55355 T = R N £ Vol. 53, No.7

2025 % 7 A JOURNAL OF THE CHINESE CERAMIC SOCIETY July, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250003

R 56k X;OBH, (X=Li, Na) i fk 3585 M A
TS S — PR

Ao o# B BRE AL 5 R, BEB BEF’
(1. HRLRZEEE R, L % 343009; 2. il KZedbplpls 5 TR0, il 200444)

. ETHEAE PR RY HESE T AR B T ITE AT 70 R e b [ A AR R R AT B B AR T AT . (HE,
WP AR E R R E BN E RG> RASE MR E KRG AR T RESAH B X;0BH4(X=Li, Na)
MOEH T4 MR E M. B E . MR VMRS FHs . HE 4 REY, X;0BH,(X=Li, Na)
70K T Wiass Hoe B T Ag ik, HIEmE T RARER. 8, MBS =9 XBH,(X=Li, Na)&LH %
HI AR B & I, A DLE S B A AR . A, X30BH4(X=Li, Na){ERIT #2058 0.34 eV 1 0.35 eV, SHiRE T H
SEAIA 107 S/em. HE KR AR T AN T H0Es), MR T HE TR SR, SR — B3 m ke RS
HAR IR AL T B TR S o

FESES: TMI12; TB34  XEMFEM: A XEHRS: 0454-5648(2025)07-1873-12 LIE
L RRETE): 2025-05-30

i

S SRR A A BB B T YRR, DO SRS PEREIL A A 2
REBR C—o T RIASHEARRKAEEE, BT AR

BT Rt S H SR A VLR AR, P AR, BTN GURGE T — 28 i L)
SHMBEHEE TRBAAERPREETEM LY ST REEARETESRERETRSE,
PN, BRGNS R BTG MU A 2 MR SRS O R () TR e M AL 2 B LA R
AMIE, (AHEARTRZMOG, FABMBERFER  FBAUFS, X50R TROGER Y, RSk
RMBEANFT: 1) BB FAGME: 2) BAE  ABXs AV S, b X h—MHET, B(f
BRI R SRULI I RmL: 3) SEmM O A NITE . A FIE AT ABX;
BHE Y B3R 4) BARW MBS EOUE LSRRG, 2SN =458 BX,
wi I TAE R . HATCeRkiE T2 MRAE \IRAE . B E/\IARR L, W52 5275 G54 1
AHMETEME, GRFEEAY . A, . B TR BT RSB AR B R I 5 A REAE, T
AN BEIR LS, Horh A PRI Lok LATE X\ B A A (gl AT RS 2%, XA A T3
BN, AL ABRACYIE S AR R A iy MERIROE . BT, RAESERE AR T T 2
RS RERAE RS, NIRRT R EER T TSI S R LA B ) & 85
SE o A A S5 AN 1 S T A R Bk & BB I s AR M R X e 4 e B T
HA R P AR L, - AA ST SHEMRWR . Zhao HOURE T
BRI E R RS EREAEGANERZS  Li;0CI EE IR P FH S %) 0.85x107 S/em,

AR E H: 2025-01-02. BT H#E: 2025-02-19. Received date: 2025-01-02.  Revised date: 2025-02—19.

FEEWA: EXKAREEES12464032); LA HRRFASE 420232 First author: LIU Bo (1990-), male, Ph.D, Associnate Professor.
BAB201032). E-mail: liubo@jgsu.edu.cn

B X P(1990—), W, i, ElFEdE. Correspondent author: LIU Bo (1990-), male, Ph.D., Associate Professor.

BEEE: X P(1990—), B, it EIEdE; SHI Sigi (1978-), male, Ph.D., Professor.

WEESF(1978—), B, i, #Hi%. E-mail: liubo@jgsu.edu.cn; sqshi@shu.edu.cn



. 1874 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(7): 1873-1884

2025 4F

TFH 24026 eV, @I X #)FEFIRE, Li;OClysBros
TSR T 1.94x10° S/em, H AT
K22 FELE] 0.18 eV, BliJ5E, Chen VLR 4
JRETHE A HTH T RS ERET Li;OA(A=CI, Br)fE
Fi NHX T Li,O M LiA Zkafy, KRBT —
Tl B A AR B 35 22 (1 18] BN R iz WL o RIS
SRESERHT LizOCL - Br, [ H B E R T 8RR
I FT. 2015 5, AESERH™ NasOA(A=Cl, Br #11)
TESEES BRI &R, HEARIE S (~250 C). it
1R2, NayOA HRfEEFHFHEE 200 CHA
1.9x107° S/em, =& F A 10°~107 S/em, @K T
BUEERDI R o T A, TEVE R A A i
RS FHE SR (>1071 S/em)™ . BAR G HIRAL IS (1
BT S RIRRA, HIXERY Na;0A RHF K
(45 T 52 1, PTREAFIEAG S B oy 30 2 7 i 5
RIFZ o

g EOAHN TE A MBS FENE
HRASERE, EATRAIRIE R S TSR,
BT LUR5RE, BHy. AlH, A1 BF, 5558 pq 3R % B 2
TRAKERSE TR SRIBEER: ) 5
X 2 FLA A AL A 22 T 2) B R s RS R
WRHEAR; 3) B TFRIefEieshftidr Li'/Na'f%
S “IH” ). Fang U7 —HIE TR ES
T E BT, B3 LisOBH,, Li;O(BHy)osClos,
Li;SBF,4 1 Li;O(BF4)0sClos, 1ER] 1 7B B 1 1 #4
BOR IR A KRS /N R & PR &4
(1 K@ 18 v DLSE B B IR GE RS . o
Li;OBH4 F Li;O(BH4)osClos 1% & T H 554
2179107 S/em, TR 2N 0.3 eV; LisSBF, (115
THESHEN 1.4x107 S/em, THHLHN 021 eV;
1} LizO(BF4).sClos 15 7 HL S 1.9x107 S/cm,
FARHGT R A2 N 0.176 V. BARETFHEAE 7K
B SR AR SR TE AR D, (R il
FEHRIE T 5 T 0 & BN AR R I S5 4
B Sun SBR[ RS A R T SRR 45
Na;OBH,, 7E=IE FIIE FHFEN 443107 S/em
(328 K M B FHEHEN 1.1x107° Slem), [
Na;OA(A=Cl, Br)im 14 5 MRS B FATH R
AR, BH, B &7 IR A R T4 e
TR . A, B FEN DR % BEVZ iR B2 12 (DFT)
T T — e AR B R S T SRR
I BRI B T e SR e e 12 R, 454
VA5 A B v SR R AL B T E SR ) — A AL
Jiike SR, PERATHTA, HAneEA % T x5k

W™ X30BH4(X=Li, Na)# £} AH AR 8 PE L Bk A e
A A T e 25 Y BB A AT

A TAE RS — M R B ST T A SR
X30BH4(X=Li, Na)# B} ) 25 44) . AR E PR AI L
teffase bt . S OB PE . HUMEIE B AT T4z bl
L, 5, W T IS 0 M EORVEAS BT R AL
FHE P AE T 2 SR 5 M R 42 8 A«
BT TR S A/ A E A, TR T
X30BH4(X=Li, Na)fE~hnAz/EH T~ 1) Ak 24
SEME . Fok, B TE R BRI AL X30BH,
(X=Li, Na)ff1 /3245t 8By i sy LS
MRS 1T B AN R RE JT B R R . B, 1
FATIL T X;0BHy(X=Li, Na)ff)E1-iaki e it
s, o mE TSRS BH, S 71l
o A TAEHHE X;0BH4(X=Li, Na)fj# )1 2 E
PEANE s R TR O AL, AT DU TR
S Rl A LR ) B
1 ik

5T DFT MBTA THE AR TR SUB B 3 AU
(GGA)J5i% N f# ] Perdewe—Burkee—Ernzerhof (PBE)
L IRIRIZ BRBEAT I, R SR B SN (PAW)
KGR T 58 T 2 B AR AR RN, ity
VR RAE S — MR R B R L Vienna  Ab-initio
Simulation Package (VASP)HszHLM, S ik i1
BWTAE N 520 eV, SRS AT e i, BHE
BT SR Re & WCSbRHE SR /T 0.02 eV/A
M10°eV.

N TR AN R A A AR, AR
U SR RAT T AL R M R T
(bmaterials.cn)' ', i%°F &5 B 1E Mgt 2 2B HE 5k
o B TR A A e ST A 1t e,
SUHM B OIS S AN, R, 5
JR SRS R AR TR RS, AAFEMA
IR FEN R (AR P MR R AR
AT G RS IR K2 2 RS
JRBE VRS, FAA U 55 W8 V058 A 1l B35 RN 53 P A
(2 ST RRA, Rk 2R SN L[R2 540k
RGN, W ANIF. K. BRI R R
WRASHEL. 6 BarsEms 7 4HN B2 R E
HHTA, O E @ EfmiEBVSE EF!™.CAVD
PR | MR G % (BICE PR, THl-% &
A A RERE 7B SR EREFP, T
R RN S X N AW E b A S R



%5 53 5 7 KPS AR X;0BH, (X=Li, Na) AL AR € PEANE T Ais (58— VRS« 1875 -

T 5 220 RE I 2 (BSW R )22 VR0 & 1k 45 g AR 331
(ACST 2 5)Y, VLB Fhmia e te ™. stk 5
1201 BRI AA R Z R e I 70 et 15 3 e £
Iaki -

FIHZF &, gh@dilleff X-0-B-H
(X=Li, Na)fb. &I sy —Re AL PRI AL, g T
0 K i X—XBH4—0, #H &l B A Al I i BE 0 A2 2 T
DFT 151, FHiEE AR R 720473 —1k .
I IE— LI R RE, fE4LE 2 3R AL B
(Enan) K 1EAE X30BH4(X=Li, Na)kPRHHkRE 2 M.
R, XFMRb R e, R @) E S
PARE B X30BH4(X=Li, Na)[f {4 Ha fift J5i % o A%
AL 2R B D7, RT3, X30BH4(X=Li, Na)
1 5 A g

Ple,u )= Elc]-ndc]u, )]
e e E[e]s noel M, 73530 04 [ 25 B A RH)
5y~ DFT S fehE 9 ¢ i x IR x b 2834 (=
Li, Na).

A, % H Richards 252812 B4R i1+ 07
PP X30BH4(X=Li, Na)lil#s H A -5 1E A EHE
R, BRI AERAE P74 i KON B
IR A ) x ke, B

AEv(ccathode > CXSOBH4 ) =

g%(1)1’11] {Epd [xcxzoBH4 + (1 - x)ccathode] -

*E[ex o, 1= (1= %) ElCopoqe I} )

s Elccatnode] 1 Eley opy, 1 50 4 IE AR AT L A1

X;0BHy(X=Li, Na){f] DFT f8&; Epq NN AH

S AR A ¢ KERLR DFT RE&:; x NIEMATELS
X;0BH, B A LAl .

NT M Xs0BH4(X=Li, Na) ({5 izl

i, WRAGE A A FTH R (BVSE)HIES — M J5 B

e 3 1% BE 7Y (CI-NEB) J7 ¥ SR i 708/ 80 25 7 97 1K

EEATFE AL, BN T7E X;0BH4(X=Li, Na)

W LS R R By aE i A (3) K (4)

B3,

2.2
O_:D(nZ e ] (3)

kT

E

D =1’vexp| ——=2 4
’ Xp( kBTj ( )
:Tit':':‘: n- Z\ l\ Ea\ T\ kB%l] Vﬁ%”%%{jﬁgﬂ

WRI A S FHIEH . B FRER N (Z=1). 5
FiEBHE. LA %2, EE . Boltzmann # %
A Z(10" Hz).

2 EREH®

2.1 JRFEME TR

WK 1 Fis, X;0BH4(X=Li, Na)ff] ik 45+ A
B RABARET XsBA, HA AL B A1 X A543
B BH, 7%, O B84 )8 X(X=Li, Na)Ji ¥ 5.
FA O JR AT # Li(Na)iE$2 1 Lig(Nag) /\ 44 1)
Hly, BHy B3ELE N\ (8], X;0BH4(X=Li, Na)
BRI R, B Pm3m, LR 3 4
Li 8¢ Na J&i¥, 1 MO i+, 1 A BJEFHM4 A
H JFFH. Rrgiaidwaitb)s, LisOBH,
() S8 3 BN a=b=c=4.01 A; T Na;OBH, [ i f&
W a=b=c=4.60 A, 5 Du 25Oy S Al 75 A 10,
REELE 2% LA B—H 8 K E N 1.05~1.29 A,
5 NaBH, M1 LiBH, 1 ) B—H 8 K i — 5B,

Wkt NN ¢

; R
Se oo, Sels e,
6T @ %7 @, ° ‘5{" 05‘1 .’ 00
'8 S Ve Ry \
Noan e NN
® (¢ ' © @ Li
oL &Y L0 & LS
c’{, - éo‘u ® °¢L&3{L "0‘(“{*‘ ®
NN NN o
- - -@ e B --e- z
x-1
(a) Li;OBH, (b) Na;OBH,4

Bl 1 X30BH,(X=Li, Na)[l 3 5T 1) 222 i i PR 445 44
K, Sl BH, AL, OXe MR\ THARHR )
Fig. 1 Crystal structure of 2x2x2 supercell of X;0BH4(X=Li,
Na) solid electrolyte with BH, site as the center and
OXG as the octahedral part
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Table 1 Optimized lattice parameters (a, b, ¢, a, f, y) of
X30BH (X=Li, Na) are obtained by DFT

calculation along with the X-ray diffraction data
in parentheses and Bader charge analysis

System Lattice parameters Bader charge
Li;OBH, a=b=c=4.01 A Li (+0.88) O (-1.67)
a=p=y=90° B(+1.64)  H(-0.65)
Na;OBH;  a=b=c=4.60 A (4.63 A)®)  Na(+0.82) O(-1.53)
a=f=y=90° B(+1.64)  H(-0.64)
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Fig. 2 Electron band structure and state density of X30BH,
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Fermi levels)
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Table 2 Reduction voltage and oxidation voltage and equilibrium phases of X;0BH,(X=Li, Na) were compared with the
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Fig. 4 Heat maps of the predicted maximum chemical reaction energy between solid electrolyte materials and various cathode
materials at full discharged and half-charged (The unit of the color bar is eV/atom)
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Table 3 Elastic stiffness constant Cj, bulk modulus B, shear modulus G, Young’s modulus E and Poisson’s ratio v of
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Extended Abstract

Introduction Compared with organic lithium-ion batteries, all-solid-state batteries are expected to improve battery safety and
energy density simultaneously. They have attracted extensive attention. The ideal solid electrolyte material should have the basic
properties of electronic insulation, wide electrochemical window, good interface compatibility and high ionic conductivity. Many
types of solid electrolyte materials are reported, including oxides, sulfides, halides, borohydrides and phosphates, each of which
has advantages and disadvantages. For instance, lithium-based halide and sulfide solid electrolytes have a high ionic conductivity
but a narrow electrochemical window, and they are unstable to lithium metal negatives. The interface compatibility between oxide
solid electrolyte and electrode is poor, and lithium dendrites grow rapidly along the grain boundary in oxide solid electrolyte. To
further develop all-solid-state batteries with a higher energy density, a longer cycle life and a higher safety, solid electrolyte
materials with excellent comprehensive performance must be designed. Anti-perovskite superionic conductors based on cluster
anions have attracted much attention due to their potential applications in solid electrolytes for rechargeable batteries. However,
little theoretical studies on the phase stability, electrochemical stability and interface compatibility of anti-perovskite
X30BH4(X=Li, Na) materials have been reported yet. In this work, the electronic structure, phase stability, electrochemical
stability, interface compatibility, mechanical properties and ion transport properties of anti-perovskite X3;0BH4(X=Li, Na)
materials were systematically investigated via first-principles calculation.

Methods All the calculations were performed based on density functional theory (DFT) by a projector augmented wave method,
as implemented in the Vienna ab initio Simulation Package (VASP). The generalized gradient approximation (GGA) with
Perdew—Burke—Ernzerhof (PBE) was applied to treat the electronic exchange-correlation interactions. The cutoff energy was set to
520 eV. The crystal structure was fully relaxed until the convergence criteria for each atomic force and energy were less than
0.02 eV/A and 107 eV, respectively. Based on electrochemical energy storage materials design platform (bmaterials.cn), the phase
stability and interfacial stability (including electrochemical and chemical stability) of X30BH4(X=Li, Na) were evaluated.

Results and discussion The results show that X;0BH4(X=Li, Na) is a thermodynamically metastable and wide-band insulator at
0 K, which is unstable at a high pressure. Based on the energy calculated by DFT, the phase diagrams of Na-NaBH,4-O, and
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Li-LiBH4-O, are constructed, respectively, and the calculated Ey,; of Li;OBH, and Na;OBH, is 52.4 meV/atom and
110.7 meV/atom, respectively. X;0BH,(X=L1i, Na) is thermodynamically unstable at 0 K. Since the Ey,; value is relatively small,
it is possible to stabilize the compound through the regulation of external conditions such as high temperature, high pressure and
high entropy. Based on the lithium (sodium) giant potential phase diagram of the constructed X-O-B-H quaternary system, the
voltage distribution and phase equilibrium of X;0BH,(X=Li, Na) in the process of lithiation/delithiation are calculated by DFT.
The electrochemical window range of X30BH,(X=Li, Na) is 0.53-0.93 V and 0-0.41 V, respectively. The corresponding
decomposition product XBH4(X=Li, Na) has a wide electrochemical stability window, which can protect the solid electrolyte. The
calculated moduli of B, £ and G of X30BH, (X=Li, Na) are greater than those of lithium (sodium) metal or even Li3PS,
electrolyte, indicating that X;0BH, (X=Li, Na) can effectively block the growth of lithium (sodium) dendrites and has a good
mechanical contact at the electrode/solid electrolyte interface. In addition, the low migration barriers of X30BH4(X=Li, Na) are
0.34 eV and 0.35 eV, respectively, and the ionic conductivity at room temperature can reach 10 S/cm. The rotation of the
superhalogen promotes the movement of the lithium/sodium ions, thereby increasing their ionic conductivity.

Conclusions The electronic properties, phase stability, electrochemical stability, chemical stability, mechanical properties and
ion transport mechanism of the anti-perovskite type X;0OBH4(X=Li, Na) were systematically investigated via first-principles
calculation. The results showed that the crystal structure of X30BH4(X=Li, Na) could be a metastable electronic insulator with a
wide band gap. Under electrochemical oxidation conditions, X30BH4(X=Li, Na) could be thermodynamically unstable and easily
oxidized at relatively high voltages. However, the decomposition products could form a protective layer at the interface,
preventing the electrolyte from further reacting and providing an improved electrochemical stability. In addition, X;0OBH4(X=Li,
Na) also had a good interface compatibility with typical cathode materials. The calculated mechanical properties indicated that
X30BH4(X=Li, Na) was brittle. However, their relatively large shear modulus indicated that they could be stable for
lithium/sodium metal dendrites growth. By CI-NEB calculation, X;0BH,(X=Li, Na) showed a low migration barrier. In summary,
these theoretical results could favor to better understand the thermodynamic and kinetic processes of X30BH,(X=Li, Na), and
provide a theoretical guidance for the development of high-performance solid electrolytes.
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