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AL, SEREE VPC M THSRETRES
M. DRI, A AT 245(GO) . TRINKE (CNTs) & &
SRR R E B 5] N VPC i gl fE il 25271, ]
EIX R RL BRI A R A FL - FL S R A 1]
A, H S SN A AR I I AT AN 25 A
Uk, FRRAEH mA SRR RS SRR A A R E
XFTRF VPC HL e B H B S R O HE
W, Shraer ZFR8IRF TR B, JERHAER SN 2 2 HF
A VR K. Gu ZERB)CARRM R AT i S0 5
TIRERH A R AEAE . Yang ZUO R SRR TR
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5 &M EHBIs-VPC). GNS [ 5] NG i 14 %
AR RIL, 2T NVPF EAHBITE I 2%
T TAREE 52 . GNS £ Bis-VPC ik A]#4)
BT E4ETERZ LMK LR, AU RENH T
R T K S TR, e 781/ P ALk
Ko [FIN, ZFLEEMEESE N T A kLS R
fuh FLT AR o AL JE Bis-VPC ) L T L 5 R
1.25x1079S-cm 427} & 1.06x104S-cmt, 1¥IFIA 5
AMNBES . ZAMEHE 0.2C TR 118.7mA-h-gt
MIE Al 7R &, 7E 20 C 53R FE¥ 5000 X5 2%
BARFERMKIH EIE 90.4 %,

1.1 #MRERK

111 EKaEEGKAHE K 10 g ITEER
(NasCsHsO7) L B T i A M & Ly, LA
5 C-mint fFHEH R T4 800 C, R 2h. HR
AHE, B2 R R AR ARIEN 2mol L i Eh R
W, FerBidE 24n LLEBRATA Sk e . BEA
PR, HAUKYE Ol E TG, BIERTEIE
T 80 CEZ T T 10h, M3 E] GNS.
112 VPCHHL  RAWE la s s -
FEBNIE AR LS % T R UG K GNS St VPC Ff b
AP ek AL ZH(V20s, 1 mmol)
LR —KE WY (H2C204 + 2H20, 2 mmol)iE ik T
30 mL B4k, fE 60 CIEIE/KBTHEE 30 min

5, WU R IR UE T 4 A NP IE B Sk Vs . Bl
Ji T 1% Sk 0 T R I N B R — &0 %% (NH4HoPOy4,
2 mmol) 5 AbsH(NaF, 3 mmol). 2RJ5, KA
(0.025.0.033.0.041 g) '] GNS ¥ K 73 1 & T 10 mL
LI I 5 min, RIS EOR. K iR
SO RENE I GNS 2B, FREEFE 60 'C/K
WP B R RIS . B i E
T 80 CHEFE Tk 7 J5 W B ik, B K13 E
MAER AT, 3 °Comint THEER, &IHE
350 ‘C fiike 5h, FEFHEZE 600 C{RIE 8h, HRKH
BE RSS2 H =Y. &5, ¥ KA 0.025. 0.033,
0.041 g GNS il % A BB IR 2h 5 A M0k Bl s id
N VPC-GN6.VPC-GN8 #il VPC-GN10. J5i 4] VPC
PR, RAM R T 26 &EAR GNS, Frid i
P-VPC.
1.2 HHRISRIE

FH H AT Ultima 1V 5 X SRR R AT5HY
(Cu Ko F&HHE) R FE S 3EAT YA 20 b, BV E
20=10°~80°, = 0.2(°)-min-t. FfH HAHE T
JSM-7500F 37 & 5 44 i+ 2. g Al Talos F200 5
Iy HEE S R A SR O S . T AR
Byidt AXIS Supra B X HHERGHFREREA BT 3R
Wi, BT EERYIL Cls 16(284.8 V)i . KFH2E
[ /37T CS600 et 43 B 3R H [l S f] FT-3001 #7 AR
FLBE 2R AN 20 Tl 0 S M b 2 S T L S
15 FH 5 [E FE 8k K /R Thermo Scientific DXR okt
RPN PGRI R 261 .
1.3 HEFEMEEMNR

AR s VR R KT )5 (80%,  JiR
80 Super P S HLFI(10%, i 2 505 T
LFRELET(10%, 720 E N-F Rt b i
RAEEIA . SRR E TR, RS
AR 120 ‘CT4: 6 h. K GF/A-Whatman 335 4F
YRR, SJEENFA R, LA 1.0 mol-L7 A
Fi% 5N (NaClO4) ¥4 fift T 1R & ¥ 77 [k B2 & M5 196 (EC) -
E — H BE(DMC) : kFZFH 4BR(EMC)=1 : 1 : 1,
PRFALEY R IR I 2% (1A 2 5 S AR IR BR 2 07 B
(FEC)HIVAUAN FEL MR, 435 CR2025 ZY40H
o TE FELIA 78 R IR AE LAND CT2001A A £ ji 8
IR R 40 FidEAT, HIRVEHER E RN 3.0~4.4 V.
KH CHI660C 2 Hifb 2 T AE Sl 34T F b P Ui
(EIS)IR(HiHVEE 0.01 Hz~100.00 kHz) & 7E¥H AR
Z(CV)IRFEFEZE 0.1 mV-sY) . Fra IR E =
(25 C) &A1 T 58 e
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R,=595% g?fg R,=583% __ ¢ R,=6.61% g?ff-
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Note: R, is residual factor; Ry is weighted residual factor; NVP is NazVo(POy)s; NVPF is NazVa(POs)zFs.

K1 P-VPC 1 VPC-GN Ff il % % 2 =18, XRD 15 LL K Rietveld #1245 R
Fig. 1 Schematic diagram of the preparation route, XRD patterns and Rietveld refinement results of P-VPC and VPC-GN samples
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M5V G 1b Fras, A R i AT i 3=
TINETEMBEAN PA2/mnm 10U )7 & &
NasV2(POu)F3 #H(PDF#04-012-2207)1*1, % B NVPF
ME VPC MIEM. FEI, EESFBEHRT
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2.1

1, B 1c). AHE— 20 fRbT SR S5 R A AR L,
XF 4 ANFESEET T Rietveld ¥4, 455Ran& 1d~K
1g Fim. REEBALEIRERA 7 NVPF 5 NVP fxifE
miRLER . JRAG P-VPC HIRSB4E R (K 1d)ExRH
NVPF #H1X 5 76.9%, NVP #Hik%| T 23.1%, X%
B G O R P T R SR AR TIRARIFTE L T
NVP Z& 4, iX -5 SCHR[1L]F0 STk [30]4ikEAH — 3. 1
BVEEMSE, P-VPC 1 NVPF ) Fits S8 ¢ B
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%54 55 5 1

HSFESR A5 FATSIGGUK P SETH LRI Hh IR A Ak BT RE .+ 1817 -

VPC-GNB6 ] 81.6%(/& 1e), 333t — 51 % VPC-GN8
f) 86.5%(& 1f), [IHS NVP L BZE L REK. X
FHIE & GNS fe A R s i ok . & 2 £di B
7N, VPC-GN8 ' NVPF M1 d: iS4 ¢ W& KT
FAMAE &, 7R T VPC M BHE S 448 AR T EZAK
AFTF Natpy s 4. 2 VPC-GN10 ¥ A Lt
(K 19)5 VPC-GN6 #HiL, FMHid & GNS If4
RAEW DB A MER . 28 EFriR, &8 GNS 1
FINTTA BT R A, HimEE Bis-VPC
o NVP 5 NVPF [AHZH R L o SR FH B2 20k R
Iy AR B 254, MR &5 S 4 P 2a 1A 20 TR
% T P-VPC 5, 800~ 1100 cm Y& [ P 48 £iF 0
A& T PO VU THIA (1) S5 Bk -5 R FR A 4 AR 2 B4

TS B ER 19 0.3%), P-VPC K5 I $: 26
T R R R T B A R B RRAE I, IX R B
PO M b T R FIRAS . B GNS BIN=ER
BN, PO W BB F 2 R, X—IR
B Bis-VPC ki 5 GNS S2Hl 7 RIF4E & . AR 3
ANBE SR B GNS $7E4) 1353 cm Fl1Z) 1592 cm 4k
HILERAS S, 2B RO R D 5 (JC 7 1k)
G 7 (A7 A S20k) . @i H5 D g G IgsRE
(Io/16) FT VA B A R A SR AL R FE 1S, 29 31331 i
VPC # i (E 2a) & GNS(E 2b) In/le I8 1,
KFRARNUROE BT8R AR A S
il % 1) VPC &M RLILL 29 3L 381 5 /N Ip/16 EL
HREM B EA &S A SRR S . sl

#Fz 1 GNS#VPC HEMKSEMBEFHSE

Table 1 Carbon content and electrical conductivity of the
GNS and VPC samples

Mass fraction of Electrical conductivity/

Samples carbon/% (S-cm™)
GNS 2.40x102
P-VPC 0.30 1.25%x107°
VPC-GN6 3.48 1.45x10
VPC-GN8 5.40 2.40x10
VPC-GN10 5.93 2.76x107

T2 HEMmEARAE NasVa(POs)2Fs 1 NasVo(PO4)s HHEY &%

SH
Table 2 Lattice parameters of samples and standard
NasV2(POa)2F3 and NasV2(POa)3
Samples NVPF NVP
P-VPC a=b=9.04,c=1063 A  a=b=8.76,c=21.82 A
VPC-GN6 a=b=9.04,c=10.64 A  a=b=8.75,c=21.83 A
VPC-GN8 a=b=9.04,c=10.73A  a=b=8.73,c=21.88 A
VPC-GN10 a=b=9.04,c=10.65 A  a=b=8.76,c=21.85 A

Standard phase a=b=9.05,c=10.71 A  a=b=8.73,¢=21.80 A

SR GEE DER, SIS HESEN
1.25x107° S-cm™(P-VPC)#& F+ & 2.40x10* S-cm!
(VPC-GNB), ik 5 M. X GNS 17l
ANAARAL 7RI L7E JZ R A h e 4, il i i)
AT BN LA AR AR T Bis-VPC MIAIE L
R

VPC-GN10 1/1=1.00
VPC-GN8 1,/1;=1.01

VPC-GN6 I,/I;=1.02 /\\

~

P-VPC PO,

AL

Intensity

800 1600 12.00 14‘00 16b0
Raman shift/cm™!
(a) VPC
D G

1,/1,=0.98

Intensity

800 1000 1200 1400 1600 1800
Raman shift/cm™

(b) GNS
Ip is intensity of D peak; Ig is intensity of G peak.

B2 FES R 8Ot

Fig. 2 Raman patterns of samples

FIF X 828k s 7 R itk (XPS) X} P-VPC &
VPC-GNB8 H i R 7GR A RS AT 247 - W]
3a 7, 2 MRS C s W Al @ s AR b H A5
B Z AU, SRR T AR M. C—C
(~284.80 eV). C—O %#(~286.67 eV)fl C=0 4
(~289.39 eV)P2, g = B H L C—C N F 7
B AR B V 2p XPS (W 3b) &K,
VPC-GN8 5 P-VPC ¥R 2 MEMENE, Hr v
2pun WA T~524.59 eV Fll 524.19 eV Ak, V 2p3 1§47
F#)517.48eV F1#) 517.03 eV 4bB3, £+ 5AT 40,
VPC-GN8 5 P-VPC 1V 2p1; 5 V 2pap W 1145 45 Rt
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ZAH A 716 eV F1 711 eV, X4 REH
VPC-GN8 1 V B F1i{r#F 5 P-VPC A —E AL
B(+3). HAFEEMZ, VPC-GNS [V 2p1p il V
2ps VEX R m A A R T I L T R S

F B VO 1 T R PR, X R TR
FPEE RN F OCRA GG K. T F 1s 1
(K 3c), HuJorfEy 2 M. £ 684.80 eV Ab i
Xf BT V—F i, 1% 687.30 eV Ab [ )3 & 1
C—F #1134, VPC-GN8 1 V—F # [ 1§ FH 43 i
P T P-VPC 31K, X B WA G & 40

VPC-GN8

z
5
=1
= P-VP!
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c=o 2
292 290 288 286 284 282
Binding energy/eV
(@ Cls
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2
5| P-vPC
R
C—F - V—F
25.4‘V 74.6%
s
690 688 686 684 682
Binding energy/eV
(c)F1s

RAEZIE SRR A RH .. BT FRARS
e, S BRSNS E S VIR T K
AR, RETRELV 2p I m A S R IX FE) .
te4h, fE O 1s i (18l 3d)H, P—O M V—O Y
[ 4 A T A, RYTEIE T HEE T =
AR, AR T AT AR, X
55 S A SR B 5 (14 F P DR T T A B A R

Z5 EJrid , GNS AMYAE I/ 15 Bt B2 v 1 i 2K »
S RTACAE VIR T R, X RO A A B s
VPC AL AR RE

VPC-GN8
V2p,

524.59 eV

V 2p,,

Intensity

V 2p;,
517.03 eV

P-VPC
V2py,

524.19 eV

524 522 520 518 516 514
Binding energy/eV
(b)V2p

528 526

VPC-GN8
V—0
c—o 53245V

533.41eV

P—O
531.52eV

P—O
531.08 eV

P-VPC

C=0 532.15¢V
533.41eV

Intensity
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Binding energy/eV

(d)O1s

K 3 P-VPC 1 VPC-GN8 £ i ff) i 43 % XPS %
Fig. 3 XPS spectra for P-VPC and VPC-GN8 samples

iz A3 7 B (SEM) AT 20 9538 B LT
BB (HRTEM)XT P-VPC 5 VPC-GNS8 £ i 0
FESRAEATRI . I 4a 1/ 4b AT L, GNS 23
BIEI B FoR g5/ RN GNS (1) P-VPC # 5
(& 4c FNE Ad)A77E ™ 5 )RR TSRS, — IRORE
(KSR A2IE 3] T 275 nm. SRTM, E5I A\ GNS [#)
VPC-GN8 1 (/d 4e FIFE 4f), kiR RE3 T
SEGR, — KRR £ E 155 nm. X E

B GNS 2 2 M0R R 77 T R 5 G E L, T ikl
PRAR Nt 545 . AR, GNS $85) 50 BT 4144 i
Kz 6], &R E THERIER, AT s
B S EMLE, MIMHeFt VPC Rk 2E M RE . 2
B —Hi B 5 0R 26 (B 49 RO 4h) &R, P-VPC 5
VPC-GN8 ST IV B £ (ARAE, (E 2 5 5
b BN BRI H3 B S 3R, X B VPC-GN8
AR A FLRF A 2 LR g0 . il
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BET MRS 2 (45 LRI, P-VPC ¥ i I FLBR AR AR
FSF- 21704220 94 0.029 ecmi-gt A1 15.583 nm;
VPC-GN8 #F i ) fL B 44 FR A1~ 3 AL 4% 75 il Ay
0.175 cm3-gL F1 26.149 nm. M4, VPC-GNS [tk
FTHF1(19.96 m2-g ) B & & T P-VPC(4.37 m2-g™Y),

(f) VPC-GN8

(e) VPC-GN8

Kt —BIUESE T GNS #isEReFEfLF = I FLERZ
MAERL Na i #igie. LRZEREEN, @5l
GNS BEGAT R BURL A4, SRR B R i
P, RN AL A T HL R 4, e &SI Bis-VPC B 1
I T AR PERE ISR TT o

25
0.005 o
20F £ 0.004
E 0003}
25 S —s— P-VPC
20 ~0.002 F
5 = %00 001 R
2 .001 \®
< 10 f\/o\'
0.000 — 0 T tiaa o o oo
’ 1 10 100
Sr Pore diameter/nm
guuapRRARGOR —a—Ads.
or 1 1 I I I —O—DeIS.

0.0 0.2 0.4 0.6 0.8 1.0

PIP,
(g) P-VPC
120 o008} .
100} L
: 0006 ¢
= 80| (0004 |7 —e— VPC-GN8
LI = o
% =
E 60
X
40
20+
0 =
0.0 0.2 0.4 0.6 0.8 1.0
PIP,
(h) VPC-GN8

V is adsorbing capacity; D is pore diameter; Ads. is nitrogen adsorption curve; Des. is nitrogen desorption curve; P is gas adsorption equilibrium pressure; Py is

the saturated vapor pressure of a gas at the adsorption temperature.

B4 eI SEM HE R RGO BH—E B i 2

Fig. 4 SEM images and nitrogen adsorption—desorption curves of samples

KIS S BT BAB(TEM)iE—5 %) P-VPC 5
VPC-GN8 MM &5 itk . &l 5a v I,
P-VPC Rk A7/ B i () A SIS, FFTE I T ek
(A1 58 KBk, X5 SEM R4S A —3. 78
P-VPC H,0.318 nm [ & [ [a] B X6 B2 T NVPF A (1
(220)&m1f . {E P-VPC BRI 114 553 JE K4
4 nm ARSI EEE, XULBERA IR,
R oy R 2 S5 (5 BR W 3 S1 AR E AT R U e T
A RT3 REURL I 7 S 2% . L VPC-GN8
1) TEM H& (B sb)yrhnl DU B, Uk 2 1)@ i
GNS AHHZERE, XFEAMUM R T M, [FR

W T R 8] 58 . VPC-GN8 ik 2% i [+
FEZE o576 B R R B AL T T IR SR 2K 2979 4 nm 1)
ELTEZ . JE 1 A% 25 20(0.284 nm) ] L) T
NVPF A (310)dh 1, 1%k GNS ZEHERH
T W HLAS B SR A% S S0, Ak TR R 4108
0.384 nm, XUiBH GNS B — &ML mE, X5
Bl 1c fEl 2b BoRHI45 RAH—50. EDS g u &k 4>
#i B (P 5¢) 27 HHFE VPC-GNB8 ik 3 11 1 21 40 A
# V. C. FJGLE. GNS Xl H s i s oc &,
FHHIFE C—F 8, X5 F 1s XPS Y61 43 #r 45 51
(&l 3c)HH—2k.
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(a) TEM images of P-VPC

(b) TEM images of VPC-GN8

C

v

(c) EDS mappings of VPC-GN8

K5 FEdLE TEM JIE T A EDS RETE TR 70 A 18
Fig.5 TEM images and EDS mappings of samples

2.2 GNS ¥t VPC L FHRERISMN

K 6a Eon HAE 3.0~4.4 V BIE B L1F10.2 C 5%
T 4 MEERE R R, X2 2P 3
MREMENIEFE G, 2515 Nat 725 B ik
NIEFE LS V3 VA S AR 5 s B it FE AR I, 3 )
T VPC A AL AT N . HREE] NVPF 5 NVP
FHTE SR GER T T 22 57, HALTEZ) 3.4 V AbRIA
IE IR T NVP A, THAIEL) 3.6 V #1141 V
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Extended Abstract

Introduction Vanadium-based phosphate composite (VPC) can be used as a highly promising candidate for sodium-ion battery
cathode materials due to its excellent structure stability and flexible voltage adjustability. However, some inherent limitations such as
low intrinsic conductivity and low ion diffusion, lead to an inferior rate capability and an insufficient cycle stability in VPC materials.
Efforts are dedicated to the improvement of cathode materials, such as bulk structure regulation and surface coating modification.
Among them, carbon coating is usually applied to modify the inherently low conductivity of polyanion-type cathodes. The
graphitization degree of pyrolytic carbon is restricted due to the limitation of VPC sintering temperature. This restriction results in a
marginal enhancement of the electronic conductivity in carbon-coated VPC. To compensate for this deficiency, highly conductive
carbon materials such as GO and CNTSs are often incorporated into the fabrication process of VPC materials. Nevertheless, the
utilization of these carbon materials can lead to a significant increase in production costs. It is thus crucial for improving the
conductivity of VPC composite and simultaneously regulating the local electronic structure of vanadium ions to develop carbon
materials with high cost-effectiveness and conductivity.

Methods A certain amount of sodium citrate (NasCsHsO7) was subjected to a sintering treatment in N2 atmosphere at 800 ‘C for 2 h
with a heating speed of 5 “C-min~!. After natural cooling, the resultant black powder was then immersed in a dilute solution of
HCI (2 mol-L™?) for 24 h to remove all sodium-containing compounds. Subsequently, graphene-like nanosheets (marked as GNS) as
the product were collected via filtering, repeated rinsing with ultrapure water and ethanol, and finally drying at 80 °C for overnight.
Vanadium pentoxide (V20s, 1 mmol) and oxalic acid dihydrate (H2C204-2H20, 2 mmol) were dissolved in 30 mL ultrapure
water. After being stirred at 60 “C for 30 min, the initially orange turbid solution gradually transformed into a clear green solution.
Subsequently, ammonium dihydrogen phosphate (NHsH2POs, 2 mmol) and sodium fluoride (NaF, 3 mmol) were added into the green
solution above. Meanwhile, different specific quantities (i.e., 0.025, 0.033 g and 0.041 g) of GNS powder were individually dispersed
into 10 mL ethyl alcohol under ultrasonic agitation for 5 min to obtain a uniform dispersion solution. The green solution was then
added to the dispersion solution above. The mixture solution was subjected to continuous stirring at 60 °C until the gel was formed.
Afterwards, the obtained gel was dried in an oven at 80 ‘C for overnight, and then ground into a fine powder. Finally, the resultant
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powder was first sintered at 350 °C for 5 h and subsequently in N2 atmosphere at 600 ‘C for 8 h with a heating rate of 3 'C-min™. The
vanadium-base phosphate composites prepared with 0.025, 0.033 g and 0.041 g GNS powder were denoted as VPC-GN6, VPC-GN8
and VPC-GNL10, respectively. For comparison purpose, a pristine VPC without GNS was prepared by the same method as for GNS
modified VPC samples and labeled as P-VPC.

Results and discussion A novel biphasic-VPC composite (Bis-VPC), composed of high-capacity NazV2(PQOas)2F3 (NVPF) and
high-stability NasV2(POs)s (NVP), is effectively prepared by a facile sol-gel assisted solid-state method, and facilitated by the
incorporation of GNS. The results obtained from the XRD, XPS and Rietveld refinement demonstrate that the incorporation of an
appropriate amount of GNS effectively modulates the content of the NVP phase in VPC composites, while simultaneously broadening
the transport channels of Na*. Furthermore, The results of Raman spectra, SEM/TEM images, and EIS measurements indicate that
GNS can suppress the uncontrolled growth and agglomeration of particles, and facilitate the construction of an efficient ion/electron
conductive network. As a result, the electronic conductivity of the optimized sample is significantly enhanced by several orders of
magnitude from the 1.25x10-° S-cm~! to 1.06x10~* S-cmL. Simultaneously, the VPC-GN8 shows a Dna+ value of 1.20x10712 cm?-s~,
surpassing that of the P-VPC (5.43x10-%3 ¢cm?-s71). The optimized sample also exhibits a high reversible specific capacity of
118.7 mAh-g~ at 0.2 C and maintains an excellent capacity retention of 90.4% after 5000 cycles at 20 C. These results indicate that
the optimization of phase components through incorporating an appropriate amount of GNS and the construction of highly conductive
networks can expand Na* migration channels, facilitate ion and electron transport, and enhance electronic conductivity, thereby
improving the durability under high-rate conditions.

Conclusions In this study, the incorporation of GNS could effectively mitigate the fluorine loss during the synthesis process,
thereby facilitating the increase of NVPF phase and improvement of the ionic conductivity of Bis-VPC material. The introduction of
GNS constructed an interconnected three-dimensional porous architecture within the matrix of Bis-VPC particles, effectively
mitigating the uncontrolled growth and agglomeration of particles and accelerating the transport of both ions and electrons. In
addition, the generated porous structure also increased the interface between Bis-VPC particles and electrolyte. Consequently, the
modified sample exhibited improved reversible capacity, exceptional rate performance and ultra-long cycle life. This novel
modification strategy, which enhanced ion and electronic conductivity through graphene like nanosheets, could accelerate the
application of high-energy-density vanadium-based phosphate cathode materials in large-scale energy storage for SIBs.

Keywords Na ion batteries; cathode materials; vanadium-based phosphate composite; phase composition; graphene-like nanosheets



