@G Temperature rise rate: 5 °C/min.
T . T . T T 50 : - r T
2500 2000 1500 1000 500 500 1000 1500 2000 2500 3000 100 200 300 400 500 600
Wavenumber (cm™) Raman shift (cm™) Temperature (°C)

K33 (a) [HEAARERIINSEE, (b)) FZ206iifl (C) HEMZ.
Figure 3.3 (a) Fourier transform infrared spectrum, (b) Raman spectrum and (C) thermogravimetric curve.
W BB (SEM) RUEF P RS (TEM) BT NFS@C E &M EH
TESRANOR AL o W1 3.4a-d AT 3.5 s, SIS HLBRSE NFS FORAR B Rk o X —30
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FRY, FHBRAAR % NFS B SEORARRUINT TR IEE B o B RS Rt
Wb T Na s s, Wik 7 REF I HBRALATERE. IEAh, NFS@C E&H K NFS
TEVERURL A S R A s (B 34e-h) , X AT DU SRER T HL A5 S

3.4 (a) NFS@KB. (b) NFS@SP. (c) NFS@AB #l (d) NFS@G ] FESEM E%. (e)
NFS@KB. (f) NFS@SP. (g) NFS@AB 1 (h) NFS@G f#] HRTEM K%
Figure 3.4 FESEM image of (a) NFS@KB, (b) NFS@SP, (c) NFS@AB, and (d) NFS@G. HRTEM image of

(e) NFS@KB, (f) NFS@SP, (g) NFS@AB, and (h) NFS@G.

i 3.5 Bare NFS [/ FESEM K%,

Figure 3.5 FESEM image of Bare NFS.
[EJI, 4 3.6 fias, EDS REE KR Na. Fe. S, O Fl1 C 50 A fE il 3545 () NFS@C
SR
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3.6 (a) NFS@KB. (b) NFS@SP. (c¢) NFS@AB Al (d) NFS@G [f] EDS 7t &/ i .

Figure 3.6 Distribution of EDS elements of (a) NFS@KB, (b) NFS@SP, (c) NFS@AB, and (d) NFS@G.

3.3.2 NFS@C #RIEB L FE MR

FEA T iy, FAVE A BT T AR NFS #PRFRAGZE P RE IR S o 4 ]
3.7a fln, RSB GI N NFS I, WS EIMI06 0 i A 1) B35 235 - 5 Bare NFS L,
T NFS@C & &M BRI H BN 35 Hor, NFS@KB IR 2R G R0 98.28 %,
=T NFS@SP 1 89.85 %. NFS@AB K 92.64 %A NFS@G HJ 89.61 %, F£HHIESE K
FTA IS FE RIS B R BN . X FTREIHR T NFS@KB 3R TH F AR E 1 1E A% - o A it 7
. [, NFS@C B-EMEHE BA SEE AR E RS PR RE (B 3.7b Fl o) .
IXLLLE R, SHBAPPRITT DA 2R 5 NFS FIfEatas, XaEAE T H R IFHHE 75
HL MR NFS BRI ThAE. EAHERAZE, NFS@KB HRRILH i 75 & 85.7
mAh g DR SRR MR (5.0Ag! B 61.5mAhg") FIfEHRFaENE (100 RFTHHIE
WE LA EARFEE 87.5mAh g o IXATREH T NFS@KB 5 &ML 1) B K LR AU F)
T Na'§#, Wi ERA R i RE .
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o
o]

150
(@) 5] / (b); 5 100(0) o o8008 $886600886,0686 400 100
\ e e =~ eeg o
= \ <1204 X 7 1204 X
KZ‘34.0-\ / ‘é leo > 2 80 >
= = = 2 g 005 01 005 2
2354 £ 904 w03 Eo0faenlll 02 o5 o0
s g 52 7 R T T 208 5 5
>304 8 * NFS@KB 0 8 ] esess o
oo e % NFs@G 408 § 607 el Lao02
2 — NFS@KB S * NFS@SP S o {"°°  eeese 5
=254 —NFS@SP NFS@AB 3 = NFS@KB S
S NFS@G @ 301 Bare NFs [20 S ﬁ;: S50 o NFs@sP o Nrs@as (208
NFS@AB %) NFS@G Bare NFS
2,04 Bare NFS 0 Current density: 0.05Ag" 0 0 Unit: A g’ 0
0 0 40 60 80 0 20 40 60 80 100 0 5 10 15 20 25 30 35 40
Specific capacity (mAh g') Cycle number Cycle number

K] 3.7 NFS@C E &M KA Bare NFS 1) (a) EXTEARBCEILZ, (b)) JEHPERERT (o) 521 RE
Figure 3.7 (a) The first cycle charge/discharge curves, (b) cycling performance, and (c) rate performance of
NFS@C composite materials and bare NFS

& 3.8a firzs, NFS@KB SE-& BRI E A8 B 2R BT & 7 IERR AT REBE B 554+ 701
fEetERg, (0472 76 8T9UEEAL, NFS@KB  HLBRAEAN [F) B 3t 2% FE VG I N DR FR OB L . (8
3.8b) o fECIRIER A TAE TR BIE R E AR, NFS@KB E6 M EHE R 1A
I BEE R EAN 311 Whkg ' (] 3.8c)U19%92 51 [FI7E 2.0 Ag™ Nik— 1Tl T NFS@KB
HEMEHK G T E N, RIELE 1000 G E IR EF 74.6 mAh g7 (Sl & (&
3.8d Fle) o IXLLLE K] NFS@KB BA M BEHE — P /i 18 & 1 f it IE Al e i

150
(a) Na,FeP,0, -+ Na,Fey(P0,),(P,0,)@C (b) AS.S (C)
Na,Fe,(PO,),(P,0;)@C@rGO -+ Na,MnP,0, g This work
120 4 < NaFe(s0,),@rG0O/C Na,Fe,(S0,);@C +\
= + Na,Fe,(S0,),@C@G0 Na,V,(PO,), 23.6-
§ - Nazanz(SO:)Z - NazFezPO‘A@SC i - Na,Fe;(PO,),(P,0,)
§ o0 o This work g é
kel
3 e 9341 é
T 604 s 5
s, 8
< 304 g
% Na, ;Fe, ;P,0,
0 T r r T r 3.0 r T T T T T T T
0 10 20 30 40 50 0.05 01_02 05 1 2 5 200 240 280 320
Rate (C) Current density (A g') ( ) Energy density (Wh kg™")
d) 160 €) 45
(d) L100 /
€ a0
120 lao < 2 =
(=] 80 g ‘o N
£ % 8 2354 .
608 ¢
T 80 o £ S
2 S S>30 ﬂ
S O =Ny — 30th
g I r402 & 50th
8 40l - charge S 2551 —100th
-e-discharge L20 3 >o 300th
coulombic efficiency © — 500th
Current density: 2 A g™ 201 1000th
) 200 400 600 800 1000 0 20 40 60 80
Cycle number Specific capacity (mAh g™)

K38 (a) ATAESHMIBET T PRIMGRMEELE, (b)) AFRMFKZE T NFS@KB 111 T1E
R, (o) ALMESHABIERP S A RINRE R LS,  (d) NFS@KB £ 2.0 A g FHIFEHME
fi, (e) NFS@KB 1E 2.0 A g! NEFEHA T Fe il ih 28 o
Figure 3.8 (a) Comparison of the rate performance of this work with other reported work, (b) The average

working voltage of NFS@KB at different current densities, (¢) Comparison of energy density between this
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work and other iron-based polyanionic materials, (d) The cycling performance of NFS@KB at 2 A g”!, (e)

Charge/discharge curves of NFS@KB under different cycles at 2 A g!.
3.3.3 NFS@C MR D FE M RETR

0.10 0.9
(a) Peak 1 Peak 2 (b; (C
i A -, Slope: 0.857 . Slope: 0.934 s
sl P :E-1-2- e <é 1.2 o0
0051 i N\ < \ eI < g "
< - 4 2 Slope: 0.982 otk 2 Slope: 0.985 g -
E A 2-1.59 o Lerlm 2-1.51 S o -
$50.001 il ! 2 \ \ g \ Y
o § T b e Nt £ B v
5 : Y — o-184 =1°° c-18{ <
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K39 (a) NFS@KB. (d) NFS@SP. (g) NFS@AB 1 (j0 NFS@G M 0.1 mV s ] 0.5 mV s ff]

(e) NFS@SP. (h) NFS@AB Fl (k) NFS@G BHH I fIAH S b (I

(i) NFS@AB 1 (1) NFS@G AR FIAH % b (I 5E -

CV #hzk, (b) NFS@KB.

(¢c) NFS@KB. (f) NFS@SP.

iE
Figure 3.9 CV curve of (a) NFS@KB, (d) NFS@SP, (g) NFS@AB and (j) NFS@G from 0.1 mV s to 0.5 mV
s, The relevant b-values determination for the anodic peaks of corresponding (b) NFS@KB, (¢) NFS@SP, (h)
NFS@AB and (k) NFS@G, (c) The relevant b-values determination for the cathodic peaks of corresponding
(c) NFS@KB, (f) NFS@SP, (i) NFS@AB and (1) NFS@G

N T 1578 NFS@C AR5 i A 2 ERESR TH I SR A, BAT DR AT 1 ASFFTE N CV
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TR, RAFTE AR N 8 71245 #E . NFS@KB HLARM 0.1 F 0.5 mV s FIA R R
AR CV -IZ WA 3.9a Fin. BEEHEREFRIEMN, CV HIZ SR AR, &£
B NFS@KB FART T8 B - [ BN B A AR GF R 32 1% o S e s )3 mf U IS A2 i =
avb RITH, HA i KRR, v RREHEZE, a Ml b 2 ATHSE. @iz o4,
A LS 5] logi=bXlogv+loga. fEIXMXEMZ, b EIZIET 0.5 B, RN FE
FEZE YRR Y b AEEEET 1.0 B, B AL RN BRI AT N0,
3.9b il ¢ {7~ NFS@KB HLARIT 1 4 6 W b H 43 5 A 2 N 0.982. 0.857. 0.809- 0.866-
0.934 1 0.985, iE B T AL R Z R TR AT N [FIFE, NFS@SP.NFS@AB 1 NFS@G
FL AR R S Rt PAE LR AT AN (B 3.9d-D

BeAbh, @ GITT &AL NFS@C ) Na' i 79 BUR L (Dnar ) o AHMZH Na™ 5 #
REGHE AR 2.3.4 ZY . WA 3.10 (TRLAEH, NFS@KB & &8 EHE R~ H fm i
Na'§ B R E, X2 TR LB ) £ 2 B 1) A

NFS@KB

5
NFS@SP

4 1st discharge 2nd discharge
31 Isteharg 2nd charge
24

[ vy Steeeeeeteases, R
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Figure 3.9 Galvanostatic intermittent titration technique (GITT) curves of (a) NFS@KB, (b) NFS@SP, (c)
NFS@AB sum (d) NFS@G materials for the charge and discharge process, and the chemical diffusion
coefficient of Na* ions of NFS@C materials
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Figure 3.11 (a) XPS Fe 2p narrow spectra of NFS@KB under different voltage states, (b) Ex-situ XRD
patterns of NFS@KB at different charge/discharge states.
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Figure 3.12 (a) The electrochemical performance of NFS@KB from 60 °C to -10 °C at a current density of 0.5

A g, (b) Charge/discharge curves of NFS@KB at different temperatures, (c) The cycling performance of

NFS@KB at -10 °C and 60 °C. (d) Schematic illustration of the NFS@KB//HC full cell, (e) The

charge/discharge curves of NFS@KB//HC full cell at 0.05 A g!, (f) The rate performance NFS@KB//HC full

cells, (g) The charge/discharge curves of NFS@KB//HC full cells at different current density, (h) The cycling

performance of NFS@KB//HC full cells at 0.05 A g’
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Figure 4.1 (a) Powder XRD curve and (b) crystal structure of NagFes(SO4)7/KB
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Figure 4.2 (a) XRD curves, (b) Raman spectra, (c) IR spectra, (d) TG curves, (¢) narrow spectrum of Fe2p by
XPS and (f) nitrogen adsorption-desorption isotherms of NagFes(SO4),/KB and NayFex(SO4):/KB samples.
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Kl 4.3 (a) NagFes(SO4)7/KB Fl (b) NasFex(SO4)3/KB # i 1] FESEM K%, (c) NagFes(SO4)7/KB Fll
(d) NayFey(SO4)3/KB i ) HRTEM K5 .
Figure 4.3 FESEM images of (a) NasFe4(SO4)7/KB and (b) NayFex(SO4)3/KB samples, (c) HRTEM images of
NagFes(SO4)7/KB and (d) NayFea(SO4)3/KB samples.
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Figure 4.4 (a) The first cycle charge/discharge curves, (b) cycling performance, and (c) rate performance of
NagFes(SO4)7/KB and NasFey(SO4)3/KB
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Figure 4.5 (a) Comparison of energy densities in the present work with those in other reported studies, (b)
Comparison of multiplicative performance of the present work with those of other iron-based polyanionic
materials, and cycling performance of NagFea(SO4)7/KB at (c) 0.5 A g! (d) 2 A g () 5A g current density.
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Figure 4.6 (a) CV curve of NagFes(SO4)7/KB at different sweep rates, (b) The relevant b-values determination
for the anodic peaks of corresponding NasFes(SO4)7/KB, (c) The relevant b-values determination for the
cathodic peaks of corresponding NagFes(SO4)7/KB, (d) Galvanostatic intermittent titration technique (GITT)
curves of NagFes(SO4)7/KB material for the charge and discharge process, and the chemical diffusion
coefficient of Na* ions of NagFes(SO4)7/KB materials. (¢) Comparison of diffusion coefficient between the
present work and other cathode materials.
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Figure 4.7 (a) XRD patterns, (b) corresponding XPS Fe2p narrow spectra, (c) multiplicity performance test

results, and (d) dQ/dV curves of NasFes(SO4)7/KB composites placed in dry air for different days. (e) Charge-

discharge curves of NasFe4(SO4)7/KB composites at different charging current densities and a fixed discharge

current density of 0.1 A g!, and (f) charging state diagram of NagFe4(SO4)7/KB composites. (g) Charge-
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