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Fig. 1. (a) The number of articles related to aqueous alkali-metal-ion batteries at low temperatures in recent years; (b) the

strategies for alkali metal-ions batteries at low temperatures.
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Fig. 2. (a) DSC curves of different electrolytes (35 m LiFSI, 25 m LiFSI+10 m LiFTFSI, 25 m LiFSI+10 m LiTFSI) between 60
and ~120 °CBY; (b) the optical photographs of 25 m LiFSI+10 m LiFTFSI and 25 m LiFSI+10 m LiTFSI after storage at 0 °C for 4
weeksPU; (c) the phase diagrams of aqueous solutions of LiPTFSI, LiOTf, and their binary mixturest?; (d) the DSC result of
xomso = 0.3 electrolyte solvent!!; (e)—(g) GCD curves of different batteries at 25 and —50 °CI%; (h) the GCD curves of the
Na,CoFe(CN)y//AC full cells at 25 and ~30 °C for different cycles®; (i) the GCD curves of LTP@C //PIL-OH hydrogel//AC full

cells at different temperatures!'s;
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(j) the capacity change for the full cells cycled at different temperatures continuously!'s.
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Fig. 3. (a) The CV curves of a-V,05 and reconstructed 8-K,;V,0; (KVO) electrodes®); (b)—(d) the schematics of three possible
pathways for K-ion diffusion®®); (e)—(g) the transport energy batteries of three kinds of K pathways®”; (h) the electronic structure
results of a-V,0; and §,-V,05; (KVO) electrodes from DOS calculating); (i) the GCD curves of 8K 5V,05; (KVO)//PTCDI full

batteries at different temperatures/2.
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Fig. 4. (a) The crystal structure of the PT electrode!'; (b) the GCD curves of PT electrode at different current densities!'”; (c) the
GCD curves of NiHCF//17 m NaClO,//PT full cells at different current densities!™”); (d) the GCD curves of PANI//3 ZC6 LC//
Zn full cells at —30 and —50 °C*%); (e) the cycle performance of PANI//Zn full cells at —50 °C/[*].

T BT K R R B A IEAR A RS Zn H
B AT D BCAEAE ] A5 3 A 5 R i 5 IR A 3
FHL. AH ARSI A L FA, Zn HABKR 2
T HLR R T AT IO /R0 B ROy, AT s 1 K ii:
TR RIXERY AL anfEl 4(d) FEL 4(e),
Yan % P41 2% T PANI//3 m ZnCly+6 m KCI
IKEEWE LA T/ /Zn 2, 22 L AE-50 C &
AT DIE #3247, HAGER 2000 & 25 AR R 6
100%. {HJ2¥ Zn ARG | A48 B 1 R R 7
B, RO IO IZ R R AT Ry ), R
Zn FAR FAASE s TR, T 3K — (1) R A 5 2 A A
G SR NI IR % NN g gD (i

Br TAHUHRARCR Zn BB, HETH 56
BAE R T 7K R kA& B HU b A R A b R AN
ISP RAE K R84 e B 1 H it rh 2 e AR HLH
et ZA TR LR I XA, AR T A
o FIE T 2 IR /K R A el 1),

2.2.3  FIAWE TR AEHIE

BF BH 25 - #R 2 55 B (0 00 1 L AH LT
ML ACA 843 8 B2 12 5 S 1K R s 2
F R, AU A PR A i B A e —

A DU S50 22 A TR N 7K R 4 R B - it 3 )
2GRS SR I [, TOLES T FL ALY 5 | AFEFE
T B IR A HARA R & A T LASEEE. 2019 4F, Nian
A LT ARIERET 2 m NaClO, H i ik i35 7k 2 X0
BT A iz A A A A2 ROV AN A 5 (a) B
R, FEFEHLE R, ClO, WM AFFE 4 K /i st #
B Ni(OH),y IEPHZZ 1, Nat i AZl] NaTiy(PO,),
(NTP@C) bz, i sl BRI AH . F TR0
AR A S I ML LA B AR A R T, ALY
Ni(OH),//2 m NaClO,//NaTi,(PO,);(NTP@C)
S RILE TS RS ERE, WA 5(b), B
F£ 50 C B M R FL 2 BE T, A F it ] DURE AR Y
82.3 mAh-g (LA I R T i 15 1 L2
AN 5(c), BRI LE-20 °C MMRIR TR, 4l
10 C B RAEFRIZTTHHI I 40.1 Whekg ' 195
REm %, JEFF 10000 JA 5 PREFRI IR 25 501 85%,
JiE IR 2 L T A R AR T R S A A P .

WE 5(d), 76 2022 4 Wang %5 26 438 T [A)#¢
FFRE FHBHLE A PC//1 m TPABr4+9.1 m
LiBr//NDPI AR K R B IR .t T i
Wb A K AT T K R U8R LiBr, %

070702-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B =% R Acta Phys. Sin.

Vol. 72, No. 7

(2023) 070702

R AE-60 C T AT MRFFIRAS. W& 5(e), 78
FEr SRR, PC7EIEAR AN B e U 2 Xk R
AR RIEE LT (slope T), Bl HAZETHE, Br #
AL Bry I ) TPABr H B E & DIREZR &
Ji, TP ABry ) (WA B IR AA) I HHE PC Y LR
I (slope 10), B TPABry) Jeyivk BERE G
FHE R ARZSHY TPABry () A2 (plateau region),
W% 452% (1) TPABr ) i %ﬂ?ﬁck, PC WAk 2 i3

M3 Agyy ' BB RIRE T, PC AR AT DU
i 188 mAh-g ! A LA i, HAEELLM SRt
PRI, YU AT I 2 BE R SR AR (E, Hos il
WE W), RILT PC AR SRR, RS,
h PC Hi#t 5 NDPI HLbR DCfC 41k 4, HAKIR

MRE A& 5(g) AN 5(h). 335 FHE-60 C FAKEE
[#] (%) L AV, B/ Br 15 2 AT 14 PR S W LA HILHS
% NDPI (28R, 21440 PC//1 m TPABr+

> (= P/ 3
S 2 e HLISRELE R (slope TIT). W 5(f), 7E-40 °C 9.1 m LiBr//NDPI 2 H R T L5 iR Pk ke
(a) e " e (b) (c)
- 2 & . Lol 50C30C20C10C5C | 160 . 100
—_— 4 50 =
{e‘ Charge e~ N ltfﬂ 120 F 25,0 —20 C 4 80 g
Discharge > = i 2
~ < 2
=t
- . P) £ g P——— O]
- 9— 2 = R £
-— e Q
o s = ks , . 83% {40 g
g 40 ¢ Capacity retention 87%, °
E
= = ) 100% 199 8
- 0OF 10 C
® ®cor __ . . . . . . . . . o
0 20 40 60 80 100 100 200 300 400 500
Capacity/(mAh-g—1) Cycle number
(d) (e) (f)
.12l Slope I RT TE 02 05 1 15 2 3 02
& Slope 11 0.5 A-gay 2600 Agiy
j:ﬂ 1.0 Plateau region <
< 10f Slope 111 g Z200
) Na) LLLEY e
< 0sF B 400 g™,
8 r g LETITL LT R
ks Raamg .
O~ TiBr breaks = 0.6 ) 60°C.-“. "
)/hyd"’g"b""d E S 200 ("emaw D'...!'..'IIIII!..-.'-I-I
g o Eguun
> 0.4 = am
o g # Charge an ™
S Discharge on® ans
0.2 | i f | | n 0 I 8¢ n = RITLLY
0 100 200 300 400 500 600 0 5 10 15 20 25 30 35
Specific capacity/(mAhgd*ri,) Cycles
(1) = 16
1 100 ¢
< — N
< 120t i 9
E 8 3
= g
m &
7 80 60 3
@ 2
& lao 3
© o §
& A0F7RT, 1Ag" & Charge 420 E’
2 —40 °C, 0.5 A-g~'.. Dsich
—60 C —40°C —20°C RT 2 & I ©
—0.4 " L L h L n 0 L L L L 0
0 20 40 60 80 100 120 0 400 600 800 1000
Specific capacity/(mAh-gg) Cycles

¥ 5  (a) Ni(OH),//2 m NaClO,//NaTiy(PO,);(NTP@C) ¥ & + Hi il M 3 7 & 5] P7; (b) Ni(OH),//NaTiy(PO,)3(NTP@C) 4 Hi
Wb 75 A [ L O 8 BE R B0 78 i 4R 7 () Ni(OH)y//NaTiy(PO,)s(NTP@C) 4 Ha i 76 A 5] 5 BE R B9 476 36 1 B 7 (d) PC//
1 m TPABr+9.1 m LiBr//NDPI 4 B b HLE ] 26); (e) PC LA 75 % T 09 70 550 26 2005 (f) PC s AR KT T A9 A5 R 6B 205 (g)
PC//1 m TPABr+9.1 m LiBr//NDPI 4 H i 75 A [a] il B2~ 49 58 55 i it 8 29 (h) PC//1 m TPABr+9.1 m LiBr//NDPI 4 B it Y

TP g

Fig. 5. (a) The schematic illustration of Ni(OH),//2 m NaClO,//NaTiy(PO,)3(NTP@C) full cell®; (b) the GCD curves of

Ni(OH),//NaTiy(PO,)s(NTP@C) full cells at different current densities

; (c) the cycle performances of Ni(OH),//NaTiy(POy);3

(NTP@C) full cells at different temperatures®”; (d) the schematic illustration of PC//1 m TPABr+9.1 m LiBr//NDPI full cell®;

(e) the GCD curves of PC electrodes at room temperature?;

(f) the rate performances of PC electrodes from —60 to —20 C2%%; (g) the

GCD curves of PC//1 m TPABr+9.1 m LiBr//NDPI full cells at different temperatures®); (h) the cycle performances of PC//1 m

TPABr+9.1 m LiBr//NDPI full cellsPl.
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Fig. 6. (a) The cycle performances of LiCoO, electrodes in different states®; (b)—(d) the impedances comparison between aqueous
(sat. LiCl) and organic (1 M LiPF6 in 1:1 EC: DEC) electrolyte systems/*.
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Fig. 7. (a) The cycle performances of LiMn,O(LMO)//Li;Ti;O15(LTO) full cells tested in different electrolytes?; (b)—(d) fitting

results of Ry, Rgpy, and Rep obtained from EISPIL

070702-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 7 (2023) 070702

(a) 148V

(b) 1000
m #- 10 m Nat-0.17 m Zn2*
# 10 m Nat-0.17 m Zn2*-after cycles
800 F * 10m Na*-0.17 m Zn?*-2 wt% VC
Q ° o Iq #- 10 m Nat-0.17 m Zn?*-2 wt% VC-after cycles
L2
v L Y
o o c 600 P .
v 9 > R o
o v Jo N ; -
':j. % PO | 400} - -
- o | o - ° A 4 ks P - ‘c
. - i VOq -y - .
: 9 9 - :N ¢ 200 } L o
a
) 4 . w | |
W Zn o Na _I} vC 0 200 40 600 800 1000
Znes Zn®t 20 NagVa(POy)s s 2Na+ +2e~+NaV,(PO,) z'/Q
(c) (d) 120
140+ » —10 °C-discharge capacity e —10°C
+ —10 °C-charge capacity
—~ 120} @ —20 °C-discharge capacity __ 1oo 92%
T » —20 °C-charge capacity 7 — 4
% 1001 —-10C ® %0
= fese XK. <
= Seoegtesne ‘ see <
= 80 00 resee e 60 —20 °C g 60
g ~ o seseeteses g
T eof < X Tttt D >
h=1 ™ < ~ b I < b=
Q . L R Q
g 40f © 2 < w Tl B £ 40
% (=) — Nag o %
<
O 20} ~ tesee © 20
ok
1 1 1 1 0 1 1 1
5 10 15 20 25 30 0 100 200 300 400

Cycle numbers

E 8

Cycle numbers

(a) NagVyo(PO,); //10 m NaClO,~0.17 m Zn(CH;COO)y-2 wt% VC//Zn 4 W b i HL 317w 25 18 ), (b) 3 il v A 3 10

NazVy(POy)s//Zn 4= B 7E ~10 °C T 1 ¥F /i & 09 B 4T 25 2R %5 (¢) NagVy(POy); //10 m NaClO40.17 m Zn(CH;COO),-
2 wt% VC//Zn AR IE T 55 3R IERE ), (d) NagVa(POy); //10 m NaClO,-0.17 m Zn(CH;CO00)y-2 wt% VC//Zn AsHLTE-10 C

R HE

Fig. 8. (a) The schematic illustration of NagVo(PO,)3 //10 m NaClO-0.17 m Zn(CH3CO0),-2 wt% VC//Zn full cell?®); (b) the EIS
results of NagV,(PO,)s//Zn full batteries before and after 30 cycles at —10 °C in the two electrolytes?); (c) the rate performances of
NagV,(POy)3 //10 m NaClO4-0.17 m Zn(CH3CO0),-2 wt% VC//Zn full cells at low temperatures®; (d) the cycle performances of
NagV,(POy)3 //10 m NaClO-0.17 m Zn(CH3C00)y-2 wt% VC//Zn full cells at ~10 C=25.
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JK ZR B4 B B T L R A B AHSE B B SR T S
SRS IR S AR Z , AR R 1 i)
fehg, HAUE S5 AR B BAHG. ok, fEH
IR MR ERIBISTICR, Rt — PRI I
DA, MTTHESHARGIR T 7K 280 s B 1 L e P A L
LT

3 RAEEREZR

L5 LA, ARSCRES T B4R K R 5 2 1
R IR DT ST 0L . AR B A r R . R AT
BT = RT3 A Py, (H5 A HIL A A i Y
WFFEARLL, Rl K 2R 805 T 25 - F I 5 H AT Ak
T BB, A V2 R AP R R R i
P FERE, FATERTBUA HEME I A L Z AR P — 4
ORI, JH B AT LI AR AT S | 5
MR %K.
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2) FAT, T K 2 4t R AR AR T X
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SRR I . SR A AT BN R S LA
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3) EHR ISR AR SR % E, AT LUR 2
7K AR A BT R AR AR Y R T HL SRR
RUBE 17 YRS . 7 R RLA SR 1, el VL F
RAF, MR A TR AR S, e RGR R T i R
JRSETB, #R A B B AR AR IR P RE.

4) H AT T A v B IR R, 28
WFFE A AR AR ST 5 S AR SC BT RHIGHR T A bk
REAY R SR 1 AN R ARIR A B B T AL
ZEAL SRR T 1R S A R R Ao A
MR AWM. RKAITTEE G HRAA TR ST
ANFAEIHEA T B 22 A AR AR

5) FRANE . 4R T AR5 R S 0] A5 A 3 4 0 o
J -2 B PR RE P AR R £ H AT K 3R
i <55 s 725 5 HL L A AT 0 R HEL 3 e /D A S Y S
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Abstract

Aqueous alkali-metal-ion batteries are a popular frontier research area, expected to apply for large-scale
energy storage due to their high safety, low cost, and environmental friendliness. Depending on diversified social
development, batteries ought to function in various ambient, including polar regions and high-altitude locales.
Delivering excellent electrochemical performance at low temperatures is crucial to develop aqueous alkali-metal-
ion batteries. This review summarizes the representative research progress in the field of aqueous low-
temperature alkali-metal-ion batteries in recent years, based on the subjects of electrolyte, electrode, and
interface. Firstly, we discussed the challenges of aqueous alkali-metal-ion batteries operated at low temperatures
and the corresponding failure mechanisms. At subzero temperatures, aqueous alkali-metal-ion batteries couldn't
work or exhibit little capacity, arising from the frozen electrolytes, electrode materials with slow kinetics, and
huge interface impedances, which seriously limits their wide application in low-temperature conditions. Then,
combined with the latest research work, various strategies have been investigated to improve the
electrochemical performance of batteries at low temperatures. To date, the strategies for reducing the freezing
point of electrolytes have primarily focused on breaking H-bonds between free water molecules by increasing salt
concentration, adding organic/inorganic additives, and using hydrogel as electrolytes. In terms of electrodes, the
related studies have concentrated on regulating the structure and morphology of electrodes, introducing the
dual ion battery mechanism, and using organic materials and Zn electrodes to alleviate the slow ion dynamics of
electrodes. In addition, adding appropriate organic solvents that can generate protective layers with low
interface impedance on the electrode surface in the electrolyte can also improve the low-temperature
performance of aqueous alkali-metal-ion batteries. Finally, we evaluated multi-dimensionally all strategies,
expected to provide a comprehensive reference and point out the direction for the further improvement and

practical application of the aqueous alkali-metal-ion batteries at low temperatures.
Keywords: aqueous low-temperature alkali-metal-ion batteries, electrolytes, electrodes, interface
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