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ABSTRACT

Abstract

Solid-state hydrogen storage materials have attracted considerable attention
due to their high gravimetric hydrogen densities and intrinsic safety. Among them,
lithium borohydride (LiBHa) is considered a highly promising candidate owing to
its high hydrogen content (18.5 wt%). However, its practical application is hindered
by sluggish kinetics and high dehydrogenation temperatures. Despite extensive
experimental efforts to reduce the dehydrogenation temperature, a significant gap
remains between current performance and the U.S. Department of Energy’s (DOE)
target for onboard hydrogen storage systems (60 °C). Therefore, elucidating the
dehydrogenation mechanism of LiBH4 at the atomic level is of great significance
for guiding further experimental improvements.

Current theoretical studies face two main limitations: (1) a large deviation
between calculated dehydrogenation barriers and experimental values, and (2)
insufficient insight into the dynamic process of LiBHs dehydrogenation. In this
work, ab initio molecular dynamics (AIMD) simulations were employed to
investigate the structural evolution and atomic migration behavior of LiBHs under
elevated temperatures. Based on this, we proposed a novel method to calculate the
dehydrogenation barrier using the potential of mean force (PMF) approach, which
incorporates statistical characteristics and yields results more consistent with
experimental data. Furthermore, density functional theory (DFT) calculations were
performed to explore the effects of lithium vacancies, transition metal (TM) doping,
and single-atom catalysts (SACs) on the dehydrogenation kinetics of LiBHa4. The
results indicate that all three strategies improve kinetics through charge transfer,
with the underlying mechanisms classified into two types: (1) Li vacancies and
SACs promote electron depletion from B-H bonds, weakening their covalent
strength; (2) TM doping induces electron donation to the B—H bonds, occupying
antibonding orbitals and thereby reducing bond stability. his study offers new
theoretical insights and guidance for future experimental efforts to enhance LiBH4
dehydrogenation kinetics and reduce operation temperatures.

First, AIMD simulations were conducted to investigate the phase transition
behavior of LiBHs and the relationship between atomic diffusion and
dehydrogenation barriers. Based on X-ray diffraction (XRD) patterns, the (002),
(011), (020), (200), and (101) facets were selected as the major exposed surfaces of
LiBH4. Simulations on these surfaces revealed structural transitions consistent with
experimental observations. Analysis of atomic migration showed that Li atoms
exhibit higher mobility than H atoms in the molten phase, and their movements are
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synergistically correlated. Using the PMF method, the calculated dehydrogenation
barriers ranged from 110.84 to 122.96 kJ/mol, aligning well with the experimental
range (101-156 kJ/mol), thereby validating the reliability of the PMF approach. In
addition, energy barrier differences between surfaces were small (~12 kJ/mol),
consistent with the experimental observation that surface effects diminish in the
molten state. A fitted correlation between the diffusion coefficient of Li atoms and
dehydrogenation barrier further confirmed that Li migration facilitates the
dehydrogenation process.

Next, DFT calculations were carried out to evaluate two strategies for
enhancing LiBH4 dehydrogenation by modifying its Li sublattice. Based on the
concept that Li migration can promote hydrogen release, both Li vacancies in
surface and bulk configurations were constructed. Results show that bulk Li
vacancies have lower formation energies than surface ones, although the difference
in their dehydrogenation barriers is minimal. As Li vacancy concentration increases
(0-12.5%), the dehydrogenation barrier decreases significantly (from 110.84 to
70.6 kJ/mol). Electronic structure analysis revealed that Li vacancies lead to
electron depletion from B—H bonds, weakening their covalent interactions. The
average Mayer bond order of the B—H bonds was calculated and found to effectively
describe the changes in energy barriers.

Similarly, TM doping also reduced the dehydrogenation barrier (110.84 —
74.28 kJ/mol), with Co showing the best performance, consistent with experimental
findings. Further electronic analysis indicated that TM doping introduces excess
electrons into the B—H bonds. Crystal Orbital Hamilton Population (COHP) analysis
showed that these electrons occupy antibonding orbitals, thereby weakening B—H
bond strength. Moreover, a strong linear correlation was observed between the
dehydrogenation barrier and the —-ICOHP values of the doped systems.

Finally, the catalytic effect of single-atom catalysts (SACs) on LiBH4
dehydrogenation was explored. SAC systems were constructed by anchoring single
TM atoms (TM = Ti, V, Cr, Fe, Co, Cu, Mn, Ni) onto N-doped graphene, and
heterostructures with LiBH4 were formed. The calculated dehydrogenation barriers
for all heterostructures ranged from 92.38 to 106.58 kJ/mol, indicating improved
kinetics. Among them, SAC-Ti, V, Cr, and Fe exhibited stronger catalytic effects,
whereas SAC-Mn, Co, Ni, and Cu showed weaker activity—consistent with
experimental trends where Fe demonstrated superior catalytic performance.
Electronic structure analysis showed that SACs enhance dehydrogenation by
promoting electron depletion from B—H bonds, with SAC-Ti, V, Cr, and Fe being
the most effective. Further analysis found a stronger correlation between the
dehydrogenation barrier and the Mayer bond order of the B-H bonds in the BH4
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group directly below the TM atoms.
In summary, this study uncovers two distinct mechanisms that effectively
lower the dehydrogenation barrier of LiBHs and provides new theoretical

perspectives and guidance for designing advanced hydrogen storage materials with
improved Kinetics and lower operational temperatures.

Keywords: LiBH4, Li vacancy,

transition metal doping, single-atom catalysts,
density functional theory
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*®1-18:3%)
R LEMEEE  ARMEE S RRE SN A AR
(g/cm?) £ (wt%) B (g/L) (°C) (kJ/mol)
NaAlH4 1.28 7.47 - 178 -113
KAIH4 -- 5.75 53.2
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Ca(AlHa): - 7.90 70.4 >230
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i raErE, EALAEM 146 PRI F] 103 kd/mol, it Z0IE AT LA 380 T &K
#) 300 T Li 2 AR I LiBH4 BN B AT AT 2 1) 3R A AR BB 110 25 il 9ok
H SR R AT AR LR, BT DA AR I SR S N 450 T BRI 327 T, 1 BT bh
fif FLyE 4k AE A 150 B 2] 107 kd/mol.

T RS T R LiBHa SR FE A it 0 U 2R (05 1 R 9 R AL
2 1R 1-4.

500
LiBH,/A &%
450 - .
LiBH,/25 nmBx S 582 LiBH,
400 -

\
LiBH,/Fe,0,@C w
L |

350 LiBH /K ERE < | O~ LBH/EMR

© a00] LBHmREHE .

»

" LiBH,/2TiO,
i 2501 LiBH,/SrH
F[]E | 4 r 2
Wi 200 4
iR
o

150 -

7
LiBH,/MgH,  LiBH,/30 nmBsaisk s
«

// o
7 LiBH,/2 nmBrgKE
100 4LiBH,/30 wt%Fe,0,
60 C

50 -
" y=3.22x-45.08 R?=0.81
60 80 100 120 140 160
yEEE (kJ/mol)
K 1-4 s2i6rh s LiBH, i S005 S 13 it
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LS| VAP 2 e e S VAT

P v 45 R s AN [ R AR ) i R S T A R TR A B 28 I M R &
BEN T B LiBHg it SR AT LB IGE AL RERI A LI AT I . RECAEZ
U6 T BOH T 2GE LiBHs I BUEVERE, (N BB SRR ST DR LK B 1-4 K,
H AT S 08 45 2R 5 56 B RE R Al g B T R s S R S SR E B AR (60 °C)
LB — RE 22

H1 T H A S 36 o O 5% 21 10 L R kD TR0 2 T AR, AT AR X R 1) SR e
Kb TR 53 1A 5 Bt o TR R IR N B AR LiBH4 i S0 FE MWL, 2 ik — 2D 1%
1% LiBHa [ il 0 5 BASE I TRE AL B 1 et

1.3.2 BIRIHEMR

VTAESK, 2 I iE (Density Functional Theory, DFT) it 4k =
o7 T 48 7 B S R A AOWL R, dn MgH it &0 10 <k 32 250 8T R 4 J A AL
(Fizh 1SR 2, K gk, K DFT 1FE R F4E78 LiBHs BEA MR HLE 2
=X HA R

LU R W 3LiBHs-TiFs IR & R AT 0 PR LiBH, AR E, Huang 45
N VSR I L 3 S TR £l T A F AT B T A B i S 80, Rtk DFT 1
SEHEAT A LIGAE . FF T4 SRR, Ti Al F JL[EB 420 DU LiBHs h H R 1 (1 /i
B HEHH 2.349 [F1IK2]-0.65 eV. b4, N TIRFT Cu B8 X T LiBH4 520, Mo
e NGE T DFT 5% T 7E LiBHs ARG E A B4 Cu Ik R, 450KV
CuB& S5 B-H MM, 4 Cu Bk Lil, 243 LiBH,H B-H f#
[FIfA B RE AN 2.412 PE(K 2] 1.882 eV N T 3B Rk RHE (L0 T 4 8 Sy it
SO R LI, Zhang 25 AN MSHE ST DFT 115 LiBHa B9 H R T AR 55 fig N 2.615
eV, H H I % b DY FPAS [6] 1 F 58 v BOR I A S8 45 /0T LK H R 7 25 A PR
N 1.75eV. b4t , Huang 25 AHSIG) 5t Hu b8 B Mg AT N 3t [ 5 44 2 ¥ LiBH,
PeFHi AR . B DFT 1F&, 255380 N 8240 LUK LiBHa 1 H 57 /%
BIREH 2.35 FE{KH] 2.3 eV, 1 Mg A1 N 3LFEB 24 7] LLF LiBHa 1 H R T K fi#
EIHE M 2.35 PEAIKH1-1.58 eV,

S b SIS B R AE T L, RS ER W (Transition State Theory, TST)
e EAE SR R A RE 22 1 VRN, 1E LiBHa ik &R, 2007 4 Du 25 A
(4703 3 {3 FH (010) 3 1 55 84 R T€ T+ B A& HE ) 3  #5  (Climbing Image Nudged
Elastic Band, CI-NEB) J57%, -3k 3 LiBHa 7E B S0 FE b (03 A 45/ IF i 5
HH S I S RE 2218l 349.44 KJ/mol, 1% 45 S EL s 6 45 SR 2 H 2 194 kd/mol .
BEAh, Du %5 N B9 R H G 3 L SRR SR B3R Lit A (BHa) 2 1R FE AT 55 &R
i HoH 525 AR Li SR BA A A7 7R B 52 T DU S BRI LiBHa A RE 2208

7



Hedb L R A R S

2 LiBH(010) % i BEA JF R CI-NEB ST IL T Li BRI Ti 4526 3 7
X LiBHa 201 A (0 B0 . S5 8 95 24 R R 00 H A S 4 20 3 S LiBH,
[0 i S 6 42 357.12 1 193.92 K/mol, &5 G473 B &2 K - 52 56 4% (156 ka/mol).
B RN, R Li B Ti BRI RE, AT LU LiBH, 109 4 LB
1555 I [ it & 22 43 Sl B I 128.64 A1 119.04 kd/mol .

R T KR FOEAE DFT HF 5482 LiBHa (0 MO0 ML, (0304 [ B8 16 25
Yo S0 9 5 SV IR . I 15 R, IS SE AR % S0k DFT 51
LiBH, (1l &l Re 22 504, 45 R Wl DFT 1HAUEM 7 ok LiBH4 I 4504 A B
TR ERE 2, (HIA W DFT 155 L0 8 2 M A £ B & E 57

350 - LiBH (ref.47) LBk e
300 -
= LiBH,(ref.%%)
= LiBH,(ref.*®) |
S 2504 LiBH,(ref*)
< LiBH,(ref.%6) LIBH,(ref. ™)
$ . : 46
LiBH,/N(ref.*®)
3% 200 - ) LiBH,/Cu(ref.*4)
LiBH,/Ti+Ligkpe(ref.2%)
LiBH /245 (ref.*°) 156 kJ/mol
£1<0 1
SIS ESE

2008 2012 2016 2020 2024
SE4
1-5 O 3k DFT iH 5+ K LiBH, i & fe 22 14 it Bl
¥, DFT 5 5900 R LI B R, BS54 R I 45 K
BSVAT DET 501 ¥ 5 25 0 2 47 £ 2 2 5024 491 ok, % ¥ty DET
TIOR3 T HAS 1 LiBHa 25 H35AT S0 00. S R (kL9200 Tk LiBH, 18 B it
B R R IS, TS, 5 LiBHa S5 e 5 2 1 5 LB 7 A0 2 B £ o
AT EL SRS TST 3575 B L i 0 LA — s OB A (B SR AT 5 B4R
SRR . R Wang 25 AU CI-NEB J 1 1] T R 7B I RS 42
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AL R i
HHERRHANFEK R EAEERMMEAR2 M ZERRKR, #E—PRIUET
CI-NEB SykHIREALME . IR A2 B AT DFT 5 Hh A7 7 — 26 ) 8, MM S 3L
T H#l DFT iS5 suit g Bz i B2 7.

T SO LiBHs BF R BUR AT EE, LiBHs R E S BEEE & 31 1%k
IO SRS S ] PR L T R . R O KRR SIS AR SR s sk RE, (H
RAHLHBMNETERARGEN BRI AN R ZE . N 7R B E 520
LiBHs BEEEREM W TR R, 75 Z GO ALERJZE T R B 0T, R K&
DFT iH&4) 2 R H T4 7~ LiBHa OWALER MBS . SR, B EIA DFT #F 5T
H T RAEF > % FE LiBHs AR . ShAS I FE 46 1) 5 s 0 20 47 70 B 38 2 06
[ B A DFT v 5 9 i oA 8 37 A R0 4 38 A SR A B L 35 LiBH. M &1 RE 1 N
FEMLH], BRI HE DL A RE ) S 56 ] 2 S G 2 s 5. Ik, Rk — M
% 3 T 45 A A S5 0 I LA GUiT R AE 0 5 1, T DAERA ML IR LiBH, (1 /B &0 P RE
T B HE R 4B R S T LiBHa AU RE RO AL EE . Ah, i3 — D3R R LiBH4
BT TR A TR A, g5t a] 58 ) MR RE IR 157 8 4 JE AR Ak LiBHa it
A5 71 R R IR AR A T R B S R AR .

1.4 KXHRAS

ARICLL LiBHa ABFFER G, AE TS — VR B S CP2K %) LiBHa AN
RIMAEM LA LI NG B2 MU R 5 AR BT Rt . BT a0 AX T
LiBHs & RBT 7L 2 HER S S B8 B A — e ML CI-NEB J7ik kit &
WA REL, X SFETEME R T LmEds. X FER TZREEIERE
J& LiBH4 75558 iR I S 2 BT R AEARAR AT D, o DLAERR S B SEae i 72, At
LE R TR AR

Bl A Jeild WS 4 730 )1 54540 (ab initio molecular dynamics,
AIMD) R 5T LiBHs BIAHAZ I #E, $55 5¢ thoR B A Gt R 11 10 7 35 7 34
(Potential of Mean Force, PMF) Hik kit EMERE2 . R Li H1a
FEREAEHEML S, M Li GREEATLE 48 (Transition Metal, TM) 45 2% % J7 TH H
RRFETE LiBH, A RS, HA R 4547 o0, 878 7 LiBHa i
A B IIEPRAF B N AESR A HLE o B 5, 8 T I IT R R i 4 7R (Single atom
catalysts, SACs) Xf LiBHas fEALIEREMIHIT, I T & 4B 281K SACs 45 KA
& LiBH4, FFiE X LiBHW/SACs 7 Jii 45 25 1 3k 47 o - 45 44 23 At ok 48 7 FOxt
LiBHs FIF&FFHLE . S8 I AR SRR 5T, BREEXT LiBHa 4 R A BEIRZI BN E, I
H MO E 2 8 R Li 5LfE . TM 822 DL SACs {43 T30 715 S B IR ik
UHLE], 4 JESemh bt — B BRI LiBHa BB SR B R AE T B R I8 A S g
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Sl SRR 2 R S

SCHE . ASCRARWT TR I T ] 1-6 R .

LiBH, A9BSR R 3R
RENNFEANS
y ) y y
S, g p— ‘ - . -
- Hatty 7535 = | tosmm s E R5E: BERTELT
RIGTHEAFLIBHAL [ FRRME FLIBHMBE o HLIBHB S 1240
sEnnFrEAE )| SatsHmpE | R $RFHALH
P + n
/ \ﬁ AIMDAEHIR TR |
LitERpE TMIZ %+
e A / \ SIS REHH
LiBH4/SACs
! ! v BEFiEB | |WEseeit
== AR 7HTM ZEHME | |HG%E: PMF
LifRPE | |Litkpa | | BREHR
T Ll4
Y
y Y N
EFIRSHEMES gEH
aFmtont || armtont | | mam kel
AN RIERAEIS LiBHMIEh DR [ AN BIERHIS
FHll )
Kl 1-6 A SO 7T I R
AL FERFRAFWT

(1) WHEsLL X FHEATH (X-RayDiffraction, XRD) Frf/ni) ¥ 5% 5
RERIER A REBEMIALRT. RFIET AIMD B2 400k Ih 1 W 5% 2|
LiBHa 7E I S0 #2544 45 1 1) Jois G 7 5 A A0 o 0 T 3 A5 158400 1Y) &4
B, R B G E R PME iR T LiBHs A RE &2
4b, AIMD BEREHE R T Li JE FRIER M H R 7RISR LGRS ERM, Wimi
UET Li BB X T LiBHa A EE

(2) H&T Li iRt A E &K, # T kiEd A LiBHs 1 Li 5 1) 45
PR o I AR RE . — 5 T MG Li B, IR R Li BRI E XS T LiBH4
ML . 55— J7TH , B B4 TM B e Li J5 1 1 77 R B 70 e 3k i A )
PRI R . E Rk, o S AR 2R T (A % bR B T — MR M 1 3R TSR A
LiBHs FIBLENLER, @it o x5/ M N gt (MG sk fEfE 4 TMD K45
X LiBHs B RIS 0 . $235 M TS50 S AT o8, ot s asEm 1%

10



AL R i
FE 2255 . Mayer 5825 LR i AR U G B A J5 55 . B s o, 45 3RERE L
FREE AN TM 45 2% 2 PR ASAS 5] 1) £ BE SR 42 T LiBHa i &30 77 2% R

(3) fEAFFT SACs fiEfbx} LiBHq it ZMERE RS2 JT T, A SCH ety 1 8
Fl LiBH4/SACs SR 45454, Hrh SACs 45 M-Ns-C 4HE, M AREARF K
TM. RGBT E B AR 2, RILSACs X T LiBHq i S HERCR, 7F Hik
—WHE AR TE WS, AFEBTEREEES . BT R K% (Electron
Localization Function, ELF) fl Mayer 82 %%, R N¥2## LiBH4/SACs N 1)1
FEULH . BJE, ¥ Li SRFA. TM 3525 DL & SACs i 4k = Fh3& T LI EAT X bE &
g5, MHLT L5 2 3Tt LiBHa 3 715 & AL .

11
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F 28 BRHENWRSE
2.1 WETHREL

DFT it H 2B 2 PR R —Fh B E vk, Hiz0 AR AL ESH 7
B AIRE 2R R EORFRESEE, BT LG £ T RGMAT AR
NEAHET RGEMAT NP, DFT & & & T4 T E S a7 1058 — ki
H, HFHEIFEEETHAE T 077, BRITE T SR U B A SEBR 1) B
F A8, A b 3 2% 3 iR 47 A 5% iF 52 . Hohenberg-Kohn & ¥ BU A0
Kohn-Sham 75 fEB2 HBLf# 15 DFT B3 T WEMWEE. HildEMEE KRS
) B B R L AR &5 4 7 T EL A 8 0 OORG B R ) o 1 G g R S AR S5 M R, DFT
Al CLZ AR e T . (R0, DFT tHE 2 B T A RRL . Y3 AR T
ol 2 S AR R I A R 1K) B T 55 R RN L R 4 o R T AR S I SE SR B 7T, DFT
Wt 55 75 1L R 0% BE RE HE 3R 1S B AR M R T2 5 . IR S E R . 5 T30
JI AR, DFT AJ DLASAUL 16 2% 11 TR 437 0 [ 4 1) i s o DA S WL i 0 A 55
TEAL SRR R 2 B A5 2 T T 2 R

2.1.1 Hohenberg-Kohn EIE

Hohenberg-Kohn sg & DFT B4, (FAHAE T CEKEBSNH. %
EIRR, XN T— N2 HF RGBSV AT DL IS B 7% EE—f e,
XN G G2 T ) R R e Bt T FR S 3L . Hohenberg-Kohn 5 #4045 Mk —
PEE BEANAR Sy e B, HorhME— Mg BER Y], ZH T RGN EES % 50N
RGN BAFAER SN, R T AT DL I A0 4k H 58 B R SR 2 R 1 2 FE 1 17
R AR5 € FRAE B T AEE— Nz ik, 1] DUEA5 2R A5 R B n) DUd i o B 4%
JEFBORAE. CLEHraRE, W] DU I SR M /b B B2 R 11 1) 8 R 54K 2
REMBESEE.

E(pV)= JV (r)e(r)dr+T [p(r):l-%%]%drdr’
+Ee[p(n)]

Hohenberg-Kohn 538 () 5 iy DFT Bt T 34 7103016 2, 70 18
T ST B AT By A PR O RA R, TR AR T L

(2-1)
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2.1.2 Kohn-Sham /512

N TR A RCR AR % BE, DFT 51\ T Kohn-Sham 77 #2 K #18 H 7 UK iR
HOR F 7 B T o 1% 7 AR AR DK 2 A4 0] B Dy Dy — AN ORI, DLk D A
A LA 2 A AL SR fifid F2 . #E Kohn-Sham B¢, X} F— % B 74K R AT A Al
NH—RINEAEMEERABRRFERNES, B P PR FERRTH—
IR ECR R . AT Wi Z &, Kohn-Sham B ig iyt | — A5 H 8L
ML 3 40 H A A [F) 3 %5 2 () ok A e . iz ae v DLl — Nz ik 3
B4, ZZ SRR R AR B MR A G, BN TEE, Mt 2mTE
BB ee . ZRNEIN B FER, M BT a 836 22 AR A B
ERVZ 8K, N DFT BIRZ L2 .

Kohn-Sham 77 £ UK 200N :

Vis [£(r) ]=V (1) +Vou [ £(r) ]+Vse [ (1) ]
p(r) , 9L p(1)] @2
r=rl ap(r)

Kohn-Sham 77 #2 2 H w5 A4 B B T8 DL Je B R AR 2= A5k 1 o FH - B
LA P A PR RO o RO o (R AR AT S T SR B R T A R
FNERZR O S 0 4% 4% 7 TH] (1 BF 520550,

22 HEHERHRSHRE

FERSCHEFCHR, BUR LiBHs S0 2-1 fias, HEKSECON a=7.14 A,
b=4.29 A, ¢=6.748 A, X 556k 521 2648l —3h (3R Z/NT 5%, 5 sz EE
X BNk 2-1 o).

:V(r)+'[dr'

a=7.14A
b=4.29A
c=6.748 A
a=90°
B=90°
y=90°

2-1 LiBHa J5 2 14 LA K L it i 2 5
A SCAE ] CP2K B HEAT DFT $H51, B DO RE AW &2, SO HIE Ty
VRS E (AL Hartree-Fock. DFT FIZ: #3755 55 ). BN THEE E PR UL K
TP A, RS BRI o 78 BT BRI — VR B SR P, CP2K

13



AL R i
FEAERBA R LI R FEIE TR AR B EA W& H AR,
FLAE DFT oF S iy B AR 35 0 3 A0 T Hofth 2 BRIy, 3@ vl e T — N S = 4 A
R Kk, CP2K ME TV T REMA. WM. . L BOEL AR RA
V)R G FE SR . A SO A B TE BN SO DL 23 v O ) b B 4y
FriffE A Multiwfn3.8(dev)P®, iZFE /& — 3K Th B8 98 K I & 710 2% 3 eR 300 it
TH, XFILVTAA ERBE R A ERD, FREG5%5 M. smE. R
W PR S SR A

R 2-1 A EHAN SR BT LiBH4 & i K

Y UBURIS a(A) b (A) c (A)
SCHR 7.173 4.434 6.798
SCHR e 7.140 4.290 6.850
SCHR A 7.179 4.437 6.803

AR TAE 7.141 4.431 6.748

£ CP2K ¥ {# H QuicksteplegiE it 47 DFT 151, HiltHEETIRE
W T %, PO B R T O E R SR A, R A BT T SR
AR 5 A R T % . T Perdew-Burke-Ernzerhof (PBE) R % 7E i
R i S A R I SRR T A S 40 R %), IR A SO T PBE i bR R A e
M $, HHFTA HE S GrimmeD3 (DFT-D3) 00 SUE EIR IE . 7E45H4
AL K2 AIMD i % {#i F§ Goedecr-Teter-Hutter (GTH) Ji#4062.631 ) ) 1w A4
— H AR R K. m A N X ¢ [ DZVP LB, 7 L Ak i A
Broyden-Fletcher-Goldfarb-Shanno (BFGS) Ak k. bk, it #kmrae L&
K R, AR AT 46 25 0 () v B A Fg 1 T Ak re B2 1 B 400 Ry, FFKH
55655 ] K MG B E, K AA#E S HR g R i 2-2 Frw.

-50.66
(a) (b)

-50.68

=S = :
$.-50.70 o 2
I I ﬁf-ﬂ
32 50.72 ki R

Jm
-50.741
1 2 3 4 5 6 100 200 300 400 500 600 700
Ke #i#TEE (Ry)

Kl 2-2 a) K millisl; b) A ae it
1+ 8 self-consistent field (SCF) [REE W SR UER €N 100 au.. fE45
R, B 1 R R A T I SOk #fE 29 9 i 2 S 0.003 Bohr #10.000 45

14
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Hartree/Bohr &4 i+ B0 3 7 MR AL 8 A0 77 e S5 43 51 % %€ & 0.001 5 Bohr il
0.000 3 Hartree/Bohr. 4F7H DU/ MR B, ZE5 Mgl A2 &,

23 ANEEHELRN

ARSCRAAL G 1) LiBHa 85 V) AN Rl B 26 i, &EANTRAE Z J7 18 E#CH — A4
15 A MBS JZE, DLBE G R IO . O T SR s AR I B, BT R T AR AT
T M, BRIy RESMEFEHWE 2-2 fras. ok, ST BEESEHTwE
WAL B AT EBTRE M, HEE R B 2-2 fion. HTEXAFER AT M4k
B, EREWER, WS RE T OT ik L& QBN BT A
WL, JFH K SR T ST
® 2-2 LiBHs AFEFREMT K. E B IO RS R E

i ¥ o % J5FH #WTHE (Ry) 2y aE gt
(002) 241 384 700 IEAZ 6 &
(020) 321 288 650 EX &
(011) 331 432 700 1EAT i &
(200) 331 432 800 1EAT i &
(101) 251 480 1 000 EZZ & &
(111) 331 432 550 BRb R

SLIOHE R AR, LiBH, MBS R BEE A AR, B 7 d iR S5 M TE =
A PN NGRS S . AW HE T, AT X LiBHa (4845 1
AT HRCRFE, ASCKRH T AIMD #540l. 7£ AIMD 5 b, f8 72 2k T
A HOIYERAE (CSVRISD) [#Gs 0k Rk, HRAIEWRLZE (NVT) R
RRAPUEE . AIMD B K E N 1 fs, By 10 000 fs. b4k, Fr
A AIMD tHEF B FO i E YR OT Bik, KA wWE T At HoAEA W aE &
& 4 300 Ry.

AIMD [ J& 4b ¥ 43 #7448 F Al 4046 F2 5 Visual Molecular Dynamics (VMDI68)
T B-H £ 143 15 2 4 56 % (Radial Distribution Function, RDFE7), i@ i i ]
A 2-3 P — A2 B-H 1) RDF, MIfi 3545 B-H 2 [A] (¥ PMF®8 %91, pMF
S

r
AG, (r) = k,T In% (2-3)

Hr ke RBUREZHEH, T 2MEEE (K), AGa (r) & B-H #1E

e (kI/Mol), gmax(N)AT gmin(r) 7> 7 j& RDF f) & KAEF & /ME . Ak, NIREA
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6] 57138 )5 L F (Mean Square Displacement, MSD) Hiik & Hy Bt 2%, &
SCAE ) GROMACS F2FUI% AIMD #uiziidt — Db B . THE 8 R H0 2 U

7 2-4 Ffis e
1 e P
Dzleo{EQr(t)} >} (2-4)

HorpdR24E% (d=3), t B (fs),
TE R RE A2 T 7E A 22 I N B2 A FE A, TR B — AN 03 B Ak ) e R AR AL
HAtH a5t 2-5 fios:
E, = E(LiBH, —nLi+mTM)+nE(Li)-E(LiBH,)-mE(TM) (2-5)
T B BB RS, E(LiBHs-nLi+mTM) % R GG B 5 2014 R R &,
E(L)ER A Li JRFINAERE, E(LiBHs)E R4 LiBHs IBEE, E(TM)EREA
T™M JEFIIEEE, n, m 730l RARGEEERE B8 h & bl Li Ji 1 00 80E DL
A TM JEFI%cE, L EREm AN au..
SEORERATHW &R R T S M RRRE AR e R E. K
TR 2-6 Bk
E,=E,,—E,—Ep (2-6)
XFH By RnGi&fE, Ene R AR BEAENEER, EaRn A
RefE, EsR/n~ Bl eedE, LA EREESALN au.. TEAIHH RIS LG 6e
i, AfUF SACs, B AL LiBHs &K,
N T EIF A AE SACs & B R T I AT, REGHAMEER T R oA
P OO B 45 NAE N &R R 7 Bt iR U X B F o &8 R
T UL AR IR T Tk, FHoatE A s 2-7 fios:
X=(xXC+yXN—X,v,)x(z—d (2-7)

d

X, x ZHERAERN C IR FHE, Xc2 C It y25&/EM
HRER N R 8E, Xe2& N BN, Xv @A EEBRAME, 0025 d
MIERHE TS, ngst d PUE T &2 H T8

2.4 BT

FEPACEHADE U T AU, WO R R 201 J2 1 220 B A1 R A
2, VIR 51T IR AR 0 RVE A IR AW KRR T, Bk
FEAERO 2 T8 TR B o O 1 3E— DR ZOR KB, L7 45 M 7 Bt 2 —
IR AR TTR B RL, BEEAT B T IR N BRI bR K N AEA T, 45 51
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[EIAHELAE L A2 B RV S RE T 45 M 5, NI N 4 J (K SR B At o4 T IE i 62
A MERHEIR SR 5751 =

2.4.1 Mayer $#4%

Mayer 52 & Wiberg 82 1 HAAY &, HIHE, EEMAH &R H 5T
5 B o BT DA e Gk B EE S 1 Mulliken S 442 R AR 5 T2, Mayer 8241t
RN R —F T AN B TIPS I B 5. Mayer B0 H A
BT 7 A R T RE A EAE S G TR SR T (] ) EE S A 0 SR VAR B Y
o T BRAE T 0P RN S N B R .

TEVESHA 28 Mayer S8 H AR/, FEL T —SEAME, Bk,
TR EEEEFENETHIETFsERERMN. XMESTUZ o #
(sigma ##) 30 n % (pi ), o #2 MR T IRPIENE R 717 8 &L 7
) BB YR, T o IR A R T PO WS T B TR T A RDE LR U 1)
=3IAn 0P

Mayer B8 AR Y E A IR 7R E S5 A . B
R, ZANATLLRIAN N K=Z(@#)p(i, )0, )], HH K2R, pi, )
TR ] 2 EER S, o)) R T i AEF j Z 18 H Pauli HE 550,
EARNXTH pis )M o(i, j)rT LB & 72 TR TR E

Mayer B2 1T 5 A R CBAE T IE#THE pd, A ofis j)o pi, RBET
Ji i MR j 2B TR SIER, 10 o, HWRBET B = Z [ HEF
ER . XPERZEN Y, Be TR fe k.

FESEBR R, Mayer 88415 A AT LAAE B4k 22 5 100 2 B A R A 4k
U, g FRIRRE . RE M LR T LA R . hAh, i H
AN o TR B G, T DA B G b 2 A2 A 2 ) A B RN 2 AR AL LA . AR SC I
Mayer 4 2% B8 34 2 18 FH Multiwfn 3.8(dev) 5 Ab #4531 /1)

242 BTEEE

WSR2 — BT a, BFaisan 7 aeH — G s
KR IXMRENEH BT =0, GRS ET A E w20, ir
SRRz M R T R B AR AR R RS T A . T B R R R H 4
P o AR ES DA R R T 2 (8] B BB R S, AT DLE i 4 ) T
(Electron Density) P77 ERKBAT EoR o (EHXF Tk A B3 K &5 0 B2 (1 155
T, BB ER LT RIS IR, T2 ] DUTE O BB Ak 45 1) DL 2 2530

STHMAE MR TEE G, Sfl % %2 (Electron Density Difference).
17



LS Vb 2 R e DAT:S'E
B i 2 =X 2-8 Pt
Pedd = Pab ~ Pa~ Py (2-8)

Horh pead RN T B L, pap R BRGNS B TH L, pafl pp K
INIEAR G AN R 2H B 4, LR fE SACs 5 LiBHs M SR &5 45 i, %
T R ZE X B LT B LY pans pa B po 73 K7 SACs [ HL T FE AT LiBH4 1
LT

LN R TSN EE TR —, ATRLEMBSE & B
MEAER BRI B FR A, IRV TRESRUKRN XM, daT BT 4
Praff At Ja B AL i J5 1 (B BRI 0L, e R AE ST, EE TR E
B, T RLA) A B ) T SR R 45 G 07 2UPY [ T IROR E A AR R, dad
TS R T R 2 AT DA IR W S e R AN M B OB IR B, A A R R T
R A VE PR S R TSR AE BT m A R AN A B 2% A i fit 3
WA -

2.4.3 miRPIEMZBING HE

fm R B8 B B A JE 9% (Crystal Orbital Overlap Population, COOP) # H
Hughbanks Al Hoffmann 7EF 255 & Hickel 8 A 22 P9 51 N — R 2k 1)
S B R Al gy vk,

U] COOP R B A /i B : HAEMNANIALE) H -1, W R 74 m]
PUE IS 1s P FE R AR R, 14X H R PRI, w7 DU EFHU0E 24
PG R R FHE = 2-9 frs:

D=Cy +Cp, (2-9)
1 2-10 M4 BUIE B R B AT B R T
O=cy,+Cp,-.. (2-10)

LRI EH M HAM BIESS, WIE B R~ AR ok, Btk
S FHUBR R RI R T amnT
1:_Hd)2‘dr :J|cl;(1+c2;(2|2dr:cf +¢2+2¢,,5, (2-11)
Hop S REBMY. c? 2 4 ilMES PO 1M 2 EREs, i
2c1C2S12 RonAH BAEH, FrLAnfgE S 455 Coverlap population). H = 2-11 7]
W1, #5ciy A5, MIESAGENIE (RIS4E), FRW g (BRI R4). #t—
A B B A T 5 OO N R A AR SR T 45 B B A R ACE A BT, BT
Pif) COOP.
COOP 1] LA 7% Al JH 11 4 & b 1 JR 384k = P ot , 72 E AN A&
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LS a2 R 2 AT

semiempirical extended Huckel (EH) theory B8 7 E KK &) {H & COOP ik /&
fAAE—28 ) ;. COOP I AR ILAMKH M, 7 EH FERHELR T, R
W p-p A d-d FHEAEH, B TEFHIERZHER T MES, 26— €.
Bt BA 51 N & R B T8 WA % @5 A6 JE ¥4 (Crystal Orbital Hamilton Populations ,
COHPL™), 1 COOP HH ) B B Afi =) i B FH ey 25 W PR AR %5 o

COHP J2 fR 4 B TE % o1 R % B 5 245 W Re b AT R 7, BRI e 2 T s 50
BEA ) (MBS R A7) T — k%, A LCAO 5 i s 1 HiE 4tk
Ha el 2-12 Pk

‘V/J>:;|ZRL>URLJ (2-12)

RAEET, LREREFIE, j RERT (OTHE), HAng sk
e R 2-13 s
Hoene = (e 1B 2 ) = (2 |-V +9(0) 1y ) (2-13)
1B 58 LAARAR B 79 RO B P AN BB CBD o Ay B8 22 [ A AR LA ) A
EATHIG B WA BE Gk R IR, NG A% B B AR e, T DAE e P ) E
FEE, PUATRMBRIG Oli) st i) BE4iAE. ARMBIANKIREE N
e, BT DA S 6 A B A, IEE G R B RS, X AN A1 COOP #f
R T B WU BE AR E (ICOHP) T2 3R A4 2 B 3 55 1 E5 B4 A, T DA
N ETGERRE, ASCAE COHP fERTIH N5 (-COHP), #&/JoitEIE(E N
RS, UENRES. A4 COHP 5 4 {#H Hoffmann %4 Richard
Dronskowski #(#% 1 & ] Lobster (JgiiF) #2518 79,

2.5 KRE /&

ABEFENA T A RHAMFARE RS 5, 5EEARTETF TR
Hit5 DFT MAKRERERSEKRER., 835, N4 7S — R R
CP2K, E#EH FEI R DL LA R E S B R, dkrae . K A
SCF R SR HESE . bAh, X —L CP2K iy Hi ¥ o Ak B 4 14 JX HL Th e
AT T A H, FEA VESTA (Visualization for Electronic and Structural
Analysis). VMD. Multiwfn 3.8(dev)#1 Python 25, #J5, A<iiffaisasf e 1A
Bk MR A IR B850 i 7%, GG f Mayer 82855 #r
HL -5 5 72 49 fIl COHP 43 M7 45 .
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L a2 U VAT

E3E FRIFET LiBH, M S451% SN E

LiBHa A i i 0% B2 (18.5 wit%) T iy 24 iy #4171 i i 25 g A Rk 2 —
SR, FL v R R P DA e G 18 1) JBt S 30 0 5 P LR 2 T S BRH . REE
A 2 S0 S BRI BV RE, BT XE UK 2 R Mk AL S T RO ARAE, R T
MR TR N 87 H B AL o 4 1 22 B0 DFT WF 7T Z08E 1 LiBHa £ 5250 5%
PE NP AR R, HskZ 3h A& 7T LU S s R AR R BHIR 18 T .

PR, AT LiBHa R Z A H A, IRIESEI T XRD B P s i) 32 %
T FE R, LRIO B R T R BEAT @A 3 A . N T IR AR 7R LiBHa R N £E B
SNLEL, ARFIFE T EXAF R AIMD B4, I H 45 & 5e 8 RAFEA AR
MR R TT %, DRI RS R HEmE SR, &Ja, @1
ERAT NI4T, HEoR T {E3E LiBHa B EUPEBESR T 10 048 S [

3.1 JEAYIEEY

NHIRR R LiBHa 45 H B R A i S5 n] Se vk, ASCEH MM VESTA K
PR A SCAE F 1 LiBHa R #E4T XRD A, IFK prfg 4 R 5 O Sk et 2
RS 56 Htf BEAT X EE 0, A& 3-1 @) o .

(a) SRR |

¥

A FOLTTROR

3-1a)LiBH4 7E 5255 1 DFT Hf#) XRD *f EE &5 b-g)LiBH4(101). (011). (200). (111). (020)
F1(002) 45 14
MBI F XRD #hZext th 87w, A5 Sue £ 78 3 22 (1) AT S0 ) 37 1 7 B
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AL R i
FREE S, RSB LiBHg 4516 B8 0% 5 1 Hb g i Sz 56 of B0 S2 ) &
PSR AE, BOUE 7BV AR S M B HERRYE , e SR T R B E T IR S
UeAh, BT R ER AT RIALE, LG SOk MR TS R,
7 LiBHs 1 & B2 £ N(101). (011). (200). (002). (111)F1(020). FR&A&
SCE I s TV FI DL MR A 7 AR I SR T A A A, BRI S h 2 U
K 2-2, NIRRT SR E MK 3-1 b-g) . AL, FEEIRE R
PRt S FLOE BT 5 2 00 T 45 SR mT Le w5 SR 52, S PRAIE J5 SR 58 b &% R
THIASE 2R R) 256 400 () — B0t S AT b e, AN & 48— 1 BB 22 4 £ 19(101) . (011). (200)-
(002)F1(020) 2 [ 1 AW 55 &

3.2 NEKE o FEHFRY

AIMD MY BEWS £E J5 1 JZ T S8 N AR AR 2 b R 5 (1 s s 3l 5 1 45 1Y
A EAR, AT TS AR B S R MR . Y TR R AR
SRR ERARCE RN IR TS TR R B,
111 B 3 S S R AR 28 £ SIE B 26 1 R IO AR AR o A LL S il T 25 #7155, AIMD
W AE 7 A 2 B I TR AL OO AL, AR IR . RER AR AL R AR T AT N,
M) 2z N T 3% 3 T EEE B A SOV I FE . T LiBHs AR R AE &
I il SO A AR AT e R AR 1) T e R RS AR AR AT O, HLARREE B R R T
ERIR, PSR B T34 R K& AIMD BRI 5T LiBHa 78 2 (1)
SRR, IR T ORAYE ST S8 LiBHa A8 15 10 R 1) 45 4 5 A A i
TIER I ITE .

3.2.1 FHEGHNET

R SIS 45 R 48R0, LiBHa 78 B AU 2 52 sl AR & R A B i s 1
WERVSRIAAS . SR, ZISRAE OE ST R &% w20, S ECH R
AR LiBH, BLR TH R R A5 IR 17 58 35 . WM LiBHa £E i i #4052 T 1Y)
SRR, AR B AT I R A4 1 ) AIMD BRI 52 sl &2 1k .
MR S0 45 23, LiBH, WAL iR FE£0oh 280 °C, it &I 298 380 °C. [,
N TR O S SEB LA, AU H ARl A 145 0 500 K. 700 K. 900 K Al
1100 K. ¥ 3-2 7" 7 AIMD i F2 71 (002) F M £ T=1 100 K I i FF FGE BBl &
I [A] ) A8 At 26 . B R BORIEVIGERT B, IR Mt E 2 A, & TR
WP B, EE AR AT B, ROy TARBIE T REMLS R, AXERT
AT 2 ps FIAIUECHE , EE T )5 8 ps MBI &5 My I T )G B2 05 . AR SC B
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MBI HIET, 7S H R FESREM NREaiEl, &6l 7 AR RmE
AFNRE TS HJE T8 MSD, il 3-3 a-e) i

- El
< s
i I8
8 =

b

0 . 20IOO . 4OI00 . 60IOO . 80I00 . 10(IJOO
BfiEl (fs)
] 3-2 LiBH4(002)7E AIMD it 2 i i B2 AL B Bl i [A] 1 A2 A it 2

TS R T 3 AR DY AR AS [FER BE R 3E4T T AIMD B8, PRt MSD B
SRR T XNV M 2. S5 R EoR, BEERE M TS, MSD ik Rt
REFR, KRS T WP HORRBEIRE LI oK. i 3-3 a-e i,
T=500 K I, Frfa Fms M H R T MSD fh£kin ol 2K F#as, XRY TE
ZIRE T HETHRER AL E . X—IREWER MR R ESEWHEE, H IR
TR B TR 4. %45 5 SR P ol A AR R AR R (553 KD — L,
e RIE TR S M . BBAh, N T SRR A SR AR T SR 7 AR
REAE, ASCER T /E T=1 100 K B X3 t=0. 3 333. 6 666 FI 10 000 fs i [1145
W EIVE AR S S5 i AR 7, IR LA R B bRy R s . G v
AL R 3, £ t=0 fs I8 AN [F] 32 1 1 B AR5 3 5%, AR 45 M DR FF A 7 s
MATE t=3 333 fs M &5 #4 ¥ 4R 12T H I B B 19 SR AR IR s 5 45 i &K L. B S 7E t=6
666 fs A1 10 000 fs i G J7 45t iF — P 40 e Hfeg 4E+F, I E iR 7 AIMD
B R ML T B EMS WAL, SMBAF R LETERRERE. X —d R,
7~ T i T LiBHa f 4 25 06 (0 8 2008 A8 o 6504 T 7 A AN 2 5% i i S0 742 1Y)
SR AR 5 N TR, K 2 T BN S R R P ) 2 R AR A M A
X2 LiBHa i 25 il S PERE SEI ) GBI R 2 — - @i AIMD B4, ARk
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[¥) RDF, il 3-4 fion. KB 3-4 a-e)ion, MikHU B 5 H 2 [A] i E &5 1 AR Al
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KNGERZ LA NTRFES, BZIREERE I S ENEE . X2t —
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MR I NAENLEE . BT LiBHs & H Lits (BH) A&, Hd B A H
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MBI L2 F], H M Li JEF7E(RIE (T=500 K, 700 K) FHERAT N
w55, MAEEWE (T=900 K, 1100 K> %&MF, —#M MSD &1 & EHK,
HHAFRREZ AFAE— R ERE. AN, X TEE AR, EMAREE
N, Li T MSD AR B RT H R 7, FF H iz pE 5 5 & S
N2 ARSI G, WTUREEHEN Li B 7R g e st H R 7T s
A E MR E R o it — PR R A F RN H A Li J5 1 2 (8 IR A DG 1
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Tk (i 3-5 i), RI\EPLERE R, IEREMKH S LiJ T2
B2 E LA LR, R H K MSD B Li () MSD 3 i
0, I B R Li-H R 2 P RSN . A m S e R, A EER
T 22 1) Bl ) 0 R 22 S /D, 3% 5 N LiBHa 48 5 i A R A AR AR T 1 98 2%
M4 2 (B 2 F A . Hodr, LiBH(002) () 2 1 25 I H w58 1 bl =) 76 H
BRI AE 5 300 TR BA . B A AN A4k R AR LiBHa 30 77 %% OB [ Bt 5 Hh ik B %
RIAE N E BT S

3.2.3 e E

H T LiBHs LS R 4%, 8 AL S0 TST J7 300 DU 42 21 42 1 1) s
AR, HE ST RN S B B 1 B AR 5 S PR S 56 00 %% B 1) 3 B N
1o XAEAFH AT A BB TSR ST EG 2 1a) v AT 3 0 B AU RE 42 2 (A7 AE B
Z5, MRS T HAR A TSR0 I AT AR . 45T LiBH. 78 SR AT
R FEEZL AT, 11 H ESCH AIMD RIS 5 O 2 AR I H 1% 45 0 1 A AR
R, FrUARSCREL— T AIMD Ui R M g 22 H1 55 : PMF. PMF J7
VLRSS A 2 R SN Tk R R BTN PR LV TR B B MR R IR Bh A RIS AT
N, JRIEH TSR EEL2 M . ATl A P g R R
SR BRI RE 22, PMF J7 350 & Fh R 21 25 iE b B 2. 58 4 i o 7E AR AR Fi, PMF
HE R FET B-H 2 Al RDF i+5 LiBHs LA fE %2, Hh RDF 2i&H AIMD
BLIETE T=1 100 K B HEAP A7 B2 1 et F38 3R 15 . O T 38 40 71 5 o B DL &
TR RAEWIUR T B i o R A AR AR T 0 e 28 45 SR T3, A SCRE 22 IO TH B 2 4 ol
2 ps (TP B L AIMD BUzE . e 283 55 2 i At 22 45 B an 1 3-6 a)fr
s EA AR E R R R A SO ] PMF B0 A R RE 2, HRRELE TS
AR LR N B AT DL KL CI-NEB BiEE 3R 2, WK O HER
LiBH. 75 52 56 o g I & i Bt S RE 22 Ve . i 3-6 a) s, A SCiH5E LiBHa OB
AR 22 AL 110.84~122.96 kd/mol  [f], IEUF/ES40 M & 1H 101~156 kd/mo
[ [X [i] phy (22, 25, 281
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AU R A, WE 3-6b)Fras. 4KV, BARE2S5XNE Li 7 HR
ZBAFAE R R R . B Li 7 BOR B IE K,  hl S fE 22318 BRI
R L TR R A B T IO A aE L2, 1% 5 O ks i — 8B,

3.3 KB

A S Xt DFT 5523048 1) XRD £, i LiBH, £ E 1R R
FH o B 25 0 — 2, A 25 1 e B 32 BRI A X 428 LiBH4(002). (011). (020)
(200)F11(101) K 1f » 2R J5 25T AIMD A0, 2l W S [F] 3 1 £F =il T 1 25 4
WA, FETOU A FEAR R LiBHs N ELENLEE . H AT ¢ LiBHs K2 B ik
THE 208 T LiBHa 78 B0 A2 R A AR AT, S BT 5 45 R 5 s o B
ZMAFAE R K Am 2%« BT AR B 8 S8R I8 AIMD 77k M 4% LiBH4 1) M
AR, MRS TR RS LI R — B . AELS S LiBHs R RTESLL
HE R S AR A AR I R, I T HE A T RS RV RE 2T E T
W, MRS B Ui AR, AREMERmATF, WE T LiBHsHIA
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B R Bz BN, L EF R SRR ER R ZE R . @A AR L
BE22 5 HOG R Li JR P BRI MM C R, RIL L My SRR, Xt
IS i SR 22 WG . SRR, Li BT A BT PG LiBH. IR A fE 22,
X—45 1 H i se e i Fi A — 2.
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il XFF Li SRFAIRTFT, 322 o3 Li SR IR DL R AT A1 20 A SR 23 A
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14+ LiBH,-& 2
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K] 4-3 LiBH4 LA R 51N Li #FA ) LiBH4 78 & 7 B-H 88 K A%t Ee
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HELRIRS AR E R, LGN Li StFar, # B-H ggidik. s,
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4.2.1 FRE Li &R

AXERHETRE Li BUEEMRRERERZ, F26H 7T HSAE L St
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12.5%[1) 25 F 3t AT R o
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8

OL OH 7 7 .
80+ ¢ ! ¢ 7 !
Y / |
0 B @ am PO
70_R2=o.88 5
y=35.84*exp(-44.59x)+75.49
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LigRPERE (%)

4-4 EATRIE Li GBI LiBH, (BB 2215 Li BRI 1% R
ZERFW, M Li BLREIKEIL S 1.56%I5, LiBH4 1) i S AE 2 FAK A 96.33

kd/mol, LEWIUA S5 HIBEAR T 14.51 kI/mol. BEE Li BB E 38 3 3.13%*, Mt

She 22 (L) 79.96 kd/mol, Lt 1.569%K FE I (1) GE L2 F£MIC 1 16.37 k/mol. B
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IR EERARIN , Re 22 B AR AR P LU B 38 . 2 Li SRBR IR BT 4.69%1 , REL2 1K
A TRE. R EPTiE, Li SEER S A2 BE AL LiBHs RIS RES, B
Li SR SIS WA KRR W], N Li S 9 2 Ok B IR il L g
L2502 — AR A R A R 4T, RSCOR I LI BRI AT LR R B 22 B IC 36.3%.

4.2.2 HIER Li GRPE

BT E—/NTRE L sa AR 20 H AR, AR FEFER T IETE T
FAWEL LI BREAET LiBHs iR %2, RAMRE2Y Li SLEAIR R R W E
4-5 ffrn. 5 HRER, 4 LiBHs WEB 51 Li ShFERE, o E4k LiBH, B A R 22
52 5 2R 2 Li GREGAEAL, FA Hh 2677 18 0 B A ALk o
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100 -
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~ 90+
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K 4-5 &45 W ER Li BRIEET LiBHA(002) 1 il S A 22 5 Li Gk FE W 16 R
BEE AR, 2 Li SRERIK I I 2 1.56%0, 1A R KA RE 22 FF K2 87.5
kJ/mol, ELHIUEA RBEAK T 23.34 kd/mol. 24 Li SREEIREHE T 1.56%K, #8221
TREEB B AN, FFHI - REEh . 8RRV, 24 Li GEE IR E R,
MR REOR: IRERAN, fiZ&k& T, X—45nd— 2 75l A Li
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Re2e, T HRZHMANE Li SR T RS2 BEHBORMEL. BARm S, 4
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giit K

BeAh, N T EE BRI TM 2% A X B-H KL, ARSI 755K
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Ve, IR H R ILIE JEE M RE 1 KNI A Fe>Co>Cu>Mn>Ni.

B 5 bR 2 PR 5 SIS DR TE 5 A5 TM-Na-C i 4771, 3 84 4k 71 [
FLAHRRTR 1 FE - 5 0 R0 LR 45 KA B 20 BRI B B A A ATk 0 F 9 v i o AT, [t
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LR AR I EE 22 . IR LiBHA/SACs SR 45 #, A 25 3% T 8 J7 1 (i Ak 71
(SR SR, K LiBHA(002) M £ Ay 2>3 8 Sl ML 45 ) o 65 4 40 BB 0 BT LG 1 /S
7 R BRI T L, R ERN N 14.76x17.04 A, DAREAR Sk R,
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5.3 LiBH4/SACs Rz 220t E S o4
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K 5-4 4li LiBH4 1 LiBH4/SACs 45 ¥4 ) Jli S RE 22
THREIREY], 8 MRBaim el A Ge 20T 26 LiBHg, 3 BIASTHT
FHI T A REACTN T LiBHs LA A& — & e ROk . Hod Tiv V. Cr. Fe fif
T FH BN B E EA/ER, T Mn. Co. Ni. Cu AL FI AL R 855,
I REAE LiBHa I RE 22 B#MIK 5 kd/mol 245 . MREZR SRR E, Fe AR EZ &
F Mn. Co. Ni. Cu. X—45i05SLI0SIRIE 1) Fe B LI PEZE & T M,
Co. Ni. Cu MH—%, #H—PRWIEARM AWM AN, I, X—WRE EH
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G TM IR ahiass 20— 80k 258 1R LiBHs 77 A& s TM
JR FREWC R, R85, gt Ry, FefEbAENMESS —1H
JRFIE A B, MMiHiK B-H 4, XTI Ae S h A 45 AR B Fe 1L R
A B ) AR A 1

Rt B-H B8 K2 B e /E N LIBHA/SACS & RUEALIE M R 77, A=
EET TM IE N1 BHa JEAAE NN R, Giit 7 B-H 8K FI8K, BT
B BJFS5 N 80, FrLUKEHCAE BeoHa, WK 5-2 HIEME B, kst
KRG MR 5-3 e SREW, MK AKE, SAC-Mn. Co. Ni. Cu
& Zd B-H 8135 LF i 424k . 11 SAC-Ti. V. Cr. Fe & &+ B-H
HRAE—ERENRK, XE5R2400MH % ER2TEERER, Tl
FIEI AL SR B L Fe AL BE 4T, {H/27E LiBH4/SAC-Fe #& &+ B-H [f-F 34 K
XK LiBH4/SAC-Ti . X —ILFR UL, B-H #EK I A GEAE Tyl &% 44 R i &
RE 22 A B IR 7 . it — B8 SACs BIMMEALIRTHHLE], N SCK M 1454
JZTH 5 123E SACs 5 LiBHs Z A5 R .

# 5-3 AN[F] SACs 4L T BeoHa B LA S 3 E AR 1L
LiBH4 Ti Cr Mn Fe Co Ni
V (A) Cu (A)
(A) A) A A A D A

Bso-Hss 1.226 1.240 1.237 1.230 1.226 1.301 1.219 1.221 1.221

Bso-Hg2 1.235 1.190 1.208 1.215 1.220 1.211 1.227 1.225 1.227

Bso-Hsas 1.214 1231 1.212 1.217 1.225 1.213 1.223 1.216 1.219

Bso-Hs 1.213 1.241 1.246 1.257 1.218 1.232 1.219 1.224 1.223

SPHE 1222 1.225 1.226 1.230 1.223 1.239 1.222 1225 1.222

5.4 B FZE/) 5 1R
5.4.1 B FBEISERE S

IRNEEfRE SACs $2F+ LiBHa i EERERIHLE], ASH5%F 4l LiBHs 1 8 Ff
LiBH4/SACs 7 i &5 kL 4T T L+ /b s & (ELF). ELF &5t +
SERIFN A3 AT B-H SR FE 1) 2 T H 2 — B8, 4l LiBH4 il LiBH4/SACs ) ELF
GO G B T B AL RN LiBHa B 25 M B 5200 o HL SR 3l 1R 7K ST FH 40
RS (R oR, 20 RN R (70 S0l 3R Z XS P A s A BRI B P . BUE R
) ELF SEE T X 3, P30 M S e R, AR SR . AN R
LX . M ELF BE BRI X, gl HNEE A S KA.
afi LiBH4 fi1 8 M LiBH4/SACs 7 Jit 5 M R AL J5 45 1) ELF BME /R 7E B 5-5
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ELF E &R, 4l LiBHs R H R B L 12t X i, RIZ X 3
I T R A, P DA AL 1Y) B-H B 4E & AR, H R 7RIS . 52 M,
8 ' LiBH4/SACs R JF g+l ih LiBH, R 1 H JR 1 F& B 1 20 €6 X 38 0 S5 1 93,
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5.42 BT ZEEED

N TR T AR S B-H B3t ALE], ASTxS 8 Fh
LiBH4/SACs 5 i 45 M4 BFBEAT 1 i 73 = 0 Mo Wi T3 FE 22 I T L DU B
i LiBHs 5 SACs Z [8] (L TR R 15 B0, I i 3£ 23 18] F I 0 A R Ak . AR
BT R 22 4 BRI R ST B 0.002 /A3, HhHF @ XIBARE T SHE T
WD, O IEARE TSN, & 5-6 J€7n T 8 F' LiBH4/SACs 5+ i
MR T K, BOSSREOR T IR T, IR T bR
TR T RS B, (T T A SR S U 1A R AT B

0.33 e 0.24 e 0.23 e 0.05 e
' k- F _E Bl
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] @“‘ e e o | e R I
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8 9 & 9* 3 "2 &
5, < o2 ¥y T AR T
L|BH4 /SAC-Fe L|BH4/SAC-Co L|BH4/SAC -Ni LiBH,/SAC-Cu

5-6 LiBH4/SACs )it 45 1) H -1 %5 i 7 43 €]

il 5-6 s, IR ARG, JRIEE LiBHa 204 R A ek
A, JLHARIAE TM 5 1) BeoHa ZE4L H 1) B-H 8 b o WA ] DIWLEZ 2], SACs
AT DA K G R b ] B A B DX AR v O SRR TR P A i, R I L X 1S F
TH MEs B-H W EFaSEmAER, Wi B-H %LL%%ET HLF, AT
554k B-H B, AT K LiBHs B BE22 . 4L, 7E 8 i LiBH4/SACs
SRR, B3R IR LiBH, A 55 #4655 SACs 7 . (HA
A R A7) S B L R B 2 A AE W 22 5 o B XF B LiBH4/SACs mﬁ:
iR S B LUK L, LiBH4/SAC-Ti. V. Cr. Fe ik R 7# K E
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&% T LIBHJ/SAC-Mn. Co. Ni. Cufh%. X—H %5 L il Hikfe s f—
i, N T#E—21k LiIBHJSACs T HBESMARLZ2 MBI KRR, AL
# 7 & 5-7 a).

(a) (b)

105+ 1051
5 5
£ £
2100- 2100.
H 3

951 y=.45.36x+108.38 951 y=1.47x+92.41

R?=0.89 R?=0.33
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0 5 ) 6 8 10
HFEBE (e) Rt

5-7 LiBH4J/SACs SR MBI A BE 2 5 a) i TR &, b) RS i it 2 [0 1% &

53R, LiBHW/SACs MR I AR 2 S T REEZ M 2 H R
TR R R, BIBEE TR RN, XN IR AR 2 B3 B, ZB%H
Wi B L T3 88 B AT D I B0 LiBHA/SACS S5 J5 25 04 R Ak 1 g 10 A R R 75
X 5 4H M % T MgH2/SACs IR 9% 45 16 — 173,

BT 41 N SE TR SR B SACs X T MgH2 A b B 25 e R, R
RG] LA BT B MoH2 Mt RE 2208, FRASTHR 2-71HHE T
LiBH4/SACs I R G MLt 1, WK 5-4 iR

R 5-4 ARG AN SO B R

Ti V Cr Mn Fe Co Ni Cu
HA, A7 154 1.63  1.66 1.55 1.83 1.88 1.91 1.90
dPuiE ST 2 3 5 5 6 7 8 10
d i B B AL 10 10 10 10 10 10 10 10
ARG H Mk 209 311 517 5.23 6.10 7.08 8.07  10.10

N T HAE ERE R TIEN T LiBHa R 5, A3t — 54 LiBHJ/SACs 1)
A fefe 5 KRG R MERT AN S, WA 5-7 ). 4iREY, —HZMH
SIEASCHE, (HIRR LA BEAE 0.33. Rk &R G0 H 60 M AS BE S VR VP Al 1B 4L
77 Pl S8 1P B ) A R IR A

5.4.3 Mayer B 9 #h

Wit Foc TR E T KL, 7E LiBHJ/SACS 5 i 45 i 1k 4k &2+, B-H
o EHE, X—WRE E—&d Li 55 K551k B-H SR & —5k.
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LiBH4/SAC-Mn. Co. Ni. Cu {4k /& &1 5, B-H # (] Mayer 2 77 41 7t 0.8-0.9
Z 08, I HHBARFIE S LiBH, R H Mayer $8E AT . R0 SLAT
B-H B TFHELMUAKR, X5 LRBETEESPEE RN HELZT,
LiBH4/SAC-Ti+ V. Cr. Fe H B-H ## [ Mayer 2 7 i [ 22 L 4l LiBH4 1& &
B, T B AR AR ) T ) Mayer £ 2% BE /NE 5 ) 43 A . FLHR LiBH4/SAC-Fe
R RRIMA N R, 1 H I Mayer 84 1) i /METAE] 0.56. EHFFERTZ,
XA~ Mayer #2006 ¥ B-H #4 Beo-Hee, JLBEK N 1.3 A, - PI0IE 7 %48
WREN . MWFIME ERE, BAR LiBHJSAC-Ti. V. Cr. Fe 1k & -Fy
Mayer S22 5 LiBHs & RAHLAFAE — € 2 57, (HRHZE/KE RN AH 0.01. £
T R HT, N T BRAE IR AN AR (1 S I B R RE S A BEHLAE Sy SACs fiEfk LiBH4

R R A RE 22 IR T, A — DA T LiBHJ/SACs it A g% 5 %1k B-H
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BRI OC R, WA 5-9 @) .

(a) y=1197.19x-917.87 (b) y=201.94x-64.18
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Mayer# £} Mayer§2Zg

4] 5-9 LiBH4/SACs 5 i 45 M Bt S RE 22 5 a) BN A R -1 B-H B 1) Mayer 5 27 5C & &
b)BsoHa 3 4H H~F- 3] Mayer 54 % R &

SiRKE, A RE2 S Mayer B MG ECN 0.63, R -FH
(B P AH G PEAR 55, Ui BH 135 Mayer BEZAE BLAE TE T AN Be A 20l it S Re 22
2B 4 A K I, Mayer S 2% 48 40 2 28 B 3 ZEEE P AE BeoHa FE4H 1 B-H 42 .
BT LA T 3t — 2 s AN [Rl A &R 22 18] Mayer 8 2% ) 22 5 1%, A 25 3E — 5 $ B BgoHa
S P B-H B8 Mayer 82, FFitH AP SME MR 5-5 s
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AN, RUIHFGUA R R E, X5 WM EAR L2 E S RN . ATk

AU IE BeoHa F2 41135 Mayer 8 2% 78 #ifi 1A it S e 22 77 T L%, ASCiE T

ZAfeL2 5 BeoHa F2 411 Mayer BE KK &K, WE 5-9 b, &45REW, M

ZARe22 5 BeoHs 4111 Mayer B 2 [A] R H 2k &R, UEERIE

0.92. Hith, BeoHs ZE4H H-F-¥) Mayer ¢ 7] LR A R & 75 1 )

LiBH4/SACs & Z I I & fE 22 -

58



S L pID N2 e A0AT S
5.5 LiBH. B S 5 1 F BV A5

A& RGO T SACs KT LiBHg Bl S RERI 2, BF 7T KB, SACs
K5I Ndi15 B-H 8L 7, MWmisit B-H JLMEEsn, m&HEBHMBEK
LiBH4 LA A 22 . 254 E X Li BRFEAT TM 13 4% LiBHa 4K &R 10 L1 45/ 20 #r

R REGREE . B AN AL = 2R P SRR AR BB LA E R R, (HIARR
R R AT K A, SO TR R EAT . B, AFEX B L
17

HHEAT B 5, 5-10 FTas .
4 O '

¥ o
QB | 2
98

\\\\

(& ;
QR \
120 = -
0.854 EE.'T%I‘_E%E 110 \;;100;127+41 .89x i Original
5TBC wo|

kJ/mol)

2 904 = A
2 & %, g« CRlE

° kﬁ_é’ ,%& s\ﬂt Co n -
R2=0.86 d_ S

4 } e )
y=0.013x+0.83 %2\5\ &8?3‘ ol . . BREXRLL
S — N 42 44 45 48 50 52
0.00 200 400 6.00 8.00 10.00 12.00
RELIBRIERE (%) -ICOHP (eV)

B 5-10 SR 52 R ALIR T LiBH, B3 772 i A 7E ML

BP0 S 25 T BRI . 5 22 RV AL b = 2508 2 SR I % 1 7 b R (R AL 1)
JRERPE . Horr, Li BREEAT SACs fiE b2 T8 B-H Bt 7 Ho >, it 3L
5 S5 5510 B-H 85, MWW LiBHs LS. TM B4 )5
T EWETFEE S B-H 8 L, #o B2 58 B-H 8 I REYE, R REN
3 SE W B-H MR, MMt LiBHs A . S&mE, REM
FEHLE R, 085 002 B-H 48 L (AT BE M 5910 B-H o, mA s
AR T LiBHs AN f1%.

Mayeré# £
o
3

5.6 KB/

N TG SACs XF T LiBHs A ERERI 2, AZA E & 8 Fh LA 4
Ji NFE R I8 24 N 4549 1) SACs, fECFERE E A M@ T 8 Fh LiBH4/SACS
SR M R, @ DFT #ib L&z AIMD #4L, ELE 74l LiBHs 1 8 i R i 45

59



AL R i
MER A2 Z R . AN, Sia5BTEMIN, IRARERT SACs LR
LiBHa it 20 A ZE B B 5 i (i A0 280 R B AR 0 R 3 o AR B AR B 1) S50 W

(1D7E TM-N4-C JE R SAC H, 8 Fl' TM 5 44 J J5L 1 AL 57 6 LiBH.4
SO R AR, R — s &M . Hod SAC-TiL V. Cr. Fe
AL 2 50N 5.2 AL 2R, SAC-Mn. Co. Ni. Cu FIfEAL 2R AR X 5 55,
fif LiBHs FRE 22 BFARAA 5 kdimol 4. X— BB S 2 ALK+ Fe fifk
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FHOCYERCHS, 0 BH 28 G0 A7 1 Mk DL SR AT 55 IR 40 137 SR BR A0 70 B PR
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