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Abstract: Advancing the industrial application of sodium-ion batteries requires the
development of electrode materials that offer both high performance and low cost. Cathodes
are a key determinant of both cost and performance, attracting significant attention.
NASICON-type vanadium phosphate cathode materials are among the most promising
candidates due to their exceptional structural stability, rapid ion conductivity, and moderate
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operating voltage. However, these materials face challenges such as poor electronic
conductivity and relatively high costs. To address the issue of electronic conductivity, one
effective method is to coat the materials with conductive carbon. Cost reduction can be
achieved through several strategies. First, molecular design can incorporate inexpensive
transition metal ion doping to replace the costly vanadium (V), thereby lowering the Bill of
Materials (BOM) cost. Second, enhancing the discharge capacity and operating voltage of
these materials can help mitigate the negative effects of high BOM costs. In addition,
optimizing the preparation process can reduce energy consumption, simplifying and making
the manufacturing process more environmentally friendly. Incorporating highly electronegative
fluorine (F) can significantly increase the average operating voltage, enhancing the battery's
energy density. This study focuses on high-energy-density fluorine-containing vanadium
phosphate cathodes, Na,(VPO,),F, (NVPF), Na,(VOPO,),F (NVOPF), with a theoretical energy
density of approximately 470 Wh/kg for both, and NaVPO,F (KTP-NVPF), which has a
theoretical energy density of approximately 550 Wh/kg. By summarizing the relationships
among structure, synthesis, and performance, this work provides practical guidance for the
development and engineering of high-energy-density polyanion cathode materials for sodium-
ion batteries, particularly for large-scale energy storage applications.
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Fig. 1 Three types of fluorine-containing vanadium-
based phosphate cathodes
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Fig. 2 (a) Crystal structure of NVPF diagram®; (b) non-in situ *Na NMR spectrum of NVPF®?;
(c) Na,(vO,,PO,),F..,, (x=0—1) infrared spectra™; (d) sodium distribution maps obtained by Rietveld refinement
of different phases after sodium removal from NVPF®
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polyhedra (spheres: disordered sodium atoms)®’; (c) schematic crystal structure of Na, \VOPO,F,, (NVOPF-/4/
mmm)®; (d)—(e) schematic of in situ XRD and non-in situ reaction mechanism evolution for NVOPF-P4,/mnm in
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Fig. 5 (a) XRD pattern and crystal structure diagram of KTP-NaVPO,F*"; (b) three-dimensional characteristics
of the Na* migration pathway in KTP-NaVPO,F*?; (c) constant-current charge-discharge curves of KTP-NaVPO,F
over the voltage range of 2.0—4.5 V*%; (d) SXRD diffraction pattern of KTP-NaVPO,F*?; (e) SXRD pattern of KTP-
NaVPO,Fte
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Jif3 8 VPO, 5 NaF $% 624 F & LR A 1808, il
HRCT NVPF#PRE, JRIFFT T HAE N st IE
P AR B Ak 22 P RE . BT 46 1 NVPF AR
0.5 CRM MR, HELFEEIH 102 mAh/g,
T THR AR, 0.2 CIRMAERTHT, 10CH
ERCER, A RNCH 84.5 mAh/g[E 7(a)~(b)].
JG 8, Gu % NTUSRH WP BRI, B V,04
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6 (a) KTP-NaVPO,F ByIER e R HhZ%™; (b) Na,(VPO,),F, V1B FE M B fhZ"™; (c) KTP-NaVPO,F 1Na,(VPO,),F,
ESREERRRTHEEHEX L
Fig. 6 (a) Constant-current charge-discharge curves of KTP-NaVPO,F*"; (b) constant-current charge-discharge
curves of Na,(VPO,),F.*"; (c) comparison of energy density between KTP-NaVPO,F and Na,(VPO,),F, at high and
low rates and under low-temperature conditions™”

2 ek J5 L Th ) % NVPF@C H &4 k. M
BMBTESAE 7(c)I T LAE H,  [RRR A7 AR SR R
SRR S H RIS . HFH N 2.0~4.3 VHE
%R 0.1 CHALZEVERE[E 7(A)RE, TEMFM KL
HRIBAAPE 3.4 VINH L&, X2EREMHT &
TR AL FR R F IR R A BENVP (24 AH I S . B 7
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0.2 C F, NVOPF F1 NVPF ) i 25 & 70 5 N
112 mAh/g #1110 mAh/g, %%t 93.6%.
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7 (a)~(b) FEER/ESEE 4 4.3~2.3V, NVPF}ENERRERENTHMEL™; (c)~(d) NVPF@C i SEM ElfGFR T
SEGIHTE (EED RESRIANVPF#ELE 0.1 C TR RIZ™; (e)~(f) NVPF-Zr-2/NC i) SEM El[& FIR < 3 4t
T GEED REFMEBRLZE™; (g)~(h) NELIRE T NVPF/C &M XRD A 7T 7 BB fh 2%

Fig. 7 (a)—(b) Charge-discharge curves of NVPF relative to sodium metal as a function of current rate within
the voltage range of 4.3—2.3 V*; (c)—(d) SEM images and statistical count of size distribution of NVPF@C
(insets) along with its 0.1 C charge-discharge curve compared to the original NVPF material™; (e)—(f) SEM
images of NVPF-Zr-2/NC and statistical count of size distribution (inset) along with its charge-discharge
curves™; (g)—(h) XRD patterns and charge-discharge curves of NVPF/C samples processed at different
temperatures”™
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DRI, X 3R B K B AE & R NVPFs J7 T A
AIFFR

2018 4F, Qi%5E N Ah Ak Bd i & il L T E
AT I ] £ NVOPF $URL, 1 2 5% T4 2 7 FLth
YT ES TR R h = R ) A% B RO . AR IR
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BRSO, [FIE =4 E =PI N,O Sk . 7EAIER
pH %M, A VO*iEE|F . Na'fl PO,
5% NVOPF 4K 1405, NLO SARLE TR T ) A,
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HAWMAKRU SN EE B HEER, kNS
144 hERTE R GE R 2 578 E k[ 9(a)].  Frifil &4 i1
% 5% )2 NVOPF i ER7E 0.2 C I LI E T, ¥k
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IRZE 5 12 S50 = AT A T UK [E 9(b)]. 5% 4t
4] v L ] ARV BK BGE AR L, 2% TR R AR T
REFE, JF H LT 2 M E R AL R I sl B4k
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[E8 (a)~(b) #9KHkI NVOPF 5 NVPF # &[] SEM ER™; (c) Z0KFEIK NVPF H) SEM EI&™; (d) fKEkIX NVOPF &)
SEME{&™; (e)~(f) NVPF@rGo # A SEM &% & NVPF@rGo ## 5 XRD™
Fig. 8 (a)—(b) SEM images of nanoparticle NVOPF and NVPF samples"”; (c) SEM image of nano-flower-like
NVPF™; (d) SEM image of micron-sized spherical NVOPF*"; (e)—(f) SEM images of NVPF@rGo samples and
XRD patterns of NVPF@rGo samples"™
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P. FILEEE/RIL1:1.5:1 [24FF, 17 30 min I
A K15 45 & 7 1 NVOPF@KBI &1 9(c)], 7T #E4T
FORAR 4% B R ik 94%, A AR K KRTF.
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E9 (a)~(b) ZFiMEkNVOPF i) SEM El& XA ~4IE"; (c) NVOPF/KB & & #RIRUK = mif R A SEM ER™;
(d) NVOPF@8%KB IER#4#I7E 20 C TR FBRRZT"; (e) ETHEAHEERT 9 B NVOPF/8%KB F E N F i R E
E; (f)~(g) B2 ERIK NVOPF #9 SEM Elf& . 7K~ 49E & 26650 BYF jth™
Fig. 9 (a)—(b) SEM images and magnified product images of multi-shell microspheres NVOPF"®; (c) SEM
image of magnified product powder from NVOPF/KB composite™; (d) the charge-discharge curves of NVOPF/
8%KB cathode at 20 C""; (e) schematic of sodium storage mechanism at NVOPF/8%KB interface based on
phase-boundary charge separation”; (f)—(g) SEM images, magnified view of monodisperse bulk NVOPF, and
26650-type battery™

L Xu &N AR L 77 5 2 & i KTP A
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E10 (a) KTP-NaVPO,F (1 um) HJSEMEE"™; (b) KTP-NaVPO,F 7EH [E5EE 2.0~4.5 V THIER L 55 — Bl ih
#9, (c) KTP-NaTiPO,F £ F# SEM™; (d) KTP-NaTiPO,F 7£0.1 C{Z X THYIER FE At 55 — Blph k™
Fig. 10 (a) SEM image of KTP-NaVPO,F (1 um)®; (b) constant-current the second charge-discharge curves of
KTP-NaVPO,F at voltages ranging from 2.0 to 4.5 V*¥; (c) SEM image of KTP-NaTiPO,F particles"; (d) constant-
current the second charge-discharge curves of KTP-NaTiPO,F at a 0.1 C rate™™
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FL78 . DTS TR DL 45 2 S5 o SRR WORHEF T RPRH RS 2R RE . FAL 2= ERE A,

WREERES A SR T T SHMLZ, Mii PE-NVOPF HA%/E 10 C FAEREE 128.7 mAh/g ()
HOEMRHAGE B 3N, BCE MR Emsh ) ATA R, BT ARE (132 mAh/g) [KEl11(e)],
2, PETHRERMERETON, a1 ShidE NPUEE4ENVPE I T BB 1M . ERSEAE10C M
PRI IR HH 488 )R S A S8 5 — AR goK . 6000 Ik, HAEEIRFFR &L 94.5%, RN T
TR E =g Mgt . BASZ4ME HNVOPF#EHZ87%, E11(f)], A4k 1
NVPF@rGO/CNT E &M BHHE T I KL, &5 R as i sorh 78 FB SE A RS 2 M e 5 KA 3R
RIRAEANESES, EEE60 CIEmMET, &  REWTHFCEEN. £8 78RR
EMEAEZNBERFFZ 101 mAh/g[E 11(a)~(b)]. [, MATHHHRIE EEE P F VA S ESEE T
Shen % N EREF KB 7 =4k FHTS3H BRI, BEEIIANREMTESES T
W2, BIIE I e BE A UBER BB v P ] 2 I NVOPF/ (Wi Mg Zn™%%) B E et s, 1K
KBEGMEL, WA m R YL, iR AHREMEN —EREE LA E e, k1
AL, AFEKBEERNEASMEHESMERET  Pin. Zhang % ANPE NVPF 45ty gk 1T Mg* 1145
A ESAARREEEAE 1C)], HF 4k, HBREN0.05H, NVPF-MgO05 &I H &
NVOPF/8%KB 7% 20 C | il 75 & =48 113 mAh/g,  FFRMERE[EI11(g)], HE210 CRER T A RBRAH
HE—PIOUE TR BB ST EML . M 102.3 mAh/g. YuZE NP — D RGX LT Zn* Y
BEARTE T S R AR RE T R EER- . 88 Mg® 78 NVOPF F1 1185 2 208N, B & % 1) NVOPF-
G, BHEPINMER BT, TTAEMNE AR Zn0.05 F1INVOPF-Mg0.1, [FIFETE— &2 Eal4g
7, INIEERIM BN ERERSEN e .  FHERMERE, mEMO)FR, BaRMEL Fralz
W T 4R 4 SR B i RO M T, BEBE A AL NVOPF-Mg 1) £ = PE e B E L T R B 8 o
GRS AR RIS AR, R ERIM B2 10 C A1 60 C B NVOPF-MgO0.1 [ % & 4 7l N
peSES R E M. XuE NPRABIMEZESRE 106 mAh/g #1175 mAh/g, A XT T KRB 4 1IFE
W&, GGG SRR KA, 53 NVOPF L RIS R N A RS G AFEERRA. A, 3
FrvR EE R (001) T ARG, & A AR TEFBERERIK, BRE A RIRE T
FEOCHL M) PE-NVOPF M RHE 11(d)]. X FhHR4MEC AR, SeerE — e E B3R AR r
RS N TR e Sy PN TTIE R i ST e B 1 ol S E OO (52 O X K| Mg il

F1 BFBZMEAINVPF # NVOPF sttt
Table 1 Comparison of ion-doped modified NVPF and NVOPF

S IE AR R 1 M AE/(MAh/) TEIORFE 2% B AE M BR E/ (mglem?)

Na,V, Fe,,(PO,),F,* 35 (10 C) 83.4 (1200, 5C) 1.05

Na,V, 46S¢, 0,(PO,),F 87 (30 C) 90.3 (1000, 10C) —

Na,V, M, 06sCro 00s0,(PO,),F 87 (20C) 76.1 (2000/E, 5C) 3
Na,V, ((Fe,Ni,Co,Mg,Cr), ,,(PO,),F,* 54.1 (50 C) 70.5 (120004, 50 C) 15

Na,V, ,,(Cr,Mn,Co,Ni,Cu), ,,(PO,),0,F*" 73.9 (50 C) 90.2 (4000, 10 C) 1.6~2.2

Na,V, Mg, ,5(PO,),F,* 102.3 (10C) 61.48 (2000f, 10C) 2
Na,V, Mg, ,(PO,),0,F* 75 (60 C) 96.3 (5000, 10C) 1
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