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Abstract: Pristine LiNigsMn; 504 and Na-doped Lig 9sNag osNig sMn; 50, cathode materials were synthesized by a simple solid-state
method. The effects of Na* doping on the crystalline structure and electrochemical performance of LiNiysMn,; sO4 cathode material
were systematically investigated. The samples were characterized by XRD, SEM, FT-IR, CV, EIS and galvanostatic charge/discharge
tests. It is found that both pristine and Na-doped samples exhibit secondary agglomerates composed of well-defined octahedral
primary particle, but Na* doping decreases the primary particle size to certain extent. Na* doping can effectively inhibit the formation
of Li,Ni;_,O impurity phase, enhance the Ni/Mn disordering degree, decrease the charge-transfer resistance and accelerate the lithium
ion diffusion, which are conductive to the rate capability. However, the doped Na" ions tend to occupy 8a Li sites, which forces equal
amounts of Li" ions to occupy 16d octahedral sites, making the spinel framework less stable, therefore the cycling stability is not

improved obviously after Na* doping.
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1 Introduction

Lithium ion batteries (LIBs) have great potentials to
be applied as large-scale power source for electric
vehicles (EVs), hybrid electric vehicles (HEVs) and
large-scale storage system of renewable energy due to
their high energy density, long cycle life and
environmental friendliness [1,2]. However, the lower
energy density of currently commercially available LIBs
using LiCoO,, LiFePO, and LiMn,O, as cathode
materials seriously inhibits their large-scale application.
Therefore, it is necessary to develop LIBs with higher
energy density, which is determined by the cathode
material.

LiNigsMn,; 5O, cathode material, first reported by
AMINE et al in 1996 [3], has a high working voltage of
4.7 V (vs Li/Li") and a theoretical discharge capacity of
146.7 mA-h/g, thus resulting in a higher specific energy
(~650 W-h/kg) than many commercialized compounds.
Therefore, spinel LiNiypsMn;sO4 has attracted much
interest as a promising cathode material of high specific

energy LIBs for EVs applications [4,5]. In addition, the
fast three-dimensional Li" ions diffusion pathways within
the cubic lattice render a high power density [6].
However, LiNijgsMn, 50, suffers from limited cycle life,
particularly at elevated temperature, which is caused by
the electrolyte degradation at high working voltage [7-9],
or Mn?" dissolution resulting from the disproportionation
reaction of Mn®" ions [10—13]. In order to resolve the
above issues, various approaches such as structure and
morphology controlling, surface coating and element
doping have been employed. Among them, element
doping is believed to be one of the most effective ways
to improve the electrochemical performance of
LiNiysMn, 504. It has been reported that the substitution
of Ni/Mn by cations, such as Mo [14], Zn [15], Sm [16],
Ti [17], Ru [18], Co [19] and Cr [20], could effectively
eliminate the formation of rock-salt impurity phase and
stabilize the disordering of Ni** and Mn*" ions in the 164
octahedral sites of the Fd3m space group in the spinel
structure [21], thus leading to the enhancement of
cycling stability and rate capability. However, up to now,
there is relatively little research on the substitution into
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Li sites. WANG et al [22] synthesized Li;—Na,Nig;s-
Mn, 50,4 cathode material via a co-precipitation method
followed by a solid-state method and found that proper
Na' doping could remarkably enhance the rate capability
and cycling stability. However, in this work, the pristine
sample  LiNipsMn;504 and Na-doped sample
Lig9sNag gsNigsMn; sO4 were prepared by simple solid-
state method using NiO, Mn;0,, Li,CO; and Na,CO; as
raw materials, and the effects of Na® doping on
crystalline structure and electrochemical performances of
LiNiysMn; sO4 cathode material were investigated.

2 Experimental

2.1 Material synthesis

Pristine LiNigsMn; 50, cathode
synthesized by solid-state method. The starting reagents
Li,COs3, NiO and Mn;0,4 with appropriate stoichiometry
ratios were ball-milled for 1 h and fired initially at
500 °C for 5 h and then 850 °C for 8 h under air
atmosphere with a heating rate of 5 °C/min. The
as-obtained cathode material was labeled as LNMO. For
the Na-doped sample, Na,CO; was used as Na' source to
give the final composition of LijgesNagosNigsMn; 5Oy,
which was named as LNMO-Na. To compensate for the
lithium loss at high temperature, 3% (molar fraction)
extra amount of lithium source was used in the

material was

experiment.

2.2 Characterization and electrochemical measure-

ments

The crystalline structure of the samples was
characterized by X-ray diffractometry (D8-FOCUS,
Bruker, Germany) using Cu K, radiation (1=0.15406 nm)
in the 26 range of 10°—80°. The particle morphology of
the materials was observed by scanning electron
microscopy (Nova Nano SEM450, FEI, USA). The
Ni/Mn ordering distribution in LiNiysMn; ;04 material
was identified by Fourier transformation infrared
spectrometer (V80, Bruker, Germany) with a
wavenumber scale of 400—700 cm .

The fabrication of positive electrode was as follows.
The as-prepared cathode materials were mixed with
ethylene black and polytetrafluoroethylene (PTFE) in a
mass ratio of 80:15:5. The CR2032 test coin cells were
assembled using a lithium foil as the counter electrode,
Celgard 2300 as the separator, and 1 mol/L LiPFg
dissolved in ethylene carbonate (EC)—dimethyl carbonate
(DMC)—ethyl methyl carbonate (EMC) (1:1:1, volume
ratio) as the electrolyte in an argon-filled glove box. The
cells were galvanostatically charged/discharged at
various current densities (1C=147 mA/g) on a LAND
CT2001A battery tester between 3.5 and 4.95 V (vs
Li/Li"). Cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS) data were collected on a
CHI660 electrochemical workstation. The CV curves
were recorded in the voltage range of 3.4-5.0 V (vs
Li/Li") at a scan rate of 5 mV/s. The impedance spectra
were recorded by applying an ac amplitude of 5 mV over
a frequency range from 10 mHz to 100 kHz at
full-discharge state after rate capability test. All tests
were carried out at room temperature.

3 Results and discussion

3.1 Structural characterization

Figure 1 displays the XRD patterns of the pristine
and Na-doped samples. From Fig. 1(a), we can see that
all the diffraction peaks can be indexed to the cubic
spinel structure with Fd3m space group (JCPDS No.
80-2162) [23,24], which can be confirmed later from the
CV curves or the charge—discharge curves with the
presence of a small 4.0 V plateau. As for the pristine
sample, besides the main spinel phase, there also exist
three weak peaks at 26=37.5°, 43.5° and 63.5°, which
can be ascribed to a rock-salt impurity phase (LiNi;—O)
resulting from the oxygen loss during calcination
at temperatures over 650 °C [25,26]. This indicates that
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Fig. 1 XRD patterns (a) and magnification of 15°—45° (b) of
pristine and Na-doped samples
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part of Mn will be reduced from Mn** to Mn** in order to
maintain the charge balance, thus leading to the
formation of disordered phase with Fd3m space
group [27]. However, the impurity phase does not exist
in the Na-doped sample, indicating that the Na" doping
can effectively inhibit the formation of rock-salt impurity
phase, leading to the high phase purity of LiNigpsMn,; 50,4
product, which is believed to be conductive to the
electrochemical performance.

From the amplified pattern between 15° and 45°, as
shown in Fig. 1(b), we can see that the (111) diffraction
peak of LNMO-Na shifts to lower angles compared with
that of LNMO sample, which can be explained by larger
ionic radius of Na® (1.02 A) than that of Li" (0.76 A).
What’s more, based on Bragg equation 2dsin 6=ni, we
can get that the interlayer spacings of (111) lattice plane
(d111) for LNMO and LNMO-Na samples are 0.4706 and
0.4712 nm, respectively, as listed in Table 1, which is in
consistence with the shift of (111) diffraction peak after
Na® doping. This can further testify the successful
doping of Na' ions into the crystal lattice. From Table 1,
it can be seen that the lattice parameters and unit cell
volumes of LNMO and LNMO-Na samples are
0.8163 nm, 0.5440 nm’ and 0.8170 nm, 0.5454 nm’,
respectively. It can be seen that the Na™ doping results in
the expansion of unit cell, suggesting that Na" ion with
larger ionic radius substituting Li" ion in the crystal
lattice occurs. The swelling of lattice parameter will
make Li" ion diffusion much easier, which is good for
the electrochemical performance.

Table 1 Lattice parameters, dyj;, Dyy; and I31,/1490 for pristine
and Na-doped samples

Sample a/nm V/nm3 d“l/nm Dm/nm 1311/[400
LNMO 0.8163 0.5440 0.4706  69.28 0.948

LNMO-Na 0.8170 0.5454 0.4712  45.53 0.869

Based on Scherrer equation D=kA/ficos 6, where k is
0.89, 1 is 0.15406 nm and g is the full-width-at-half-
maximum (FWHM) of the diffraction peak on a 26 scale,
we can get the crystallite size of both samples according
to Dyy; value, as tabulated in Table 1. From Table 1, we
can see that the D;;; values for LNMO and LNMO-Na
samples are 69.28 and 45.53 nm, respectively. It is found
that Na® doping reduces the crystallite size, in
accordance with the slightly broader diffraction peak of
Na-doped sample, which is believed to be advantageous
to the rate capability. This can be further verified by the
following SEM observation.

From Fig. 1(b), we can also observe the presence of
a weak reflection peak at ~31°, indexed as (220), in
LNMO-Na sample, verifying that the Na" ions indeed
enter into the crystal lattice and occupy part of 8a

tetrahedral sites [28,29]. Although this will cause the
expansion of unit cell, which is believed to be
advantageous to the Li" ions diffusion, it will lead to the
instability of crystal structure, which can be verified by
the integrated intensity ratio of (311) to (400). It has been
reported that the intensity ratio of I3;1/l4 reflects the
structural stability of spinel framework. The higher the
L/l ratio is, the better structural stability and
electrochemical performance can be achieved [30,31].
From Table 1, we know that the intensity ratio of I3,;/1400
is 0948 and 0.869, respectively, for LNMO and
LNMO-Na samples, indicating that Na® doping is
disadvantageous to the structural stability of
[NigsMn; 5]O,4 spinel framework, which may be due to
the weaker bonding strength of Na—O than that of
Li—O. The decreased structural stability after Na®
doping is believed to be disadvantageous to the cycling
performance.

Generally, LiNipsMn,; 50, spinel has two different
crystallographic structures, depending on the oxygen
stoichiometry or the ordering of Ni/Mn cations, namely,
the Fd3m disordered structure, in which Ni and Mn
atoms are randomly distributed in the octahedral 16d
sites, and the P4;32 ordered structure, in which Ni and
Mn atoms occupy the 4a and 12d octahedral sites,
respectively [32,33]. However, the XRD technique could
not distinguish between the two crystal structures due to
the similar scattering factors of Ni and Mn [23,34].
While FT-IR spectroscopy is sensitive to the crystal
symmetry, which is a useful tool to determine the
structure (amorphous structure, cation ordering, etc)
[34,35]. It is generally accepted that LiNiy sMn, sO4 with
ordered structure in P4;32 space group typically
produces a fingerprint spectrum consisting of eight well-
defined bands [36]. Disordered phase, on the other hand,
gives a rather broad spectrum with only five bands [33].
Figure 2 shows FT-IR spectra of the pristine and
Na-doped samples. It can be seen that both samples have
only five bands at 621, 586, 556, 505 and 475 cm !,
indicating that both samples have disordered structures

621 505 475

586

LNMO

LNMO-Na,,

700 650 600 550 500 450 400
Wavenumber/cm™!

Fig. 2 FT-IR spectra of pristine and Na-doped samples
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with Fd3m space group [37,38]. As reported in
Refs. [39,40], the intensity ratio between the bands at
586 and 621 cm™' can be used as a semiquantitative
measure of the cation ordering degree in LiNiysMn, 50,.
The higher the intensity ratio is, the higher the cation
ordering degree is. As Fig. 2 demonstrates, the band
intensity ratios are 0.883 and 0.875 for LNMO and
LNMO-Na samples, respectively, indicating that Na"
doping increases the disordering degree of Mn and Ni in
the sample, which is in consistence with the results of
Ref. [22].

3.2 Morphological analysis

The structure and morphology of both
LiNiysMn, sO4 samples are illustrated in Fig. 3. It can be
seen that both samples exhibit particle
morphology, namely, secondary agglomerate composed
of well-defined octahedral primary particle with smooth
surface. The nonuniform particle size distribution is a
characteristic of the product of solid-state method. From
Fig. 3(b), we can see that despite of the existence of
some large particles, the primary particle size of
LNMO-Na sample is somewhat smaller than that of
pristine LNMO sample, indicating that the Na" doping
could inhibit the particle growth to some extent, in
consistence with the above XRD results, which is
believed to be advantageous to the rate capability. This
phenomenon is consistent with, but not obviously, the
finding of Ref. [22] that the particle size decreased with
the increase of Na doping amount, which may be due to
the different synthesis methods.

similar

Fig. 3 SEM images of pristine and Na-doped samples:
(a) LNMO; (b) LNMO-Na

3.3 Electrochemical performance

Figure 4 shows the discharge curves of the pristine
and Na-doped samples at various rates of 0.2C, 1C, 5C
and 10C, respectively. From Fig. 4, we can see that both
samples exhibit similar discharge profiles at various rates,
including a large voltage plateau at ~4.7 V and a small
voltage plateau at ~4.0 V, corresponding to the Ni*"/Ni**
and Mn’"/Mn*" redox couples, respectively. The
existence of small plateau at ~4.0 V confirms above
structural analysis that both the pristine and Na-doped
samples belong to Fd3m space group due to the
disordered distribution of Ni and Mn ions in octahedral
16d sites.

15 !(a) LNMO
e i\
g og44f T By &
3 v \
2 LN
e - 0.2C " P
24 w1C Y
C -+ 5C N
> -+ 10C v, A\A i
3.6r Y \ 4
2

0 20 40 60 80 100 120
Specific capacity/(mA-h-g™)

LNMO-Na

4.8

Z
=
S 44t
—
z
[ L —= 0.2C \
241 e AN
S —— 5C
>
361 - 10C

0 20 40 60 80 100 120
Specific capacity/(mA-h-g™)

Fig. 4 Discharge curves of pristine (a) and Na-doped (b)

samples at various rates

From the discharge curves at 0.2C rate, we can see
that LNMO-Na sample has a longer voltage plateau at
4.0 V than LNMO sample, implying a higher Mn*"
content in Na-doped sample. It has been reported that the
relative Mn®" content can be directly deduced by taking
the ratio of discharge capacity at plateau of 3.8—4.25 V to
the total discharge capacity [29], which are 11.27% and
14.85% for LNMO and LNMO-Na samples, respectively.
In theory, because of the same valence state of Na" with
Li", there should not be any change in the length of 4.0 V
plateau and Mn®" content. The generation of Mn®" is
reported to be caused by two factors, that is, the
formation of LiNi;- O impurity phase and oxygen
nonstoichiometry [41]. However, from the XRD patterns
in Fig. 1, we can see that there is nearly no rock-salt
impurity phase in LNMO-Na sample, which indicates
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that there may be oxygen nonstoichiometry present in the
Na-doped sample. As shown in Fig. 1(b), the weak peak
at ~31° indicates that some Na' ions occupy the 8a
tetrahedral sites displacing equal amounts of Li" ions into
the 16d octahedral sites, and the larger Na" ion induces a
nearby oxygen vacancy due to the compressive strain
on the metal —oxygen bonds near large ions [42].
Additionally, the presence of Li" ions in the 164
octahedral sites promotes cation disordering between
Mn** and Ni*". Both of the above factors lead to higher
Mn®" content, in other words, higher cation disordering
degree in the Na-doped sample. This phenomenon is the
same case as the findings of CHEMELEWSKI and
MANTHIRAM [41], where parts of Ni*" was substituted
by Zn*" with the same valence state.

From Fig. 4, we can also observe that with the
discharge rate increasing, the discharge voltage plateau
decreases gradually, which can be attributed to the
increase in electrode over-potential and IR drop at high
rates. In comparison with LNMO sample, LNMO-Na
sample shows a slighter drop in the discharge voltage,
implying a smaller polarization at high rates. Therefore,
better rate capability can be expected for Na-doped
sample. From Fig. 4, we can get that the specific
discharge capacities at 0.2C, 1C, 5C and 10C rates are
119.8, 120.8, 114.2, 107.8 mA-h/g and 121.2, 121.9,
118.8, 115.1 mA-h/g, respectively, for LNMO and
LNMO-Na samples, indicating that the discharge
capacity at each rate, that is, the rate capability is
enhanced after Na" doping.

In order to compare the rate capability, both samples
were galvanostatically charged and discharged at room
temperature at 0.2C, 1C, 5C and 10C rates and then back
to 0.2C rate with 5 cycles per step, as illustrated in Fig. 5.
We can see that the discharge capacity of LNMO-Na
sample is higher than that of LNMO sample at all rates,
which is more obvious at higher rates of 5C and 10C,

manifesting the better rate capability of Na-doped sample.

When the rate goes back to 0.2C, the discharge capacities
of LNMO and LNMO-Na samples maintain at 121.0 and
120.0 mA-h/g, suggesting that the pristine LNMO has
more stable structure compared to the Na-doped sample.
This may be due to the lower bonding strength of Na—0O
than Li—O. The improvement of rate capability after
Na' doping may be attributed to the following three
Firstly, the Na' doping leads to the
disappearance of rock-salt impurity phase and higher
phase purity. It has been reported that the impurity would
inhibit the transport of Li" ions in the spinel lattice, thus
detrimental to the rate capability. Secondly, the Na’
doping increases the Ni/Mn disordering degree, which
can enhance the electronic conductivity by providing two
additional electron hopping paths of Ni*"**—Mn*'—
Ni3+/4+ and Ni2+/3+—>Mn4+<—>Mn3+—>Ni3+/4+ [43]’ thus

reasons.

relieving the ohmic polarization and electrochemical
polarization of materials [44], especially at higher
charge/discharge rates. Thirdly, the decreased primary
particle size after Na" doping will shorten the lithium ion
diffusion distance, which is believed to be conductive to
rate capability. Finally, the increase in lattice parameter
and interlayer spacing after Na" doping enable faster Li"
ions diffusion, which can be verified in the later EIS
analysis. It is known that the Li" ion diffusivity is
dependent on activation energy, which is closely
associated with the lattice constant [45]. Because of the
expansion in the lattice parameter, the Na-doped spinel
structure is able to provide larger diffusion channels and
hence lower activation energy to facilitate faster Li" ion
transportation. Faster lithium mobility will give rise to
better high-rate performance.

130

0.2C 1C 5C 10C

120+

110+

Specific capacity/(mA-«h-g™)

100+
=— LNMO
¢—LNMO-Na
90 s s : s
0 5 10 15 20 25

Cycle number

Fig. 5 Rate capability curves of pristine and Na-doped samples

at various rates

Figure 6 gives the cyclic voltammograms of the
pristine and Na-doped samples in the voltage range of
3.4-5.0 V (vs Li/Li") at a scanning rate of 5 mV/s. It can
be observed that two pairs of dominant redox peaks are
located in the high voltage range of 4.65-4.85 V,
corresponding to the reversible reactions of the Ni*"/Ni**
and Ni'"/Ni*" couples, respectively. In addition, there
also exists a pair of minor redox peaks at around 4.0 V,
stemming from the redox reaction of Mn*"/Mn*" couple
due to the oxygen deficiencies in the disordered
spinel [46]. It is generally accepted that LiNigsMn; sOy4
with P4332 space group shows only a strong oxidation
peak around 4.7 V, but the oxidation peak splits into two
separate peaks in the Fd3m spinel because the voltage
difference between Ni*"/Ni*" and Ni**/Ni*" redox couples
is enhanced in the nonstoichiometric spinel [47,48].
Therefore, the observation of two oxidation peaks at
around 4.7 V in Fig. 6 confirms the disordered phase
with Fd3m space group for both the pristine and
Na-doped samples, consistent with the FT-IR analysis. In
addition, it has been reported that the peak separation
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values in LiNigsMn; 5O, samples with disordered and

ordered structures are 60 and 20 mV, respectively [49,50].

From Fig. 6, we can get that the separation between the
Ni redox couples is 57 and 66 mV for LNMO and
LNMO-Na samples, respectively, further confirming the
disordered structure of both samples. In addition,
LNMO-Na sample has higher peak intensity at around
4.0 V than LNMO sample, which indicates that the Mn®**
content (cation disordering degree) is slightly increased
after Na" doping, in consistence with the above FT-IR
results.

e
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Fig. 6 Cyclic voltammograms of pristine and Na-doped

samples in voltage range of 3.4-5.0 V at a scanning rate of

5mV/s

Table 2 lists the peak values obtained from the CV
curves in Fig. 6. From Table 2, we know that the
potential separations (A@) between the anodic peak (¢,)
and cathodic peak (¢.) of the Ni*"/Ni*" and Ni*'/Ni*
redox couples are 121, 131 mV and 116, 126 mV,
respectively, for LNMO and LNMO-Na samples. It can
be seen that the Na-doped sample has smaller potential
separation values than the pristine sample, suggesting
faster lithium ion insertion/extraction kinetics [51],
which also accounts for the better rate capability of
Na-doped sample.

Table 2 Values of CV peaks for pristine and Na-doped samples

Sample Redox couple  ¢./V o/V Ap/mV
NiZ/NiT 4739 4618 121
LNMO 3+ 4+
NiZ¥/Ni 4796  4.665 131
NiZ/NiT 4728 4612 116
LNMO-Na N
NiZ¥/Ni 4789  4.663 126

Figure 7 compares the cycling performance of the
pristine and Na-doped samples at 1C rate and room
temperature. From Fig. 7, we can see that the discharge
capacities firstly increase in the initial several cycles and
then gradually decrease with the cycling going on. The

initial gradual increase of capacity is a common
phenomenon, usually attributed to slow penetration of
electrolyte into microparticles [52,53]. The pristine
LNMO sample delivers a maximum discharge capacity
of 124.0 mA-h/g and a capacity retention rate of 90.3%
after 100 cycles at 1C rate, while LNMO-Na sample
releases a higher maximum discharge capacity of
125.5 mA-h/g and a capacity retention rate of 90.7%,
comparable to the pristine sample, indicating that there is
little improvement in the cycling performance after Na*
doping. This can be explained as follows. On one hand,
the Na" doping eliminates the rock-salt impurity phase in
LNMO-Na sample. It has been reported that the impurity
phase will readily react with the electrolyte, therefore the
elimination of impurity phase is advantageous to the
cycling stability. In addition, the Na" doping enhances
the cation disordering degree (Mn’" content). The
presence of Mn®" has two functions. Although higher
Mn*"  content can increase both the electronic
conductivity and lithium ion diffusivity [45], it can also
induce Jahn—Teller structural distortion and Mn
dissolution into the electrolyte [54]. And the decreased
primary particle size of Na-doped sample will increase
the contact area of electrolyte with electrode material,
which is also detrimental to cycling stability. On the
other hand, from the XRD pattern in Fig. 1, we know
that the doped Na' ions occupy part of 8a Li sites, which
is believed to be disadvantageous to the structural
stability of [NipsMn;5]O; spinel framework. The
comprehensive effect of the above factors leads to the
phenomenon that the cycling performance is enhanced to
little extent after Na' doping.
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Fig. 7 Cycling performance curves of pristine and Na-doped
samples at 1C rate

To further explore the reasons for the better
electrochemical performance of LNMO-Na sample, EIS
spectra were adopted on the pristine and Na-doped
samples after rate capability test, as illustrated in
Fig. 8(a). Both spectra have similar profiles which are
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composed of a semicircle in the high-to-medium
frequency region and an inclined line in the low
frequency region. The semicircle is approximately
related to the charge transfer process, and the inclined
line is ascribed to the diffusion of lithium ions into the
bulk of electrode material, the so-called Warburg
diffusion. The impedance spectra can be described by the
equivalent circuit presented in the inset picture, where R,
represents the electrolyte resistance, R represents the
charge transfer resistance, the Warburg element (W)
represent the Warburg impedance and the constant phase
element (CPE1) represents the double layer capacitance
[55]. Table 3 lists the charge transfer resistance (R.)
obtained by ZView software based on the equivalent
circuit. It can be obviously seen that the charge transfer
resistances for LNMO and LNMO-Na samples are 36.81
and 31.35 Q, respectively, indicating that the Na-doped
sample exhibits better electrochemical kinetics, which is
conductive to the electrochemical performance.
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Fig. 8 Nyquist plots and fitting-curves (a) and graphs of Z’
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plotted against @ '~ (b) for pristine and Na-doped samples

Table 3 Charge transfer resistance (R, o values and Li" ion
diffusion coefficients (Dy;) for pristine and Na-doped samples

Sample R/Q /(@5 Dyf(em*s™h
LNMO 36.81 62.798 8.807x107!!
LNMO-Na 31.35 59.493 1.290x1071°

Lithium ion diffusion coefficient (Di;) can be
roughly calculated from the following equation [56,57]:

2

RT

D=05 —— (D)
(AnzFZGCj

where R is the gas constant (8.314 J/(mol-K)), T the
temperature (298 K), 4 the surface area of the electrode,
n the number of electrons per molecule during oxidation,
F the Faraday’s constant (96500 C/mol) and C the molar
concentration of Li" ions, ¢ the Warburg factor which can
be obtained by

Z' =RAR.tow 2

where R, is the resistance of electrolyte, R is the charge
transfer resistance and w is the angular frequency. Both
R. and R are independent of frequency. o is obtained
from the plot of Z' vs @ " (reciprocal root square of the
lower angular frequencies) shown in Fig. 8(b), whose
values are listed in Table 3. Based on Eq. (1), we can get
that the lithium ion diffusion coefficient (D) of
LNMO-Na sample is 1.290x10' cm?/s, higher than the
value of 8.807x10 " cm%/s for LNMO sample, indicating
that Na' doping increases the lithium ion diffusion
coefficient, which can be ascribed to the absence of
rock-salt impurity phase and the expansion of unit cell.
The enhancement of lithium ion diffusion coefficient
after Na' doping is in consistence with the above rate
capability result.

4 Conclusions

1) SEM observations show that the pristine and
Na-doped samples have similar particle morphology, but
the Na* doping decreases the primary particle size. XRD
and FT-IR analyses show that Na" doping does not
change the Fd3m disordered structure, but increases the
Ni/Mn disordering degree.

2) The rate capability is enhanced after Na™ doping,
which can be ascribed to the absence of rock-salt
impurity phase, higher cation disordering degree,
enlarged lattice parameters and smaller primary particle
size, in consistence with the lower charge transfer
resistance and higher lithium ion diffusion coefficient
after Na" doping.

3) The cycling performance of Na-doped sample is
improved to little extent in comparison with the pristine
one, because the appearance of (220) weak peak in the
XRD pattern implies that the doped Na" ions occupy part
of 8a Li sites, which forces equal amounts of Li" ions to
occupy the 16d octahedral sites, thus making the spinel
framework less stable.
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