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Abstract

Layered Li-rich cathode materials Li; ,Mng 534Nig 133C00 1330, (LNCMN-0) and Na doping Li; ;Nag ;Mng 534Nig 133C00 1330,
(LNCMN-0.1) are prepared successfully by a co-precipitation method and several consecutive calcination treatments. Besides,
the phase structure, morphology, and electrochemical properties of the four samples are studied in detail using X-ray diffraction
(XRD), scanning electron microscope (SEM), galvanostatic charge-discharge test, cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). Although the discharge capacity of spherical LNCMN-0.1 decreases slightly at 0.1 C (1 C=
250 mA g "), compared to the pristine LNCMN-0, it is noteworthy that the LNCMN-0.1 matched with dual Li*/Na* electrolyte
exhibit superior stability performance at 1 C, as well as enhanced rate capability. The LNCMN-0.1 (Li*/Na*) delivers an initial
discharge specific capacity of 267.61 mAh g ' at 0.1 C between 2.0 and 4.8 V at room temperature and initial coulombic
efficiency of 83.51%, which is higher than the LNCMN-0 samples (76.42 and 81.54%). The experimental results verify that
Na doping combined with dual Li*/Na* electrolyte can generate a synergistic effect, which is a promising idea to ameliorate the
electrochemical performance for this material.
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Introduction

Nowadays, with global shortage of oil resources, many efforts
have been adopted to promote the development of new energy
vehicles industry. Lithium-ion batteries (LIBs) have been
brought into focus by virtue of its advantages of high energy
density, high storage capacity, and long cycling life.[1-5]
Hence, LIBs have been applied in many electronic devices
including mobile phones, laptop computers, and hybrid elec-
tric vehicles and pure electric taxis or busses [6—8].
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It is well known that cathode materials play a significant
role in application of LIBs. Lithium cobalt oxide (LiCoO,) [9]
is the earliest to be researched and widely used commercial
cathode material for LIBs, resulting from its facile synthesis
route, low self-discharge, excellent cycle lifespan, and high
energy density. However, its major defects are costly co-
balt, [10] fast capacity decline at higher rates [11], and its
rapid capacity loss above 4.4 V (vs. Li*/Li).[12] With
years of investigation and exploration, numerous alterna-
tive cathode materials with cost-effective and ameliorated
performance have been studied to improve the drawbacks
of LiCoO,, including LiFePO, [13, 14], LiMn,0O4 [15,
16], Li-O [17], Li-S [18], LiNi,Mn,_,04 [19],
LiNi,Co,Mn,_,,0, (NCM) [20], and Li, ,Ni,Co,Mn.O,
[6]. Notably, layered lithium nickel-cobalt-manganese ox-
ides not only integrate individual advantages of LiNiO,,
LiCo00,, and LiMnO,, but also reduce the content of cost-
ly and toxic cobalt [21-23]. Therefore, the composite sys-
tem of LiNi,Co,Mn,_, ,0, (NCM) has become an area of
research focus. But the NCM still suffers from some
drawbacks of capacity fade, voltage decay [13], and poor
rate capability, which restrict their further applications.
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In many released reports, coating and doping have
been detected as efficient strategies to conquer these
drawbacks above. Surface coating modification, which
can form a protective layer around electrode materials, is
capable to alleviate erosion of hydrofluoric acid
decomposited from electrolyte in the charge-discharge
processes. Lu et al. [24] studied that CeF;-coated
lithium-rich layered Lil_zMno_54Nio.13C00_1302 exhibits
better cyclic performance and capacity retention.

In addition to surface coating, there are some researches
regard to a certain amount of element doping. Wang et al.
[25] researched LiMnPO4 by boron doping at P-site im-
proved electrochemical performance. Xie et al. [26] report-
ed the sodium-doped LiN;g gCoq.15Aly 050, displays im-
proved capacity retention and satisfactory performance at
high rates, similarly, defined as pillar effect [13]. Guo et al.
[14] investigated that Na additive samples demonstrate
large reversible capacity, prolonged cycling stability in
comparison with the bare sample. The abovementioned lit-
eratures effectively enhance the transfer dynamics of ions
and electrons for the positive electrode materials and fur-
ther improve the cycling stability.

In order to improve the electrochemical performance
of layered Li-rich Lil.zMn0.534Nio_133C00.13302, we take
Na doping into consideration in this work. Apparently,
after Na doping into cathode materials, the electrode con-
tains Li and Na element, whereas the most common
electrolyte of LIBs that is LiPF4 dissolved in ethylene
carbonate (EC) and dimethyl carbonate (DMC), merely
involves Li" and no Na*. Moreover, in charge process
cathode materials will lose electrons, and then forming
Li* and Na' on the surface of electrode materials.
Afterwards, Li* transported through LiPFg electrolyte
produces intercalation and de-intercalation back and forth
between the two electrodes in the cycling processes; nev-
ertheless, Na* cannot be conveyed to reference electrode,
namely no sufficient exhibition relative to the function of
dual Li*/Na*. Thereby, the impact on performance of
mixed electrolyte needs to be further explored. In partic-
ular, element doping combined with mixed electrolyte, if
generating a synergistic effect, would be a meaningful
amelioration method. In this article, we have not only
SyntheSiZed Lil.lNaO'an0.534Nio.133C00'13302 (LNCMN-
0.1) hybrids acting as cathode materials via a facile co-
precipitation method [24, 27] and reported a novel idea
to fabricate LNCMN-0.1 using dual Li*/Na® electrolyte,
but also investigated the effects of Na additive on phase
structure, morphology, and electrochemical properties.
Experimental results suggest that the LNCMN-0.1 (Li*/
Na*), indeed, form a synergistic effect, namely, achieving
mutual diffusion of Li* and Na* and accordingly increas-
ing the ionic mobility and electronic conductivity during
cycling processes.
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Experimental section
Synthesis of spherical Li-rich materials

In typical, Mn(CH5;COO),-4H,0, Ni(CH;COO),-4H,0, and
Co(CH5;C00),-4H,0 whose molar ratio is Mn:Ni:Co of
0.534:0.133:0.133 (1.0 M) were dissolved together in
100 mL distilled water to obtain a transparent solution.
Then, a mixed solution containing 120 mL of Na,CO;
(1.0 M) and the transition metal acetate solution was gradually
added to 300 mL of NH4;HCOj3 (0.5 M). The pH was adjusted
to 8-9 using NH4,OH followed by vigorously stirring for 5 h
with a stirring speed of 800 rpm. The obtained precipitates
were then filtrated, rinsed with distilled water, and finally
dried at 60 °C for 8 h. The dried power of metal carbonate
precursor was mixed with Li,CO3 (5 wt% excess) and
Na,COj3 (molar ratio of Li:Na=1.1:0.1) and then grind to
make of even mixture. Finally, the mixture was preheated at
500 °C for 5 h, 720 °C for 5 h and calcined at 900 °C for 12 h
in air atmosphere to obtain the target compound of
LililNao_1MI‘10~534Ni0.133C00_13302 (LNCMN-OI) The
LNCMN-0.1 assembled with dual Li*/Na* electrolyte and
merely Li* electrolyte, are named as LNCMN-0.1 (Li*/Na*)
and LNCMN-0.1 (Li"), respectively.

For comparison, Lil.zMnQ_534Ni0_133C00'13302 (the
LNCMN-0) has also been prepared using the same method,
only without adding Na,CO; in grinding process. The
LNCMN-0 assembled with dual Li*/Na* electrolyte and sim-
ply Li" electrolyte, are named as LNCMN-0 (Li*/Na®) and
LNCMN-0 (Li"), respectively.

Material characterization and electrochemical
measurements

X-ray diffraction (XRD, PANalytical X’ Pert PRO, Cu-K«x
radiation, A =0.15406 A) was utilized to characterize the
phase structure of the as-prepared samples. The XRD patterns
were obtained in a 26 range from 10 to 80° at a scan rate of
0.02°s™". The morphologies of samples were characterized by
scanning electron microscopy (SEM, ZEISS ULTRA 55).
Electrochemical measurements were performed in coin-
type half-cells(CR2430) assembled in an argon-filled glove
box. The working electrode was fabricated with 80 wt%
LNCMN-0.1 or LNCMN-O0 as active materials, 10 wt% acet-
ylene black (conductive agent), and 10 wt% PVDF (the bind-
er). The obtained slurry was printed on aluminum foil (ap-
proximate 10 um thickness) and then dried under vacuum at
60 °C for 12 h. Afterwards, the electrodes were roll-pressed
and punched (p =18 mm). The coating mass on the Al foil
was 6.0 mg averagely. Lithium foil was used as the reference
electrode and Celgard-2400 as the separator. The dual Li*/Na*
electrolyte was 1 M LiPF4:1 M NaPFg=1.1:0.1 (v:v) dis-
solved in EC:DMC = 1:1 (v:v). The charge-discharge tests
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was conducted by NEWARE Battery Testing System in the
voltage range of 2.0 to 4.8 V (vs. Li/Li") at a constant current
densities from 0.1 to 10 C (1 C=250 mA g ') at room tem-
perature. Cyclic voltammograms (CV) were carried out on a
Solartron Analytical 1470E electrochemical workstation at
different sweep speeds of 0.05, 0.1, 0.2, and 0.5 mV s ! be-
tween 2.0 and 4.65 V. And the electrochemical impedance
spectroscopy (EIS) was conducted using CHI604D
Electrochemistry System at an open voltage in the frequency
range from 100 kHz to 0.01 Hz with a voltage amplitude of
10 mV.

Results and discussion

As illustrated in Scheme 1, the spherical
Li; 1Nag.1Mng s34Nig 133C00.1330; is prepared successfully
by a facile co-precipitation method with several consecutive
calcination treatments. It shows that the smooth surface of the
precursor apparently changes to a layer-by-layer morphology.
The XRD patterns of the LNCMN-0.1 and the LNCMN-0
are shown in Fig. 1. The main peaks (around 260 = 18.6, 37.0,
and 44.7°) are clearly observed in both samples, which can be
indexed to the layered hexagonal x-NaFeO, structure with a
space group of R-3 m [24]. There is no other diffraction peaks,
indicating that the alien atoms do not destroy the lattice struc-
ture of LNCMN-0 and no impurity phase. In addition, the
clear splitting peaks of (006)/(012) and (018)/(110) also indi-
cate ordered layered structure [7]. Furthermore, the XRD pat-
terns and the insert graph illustrate that the peaks of Na doping
sample present slightly shift towards to left in the 26 range of
36-46°, indicating an influence of enlarging the lattice volume
due to the pillar effects [13] of Na doping. With larger radius
of Na* (0.102 nm) than Li* (0.076 nm), the alien Na can
enlarge Li layers spacing and crystal size and provide larger
space for the movement of ions and electrons. The weak lat-
tice peaks at 20 to 25° are indexed to the monoclinic
Li,MnO;3-like domains with space group of C2/m [6]. The
Na doping sample can restrain layered-to-spinel phase transi-
tion [26], which may ascribe to improve structural stability
and reduce the cation mixing by the addition of Na [28, 29].

Scheme 1 llustration of co-
precipitation followed with sub-
sequent calcinations for the for-
mation of LNCMN-0.1

2

Na,CO,

The morphology of the precursor, pristine LNCMN-0, and
LNCMN-0.1 is shown in Fig. 2. All the samples are com-
prised of spherical particles with a particle diameter of 1—
6 um. In Fig. 2a and b, the precursor particle displays low
degree of crystallinity. Meanwhile, there is no apparent mor-
phology transformation observed for both cathode material
particles, which manifests that Na doping may not influence
the morphology of pristine LNCMN-0 particles. However,
some small flakes and voids exist on the surface of the
LNCMN-0.1 particles. The tiny flakes may form as an amor-
phous phase during the high temperature annealing of crystal
growth because there is no evident crystallization phase for
any impure components shown in the XRD patterns [26]. In
addition, the voids occur accordingly when the primary parti-
cles aggregate together and form spherical secondary
particles.

Figure. 3 illustrates the transportation of Li* and Na* dur-
ing the discharge process. Firstly, Li* and Na* are transported
by individual carrier (LiPF4 and NaPFg) through the separator
and interface film between electrode and electrolyte into the
surface of cathode (Li; ;Nag 1M, 3O,, M = Ni, Co, Mn). The
electron moves from the external circuit into the cathode.
Afterwards, Li*, Na*, and transition metal ions obtain several
electrons and generate a series of reduction reactions.

The cycling performances for four samples are measured at
1 C for 55 cycles after 0.1 C for 3 cycles at the voltage range of
2.0-4.8 V. As delivered in Fig. 4a, despite a slight decrease of
specific capacity at 0.1 C for Na doping samples, the
LNCMN-0.1 (Li*/Na") and LNCMN-0.1 (Li*) exhibit superi-
or cycle stability than the other two pristine samples. Among
the four samples, the LNCMN-0.1 (Li*/Na") presents the ex-
cellent discharge specific capacity of 172.04 mAh g~ ' and
capacity retention of 85.79% at 1 C after 50 cycles, while the
LNCMN-0 (Li*/Na*) shows inferior discharge specific capac-
ity of 138.09 mAh g ' and capacity retention of 73.91% in the
same test conditions. The initial coulombic efficiency of
LNCMN-0.1 (Li*/Na*), LNCMN-0.1 (Li*), LNCMN-0 (Li*/
Na*), and LNCMN-0 (Li*) are 83.51, 81.76, 76.42, and
81.54%, respectively. Further, the initial charge-discharge pro-
files of LNCMN-0 (Li*/Na*) and LNCMN-0.1 (Li*/Na*) are
presented in Fig. 4b. Both cathode materials exhibit two pla-
teaus at 4.0-4.4 V and above 4.5 V during the initial charge
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Li,CO, /73
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AN
-
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precursor LNCMN-0.1

@ Springer



54

lonics (2019) 25:51-59

Fig. 1 The XRD patterns of a the
LNCMN-0.1 and b the LNCMN-0

Intensity (a.u.)

(a) LNCMN-0.1

(006) (012)

My
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process, which is corresponding to two different Li* de-
intercalation and polarization processes [6]. Apparently, it also
shows that the initial coulombic efficiency and initial charge/
discharge specific capacity of the LNCMN-0.1 (Li*/Na*) elec-
trode is 83.51% and 320.42/267.61 mAh g ' at 0.1 C, higher
than that of the LNCMN-0 (Li*/Na™), which is 76.42% and
351.32/268.49 mAh g .

Moreover, Fig. 4c delivers the rate capability of LNCMN-
0.1 (Li*/Na™), LNCMN-0.1 (Li*) and LNCMN-0 (Li*/Na™)
under galvanostatic charge and discharge test at different rates
from 0.1 to 10 C. Although the LNCMN-0.1 (Li*/Na*) and
LNCMN-0.1 (Li*) show a bit low reversible capacity at 0.1 C,
compared to the LNCMN-0 (Li*/Na*), they exhibit higher
discharge capacity at higher rates from 0.5 to 10 C. Such
superior rate capability of LNCMN-0.1 (Li*/Na™) and
LNCMN-0.1 (Li") might be ascribe to Na doping enlarging
layer spacing [26] that is conducive to accelerate ion transpor-
tation and electron conductivity and well exert synergistic
effect between Na doping and dual Li*/Na* electrolyte.
More remarkable, when the current density returns back to
0.1 C, the discharge capacity of the Na doping samples can
almost revert to its initial capacity, while the LNCMN-0 (Li*/
Na*) recovers to merely 76.85% of that. The results reveal that
the LNCMN-0.1 may mitigate the influence at high current
density and possess preferable structural stability at diverse
rates. Moreover, Na doping combined dual Li*/Na* electro-
lyte indeed create favorable effect, which verifies in our orig-
inal assumption—synergistic effect.

In order to detect the redox reactions on the surface of
electrode and electrolyte during cycling, cyclic voltammetry
(CV) measurements are performed [2]. As shown in Fig. 5a, b,

@ Springer
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CV profiles of the first 3 cycles are presented at a scan rate of
0.1 mV s ! between 2.0 and 4.65 V. Obviously, it can be
observed that the plots of LNCMN-0.1 (Li*/Na*) are over-
lapped well than that of the LNCMN-0 (Li*), indicating that
the former will exhibit better reversibility of the electrode
reactions, which is accord with the stable cycling results in
Fig. 4a. The CV curves of LNCMN-0 (Li*) and LNCMN-0.1
(Li*/Na®) both exhibit two oxidation peaks in the anodic scan,
which could be attributed to the delithiation. The first peak at
~4.1 V is related to the oxidation of Ni** to Ni** and Co>* to
Co™, while the second peak at ~4.6 V merely refers to the
oxidation of Co®* to Co**[6]. The corresponding voltage
values of the peaks are consistent with the plateaus in initial
charge-discharge plots in Fig. 4b. Moreover, Mn** in the
electrode as a structural material does not take part in a
chemical reaction during the charge and discharge cy-
cles, which can keep the structural stability of LNCMN-
0 and LNCMN-0.1. In the reversal cathodic sweep, the
reduction peaks at ~3.3 and ~3.82 V are attributed to
the reduction of Ni** to Ni** and Co** to Co** [30]. In
addition, the LNCMN-0.1 (Li*/Na*) has a smaller dif-
ference for redox peak potential (AV =0.24 V) than the
LNCMN-0 (Li*) (AV =0.38 V), which may ascribe to
slightly suppress polarization process and irreversible
side reaction [31, 32].

Figure 5c, d exhibits the CV profiles of the LNCMN-0
(Li*) and LNCMN-0.1 (Li*/Na") at different scan speeds
(0.05, 0.1, 0.2, and 0.5 mV s ') at 2.0-4.65 V. The figures
display that the peak intensity increases with the increase of
sweep speed for both samples. Besides, Fig. Se, f show the
fitting plots of oxidation and reduction peak currents (1031’1,)
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Fig. 2 The SEM images of a, b
the precursor; ¢, d the LNCMN-0;
and e, f the LNCMN-0.1
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vs. the square root of sweep speed. The diffusion coefficient of
Li* can be calculated using the following equation [33]:

i = (2.69 x 10%)n*2AD!ZCv!/2

where n denotes the number of electrons per molecule dur-
ing oxidization (here, n=1), A signifies the surface area of
electrode (2.54 cm?), Dy;" indicates the Li* diffusion coeffi-
cient, C is the concentration of Li* (Cincmn.0)=6.10 X
102 mol cm >, Canemn-o.1y=15.59 x 102 mol cm ), and v
is the sweep speed. The Dy ;* of the LNCMN-0.1 (Li*/Na*) for
oxidation and reduction peaks are 1.09 x 10 '! and 3.01 x
1072 ecm? 571, respectively, while those of the LNCMN-0
(Li*) are 7.28 x 107" and 1.65 x 107" cm? ™', accordingly.
The LNCMN-0.1 (Li*/Na*) sample manifests a boosted
Li* diffusion coefficient, which may owing to the mixed
Li*/Na* electrolyte that is beneficial to improve the mutual

ions diffusion rate. The calculated diffusion coefficients of
Li* also reflect well with the variation tendency of rate
capability in Fig. 4c.

To further understand the effect of Na doping and dual Li*/
Na* electrolyte on the electrode resistance, electrochemical
impedance spectroscopy (EIS) analysis [34, 35] is carried
out in the fully discharge state. The measurements are im-
posed at 0.1 C with voltage range from 2.0 to 4.8 V before
cycle and fifth cycle, respectively. As illustrated in Fig. 6, the
Nyquist plots for three electrodes are all composed of a de-
pressed semicircle in the high to medium frequency region
and a slope line in the low frequency region [24]. R, is related
to the solution resistance resulting from decomposition of
electrolyte when electrode is cycling in the high voltage.
The semicircle signifies the charge transfer resistance (R in
the electrode/electrolyte interface. The slope represents the
Warburg impedance (W) which denotes the diffusion im-
pedance of Li* in the bulk. In addition, CPE (constant
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Fig. 3 The illustration model of
Li* and Na* transportation

phase element) corresponds to the non-ideal double-layer
capacitance. To estimate the value of R; and R, the
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Fig. 4 a Cycling performance of LNCMN-0.1 (Li*/Na*), LNCMN-0.1
(Li*), LNCMN-0 (Li*/Na®) and LNCMN-0 (Li*) at 1 C after 0.1 C for

Cycle number

3 cycles. b Initial charge-discharge profiles at 0.1 C for LNCMN-0 (Li*/
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Na*) and LNCMN-0.1 (Li*/Na*). ¢ Rate performances of LNCMN-0.1
(Li*/Na*), LNCMN-0.1 (Li*) and LNCMN-0 (Li*/Na*)
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Fig. 5. CV measured for the first
3 cycles of a the LNCMN-0 (Li*)
and b the LNCMN-0.1 (Li*/Na*).
CV measured at different sweep
speeds of 0.05, 0.1, 0.2, and
0.5mV s ' for ¢ the LNCMN-0
(Li*) and d the LNCMN-0.1 (Li*/
Na"). The current of peaks (10° i)
vs. the square root of scanning
speeds (v'?) plots of e the
LNCMN-0 (Li*) and f the
LNCMN-0.1 (Li*/Na*)
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As listed in Table 1, there are no noticeable changes for R;
values of three electrodes after 5 cycles. It indicates the slow
decomposition of electrolyte during cycling. Distinctively, the

Fig. 6 EIS curves of LNCMN-0
(Li*/Na*), LNCMN-0.1 (Li"),
and LNCMN-0.1 (Li*/Na*) and
equivalent circuit in the inset
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Table 1  The values of R, and R, for the LNCMN-0 (Li*/Na*),
LNCMN-0.1 (Li*), and the LNCMN-0.1 (Li*/Na") electrodes before cy-
cle and after 5 cycles

Samples R, R
Before S5th Before Sth
cycle cycle
LNCMN-0 1.05 Q 0.65Q  321.00Q 11120 Q
(Li*/Na*)
LNCMN-0.1 1.14 Q 1.23Q 51.79 Q 108.50 €2
(Li")
LNCMN-0.1 0.73 Q 1.55Q  70.76 Q 38.58 2
(Li*/Na*)

resistance value (38.58 ) after 5 cycles, respectively. And the
LNCMN-0.1 (Li") shows the R, value of 51.79 Q before
cycle and 108.50 2 after 5 cycles, while the LNCMN-0.1
(Li*/Na™) shows lower R, value of 70.76 and 38.58 €, ac-
cordingly. From the above results, the original R values of
them are closer. The R value for LNCMN-0.1 using LiPFg
increases more than twice from 51.79 to 108.50 €2 after 5 cy-
cles. On the contrary, the R value of the LNCMN-0.1 using
dual Li*/Na* electrolyte decreases almost half from 70.76 to
38.58 (1 after cycling.

The marked difference of R reveals that Na doping elec-
trode could effectively suppress electrochemical polarization.
Moreover, by the comparison of the LNCMN-0.1 (Li*) and
LNCMN-0.1 (Li*/Na*) electrodes, the decreased R, value
suggests that electrode fabricated with dual Li*/Na* electro-
lyte is more conducive to reducing impedance [36] and ac-
cordingly increasing ion diffusion rate during the cycling pro-
cesses when compared to merely Li* electrolyte. On the basis
of the above analysis, we can conclude that the EIS results
reflect well on the ameliorated rate capability as shown in
Fig. 4.

Conclusions

In conclusion, the Li-rich layered Li; ;Nag Mng 534
Nig 133C00 1330, (LNCMN-0.1) electrode material was ob-
tained successfully by a co-precipitation method and several
consecutive calcination treatments. By doping a small amount
of Na and adopting dual Li*/Na* electrolyte in assembling
process, the LNCMN-0.1 (Li*/Na*) cathode material exhibit-
ed good cycling stability and rate capacity at high current
density. Despite a slightly reduction of initial discharge capac-
ity at 0.1 C, initial coulombic efficiency of the LNCMN-0.1
(Li*/Na*) is 83.51%, higher than LNCMN-0 (Li*/Na®). The
LNCMN-0.1 (Li*/Na*) can achieve a synergistic effect of Na
doping combined with dual Li*/Na™ electrolyte, which is con-
ducive to enhancing performance at high rates, suppressing

@ Springer

polarization process in the interface between electrode and
electrolyte and declining the electrochemical impedance,
namely accelerating ionic mobility and electronic conductivi-
ty. In consequence, this work demonstrates a promising idea
to ameliorate electrochemical performance for Li-rich layered
Lil_2Ml’10.534Ni0_133C00.13302 cathode materials.
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