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Ex AREFAE S (%S 21590792, 21521091) 15 [H [F R Bl 242 4(% 5 CHE-1263745)% Bhii H

WE GTITEAHERTNEEATEN, LFENMFENREBENRET AR RT AN AF AR ZF
FHEOTTE—RLE. WG E FHERERELMABAL S PR AR EZ R TFUTHERN BT,
PR % 4 B A LA & f e F BB R R, Tk, WHAKEREMBHAR SRR Z B A(INE
M, ABRBFT — R HARR. BRI LB PELHE, RIINRTHHE® L EH FEEN. 201445, TRESS
ETRANARBANAELRT FRE ST FEB, B 4 5 b b 32 1 7 3 & % (borophene) Bt 4, 4 = 44 41 %t
MARRETHHARA T, RATENFREANELBEHRLEAKRT EEWMER, F/F _EWMMEXXE.
ETHehshaTRHE, TURBTLRBLAETANAREM TN BN EN. EATETHEMY
CoB, Fl 7 DL F &7 BIRhB,” Bl #% 09 X T &5 T 4 & 5 44 9 & J# (metallo-borophene) # % i & . A U\ EZ 1
MERANFTE, TEATFEHBETHENNEH AR, 2BBLWAK. —ELREFPBFEMEHTT

NEF RS, FFRET MBI % — EATR AR B B

KA
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BIFE BRI S B SRR, AR mNE
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A& Z AR TR, AL S B TR
& B L Bk BIESiRSES R A
i nl, B R H A G 4 DAL JFORH < f % |
THE TG, ELRAE SR,
ARSI R H R,

KIALAK, BRATA SRR B ¥k .

PR, B, BT M, LR TR, £ BB R, £ PO

Mis ASR. WA YEEZ R NAT) 2 R0E, (B
FRANAS BRI FCARNT D, SRR, Wangif @2l bl
FERRAAEE B AT T IR R, B R
ST R MR R ZE], MR R 2 A
RRORES . e SRR, TR, BN
F#E@ITn, B, n<38FIB,”, n<40)— )9 k-F i 5
ZEROT LV £ A R B B I T S R R
FE, NET AR TR A TR RS, B, =
AR A S AR I T T MR 3L, & A 4R
MRE T 2 AT . Hop, B 4 A R AR
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(borophene) ™ {1 VK HE & R I BRAN 177 T 4B
6], BYAPRLH R B 4 B R e Al A BRI
K71, FAlSI@m Ry 2 S a2 AN i E
BHRLZ —.

20 144F TR AR R 25 45 450 5 1) 121 A1V 3o s 56 0
PR GAEWE TR IS A 7S TR FLEIB,, BRI FR € 45
¥, FEHE 3 H <l 287 (borophene) M 45 LR, — 4EAl
MBI T REVE & 32 500, TR T (B 252p Y251
ERAAET, DT HMZPERE, SE kg
THREE, LA AUE I Y 2 OB AR S, AT
FEA T 2RI AN M AN TR B = 4R S A0 BT
~. BT, Br TMgB,5 & A B, HIEA S5 46k
A, 4R 2 HCE N 4EA LR & I 7 E R R AE
FEHIGH B, T R RS & A B s R A —
SEERIE, JT RS A R sEinib. A, a3k
BHE XK ARG B AT R B E R 7 BRI, Sl T
NATTRE ZHER A BRI OR S8, B SR R i ) B A,
SV AR A R R A R A Y S AR

ARG THEMSELIR R, WAER S 4l
WP AR AFESBEERNME . 4k
I [ 4 J8 15 24 ) 527 (metallo-borophene) 55 J7 TH Xt
KM SR S 42 B 45 A SR AR U FUEAT 1 TR B LRIR.

2 WRSEE SRRAIILER ARG

19854F, LAC oo WARTR 1) & #1451 IR B BE e 40
KB K R TR s RO U BE5E 7 AR, JRATEl T
MR B G K AR R [ AR 10 87.C g, [
R R E R, HHURE T 19934E @ T — &
MR ILHE 2 A DG R, FET0I 1 AH OGS & B il
FLHE 2 AR PSRRI R E A= 7 T HL
ISR 551, VDI RE 7RISR S i e
WF9E TAE. 19974F, Boustani' "3t 45— J5 ¥ i LA
F T — RN, I CAB, A JE A R 6 1 — 4EH)]
SER TR EAEAE. H20024E 8, FoRARBMAH IR IG
FHO'G BT BE 1 0T o & e B R A A et AT TE 4R N R A
. 20034F, oK A 52 45 U A I s AR VS
T, KBNS IR B, ~Bs ) 2 PS5, I
BA5HRIG R 2 s T X, R S
FEMEMOS B ERHE. BEfE, HPE K% Ismail-Beigi
PR R AR R P A B L, ORI T

a-rhombohedral Y-rhombohedral

P~
\!
\"
N\
\ \—//
amorphous boron

B 1 WA R RN (4 )

-rhombohedral

boron in the bulk, mixed allotropes

TEWN ) 4y EEM g5 0 o 5N 2 TR AR O B A &
ffkasE . 20144F, R FIZE S AL SR Ol s 1
ReEFl S T BT R AR A7, KILT BA
INIATE ALK B )2 [ S5 0 BB, H1 %, SRS
R T 7SI 2 A R K Z 4E AL S5+ i)
BUEH. BT ENIIR A I R s a] DL
S A AR 15 S AR A 4RSS A L, eI
TAESEH T 0 22847 (borophene) KIHTME &%,  FHTIIMN T 7E
T 25 T i) 25 B S 0 1 AT R

A NFEWIZ, PG H 2 S50 sl A B 1 ISk,
Hh SRS AL B AR AR R TR A3 A DR
FR G & TS, FERIL T H TR ) % A
PRI T B R AR T TSR, A S0 1 I P 4
VT E S, R B GR A RL) K Re BEE T B
I, B SR JE NES C & 2 BIRDRRI A iRt 2 A )
2RI

B R, (R IR 2 B 2R 22 A
T, WiB,AIE =4 MR G IEAEE. BT B-B[E A LA
TR I SEAN B, AR 2 75 WA HL 5 5 iR
SE . MR gR T R, 5 AR T R A
Ll 0 A R S B i e AR 6 3 /b . R LI 9T AR
1, {0 Andersonif RIZH VR BRI AX, KRBT Rl
P 07 AR T 7 DA R /N RST B B 5l A
FIAL S S SR, B ZE20024F, kA4 FBoldyrevif it
1PN e HE T REVE RN BV TH SLAR 45 A W U 4 BE
IR 8 ST N B A 1R JUART 285 6 R B e 2.

Bonacic-Koutecky ¥ 8 21" i 538 i #AS T B4R
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BT LA R 4 R 1 R DA R BE B T % (B
n<8), I [ RESLI R BN [ B AL AL AL 75 )5 25 1)
FABHE 7T ORI E En=140000 A%, g5
= HESTARGE R AR P, R, FowlerfllUgalde
WAACVE B, P T, Aol g, &
I 5 2RI AL 05 A 1k

F 20024 LR, T skeAz i mat > R il e B
REVESoG - as & B AL, WEE T &R H B 11l
A% B 5 M AR e T 2, R A > Hin <381,
AR 4 Jey e /S i3 N — kg, B 7S onfUIRIF
[ AR B o ) R IR IA IR B 7 —4ERIADRHE AT AT, A
TARRE T AR - 2 Dl S 4 R R A G
RPN R A SRR R TR,
HMH S HFr=mBe skl SRR BT R R
BT Z AR Y, EEERE M, 20144E H T3k
AL B BB REACT SRR R ILRIB,, H
fi#(borospherene, WERI), &—FhEBAH D, S FRMERIE
R E s 5L, FEEN FRAEEITEME
BB 4 BRI IR, A, EE. F
S, BT, SEEAESETRERA EENH

e 138,39
i S5,

BRI SR ARBITER, (EAE = T4,
TR AT B S VAR A A R 2
. B2RR TBIR T HMICH 125, 2p%LilE 105 AR )
AR, HEATLEE Y, A RRBEVER A, B
YrhiE Z ELCH PLIE SN g, DA AT LS 5
fib R R AETE OE RS, AN, BRI2sA2p#h
EREEZEHLC/N T Z, RIVIBJE T HI2s-2pHLiE AL LEC
SEINAT Rk, RTAE T W SR AR, e 2R 2s M12p
Rerr A EEE3). Bk, WSS TE
DAARHE BN s-piR e, BT LB R 2%,
TR £ rhoL B 43T 77 192 (AANDP) ke 43 47 7l
75 R A 27 PR B LA

3 F- i R
TR B B EBAE AL E T

BBV SEI0 A B T BT, B0E T B RSB
H#%B,” (n=3~30, 35~38)HA V- [ sV~ [ 55 58 45
FI(El4). KT A hBkER(Basin Hopping) 42 /i 2/
b 773 K ITGMin (Tsinghua Global Mini-
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.. 28 ,
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B C

B 3 WAEREF2s. 2pFUIE AE g K K FE R R B R (G
TFPBE/TZ2PJ5{:BAICH 4 J5L - i 2p-2s PLIE RE = 2 43 )
H5.6F18.5 eV) (M4 R )

mum) AR RIEAR T UR A R R AR Y, e At
TREVESEIG, X LRI T RGBT I, B FUK
B, AT Z IR T T 0 T T (2¢-2e)
B-BH#, 1A r L RO I T el AR B g TR
VT B UE AR ELAE . AR PIERAY, B
BT 7> o RUBIE Mn R AIE, W A T T A
AR % B 5 MR P S)L IRE AR5 A
() 2B A1 7% 7T LA 2 2 B0 05 R iR 2 A,
NEATHI R RS BTE AR AR AL,

P4 a] B A AR 2 [ A 58 56T i a5 # (n
B, A1Byy), T2 AN 7 R TRz 15 1 T ek B A1 &2
SIS BRI R T ERMNEB-BZ
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a g e B HE e

@A) 0,B) (€ A) ©,8) (€A (€CB) 0OA) CHA
BM_ BtZ_ Bﬁ_ B14_ BlS_ Blﬁ_
CA) €M) €, (C,A) €A (€A

B, By By By By

(C,'A) (C,7A) (C1A)

(CA) (C,2A) (CA)

(C,2A) (CA) (C,B)

XXX
% BT W
M SRS

R ¥aPa9aVaw,

B, ~ B, - B

36 3 38

(C,.A) (€A (CAY)

Bl 4 B, (n=3~30, 35~38)fIAaE &4 #) KR FRAE (B b BT e g 1V 2540, FerbBog MIByy IR H SLAREE K4y 5~ I 45 4 3

19 (M2 IR )

[F1) PR ol ot B v B 2 i) ) Rl i FL AR A0, A fat
KET P T B0 8 o7 A RSP A A A B F AR L AR,
ANk, oA BT REE, VE 2 RST ROAI TR A
MR AT A FLIR A AL, SRR AT DAY RO -1 [ 5
H R ER PR, I T B AR R E TS B

HeH.

3.1 By KAl JF(borophene) & AR H

20144F, FRAEFASFIH i T RE it B R %
HE T By FIH TS5 MIRRAE. A AT S5 R A o 25 o 1
PR AR AR, IR RS I RN JE T
f, I RAT I TR SR A e AR ALK, BE 2 %
e MBI B A T H R, B T
B BE AT (BN T RERE). SEIG R, B X T
HALB % 45 G RE R, HB,ye B T B A X
I, TUREIZA R BH BN RRRE. 2=

2R R I S TGMInFE 748 R H1 4125001 B, 71
A, I RS S T S B A E B B SE T NI

L, HE=3809456n (n=1, 2, 3)/ M ET. ANk,
TR EE DTV, BB, G T AR I 5 S0
SR EEYIA.

F B BINTATE B n i IR A e, W 215
BT S0 10 e P IS5 M, TR E KL
fir % Nborophene, FFICAZF NI ERE, UERS
BRI AT BRI IR LY, S5 BRI B R A R, WA
HIRZ ZXH TP ST IR 7451, BT
MEE NS, 5T HR2s-2pHliE Z: b S50k i T
gk, Missimn] ge e — NMF R Rk, H2 S
W, X —RIATTREIF K —Fr a3, oA SR
TN R A% T e KA R

EERHRE, BERE. FER T Aborophene
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(B B8 05— 1) AN B2 1% 5 [l PR 4lke 55 7 FH Ak 2 (Interna-
tional Union of Pure and Applied Chemistry, IUPAC)H-
C I 5 X ffborene (RB:)VRAN—IR, J5 & EALZE PR
T8 5 R (R, C) AR & A P> AR BE L 0 5 B 5%
HIR-B:, PLERB=CR,3&B=CXU# I LHLEAH LI
a4

3.2 Bys KRB

RN R LG Rt L EuE 7
Bys M dRc e e 450 B LA, 7T LB AE 2B, F17%
FHE T EMEAZ — BRI R, 1R R 4L
WEFEH ORI, R 0T T A 5 25 5 e A 5 2 28 A8L 1)
MALEEH, WA (B, B, I 45 #y™ LL
FBy, I EACREE KT I A, By HE 1A
HWa#iE, 754 (4n+2) Hickel 35 FHEFN, KB, B
B I m B 05 A5 1. B 7S50 T 5 4L 40 2 3 I 8
CpoHp, K, ZHM M aPIE BE —— X R
KA.

PABys N H G BRI A R 7 A3 T 4 R,
22153 B A 240 T 18 B-sheet Y (1 22 5L B °F 1 45 #41.
WA B BT, PR T A FEFLIF 5 A LA
FANFFLE FE I 2 FLIN BRI, 5By T B A T 22
IEARLG, CRTR SR A R, A
TEMEL F15 M B A e R,

3.3 WSREAERHE Ak

A 0[5 25 S T AR (1) AR 485 40 Al R — G 5 1) o
B, U S TCIEE A B —FEn] L& ]
g =B i BT S R T REAE, B A Ak 2R R
TR R VERR, TEA R S0 B 0 B A B
BRI R i T, DRtk IS4 Y
GEAERERSER P 20154, Yakobsonif
AP DFTHAS T 5 R B A 75 T0FLI B, L A 2
JAE AR B A I E o sAe s 1. slr, RERFEER LT
() B 43 31 ik S7 b A FH 420 B AR DTAR B R FE4R (111)
fob JES L ) 4% T B SRS A TR [R AUTRR 4R
FEFITN R - RS B 7 1A, BRSNS F A R i
BEANE S T BB K IL T — RIS FEE S0
JBE. 2853, A Ll S5 0 R L A I 2 Bs HR T, HoH
HESA — AN INIUIEFLTA, 34 B e A HLE 45 H TR
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E AR S HLAET T A Xy ) R T A R AT T SR,
T SRIRAEAR R T RIR Z SR, T —=4Esk
ToRE TR R A < R e AR e SR04 (R A B,
A Ja ZHEMIRRHIL A B PR TE ABOHT R A R
FIBE5E 1 I8 SCHEA.

4 EEBIMAE

kP ZEEOR G KB, By BIFEPSHE R I LLSk,
O — AN T IR SR 2] 7 (BOB,, )l il 41 1A
Brh O R PR TR ITCRAIZG, RIAGFA
AL O B T R E AR AE S (S B A
PR R b & @ NI BB, W5 O
N R ERIREEHI(MOB,™, n=8~10)"%1 {1,
Ta©OB,, MINbOB,,” Fli% £ # % H i £ 4k R A
A e AL B (R LA BEE FFE R ST
WK, M-BHEREIZ WA N B-BAE SR I 2 BN 2 2 0 i
B, BARTE R T — A48 i 100 T8 7 A 1 7% M
Bk B0 K 4B 45 A B 75 Fe B,
FeB,, 4 Bt vF 5 1l FL AR i 45 4 9 WUAE IRt &
P> E H AT = S2IGIRIE. CoB g AIMnB, ¢ f2& 5
— VR B G HL T RS RS R ER AR T 5 BT IE SE 9K IR 2
TP B 48 5PN T BN BB B dBLE
FHAEH. I 5 K IR TaB,,” BB PN £ mis
2014 fF SRR, Hrp 2z — R ABARKERG.26 A)
(4 85 2 MR EIR AT, B2 250202 H AT flic £z
A2 v g e (A RO B 5%

AR, AFTCoB, g %R, S s —t 52
THHRIL, CoB, BIFEIFAE N TR B A B RKE RN
Hi%, RRIH ST NC, K5E3 g, b
Jei ORI Foks Co RS R K IIRh R T4, RhBg
B B A FEAEAE AT, 23 BN[Rh@B 5] 44
KGR A[(RhOBy)B, | #4514, UL E& @B
T % () R BN 4 S8 5 A SR 0@ AR BT it T
TR, T8I 48 B A AN AT DL SR 0 FL T AR,
i Bl S B B G R mE . 62 E e AL PE R
(T B — A

41 CoBy: 4l 3 4 R 1B 2 A 4%
MR S5 HR s LT RERE B AT 1, CoByg AR —
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7RI R miiA4.2 eV, TR XK R TCoB, &
BREME TR, FHATGMinfE 531250004 45
FIHHT T &R R R /N R, FRE X RARRE R 1
R T EARERREERIE, 587 &faErEE %
E PR RREZ F OB T 858 90 B
WESsHrR, H, Colf+ 5 A Bl i S s 48 74 B 118
6N 02 FL T (4e-2e) % U o HLIE T s B I L4
MEAEH. WETNBEFMANE 1B 7854
dc-2efIcBUBE ARG E, MM BEE T 8N R B 2L
FRE k. AManth, 10458 T 8P i 75 &
(4n+2) Hiickel 75 A VERUN, 11544 R A AL HE AR
55 k. Lt 5, Co5B ML & hEmik162
keal/mol, HURE 38 2 [MEGRICHEIER. AL,
Co A+ F LIRS RAFTE, (FHAE M. Rt
A2 R U AT B E AT VAR N FANME. (H A5 —
PEMIE, B D IR B9 K& (R = M AR 7
CCSD(T)M LR A R L TH 45 f O RE = i 1 1025
kcal/mol, X/ H T Colfi T 42 TLVAAE W K Co-B
PE SN 5 B 18N B IR T [F I 3E 4T A A I P iE S,
itk RS54 e K RIEMK. CoBy FHli TR T —
KM E R BRMER, NERAA &SRB RN 4
TSR IR AL T2 I R AT 5

4.2 RhB: M5 =R TE S

BT, Colfi1HIBE A2 L LLSB o i 32T
BB Rk A BAE TR UK E R 7+, RhEFL
ColFiF2A2 K, H4dphiE v] LLTE 47t 5 &1 I (1752
ITHUBE S, LRI JEHEF 7T RhB AR, R
FEHL T TS B LD, (15 B B 7538 & 2L T CoB s~ 1)
ST, YOt BT RERE Bk E (Kl6(a)), %k RTE
BRRE R G B — MRS IS IEX, FIURERKB,
BAERIE—MRMENAE. AHATE, £2TGMini¥
R ULk R A FECCSD(T) M St 5 7 V2 1) B3 24 T
N, sehasE M B BA CRPRRIE R HET- T 25 14 (Bl 6(c)),
FH LA T BRI 5 SE IR P X~EWE —— XL B
2 Ak, BATRIRGNAKAE R Dy, T 1 5 11 T 235 )
fE(—ERET, ETARGEIFZERBEUN )G, —F
ReEAMZ /N TS5 keal/mol), 55— LB AEAFAE U4 6] B
S P E R XX

fEZ AW FE, FokA4 5 Boldyrevif 4k
MWCoJF T 5 A F8 MBI T1EAH, TLLECoOB, H.

U

3 lone pairs on Co
ON = 1.83-1.99 [e|

5 4c-2e o bonds
ON =1.70-1.88 |e|

6 4c-2e o bonds
ON =1.96 [e|

13 2c-2e ¢ bonds
ON =1.82-1.92 |e|

2N &a

4

4 4c-2e n bonds
ON =1.80-1.83 |e|

1 19c-2e & bonds
ON=2.00 |e|

Bl 5 CoB, HIAINDPHL & #0H70" (M %8 i % )

(a) 193 nm A

(b)

1 2 3 4 5 6
Binding Energy (eV)

B 6 (a) 193 nmPF K AISZIGYEHFREDRE; (b) 9KE ST
FEAD L T BE T (c) ¥ T T 5 44 R AL HE T BETE Y (4%
Ji R )

MEARII%, T EA K42 IR T 75 229 B
THZIA. 52 3R, 1ECoB g 5RhB ¢ A&,
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CoMRhi 273 7] 57 A8 B IR 1M ELAE F B A 22
M3 —0 582, S8, RhBg HAE 2T H WICoB 1)
sesR-FISi ), Bor B8R T BAH, it
Hrp—ABE TR TR RGHEE, BORTSR-B
A A AR R AR R AR, Wi El6(c) P 4
Js.

“FHIRKB, g5 CoBs~ H7#% 1 HL T 45 ) A A Bl
Ab: B RS AN A S 2 0 ) B e BLE
FHES:, BARSILAA 10N B BT, YoE Tk
AT EHE HAFRE, CoBg 0 CoA 15
JATABIR T UL B koA ELAF ], TAERKB 5,
Rh5 (2 (B 183 d PUE T 1A 1 R Sk
FRR T, 55068 T JER B A B i1 1F B T P S 3o PR . B
IbZ 4k, RhEHAIL BT (1 B % 20 44 dc-
2eBikot. 45 FFTA, RhB,g fCoB s BRI NI
FasE M@ B A T A%, S0 me)E R e E
BAMERITTIED] T R REENEM.

5 &RBAMREIE

CoB s HIRNB, s~ 11 A% 1) & I AE AT TR B A7
1E 4> J&@ 5 241 527 (metallo-borophene) ) AT BEME. 5/
BIRAE )2, W2 B R AEEIR 2 AR 7 1A HE
Ay ANIRIEE FE oy A N J6 1 % ok 22 202, e 7
. X G O T TR AR L A, A SR )
R UAAREARAE, TAHECZ T TG LI 25 HERR 45 1) 1 B 52
== I e SR (1 M F B AR (A1 1611 Y N U )
J& BB S BT LR AR F S, T BARAR
ERM TR, R4 T &BB A EGE.
T R AR AE, b2 AT ER AR 1 S F v RE
VPSR A S R B 2 18 5T LA RO Gt
AR

CoB ¢t oe A — AN -LlCALCoHty,  [RILTE & M
ERPA R HI A TCALFE. B— D FofLH9 MBI
FHIR, HARPIABIR 8% P AN AH AR FLIA L 5, Btk n]
e, RSB AMEG T, 1 CoBsF e
TR — 227X, TRhB, g 7% o B T H 0 o )\ L AL
Rh, 417 ARKB RS EL TG, T4 4E i i 52 O 3AE
B A AL % HEAR 4 SR 45 0T S A M ). 117 e
7§ PARWB A TR TP A 4 R 1 g5 i =, otk
SERIFETE P T 2 A S — P A R R IR
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RhB,g sheet

B3 sheet

Borophene == Metallo-Borophene
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Recent Progress on the investigations of boron clusters and boron-
based materials (I): borophene
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Abstract: Boron, the fifth element in the period table, exhibits diverse bonding patterns and interesting structures due to
its electron deficiency. Unlike its neighbor carbon, closed-packed boron sheet with graphene-like honeycomb lattice is
unstable so that planar boron clusters usually have interior vacancies and corrugated appearance. Delocalized multi-
center bonding has an important role to stabilize the 2D structures, giving rise to the concept of o, m, *-*multiple
aromaticity. The experimental observation of the B;¢ cluster in 2014 established the viability of boron monolayer which
was named as “borophene” by Wang and Li. Recently, studies on planar CoB,;; and RhB,; clusters have suggested the
possibilities of metal-doped borophenes (metallo-borophenes) with potentially tunable electronic, magnetic and optical
properties. In this review, we summarize recent experimental and theoretical advances in 2D pure-boron and metal-
doped boron clusters, as well as their implications for borophenes and metalloborophenes as novel new boron materials.

Keywords: boron cluster, borophene, electronic structure, photoelectron spectroscopy, metal-doped, multi-center
bonding
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