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Spinel LiMgxMn2.xO4 cathode materials were synthesised using a hydrothermal method, with the effects
of doping Mg on the structure and electrochemical performance of LiMn204 subsequently investigated.
It was found that no other hybrid phases existed in the LiMgxMn2-xO4 and that doped Mg cannot change
the spinel lattice type of LiMn2Os. An appropriate Mg content was beneficial for improving the
crystallinity and particle uniformity of the samples. The electrochemical performance of the
LiMgxMn,-<O4 was assessed in the 2.9~4.3 V range, with the specific discharge capacity of the LiMn204
potentially reaching 139.9 mAh g~! at 0.2 C, with a capacity retention rate of 63.76% after 100 cycles.
Furthermore, the LiMn197Mgo0304 demonstrated an excellent cycling performance at both room
temperature (25°C) and at a high temperature (55°C). At 25°C, the first specific discharge capacity was
124.3 mAh g! at 0.2 C, with a capacity retention rate of 94.29% after 100 cycles, while the specific
discharge capacity can reach 94.8 mAh g ' at 5 C and 74.0 mAh g ! at 10 C. At 55°C, the initial specific
discharge capacity was 125.6 mAh g at 0.2 C, with a capacity retention rate of 85.43% after 100 cycles.
The cyclic voltammogram curves and electrochemical impedance spectroscopy results indicated that,
compared with the pristine LiMn204, the LiMn1.97Mgo.0304 had a larger Li*-ion diffusion coefficient and
smaller resistance during the charge—discharge process. Overall, the results indicated that Mg doping is
beneficial in improving the electrochemical performance of spinel LiMn2Oa.
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1. INTRODUCTION

Currently, due to the rapid development of the economy, the world is faced with a series of issues,
including resource shortage, energy exhaustion and environmental deterioration. These issues have
seriously threatened the survival and development of human beings, forcing us to seek the development
of green renewable energy. Worldwide, countries have made great efforts to research and utilise
renewable and green energy sources, such as solar energy, wind energy and tidal energy. However, these
sources are surrounded by uncertainty in terms of both time and space [1—4], with the development of
cheap and environmentally friendly energy storage technology becoming the key factor in utilising such
energy sources. Lithium-ion batteries have the advantages of small size, high voltage, large capacity,
long life and no memory effect [5, 6] and are thus regarded as an ideal means of energy storage and
conversion, currently widely used in the fields of electronics, communications and power vehicles [7].
Spinel LiMn,0O4with a three-dimensional lithium (Li)-ion diffusion channel is deemed to be an excellent
cathode material [8—10], with the material having considerable research value and development potential
due to the attendant high-voltage platform, abundant manganese (Mn) resources, low production cost,
good safety and environment friendly characteristics [11—13].

However, spinel LiMn2O4 exhibits serious capacity fading during the charge—discharge process
due to the Jahn-Teller distortion effect, the dissolution of the Mn and the oxygen defect, which is
hindering the material’s commercial development [14, 15]. The Jahn—Teller distortion results in the
transformation of the LiMn20O4 from a cubic crystal phase to a tetragonal crystal phase [16—19], which
is accompanied by both volume change and lattice strain, making the reversibility of Li* insertion and
extraction difficult [20]. A portion of the Mn ions enter the tetrahedron 8a position and the Li ions enter
the tetrahedron 16c¢ position, resulting in cation mixing and irreversible capacity. Meanwhile, the
dissolution of the Mn is due to the disproportionation reaction of Mn3*ions, Mn® — Mn?* + Mn**, with
the resulting Mn?" easily soluble in the electrolyte solution [21—23]. In addition, the hydrofluoric acid in
the electrolyte can corrode the cathode material, resulting in the dissolution of the Mn [24]. Meanwhile,
hypoxic LiMn,O4emerges due to the effect of poor synthesis conditions, such as an excessive synthesis
temperature or insufficient oxygen [25, 26]. Doping ions presents one of the effective methods for
alleviating the capacity decay, with numerous studies demonstrating that partially replacing the Mn3*
with doping cations, such as Ni?*, CO®*", AI**, Cr¥*, Mg?*, and Fe3*, can inhibit the Jahn—Teller distortion,
thus enhancing the structural stability of spinel LiMn2O4[27-32].

In this paper, LiMgxMn2.xOs was synthesised using a hydrothermal method, with the effect of
doping Mg?* ions on the crystal structure of the material subsequently studied along with the discharge
capacity, cycling performance and Li*-ion diffusion behaviour of the LiMgxMn,-xO4 cathode materials.

2. EXPERIMENTAL

2.1 Synthesis of materials

Various LiMgxMn2x0a4 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05) samples were synthesised using the
hydrothermal method. Here, 0.79 g of KMnOsand 0.21 g of LIOH-H20 were dissolved in 50 mL of
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deionised water before the corresponding amount of MgO was added along with an appropriate amount
of aniline (the aniline/KMnO4 molar ratio = 0.2) to serve as the reducing agent. The solution was then
stirred evenly for 20 min and transferred to a 100-mL reactor for 12 h, with the reaction temperature set
to 200°C. The resulting mixture was then filtered and dried before heat treatment at 600°C was performed
for 3 h in a high-temperature tube furnace to stabilise the crystal pattern and obtain the LiMgxMn2.xO4
(x=0,0.01, 0.02, 0.03, 0.04, 0.05) samples, with the corresponding samples labelled LMO, LMMO-1,
LMMO-2, LMMO-3, LMMO-4 and LMMO-5.

2.2 Materials characterization

An X-ray diffractometer (XRD, D/Max2500, Japan) was used to characterise the crystal structure
and conduct the phase analysis of the samples. Here, the radiation source was Cu-Ka, the wavelength
was 0.15406 nm, the scanning rate was 4°min~! and the scanning range was 10°-80°. Meanwhile,
scanning electron microscopy (SEM, Zeiss Sigma300, Germany) was used to observe the morphology
of the samples, while energy dispersive spectroscopy (EDS) was used for the elemental analysis. Finally,
X-ray photoelectron spectroscopy (XPS, ThermoFisher, Thermo Scientific K-Alpha+) was adopted to
evaluate the valence state of the Mg-doped LiMn,0O4 nanoparticles.

2.3 Electrochemical characterization

Acetylene black, polyvinylidene fluoride and LiMn2xTixO4 were mixed in an agate mortar with
a mass ratio of 8:1:1 before an appropriate amount of N-methylpyrrolidone was added. After being
uniformly ground, the slurry was evenly spread onto aluminium foil and dried. Following this, a hole
punch was used to prepare a positive electrode sheet with a diameter of 11 mm, while a Li sheet and
microporous polypropylene film (Celgard 2400) were used for the negative electrode and the separator,
respectively. Finally, 1 M LiPFe in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC)
and diethyl carbonate (DEC) (Vec:Vowmc:Voec = 1:1:1) was used as the solution electrolyte. The cells
were assembled into button batteries and placed in a glove box.

A battery test system (LAND-CT2001A, Wuhan, China) was used to conduct a constant current
charge/discharge experiment on the prepared half-cell at room temperature (25°C), with the cut-off
potential of the charge/discharge set between 2.9 and 4.3 V. Cyclic voltammogram curves (CVs) were
then obtained using an electrochemical workstation (CHIG00A), which was also used to obtain the
electrochemical impedance spectroscopy (EIS) spectra. Here, the frequency range was 0.01 Hz—10 kHz,
while the amplitude was 5 mV.

3. RESULTS AND DISCUSSION

3.1 Structure and morphology

The XRD patterns of all the samples are shown in Fig. 1. The characteristic diffraction peaks,
(111), (311), (222), (400), (331), (511), (440) and (531), of LiMn2O4 appeared across all the samples,
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with the peaks observed to be sharp. No impurity peaks were detected, indicating that the hydrothermal
method used in this study was effective in synthesising the pure phase of the spinel LMO with fine
crystallisation products. The enlarged (400) diffraction peak in the range of 43.5°-45° can be seen in the
right side of Fig. 1. Here, with the increase in doping amount, the lattice of the LiMn2O4 contracted and
the (400) diffraction peak shifted towards a larger angle.
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Figure 1. The XRD patterns of the samples and the enlarged (400) diffraction peak

Table 1. Lattice parameters of the samples

Lattice parameters

Samples 2 (A) v (A9 I311)/1(400) FWHM @400
LMO 8.2249 556.4178 0.9409 0.3295
LMMO-1 8.2238 556.1912 0.9908 0.2735
LMMO-2 8.2207 555.5523 0.9884 0.2930
LMMO-3 8.2174 554.8814 0.9961 0.2601
LMMO-4 8.2154 554.4738 0.9928 0.3461
LMMO-5 8.2143 554.2623 0.9926 0.3266

The lattice parameters of the samples were obtained via Rietveld refinement of the XRD data
(Table 1). The crystal structure, Fd-3m, was used in these refinements, while the lattice constants a =
8.2249, 8.2238, 8.2174, 8.2154 and 8.2143 A were used for LMMO-1, LMMO-2, LMMO-3, LMMO-4
and LMMO-5, respectively. The lattice parameters gradually decreased with the increase in Mg content
(x). The radius of the Mg?* ions (0.065 A) was similar to that of the substituted ion Mn®* jons (0.00645
A), while the Mg—O bonding energy was higher than the Mn—O bonding energy [33, 34], a situation that
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led to the lattice shrinkage of the doped samples, implying enhanced binding forces between the
structural atoms within the spinel, reduced crystal cell volume and an enhanced structural stability of the
product. The (311)/(400) intensity ratios and the full width at half maximum (FWHM) values of (400)
are also listed in Table 1. Compared with the LMO, the Mg-doped samples exhibited higher (311)/(400)
intensity ratios and smaller half peak widths, indicating that the structural stability of the Mg-doped
samples was improved, especially in the case of the LMMO-3 sample. Furthermore, previous research
results [35, 36], which have good crystallinity and electrochemical properties.

The SEM images of LiMgxMn.xOa4 (Fig. 2) revealed that the crystal sizes of the samples were
small and submicron, while the particles were octahedral or polyhedral in shape, indicating that the
doping of the Mg?* ions did not change the morphology of the materials. Compared with the particles of
the undoped LiMn20s, those of the LiMgxMn>—xO4 were more regular, while the crystal size was slightly
decreased. Here, it can be inferred that a high Mg doping ratio results in a decrease in the single crystal
size, which is essentially in line with the above analysis. Meanwhile, Fig. 3 presents the EDS spectrum
and the element mapping of the LMMO-3, from which the elemental composition of the sample could
be recorded. Here, Mn, O and Mg elements were observed in the sample, confirming the successful
doping of the Mg?* ions.

Figure 2. The SEM images of the samples: (a) LMO, (b) LMMO-1, (c) LMMO-2, (d) LMMO-3, (e)
LMMO-4 and (f) LMMO-5
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Figure 3. The EDS mapping of the LMMO-3 sample

The XPS spectra of the LMO and LMMO-3 samples are shown in Fig. 4a, while the full range
of the XPS spectra is presented in the remainder of the figure. Here, the characteristic peaks of C1s, O1s,
Mn2p and Mgls were clearly observable in the LMMO-3 sample.
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Figure 4. (a) The XPS full spectra of the LMO and LMMO-3 samples, (b) the Mg1ls peaks of the LMO-
3, (c) the fitted Mn 2p3/2 peaks of the LMO and (d) the fitted Mn 2pz/. peaks of the LMMO-3
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The XPS peak at the binding energy of 1302.8 eV, as is shown in Fig. 4b, was attributed to Mg1s,
indicating that the Mg ions were doped into the lithium manganate lattice. As is shown in Fig. 4c, the
representative peak at the bond energy of 642.14 eV corresponded to Mn2ps/2, indicating that in the
lithium manganate lattice, Mn ions mainly coexisted with Mn®* and Mn**ions, which were around 641.5
and 642.6 eV, respectively [37]. Based on the different photoelectron peak-area ratios, the percentage of
Mn*/Mn* of the LMO sample was 50.59%/49.41%. As is shown in Fig. 4d, the Mg?*-ion doping
reduced the percentage of Mn**/Mn** (45.30% /54.70%), indicating that Mg?* replaced the Mn®* sites in
the crystal structure of the material. It was also found that the Mn** content increased to a certain extent
(54.70%), potentially alleviating the Jahn-Teller effect and improving the structural stability of the
LiMn,O4 cathode material [38].

3.2 Electrochemical performance

A galvanostatic charge/discharge test was conducted at a range of 2.9-4.3 V, with the results
shown in Fig. 5. Here, Fig. 5a shows the first charge/discharge curves of all the samples at 0.2 C. The
samples exhibited two charging and discharging platforms at around 3.95 and 4.10 V, which indicated
that in the LMMO with a low Mg doping ratio, the Li extraction—insertion process was similar to the
pure- phase LMO. All the samples underwent two reversible redox processes. Note that the LMO had a
high first specific discharge capacity of 139.9 mAh g!, while with the increase in doping content, the
initial specific discharge capacities of the samples tended to decrease (127.1, 122.2, 124.3, 111.4 and
105.9 mAh g ', respectively). This was because Li* (0.0076 A) and Mg?* (0.0065 A) have similar ion
radii and Mg-materials are prone to Mg?* migration to Li* holes, resulting in structural disorder, meaning
Mg doping will have an effect on the specific capacity of the material [39]. However, the cycle
performance curves at 0.2 C (Fig. 5b) indicated that the undoped LiMn204 underwent rapid capacity
fade, with its specific discharge capacity 89.2 mAh g~! and its capacity retention 63.76% after 100 cycles.
With the increase in Mg doping quantity, there initially emerged an increasing trend of the capacity
retention before a subsequent decrease. The discharge specific capacities of the samples, from LMMO-
1 to LMMO-5, were 109.6, 107.6, 117.2, 103.1 and 99.1 mAh g ™!, respectively, with capacity retentions
of 86.23%, 88.05%, 94.29%, 92.55% and 93.58%, respectively, after 100 cycles. Among all the samples,
LMMO-3 exhibited a higher initial discharge capacity and the best cycling retention, suggesting that the
Mg doping of LiMn,O4 can indeed improve the cyclic stability of the material. The rate capabilities of
the samples at various current rates are shown in Fig. 5c. Here, it was clear that all the doped samples
had a higher capacity than the undoped LiMn.O4 at a high current density. Specifically, the discharge
capacities of LMMO-3 were 124.5, 126.1, 120.7, 94.8 and 74.0 mAh g 'at 0.2, 0.5, 1, 5 and 10 C,
respectively, the best performance among all the samples. Furthermore, the rate performance of the Mg-
doped LiMn2O4 was far better than that of the LiMn2O4 prepared via hydrothermal synthesis reported
by Lv et al. [40], again indicating that Mg doping can improve the electrical conductivity and Li*
diffusion behaviour of the material.

Table 2 shows the relevant electrochemical data of the LiMn204 cathode material prepared by
doping different metal ions in previous studies. Here, it was found that the addition of a specific amount
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of ion doping will reduce the capacity of the cathode material but will assist in maintaining the stability
of the cycle properties. In the present work, the Mg-doped LiMn204 spinel cathode materials prepared
via hydrothermal synthesis demonstrated an excellent electrochemical performance, with a high initial
discharge ratio capacity and stable cycle performance.
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Figure 5. Galvanostatic charge/discharge test results for the samples between 3.0 and 4.5 V at room
temperature: (a) initial charge/discharge curves at 0.2 C, (b) cycling performances at 0.2 C and
(c) rate performances at various current densities

Table 2. Performance parameters of the LiMn204 synthesised by doping different metal ions

Initial discharge Dicharge rate/number of

Methods capacity(mAh g%) cycles Capacity retention Reference
Mg-doped 124.3 100cycles at 0.2C 94.29% This work
Al-doped 100.7 400cycles at 0.5C 93.5% [41]
Sc-doped 117 500cycles at 1C 74.0% [42]
Ni-doped 105.0 1000cycles at 1C 68.6% [47]

Co-doped(Mg-Si) 128.3 100cycles at 0.5C 92.8% [36]
Co-doped(Ni-Mg) 112.3 1000cycles at 1C 73.7% [46]

Co-doped(Al-Si-Mg) 123.6/55°C 100cycles at 0.5C 93.8%/55°C [49]
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Compared with the electrochemical performance at 25°C, the capacity decay of spinel LiMn204
materials tends to be more severe at high temperatures (55°C) [43]. The cycling performance curves of
the LMO and LMMO-3 at 0.2 C and 55°C are shown in Fig. 6. Here, the sample doped with Mg?* had a
lower initial specific discharge capacity, which was due to the partial substitution of the Mn3* with Mg?",
while the initial specific discharge capacity of the LMO was 128.6 mAh g~'. However, after 100 cycles,
the discharge capacity decayed to 61.6 mAh g~!, while the capacity retention was only 44.48%. The
initial specific discharge capacity of the LMMO-3 at 55°C was 125.6 mAh g!, with capacity retention
of 85.43% after 100 cycles. These results were superior to those reported by Cai et al. under similar
conditions (50 cycles, 82%/55°C) [41], confirming that 3% Mg doping can greatly improve the high-
temperature stability of spinel LiMn2O4 [44], while the Jahn—Teller distortion effect can also be
effectively alleviated.
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Figure 6. Cycling performances of the LMO and LMMO-3 at 0.2 C at a high temperature (55°C)

The cyclic voltammetry curves of the initial five cycles of the LMO and LMMO-3 at a scanning
rate of 0.02 mV s~! are shown in Fig. 7. Here, it was clear that the CV curves of the LMO and LMMO-
3 were similar in shape, with two pairs of reversible redox peaks corresponding to the two-step Li*
intercalation/deintercalation process of LiMn20O4. Compared with the CV curves of the LMO and
LMMO-3, the redox peaks of the LMMO-3 exhibited better symmetry, indicating that the Li* extraction
and insertion process demonstrated improved reversibility. The coincidence of the CV curves with
different cycles reflects the cycle stability of the materials. As Fig. 7a shows, with the increase in cycle
number, the redox potential difference of the LMO samples gradually increased, while the corresponding
peak current significantly decreased. The overlap of the initial five CV curves was clearly poor.
Meanwhile, as is shown in Fig. 7b, the initial five cycles of the LMMO-3 completely overlapped,
indicating that the structure will be more stable and less prone to distortion during the process of Li-ion
extraction/insertion [45].
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Figure 7. The CV curves of (a) LMO and (b) LMMO-3 at a scan rate of 0.05 mV s™! for the initial five
cycles at 25°C

Cyclic voltammetry analysis was then performed to study the kinetic process of the LMO and
LMMO-3 at scan rates of 0.1-0.8 mV s%, with the results shown in Fig. 8. As Fig. 8a and Fig. 8b show,
the peak currents of the LMMO-3 were larger, while the redox peaks potential shifted to both sides with
the increase in scan rate. Meanwhile, Fig. 8c shows the relationship between the square root of the scan
rate (v*'2) and the ipa2 peak current (lp), revealing that they had a good linear relationship and indicating
that the Li-ion charge/discharge process is essentially a diffusion-control process. The Li* diffusion
coefficient ( D+ ) could be calculated using the following formula [46—48]:

Ip = 2.69 X 105 X n%/% X A X D{/% X Cp;4 X v}/2
where Iy is the peak current (mA), n is the electron transfer number (n = 1), A is the electrode surface
area (cm?), Cui+ represents the Li-ion concentration (0.02378 mol cm™3) and v is the scan rate (mV s™').
The Dvi+ of the LMO and the LMMO-3 were calculated to be 3.64 x 107'2and 5.69 x 1072 cm?s™!,
respectively. Clearly, the diffusion coefficient of the LMMO-3 was larger, indicating that in the
charge/discharge process, the Li-ion transfer rate was rapid, meaning the rate performance was excellent.
This is related to the good crystallinity and stable crystal structure of the material.
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The EIS spectra of the LMO and LMMO-3 after the first and 100th cycles are presented in Fig.
9. The intercept of the semi-arc with the X-axis in the high frequency region indicates the solution
resistance of the electrolyte (Rs), while the semi-arc in the intermediate frequency region is generated by
the interaction between the interface impedance (Rf) and the charge transfer impedance (Rc) that is
related to the electronic conductivity of the material [49]. Meanwhile, LiMn2Os is an n-type
semiconductor material, and its electron conduction is mainly realised by the electron transition between
low-valence Mn®* and high-valence Mn** ions. In the figure, the oblique line represents the Warburg
impedance (W1), which is related to the Li* ions diffusion rate in the electrode. According to the principle
of least-square fitting, the equivalent circuit model was established based on the experimental data, and
the impedance value was fitted, as is shown in Table 3. After the first cycle, the Rrand Rt values of the
LMMO-3 were smaller at 46.29 and 23.91 Q, respectively. The smaller the charge transfer resistance,
the higher the electronic conductivity. Meanwhile, the Rf and Rct values of the LMO were larger, which
had been due to the interface reaction of smaller grains. To further assess the internal impedance changes
between the doped and undoped samples, the LMO and LMMO-3 were tested following 100 cycles,
with the results shown in Fig. 9b. Here, the impedance difference between the two samples was more
obvious after 100 cycles, with the Rfand Rct values of the LMO increasing to 323.30 and 212.60 Q,
respectively, and those of the LMMO-3 increasing to 133.20 and 102.70 Q, respectively. The resistance
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of the LMO was larger after 100 cycles because the lattice structure was severely distorted and the
obstacles to Li-ion migration increased [50—51]. Meanwhile, due to the fine particle size, the more stable
structure and the stable Li* diffusion channel, the LMMO-3 had smaller resistance values, meaning it
demonstrated better cycle and multiple-rate performances.
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Figure 9. The EIS Nyquist plots of the LMO and LMMO-3 at room temperature: (a) after the first cycle
and (b) after 100 cycles.

Table 3. Resistance fitting values based on the EIS spectra of the LMO and LMMO-3 after the first and
100th cycles

1st 100th
Samples
Rs(Q) Rt (Q) Ret (Q) Rs (Q) Rt (Q) Ret (Q)
LMO 4.63 54.90 44.29 2.72 323.30 212.60
LMMO-3 3.99 46.29 23.91 2.90 133.20 102.70

4. CONCLUSION

In this paper, LiMgxMn,.xO4 particles with good crystallinity were prepared via a hydrothermal
method. The morphologies of the samples were octahedral or polyhedron in shape, while the crystal
particles shapes of the doped material were more regular. Overall, the LiMn1.97Mgo.0304 demonstrated
better cycle and rate performances at room temperature, with the first specific discharge capacity 124.3
mAh g 'at 0.2 C and the capacity retention 94.29% after 100 cycles, while its specific capacity reached
64.0 mAh g ' at 10 C. At a higher temperature (55°C), the initial specific discharge capacity of the
LMMO-3 sample was 125.6 mAh g~ at 0.2 C, with a capacity retention rate of 85.43% after 100 cycles.
The CV curves and the EIS spectra indicated that doping an appropriate amount of Mg?* increases the
Li* diffusion and reduces the internal resistance during the charge/discharge process. Overall, the results
demonstrated that Mg doping is beneficial for improving the electrochemical performance of spinel
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LiMn,04, with the partial replacement of Mn** with Mg?* ions alleviating the lattice distortion and
stabilising the crystal structure, meaning the cycling stability was greatly improved.
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