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Abstract: Transition metal selenides (TMSs) with the merits of their versatile material species, ample abundance
and high theoretical specific capacity have been regarded as attractive anode materials for sodium-ion batteries
(SIBs). However, the large volume changes during the electrochemical reactions which result in limited cycle
performance hinder their commercialization. Herein, the hollow structure composed of CoSe, and carbon skeleton
(denoted as H-CoSe,/C), derived from the metal organic framework material ZIF-67 using tannic acid as the etching
agent, was used as the anode for SIBs. Owing to the unique hollow structure which can alleviate the volume change

of the material, H-CoSe,/C exhibited excellent sodium ions storage performances in terms of cycling stability. Com-
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pared with the solid counterpart, the reversible specific capacity of the H-CoSe,/C electrode remains 383.4 mAh-g”'

after 350 cycles at a current density of 50 mA-g ' with the capacity retention of 83.6%. Even at 500 mA-g ', the

capacity retention can still reach 72.2% after 350 cycles. This work manifests that hollow structure can provide

enough space to alleviate the problem of volume changes for TMSs during the sodiation/desodiation process, thus

the cycle performances can be improved.
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Co/C CoSe,/C

Bl 1 H-CoSey/C Fil CoSe,/C [ %7~ &
Fig. 1 Schematic illustrations of preparation of H-CoSe,/C
and CoSe,/C
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K H F4 B 7 2 4308% (Scanning  electron micro-
scope, SEM, TESCAN Mira 3)F1i% 5§ i 7 & 1 s
(Transmission electron microscope, TEM, JEOL JEM-
2100F) L 5% fir il 2% A4 BRI O TR AN S 44« K B
BB HUGIE 1 (Energy Dispersive Spectrometer, EDS,
EDXGENESIS 60S) 7 #r # Bl & i 76 25 704 - KA X
B 26477 B4 A (X-ray diffraction, XRD, Ultima IV)&1E
B AL, PL Cu Ka $14:(1=0.15416 nm)H~
FRHHE, 4 (°)-min ', 40 kV, 30 mA. ] X B4
FHE 1 (X-ray Photoelectron Spectroscope, XPS, ESCA
LAB250) 73 Hi AT RL R T 7o 3= R 2 R 200
MR A% (Thermo Scientific DXR Raman Microscope)
FE 532 nm BUR K R IR RPRM R 8O0, HREE
N 50~3500 cm ',
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HLAR AT o 8 7 (B Nag 4sMnOo) %] IR, 35 15 2 2% it
(GE-Whatman) A B I, =1 FL it R4 F 0 ) R AR VR3S
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scopy, EIS)MlIiX . CV #1298 B K Y8 Bl N
0.01~3.0 V, FIH#ZH 0.1~1.5 mV-s ™'« EIS i1
PRFEE N 107°~10° Hz, RGN 5 mV.,
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(Bl S1(b~c)), (HEI P58 (B S2(b~c)). filifk)5
CoSey FURL P A6 75 B B 22 4050 Ay 3B (B S1(d) -
Kl S2(d) % Kl 2(a, b)). H-CoSe,/C ft] HRTEM & i 11
Bl 2(c)Fram, I W ) a2 80Ut IR BB B s 1)
ghm PR, THE S RS EEA 0.284 nm, X
CoSe, [f1(101) &4 E "™, WK 2(d) 19 EDS % & wJ
Hl, C. Co M Se TLE i $5%]. B S3(a, by N RA
TA ZI|h ) CoSey/C #4 KL SEM #1 TEM & v, 7] LA
& AR RO B oS O 450 .

K’ 3(a)’y ZIF-67. TA-Co % H-Co/C [¥] XRD K
i, AT LUE H SRR T dl 4 T ZIF-67, HigE
13 2Rl 25 TA ZIih)E, TA-Co H ZIF-67 (1)
AT TE 2V 2k . JEemibid 2, H-Co/C 1) TA
Bl £ T BRI S TR B, B AOE R R R A,
HILT Co HIHHEIE!2Y, & 3(b)y H-CoSe,/C Al
CoSey/C ] XRD K3, 5 CoSe, HIFr#ERE I (PDF
53-0449)——xf F 1200 B 3(c)h ki, H-
CoSe,/C F1 CoSey/C B A MBI FL Z HRB1A L, 4551
FEH, 1350 A1 1580 cm™' BT 0653 515K B sp® A sp
FAL BRI D A A G 452, 8] 3(d)2y H-CoSey/C 1] Cls
FE4N XPS Bk, 454 fE N 284.8. 285.5 F1286.9 eV
[ 23 391 %5 W C—C/C=C. C-O Al O-C=0. 7£ Co2p
XPS B H (B 3(e)), 4iAREN 778.9 Fi1 780.7 eV ]

K2 H-CoSe,/C fi(a) SEM. (b) TEM. (c) HRTEM & H &
(d) Co. Se F1 C ] EDS Ju# 4 fii

Fig. 2 (a) SEM, (b) TEM, (c) HRTEM images and (d) EDS
elemental mappings of Co, Se, and C of H-CoSe,/C
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Kl 3 (a) ZIF-67, TA-Co A1 H-Co/C, (b) H-CoSe,/C Fll CoSe,/C ] XRD KEi; (c) H-CoSe,/C
CoSe,/C Wi 2 Y% B, H-CoSe,/C I(d) Cls. (e) Co2p F(f) Se3d XPS 43k A
Fig. 3 XRD patterns of (a) ZIF-67, TA-Co and H-Co/C, (b) H-CoSe,/C and CoSe,/C, (c) Raman spectra of H-CoSe,/C
and CoSe,/C, (d) Cls, (¢) Co2p, and (f) Se3d XPS spectra of H-CoSe,/C
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XPS i 1 ([ 3(D)), 55.2 eV ALt 3 Se3d>? f
Co-Se. 55.9 eV Xt Se3d™” 1] Se-Se.
2.2 EBEFEMERENIR

I 4(a)’4 H-CoSe,/C #£ 0.1 mV-s ' $93# Ff CV
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KRR A — 5, W] CoSe, B RIFHI S HITE,
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BEEFFRN 83.6%. HHFHEEAN 500 mA-g ' i,
H-CoSe,/C 43t 350 XG5 & Eir e e84 2
72.2%, T CoSey/C A EIRFFZHAH 21.1% (] S4(c)),
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K4 (a) H-CoSey/C 7£ 0.1 mV-s ' F13i# FHI CV HiZk, LLJ(b) H-CoSe,/C Fl CoSe,/C HIFEIAERE(S0 mA-g ")
Fig.4 (a) CV curves of H-CoSe,/C at scan rate of 0.1 mV-s™', and (b) cycle performance
of H-CoSe,/C and CoSe,/C (50 mA-g ")

HR 4 5 250 i HUL A 45 5, H-CoSey/C F1 CoSe,/C B
JATEIR G R, AR ZE S (WKl S5(a)). &
PR R AT, HMER S AR TS IR, Ry B/,
PE¥R 120 J& LLJE, H-CoSe,/C 1] Ry /T CoSes/C 1]
(B S5(b)). QL IE 3R Ja, HARR T IF4h B LL, 7
SR 5 AR R B AR AR, Ry 8K, 350 FAfE
5, CoSe,/C 1] Ry 176 KT H-CoSe,/C(Kl S5(c)), Wit
] CoSey/C 5 I ¥ 12 firh 1] B i ™ 26, UESKE T
K5 1 SEM & A i B AR AL R R
NT A T AR T H-CoSey/C TEAN BT HLh 1 1)
BRIV, £ 0.2~1.5 mV-s ' AREFHE N T
CV MR(E 6(a)). M2 w7, g2
WAT A, WA G, mA) FEHE (v, mV-s™) 10.5
JCRARAE, B Ry Bl R R R AT,
i B v I LA, B RE N A I ] X T
Wkt Rl fe% b wT LLEE A R TR, BRI 7E
T R R A AT
i=a’ (1)
Hrr, ol b #2540, @I 1gi F 1gy Z6HELE
A AR 2] bob=0.5 B 0RO 2 B 3 -4 s il
b AT 1, W EAEAT N 5 HEEE . 0P 6(b) AT,
b1=1.01, b,=0.88, b;=0.89, b,=0.93, ¥iH] H-CoSe,/C
7E 70 3 L Ik AR P BE A IR AT v SR TR rL 2R AR
TR Ho, JEERAEEHAT N R T ET A
Q)T
i=k1v+k2vl/2 2)
b, kv R kv 43 BIAR N fa 28 TR AT B T B
PITTHR . W 6(c), MHAFEH N 0.2, 0.4, 0.6 0.8,
1.0 A1 1.2 mV-s™ I, JREZERTIERD 5N 86.4%,
90.0%, 92.3%, 94.2%, 95.7%, 96.5%. 4134 N
1.5 mV-s ' i, JREETTIRA 97.7% (K 6(d)),

ZTUEREE K U B H-CoSey/C HE NS I8 N 5 bR 1) L 1A%
o, I B AR AL BN R H-CoSey/C B A 11
(ERINERRE S s 1o

BE—35 L H-CoSey/C N HMk, [ il % i %Y
Nap4sMnO, Y IERPY 4R8BS 1 4 B ith BE4T Ha b
PRI . TAEREWME 7)Fin, 78HdES,
BT M IEAR B 9T 5 CoSe, Fitl & AR AL N,
T R 5 7 L FE A I o Nag4sMnO, 1E AR I AL
ZVEREWE S6(a~b) AR, ZIEMEA I R 45
SEMERIEEAMEBE, 76 500 mA-g ! G380 A5 L& &
AR, REFE 105 mAh-g ' 7o, FrZlss 4
7S A R AR R AE A B 7(b, ©), 7E 500 mA-g !
THIETUF LA RN 361/376 mAh g (GET 1
WA RN R S L B AR A B, #5FF 50
JE R A B 317.6 mAh-g !, BEGREEY
N 85%, FECRUEAERFLE 99% UL .

After 1 cycle
H-CoSe,/C

After 1 cycle
CoSe,/C

After 350 cycles Je€d).. '
H-CoS¢,/C

2 A’Nﬁg‘f. 350 cycles

E'5 (a, c) H-CoSe,/C (b, d) CoSe,/C Hitk(a, b)E¥L 1 J& AN
(c, d) 350 J& J5 (1 SEM [ )1

Fig. 5 SEM images of (a, ¢) H-CoSe,/C and (b, d) CoSe,/C
after (a, b) 1 and (c, d) 350 cycles
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Kl 6 H-CoSe,/C Hitl(a)EANRFARIEZE T CV HIZK, (b) AL JEWEM 1gi 5 1gv MR R WBEE R, vi AH#EZE), (fFEA
[l F 5 2 T L 25 Gk o LE IR B, (d) e R 1.5 Ves ' R I LA BTk ER
Fig. 6 (a) CV curves at different scan rates, (b) corresponding lgi versus Igv plots at each redox peak
(i: peak current, v: scan rate), (c) histogram of pseudo capacitive contribution at different scan rates, and
(d) capacitive contribution at scan rate of 1.5 V-s™' of H-CoSe,/C electrode
Colorful figures are available on website
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K7 NagaMnO,/H-CoSe,/C 4= L it ) (a) T4 JHL R & &, (b) 78 75 A i ZE A1 (c)7E 500 mA-g ' G 1 B
Fig. 7 (a) Schematic diagram of the working mechanism, (b) charge-discharge curves and (c) cycle
performance at 500 mA~g’1 of Naj 44MnQO,/H-CoSe,/C full cell
Colorful figures are available on website

3 ik
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B, AN TP B S . AR R A Dl Ak PR

CoSey/C # kL, H-CoSer/C ML B H T 47 [ AL 2
PERE, R IEAERE PR E . SOmA-g '
MEFET, &3d 350 (KGR, H-CoSey/C 1] ¥ L 25 &
fRFF7E 383.4 mAh-g s ARG ZI ALK CoSey/C
FEPERR 350 JiJ5, HWAEAUA 151.6 mAh-g . HIff
£ 500 mA-g ' HI# E T, H-CoSey/C £t 350 VX1
WG W ERFERANBEIAS] 72.2%. HAN, AHE TSN
T H-CoSey/C 4xHLith [ L 22 BE, I iE HL M
FhE e RB M ATATVE . AWF RN FIA B
T ep s 25 RV i PE R AR R (i T 15 S 4R 5.
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Fig. S1 SEM images of (a) ZIF-67, (b) TA-Co, (c) H-Co/C, and (d) H-CoSe,/C samples
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Fig. S2 TEM images of (a) ZIF-67, (b) TA-Co, (c) H-Co/C, and (d)H-CoSe,/C samples
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