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SIS, — JZ R IE DL Z 25 /3 A AE )\ T A (] B
I, IEAZ4E R4 S8 Mo,C T Mo JR -7 1) & &
E WA, Mo—Mo B, 1 Mo,C A%
TE K REH MU IE S oA, I 5 56 )@ Pt AR
() d B 745K, TV T 7 Mo,C & S ME(~10° S'm™)
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VERI BRI LixS, M B, AT A0 A I B S50 F el
2RSS SRR B, Mo,C RN Li,S, B W B RE
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(super P), HLIBZL, MHTTRHEN S A RA A
Rl M CME(PVDF), Hihg, e at b2l A iR
A MR (CeH17N307), 98.5%, Lifg32 sapk
AR A AR AT FHER(S), 99.9%. itk
BL(Li2S)s 98%, Rl T A A & B = H ik
(DME), 99.9%- =% H K= fid i WV iz ¥ (LiTFSI),
99.9%, AYNTMTLLIFEBE FAHIRAA .

1.2 #MReE&

1.2.1 AR 4% 15 g NaCliE T 50 mL
ZETFARSE, mEFIAN 1.5 g UK G R
[(NH4)eM0-024-4H,O1H1 4.786 g #7514 CoH707N3),
P2 AWM, ¥ LR R A O E E N
400 mL TV ZEEH, 100 t/min #i#E 5 min. £ G
vEsEaetT I, IUE T, 53] NaCl@CsHi,07N3-1.5
AR . BBAk, 228 (NH4)sMo70,4-4H,0 FIR N &
(0~1.2 g), EH DL i 24 NaCl@CsH;70,N3-0+
NaCl@CeH,707N3-1.0 Al NaCl@C¢H,;0,N;3-2.0 Hif
LTS

122 Mo,C@PCN-X & & ¥ Kl i) 4% ¥
NaCl@CeH70-N3-X (X=0. 1.0. 1.5. 2.0)R{jIR/K &
TRy, £ Ar-Hy(10%, R8RS AT
PL5 Comin ' FHEZE 450 ClR{RFF2h J5, 4k8:0L
5 °C-min ' 2B FHEZE 800 Ci%F 2h, BHHZE
FH IR JF 15 #) NaCI@PCN-X ¥ K. HEE 7Kk
3K, EBRIEEL NaCl #ikl, 70 C T 5152
Mo,C@PCN-X Fl PCN # &M kL. thah, AR
FERISEM, K NaCl@CeH ,0,N3-1.5 Bl R AAR7E R 45
DL b AH A PR 2 W 264 R, 43 AlAE 700 °C AN
900 ‘C2&M N 2 hy AR FUIBGERT (] (1) 500,
¥ NaCl@C¢H,70,N;-1.5 RTIRIATESE ] 800 C %%
PR, 23 BRE 1 h A1 3 he N EITE, 58155
(P %5 Ll 21 B 2 bRl 8 AE S Mo,C@PCN-
1.5-700 C. ¥ Mo,C@PCN-1.5-900 C. Ff /i
Mo,C@PCN-1.5-1 h #I#¥i Mo,C@PCN-1.5-3 h.
123 S@Mo,C@PCN-X & & 1E W% ¥4 %L 1 il &
# PCN 8 Mo,C@PCN-X S X LU i AN AR A DA =
tb 317 BE, MADELEETE, T, KR
EMBEFERPFH, L5 Cmin!' WHERE
155 °C, fR¥F 12 h JEFHFHEZE 200 CIREF 20 min,
2:B% Mo,C@PCN-X KM Z RMH. HIRAEEIR
% S@PCN 1 S@Mo,C@PCN-X = xf b 41 &2 & 1F
WAL Ko

1.3 EBiRAEYHI & R thA R

1.3.1  Hp e ¥ S@PCN 1 S@Mo,C@

PCN-X 80X LU & IEARA R, super P A1 PVDF
FAFLLRE N 8 1 1 1 EEFHETIR GBS,
JIN— 7 B 1) N- B IR e B (NMP) A 77, 4k S0
VEETE R B @ SR k) KR 100 pm (1) 1)
TNEILIEBEERRBE L, 60 CHEAMAM T
12h J5, BHMERERAN 14 mm &5 FHE LSB
IEM, MREWMARESH.
1.3.2  4RER Hth (1) 4 2% FEIR AV B AR
T 0.1 pL/L B TEFE 3 LSB. BL S@PCN &Y
S@Mo,C@PCN-X 1] 1 (i & 1.0~1.2 mg/em®) A IE
W, DB E N 19 mm R G PP)EN
R B, n N LSB HLf#W (1.0 mol/L LiTFSI 5
0.2 mol/L LiNO3 7E£ DME 5 1,3- 4 /X ¥ (DOL) A&
EEARI 121 A JE, A3 CR2032 414 Lt .
133 XIFREMMZAL 4 PCN EiMo,C@PCN-X
¥yA . Super P Al PVDF PAiEEL N 8111 13
AR, BIANEZER NMP, #F B E R85
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X R EEL Y
1.3.4  YUAR S50 F i 1 2H 3¢ LA PCN 2 Mo,C@
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20 uL ¥ 0.2 mol/L Li,Sg HLf#IR, TESMRMINA
15 uL 7 A LSB HLffl, 4125 X FR Bt 847 LinS
DUARSEE .
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FBA LS LS ¢ 1 B EE/RELIR A, I 10 mL
() DME %, RS FEMPLL 60 C
MR NS EE 12 h, 4331 0.2 mol/L LiySeo Kt
LS L7 01 EEREGIRSG, WA#A/E DME H,
ERHRIIFEFREFLL 60 CHiF: 12 h, LiSg H
ARV FE N 0.2 mol/L.
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HLALN 30 mA, FHEMEAN S (O)min', X
N 10°~80°. K37 A LT B K E
[ REIE (X (FE-SEM, 8 [E-R/R& R i An], EVO
MAS)RAEM BN TE 30 B 6 3= 40 A0, 5850 i
N 20 kV. KHAIZE N B RMEN(TEM, f8E R /RE
TR A 22 ], LIBRA 200FE) M SR i RS 4l 4540 5
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Bordie. KM X HEGHTFREU(XPS, KEE
BRI R BHE A F, ESCALAB 250Xi)2) H A4 B
Bt LiaSe B J5 7028 1) U1 Dl S 45 & REI AR AL . R
P =] RSO (UV-VIS,  H A Bkl fE
UV-VIS-2600) 73 7 A~ [6] # it W Bt 22 B3 A6 40 )5 1) 5
FEARAE

1.5.2  HALFERAE K HL I R 48 (BTS)
RN R T AHR 2R, BTS 9000) 7 ik
30 C (#IRFGEX0.1 C)sAF T X CR2032 H itk
A7 PEL AL 78 TR I DA 4 i 78 T8 FL T 5 R 2 Uk
SRR, RS R R AR T B E
WERER/AN, BIEEERN 1.7~2.8V, 247 LSB 7
JSCFEL B 2R R AE (i H R AR A . RS AR SR R L
R CHIT60 AL FLAL 22 TAES,, 5o X R B b (314
76 B —0.8~0.8 V)H LSB 4 H il (3514 7
1.7~2.8 V)BT IE IR 22 MR (CV) LA 24 )5 1
(A2 A R VAN S VAT R )@ - VAT B UL K i BV
ZIRYEHF FE T RAE 0.1~5.0 mV-s ' JEFE I Af
5 CV PR [F) () F Ak 2% TS, 6o Rk H b A
LSB 4= Hyth i2E AT o Ak 27 BT R (BIS) Ik DA VA FE
PAT R T 2 28 S A AR E P o T IR R
fHIR 30 °C, ZZWMIRMEN 10 mV, WAREHEA
102 Hz~10’ Hz.
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T G By B0, KRN Mo,C@PCN-X #;
fhdr, #1143 Mo,C@PCN-X K & IEMHHM K. 1
S@Mo,C@PCN-X IEMAMELH, Mo,C Bk L )
PE RIS A v] DA R TR PR LioS,, I 8 4b s
AL, SRR, H&s 3R Mo.C 54 %
Z LB AT DU I8 R AN B T AR g, D R
1 LisS, 5 LiaSo/LinS Z I8 (1) 2 BLE) /7 2%, i
2.2 MRMYMEERIE

K& 2a y PCN Fl Mo,C@PCN-X & & 4 K 1
XRD i, 7] LLE tH PCN M EHE 20=26°4 H L T
—NATIRTEAL, 0T R T RR AR (002) ER T . AH L
ZF, B Mo,C@PCN-X B8 1 Bk [RIAT 5 0 LA AL,
7E 26=34.2°. 37.9°, 39.4°, 61.5°. 74.6°4L LT
W12 AT 0EE, X R T 7577 MooC 1#1(100) (002)

I Mo,C@PCN-X B &M EHE BoRZE
Fig. 1 Schematic illustration of the synthesis of Mo,C@PCN-X composites
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IR, Mo,C (R 5T e 5k B th ot 2 438 im0,
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(c) TGA curves of Mo,C@PCN-X composites in air atmosphere
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(d) XRD patterns of the residue after testing

0.08
. Average pore diameter
l
0.06 | T —e—PCN: 12.78 nm
° —*—PCN@Mo,C-1.0: 9.45 nm
! —e—PCN@MOo,C-1.5: 7.49 nm
0.04L —¢—PCN@Mo,C-2.0: 9.53 nm

|
t
%

.,
...
0.02} gt -
-0 8;
® '\.§!
e
! n ——

0 5 10 15 20 25 30 35 40
Pore diameter/nm

(f) Pore size distribution curves
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Fig. 2 Physical characterization of samples
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K 2¢ N Mo,C@PCN-X & & M kHE S S SR
WA TGA #h4:, HT#iE H Mo.C & &E. H
Kl 2¢ Al W, FEAH Mo,C@PCN-1.5 FIEEH Mo,C@
PCN-2.0 7£ 100 CPHiz th I T — ks K, 5
BHMPOL R R K R A K. BEIRE &,
3 B Mo,C@PCN-X E &4 KBHE 320 CHtizyHiI
TR ERRESE, AR T A ke
Bl 5 7E 340~420 C i HIL 7SS i =4k,
Y Mo, C EFART, RARMBEHL T
MoO;, H: XRD ##nEl 2d fin. WL
(Mo0,C+0,<—>4Mo00;+2C0,) , AJ A #fE & H #F
Mo,C@PCN-1.0 . ¥ 5 Mo,C@PCN-1.5 A1 ¥
Mo,C@PCN-2.0 ', Mo,C I Ji & 7 ik Ik N
27.9%- 33.6%F1 37.5%. @It Ny W B I 25 it h
2, #— KT T PCN M Mo,C@PCN-X & &1k
LR AL A, S5 R 2e ik, Bl 2e
HRE L PCN FI Mo,C@PCN-X E &M BRI V
TEMR Bt 2, FEm AR DD, BT B R S
W, AH 4 AFER IR RN, BRI SR T A

TEES. Fidh PCN. FEfh Mo,C@PCN-1.0+ Ff i
Mo,C@ PCN-1.5 FIFE i Mo,C@PCN-2.0 ) EL R T AR
WIRN 194.55.256.50.488.14 m* g ' F1448.00 m*g '«
Bl o2f O 4 AMFERIILE s At 2k, AR
Mo,C@PCN-1.5 7F 1.7 nm /& 45 B T W64, i o
BRAFLZAL, SEAETEREAL, AR A
FLNEP, AT, B Mo,C@PCN-1.5 B
K E R A A B /N Y FLAR(7.49 nm), AT LLH
J B AR AL T 2 1S B

FIF FE-SEM XJ £ i PCN FIHE 5 Mo,C@PCN-X
RO ISR AT 430 W 3a FioR, £ 5 PCN H
BRI ALY, I 0 B R R 45 25
M, TERHRIE TR, XA R T AR A
it fefi. ¥ 3b~Kl 3d A Mo,C@PCN-1.0,
FEf Mo,C@PCN-1.5 FIFE S Mo,C@PCN-2.0 )
FE-SEM &}, AT LUE v Wi R Mo,C
FOORLFE, NIRRT 8E/N0.1~0.2 pm) R
S AT BE(1~2 pm), I HBEH (NH,)sMo7024-4H,0
IIEIEIN, Mo,C ok thiZR i £ .

(¢) Mo,C@PCN-1.5

(d) Mo,C@PCN-2.0

K3 FEdh FE-SEM RAE
Fig. 3 FE-SEM characterization of samples
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Fig. 4 TEM characterization of samples
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Fig. 5 Adsorption and catalytic performance characterization of samples
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Fig. 6 XRD patterns of S@Mo,C@PCN-X samples
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(d) Cycling performance of S@Mo,C@PCN-1.5 composite
cathode material at calcination temperature of 800 °Cfor

different treatment time
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Fig. 7 Properties of samples obtained under different calcination times and temperatures
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Fig. 8 Sulfur loading and reaction kinetics of S@PCN and S@Mo,C@PCN-X composite cathodes
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Table 2 Polarization voltages obtained from CV curves of LSB
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Fig. 9 In-situ Raman analysis of the assembled LSB material
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Construction of Hierarchically Porous Nitrogen-Doped Carbon Supported Mo,C Materials
and Its Performance in Catalyzing Conversion of Lithium Polysulfides

GUO Bingshu, WANG Hengyu, FU Miao, CHEN Junchen, YU Bo, GAO Shouwen, SUN Bin,
WANG Chunshuang, CHEN Lin, XIANG Nanfeng
(School of New Energy and Materials, Southwest Petroleum University, Chengdu 610500, China)

Extended Abstract

Introduction Hierarchical porous nitrogen-doped carbon-supported Mo,C particle composite materials (Mo,C@PCN-X) were
constructed by an anti-solvent method and a subsequent in-situ pyrolysis process with ammonium molybdate tetrahydrate and
ammonium citrate as precursors, and sodium chloride as a template. The nitrogen-doped carbon pore structure and Mo,C loading in
Mo,C@PCN-X were regulated via adjusting the addition ratio of ammonium molybdate tetrahydrate. The results show that the
number of hollow cavities in Mo,C@PCN-X increases with the increase in the amount of ammonium molybdate tetrahydrate added,
providing abundant storage space for lithium polysulfides (Li,S,, »=4-8) and restricting the diffusion of LiPS through physical
interactions. Furthermore, the Mo,C particles exhibit significant adsorption capacity and catalytic activity toward LiPS, accelerating
the conversion of soluble Li,S, to solid-state Li,S,/Li,S, thereby effectively suppressing the shuttle effect. The S@Mo,C@PCN-1.5
cathode delivers a high reversible discharge capacity of 1207 mA-h-g™" at 0.1 C and maintains 517 mA-h-g " at 1.0 C. After 200 cycles,
this cathode demonstrates a low per-cycle decay rate of merely 0.1%, exhibiting superior cycling stability compared to pristine
S@PCN.

Methods 15 g of sodium chloride was dissolved in 50 mL of deionized water. Afterwards, 1.5 g of ammonium molybdate
tetrahydrate [(NH4)sMo0;0,4-4H,0] and 4.786 g of ammonium citrate (CsH;,0,N3) were sequentially added to the solution, followed
by continuous stirring until complete dissolution. The mixed solution above was rapidly poured into 400 mL of industrial ethanol and
vigorously stirred for 5 min. After precipitation, the NaCl@CgH,70,N3-1.5 precursor was obtained by filtration and drying. Also,
NaCl@CgH,7,0,N3-0, NaCl@C¢H;70,N3-1.0, and NaCl@CsH,;0,N;-2.0 precursors were prepared via varying the addition amount of
ammonium molybdate tetrahydrate (0, 1 g, and 2 g), respectively, based on the above procedure. The NaCl@C¢H;,0,N3-X (X=0, 1.0,
1.5, and 2.0) precursors were heated in a tube furnace to 450 ‘C at a rate of 5 “C-min ' under an Ar-H, (10%, in volume fraction)
mixed atmosphere for 2 h, and then continuously heated to 800 ‘C at the same rate and held for another 2 h. After cooling to room
temperature, NaCl-Mo,C@PCN-X powders were obtained. The powders were washed for three times with deionized water to remove
the NaCl template (with template recovery), and dried at 70 C to obtain Mo,C@PCN-X composites and PCN support materials.
Mo,C@PCN-X was mixed with sulfur powder at a mass ratio of 3 : 7, ground uniformly with a small amount of ethanol and dried.
The mixture was heated in a tube furnace to 155 °C at a rate of 5 ‘C-min’', held for 12 h, and then further heated to 200 ‘C and
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held for 20 min to remove the excess sulfur on the surface of Mo,C@PCN-X. After natural cooling, the S@Mo,C@PCN-X composite
cathode material was prepared. In addition, S@PCN composite cathode material was also prepared as a control sample using PCN as
a substrate according to the procedure above.

Results and discussion The analysis of micro-morphologies of PCN and Mo,C@PCN-X composites shows that the number of
elongated pore structures increases from Mo,C@PCN-1.0 to Mo,C@PCN-1.5, but decreases significantly from Mo,C@PCN-1.5 to
Mo,C@PCN-2.0 as the addition amount of (NH4)sM0;0,4-4H,0 increases, possibly due to the collapse of excessive pore structures.
Abundant pore structures are beneficial for the storage and transport of electrolytes. Compared with other samples, Mo,C@PCN-1.5
exhibits a larger specific surface area and pore structure, which can provide more internal voids for sulfur loading and inhibit the
dissolution of Li,S,. Meanwhile, the smaller pore diameters can enhance the adsorption capacity of carbon materials for polysulfides.
Compared with pure carbon materials, the specific surface area of composites with added ammonium molybdate tetrahydrate
increases significantly. This is likely because during the precursor preparation process, ammonium molybdate tetrahydrate crystallizes
on the sodium chloride template after adding ethanol. In the subsequent carbonization process, ammonium molybdate tetrahydrate
crystals extract carbon from the carbon material to form molybdenum carbide. In this process, the vacancies of extracted carbon form
micropores, and unreacted molybdate leaves some micropores after washing. These micropores provide a larger specific surface area
for the carbon material. However, the specific surface area decreases with the increase in the addition amount of ammonium
molybdate tetrahydrate, possibly because the excessive addition causes larger crystal grains to form on the sodium chloride template.
The larger grains extract too much carbon during the reaction, leading to the collapse of generated micropores. The adsorption
capacity of the support materials for polysulfides is intuitively determined by visual experiments and UV-VIS absorption spectroscopy.
After adsorption by Mo,C@PCN-1.5, the solution color significantly fades, and the absorption peak intensities of Li,S¢ and Li,Sy
decrease significantly, indicating that the Mo,C@PCN-1.5 support material can strongly adsorb polysulfides. The results of
symmetrical battery and deposition experiments demonstrate that Mo,C@PCN-1.5 with appropriate molybdenum carbide catalysis
exhibits better polysulfide conversion kinetics. The electrochemical performance analysis of full batteries confirms that
Mo,C@PCN-1.5 has superior cycling and rate performance, as well as high sulfur loading capacity. As a cathode substrate,
Mo,C@PCN-1.5 is more conducive to promoting the retention of polysulfides and the utilization of active materials.

Conclusions In this work, a Mo,C@PCN-X composite material with a hierarchical pore structure was constructed by a green and
facile anti-solvent strategy. The results showed that the introduction of the precursor (NH,)¢Mo0,0,4°4H,0 had a regulatory effect on
the crystallization behavior of the NaCl template, inducing the carbon component in the Mo,C@PCN-X composite to form a
hierarchical pore structure with additional cavities, and the cavity density was positively correlated to the molybdenum source
concentration. When Mo,C@PCN-X was used as a host for LSB batteries, the three-dimensional interconnected pores of the PCN
matrix could promote electrolyte infiltration and adsorb soluble Li,S, (n=4—8) through physical action. Moreover, the Mo,C particles
loaded on its surface could enhance the chemical adsorption of Li,S, by the Mo,C@PCN-X host material through d—p orbital
hybridization, while reducing the energy barrier for Li,S deposition/decomposition. However, Mo,C could agglomerate as the loading
amount increased, reducing the specific surface area of the material. Therefore, under the same conditions, the S@Mo,C@PCN-1.5
positive electrode exhibited the optimum reversible discharge capacity and capacity retention rate during cycling. The crystallization
regulation mechanism could provide an idea for the controllable preparation of porous carbon-based composites. Future research
could focus on reducing the particle size of Mo,C through strategies such as surface functional modification, so as to provide a
theoretical reference for the design of positive electrode materials for high-energy-density LSBs.

Keywords lithium-sulfur battery; molybdenum carbide; adsorption; catalytic performance



