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Fig.1 XRD patterns of powders and bulk materials of AZ91 and AZ91-La-Yb alloys (a); local magnification of the XRD pattern in Fig.1a (b)
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Fig.2 SEM images of the AZ91 (a), La (b), and Yb (c) powders before ball milling; SEM image, corresponding EDS element mappings (d), and
EDS analysis results (e) of AZ91-La-Yb powder obtained after ball milling for 40 h
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Fig.3 OM microstructures of AZ91 (a) and AZ91-La-Yb (b) alloy bulk materials
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Fig.4 SEM images and corresponding EDS element mappings of AZ91 (a—b) and AZ91-La-Yb (c—d) bulk materials alloys

4d 1 AZ91-La-Yb & GRS AT H B INA- 4K 260K B AH o

N TS5 E REAHRIAELE IR 2, K TEM i
— B R . B 5 AZ91-La-Yb & 4 ) TEM HE J
Forp 18 5a 9 TEM B35, o] W% A 4 B0 3 350 7 4R« 2k
A £ 2 B R TR SROTRAE B A1 €8 7 Sk v (1 BOtR
KA, 1X 5 SEM LI EI & SO 22U — 5. %HE Sa
W B A RITE SR CRI SR AINBTREAR K RRLIRO 1 X
1,2, 3 e AR — T8O A, 25 R 4] 5b~5m.
Bl 5b B X 38 1 1 200K A8 & 55 Mg, Al 2 R &, H Kl S¢
HOGHZ AR EDS s 45145 R BH 2 e R4 20w Lz
T 1.416, UESE T 2R 41 ) 26 R AH N -Mg,,Al,. 18] 5d~5e
NIX 3 2 CINREARD ) EDS 20 A5 B A8 00 2132 M0 A 1) La
TCE B E A 90% (R 70 80 , AR /b E 1 Mg, Al
Zn.Yb It , B & SERT WA AH ) BT RT S AL N 2

ATEI IR, # R 5 A La 5 Mg W gE R 4544, La J& T bee 45
¥, Mg J& T hep 2544, AR PR 2 1) SR AR S5 K ¢ R AT, La
(1) Al 00115 Mg &t s Bl [ 2110 14H FLPAT, Ui B 9 &
REAS 7512 iy b 77 ) [R]B HS AT 69 B, RIL/NORE & RE AR
H La F /5 5 Mg(La) [FIE AR SL [ 2Rl . 18] 5a v X483 Ak
(R UKL AH 52 30 SR AL B R TR 30, KL Ak J2 5
& 5 (KA B X B, H P Sg~5i Hp K SB0RE A 1Y) EDS JC &
YA R ZPAH G E £ YD LR L HEZ Mgt &K, it
HCEDADYb IR F 8 ik 90% JE T4 50 , iX— 45 1
55X 302 (/N UKL AH 0L, 356 B8 BL Y 515 TR U A
TE 5 AN E CR C AR B Mg, Yb JE 140 5093 518 45.41%,
51.87%, #4211, 1% X 80E A& /b & 1 Zn.
La L%, W EANZ X Mg 5 Yb Z M & A4 T 97 8L,
B 51.5m & A1 2 Me-Yb 3 5K 1 5 7 % G K 3 B L



%3 Wi 4. Hi - La-Yb 15 28060 /K B BH AR B & s IO 2H 43 % LA 22 PR RE R ) . 759 -

100 nm 100 nm

14 ————
212 Point A oo €

© Mg 58.69

Mo 10 Al 3891

a ‘; 8 Zn 234

f‘ 4\2\' 6 La 0.03

'% ; Yb 0.03

-Mg,,Al g 0 4
2 pm 5 10 15
: Energy/keV

Zone 2 Mg :
+ 3 4
Point B
100 nm 100 nm 0 nr 100 nm
30 F

& Point B Blement _ at% €
& BT
S 20 A s
; Zn 0.99
} 1 5 L 92.27
é 1 0 Yb 0.44
Q
£ s
0 L L J Zn=La[001}/
5 10 15 2
Energy/keV

- + Poin

g
Point D

Element Element

Mg

Mg 278

Al Al

— NN

—_
S L O L O W

Zn Zn
La

Yb

La
Yb

Intensity/x 10’ cps
Intensity/x 10’ cps
o

0 5 10 15 20 10
Energy/keV Energy/keV

§ 1
.+ Y0110)
(1100)&

.
.o('l'

ZnéMé[OOO.l]

0.2839 nm

10 nm 10 1/nm

5 AZ91-La-Yb & A4 (¥ TEM 73
Fig.5 Bright-field image of AZ91-La-Yb alloy (a); magnified microstructure of zone 1 marked in Fig. 5a and corresponding EDS element
mappings (b); EDS analysis result of marked point A in Fig.5b (c); magnified microstructure of zone 2 marked in Fig.5a and corresponding
EDS element mappings (d); EDS analysis result (¢) and SAED pattern (f) of marked point B in Fig.5d; magnified microstructure of zone 3
marked in Fig.5a and corresponding EDS element mappings (g); EDS analysis result of point C (h) and point D (i) marked in Fig.5g;
bright-field image of RE-rich phase in Fig.5a (j); bright-field image of marked zone in Fig.5j (k); high-resolution image (1) and SAED
pattern (m) of RE-rich phase in Fig.5a
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Fig.6 Open circuit potential (a) and potentiodynamic polarization (b) curves of AZ91 and AZ91-La-Yb anodes in 3.5% NaCl solution
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Table 1 Electrochemical parameters evaluated from polarization curves

Sample Eo/V(vs.SCE) E, /V(vs.SCE) i /uAem? R /Q-cm’
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Fig.7 Electrochemical impedance spectra (Nyquist plots) of AZ91 and AZ91-La-Yb anodes in 3.5% NaCl solution (a); equivalent circuit diagram (b)



3 Wid A5 Wi La-Yb #5328 Xifg /K H b B AR B G S oM 2 21 &% WA~ 1 e s <761 »
R2 2MERIA A FH R EP & T NS RE
Table 2 Parameter values in the corresponding equivalent circuits for the two anode samples
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Fig.8 Constant current discharge curves of AZ91 and AZ91-La-Yb anodes at different current densities for 2 h: (a) 2.5 mA/cm® and (b) 10 mA/cm®
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Fig.9 Discharge curves of seawater batteries with assembled AZ91, AZ91-La-Yb as anodes and air as cathode using MnO, as catalyst at current

densities of 10 mA/cm’ (a) and 20 mA/cm’ (b)
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Table 3 Electrochemical parameters of AZ91 and AZ91-La-Yb anode alloys at different current densities

Sample Current density/mA-cm™®  Discharge voltage/V Specific capacity/mAh-g’' Anode utilization efficiency/%
10 1.021 896.23 36.19
AZ91
20 0.733 952.14 49.13
10 1.063 801.41 32.43
AZ91-La-Yb
20 0.791 1068 50.4
AZ91 AZ91-La-Yb
D P ,A.“; A ,"

10 mA/cm?

20 mA/cm?

B0 7R B E B R 3 h IR RBRIE )5 & &I
Fig.10 Morphologies of AZ91 (a, c) and AZ91-La-Yb (b, d) alloys after discharge at the current density of 10 mA/cm’ (a~b) and 20 mA/cm’ (c—d)

for 3 h and removing the corrosion products



53 ]

Wi 4. Hi - La-Yb 15 28060 /K B BH AR B & s IO 2H 43 % LA 22 PR RE R ) © 763+

B G, M I BR VA 11 2 AN [R] SR 2 B AR I TR 30 B oy
A& DL R IATAE 41/ N BAH TR AS61 BHAK BE 5 F2 it 5
SER PR 0PV 1, K B0 R T R SR B SRR P BT
2 NIA AR T PRI 2 . AW 0 S ae 25 e
E T IX— W
3.3 JHEREMIE MR

10 4 AZ91 F1 AZ91-La-Yb [ #% 43 5 7€ 10 £
20 mA/cm? B % RO 3 h i 3 Ve AR E h A )
5. B 10a.10c R I AZO1 U 5 B % B
KEFLIR , 43 AT 53 A8 5], 1 & T L B 1) J=) 3 s e 2
B TEBES SR TN, A5 BRI S R AR, BE A 4211
JE et 2 AN S AL T 6 R AT 2 S R A A, R R
AT BURMEAES A1 SR R R S . A ANk, wT IL7E
10a. 10c 1 FL IR H2 35 B50OK B H A, 3 2 HOIR 2508 1) ok
P X TR YU B 25 T8 I BE A b e 7%
25, B IX R YUIRBERA & 2 56 RV s e, B
TR B HIERAI A, R I FEAR R 2R T R
B2 BN IX AR ST B R iR R v B, S8 A &0
TRAE -0 2 AE B — A [T P, AT s i
HUE AN RS TR 7E B 8 9 8% 5] AZ91 BH AR
2R R ZU % Bl o T E B AZ91-La-Yb A, FL & i
i+ 05, X LT La-Yb B 4% J5 5K & RE AH LL
HH RE AHAR AT B 2F 40K SR AR ZR -G E 45 2R L X
SEYT /N PR BT AR TE AR TR 8 50 o A, R T B A a2
VERRIICH , TR AE 1] 10b. 10d W22 245 5 K b 30
10b. 10d 34 7] W52 2135 5] 43 A BT AL X2
i AR AR 1R B, — e R R A ST A A
T k= P B AR S E AR R B I B G
PRAN WA T 2 i, AT (R 23 T30 PR S S R EA T, ik — 254
TR BH B A R PR DA RSP AR U T 8 L T 9 T
N, 1% 5 Lin 5PV NN AESAH R T4 B 375 65 1=
M A — 5

4 Z5 i

1SRN A S 4 45 6 7 L 55 B T be 45 (SPS)
T, Al K Th il 4% # + La, Yb 70 & 20 A -+ 40 1 51 (4
AZ91-La-Yb AR K}

2) 3@ i WA+ La-Yb 201 ) AZ91-La-Yb BHAR B A
R R R R . X IATh TR S A &
TOMMLAG < 25 RAMOK 2% 1Y) & RE #H A HH & RE AR 8 M AR
TE R A T B £F 41K 560 B-Mg AL AR, — 35 il
P B AR IE) ST AR T BN IV J35 e = B /> Bk 2%
JO S AL i) SR A2 TH 5 FH R 1 25 L PR R

3)iEE Mt La-Yb 5 2 UM 5 1 AZ91-La-Yb FHAR ,
TE Fb 25 52 BH AR FH 26 77 TH A EG AZ91 FHAR 3 A 271, 78
20 mA/cm® ) B %5 F N, AZ91-La-Yb tb % & 1] i&

1068 mAh/g, BHHFIFH 3K 50.4%, BRI TR F L4
HL P RE

SE IR

[1]Aurbach D, Lu Z, Schechter A et al. Nature[J], 2000,
407(6805): 724

[2] Liang W F, Lian LX, Lin Z F et al. Electrochimica Acta[J], 2023,
464: 10

[3] Kulekci M K. International Journal of Advanced Manufacturing
Technology[J], 2008, 39(9-10): 851

[4] Mordike B L, Ebert T. Materials Science and Engineering A-

References

Structural Materials Properties Microstructure and Processing[J],
2001, 302(1): 37
[5] Polmear I J. Materials Science and Technology[J], 1994, 10(1): 1
[6] Rahman M A, Wang X J, Wen C E. Journal of the
Electrochemical Society[J], 2013, 160(10): A1759
[7]Song J F, She J, Chen D L et al. Journal of Magnesium and
Alloys[J], 2020, 8(1): 1
[8] Yoo H D, Shterenberg I, Gofer Y et al. Energy & Environmental
Science[J], 2013, 6(8): 2265
[9] Feng Y, Lei G, He Y Q et al. Transactions of Nonferrous Metals
Society of China[J], 2018, 28(11): 2274
[10] Feng Y, Liu L, Wang R C et al. Transactions of Nonferrous
Metals Society of Chinall], 2016, 26(5): 1379
[11]Wang N G., Li W P, Huang Y X et al. Journal of Power
Sources[J], 2019, 436: 11
[12] Feng Yan(¢% i#ft), Wang Richu(F H#]), Peng Chanqun(iZ i #f)
et al. Rare Metal Materials and Engineering(%i 5 & J@#M k5 T
FH)[J], 2011, 40(6): 1010
[13] Zhang J P, Wang R C, Feng Y et al. Transactions of Nonferrous
Metals Society of China[J], 2012, 22(12): 3039
[14]Li Y X, Yang L Z, Zhang Y S et al. Journal of Alloys and
Compounds[J], 2022, 922: 11
[15]Ma J L, Wang G X, Li Y Q et al. Journal of Materials
Engineering and Performance[J], 2019, 28(5): 2873
[16]MaJ L, Wang G X, LiY Q et al. lonics[J], 2019, 25(5): 2201
[17]Liu Q F, Yan Z, Wang E D et al. International Journal of
Hydrogen Energy[J], 2017, 42(36): 23045
[18] Zhao Yanchun(i # %), Huang Guangsheng( ¥ J%; i), Zhang
Cheng(3K 1K) et al. Rare Metal Materials and Engineering(Fifi
GJRMELS T[], 2018, 47(4): 1064
[19] Yu K, Xiong H Q, Wen L et al. Transactions of Nonferrous
Metals Society of China[J], 2015, 25(4): 1234
[20] Jia Zheng, Yu Bing, Fu Li et al. Rare Metal Materials and
Engineering[J], 2023, 52(2): 568
[21] Liu Yuxiang(Xl| £I00). Rare Metal Materials and Engineering(¥i
HEEAES LRI, 2021, 50(1): 361
[22] Chen X R, Zou Q, Shi Z M et al. Electrochimica Actal[l],
2022, 404: 8
[23] Zhang Y X, Fan L L, Guo Y Y et al. Electrochimica Actal[l],
2023, 460: 14



. 764 -

W] B RS TR

554235

[24] Chen X R, Jia Y H, Le Q C et al. Journal of Magnesium and
Alloys[J], 2021, 9(6): 2113

[25] Zhang Y W X, Han L, Ren L B et al. Transactions of Nonferrous
Metals Society of China[J], 2022, 32(8): 2510

[26] Liu X, Xue J L, Zhang P J et al. Journal of Power Sources[J],
2019, 414: 174

[27] Chen X R, Liao Q Y, Le Q C et al. Electrochimica Acta[J], 2020,
348: 10

[28]Ma B J, Tan C, Ouyang L Z et al. Journal of Alloys and
Compounds[J], 2022, 918: 11

[29] Gong Yuan, He Junguang, Wen Jiuba et al. Rare Metal Materials
and Engineering[J], 2023, 52(2): 508

[30] Jia Dong( % Z:). Research on High Performance Magnesium
Alloy Anode Materials for Seawater Batteries(i#F /K i yb i 1= 14
AEEE A 4 BH A BRI 70)[D]. Tianjin: Tianjin University, 2022

[31]WuY P, Wang Z F, Liu Y et al. Journal of Materials Engineering
and PerformancelJ], 2019, 28(4): 2006

[32] Suryanarayana C. Progress in Materials Science[l], 2001,
46(1-2): 1

[33] Yang Yu, Chen Junyu, Ma Tongxiang et al. Rare Metal Materials
and Engineering[J], 2022, 51(9): 3182

[34] You Guoqiang, Yao Fanjin, Li Qi et al. Rare Metal Materials and
Engineering[J], 2022, 51(9): 3497

[35] Suryanarayana C, Al-Aqeeli N. Progress in Materials Sciencel[J],
2013, 58(4): 383

[36] Matteazzi P, LeCaer G, Mocellin A. Ceramics International[J],
1997, 23(1): 39

[37] Yu H, Sun Y, Hu L X et al. Journal of Alloys and Compounds[J],
2017, 704: 537

[38] Xie Q Y, Ma A B, Jiang J H et al. Journal of Materials Research
and Technology-JMR&TTJ], 2021, 11: 1031

[39] Song G L, Atrens A, Wu X L et al. Corrosion Science[J], 1998,
40(10): 1769

[40]Shi Y C, Peng C Q, Feng Y et al. Journal of Alloys and
Compounds[J], 2017, 721: 392

[41]Li J R, Jiang Q T, Sun H Y et al. Corrosion Science[l], 2016,
111: 288

[42] Gu Xiongjie, Cheng Weili, Cheng Shiming et al. Journal of the
Electrochemical Society[J], 2020, 167(2): 020501

[43] Wang Naiguang, Liang Jianwen, Liu Jingjing et al. Journal of
the Electrochemical Society[J], 2021, 168(10): 14

[44] Deng M, Hoche D, Lamaka S V et al. Corrosion Science[J],
2019, 153: 225

[45] Han Z, Xu W, Liu C B et al. Journal of Materials Research and
Technology-JMR&T1J], 2023, 25: 7024

[46]Le T H, Mao P L, Hu WY et al. Journal of the Electrochemical
Society[J], 2023, 170(9): 11

[47] Song Y F,MaJ L, LiY Q et al. lonics[J], 2019, 25(12): 5899

[48] Wang Wan, Liu Jingjing, Chen Jinpeng et al. Electrochimica Acta
[J], 2023, 470: 143352

[49] Wang Naiguang(F. /4 ¢), Wang Richu(F H#7), Yu Kun(£ )
et al. Chinese Journal of Nonferrous Metals("F [E45 1 4@ =4R)[ 1],
2009, 19(1): 38

Effects of Rare Earth La-Yb Doping on Microstructure and Electrochemical Performance
of Magnesium Alloys Used as Anode for Seawater Batteries

Yang Qingzhu, Lian Lixian, Liu Ying
(College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China)

Abstract: AZ91-La-Yb magnesium alloy as anode of seawater batteries was prepared by combining mechanical alloying with spark plasma
sintering processes. The effects of rare earth La-Yb doping on the microstructure and electrochemical behavior of AZ91 anode were studied. The
results show that the AZ91-La-Yb alloy prepared by mechanical alloying-spark plasma sintering processes consists of equiaxed grains. On the one
hand, La-Yb doping results in the formation of micron-scale (0.5-2 pum) RE-rich phase that are uniformly distributed at grain boundaries. This
phase is mainly composed of rare earth metals (RE=La, Yb) and Mg(RE) solid solution. On the other hand, the plastic deformation caused by
discharge plasma sintering and the doping effect of rare earth elements La-Yb significantly improve the morphology of f-Mg Al phase,
transforming from a coarse network structure to a slender elongated shape. The combination of uniform distribution of nearly micron-scale RE-
rich phase and the smaller § phase promotes the uniform dissolution of magnesium alloys and effectively alleviates localized corrosion of
magnesium alloys. Compared to the AZ91 anode magnesium alloy, the AZ91-La-Yb alloy doped with rare earth La-Yb exhibits more stable
discharge voltage and excellent discharge performance. At a current density of 20 mA/cm’, its specific capacity can reach 1068 mAh/g, and the
anode utilization efficiency is 50.4%.

Key words: mechanical alloying; spark plasma sintering; seawater batteries; rare earth doping; AZ91-La-Yb anode
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