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Synthesis of Na;V,(PO,),F;@V,05_ as Cathode
Material for Sodium-ion Battery
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Abstract: Low energy/power density and inferior cycling stability are bottlenecks to restrict the applications of so-
dium-ion batteries. Recently, coating the surface of cathode material by metal oxides containing oxygen vacancies,
was regarded as an effective strategy to improve electrical conductivity and power/energy density. In this study,
Na;V,(PO,),F;@V,0s_, nanosheets were synthesized via hydrothermal strategy followed by heat treatment. X-ray dif-
fraction, transmission electron microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy, and
thermogravimetric analysis were applied to investigate the structure of Na;V,(PO,),F;@V,0s_,. As a cathode of sodium-
ion batteries, Na;V,(PO,),F3:@V,0s_, delivers excellent cycling stability and rate capability. It exhibits an initial dis-
charge capacity of 123 mAh-g™" at 0.2C, and a discharge capacity of 109 mAh-g ™' after 140 cycles. At 1C, its initial
reversible capacity is 72 mAh-g"', which remains 84% after 500 cycles. The outstanding electrochemical property
could be ascribed to its enhanced sodium-diffusion and improved electronic conductivity induced by disordered sur-
face coating. Furthermore, it encourages more investigations into practical sodium-ion battery applications.
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Fig. 2 (a) TEM, (b) SEM, (c) HRTEM images of NVPF@VO,

and (d) FT-IR spectra of NVPF and NVPF@VO

2.3 XPS &R

KA HE XPS S T NVPF@VO [ &
HRMZEN V e RAE . E 3w, V2p 15
SUERENE 7 ATIXT V2pi, I V2ps, U, S5EHEN
517.2 F1 524.8 eV HI5RIES HIXT R VIR V2ps, Al
V2pi. G A BEN 516.0 Al 523.7 eV 1 5514 1] E KI5
T VY V2ps, B V2p, P02 g VI
Al e S & R R R E AvH, RGNS
TR 5% o MRHE IE JFU 72 Hh 2 A S8 IR R R HE K
SECT A AL, BT V205, 454 HRTEM
K dE, VORI VR AR A A AR T R AE AR Ak,
GERMJE, WL E R . TR R IS T,
AR S NN BRI AR, BT LATEM R R T2 5
TR TE i B2 P8 AR e T B 5 Vo VI B R B
R, BEHE Ar TSRS A IE K, VIR EEIR D BRI,
W A R VR JEA VA 5 R A (]
3(b~c)). [FRF, FEEFEZ S 500 CF#ke 1 h fE ik
ITHRE T, BURRD NG E, X R E R T
I 2 A B3 ), MR T AR I AR AR (W B 3(d)
FT7R).

24 HLFHRE

] 4(a~b)/& NVPF 5 NVPF@VO 1E NN E T H
W IEARA BHE 0.2C NIRRT 4R, AETEPIXS HLAL
S RN 3.53 V/3.96 V HT4.08 V/3.71 V, Xt
JO2F A Na ™78 it A NG AR P V2V R A A T
}im[m—}l], El]

Na3 V2 (PO4),F; »>NaV,(PO,),F3+2 Na™+2e™ (1)
NVPF 5 KR A RN 93 mAhg !, B EILT
NVPF@VO HIH R L LE 258 123 mAhg ' BhAh,
NVPF@VO (155 —[8 Al 25 = 8 70 i rL ith 48 5 28 —
AR S, Ul NVPF@VO BRI v 4L T
NVPF, it & 4(c)fIHLEL, NVPF@VO A it & 1 FE
(T80 e 2 Bl SR PR A A E PE R T NVPF. 7E
0.2C 1% FE¥F 140 &, NVPF@VO HIHH H 25 &
N 109 mAh-g !, BERFER A 89%. K HL i
M 0.2C ZH R 2 5C, Wik NVPF 5 NVPF@VO
)15 R RE (B 4(d)). NVPF@VO H~F 2 i L
BN 121(0.20), 101(0.5C), 72(1C), 45Q2C) i
20 mAh-g '(5C). MHMHEFEHRKE 02C &, K
B EE A8 B kA 3 122 mAh-g . {HSE, NVPF (%
KRR R 2, WL EME V.05, 5T
NVPF [f#shPEfe . & 4(e)fin, fEEKMEHRAC)
T NVPF@VO H R KA ERE, 7o HEIER
500 [l J5, HERFEREIL 84%, W& & T NVPF,



1100

T Bl A R R ¥ 34 %
a ® . ) V2D (VH) V2psn (V4
© Vapsa(V®) V2P, Vapa (1) PRy e
V2pi2 (V*) 4 i 100 s
- - I
A = : | !
& &
~ ~ R 70s
% é’ o !
: : = ’\
B g N A
k= k| —-, _):& 40 s
| |
10s
1 1 1 1 1 1 1 1y ! 1 1 1 L
528 526 524 522 520 518 516 514 528 526 524 522 520 518 516 514 512
Binding energy / eV Binding energy / eV
110
221© @
5t/ \74+ 100f-=======—c-——------rrmmmmmmmmmmm -
20 ° v /Vo —_
o o— 00 196 199 | &
B18f 191 ' = 90t
< 5
(=] 5}
=16l B2
’ 80 [
1.4+
0 20 40 60 80 100 700 200 400 600 800

Sputtering time / s Temperature / C

K3 (a) NVPF@VO I V JEZ XPS K41 i, (b) NVPF@VO 1EA [F IS INHAl T 8 V e 5 XPS K4l i,
()R RIS I A T VIV HIEEREE, LA (d) NVPF@VO FEX S P g #i 28, THEE 2N 2 °Comin™!
Fig. 3 (a) XPS spectrum of V2p of NVPF@VO, (b) XPS spectra of V2p of NVPF@VO sputtered by Ar" plasmon for different time,
(¢) mole ratio of V>*/V** varied with the sputtering time, and (d) TG curve of NVPF@VO measured at a heating rate of 2 ‘C-min”" in air

~ 4.4 ~4.4
< <
a b
+E 40 @ :+E 40 (b)
Z 36 Z 3.6
g g
> 32 > 32
3 28 Lst ovel S8
&0 — l1stcycle % — Istcycle
2241 __ondeycle 8241 _ ondoycle
S S
> 2.0} — 3rdcycle > 2.0} —3rdcycle
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140
Capacity / (mAh-g™) Capacity / (mAh-g™)
140 7150 7100
20 ©] 2 loac 02c @] 2 @
< - glzowosc \ % 80|
E 100 L N2 . - R
~ h—‘ ~ ~
Z 801 B 90 MR 1c g “
5 Q
S 134
© 401 o y
% o NVPF@VO 2 30! 5C $ 20| ANVPF
E 28' ANVPF ‘5: - u“‘“““’ ‘ g, LeNver@vo . .
A 0 20 40 60 80 100 120 140 A 00 10 20 30 40 50 60 708 0 100 200 300 400 500

Cycle number

Kl 4 1ENENE 7 R IEMR AR (a)7F 0.2C F NVPF K78

Cycle number Cycle number

LR ZR; (b)7E 0.2C T NVPF@VO I 78 i L B 28 (c)NVPF 5

NVPF@VO 7E 0.2C F M REE; (NVPF 5 NVPF@VO HIfis R MR (e)NVPF@VO HI NVPF 7E 1C F IR M fE

Fig. 4 NVPF@VO and NVPF as a cathode material for sodium-ion batteries: charge/discharge profiles of
(a) NVPF and (b) NVPF@VO at 0.2C, (c) cycling performance and (d) rate capacity of NVPF and NVPF@VO, and
(e) long cycling performances of NVPF@VO and NVPF at 1C

FHF N T W FERE S AL 22 4T N AN Bh i e ik NVPF@VO [ HL i 85 82 L BH(R.=72 Q)L NVPF Hi

2, #E—MR T NVPF #1 NVPF@VO {138 BT i HIH(R.=155 Q)kf3 %, BHE NVPF@VO
PERE. & 5(a) MR A Nyquist B3 A B 5504 K . RN ES TR AT AR R B s . AT DUREE A Q)i



510 EFKIE, %5 NagV,y(PO,),Fs@V, 05« E ARl 25 F A il M Re it 72 1101
200
@ cpg  cPE 60| ® A NVPF
>> >. o NVPF@VO
150 F R. I~ — Linear fit
R RaZ. 501
a
< 100 9 40 |
N N
30|
50 |
—o-NVPF@VO
—A— NVPF 201
0 L 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 05 10 15 20 25 30
70 w2/ Hz 1?2

K5 (a)NVPF 5 NVPF@VO 22 It BH A7 1% P Bt I F) 25 20 L P, (D)X Z, 5 0% 2 ) B 25 2R il 2
Fig. 5 (a) EIS spectra and (b) relationship between the Z,. and w™"? in the low frequency region of NVPF and NVPF@VO

BT B R,
R*T?
YRy @
Hor, R NSRE R, TALESHERE; A NI R
I on RMRIAEENIGC RS R BT EBE, F ok
WEEEH, CNNETIKE,; o N Warburg 2%, 5
Z K, WARG)EH:
Ze=Re + Ryt +ow'? 3)
o FESX FABR. Z. 835 o' LML R
PA1E3] Warburg 250K 5(b)). T ARQAMAREQ),
THHEH NVPF Al NVPF@VO [ Warburg R%0F1 Na™¥™
Bt ZHNVPF@VO [ Na ¥ Ht A $(4.77x 107 em™s ™)
BT NVP (7.63x10°"° cm*s™), B T & &2
V205, AR R HEAN B T4 B
3 g
IR A — BRI B FTERERESRT
TR T R S A SIS S 7N = A O R
Na;Vo(PO4),Fs@V,0s . L &FH], Hgh izl v
AEMEEMZEHR. LEEMENE TWE T
LT T QN =T - W L = S SR | i
Na3V,(POL),Fs@V,0s_ 1E AN T HL i IE MR A4 RS
WA A ., SRR, TR E A2
BRI £ 0.2C 5% T, NazVy(PO4),F;@V,0s .
FEIEIEER 140 [8 G A BARFFE 109 mAh-g ' 24
MEEREE 1C, RBOBIER 500 Elf5, HEREE
ik 84%. JRAF KT Z I BRI 7 1) s RE 4 T
e DIy 22 85 B IR IE AR R} 2 i 1 T AR A 280 ) %
Hiko

2% CRk:

[1] XIAO N, PAN Y, SONG Y, et al. Electrochemical behavior of
Sb-Si nanocomposite thin films as anode materials for sodium-ion

(2]

[3]

(4]

[3]

(6]

[7]

(8]

9]

[10]

[12]

[13]

batteries. Journal of Inorganic Materials, 2018, 33(5): 494-500.
TANG W J, WANG X L, XIE D, et al. Hollow metallic 1T MoS,
arrays grown on carbon cloth: a freestanding electrode for so-
dium ion batteries. Journal of Materials Chemistry A, 2018,
6(37): 18318-18324.

QIY, MU L, ZHAO J, et al. Multiscale grapheme-based materials
for applications in sodium ion batteries. Advanced Energy Materi-
als, 2019, 9(8): 1803342.

SU D W, WANG G X. Single-crystalline bilayered V,0s nanobelts
for high-capacity sodium-ion batteries. ACS Nano, 2013, 7(12):
11218-11226.

LI P, JEONGJ Y, JIN B J, et al. Vertically oriented MoS, with
spatially controlled geometry on nitrogenous graphene sheets for
high-performance sodium-ion batteries. Advanced Energy Materi-
als, 2018, 8(19): 1703300.

ZHONG X, YANG Z Z, JIANG Y, et al.
Na;V2(POy);
high-performance sodium-ion cathodes. ACS Applied Materials &
Interfaces, 2016, 8(47): 32360-32365.

KIM D J, HERMANN K R, PROKOFJEVS A, et al. Redox-active
macrocycles for organic rechargeable batteries. Journal of the
American Chemical Society, 2017, 139(19): 6635-6643.
SHAKOOR R A, SEO D H, KIM H, et al. A combined first princi-
ples and experimental study on Na;V,(PO,),F; for rechargeable Na
2012, 22(38):

Carbon-coated
anchored on freestanding graphite foam for

batteries. Journal of Materials
20535-20541.

ZHANG J, LIU W, HU H, et al. An advanced blackberry-shaped
Na;V,(PO,); cathode: assists in high-rate performance and
long-life stability. Electrochimica Acta, 2018, 292: 736-741.

ZHU C,FU Y, YUY, et al. Designed nanoarchitectures by electro-
static spray deposition for energy storage. Advanced Materials,
2019, 31(1): 1803408.

SHEN C, LONG H, WANG G C, et al. Na;V,(PO4),F;@C dis-
persed within carbon nanotube frameworks as a high tap density

Chemistry,

cathode for high-performance sodium-ion batteries. Journal of
Materials Chemistry A, 2018, 6(14): 6007-6014.

BIANCHINI M, BRISSET N, FAUTH F, ef al. Na;V,(POy),F; re-
visited: a high-resolution diffraction study. Chemistry of Materials,
2014, 26(14): 4238-4247.

ZHAO J, GAO Y, LIU Q, et al. High rate capability and enhanced
cyclability of Na;V,(PO,),F5 cathode by in situ coating of carbon
nanofibers for sodium-ion battery applications. Chemistry-4 Euro-
pean Journal, 2018, 24(12): 2913-2919.

WANG HL, YANG Y, LIANG Y, et al. LiMn,_,Fe, PO, nanorods
grown on graphene sheets for ultrahigh-rate-performance lithium
ion batteries. Angewandte Chemie International Edition, 2011,



1102

N R

# 34 35

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

50(32): 7364-7368.

ZHANG Y, GUO S R, XU H Y. Synthesis of uniform hierarchical
Na; V| 9sMng 0s(PO4).F3;@C hollow microspheres as a cathode ma-
terial for sodium-ion batteries. Journal of Materials Chemistry A,
2018, 6(10): 4525-4534.

YIHM, LING M X, XU W B, et al. VSC-doping and VSU-doping
of Na;V,., Ti,(PO4),F; compounds for sodium ion battery cathodes:
analysis of electrochemical performance and kinetic properties.
Nano Energy, 2018, 47: 340-352.

ZHUO H T, WANG X Y, TANG A P, et al. The preparation of
NaV_,Cr,POsF cathode materials for sodium-ion battery. Journal
of Power Sources, 2006, 160: 698—703.

JIANG T, CHEN G, LI A, et al. Sol-Gel preparation and electro-
chemical properties of Na;V,(PO,),F5/C composite cathode mate-
rial for lithium ion batteries. Journal of Alloys and Compounds,
2009, 478: 604-607.

LIU Q, WANG D, YANG X, et al. Carbon-coated Na;V,(POy),F3
nanoparticles embedded in a mesoporous carbon matrix as a poten-
tial cathode material for sodium-ion batteries with superior rate
capability and long-term cycle life. Journal of Materials Chemistry
A, 2015, 3(43): 21478-21485.

DOMINKO R, BELE M, GABERSCEK M, et al. Impact of the
carbon coating thickness on the electrochemical performance of
LiFePO./C composites. Journal of The Electrochemical Society,
2005, 152(3): A607-A610.

XIA X H, DENG S J, XIE D, ef al. Boosting sodium ion storage by
anchoring MoO, on vertical graphene arrays. Journal of Materials
Chemistry A, 2018, 6(32): 15546—15552.

JIANG X L, XU H'Y, MAO H Z, et al. Surface-disordered and
oxygen-deficient LiTi, ,Mn,(PO,.,); nanoparticles for enhanced
lithium-ion storage. Journal of Power Sources, 2016, 320: 94-103.
BIANCHINI M, XIAO P H, WANG Y, et al. Additional sodium
insertion into polyanionic cathodes for higher-energy Na-ion bat-

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

teries. Advanced Energy Materials, 2017, 7(18): 1700514.

ZHU C B, WU C, CHEN C C, et al. A high power-high energy
Na;V,(POy),F; sodium cathode: investigation of transport parame-
ters, rational design and realization. Chemistry of Materials, 2017,
29(12): 5207-5215.

CAI 'Y S, CAO X X, LUO Z G, et al. Caging Na;V,(PO,),F; mi-
crocubes in cross-linked graphene enabling ultrafast sodium stor-
age and long-term cycling. Advanced Science, 2018, 5: 1800680.
GUO J Z, WANG P F, WU X L, et al. High-energy/power and
low-temperature cathode for sodium-ion batteries: in situ XRD
study and superior full-cell performance. Advanced Materials,
2017,29(12): 1701968.

JIN H, DONG J, UCHAKER E, et al. Three dimensional architec-
ture of carbon wrapped multilayer Na;V,0,(PO4),F nanocubes
embedded in graphene for improved sodium ion batteries. Journal
of Materials Chemistry A, 2015, 3(34): 17563—17568.

CHEN L, JIANG X L, WANG N, et al. Surface-amorphous and
oxygen-deficient Li;VO,-; as a promising anode material for lithium-
ion batteries. Advanced Science, 2015, 2(9): 1500090.

RAJU V, RAINS J, GATES C, et al. Superior cathode of sodium-
ion batteries: orthorhombic V,0s nanoparticles generated in nanoporous
carbon by ambient hydrolysis deposition. Nano letters, 2014, 14(7):
4119-4124.

LIU Z, HU Y Y, DUNSTAN M T, et al. Local structure and dy-
namics in the Na ion battery positive electrode material
Na;V,(PO4),F;. Chemistry of Materials, 2014, 26(8): 2513-2521.
SONG W, CAO X, WU Z, et al. Investigation of the sodium ion
pathway and cathode behavior in Na;V,(POy),F; combined via a
first principles calculation. Langmuir, 2014, 30(41): 12438-12446.
DENG C, ZHANG S, YANG SY, et al. Synthesis and characteri-
zation of Li,Fego7M,0:8104 (M=Zn**, Cu**, Ni*") cathode materials
for lithium ion batteries. Journal of Power Sources, 2011, 196:
386-392.



