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Theoretical Research of Two-dimensional Semiconductor
R57-BN as Anode Material of Sodium-ion Battery
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Telecommunications , Nanjing 210023, China)

Abstract As promising alternatives to lithium-ion batteries (LIBs) , sodium-ion batteries (SIBs) have garnered
significant interest owing to the abundant resources, low cost, and similar storage mechanism with LIBs. However,
the lack of suitable anode materials is a major bottleneck of SIBs. Two-dimensional (2D) materials are promising
anode materials for batteries due to their large surface area and short diffusion paths. In this paper, a pentagonal and
heptagonal 2D semiconductor structure R57-BN composed of B and N atom was predicted, and the electrochemical
properties of R57-BN as anode material of SIBs were studied based on first-principles calculations. 2D R57-BN shows
great stability in dynamic and thermodynamic aspects. The computation results reveal that Na atom can be adsorbed
on R57-BN without clustering, and the adsorbed energy of Na-ion on the R57-BN is 1.55 eV. Even at low intercalated
Na concentration, the Na adsorbed R57-BN system demonstrates metallic characteristics, showing good electronic
conductivity. The diffusion barrier of Na diffusion on the surface of RS7-BN is as low as 0.55 eV. Meanwhile,
R57-BN has high specific capacity (662.40 mA +h/g) and suitable average open circuit voltage (V,., 0.50 V). Based
on the above results, R57-BN can serve as a potential anode material for SIBs. The present research can provide a
good theoretical basis and thus conduce to guiding the developing of good Na storage materials, and also supply
strong background for experimental researches.
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B N\ X T FEA= B8 IR AT RS2 RE IR TR SR BN g i, T — AR H i ) & 2 RO B RIS A
R TERERE RS, R AR H P S Y (LIBs ) RS RB A B L TG ARON | K I A i s v g
SERE e N e v R E SR (BRI CRAE - ST TR i AR 0. 0035% , Al BRI
T LIBs (Y SEBR R Sy TS IRGEIRA B « A2 77 BUASSE A BRAR , 5T N 51 IEAE AR 4R A AR
Jr%e. HET, 887 HUM (SIBs) R s SR T IR AMIRAS , LUK A ZEBLT LIBs ALl i)
SEPEPBL BRI Na® (0. 102 nm) HAFIH T Lit(0. 076 nm) BRI B T-2F42, #Ch LIBs JF & R £ b bt
BIIEARIE AT SIBs, 407 H A1 88 F T SIBs BH A 31 mA -h/g i L2517 eAb, BN ek e 12
TR BARE T HGH A, IS ECRAM R A BUZ K A5 s e, S-4kE T SIBs I H HAT G
S RE 0 R B A 2

Z4E(2D) AR R R R AR L TR AL R R e O AR A A A S T A AR A
PR FEL AR A R 2020 o AR WA I MoS, 2 A 2D AR B A 5 O N R T R R AR S . i
JUAER , XV Z2PERRO0 5 19 2D B8 7 fo b H AR AT RHIT 8 1 S8 38 e R Oy T Y BF ST, 0 TQ- A7 28 4
(2436 mA +h/g) ™', LK £1 26 M (1489 mA -h/g) P/ Fl AIB, (954 mA -h/g) "5 . W& 2 oc K4
B, TE AR 2D HOARORA ALy e R L B s ) L 2 i, P TR B 5 8 e A VA SIBs AR A LI 43 1) L
A 496 F1596 mA -h/g i o2, (EHOT B0 A s TR : 1.33 V, REAKAIAG : 1.45 V)7 4k

4> J@ P AL RE BP, A AR A8 Na 5 79 B3 42 (0. 03 eV) , {HH L 454+ (LIBs: 619. 45 mA -h/g; SIBs:
279. 93 mA -h/g) /N . A YR K} Peata-BN, I LIBs BHAR I 2RI 2071 mA - h/g FHE & FL A i 5
0. 61 VI HLE™", (EIFTCHEN SIBs IR AT RHBESE . BIVE TR A IR b SBak o R, 4R
SHE TR E IR, B 5, A3 M4 A b, B0 S5k B
FHEBT R AR, X Fh g 22 55 ] DU G VB T 7 RIS M 1R M, DATITIE ST Bk BE A4 1Y)
EOAS IR R . I, AR Tt 5-7 AR 4 7] 2 5 TR AR M-graphene™ , 2458t 5| AT HE
INIIEZER, Sk T A ss i r ROV G YE , FOZg5 s 8E , I REAKSZ 2000 K B3R .

ARSI S L TR A A AL S-T FRIR R SIE AR RST-BN. RS7-BN Z5MRRE , 7 il
A LN IXCER SRR, ANAAEREN, 76 800 K B EE T OREF 1 A I ST AL , WA A A Ak~ S A
JFEHE. R57-BN H/E SIBs FEM A HAT 1R & A BRE FL 25 18 (662. 40 mA <h/g). IE4h, Na7E#JZ R57-BN
I T AR 0. 55 eV, PRIE T HARE ST ERE . R57-BN SRBUH P AR E 5T, W4k 1)
R57-BN BT R 1) G Jm v 067, B0 T RAFAO ek . SPIFFERHRAR R 0. 50 V, £545 FHIK
PR A R YL . DL EZ5ETER] RS7-BN Al ELAE by SIBs AR ARG 1 .

1 HERFZE

P TR R B T4 2 sR 30 (DFT) B 35— 1 28, K] Material Studio 14 7114 Cambridge
sequential total energy package (CASTEP) F2J¥ 2R 58 i 2. HLF 28 oIy s fif ) SUBE BRI L (GGA) 1)
Perdew-Burke-Ernzerhof (PBE) BREL . A T Bj 1L AHSE M2 Z [l AR EAE R T8, ¢ i) b i A )25 R
WA 3 nm. #IEBEE I N 900 eV, HEHFEE S AR 0. 002 nm ' X A LM X 4 7RAE . R Semi-empiri-
cal Grimme’s DFT-D3 J5 SR RS FLR WTAH BAE Y. fEZ5H b odaihig, BT ERrER
J17/NF 0. 001 eV/inm FlEEEAEfL/NF 10° eV/atom. K H Linear synchronous transit/quadratic synchronous

transit (LST/QST) J7 7 K 40 5176 RS7-BN R i (WY B 2 A P . AL IE ] R 25 (NVT)
T4 T8l 1AL (AIMD) AT T i (Nosé-Hoover J7 45 IR ) 1,

2 #RGWIE

2.1 RST-BNHIGHIEREMEBTFEM
T YR RST-BNALAL S B S B S5 R AN 1 (A) s . R57-BN SR H AT 10 0056 U
+, BT Plml Z3[61BE, St S50 M a=0. 794 nm F16=0. 630 nm. R57-BN Z51040 5 i B—N K N—N %t
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Fig. 1 Top and side views of R57-BN(A), phonon spectra of R57-BN(B), variation of total energy

of AIMD simulations at 800 K(C) and electronic band structures(D) and PDOS(E) of R57-
BN at PBE and HSE06 levels

(A) The primitive cell is marked by the red dashed rectangle; (C) the insets show the top and side views of the final snapshot.

K (d) Gl S1FNER STOURA S HEF B IR , HARK JEF A b5 B8 F 3R S2(OMA SR F B . A
JARN, TR X TR R P ERE R OCE 2. T RST-BN AR PR, (AR A0 T HN R
AE(E.,):
E., =nE, +nE,- Ewun)(n +n,) (1)

Krh: E, M E(eV) 53 IFRR T B JEF RIS N R R BB 5 n, A n, 5300 R57-BN HLfl b B J5i£-F11
N BT HIBR 3 Eysm(eV) N R57-BN (R fETE . RS7T-BN [N ERAEN 6. 67 eV/atom, KT —2L6 2D fliEHf
KL, U th-BP(4. 68 eV/atom), 1T BTe(4. 72 eV/atom) , th-BAs(4. 09 eV/atom) , th-BSh(3. 59 eV/atom) ,
B,N, (6. 45 eV/atom) , B,N, (6. 65 eV/atom) , th-BN (6. 13 eV/atom) , BNyne (6. 53 eV/atom) , BNdiyne
(6. 42 eV/atom ) Fl BNtriyne (6. 37 eV/atom ) ",

A 1T(B) AT I, RS7-BN A 2R B A5 AH R A 75 T30 6 A LK X P 2 IR 1, AR A, 113345
f) — 4 R57-BN B 2 75 1417 45 4 5% 5 4 2 N 1440. 26 em™, 5 T 4k BN, (1401 em™) , Z-BN
(1100 em™), AEM (580 em™) Fll MoS, (470 em™ ) SFM KL, UEH] R57-BN 4544 HAG 3l J7 2# 420 PRS2 i
Hh AT T AIMD AL, DLHCRIEAS R57-BN A gR et . IR 1(C)RTIL, B2 R57-BN 7E 800 K it
FICHEN R S A5 E A, UESE RST-BN HAA BT A RuE e B TR 4 RS7-BN b B ROk B ik
F1RaENE . T HERPRG S RO AR RE (U) E LUTR

Ule) = %C“ai + %szgi +Che,e, + 2C4e) (2)
K e, (e,) NIFH XN T« (y) J5 VNS 5 €y, Gy, €, Coo(N/m) 278 R57-BN Y 3P 3 %K.
THEAS I 48 RST-BN )22 C,,, €y, C, Fl Cy 3 901 R 252,02, 252.59, 49. 98 F1 88. 73 N/m, 37 /&
Born'* HE I i 13 2 HI B 4% 1 2 C\Coa = G > O Cyo >0, GEBIHEEUA R0 13 R s b . i PBE
(HSE06) J5 315 1 R57-BN g 45/ [ 1(D) |, AT IL, R57-BN i HAT 0. 34(1. 54) eV af BRI T
A, B EE (PDOS) AL, FOKAEHIHIT 322t B T A1 N J5EF1 2p Bhi da 7 i stk [ B 1(E) ],
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e 2 R T 8 R — A HL DK X B L R AR s 181 S2 (A SO B IR . bR 2 1278
FYUE THFETERE . ARG ZRIE S, B 1T () & LT

_ eh’C,, (3)

kyTm m,E}
K e (C)NEEARAT; B(T-9) AT IO EL &, (J/K) M BURZE 2 H A T IR 5 m,(kg) N
AR . TR MR RS (m) | SRR E(E,) | SRR (C,,) B T 2 () 1
TR AU, x5 ) B AT RS R Ty 5 8, T« 0 1) 25 XA s N Ty T I L BRUR
R57-BN R FIE R R, H4827. 62 cm®+ Vs, JE KT h-BN(£9486.9 em®-V'+s™) . BP(£ 1130
em® V7'es™) B MoS, (2200 em®s V' s™) RN (£ 600~1580 em’+ V' -s™) SEb1EL, RWIHLZE R57-BN
HAE R 4 8 25 5 v i B AR R RL A 3 001 il 3158 RS7-BN 1Y HL - Jay 38l pR B0 (ELF) , 2047 T
R57-BN FLJZ B BUBERHAIE . 401 S3 WA E B B7s , ELF BUE 0~1. 0, Horp, 0, 0. 5711, 04351
FONRHATEE | e BB T M A T, AT, B—B, B—N M N—N {8 i ELF £fHE 0T
0.7, YW B—B, B—NFI N—N i Z [WJE i 1 5@ ZURYIL o8 . tAh, B AN B Jil B B id v 5
= (NEC) PRIIE T W Bt 43 J J2 Ja i ds e 1k, DX o e X I 43 T8 2 =Z [l 1Y I AFTE BR il /R, AR T
R57-BN HJZ 4 i 5 12 JZ W
Table 1 Calculated effective mass(m”), deformation potential constant(E,), 2D elastic modulus(C,,)
and carrier mobility(u,,) for monolayer R57-BN at 300 K

Mop

Direction Carrier type m'(m,) C,/(N-m™) E eV Mo (em?= V1 es™)
x Electron 0.43 214.16 1.45 1208.41
Hole 0.04 203.32 2.01 3842.63
% Electron 0.02 213.45 1.87 4827.62
Hole 0.06 211.76 1.93 3472.50

2.2 BASHETF7E R57-BN A R it

W55 T Na i F7E52 RST-BN IS AR PERT . i 17 1E Na J5iFZ [RAR EAE RS20, SR T
2 X 2 WM UEAT TR B AT SETTAA . AR E RST-BN A SR X AR, 2508 T 40 /ST BE RO S50E . 758
EERSBTEUS , (A H, H2, H3 F1H4 55 4 M Fa0E W A7 S LB 2(A) |, B> Na J5iF7E R57-BN _E (1)
W b g (B, ) LAnF

E,=(E, +nEy, - E ) 4)

K: E,,(eV) A R57-BN BB ; Ey, (eV) RO 7 7 fb R A4 Na R F I RER ; En(eV) R
R57-BN W i} Na 55 i g i . AR (4) 1 S, WM RE M IEAE , F AN B 7E RS7-BN R 1R AL
PN, I EIR I REMOC a2 . I 2(B)JB/R T Na J5EEF7E RS7-BN _FAS[A] W B 5 A W fFFBE K /N . Na
TEH1 AW i e dse , ERfTRESM 1. 55 eV, KRTE @M NERRE(1. 13 eV), KB NafE R57-BN £
TIN5 T8 G 1A .

2.0 B

15

Adsorption energy/eV
=
T

Hl H2 H3 H4

Fig.2 Top view of four stable adsorption sites of Na on R57-BN(A) and the E , of Na at different
sites on R57-BN(B)
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R T b T % Na 55 R57-BN Z [ANAH EAE FAALE, 315 T 502 R57-BN MR Na Jii 5 1 HLAT 25
SERE . NEI3(A)~(D) PR, XIS FRS B H fr, EEXIFIRI Lo, 0L, Nalfi5 5k
BB AN JE T2 ) kA T BE R A5, 28] Na Ml R57-BN 2 [A] fE 7E AR 38 09 B T A B . AR
Hirshfeld FLff /04 5268, Na 778 H1, H2, H3 F1 H4 7 520511 R57-BN ZEE 5k 7 0. 89, 0. 87,
0. 88 F10. 87 e HYHEfur . iy T WFFE MBI AR 4 & )i B HL 3, THE T AS [ B2 50 %) PDOS[ B 4 (A) ~
(D)]. AT L, R57-BN W B Na 7 )5 , Na 5071 3s Bl f 7 EZ 5k T BIE TR 2p B, Sfligek
REZLHTRS , RST-BN tHBL T i ) 4@ P 0% 42, SRWIRST-BN S8R MM AH AR 2 i & 455
KB, PRIE T R57-BNAEA SIBs BHAR A T HLPE .
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Fig. 4 PDOS of H1(A), H2(B), H3(C) and H4(D) of Na on R57-BN

23 BANMEFERST-BNREMNY S

S HE it 70 H T B 1 5 — S SRR DR S B AT R R S R B, RO TR T . 4
B R WL AN A X FR TR 1T R 3R, 25 BT 0 A R AR W RS A 2 T A T 4% LR R A
(H1—H2—H1 fl H1—H4—H3—H1) it HE R #2 E 5(A) . HES(B) AT WL, Na 57V AR TR
BN B2 5 517 0. 56 F10. 55 eV. %4 WA 2K T — L SIBs A B}, 41 MoS,(0. 68 eV)™, T
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HIEAT (0. 61~0. 86 V) PUFIELZE (ML)-CuTe (0. 31~0. 72 eV) V45 | B R57-BN B A3 RLAFI ek
B YRR EC(D) AT H Arrhenius T2 D ~ " HiHp | E (eV), k, (J/K)FT(K) 2350 5 8 2 | 3
IR25 S BORIREE SEPPAL . 76300 KIVIRJE R, Na SRR B R B NIRRT 1. 5 6%, 1560 Na Ji

T T A T L
WL HEE Hs

®*) i | y (®) 3
g i

——
Path T

————
Path T

Relative energy/eV

>

QI

ey 1—u— Path [

PSS e Path 11
| 1 1 | |

1
0 1 2345678910

Diffusion coordinate

Fig.5 Top view of the diffusion paths of a Na atom on R57-BN surface(A) and the energy profiles of
the corresponding Na diffusion pathways(B)

(B) The insets show the transition state structure corresponding to paths I and 11.

24 RS7-BNHIFEEEEFELRE

HAp, {5 E T A& 8 IR 7RIS E R R S48k AT, BB R ERBAR KRR B | 5 HAF
A AT . L, PPAG TR RIS B A A5 R Re e Pk, IFT TR T e RIS LE 75 5 . Na R57-BN #4 71!
TERCHE (E) T AT

EN;\\R57-B,\I = Epspy — 2By,

x+1 ()

s By sy B Esrn (eV) 5351124 Na,R57-BN FIEE A S RE L.l BT 6 (A) T DL, 363 e 2548 1 T 1
e T, R BB I A s B . B T 3 4 fc ke g B A 8] A Na,R57-BN (x = 0. 063, 0. 156,
0.297).

E, =
<
B

R57-BN Na

1.4

®)
12F

1.0
0.8

Ei/eV
Voltage/V

0.6 -
0.4

: 0210.063:  0.156 0.297.
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Fig. 6 Formation energy for Na R57-BN with respect to monolayer R57-BN and Na bulk metal(A),
OCY profiles for Na adsorption on monolayer R57-BN(B)

R57-BN 7EW AR B xc, <oc <, 308 BB A A TR B LR (Vo ) TN
ENa‘2H57»BN - (xz - X )ENu - ENH\]R57-B!\

(x; = x,)ze

Voc = — (6)

A2 By s T E, wsran (V) 705324 RS7-BN FEWE B & o, ML, T B RLRB L 5 2 S Jd SR T Y L T4 A%
T (Na i THeR8 5 2=1). I 6(B)RIIL, BEFE WA Na Js i BERY b T, TR LB HETA 1. 23 V 2
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0.61 V, |&AREE0.11 V. EHV, . H0.50V, /NF x, W14 (0.78 V)52, F7 2k (1.58 V)™, TiS,
(0. 92 V)" F1 MoN, (0. 96 V)'*'4¢ 2D #1 kL, 54 BHAR A BHE A 9 HL R [ (0. 1~1.0 V), B R57-BN
AR SIBs AR V8 7 1) BEAR A A}
BT R ) e KBS F A i (C) Tl N AR

C=zx, FIMys o (7)
A e 0, IR 5 F(26. 8 A+h/mol) Ry Eis H80; Mygr. (kg/mol) g RST-BN (¥ BE/R it . 1%
H I R L2 50 662. 40 mA -h/g, R57-BN [ H 45 1 A WA I J7 A 3505 (2232 mA - h/g) 1 B, Tl
(1984 mA-h/g) "', {HA5 5 F BP (143 mA -h/g) "', BP,(279. 93 mA-h/g)'>), Wik (433 mA-h/g)™,
Ca,C(582 mA-h/g)"™", h-BAs(522. 08 mA -h/g) “/HITi,B,(342 mA - h/g) 45 “HEP kL.

3 &

FEFH—PEE I, 3 T 2D AL S RST-BN, H A RIFHsh Ji2ffa gtk S
FEPE . RS7T-BN XN G HA B W g 7, 320 0 B A0 B 2R W R57-BN & — Rl 47 B2 A
BOEL. AN, MR 4R AR IS, RST-BN SE AL T N S0k 1) 4 @ (0 FE A8, #ft T R sy S ik
R57-BN 40 & T4 B 22482 0. 55 eV, FRIE T HAPGE TR RS . ZERRIS A7 7 T, RS7-BN AJ
PIFEAE 662. 40 mA -h/g B & LL 2R . RS7-BN B -3 1 B HL (0. 50 V) 78 FRBR A3 1 1A% F 318 i DA
I, JREAR TR M S A IRl R AR L AR RST-BN AT RO AK 2D R A R RIS , - Ho SIBs m ik
REFHAR M RS2 A M 2% .

X #1458 R http: //www.cjeu.jlu.edu.cn/CN/10.7503/cjcu20240043.
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