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An Ru-doped spinel-structured LiNigsMn;sO4 (LNMO) cathode has been prepared via a simple
hydrothermal synthesis method. The as-prepared cathode is characterized via Fourier transform infrared
(FTIR) spectroscopy, powder X-ray diffraction (XRD), scanning electron microscopy (SEM), laser particle
size distribution analysis, X-ray photoelectron spectroscopy (XPS) and electrochemistry performance
tests. The FTIR spectroscopy and XRD analyses show that the Ru-doped LNMO has a good crystallinity
with a disordered Fd3m space group structure. The disordered structure in the cathode increased and
the LixNi;_,O impurity phase decreased when Ru addition increased. SEM shows that all samples are
octahedral particles with homogeneous sizes distribution, and the particle size analysis shows that the
Ru-doped samples have smaller particle size. XPS confirms the existence of Ru ions in the sample, and
reveals that the Ru induce to part of Mn** transfers to Mn** in the LNMO. The electrochemical property

indicated that the Ru-doped cathode exhibits better electrochemical properties in terms of discharge
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Accepted 16th March 2021 capacity, cycle stability and rate performance. At a current density of 50 mA g™, the discharge specific

capacity of the Ru-4 sample is 140 mA h g™, which is much higher than that of the other samples. It can

DOI: 10.1039/d1ra01607e be seen from the rate capacity curves that the Ru-doped samples exhibit high discharge specific
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1. Introduction

Since Sony developed the first commercial lithium battery in
1991, lithium batteries have been used in different commercial
electrical products.** The development of high energy density
and low-cost lithium-ion batteries is one of the research hot-
spots. The cathode material is an essential component of
lithium-ion batteries and has a great influence on the capacity
and operating voltage of the battery. Therefore, it is very
important for the research and exploration of cathode mate-
rials.>® The main cathode materials used in lithium-ion
batteries include the layer structure (LiCoO,), spinel structure
(LiNiy sMn; 504) and olivine structure (LiFePO,).” The earliest
commercial cathode material for Ilithium-ion secondary
batteries is LiCoO, with a layered structure, which is beneficial
for the diffused Li" ions in the 2D diffusion channel of the CoO,
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capacity, particularly at high current density.

layer." Nonetheless, a series of problems have appeared in the
LiCoO, cathode. For example, all Li ions cannot undergo
a reversible intercalation/de-intercalation reaction due to their
own structure. In particular, after numerous times of charging/
discharging processes, its crystal structure will undergo
changes and its capacity will be reduced, resulting in the decline
of its cycling performance. Moreover, cobalt is expensive and
toxic."** Therefore, it is necessary to explore new cathode
materials with high energy density, power density, and suitable
price and stable properties. Compared to LiCoO,, the LiNij s-
Mn, 50, cathode has a higher operating voltage of 4.7 V, higher
than LiCoO, (3.7 V). The LiNi,sMn; 50, cathode also has
a higher energy density (~658 W h kg™ ").*® The spinel LiNig s-
Mn, ;0, cathode material is considered one of the most
promising cathode materials for lithium-ion batteries.

The spinel LiNi, ;Mn, 50, cathode material with the Fd3m
space group is fit for Li" diffusion.**** Lithium-ion can be
diffused along the (011), (101), and (110) directions creating
a 3D Li'-diffused channel. This character makes it easy to obtain
high power density."*'® The problem with the LiNiysMn; 50,4
cathode is that it will have a series of side reactions with the
electrolyte at high voltages (~5 V), which will reduce the cycle
life and safety of the battery. Therefore, it is necessary to modify
the LiNi, sMn; 50, cathode.'”*® In general, surface modification
and metal-ion doping for the LiNiysMn; 0, cathode are
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effective methods to solve this problem."** In previous studies,
cationic doping with Cr,* Fe,** Cu,* Si,* Mg,*® Zr,”” and Al*® has
been used to eliminate this problem. Although this method
improves the cycle lifetime and safety of lithium batteries, it
cannot solve the relatively low intrinsic conductivity of LiNi, 5-
Mn, 50, that restricts the capacity of the battery at high rates.
The doping of Ru transition metal ion in LiNip sMn; 50, is an
effective method to solve this problem.* Compared with the 3d
orbital, the Ru 4d orbital with a larger radius of the second-row
transition metal ions overlapping with the 2p orbital of oxygen
favors wider conduction bands.** Moreover, the study of
improving the electrochemical properties of LNMO via different
synthesis techniques to achieve Ru doping is still under
continuous exploration and improvement. Wang et al*“**
prepared an Ru-doped LNMO cathode electrode via a solid-state
reaction and polymer-assisted method to improve the electro-
chemical performance of the material. Chae et al.** prepared Ru
doped LNMO cathode materials via the carbon combustion
method, and explored the influence of Ru doping on the material
structure and composition charges. Although the solid-state
method and combustion method are simple, the particle of the
cathode sample is not uniformly distributed and easily agglom-
erates. In contrast, the cathode sample prepared via the hydro-
thermal method has better particle dispersion, higher particle
purity and lower production cost, which are beneficial to obtaining
a cathode with excellent discharge capacity and cycle stability.>*
Investigating through numerous reports, a few were found on the
Ru-doped LNMO cathode prepared via a mild and simple hydro-
thermal synthesis method.

In this study, different amounts of Ru doping LiNi, sMn; 50,
cathode materials have been prepared by a simple hydro-
thermal reaction. The crystal structure, morphology, charge-
discharge capacity, cycle, and rate performance of the
LiMn, 5Nijy 5 Ru,0, (x = 0, 0.02, 0.04, and 0.06) cathode have
been explored. The results reveal that Ru doping can effectively
inhibit the formation of impure phases and maintain electrical
property stability at high current density, useful for preparing
lithium-ion batteries with desirable performance.

2. Experimental

2.1. Material synthesis

Mn (CH;COO),-4H,0, Ni (CH;C00),-4H,0 and RuO, of
analytical grade were purchased from Aladdin Bio-Chem
Technology Co., Ltd, and Li,CO; and NH4HCO;
purchased Tianjin Yongda Chemical Reagent Co. Ltd. All
reagents were used without further purification. The LiMn, 5-
Nips_xRu, O, (x = 0, 0.02, 0.04, and 0.06) cathodes were
synthesized via a hydrothermal method.

In a typical synthesis process, Li,CO; (0.025 mol), Mn(CHj;-
CO00), (0.075 mol), Ni(CH;COO0), (0.025, 0.024, 0.023, and 0.022
mol) and RuO, (0, 0.001, 0.002, and 0.003) were dissolved in
90 mL deionized water to obtain a mixture solution A. Simul-
taneously, NH,HCO; (7.906 g) was dissolved in 20 mL of
deionized water and stirred under 10 °C to obtain solution B.
Then, the solution B was added dropwise into the solution A,
and the mixture was stirred vigorously to obtain a homogeneous

were
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mixture solution. The as-obtained solution was transferred into
a high pressure reactor and kept at 190 °C for 24 h. After drying
at 90 °C for 12 h, the samples were ground for 2 h. Then, the as-
obtained mixture was synthesized to obtain the LiMn, ;-
Nig 5_xRu,O, cathode according to the following procedure: (1)
sintering at 650 °C for 5 h; (2) ramping to 850 °C, sintering for
12 h; (3) cooling to 600 °C isothermal for 2 h. The as-prepared
samples were named Ru-0, Ru-2, Ru-4 and Ru-6, respectively.

2.2. Material characterization

A Fourier transform infrared spectrometer (Thermo Scientific
Nicolet Is50) was used to characterize the ordered and disor-
dered structure of the material. The crystal structure was
studied by X-ray diffraction (Bruker D8 Advance) using Cu Ko
radiation. The scanning rate was 10° min~ " in 26 = 10-80°. The
morphologies and particle size images, EDS spectra, and
mapping images were obtained via field emission scanning
electron microscopy (Zeiss Merlin Compact). The particle size
distribution curves of all samples were tested using the laser
particle size distribution analyzer (Bettersize 2600). The
valences of Ni, Mn, C, and Ru elements on the sample surface
were measured via X-ray photoelectron spectroscopy (Thermo
Scientific K-Alpha) using Al Ko radiation.

2.3. Electrochemical measurements

The active materials 80 wt%, conductive carbon black 10 wt%,
and polyvinylidene fluoride (PVDF) 10 wt% were evenly mixed
and N-methyl-2-pyrrolidone (NMP) was added to the mixture to
obtain a slurry solution. The slurry was coated on an Al foil and
dried at 80 °C overnight in a vacuum.* Through slicing, the
cathode pole piece is obtained. Lithium was used as the anode.
1 M LiPF, was dissolved in a mixed solution of diethyl carbonate
(DEC), and ethylene carbonate (EC) (volume ratio of 1:1) to
obtain the electrolyte. The CR-2032 type coin cells were
assembled in a glove box filled with argon. The charge/
discharge tests were conducted on an automatic galvanostatic
charge-discharge tester (NEWARE) at different rates (1C =
200 mA g '). Electrochemical impedance spectroscopy (EIS)
was carried out on an electrochemical workstation (CHI 760E)
in a frequency range of 100 000-0.01 Hz. All coin cells were
tested at room temperature.

3. Results and discussion

3.1. Structure and morphology

It is well known that LiNi,sMn,; 0, has two space group
structures, according to the Ni/Mn disordered face-centered
cubic structure (Fd3m space group) and Ni/Mn ordered simple
cubic structure (P4;32 space group). The crystal structure has
a great influence on the electrochemical performance on the
cathode. FTIR spectroscopy is used to identify the disordered or
ordered structures of spinel LiNiy sMn; 50,. Fig. 1 shows the
FTIR spectra of Ru-0, Ru-2, Ru-4, and Ru-6. The spectrum of
each sample is similar. The obvious peaks at 620 cm™' and
584 cm™ ! correspond to Mn-O and Ni-O bands, respectively.*®

For all the samples, the Mn-O peak located at 620 cm™ " is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FTIR spectra of LiMny sNig5_xRu,O4 (x =0, 0.02, 0.04, and 0.06)
samples.

higher than the Ni-O peak located at 584 cm™ ", indicating the

existence of the disordered Fd3m space group.’” However, for
Ru-0 and Ru-2, they also show weak peaks at around 655 cm ™',
which is a characteristic of the P4;32 space group structure.®
Moreover, there is no obvious absorption peak at 425 cm ™,
indicating that there is a weak ordered P4;32 structure in those
samples. However, with the further incorporation of Ru, the
disappearance of the peak at 655 cm ' indicates that the
ordered structure of the material was further transformed into
a disordered structure. In addition, the strength ratios of the
Mn-O peak at 620 cm " and Ni-O peak at 584 cm™ " are 1.10,
1.10, 1.15 and 1.20, respectively, which further indicate that the
disorder of the material is higher with the continuous addition
of Ru.* Therefore, according to the FTIR analysis, the hydro-
thermal synthesis samples are all disordered Fd3m space group
structure that contained slightly ordered P43;32 space group

structure, and the ordered P4;32 space group structure
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Fig. 2 XRD patterns of LiMn;sNigs_,Ru,O4 (x = 0, 0.02, 0.04, and
0.06) samples.

continues to decrease with the increase in the Ru ion addition.
It is well known that LiNiy sMn, s0, of the disordered Fd3m
space group structure has better electrochemical performance
than the LiNi, sMn, 50, of P4332 space group structure. There-
fore, the addition of Ru may be beneficial to improve the elec-
trochemical performance of the material.

To study the crystal structure of the Ru-doped LiMn; 5Nig 50,
materials, the XRD patterns of the LiMn, sNigs_,Ru,O, (x = 0,
0.02, 0.04, and 0.06) samples were analyzed, as shown in Fig. 2.
The sharp diffraction peaks indicate that all the samples have
good crystallinity. According to the FTIR analysis, all samples
belong to the Fd3m space group, and XRD also shows that all
samples conform to the spinel LiMn, ;Ni, 50, standard card
(PDF# 80-2162). The doping of Ru has no obvious effect on the

Fig. 3 The SEM images of LiMn; sNips xRu,O4 (x = 0, 0.02, 0.04, and 0.06) samples with different Ru-doped contents.
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lattice frame of LiMn; 5Nij 504, and there is no RuO, phase
detected in the samples. However, the Ru-0 and Ru-2 samples
have weak diffraction peaks at about 37.6, 43.6, and 63.5°,
which are attributed to the Li,Ni; ,O impurity phase struc-
ture.*® With the further doping of Ru, the Li,Ni,_,O impurity
phase structure in Ru-4 and Ru-6 samples disappeared. The
results reveal the doped Ru ions did not destroy the cubic spinel
crystal structure of the LiMn,; ;Nij;s0,, and can inhibit the
formation of an impurity phase, thus stabilizing the cubic
spinel crystal structure.

The morphology and size of the material have important
influence on the electrochemical performance.**** The SEM
images of each sample are shown in Fig. 3. It can be seen from
the SEM images that all samples are composed of octahedral-
like particles with good crystallinity. The particle sizes of the
samples are about 2 pm with numerous nanoparticles attached
on the surface. With the addition of Ru, smaller octahedral
particles dispersed in the sample, and there are obvious
boundaries between particles, which should be because the
addition of the Ru source in the sintering process hinders the
growth of the cathode material particles.*

In order to further verify the influence of Ru doping on the
particle size distribution of the samples, the particle size
distribution curves of all the samples are shown in Fig. 4. It can
be observed from Fig. 4 that the D50 value of all the samples is
basically around 2 pm, and with the doping of Ru, the D50 value
of the samples decreases by about 3.5 pm. This result is
consistent with the SEM analysis of the effects of Ru doping on
the particle size of the material.
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In order to further detect the composition of Ru-doped
samples and original samples, EDS spectra and element
distribution images of undoped and Ru-doped samples are
shown in Fig. 5. It can be clearly seen from the EDS spectrum
that the undoped sample only has characteristic peaks of Mn,
Ni and O. However, Ru-doped samples with Ru ions doped can
have obvious Ru characteristic peaks in EDS spectra. This
indicates that Ru ions have been incorporated into the cathode
material. It is observed from the elemental distribution diagram
that O, Ni and Mn in samples are evenly distributed in each
material and present a good distribution.

Fig. 6 shows the XPS spectra of the doped and undoped
samples. Fig. 6a showed that all samples were composed of Ni,
Mn, O, C and Li, and the Ru element was not detected due to its
low content. The scanning spectrum of Ru 3p is represented in
Fig. 6b to better characterize the existence of the Ru element.
Two distinct diffraction peaks around 486 and 464 eV are
observed corresponding to Ru 3p;,, and Ru 3p;,, which confirm
the existence of Ru.*”* Moreover, with the increase in the Ru
content, the diffraction peaks of Ru 3p gradually increase. The
peak around 281.5 €V in Fig. 6¢ also confirms the presence of
Ru"".** Mn ions exist in the form of Mn®" and Mn"" in the Fd3m
space group structure. Fig. 6d shows two distinct diffraction
peaks located at 654 and 642 eV, corresponding to Mn 2p,,, and
Mn 2p;,. The fitting peaks for the Mn 2p;/, peak observed at
643.2 and 641.8 eV are attributed to Mn*" and Mn*", respec-
tively.>® According to the peak-splitting fitting, the proportions
of Mn*/Mn*" in Ru-0, Ru-2, Ru-4, and Ru-6 samples were
65.32 : 34.68, 65.56:34.44, 65.70:34.30, and 66.37 : 34.63,
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Fig. 4 The particle size distribution diagram of LiMn; sNig s_xRu,O4 (x = 0, 0.02, 0.04, and 0.06) samples with different Ru-doped contents.
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Fig. 5 The EDS spectra and element mapping of LiMn; sNigs_xRu,O4 (x = 0 and 0.04) samples.

respectively. It can be seen that with the increase in doped Ru,
the content of Mn*" in the sample also increases gradually. This
may be due to the addition of Ru** ions induce to part of Mn**
transfer to Mn®" to balance the charge. More Mn>" ions in the
material can improve the electrical conductivity of the mate-
rial.** This is also consistent with the results of the FTIR analysis
that the structure of the disordered Fd3m space group increases
with the increase in the Ru content.

3.2. Electrochemical properties

The galvanostatic charge and discharge capacity, cycling
stability, and rate performance were measured to examine the
electrochemical performance of LNMO cathode materials with
different Ru doping contents. Fig. 7 presents the first three
charge—-discharge capacity curves of Ru-0, Ru-2, Ru-4, and Ru-6
samples measured between 3.0 and 4.9 V at a rate of 0.25C, in
which a dominating charge plateau around 4.7 V corresponds to

© 2021 The Author(s). Published by the Royal Society of Chemistry

Ni**/Ni*" and Ni*'/Ni** redox couples and a weak plateau at
about 4 V is attributable to the Mn**/Mn*" redox couple.®
During the first charge/discharge process, the Ru-0 sample
showed a lower charge/discharge specific capacity (97.63/
93.64 mA h g~'). While Ru doped samples show a high charge
and discharge specific capacity. The Ru-4 sample shows
a higher initial charge/discharge specific capacity (139.49/
140.16 mA h g~ %) and the highest coulomb efficiency (~100%).
This is attributed to the Ru doping. On the one hand, Ru doping
hinders the growth of positive particles and shortens the
diffusion path of lithium ions. On the other hand, the Ru
doping inhibits the formation of Li,Ni;_,O impurity and
expands the diffusion path of lithium ions.*

According to the charge-discharge curve analysis, the doping
of Ru ions can improve the specific discharge capacity of the
spinel cathode. To compare the charge-discharge rate perfor-
mance of Ru-doped samples and the original sample, the
charge-discharge specific capacity of all samples was tested at

RSC Adv, 2021, 11, 12549-12558 | 12553
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Fig. 6 The XPS spectra of LiMny sNig 5_xRu,O4 (x = 0, 0.02, 0.04, and 0.06) samples: (a) XPS survey spectrogram; (b) Ru 3p spectrogram; (c) C 1s

spectrogram; and (d) Mn 2p spectrogram.

different current densities of 0.25C to 5C, as shown in Fig. 8a.
With the increase in the current density, the discharge specific
capacity of all the samples shows a gradual decreasing trend,
which is considered to be a result of the increase in battery
polarization with the increase in the current density.*® The Ru-
doped samples have higher discharge specific capacity than the
original samples at different discharge rates. It is worth noting
that the discharge specific capacity of the Ru-4 sample is about
10 mA h g higher than that of the Ru-6 sample at a current
density below 2.5C. The decisive factor of capacity is the particle
size at low current density, and the small particle size is bene-
ficial to lithium-ion diffusion to obtain a high discharge
capacity. The D90 of the Ru-4 sample is 3.755 pm, which is
smaller than that of the Ru-6 sample (D90, 4.179 um), so the Ru-
4 owns higher capacity. While the current density surpasses
2.5C, the discharge specific capacity of the Ru-6 sample is about
10 mA h g *, which is higher than that of the Ru-4 sample. This
is because the charge transfer resistance (R.) is dominant for
the discharge capacity at larger currents. The R, of the Ru-6
sample is lower than that of the Ru-4 sample, as shown in
Table 2. Therefore, the capacity of Ru-6 is bigger than that of Ru-
4 at high current density. According to the analysis above, small
amounts of Ru element doping can improve the rate capacity of

12554 | RSC Adv, 2021, 11, 12549-12558

the spinel cathode material at low current density; however, the
rate capacity of materials will be improved at a high current
density with the further increase in the content of Ru. This may
be because the incorporation of Ru ions expands the diffusion
channel of lithium ions and is more conducive to the embed-
ding and exiting of lithium ions.

Fig. 8b shows the discharge capacity of all samples at
different cycling numbers at a discharge rate of 1C. It is shown
that the discharge specific capacities of Ru-4 and Ru-6 are about
30 mA h g " higher than that of the original sample, while the
discharge specific capacity of the slightly Ru-doped Ru-4 sample
is not much different from that of the original sample. This may
be due to the influence of the Li,Ni;_,O impurity phase and
a small amount of the ordered P4;32 space group structure in
Ru-0 and Ru-2 samples. In the first few cycles, the discharge
specific capacity of the original sample is low; however, the
discharge specific capacity of the Ru-doped sample basically
reached the maximum value, and this stage belongs to the
activation stage of the battery. The specific discharge capacity of
Ru-doped samples is basically stable in the early stage, which
may be related to the fact that Ru doping shortens the lithium
ion diffusion path and expands the lithium ion diffusion
channel. In order to better show the influence of Ru doping on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The galvanostatic charging and discharging curve of LiMn; sNigs_xRu,O4 (x = 0, 0.02, 0.04, and 0.06) samples at 0.25C.

the electrochemical properties of materials, the initial
discharge specific capacity, maximum discharge specific
capacity, final discharge specific capacity and capacity retention
of each sample are shown in Table 1. It can be seen from Table 1
that Ru doping not only improves the specific discharge
capacity of the material, but also improves the cyclic stability of
the material. In particular, the discharge specific capacities of
Ru-4 and Ru-6 samples are about 30 mA h g~ " higher than that
of the original samples, and the capacity retention rates of Ru-4
and Ru-6 samples are 97.82 and 99.86% after 100 cycles,
respectively, which are higher than that of the original samples
(95.39%). Therefore, it can be seen that Ru ion doping not only
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improves the specific charge-discharge capacity of the material
but also improves the cyclic stability of the material, which
should not only be related to the fact that Ru ion doping
enlarges the diffusion channel and shortens the diffusion path
of lithium ions, but also may be related to the strong TM-O
hybridization of 4d transition metal (TM) ions.

Fig. 9 shows the EIS spectra of Ru-0, Ru-2, Ru-4, and Ru-6
after 100 cycles and corresponding equivalent circuit. The EIS
curves after the cycle are all composed of a semicircle in the
middle and high frequency regions, and a straight line in the
low frequency region. The high-frequency and low-frequency
semicircles represent the interface resistance (Ry) of lithium-
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Fig. 8 The rate capacity and cycle stability of the LiMn;sNigs_Ru,O4 (x = 0, 0.02, 0.04, and 0.06) cathodes (a) rate capability, (b) cycle

performance.
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Table 1 The initial discharge specific capacity, maximum discharge
specific capacity, final discharge specific capacity and capacity
retention of Ru-0, Ru-2, Ru-4, and Ru-6 samples

Discharge capacity (mA h g™")

Capacity retention

Samples 1% Maximum 100™ ratio
Ru-0 75.32 102.92 98.18 95.39%
Ru-2 100.42 110.78 96.42 87.04%
Ru-4 130.06 131.26 128.15 97.82%
Ru-6 131.68 133.00 132.81 99.86%
200
150
S
D100
N
N
)
50 1
0 T T T T T T
0 100 200 300 400 500 600
’
Z//ohm

Fig. 9 The EIS spectral of LiMny sNigs_xRu,O4 (x = 0, 0.02, 0.04, and
0.06) samples after 100 cycles and corresponding equivalent circuit.

ion migration through the material and electrolyte interface
and R, respectively.*>*® The straight line represents the resis-
tance (Warburg impedance (Z)) of lithium ion diffusion in the
solid material.*” According to the fitting results of Nyquist plots,
the ohmage (R;), Ry, and R, values of all samples are shown in
Table 2. It is found from Table 2 that the R, of the electrode is
negligible. The R of the Ru-doped material increases slightly,
which is caused by the formation and thickening of the SEI film
on the surface of the material. This may be because the addition
of Ru increases the side reaction between the spinel cathode
material and the electrolyte. However, the value of R.; of Ru-
doped samples decreases gradually, indicating that Ru doping
can reduce the charge transfer impedance. This is the reason for
the excellent rate performance of Ru-doped materials.

Table 2 The fitting parameters of LiMn; sNigs_xRu,O4 (x = 0, 0.02,
0.04, and 0.06) samples after 100 cycles at 1C

Samples R(/Q Re/Q R./Q
Ru-0 6.049 80.36 312.5
Ru-2 6.422 187.60 309.8
Ru-4 5.119 85.48 272.9
Ru-6 5.822 129.9 238.8
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4. Conclusions

In this study, the spinel cathode materials LiNi, sMn; 50,4 with
the Fd3m space group structure were successfully prepared via
a simple hydrothermal reaction, followed by a heat treatment
method. All the cathodes have good crystallinity. When Ru was
added into LiNiy sMn; 50,4, the ordered structure of the cathode
decreased, the Li,Ni; ,O impurity phase decreased, and the
content of Mn** ion increased in the cathode, which is condu-
cive to the embedding and de-embedding of lithium ions. The
electrochemical performance also further verified that the
addition of Ru element not only improved the specific discharge
capacity of the material but also improved the cyclic perfor-
mance and rate performance of the material. Particularly,
through the rate performance, it is realized that Ru doping can
improve the discharge specific capacity of LNMO cathode
materials at high current densities.
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