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Recent Development and Future Perspective for Multivalent Ion Batteries

GAO Jingyu, WANG Gongrui, LI Jie, ZHANG Gengiang
(Department of Materials Science and Engineering, University of Science and Technology of China, Hefei 230026, China)

Abstract: In recent years, rechargeable batteries based on multivalent cations (AP, Mg2+, Ca*, Zn*", etc.) have attracted extensive
attention due to their high natural abundance, low cost and good chemical safety. In this review, some achievements and breakthrough
progress in the study of multivalent ion batteries, both from home and abroad research teams were summarized. It is found that most
researches are focused on the development of anode and cathode materials and the optimization of electrolyte components in
aluminum-ion and magnesium—ion batteries. However, there are still some tricky problems to be solved in the rapid development of
multivalent ion batteries, such as the structural instability of the cathode materials, the slow migration of ions, the passivation and
dendrite problems of the anodes, and the corrosion of the electrolytes. Finally, the future perspective of multivalent ion batteries is
prospected. In the later study, looking for multivalent ion battery model with high energy density is the main research direction, in
which we could make some explorations and experiments on the modification to the cathode and anode structures to improve
corresponding performance, as well as the optimization and matching of multicomponent electrolytes to obtain high-performance
multivalent ion batteries.
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Table 1 Electrochemical performances for aluminum-ion batteries

Cathode Anode Electrolyte Rate capability Cycling stability Reference
. O . About 100%/7 500 3]
Graphite Al AICl3/[EMIm]CI About 60mA-h-g " /5(Ag ) |
cycles/4 (A-g )
O . About 100%/4 000 4]
3D graphene foam Al AICl3/[EMIm]CI About 60mA-h-g /12(A-g ) .
cycles/12(A-g )
. O . About 100%/10 000 5]
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microspheres cycles/50 (mA-g )
O . About 100%/20 000 [
Sn0O,/C Al AICI3/[EMIm]C1 72mA-h-g /2(Ag) .
cycles/2 (A-g )
V,0s/ Ni foam Al AICL/[BMIM]CI 239mA-h-g”'/44.2 (mA-g™) 1)
O . 80%/50 cycles/6 [s]
MogSs Al AICIy/[BMIM]CI(1.5:1) 25mA-h-g /120 (mA-g ) .
(mA-g™)
O | 70%/1 000 cycles/200 16l
SnS porous membrane Al AICl3/[EMIm]CI 160.5mA-h-g" /500 (mA-g ) (mA-g™) :
‘g
. About 37%/100 07
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microsheets (mA-g )
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R ANIT (1 R LR . 2015 4E, Rajh 250%5@ 5 6y
AT A A1) 4% L K SR G5 B V4,05, 2H25 (1
BB bR LA BT IA 240 mA-h-g, BRI
R ERE . 2000 4£, Munichandraiah 250 g
F MnO, fENIERA R, RIh4L%E Tl 78 RS
THI, 2012 4F, Miyayama 210 & (40 K404
W™ MnO, ZH 255 85 25 1 Rl ey B 11 i Hh 28 2 T LA
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Mg™ Tt o BRAN R B T R A 4 B T AR
W RRE SN AR 2 KE. 2001 45, Kishi

BT MgosTip(PO4)s KL S5 REH]: %
OB EA i AE BB TINBE /7. 2011 4E, S5 TR ekt
4% BB T2 MgM,Si0y(M A Fe. Mn. Co. Ni,
xHy=2) PR E RS T L IEA AR, 7E C/5 B
¥R, MgCoSiO, i H Lb 75 B 7] 3% 300mA-h-g ™',
HZZRIEMM B EoR it Mg &7y #oE X
BA%, sh %2R, Bl A RHE N B S T it
AT Rtk — B AT 7T o JE 36 2 AR OR R IEA A R
BT B BE B 1 R M Pk BT LT DA e, H AT BE S
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DA SR I 75 BEPR F0 B8 22 v P BRI BE 5 1 F IE B
Mkl

T IA RS S B m AT N, B
DUBE B 1 F B A AR A 7T AR BB A &
FHEE. 2013 4E, Malay 25R) F % 12 o6 B8 (DFT)
MERE BT MeX(X=H, 8%, 9055 H1E eI
(& &R A B RE R AP BT . 2012 4F,
Arthur 25T T4, BHAN Bi, L Sb, A& EHE T
R AL AT, R ABh R I AR I 1)
TERERE, 7E55 100 MEFHRE T 222 mAh-g!
258 . 2014 4E, Shao ZEUMBFFTEN, YN
KEBI-NDEABEE T b & 4 ik, RIHA
S HEAFIEI AR EAT N, XN R R it
FOATRITTRE T — %945

x2 BETHOBENFMEE

Table 2 Electrochemical performances for magnesium—ion batteries

Cathode Anode Electrolyte Rate capability Cycling stability Reference
O o 75.3%/800 cycles/ 1351
VS, Mg 0.4 mol/L 2PhMgCI-AICl; 106 mA-h-g/0.5(Ag ™) . :
0.5(Ag)
. . . About 80%/35 cycles/ 371
V,05/C Mg Mg(Cl10,)-/acetonitrile 300mA-h-(g-V,0s) /12 (A'g ) 17agY) E
g
V,05/CNF Mg Mg(ClO4),/acetonitrile 150mA-h-g™'/ C/15 138
MnO»/acetylene black Mg Mg(ClOy)-/acetonitrile 145mA-h-g™'/0.1 (A-g™") 0]
MnO, nanowires Mg Mg(Cl0O4),/PC About 120mA-h-g™'/0.4C 72%/100 cycles/0.4 C t
0-V,0s Mg 0.3 mol/L Mg(TFSI),/acetonitrile 50mA-h-g™'/4 (A-g™) 80%/10 000 cycles/2 (A-g™) 7!
WSe, nanowires Mg 0.25 mol/L Mg(AICLEtBu), 103mA-h-g'/3(A-g™) 100%/50 cycles/3 (A-g) 14

0-MnO,@C molecular

. VO, nanowires
sieve

1 mol/L MgSO4

MgFe,Mn, Oy Mg 0.5 mol/L MgCl,

O O 46.9%/100 cycles/ 1491
59.1mA-h-g" /500 (mA-g ) B
50(mA-g )
O O About 100%/1 000 cycles/1 150]
78.5mA-h-g /1 (A-g) O
(Ag)

2.2 ERR
Bk T IEGARA R Z A, A R B RS BE
Hb A R E N K. B TEERONIEIR, ER TR

AR P e BRI A 5 E R — ZELEE, %4
MgCly» Mg(ClO4),+ Mg(CF3SO05),(= % FH 3L iR 6
ANRESEIUBE M AT R, T HAR e i H AR R
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) 76 AN [R) V6 51 Hp 1 Ak 2 47 D, Y Ak T
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WE—FERME TS TREW. 2004 4, Oh
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Pandey 2% P fd ] 58 f 9 2 0 — 3% N RN &
@WFM@%#%%%@%&%%%%%%%%
Rt FLARVR,  ZH 2% 1B 5 7 F R L L R R P AA
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Liquid Mg electrolytes

Salt-analogs of Li-ion batteries

e e fﬁi@ +. X

B ooy - B gy

Custom-made salts for Mg-lon batteries

‘oo b 5
ol “ﬁs‘ §§ﬂk s
] [

PhMECI-AICH, MgCL-AIC], Hmnsugq Mg{CB,H ;)
Mg{PFl; ME"PS“; Mg{Clo,). High coulombie High solubllity, npatibility Hlp;h.elst anodic
Highest conductivity High reversibility Salvent compatibility afficlency Rapid Mg depasitian "“'"‘ cathodos i
Passhvates Mg-matal  Poor Mg-matal compatibility  Law reversibility Bir-sensitive Low reversiblity Low coulombic amesontae)
efficiency synthesis procass
lamnic liquid mlvents;‘addmws . v
o e T
(T 9 - (5] (ks ume U
¥ 3‘5 ; “'1-:: U" "m} 4 S,
(5] j\" 3 k) L#r_% + ﬁ..
EMIM BF, PP13 TFSI Pyl'll.TFsl DEME TF5I EMP TF5I1

Uniform Mg deposition Lowr initial overpotential
High initial ovarpotential  Reducad conductivity {mixad L]  Bulky

Good cathodic stabilivy
salvation complaxes

Good RT ionic conductivity
Long term cycling stahility?

Highest conductivity & anodic stability
Reversible deposition?

B 6 3T TREE T il B R 4 50

Fig. 6 Classification of electrolytes suitable for magnesium—ion batteries
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ik 2 bR LR RS IE AR AR 32 B & R AL
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5, W& 7 B, Sun Z5CUZE 2018 AEARIE AT SR 0%
BB VS, 9K Fr IEARAE Mg/Li B HL it 3R B
235 mA-h-g B B(1 C BRI LK mik

[56]

%3Wh@4m%52§,ﬂﬁfsc%#?%
10 000 MEI G 25 =K IH AT LLAREFTE 129 mA-h-g
JEJEAZ XRD, TEM PL N XPS ZEAgs K il
R VS, IEMSREE LA Li FHEZE M. B4k,
Marc 2554 FeS, £ Mg/Na XUES - Haith i Ak 2
PEREFN R SIHLEIIEAT T WP FT . DA FeS, 4K TkL
HNIEM, 48 Mg N ZH3E ) Mg/Na XU gt rE
EMEWMWMgFﬂHaﬁmegm
Pz i, MRS RN 2000mA-g ' i &K IH
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Fig. 7 Working mechanism and performance comparison of different types of Mg/Li hybrid batteries

MNEE BT HM R S DI FESR A, B RTIEFL I IEAK
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A TR SO IR R AR i B R . kA,
Xof T R B UM B TS R 22 4 R E R LRV 2R )
Bt e e B 1 Bt M RE ) S BT
3 4E-Fb A

ERim F R DL R AR N Tl B IERR I IR
fitReR R, MR AN 2 BT BRI
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UG BB T S MRS ORI i (1 2E K25
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[61-62]
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) 77545 R 3 5 U A Hh Tt SE B R B 2 R S K T B
WHERS R, O G & R s,
3.1 B-FREmHRER

FLYE 1993 SEmtAT S Tk R i it 77,
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EBON R, HEITE 1.3 V BHEE T T/E, FHHE
14 910W-h-kg ' IEIIERER ¥ . )5, Marassi %
7E NaCl-AlCls (¥4 3 Fi g iR f, W98 7 B IEAR 1 Ha
W2EAT AT, TR AL 2 S SR AR IR PRI T
S, Gao NG T B TR H AT AN
i/ IEAE A FRE,  2H 2 4R 0R st ZETS 3R 20
JEARRKIAEIL 1000 mAhg™!, XEHB/IRE S
WA RHE i 184 5 A SR A 3 SR S S B RT3 (B 8). X
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Fig. 8 The aluminum—sulfur battery with activated carbon cloth and sulfur composite as anode
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Fig. 10 Cyclic voltammetry diagram and performance comparison of calcium—ion batteries in different electrolytes®® **%)
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Cathode Anode Electrolyte Rate capability Cycling stability Reference
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