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Abstract

The development of new lithium-ion battery anode materials with high specific capacitance and
remarkable cycle stability is one of the key points in exploration of new energy materials. In this
work, phytic acid was used as the phosphorus and carbon source, and the precursor containing
phytic acid and cobalt was simply synthesized by precipitation method, and FeP/C was further
synthesized by high temperature annealing. At the same time, the raw material was doped with
graphene to synthesize FeP,/C@C material, which was used as a high performance LIB anode ma-
terial. The morphology and chemical composition of the composites were characterized by XRD,
SEM, TEM, Raman, and XPS. In addition, the electrochemical properties of the prepared compo-
sites were analyzed by electrochemical methods, including cyclic voltammetry (CV) and constant
current charge and discharge tests (GCD). The results showed that FeP,/C and FePx/C@C compo-
sites have an initial specific capacity of 637 and 818.3 mAh-g-1 at a current density of 100 mA-g-1.
After 40 cycles at the same current density, the specific capacities were 192.2 and 253.8 mAh-g-1,
respectively. After cycling 200 cycles at the same current density, the capacity of 169.5 and 190.9
mAh-g-1 remained, the decay rate from 40 to 200 cycles being 88.2% and 75.3%, indicating excel-
lent electrochemical performance for rapid lithium ion insertion/extraction cycles. The phospho-
rus-doped carbon material improves electrical conductivity and reduces the volume change of
FePx during charge-discharge to maintain structural integrity. Based on these advantages, FePy/C
and FeP,/C@C composites exhibit high specific capacitance and remarkable cycle performance as
LIB anode materials, and have promising commercial application prospects.
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1. 5|8

78 H a6 7™ 5 B VR AT SRR B V5 Qe 0 T 5 R, A TR A (EY). ML EE B A R4
(ESS)AMEH5 20 L 1~ B & PROEIG K I 75 3K, 18 V75 T K s D 25 FE I Bk 22 A7 i R . 4B 1 H b (LIB)
BT HKEH G, & TR, SRR A @ 5 R IR IR B A LR LT BB 7038 A R F r
%OE@%M¢,ﬁﬁﬁﬂ%ﬁ%i%iym%@oM%it%%,@%mﬁéﬁﬁﬁu%%ﬁﬁlﬁ
Wi SRR B, X AR it A ML BT K 7, NS H O T[] [2] [3]. ASIRIR HAR AL AL,
filtn, MR R @éﬁ%a%%ﬁwﬁﬁéwﬁ,EWﬁa%WUB%mMﬂ SR, FH T IR B
B 1 R AR R K KRB A BIAT & R b R BER AR N 372 mAhg ), BEH
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R B 25 A RV RN LA, (EAEIACRRrE RE N ERAR[4] [5] [6] [7]. Rk, JFRmfEREERE . KIERH .
T 5 R R R0 2 AR A R BAAE AT

FRT, A8 2 A7 gl 7 AT Hefl —4EQDYFHRNBE, BRI &8 S gk iRl,
TH MR A G AT 2RO . o, SEBEUPIE V2 USRI T 1)
PERE, AL, LS. M. KFHAREHEIBA LIBs [8] [9] [10] [11] [12]. V¥ &J@#LYI(TMP)
Je— P E R I GURA R, eSS &R AR, R EAA L AR KR, BEETR
B PR A B NI B A [ ST B [13] [14] [15]. BbAL, BEAd) 5805 4 Ak S, A g
TR LisP FEIRE FHESE > 1 x 107 Sem™), MidEdBEMAYIERITE 5 B4k Li,0
(B33 >5x10°Sem ) [16]. ik, EAHRME T S BACKBURIIN I, JEEm H R IR BIEE
5 H AR P 4 BB (In Co Ni Al Cu)fitt, Fe BEALWEA W BHIMLSE, FFHMKMEE. Hoh, B
TR R —ANEER NS, B HACIE, ABE17]. BE[18]. = EIEBE 191 IRBEEREN 01 4 H T
AR TMP, (HIXSEif A 3 H 58 . Rk, SGE B7A% 5 R RE £ 2 4 1l 0I5 2 SR i 230 A I
B CHEETT . HER(PA) [6] [20] [21] [221# N AR EH IR h i F ZEE 0, & —F RN A P
U5, O T H0E & MR A B S APER TR, I B2 & s LIB B B AW I EM R 2 —.

TEARSCH, M PA FENBEANERIR, I FHDTIE IR A B A A RR AR B AT Ok 4, JE— 2 sl ok
A1 FePy/Co [FI, FEJREM BB BIG G K FeP/C@C #BE, FIERYEREN LIB bbbl . w5
Mtk s T S R TR TSR - ORI FE T FeP, FIAFRARAL, (0 1 450 e B o JE T IX BB 45,
FeP,/C #ll FeP,/C@C B &M EHE A LIB FUl A K} R B H i b LS F0 R G I EA M B, B R 82 I 5%

2. KBS

A SEIG B B R A S . RERR(TUE B 70%) FeCly. &K, JRE. ARKJEE N2 mm). K2
JHIES GER(PVP, 73T & 1300000) N-HEAEIE GEHd(NMP) 7% B2 AT 5 A 98 £ 0 (PVDF) &34 6 T+ Sigma
J Aldrich. BT A SEERMH 587K, 25 Radt—alifl.,

2.1. HRLEYHIE

FREL 1.0 g FEERIA T 10 mL /K, FHRE /K pH N 6 fE A A . FREL 0.944 g FeCls Fl 1 g JREV
F 5 mL LXEF/KAPEN B B 4 B IRREEFEMEMFEME A B, FEEaaiie, HEEFKE
OH PR IZ L YT « BT S5 200 A R R E T NI AP E R, 78 Ny ST mrilBse 3 /e,
FHEHEZ N 5°C/min, FEIBKER KRN FeP/C Mk, AT X, DUASB4NER, SR AR
PR AR, HEmE R B0 BT T ARG . TR B ISR I AE BRI
P48 00, A SR JE N FeCly R LA 1:10, HoAh 2% AR AH A & 8 4 2 45 1 FeP/C@C A HE.

2.2. PRISRAE

W% FT 5 1] 46 (AR PR AROUE 485 R4 458 FH 414 /L7 S U8R (SEM, Hitachi S-4800) I I f 1 R A% (TEM,
JEM-2100F). TEM 0K F 1 T BE I T2 To K QB 3 F i 0 208 258 B 4R 9 L, fERBEiR e R
TS LA 200 KV (1 11 H S HEAT W82 o XS ZRAT I 23 BT (XRD, DX-2600), ZATHAX A Cu UK o 20
=0.15406 nm), 7£ 20 mA #1130 kV TH#E. X $4O6H T REIE(XPS, ESCALAB 250, Al UK o H14k). $i
2 %1% (Raman, Thermo Fischer DXR), H 532 nm FJE AR 1 Invia-Reflrx 3%

2.3. ERAYHIE
A HIHI(CR2016)K 1Pl FeP,/C 1 FeP,/C@C 4K E G MBI A2 RE o Wil A L 230l 5
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M PVDF 42l &ty 7:2:1 GBI ARG, W5IEH NMP. ERL 4 HE T HHE 2 h (IR SERR 18 DA
T ZE K B 45 A 1 R R)) 5 49 B3 51 JRE . A B A5 OB IR ) 28 B IR R AE SR AR B IR L TR AR T
W, MR AR o B B EMEPITUIRRER A 90 pm R BE 1 I ] % 2 TS IR A HORHY
SIRATEANE |, 60°CIRIR 12 he ¥t Tty HFZ ) A LIRS B2y 12 mm (A Fr, 4 MPa
BT R R e R, PR S 0Bk SRR R 1S B S R I SERR R R, e R R T AR A T
FEMPORAEH. BbRRERAS: SRERTURNTEM TIRME: A5 CR2016 B4 HIM;
HLf#N 1 mol/L LiPF-EC:DMC (AR EL 1:1), BB i Ak Ba i, o B A o

2.4. BBALFERR

FIAG AR B H 1 78 J5OH R 3 7E LAND CT2001A B4 HE B vt 2R 48 52 i, B WA 1 04 28 50
1EHEN 0.5~3.5 Vo JEFARZ2IAR(CV)IINR 2T R Ak 2% T AEuk CHI 760E 58, &M =R T
EEHATH, PSR EZ 0.1~5.0 mV-s ', #ibFH EE G B & 0.5~3.5 V.

3. ER5118
3.1. FeP,/C 1 FeP,/C@C E& MR NEIFTRIE

Bl 1(a)fIE 1(b)5 518 FeP/C 1 FeP/C@C S &M BB R A, 7T LLE H FeP/C@C H R
1 FeP,/C AlH BIFAFAE. & 1) 1(d)78 FeP/C@C EAEMEME SR ERm A HHERE, MNiEs
KIRT L H FeP,/C BLEEAE A 8205 AR Z R, 15 1(d) R 7 R I b 56 2D 0.285 nm @R A% (A1 FE JH & T FePy
I(301)faTH ;%524 0.30 nm [ ah A% (25 IH & T FesP AI(211) M1 -

P 2(a)# FeP,/C 1 FeP,/C@C ] XRD Wi, 434k &ox FeP,/C 515 41 84 )5 (1) FeP,/C@C 7!
ZERREHE, HXPME SRS T FesP #1(JCPDS NO.19-0617)1 FeP, #H(JCPDS NO.40-1003).
Kl 2(b) A B Raman Y% ], 1 8805 A7 TE o] LUE IS F7 2 638 ) D 1 G 7 IRFIEIESRIGTE, &
M1 AIALF 1345 A1 1595 em ™' db. D W2 HA SR SRS . WGAMMMRE T 521, Gig
W R R SBEEH P sp” HBEEE M RISE B RERE . T Lo/l B LB PT LA FAE T AN P A SR R R T 1Y)

BAR[23] [24] [25]. NEIHFTHTE ], BT A BENE EME (/16 = 0.987) 1)U 58 LA B B2 L FeP/C(Ip/lg
= 1.059)K, XKL A BIFN FeP/C@C RAMELRA Em A BIFLE, XAF TS B,

_1_ 0.285 nm

TFem (301)

0.300 nm

Fe,P (211) \/4\

Figure 1. SEM of FeP,/C (a) and FeP,/C@C (b), respectively; (c) TEM of FeP,/C@C; (d) HRTEM of FeP,/C@C
& 1. (), (b)73HA FeP,/C F1 FeP,/C@C E&#H) SEM B&; (c) FeP/C@C B TEM [&; (d) FeP/C@C #J HRTEM &
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Figure 2. The XRD (a) and (b) Raman of FeP,/C and FeP,/C@C, respectively
B 2. (a), (b)2FA FeP,/C F1 FeP,/C@C EA##}, (a) XRD [EF1(b) Raman

e R X RO T RS (5 3)MIASRIR 7T FeP/C Hil FeP,/C@C E &M R R I 2 H K. &
3(a) XPS TEIEE T, AEPIAFESR R EAIIE] Feo P. C A1 O, ESE TXPUFTCRMAELE. O REBB M
T rH ok B8 1 2 iR SR 1) B R RN F T 2 AR kT 5 B SR T 464k« FePy/C Fl FeP/C@C 1 Fe 2p. P 2p J¢
C 1s o 9% XPS B 73 ITE K] 3(b)~(d)F, MEIH AT E X pFp e it e J L7 B4, U BIRE 5 )
G AAR [F], (RIS FE A AN, ULBHERMAE i Fes PFIC M EER ZR. f£& 7715 Fe 2p
St (] 3(b)), AT LWL EE R LLEE A 8N 711.3 A1 724.5 eV N H L [T N6 53 51l X5 B F- FePy H K Fe’™ 2ps),
M Fe™ 2pyp0 [N, 714.5 eV B TR SEANY T Fe’* [26] [27] [28]MIFRAE—EL, FIE T Fe )
A EALVE R o RIS, B 3(c) s i P 2p i HE6IE 129.9 AT 131.7 eV FISFAEIE 5 51V )& T P-Fe Al P-C 4.
P-C # i FeP,/C@C & & MBI R Bk =4, C 1s B A RBE [ 3(d) AR, 284.6 eV LGS
F B %, IXH{R T FeP/C@C WIEA RIFSHME, HAh, BF AN IE{ETE 285.8eV HET C=0 #,
XA REAE F T ADRLE 1) 2% 1 T 2 o 30 2 A T

O 1s
Fe 2p

- ’ .
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x H
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Figure 3. The XPS for FeP,/C and FeP,/C@C. (a) XPS spectra; and (b) Fe 2p;
(c)P2p;and (d) C 1s

[ 3. FeP,/C # FeP,/C@C E &K XPS [E, (a) XPS FEik; (b) Fe2p #ik
&E; c)P2pWEE; (d)Cls HEE
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Figure 4. (a) Galvanostatic charge-discharge profiles for the selected cycle of
FeP,/C@C; (b) The first three cycle for CV of at FeP,/C@C; and (c) Cycling perfor-
mance of FeP,/C and FeP,/C@C at current density of 100 mA-g"

E 4. (a) A FeP/C@C EAMKINERIBRRFIMEE; (b) A FeP,/C@C $ERM
BI=MEIFES CV El; () 9 FeP/C 1 FeP/C@C TERIRZE 7 100 mA-g ' TBER1E

ok
BE

35F .
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Figure 5. (a) Galvanostatic charge-discharge profiles for the selected cycle of FeP,/C;
(b) Rate performance of FeP,/C@C and FeP,/C composite at different current densities
[ 5. (a) 3 FeP/C@C $2HEAT=/MEFH CV E; (b) FeP,/C 1 FeP,/C@C E&#H#
BHEEEE N EE R TRt A 14 REE

N T E A A AL I R T FeP/C Fl FeP /C@C HIARES FAEfEMERE. 1 261d 4 N R &R E
T AE L I 7S R I (GCD) RIS, HIR N 100 mA-g ', HUEIJEEN 0.5~3.5 V (vs. Li'/Li). fE5—
B RIS IA H, FePy/C@C MIHIZRTE 0.5~0.6 V X3 R A L LR~ &, Xf BT FeP,/C@C S

PIAE RN, 135 Fe 44K BURIAT LisP [16] [29] [30]. 7E 2.25~2.5 V XIS MBS — MR HHEEF S,

JFAF Fe ALK FeP, [12] [30]. 55— FBIE IR 1 O AN 78 L LE

_REIN

TET]

x|
54 818.3 1 535.8 mAh-g ™!, FECR
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BN 65.5%. H . HZEMEERBOEHEI LT ES, W T EA BT 5 4b)H R =R )
TEIRR 22 B FEFE T S BIAHF 4518 . & 4(c) B AP R RHIE PR 22 200 PE RG24 bL HL 25 B AR 1A,
MR 200 B P AT RN A B R IR R E 1 o

FERE G G, 7 HR S e i R R I AR IR R AR e 1, RO R ARFFLE 98% /i d, 1E 100 Pl
TEHA G, TR EE LA AT AGERFAE 228 mAh-g ! /£ 47 . £ 200 [BJE3F )5, FeP,/C Al FeP/C@C 1 EL L7853 5
N 169.5 F11190.9 mAh-g .

VERNXTEL, AP 5(a) s AR 4B 244 A S 1K) FeP,/C 4 FEIE HLIR 70 i H - PR 20 A5 P 55— Bl 70 il el
PEFAR,  HIZRAE 0.75~0.55 V XU BB L P &, 72 2.3~2.5 V XKEH IR P &, AT S HL B
50N 637 F1 423.8 mAh-g ', FECRERN 65.4%. TEBEJE IR, FECRCRIAFRIE 99% /4 41, E 100
BIEIR 5, HOH BB A AT LAERFE 170 mAh-g ' 245 [AIRF, @0 S(o)Fiaie iR 7 i mdh 2 A+ RHEA
A HL % B N I R & . Hih FeP/C@C HIARAE 0.05. 0.1, 0.3 0.5, 1. 3 F15 A-g™ (I HLIR S BE R 20 51
$24E 760, 383.3. 370.5. 317.8. 275.7. 199.3 F1147.9 mAh-g ' Fn[ i 8. 1EL A [R5 2 1) oL I 25 7
TER G, FIKE R 0.1 A-g ' [ B E B SR BE AR FF 287.5 mAh-g ' (UL HLZY, LA A BTN &,
IXF T AT PR R N R R 0 O R AL e

4. B4

FEASL AR, @i B miRIR K A M R AR I i SRR & 1 7 7 2411 FePy/C J& FeP/C@C B & Hk
ML, R XRD. SEM. TEM #l XPS S53RAE | H AWM BHATE A1 A F Lo H R, Ak, REx i
WERME o B it R 2H 3 e =X i, @l — R A= 7%, %6 CV. GCD 4§, XJfil & M E &4k
BEAT AL ZE MR RE 0 AT, XA R B s s Kt R E R Fe e 1, H FeP/C@C HIPEREZAR T
FeP,/C H & 1Bl A& TAEF 14 1) FeP,/C Ml FeP/C@C &Mk K H S A8 B 7 r it 7 — Ml
F LS AT S AR, il g T DU & G I & B R b 2% .

E&WE

X TAESE T & BRI 5 2017C31071 A1 2018C37075) 32 % i BH R iR (% 5
2016AY13008) S VL VGE B S A BB B & 00 H (%5 YC2017-S303) IS KF
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