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Abstract: Doping of Ru has been used to enhance the performance of LiNig5Mn; 504 cathode
materials. However, the effects of Ru doping on the two types of LiNig5Mn; 504 are rarely studied.
In this study, Ru?** with a stoichiometric ratio of 0.05 is introduced into LiNig 5Mnq 504 with different
space groups (Fd3m, P4332). The influence of Ru doping on the properties of LiNipsMnj 504
(Fd3m, P4332) is comprehensively studied using multiple techniques such as XRD, Raman, and SEM
methods. Electrochemical tests show that Ru**-doped LiNigsMn; 50, (P4332) delivers the optimal
electrochemical performance. Its initial specific capacity reaches 132.8 mAh g_l, and 97.7% of this
is retained after 300 cycles at a 1 C rate at room temperature. Even at a rate of 10 C, the capacity of
Ru**-LiNig 5sMny 50, (P4332) is still 100.7 mAh g_l. Raman spectroscopy shows that the Ni/Mn
arrangement of Ru**-LiNip sMn; 504 (Fd3m) is not significantly affected by Ru?t doping. However,
LiNipsMn; 504 (P4332) is transformed to semi-ordered LiNipsMn; 504 after the incorporation of
Ru**. Ru** doping hinders the ordering process of Ni/Mn during the heat treatment process, to
an extent.

Keywords: solid-state reactions; LiNiyp5Mnj 504; Ru?t; space group; comparative study

1. Introduction

The continuous development of lithium-ion batteries has driven the progress of the
electric vehicle industry. However, the cruising mileage of electric vehicles still has a great
deal of room for improvement. Energy density has always been one of the key factors
limiting the range. From the formula W = Q e U, we know that increasing the specific
capacity and discharge voltage of the cathode material is the main way to increase the
power density of lithium-ion batteries (LIBs). Spinel LiNip sMn; 504 (LNMO) is considered
to be one of the most promising candidates for high-power lithium-ion battery systems,
and this is attributed to its ultra-fast 3D Li* diffusion speed, good high-rate capability,
excellent cyclic stability, low cost, and environmental friendliness. LiNiyp5Mn; 504 has a
high discharge platform (vs. Li/Li* ~ 4.7 V) [1-3] and a theoretical discharge capacity of
146.7 mAh g~1; therefore, it has a fairly high theoretical energy density [4].

Built on the arrangement of Mn** and Ni?* in the crystal lattice, LiNigs5Mnj 504
can have two crystal structures: a face-centered cubic structure (Fd3m) or a simple cu-
bic structure (P4332). The former is a disordered structure in which Mn** and Ni%* ions
are randomly distributed on the octahedral 16d sites. The latter has an ordered struc-
ture in which Mn** ions occupy the 12d positions and Ni?* ions occupy the 4a sites [5,6].
In addition, almost no Mn>" ions are generated in the crystal structure. It is generally
believed that disordered LiNig5Mn; 504 containing Mn3* has higher electronic conduc-
tivity and lithium-ion conductivity, and thus has better high-rate performance [7-10].
However, the presence of too many Mn3* ions in LiNig5Mn; 504 will damage the cyclic
stability of the cathode material, because Mn3* is prone to the disproportionation reaction
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2Mn?* = Mn?* + Mn**. Generated Mn?" ions dissolve in the electrolyte, migrate to the
anode electrode, and further deposit on the surface of the anode electrode. The continuous
disproportionation—dissolution-migration—deposition behavior causes irreversible loss
of battery capacity [11-13]. However, the ordered LiNipsMn; 50, also has the problem
of poor cycling stability. Owing to the two-step phase transition occurring during the
charge/discharge process, the structural stability of LiNipsMn;j 504 (P4332) is highly sus-
ceptible and prone to irreversible structural damage. Thus, LiNiy5Mn; 504 with a small
amount Mn>* and a structure that is not completely ordered may have optimal properties
in actual usage. When the calcination temperature is increased above 700 °C, a disordered
phase is formed accompanied by the loss of oxygen and the appearance of Mn3* inside the
crystal lattice. The arrangement state of the transition metal ions can be controlled by an
annealing process [14]. The oxygen defects and Mn>* can be eliminated by annealing at
700 °C, and a disordered state can be transformed into an ordered state [15-18].

Due to poor uniformity of the raw material mixture, LiNig sMn; 504 synthesized by
the conventional solid-state method may contain rock-salt impurities and deliver a low
specific capacity. To enhance the electrochemical performance of LiNigsMn;j 504, one
efficient strategy is to dope with transition metal ions such as Na [19], Mg [20], Er [21],
Fe [22], Ga [23], Ru [24], Cr [25], and Al [26] in the framework, to improve conductiv-
ity. Jianbing G. et al. studied the effects of Ru doping and the doping amount on the
properties of LiNipsMn; 504 cathode material [27,28]. The electrochemical performance of
LiNip5Mn; 50,4 improved greatly after Ru doping; the initial discharge specific capacity
increased from 103 mAh g~ ! to 125.3 mAh g~! and the 5 C-rate capacity increased by about
30 mAh g_l. However, previous studies have usually been carried out on LiNips5Mn;j 504
(Fd3m) [24,29], and few studies have compared the effects of transition metal doping on
the two types of cathode materials. In this study, LiNip sMnj 504 cathode materials with
Fd3m and P4332 space groups were synthesized through a combination of typical solid-
state reactions and heat treatment processes. Multiple techniques such as XRD, Raman
and SEM methods were utilized to comprehensively study the influence of Ru** doping
modification on the microstructure, micromorphology, and electrochemical performance of
LiNip 5Mn; 504 with the two space groups.

2. Materials and Methods
2.1. Material Synthesis

LiNip 5sMn; 504 with different structures was synthesized via traditional solid-state re-
actions. A typical route was as follows: (1) LiyCO3, NiCO3, and MnCOj in a stoichiometric
ratio of 0.525:0.5:1.5 were mixed in alcohol; (2) a process of ball milling was performed at a
speed of 400 r/min for 4 h, and the obtained mixture was completely dried at 60 °C and
subsequently pulverized; (3) the powder was heated to 900 °C in a tube furnace at a rate of
5 °C/min and held for 12 h, followed by cooling naturally to room temperature to obtain
the LiNigsMn; 504 with space group of Fd3m, denoted LNMO (Fd3m). Alternatively, the
heated material was insulated at 700 °C for 48 h and cooled naturally to room temperature
to give the P4332-structured LiNipsMnj 504, denoted LNMO (P4532). Li,COj3, NiCOs,
MnCO3, and RuO, were mixed in a stoichiometric ratio of 0.525:0.45:1.5:0.05, and the above
steps were repeated to obtain Ru-doped LiNipsMn; 504 with different structures, denoted
Ru**-LNMO (Fd3m) and Ru**-LNMO (P4332), respectively.

2.2. Characterization

To investigate the influence of the Ru?*t doping on the crystal structure of LiNig sMnj 504
with different space groups, X-ray diffraction (XRD, Ultima IV, Tokyo, Japan) was car-
ried out using Cu K« radiation in the range 10° < 26 < 70°. The morphologies of Ru-
doped LiNipsMn; 504 with different structures were recorded using scanning electron
microscopy (SEM, FESEM Quanta TEG 450, Hillsboro, OR, USA). The phase structures
of LiNip sMn; 504 with and without doping for the different structures were investigated
using a Renishaw inVia plus-type micro-Raman spectrometer.
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2.3. Preparation of Electrodes and Construction of Cells

LiNip sMn; 504 (80 wt%) was mixed with 10 wt% acetylene black and 10 wt% polyvinyli
-dene fluoride (PVDF) in the appropriate amount of N-Methyl pyrrolidone (NMP). The
obtained slurry was coated onto aluminum foil, then dried at 80 °C for 2 h in air and at
120 °C for 8 h in a vacuum oven. Finally, a Celgard 2400 argon-filled glove box was used as
the separator to assemble coin-type LiNigsMn;j 50,4/Li cells.

2.4. Electrochemical Measurements

The electrochemical properties of LiNipsMn; 504 before and after Ru** doping were
measured with CR2025-type coin cells (HF-Kejing, Hefei, China). All the charge-discharge
behaviors were evaluated at a rate of 1 C at room temperature, utilizing a LAND battery
testing system. The rate of 1 C was set at 147 mA g~ !, and the current densities for testing
were determined on the basis of the weight of cathode material. In the evaluation of cycle
performance, the cells were charged and discharged in the voltage range of 3.5 Vto 5.0 V
for 300 cycles. The rate tests were conducted at rates of 0.2 C,0.5C,1C,2C,5C,and 10C
and then reversed successively back to 0.2 C.

3. Results and Discussion

The X-ray diffraction patterns of the LiNig5Mn; 504 (Fd3m, P4332), with and without
Ru** doping, are compared in Figure 1. Clearly, all peaks of the four as-prepared samples
are in agreement with the XRD patterns of typical spinel LiNip sMn; 504. Ru?*t doping does
not change the primary lattice framework of the LiNipsMn; 504. Since the radius of Ru**
is comparable to that of Ni?* [30], a slight distortion of the lattice will be caused by the
introduction of Ru**. This is also reflected in the diffraction patterns, with the (111) peaks
of Ru**-LiNiy sMn; 504 (Fd3m, P4332) all shifting slightly towards the low-angle region.
Furthermore, the larger lattice parameters a and c facilitate the diffusion of Li* and subse-
quently enhance the high-rate capability of the battery. The weak peaks (26 at ~37.5°, 43.6°,
47.5°, and 63.5°) correspond to the rock-salt impurity phase LixNi;_,O, which is mainly
caused by oxygen loss [31,32]. In terms of traditional solid-state methods, insufficient
mixing and high sintering temperatures inevitably contribute to the volatilization of Ni/Li
and the formation of LiyNi;.,O components. Amplifying a partial area (20 = 40°~50°),
it can be found that the weak peaks of the impurity basically disappear in the spectrum
of Ru**-LiNigsMn; 504 (P4332), but tiny impurity peaks still emerge in the spectrum of
Ru**-LiNig5sMn; 504 (Fd3m). This demonstrates that Ru** doping has a noticeable effect
in eliminating LixNi;_,O-like impurity phases for LiNip5Mn; 504 (both Fd3m and P4532)
and stabilizing the spinel crystal structure.
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Figure 1. (a) XRD patterns of LiNig5sMny 50, (Fd3m, P4332) before and after Ru** doping; (b) the
enlarged (111) diffraction peak in the XRD patterns; (c) the enlarged impurities diffraction peak in
the XRD patterns.
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The Raman spectra of LiNig sMn; 504 with different structures before and after doping
are shown in Figure 2. The peaks at around 630 cm ! are assigned to the symmetric Mn-O
stretching vibration, and the peaks at around 482 cm™~! correspond to the Ni-O stretching
mode. The splitting of the Fzg(l) vibration mode near 580-600 cm ! is clear evidence for
the ordered structure, while a lack of Fzg(l) splitting corresponds to the disordered state. It
is generally accepted that a higher degree of disorder indicates a higher Mn3* content. It
can be observed that Ru**-LiNig sMn; 504 (Fd3m) and LiNig5Mn; 504 (Fd3m) have highly
similar Fzg(l) vibration modes, in which no obvious splitting peaks appear. Ru** doping
does not affect the arrangement of Ni/Mn in the lattice. Ru**-LiNip sMn; 504 (Fd3m) still
maintains a highly Ni/Mn disordered state. Nevertheless, the splitting degree of Ru**-
LiNig 5Mn; 504 (P4332) is much less than the obvious splitting in the LiNig 5Mn; 504 (P4332)
sample, indicating that Ru doping enhances the degree of disorder of LiNigsMn;j 504
(P4332) and enhances the content of Mn3* ions to some extent. During the process of heat
treatment, the introduction of Ru** inhibits the Ni/Mn ordering process so that ordered
LiNig5Mnj 504 is transformed to semi-ordered LiNipsMn; 504. Previous studies have
demonstrated that the Ni/Mn arrangement is mainly related to the radius and valence
of nickel/manganese ions. LiNig5sMn; 504 may have disordered (space group: Fd3m) or
ordered (space group: P4332) spinel structures. In the ordered structure, Ni occupies the
4b octahedral sites and Mn occupies the 12d octahedral sites. Ni and Mn are randomly
distributed among the 16d octahedral sites in the disordered LiNiysMn; 504 structure. In
this study, Ru** was utilized to replace the corresponding content of N?* in the lattice
structures. However, Ru** and Mn** have same valence state and similar ionic radii [30],
and this can easily cause cationic mixing of Ru/Mn. Ru** can tend to occupy the 12c sites of
Mn**, causing the substituted Mn** to compete with Ni?* for the 4b sites. By substituting
Ru** with a high valence state for Ni?* with a low valence state, some of the Mn** ions
are reduced to Mn®* for the sake of charge compensation, thereby increasing the cationic
mixing degree.

F, (1
2g E,
Ru*-LNMO (P4,32) N ¢

LNMO (P4,32)

Ru*-LNMO (Fd3m) ’\\‘/\’_/_/\\
LNMO (Fd3m) w\\/\/\
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800 700 600 500 400
1

g

Raman shift / cm™

Figure 2. Raman spectra of the LiNig 5sMn1 504 (Fd3m, P4332) before and after Ru** doping.

It is generally believed that the crystal plane in contact with the electrolyte and the
particle size both have an important influence on the electrochemical performance of
LiNip5sMn; 504 cathode material [33-36]. The dissolution of the transition metal is closely
linked to the stability of the interface. For example, Mn?* derived from the dispropor-
tionation reaction is most easily dissolved from the {110} crystal plane into the electrolyte.
Therefore, inhibiting the growth of the {110} crystal plane can effectively reduce the disso-
lution of the transition metal and thus improve the cyclic stability [37]. Compared with
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the {110} planes, the {100} crystal planes have a positive effect on the electrochemical per-
formance [38,39]. Particle size is another important factor affecting stability. Nanoscale
LiNip5Mn; 504 has shorter Li* diffusion paths, but at the same time, the larger specific
surface area also leads to more serious side reactions at the interface and instability of
the battery system [40,41]. Large (micron level) LiNipsMn; 504 particles have a smaller
specific surface area, which effectively reduces the degree of side reactions to enhance
cycling performance.

The micro-morphology of the LiNip5Mn; 504 (Fd3m, P4332) before and after Ru**
doping is shown in Figure 3. Ru**-LiNip sMn; 504 (Fd3m) particles have a truncated octa-
hedral morphology, and Ru**-LiNig sMn; 504 (P4332) particles have a spherical truncated
polyhedron morphology. Additionally, both of them have a certain particle size distribution.
Some particle diameters are about 2 pm, and a large number of particle diameters are about
1 um. After doping, grains of LiNig5Mn; 504 with different structures have no obvious
distortion or morphological changes. However, strictly speaking, the particle growth of the
active material seems to be repressed by Ru** cooperation during the calcination process,
which reduces the final particle size to some extent.

Figure 3. SEM images of the LiNigsMnj504 (Fd3m, P4332) before and after Ru4+doping.
(a) LiNigsMn; 504 (Ed3m); (b) LiNigsMn 504 (P4332); (¢) Ru**-LiNi 5sMnj 504 (Fd3m); (d) Ru**-
LiNiOA5Mn1_5O4 (P4332)

The initial charge-discharge curves of the LiNip5Mn; 504 (Fd3m, P4332) before and
after doping in the voltage range of 3.5~5.0 V at a rate of 0.2 C are shown in Figure 4.
Compared with the discharge capacity (123.0 mAh g’l) of LiNigsMn; 504 (Fd3m), the
capacity of Ru**-LiNip5Mn; 504 (Fd3m) is increased to 127.7 mAh gfl. Meanwhile, the
4.1 V platform capacity and the capacity ratio are reduced from 18.9 mAh g~1/15.4% to
14.1 mAh g~!/11.0%, respectively. Compared to LiNig5Mn; 504 (P4332), the 4.1V platform
capacity (9.3 mAh g’l, 7.07%) of Ru**-LiNigsMn; 504 (P4332) has more than doubled, and
the discharge capacity has reached the maximum value. In addition, the average valence
of the transition metal nickel ions may decrease with the introduction of Ru**, resulting
in an increase in the 4.7 V platform discharge capacity. On the other hand, Ru** doping
can also prevent the sample from reacting with oxygen during the heat treatment process,
which is manifested by the presence of a certain amount of Mn>*. The presence of Mn®* can
further increase the discharge capacity of the material. Therefore, the discharge capacity of
Ru**-LiNig sMn; 504 (P4332) reaches the maximum value among the four samples.
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Figure 4. Initial charge-discharge curves of (a) LiNigpsMn; 504 (Fd3m) and (b) LiNig5Mn; 504
(P4332) before and after Ru** doping in the voltage range of 3.5 V~5.0 V at a rate of 0.2 C.

The LiNig 5sMn; 504/Li half cells were all pre-cycled at 0.2 C for three cycles. Figure 5
shows the cycling performance of cells at the 1 C rate (147.0 mA g~!) in the voltage
range of 3.5 V to 5.0 V (vs. Li/Li") at room temperature. It can be observed that the
Ru**-LiNig 5Mn; 504 (Fd3m) delivers a higher discharge capacity than LiNiypsMnj 504
(Fd3m), with an initial specific capacity increase from 121.7 mAh g ! to 124.8 mAh g~ 1.
In addition, the capacity retention after 300 cycles is also increased from 97.3% to 98.5%.
On the other hand, the LiNip5Mn; 504 (P4332) sample shows an initial discharge capacity
of 125.4 mAh g~! but delivers a lower retention of 92.0%. With Ru** doping, the initial
capacity of Ru**-LiNig sMn; 504 (P4332) reaches the highest value of 132.8 mAh g’l, and
the capacity retention after 300 cycles also recovers to 97.8%.
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Figure 5. Cycling performance of the LiNigsMn; 50,4 (Fd3m, P4332) before and after Ru4*doping at
a 1 C rate in the voltage range of 3.5 V~5.0 V at 25 °C.

The discharge voltage curves in the 1st and 300th cycles of the four samples at the
1C rate (147.0 mAh g~!) at room temperature are displayed in Figure 6. Before and
after 300 cycles, the curves for LiNigsMnj 504 (Fd3m) have a high degree of coincidence,
but careful observation shows that both the 4.7 V and 4.1 V platforms are shortened
slightly. Ni** and Mn3* dissolve into the electrolyte, causing a loss of battery capacity. The
introduction of Ru** inhibits the dissolution of Ni?>* and Mn®* during the charge-discharge
process by stabilizing the crystal structure. Thus, the plateau-shortening degree of Ru**-
LiNig5Mn; 504 (Fd3m) is slightly less than that of LiNigsMn; 504 (Fd3m). In addition,
LiNip5Mn; 504 (P4332) as a cathode material suffers severe capacity attenuation. The
discharge voltage curves in the 1st and 300th cycles are significantly dissimilar, reflecting
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the observable shortening of the 4.7 V platform. Compared to LiNigsMnj 504 (P4332),
Ru**-LiNip 5sMn; 504 (P4332) delivers excellent cyclic stability after 300 cycles. Ru** plays
a major role in improving the cyclic stability. The Ru-O bond energy is higher than
those of the Ni-O bond and the Mn-O bond, which can stabilize the crystal structure to
reduce the lattice damage. Based on the analysis of the Raman spectroscopy results, Ru**-
LiNigsMn; 504 (P4332) transforms to semi-ordered LiNig5Mn; 504 and contains a certain
amount of Mn>*. The octahedral distortion caused by Mn>* promotes the generation of
more Li* diffusion channels in active materials, which is beneficial to the cycling stability
of the electrode. Therefore, Ru**-LiNig 5sMn; 504 (P4332) not only has superior capacity but
also has considerable cyclic stability.

5.0 5.0
(a) 4.8 LNMO (Fd3m) (b) 48 . (Fd3m)
; \ m I \ Ru*"-LNMO (Fd3m
46 = 46
> 44 44
3 )
8 42 42
S
4.0 4.0
38 38
36 3.6
34 1 L 1 L 1 L a4 ! L 1 L 1 L
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Specific capacity / mAh g™ Specific capacity / mAh g™
5.0 5.0
(c) (d)
48 LNMO (P4,32) 48 b Ru*"-LNMO (P4,32)

Voltage / V
Voltage / V

34 L L 1 1 1 L 34 1 1 1 1 1 L L
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Specific capacity / mAh g™ Specific capacity / mAh g™

Figure 6. Discharge profiles of the LiNig sMnj 504 (Fd3m, P4332) before and after Ru?t doping from
3.5V t05.0 VatalC rate in the 1st and 300th cycle. (a) LiNig5Mn; 504 (Fd3m); (b) LiNig5Mn; 504
(P4332); (c) Ru**-LiNig sMn; 504 (Fd3m); (d) Ru**-LiNig sMn; 504 (P4332).

The rate tests for LiNigsMn; 504 (Fd3m, P4332) before and after Ru**doping at
different current densities were carried out in the voltage range of 3.5 V to 5.0 V, as
shown in Figure 7. Atrates of 0.2C,05C,1C,2C,5C,and 10C, Ru**-LiNip5Mn; 504
(Fd3m) and Ru**-LiNig5sMn; 504 (P4332) both demonstrate higher discharge capacities
than LiNigsMn; 50, (Fd3m, P4332), and Ru**-LiNiysMn; 504 (P4332) delivers the op-
timum rate capacity. The effect of Ru** doping on the high-rate performance for or-
dered LiNips5Mn; 504 is more noticeable at high rates. Upon increasing the current in-
tensity, the superiority becomes particularly evident. All samples deliver a decrease in
specific discharge capacity when the imposed current density increases from a rate of
0.2 C (29.4mA g~ 1) to a rate of 5 C (735 mA g~!). Ru**-LiNigsMn; 50, (P4332) shows
a discharge capacity retention of ~89.4% (~118 mAh g~! at 5 C; ~132 mAh g~! at
0.2 C), compared with ~85.3% retention (~108.3 mAh g’1 at 5 C; ~126.2 mAh g’1 at
0.2 C) for Ru**-LiNip5Mn; 504 (Fd3m). Upon increasing the current intensity to a rate of
10 C (1470 mA g_l), the capacity retention of Ru**-LiNig 5Mn; 504 (P4332) still remains at
~75.8%, compared with ~67.2% for Ru**-LiNig sMn; 50,4 (Fd3m). Meanwhile, the capac-
ities decay to only ~63.4% and 52.8% of the initial capacities for LiNip5Mnj 50,4 (Fd3m)
and LiNip5Mn; 504 (P4332), respectively.
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Figure 7. Rate performance of LiNig5Mn; 504 (Fd3m, P4332) before and after Ru** doping.

The superior rate performance of Ru**-LiNig5Mn; 504 (P4332) is mainly related to
rapid migration rate of Li* during the charge/discharge process. Firstly, owing to the
incorporation of Ru**, the lattice parameters of LiNip5Mn; 504 increase, which may widen
the Li* movement path and reduce the activation energy required for the migration of Li*.
Secondly, the electron popping path changes from an O-Ni-O-Ni route to an O-Ru/Ni-O-
Ru/Ni route, which facilitates the transfer of electrons. As a result, Ru**-LiNipsMn; 50,4
(Fd3m, P4332) all have a better electronic conductivity than LiNigsMnj 504 (Fd3m, P4332).
Thirdly, compared with Ni (3d8, 2 vacancies), Ru (4d*, 6 vacancies) has more outer vacancies
and has a wider conduction band overlapping with the O 2p orbitals, which both con-
tribute to enhancing the movement of electrons and lithium ions. It is worth noting that the
LiNig 5Mn; 504 cathode material has a tendency to be disordered as a result of Ru** doping.
Disordered LiNig 5Mn; 504 remains in a disordered state, and ordered LiNiy5Mnq 504 trans-
forms to semi-ordered LiNig5Mn; 504. Therefore, Ru**-LiNij sMn; 50, (P4332) without an
impurity phase has better high-rate properties than Ru**-LiNip 5sMn; 504 (Fd3m).

4. Conclusions

With the introduction of Ru**, the samples all deliver a higher discharge capacity,
greater cycling stability, and better rate performance (especially at high charge-discharge
current). Compared with LiNigsMnj 50, (Fd3m), the P4332-structured cathode material
shows the most obvious improvement in electrochemical performance after doping. After
300 cycles at a 1 C rate, the capacity retention of Ru**-LiNig 5Mnj 504 (P4332) is still at
97.7% (at 1st cycle ~132.8 mAh g~!; at 300th cycle ~129.8 mAh g~!), which is larger than
for undoped samples. Intriguingly, the specific capacity of Ru**-LiNigsMn; 504 (P4332)
remains at 100 mAh g~ ! even at the extreme charge-discharge rate of 10 C (1470 mAh g~ 1).
The introduction of Ru** hinders the ordering process of nickel/manganese ions during
annealing treatment to suppress the lattice damage in the charge—discharge process. The
stronger Ru-O bonding in the Ru**-doped samples stabilizes the cathode structure and
further improves the cycling stability. The greater number of O-Ru/Ni-O-Ru/Ni electron
movement paths in the Ru4+—doped LiNipsMnj 504 contribute to increasing the electron
movement and enhancing the high-rate performance. After doping with Ru, disordered
LiNigsMn; 504 remains in a disordered state, and ordered LiNiy5Mn; 50y is transformed
into semi-ordered LiNipsMn; 50,4 with no impurities, which explains why the electrochem-
ical performance of Ru**-LiNig5sMn; 504 (P4332) is better than that of Ru**-LiNig5Mn; 504
(Fd3m). In terms of the low-cost solid-state synthesis method, Ru** doping of ordered
LiNip5Mn; 504 provides a potential method of improving the electrochemical characteris-
tics of high-voltage cathode materials for lithium-ion batteries.



Materials 2022, 15, 4273 90of 10

Author Contributions: Data curation, X.L.; Formal analysis, X.L.; Investigation, X.L.; Software, X.L.;
Supervision, W.X.; Writing—original draft, X.L., B.S. and J.Z.; Writing—review & editing, B.S., W.X.
and J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge that this work was supported by the National Key Research and
Development Plan (2016YFE0111500).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Risthaus, T.; Wang, J.; Friesen, A.; Wilken, A.; Berghus, D.; Winter, M.; Li, J. Synthesis of spinel LiNiy sMn; 504 with secondary
plate morphology as cathode material for lithium ion batteries. J. Power Sources 2015, 293, 137-142. [CrossRef]

2. Liu, H;; Kloepsch, R.; Wang, J.; Winter, M.; Li, J. Truncated octahedral LiNig5Mn; 504 cathode material for ultralong-life
lithium-ion battery: Positive (100) surfaces in high-voltage spinel system. ]. Power Sources 2015, 300, 430-437. [CrossRef]

3.  Zhong, Q.; Bonakdarpour, A.; Zhang, M.; Gao, Y.; Dahn, J.R. ChemInform Abstract: Synthesis and Electrochemistry of
LiNixMnypg_Oy4. ChemlInform 1997, 144, 205-213. [CrossRef]

4. Liu, D.; Zhu, W,; Trottier, J.; Gagnon, C.; Barray, E; Guerfi, A.; Mauger, A.; Groult, H.; Julien, C.M.; Goodenough, ].B.; et al. Spinel
materials for high-voltage cathodes in Li-ion batteries. RSC Adv. 2014, 4, 154-167. [CrossRef]

5. Song, J.; Shin, D.W,; Lu, Y.; Amos, C.D.; Manthiram, A.; Goodenough, J.B. Role of oxygen vacancies on the performance of
Li[Nip 5_xMn; 5,x]04 (x = 0, 0.05, and 0.08) spinel cathodes for lithium-ion batteries. Chemn. Mater. 2012, 24, 3101-3109. [CrossRef]

6. Deng, Y.-F; Zhao, S.-X.; Xu, Y.-H.; Nan, C.-W. Effect of temperature of LipO-Al,O3-TiO,-P,0O5 solid-state electrolyte coating
process on the performance of LiNipsMn; 504 cathode materials. J. Power Sources 2015, 296, 261-267. [CrossRef]

7. Xiao, ].; Chen, X,; Sushko, P.V,; Sushko, M.L.; Kovarik, L.; Feng, J.; Deng, Z.; Zheng, J.; Graff, G.L.; Nie, Z.; et al. High-performance
LiNig 5sMnj 504 spinel controlled by Mn3* concentration and site disorder. Adv. Mater. 2012, 24, 2109-2116. [CrossRef]

8. Patoux, S.; Daniel, L.; Bourbon, C.; Lignier, H.; Pagano, C.; LE Cras, F.,; Jouanneau, S.; Martinet, S. High voltage spinel oxides for
Li-ion batteries: From the material research to the application. J. Power Sources 2009, 189, 344-352. [CrossRef]

9. Santhanam, R.; Rambabu, B. Research progress in high voltage spinel LiNigsMn;j 504 material. ]J. Power Sources 2010, 195,
5442-5451. [CrossRef]

10. Kunduraci, M.; Al-Sharab, J.F.; Amatucci, G.G. High-power nanostructured LiMn,_,Ni,Oy4 high-voltage lithium-ion battery
electrode materials: Electrochemical impact of electronic conductivity and morphology. Chem. Mater. 2006, 18, 3585-3592.
[CrossRef]

11. Li, B; Xing, L.; Xu, M.; Lin, H.; Li, W. New solution to instability of spinel LiNig 5sMnj 504 as cathode for lithium ion battery at
elevated temperature. Electrochem. Commun. 2013, 34, 48-51. [CrossRef]

12.  Park, O.K.; Cho, Y;; Lee, S.; Yoo, H.-C.; Song, H.-K.; Cho, ]. Who will drive electric vehicles, olivine or spinel? Energy Environ. Sci.
2011, 4, 1621-1633. [CrossRef]

13. Jarry, A.; Gottis, S.; Yu, Y.S.; Roque-Rosell, ].; Kim, C.; Cabana, J.; Kerr, ].; Kostecki, R. The formation mechanism of fluorescent
metal complexes at the LixNip5Mnj 504-delta/carbonate ester electrolyte interface. J. Am. Chem. Soc. 2015, 137, 3533-3539.
[CrossRef] [PubMed]

14. Liu, G.Q.; Wen, L.; Liu, Y.M. Spinel LiNiy 5Mn; 504 and its derivatives as cathodes for high-voltage Li-ion batteries. ]. Solid State
Electrochem. 2010, 14, 2191-2202. [CrossRef]

15. Zhu, X,; Li, X;; Zhu, Y; Jin, S.; Wang, Y.; Qian, Y. LiNip5Mn; 504 nanostructures with two-phase intergrowth as enhanced
cathodes for lithium-ion batteries. Electrochim. Acta 2014, 121, 253-257. [CrossRef]

16. Kim, ]J.-H.; Huq, A.; Chi, M,; Pieczonka, N.PW.; Lee, E.; Bridges, C.A.; Tessema, M.M.; Manthiram, A.; Persson, K.A.; Powell, B.R.
Integrated nano-domains of disordered and ordered spinel phases in LiNip5sMnj 504 for Li-ion batteries. Chem. Mater. 2014, 26,
4377-4386. [CrossRef]

17. Liu, G.; Park, K.-S; Song, J.; Goodenough, J.B. Influence of thermal history on the electrochemical properties of Li[Niy5Mn; 5]Os.
J. Power Sources 2013, 243, 260-266. [CrossRef]

18. Kim, J.H.; Myung, S.T.; Yoon, C.S.; Kang, S.G.; Sun, Y.K. Comparative study of LiNig5Mnj 5045 and LiNig5Mnj 504 cathodes
having two crystallographic structures: Fd3m and P4332. Chem. Mater. 2004, 16, 906-914. [CrossRef]

19. Wang, J.E; Chen, D.; Wu, W.; Wang, L.; Liang, G.C. Effects of Na* doping on crystalline structure and electrochemical performances
of LiNip 5Mn; 504 cathode material. Trans. Nonferr. Metal. Soc. 2017, 27, 2239-2248. [CrossRef]

20. Liu, G.; Zhang, L.; Lu, S.;; Lun, W. A new strategy to diminish the 4 V voltage plateau of LiNig 5Mn; 504. Mater. Res. Bull. 2013, 48,
4960-4962. [CrossRef]

21. Liu, S.; Zhao, H.; Tan, M.; Hu, Y,; Shu, X.; Zhang, M.; Chen, B.; Liu, X. Er-Doped LiNiy 5sMn; 50, Cathode Material with Enhanced

Cycling Stability for Lithium-Ion Batteries. Materials 2017, 10, 859. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jpowsour.2015.05.056
http://doi.org/10.1016/j.jpowsour.2015.09.066
http://doi.org/10.1002/chin.199720010
http://doi.org/10.1039/C3RA45706K
http://doi.org/10.1021/cm301825h
http://doi.org/10.1016/j.jpowsour.2015.07.017
http://doi.org/10.1002/adma.201104767
http://doi.org/10.1016/j.jpowsour.2008.08.043
http://doi.org/10.1016/j.jpowsour.2010.03.067
http://doi.org/10.1021/cm060729s
http://doi.org/10.1016/j.elecom.2013.05.022
http://doi.org/10.1039/c0ee00559b
http://doi.org/10.1021/ja5116698
http://www.ncbi.nlm.nih.gov/pubmed/25714859
http://doi.org/10.1007/s10008-010-1061-5
http://doi.org/10.1016/j.electacta.2013.12.176
http://doi.org/10.1021/cm501203r
http://doi.org/10.1016/j.jpowsour.2013.05.189
http://doi.org/10.1021/cm035050s
http://doi.org/10.1016/S1003-6326(17)60250-4
http://doi.org/10.1016/j.materresbull.2013.07.002
http://doi.org/10.3390/ma10080859
http://www.ncbi.nlm.nih.gov/pubmed/28773224

Materials 2022, 15, 4273 10 of 10

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu, G.; Zhang, J.; Zhang, X.; Du, Y.; Zhang, K. Study on oxygen deficiency in spinel LiNigsMn; 50, and its Fe and Cr-doped
compounds. J. Alloys Compd. 2017, 725, 580-586. [CrossRef]

Lan, L,; Li, S;; Li, J.; Lu, L.; Lu, Y;; Huang, S.; Xu, S.; Pan, C.; Zhao, F. Enhancement of the electrochemical performance of the
spinel structure LiNij 5. GaxMnj 504 cathode material by Ga doping. Nanoscale Res. Lett. 2018, 13, 251. [CrossRef] [PubMed]
Wang, H.; Tan, T.A.; Yang, P; Lai, M.O.; Lu, L. High-rate performances of the Ru-doped spinel LiNip 5Mn; 504: Effects of doping
and particle size. J. Phys. Chem. C. 2011, 115, 6102-6110. [CrossRef]

Wang, S.; Li, P; Shao, L.; Wu, K,; Lin, X.; Shui, M.; Long, N.; Wang, D.; Shu, J. Preparation of spinel LiNiy sMn; 50,4 and Cr-doped
LiNig 5Mnj 504 cathode materials by tartaric acid assisted sol-gel method. Ceram. Int. 2015, 41, 1347-1353. [CrossRef]

Sun, J.; Li, P; Wang, K,; Tan, Y.; Xue, B.; Niu, J. Effect of AI%* and Al,O3 co-modification on electrochemical characteristics of the
5-V cathode material LiNig 5Mnj 504. Ionics 2020, 26, 3725-3736. [CrossRef]

Zhou, D.; Li, J.; Chen, C; Lin, F; Wu, H.; Guo, J. A hydrothermal synthesis of Ru-doped LiMn; 5Nij 504 cathode materials for
enhanced electrochemical performance. RSC Adv. 2021, 11, 12549-12558. [CrossRef]

Zhou, D,; Lj, J.; Chen, C.; Chen, C.; Wu, H,; Lin, E; Guo, J. Ruthenium doped LiMn; 5Nij 504 microspheres with enhanced
electrochemical performance as lithium-ion battery cathode. J. Mater. Sci. Mater. Electron. 2021, 32, 23786-23797. [CrossRef]
Chae, ].S.; Jo, M.R; Kim, Y.-I.; Han, D.-W.; Park, S.-M.; Kang, Y.-M.; Roh, K.C. Kinetic favorability of Ru-doped LiNip5Mn; 504
for high-power lithium-ion batteries. J. Ind. Eng. Chem. 2015, 21, 731-735. [CrossRef]

Oh, S.H.; Chung, K.Y,; Jeon, SH.; Kim, C.S.; Cho, W.I.; Cho, B.W. Structural and electrochemical investigations on the
LiNip5-xMn1 5 yMx1yO4 (M = Cr, Al, Zr) compound for 5 V cathode material. J. Alloys Compd. 2009, 469, 244-250. [CrossRef]
Manthiram, A.; Chemelewski, K.; Lee, E.-S. A perspective on the high-voltage LiMn; 5Nig 504 spinel cathode for lithium-ion
batteries. Energy Environ. Sci. 2014, 7, 1339-1350. [CrossRef]

Yi, T.-E; Mei, J.; Zhu, Y.-R. Key strategies for enhancing the cycling stability and rate capacity of LiNig5Mn;j 504 as high-voltage
cathode materials for high power lithium-ion batteries. J. Power Sources 2016, 316, 85-105. [CrossRef]

Cabana, J.; Zheng, H.; Shukla, A K; Kim, C.; Battaglia, V.S.; Kunduraci, M. Comparison of the performance of LiNij /,Mn3,,Oy4
with different microstructures. J. Electrochem. Soc. 2011, 158, A997-A1004. [CrossRef]

Chen, Z.; Qiu, S.; Cao, Y,; Ai, X,; Xie, K.; Hong, X.; Yang, H. Surface-oriented and nanoflake-stacked LiNig5Mn; 504 spinel for
high-rate and long-cycle-life lithium ion batteries. . Mater. Chem. 2012, 22, 17768-17772. [CrossRef]

Kim, J.-S.; Kim, K.; Cho, W.; Shin, WH.; Kanno, R.; Choi, ].W. A Truncated Manganese Spinel Cathode for Excellent Power and
Lifetime in Lithium-Ion Batteries. Nano Lett. 2012, 12, 6358-6365. [CrossRef]

Zhang, X.; Cheng, F,; Yang, J.; Chen, J. LiNip sMn; 504 Porous Nanorods as high-rate and long-life cathodes for Li-ion batteries.
Nano. Lett. 2013, 13, 2822-2825. [CrossRef]

Hirayama, M.; Sonoyama, N.; Ito, M.; Minoura, M.; Mori, D.; Yamada, A.; Tamura, K.; Mizuki, J.I.; Kanno, R. Characterization
of electrode/electrolyte interface with X-Ray reflectometry and epitaxial-film LiMny Oy electrode. ]. Electrochem. Soc. 2007, 154,
A1065-A1072. [CrossRef]

Benedek, R.; Thackeray, M.M. Simulation of the surface structure of lithium manganese oxide spinel. Phys. Rev. B 2011, 83, 195439.
[CrossRef]

Fang, C.C.M.; Parker, S.; De With, G. Atomistic Simulation of the Surface Energy of Spinel MgAl,Oy. . Am. Ceram. Soc. 2000, 83,
2082-2084. [CrossRef]

Huang, F; Gilbert, B.; Zhang, H.; Banfield, J. Reversible, Surface-Controlled Structure Transformation in Nanoparticles Induced
by an Aggregation State. Phys. Rev. Lett. 2004, 92, 155501. [CrossRef]

Lafont, U.; Locati, C.; Kelder, E. Nanopowders of spinel-type electrode materials for Li-ion batteries. Solid State Ionics 2006, 177,
3023-3029. [CrossRef]


http://doi.org/10.1016/j.jallcom.2017.07.202
http://doi.org/10.1186/s11671-018-2666-3
http://www.ncbi.nlm.nih.gov/pubmed/30136220
http://doi.org/10.1021/jp110746w
http://doi.org/10.1016/j.ceramint.2014.09.067
http://doi.org/10.1007/s11581-020-03550-4
http://doi.org/10.1039/D1RA01607E
http://doi.org/10.1007/s10854-021-06706-8
http://doi.org/10.1016/j.jiec.2014.04.003
http://doi.org/10.1016/j.jallcom.2008.01.097
http://doi.org/10.1039/c3ee42981d
http://doi.org/10.1016/j.jpowsour.2016.03.070
http://doi.org/10.1149/1.3606570
http://doi.org/10.1039/c2jm33338d
http://doi.org/10.1021/nl303619s
http://doi.org/10.1021/nl401072x
http://doi.org/10.1149/1.2778853
http://doi.org/10.1103/PhysRevB.83.195439
http://doi.org/10.1111/j.1151-2916.2000.tb01516.x
http://doi.org/10.1103/PhysRevLett.92.155501
http://doi.org/10.1016/j.ssi.2006.07.056

	Introduction 
	Materials and Methods 
	Material Synthesis 
	Characterization 
	Preparation of Electrodes and Construction of Cells 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

