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ABSTRACT: Mg-doped Li[Lij,_,,Mg,Cog,3Nij;3Mngs,]O, is synthesized
by introducing Mg ions into the transition-metal (TM) layer of this layered
compound for substituting Li ions through a simple polymer-pyrolysis
method. The structural and morphological characterization reveals that the
doped Mg ions are uniformly distributed in the bulk lattice, showing an
insignificant impact on the layered structure. Electrochemical experiments
reveal that, at a Mg doping of 4%, the Li[Lij;cMgg04C0q13Nig13Mngs4] O,
electrode can deliver a larger initial reversible capacity of 272 mAh g~', an
improved rate capability with 114 mAh g™' at 8 C, and an excellent cycling
stability with 93.3% capacity retention after 300 cycles. The superior
electrochemical performances of the Mg-doped material are possibly due to
the enhancement of the structural stability by substitution of Li by Mg in the
TM layer, which effectively suppresses the cation mixing arrangement, leading
to the alleviation of the phase change during lithium-ion insertion and
extraction.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) with substantially enhanced
energy density are now actively pursued as the most viable
power sources for next-generation portable electronics, electric
and hybrid vehicles, and even for grid-scale power storage
applications.'~® To upgrade the specific energy of LIBs, it is a
major challenge to find alternative cathodes with a similar
cyclability but a greatly enhanced capacity than currently used
cathodes. Among the various cathode materials being
developed, the lithium-rich Mn-based oxides (LRMO), usually
denoted as xLi,MnO,;-(1 x)LiMO, or
Lil+x/(x+2)M(2—2x)/(x+2)Mn2x/(x+2)OZ (M = Mn, Nj, Co, etc.),
are the most promising candidate, because of their high
reversible capacity (~300 mAh g™'), which is almost twice as
high as those of the presently commercialized LiCoO, and
LiFePO, cathodes in Li-ion batteries.>™

Although the LRMO materials have the advantages of higher
capacity and lower cost, they suffer from several disadvantages,
such as low initial Coulombic efficiency and insuflicient
cyclability and rate capability, which impose a great obstacle
for their practical applications. These shortcomings mainly
originate from the unique electrochemical mechanism of the
LRMO,"""* in which the LRMO must undergo an active
process during the first charge in order to obtain an excessive
reversible capacity.'>'* This activation reaction gives a high-
voltage plateau in the first charging curve, which is usually
considered as the rearrangement of the transition-metal (TM)
ions, because of the irreversible removal of Li,O from its
crystalline lattice. Despite this irreversible rearrangement of the
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TM ions, which can promote the electrochemical activity of Mn
in Li;MnOj; to produce more reversible capacity below 3.5 V
during the discharge, it results in a structural instability, leading
to gradual capacity decay at cycling.'*™"” To solve these
problems, many efforts have been contributed in the past
decade to stabilize the surface and bulk phase structure of the
LRMOs, thereby improving the initial Coulombic efficiency
and cycling stability. One effective way is to modify the surface
with inert oxides (AL, Qs TiO,),>>*" phosphates (AIPO,,
CoPO,),”*** and fluorides (AlF;).**** The coating layers can
really alleviate the side reaction of the electrolyte on the edge
surface of the material, to decrease the initial irreversible
capacity and protect the surface from attack by HF formed
from the decomposition of the electrolyte.”® Another approach
to stabilize the crystal structure is to use the cation doping in
the bulk phase. According to the matching principle of the ionic
radius and the interstitial size of doping sites in the structure,
the cation with the larger radius than Li ion (0.76 A), such as
Na ion (1.02 A),*” would be more suitable to occupy the sites
in the Li layer. He et al. reported a Na-stabilized LRMO, which
exhibited a high reversible capacity (307 mAh g™'), rate
capability (139 mAh g™" at 8 C), and excellent cycling stability
(89% capacity retention after 100 cycles), in comparison with
its undoped counterpart, because the introduction of the Na
ion into the bulk phase could expand the Li slab space to
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improve the ionic diffusion kinetics.*® For the cations with
smaller radius than Li ion such as Al, Ti, Cr, Mo, Fe, and Ru
ions,”® 3 these alien ions are believed to substitute Mn, Co, or
Ni with comparable radius in the TM layer, resulting in an
enhancement of the thermal and structural stability of the oxide
material. Jiao et al. have employed Cr as an additional dopant to
synthesize a series of Cr-doped Li;,[Nij,_,,Mngg_,/,Cr,]O,
(x = 0, 0.02, 0.04, 0.06, and 0.08) samples, in which the Cr
doping of x = 0.04 showed an improved capacity and rate
capability, compared to the undoped sample, because of the
reduced resistance of the electrode during cycling.>® Park et al.
reported that the substitution of AI** ions could prevent the
structural degradation of the electrode material, allowing higher
discharge capacities. The 6 mol% aluminum-doped
Li; 15[Niga7s_/2Mng s75_42AL]O, electrode delivered approx-
imately a discharge capacity of 210 mAh ¢! in a cutoff range
between 2.5 V and 4.6 V, while the undoped electrode
delivered an initial discharge capacity of 150 mAh g™. It was
also found that the Al doping on
Li; 15[ Nig27s—x/2Mng s75_42AL]O, material could decrease the
area specific impedance (ASI).** Recently, Mg-doped lithium-
rich oxide exhibited improving capacity (200 mAh g~' at 20 mA
g™"), cycling performance (63% capacity retention up to 200
cycles) and rate capability (~120 mAh g~' at 1000 mA g™'),
resultin§ from an expansion of the lattice, as a result of Mg
doping.” Although the cation doping can improve the cycling
stability, to some extent, it is still needed to enhance the cycling
capability of these materials for battery applications. The
insufficient electrochemical performance of these doped
materials may result from how the multiple metal ions could
be uniformly distributed in the entire preparation process,
particularly for the trace doping ions. Therefore, a suitable
approach is very crucial to develop high-performance cathode
materials with the trace doping.

In our previous works,>>*****” we have adopted a polymer-
pyrolysis method to prepare doped or nanosized oxide
materials with homogeneously distributed multiFle TM ions
in the lattice. Compared to other methods,®®*™*' such as the
solid-state, coprecipitation, and sol—gel methods, the polymer-
pyrolysis method is simple and particularly suitable for
preparation of mixed metal oxides. In this work, we use this
synthetic method to introduce the Mg ion into the TM layer of
the LRMO material to substitute Li sites for stabilizing the bulk
lattice and report the beneficial effect of the Mg doping on the
long-term cycling performance of the LRMO material.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation and Characterization. A
simple polymer-pyrolysis method was used for the synthesis
of the pristine sample Li[Liy,Coq3Nig;3Mng 4]0, (LRMO)
and Mg-doped sample Li [Lij,_,,Mg,Cog13Nig13Mng5,]O, (%
= 0.02, 0.04, and 0.06, denoted as 2%Mg-LRMO, 4%Mg-
LRMO, and 6%Mg-LRMO, respectively). Stoichiometric
amounts of LiOH-H,0, Mg(NO;), Ni(NO,),'6H,0, Co-
(NO,),:6H,0, and Mn(NO;), (50% aqueous solution) were
first dissolved in the aqueous solution of acrylic acid. A small
amount of (NH,),S,05 aqueous solution then was added to the
mixed acrylic acid solution as an initiator to promote the
polymerization. Under heating at 80 °C for ~3—S5 h, the mixed
solution was dried to form the well-distributed polyacrylates of
Li, Mg, Ni, Co, and Mn. Afterward, the resulting polyacrylates
were dried at 120 °C. The obtained copolymeric precursor was
then decomposed at 480 °C for 5 h in air to give the powders

of a Li-Ni-Co-Mn oxide precursor. The precursor powders then
were calcined at 900 °C for 12 h in air to obtain the final
product. A 5% excess of lithium was used to compensate for
lithium loss during the calcinations.

Powder X-ray diffraction (XRD) (Bruker, Model D8 Avance)
using Cu Ko radiation was used to identify the crystalline phase
of the as-prepared powders and cycled electrodes. Rietveld
refinement was then performed on the XRD data to obtain the
lattice constants. The XRD spectra were collected in a range of
20 values from 10°—80° at a scanning rate of 1° 26/min and a
step size of 0.02° 20. The morphologies of the as-synthesized
samples were observed by scanning electron microscopy
(SEM) (Model JSM-6700F, JEOL, Japan) .

2.2. Electrochemical Measurements. The electrochem-
ical properties of LRMO and Mg-LRMO were measured in
2016 coin-type cells with a Li metal anode. The electrolyte
consisted of 1 M LiPF, in a mixture of ethylene methyl
carbonate and ethylene carbonate at a 7:3 volume ratio. For
fabrication of the cathodes, the as-synthesized powders were
mixed with carbon black and polyvinylidene fluoride (80:10:10)
in N-methylpyrrolidinone. The obtained slurry was coated onto
Al foil and roll-pressed. The coin cells were assembled in an
argon-filled glovebox. The galvanostatic charge—discharge tests
were carried out on a battery measurement system (Model
2001T, Land, China) within a voltage range of 2.0—4.8 V vs
Li"/Li at room temperature. The cyclic voltammograms were
measured by coin cell on an electrochemical station (CHI,
Model 660a) at a scanning rate of 0.1 mV s~' with the voltage
ranging from 2.0 V to 4.8 V. Electrochemical impedance
spectroscopy (EIS) measurements of all the samples were
conducted at an open-circuit voltage in the frequency range of
100 kHz to 1 mHz with a voltage amplitude of 5 mV using a
Model IM6 electrochemical impedance analyzer.

3. RESULTS AND DISCUSSION

3.1. Material Preparation and Characterization. Figure
1 shows the SEM images of the pristine LRMO and Mg-LRMO
powders. As displayed in the images, all the LRMO powders
show a similar morphology as nanoparticles with the size of
200—300 nm. However, the Li[Lij,_,,Mg,Cog13Nig ;3Mngss]-

Figure 1. SEM images of (a) the pristine Li[Liy,Mny s,Nij 13C0,3]O0,
compound and Li[Lig,_,,Mg,Mngs4Nig 13C0,13]O, ((b) x = 0.02, (c)
x = 0.04, and (d) x = 0.06).
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Figure 2. XRD patterns of the pristine and Mg-doped Li[Lij,_,,Mg,Mn,,Nij,3C0,,3]0, (x = 0.02, 0.04, 0.06).

O, (x = 0, 0.02, and 0.04) samples appear as homogeneously
distributed particles with well-defined morphologies, besides
the 6%Mg-LRMO sample exhibits fuzzy shape to some extent.
This could be explained that the Mg doping in the transition
layer of the LRMO structure would hinder electron
delocalization, leading to poor electron conductivity of the
Mg-LRMO.

XRD patterns of the pristine LRMO and Mg-LRMO samples
are displayed in Figure 2. The peaks in all the samples can be
indexed as the O3-type layered structure (space group R3m)
with the additional weak reflections from a short-ranged
superstructure at 20 =~ 20°—24°, corresponding to the order
occupation of Li, Mg, Mn, Ni atoms in the TM layers. No
impurity phase can be detected in all samples, indicating that
the Mg ion can be successfully doped into the crystal lattice,
even at Mg doping amounts up to 6%. It is worth noting that
some tiny differences in XRD pattern can be observed as the
amount of Mg doping increases. The XRD peaks corresponding
to a superstructured lattice at 26 20°—24° gradually
decreased as the Mg doping amount increased, as shown in
the left inset of Figure 2. This indicates that the Mg doping
could impact the ordering of Li, Mn, Ni atoms in the TM
layers, leading to the destruction of the superstructure. In
addition, the splitting of the (018)/(110) peaks becomes
weaker as the Mg doping amount increases, as shown in the
right inset of Figure 2, suggesting that the introduction of Mg
ions could effect the regularity of the layer structure. The
phenomena could indicate, indirectly, the introduction of Mg
ions into the TM layer of the lattice, because Mg cannot enter
the Li layer in TM oxides, despite the similar ionic radii of Mg**
and Li*, as suggested by the Dahn group.***

3.2. Electrochemical Performance. Cyclic voltammetry
(CV) measurements were carried out to compare the
electrochemical redox responses of the Li-
[Lig;-5,Mg,Mng,Nig 13C0013]0, (x = 0, 0.02 and 0.04)
electrodes. As shown in Figure 3a, the CV curve of the pristine
LRMO sample shows two oxidation peaks at ~3.9 V and ~4.6
V (vs Li*/Li) in the initial anodic scan, which could be
attributed to the oxidation of Ni** and Co®" ions and the
removal of lithium ions alonég with the simultaneous oxygen
evolution, respectively.”®**~* In the reversal scan, a distinct
reduction peaks occurs at ~3.3 V, corresponding to the Mn**
reduction to balance the charge of oxygen vacancies arising
from the loss of oxygen in the first charge process. However,
the current peaks representing the reduction of Ni** and Co**
were not observed apparently, suggesting the overlapping each
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Figure 3. Cyclic voltammograms of (a) the pristine LRMO and (b,c)
the Mg-LRMO electrode scanned at 0.1 mV s™".

other beneath the board peak in the potential region of 3.7—4.5
V. In contrast, the CV features of the Mg-LRMO samples
(Figures 3b and 3c) showed some differences. First, although
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there were two oxidation peaks similar to those of the pristine
LRMO sample in the first charge (Figure 3a), a distinct
reduction peak appears at ~3.75 V, corresponding to the
reduction of Ni*" and Co*", which cannot be observed from the
pristine LRMO sample (Figure 3a). This indicates that the Mg
doping could improve the electrochemical reversibility of Ni**/
Ni** and Co**/Co®". It can also be seen from the subsequent
CV curves that the oxidation peaks of the Mg-doping samples
shifts gradually toward negative potential and the reductive
peak currents increase with increasing cycle number, pointing
out the occurrence of an activation process in the initial cycles
for the Mg-doping samples. The activation process shows that
the electrochemical polarization decrease gradually in first
several cycles, ?ossibly due to the strong binding energy for
Mg—-O bond,* resulting in insufficient release in structure
during Li ion insertion and extraction. Although the Mg-doping
sample with strong bond energy exhibited higher electro-
chemical polarization, compared to the pristine sample, it
would remain stable structure during cycling, thus leading to an
enhanced cycling capability. In addition, it is also found that
there is an apparent difference in the relative ratio of the
oxidation peaks of the pristine and Mg-doping samples at first
scan. If the ratio of the oxidation peak currents (I(4.6 V)/I(4.0
V)) is denoted as R, the R value is 3.24, 1.35, and 1.1 for the
pristine LRMO, 2%Mg-LRMO, and 4%Mg-LRMO, respec-
tively. Because the oxidation peak at ~4.6 V is attributed to an
irreversible electrochemical reaction, the lower R value suggests
an alleviated oxygen loss or decomposition of electrolyte at the
high potential region. Therefore, this phenomenon suggests
that the Mg doping may make less structural changes, to
contribute to cycling stability, and alleviates the edge reaction
of the electrolyte, to improve initial Coulombic efficiency.

Figure 4a presents the initial charge and discharge curves of
the pristine LRMO and Mg-LRMO samples at the 0.1 C rate
(30 mA g™'). It can be seen that both of the samples exhibits
similar charge/discharge characteristics: a sloping voltage
profile under 4.5 V followed by a high-voltage plateau at 4.5
V during charging, in good agreement with the oxidation peaks
at ~40 V and 4.6 V observed in CV curves (Figure 3),
respectively. The corresponding initial charging/discharging
data were summarized in Table 1. It can be observed that the
reversible capacity of the Mg-LRMO electrodes decrease
gradually with increasing Mg doping amount, while the
capacity at voltage plateau at 4.5 V and the initial Coulombic
efficiency have also similar tendencies. The results indicate that
the relative decrease of the irreversible reaction at 4.6 V, as
mentioned above from CV curves (Figure 3) cannot be simply
ascribed to the decomposition of the electrolyte, because of low
Coulombic efliciency for Mg-doping samples, but should also
be contributed to the irreversible structural change. Although
the decrease of the irreversible structural change with increasing
Mg doping amount causes low reversible capacity of the
electrode, it could make the layer structure less destroyed to
improve cycling stability of the electrode. We can observe that
the 6%Mg-LRMO electrode shows only a reversible capacity of
223 mAh g™ and Coulombic efficiency of 73%, while the 2%
Mg-LRMO and 4%Mg-LRMO electrodes still remain relatively
high capacity and Coulombic efficiency, suggesting that the
excess Mg doping possibly causes low electron conductivity,
leading to a high electrochemical polarization.

In order to reveal the effect of Ni- and Li-substitution by Mg
in the TM layer on the electrochemical performance,
Li[Lia16Mgo‘onno.54Nio.13C00.13]Oz (Z%Mg-LRMO) and Li-

35

Pristine

Potential ( vs. Li'/Li)

2% Mg
25F 4% Mg
o,
v 6% Mg (a)
0 50 100 150 200 250 300 350
Capacity (mAh g'1 )
300
_~ o Pristine 4 2%Mg-LRMO
- %Mg-Ni-
;.D @ 2%Mg-Ni-LRMO 04%
é 87.5%
Ryl € Cc o o Nagns o C-cC ECEEER
e R -
= g 82%
g *-5 40
S g 35
% 200 |- :; 3.0
%” 5, 2%MgNiLRMO 4.8-2.0V, 30mA/g
B
-5 20
.E 0 50 100 150 200 250 300 350 (b)
_ 150 N Capacity, ( mAh.g") . . N
0 10 20 30 40 50
Cycle Number (n)

Figure 4. (a) Initial charge—discharge curves of the pristine LRMO
and Mg-LRMO samples at 0.1 C (30 mA g™'). (b) The cycling
performance of the pristine LRMO, 2%Mg-LRMO, and 2%Mg—Ni-
LRMO samples at 0.1 C. Inset shows the initial charge—discharge
curve of the 2%Mg—Ni-LRMO sample.

Table 1. Initial Charge/Discharge Data of
Li[Liy ,_,,Mg,Mn, 5,Nig;C0,,13]0, (x = 0, 0.02, 0.04, 0.06)

initial
charging discharging capacity of the Coulombic
capacity capacity voltage plateau at 4.5 efficiency
sample  (mAhg™)  (mAhg™) V (mAh g™) (%)
LRMO 364 291 23§ 80
2%Mg 352 285 218 81
4%Mg 348 272 210 78
6%Mg 304 223 180 73
2%Mg— 356 288 231 81

Ni

[Lig>Mgo0:Mng 54Nig11C0g13]0, (2%Mg—Ni-LRMO) samples
were prepared and their electrochemical performance were
investigated by charging/discharging measurement at 0.1 C (30
mA g_l), as shown in Figure 4b. As can be seen, the 2%Mg—
Ni-LRMO electrode can deliver similar reversible capacity (288
mAh ¢g') and initial Coulombic efficiency (81%), compared to
those (284 mAh g, 81%) of the 2%Mg-LRMO electrode.
However, the capacity retention (87.5%) of the 2%Mg—Ni-
LRMO electrode is much less than that (94%) of the 2%Mg-
LRMO electrode after 100 cycles, indicating that the
substitution Li by Mg in the TM layer is more effective for
the structural stabilization during cycling than the substitution
Ni by Mg. This result can be possibly explained that the
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substitution Li by Mg in the TM layer could effectively prevent
Li ion migrating from the TM layer to the Li slab layer, to
suppress the phase transfer from a layered to a spinel structure.
In fact, no matter which substitution of Li or Ni by Mg in the
TM layer, the Mg-doped materials showed better cycling
stability than the pristine material (Figure 4b). Based on the
above discussion, we further investigated the electrochemical
performance of the materials with the Li-substitution by Mg.
To further study the effect of Mg doping on the cycling
stability, the pristine LRMO electrode and Mg-LRMO
electrodes were cycled between 2.0 and 4.8 V at 1/3 C (100
mA g '). As shown in Figure S, an interesting phenomenon can
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Figure S. Cycle performances of the pristine LRMO and Mg-LRMO
electrodes between 2.0 and 4.8 V at 1/3 C (100 mA g™").

be observed. The cycling capacities of the samples with a low
amount of Mg doping (0% and 2%) first decline and then
remain stable, while the cycling capacity of the sample with
higher Mg doping (4% and 6%) first increase and then remain
stable, which demonstrate sufficiently that a high Mg doping
amount could cause high cation mixing (Li*, Mg**, Ni**),***
which suppress Li ion insertion and extraction. After the initial
activation process, the electrodes delivered a stable capacity
with the decreased electrochemical polarization, in good
agreement with the observation of the CV curves (Figure 3).
Among these samples, the 4%Mg-LRMO electrode showed
higher cycling capacity (223 mAh g™' after 300 cycles) and
capacity retention (93.3% after 300 cycles, even relative to the
maximum cycling capacity), corresponding to low capacity
decay ratio of 0.02% per cycle. The greatly enhanced cycling
capability for the Mg-LRMO electrode is because the presence
of Mg ion can stabilize the crystal structure, to inhibit effectively
phase transfer during cycling.

Figure 6 gives the rate capability of the pristine LRMO and
Mg-LRMO electrodes under galvanostatic charge and discharge
test at different rates from 0.1 C to 8 C (1 C = 300 mA g ).
The relative rate data were summarized in Table 2. Although
the 29%Mg-LRMO and 4%Mg-LRMO electrodes showed lower
reversible capacity at 0.1 C, compared to the pristine LRMO
electrode, they delivered a discharge capacity of 124 and 112
mAh g™ at 8 C, which are higher than that of the pristine
LRMO electrode (104 mAh g™"). Such excellent rate capability
of the 2%Mg-LRMO and 4%Mg-LRMO electrodes might be
attributed to the activation process that creates a favorable
chemical composition and structure for the high rate charge/
discharge (Figure S). However, the 6%Mg-LRMO electrode
exhibited very poor rate capability, indicating that the excessive
doping could result in severe cation mixing arrangement in the
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Figure 6. Rate capability performances of the pristine LRMO and Mg-
LRMO electrodes. The charging/discharging rates are the same.

Table 2. Reversible Capacity of Li[Liy,_,,Mg,Mn, ;,Niy 3
Coy.13]0, (x = 0, 0.02, 0.04, 0.06) at Various Rates

Capacity (mAh g™*)
1/10 C 1/3C 1C 2C 4C 8 C

LRMO 291 251 210 181 149 103
2%Mg-LRMO 285 244 212 187 154 124
49%Mg-LRMO 272 229 200 174 144 114
6%Mg-LRMO 221 201 182 147 119 75

TM layer, which reduces the electron conductivity and causes
sluggish kinetics. So, the appropriate amount of Mg doping is
very important to develop highly stable and high-rate-capable
LRMO material. This work suggests the 2%—4% Mg doping is
of a good choice. It is noteworthy that, when the current was
reduced back to 0.1 C, the discharge capacities of the Mg-
doping electrode can almost recover its initial capacity value,
while the pristine LRMO electrode returns to only 89% of its
initial capacity. This phenomenon indicates that the Mg-doped
LRMO material may tolerate the impact of high current density
and guarantee the structural stability at various rates.

EIS is a powerful technology to detect the changes of the
electrode resistance inside the cell, including solid electrolyte
interface (SEI) film and charge-transfer reaction. EIS spectra of
the pristine LRMO and 4%Mg-LRMO electrodes cycled at
different cycles are performed and shown in Figure 7. All the
Nyquist 5glots are composed of two depressed semicircles and a
slope.”®*® The semicircle in the high-frequency region is
associated with the surface film resistance (R;) formed by the
decomposition of the electrolyte in the high-voltage range. The
semicircle in the middle frequency region represents the
charge-transfer resistance (R,) due to the Li insertion reaction.
The slope in the low-frequency region corresponds to a
diftusion-controlled process of the lithium ion in the bulk.
Based on the equivalent circuit given in the inset of Figure 7,
the value of R, and R; are simulated and listed in the inset of
Figure 7. As shown, in the second cycle, the R and R values
(101 and 447 Q, respectively) for the 4%Mg-LRMO electrode
are found to be similar to those (109 and 417 Q, respectively)
for the pristine LRMO electrode. After 30 cycles, for the
pristine LRMO electrode, the R value increased slightly from
101 Q in the second cycle to 120 €, while the R value almost
doubled, from 447 Q in the second cycle to 741 €2, indicating
that the pristine LRMO underwent continuous phase change
with cycling, leading to structural instability on the surface and
in the bulk phase of the material. However, for the 4%Mg-
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Figure 7. EIS plots of (a) the pristine LRMO and (b) the 4%Mg-
LRMO electrodes (b). The insets show the equivalent circuit and the
corresponding data.

LRMO electrode, the R; and R, values were found to decrease
slightly after 30 cycles, revealing that the Mg doping electrode
could effectively suppress phase change with cycling. The
decreased R, value demonstrated that the Mg-doped sample
underwent an initial active process to decrease the electro-
chemical polarization, in accordance with the observations in
Figures 3 and S. The decreased R value for the 4%Mg-LRMO
electrode also contributed a high rate capability, as shown in
Figure 6.

To understand the impact of the Mg doping on the structural
stability of the LRMO material more clearly, the structural
change is evidenced by the ex situ XRD experiment. Figure 8
shows the XRD patterns of the pristine LRMO and 4%Mg-
LRMO electrodes at different charging stages. It is clearly
observed that the XRD peaks at 26 =~ 20°—24°, corresponding
to a monoclinic superstructure, gradually disappeared with the
progress of charging (Figure 8a), indicating that the super-
structure was destroyed because of the occurrence of the large
phase change during charging. However, the XRD peaks at 20
~r 20°-24° of the 4%Mg-LRMO electrode can still be
observed, even when charged to 4.8 V (Figure 8b), suggesting
that the superstructure still remains at the end of charging.
These results demonstrate that, apparently, the excellent cycling
performance of the Mg doping samples should be ascribed to
enhanced structural stability by Mg doping.
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Figure 8. Ex situ XRD patterns of (a) the pristine LRMO and (b) Mg-
LRMO electrodes at different charging stages.

4. CONCLUSIONS

In summary, Mg-doped LRMO cathode materials are prepared
via a simple polymer-pyrolysis method. The XRD results
suggest that Mg ions can be introduced uniformly into the
crystalline lattice to substitute Li in the TM layer, even at
doping amounts up to 6%. The charge—discharge measure-
ments demonstrate that the Mg-LRMO electrodes have slightly
low reversible capacity and show an electrochemical activation
process in initial several cycles, indicating that the Mg doping
can hinder metal ion mixing arrangement to some extent and
increase the electrochemical polarization. Although the Mg-
doping materials all exhibit better cycling stability, compared to
the pristine LRMO, taking into account the balance in
reversible capacity, rate, and cycling capability, the Li-
[Lig16Mg0.04C0013Nig13Mng54]O, electrode is the optimal
choice, with a large initial reversible capacity (272 mAh g™'),
improved rate capability (114 mAh g™' at 8 C), and excellent
cycling stability (93.3% capacity retention after 300 cycles, even
relative to the maximum cycling capacity). The improved
electrochemical performances of the Mg-doped material are
attributed to the contribution of the Mg doping in the bulk
lattice, which can effectively enhance the structural stability.
Therefore, the Mg doping is a facile and effective approach to
improve the cycling performance of the Li-rich layered metal
oxides for Li-ion battery applications.
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