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Abstract

The new electrode materials with large specific capacitance, cycling stability and high capability
are important for the development of supercapacitors. In this work, a series of two-dimensional
large-size nanosheet was prepared through one-step exfoliating KsNbsO17 crystals. The ultrathin
K4NbsO17 nanosheets composed of bilayer sheets were formed with several micrometers in size.
Then the KiNbsO17 nanosheets with the thickness of about 2 nm can act as the soft templates of
dopamine polymerization. The electrochemical properties of the carbon-doped K4sNbsO17 as elec-
trode materials for supercapacitor are characterized. More importantly, the results indicated that
the C-doped KiNbsO17 exhibit excellent electrochemical performance with high specific capacit-
ances of up to 330 F-g-1 at 0.5 A-g-1, durability at high current density (161 F-g-1 at 100 A-g-1), and
cycling stability (at the current density of 10 A-g-1, remarkably, delivering over 95% of the initial
capacitance after 10 000 cycles). These remarkable results demonstrate the exciting commercial
potential for high performance, environmentally friendly and low-cost electrical energy storage
and transition devices based on this new 2D nanomaterial.
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1. 5|8

AESR, N T BTG RE  GERCR AR M RRE, B2 mB X A AP HOR (1] (WRGRE,
WHE, KFHBESH) AR, Jedt FIREBEROR2] [3]51E 1T 2 0% . A as (B A AL 2 LA 4%
MR R LA SR TR RE R B, FERR R R T AR T G S a4t i T LN E S, AR
(4], M HHEAEGMHAGGK, EEEERS, KEKXRAEA GRS, AR5k T Bt AR R
LA REARAF AN R[S] [6] [7] [8]e BEA UL LUAFXof 8 2 H 25 345 I8 FH AU oG VR R 78 (R AN BT 38 o, e R vt sy
ThEe N I TR R (B R RS AR, 24], PUR7i TR [9] [10], BFFC TAEE ST W4 sk
PEREM T KB M55 7 o TE R AR 2 L 25 35 1) R 5 2 FE AN T 2 25 5 U7 THI , FEUASOP AL B A v 21 DG B/ E T
o AR RS E FHEE A 2. HRTALE, A KRE AR C 24 BB 208 2 & AR B FE,
P an & Fh S PRI 11] [12], &P EREREEEY[13] [14], DA SBEE[15]. B
B2 WA b AR = 1) T 2 FE BRI R AP A RS AR L. (R, REZ LM ELRA
B IRTAR, (AR HARM B SR R M T HAE S DR B R A S R .

BEAE A SR DU R R, AT (2 Fh 2 BRI AR = 28 T IR IR M 88 . AR 1 2R Ak
G, Blkit, SR, LIS E A5 I IR Ak 2 A LA BE R B N R AL
GV SABBEHL, XLEREOR AR R FIEE 2 R U EAAK . IR
KEZ | WG 5 IR &2 0. REHEA M RAERE 0 I 4 8 S ARG L & 8 S it & me
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kK, TERLEAMGIK AT T HA B S M BAAR . SR AHE NbO, NbO,,
Nb,03, Nb,Os LA K& Nb;O,X (X = OH, F), 5% 2 W 7 e IR AR N TiOo)AH b, JCAEAR 22 At (16 71,
FRIRES, A, RPHRE ML, K6 M, BB 7 fath) R I A R i B[ 16] [17] [18] [19] [20]»
Veronica Augustyn [21 ]38 PIAA R AR, T T-NbOs FIEERAT N, $ME] 40 pm EMH
T-Nb,Os (1 mg-cm_z)%mﬁt_ 10 C FER AR T, FEN 130 mA~h'g_lo 1EAZ & Nb,Os (T-Nb,Os)
YK AR A (1 [ AV BOIE SEOHE 2 RS, BAA S AT EfEE R . SR1fT, BT T-Nb,Os 9K dib ik 7
LSRR, PR T R A 2R 2 I AE s e T R

TEU AT FRBUR T, KX S i 75 8 0 0F 78 K38 40 46 R 7E AR FL % B2 I B [22] [23] [24] (0.1
Ag'~20 Arg ), RADARHLAEL[25] [26] (50 Arg '~100 A-g ) NEZ A ERERIBT L. o T &N B
ZMMNATR, SUIREREHTRKBREZN B . KNbO;; BG5S Fac 2R, HAEW
FIAS R Rh R 28 B 2 ) 45 M (K88 T BT A PR AL 2 T AN D), 2R AR R K &R A& 1271, e E ]
(1 £ FIA L 221 NbOg AL, H H K B 00T 2 Z IR LAAME F fAif o KyNbeO,, HIG H i, R
FER, MBS R ERE A, A B O S (5 2 R 25 38 HUAR A R 28]

AR, i SR E A B E K T KaNbgOy difk, SRJE#ATRIBE MBI, ST — R
KyNbeO,-C 4K FArkl, R HAEREEA TR BRE 7 1B N $em TR Tk RE R e 25 ek . B
175 1) KyNbsO,7-C-800 4K J A A IL A ER (¥ Ho b 2 i RedRe e, JLAEAE N G vl 2548 00 BRI, FL
WHEEN0.5 Ag FTHLHEZ N 330 Fg' (ZHRMAGIR, HMABN 6 M KOH), it K,Nb,O,; &5
57.42%, f£ 100 A-g ' I HLHIZA N 161 F-g ', ML KyNbgOy; #2781 1 78.89%. 1Ak, KyNbgO;,-C-800 4k
FAA B AIE IR 5y, 75 LR N 10 A-g ' i, 63 10,000 R TSR 2 J5 5 BE AR RF TG EL 2R ) 95%
PLE.

2. SEEGER4y

ASEEG R BIH NbyOs, K,COs, 1IERE, R 2 EAE(DA), % BAI R VU 44 (PTFE) % 4 T
Sigma-Aldrich. FTA SEIHH LB 7K, ZmigRaEdt—Daifk.

2.1, HEREHIE

KuNbgOy7 0K F & . MRS PARTI4RIE[29], K,CO5 A1 Nb,Os A 2.7:3.0 HIEE/RELIR &, WS )G,
Rk & AL LT 1150° TN 10 h, 155 KyNbOy7 S . 285K KyNbsOy7 i 1£(0.30 g), 7K(60
mL)MIEPZ(3.0 mL)MA RIS OM [ R, B8 IFAE 120°Chn#k 3 K. BGEE 05, LRI
A, K13 KNbO,, BB 4E4K .

K NbsO,7-C AR RHIHI (K 1): K KyNbO, B ANK A H(2 mL) 7 BUE 255 /K (150 mL) 1, 7F
GeABHEHE T4 DA (KiNbGO17 55 DA (IR B LDIMAGERF . 1 /NS, IR A4 I NH,OH (0.3
mL, 28 wt%), i M 48 h AT IS, %7 A 4408 KaNbsO-PDA. AR Ja K U Z8 TR AR i o
Pe=, SRIGTE Ar U0 F A 5°C/min fIFAZE 800°C T, fRi 2 h, 733 KuNbO,,-C-800. FIAHIF 1751,
K NbsO7-PDA I # % 400°C, 600°C, 900°C Al 1000°C [ & & # B 23 5l % 75 A K NbeO,7-C-400 ,
K4Nbg0,7-C-600, K NbeO;7-C-900 F1 K,NbsO,,-C-1000. A T ELE, K NbeO,; tHHEE 800°C FiB Kk 2 /N,
M By 449 KyaNbgO17,-800

2.2. PHRISRIE
HRECSA X B E A HORIESU(EDS) T B T 255 (SEM, Hitachi S-4800)M %2 fT A /% i
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Figure 1. Preparation of K4;NbgO;;-C nanocomposites

1. KyNbgO7-C KR E &ML &R EE

O EER o 3B BT R AUEE(TEM) N JEM-2100F (B B 200 kV). K H T TEM W& A F i B R 1R
TooK R I VR 2 25 A R L, AR5 7R IR R T X SR AT AHU(XRD, DX-2600){# F Cu Ka
54 = 0.15406 nm). FRE S HTAUTG)FHEH N 10°C/min, JEH 2 25°C~800°C .

2.3. B

B AL 2RI 7E = 3 T A CHI 760E FLAL2: TAE SN BEA TR, (6 = Ak e fidit, FAAECN 6
M KOH, FHH 2z FEXT Ak, Hg/HgO HMRMAMES M, TAERMEEEEMEL, ’REMENRL
IR A FI(PTFE, 60 wt%) L4 80:10:10 [ & Lo i B 7R BRI AR AR TR Rl & 10, AR Al 2 ARt LR
30 min DAR RS M) R 52 AT . JEIRAR 2E(CV)RIE FLIR 78 FRABCRTE 0 2 0.7 V 2 [AlET, FF0 e
0.5 2 100 A-g™" F HL I %5 JiE T 1] P i

3. ZRE5VL
3.1. FREORAE

s 2(a) s, KiNbeO,, snRE A B B EARGEM, mTH T8 e 2 did, JEEmTLUE 0
JGTLE 3 mm 7247, [ 2(b)H ] DUE 203 IR B 45 200 2D 9Kk v R BB i) —4kghhy, JEREN, R
PR MBS (1 2(0) T LS RNZA0K 7 L&, BA— TN, 0% 2D 90K il
By ME 2() T LAE tH DA & ERIK BB RE N, RIS, K DA /£ KiNbsO,;
RN RS

Kl 3(a) 515 3(b) BRI AR, HIRE—E, WHBARREARE, 776 82 DS SR &R,
X2 X N R ORE S PR RBR A T 800 £ [RBE 1 = R A . 14 3(c) il LA H 2 800°C B KA 3 5,
PERRER B Z W, RIEDAHIRS, U2 BRG] 3(d) 5 3(e) BRAAE R TR 800 JEE 4k
AR RS S, (ERERE SN, ES™H, SEMEREALIE K 800C.

XS 2 AR AT 2 R PP PR S5 A BB, ] 3(2) ™ KyNbeO, 7 di i ¥ XRD AT U7 & Shx
7 JCPDS £ F 1 21-1297 R EAHE — 2. BT KNbeO,, B B o8 5258 Fr, 25 BHRERRK, FTLAKE 3(g)
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Figure 2. SEM of K ;NbsO,; crystals (a) and K4;NbsO;; 2D nanosheets (b); respectively; (¢) TEM of
K4NbgO;7 2D nanosheets; (d) SEM of K4NbsO,,-PDA

2. (a) (D)7 HIH K NbgO,; FiE, K,NbsO;;2D FKH SEM El; (c) KyNbsO;; 2D 4K TEM [E;

(d) K4NbsO,,-PDA SEM [&
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Figure 3. (a)-(¢) SEM of K;NbsO,;,-C-400, K4;NbsO,;-C-600, K;NbsO,,-C-800, K4;NbsO;,-C-900, K;NbO,,-C-1000, re-
spectively; (f) TEM of K4NbgO;7-C-800; (g) XRD diagram; (h) TG curves of K4NbsO;; and K4NbO,,-C-800

[& 3. (a)-(e)52 Al 9 Ky\NbsO,7-C-400, K,;NbeO,,-C-600, K,NbsO;,-C-800,, K,;NbsO,,-C-900, K,NbsO,;,-C-1000 i SEM
[&l; () K4NbgO,7-C-800 TEM [El; (g) XRD; (h) K4NbgO,7, K4NbsO,;-C-800 TG &l
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HKuNbgO; KRSTEBHEANK 7 TSI 58, JIB 5k LT8R TR81E. mTaE T —ELel
DA, Ll KyNbsO,,-PDA (e MRREL PR, WA A 2174150,

T IE KALEE, KyNbgO,-C RS IISE R, 7E 22.03°, 25.11°, 31.56°, 47.34°1 & EA A [H 1)
R . 4 3(h) BT » KyNbgO,7-C-800 FI 2 B 21N 15%, A& £ B A #48 , 1% 385 B A KyNbO,7-C-800
HRERIA R o BL4E KyNbO 7 Z P LA W R R, 353 T 25%, #id T KyNbsO,7-C-800 44K Fv
MR E, 2RO HAERI I RE T, AJIE R HRAE KyNbeO,, ) H [ A, 38 I f R K e e DA 25 B, R EL D
5 SN R 3 R

3.2. E{LEFEMERERIR

W 4(a)fiR, A0, 25, 50, 75, 100, 200, 300 mV-s) K K NbsO,,-C-800 4K F (117
IR 22 28] DL vl AR R AR, 6 B 4B S5 KU1 K NbGO,,-C-800 4K 78 HEL AL 24 BE 7 TH
A RIFHAIE M. £33N 10, 25, 50, 75, 100, 200, 300 mV-s ' 33 T, K4NbsO,;-C-800 Lt HL %
39N 328, 298, 261, 237, 218, 162, 123 F-g™', FILH & KK B EAE Mk BE

4(b)N KyNbgO,,-C-800 415 Jyith 4% FiL 25 2% )5 (EAN [R) FE L% B2 1 1) 78 il F i 26 (GC D), I HR AT LA

1.0
0.10}
} /\ 08
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< > 06

2 / g

S 0.00f s—— : €
5 —1omvs'| 2 0.4
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Figure 4. (a) CV curves of K NbsO,;-C-800 electrodes at different scan rates;, (b) Charge/discharge curves of
K4NbgO,7-C-800 electrodes; (c) Capacitance comparison chart at different current densities; (d) Cycle performance at 10
A-gf1

[ 4. (a) NEHIEERZFET KNbO,,-C-800 EBARHI CV #iZk; (b) K4NbeO,,-C-800 FERARAIFERL /AR RIZE; (c) T[RRI
TETRAME; (d)10 Ag ' FHREETMEEE
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A MR R R AL i RE R, T HORAE R I BE R (50~100 A-g™"), HRARIMA B 1 b F 2%,
WO HIH e 7 B 2 2 25 R 1 R Y T

Kl 4(c) AT LA H KyNbgO,-C HIPERE 5B )R A EE WL R, HB ISR IR T ik
—f5. MIBIEELE 800°CHT, FfMF IR A ERETERE, TERREE N 0.5 1. 3. 5. 10,
20~ 30. 50. 70. 80. 100 A-g ' i, K4NbeO,,-C-800 EtHLZE43 54 330, 300, 289, 285, 257. 230, 218.
200, 183, 178, 161 F-g ', BIRET K,NbsO; (4 B2 FLZE 4054 209 194, 177, 171, 158, 138, 131,
111, 98, 97. 89 Fg').

Ak, KyNbgO,7-C-800 AH X AR Kk L RE th A B KA 34, 7E 50 A-g ' B, B K BE M 400°C . 600°C
900°C . 1000°C HJ L RS> 0N 144, 171, 203 158 F-g ', 7£ 100 A-g™' FIHLIRES R EL LA N 109 147,
183, 138 F-g "o /L4 K Nbs0,7-C-900 FI L FEL 7R 7E FLIR 3 B T 50 A-g ' i b KyNbeO,,-C-800 f Eb B 28 4
WAHRE, (HREH XA 7 ENEGEE%RE, 800°C NEE R KIRLE .

R LR FL 7R A I 20 70 s L M RE RIS 2R 2 2 B AR DL FH 2 AT L B 2 (1) — N B EE R R, H
a5 dr KA AR KRR S LR 2B S A B I SE PR A . P 4(d)FR, BIREE N 10 A-g ' 1Y,
AN TR IR KO AL AT B B 9K BT R I R e R AN F . 7E 10,000 KA R Z S,
K4NbsO;7-C-800 KR TRAE 98% LA EHIHI 4R 2, Mg M HARE . MHZ T, KNbsO,;-C-400 .
K Nbg0,,-C-600. K ;NbO,;-C-900. K ,NbsO;-C-1000 ffzE i %, HAERA KIEEHS1. W EF
AJ PAFF i KyNbgO1,-C-800 7E K LI %5 FE T ] LLORFFI = IR0 H bl P2 HLAE SRRl s AR e 1, XA e RN
T AR ST RL 7 TG R I8 70 F0 S FH AT 5

W 1 Fiw, A TAESHABMCIRIEREXT L, FTRAEH, AR TAELIRRIERSRREE NiE2R
SEOEHA B BB AR T AR SR, RIS AR TE B = 0 H A B KRR R LA =R

&l

Table 1. Performance comparison table

= 1. MREXTEEER

Composites Rate capability Cycling stability

108 F-g' (5 Ag™)

C-Nb,0s [30] 355 Fg ' (0.5 A g

100 cycles ~82% (0.5 A-g™")

168 mA-h-g™"' (0.05 A-g™)

T-Nb,Os/NS-G [31] 106 mAbg (5 Agh

1000 cycles ~93.6% (0.5 A-g™")

188 mAh-g" (0.1 A-gh)

T-Nb,0s@C [32] 58 mAhg (5 Ag )

1000 cycles ~82.2% (0.1 A-g™")

170 mA-h-g" (0.05 A-g™")

Nb,Os/carbon [33] 110 mA-h-g’l 2 A-g’l)

4000 cycles ~80% (5 A-g™")

626 C-g' (1 Ag”!
T-Nb,Os/graphene [34] 220 C. gg,l ((50 A{%g,l))

0-Nb,Oshollow microspheres [35] 126.7Fg ' (50 A-gh)

123 mA-h-g ' (0.05 A-g™)

QA o]
109 mAhg ' (1.6 Ag ) 200 cycles ~86% (0.2 A'g™)

K4NbO;7-NL [36]

257 F-g ' (10 A-g ™)
Our work 200 F-g' (50 A-gh) 10,000 cycles ~95% (10 A-g™")
161 F-g' (100 A-gh)
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4. ZFRERE

e 3 SR P et [T AH BN B T KgNbgO g dti A, AR5 HEAT RIS BR AL B, R 1 588 & KyNbsO,-C
KR BT E e #5338 TR RR RO SRR AL, PP 2R B A 40K P 72 0 2 2 b R LR R 3 1)
PERE. Xt — R AL BRE FE B AL AL PR EE AL KuNbO17-C-800 HUK J1 45 dh i, SR ARG W] &
BeAh, R ATV, BAERIE MR ZA(CV) . 1H R IR TSR R IR (GCD)X il 4 (A [7] 45 Bk i 22 b
] KuNbgO7-C M RHIEAT AL 22 VERE 7 HT, 15 H KyNbGO,7-C-800 AR HUA TERER AL, 1% P31
A IITEREAR L R, FAE I T o e A AR A AR E P . KyNbgO17-C GKAT
AR, BURH RUFR) AL ATERE, RTRE SRRt E 2 1 QUK S5 R AR S AR T R H
T REVEAH SR HI ML o

E&WE

X T AR S T WL A BRI (45 2017C31071 F1 2018C37075)F1 5 X i BHE BRI (4% 5
2016AY 13008)1) 3 HF.
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