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Abstract

In view of the problems of slow ion diffusion and poor cycle stability in the anode materials of sodium
ion batteries, this paper puts forward the structural control strategy of phosphorus-doped nitrogen-
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rich carbon nanosheets. Two-dimensional porous P-N co-doped carbon (P-N/C) nanosheets were suc-
cessfully prepared by pyrolysis and phosphating of metal hexamine framework precursor. The opti-
mized material has a specific surface area of 1245 m2/g and a nitrogen content of 8.4 wt%, and phos-
phorus doping significantly increases the ratio of pyridine nitrogen to pyrrole nitrogen to 73.5%. The
electrochemical test showed that the material, as the negative electrode of sodium ion battery, exhibited
the first-cycle discharge capacity of 438 mAh/g, and the reversible capacity was still 246.6 mAh/g af-
ter 500 cycles at 2 A/g, and the coulombic efficiency was stable above 99%. The research shows that
the synergistic effect of phosphorus and nitrogen (P-N) and porous structure are the key to achieve ex-
cellent sodium storage performance, which provides a new idea for the design of anode materials for
high-performance sodium ion batteries.
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il e AR B BT AR R R SRR, N TR R R . OGBSO E AR B, AT
BB T-(Na) R 18(1.02 A) K FHLES T (Lin)EA2(0.76 A) SBURY BUEh 1257 218 RIS BF R 5t Mk 2 56 i J | 2
HLSEBRI 1] 5 VB R () F T S5 M A B R VE A AR B 02 6T, AR AR S A R A
YA 25 P B A R, PR RS R R S, DAL AT AL 2 M B, XS B B T it B AR 25
HEEE X[2]-

2. MREHE
2.1. LIRSS

2.1.1. R FIRE R A E

SIS B A SE RN N A T A )], E RS 7SK S HER A (CA(NO;)2:6H0, 41 > 99.0%) 75 TE
FH 3 U 1% (Hexamethylenetetramine, HMT) (2% > 99.5%)5 X REH(NaH.PO2- Ho0, 4% >99.0%), HifiE
TR FBRIER I B AR R — R BR(ARAREL 1) MR, AN A R, SHAER C R, R
N R AW £ M (Polyvinylidene Fluoride, PVDF).

2.1.2. FRAEEBRIMAFH

FHBLRAE R 3% & 543 4 B 85 (Scanning Electron Microscope, SEM) (Hitachi S-4800)F 4> #%1% 5 H
%% (Transmission Electron Microscope, TEM) (JEOL JEM-2100F), ¢ifk&hfyidid X SR A7 5% (X-ray Dif-
fraction, XRD) (Rigaku Ultima IV) 7347, JG3BCR A X 42608 H 7 BE1% (X-ray Photoelectron Spectroscopy,
XPS) (Thermo ESCALAB 250Xi)ill & .

2.1.3. BiLFEMEENE R &
FEAL 22 M BB TE = HARAR R A, R H AL 5 LAE S5 (CHIZ60E) A1 LAND CT2001A Hjthillil R4,
TAFERMWEEEYF . SHIREM PVDF #%H & 8:1:1 BlE, MR CR2032 B0zl s ith k4T .
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2.2. ERBRAKFEIHIE

4 7 e HE 23 1 IR A SR ) 40 B P S 1) 4, 5 CA(NO3)2-4H,0 5 HMIT 4% 1:1 BE/R LU MR T oK 2.
fErh, =R E AR A R AR CA-HMT FTERIA . K5 ATERAALE 1000°C F## 2 h, HMT 5= 4 E I8
HRRALE L, G REMACR “4EBIB ARMN/COPIK . BEJEH N/C 99K 5 NaHPO»H0 (it &
EE 1:5)7E 400°C FIEATBEACACEE 2 h, 38 35 B LR FE (300°C~500° C) Rl AR R N ] (1~3 hy Pt AL 45 2% &= A
I3, BRI EILB A P-N/ICO)PIK .

3. ERESH
3.1. “HRESEEITE]

RS S R 1 R, HI& K P-N/C 40K i BRI 4k ORGSR RS,
U R, 9K R RT3 AR AE 2~5 um JEREIN, JRIEZ08 10~20 nm, FA BRI GEHI[3]. =% SEM
PG WL 5 240K 2R AR RS AR A FLIIR , el A 2 Pl T Rt I R S MAORE T 5 B SRS 8 18 7
RIS RR AR SR T R R T AP RH BRI AR, D Bl 22 SN it TS IR A R, R T RE B TR AT L
5 T SR AR R P HMIT 18 23 AR AAORE T AR G, 42 ) FAARR R, P2 A Sl B = R4 R0 T R AR
e AR AL SR

VE: DA RN 1.00kV; TEEEAN 34mm; BOKHEER N 27.19K; A7A 3 um.

Figure 1. Scanning electron microscope of two-dimensional porous N/C nanosheets

B 1. —#%FL N/C YR 1IEBE

5 FBE AT (] 2)UE SR 4 S RRRAE, S DX LT ATS R IREOMR, RO A B IE. &
53 HE TEM #7R 2R K, 2L 0.38 nm, KT 4155(0.34 nm), AR THNE F PO 4] UK IX IR
Al LIS A AR B0, RIS SRR B AR, TR SEIL TR R B Ak . X R gt
(3G AT 25, T BRI B AR I I I 4%, 2 JE A AR VS 0 R S DO AR i, P BRI reAL AR M AR L B
BAEH.
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vE: M5y JEOL JEM-2100F, B HL &N 100 kV: HORMEZEA 100,000%; F1<J9 200 nme.

Figure 2. Transmission electron microscope of nitrogen-rich porous carbon nanosheets doped with phos-
phorus to regulate nitrogen activity

2. BB REMNER S ILRAR A HIEST R

3.2. HILGHIRIRE

Z LAY BUE T # I FE B HMT 20 RO R Ak R 220 /e . 1000°C #A RIS, HMT 43
fif AR R A(NHs) BN S, TERCE B T AL M 2% o BRI — 0 B s 5 2 52 g 7Y
v Ak, B H3 BRI, WESCFLAEMAETE, HWRAUL 1245 mYg, fLAEFESALE 2~5nm. Bk
WL, NaHoPOy 23 fiftr= A5 003G P B ) i 7E 45 24 [R5 FLBE P~ AR 2 ik, AL FLAR 0 A o FLIR MR s
SALBRFRIE 78%, M HL 65%, AL AT 13%. FL2 6o, IDAG AR 1.12, KRB REE
A FLEER, N HAR RIS B A B T POl AL R U OB IE[5].

33. RS ESAAERE

TEERAIHTIR P-N/C 99K J7 hBR &5 5 82.6 wi%, B EN 8.4 wi%, BEEEN32wt%, w14
PR S BB 2R RL . BT R LAURMESAZAE, SRnE BTG U 5 LIk 73.5%. BB 2% B35 R0
TR T IAAAETE M ATRFIE (R 1), 5 N/C 9K A EL, P-N/C ARt e ORI i S0 EE B4R 7 15.6%
RIARTREIR T SIS0 T 85 AR, BRIV ) RS 2l R A T A R RE T A R, R AL RL S
RLPE AT R A S I o WA SN T FRAIAA R LB, 520R0 sp? 2010 S BEH p PUEM AR, TERURFR A 75 45
X, (k. BAEHPTENR ], S e B A 156 Q [ 2 87 Q, )51 (P)FF{K
THABRIR TS A EE, edtS Na I EAEH .

Table 1. Comparison of nitrogen species content and performance parameters between N/C and P-N/C nanosheets
& 1.N/C 1 P-N/C K h R0fh 2 B R Re S It
Bl REEEMW%)  MBEE(%)  MEE(%) A% AWE((%) IDIG AR HIFL(Q)
N/C 6.8 324 25.5 35.8 6.3 0.98 156
P-N/C 8.4 41.2 323 21.2 53 1.12 87
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3.4. TR TRBIERERAE

P-N/C HLARAE 0.01~3.0 V B R0 [ P9 #E47 B4k 22 PE RE A, 73R 4R 22(Cyclic Voltammetry, CV) Bl 25 &
TN B AFAEA T IOR IR, U3 J& T [ 44 F A )i LT (Solid Electrolyte Interphase, SENEERITER. Kl 3 @R
T P-N/C HIHRAE 0.1 A/g FLUE LT I ORI EE R RO th 42, 5 Rl i R 78 FEL AR 540 7l 9 438 mAb/g
F1 326 mAh/g, FEARRLEEN 74.4%. XFPL R B AL 25 1 BRIR T A BEMUREF) 2 FLZ5 /A0 P-N ﬁJH LY
B FRE P B TR NEIE, SRR T R AR R AR e, OB R BRI LA, s B A
P AR SNBSS T - BicBeE), S THIDRI 1 A 0 i R R

3.0 r
R — B RPEFH
N --- B IRKER
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(B EFEE:0.01~3.0 V)

Figure 3. Constant current charge-discharge curve of P-N/C electrode

[& 3. P-N/C AR IEE R FT A B fh 4k B
4. WiL5NMA
4.1. ERBERR LR

Table 2. Comparison of structural parameters and properties of P-N/C materials before and after optimization

= 2. ALATE P-N/C MHRIERS B R M RERTEL

TERESHL A i (REAE FETHIRE (%)
LR A (mYg) 856 1245 454
FHI#(S/em) 8.6 18.6 116.3
LR (em’/g) 0.95 1.68 76.8
A EW%) 52 8.4 61.5
T FEl %5 (mAh/g) 286 438 53.1
PEFRFE (500 F)) 76 % 92.3 % 16.3

SERL P AR BUCE T SRR A MG AR BRI B, 003k 2 s AT Z0 S, HMT 207 C-N 517>
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R EE TR, AR SATE 2 LG, HERMAUA 1245 m¥/g[6]. BELIEFEF, NaH,PO, 7 f#
FEA R ERE SRR SN, OREE ARG R, FHERIRTY 116.3%. BEJE FHIINGRE SLEhAE, (2
ML mE R s U A, S Bk 8.4 wit%. 1000°C AR TE K sp? Z2 (LK B 2250 400 C L TE X P-N ## 5,
RIHHTAENEE T, E A BEAESRRE M R T 53.1%F1 16.3%.

4.2. fEBEMEREMLILIRAE

MEHERETEREILIL 2 2 S H0R AT RAEC LR TR AL, CA(NOs), 5 HMT K 1:1 BE/R Ee i ff
BIRFE S FI A o TR U b 48 A SRR, 1000°C IR MM BEBAG et S Ve[ 7], BEALIREEAN
I [z P 225 A, 400°C. 2 h (T ZSH I P-N PR . Fbil o opr, & R AN
TR B ERC A R AR RE, DU OB L8 1 ) AR 5 (1.2 mg/em?)SKILPRIE 7R T80 o FEARVRL PP s
2% AERIR C ) I ] A0 BSOS, TR SE SEL . JER @S T - 45k - PRREC R, WiE S % T
ZEH, AR BUE S

4.3. EALFEMERENBISHT

P-N/C HI AR A B ALA EL & R IR B R TR A A LA S A . AR R BIMR R (X (<0.5 V) T2
JETEHRN 5 o RS DX AR TR R AR PR N o JRAL XRD 2o Z (8] B vT 18284k, RS2 [ A AL .
AT AR 7R P-N W AR PR Ay e RS FELREL, IR S S o 36 272 R BRAR TH SR B P B 20 R
PR LT 45K, T 5E Na W RE, P-N SR AU T 5IEIE . Na™y iR E0L 107" em?s, @mT
EEBRAS R, T 2 ALAS MR A 2 D R A P o 55 SR [0 2800 o 3 7 i B A L P T S R AL
BT AR R R A AR E VR G D AN RS, R GUPEIR T AL SR RE

4.4. BTG N AN

P-N/C FHRIE SEPR e E R RIS, 03 3 Fram. P-N/C Sad i riits 4 IR ik AL Bk . 32 I
2 BREHMAR R ZEEHIZE 30mV P, AR EIM A BB RZE N 2.8% (K% i 255.3 mAh/g, /D
75 248.2 mAh/g, I E 251.8 mAh/g). AR R R 35% IS TE AN S AL K 350°C #ll ik
6 B S SRR o i i 1 BBV BN AR HIAE 5% PAPY o M B AR 88 Ttk , BB AR (108 JT/kg) FFAK 18.5%,
BRI 438 mAh/g, 5 C (EERIRFEE 47.8%, B AL Gutdifx A RHE S EFIG 22 VERE J7 39 H B3 1R
F, BoRRIFMTS S,

Table 3. Evaluation of key performance indexes of P-N/C-based sodium ion battery

= 3. P-N/C 4N B TRt KRt e sa T

RN %A P-N/C Hiith &5 5 ] FH A s P Tt BAR R
(EEZNER:T 2 Agl, 25T, 500 & g%{%;i;; 999%;;?’% e ﬁi@?ﬁ;gﬁﬁ fe >80%/>98%
RESA 5C/0.1C & 47.8% 40% >40%
B E R —20C/55 CRERMERR 82%/88% 65%/78% >75%/>85%
ecnliatd EF IR (35%AE ) ol KITCRNE o KRN Toike /TR
FRE DSC M (e =i ) 350°C Tyt 280°C Hi Ik g AH <200 J/g
— Bt 32P2S HRH K %= <30 mV <45 mV <50 mV
I iR E T BT R s) <5% <8% <8%
il & A Ji/kg 88 108 W w47
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W45 2% & BB IK B K F 8 B 38 - Bk SRmE ) 4%, SEPL T S5 A AN 4 i P JRD A 4%, @ ARk T
ESH, MBIRILLRIA . SHRMEEE S B0 IR 45.4%. 116.3%M1 61.5%. 7E44 B F Hth f AR N
R, PPRRILH AR R R A A AR e 1, 32 IF 2 BRI EGE T 7= b i AR Ak T AT 1,
TX P 25 R BT SRS R T A M RE A RE AT R AL T B L, 7 A BE s L A N T 5
HE&mHE

B SOV A R e Bt BB TR E B2 B, KJ(Y)202403).
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2590-2598.

21 XB=E, B, BE, & B2 S URATK A RIS Zh B L HAG B RE[]. 1h TR, 2024, 43(5): 2673-2683.

31 ®&#E, B¥se, 77, % GBS H2S W E BT s [T]. T EERE R, 2024, 44(4): 1981-
1994.

[4] EolmE, 2%, B8, & BRURIRGUKRE % S LRI M BE[)]. Mt 2 TRESAR, 2022, 36(2): 258-267.

[5] 1REE, BUREE, BIF, & T T 5 BBk e 4Erh #8410 CoP 1 CoSb 49K ki I T = 8 B 1245 []).
FRE RN MORIBLEA(IECRR), 2022, 65(1): 43-50.
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