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Zr-doping stabilizes spinel LiMn,0y4 as a low cost long cycle life
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The present commercial spinel LiMn;O4 delivers only 90 mAh/g—115 mAh/g, far lower than the theoretical specific
capacity. It degrades fast caused by the Jahn—Teller effect, Mn dissolution and related side reactions that consume Li
inventory. In this work, Zr doping is employed to improve the structural stability and electrochemical performance of
spinel LiMnyOy4. Lij ggMny 94— Z1, 04 (x =0, 0.01, 0.02, 0.04) have been successfully synthesized by a simple solid-state
reaction method and evaluated as cathode for lithium ion batteries (LIB). Lij g¢Mn].92Zr 02Oy is superior cathode material
with a high capacity of 122 mAh/g at 1-C rate; long cycle stability, 98.39% retention after 100 cycles at 1-C rate, excellent
high rate performance 107.1 mAh/g at 10-C rate, and high temperature performance 97.39% retention after 60 cycles.
These are thought to be related to Zr doping effectively stabilizing the spinel LiMn; Oy, by forming stronger Zr—O bonds in
the octahedron, suppressing the Jahn—Teller effect, thus improving electrochemical performance.
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1. Introduction

Energy storage technologies have to be much improved
to meet the need of making full use of clean renewable energy
in order to realize the goals of carbon neutral.!'-?! Lithium-
ion batteries (LIB) is one of the best choices for energy stor-
age considering energy density and technology readiness level
so far.%*] The cathode material is the critical factor limit-
ing the performance of LIB.[>* Spinel lithium manganese
oxide (LiMnyOy4) has the merits of high voltage, high rate,
much safer, less toxic, and lower cost.[*!'! Thus it is ad-
vantageous over others in future large-scale energy storage
applications, among the current dominant cathode materials
used, especially considering resource availability and supply
chain security. However, the present commercially available
LiMn;Oy4 delivers only 110 mAh/g—120 mAh/g, far lower than
its theoretical specific capacity of 148 mAh/g. Besides, the
present LIB adopting LiMn,O4 faces the problem of fast de-
cay mainly originating from itself such as the Jahn-Teller ef-
fect, Mn dissolution and related side reactions that consumes
electrolyte.'?] High-temperature application environment will
aggravate the situation. Advanced characterization techniques
and mechanism investigation are of significance.!!>~16] Elec-
trolyte improvement with new solvents and additives are
promising strategies.!!”! For LiMn,0y4 improvement, doping
and coating are common strategies suggested to stable its
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structure and elongate cycle performance. Doping with for-
eign ions, including cations such as Li*, Nat, Mg?*, Zn>*,
Cu2t, Ni2t, AR, Fe3t, Co3t, Cri3t, Ga’t, La3t, Cedt,
Nd37, and also anions F—, S2~, B3~ have been reported to ef-
fectively improving cycle life.-!1:1418-311 Most of those ions
(e.g., Cu®*, Ni%*, Co’*t, Cr**) preferred to occupy 16d sites,
substituting Mn3*, increasing the average valence of Mn to
over 3.5, while some (e.g., Zn>* and Ga*") preferred to 8a
sites.l'!l So the occupying of the dopant determines the struc-
tural stability and electrochemical performance such as dis-
charge specific capacity and cycle performance at room tem-
perature and high temperature. High valence ions such as
Ti*t, Si*t, Zr*+, Nb>* were also reported to be reasonable

[19,21,22,27,28,30] But the dopmg

dopant for modifying LiMn,O4.
mechanism, crystalline structure evolution and electrochemi-
cal performance of some systems were still not clear. As it is
a consensus that the Li/Mn ratio in LiMn,QOy is critical in in-
dustry applications, as a partial substitute of Mn3* at 164 site
using Li in LiMn,O4 favors cycle performance with a certain
degree of capacity loses.!!!!

In the present study, we chose to further substitute
part of manganese in LiMnyO4 with zirconium (ZrO;),
Lij gsMnj 94 Zr,O4 (x = 0, 0.01, 0.02, 0.04) to examine the
effects of tetravalent cation, both crystal structure and elec-
trochemical performance. Results demonstrate that Zr doping

can improve specific capacity to 132.1 mAh/g at a very low
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dose. While, increasing dopant dose can enhance rate perfor-
mance (107.1 mAh/g at 10-C rate), capacity retention remark-
ably both at room temperature (98.39% retention after 100 cy-
cles at 1-C rate) and high temperature (97.39% retention af-
ter 60 cycles 1-C rate at 45 °C), without significant scarifying
specific capacity. Analysis results suggest that Zr-doping sta-
bilizes the MnOg octahedron by forming a stronger Zr—O bond
over the Mn—O bond, which helps alleviate the adverse impact
of the Jahn-Teller effect.

2. Experiment details
2.1. Materials

Zirconium-doped LiMn; Q4 cathode materials,

Li; 06Mn1.0404 (LMO-Zr-0.00),

Lij 06Mn1.93Zr0,01 04 (LMO-Zr-0.01),
Lij 0¢Mnj 9271 0204 (LMO-Zr-0.02),
Li; g6Mny.90Zr,0404 (LMO-Zr-0.04)

were synthesized by solid-state reaction method. Commer-
cial spherical Mn30Oy4 (98.5%, SINOSTEEL, Maanshan, An-
hui), battery grade Li;CO3 (99.5%, Nanshi, Jiangxi) and nano
ZrOy (99%, Xuancheng Jingrui New Materials Co., Ltd., An-
hui) were used as starting materials and used as received with-
out further treatment.

Materials were weighted according to the designed stoi-
chiometry and then thoroughly mixed by dry ball milling for
60 min at a rotate speed of 250 rpm using polyurethane balls.
The resulting mixtures were heated to 770 °C with a heat-up
speed of 5 °C/min, and calcined for 20 hours before naturally
cooling to room temperature. Compressed air flow was pro-
vided at a speed of 1.5 L/min for the sintering process. The
obtained materials were sieved using a 200-mesh sieve before
the test.

2.2. Cell assembling

To prepare the LiMn,O4 cathode electrode, LiMn, Oy, su-
per P (Timcal) and PVDF (5230, Solvay) were first dispersed
by a weight ratio of 90:5:5 using N-methyl pyrrolidone (NMP,
99%, Aladdin) solvent. The obtained slurry was then coated
evenly on aluminum foil to produce the green cathode film.
The cathode films were then dried at 110 °C for 12 hours
in a vacuum oven before use. The diameter of the electrode
was 12 mm with active material loading of about 5 mg/cm—2.
The CR2032 coin cells were assembled in an argon-filled
glove box (H,O < 0.1 ppm and Oy < 0.5 ppm) using lithium
foil as an anode, LiMn;O4 cathode electrode and PP separa-
tor (25 um). The electrolyte 1-M LiPF6 in EC/DEC/EMC
(1:1:1 in volume) was purchased from Dongguan Shanshan,
and 70 pl of electrolyte was injected in each cell. All the cells
were settled for 6 hours before the test to ensure adequate in-
filtration.

2.3. Electrochemical test

Cyclic voltammetry was conducted from 3 V to 4.5 V
with different scan rates of 0.1 mV/s, 0.2 mV/s, 0.4 mV/s,
0.5 mV/s, 0.8 mV/s, and 1 mV/s on an Arbin LBT20084 cell
tester. The galvanostatic charge/discharge cycling between
3 V-4.3 V was performed on the LAND BT2000 battery tester.
For cycle and rate performance investigation. The cells were
activated at 0.1 C for one cycle before subsequent cycles (1 C
and 5 C) and rates (0.1 C, 02 C,05C, 1 C,2C,5C,
10 C, 0.1 C) evaluations. Electrochemical impedance spec-
trums (EIS) were conducted on Zahner Ennium pro electro-
chemical work station in the frequency range of 0.01 Hz to
10% Hz, with a 5-mV AC voltage perturbation.

2.4. Characterization

The LiMn, 04 cathode materials were measured by pow-
der x-ray diffraction (XRD, Bruker D8 Advanced) to iden-
tify phase and analysis crystal structure evolution. Morphol-
ogy and microstructure were studied on scanning electron mi-
croscopy (SEM, Hitachi Regulus8100) and transmission elec-
tron microscopy (TEM, JEM-F200). Energy dispersive spec-
troscopy (EDS) amounted on SEM was employed to inquire
about the element mapping over the cathode samples. Raman
spectrums were investigated on a Renishaw Invia reflex Ra-
man microscope.

3. Results and discussion
3.1. Crystal structure analysis

The phase purity of nominal zirconium-doped
Li1_06M1’1].94,xZI'xO4 (x = 0, 001, 002, 004) cathode ma-
terials as synthesized are investigated using powder x-ray
diffraction (XRD) technique. As shown in Fig. 1(a), the
main diffraction peaks are identified to cubic spinel phase
(Fd3m) LiMnyO4 (match well with JCPDS No. 035-0782).
The diffraction peaks corresponding to (111), (311), (222),
(400), (331), (333), (440), and (531) crystal planes are clearly
observed for all the obtained samples. The cubic structural lat-
tice constants are further analyzed by Rietveld analysis. The
simulated patterns and parameters are presented in Fig. 1 and
Table 1. The patterns are well-refined considering Zr taking
the 16d site, see Figs. 1(c)-1(f) and Table 1. The lattice con-
stants are 8.23775 A, 8.23314 A, 8.23202 A, and 8.22986 A
for LMO-Zr-0.00, LMO-Zr-0.01, LMO-Zr-0.02, and LMO-
Zr-0.04 respectively, decreased from 8.23314 A to 8.22986 A
along with the increasing of Zr doping concentration. And so
are the Mn/Zr—O bonds, for LMO-Zr-0.00, LMO-Zr-0.01, and
LMO-Zr-0.02, except for nominal LMO-Zr-0.04, see Table 1.
Theoretically, Li, Mn, and O atoms are situated at 8a, 16d, and
32e sites respectively in spinel LiMn,0y4.[4>!11 However, Li
and Mn atoms are usually forming anti-site to a certain extent,
i.e., part of Li occupies 164 site and otherwise some Mn locate
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at 8a sites, due to the imperfect of precursor and synthesis con-
ditions, which may block the movement of conduction Li ions
thus cause capacity lose and other electrochemical degrada-
tion. In this work, Zr atoms are thought to partially substitute
Mn at the 164 site. The well-refined results confirm this con-
figuration. The refined occupying values of the 8a site suggest
that zirconium doping reduces the relative occupying degree
of Mn at the Li_8a site. This configuration may favor the
diffusion of Li ions. These facts suggest that zirconium dop-
ing strengthens MOg octahedral through stronger Zr—O bond,
considering the high Zr—O bonding energy than that of Mn-O,
which may help maintain the structural integrity and improve
cycle performance of LiMn,O4 cathode. The ratio of peak
intensity 1(311)/1(400) was calculated and listed in Table 1.
Results show that zirconium doping may be beneficial to the
cycle stability improvement of LiMn,Oy4 cathode, according
to previous reports. 32! Very weak peaks at 260 = 28.22° and
31.84° are detected in LMO-Zr-0.02, and become stronger in
LMO-Zr-0.04, see Fig. 1(a), which are attributed to ZrO,. The
ZrO, is originated from the un-reacted dopant. The results
indicate that a small part of the ZrO, dopant was not diffused
into the parent LiMn,O4 under these calcination conditions.
This fact is also confirmed by SEM and TEM characteriza-
tions in the next section. As a result, the actual Li/Mn ratio in
nominal LMO-Zr-0.04 is higher than the designed 1.06, which
means more Li atoms occupy the Mn_16d site thus leading to
longer Mn—O length. This explains the anomaly in the refined
results including Mn—O bond length, occupying degree of Mn
at Li_8a site, and Rprage for nominal LMO-Zr-0.04 compared
to that of LMO-Zr-0.00, LMO-Zr-0.01, and LMO-Zr-0.02.
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Fig. 1. XRD patterns (a), and [(b)—(e)] refined XRD data of nominal Zr-
doped Lij gsMnj.94—xZr 04 (x =0, 0.01, 0.02, 0.04) cathodes calcined at
770 °C for 20 h in air, (b) LMO-Zr-0.00, (¢) LMO-Zr-0.01, (d) LMO-Zr-
0.02, (e) LMO-Zr-0.04.

Table 1. Crystal structural parameters of Li g¢Mnj 94—xZryO4 cathode (x =0, 0.01, 0.02, 0.04).

Sample Lattice constant a (A)  Unit cell volume (A3)  Rprage Ox OccLi8a OccMn_16d Mn-O length (A) I(311)/1(400)
LMO-Zr-0.00 8.23775 559.018 330  0.23797 1.27152 0.99824 1.9653(12) 1.078
LMO-Zr-0.01 8.23314 558.080 2.34 23702 1.06745 0.94050 1.9572(11) 0.996
LMO-Zr-0.02 8.23202 557.852 2.08  0.23705 1.08051 0.93742 1.9572(11) 0.968
LMO-Zr-0.04 8.22986 557.413 2.67 23797 1.11646 0.93402 1.9635(12) 0.993

3.2. Morphologies analysis

Morphologies of the as-synthesized cathode materials are
studied using field emission scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
shown in Figs. 2(a)-2(d), the cathode materials are all sec-
ondary spherical particles, made of primary nano-crystals,
with a diameter of about 6 um—12 um. The spherical struc-
ture here born from the spherical Mn3O4 precursor used,
will reduce the effective contact area with liquid electrolyte.
Therefore, alleviates Mn dissolution and related side reactions,
which is critical for LiMn,O4 when we are aiming at elongat-
ing the electrochemical cycle capability. Zr was evenly dif-
fused into the parent materials as confirmed by both SEM/EDS
Figs. 2(e) and 2(f) and TEM/EDS Figs. 2(i)-2(1). It is no-

table that there were nano particles attached on the surface
when comparing the doped cathodes, Fig. 2(h), and the un-
doped cathode, Fig. 2(g). And the amount of nano particles
increase upon the increasing of zirconium doping concentra-
tion Figs. 2(b)-2(d), which are identified to be the unreacted
dopant ZrO,, as presented in Figs. 2(1)-2(1). This observa-
tion is consistent with the XRD analysis mentioned above. So,
the calcination condition we employed lead to composite cath-
odes, i.e., the obtained cathode is actually zirconium-doped
and unintended partial isolated coated, and doping domains.
Doping stabilizes crystal structure and coating reduces surfi-
cial reactions, both of which are beneficial to improve the cy-

cle performance of the cathode.
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Fig. 2. The SEM and TEM images of as-synthesized nominal Zr-doped
Lij gsMny 94 Zr,O4 (x =0, 0.01, 0.02, 0.04) cathodes. (a) and (e) LMO-
Zr-0.00; (b) and (f) LMO-Zr-0.01; (c) and (g) LMO-Zr-0.02; (d) and (h)
LMO-Zr-0.04; SEM/EDS mapping of (¢) Mn and (f) Zr element; TEM/EDS
mapping of (j) Mn, (k) O, and (1) Zr element corresponding to the selected
area in panel (i); (a)—(d) and the insertions in panels (a)—(d) are SEM images
in the larger area taken at lower magnification rate for the corresponding
cathode materials; And panels (g)—(h) are TEM images. The red cycles in
panels (i) and (1) are marked to illustrate the nano ZrO; particle.

Intensity (arb. units)

100 200 300 400 500 600 700 800
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Fig. 3. The Raman spectrums of Zr-doped cathodes: curve a LMO-Zr-
0.00, curve b LMO-Zr-0.01, curve ¢ LMO-Zr-0.02, and curve d LMO-
Zr-0.04.

Raman spectrum is often used to characterize the vibra-
The
curves a—d in Fig. 3 are the Raman spectrums recorded from
100 cm~! and 800 cm™!.
frequency vibrational bands around 620 cm~'-660 cm~! and

tion mode of chemical bonded atoms in the crystal.
The spectrums showed high-

560 cm~!'-590 cm™~!, and medium frequency vibrational band
around 300 cm~!'—400 cm~! and low-frequency bands at about
160 cm™!.

Raman spectrum was reported previously.!'®33-361 The low
-1

The vibration mode of spinel LiMn;Oy4 in the
wavenumber at around 160 cm™" is unexpected and not ex-
perimentally reported as far as we know, which might be
originated from the Li deficient Lip sMn;O4 phase.[33‘35] The
medium frequency peak located between 300 cm™~'—-400 cm ™!
is related to Li—O vibration. The strong band at 627 cm™!—
640 cm~! is assigned to Mn—O symmetric stretching mode in
MnOg octahedron. The band peaks shift to higher wave num-
ber upon zirconium doping, which may be attributed to the
shortness of the bond and stronger Zr—O bond compared to

Mn-O in the octahedron. And a maximum of 6 cm™! shift was

observed for LMO-Zr-0.02. This result suggests that LMO-Zr-
0.02 is potentially stable for the electrochemical cycle, and is

consistent with the results derived from XRD data refinement.

3.3. Electrochemical charge—discharge assessment

Cyclic voltammetry (CV) analyses in a range of 3.0 V-
4.5 V were conducted to study the oxidation and reduction po-
tentials for the Lij gMnj 9404 and Zr-doped LiMn,Oy4 cath-
ode materials, displayed in Fig. 4(a). Two oxidative peaks and
two reductive peaks are observed, corresponding to Li-ion ex-
traction and intercalation process. The oxidative and reductive
potentials for LMO-Zr-0.00 are 4.13 V, 4.25 V, and 3.88 V,
4.03 V respectively. Whereas, Zr-doped LiMn,0O4 cathodes
LMO-Zr-0.01, LMO-Zr-0.02, and LMO-Zr-0.04 have higher
oxidative potentials. Meanwhile, larger oxidative currents are
observed for LMO-Zr-0.01 and LMO-Zr-0.02 compared to
LMO-Zr-0.00, and LMO-Zr-0.04 delivers the lowest oxidation
current. Moreover, LMO-Zr-0.01 and LMO-Zr-0.02 cathodes
display a large capacity than the other two cathodes. These
results indicate that LMO-Zr-0.01 and LMO-Zr-0.02 cathodes
have superior lithium-ion extraction and intercalation dynam-
ics than LMO-Zr-0.00 and LMO-Zr-0.04.

(a) (b) —LMO-Zr-0.00

0.2 —LMO-Zr-0.00 —LMO-Zr-0.01
) —LMO-Zr-0.01 600 —LMO-Zr-0.02
2 0 —LMO-Zr-0.02 —LMO-Zr-0.04
z 0 —LMO-Zr-0.04 s
g 0.1 mV/s N 400
= o )
5 200
© —0.1 o

0 T T T
3.0 3.3 3.6 3.9 4.2 4.5 0 200 400 600 800
Voltage (V) -7 (Q)

Fig. 4. (a) The C-V profiles at scan 0.1-mV/s rate and (b) Nyquist plots
of coin cells based on LMO-Zr-0.00, LMO-Zr-0.01, LMO-Zr-0.02, and
LMO-Zr-0.04 cathode materials.

The galvanostatic charge/discharge performance of the
calcined cathode materials was conducted using different C-
rates at room temperature and high temperature (45 °C). Con-
stant current and constant voltage (CCCV) charging mode for
the charging process (charging ended at 0.05 C) and constant
current (CC) for discharging process were used. The ini-
tial charge/discharge profiles, initial columbic efficiency, dis-
charge capacity retention, and rate performance are demon-
strated in Fig. 5. There are two discharge plateaus located
around 3.95 V and 4.09 V, two charge plateaus around 4.04 V
and 4.17 V respectively for LMO-Zr-0.00 material. LMO-Zr-
0.01 and LMO-Zr-0.02 materials have larger discharge voltage
and lower charge voltage, i.e., smaller over-potential, indicat-
ing faster Li ion extraction/intercalation performance. This is
consistent with oxidation/reduction profiles displayed in the

CV analysis.
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Fig. 5. Galvanostatic charge—discharge of Zr-doped cathodes (a) the first charge—discharge curves at 0.1 C at room temperature, (b) rate per-
formance at room temperature, (c) 1-C cycle at room temperature, the cell for LMO-Zr-0.00 was intentionally stopped as it dived at about 180

cycles, (d) 1-C cycle at 45-°C high temperature.

The specific discharge capacity of LMO-Zr-0.01 is
132.1 mAh/g, surpassing that of LMO-Zr-0.00 at 128.5 mAh/g
at 0.1 C, while that are 122.0 mAh/g and 121.5 mAh/g for
LMO-Zr-0.02 and LMO-Zr-0.04. The initial columbic effi-
ciencies are 96.32%, 97.41%, 96.13%, and 96.35% respec-
tively. The EIS measured after the first two cycles displayed
in Fig. 4(b) demonstrates that LMO-Zr-0.01 and LMO-Zr-
0.02 cathodes are favorable from the aspect of impedance, and
LMO-Zr-0.02 cathode has the smallest impedance. The spe-
cific capacities are 125.1 mAh/g, 126.1 mAh/g, 121.2 mAh/g,
and 117.4 mAh/g at a 1-C rate, much higher than the most
of the available commercial LiMn;O4 cathode materials.
LMO-Zr-0.01 and LMO-Zr-0.02 materials show excellent rate
performance and obvious advantage over LMO-Zr-0.00 and
LMO-Zr-0.04, when the rate increased to 10 C, they still de-
liver 105.1 mAh/g and 107.3 mAh/g respectively. The capac-
ity retentions are 95.80%, 95.80%, 98.39%, and 97.72% for
100 cycles at 1 C at room temperature. And capacity reten-
tion is still 97.31% for LMO-Zr-0.02 after 200 cycles, which
is the highest for all the four cathodes. When subjected to an
environmental case of 45 °C, all the four cathode materials
demonstrate high specific discharge capacities, 128.7 mAh/g,
127.4 mAh/g, 123.3 mAh/g, 120.9 mAh/g respectively for
LMO-Zr-0.00, LMO-Zr-0.01, LMO-Zr-0.02, LMO-Zr-0.04,
comparable to that at room temperature. Moreover, LMO-Zr-
0.02 shows better capacity retention over the others, 97.39%
after 60 cycles. These results together confirm that LMO-Zr-

0.02 is a cathode material with high specific and long life,
which originates from the simple zirconium doping, and is re-
lated to its stabilized structure.

4. Conclusion

In summary, Zr-doped spinel Lij gsMnj 94—Zr,O4 (x =
0, 0.01, 0.02, 0.04) have been successfully synthesized by
a simple solid-state reaction method. Zr doping stabilizes
the LiMnyO4 by stronger Zr—O bonds in the octahedron,
thus improving electrochemical performance. Zr doping at
a lower level improves the specific capacity (132.1 mAh/g
for Lij g¢Mnj 93Zr¢ 0104, surpassing that of Lij gsMnj 9404,
128.5 mAh/g at 0.1 C), increasing the doping level will
reduce the capacity (122.0 mAh/g and 121.5 mAh/g for
Li1,06Mn1.922r0_0204 and Li],oéMnl,g()Zr().o404), but will fur-
ther promote the stability of LiMn;O4, Lij gsMny 92Zr( 0204
is a superior cathode material candidate with high capacity,
long stability, excellent high rate performances, and high-
temperature performance. It is thought to be the balance point
of high specific capacity and cycle stability. To verify on large
scale quantity synthesis and assessment in commercial-level
cells is being promoted for practical applications.
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