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Abstract

Lithium-ion battery cathode materials Li; ;Nig,Mng O, and Li; 5sNag 0sNig,Mng O, were synthesized using different Na
source through a facile ball-milling method. The XRD results reveal that all the cathode materials display a layered structure
of solid solution. Charge/discharge tests demonstrate that the Li; ;5Nag ¢sNig»Mng O, electrode using LIAC and NaAC as raw
materials shows an excellent electrochemical performance including high reversible discharge capacity (232 mAhg ' at 0.2 C),
enhanced rate capability (109 mAhg ™" at 5 C), and superior cycling stability (96.64% capacity retention after 80 cycles).
Furthermore, EIS results also support that better raw materials can effectively decrease the charge transfer resistance and facilitate
the Li diffusion coefficient of the as-prepared cathode material. It is also confirmed that the better electrochemical performance of
the Na-doped sample Li; ;5Nag o5sNig,Mng O, mainly come from the Na-doping process which stabilizes the host layered
structure by suppressing the conversion from layered to spinel structure during cycling.
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Introduction

Today, lithium-ion batteries have achieved a dominant posi-
tion in the field of energy storage due to their high energy
densities and low cost. Lithium-ion batteries are presently be-
ing developed as an efficient energy storage device to power
cell phones, laptop computers, and hybridelectric vehicles
(HEVs and EVs). [1-6] Among the commercial cathode ma-
terials, the layered lithium-rich manganese-based cathode ma-
terials generally denoted as xLi,MnO5-(1-x)LiMO,(M =Ni,
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Co, Mn, etc.) are considered as an efficient cathode material
due to its high reversible capacity and super security. [7—10]
However, there are several major deficiencies which hinder
their practical commercialization: low initial coulombic effi-
ciency [11], due to the generation of oxygen vacancies and
irreversible capacity loss during the first cycle; poor rate perfor-
mance [12], attributed to the poor surface conductivity which is
caused by the solid electrolyte interface (SEI) film and its low
electronic conductivity; and insufficient capacity retention [13],
owing to layered to spinel transformation during long-term cy-
cling. To solve these problems, many groups have explored
various solutions to improve the electrochemical performance.
The first possible attempt is surface modification [14—18]. It
has been found that treatment with acid, persulfate, and
(NH4),HPO, can induce the layered to spinel phase transfor-
mation. And the paths provided by the spinel structure can
accelerate Li ions cross through the surface of cathode materials
at high current densities. The second method is surface coating
[19]. As reported, a series of compounds have been applied to
coat on the cathode materials, such as inert oxides [20, 21],
metal phosphate [22, 23], and metal fluoride [24, 25]. Surface
coating can form a surface with higher electrical conductivity to
improve the poor rate capability. In addition, cation doping is
another feasible strategy which can stabilize the crystal struc-
ture, resulting in an improvement of the electrochemical
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performance. [26-29] Thus far, researchers have successfully
introduced a number of cations into the bulk lattice, such as Al,
Cr, Zr, and Fe, to replace lithium or substitute the transition
metal like Ni, Co, or Mn, leading to an enhancement of the
coulombic efficiency and a stable structure.

Considering the efficiency and cost of the various solutions
mentioned above, a befitting preparation method is very cru-
cial for the cathode materials. According to the recent reports,
a better coulombic efficiency, higher discharge capacity, and
enhanced lithium diffusivity have been achieved after intro-
ducing cations with similar radius to the Li ion such as Na, K,
and Mg into Li sites. In particular, Hu et al. [30] synthesized
Na-stabilized Ni-rich Li;_(Na,Nij gCog 15Alp.050, through
coprecipitation and the solid-state calcination route. The Guo
group [31] synthesized K-doped Li;Nig sMngy3Co0¢ 0,
through a substitution of the Li source method and the Wang
group [32] synthesized Na-doped Li; 4[Mng ¢Nig2C002]O,
using a solvothermal method. Though the initial coulombic
efficiency and cycle stability of the as-prepared Na-doped
lithium-rich cathode materials can be improved to some ex-
tent, these Na-doping processes are complex and costly. And
to our best knowledge, though it has been found that Na-
doping is an effective way to improve the electrochemical
performance, the effects of different raw materials on the elec-
trochemical performance and structural stability of the layered
lithium-rich Mn-based oxide materials are still lacking quan-
titative research.

The sodium acetate (300 °C) and sodium carbonate
(851 °C) [33] were adopted as the different Na source to syn-
thesize layered Li-rich Mn-based cathode materials
LillzNiolen()ﬁOz and LiLlSNao_OSNio_zMnOﬁOz, respectively.
It is believed that the lower melting point is beneficial for the
decomposition and crystallization of the cathode materials. In
this paper, Na was introduced into the Li layer via a simple,
facile ball-milling method following high-temperature solid
state reaction; its microstructure and electrochemical perfor-
mance were investigated specifically. We also discussed its
effect on Li diffusion in detail, which is sensitive to the Li
slab distance in the layered materials. What is more, in order
to clarify the impact of raw materials on the electrochemistry
performance of Na-doped Li; ,Niy ,Mng 0, cathode material,
we systematically investigate the relationship between the Na
source and comprehensive performance of cathode materials,
especially the electrochemical property.

Experiment
Synthesis of materials
A simple ball-milling procedure followed by a high tempera-

ture solid-state reaction was used for the synthesis of the pris-
tine sample Li; ;Nig,Mng 0, and Na-doped sample
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Li; 1sNag ¢sNig -Mng ¢O,. The synthetic process was as fol-
lows: (1) the co-precipitated hydroxides of Ni and Mn were
synthesized by adding dissolved transition metal acetates into
a0.1-M NaOH solution drop by drop, and then the hydroxides
were dried at 120 °C for 12 h to get the final coprecipitation
precursor NipsMn; s(OH),4; (2) stoichiometric amounts of
C,H;0,Li-2H,0 (LiAC) (5% excess), CH;COONa-3H,0
(NaAC) or Na,COs, and Niy sMn; s(OH), were dispersed into
alcohol to form a homogeneous slurry; (3) the above homo-
geneous mixture was milled for 8 h, with a revolving of
200 rpm; (4) the obtained slurry was dried at 120 °C for
24 h; and (5) the obtained powder was decomposed at
450 °C for 5 h, and then the particles were annealed at
850 °C for 8 h in air to form the final Li; ,Nijy,Mn, ¢O, and
Li; 15Nag 95sNig,Mng ¢O, cathode materials. For the conve-
nience of representation, Li; ;Nig>,Mnj O, was indicated as
“a,” Liy 15Nag gsNig,Mng O, prepared using LiAC and
NaAC as raw materials was indicated as “b,” and
Li; 15Nag ¢5Nig ,Mng 6O, using LiIAC and Na,CO; as raw ma-
terials was indicated as “c,” respectively.

Characterization of materials

The structure of as-prepared materials were measured by pow-
der X-ray diffraction (XRD, D/MAX2500PC) using a Cu K
radiation source in the two-theta range of 10 to 90°. The mor-
phology of the powders was collected on a field-emission
scanning electron microscope (SEM, JEOL, JSM-7001F).
Transmission electron microscope (TEM, Hitachi-7650) and
energy dispersive spectroscopy (EDS) were also used for fur-
ther analysis.

For preparing a positive electrode film, 80 wt% of prepared
powders were mixed with 10 wt% of acetylene black and
10 wt% of binder until slurry was obtained. Then, the blended
slurry was coated onto an aluminum foil. The positive and
lithium foil negative electrodes of the cell for the test were
separated by a porous polypropylene film, and the solvent
including 1 mol L™ LiPF4 in EC/EMC/DMC (1:1:1 in vol-
ume) was selected as the electrolyte. Assembled cells were
examined between 2.0 and 4.8 V at room temperature by the
NEWARE battery circler. The electrochemical impedance
spectroscopy (EIS) results were tested in the frequency range
of 0.01 Hz-100 kHz with a CHI660D electrochemical
analyzer.

Results and discussion

Figure 1a shows XRD patterns of all cathode materials. The
selected segments (18—19°) and (44—45°) of XRD patterns are
shown in Fig. 1b, c. These main diffraction peaks of all pat-
terns are assigned to the standard diffraction peaks of hexag-
onal a-NaFeO, structure (R-3m space group), which
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Fig. 1 XRD patterns of the as-prepared samples using different raw materials: a Li; 5Nip2Mng 4O, (LIAC), b Li; 5Nag 9sNig,Mng O, (LIAC+NaAC),

and ¢ Li].]SNaO.QSNiolenO‘(,OZ (LIAC+N8.2C03)

correspond to the LiMO, (M =Ni and Mn) phase. Besides,
there are a few small additional peaks around 26 = 20-23° that
can be observed in all patterns, which is related to superstruc-
ture reflections of Li,MnO5 (C2/m space group). It is obvious
that both the (006)/(012) and (018)/(110) peaks are completely
spilt, which indicates that a well-defined layered structure is
obtained in the lattice. Furthermore, there is no obvious dif-
ference that can be seen among samples with different raw
materials, which demonstrates that both the samples with so-
dium acetate and sodium carbonate can form a well-defined
layered structure. In comparison with the patterns of pristine
Li; ,Nig,Mng ¢O,, no other peaks can be detected in the
Li; 15Nag ¢sNig,Mng O, samples, suggesting that Na ions
are successfully introduced into the crystal lattice without
any destruction to the layered structure. As shown in the en-
larged sections, the (003) peak and (104) peak of Na-doped
samples b and c shift slightly toward the lower angle. This
observation implies that the Na ions are successfully doped
into the bulk lattice so as to enlarge the Li slab space, which is
because of the difference of ionic radii between the Na ion
("na"=1.02 A) and Li ion (7, =0.76 A). The software MDI
Jade 6.0 was employed to calculate the lattice parameters of all
samples. From these data in Table 1, it is noted that Na-doped
samples Lij 15Nag osNig,Mng O, have greater volume than
the pristine one. The a-axis constants, which are ascribed to
the metal-metal interslab distance and the c-axis constants,

which are usually related to the Li slab space, both increase
with the doping Na ions. The greater ionic radius of the Na ion
(1.02 A) compared with the Li ion (0.76 A) is responsible for
the expansion of the lattice parameters. The enlargement of
lattice constants is beneficial for the diffusion of lithium ions,
indicating an enhanced electrochemical performance. And all
the c/a ratios are more than 4.9, further demonstrating that a
high ordered layer structure was obtained for all samples with
different raw materials.

The chemical composition of the as-prepared samples is
analyzed by inductive coupled plasma mass spectrometry
(ICP-MS). The element content of the three samples is listed
in Table 2. According to the ICP results, all samples exhibit a
similar element content to the theoretical stoichiometry.
Compared with sample-a, the Li content is decreasing from
1.187 to 1.141 of sample-b and 1.143 of sample-c with the Na-
doping process. Meanwhile, the molar number of Na of
sample-b and sample-c is determined as 0.052 and 0.047,
respectively. It is in good agreement with the amount of
NaAC in the doping process. Generally, NaAC is selected as
the better Na source to synthesize the Na-doping samples
because of its low decomposition temperature. Therefore,
the analyzed element content of sample-b is in better accor-
dance with the theoretical stoichiometry.

Figure 2a—c shows the SEM images of the Li; ,Nig,Mng 40,
and Li; 15Nag osNig,Mny O, composites. All materials present

Table 2 The ICP-MS elemental analysis results of Li; ;Nig,Mng 0>

Table 1  Structural constants of all samples with different raw materials and Li; 5Nag 0sNig»,Mng O, materials

Sample aA) c (A V(A% c/a Sample Target stoichiometry Li Ni Mn O Na

a 2.85191 14.24213 100.49 4.9939 a Li; 5Nip,Mng 60, 1.187 0207 0620 2 0
2.88695 14.24887 102.42 4.9356 Li; 15Nag osNig,Mng O, 1.143 0201 0.614 2 0.052

c 2.87614 14.25362 102.24 4.9558 Li; 15Nag osNigo,Mng O, 1.141 0216 0.610 2 0.047
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Fig. 2 SEM images and EDS spectra of a sample a Li; ;Nig>Mng 6O, (LiAC), b sample b Li; 15Nag gsNig2Mng O, (LIAC+NaAC), and ¢ sample ¢

Li;15Nag 0sNig 2Mng 60, (LIAC+Na,CO3)

almost the same particle sizes of about 300800 nm, which is
because of their same manufacturing process and same precur-
sor Niy sMn; s(OH),. However, image (c) clearly indicated that
a severe agglomeration of particles occurred in the sample using
Na,CO;5 as raw material. In addition, with the increase of the
sodium content, there is no obvious difference existing between
the a-Li; 2Nig2Mng O, and b-Li; 15Nag ¢sNip2Mng 6O, parti-
cles. Thus, it can be confirmed from the SEM images that the
formation of the composites using LiAC and NaAC as Li source
and Na source is more successful, indicating that different raw
materials can have a large effect on the morphology on the
particles. As a further quantitative analysis of the pristine sample
and the Na-doped samples b and c, these particles were exam-
ined via EDS. The results in Fig. 2 and Table 3 show that about 5
at% Na can be detected on the surface of the particles of Na-
doped samples, and the transition metal atom relative ratios have
no evident difference between these two samples, which is in
accordance with the theoretical ratios (Mn/Ni = 6:2). In addition,
Brunauere-Emmette—Teller (BET) analysis is utilized to inves-
tigate the specific surface area of different samples, as illustrated

Table 3  EDS analysis of element amount of Mn/Ni/Na of sample-a
Li]_zNio_zMn0_602(LiAC), sample-b Li1'15Na0_05Ni0_2Mn0_602 (LIAC+
NaAC), and SaInple-C LilAISNa{).OSNiOAZMHO.GOZ (LlAC+Nach3)

Sample o Mn Ni Na Mn/Ni/Na

a 78.48 15.33 5.43 0.600/0.213/0

b 79.21 14.83 5.23 1.25 0.600/0.212/0.051
c 79.14 14.95 541 1.33 0.600/0.217/0.053

@ Springer

in Table 4. It is clear that the three samples have a similar spe-
cific surface area of 1213 m* g ' which can supply sufficient
reaction sites and is beneficial for electrolyte access. Meanwhile,
there are no significant differences of surface area between bare
sample and Na-doped samples. Therefore, the primary reason
for improved electrochemical performance caused by Na-
doping can not only be attributed to the microscopic properties
such as morphology and particle size.

HR-TEM images of pristine Li; ,Nig,Mng ¢Osand
Li 15Nag ¢sNip»,Mng O, particles with different raw materials
are shown in Fig. 3. From the detailed morphologies, it can be
seen that all the synthesized materials retain well the layered
structure. In addition, clear lattice fringes can be measured from
the corresponding FFT patterns of these high-resolution TEM
images; these fringes with d-spacing of 0.47 nm are well matched
to the interplanar distance of the (003) plane of the LIMO2 (M =
Ni, Co or Mn) layered structure inferred from XRD patterns.
These inserted FFT images that correspond to the selected area
also prove that a single-crystalline structure with high crystallin-
ity has been formed in the individual particles. This observation is
in good accordance with XRD results [34].

As illustrated in Fig. 4, X-ray photoelectron spectrum
(XPS) is utilized to investigate the valence state of transition

Table 4 The BET

surface area analysis for Sample Surface area (m*g ')
all samples

a 12.625

b 12.147

c 12.355
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Fig. 3 TEM images of a sample a Li; 5Nip,Mng O, (LiAC), b sample b Li; ;5sNag osNigoMng O, (LIAC+NaAC), and ¢ sample ¢
Li; 15Nag sNig2Mng 60, (LIAC+Na,COj3) with corresponding indexed FFT patterns

metal elements in the surface of the as-prepared materials. It is
clear that for all the samples, the binding energies (BEs) of
Niyp3 (Fig. 4b) and My, (Fig. 4c) are located at 854.7 and
642.4 eV, respectively, which is close to the values of Ni** and
Ml’l4+ in layered oxides Li [Ll 1 /3_2x/3NiXMn2/3_x/3]02 .
Furthermore, as shown in Fig. 4d, the peak of Na 1 s can be
observed in sample-b and sample-c. The peak position is lo-
cated at a binding energy of approximately 1072.89 eV, which
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is in good agreement with the standard binding energy of Na*
oxide, suggesting that the Na element appear as Na* in the Na-
doped samples. All the XPS data further indicate that the Na
element has been successfully introduced into the bulk phase
as Na*, and the introduction of Na* has no influence on the
oxidation state of the transition metal ion.

The initial charge and discharge profiles at 0.1 C are plotted
in Fig. 5. The corresponding initial charging/discharging data
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Fig. 4 XPS spectra for all samples in the region of a survey spectrum, b Ni 2p, ¢ Mn 2p,and d Na 1 s
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Fig. 5 Initial charge/discharge curves of sample-a Li; ;Nig,Mng ¢O,(LIAC),
sample-b Li; 5Nag ¢sNigoMng O, (LIAC+NaAC), and sample-c
Liy 15Nag 0sNigaMng 6O, (LIAC+Na,CO3)

were summarized in Table 5. The pristine sample LNMO
delivers a similar high initial charge/discharge capacity of
326/227 mAh g '. The pristine electrode displays an initial
coulombic efficiency of about 70%. With the increasing
amount of Na, the discharge capacity at 0.1 C increases to
249 mAh g ' for the b sample, 241 mAh g™ for the ¢ sample,
respectively. The initial charge profiles of all samples similar-
ly present a slope below 4.5 V and another high potential
plateau at 4.5 V. During the first charge process, the first volt-
age ramp is related to the reversible extraction of Li* from the
Li-layers and the second long potential plateau can be attrib-
uted to the Li,O extraction from Li,MnO3; components.
Generally, the initial charge/discharge capacities for the b
and c¢ samples are better than the bare sample. The reason
for the better initial performance of Na-doped samples can
be explained in two aspects. One can be attributed to the
highly ordered and stable structure caused by the Na-doping
process. The unchangeable doped Na ions with larger ionic
radius can suppress collapse of the lattice structure, resulting
in a mitigation of irreversible removal of Li,O in the first
cycle. The other one is that the incorporation of Na leads to
a further activation of the reduction of the manganese compo-
nent. Furthermore, there is no obvious enlargement of the
reversible capacity between the samples from different raw
materials. Based on the mechanism mentioned above, the
Na-doping process has a positive influence on the coulombic

0 10 20 30 40 50 60 70 80 90 100 110 120
Cycle numbers

Fig. 6 Cycling performance of sample-a Li; ;Nip,Mng 0, (LiAC),
sample-b Li; 15sNag gsNig,Mng 0, (LIAC + NaAC), and sample-c
Li1_15NaO_05Nio,2Mn0_602 (LIAC + N32CO3)

efficiency of the cathode materials. However, there is no ob-
vious improvement between the different raw materials.

To evaluate the effects of different raw materials on the
cycling stability, all the cathode materials were measured in
the voltage range of 2.0 to 4.8 V at 25 °C. An activation
process was carried out at 0.1C for seven cycles before all
the samples were tested at 0.2 C. As presented in Fig. 6, Na-
doped electrodes show the higher discharge capacities than the
pristine sample. Among these samples, the b electrode
(LiIAC+NaAC) delivers a best cycling capacity of 230 and
215 mAh g at the first and 120th cycles, respectively. Its
retention ratio is about 93.19%. Oppositely, the pristine
sample-a (LiAC) exhibits a lower discharge capacity of
176 mAh g ' after 120 cycles with a capacity retention ratio
of 82.94%. Further, the discharge capacity of sample-c
(LiAC+Na,CO3) at first and 120th cycles is 220 and
196 mAh g ', respectively. The capacity retention of
sample-c is as high as 89.16% up from 82.94% for the pristine
sample. The improved electrochemical performance of the
Na-doped electrodes is mainly attributed to the doped Na ions
in the Li sites can steady availably the lattice structure to
inhibit the phase transformation during the lithium insertion
and extraction. And the superior cycling performance of
sample-b which is apparently better than sample-c is due to
the better structure has been formed, as proved in XRD and
SEM results. The lithium acetate (C,H30,Li1) and sodium

Table 5 First charge/discharge

capacity and coulomb efficiency Samples Charge capacity Discharge Irreversible Coulomb

of synthesized samples (mAh-g ") capacity (mAh-g ") capacity loss (mAh-g ") efficiency (%)
a 326 227 99 69.63
b 313 249 64 79.55
c 301 241 60 79.73
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acetate (CH;COONa) were evidenced as better Li and Na
source.

Voltage decay upon cycling, which mainly attributed to the
layer-spinel structure conversion, is a main obstruction for the
application of layered lithium-rich materials. Figure 7 demon-
strates the discharge mean voltage plots of all the samples dur-
ing 50 cycles. Note that the discharge voltage of sample-a
acutely decreases from 3.42 to 2.95 V after 50 cycles (AE =
0.47 V). As for the Na-doped samples, both sample-b and
sample-c display a lower discharge voltage reduction of 0.34
and 0.39 V upon 50 cycles, corresponding to a low voltage
reduction of 0.0068 and 0.0078 V at one cycle, respectively.
As expected, the voltage fading rate of Na-doped samples effi-
ciently are lower than the pristine sample, which is due to the
suppression of cation mixing. In addition, the better stable op-
erating voltage for electrodes using sodium acetate as raw ma-
terials is mainly attributed to their better structural stability
which is easier to form in the lower melting point. Figure 7b—
d shows the discharge curves of different samples at first, 20th,
40th, 60th, and 80th cycles, it is clear that the cycle stability of
sample-b and sample-c are better than sample-a.

Figure 8 displays the rate capability of different electrodes.
These as-prepared samples were discharged at different cur-
rent densities (0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 0.1 C) after
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Fig. 8 Rate performance of sample-a Li; 5Nig ,Mng O, (LIAC), sample-
b Li; 15Nag osNig2Mng 0, (LIAC + NaAC), and sample-c
Li; 15Nag 0sNig 2Mng 605 (LIAC + Na,COs)

charging at a constant current density (0.1 C). Obviously, the
discharge capacities of Na-doped samples at different current
densities are higher than those of the pristine sample, especial-
ly at comparatively high densities. Specifically, sample-b ex-
hibits the highest discharge capacities of 246, 230, 206, 179,
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Fig. 7 a Mean voltage and discharge profiles at different cycles of b sample a Lij ;Nig,Mng 60, (LiAC), ¢ sample b Li; 15Nag osNig,Mng 6O,

(LiIAC+NaAC), and d sample ¢ Li; 15Nag ¢sNig,Mng 0, (LIAC+Na,COs)
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155, and 109 mAh g™ ' at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 C,
respectively, compared with 235, 210, 175, 133, 69, and
15 mAh g 'for the pristine sample-a. The reason for the im-
provement of the rate capability is that the expanded Li space
due to the Na-doping process can decrease the resistance for
Li diffusion and accelerate the electron migration. In addition,
these cells were also tested at 0.1 C after cycled at high current
densities. As seen in Fig. 8, the capacity at 0.1 C of sample-b
after cycled at high current densities is apparently higher than
sample-a and sample-c even better than its initial capacity at
0.1 C, which demonstrates that sample-b maintains a good
cycle stability after cycled at high current densities.

The structural stability of the materials was evidenced by
the XRD experiment. XRD patterns of the Li; ,Nig,Mng O,
and Li; ;5Nag gsNig,Mng 6O, electrodes cycled after 100 cy-
cles are shown in Fig. 9. It is clearly observed that all the three
samples show broader peaks and lower intensity after 100 cy-
cles. However, the XRD patterns of sample-b is closer to the
XRD patterns of its pristine electrode before cycling, suggest-
ing that the sample-b electrode has a strong structural stability
during cycling. Besides, both the (003) peak and (104) peak
move slightly toward the lower angle region after 100 cycles.
As seen in the detailed patterns, the (003) peak and the (104)
peak of sample-b and sample-c display a lower change than
sample-a. This phenomenon also suggests that a stronger
structural stability has been achieved for the Na-doped elec-
trodes, which contributes to the excellent cycling performance
for the Na-doped samples during the long-term cycling.

EIS provides information about the kinetics of electro-
chemical reactions of electrodes. [35] To better understand
the effects of raw materials on electrochemical performance,
all the samples are examined by EIS tests. The measurements
were carried out in the charged state of 5 V after 1 cycle tested
at 0.1 C with three electrodes system. The measured
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Fig. 9 XRD patterns of sample-a Li; ;Nip,Mng 0, (LIAC), sample-b
Lil'lsNa0.05Ni0‘2Mno‘602 (LIAC + NaAC), and Sample-c
Li1_15NaO_05NiO,2Mn0_602 (LIAC + N3.2CO3)

@ Springer

90 |-
Nipiasars
70

60 -

50 -

-7 IQ

40
30

20

——2
—e—b
—ah—C

10 -

1 i 1 1 i 1 1 1 1 1 i 1 1

0 20 40 o60 80 100 120 140 160 180 200

7' IQ

Fig. 10 Nyquist plots for the samples using different raw materials after
the first cycle: sample-a Li; ;Nig,Mngy 0, (LiAC), sample-b
Li; 15Nag.osNigoMng 6O, (LIAC + NaAC), and sample-c
Li; 15Nag 9sNip,Mng 6O, (LIAC + Na,COs) and equivalent circuit

impedance spectra are presented in Fig. 10. A high-
frequency semicircle and a low-frequency tail are observed.
Generally, an intercept at the Z real-axis in the high-frequency
region corresponded to ohm resistance (Rs). The high-
frequency semicircle is related to charge transfer resistance
(Rct). The low-frequency tail is associated with the Li ion
diffusion process in the solid phase of the electrode. Each
impedance spectrum is fitted with suggested equivalent circuit
model to give simulation of the ohm resistance (Rs) and
charge transfer resistance (Rct). As seen in Table 6, a rapid
decrease of the surface charge transfer resistance and ohm
resistance has been observed in sample-b. The sample-b cath-
ode shows the lowest charge transfer resistance (Rct).
Furthermore, based on the Warburg diffusion supported by
the low-frequency region, the diffusion coefficient (Dy;,) of
lithium ions is calculated based on the following equations:

D = 0.5[RT/AR’ F?0,,C,)’ (1)
Z =Ry + Ry + ogw *? (2)

As shown in Eq. (1), R is the ideal gas constant, 7 is the
absolute temperature, n is the number of electrons per

Table 6 Electrolyte resistance (R;), charge transfer resistance (R), and
diffusion coefficient (Dy;*) of sample-a Li; ,Nig,Mng O, (LIAC),
sample-b Lij 15sNag gsNig,Mng 0, (LIAC + NaAC), and sample-c
Liy.15Nag 0sNip2Mng 60 (LIAC + Na,CO3)

a b c
Ry 4486 1.645 2241
Ra() 209.9 127.6 188.4
Dy (em?s™h 6.15x 1071 224x1071 9.95x 107
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molecule during the charge/discharge process, F is the
Faraday constant, C, is the concentration of Li* in pre unit
cell, A is surface area of the electrode in cmz, and o is the
Warburg factor which has relationship with Z” (shown in Eq.
(2)). On the basis of the above information, the lithium-ion
diffusion coefficients of the pristine Li; ;Nip,Mng ¢Orand
Li; 15Nag ¢sNig,Mng ¢O,cathodes after 1 cycle are calculated.
As shown in Table 4, the lithium diffusion coefficients of Na-
doped sample-b (2.24 x 10°"* cm? s ') and sample-c (9.95 x
1074 cm? sfl) are better than sample-a (6.15 x 1074 cm? sfl).
These results revealed that the Na-doping process and
selecting sodium acetate as raw materials has good influence
on the improvement of the lithium diffusion coefficient of
electrodes, further proof that the appropriate raw materials
have a positive effect on the electrochemical performance.

Conclusion

The effect of raw materials on the structure, morphology, and
electrochemical performance of Li-rich Li; ;Nig,Mng O,
cathode materials has been systematically investigated. The
results demonstrate that the electrochemical performance of
Na-doped cathodes is sensitive to the raw materials. The
best-performing cathode Lij 15Nag 0sNig,Mng 6O, material
was achieved with LiAC and NaAC as raw materials; it is
capable of retaining 96% of its initial capacity after 80 cycles
at 0.2 C (retaining 93% of its initial capacity after 120 cycles at
0.2 C) and delivering a capacity above 109 mAh g ' at 5 C
rate. Sodium carbonate leads to worse cycling stability and
rate capability because of its higher melting point that is close-
ly related to the structure. The findings highlight the impor-
tance of optimizing the raw materials for preparing the Na-
doped Li-rich Mn-based cathode materials. Lithium acetate
and sodium acetate have been considered as the best Li source
and Na source.
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