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ABSTRACT Manganese dioxide (MnO,), a commonly used cathode material for zinc-ion batteries (ZIBs), has attracted considerable
attention owing to its abundant reserves in nature, safety, and high theoretical capacity. One of the key challenges in the preparation of
high-performance zinc-ion batteries is the construction of a cathode with a stable microstructure. In this study, a flexible and conductive
carbon cloth (CC) was chosen as the substrate onto which manganese dioxide (MnO,) was deposited through either reductive deposition
or electrochemical deposition methods to form a carbon cloth@ manganese dioxide (CC@MnO,) cathode. For the reductive deposition
method, a precursor solution of KMnO, and H,SO, was used, and various concentrations were adopted to synthesize the CC@MnO,
cathode. The synthesized electrode is referred to as the CC@MnO,-reductive deposition cathode. Specifically, KMnO, solutions with
concentrations of 0.25, 0.40, and 0.55 mol-L™' were mixed with H,SO, at concentrations of 0.20 mol-L™" and 0.50 mol-L". For the
electrochemical deposition method, MnO, nanoparticles were decorated on CC using a three-electrode system under the potentiostatic

mode at a potential of 1.1 V for 1500 s. A depositing electrolyte consisting of 0.1 mol-L™' MnSO, + 0.1 mol-L™' Na,SO, was used. The

Y %5 B #5: 2024-01-22
ELTH: B etk K228 F BB 0008 3 4 % BT H (CX2017008) 5 44 3 I R 25 B 1 il i 2 AR 5 2% 45 B K 5 5 5296 %5 F R A vt B
i H (JMDZ202303)


mailto:shuangxi@njfu.edu.cn
mailto:shuangxi@njfu.edu.cn
https://doi.org/10.13374/j.issn2095-9389.2024.01.22.003
https://doi.org/10.13374/j.issn2095-9389.2024.01.22.003
https://doi.org/10.13374/j.issn2095-9389.2024.01.22.003
http://cje.ustb.edu.cn

2] AR T ) A R T R LAY AR PR SR R AR A A o A TR fE - 2037 -

synthesized electrode is referred to as the CC@MnO,-electrochemical deposition cathode. The cathodes synthesized under different
parameters were comparatively analyzed via scanning electron microscopy, transmission electron microscopy, X-ray diffraction, and X-
ray photoelectron microscopy to explore their morphology and microstructure. Furthermore, the prepared CC@MnO, cathodes were
assembled into button-type zinc-ion batteries, and their electrochemical properties, charging/discharging performance, and cycling
stability were evaluated. The test results showed that the Zn//CC@MnO, cells based on the reductive deposition method with a
0.40 mol-L™' KMnO, + 0.50 mol-L™" H,SO,4 mixed solution delivered optimal zinc storage performance (providing a discharge-specific
capacity of up to 291 mA-h-g ! at a current density of 0.1 A-g "), energy density of 293.3 W-h-kg™), and cycling stability with a capacity
retention of 90.48% after 1000 cycles at a current density of 1 A-g"' and Coulomb efficiency of 99.87%. The superior electrochemical
performance of the CC@MnO,-RD cathode compared with that of the CC@MnO,-ED cathode is attributable to the improved structural
stability and uniformity of the former. In addition, a reversible two-step insertion storage mechanism involving H" and Zn®* in the
CC@MnO, cathode for ZIBs was verified through ex-situ X-ray diffraction and scanning electron microscopy measurements at different
charging/discharging states. This paper highlights the optimized preparation process of CC@MnO, electrodes based on the reductive

deposition method, demonstrating advantages such as low cost and ease of fabrication. These findings can serve as a reference for

developing high-performance zinc-ion batteries.

KEY WORDS zinc-ion batteries; manganese dioxide; electrochemical deposition; reduced deposition; zinc storage performance
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Fig.1 Schematic of the experimental procedure
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B2 A SEM . (a) CC@MnO,-RD;; (b) CC@MnO,-RD,; (¢) CC@MnO,-RD3; (d) CC@MnO,-RDy; (e) CC@MnO,-RDs; (f) CC@MnO,-RDg
Fig.2 SEM images of prepared electrodes: (a) CC@MnO,-RD;; (b) CC@MnO,-RD,; (¢) CC@MnO,-RDj3; (d) CC@MnO,-RDy; (¢) CC@MnO,-RDs;

(f) CC@MnO,-RD;
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Fig.3 (a) XRD map of CC@MnO,-RDjs; (b) XPS full spectrum of CC@MnO,-RD5 material; high-resolution XPS spectra of (¢c) Mn 2p and (d) O 1s
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Fig4 (a, b) TEM images and (c, d) HRTEM images of MnO,

nanoparticles synthesized by reductive deposition
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Fig.8 Experimental results of CC@MnO,-RDjs electrode: (a) first two GCD curves; (b) ex-situ XRD maps; (c) SEM image in the initial state, (d) SEM
image during first discharge process; (¢) SEM image during first charging process; (f) SEM image during second discharge process



©2044 -

TRERHEZR, 5 46 8, 5 11

H Zn,SO4(OH)g-5H,0 4K YL L 4Zn2 * +S02 +
60H™ + 5H,0 ¢ ZnsSO4(OH)5H,0) ; TEH AR HL K T
BT & IR Zo® UK T HA i AL 72 (Zn? * +
2e” 4+ 2MnO; & ZnMn, 04 )P 7EFEH AR H, A MnO,
fm AR R H Y Zn® R HY 2 331 ZnySO4(OH)¢-5H,0
ok 7 r g, L 25 SRR W] Zn//CC@MnO,-RD;
F, b A 08 AR 30 T B 7 e JBE T 3, R A4S DU Ok
U5 Zn™ F0 H (R AR B PN Ak 27 G 36 S i

3 4ig

AR R 8 JE TR R Ak 2 DR AP O ik
AR T2 SHN T4 T Z T8 550 OS5 44 (1)
CC@MnO, HL 1, 38 & HL fb 2= PR R X EL 40 AT, 151
ALY T. 25244 0.40 mol-L™! KMnO, + 0.50 mol-L™!
H,SO,4 MY TR A ¥ W b R A7 38 TR TR 4 I 4 258
Zn//CC@MnO, Fn 5 HL ML, TR A ST T CC@MnO,-
RDs B4R (4 BE 25 i | PRI 1 | A B 14 B LAt e
PLHI . 45 3R % I CC@MnO,-RDs i B A F 4 1Y
AR MG E T 76 0.1 A-g7' L% B F
AL KR 291 mA-h-g ' I HL S &, 2 A-g ! B
B 2 AT A E) 110.8 mA-h-g s 76 1 A-g' Y
KHL R % R, 43 1000 YR 46 BFH 2 B R 5
90.48%. CC@MnO,-RDs B H, £k 24 M fiE it pie 38 mT
A8 5 12 Tl 40 485 1 1 350 50 M RN RS R R AH G AR B 5
il £ 1) CC@MnO,-RDs Z= 4 L H 7% 32 M fit filg 413
Az 0 0 .

Z % x #t

[1] GuoCY,MaHT, Zhang Q T, et al. Nano MnO, radially grown
on lignin-based carbon fiber by one-step solution reaction for
supercapacitors with high performance. Nanomaterials, 2020,
10(3): 594

[2] Zeng Y X, Zhang X Y, Meng Y, et al. Achieving ultrahigh energy
density and long durability in a flexible rechargeable quasi-solid-
state Zn—MnO, battery. Adv Mater, 2017, 29(26): 1700274

[3] Ni W B, Wang D C, Huang Z J, et al. Fabrication of
nanocomposite electrode with MnO, nanoparticles distributed in
polyaniline for electrochemical capacitors. Mater Chem Phys,
2010, 124(2-3): 1151

[4] HuangY, LiuJ W, Huang Q Y, et al. Flexible high energy density
zinc-ion batteries enabled by binder-free MnO,/reduced graphene
oxide electrode. NP.J Flex Electron, 2018, 2: 21

[5] Zhang Y, XuM D, Jia X, et al. Application of biomass materials in
zinc-ion batteries. Molecules, 2023, 28(6): 2436

[6] Lin SN, Zhang T A. Review on recent developments, challenges,
and perspectives of Mn-based oxide cathode materials for aqueous

zinc-ion batteries and the status of Mn resources in China. Energy

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Fuels, 2023,37(6): 4198

Gong J F, Zhu B X, Zhang Z P, et al. The synthesis of manganese
hydroxide nanowire arrays for a high-performance zinc-ion
battery. Nanomaterials (Basel), 2022, 12(15): 2514

Ren H, Zhao J, Yang L, et al. Inverse opal manganese dioxide
constructed by few-layered ultrathin nanosheets as high-
performance cathodes for aqueous zinc-ion batteries. Nano Res,
2019, 12(6): 1347

Wang Y Y, Wang Z J, Yang F H, et al. Electrolyte engineering
enables high performance zinc-ion batteries. Small, 2022, 18(43):
€2107033

Feng K'Y, Wang D X, Yu Y J. Progress and prospect of Zn anode
modification in aqueous zinc-ion batteries: Experimental and
theoretical aspects. Molecules, 2023, 28(6): 2721

Wang C, Zeng Y X, Xiao X, et al. y-MnO, nanorods/graphene
composite as efficient cathode for advanced rechargeable aqueous
zinc-ion battery. J Energy Chem, 2020, 43: 182

Liu Y, Wu X. Strategies for constructing manganese-based oxide
electrode materials for aqueous rechargeable zinc-ion batteries.
Chin Chem Lett, 2022, 33(3): 1236

Li X, Chen Z J, Yang Y Q, et al. The phosphate cathodes for
aqueous zinc-ion batteries. Inorg Chem Front, 2022, 9(16): 3986
Ye X L, Han D L, Jiang G Y, et al. Unraveling the
deposition/dissolution chemistry of MnO, for high-energy aqueous
batteries. Energy Environ Sci, 2023, 16(3): 1016

Shoji T, Hishinuma M, Yamamoto T. Zinc-manganese dioxide
galvanic cell using zinc sulphate as electrolyte. Rechargeability of
the cell. J Appl Electrochem, 1988, 18(4): 521

Islam S, Alfaruqi M H, Mathew V, et al. Facile synthesis and the
exploration of the zinc storage mechanism of B-MnO, nanorods
with exposed (101) planes as a novel cathode material for high
performance eco-friendly zinc-ion batteries. J Mater Chem A,
2017, 5(44): 23299

Qi M, Li F, Zhang Z, et al. Three-dimensional interconnected
ultrathin manganese dioxide nanosheets grown on carbon cloth
combined with Ti;C,T, MXene for high-capacity zinc-ion
batteries. J Colloid Interface Sci, 2022, 615: 151

Wei Y D, Luo W L, Li X, et al. PANI-MnO, and Ti;C,T,
(MXene) as electrodes for high-performance flexible asymmetric
supercapacitors. Electrochim Acta, 2022, 406: 139874

Shi P P, Wang J J, Ren Z L, et al. Study on free-standing activated
carbon fiber cloth/MnO,/CNT/PANI composite electrode for high-
performance supercapacitor. N Chem Mater, 2020, 48(2): 121
OREAFEHE, EAa 2, AR 2T, 5. B ST PERR A /MnO, /B 44 K
/RN A AT TS PERE B L BRI RIT ST AL TR B
#2020, 48(2): 121)

Xu C J, Dong L B. Simultaneous production of high-performance
flexible textile electrodes and fiber electrodes for wearable energy
storage. Meet Abstr, 2016, MA2016-02(7): 1017

Feng D Y, Guo D, Liu X X. Functionalization of carbon electrode

and subsequent electrochemical deposition of nanostructured


https://doi.org/10.3390/nano10030594
https://doi.org/10.1002/adma.201700274
https://doi.org/10.1016/j.matchemphys.2010.08.050
https://doi.org/10.1038/s41528-018-0034-0
https://doi.org/10.3390/molecules28062436
https://doi.org/10.1021/acs.energyfuels.2c03997
https://doi.org/10.1021/acs.energyfuels.2c03997
https://doi.org/10.3390/nano12152514
https://doi.org/10.3390/nano12152514
https://doi.org/10.3390/nano12152514
https://doi.org/10.3390/nano12152514
https://doi.org/10.3390/nano12152514
https://doi.org/10.1007/s12274-019-2303-1
https://doi.org/10.1002/smll.202107033
https://doi.org/10.3390/molecules28062721
https://doi.org/10.1016/j.jechem.2019.08.011
https://doi.org/10.1016/j.cclet.2021.08.081
https://doi.org/10.1039/D2QI01083F
https://doi.org/10.1039/D3EE00018D
https://doi.org/10.1007/BF01022245
https://doi.org/10.1007/BF01022245
https://doi.org/10.1039/C7TA07170A
https://doi.org/10.1016/j.jcis.2022.01.162
https://doi.org/10.1016/j.electacta.2022.139874
https://doi.org/10.1149/MA2016-02/7/1017

S N R U U Ry R B PN R e o X - 2045 -
manganese oxide. Chem J Chin Univ, 2018, 39(10): 2280 259: 170
GO A BH, 563k, XIBEREE. BkAR Th e AL b B K 9k — S ALt 1 [29] Feng X M, Yan Z Z, Chen N N, et al. The synthesis of shape-
FAEDURRL A2 =241, 2018, 39(10): 2280) controlled MnO,/graphene composites via a facile one-step
[22] Li X B, Huang H, Zhang P P, et al. Rational preparation of ternary hydrothermal method and their application in supercapacitors. J
carbon cloth/MnO,/polyaniline nanofibers for high-performance Mater Chem A, 2013, 1(41): 12818
electrochemical supercapacitors. J Mater Sci Mater Electron, [30] Zhu X D, Cao Z Y, Wang W J, et al. Superior-performance
2022, 33(4): 1918 aqueous zinc-ion batteries based on the In situ growth of MnO,
[23] Zeng X H, LiuJ T, Mao J F, et al. Toward a reversible Mn*'/Mn?** nanosheets on V,CT, MXene. ACS Nano, 2021, 15(2): 2971
redox reaction and dendrite-free Zn anode in near-neutral aqueous [31] Xie Y S, Su W L, Hu Q, et al. Electropolymerization reaction-
Zn/MnO, batteries via salt anion chemistry. Adv Energy Mater, driven 2, 6-naphthalenediamine monomers to a multilayered sheet
2020, 10(32): 1904163 structure for ultralong cycling aqueous zinc-ion batteries. New J
[24] Li X, Wang L, You W B, et al. Enhanced polarization from Chem, 2022, 46(38): 18244
flexible hierarchical MnO, arrays on cotton cloth with excellent [32] An Y L, Tian Y, Man Q Y, et al. Highly reversible Zn metal
microwave absorption. Nanoscale, 2019, 11(28): 13269 anodes enabled by freestanding, lightweight, and zincophilic
[25] Huang J, Tu J Y, Lv Y, et al. Achieving mesoporous MXene/nanoporous oxide heterostructure engineered separator for
MnO,@polyaniline nanohybrids via a gas/liquid interfacial flexible Zn—MnO, batteries. 4CS Nano, 2022, 16(4): 6755
reaction between aniline and KMnO, aqueous solution towards [33] Kataoka F, Ishida T, Nagita K, et al. Cobalt-doped layered MnO,
Zn-MnO, battery. Synth Met, 2020, 266: 116438 thin film electrochemically grown on nitrogen-doped carbon cloth
[26] Yang B B, Du Y Y, Zhang Y L, et al. Electrochemical for aqueous zinc-ion batteries. ACS Appl Energy Mater, 2020,
performance of Ti;C,T,/MnO, cathode in aqueous zinc ion 3(5): 4720
batteries. Chin J Inorg Chem, 2022, 38(4): 578 [34] Huang Y, LiuJ W, Zhang J Y, et al. Flexible quasi-solid-state zinc
(B DL DL, FEWFDT, 5KF3%, 5. Ti;C,T,/MnO, IEAR /K 2R EFHL I ion batteries enabled by highly conductive carrageenan bio-
R AL 2P RE. TEHLIb AR, 2022, 38(4): 578) polymer electrolyte. RSC Adv, 2019, 9(29): 16313
[27] Liu S L, Vongsvivut J P, Wang Y Y, et al. Monolithic phosphate [35] Shi M J, Wang B, Chen C, et al. 3D high-density MXene@MnO,
interphase for highly reversible and stable Zn metal anode. Angew microflowers for advanced aqueous zinc-ion batteries. J Mater
Chem Int Ed Engl, 2023, 62(4): 202215600 Chem A, 2020, 8(46): 24635
[28] Hao J W, Mou J, Zhang J W, et al. Electrochemically induced [36] Chen J C, Liao L, Sun B, et al. Manganese hexacyanoferrate

spinel-layered phase transition of Mn;O4 in high performance

neutral aqueous rechargeable zinc battery. Electrochim Acta, 2018,

anchoring MnO, with enhanced stability for aqueous zinc-ion

batteries. J Alloys Compd, 2022, 903: 163833


https://doi.org/10.7503/cjcu20180111
https://doi.org/10.7503/cjcu20180111
https://doi.org/10.1007/s10854-021-07393-1
https://doi.org/10.1002/aenm.201904163
https://doi.org/10.1039/C9NR02667C
https://doi.org/10.1016/j.synthmet.2020.116438
https://doi.org/10.11862/CJIC.2022.075
https://doi.org/10.11862/CJIC.2022.075
https://doi.org/10.1002/anie.202215600
https://doi.org/10.1002/anie.202215600
https://doi.org/10.1016/j.electacta.2017.10.166
https://doi.org/10.1039/c3ta12780j
https://doi.org/10.1039/c3ta12780j
https://doi.org/10.1021/acsnano.0c09205
https://doi.org/10.1039/D2NJ03708D
https://doi.org/10.1039/D2NJ03708D
https://doi.org/10.1021/acsnano.2c01571
https://doi.org/10.1021/acsaem.0c00357
https://doi.org/10.1039/C9RA01120J
https://doi.org/10.1039/D0TA09085A
https://doi.org/10.1039/D0TA09085A
https://doi.org/10.1016/j.jallcom.2022.163833

	1 实验部分
	1.1 实验材料和试剂
	1.2 CC@MnO2的制备
	1.3 材料的表征和电化学性能测试

	2 结果与讨论
	2.1 材料的表征
	2.2 电化学性能分析
	2.3 储能机制分析

	3 结论
	参考文献

