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Lotus-seedpod structured Li2ZnTi3O8/C (P-LZTO) microspheres obtained by the
molten salt method are reported for the first time. The received phase-pure
Li2ZnTi3O8 nanoparticles are inserted into the carbon matrix homogeneously to
form a Lotus-seedpod structure, as confirmed by the morphological and
structural measurements. As the anode for lithium-ion batteries, the P-LZTO
material demonstrates excellent electrochemical performance with a high rate
capacity of 193.2 mAh g-1 at 5 A g-1 and long-term cyclic stability up to 300 cycles
at 1 A g-1. After even 300 cyclings, the P-LZTO particles can maintain their
morphological and structural integrity. The superior electrochemical
performances have arisen from the unique structure where the polycrystalline
structure is beneficial for shorting the lithium-ion diffusion path, while the well-
encapsulated carbon matrix can not only enhance the electronic conductivity of
the composite but also alleviate the stress anisotropy during lithiation/delithiation
process, leading to well-preserved particles.
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1 Introduction

As an indispensable electrochemical energy storage device, Lithium-ion batteries (LIBs)
have been extensively used in various fields, which greatly facilitates our life (Lin et al., 2015).
LIBs as power sources for electric vehicles (EVs) and hybrid electric vehicles (HEVs) are
further optimized at power density and safety to be highly competitive (Islam et al., 2015;
Zhou et al., 2018). Therefore, exploiting electrode materials with high electrochemical
performance and security is an urgent goal (Zhang et al., 2018a). However, lithium dendrites
are easily produced during charge and discharge for commercial graphite anode, bringing
safety risks and not meeting the above requirements (Zhang et al., 2018b).

The spinel Li2ZnTi3O8 (Abbreviated as LZTO) as a promising anode candidate is
receiving more and more attention (Hong et al., 2010a), because the LZTO has a higher
theoretical capacity than Li4Ti5O12 material and superior safety. Besides, the environmental
friendliness and low cost make the LZTO more suitable for large-scale production (Hong
et al., 2010b). Unfortunately, the poor electronic conductivity (10–13 S m-1) and low Li+

diffusion coefficient in bulk LZTO are the major obstacles to obtaining unsatisfactory rate
performance (Wu et al., 2019). So, researchers have made enormous efforts to improve its
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electrochemical properties. For example, carbon (Qin et al., 2020;
Wang et al., 2021; Bai et al., 2022) or conductive compound (Yang
et al., 2017; Yang et al., 2019; Qiu et al., 2021) coating can enhance
the surface electronic conductivity and decrease the particle size of
LZTO. Metal ion doping (Firdous et al., 2020; Ma et al., 2021; Qi
et al., 2021; Tang et al., 2021) can improve the intrinsic electronic
conductivity and stabilize the structure of LZTO. Nano-sized LZTO
can shorten the diffusion distances of Li+ ions (Xu et al., 2013; Wang
et al., 2016; Lan et al., 2017).

It is reported that polycrystalline electrode materials, compared
with single-crystalline ones, can deliver superior rate performance
due to the shorter lithium-ion diffusion pathways (Li et al., 2021;
Ryu et al., 2021; Zhang et al., 2021). Nevertheless, the cycling
property is unsatisfactory because the stress anisotropy caused by
the volume shrinkage and expansion of the primary particles leads to
cracking of the material particles, which deteriorates the cycling
performance (Singh and Pal, 2020). Moreover, this tendency will be
aggravated because there are many defects at grain boundaries in
polycrystal particles, such as vacancies, dislocations, and bond
deformations, which cause the grains to be in a stress distortion
state (Xu et al., 2017; Zhang et al., 2021). Therefore, it is essential to
design an ideal structure to alleviate these stress influences. In this
paper, we firstly synthesized a polycrystalline Li2ZnTi3O8/C
(Abbreviated as P-LZTO) material with a lotus seedpod
structure, where the P-LZTO particles are embedded in carbon
matrix. This anode material possesses excellent electrochemical
properties attributed to the unique design where the
polycrystalline structure with few defects at grain boundaries
shortens the diffusion distance of lithium-ion in the bulk phase,
while the lotus seedpod structure can not only alleviate the negative
influences of stress anisotropy but also improve the surface
electronic conductivity of these active materials.

2 Experimental

2.1 Sample synthesis

P-LZTO anode material was synthesized by using molten salt
mothed. The typical process as follows: the Zn(CH3COO)2·H2O
(commercial, AR), LiOH (commercial, AR), TiO2 (commercial,
AR), C6H12O6 (commercial, AR), NaCl (commercial, AR), and
KCl (commercial, AR) were mixed (molar ratio 1:2:3:1.5:10:10)
and grounded for 1 h with planetary ball mill. The mixture was
then placed in a corundum crucible and annealed at 600°C for 24 h
under N2 atmosphere. The product was collected after naturally
cooling the furnace to room temperature and then washed and
centrifugated several times with distilled water until a silver nitrate
solution detected no free chloride ions. The product was finally dried
at 80°C for 12 h.

2.2 Sample characterization

The compositions were tested by X-ray powder diffraction using
Cu-Kα radiation (XRD, λ = 1.54056 Å, Bruker D8) from 10° to 90°

with a step size of 0.02°s-1. And the crystal structure was further
analyzed by Raman spectrum (LabRAMHR800) with a helium laser

(λ = 633 nm) in the wave number range of 100-2000 cm-1. The
chemical states at the surface of the samples were obtained from
X-ray photoelectron spectroscopy (XPS, Thermo escalab 250XI)
measurement. The morphology was characterized using a scanning
electron microscope (SEM, Philip-XL30) and transmission electron
microscopy (TEM, Tecnai G2 F30). The thermal behaviors of the
P-LZTO were characterized by thermogravimetric (TG) and
differential thermal analyses (DTA) in air from room
temperature to 800°C using a thermal analyzer (TA Instruments
Q500) at a heating rate of 10°C min-1.

2.3 Electrochemical measurement

The electrochemical properties were characterized in two-
electrode half cells (CR 2025) where the Li foil was used as the
counter electrode. The working electrode was fabricated by coating
and pressing a mixture of P-LZTO power as active material,
conductive carbon black as a conductive additive, and
polyvinylidene fluoride as the binder (8:1:1 in mass ratio) with
N-methylpyrrolidone on Al foil circular flakes. The cells were
assembled in a glovebox (O2 and H2O levels <1 ppm) using
Metallic lithium foil and a micro-porous polypropylene
membrane (Celgard 2400) as the negative electrode and the
separator, respectively. The electrolyte was 1 mol L-1 LiPF6 in a 7:
3 (v/v) mixture of dimethyl carbonate (DMC) and ethylene
carbonate (EC). The charge-discharge curves were recorded at
designed current densities in the voltage range of 0.02–3.0V (vs.
Li+/Li) on a CT 2001A cell test instrument (Land Electronic Co.).
The electrochemical impedance spectroscopy (EIS, PGSTAT302N)
was conducted to check impedance with an AC voltage of 0.02V
amplitude in the frequency range of 50 mHz–105 Hz. Cyclic
voltammetry (CV) measurements were tested on the CHI660E
electrochemical workstation at a potential range of 0.02–3 V.
Before the SEM and TEM analyses of the electrodes after cycle
testing, the electrodes were manipulated as follows: the test cells were
disassembled carefully and washed with 1-methyl-2-pyrrolidone
ultrasonically several times to remove PVDF binder, then, the
collected solid particles were dried at 100°C in an oven.

3 Results and discussion

The XRD pattern of the as-synthesized P-LZTO is shown in
Figure 1A. All the diffraction peaks can be indexed to a cubic
structure with space group P4332 (JCPDS card No.86-1512) with no
impurities detected. To understand the detailed crystal structure of
P-LZTO, Rietveld refinement based on the recorded XRD data was
performed. As listed in Table 1, the profile R-value (Rp) and
weighted-profile R-value (Rwp) indicate that the refinement
results are acceptable. And the cell parameters a and V are
8.3809 �A and 536.38 �A3, respectively, which agrees with the
standard parameter (a = 8.371 �A) derived from the JCPDS card
No.86-1512. The mean grain diameters calculated by the Scherrer
equation D = Kλ/(βcosθ) based on the (311) plane is 15.4 nm.
Raman spectrum was acquired for the P-LZTO sample to identify
glucose-derived carbon’s existence and graphitization state. In the
Raman spectrum, besides the vibrations associated to LZTO (below
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800 cm-1), the peaks at ca. 1325 cm-1 and at ca.1586 cm-1 could be
assigned to D bond and G bond in carbon, associating with
amorphous and graphitized carbon, respectively. The intensity
ratio of the D band and G band (ID/IG) could be calculated as
1.05, indicative of the high electronic conductivity of residual carbon
(Ren et al., 2016a; Ren et al., 2016b) which means a relatively high
graphitization degree of the carbon derived from glucose. The
content of carbon was also carried out by TG-DTA in air from
25°C to 800°C as shown in Figure 1C. Clearly, a weight loss of 2%
below 300°C can be attributed to the vaporization of the absorbed
water. There is a large weight loss about 16.5% accompanying a
strong exothermic peak between 300°C and 500°C due to the
vigorous combustion reactions of the residual carbon. No weight
loss and thermal peaks were observed above 500°C. Therefore, the
content of carbon for P-LZTO sample is about 16.5%.

XPS measurement further determined the chemical states at the
surface of the sample. It can be seen that the high-resolution
spectrum of C1s (Figure 2A) was deconvoluted into three peaks
around 284.8, 286.1, and 289.7 eV corresponding to C-C, C-O, and
C=O bonds, respectively, which is consistent with other studies (Qin
et al., 2020). Usually, there are many defects at grain boundaries in
polycrystal particles, such as vacancies, dislocations, and bond
deformations, which might cause the transformation for the
valance states of Ti, Zn, and O elements (Fan et al., 2020; Ryu

FIGURE 1
XRD pattern and Rietveld refinement (A), Raman spectrum (B) and TG-DTA curves (C) of the P-LZTO sample.

TABLE 1 Structural parameters of the P-LZTO sample by the XRD Rietveld Refinements (Space group P4332, a = b = c = 8.371 Å, α = β = γ = 90°).

a (�A) Volume (�A3) Atom Wyckoff position x y z Occupancy Rp (%) Rwp (%)

8.3809 536.38 Li1 8c 0.9984 0.9984 0.9984 0.5 8.12 10.46

Zn 8c 0.9984 0.9984 0.9984 0.5

Li2 4b 0.6250 0.6250 0.6250 1

Ti 12d 0.3677 0.8823 0.1250 1

O1 24e 0.1050 0.1280 0.3920 1

O2 8c 0.3920 0.3920 0.3920 1

FIGURE 2
XPS spectra of the P-LZTO sample: (A) C1s, (B) Ti2p, (C) Zn2p,
(D) O1s.
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et al., 2021). Here, the high-resolution spectrum of Ti2p (Figure 2B),
Zn2p (Figure 2C), O1s (Figure 2D) were displayed. As can be seen
that no spectra were observed except the peaks around 465.3 eV and
459.6 eV, which belong to the Ti 2p1/2 and Ti 2p3/2 of Ti4+ in
P-LZTO (Figure 2B), respectively. Similarly, only the peaks of Zn2+

(1022.7 eV and 1045.8 eV belong to Zn 2p3/2 and Zn 2p1/2,
respectively) can be observed in the spectrum of Zn2p
(Figure 2C). Besides, in the high-resolution spectrum of O1s
(Figure 2D), the peaks around 533.27 eV, 531.81 eV, and
531.12 eV can be ascribed to C=O, C-O, and Metal-O,
respectively. Therefore, from the analysis results of XPS spectra
and XRD pattern, it can be concluded that P-LZTO samples show a
perfect crystal structure, and almost no defects like vacancies can be
observed in its crystal structure.

The as-synthesized P-LZTO sample has excellent powder fluidity,
which is often related to the material’s microstructure. Therefore, the
morphology of the P-LZTO sample was analyzed by SEM and TEM
measurements. From the SEM images in Figures 3A,B, the secondary
particles composed of many primary particles with a diameter of tens
of nanometers are uniformly dispersed. TEM images (Figure 3C)
further showed that a large number of nanoparticles were embedded
in carbon materials derived from the cleavage of glucose under high
temperatures. In other words, many nanoparticles were wrapped by
continuous carbonmaterials to form secondary particles. Moreover, it
can also be observed from the HRTEM image (Figure 3D) that there
are two different lattice fringes in a nanoparticle: the lattice fringes
with a distance of 0.251 nm along the (311) crystal plane while the

lattice fringes with a distance of 0.295 nm corresponding to the (220)
crystal face, and a grain boundary is formed between the two grains,
reflecting typical polycrystalline structure. This conclusion is further
confirmed in the SAED pattern in Figure 3E, where a lot of diffraction
rings can be observed, demonstrating its good crystalline feature,
which is a typical characteristic of polycrystalline structure (Xu et al.,
2020; Ye et al., 2020). Based on the results of SEM and TEM analysis, a
schematic diagram of the structure of P-LZTO sample was illustrated
in Figure 3F. The structure of the synthesized P-LZTO sample is
similar to the lotus seed: the polycrystalline P-LZTO nano-particles
are embedded in carbon material, which is beneficial to enhance the
electronic conductivity for the active material, and alleviate the
negative influences of stress anisotropy in the process of charging
and discharging.

Rate performance was tested at 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 A/g
each for 5 cycles and the representative charge/discharge curves
were depicted in Figure 4A. The sample delivered a specific charge
capacity of 240.3, 233.2, 216.8, 207, 200.1 and 193.2 mAh g-1 at 0.5,
1.0, 2.0, 3.0, 4.0 and 5.0 A/g, respectively. These results are superior
to the previously reported (Wu et al., 2019; Qin et al., 2020) values
where the specific capacities were ~140 mAh g-1 when the current
density of charging was 1.6 A/g. Galvanostatic charge-discharge
for P-LZTO was conducted at 1.0 A/g between 0.02 and 3.0 V (vs
Li/Li+) (Figure 4B). It can be observed that the initial coulomb
efficiency is as high as 90.7%, which means that only a thin solid
electrolyte interphase (SEI) film is formed on the surface of
P-LZTO particles, benefiting to obtaining excellent rate

FIGURE 3
(A) Low- and (B) high-magnification SEM images of the P-LZTO sample; (C) TEM, (D)HRTEM images and (E) their corresponding SAED pattern of the
P-LZTO sample; (F) is the schematic drawing about the structure of the P-LZTO sample according to the results of SEM and TEM tests.

Frontiers in Chemistry frontiersin.org04

Chen et al. 10.3389/fchem.2023.1135325

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1135325


performance (in Figure 4A). The charge/discharge capacities are
241.4/245.3 mAh g-1 after 300 cycles for P-LZTO electrode,
revealing that this anode material also exhibits excellent cycling
performance. The reason of a sluggish increase for charge/
discharge capacities in the first 200 cycles may be mainly
attributed to some side reactions for solid electrolyte interface
formation composed of organic lithium alkylcarbonates, lithium
adsorption in the conductive additive carbon black, and
irreversible electrochemical decomposition of the electrolyte,
and so on, which is also observed in previous studies (Wu
et al., 2019). For better understanding the electrochemical
reactions involved, CV profiles were measured for the fresh cell
(Figure 4C). In the first cycle, the cathodic/anodic peaks at
ca.1.035/1.497 V are attributed to the Ti4+/Ti3+ redox couple,
while the cathodic peak around 0.569 V to the generation of
SEI films and those below 0.5 V to the transition from ordered
rock-salt structure to disordered quasi-rock-salt structure (Yang
et al., 2019). From the second cycle, the CV plots superpose very
well, indicating good reversibility of Li+ intercalation and
deintercalation in the P-LZTO anode. Meanwhile, the potential
variance of the cathodic and anodic peak decreases from 0.457 V
for the 1st cycle to 0.21 V for the latter cycle, demonstrating the
weakened polarization for the P-LZTO anode. To understand the
electrochemical kinetics in the P-LZTO electrode, EIS was
employed to test the interface reaction behaviors between
electrolyte and electrode before and after designed cycling. As

depicted in Figure 4D, the Nyquist plots are comprised of one
semi-circle at high-frequency ranges and a small tail at low
frequency, which is attributed to charge transfer resistance and
lithium-ion diffusion, respectively. It can be seen that the charge
transfer resistance increases slightly during the cycling process,
indicating that the interface of the electrode-electrolyte can
maintain stability. Moreover, the Li-ion diffusion coefficient
(DLi+ ) in the P-LZTO electrode was calculated by Eq. 1 where T
(298K) is the absolute temperature in the experiment, F (96500 C/
mol) is the Faraday constant, R (8.314 J/(molK)) is the gas
constant, n (1 mol) is the number of electrons per molecule that
participates in the electron transfer reaction, A (0.785 cm-2) is the
surface area of the electrode, and C (0.001 mol/cm-3) is the
concentration of Li ions in the P-LZTO electrode. The σ is
obtained from the slope of a plot of Z′ against ω-0.5 according
with Eq. 2. As shown in Table 2, it can be found that the difference
between the value of DLi+ after 1st charge and 300th charge is quite
small, indicating that the crystal structure is stable. To further
verify the structural stability of P-LZTO during the cycling process,
the cell was disassembled after 300th cycle, and the active material

FIGURE 4
Rate capability (A), cycle performance (B) and CV curves (C) of the P-LZTO sample; EIS results (D) for P-LZTO after designed cycling test; SEM (E),
TEM (F) and HRTEM (G) images of the electrode after 300th cycle; the inset part in (D) and in (G) are the equivalent circuit and the corresponding SAED
pattern, respectively.

TABLE 2 Li+ diffusion coefficients after cycling based on EIS tests.

Samples 1st charge 100th charge 300th charge

DLi+ [cm2 · s−1] 2.33 × 10−11 1.55 × 10−11 1.25 × 10−11
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was analyzed by SEM and TEM measurements. As shown in
Figure 4E, the original morphology of the sample can still be
maintained after 300th cycling, and no cracks caused by stress
anisotropy of polycrystalline structure were found, which is
common in other polycrystalline materials such as
LiNixCoyMn1-x-yO2 (Liu et al., 2022). TEM image (Figure 4F)
also shows that the P-LZTO particles with intact morphology
are embedded in the carbon matrix. They maintain good interface
compatibility, just like the morphology before cycling observed in
Figure 3C. Moreover, from the HRTEM image (Figure 4G) and the
corresponding SAED pattern, it can be seen that the lattice fringes
are clearly visible. The grain boundary is continuous and intact for
the polycrystalline structure. In conclusion, the P-LZTO anode
shows excellent rate and cycling performance, because the
polycrystalline structure could shorten the diffusion distance of
lithium ion in bulk phase, and its perfect crystal structure and
Lotus seedpod structure can alleviate the negative influences of
stress anisotropy which can cause cracking and powderization of
active material particles during charge/discharge cycles.

DLi � R2T2

2A2n4F4C2σ2
(1)

Z′ � RS + Rct + σω−1/2 (2)
Figure 4 Rate capability a), cycle performance b) and CV curves

c) of the P-LZTO sample; EIS results d) for P-LZTO after designed
cycling test; SEM e), TEM f) and HRTEM g) images of the electrode
after 300th cycle; the inset part in d) and in g) are the equivalent
circuit and the corresponding SAED pattern, respectively.

4 Conclusion

The P-LZTO anode materials with the polycrystalline
structure were first prepared using the molten salt method.
The P-LZTO sample is shaped like a lotus seed, with many
nanoparticles with polycrystalline structure, no defects and
pure phase are uniformly embedded in the carbon materials to
form secondary particles. The electrochemical performance test
results show that the P-LZTO anode materials, not like other
polycrystalline ones, exhibit excellent rate and cycle
performances attributed to the unique lotus seed structure
where the carbon materials are beneficial to enhance the
electronic conductivity and alleviate the negative influences of
stress anisotropy during the process of charging and discharging.
Meanwhile, the polycrystalline structure can shorten the
diffusion distance of lithium ion in bulk phase. The SEM and
TEM analysis results for the electrode material after 300 cycling
proved that the P-LZTO material can maintain the morphology
and structure stable before and after cycling, indicating that the

lotus seed structure can inhibit cracking and powderization of
active material particles during charge/discharge cycles.
Therefore, the method for designing a lotus seed structure for
polycrystalline material might provide a new idea for improving
the electrochemical properties of other electrode materials.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

ZC: Writing—review and editing. TW: Conceptualization,
Methodology. ML and PD: Investigation, Software. FX:
Validation. YZ: Validation. ZY: Software. WY: Validation. HC:
Validation.

Funding

ZC wants to acknowledge the financial support from the Natural
Science Foundation of Hunan Province of China (2021JJ30374),
Hunan Provincial Education Office Foundation of China (No.
19A261), Key R&D projects in Hunan Province (2021GK2015).
TW wants to acknowledge the financial support from Natural
Science Foundation of Guangdong Province of China-Regional
joint fund (No. 2021B1515140025) and Natural Science
Foundation of Guangdong Province of China-General Program
(No. 2022A1515010972).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Bai, Y., Qin, J., Cai, J., Zhu, H., Li, T., Wang, Y., et al. (2022). Simultaneously
enhancing the electronic and ionic conductivities of Li2ZnTi3O8 via modification with
polyacrylonitrile-derived carbon for high-performance anodes. ChemPhysMater 2,
43–51. doi:10.1016/j.chphma.2022.01.002

Fan, X., Hu, G., Zhang, B., Ou, X., Zhang, J., Zhao, W., et al. (2020). Crack-free
single-crystalline Ni-rich layered NCM cathode enable superior cycling

performance of lithium-ion batteries. Nano Energy 70, 104450. doi:10.1016/j.
nanoen.2020.104450

Firdous, N., Arshad, N., and Norby, P. (2020). Synergic effect of niobium doping
and carbon coating on the performance of a Li2ZnTi3O8 anode candidate for
lithium ion batteries. Energy fuels. 34, 14968–14974. doi:10.1021/acs.energyfuels.
0c02819

Frontiers in Chemistry frontiersin.org06

Chen et al. 10.3389/fchem.2023.1135325

https://doi.org/10.1016/j.chphma.2022.01.002
https://doi.org/10.1016/j.nanoen.2020.104450
https://doi.org/10.1016/j.nanoen.2020.104450
https://doi.org/10.1021/acs.energyfuels.0c02819
https://doi.org/10.1021/acs.energyfuels.0c02819
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1135325


Hong, Z., Wei, M., Deng, Q., Ding, X., Jiang, L., and Wei, K. (2010). A new anode
material made of Zn2Ti3O8 nanowires: Synthesis and electrochemical properties. Chem.
Commun. (Camb) 46, 740–742. doi:10.1039/b916681e

Hong, Z., Wei, M., Ding, X., Jiang, L., and Wei, K. (2010). Li2ZnTi3O8 nanorods: A
new anode material for lithium-ion battery. Electrochem. Commun. 12, 720–723. doi:10.
1016/j.elecom.2010.03.016

Islam, M. M., Heitjans, P., and Bredow, T. (2015). Structural analysis and Li migration
pathways in ramsdellite Li2Ti3O7: A theoretical study. J. Phys. Chem. C 120, 5–10.
doi:10.1021/acs.jpcc.5b07942

Lan, T., Chen, L., Liu, Y., Zhang, W., and Wei, M. (2017). Nanocomposite
Li2ZnTi3O8/C with enhanced electrochemical performances for lithium-ion
batteries. J. Electroanal. Chem. 794, 120–125. doi:10.1016/j.jelechem.2017.04.013

Li, G.,Wen, Y., Chu, B., You, L., Xue, L., Chen, X., et al. (2021). Comparative studies of
polycrystal and single-crystal LiNi0.6Co0.2Mn0.2O2 in terms of physical and
electrochemical performance. ACS Sustain. Chem. Eng. 9, 11748–11757. doi:10.1021/
acssuschemeng.1c03002

Lin, C., Yang, C., Lin, S., and Li, J. (2015). Titanium-containing complex oxides as
anode materials for lithium-ion batteries: A review. Mater. Technol. 30, A192–A202.
doi:10.1080/10667857.2015.1107219

Liu, L., Zhang, Y., Zhao, Y., Jiang, G., Gong, R., Li, Y., et al. (2022). Surface
growth and intergranular separation of polycrystalline particles for regeneration of
stable single-crystal cathode materials. ACS Appl. Mater Interfaces 14,
29886–29895. doi:10.1021/acsami.2c06351

Ma, D., Li, J., Yang, J., Yang, C., Manawan, M., Liang, Y., et al. (2021). Solid-state self-
template synthesis of Ta-doped Li2ZnTi3O8 spheres for efficient and durable lithium
storage. iScience 24, 102991. doi:10.1016/j.isci.2021.102991

Qi, S., Pan, J., Shi, L. N., Zhu, Y. R., Yi, T. F., and Xie, Y. (2021). Achieving high-
performance Li2ZnTi3O8 anode for advanced Li-ion batteries by molybdenum doping.
Mater. Today Chem. 21, 100523. doi:10.1016/j.mtchem.2021.100523

Qin, J.-L., Zhu, H.-L., Lun, N., Qi, Y.-X., and Bai, Y.-J. (2020). Li2ZnTi3O8/C anode
with high initial Coulombic efficiency, long cyclic life and outstanding rate properties
enabled by fulvic acid. Carbon 163, 297–307. doi:10.1016/j.carbon.2020.03.029

Qiu, L., Lai, X.-Q., Wang, F., Pan, J., Zhu, Y.-R., Cui, P., et al. (2021). Promoting the Li
storage performances of Li2ZnTi3O8@Na2WO4 composite anode for Li-ion battery.
Ceram. Int. 47, 19455–19463. doi:10.1016/j.ceramint.2021.03.282

Ren, Y., Lu, P., Huang, X., Ding, J., and Wang, H. (2016). Enhanced
electrochemical properties of Li2ZnTi3O8/C nanocomposite synthesized with
phenolic resin as carbon source. J. Solid State Electrochem. 21, 125–131. doi:10.
1007/s10008-016-3330-4

Ren, Y., Lu, P., Huang, X., Ding, J., and Wang, H. (2016). Synthesis and high cycle
performance of Li2ZnTi3O8/C anode material promoted by asphalt as a carbon
precursor. RSC Adv. 6, 49298–49306. doi:10.1039/c6ra08698e

Ryu, H.-H., Namkoong, B., Kim, J.-H., Belharouak, I., Yoon, C. S., and Sun, Y.-K.
(2021). Capacity fading mechanisms in Ni-rich single-crystal NCM cathodes. ACS
Energy Lett. 6, 2726–2734. doi:10.1021/acsenergylett.1c01089

Singh, A., and Pal, S. (2020). Coupled chemo-mechanical modeling of fracture in
polycrystalline cathode for lithium-ion battery. Int. J. Plast. 127, 102636. doi:10.1016/j.
ijplas.2019.11.015

Tang, H., Song, Y., Zan, L., Yue, Y., Dou, D., Song, Y., et al. (2021). Characterization of
lithium zinc titanate doped with metal ions as anode materials for lithium ion batteries.
Dalton Trans. 50, 3356–3368. doi:10.1039/d0dt04073h

Wang, J., Zhang, W., Li, J., Wang, B., Xu, C., and Lai, C. (2021). In situ self-assembly
assisted synthesis of N-doped mesoporous hierarchical carbon aerogels-wrapped
Li2ZnTi3O8 composite for high-rate lithium ion batteries. J. Materiomics 7,
1083–1093. doi:10.1016/j.jmat.2021.01.013

Wang, X., Wang, L., Chen, B., Yao, J., and Zeng, H. (2016). MOFs as reactant:
In situ synthesis of Li2ZnTi3O8@C–N nanocomposites as high performance
anodes for lithium-ion batteries. J. Electroanal. Chem. 775, 311–319. doi:10.
1016/j.jelechem.2016.06.024

Wu, Y.-R., Pan, J., Ren, S., Xie, Y., Yue, C., and Yi, T.-F. (2019). Review and prospect
of Li2ZnTi3O8-based anode materials for Li-ion battery. Ionics 25, 373–397. doi:10.
1007/s11581-018-2818-6

Xu, H., Yang, S., and Li, B. (2020). Ultrathin bismuth nanosheets as an efficient
polysulfide catalyst for high performance lithium-sulfur batteries. J. Mater. Chem. A 8,
149–157. doi:10.1039/c9ta11079h

Xu, R., Sun, H., Vasconcelos, L. S. d., and Zhao, K. (2017). Mechanical and structural
degradation of LiNixMnyCozO2 cathode in Li-ion batteries: An experimental study.
J. Electrochem. Soc. 164, A3333–A3341. doi:10.1149/2.1751713jes

Xu, Y., Hong, Z., Xia, L., Yang, J., and Wei, M. (2013). One step sol–gel synthesis of
Li2ZnTi3O8/C nanocomposite with enhanced lithium-ion storage properties.
Electrochimica Acta 88, 74–78. doi:10.1016/j.electacta.2012.10.044

Yang, H., Lun, N., Qi, Y.-X., Zhu, H.-L., Liu, J.-R., Feng, J.-K., et al. (2019). Li2ZnTi3O8

coated with uniform lithiummagnesium silicate layer revealing enhanced rate capability
as anode material for Li-Ion battery. Electrochimica Acta 315, 24–32. doi:10.1016/j.
electacta.2019.05.087

Yang, H., Park, J., Kim, C. S., Xu, Y. H., Zhu, H. L., Qi, Y. X., et al. (2017).
Uniform surface modification of Li2ZnTi3O8 by liquated Na2MoO4 to boost
electrochemical performance. ACS Appl. Mater Interfaces 9, 43603–43613.
doi:10.1021/acsami.7b12208

Ye, Z., Jiang, Y., Li, L., Wu, F., and Chen, R. (2020). A high-efficiency CoSe
electrocatalyst with hierarchical porous polyhedron nanoarchitecture for accelerating
polysulfides conversion in Li-S batteries. Adv. Mater. 32, 2002168. doi:10.1002/adma.
202002168

Zhang, H., Zhao, H., Khan, M. A., Zou, W., Xu, J., Zhang, L., et al. (2018). Recent
progress in advanced electrode materials, separators and electrolytes for lithium
batteries. J. Mater. Chem. A 6, 20564–20620. doi:10.1039/c8ta05336g

Zhang, X., Zhang, Y., Liu, J., Yan, Z., and Chen, J. (2021). Syntheses, challenges and
modifications of single-crystal cathodes for lithium-ion battery. J. Energy Chem. 63,
217–229. doi:10.1016/j.jechem.2021.10.022

Zhang, Y., Liu, S., Ji, Y., Ma, J., and Yu, H. (2018). Emerging nonaqueous aluminum-
ion batteries: Challenges, status, and perspectives. Adv. Mater. 30, 1706310. doi:10.1002/
adma.201706310

Zhou, L., Zhang, K., Hu, Z., Tao, Z., Mai, L., Kang, Y.-M., et al. (2018). Recent
developments on and prospects for electrode materials with hierarchical
structures for lithium-ion batteries. Adv. Energy Mater. 8, 1701415. doi:10.
1002/aenm.201701415

Frontiers in Chemistry frontiersin.org07

Chen et al. 10.3389/fchem.2023.1135325

https://doi.org/10.1039/b916681e
https://doi.org/10.1016/j.elecom.2010.03.016
https://doi.org/10.1016/j.elecom.2010.03.016
https://doi.org/10.1021/acs.jpcc.5b07942
https://doi.org/10.1016/j.jelechem.2017.04.013
https://doi.org/10.1021/acssuschemeng.1c03002
https://doi.org/10.1021/acssuschemeng.1c03002
https://doi.org/10.1080/10667857.2015.1107219
https://doi.org/10.1021/acsami.2c06351
https://doi.org/10.1016/j.isci.2021.102991
https://doi.org/10.1016/j.mtchem.2021.100523
https://doi.org/10.1016/j.carbon.2020.03.029
https://doi.org/10.1016/j.ceramint.2021.03.282
https://doi.org/10.1007/s10008-016-3330-4
https://doi.org/10.1007/s10008-016-3330-4
https://doi.org/10.1039/c6ra08698e
https://doi.org/10.1021/acsenergylett.1c01089
https://doi.org/10.1016/j.ijplas.2019.11.015
https://doi.org/10.1016/j.ijplas.2019.11.015
https://doi.org/10.1039/d0dt04073h
https://doi.org/10.1016/j.jmat.2021.01.013
https://doi.org/10.1016/j.jelechem.2016.06.024
https://doi.org/10.1016/j.jelechem.2016.06.024
https://doi.org/10.1007/s11581-018-2818-6
https://doi.org/10.1007/s11581-018-2818-6
https://doi.org/10.1039/c9ta11079h
https://doi.org/10.1149/2.1751713jes
https://doi.org/10.1016/j.electacta.2012.10.044
https://doi.org/10.1016/j.electacta.2019.05.087
https://doi.org/10.1016/j.electacta.2019.05.087
https://doi.org/10.1021/acsami.7b12208
https://doi.org/10.1002/adma.202002168
https://doi.org/10.1002/adma.202002168
https://doi.org/10.1039/c8ta05336g
https://doi.org/10.1016/j.jechem.2021.10.022
https://doi.org/10.1002/adma.201706310
https://doi.org/10.1002/adma.201706310
https://doi.org/10.1002/aenm.201701415
https://doi.org/10.1002/aenm.201701415
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1135325

	Polycrystal Li2ZnTi3O8/C anode with lotus seedpod structure for high-performance lithium storage
	1 Introduction
	2 Experimental
	2.1 Sample synthesis
	2.2 Sample characterization
	2.3 Electrochemical measurement

	3 Results and discussion
	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


