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Abstract

Alkaline zinc-nickel batteries use zinc oxide as the negative electrode, and their performance is
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enhanced by additives such as zinc, bismuth oxide, and indium oxide. Zinc dross, a byproduct of zinc
smelting, is mainly composed of zinc oxide and metallic zinc, and contains functional trace elements
such as bismuth and indium. It can serve as a low-cost substitute for commercial zinc oxide as the
negative electrode material, enabling high-value utilization of metallurgical solid waste. In this
work, the electrochemical performance of zinc dross electrodes and commercial ZnO electrodes
was comparatively analyzed through composition, phase, morphology, and electrochemical tests.
The results show that the zinc dross electrode exhibits similar chemical properties to the ZnO elec-
trode, but with more pronounced hydrogen evolution and corrosion side reactions. Under low dis-
charge depth of 30% DOD, the cycling performance of the two electrodes is essentially comparable;
however, under high-loading or deep-discharge conditions at 60% DOD, the zinc dross electrode
shows a faster capacity decay rate. Mechanical ball milling further improves the rate capability and
cycling stability of zinc dross, confirming its potential as a negative electrode material for zinc-
nickel batteries.
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Table 1. Compositions of ZnO and Zn-slag
# 1. ZnO 1 Zn EHIR S

o Zn Fe Al Bi Cu Cr Cd Pb In Ni
M (wit%) (Wt%) (Wt%) (Wt%)  (Wi%)  (Wt%)  (wt%) (Wt%)  (Wt%)  (Wit%)
ZnO  78.9445  0.0016  0.0012  0.0007  0.0006 0.0002  0.0002  0.0001 0 0

Zn i 78.0061 0.0123 0.9872 0.0441 0.0005  0.0004 0.0001 0.0002  0.0348 0
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Figure 1. XRD patterns of ZnO and Zn-slag
B 1. ZnO 1 Zn 7E#J XRD [EliE
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Figure 2. SEM images and corresponding particle-size distributions of commercial ZnO and Zn-slag before and after ball-
milling. (a) SEM image of commercial ZnO, (b) SEM image of zinc residue, (¢) SEM image of zinc residue after ball-milling,
(d) Particle-Size distribution of commercial ZnO, (e) Particle-Size distribution of zinc residue, (f) Particle-Size distribution of
zinc residue after ball-milling
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Figure 3. X-Ray photoelectron spectroscopy analysis of ZnO and Zn-slag. (a) Survey spectrum of ZnO, (b) Zn 2p of ZnO, (c)
C 1s of ZnO, (d) O 1s of ZnO, (e) Survey spectrum of Zn-slag, (f) Zn 2p of Zn-slag, (g) C 1s of Zn-slag, (h) O 1s of Zn-slag
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Figure 4. Electrochemical properties of commercial ZnO and Zn-slag. (a) Tafel polarization curves, (b) Linear sweep voltam-
metry curves, (c¢) Cyclic voltammetry curve of ZnO, (d) Cyclic voltammetry curve of zinc residue
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Figure 5. Cycling performance of commercial ZnO and Zn-slag. (a) ZnO in jigsaw-type cell at 30% DOD, (b) ZnO in jigsaw-
type cell at 60% DOD, (c¢) ZnO in coin-type cell at 30% DOD, (d) ZnO in coin-type cell at 60% DOD, (e) Zinc residue in
jigsaw-type cell at 30% DOD, (f) Zinc residue in jigsaw-type cell at 60% DOD, (g) Zinc residue in coin-type cell at 30% DOD,
(h) Zinc residue in coin-type cell at 60% DOD
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Figure 6. Nyquist plots of zinc-slag electrode after different cycles
& 6. $¥ERREI A EIEIFBE/EHIBULFEH Nyquist Hizk

NEMHE R ARG BRI ORI A IRAC R, B3R 5 sERIEAT SEM SRAE, S5 RN 7(a) M
7). RAE(E 7(0) 53 7(a) BB X AT B 200d 2 IR BEITAR - g S,  F AR A oK &
BERIR S A B T AR, HOUHT B R B AL B A B BB sh A B . IZRBIAL )R
SRR AR, FELAS R R R o A B PR s RIS SRR AR AR S5 4 Z o A v, 5 A BB A2 Al SEM
SR SIHPTIMASE 18— 2 SR VAR BARGETT i e A2 BT,  FRARERDIAR - W T i, i%
2RI IR T A R R

DOI: 10.12677/ms.2026.1610185 14 PR

4 Q\


https://doi.org/10.12677/ms.2026.1610185

Figure 7. SEM morphologies of zinc-slag anode after long-term cycling. (a) 20 kX magnification, (b) 10 kX magnification
7. KIEF A GIRREE SEM F5RE. (a) MARBB 20kX, (b) FAREE 10 kX

3.3. HLHEREXTSHE M RERI RN

B R PR RUROR R . AR I A FE RO BRI, SR T BENURGR BE T R A i, AT S5 44 J= T e
AR RE . BREENUIC B R SR, BRIl RO XU, TERCE 2 RUNLB, Aikaer s
T AERY HOEE, AT SO SER T WA 8(a), K 8(d)FR, EREEJR MEHEAE 1.5C,
2C AR TR R 2P e, RS, Rt eE . M2, FuatrEm R Tl
JRIZL A AR TR L T B TR R, R 52 v 5 R TR TR BE ) S i

500 - 100 500 - 100 500 100
(a) mm Ww 0) B 11,76mg(30%DOD) % J . (©) BEHE 11.68mg(30%DOD)3
B 4.8mg(fF ) I P R
5400 (HE) 3& 180 5400 {80 5400 P g, 80
= ] 7 = z
i . A X £: :
£ @ Charge Capacity 5 E £ €00l 4 =
5'300. @ Discharge Capacity 160 E §>300 4 160 £ £a300 L E
i @ Coulombic Efficiency o 2 ) § o
£ = g 1o st B R R S S
S {40 E 52001 {40 E S 200 {40 E
H R : El-) E
4 2 & s & =
2 S = ‘ S 5 S 3
o 20 01001 @ Charge Capacityd 20 ©1007 o Charge Capacity 120
@ Discharge Capacity 7 @ Discharge Capacity
@ Coulombic Efficiency @ Coulombic Efficiency >
0 + + 0 0 : — 0 0 0
0 20 40 60 0 50 100 0 20 40 60 80
Cycle Number Cycle Number Cycle Number
500 100 500 S 100 500 100
A) T qraase SR SR ) T Yerseresere () }_«*@g@ 8(30%DOD)9€E ® TREERTIE 16 3mg(0%DOD) IR
N ° ) ) RG22
TREEGEH 4.8mg(f5 %) I _ 2 80
54001 80 2400+ 1 L., @400 @ Charge Capacity 180
E g 2 . gz K @ Discharge Capacit g
E @ Charge Capacity 53 @ Charge Capacity 2% ® Coulbmbi gfl:'?:i:e:cy 2
;300- @ Discharge Capacity 60 é’ E300' o D‘“h’“’ge. Capat:lty 160 = ;300- .......... 60 E
‘g @ Coulombic Efficiency A g @ Coulombic Efficiency =g T TR =
g 2 8 £ & ) 2
g s & I e ——— e e 2
] 190 B © 140 € S 200 q40 E
@ - o e See’ _—
E" 3 ?;f' s P o H
£ (ST L <
© 1004 20 < 20 © 1004 ] 20
[ T T 0 0 T T 0 [ 0
[ 20 40 60 0 50 100 (] 20 40 60
Cycle Number Cycle Number Cycle Number

Figure 8. Rate capability and cycling performance tests of Zn-slag before and after ball-milling. (a) Rate performance of zinc
residue in jigsaw-type cell, (b) Zinc residue in jigsaw-type cell at 30% DOD, (c) Zinc residue in coin-type cell at 30% DOD, (d)
Rate performance of ball-milled zinc residue in jigsaw-type cell, (e), (f) Ball-Milled zinc residue in jigsaw-type cell at 30% DOD
8. SHETKERTRMERMTEEMBIMERENR. (o) HERERM, FRMUEE, (b) FERARM, 30%HMERE,
(c) $EEFNEMs, 30% DOD, (d) PRERFFFERERHM, ERMEEE, (o), () KERFERERM, 30%HERE

N T BB RAEEREE TR B EVE IR0, LUAL T EREE RS A REEE. 4 8(b), &1 8(c), &

DOI: 10.12677/ms.2026.1610185 15 ey PR


https://doi.org/10.12677/ms.2026.1610185

8(e), K 8(OAEREW], BREESHHE G AL ENES T . 1 30% DOD R FLIAREE T, BRI FEf 25 f 3 jslidk
B LET RO ERE . BRI 5140 5 B ARR T IR A A T — 80 AR er b d B K Rt
SR, KRR AR, IEIA AT B2 T, (H2, 7EmiE s A RS
BT, MR R . EEERE, BREE, BERTCEBE, SEWRE K. A4, R
HIARVR I DL, FELARI PV R 2 Y 3 PR L T AR R 12k o

4. &

1) BEARBERI P ILALL ZnO N T, FEE8E 78.01 wt%, [AIITRIREHE Bis In 5 a] ] G b &
R DR R e 2R, H AR A R B R FR SR 1) N FH A

2) FRESAY 20 wi%lEREE, Fo I AlL Fe 240 & Efmemn. BURCHLR, Ak 220k B F 5t
BT SR EB I o S ) S S BRI B o AR 30%3 0 Tl N & AR e il s Ml R T,
PE 2N B R TR ZnO.

3) MUBKEREE FT LASR i v B (5 28 PR R AN IR W0 1 2, {EL R Jo2 AR o 24 o o >R 1) 5 T 1) s o 1]
e JagnlE R . BEAMEMEE A UE T, hEMIT A S BRI R, 3PN
PR 575 ) ZnO FIEIAPERE ZHE

ELWMB
E K H AR 5 4:(22572149) AL 4 B AR 2 4:(2025AFB664) .
BE 3k

[1] Bonnick, P. and Dahn, J.R. (2012) A Simple Coin Cell Design for Testing Rechargeable Zinc-Air or Alkaline Battery
Systems. Journal of The Electrochemical Society, 159, A981-A989. https://doi.org/10.1149/2.023207]es

[2] Hopkins, B.J., Sassin, M.B., Chervin, C.N., DeSario, P.A., Parker, J.F., Long, J.W., et al. (2020) Fabricating Architected
Zinc Electrodes with Unprecedented Volumetric Capacity in Rechargeable Alkaline Cells. Energy Storage Materials,
27, 370-376. https://doi.org/10.1016/j.ensm.2020.02.005

[3] Zhang, Y., Wu, Y., You, W., Tian, M., Huang, P., Zhang, Y., et al. (2020) Deeply Rechargeable and Hydrogen-Evolu-
tion-Suppressing Zinc Anode in Alkaline Aqueous Electrolyte. Nano Letters, 20, 4700-4707.
https://doi.org/10.1021/acs.nanolett.0c01776

[4] Zhou, W., Zhu, D., He, J., Li, J., Chen, H., Chen, Y., ef al. (2020) A Scalable Top-Down Strategy toward Practical
Metrics of Ni-Zn Aqueous Batteries with Total Energy Densities of 165 Whkg™! and 506 Wh 1™\, Energy & Environmental
Science, 13, 4157-4167. https://doi.org/10.1039/d0eec01221a

[5] Wang, C., Zhu, G., Liu, P. and Chen, Q. (2020) Monolithic Nanoporous Zn Anode for Rechargeable Alkaline Batteries.
ACS Nano, 14, 2404-2411. https://doi.org/10.1021/acsnano.9b09669

[6] Li,J., Zhao, T., Shangguan, E., Li, Y., Li, L., Wang, D., et al. (2017) Enhancing the Rate and Cycling Performance of
Spherical ZnO Anode Material for Advanced Zinc-Nickel Secondary Batteries by Combined /n-Situ Doping and Coating
with Carbon. Electrochimica Acta, 236, 180-189. https://doi.org/10.1016/j.electacta.2017.03.164

[71 Long, W., Yang, Z., Fan, X., Yang, B., Zhao, Z. and Jing, J. (2013) The Effects of Carbon Coating on the Electrochemical
Performances of ZnO in Ni-Zn Secondary Batteries. Electrochimica Acta, 105, 40-46.
https://doi.org/10.1016/j.electacta.2013.04.162

[8] Parker, J.F., Chervin, C.N., Nelson, E.S., Rolison, D.R. and Long, J.W. (2014) Wiring Zinc in Three Dimensions Re-
writes Battery Performance—Dendrite-Free Cycling. Energy & Environmental Science, 7, 1117-1124.
https://doi.org/10.1039/c3ee43754]

[9] Parker, J.F., Pala, L.LR., Chervin, C.N., Long, J.W. and Rolison, D.R. (2015) Minimizing Shape Change at Zn Sponge
Anodes in Rechargeable Ni-Zn Cells: Impact of Electrolyte Formulation. Journal of the Electrochemical Society, 163,
A351-A355. https://doi.org/10.1149/2.1001602jes

[10] Turney, D.E., Gallaway, J.W., Yadav, G.G., Ramirez, R., Nyce, M., Banerjee, S., ef al. (2017) Rechargeable Zinc Alka-

line Anodes for Long-Cycle Energy Storage. Chemistry of Materials, 29, 4819-4832.
https://doi.org/10.1021/acs.chemmater.7b00754

DOI: 10.12677/ms.2026.1610185 16 MRz


https://doi.org/10.12677/ms.2026.1610185
https://doi.org/10.1149/2.023207jes
https://doi.org/10.1016/j.ensm.2020.02.005
https://doi.org/10.1021/acs.nanolett.0c01776
https://doi.org/10.1039/d0ee01221a
https://doi.org/10.1021/acsnano.9b09669
https://doi.org/10.1016/j.electacta.2017.03.164
https://doi.org/10.1016/j.electacta.2013.04.162
https://doi.org/10.1039/c3ee43754j
https://doi.org/10.1149/2.1001602jes
https://doi.org/10.1021/acs.chemmater.7b00754

	锌渣材料在碱性可充电锌镍电池中的应用研究
	摘  要
	关键词
	Study on the Application of Zinc Dross Materials in Alkaline Rechargeable Zinc-Nickel Batteries
	Abstract
	Keywords
	1. 前言
	2. 实验方法
	2.1. 材料和处理
	2.2. 材料表征
	2.3. 负极极片制备和测试
	2.4. 锌镍电池组装与电化学测试

	3. 结果与讨论
	3.1. 锌渣与商用ZnO物化结构表征分析
	3.1.1. 元素组分与晶相特征
	3.1.2. 微观形貌与表面性质

	3.2. 锌渣与商用ZnO电化学性能
	3.2.1. 电化学动力学测试
	3.2.2. 不同载量下循环性能
	3.2.3. 锌渣电极循环后性能与形貌

	3.3. 机械球磨对锌渣性能的影响

	4. 结论
	基金项目
	参考文献

