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Abstract Tungsten disulfide (WS,), a typical 2D layerd structure, has received much attention as a pseudocapacitive material
because of its high theoretical specific capacity and excellent ion diffusion kinetics. However, WS, has critical limits such as
poor long-term cycling stability owing to its large volume expansion during cycling and low electrical conductivity. Therefore,
to increase the high-rate performance and cycling stability for pseudocapacitors, well-dispersed WS, nanoparticles embedded
in carbon nanofibers (WS,-CNFs), including mesopores and S-doping, are prepared by hydrothermal synthesis and sulfurizaiton.
These unique nanocomposite electrodes exhibit a high specific capacity (159.6 F g™' at 10 mV s'), excellent high-rate
performance (81.3 F g™ at 300 mV s™'), and long-term cycling stability (55.9 % after 1,000 cycles at 100 mV s™'). The
increased specific capacity is attributed to well-dispersed WS, nanoparticles embedded in CNFs that the enlarge active area;
the increased high-rate performance is contributed by reduced ion diffusion pathway due to mesoporous CNFs and improved
electrical conductivity due to S-doped CNFs; the long-term cycling stability is attributed to the CNFs matrix including WS,
nanoparticles, which effectively prevent large volume expansion.
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shgtEolm, 2a4 #2220 PR Qs wE o] it
252 7+ QUth? 53] WS,E 433 mAh g9 ol
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WS, ezt UiAlE giiviedf-8 Alzs] 4
sto] A7PARY, a3 g3t XY e &
Mz olgstirt. WA g AFAL 10 wt%o]
polyacrylonitrile (PAN, My = 150,000 g/mol, Aldrich) %!
10 wt%2] polyvinylpyrrolidone (PVP, My = 1,300,000
g/mol, Aldrich)yE N,N-Dimethylformamide (DMF, 99.8
%, Aldrich) &wjellA] 3A17F F<F wxk 3ich. o]+
83 22k 98 10mL FAPO %71 v 23
AlelAl ZEQlE A g ARSI FAVIE I8
71e] A4 v 4FrlE EY 21T Alele] ARE
15ecmz A4 #5719 Y =& 0.04mLh?
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Powertron. Co., Ltd, Korea)& ©]-&3l 13kV A4S
AstAA A7PEARE ATk HAFE Ui e
280 °CollM th7] Z9711M 2417 Sk ERE R+
800 °CollM et Ha F9)7101M 2417 &<t ©3tsto]
a2 ARGl o F2A dofxl Bl
2 B8l §93HE(tungsten chloride, WCly, Aldrich)2
30mLe] o|g# Z2]Z(ethylene glycol, C;HsO,, Samchun)
Srfjoll A 1587 wRbekgih AR &2 100 mL <7
G3d  WHS7](teflon-lined stainless steel)ol] &1
180 °ColA 3AIZE &<t AR stk ol F SRTE
AFE v 80 °CE 71Xt WO, Yi=d27E WiAlE
BN GE AZSA B3, WO; YA WiA)|
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ARIZ EFT F AeEe] FAE7I014 800 °CE 2
AIZF E9F EAElske] WS, YRt UiAlE gang
E=ATE AT WS, Yiedabe] ol wE oA}
ZAAIE s Hlastr] st & =fdAe 6
g AAe] 2 5, 15 2 30wtz Z-st] WS,
=2 Al bG8 Ao, oA
77} WS,-CNF5, WS,-CNF15 2 WS,-CNF30°2.2
718td k. B3, HIAE fEiA I 9 FstdA
FHE FPehA] e S {E AL, bare
CNFZ 37|31 th,

AzE AEe] FH @ T2 AAYAE FAR
2} #v]7(field emission scanning electron microscope,
FESEM, JEOL, JSM-6700F) ¥ %3} 2z} &wv]7(trans-
mission electron microscopy, HRTEM, JEOL, JEM-
2100F) Ball #A A, EHTE B 8 &2
A4 T2z 5248 53 braunauer-emmett-teller
(BEDE 248t =3 WS, W=zt Ale &
Ao 44 72 2 A3 e XA 3E 2
A (X-ray diffraction, XRD, Rigaku, Miniflex 300)
XA A} B39 (X-ray photo-electron spectroscopy,
XPS, Hitachi, EX200)2 ©|&3tth Alxgk A&
71848t A H7ks Z9AF(0.07 em?, a glassy carbon
electrode), 717 (Ag/AgCl, saturated KCI) % 2t
APt wire)2 2 o] Foj3l 3-F A 2HE Fote] =
A=Ak AxE AWE, acetylene black (Aldrich) %
polyvinylidene fluoride (PVDF, Aldrich)E 8:1:1 F-7A¥]
&2 N-methyl-2-pyrrolidinone (NMP)el] 297} wHtale]
8] BT H JAE AFERL, AxE A
glassy carbon A=l 3uLE IZ®WF F 50°ColA 7=
I, IRE A= FAl= oF 02mglE FYUsk] 2
JAFOE ARG Alxd AEe A7|skeE s
W 7}= potentiostat/galvanostat (Autolab, PGSTAT302N,
FRA2M)S ©]8-3td =3/ (Cyclic voltammetry,
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Fig. 1. Schematic illustration of formation mechanism of WS,
nanoparticles embedded in CNFs.

(a) Tﬂ,j‘\B e CNF QF :

N
\ ~
)

1 i

WS,-CNF5. (g) F ws,

% - o -

YUepdth A7EARE B8 AlRE g
WCl, 2
S WO; =g 27F ghastfieid-frofl WAl
2 Fel= AT o)F &5l X 3 T WO,
ezt 3 oge] Rkgo = WS, WeygAt 3,
AJg olatslel W ghAo) wkgo g FU)FS FAsHH
A Tt Fo 2 thA|Ho] BavieAdfel o] =
%] %E]_.lo,ll)

Fig. 2= bare CNF, WS,-CNF5, WS,-CNF15 2 WS,-
CNF304Z2] A Hj-&[Fig. 2(a-d)] ¥ 3 Hj-E&[Fig. 2
(e-h)]e] AAGALE FARIAAWA o|w|A]E YERATE
Bare CNF A&2 ®H §7go] vfEstH, <F 236-287
nmé| A7E 7= 1AM FRE UERITE WS,-CNF3,
WS,-CNF15 2 WS,-CNF30 4ZE5-8 7tz oF 311-337
nm, 2F 311-352 nm, <F 336-366 nme| 23S zte= 7
2l THE 129 FERE UEHTh AEES] A5 g3
A HY F Aol WAE WO, eyt ¢
gro] 3} (2WO;+ 7S — 2WS,+3S0,)S E3] WS,
izt A=, A E oxtatet 1 ws, Uiy
A} 39§l 88Ee(2S0,+2C — 2C0,+S,) 2 &
sl F71e0] FAE AL AEE F AAT?P WS-
CNF5 A1Z2] 739 37k WCI69] o] 7] wizo] WS,

At A% AFHTE TS WS,-CNF15 A&
WS, U= YJA7F XA &3 I 2A FAkEe] flom,
o|& I3 H715}8t g Al WS, W=y} &g F o
Z718 Zlolt} WhA WS,-CNF30 4Z¢ 4% =
WCIel H7H= Q18] WS, d27F S3ES & =+
o, o]Z U3 WS,9] 4w e] rad Folth

ethylene
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Fig. 2. Low-magnification FESEM images of (a) bare CNFs, (b) WS,-CNFS5, (c) WS,-CNF15, and (d) WS,-CNF30 and high-magnification
FESEM images of (e) bare CNFs, (f) WS,-CNF5, (g) WS,-CNF15, and (h) WS,-CNF30.
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WS,-CNF15 A& 3 wl& FARIA |dr7 oJw]z]  CNFIS AIZolA ghiubesdfol 2 A" WS, Ui
[Fig. 2(g)1°lA °F 22-34nm¢] Z71E Zt= WS, 4A g 2= Qs /M 5 Fuids dsiiA A
2 F99 FrlEe] HEEHJOH, oA oiksld  7IsEE MAS AIE Flolth

2 Ee] ko g Qs AAdE S gRlskn o} Aze MEE] v 72 2 7 7x2e 2 F
2hA, A71EAL FERAY 3 23t “zm% sl ws,  /=2F Ci** S &% BETZ 2431519, Table 19
Yed2x7F fiAlE e e df7F d34 02 A2 bare CNF 2 WS,-CNF15 A&2] HIEWAE, F 7|4
= & 7+ UYL, WS,-CNF15 *“% 1 1 WS, 4=q ¥ 9 F7|Fe] FuEES UERTE Bare CNF AE
A7t A2A kel §e 84 WAS 7] "R o] HEWH, F 73R 3 F)3e] FeEse 7t
g7 Z7H Zoig >0 7} 8527m’g”, 0.04lem’g! E 13.74 %S 7}MJ:1

WS,-CNF15 AZ¢] e 2 Ve 7122 B4517] 91 WS,-CNF15 =S 7247+ 559.12m’g!, 0299 em’g’!
& FaAAEAn A BAS A3k Fig 3(a-o)= 2 2 69.46 %S MRt = 33 dAgE 183 WS,-
7k WS,-CNF15 A&E9] A v, 5 ul& 2 3 vf&9]  CNFI5 A&9 A5 H®xHAo] F7tstal 5713 A
FAAENA onAE YepdYh, FapzkEn A 4 A" RS AT F e, olgst Free d7st
A °F 26-47nme] A7|E Zh= WS, YeygA 2 %k g Hhg A o] 9] SR E F9 §4 T/ A
22-51nm 3719 —g7l+°l B foll I 2A B S PFINTE JTE g Aol
H AL Folagr. T3, WS,-CNF15 A1Z¢] EDS Fig. 4a)= AZ3 AZE] 244 +x 48 Y3l
mapping ©|"|A] & L}E}lﬂf Fig. 3(d)ellA &21g 4= 2l sk XA 88 A3E Yepdo e AMES of
o], g2El @ 3 A7) e Gl YA & 247°04 (002)He] v A 3 31" v =7t Vehe,
NS & Aoem, oA WS, =dart gtay ol U 2 33t dAE AN iR
ARl FLsHAl WA A, F A ey o] AR MEkA] e A ofn|git) B WS-
Aol =3 Ho] ke A 9mdit). ulgbA, WS- CNF5, WS,-CNF15 2 WS,-CNF30 MZE52] 4% 14.4°,

Table 1. Specific surface areas, total pore volumes, and pore volume fractions of bare CNFs and WS,-CNF15.

S y Total pore volume Pore size distribution
amples Seer[mTe ] (p/po=0.990) [em’ g™'] Vaicro (%) Vineso (%)
Bare CNF 85.27 0.041 86.26 13.74
WS,-CNF15 559.12 0.299 30.54 69.46

W

Fig. 3. Low-resolution (a), high-resolution (b), (¢) of WS,-CNF15, and (d) images and EDS mapping data of C, O, S, and W elements.
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Fig. 4. XRD patterns of (a) all samples and XPS spectra of (b) C 1s, (c) W 4f, and (d) S 2p of WS,-CNFI15.

29.4°, 33.5°, 41.2°, 44.4° 2 51.9°14 84 u=7t &
2= %3, o= WS, (thomb-centered cubic, space group
R3m[160], JCPDS card No. 35-0651)¢] (003), (006),
(101), (015), (009) = (018) W} AX| g} o]2 &
& 33 IAT FHANH WO, =g at 2 3o ukg
< B3l WS, UefiAkEe] 349 A ¢ ¢ Aok ®
Sk WS,-CNF15 A& W9 3184 A% Je&

7] 98l XA A EES Ao, =
2 C Is line (284.5eV)S ©|-&3} =
T} Fig. 4(b)= WS,»-CNF15 AZ¢] C 1s9] XPS £4
AZ}E HolFm, ~284.5 ~285.3, ~286.5 L ~289.1
eVollX 24zt C-C, C-O/C-N/C-S, C=0 ¥ 0=C-0 A%
o A&k 932 Yepith'Y T3 Fig. 4(c)elr] WS,-
CNF15 MZ9] W 4f°] 7% ~32.1, ~347 B ~372eV
oANA 3788 F& FAEC] YERCH, o= ZH2t W-S
Afyp, W-S 4fsp, 2 W-0 Aol g3t} > wet
W-O 23S WS,-CNF15 A &2 xHd] &2 MAas
oJu]gtt Fig 4(d)= WS,-CNF15 AZ¢] S 2p2] XPS
AF}E VeERNH, ~162.7, ~163.6, ~164.1, ~165.1 &
~168.9 eVolA ZH2t W-S 2pspn, W-S 2pis, C-S 2psp,
C-S 2pyp, & C-SO, 2% v=7} #ZHAG ule}

A, W 4] W-S 4f;, 2 W-S 4f,¢] 2% 4
W-S 2psp 2 W-S 2pip, AN & 5
CNF15 A&2 934 3 g3t
WS, =27t & RS 18t
S 2psp 2 C-S 2pp A% FAE A o] 3 LAt
=3 o] AL-S st} = 33} Al HH F o]
cbelg) g ghAe] sshitgo 2 Frlde] A A
e o] e dfol = HASES & 5 J”
olw, gk Azl =3 H ble] & Ux= T &
292 e} A3 thiophenic-Se] HE|E EAsh, A3
A= FoEgel os] R AAE AFsAl Hot ut
2 BAhuieadfol =3 " 3 93 oie] AAE
Agste] ARsEE T7MATIH A7NAREE AT
= 92 7] i, 3% T/ A 423 g5
Hhg-o] o|Fd 4 A gt} wEhA], WS,-CNF15 A&
S WS, Yx=dAz s8] S7he JAANA Y &3S
yepd Zlojy, gty dfod =38 3 =2 Qs
P4 FE5 S 45 S UeERE Aotk

Fig. 5(a-d)= Bare CNF, WS,-CNF5, WS,-CNF15 %
WS,-CNF30 d=E59] #3794y 2345 el
o, 34T A|2ES Ed) 0.5 MELe] A Ha )

Ly
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(a) Bare CNF (b) WS,-CNF5 (c) WS,-CNF15
8l 8l 8l
T 4 T 4 T 4
b= € =
—30mV —30mV
S 4r —50mV S 4r S 4r —50mV
—T0 mV —T0 mV
S} ——100mV 8t 8t ——100mV
——200 mV ——200 mV
12 L 1 i L |_3qu 12 L 1 i |_3°o|mv 12 L 1 1 L :_su,umv
00 02 04 06 08 1.0 00 02 06 08 1.0 00 02 04 06 08 1.0
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
12 200 200
(d) wsz_CNF3o :-\ (e) —a— Bare CNF ‘._"‘- (f) —a— Bare CNF
sl (=)} ——WS,CNF5 | @ ——WS,-CNF5
_ W5l —>—WS,-CNF15 Loisof ——WS,-CNF15
< 4 Z —o—Ws,CNF30| & —s—WS,-CNF30
c | o [ © |
E 0 o %100 %100
5 & —230 mV (8] o
o 3 ——50mV
—7omv | & s0f £ s}
L —100mV| ‘G S 2
8 el § S 2 . § o —a
42 o ) B 72 :

0.0 0.2 0.4 0.6 0.8 1.0 50 100

Potential (V vs. Ag/AgCl)

o

150 200 250 300
Scan rate (mVs™)

200 400 600 800 1000
Cycle Number (n)

o

Fig. 5. Cyclic voltammetry curves of (a) bare CNF, (b) WS,-CNF5, (c) WS,-CNF15, and (d) WS,-CNF30, (e) rate performance, and (f)

cycling performance of all samples.

A1 0.0-1.0V (vs. Ag/AgCl)e]
70, 100, 200 = 300 mV s'¢ FA}
oh 3 AHEFE o e A

r},1620
C = ((a *+ q)2mAYV)

2 AstFS omletH, m H A
Ve SEFo FA 9 #3 dAF At zeze] At
Helolth 10mV s7'9] FA} &0l A bare CNF, WS,-
CNF5, WS,-CNF15 @ WS,-CNF30 A=¢] JHgze
Z}7} 339F g, 111.7F g, 1596F ¢, 2 1392F¢g"
o] 7S zh=t}h E3], WS,-CNF15 A= 2 WS,-CNF30
A2 bare CNF, WS,-CNF5 @ WS,-CNF30 A&
Hoh 2 Zd&F #g 7Hed, ol BH2E =g

N

7AX e F7HR & WS, Y=dAtke] ol 7ttt
uj ot} AT WS,-CNF15 {E&& 243k g2
A Fo = 3] WS, WA Bkl froll
TLsH A=Y Edwz]o] 718l AAITE, WS,-CNF30
AEL At g ZE|AA ] o=z Qs WS, 9
A7F SHE O] dHA o] FAEJNL, T2 QI3 WS,-
CNF30 AF2 WS,-CNF15 Ao vls)] v 8-
< YeRdt} Fig. 5(e)= EE AZ¢ 10, 30, 50, 70,
100, 200 2 300mV s'9] FA} oA FHLF
HES UL BE AZoA A S0t S7HES

.

= A8 ghol astei, ols AF ¥ e
Aol ol apARbe] ¥E5}] woltt. 53] 300

mV s oAl WS,-CNF5, WS,-CNF15 2 WS,-CNF30
Aol AAEFS 511Fg !, 813Fg' & 679F g9
@S 7Y 10mVs' Wiy Zbzh 45, 51 2 48 %]
&3 HAT olW] WS,-CNF15 =2 Th&

AZE v 52 3% 2/ A4S 2l oe
g =3 ®H SAURARE QA AR P
WS, =izl F9o] Exd T7|3oz A3 o]
TR e J& M Al Aste] o] Fo]

Z3}7] wjEo|th. Fig. 5(H)= 100mV s'e FA £50|

o ot W&

A BE AIEe] 10003] Fre] JHEHS veRd 1)
Zolt}. WS,-CNF5, WS,-CNF15 2 WS,-CNF30 A=
£ 10003 Z/4d X1 & 7bzf 402F g, 54.1F g
2 454F g 'o] A &3S Uehith 53] 10003 F
MR o] F o= WS,-CNFI5HTFE 7H =2 AAgF

il

et s, ol #dsH £xdE F7]30] SAI=
WS, Yi=Qzke] Ry s SslaA 9] gAaS
I F7] wEolth ARH oz WS, LAzt WiAl
H gaurdfe o 22 A7 Rl o]t
dE A7Iske B4 YR ARE, g d
of Z2A YAE WS, Y=g Q3] WS,o] &4
Ho| Z7kste] FHg=Fo] Srtsldth FHAR, wa
AR = E 3 AR A% AVAEE
7102 gk o] AR AR sl F4

o
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M Aol BAERIT Ao R WS, el o)
A ahed g AXAE 2 A WS, LR
o B3RS FFHAA A e] ST,

4.4 =

2 AoA 5 A ATAIHE AF AxE S8l
A7), FEEA 2 3t X8-S B8l WS,
A AR ARSI T3 WS,
Hiefiaks gavbieqdfroll A 24 F420717] S8l
A oA WCIe] H7HES Z24-ste] WS,-CNF5,
WS,-CNF15 @ WS,-CNF30 AZS AEzo=m z|zxa}
R, o] =7, 55 54 1 H AU|se &
4 B7rE ZdEkATh g3t A8 A4 F<t, Wos U
=2k 2 o] ket i o 2 WS, Y=Y Art s
R, SRl 3 =3 2 F]Fe] FAAEHUT
2 A3k, WS-CNFI5 AIE2 WS, Uiz gatis
Aol AL2A] ®AtEe] glow, e foll F71
2 o] & H FxE 2 =HAG AHH 0=, WS-
CNF15 A=& 10mV s e FAF &0l 159.6F ¢ '
=S AALTFE 23 300mVs e 1d FAF £r
A 813Fg'9 48 &3S vehith T8 100 mV
s'o] FA} oA 1,0008] F/MHAS XFE Fow
54.1F g9 7% =& AHES AL =, WS,
Y=z fAlE gaveidf AEe] [713818 4%
At AR=, &

g =3 © gav=Ah
A7NAEE &g 9 ol RS
daAA A= JF5 S Aol FIENH v
HoE WS, WA Al s f XA A=
T FQ BASRE WS, U=Ate] Rougs &
SPAA A71skery B S7MIATE aeEs B <
FolM AzE WS, A7 WAE sapedes
s oAF ATAE Y AFaAE AkE S Qi
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