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B SR APEREAR S A A AR (4 IR I 40 GPa HUAFRHIND) 4f 24 S ik TR A W TR R AR R) 27 A ek ) 2 25
W . X BARMEE SRR S M R R i, TERASRUIA. RE . R LA S HUR A
i S5 T AU R A BRI S FAME M T4 a0 52661, 22503 (B. C. N. O) SR RGEIL A gRiononol,  J
PRI A P S B A B B kiR 2R . flt1, =70 B-C-N 4K R ) BC,N 4 FCAE B 49y 76 GPall I4I01041014],
CUBY I SR A B S VK T4 NI A58 hidA k), L i B = ORI T sp? Z: 1611 B/C-C/N Juiiit. O 5 N FE T35
TR, BRI R PR R EGR I, B-C-O R RPN N AT TR sp3 A4k 11 B-O BHEAL) 1A o 5k
A, 1997 4, Gladkaya Z5USITE 5.0~7.5 GPa A1 1 900 K 2644 F iliZh A il B¢C1.100.33+ BsCi.280031 55 S M Btk 18] i
FHUS), BEJS T 2001 4F, Bolotina 250617E 5.5 GPa M1 1 400 K 441F T, @it B,C 5 B,0; M T B(CO)g 155 [
FH0E, [H4E, Gladkaya ZE[7I7E 3~7 GPa. 1500~2000 K 2614, KA B4C 5 B,0O; (EE/RLE 11 1) i, 4% Tl
B S IE] B A B(C,0)0.16 th &40

BE 7 S 5 A48 R SVE RS — M R H VAR R R, B-C-O 1R R INFR R I 7S Kt g . B,CO th&w)
N5 & NG BN TR, BON B-C-O K R P52 K FINF R s . Li ZE08I08)7530 HY ¥P4-B,CO 1 A16-B,CO 2 Fi
ghH, Fosp? UIE R B-C 1 B-O LA EEIR T M0 RL S mr ( BER A B, BB FHEEZN-50 GPa. BJS, Liu 2601909
T HA KN TT S NIERHIER] oP8-B,CO, T 45 KR I sp? 224k 1) B-C N BOSENM IR T H 2924 47.70  GPa )
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B,CO. 0P8 -B,CO Fl mP16-B,CO %5 % Fifi 4 #4101 [20M2311010201023] 3 b 4 WA 4795 22 b b 7 5 K070 B,CO AH A2 %2
M sp A MR SR = 4EM4%, AT SRR M 40 GPa. 4] SRR 23mP16-B,CO & 4l sp3 4k gE I i,
H CHIOAEEZME. Zhang FEPURANT B,C,O 76 R AT T RGEMGY, , KIL B,C,0. B,C30 Al B,CsO 55 R E B éx
NI 2 A, Cmm2-B,CsO FHFEE TRINGEE A 66.1 GPa./ HFFEZE M, Bk ELBl I3 I 2155 ST 3 sp® 2446 fY C-C 3t
Wk, MITTHE EZ 2R A0 A P i s A A

AR, BT B B OGN SR A S AR R, AR 2R IEEHET 1 B-C-O (b &Y. #iltn, Wang 55
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BURIE () 54 AH m-BC,0 L HHE ik 5004 GPa, F& B-C-O 14 R LRSS (v (0 A B IR Sk B,
Liu Z5EB2820500 7 VU 54 112-B¢C40,, /i L4 21.9 GPa. Liu ZEB3IF 1 116-BgCq0, F1 mP16-BsCs05 1L &4,
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B UL A 2 VR — M PR B T 4 R AE B EE B-C-O 41 (BC00+ B4CsO04. B,CoO Fl B,Cs0,) , i
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MG, A DEEF 2 B, REWITIX 2 MHMHIIsh ¥Rt JisefaoetE. MR, e
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KT R B EIE ) CALYPSO i AR 45 F4 Tl R A BSIB 01 Jig £ Ry 45 = 78 [35][36]: T 5, AT B1Cy
¢O1.6 —JCIERTE 50 GPa N#AT TARH MR ER, WRER T |2 HEGEE, SN R TEERG] A 28
A, BRI ECN 400, /032 354K FERLIERE b, A XHE T B AE R E A B,COs. B3COs. BoCo0s Al
B,CO 7} HI#E 15, 25, 30, 50 A1 100 GPa JE58 K, XF 1. 2 A 4 50T & B e A 2 4 i Sk e, b &40 RhRE
SERIEON 30, 1 50 A% AR ZGE R TR R I R PE R f1 . CALYPSO J792: BB T AN [E) 44 2 (1 25 4 73
Tep, HAEF AR AR T 1% £ 55 B R SR B7IM0IBTIA0N, BT 45 K 1) ) LT A RN i T S48 78 96 5 V2 bR FE 1
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[41]Error! Reference source not found. {5 41N 5 ] W ASP {1 5 4243104210431, 86—y~ 52 5 4 Fit 2 ) B AH TELAE FH SR R A2 48
JrEBIBIREIR, B[R A B OB RE SR FH T SRR B ALl R 1¥) Perdew-Burke-Ernzerhof (PBE) 72 bR AbE145]

451, By C Al O JE-FHIM 43N 2s22p! s 2s22p2 Al 2s22p*. “F IR E T AE LB N 520 eV, A EIHIX A4 K H %
JEAMICT 0.25 AV ke s MRS REATRAE . S5 K TR I e B A R 132 IS ShRHE 73 73 D 1107 eV/atom 1 0.01 eV/A.
BT 2x2x2 M, A BRALFEVE LS & PHONOPY Hfioldelit- B ps 1 (B oC 2 o SR BOR A1 b 7 - AR 5k 2R 1471
THEIN, NIRRT 1.5%. RS Voigt-Reuss-Hill FTLAUSISON 1481, (+EIAARIURE . BIYIR B A RiE, JFH 1
Tian B TEAGALRL ) 4E QA E 11,

2. GRAME

2.1 BAOFEREEMESEREFE

BT SCERHOE ) B-C-O &%, B-C. B-O. C-O —Jufiz B, C. O HJii. £54 CALYPSO B R F| 1) =
JUb &Y, M T B-C-0 =k &2 AN CnlE 1 B, BIIfE T 2 AN RES LAY B,COs Al
B;CO;, HIERAELE 25 GPa 2644 FIEE A1 52175 6 F1 68 meV/atom. AHIRERIZ, 2 Fiib &4 eI H
RN [F) 1) J& I C AT PR AN AL 7 B 77 20 BoCOs [ e iR 255 1) J& T PR it 3 SRR IR BE R P2y, bR A& 2
BoN: a=4.635A, b=4.069 A, ¢=5.958 A, a=y=90°, p=102.156°, fMu-HEE IR T, L 8 MR EARZEA
L, HAF 2By 1A CHSA O, #5HE Wyckoff 2a i, BR8N : B1(0.9051, 0.9682,
0.8901). B2(0.1552, 0.7195, 0.5421). C1(0.5331, 0.3598, 0.7243). Q1(0°8827; 0.6495, 0.9619). 02(0.6015,
0.1107, 0.8499). 03(0.0255, 0.4672, 0.3691). 04(0.6928, 0.0328510.2602)41 05(0.3413, 0.9311, 0.4424), B-
0. C-O#KMZIN 1.502. 1.318 A. K 1(b)E7R T B,COs /EQS GPa- [ 1) ff A 45 44 J He =ik st 77 8. B,COs &
B —FPASF] T E4RIE B-C-O 7R RIFHT A BRI, BoCOsH I AN B-C Bl C-C #, HIEARLEM HITH sp? St
11 CO; P = MM ZUFA sp> 44k (1) BO4 DU : R4S CIE144 8 A O TR, TERL CO; Pl =M, &4
B JET N5 44> O i FEALIE B BO, MU TR . BT &0 /& =M, BoCOs 151 B /7 0B A [F] T 1
HRIE R B,CO K B,CO (&4 B-C. B-O LA L FRINCG-C ILAN A e ) = 4ER 2% Bl 77 X 1P4-B,CO. A16-
B,CO Al 0P8-B,CO £t 1417 i B-C A1 B-O LA 44 i sp? 2440 M DU THIA B R 55 P94~ C F1 O J5i 1 pieggerontl
(0I1; 0116-B,CO. tP16-B,CORURANIZER I H sp-sp? U ILAEHRFAE, 0l16-B,CO 45— B i 15 2 4> C Ji
T VANEET IR sp? LI =M, 55— B IR 75 24 CH O 7R, FEa sp® 244k 1 DY T4,
2K BETHE C. O TR, oP&-BCO KU sp2-sp3 4L ILAAAFERI), —#4r B 5 3 4 C JHFiEAT
sp? A4k, TERCTI = MR —# 0 BAB A0 ETA 1A CJETF IR sp? 224, MU AMZY . mP16-B,CO
WA RT3 R U RC A7 23], @it BEC A B2O $# A 3H =4E LM B 28 . B,CO, N4l sp? LM =485 248, B, C JE TR
DU ARF Y, 5N AFAE BAC MLB-0 JLindd, Jo P = AR A R R3], B 1(c)E~ T B;CO5fE 25 GPa
(1) Em A 1) S FC R ISR . SR T =7 &, HABEA R3, WSS SHCN: a=b=8.0579 A, c=4.5785
A, 0=p=90°, y=120°. ZuBfREEIL 42 MR, HA 2 DA B IR 2 NAENE O S 4
Wyckoff 9b 7, 2 ARSI C IR 5 HERF& Wyckoff 3afisi. HIEF23908 B1(0.1275, 0.6236,
0.8500). B2(0.1661,/,0:9579, 0.6956). C1(0.0000, 0.0000, 0.7462). C2(0.0000, 0.0000, 0.0984). 01(0.4503,
0.9738, 0.0876)F1 02(0,8635, 0.6557, 0.2540). 45k B-C F1 B-O HIEEK 4> B2 1.564 A1 1.492 A. Wl 1(c)T
7Ny ByCO; S5 M P ANEAE C-O BB EE, B R 15 340 K 1A C LA sp? 244k 1) CBO; DY THI
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Kl 1 B-C-O #A R7E 25GPa FIIAHE K f ALK 7R 2 &l (a) 25 GPa | B-C-O A RIN=JeMHE (A RN Prnm-BEASISAS2, - F-
3m-[54]1C14, C2/m-O551551; — e & WA R-3m-BcOBOIS., Cmc2,-B,0510106) P2 /m-B4Cl7 ) [:42d-CO,81591) [S81591, (b) B,COs Hli(c)
B;CO; 7E 25 GPa TN dARE Y K5 BT (it FREM GRS I, BRAE R TS

Fig.1 Phase diagram and crystal structure schematics of the B-C-O system at 25 GPa: (a) ternary phase.diagram of the B-C-O system at 25 GPa
(The elemental substances are Pnnm-BB2BIBAB Fd-3m-CB4UB34 and C2/m-OB3I33]; the bidary compounds are R-3m-BgOPCI7) Cmc2-
B,05101161 " P2, /m-B,CB7, and [-42d-CO,B8191 )IS8159]; crystal structures and structural units of'(b) B,COs and (c¢) B;CO; (Blue, black, and red

spheres represent boron, carbon, and oxygen atoms, respectively.)

22 SOEREM

T VAl BoCOs Fll BsCO; 51415 115 ke, 1HE N/ BaCOs 1 BsCOs 7E 0 A1 25 GPa B FHh 4. 4
B2 fos, B BN X AR IS 2R A, 5] BsCOsAN BSCOs ££ 0 A1 25 GPa MYRILM N /1A REtE. N T
BRI H AR E N, THE T BoCOs Al BsCO; 4 Rl 77 B 3 1t B KO B o SR AR IR ) 2 A e P K
PERIEEH R 9 e HE R, BIEAE R RN N, AR R A IR . X TR FRIE ) LA} B,COs, K H
— AT Born J3Ra e A, THESE IR, 0 F1 25 GPa g I BEAE B A = S A ME(E Y N IE, KB B,COs 75
FHI Hs 77T 3036 /e D15 R g sk ih o TR i 5 B3COs, H A E TR LG L C1>|Crals Cas>0.
(C11+C12)C33>2C13%, LLK(C1-Cro)Cas>2ACra2HChs?) 55 564 WIFR 1 MR 2 FIizs, BoCOs F1 B3COs fE /= & T B
£ C; 3505 /2 Born A2 VER S AR . 1RSI, FEFRB AU R DV N, 2 NSRRI J e isoe . AR LA
by R T 2 MM B, BIUIRIE G Fl IREEE E, DIV M 1w N . B R 1A, 2
FREEHE) By G A E SRR, A AR RPUESE . PUBTY) R GUs T ae 7
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(a) B,COs, 0 GPa  (b) B,COs, 25 GPa (¢)B;COs, 0GPa  (d) BsCO;3, 25 GPa

B2 B,COsLLJ B3COs TE 0 F1 25 GPa I/ F IO R (AR I i AT BN DX/ = X R A R AR R )

Fig. 2 Phonon dispersion relations of B,COs and B;COj; at 0 and 25 GPa{(Thé/hdrizontal axis represents wave vectors along high-symmetry paths

in the Brillouin zone.)

1 0%025GPa T B,COs M2 MEEY Gy HFURE B, BIYIRE G MMKIRE E
Table 1 Elastic constants Cy, bulk modulus B, shear modulus G, and Young's modulus E of B,COs at 0 and 25 GPa

GPa

)4 Cll C22 C33 C12 C13 C23 C44 CSS C66 CIS CZS C35 C46 B G E
0 137 237 66 68 18 -0.7 42 52 98 18 20 2 35 57 53 122
25 327 441 420 158 97 90 188 147 219 -35 50 -22 63 206 155 372

#2070\ 25GPa T B;CO; RIS EH C;. HFIRE B, HYNEE G MMRIKIEE E
Table 2 Elastic constants Cj;, bulk modulus B, shear modulus G, and Young's modulus £ of B3COj3 at 0 and 25 GPa

GPa
p Cu Cs3 Cp, Ciz Cay Ces Ciy Cis B G E
0 618 692 118 121 235 250 51 9 294 244 572
25 772 827 176 160 276 298 68 12 373 287 686

2.3 NEF SRR R

NT RGHETT B,COs M B;CO5 (KIS PERS [ 5%, SEF 3 PE s Hodt— D T IR, IR 7 AR S A
Wy IRBE [ 275 R 330%2, WEl 3 B X BARS A FPEADRE,  HoA IR AR — 2811 A ISR RO AR HE R 7 5
fim 25 1 T A RE BEOR Ul WA RHEE 121 00 P9 (R 3 2% 1) S PR G 25 500 BRSSO, BB SRS 0 GPa
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W% 25 GPa, B,COs 1 B;COs 7E 3 A dm i b i Rtk th 4235 S 00 HH B B i A9 skl 5 . Bk R 3 K 8 3%
Perm 71X 2 AR RN B, sG5R T HAKPURRMAE /1. X EER TR RAE T SRR, 4RE T R R )

K, TSR 7 5 78] A AR AL S 98 B . B,COs (T 3(a)~ 3(c) i) 7E 3 ANdii 3 i

R ) BPE S ) S PE . (001)ElTHI N, O GPa A% RIS A6 2046, [010]77 M) 4% FRASE & B 42 = - [100] 77 1A
BEIE I, M IRB R RO, MR kAN, RN & 1 R RHEAR DUR R, HFZ i 2RI R . 750

GPa Itf, (010)F4I A, [0011J7 1A B A& BT [100177 1) (100)S4TH A, [010]J7 [4) f47 ER A& U & T (00115 1)
FHELT 0 GPa, J&773E B,COs [1(010)F1(100)&a H A & [a) PR 07 R AR T . anlE 3(d)~B 3(Dfi s, BsCO; J@
BT 5 B,COs BAR AR 3R AE . B3COs [11(001) S THI - ¥ IR B 35 i 2R B0l U, 3R B SR T AN [R) 7
Ir) (RSP I S SN B4 5] o BEAE IR BRI N 2R 25 GPa, B;CO; H#7 IREEE AR 238N (&) 500 GPa #2724 700
GPa UL ) , HEEMKAEFRETE . M2 T, (010)F1(100)5 H 148 28 L300 S e B TR 1E, KM E—
SE W7 AR . B TR 3G 0, & Sh T bR IR R AR, (R IR i 2R PR R R AR B B 2, B

JIFEIEGR T ByCOs FISAVENIEE, X FL e % ) S (e ma A XA R . BsCO; W IREEE A = T B,COs,  JEIIL

T AR NI R . LRI, £E 0 GPa T, B,COs Ml B3CO; HI4E FR 5143 SISy 144 F136.4 GPa (£ 25 GPa
NYERAEEE 5 23.0 A1 37.5 GPa) o BCOs fill B2 2 KT BsCOs (R RI AT feAs, ByCOs Z5 44 B sp? 2 A0 ~F- [f
ARG R IR PRI T —E R R TR SRR X IR (B 1(b)) o NZEGHNARIE AT Be A R T 35 U) S )1

FAF W R BB 5 MM AR, AT 3 Rl B R B

—_
®
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1) Plane (U10) Plane (100) Plane
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@ soo —— 0GPa © 8 R, o an!
15GPa 15 GPa —— 0GPa
T 5GP, —— 35GPa 15GPa
£ 400 g 400 _ » —— 25GPa
g 47;:§§\ ; //A§§“ % (//
E x £ . E
E - o iy N % e o o . g -800 -400 400 80
E & / & ) / E‘; 400
00 80
@01)Plane (010) Plane A0
< & (100) Plane
(a) B,COs, (001) (b) BsCOs, (010) (c) B,COs, (100)  (d) B;CO3, (001) (e) B;COs3, (010) (f) B;COs3, (100)

Bl3  B,COs fll ByCOEEAVRMEAE T 147 IR I & 4R B (it BEMO@iiZr %R 0. 15 F125 GPa T IR & 4% 5
ED
Fig. 3 Two-dimensional (2D) projections of Young's modulus for B,COs and B;CO; under different pressures (Blue, orange, and red curves

represent the 2D projections of Young's modulus at 0, 15, and 25 GPa, respectively.)

2.4 BBFHER

B,COs 1 B;CO; [ F e St AR 4 fron . WEIHRRTCUE H, 2 e i s3I H B 2 1 2 SARHRRE .
£ 25 GPa [558 T, PBEZBiit5 i B,COs M B3CO; KA 73 41709 4.49 1 5.46 eV, HRIL 58 A7 B S ACRHIE
(HSE06 (Heyd-Scuseria-Ernzerhof 2006) ZAbiz p& 145 R 73518 6.77 F17.07 eV i RAG0HE B E K, (HEEH
FERBFAE S5 0B DTk E AR FF A ) o B,COs Fafifi/MA (conduction  band  minimum, CBM) Fifr i KE
(valence band maximum, VBM) {7 FANEEXSHRAT, NlEFEHr B Sk HAT B 2l 0-2p #uEvimk, m
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B-2p BUETTRAMI X RS ; SRR E 2 i C-2p Al O-2p BUBA K, SHREA R C-0 Pl Z b E. M
T 0GPa JE58 , B,COs HIHTFRARLE /N (PBE 7B H 4.65 eV I/ E 4.49eV) , B;COs; RINIEFEATFRRAE, H
Wi FEH O-2py C-2p Al B-2p &ML, Tt FEERKIET B-2p & 5 B,COs AfFl, B;CO; AELE C-O EEK
g, PO BIETH 1A CET & 3IA O FETIFAEM CBO; WU ALEH, HAr i FoiEk el i 5 B-C Al B-O 4
TE RIS W48 B2 sp® Y Rt Az 45 /A 26 . B 77 0 GPa JH& & 25 GPa, B;CO; ) PBE #i7 [ 1 5.33 eV ## K&
5.46 eV,

(b)

E—Ep (eV)

©

E—Er (eV)

N

F 25 E)
PDOS (states/eV) PDOS (states/eV)

(a) B,COs, 0 GPa (b) B,COs, 25 GPa (c) B;COs, 0 GPa (d) BsCOs, 25 GPa

Kl 4 B,COs Ml BsCO; 7E 0 il 25 GPa NIt 117 4t 5 /0 A8 25 i
Fig. 4 Band structures and partial density of states (PDOS) of BoCOs and B;COs at 0 and 25 GPa

3. & ip

KH CALYPSO S5t Tl J7ik, 4565 — M EEN 7 25GPa T R4 7 B-C-O =ik &, KT 24
B ARG B,COs F1 B;COz. H T, B,COs TEAEETE 25 GPa R ER# 724X 2] 6 meV/atom. 5 O RkiE
ff) B,CO A & fifk B,C,O0 55 AHANA], B,COs #l B;CO; BA #rar B 7 20: B,COs &5 # h A AE EL#% B-C 8 C-C #,
HH sp? Z440 1 COs P T =1 B0 sp? 28 ) BOLJU AL GiET O JEF =17 M . B;COs WIAFTEC 5
O R FHIBEERNEE, BJE Tl B-C AVB«O #-IF ik sp® 2161 BCO; PUTHIfR. TRt H &I, B,COs Al B;CO;
1 0 A1 25 GPa N HIEEANAG BRI IX NIINGEEES, HAZ ¥ REM. B4t ER, B,COs M B;CO; ¥K
i B S L, 7 25 GPa K58 R PBE 72 B THEAS BT BR 73 78 4.49 F1 5.46 eV (HSE06 4 4biz B 25 5K 5
Wl 6.77 A1 7.07 eV) o MR ETH R, ByCOs £ & N R H 5 B 1K 77 m) 0O PR RS B 25 1) e s 17
B;CO; fE(001) [l A 46 2 REFE A 25 1] A PERHAIE . BEEETHEL SR, BsCOs B EEAE 25 GPa F41°N 36.4 GPa, 21
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Abstract: B-C-O compounds are considered one of the ideal systems for exploring and designing novel superhard
materials due to the readily formed strong covalent bonds among the light elements B, C, and O. In this work, the CALYPSO
structure prediction method, combined with first-principles calculations, was employed to systematically investigate the
stability of ternary B-C-O compounds under high pressure. Two novel metastable compounds, B,CO; and B;CO;, were
identified. Among them, the formation energy of B,COs is only 6 meV/atom above the thermodynamic convex hull. Both
B,COs and B;COj; are non-diamond isoelectronic compounds and exhibit novel bonding configurations. The crystal structure
of B,COs consists of sp>-hybridized planar triangular COs units and sp*-hybridized BOj.tetrahedra, which are interconnected
through shared O atoms. In contrast, the crystal structure of B3;CO; contains sp’-hybridized BCO; tetrahedral units.
Mechanical property analysis reveals that B,COs exhibits pronounced elastie_anisotropy along different crystallographic
planes, whereas B;CO; maintains elastic isotropy on the (001) plane. Hardness)Calculations indicate that B;COs; has a Vickers
hardness of approximately 36.4 GPa at 0 GPa, suggesting its potential{for-applications as a superhard material. Electronic
structure calculations show that both B,COs and B3COj; exhibit widerband-gap semiconducting characteristics at 25 GPa,
with PBE-calculated band gaps of 4.49 and 5.46 eV, respectivelys; while the corresponding values obtained using the HSE06
hybrid functional are 6.77 and 7.07 eV. This study enriches the divetsity of bonding configurations in B-C-O compounds and
provides theoretical insights and data for the design of novel superhard materials under high-pressure conditions.
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