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Tk L FURRAA R} R 05 SR AR 1 PR B OE 8 AR AR AR, DR RE R AR R AR
Ho I P S ) A 2R P R I AR SR B RN SR IR B LR, WG R LB A T 0 4 2 FLARATRL 1 s
REAS 2B B4R, DR, 3350 4 2 AL bR B 2% BCh B BT AL s 2 —. ARSCRA RS -FeCls A
VIR 51 R A% T R R 5 2 (0 SR s g oK Gl I X SR oK A S KOHRAY) (RN 1 - 2) 7
700 °C AT, H)4% T S4B R BRE/RILB R 2 AURGUK . BTl A/ 3L 42 2 FLIRGTK B A
HIESS T 2R, BRI BT W 2 AL A5 A AL B AL A FLRTR AL, 313 BT ) 4% (1 &L/ B 2L 5
F 2 ALBRAK BB I HER T R (1744.58 m? /g) FIFLAARE (1.01 em®/g). 388422 FLBRGK P 15 4
ZCAME R 22 I S AN R G RIE NAFTE, 15200 DAME W) B RN SR AL S R sRAEAE, 3 2 1) () W ) 2% e % B
BCE BRGNP R IR, 3 02 T Ak A e o I AR A T 46 (O R0/ B S4B 24 22 FLIR K P R B
P AL VR RE. TR/ TR 3L 45 2% 2 LB AN K il 46 () 7 sl U K BH A F K FELASG , %o 22 ik FELAA O 2
JSL ) LR A T4 45 1 Gt PhS X B AR ARUE, FIT2E 285 H it [ 0l R e AR AT IA B 4.30% (100 mW /em?). % /Bt
B Z FUBRAK A VE VB S 25 AR AT R, BL6 M (1 M=1 mol/L) KOH NHLFE, HR%EN0.4 A/g,
EL L ZRIA ) 312.8 F/g. RIAH IS EER NS 20 A /g, LA E] 200.6 F/g, RV EA BRI R MR,

KR B/BiIB I, SRR, B ERE
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RT3 38 RS AL ), 38 2 T 2 L A A 1Y
R AT RE, JLVEREHE B 2L T B R AR B A 1Y
BT RE 1921 RS DA B 2 F RS (MLO) 1 SRtk s
(PPy) 4K N AR, I A2 U N AT
AR IAALBE A TR LI A A s AR 2/ 3
B Z LKA K /i (N/S porous carbon nanosheet,
NSPCNs). Al il % ) NSPCNs £ 5 % 2% £L.45 ¥4 fl
Bt R A, RN, &/ SRR 0% 8%
FAPR R IR, B I0A R ) R Al i
R BRI, Bl £ NSPCNs B A0 57 1 sk 2
e, AT RAE B B K BH BE H v S AR A
B, ARy vk RERE A AR R

2 SZIE
2.1 NSPCNs B9%4&

B 1 g ML BAA NN 300 mL %4 0.5 ¢ MO Al
3.6 g FeCl3-6HoO MZKIFWR, 2 N 4iHk 24 h,
% PPy 4KE. W& MK PPy 9K EH £ E T K
M2 E V. Veid o i PPy 99K 4 60 °C A Ht
T TS PPy 9K 5 KOH #4 E & L
1: 2WBE 2, % PPy /KOH R AW T 7
Jref, 7R No R4 R FHE S 700 °C, #AAbFE2 h. A
MEEESE, 1M (1 M =1 mol/L) HCIAI £ E
FKIEBE, DABRZ2TOHLER 28 . T B T4 IR i AE
80 °C HAMFT H It

2.2 FRIEFMDHr

FA 13 T B 508% (SEM, S-4800) Fl1igE 5 B 1
EEE (TEM, JEM2100F) 43 87 #F i 1 78 5 5 4iE 5
77 K T &AW I & (Micromeritics ASAP2020)
I3 AT RE IR R T AR A AL G5 ;. X-GF R AT 5 (XRD,
Bruker D8) 73 HT#¥: it IR 45 R ARFAIE; X-S 200G HL g
W (XPS, ESCA 250 Xi) o MrAf i B4 5 7 15 4%
RE MBS A= A=A AE CHIG60E HL A %= T
VRS EAT.

#4150 mg NSPCNs#f i 5 0.1 mL TiCly,
0.1 mL 30% Triton X-100 &% 5 mL 1E T B i@ id #8
FE ORI B T2 OB . SR 5 4 B SR DA B3 O T4
fIFTO T LB L H, k)= 5 B HI4E 10 pm /2
. K & B BK FL R 7E 300 °C R #v AL #E 30 min.
FH OO FR 18 2 it 1 H AL 27 FH 3T (electrochemical

impedance spectroscopy, EIS) 7 #1 i HL AKX 2 B
FL AR O P A S B2 I FL AR YE PR, O T EER, P
FANTM S, 1 M NagSF10.1 M NaOH ¥ 3 Hidk
7 IR B 2% PbS FEAR. 1 s Bk K PH BE FE it % BH
WP 7350 R K 9 pum JE TiOy (P25) VTR
FIFTO S BB R, 450 °C FALEE 30 min. K
TiOy B IR AN 0.1 M Cd(CH3CO0), ¥ WAl
0.1 M NaoS ¥+ % 1 min, TE 6K, % CdS-
TiOo B, 4 °C %A, # CdS-TiO, HLARIR A
0.08 M CdSOy, 0.16 M N(CH3COONa)3 £10.08 M
NaySeSO3 & & W H 20 h, il % CdS/CdSe & T
AL TiO, B A, 45 CdS/CdSe & 7 £ 3 ik
TiOo H A% 5 %of FL AR T %6 T J& — 2, (A A 60 pm
Surlyn R G E. PR A] 25 BIE 78 FLAR I (2M S,
2 M Na,S, 0.2 M KOH) 21 %% & 1 sS85tk K FH g
b, T2 2 1 K BH B L ) o' FL AR i 26 FH Keith-
ley 2400 ${7JHEAE 100 mW /cm? (AM 1.5) Y&
N

¥ it ] % () NSPCNs 5 PTFE (VU 2.4%)
FRE B 95« 5IREHIS), £20 MPa 558 M#
WRIRE P ENE T 15 R EEE N B, BRSNS
2 mg/cm?. PL6 M KOH KiEWRAE Bl i, @it =
HL AR A 2R P00 A PR 2 AT F 8 78 50 FRL 20 BT B o 1
B ZEMERE. DL Pt 221 Ag/AgCl HLH 23 BIAE Xt B
BRI 2 bl . AR O it 2 4% (1) S SRR
EEHL (Cy),

I
Cs = m(dV/dt)’ (1)

o m A AR BT R (g), TNAH
Wit (A), AV /dt AT 2R R REEE (V/s).

3 HRET®

Kl 1 /& NSPONs fill & i 2 n B . 7E7KIE i
i, FeCly 5 MO A H 1 I 4= O IR FeClz-MO &
Fr A IO\ B S I E BRI B A
RMEWR, H5I R RS, BETREF FeCl3-MO
AW ik, W MO A\ PPy Hh, %4 B
2 MO [ PPy 41K . K12 (a) FE 2 (b) 2 BH Fr il
£ I PPy AR I 4ME R K Z 150 nm, W2 KZ
70 nm, K& KATE3—10 pm. ZARS T #Hk
MRS, MO 5 KOH AH H.AE H 5l 2 1 % 45 2« M
PPy I3, 1 PPy AR BIAARIES, T A
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HIJEHE(MO)
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FeCly
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2ZEY

NSPCNs

1 NSPCNs il #fifEnE R

Fig. 1. Schematic illumination of preparation of NSPCNs.

2 PPy 49KEM (a) SEM # (b) TEM B J; NSPCNs [ () SEM H 7, (d) TEM B FI (e) 4 #F TEM B
Fig. 2. (a) SEM and (b) TEM images of PPy nanotubes; (c) SEM, (d) TEM, and (e) high-resolution TEM

images of NSPCNs.

EARFEY. 0 B AR KOH & A6 A6 F 2 4R
Hh ] PR AR IR PR AR AL, B 2 AR U NSPCNs P2 4.
M 2 (c) AT 2 (d) AT LA H, NSPCNs #in 24
BIGRYK A 250, T H 9K A B A, TR
=42 LR S5, NSPCNs & 2> 95 TEM [®
(B2 (e)) R BACK F EARE RERIL, BEAZ
KOH I eyl i A TR i 3 S8 AL IR 47 7 RE %
A8 H AR MBI AN 2K 79 T [ B 7 B AL, AR
TR B AR R B AR, O R AR R Y AR AL
IATINEN: O N SN NTIE =y P N SR e G e 10

% F Ny W [ 925 % NSPCN s F i (1 FL 45 #9 Al
bR M AR E4T 0 Hr. B3 (a) A1 3 (b) /& NSPCNs

FE 1R N W -6 B 45 0 28 A0 LR ~F 2 A il 2k
NSPCNs 450 28 2 TR R TV Y 2530 28 VR A FR10E,
2 W BT 1 4% B NSPCNs [A I B LA 4L, 5
Ab, FEMISE 8 X (> 0.95), &AM E
B AFT R 7 (386 hn g 3 K. 1X 3R B NSPCNs B A
—EEm M KA. B3 (b) B LR 4 A7 ih 28
HE— P R P NSPCNs B A B &AL DRSFAAL
(< 5 nm) KT (1050 nm) f K LI £ 2
FLAMHFFAE. NSPCNs B L2 S~ B KOH 7%
= A, AN RSEA LR KOH 3o 38 3% 1k 51 AL
BEPLHE. L& FH =1 1 KRS ALK AL
S L 25 BORR AR A 2 TR TR R AL AL 2 4L
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SEA BE B T A I @ T8, A R T H R TE A R R IAT T, 7R 20 = 43° I — NS B9 AT 5
PP S B el B i 28 1F 5 NSPCNs [ BET U, 3 5006k A SR ARG (002) F11(100) &b . fiT 5
(brunauer-emmett-teller) bt 2% [ A3 A1 FL A4 X 43 53 Vg Py i B AR 5, TR IR BT il % P NSPCNs 1) A1 524k
K F]1744.58 m? /g f11.01 cm3/g. BAHI L F H TR UK.

FURIFL AR AR Be 0 A 283 & Bob R 5 F Ao 1 7 T K 4 (a) 2 T 1] % (1) NSPCNs ] XPS 3 $iff it
Befoh, M4 7R NSPCNs [ AL 22 R BE. 3 (c) 2 M4 (a) /T LAE H, TE45 A B8N 166, 285, 399
NSPCNs [ XRD Hhi£k. #2875 20 = 23° tHHL—4> 533 eV AL L T A AMFFIEVE, 43 %5 R S 2p, C 1s,
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Fig. 3. (a) N2 adsorption-desorption isotherms, (b) pore- Fig. 4. (a) XPS scan spectra; (b) N 1s peak, (c) S 2p
size distribution curve and (¢) XRD curve of NSPCNs. peak of NSPCNs.
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N 1sf1O 1s. S 2p FIN 1sUgfHBLE R S AN J¢
FRIB N BT & BB R . 8T i N A
STHEMBIRE, HHINN 1sf1S 2p W 3EAT 1)
G R EE. N 1sUEn] 73 B 3 N0 (Bl 4 (b)), 454
BN 398.2 eV L& g ] BRI IE % (N-6), 25 & R
749399.3 eV I UL U0 Lk % 2 (N-5), 456 fE A
400.2 eV I8l & 0 X B ZE A (N-Q). BT N-Q 1)
PR M m T N-6 F1N-5, [X Itk NSPCNs A1 N-Q 14
FrEE T N-5 FIN-6. S 2pWgEn &y 3 Mg, 45
HHEN 163.3 F1164.4 eV [N Er U N ey 25 Fa B
(C-S,-C) 1S 2p1 /2 FIS 2p30, &5 EAEI 168 €V I
PG WX B AL SR (— SO, —). LB IR AR
TE 3G AN B} 2 THT AL 5 38 M 0 80 H R0 G v
P P BT 3 A A AE B R P R 2 s A
T R 0% I 25 338 0 B A4 ) () F A 25 3 1 N o 3 3R T
R, 1X A NSPCNs A AN FH 5 s B oK BH
B FEL b 0 T R AR A 2% PR 2% 2 L.

BT AU K BH AR M DL 2 B R T
(S27/S27) A S L S BH AR A R AW [) % i H 47 1)
. B, EER AR AR S RS, R
XoF 22 Tk PR 0T P A I R B A B v R F e AL S . H
AT, T A B e B R BH B HL o O A 2 4
JETRALY) (WnBRAGA | BRALERSE) rEAR, (HIX 4R
A R R e e A i — P m. BT

40

304

1/2CPE

207 = NSPCNs
o PbS
Fitting results

—Z"/Q-cm?

10-
0 m| T T T T T T T T T
0 10 20 30 40 50 60 70

Z'/Q2-cm?

TR EMN MK H 5% s e Ear, BRIk 4ok
15 FH A A 1 ) £ B U DK FH B FL B G FLAR 5
T AITHI R 25:26] AR S0H NSPCN s H B 20 %
XK L, SR A EIS 4341 NSPCN s LR 2 6
P AR JOR A I N7 1) E AR AL T . ETS A0 2R Y el
1075—0.1 Hz. NSPCNs HR AL Fi 1 PbS AR 1)
Nyquist B 411 5 (a) ATz, HoA 89 Nyquist B H 9
AR H AR (R NSPCNs B ) Nyquist B3 —
A B A TERE). IS o3 R A B I AN / PR
F I () FEAT IE RO R AR 4 1 - [B6 97 H, f i
H AR IR 1 Nernst 9 80 #2. B 5 (a) )4
KR AH R S i i, ot Ry BRI FERH, Ry 22
P A / R AR 5 A THI 1) R A IE BR FELBH, CPE 2 % A7
Juft, Zn 72 Nernst BHPT. RS R B X Nyquist
KT G, EISZHMMEEI TR L. Ry &
— AN RAE AR B AE A VE TR S 4, R HE
AN, HEAR ) HE AL TE PR . AR T AT LUE
NSPCNs HELAR 1 Rey 2 11.2 Q-cm?, 5141 PbS
HLBR 1 Rey 1 (7.4 Q-cm?) T, 1X 3R B NSPCNs
P AR 22 i PR AR IO P A e R ) PR A 1 S A e
) PbS HLFABML. (H2, T FTO T H B H
BH A 2 KT Pb A, K NSPCNs M 1) R 18 KT
PbS HiA%.

20

— NSPCNs (b)
— PbS
164
g
e
<
£ 12+
<
Z
.E
£ s
el
+
o
()
g5 4
5
O
0 ———
0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage/V

K5 (a) NSPCNs #il PbS UM/ Nyquist HZL; (b) Fr2E3 &7 RSk KBIRE IR I-V #HZE ((a) 7RO RDRAT R S5 240 B )
Fig. 5. (a) Nyquist plots of NSPCNs and PbS electrodes; (b) I-V curves of the cell assembled with NSPCNs and PbS

electrodes (the inset in (a) is equivalent circuit).

#1 NSPCNs #l PbS HItl 1) EIS ZHUM 415 ) i 7 s b K BH e FE i D6 24
Table 1. EIS parameters of NSPCNs and PbS electrodes and photovoltaic parameters of the cell with NSPCNs and

PbS electrodes.

HLAK Ret/Q-cm? Rs/Q-cm? Voc/V Jsc/mA-cm—2 FF n/%
NSPCNs 11.2 16.6 0.52 16.22 0.51 4.30
PbS 7.4 0.2 0.53 16.62 0.63 5.55
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K15 (b) 72 LA NSPCN s HLUAR AT PbS HLFR A %) L
R 2 2 11 1 UL K B R F T 1 O FELIR B - FE
JE (I-V) #h 4, B -V i 2tk J R 2 5081 T
F 1. LANSPCNs HLAR AT B b, AH L L i o 2%
HLE (Voe)~ 2B RIS (o)~ AR T (FF) Al
JEHLEE R (n) 7053 0.52 V, 16.22 mA /em?,
0.51 #14.30%. NSPCNs i HL Az Hi b 325 5 i = - S
IR 1% T8 F4D R UL 5 A H b () 2 R P 4 PDS HEL R
VBN X LR INE, BT 2 285 1) 1 A OAR R BH R FL
) FEL AL R IA 31 5.55%, Eb NSPCNs Hi A% Fi it
14 6 HL 2 3 % . 3R 1 R 3 E 3 B NSPCNs
HL AR FL B 1) Ve AT o 5 PDS LB HL il 5 AR
NSPCNs Hi, 4z H jth 2% 26 B K T~ PbS H A F it 1) 5
DR H/IN B 0T BHARCRT FRL g o A () 17 %o
FL B AN () 1) 1 1 e S DK BH B FL s, % F A 1) R
N Req 252 ML FF 322 &, T NSPCNs
B 5 PbS HLAR ) Rey {8 AH T, B NSPCNs H
e B TR ) R A2 3 R AT 4L 285 FL Y P PR 350/ F) 2 2
JR A, NSPCNs HLM) 1) Re (E 5 =2 B T T H FTO
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H Ry, 1215 NSPCNs LBl 41 25 (1) & 7 s B K e
RE FEL M 0 FEL L g 129), (R, NSPCNs AT N
T L R BH B8 FL b H AR AL R

T8 I = AR AR 2R I A BA AR 22 AR IR 78 I
S 56 % NSPCNs ) L& PERE#EAT 70 . 16 (a)
#& NSPCNs £ A [R5 4 1 28 T [0 78 34K 22 il 26
HIE 6 (a) T LLE H, fEH Rt 4 B R Y, £
0.3—0.7 'V I He 3 BBl A HH 30— X 2 o ) ALk 3 i
U B NSPCN s [ HLZS H 0L 2 H 25 AR FEL s 40
. AR SAIE SR U AR 43 T AR AL /DS, 22 B NSPCN's
(RN 5 R O 2 LAY, F R R K
TEIAR 22 il 2 To B AR T, B A 4 3o 22 38 n 2]
100 mV /s, 1 ¥R 2 il 28 A7 66 2% A 08 757 4 72,
XK NSPCNs AL = A ERE. B 6 (b) 22
NSPCNs 7EA [A] % B N 1 78 i Fe Hh 26 7 e
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K6 (a) ARFAHMEF T NSPCNs FIFEFMR 2 L (b) AN F 8T8 R B # [ T NSPCONSs FIFET L i 25 (c) NSPCNs )

bl e 7 Bt P 7 2 O 26; () NSPCNis B Nyquist

Fig. 6. (a) C-V curves at various scan rates; (b) charge-discharge curves at different current densities; (c) variation
of the specific capacitance of NSPSNs with the current density; (d) Nyquist plot of NSPCNs.
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P i FL f 28 1 5 NSPCNs ) Eb B 28 I8 T8 6 (c).
TEHLEE N0.4 A/g I, NSPCNs [ Lk H1 25 i
15 % 312.8 F/g. RIfH sy % FE I M B 20 A/g,
NSPCN s [ br L2575 AT 34 £ 200.6 F /g, & B
FERN0.4 A/g bbb FLAAE 1) 64%, R NSPCNs H
BRI R ERE. K6 (d) /& NSPCNSs HLB7E
=M AR R HH Nyquist B, B 6 (d) 5 s 4 2
L[ 1) R SF /DS, e B /& NSPCNis LA / FiL fide S 57
T /I () FL A ST % FRLBEL. IR AT 40 2 0 DL 2 L A
HELZRIR, 2B NSPCNs B3 ¢ 38 AR i X J2 o
ZHEME. O NSPCNs [ Ll HL 25 5 Sk i 0 1 )L
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Table 2. Comparison of the specific capacitance of NSPCNs with the reported carbon materials.
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Abstract

Porous carbon materials have aroused extensive interest in the field of energy conversion and storage due to their
high surface area, regulatable pore structure, high electrical conductivity and stability, and good electrochemical activity.
Nevertheless, granular porous carbons usually result in the relatively long electrolyte-diffusion pathway, which seriously
limits the ions transport and then damage the electrochemical performance. Two-dimensional (2D) carbon materials can
solve this problem because they can provide short electrolyte-diffusion channel and realize the fast electron transport.
On the other hand, dual-heteroatom codoping has been confirmed to be quite an effective approach to improving the
electrochemical performance of carbon materials. Therefore, a simple and efficient synthesis of co-doped 2D porous
carbon materials is highly attractive.

In this work, nitrogen/sulfur co-doped porous carbon nanosheets (NSPCNs) are prepared from methyl orange
(MO) doped polypyrrole (PPy) nanotubes by a thermal-treating process in the presence of KOH under N2 atmosphere.
MO-doped PPy nanotubes are prepared through a self-degraded process by using MO-FeCls complex as the template
initiator. In the thermal process, the combination of the dedoping derived from the interaction between MO and
KOH, the pyrolysis of PPy, and KOH activation results in the exfoliation of PPy nanotubes and the formation of
NSPCNSs. Scanning electron microscopy and transmission electron microscopy analyses demonstrate that as-prepared
NSPCNs interconnect to form a hierarchical porous architecture containing micropores, mesopores, and macropores,
which provides the three-dimensional interconnected channel for electrolyte diffusion with little hindrance. The Nj
sorption measurements indicate that NSPCNs have a high specific area of 1744.8 m?/g and volume of 1.01 cm?/g.
The X-ray photoelectron spectroscopy measurements indicate that nitrogen and sulfur have been incorporated into the
framework of the as-prepared carbon sample. The doped nitrogen is present in the form of pyridinic, pyrrolic, and
quaternary state, and the doped sulfur appears in the form of C-S,,-S and -SO,,-configuration. The synergistic effect
of co-doped nitrogen and sulfur promote the redistribution of spin and charge density, which can greatly enhance the
surface wettability and increase the electrochemical active sites of carbon materials. These features endow as-prepared
NSPCNs with excellent electrochemical properties. Electrochemcial impedance spectroscopic measurements indicate that
the charge transfer resistance of NSPCN in polysulfide electrolyte is 11.2 Q-cm?, suggesting a very high electrocatalytic
activity of NSPCNs for regenerating the polysulfide electrolyte. Under the illumination of 100 mW /cm ™2, the NSPCNs’
electrode-based quantum dot-sensitized solar cell achieves a conversion efficiency of 4.30%, which is comparable to
that of the PbS electrode-based cell. Furthermore, NSPCNs display excellent capacitive performance. In 6 M KOH
aqueous electrolyte, NSPCNs achieve a high specific capacitance of 312.8 F/g at a current density of 0.4 A/g. Even
the current density increases to 20 A/g, the NSPCNs still maintain a specific capacitance of 200.6 F/g, indicating a
good rate performance. Therefore, the as-prepared NSPCNs can be used as the high-performance electrode materials

for quantum-dot sensitized solar cells and supercapacitors.

Keywords: nitrogen/sulfur co-doping, porous carbon nanosheets, electrochemical performance
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