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Abstract Due to the limitation of the theoretical specif-
ic capacity of traditional cathode materials, the key to
improve the energy density of lithium-ion batteries
(LIBs) is to develop high-performance cathode mate-
rials. As a promising cathode material for LIBs, Fe-
containing lithium-rich manganese-based materials pos-
sess high specific capacity and high working voltage. At
present, the research on the synthesis and electrochem-
ical reaction mechanism of this kind of material is still
imperfect. Here, a facile oxalate co-precipitation method
is employed to prepare Li; ,Feq 16Nig24Mng 4O, using
different lithium sources. The effects of lithium source
and electrochemical window on the specific capacity
and cyclic stability of the materials are also systemati-
cally investigated. When applied in LIBs, the prepared
material using LiNO; as lithium source presents a
micro-nano hierarchical structure and exhibits a high
first discharge specific capacity of 337.7 mAh g ' and
a high reversible capacity of 208.4 mAh g ' after 60
cycles at 0.1 C in the voltage range of 1.5 — 4.8 V. The
results of this study can provide more selectivity for the
lithium source of the electrode material during the prep-
aration process, and select a suitable voltage test range
for cathode materials to achieve specific properties. The
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outstanding performances make this oxalate co-
precipitation process a prospective method to prepare
high-capacity cathode materials for LIBs.
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Introduction

With the development of economy and the continuous
progress of industrialization, energy shortage has be-
come a key issue. Lithium-ion batteries (LIBs) have
drawn ever-increasing attention as electrochemical
energy-storage applications because of the safety and
reliability, small size, light weight, environmental
friendliness, high energy density, and high output volt-
age (Zhao et al. 2019a; Zhou et al. 2018; Peng et al.
2019). In order to adapt the highly increasing demands
dictated by portable electronics, electric mobility, and
electrical grid markets, LIBs technology is continuously
developing in recent years. Nevertheless, considering
the future applications in power battery fields, the mass
production with high energy density is crucial to the
battery industry. Despite enormous efforts, the electro-
chemical performances of most traditional cathode ma-
terials are still limited by their low theoretical specific
capacity. Preparation of high-capacity cathode materials
with high voltage becomes today urgently needed for
promoting the energy density of LIBs (Zhong et al.
2016; Zhao et al. 2015, 2018a).
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Lithium, which exists in the cathode material of
LIBs, plays a crucial role in battery performance (Lee
et al. 2019). Li-rich manganese-based layered oxide,
whose specific capacity is twice that of conventional
layered LiCoO, material, has been one of the hot spots
in cathode material research for more than a decade. In
particular, as an appealing cathode candidate for LIBs,
Fe-containing Li-rich manganese-based oxides (FLMO)
have driven a series of studies due to the environmental
friendliness and low cost. However, low Coulombic
efficiency, rapid capacity attenuation, and potential fade
are still several technical barriers that need to be over-
come before their commercialization. Our group has
systematically studied the synthetic method and electro-
chemical properties of various types of FLMO (Zhao
et al. 2017, 2018a, b, Zhao et al. 2019b, c¢). It is found
that the preparation method and lithium source have
great influence on the structure feature and electrochem-
ical properties of FLMO. More importantly, the electro-
chemical reaction mechanism of FLMO in different
voltage ranges during battery operation has not yet been
clearly clarified. In order to facilitate their application, it
is important and urgent to propose a rational preparation
method and appropriate lithium source for FLMO cath-
ode materials to further study their electrochemical be-
haviors in wide voltage window range (Li et al. 2012).

At present, there are abundant methods for preparing
Li-rich materials, such as solid state method (West et al.
2012), co-precipitation method (Cui et al. 2019), freeze-
drying method (Surace et al. 2015), sol-gel method
(Sankar Devi et al. 2019), combustion method (Huang
etal. 2019), and molten salt method (Zhao et al. 2019c¢).
According to the reports, various Li-rich cathode mate-
rials can be successfully synthesized by an oxalate co-
precipitation method. Compared with hydroxide co-
precipitation or carbonate co-precipitation, oxalate co-
precipitation is simple and easy to be used. It can obtain
precursor materials without inert gas protection, and it is
easy to realize electrode materials with micro-nano hi-
erarchical structure, which is conducive to the electro-
chemical performance of Li-rich materials.

The abundance, low cost, and environmental friend-
liness of iron make Li; 5Feq 16Nig24Mng 40, one of the
most promising cathode material choices for next-
generation LIBs (Zhao et al. 2019d; Yao et al. 2019).
In this work, Li; ;Feq ;6Nig24Mng 40, is prepared by a
facile oxalate co-precipitation route using Na,C,04 as a
precipitant. Meantime, the electrochemical behaviors of
the prepared materials with two different lithium sources
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have been synthetically investigated in different electro-
chemical window ranges to further explore its electro-
chemical reaction mechanism. It is expected that the
study results will provide more useful knowledge for
the Fe-containing Li-rich materials and lay a foundation
for the further development of the field of battery elec-
trode materials.

Experimental section
Materials synthesis

All the chemicals used in this work were of analytical
grade and not further purlﬁed Lil_zFeOAIGNi0A24Mn0A402
powder was synthesized by a co-precipitation method
using Na,C,0y4 as a precipitant. Stoichiometric amounts
of FeSO4-7H,0 (0.02 mol), NiSO46H,0O (0.03 mol),
and MnSO,4-H,0 (0.05 mol) were dissolved in 200 mL
deionized water to obtain a transparent solution, denoted
as solution A. 5.36 g Na,C,0, was dissolved in 200 mL
deionized water to get a clear solution, denoted as solu-
tion B. For preparing the precursor material
(Fep »Nip 3sMng 5)C,04, solution B was introduced
dropwise into solution A for 2 h with vigorous stirring
in a flask with three necks at 70 °C. The mixed solution
was continuously stirred for 3 h at 70 °C for co-
precipitation reaction. The precursors were collected
after centrifuging the reacted mixture and washed with
deionized water and absolute ethanol for three times to
remove residual sodium and sulfuric species. After dried
in a vacuum oven at 100 °C overnight, the precursors
were uniformly mixed with a certain amount of lithium
sources (Li,CO; or LiNO3). To compensate for the loss
during high temperature calcination, the lithium source
was added in excess of 5%. Afterward, the obtained
powder was subjected to further calcination using a step
procedure (300 °C for 2 h, 500 °C for 6 h, 800 °C for 12
h) to obtain the final products. The prepared materials
using Li,COj3 or LiNOs as lithium sources were named
as P-Li,COj3 and P-LiNOs, respectively.

Material characterizations

The morphology of the prepared powders was observed
by a field emission scanning electron microscope (SEM,
FEI, Quanata 200f). Element species were detected with
an energy dispersive X-ray detector. The crystal struc-
ture analysis of the prepared precursor and active
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materials was carried out using X-ray diffraction (XRD;
Rigaku Ultima IV-185) with a Cu K« radiation source.
The data were collected with a step size of 8° min ' in a
26 range of 10-90°. The surface chemical state of the
prepared P-LiNO3 material was detected by X-ray pho-
toelectron spectroscopy (XPS, PHI Quantera).

Electrochemical tests

For fabrication of the electrode, the prepared
Li; »2Feq.16Nig24Mng 40, powder as active material
was uniformly mixed with acetylene black and
polyvinylidene fluoride (PVDF) by a ratio of 80:10:10
using N-methyl-2-pyrrolidone (NMP) as solvent. The
obtained uniform slurry was coated onto Al foil and
dried overnight at 100 °C in a vacuum oven. The elec-
trode was roll-pressed and punched into circular plates
before use. Charge-discharge tests were done with 2025
coin-type cells, which were assembled in a glove box
filled with argon using Li metal as the anode. The
electrolyte solution was 1 M LiPFg dissolved in ethyl
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
volume). Celgard 2400 membrane was employed as the
separator. The cells were cycled in the voltage ranges of
2—4.8 V or 1.5—4.8 V at different rates (1 C = 200 mA
g ). Cyclic voltammograms of the prepared cathodes
were performed on an electrochemical workstation
(CHI660E, Chenhua, Shanghai, China) at room temper-
ature in the voltage range of 2—5 V at a sweep rate of
0.1mVs '

Results and discussion
Structural characterization

X-ray diffraction is generally employed to detect the
crystal structure of the powders. The resulted diffraction
peaks of the prepared precursor and Li-rich materials in
this work are shown in Fig. 1. For comparison, the
standard peak positions of layered phase are also
displayed in the last XRD spectrum. The diffraction
peaks of the precursor indicate that oxalate products
can be successfully synthesized through the method in
this work (Linjing Zhang et al. 2013). By contrast, the
typical characteristic peaks of P-Li,CO3 and P-LiNOj;
are very similar, which are well consistent with the
diffraction peaks of lithium-rich manganese-based ma-
terials. Obviously, the existence of several low-intensity

diffraction peaks between 20 and 23° is a feature of
Li,MnOs-phase like structure, which can be attributed
to monoclinic cell C2/m (Jeom-Soo Kim et al. 2004).
Except for those peaks in 20—23°, all the other diffrac-
tion peaks are ascribed to the standard hexagonal oc-
NaFeO,-type phase with a space group of R3m. There-
fore, no matter which lithium source (Li,CO5 or LiNO3)
is used, the oxalate co-precipitation method can success-
fully synthesize lithium-rich manganese-based cathode
materials. Lattice parameters of these two materials have
been analyzed and compared in detail according to the
results of XRD patterns. The results have been listed in
Table S1 in the supporting information. It can be seen
that P-LiNOj; displays higher ¢ value, V value, and
Loo3yI104), indicating it has wider interlayer spacing
and larger volume for Li* extraction/insertion.

SEM images and EDS

SEM images in Fig. 2a, b reveal the particle morphology
and size of the prepared precursor. The precursor presents
a dense and sharp angular state with a particle size of ~ 10
um. The morphologies of P-Li,CO; and P-LiNO; are
displayed in Fig. 2¢, d and Fig. 2e, f, respectively. Obvi-
ously, two Li-rich material samples prepared from differ-
ent lithium sources are both composed of micron-sized
particles. The morphology of P-Li,CO3; may be more
likely to be micron bulk materials. However, P-LiNO;
material in Fig. 2e—f displays some micron-sized particles
composed of many small spherical-like particles, which
means that it has a hierarchical structure. Generally
speaking, the diffusion distance and diffusion time of
lithium ions in small particles are short, which is condu-
cive to improving the rate capability of the cathode ma-
terials (Yamada et al. 2001; Sun et al. 2019). The micron-
level overall structure is beneficial to reduce side reac-
tions between the electrode and the electrolyte, and main-
tains the cycle stability of the electrode materials. In
addition, the particle size distribution of lithium-rich ma-
terial prepared with LiNOj as lithium source is more
uniform. More pores with even distribution are also ob-
served in Fig. 2e, f. Therefore, it is speculated that P-
LiNO; has a higher specific surface area, which is con-
ducive to the electrolyte infiltration into the material, so
P-LiNO; is expected to exhibit better electrochemical
performances (Zhao et al. 2013).

The EDS results and elemental mapping images of P-
LiNOj are illustrated in Fig. 2 g and Fig. S1, respective-
ly. In addition to the inability to detect Li due to its low
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energy density, other expected elements including Fe,
Mn, Ni, and O, are all distributed evenly in the prepared
material (Yang et al. 2014), indicating that Fe-
containing Li-rich material is successfully synthesized
using the facile oxalate co-precipitation method in this
work. According to our previous work (Zhao et al.
2017) and literature investigation (Cao et al. 2017), the
use of different lithium sources mainly affects the mor-
phology and electrochemical properties of the final
cathode materials (Bao Zhang et al. 2014). However,
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the type of lithium source cannot affect the stoichiomet-
ric ratio. Both LiNO; and Li,COj; can be used as lithium
source to synthesize lithium-rich manganese-based
cathode materials with stoichiometric ratio. However,
the addition amount of lithium source can affect the
proportion of lithium element in the final cathode mate-
rial, which is due to the loss of lithium source in the high
temperature calcination process. Therefore, in this work,
5% excess of lithium source (Li,COs3 and LiNO3) was
added to synthesize Li-rich cathode materials.
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Fig. 2 SEM images of a, b the precursor; ¢, d P-Li,COj; and e, f P-LiNO3. g EDS image of P-LiNO;
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XPS analysis

XPS is usually used to analyze the solid surface of oxide
material to preliminary evaluate the chemical or elemen-
tal composition. Figure 3 displays the typical XPS spec-
tra and fitting curves of Ni 2p, Fe 2p, and Mn 2p to
investigate the surface chemical state of the prepared P-
LiNOj; material in this work. The XPS overall spectrum
in Fig. 3a shows the binding energy characteristics of
the oxide material. In Fig. 3b, nickel shows similar
characteristics to Ni** valence state in lithium-rich ma-
terials Li[Li]/3,2X/3Nian2/3,x/3]02, which is attributed
to the binding energy of 854.9 ¢V at Ni 2p3/2 position
(Tran et al. 2006). There are two characteristic main
peaks of Fe 2p3/2 and Fe 2p1/2 in the Fe 2p spectrum,
which are in good agreement with Fe’* in Fe,Os
(Yamashita and Hayes 2008). The binding energy posi-
tions are 711.2 eV and 724.4 eV, respectively.
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Moreover, the two satellite peaks observed in Fig. 3¢
further confirm the presence of Fe’*. In Fig. 3c, the
binding energy of the two main peaks, Mn 2p3/2
(642.4 ¢V) and Mn 2p1/2 (654 eV), are well consistent
with the binding energy values of the stable Mn** state
in Li-rich materials (Liu et al. 2014). Generally, tetrava-
lent manganese ions can play a key role in stabilizing the
structure in P-LiNO3 material.

Charge and discharge capacities

The effect of different lithium sources on the charge/
discharge specific capacities at a low rate is clearly
studied. Figure 4a and b show the first charge/
discharge curves of P-Li,CO5 and P-LiNOj3 at 0.1 C in
the voltage range of 2—4.8 V. The first charge curve and
first discharge curve of these two materials show similar
characteristics. The first charge curve contains two

(b)

Intensity (a.u.)

875 870 865 860 855 850
Binding energy (eV)

~
o,
N

Intensity (a.u.)

034N candev

660 655 650 645 640 635 630
Binding energy (eV)

Fig. 3 XPS spectra and fitting curves of the prepared P-LiNO; material. a The overall spectrum. b Ni 2p. ¢ Fe 2p. d Mn 2p
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Fig. 4 Charge-discharge curves at different cycles of a, ¢ P-Li,COs and b, d P-LiNO; at 0.1 C in the voltage range of 2—4.8 V

distinct voltage platforms with 4.5 V as the boundary,
and the voltage in the first discharge curve shows a
steady downward trend. In the voltage range of 2—4.8
V, the first charge specific capacity (320.9 mAh g ') of
P-Li,COs; is obviously higher than that (305 mAh gfl)
of P-LiNOs. However, the first charge specific capacity
(152.2 mAh g_l) of P-Li,CO;3 below 4.5 V is lower than
that (162.5 mAh g_l) of P-LiNO; below 4.5 V. Gener-
ally speaking, under the voltage of 4.5 V or below,
lithium ions are mainly extracted from the lithium layer
of lithium-rich materials. When the voltage is higher
than 4.5 V, lithium ions is easy to escape from the
transition metal layer, accompanied by the release of
oxygen, resulting in a high irreversible capacity loss
(Armstrong et al. 2006). The resulting oxygen vacancy
may migrate to the adjacent transition metal site, leading
to the crystal structure transition from layered to spinel
phase (Armstrong et al. 2006). In other words, the
extraction of lithium ions above 4.5 V easily leads to
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the instability of the crystal structure of Li-rich material.
The above data indicate that compared with P-Li,COs,
more lithium ions can be extracted from lithium layer
and less lithium ions can be extracted from transition
metal layer in P-LiNO; during charge process. There-
fore, P-LiNOs is speculated to have more stable crystal
structure. The discharge specific capacity of P-LiNOj; in
the first cycle is 195.6 mAh g ', which is slightly higher
than that (173.4 mAh g ') of P-Li,CO;. The higher
discharge specific capacity of P-LiNO; further confirms
the above conclusion.

The charge/discharge curves of P-LiNO; and P-
Li,COj at different cycles are compared in Fig. 4c, d.
After 100 cycles at 0.1 C, both the charge specific
capacity and discharge specific capacity are attenuated
to a certain extent. The reversible discharge specific
capacity at 100th cycle of P-LiNO; is about 140.6
mAh g !, while the reversible discharge specific capac-
ity of P-Li,COs is only 119.6 mAh g '. The result
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proves that the as-prepared P-LiNO;3 material exhibits
higher reversible specific capacity. In addition, both of
the two materials show voltage drop with cycling, which
is one of the key bottlenecks in the commercialization of
lithium-rich materials.

Cycling stability

Fig. 5a compares the cycling performances and Cou-
lombic efficiencies of the prepared P-Li,CO; and P-
LiNO; materials in the voltage range of 2—4.8 V. Obvi-
ously, the Coulombic efficiencies of P-Li,CO5 and P-
LiNO; at different cycles are all nearly 100%. In the
initial cycles, the Coulombic efficiency of P-Li,COj3 has
a little turbulence, and then return to stability. However,
the Coulombic efficiency of P-LiNOj is relatively stable
during the 100 cycles. In addition, the first Coulombic
efficiency of P-LiNOj is 64.1%, which is significantly
higher than that (54.0%) of P-Li,COs. In terms of cycle
stability, the specific capacities of the two materials in
the voltage range of 2—4.8 V gradually decrease as the
cycle progresses. Moreover, the charge/discharge spe-
cific capacity of P-LiNOj is always higher than that of
P-Li,COs; at the same cycle. In brief, the capacity reten-
tion of P-LiNOj is 72%, which is higher than that (69%)
of P-Li,CO;, indicating a better cycling stability of P-
LiNO;.

The cycling stability of P-LiNOj is also investigated
at 0.1 C in the voltage range of 1.5-4.8 V. The cycling
performance and charge-discharge curves of P-LiNO; at
different cycles are clearly shown in Fig. 5b, c. The first
charge specific capacity and discharge specific capacity
of the material are 351 mAh g ' and 337.7 mAh g
respectively, and the first Coulombic efficiency is as
high as 96.2%. Similarly, as the cycle progresses, the
charge/discharge specific capacity gradually decreases.
After 100 cycles, the remaining reversible discharge
specific capacity is 173.8 mAh g~'. Obviously, the
charge/discharge specific capacity in a wide electro-
chemical window range of 1.5-4.8 V is always higher
than the charge/discharge specific capacity tested in a
narrow electrochemical window range of 2—4.8 V. De-
spite the higher specific capacity, the capacity retention
after 100 cycles in the voltage range of 1.5-4.8 V is only
51.5%, which indicates that the prepared material has a
faster specific capacity decay rate in a wide voltage
range. As can be seen in Fig. 5c, the decrease of dis-
charge specific capacity is not only due to the voltage
range above 2 V, but also related to the voltage range

below 2 V. The electrochemical reaction below 2 V is
considered to be the redox process between Fe3" and
Fe®*. The cycling performance and charge-discharge
curves of P-Li,COj in the voltage range of 1.5-4.8 V
have been illustrated in Fig. S2. It can be seen that the
discharge capacities of P-Li,COj are lower than those of
P-LiNOj;. Moreover, the platform below 2 V gradually
disappears with the cycle, resulting in a sharp decline in
discharge specific capacity. The higher specific capaci-
ties of P-LiNOj; than those of P-Li,COj; in the voltage
range of 1.5-4.8 V may be due to the wider interlayer
spacing of P-LiNO;, which is conducive to Li* inser-
tion/extraction. In addition, the electrochemical reaction
of P-LiNO; below 2 V is more stable than that of P-
Li,COs. By comparing the specific capacity in different
electrochemical windows, it can be concluded that a
wide voltage range is conducive to the improvement of
charge and discharge specific capacities, but is not con-
ducive to maintaining cycle stability.

Cyclic voltammograms

Cyclic voltammetry (CV) was performed on P-Li,COs
and P-LiNO; to evaluate the redox potential of the tran-
sition metal ions during electrochemical reaction. Figure 6
shows the CV curves of P-Li,COj (the first three cycles)
and P-LiNO; (the first five cycles) between 2 and 5 V at a
scan rate of 0.1 mV s '. The peaks in the CV curves
correspond to oxidation or reduction reactions of transi-
tion metal ions that occur during lithium extraction or
insertion in the crystal lattice of the prepared material. In
contrast, the CV curve characteristics of P-Li,COj3 and P-
LiNOs are similar. The initial anode peak of about 4.2 V
in the first cycle is related to the oxidation of Ni from Ni**
to Ni**, but Mn always maintains the oxidation state of
4+ during the first charging process. The second anode
peak at a higher potential of 4.6-4.7 V is mainly derived
from an irreversible electrochemical activation reaction,
which strips Li,O from the Li,MnOj3 phase to form an
electrochemically active MnO, component (Armstrong
et al. 2006). Obviously, the intensity of the first anode
peak of P-LiNOj is higher than that of P-Li,COj3, while
the intensity of the second anode peak of P-LiNOs is
lower than that of P-Li,COs, which is well consistent
with the length of charging platform shown in Fig. 4a, b.
During the first discharge process, P-Li,CO5 shows only
a significant reduction peak around 3.8 V, which is
attributed to the reduction reaction of Ni** to Ni**. By
comparison, P-LiNO; shows two distinct reduction peaks
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Fig. 5 a Cycling performances and Coulombic efficiencies of P-Li,COs and P-LiNOs at 0.1 C in the voltage range of 2—4.8 V. b Cycling
performance and ¢ charge-discharge curves of P-LiNO; at 0.1 C in the voltage range of 1.5 — 4.8 V

at around 3.2 V and 3.8 V. The peak at 3.2 V appear in
the CV curve of P-LiNOj is associated with the reduction
reaction of Mn** to Mn>* (Donghan Kim et al. 2010; Fu
et al. 2014; Ates et al. 2014), which is derived from the
electrochemical activation reaction of Mn** above 4.5 V
in the first charging process. The peak at 3.8 V is related
to the reduction process of Ni** to Ni**. It is worth noting
that the peak intensity at 3.2 V does not decrease with the
cycle, which is one of the reasons why the discharge
specific capacity of P-LiNOs is higher than that of P-
Li,COs. In addition, the CV curves of P-LiNOs in the
subsequent cycles have better overlap, showing smaller
polarization and faster lithium extraction/insertion dy-
namics. The reduction peak of 3.2 V also exists in P-
Li,CO; sample, but the peak intensity is not obvious.
This peak usually starts to appear in the first discharge
process of lithium-rich cathode. The difference of the
peak intensity in the two samples is related to the char-
acteristics of the material itself.
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Universality of the method

In order to verify the universality of the method
employed in this work, two kinds of other lithium-
rich materials (Li1.2COO_13Ni0_13M1’10_5402 and
Li; 5Nip,Mng ¢O,) were prepared by the same oxa-
late co-precipitation method, and their electrochemi-
cal properties were also tested. Figure 7 displays the
electrochemical performances of these two Li-rich
cathode materials. In Fig. 7a, the prepared
LilA2C00.13Ni0.13Mno_5402 material exhibits super
high first charge specific capacity of 431.3 mAh g~
at 0.1 C, even though the Coulombic efficiencies at
different cycles are not very ideal. Figure 7b shows
the typical charge-discharge curves at different cy-
cles of Li1,2C00_13Ni0_13Mn0,5402 in the Voltage
range of 1.5—4.8 V. The first charge-discharge curve
indicates the successful preparation of Co-based lith-
ium-rich ternary materials.
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The cycling stability of Li; ,Niy,Mng O, material at
0.1 C in the voltage range of 2—4.8 V is clearly
displayed in Fig. 7c. The corresponding discharge
curves at the first cycle and the 40th cycle are also
illustrated in the inserted image. The first discharge
specific capacity reaches to 216.4 mAh g ', while the
discharge specific capacity at the 40th cycle is 193.8
mAh g . Thus, the prepared Li; 5Ni ,Mn O, material
displays a high-capacity retention of 90%. Moreover,
the rate capability of the prepared Lij ;Nig,Mng O,
material in the voltage range of 2—4.8 V is also com-
pared in Fig. 7d. The half cell is charged and discharged
at0.1C,02C,05C,1.0C,2.0C,5.0C, and 10 C for
five cycles, respectively, and then at 0.1 C for 5 addi-
tional cycles. Mainly due to the increase in polarization
and electrode overpotential, the discharge specific ca-
pacity decreases with increasing current density. Even at
10 C, the discharge specific capacity of the material is
still 20 mAh g ', which indicates that the prepared
Li; ,Nig>,Mng O, material has the possibility of high-
rate discharge. When the rate returns to 0.1 C, the
material still shows high discharge capacity of 174
mAh g !, indicating its good structural stability and high
current withstand ability.

In order to compare and analyze the electrochemical
kinetics of Li* in P-Li,COj3 and P-LiNO3, EIS spectra of
the two electrodes at open circuit potential before cy-
cling have been illustrated in Fig. 8. According to EIS
curves, Li" diffusion coefficient has also been calculat-
ed. As in standard Nyquist plots, EIS spectrum includes
a semicircle at high-frequency region and a slope at low-
frequency region. The intercept of horizontal axis (Z')
with the semicircle at high frequency is related to un-
compensated ohmic resistance of the electrolyte (Rp).

Charge transfer resistance (R.;) can be revealed by the
diameter of the semicircle. The rising line in the low-
frequency section represents Warburg impedance (Zyy),
which is associated with the diffusion of Li* into the
bulk material.

Clearly, R value of P-LiNOj is about 15 €2, which is
lower than that of P-Li,CO5 (68 (2), indicating its fast
reaction kinetics. Generally, Li* diffusion coefficient
(Dyiy) can be calculated according to the following
equation:

R’T?
Pt =
where R is the gas constant, 7 is the absolute tempera-
ture, n is the number of transferred electrons, F is the
Faraday constant, A is the surface area of the electrode,
Cis the concentration of Li* in the electrode, and o is the
Warburg factor obeying the relationship: Z,., = ow ™ 2.
Dy;* of P-LiNOj is calculated to be 6.19 x 107> cm?
s~', which is higher than that of P-Li,CO5 (3.09 x 107
cm’ s_l), demonstrating better lithium intercalation ki-
netics in the P-LiNOj electrode.

In conclusion, through the above analysis, it can be
seen that the type of lithium source and the electrochem-
ical window range can directly affect the electrochemi-
cal performances of lithium-rich manganese-based cath-
ode materials. Firstly, the type of lithium source can
affect the crystal structure parameters of Li-rich mate-
rials. The wider layer spacing and better layered struc-
ture are more conducive to the Li* insertion/extraction.
Secondly, the type of lithium source can affect the
morphological characteristics of Li-rich materials. The
material with hierarchical structure can increase the
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contact area between electrode and electrolyte and re-
duce the interfacial side reaction. Thirdly, the materials
prepared by different lithium sources have different

reaction kinetics. Fast electrochemical kinetics is con-
ducive to charge transfer, leading to the improvement of
rate capability. In addition, the test results in different
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Fig. 8 a EIS of P-Li,CO; and P-LiNOj at open circuit potential. b The relationship between Z’ and w 2 for the Li/ P-Li,CO;5 and Li/ P-

LiNO; cells
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electrochemical window ranges show that wide electro-
chemical window is beneficial to stimulate new electro-
chemical reaction to promote the specific capacity of Li-
rich material, while narrow electrochemical window is
beneficial to maintain the structural stability of Li-rich
material so as to improve the cyclic stability of the
electrode.

Conclusion

In this paper, Fe-containing Li-rich Mn-based cathode
materials (Li; Feg 16Nip24Mng 40,) have been success-
fully synthesized by a facile oxalate co-precipitation
method using two different lithium resources. The elec-
trochemical performances of the materials are systemati-
cally investigated in different voltage window ranges.
The prepared materials show micro-nano hierarchical
morphology and typical crystal structure characteristics
of lithium-rich materials. The type of lithium source has a
certain influence on the specific capacity and cycle sta-
bility of the material. A wide voltage range is conducive
to the specific capacity of the material, while a narrow
voltage range is conducive to maintaining the cycling
stability of the material. In addition, the oxalate co-
precipitation method employed in this study is universal
and can be applied to the synthesis of other lithium-rich
manganese-based materials. This study further expands
the preparation route of lithium-rich materials, and pro-
vides useful help for the development of high-capacity
cathode materials for lithium-ion batteries.
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