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Abstract High-entropy oxides (HEOs) have become increasingly popular as energy storage materials owing to their unique
high-entropy effect, multi-principal synergy effect and customizable structure. In this study, a series of cobalt-free perovskite
high-entropy oxide La(Cro2Feo2Mno2Nio2Mo2)O3 (M=Cu, Mg, Zn) lithium-ion battery anode materials were successfully
synthesized by solution combustion method using metal nitrate as the metal source and glycine as the fuel. The microstruc-
ture and electrochemical properties of the as-prepared powders were investigated. The results show that the as-prepared high-
entropy oxides crystalize into single-phase perovskite structure with porous foam-like shape and chemical/microstructural
homogeneity. Furthermore, the as-prepared HEOs introducing inactive element Mg or active element Cu possess similar
electrochemical performance; while the La(Cro.2Feo2Mno.2Nio.2Zno.2)O3 electrode exhibits a highest reversible capacity (1014
mAhsg! at 200 mA-g! after 250 cycles), excellent cycling stability (450 mAheg™' at 1000 mAeg™' and almost no capacity
decay after 1000 cycles) and outstanding rate performance. Such excellent performance can be attributed to the addition of
active element Zn, which can form Li-Zn alloy during the reduction process that makes the specific capacity increase signifi-
cantly. Meanwhile, its higher specific surface area, mesoporous structure and abundant surface oxygen vacancies
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result in higher conductivity (0.14 Secm™'), increased larger lithium ion diffusion coefficient (2.1X107'2 ¢cm?s™!), and
pseudo-capacitance contribution, thus significantly enhances the specific capacity and rate performance of the as-prepared
material. Therefore, the introduction of electrochemically active metals, which can react with Li alloying, such as Zn, can
improve the electrochemical performance, thereby providing ideas for designing cobalt-free HEOs with low-cost and excel-

lent performance for energy storage.

Keywords lithium-ion battery anode material; high-entropy oxide; perovskite structure; alloying; pseudo-capacitance
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Figure 1 XRD patterns (a), N, absorption-desorption isothermal curves, BJH pore size distribution of the samples (b) and SEM images (c~e¢) and energy

dispersive spectroscopy (EDS) images (f) of 4MZn sample
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Figure 2 XPS survey spectra of the samples (a), high resolution XPS spectrum of all elements of the samples (b~h) and four probes conductivity (i)
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Figure 3 CV plots at 0.1 mVes' sweep rate (a) and charge/discharge profiles (b) of 4MZn electrode, cycling performance and Coulomb efficiency at 200
mA-g! current density (c), rate performance (d), long cycle performance at 1000 mAe«g current density (e) and Nyquist plots (f) of as-prepared electrodes
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Table 1 Electrochemical performance of recently reported TMOs and HEOs anodes

. . . C-rate/ Cycle Capacity/

Material Materials synthesis (mAeg) nur};lber (m. i h-gi) Ref.

CoTiO; solvothermal 100 200 440 [42]

NdFeO; co-precipitation 100 450 475 [43]

HoFeO; co-precipitation 100 120 437 [44]

FeTiOs sol-gel and hydrothermal 50 200 515 [45]

LaCoOs electrospinning 200 200 646 [29]

[(Bi,Na);;5(La,Li);s(Ce,K)y5(Cay/sSry )] TiOs solid-state method 100 50 84 [47]

La(Cry,Fey>Mng,Nij,Co,)0; solid-state method 200 100 331 [18]

La(Crg,Fey2Mng,Nip2C00,)05 co-precipitation 200 150 772 [19]
La(CroaFeoaMna Nia22102)0s 5CS 1200000 1205000 14051(;1 ?}EZ zzﬂi
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InE| 87.0%. (AR IZ, Bl 4(e)f1E S3, S4(W.CHF
SR ULE HAERFEFE T 4MZn BRI 8% FL 25 DTk
T 4MCu HEE(L T 4MMg HEA)%, X A]GER 4MZn B¢
/INHIFLAR I B (AMCu 4MMg Al 4MZn B¢ rl JLFLR )
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B 4(H AT 4(g)7 HN 4MCu. 4MMg F1 4MZn HLH%
T 1B FEL I ) BT 5 AR (GITT) Ik ek 2 ) 78 HL /R FE
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Table 2 Parameters of equivalent circuit diagrams of as-prepared electrodes after 0 cycle, 3 cycles and 250 cycles

Sample R/Q R./Q Dyi/(1071 sz'sfl)

Pristine 3rd 250th Pristine 3rd 250th Pristine 3rd 250th
4MCu 2.9 4.1 5.9 224 10.2 394 0.8 3.1 11.0
4MMg 5.4 4.5 5.0 364 31.9 454 1.7 6.7 27.8
4MZn 3.6 7.5 5.0 101 12.5 33.6 1.4 17.4 65.2
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Figure 4 Cyclic voltammetry (CV) curves of 4MZn electrode at different sweep rates (a), log(i,) vs. log(v) curves (b), separation of pseudocapacitive
(blue region) and diffusion (red region) controlled contribution at 1.0 mVes™' (c) and contribution ratios of pseudocapacitive capacities at different scan
rates (d) of the 4MZn electrode; contribution ratios of pseudocapacitive capacities at different scan rates (e), charge/discharge capacity curves during the
GITT measurements (f) and lithium-ion diffusion coefficients during the charge/discharge process (g) of as-prepared electrodes
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Figure 5 EIS spectra together with the equivalent circuit (a) and plots of Z’ against @
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Figure 6 SEM images of electrodes before and after cycling (the red area represents particle aggregation): (a, b) 4MCu, (¢, d) 4MMg and (e, f) 4MZn
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