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Abstract

With rapid development of portable electronic devices and new energy vehicles, advanced li-
thium-ion batteries are required. MoO; has high theoretical capacity and low resistivity, and is
expected to replace commercialized graphite anodes. Herein sub-5 nm Mo0Q;/graphene compo-
sites were prepared by one-step hydrothermal method. The phase and structure were characte-
rized by X-ray diffraction, transmission electron microscopy and energy dispersive spectrometer,
showing that ascorbic acid could reduce molybdate ions to MoO., while graphene could prevent
the agglomeration of nanocrystals. The electrochemical performance was tested by galvanostatic
charge-discharge cycling, cyclic voltammetry and electrochemical impedance spectroscopy. The
initial reversible specific capacity was 1072.8 mAh-g-1 with coulombic efficiency of 65.4% and
remained 579.6 mAh-g-1 after 100 cycles. The combination of sub-5 nm MoO; particles and gra-
phene effectively improved the electron/ion transport and bufferd the volume expansion of elec-
trodes.
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EHER T REMNF IR ENRER B EE FRbEE TERHER. Moo HE RERAREMKE
FHEE, A EHER B AL A BRI . & TAERH — K REH & T E590KkMo0, /A RIGE KL
¥ FIXRD. TEMAIEDSH EAAMEGE BT TRIAE. ZRRE, TR EEBRREE AM00,, A2
JE AT R REIE SR B8 . SRAE R TS B CVAIEISY T H B fb 22 MR R BEAT T WK B A i A &1£1072.8
mAh-g-1, FEOE KN65.4%, TEFH 100/ /55 BMRIFIES79.6 mAh-g-1. MoOFhL /N A &6
BENE T BN BT/ B ERIFERE N TR
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1. 518

H AT A i 2 i e S B 8Pz 2, DB 7t BRI . AR i A g e R ds i 2L
RFME, HhEEFRIBFE A ER S, I EaK AU ey 5 500 A V2 T84
T T 1A FUB AR U ZE 1] [2] 240 i F AR B8 1 H it b e DUF B =, BB 2 (372 mAh-g ).
HEAR(~2.0 g-em ™). Li'B &8 L7 e s A NS 8, 800 2 T I 7 3R [3] [4]. 2000 4
Tarascon WZH$2 H F 28 /1 CoO. NiO Fl FeO SREZAC A 8B AUAAFRL[5], FHZWiin R 2 e idE 4
B ALPI(MOs, M = Cu.Mn.V.W.Mo %), H:, MoO, H.A7 i 7% B 751(838 mAh-g ™). % & 75 (6.5 g-cm ).
FELPH (8.8 x 107> Q-om) Ah 8 e P e R E A 230 1 R 25 55 [6] [7]. MO FAY )\ THI A 455 #4) 1 B AT S ik
ND & LY K LisMoO,, 1EJ5SEI L fE it — P4 & £ Litss 74 Mo® #1 Li,O [8] [9], ik
A BAVUA LTS TFIORE T SR LB IR B R B P AR S R BR 1) T L RN R A, SRR bRy &
HEE IR R RARIF 2 [10] [11]. 534k, MoO, TEIE A I FE e 2 R AR M B AR UK . ESURI AL, 35X
R T RE[12].

T AR GO AR IE R MoO, HITEM I BEFI R 2R ML RE . 9K EE M RERE A KR =5 MO, 1
PRI, YD B R0 B AR AAE P AR SR 25 [13]s 5 B L 3 R s e I (R B A R AT R A AR
e A O AR R R B IR A R R 7, B A AN BV [14]. V52 MoO, 9K &5 (nghk
RURL[15]. KHE[16]. AKBR[L7]. BXSeaS I [18TAr FLEEHI[12]) 1 MoO /B B S+ KL (it 7 MoO,
[13]MOoO/FRAIKE [19]F1 MoO /A FLER E G A EHT]) #BH R AN MBI 7T . 1 2075 (GNS) A H TG4k 1 e 1 7N 14
TERRI ) — 42 i, B m I LR A, A R s/ S AUV RE, I 15 SR 32 38 12 /5T
5 MoO, HE&, A HEMEEAEN MoO, MUk F2 it R 4F i A& H M 2%, WREAE N AR SZ AR B Ay
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K E KR /1[20]. MOOL/GNS EAMEHII G IR T AR L, HanfiRE 6], w7 21]. K HiE[22].
SR UTAR [23] A ARAE B [ 20156 77 7%, AHR M3 FE 2 A7 OBV (A PIRE R BN R STk ok
AN ET L T BAAMB e A F RS ) . R, B TR R R R R LS B IR R VR
] £ KA /1N (<5 nm) FL23 45 2451 111 MoO,/GNS & &1kt

AW FEHE H DAPTIA MR NI S5, AHIRE N ERYR, @it — 2P KGRk £ 5 44K MoO,/GNS B &
MEEe R X FHERATH . B9 i 7 B A R 22 B 0 A A I G5 34T T RAE I E T PR MR
U S AE AR E R . SRAER SO IR 222 A0 B A S B 20 e vk 2= A A B dEAT 7 Ik
HXF S PEHLERHEAT TP SE. A AT A RIS 1072.8 mAh-g ™, FECRIE A 65.4%. MoO, Bk i /N R~
A S0 BH S 253 1 H AR ) L B AR B A AR o T AR AR K

2. SCIGERSY
2.1, 15

FHIRE((NHg)eM07054-XH,0, 99%, Fifg 2 se RAEAL B G IR A F]), PR MER(>99.7%, | ZRIH4ELL
Z]ERAF), AREOITA, TRSEEREARAF), N-FEEIEEGEEI(NMP, >99.0%, iR+
TAUBE BB AERAT), B _MIMEEPVDF, Ligbls T AR RO ERAR), LG,
R A R A R, BUR(L mol-L ™" LiPFe, A FIABRER £, B IR — H S IR IR 2 )% il = 1101
(EFLL), LT EEN S REIEARAR). FraIRFE A St — S b,

2.2. &

43 %% 0.278 g #HR %L . 0.2 g PLIRIMER . 100 mg A7 8847 40 mL 22551 /K A1 20 mL TE/K ZEE K
AR OB S A AR, S T iR 30 min J5iE A 30 min, BTN SEAE 180°C T B 6 h 57
BUECH, HARRH. BRI EE 3 WOKTEEOZ G, BN 80 CHARH T4 12 h, BI15 5] MoO,/GNS
SAEMEL SR RS E (R 1), 55l f54E MoO,. MoO,-GNS-1 il MoO,-GNS-2.

Table 1. The amounts of reactants for the three samples

F 1 FIE=MERNRNYIAE

ETE S A 4fimg Uk LR/ g

Pure MoO, / 0.2
MoO,-GNS-1 100 0.2
MoO,-GNS-2 100 /

2.3. HERIRIE

X FHEEATS (X-ray diffraction, XRD)Z#77E 17 2 PANalytical 23 & 42 7= ) X'Pert PRO % X S 28 fiT5H1X
T, SRH Cu Ko $T26J5(4 = 0.1541 nm), TAFHLE 60 kV, HLf 60 mA, $476H 10°~80°. &5 H
PYSE=N

T . B% (transmission electron microscopy, TEM)F1RE =43 {1 (energy dispersive spectrometer, EDS)7E
fiif = FEI A 7] Tecnai G2 F30 /&4 #f LA AT Lo b, #REHLE N 300 KV,

24. BUFNE

HRDRAE A 4L R CR2032 AL At ki AL 22 PR e . AR AR AR AE IR . 4% 8:1:1 & L)
PIRRBGEVEYII . T HLRI R BRADRE S5 77 PVDF; S T R SRS G5 R RR I R e 28 BB R, S 13 hn
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it 4

ERE NMP, ERL B RS EAiRE 30 mins HHER 515 BN LU O 4 (& PED AN 78, 4k
NMP SRR B AER R SRR G IR SIRTE B AR 12 mm A SR A B, BT 12 h,
BE TR, XS R &8 8 F, FiEA Glass Microfiber, HLf#N 1 mol-L™ LiPFg (%
FUAAFALE 1:1:1 (BRER 2,85 B ER — W B AR R 207 F R » 76 PB4 (Ar AU, O F H0 B/ T LpgL ™)
T 4 2 i 5 B HEL . #E Land-CT2001A 7Y 9 i it A b 54718 i it 78 5 i, R 96 1 0.01~3.0 Vs
7E CHI660b 7 Hi A2 T AR S HEAT T 8RR 23R (cyclic voltammetry, CV), HiJE{E [ 0.01~3.0 V, 93 0.1
mV-s . CV IR 585 B IR A2 £E 3.0 V 3k 47 HL AL 24 BHHTHE (electrochemical impedance spectroscopy, EIS)ill
W, M 0.01 Hz~100 kHz, #tahHE 10 mV.

3. &R5iT1ie
3.1. HHRIRIE

1 945 MoO,, Mo00,-GNS-1 #1 MoO,-GNS-2 ] XRD Ki . =AMATHHE 7 20 = 36.52°, 41.37°,
53.80° A1 65.73° 4 W] W ATHTIE, 4355t R MoO, (PDF. 50-0739)f1(100), (101), (102)F1(110)&% 1, iEA7E
ASHINAT 22435 (45 MoOL) B A IR LR (MoO,-GNS-2) (15 1. T ¥4 MoO, 4 . AN [E 12 , ZERE il 4l MoO,
F1 M0O,-GNS-1 [ & A F | 20, 1 MoO,-GNS-2 HiHl 7 MoOs 216, 15 BT ML B i3k 1 48
FRAR B 7138 )5 . M0oO,-GNS-2 H1 1) MoO, ] BE A 4 A1 sk A 2 [ 1) B BE BT SR 1T B XRD 3 H 48 MoO,
5 U 1 2 0 55 B 2. /8T M0O,-GNS-1 1 M0O,-GNS-2, 15t W HLABURL R~ 85 K, 45 iR P A o

MoO,-GNS-1

MoO,-GNS-2

Intensity (a.u.)

Pure MoO,

(100) (102)
MoO, (PDF:500739)

110

101>
[ |
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2Theta (deg.)

Figure 1. XRD patterns of the three samples
B 1. =FHEma X 678 Bl

FEMPTESREE W 2 From o MIE 2(a)~(c)rT LAE 4l MoO, 2 FH K 5 1R HE /DN — IRRURE HEAR 17 Fi 1)
RRF R, — RO RARTE 5 nm LA, HEIZRAER ™ HE . M2, MoO,-GNS-1 REib #EHH
B S0 b AR B KA /IN(<5 nm) B2 A6 25 51 BURTRE (K] 2(d)~(f)): MoO.-GNS-2 Fr/INBURLAMBAEE B A%
4 50~100 nm [ RBRL(E] 2(9)~(i)) . RifE K/NIF 9: MoO,-GNS-1 < MoO,-GNS-2 < 4 MoO,, 5 XRD
GER—, EPURMBRABI T, 46 MoO, i1 — IR BRI AT MoO,-GNS-1 {38 5] ki Hoki 72 4RI /N, BT
IR B FRAA S . 7EA S8BT, MoO,-GNS-1 Al MoO,-GNS-2 1 MoO, /NETRL ¥ 73+
B RE S0, U0 S AE I EORLE R IR MoO, /INIURE IV B & R4 7 ARG i 48cda, BRI 1 /NSURL A
Al 9 R AR
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3.2. BLFEMR

T A AR 22 OB AL 78 T RO R R R RE AT ] 3(a)~(c) N =M CV k. H—F
1.54 V F1 1.60 V Ak (1954340 J5 068 73 5ol 5o 2480 P e A RT B HH (A 3R(L)), 72 S5 SRR IR iz S e SR e AR e 7
1.26 V 1 1.44 V. W07 B WAL IR IR A& 585 LixMoO, FEAG IR Ff R 28 1 B R AR 55 1E 2 AR 22 ) FA AT 36 A
A5[24]. BRI ZR7E<1.0 V AR E RRHEO B SEN AR A LixMoO, 54464 Mo 1 LibO (A 3(2)).
JEEAEIAHRTE 0.5 V AL T Ik R0, TEXT K R BI[19] [20]. MoO,-GNS-1 4R fbid J g A7 B B A
HE, UM R

Figure 2. TEM images with different magnifications: (a)-(c) pure MoO,, (d)-(f)
Mo0O,-GNS-1 and (g)-(i) MoO,-GNS-2
E 2. FEMEZRE TEM E:(a)-(c) & MoO,, (d)-(f) MoO,-GNS-1 F(g)-(i) MoO,-GNS-2

Mo0O, +xLi <> Li,MoO, @)
Li,M0O, +(4-x)Li <> Mo+2Li,0 2

3(d)~(F) Ay = i i DY J PR ZR O R MR RE . E B S I I R R 1.6V ARAEAE — AN BV LR P
G, MR 3(a)~(c)F e A CV B A iR JE AT . R HIZRAE 0.5 V 2 FEFEIUH LK i i R R
YLK AE T M MoO, £ Mo F Li,O FIFE4L N o 78 FEHTE 1.2V 1 1.5V AR &, SRR
HEFE R LicMoO, KA T AHAS . 4l MoO, 14 i 78 /i B R 25 543 71l 580.3 i1 1059.6 mAh-g ™%, AR
N 54.8% (4] 3(d)). MoO,-GNS-2 [ 14 J& 78 js i EL 75 #4373 4y 837.6 I 1319.2 mAh-g ™", JE £ 3F N 63.5%
(1% 3(e)) - M0O,-GNS-1 F 14 & 78/ Fit EL 28 543 51 1078.2 A1 1648.7 mAh-g ™, FiE 443 N 65.4% (14 3(F)).
T AR IR EEORIE T SEI BRI HARIT 4 fif K LiTE F1E MoO, AT I8 B A [7] [19].
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K] 3(g) 94k MoO,, M0O,-GNS-1 1 MoO,-GNS-2 i 100 Ji FrI{EH 1 it - MoO,-GNS-1 £ 55 = J&] FE 3%
HIEF) 96.7%IFAE G BAGIR T ARFFAE 97% A L, 1 3F 40 Jil 5 2 & #a T P4, 100 J& J5 {RHF7E 579.6 mAh-g .
M4t MoO, fil MoO,-GNS-2 7 100 J& J& 2 543 4 438.6 A1 276.4 mAh-g™, %W MoO,-GNS-1 A %
(Al 7 KA Ra e e . S RPRE SR I R M B &) 3(h) s 7E 50 mA-g ! 1 FLIR 25 B R 3E 10 )
4li M0O,, Mo0,-GNS-1 Fll MoO,-GNS-2 f R ¥ %5 54 5 A 408.9. 749.9 Fil 656.4 mAh-g™. BH# HILH
JEFIZR B 1 F+(50~1000 mA-g ™), =FhEES IR EHANET N R, T BRI N MoO,-GNS-1 < Mo0,-GNS-2 <
4l MoO,. 24 LI 2 FE [0 21 50 mA-g I, = RiRE B A w] 30 25 40 7)1 2 31 310.3. 524.4 11 416.4 mAh-g L.
51 3(0) P A RIER R A B A EL, M0O,-GNS-1 Al MoO,-GNS-2 (14 B 2k 25/N T 5%.

NTHRAVEREZ SR, X =FRE 4T 7 EIS MR, /& 3() A, Nyquist 22845 B E X
() 2F [ B AT X R R e PR 070, 43 0T I FA SR T AR HL A e RS R LT B 79 . 4l MoO, 78 Ry A X - [ 1)
PAREGE KT M0O,-GNS-1 il M0O,-GNS-2. R IS5k FELER ALY, DL FLfiA oG FELBEL(Re) - FEL AT % % FELBEL (Roy)
AN LB S PEV AR (Z) 09 BOR AT, X 58 rRe BRI AT TG A, TS EdE Ik 2 B
ZERFW], Ry KN HN: 48 MoO, > M0oO,-GNS-2 > M00O,-GNS-1. MoO,-GNS-1 fil M0oO,-GNS-2 [ E.
BRI ET R T 46 MoO,, B4l MoO, ' Li' & 1 (09 HUE Z B . MoO,-GNS-1 7£ FLfar A 1 LiTes 1
BT TH AR 2 T MoO, UKL IR /INRLAR FITE A S8 45 2% THI I35 50 40 A
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Figure 3. Electrochemical performances of the three samples: (a)-(c) CV curves, (d)-(f) galvanostatic
charge/discharge profiles, (g) cycling performance at 100 mA-g™, (h) high-rate performance and (i) Nyquist plots

3. ZHMERAIBE LS MEE: (a)~(c) CV BhZk, (d)~(f) 1ESRITHERLZE, (0) BIFMEEE00 mAgT), (h) 1
FRMEBEFN(T) Nyquist El3E
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Table 2. Impedance parameters of the three samples

=2 ZHEEEEnSH

Samples R/Q R4/Q
Pure MoO, 4.69 143.7
MoO,-GNS-1 3.55 84.7
MoO,-GNS-2 3.38 1134

4, g5ig

A TARAEBY T PUOA M BRAN A SAR S R A, St i o e A HL AR A ORI — 2D K R SEBIL TR
~F(<5 nm)¥] MoO, BIKLAE A7 sl KT (41 50 7. PUR IR e itk 1 ARIRAR S T H0IE B, A7 sSRIR I
MoO, /MBI B T AR AF B A, BRI T H00RE AR ELAE AT 2R . MoOg UKL YR /N RS A S84 B 2. 25
B MR T AR A R TR, IR T AR A AR A R e
A TAR A NORBURL B R S AR H % A REN S0 T 5%

e HE

Wr VL A BF $iF 8 (KYY-ZX-20180006) (Science and Technology Plan of Zhejiang Province
(KY'Y-ZX-20180006)).

WL A H SR R 2% 3 4 (LGG18B030001) (Natural Science Foundation of Zhejiang Province
(LGG18B030001)).
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