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Abstract: The core to advancing the industrial application of sodium-ion batteries (SIBs) lies
in developing electrode materials that combine high performance with low cost. As a key
determinant of both cost and performance, cathodes have attracted extensive attention.
Among these, NASICON-type vanadium phosphate cathode materials are regarded as one of
the most promising cathode systems due to their outstanding structural stability, rapid ion
conductivity, and moderate operating voltage. However, these materials still face challenges
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such as poor electronic conductivity and relatively high costs. Methods to improve electronic
conductivity primarily involve coating with conductive carbon, while cost reduction is achieved
through the following approaches: First, molecular design of the material introduces
inexpensive transition metal ion doping to replace the costly V element, thereby reducing the
Bill of Materials (BOM) cost. Second, enhancing the discharge capacity and operating voltage
of these materials indirectly mitigates the negative impact of high BOM costs. Additionally,
improving the preparation process reduces energy consumption, simplifying and greening the
manufacturing process. Furthermore, incorporating highly electronegative fluorine (F)
effectively increases the average operating voltage, thereby boosting the battery's energy
density. This paper focuses on high-energy-density fluorine-containing vanadium phosphate
cathodes—Na,(VPO,),F, (NVPF), Na,(VOPO,),F (NVOPF), (theoretical energy density for
both : approximately 470 Wh/kg) and NaVPO,F (KTP-NVPF) (theoretical energy density :
approximately 550 Wh/kg). By structure-synthesis-performance
relationships, this work provides practical guidance for developing and engineering high-
energy-density polyanion cathode materials for sodium-ion batteries targeting large-scale

summarizing the

energy storage applications.
Keywords: vanadium-based
industrialization
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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 22Na 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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3 (a-b) EFIRICHIHERR RS % E AR <HI NVOPF-
4mmm F @ EERREE (Bkik: TFRMET) &
(c) Na, VOPO,F,, (NVOPF-l4/mmm)f Bk RE
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FE R R AR [R L Y
Fig. 3 (a-b) Schematic crystal structures of NVOPF-
l14/mmm represented by atom-labeled ellipsoids and
polyhedra (spheres: disordered sodium atoms)®"; (c)
Schematic crystal structure of Na, VOPO,F,. (NVOPF-
14/mmm)®¥; (d-e) Schematic of in situ XRD and non-in
situ reaction mechanism evolution for NVOPF-P4,/
mnm in the selected region®”; (f) In situ structural
evolution of NVOPF materials during charging and
discharging for both micrometer and nanometer
structures™
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Fig. 4 (a) Crystal structure of KTP viewed along the
a-axis and b-axis®®; (b) XRD patterns of NTP, KTP, and
NaTP samples™; (c - e) Constant-current charge -
discharge curves of NTP , KTP, and NaTP over the

voltage range of 1.0 - 3.0 V!

2022 4, Fedotov % AW 51Tk NaTP #4
BEE LR A B SR BG, B ) il £ KTP-NaVPO,F
(T FR KTP-NVPF) o e i 44 25 ¥4 1t [VO,F,]/\ T 44

AR EE I R e, PO, VU T A D)3 1 T 25 5 )\
TR, JERMHH TR = 4EHESE [ 5(a)l.
ZAESE Y AFTE = FPAS [F) R B 1) B8 TR fanidaE, eqll
TE =4S BN B BUE, TR T L& 19 8%
% [ 5(b)]. SXRD 7r#risr [ 5(d)], #EHE
TR G, HATHIEN 558 S AT 2
WILRIRTES, 2B Na' i) i ko 72 B A 0 5 i 25 44 m]
WPE . FUTBCEI R R i B AR R S BRI AT
WA S K . 78 RS TR A IR YR 4 £ 4.5%,
17 A1 28 8 30 P90 AR BV A N, AR~
0.5%. Hifk2= 2k 200t 28 ) R ERIE [ 5
()Y, 3B LS A A1 [TV A S AL o gk — 2D AL
B R, Z R AN B TEIGR
BB (B HI210.15 4 Na*, Bl x=0.15), #HRHE{#
FFIEZ X R AT S T, & 4E M Pna2, 2| Pnan 7%
) 3 ) P00 AR A, 3K PR O BE S AR I T AT
(ED> [EI5(e)] ATiESZ; 44l =k — 0 1
(x>0.15) i}, Pnan#f{] KTP-Na, VPO,F i it
B — [ VA AR B 4k B2 4T Na I itk . 25 BRTR
KTP-NVPF % fit 3 43 B Be i« ) 3 A A% + ] 5 447
fEEIMLE,  7E 7 R o AR R R H R S ) &5 A T
PES /B R, XN RmERENE. &
HL R A L IE AR A 1T i S

ik — 30 ] B AN [F) SR IR 5k (E AR A L f AL
#1725, 2023 4F VictoriaA.Nikitina & H: [ B\ 58 i
xf LA fe i s, R KTP-NaVPO,F (KTP-NVPF)
5 Na,V,(PO,),F, (NVPF) A AHIT (1L 22 4Lk 5 5
THBAe 1, AR AR AL S Rk 2= 1t R
BUAVESAAR TR . BRI, KTP-NVPF 1848 K34y
FE LY R Y 2R IR BB A A L) [ 6(a)],
IAE LRI IR AE T aE M B A8 T —Hl
#l, HASMSE (10 C) KR (-30°C) &4 F
BRI AR S RE B % R EF R (4 1 80% Al
63%) [KEI6(c)l. 52, NVPF7E7H 2
W e 2 AW AR 2 8 AR TEI6(b)], T2
1B HAE A EN B 715, MORHE S5 3 5100R N RN
7 R ZE AR AL, R R T R RE R PR
(35N 58% F141%) - ZWF TR, (G AL
T 7 A SR AR FR B ), AR SRR
JRIL R FE RS, XN ARG R R AN H IR AR A R
MR TR T B B HE S R, BRSO T A
HR AR SRLIX T, 3 IR mT B 1 B B 2218 1



5 & R

(a)

Intensity(a..)

ity(mAb/g)

Operando SXRD =
0=0.72394) &

(@)

Al ;;_5_
AW |

Cell volume

(AY)vs.Na+/Na(V)

&5 (a) KTP-NaVPO,F fJ XRD EiE & & iR 4544
&, (b) KTP-NaVPO,F ) Na' T/ B8 12 00 = 445
49, (c) KTP-NaVPO,F 7EFE [ESE[E 2.0-4.5 V N HIIE
RAFEB L, (d) KTP-NaVPO,F 9 SXRD {757 [&
i, (e) KTP-NaVPO,F f#J SXRD [& &

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,F*
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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®”
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(9)] JEMWIR, 1E1E 5 N 3k 4 M NVPF,
11 B8 2 U T v, T S R R g U R T NVP
M2 AHREAE g . 3 — 2D Ry R s R (TR 7
(h)] IR, BR600°CH: sk, HAhE S A N A
(IR RHE 78 R il 28 R 3 B2 3.4 VB L
6o ZWHRIEE RARRETE, BT A
5L P XoF i) 2% Gl AR 1Y) B R, A AV S B Al
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TeZ A NVPFs MR AT 32 & iR i 7 2 T
s S ERAKYE . 45 DA AT A A T v [ AR
Pt A S dh I NVPF [ ol ki, &
BB X A1 49 600°C o 45 T AN A 50 3 1
R LESHPBER LA ZESR, BARRBbein
&5 PRIBLIN K R AR Sk R AT A P4, |
WIREANF R TESH U Bz, i
FHIZ BT ) 2% IS BEANOREAR 70 A AN — . 5 B3R,
HIHF Sk A, &g, e
RAERARMIAWT R E, IR AR, KM
[ AR ) 2 AU . R PERE I NVPFs B4R RN
B

()

E7 (a), (b)EEREESEE#4.3-2.3 VA, NVPFEEET
BRI 2 E R FERER BIZ™; (c), (d)NVPF@C HJSEMIE|
BIRT 2 HGH T (EED RESRIENVPF AR
0.1 C FTAME LT, (e), (NVPF-Zr-2/NC () SEM El &0
RIafmgitit s (EED REFRBBHZE™; (9), (WA
=R EE T ALEE NVPF/C # A XRD K 78 75 FE B 27
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™

K I A B 4k v i [ ARV 2 )5 & X NVPFs &
JE ) — P E B A R I, Zhao 25 N it 7K #4
BEEB T — R AAMALKE (50-100 nm)
NVPF. NVOPF I —# &%) [ 8(a-b)l. L
FAE R E A, AKIGE & AR o B B4
YN R URL A R T R AE R R I R . 12.5-4.3
V, 0.2 CF, NVOPF HINVPF [ s 25 54 5 N
112 mAh/g #1110 mAh/g, # %415 5] 93.6% LA
Fo ZJa, ZIBN R G FoK B B R R
# NVPF 1 NVOPF ] 2 Wi B 5 KB : LA VC,.

NaF FI NaH,PO /f A [ S,  mI il % NVPF 442K 1%
[58(c)], 7£2.5-4.3V, 0.2 CHLE T KIH
2% 8 )4 105 mAh/g; "™ 24 L VOSO,. NaF fil
NaH,PO, /E R RLi, ] 152 B — IR G RURL HEFA
1M B NVOPF ek ek [EI8(d)), B K FiL 75 &k
121 mAh/g. “NZHIAEE— 0 RG4S T KGR AT
N O Rl AL IE AN 4 Fh B VR 1 36 R 4L A S 1E XA R
NVPFs (152 MR, IESE T 5N i R AR R pH 18
SERMFAA =Y AR S TR, TR
i 1k BB PR IR B 3 AR T H AR PR R B, T
pHIE4ERFE 2.81 E 8. 72 (& E LRI A, NIE 5T
RAF A NVPFs k. A& 8L, VCl,. VOSO,
xH,O. V(acac), M1 VO(acac), i It &, BERE
FEXHR AT 2645 (120 °C, 10 h) 75 54l /1 7
Y. T V,0,. VO, NH\VO,. NaVO, I Na,vO,
12H,0 VU8 5 LB 1 RN I 5 B K ) R R B
], ARedlg i, X— KRR, RBOREAR
I) JE Ak S R A i 2% A4 6t 1] 46 AH 21 NVPFs #7 ) H
HoEErER . Wang %5 \"# i 7K #vd #2 7 NaCl
A& MG R T K7 R PUR NVPF@rGo [EI8
(e)]. XRD & &7, (220)5(002) ) ¥ & Lt b %
NaCl & (1) 3 in i 32 #7 38 . 31X & B NaCl i 2
NVPF & A (1101450 77 A2 K, 5 3503 55 111 (001)
o T EL Ak (I 8(F)). FTLABR HY, /KPGELE
T RRR e TS 45 B0k A K O T B R L
H HAZTTVEAAFAE F FR I, X 3R B 7K #ik
1E4 HUNVPFs J5 TH B A SR

20184, Zhao %5 N" =4 R il i = 5 4L U0
YEIE ] LI & NVOPF Fikr, X /2805 T H it 3R

B (c)ARTEK NVPF B SEM BT ; (d)REKRERIX
NVOPF () SEM El{%“; (e), (PNVPF@rGo kI SEM
1% % 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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I 28— SR 1 5 = U o 4 P 7 IR ARG o 7E FRIB IR
ERL AT LA L AR A 3 T S AR AR TS 5
T, FEIR ] BOHE H TE B T 2 PR T R OE
WA RL G A . EAR— 4RI, X — Tk nl
DLV BURL OSBRI, 4R T Tl E AR
TP RIS PSR, RIS, AR L&
W JFE A ER R R B I BBV v, i il pH 5l
RILVUIE R BL . 150 Eh IR 2 e B 15 W 1) Vo it I
VO™, [FIR A = PIN,O Sk . 7E4E I pH
AR, BRI VO*IE R F. Na fl PO, st 4 1k
NVOPF 44K i, N,O S 7E ¥ 1 P B 1 f /<R
A9 NVOPF 4 K5 it JE ALy AR B iR, &80
AR EZ BAEER, RV RS 144
hElE R e R B 252 =k [B9(@)). Fril &2
7 /2 NVOPF i BR7F 0.2 C I LI % % R, #IKIK
A28 107.1 mAh/g. %077 5Ok, 1R
B GAE SR AT A TR [E9(b)]. Efk4g
(1 e [ AR K B B, 1% T2 KPR T
REFE, JF H I 5 AR AR R It L8 () AL A4,
7R 1. AT B4R NVOPF 1) L 7 HL &
K, Zhao % N"E SR H & 1A B, TR
AR & — LR R, B R T meE L ER
BE L & B S H W g = 4k HE B4R 5 1)
NVOPF@KB #1 K} . % 77 i ik F K 5% Tk &
NaVO,, Jf# i NaH,PO, 2H,0. NaF #I HONH,
HCIHE N ETIRAA, R & e ER BE WL 5 OB, TE
ALKV, Py FICREE/REE 1151 &, X
5 30 min BRI AT 3R 1345 & % = i NVOPF@KB  [E19
(©)), AT ORAL ] & H 7 R ik 94%, A A
FRKR$EA . [E9(d)] &7~ T NVOPF@8%KB Ik
WA RLE 20 C i 5 % T i th 2k, 1 ¥
10000 fil 5, AEJLT AL, JEHIREEFR K
m, RIHER AR AR T, ZBE
AR S A B NVOPF@8%KB 7E 0.1 C 1 HiL i 2%
FER, Al B EIA 142 mAh/g, #EH T AR
B 25 2 130 mAh/g, F 5 K2 5 ik KB & B
R AN AT 8 [ 9(e)]. Hu 25 AR5 — 45 LA
VOSO, & /E N A, LA NaH,PO, 5 NaF iR
HIRAE N B, B S pH, K R AFIB I
WRG, HEESNVOPF GABkRIE, TR T
— P RN R B I = IR e, K IR I
) 52 S B ) K M 4 . 3 10 h, TR = il K 4

800 nm HJ o BRI [EI9(F). 1% 75 1500 3t
DUE TR, BT 6 ORI A T 2 RE2H 255 R 1)
26650 [AFEH it [K9(g)], AEMIA1.78 Ah, H
RO F K AEAERE, W5 C RNEH 2000 K,
L ) 2 IR R R A 95.2%,  HLT 84 & ReR 2
11 100%. HbAk, fE2caxtERedrTh, 1%26650 Hiith
17 T R VRIS, KRR AR KEURIE, iR
7 NVOPF 1E Ay i 2 4= 14 Be A4 25+ HL it IR BRA RL I
ER R 77

e

20 40 6 80 100
CapacitymAh g”)

&9 (a), (b) Z7FMEkNVOPF ) SEM [E1& KA 4
E"; (c) NVOPF/KB & & # BHUK = @ K AI SEM
1&"; (d) NVOPF@8%KB IER#4#I7E 20 C TNHI FT A FE il
25 (e) BT HAHEEBRS EHI NVOPF/8%KB F H 77
HEHLEIREE™; (f), (9) B5TEURIK NVOPF i) SEM
&\ K F=Y)E K 26650 BYER 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™

Tt iR ILTIEIL 2 R RN UMER B, XL
TR T Y 1) 28 153 220 FR IO H R B 7 R 2R ) e i
FIFRERI B RIS, RABGIRR X — & ROEE
b IR R LR T A A N . SR L, AR
NVPFs FRE A . g, UBAL i & R R 71
H AT 22 S 1 A et [ A 925 1) 2 3 B A ) P D AR
R, WKGHES) NVPFs [ Toll Ak B 2R .
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2.2 KTP-NaVPO,F

BRI (1) KTP BN SR ) 4608 18 F /K ARG ik
SR DR A+ [ AH B 1A B RS, HARTAE N
T SR BUKTP 2 Eh AT ORAA, B 544 H 5 805
ROTEIR G, FHE—ERE TR KHTE T H
RN, B aATEAR B, %6 Rk RA
mEEENE, HETOA 2R TAERIE R H AU &
I 2 ] 4 KTP BS540 . X R [A) 35 & 0 08 T
KTP 4514 NaVPO,F B #: il % 724 )1 2% F AT AT
(), PR S vl A e AT 1] T 1 B #4772 R A
NVP I NVPFs. # % Hii, X T KTP-NaVPO,F
P E A B BA HRIE, XM EPIE T 8] 42 55
TR G H AT IRIOZ 5 I — P AT AR .
2022 4 Fedotov & Nk A it 77 v 1 kil 4% 1
KTP-NaVPO,F (KTP-NVPF) [ & 10(a)]l, &8
136 mAh/g 1R %5 & [ 10(b)), &% TAE Ik
OKI-BETASH SRS A R S I O SR
FREA R . 20254E, Zhao %5 N AR J5 v
WA T KTP Z4 NaTiPO,F [&10(c)], H 2k
T 2540 4 137 mAh/g LEI10(d)), BHF 1
ZINERIFEIE TR R o SRTT MK 658 — Bl HY
b2 i 28 mT DAHE BT, 3X 8 b4 R} R AF AR B UK Y
I 2

—_~
=
=
Py
=
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136 mAh g at 14.3mAg™

Voltage/V vs.Na+/Na
5 &

36 4.0
L Pqlential ys. Na"Na (v),

A
0 20 40 60 80 100 120 140

Capacity(mAh/g)

=2
=

Voltage/V vs.Na+/Na

0 3 60 90 120
Capacity(mAh/g)

E10 (a) KTP-NaVPO,F (1 pm)&Y SEM E{&"™; (b) KTP-
NaVPO,F 7EE8 [E G 2.0-4.5 V TRV R Fehi R 55 — Bk
£¢1; (c) KTP-NaTiPO,F %7 #J SEM"™; (d) KTP-
NaTiPO,F 7£0.1 C fZZE THYIER FT i R 55 — Bl i 2™
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™

gr b, BT %A G E RS AL, NVPFs
f A B IR AR [ AL . K. IR SR
fe it [ AR 2R, B R VA IR T 3R
B2 LSS, HTZERAMEK. A
e MEIEHEHTRIESERFIRK, Trmrssh
TELRE G F IR s KL RENS 0 35 PR IR REHE, 1R
PIET W=, BAGREAECR, BAF
TE R KA BE i) s 5 il L i e v % NVOPF H |1
AR OIS R Rk, (BT ik R K ik
H, SRAARIRE N, HILUTRE R v &
PR PG Rt — 3Tt . 10 KTP 4540 25 15 %
RFEBAE— a2 T KTP 2L Na #i A
SEIIERGEA, B DK IR A R KTP A4 46
PERTIRAR, P 3@ i [ AH B A8 #0350 N .
X 2% B AR FE T ok A R KTP 2L Na 2 (1 i)
W, o R T ERE T 5B, BRI
NaTiOPO, #Il = 1: AE I NaVPO,F, 1% £ B SIS H L
BB E T A] g R

BCUATH ARSI S, =R LR LRIE A
BT AL ERE I RTIE T, I SRR H ™=
Ak 71 . L NVOPF 1 = iR Lyt e & e 1l
Zhao %5 N TAF B2 Bl 7 R B MR =R
H 850, BRIk 144 hif R E B — 52 R LT
FERERCR . VBRI BB A E m* i, e RE
2130, W AR, 55 Hu 58 NP SR
B4 HE 2 10 h, Fr=genf$2 7 241400 W, A7
S TBOK = 1) BOM RRCAS AT 4% il 75 5-6 5 6 X ]
AR5 AT Fe 5 5 P & 7 0 R £ B R Bk AN
(NFPP) #LL, A&, HZ MR LS,
NVOPF i) T./E H#1 /5~ 3.7 V, i NFPP }y 3.1V,
T S bR 2800 25 208 120 mAh/g, T e # 1 SE
bR 2 va 2554 100 mAh/g 72 4 . &F3 [ERES VI
¥k NVOPF 1 KTP-NVPF, 1R & 4R i # 78 #1 4% 77
TRIREFE EE AL . KTP-NVPF A RHE & Rl 2
—EWERE (L4190°C), /KGR TSR
W, WY hE, SREHIBREFE. R FE,
KTP-NVPF i 4k (1) 25 & il 18 il A 7] g 15 21 2 i i
PELRI 2-3 f5 . (HFHE BRI 12, KTP-NVPF # %}
AGBEMRAERENEREERE, HBETE
(3.9V) B NVOPF &, X—FRtEfE—ERE L
A ORAN R RE R W ORI A LR HF 2,
KTP-NVPF {17 b Ak A8 5 22 AR EILAE o e v 1A
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e A A AT BB 4 52 s TR T AR U B T
Y, NVOPF F) = IR ICAEFEIE LRI BE K354 71,

Mk FRYE, Nay(VO,,PO,)F,.,. (0sx<1)#1k}
VEER, REXAEAREMBALAEREM T/ER
&, PR HE R % &S 470 Whikg, If H45 5
T, JEMVERELT, (H I 5 57 0 A PR ) T LR
RRIH, B RN PR s a s NI K R o BF T
11— R ST BRI iV & &, DA%
AR BOM A s 4 G i, BhRe it 2 50 i
THEE, PR AME LG ERE . 1T KTP-NVPF
BAREAHE ARG E%E (~550 Whikg), {H
WAL F S0 B SR B, I T R R S )
R, 5 A R R e 8] A — 25 AR i) % A
2 FURUASAL B P DG4

3 AURHHY B SR

DRI 2L FoU 38 TR 5k 45 ) PO, VU T 4% T T2 ol F) 466
GE%, SEHEAMERTHSREK, EaffRn
IR G R B EWRAILER, &R R E
o RO BRI, YRR R TR
T IS M DL R S 15 e S O SRS

RAEREA MW ES T BT FHME, M
T 3G SR A RE P ARAE f - R, o5 S T R e AR A
1%, PETHERERETO, 40 Sun 25 NP 4
NVPF 44 K ki ix A\ i —4Ei8 JR A BB 5 — 4k
ALK E TR =4 F b, B0 24
F I NVPF@rGO/CNT & &M R A8 T R Ua 41 K
FAER T EBERERTF, RIS 60 C I &%
T, EEMENEETIRERFFZ 101 mAh/g [E 11
(a-b)Y. Zhao % N [FAEFIH KB M g T —4E 51
HLF SN2, RV ad iy BEAT LR R B v ek ) 2% (1)
NVOPF/KB & &4 kl, 4G 25 B AR i far % R BH AT,
3t S Ffr AR 4, AN A KB & = E A M RHE S
R T HEFRAAREERERA [E11c)],
H 1 NVOPF/8%KB 7£ 20 C N it L % & 1% 113
mAh/g, i#F— BB T k6 R 1 AT
2 FETHARIAE B HL 5 R R A AR R U T ) %
SAEM. Mo, ARSI, PR
TAER R, NI R S TR R £ 280 B 5 T B
TR PE o Q2 40 b2 SR 3 0 o T B B ) 1
REBE A AR AN S AR R A%, T 2 3 S T A R}

F% ZMERE SR Fa gt . Zhao % ANP2K b
T2 kg, RS e R K, B S
NVOPF FURLify = i E A (001) i 8 [l AE K, Th
il % Y 2L AT £ 40 A ) PE-NVOPF #48L [E 11
(d)Jo XA FNEL A B TE A AR R T B R T
BTSRRI T T AR £ g
Bk 2 PR BR8], PE-NVOPF B4 7E 10 C
{hREFEAL 128.7 mAh/g P I 75 i, L BB AR
(132 mAh/g) [ 11(e)), JEBL T 83EH3h 1154k
# . EFRSME2 10C NEH 6000 4k, H A EIREF
K E ik 94.5%, B EAL T % #NVOPF # Kl (&
87%) [E11(f)), FIIE T AR LS B i1
A5 R TH A B 2 1 8 5 KA P RS 14 T T 1) O
TER .. fEB T2 sRmS T TH, a0 i 4o 3= 2
ST VAL &R B T B R BURE, BT
BTGNS ESRE T (WM™ Zn*%5) &
HERBNPLER, BERAHRENFRN—EREE L
TR, I (R A) FrR. Wu s N7
NVPF &5t d it T Mg” B4 4%, 42 &5 0.05
i, NVPF-Mg05 J& 8L e fl (5 % v a8 [ 11(g)],
H/2& 10 Cf%% F 481 {4 102.3 mAh/g. Du%%
NEE— 4 R G0t EE T Zn? 5 Mg £E NVOPF 1 ()
B3RS, BT A B NVOPF-Zn0.05 1 NVOPF-
Mg0.1, [RIFELE —EfEfE Ll 2 5 ke, W
[E11(h)] B, B4k, Rl & NVOPF-Mg
(1) 45 %6 1 e 0 25 0 T AR 45 42 FE i, 10C 1 60C iy
NVOPF-Mg0.1 (1] %% & 43 7 4 106 mAh/g i1 75
mAh/g, X RIBRIIFER, SRR TR R
EAFERRERSET: . SR, FUXSiRiE 52 TR
Ma, —MBRERL, BAE TSRS
WA, BEEE e BT RIS RTR
s MBI RE A BT T, (H IR A B S 1
it
Kk — B3R TF KTP-NVPF 144 m ik M fg,
20254, Xu%E NN ZIuRk RSB ME,
TMEES RS, BIhHl & T KTP 2 NaV,,
(Fe,Mn,Ni,Al,Ca),,,PO,F (HE-NVPF)IE# A EL .
FRPRAKIREZ R BR (BBREESwWL%),
AMLEIL T TR Z A Al AR
AR RN BT T MR T 58 745
P —— o7 Bt A JE 46 KTP-NaVPO,F ) 1.27 eV [%
£0.51eV [E12(a)], & T¥ LR BRI —
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*1 BFBZKIERNVPF F1NVOPF xiLE
Table 1 Comparison of lon-Doped Modified NVPF and NVOPF

Btk IEARA R R kR TR RIFFR AENE TR
Na,V, Fe, (PO,),F.® 35 mAh/g (10 C 83.4% (1200 cycles @ 5 C) 1.05 mglem?
Na,V, 5S¢, 0,(PO,),F 87 mAh/g (30 C 90.3% (1000 cycles @ 10 C) /

Na,V, My 16:CT 005 0o(PO,),F 87 mAh/g (20 C) 76.1 % (2000 cycles @ 5 C) 3 mg/em?
Na,V, (Fe,Ni,Co,Mg,Cr), ,(PO,),F, 54.1 mAh/g (50 C) 70.5% (12000 cycles @ 50 C) 1.5 mglem?
Na,V, ,(Cr,Mn,Co,Ni,Cu), x(PO,),0,F®" 73.9 mAh/g (50 C) 90.2% (4000 cycles @ 10 C) 1.6-2.2 mglem?
Na,V, o,Mg, (PO,),F,* 102.3 mAh/g (10 C) 61.48% (2000 cycles @ 10 C) 2 mglem?
Na,V, Mg, ,(PO,),0,F™ 75 mAh/g (60 C) 96.3% (500 cycles @ 10 C) 1 mg/cm?

—

wwwwwwwww

3 350 W0
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11 (a), (b) N\VPF@rGO/CNT &1 # a9 {& R ih4k 5 60 C
THFRMEHLZL™; (c) TREIEEH KB 5 NVOPF £ 4101
RHERE% (BEX 0.1 CHBRREBMIE) ™ (d), (),
(f) FEHME =AY PE-NVOPF ##1&E B /R EE, PE-NVOPF 71
JR 6418 NVOPF ff 5 6 R A 7E 10 C = FROFEFR
BELE™; (g) RIS 8 Mg? 524 NVPF Sk 01 5 e
££0%; (h) NVOPF-Zn0.05, NVOPF-Mg0.1 f15ki52%¢
NVOPF #1435 F g ™
Fig. 11 (a), (b) Rate curves and charge-discharge
curves at 60 C for materials such as NVPF@rGO/
CNT®”; (c) Rate curves of materials composed of KB
and NVOPF at different contents (inset shows the
first-cycle charge-discharge curve at 0.1 C)"”; (d), (e),
(f) Schematic model of preferentially oriented PE-
NVOPF material, rate performance of PE-NVOPF and
pristine NVOPF, and their cycling curves at 10 C*7; (g)
Rate curves of NVPF materials doped with different
Mg* contents®™; (h) Rate curves of NVOPF-Zn0.05,
NVOPF-Mg0.1 and undoped NVOPF materials®™'
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MR [EI12(b)). 19 7 T e [ 446l S AL |
(R <4%) ST MANE R %, HE-
NVPF 75 st sp R I AR S 2R & PERE: ATl %y
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ik 532 Whikg [E12(c)). %44 R FE 3 L
FSER SR MRE: 30 CHMHEEMSET,
1Ty e B¢ 7% 65.55 mAh/g ) th 75 & [ 12(d)]; 7E
10 C NG 3000 X 5, 7w ARFFR AL 75.58%
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BB . ST, FAR RS, RV R SR £
2 S AR ARG E M7 T R w2 50T, (B E
J2E AR5 A PR T AT 350 A 175 2 A A e LA R A R
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E12 (a) KTP-NaVPO,F 1 HE-NVPF B 27525 E; (b)
HE-NVPF 71 KTP-NaVPO,F 7£ 1~ [5] SOC I B R H ™,
(c) HE-NVPF 7£ 0.1 C THYIER 7L F #h4%"™"; (d) HE-
NVPF E0{Z = ah4"; (e) HE-NVPF 7£10 C THI{EEF
Eg&[sﬂ]

Figure 12 (a) Total density of states for KTP-NaVPO[]
F and HE-NVPF""; (b) Diffusion coefficients of HE-
NVPF and KTP-NaVPO[ F at different SOC®"; (c)
Constant-current charge-discharge curves of HE-
NVPF at 0.1 C®%; (d) Rate performance curves of HE-
NVPF®"; (e) Cycle curve of HE-NVPF at 10 C*"

ZiEAr W, fENVPFs MR EOVE SIS, AR
B WEHRE S ETBREFANTB. ®Z
BEANTHEE - LT M, HIHnE
HINa' ¥ B Ae, SEGERCET G MR REICR
Pt METHBRZBIRITR S EIRKIRE], XV



12 g #e F

5 & R

Pk DTRRELAIS, AR A IEAE, HiES
X BR 5 B0 J7 5 R R B R, xfE DLSEELTE &
RERKMARTTU . HRZT, Wit
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