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Abstract: Sodium ion (Na")-doped Li;Na,Ni;;3C013Mn;30, (NCM-Na) cathode materials with enhanced stability
were synthesized using a co-precipitation method. The results demonstrate the feasibility of extracting nickel from low
nickel matte as a nickel source for synthetic raw materials. Subsequently, the optimal content of Na* is introduced in
advance to occupy partially lithium-ionsites in NCM (Ni, Co, Mn) materials synthesized by chemical reagents, which
achieves a stable structure with lower Li"/Ni*" mixing and improved electrochemical performance. When the dopant
content of Na is 1 wt.% (x=0.01), the capacity retention ratio of the produced NCM-Na cathode increases from 76.84%
to 89.21% after 100 cycles (at 1C). In particular, a specific capacity of 110 mA-h-g™! is maintained after 200 cycles (at
5C). These results demonstrate that coupling materialization metallurgy and heteroatomic doping are promising
strategies for the development of low-cost and high-performance LiNi;3Co13Mn;30; cathodes for advanced lithium-ion

batteries.
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1 Introduction

A practical cathode material with high specific
capacity and robust cyclic stability is needed
to enable lithium-ion batteries (LIBs) to meet
the rising requirements of the electric vehicle
market [1-3]. In this sense, LiNi;3Co13MN;30:
(NCM) cathode materials, which have low cost,
high capacity, and environmental friendliness, have
been considered as one of the most promising

cathode candidates for high-performance LIBs [4,5].

Nevertheless, longstanding drawbacks of low
electronic conductivity and in-lattice Li"/Ni?*
cation mixing severely restrict their large-scale
application [6].

In recent years, a vast number of strategies
have been proposed to tackle these issues, including

novel structural design [7-9], surface coating [10—12],
and heteroatomic doping [13]. Among them,
elemental doping is an efficient approach to enhance
electrochemical performance by suppressing the
migration of Ni** from transition metal (TM) sites to
Li sites and promoting structural stability. Elements
such as Na, Mg, Al, V, and Nb have been successfully
introduced into the lattice structure of the NCM
materials [14—16]. LI [17] studied the influence of
Al doping on NCM material and showed that the
bond energy of AI—O was higher than that of the
Co—O0, which enhances its structural stability.
LV et al [13] confirmed that Nb doping could
effectively reduce the degree of polarization and
promote diffusion kinetics. Moreover, Nb doping
facilitates the formation of an Mn**-enriched region,
which is conducive to improving the electrical
conductivity and electrochemical performance.
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Recently, LIM et al [18] reported a Na-doped
Li-rich cathode material with enhanced rate
capability and described the effect of Na contents
on Li-ion storage. The cathode has excellent
performance, with a doping content of 5 wt.%.
However, although it has been confirmed that NCM
cathode materials or analogues doped with Na have
improved electrochemical performance, it is unclear
how Na* doping affects the diffusion kinetics of Li*
and subsequent electrochemical performance during
the charging/discharging process in the lattice.

With the explosive growth of electric vehicles,
the demand for nickel in rechargeable batteries has
grown rapidly in recent years. Therefore, nickel for
use in ternary cathode materials has a high cost;
reserves or low nickel matte resources that have a
high nickel content are abundant in China, with an
output of ~200000 t/a. Cost-effective strategies to
extract nickel components from low nickel matte
would reduce the cost of synthesizing NCM
materials, and link metallurgical technology
with electrochemistry to promote the integrated
utilization of nickel ore secondary resources.

To address this need, in this study, the effects
of submicron NCM materials synthesized with low
nickel matte leaching solution and NiSO4-7H;O as
nickel source on their electrochemical performance
were investigated. Furthermore, the effects of Na
dosage on the phase structure, micro-morphology,
and Li" diffusion coefficient were explored.
Moreover, Li" diffusion kinetics in the Na‘-doped
NCM (NCM-Na) cathode was probed by applying
the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) techniques.

2 Experimental

2.1 Preparation of NCM and NCM-Na materials

A sulphate roasting—water leaching method
was used to synchronously extract nickel, copper,
and cobalt from low nickel matte. The specific steps
were as follows. Low nickel matte and sodium
sulfate were evenly mixed at a mass ratio of 1:0.1
and sintered for 2 h at 600 °C in a tube furnace. The
mixture was then dissolved in 100 mL of deionized
water and stirred for 2 h. The obtained filter residue
was washed 3—5 times with deionized water. The
resulting filtrate was transferred to a volumetric
flask to obtain the leach of low nickel matte. Then,
an appropriate amount of 1 mol/L sodium sulfide

solution was added to remove impurity elements.
The particle size distribution of the sieved low
nickel matte powder used in the experiment is
shown in Fig. S1 of Supporting information (SI).
The chemical composition of the low nickel matte
and the ICP results of the original leaching and
copper removal leaching solution are shown in
Tables S1 and S2 of SI, respectively. NiSO4-7H,O
and leaching solution of low nickel matte were used
as nickel sources to synthesize submicron NCM
materials. The obtained products were denoted as
NCM-I and NCM-II, respectively.

Na-doped LilfoaxNi1/3C01/3Mn1/302 (NCM-
Na) materials were synthesized by co-precipitation
method. Typically, the stoichiometric amounts of
NiSO47H,0, CoSO46H,0, and MnSOs were first
dissolved in deionized water to form 2 mol/L
solution. Then, 2 mol/L oxalic acid solution was
slowly added to the above-mixed solution under
constant stirring for 4h (40°C), and then
centrifuged precipitate was dried to form a
pinkish-white precipitate at 80 °C for 12 h. After
that, the obtained powders were calcined at 450 °C
in the air for 6 h to get a precursor. It was then
mixed with a certain amount of LiOH-H,O and
NaOH by grinding and calcined at 500 °C for 6 h in
the air to obtain the pre-calcined product. Finally,
the target product of Li;-Na,Nij;3Coi13Mn;sz0;
(NCM-Na; x=0, 0.005, 0.01, 0.02, 0.03, 0.04) was
obtained by calcinating at 850 °C for 15 h in the air.
The XRD patterns and SEM images show that the
materials feature an obvious layered structure and
spheroidal particle morphology, and the surface is
smooth, indicating that samples with improved
crystallinity are obtained (as shown in Figs. S2—S5
of SI). The NCM materials were synthesized by the
same process but without NaOH addition.

2.2 Material characterizations

X-ray diffraction (XRD) was executed on a
Bruker D8 Advance with CuK, radiation (A=
0.154 nm) to identify the crystalline phase of the
as-synthesized samples. The XRD patterns were
collected in a range of 26 from 10° to 80° with a
step size of 0.02°. The morphologies and elemental
distributions of the as-prepared samples were
observed by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectrometry (EDS,
JEOL, JSM—7500F). The valence states of nickel,
cobalt, manganese, and sodium were examined by
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the X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi). The peak processing was
conducted using the XPS Peak 4.1 Program.

2.3 Electrochemical measurements

The CR-2016-coin cells composed of the
NCM(-Na) cathode, Li metal anode, and a polymer
separator (Celgard 2400) were used for the electro-
chemical measurements. The electrolyte consisted
of 1 mol/LLiPF¢ dissolved in ethylene carbonate
and diethyl carbonate at 1:1 (volume ratio). The
as-prepared active materials were mixed with
acetylene black and polyvinylidene fluoride (PVDF)
binder (8:1:1, mass ratio) in N-methyl-2-
pyrrolidone (NMP) solvent to form a homogenous
slurry. The slurry was coated on aluminum foil and
dried in a vacuum at 80 °C for 12 h. It was then
press punched into 12 mm-diameter disks. Galvano-
static charge/discharge cycling was performed on
Land Test System (CT-2001A) within 2.8-4.3V
range. The cyclic voltammogram (CV) tests were
carried out with an electrochemical workstation
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(Versa STAT 3) at various scanning rates and
electrochemical impedance spectroscopy (EIS) tests
were conducted in the frequency range from 0.01 to
100 kHz with an amplitude of 5 mV.

3 Results and discussion

3.1 Effect of nickel source on NCM cathodes

The XRD patterns of the NCM-I and NCM-II
are shown in Figs. 1(a, b), respectively. A low
degree of Li/Ni mixing is observed ({oo3y//104y>1.2),
which is favourable for good electrochemical
performance. Two pairs of split peaks ((006/102)
and (108/110)) suggest that the material has a
prominent layered structure. However, the (003)
peak of NCM-II shifts to a lower angle (Fig. 1(b)),
which may be related to the trace Fe and Cu
impurities contained in the leaching solution.

Figures 1(c, d) show the SEM images of the
NCM-I and NCM-II prepared by calcination at
850 °C for 15 h, respectively. Both samples present
wafer-like morphology, with no obvious difference
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Fig. 1 XRD patterns of NCM-I (a) and NCM-II (b) and SEM images of NCM-I (c¢) and NCM-II (d) at 850 °C for 15 h
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in morphology or particle size. These results reveal
that the LiNi;;3Co13Mn;30, material with a well-
layered structure can be prepared by using the
leaching solution from low nickel matte as the
nickel source. Figure S6 in SI shows the EDS
spectra and corresponding elemental mapping of
the NCM-I and NCM-II. The Ni, Co, Mn, and O in
NCM-I are uniformly distributed in the selected
area. Figures S6(g—1) show not only the uniform
distribution of Ni, Co, and Mn, but also the uniform
distribution of Cu and Fe elements, which might be
attributed to the trace impurity contents in the
leaching solution.

Figure 2(a) illustrates the cycling performance
of the NCM-I and NCM-II cathodes at a current
density of 1C. The initial discharge capacity of
two materials is 143 mA-h-g!, and the capacity
retention rate is ~77.3% after 100 cycles. There is
no significant difference in the cycling performance
of the two materials at low current density.

Figure 2(b) shows the rate performances of
NCM-I and NCM-II cathodes at various current

160
(@)
* NCM-II

= » NCM-I
on
= 140 |
<
£
2 120}
2
(=9
5]
=
5 100 |
2
wn

80 1 1 1 1

0 20 40 60 80 100

Cycle number

3103

densities. At 0.1C, the specific discharge capacities
of the two materials are around 164.7 and
159.9 mA-h-g”!, respectively. In addition, the
specific reversible capacities are similar at 0.5C,
1C, and 2C. However, specific discharge capacity
of the NCM-I cathode maintains at 110 mA-h-g!
at 5C, while that of the NCM-II cathode is only
0.8 mA-h-g™!. This shows that the electrochemical
performance of the NCM-II cathode is close to that
of the NCM-I cathode at relatively low current
densities, but there is almost no discharge capacity
at higher current density (over 5C), which should
originate from the effects of Fe and Cu impurities in
low nickel matte. Based on previous reports, Cu
impurities may generate the trace of the Li,CuO;
phase, which is an inactive material for Li" diffusion,
resulting in inferior charge—discharge capacity at
high current density. Moreover, Fe impurities
reduce the conductivity of lithium ions [19,20].

The CV curves of the NCM-I and NCM-II
cathodes at a scan rate of 0.1 mV/s are displayed
in Figs. 3(a, b), respectively. During the first three

Fig. 2 Cycle performance (a) and rate performance (b) of NCM-I and NCM-II cathodes
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cycles, a pair of redox peaks of two materials
appear at 3.79/3.64 and 3.76/3.62 V, corresponding
to the redox reaction of Ni**/Ni*". Moreover, the
potential difference of the corresponding redox
peak could reflect the polarization degree of the
material [21]. The potential differences of the
NCM-I and NCM-II cathodes are 0.15 and 0.14 V,
respectively, indicating a similar degree of
polarization. The curves of NCM-I cathode have
high coincidence, which confirms that NCM-I
electrode possesses better cyclic reversibility. The
NCMH-II cathode exhibits an inferior coincidence,
which agrees with the results of electrochemical
performance [22].

To assess the stability of NCM materials in the
calcination process, high-temperature in-situ XRD
tests were conducted, and the results are shown in
Fig. 4.

At the beginning, the temperature increased
from 30 to 50 °C and then continuously increased
to 600 °C; XRD patterns were recorded every 50 °C.
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Fig. 4 High-temperature in-situ XRD patterns of NCM-I
electrode
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The results reveal that the /(003)/1(104) ratio does
not change significantly from 30 to 250 °C, which
means that Ni*" is not replaced by Li’, and the
original hexagonal layered structure is maintained.
However, the (003) peak intensity and /(003)/1(104)
ratio decrease significantly from 250 to 500 °C. At
500—-600 °C, the (003) diffraction peak disappears,
indicating that the hexagonal layered structure is
transformed into the spinel structure (Fd 3m) [23].
The (220) peak appears gradually on the left side of
the (104) peak from 450 °C, and is assigned to
metallic nickel. The appearance of this peak
reflects a transition of the layered structure into
the rock-salt phase ( Fm 3 m). This evolution from
layered structure to spinel and rock-salt phase
structure suggests that the structural stability of the
NCM material needs to be further improved.
Therefore, to further improve the performance of
these materials, a sodium doping strategy was
employed to enhance their stability. Additionally,
more efforts should be devoted to synthesizing
NCM materials via low nickel matte leaching
solution; this is considered a potential research
direction to achieve low-cost preparation of ternary
cathode materials.

Microstructure and  electrochemical

performance of NCM-Na cathodes
The XRD patterns of the NCM-Na with
different Na' doping amounts are illustrated in
Fig. 5, and the Rietveld refinement result of the
NCM-Na sample with 1 wt.% dopant content
(x=0.01) is shown in Fig. S7 of SI. All diffraction
peaks are well indexed to the a-NaFeO, type
layered structure with the R 3m space group.

3.2

Fig. 5 XRD patterns of NCM-Na materials with different Na* doping amounts
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Compared with the NCM sample, no impurity
peaks are detected in NCM-Na sample, indicating
that Na* doping cannot change the original crystal
structure. Two pairs of (006)/(102) and (008)/(110)
diffraction peaks are split obviously, implying that
the samples possess a well-formed layered structure
in the lattice [6,24]. The (003) peak of the NCM-Na
sample shifts slightly to a lower angle with
increasing Na doping amount (Fig. 5(b)). This
indicates that the c-axis lattice constants increase.
As shown in Table S3 of SI, it is more intuitive to
observe that the g-axis and c-axis lattice parameters
increase with the increase in doping amount, which
enlarges the interlayer spacing of the NCM lattice
with the doping of Na'. The increased c-axis lattice
constant reflects the expansion of the Li interlayer
spacing, which suggests that the (de)intercalation
kinetics of Li* is promoted. Besides, the intensity
ratio of the (003)/(104) peaks is the largest when
the doping amount is 1 wt.%. The ratio has a
downward trend with increasing doping amount,
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demonstrating that the samples exhibit a lower
cation mixing degree and better lattice structure
when x=0.01 [25].

Figure 6 shows the XPS spectra of the NCM
and NCM-Na (x=0.01) samples. Ni, Co, and Mn are
observed in the full spectrum (Figs. 6(a, b)). The
binding energies of Ni 2ps», Co 2p3p, and Mn 2p3p
are located at 855, 780, and 643 eV, respectively,
fitting well with the oxidation states of Ni**, Co*",
and Mn*', respectively, which is consistent with
previous reports [26,27]. A weaker peak of Na 1s is
also observed at a binding energy of around
1070.0 eV in the Na-doped sample (Fig. 6(c)),
confirming that the Na element is successfully
doped into the NCM samples. Figures 6(d—f) show
that the binding energies of 2ps» peaks of Ni, Co,
and Mn in both samples are close, while the
NCM-Na sample possesses a higher peak intensity,
implying that the doping of Na can enhance the
lattice strength. Figure 6(g—i) show the peak fitting
spectra of NCM-Na (x=0.01) sample. In Fig. 6(g),
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Fig. 6 XPS full spectra of NCM (a), NCM-Na (b), Na 1s (c), Ni 2p (d), Co 2p (e), Mn 2p (f), and high-resolution XPS
spectra of NCM-Na material for Ni 2p (g), Co 2p (h), and Mn 2p (i)
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the major strong peaks at 854.58 and 872.38 eV
correspond to Ni2ps» and Ni2pi», respectively;
oscillation peaks at 860.58 and 880.08 eV are
also observed, which proves the existence of
Ni** [28,29]. The minor peaks at 855.98 and
874.38 ¢V can be obtained by Gaussian fitting,
indicating the existence of a small amount of Ni*",
The small amounts of Ni** and Mn?** ions may be
caused by the electron transfer between Mn*" and
Ni**, owing to valency degeneracy through the

dynamic equilibrium (Mn*+Ni**—Mn**+Ni**) [30].

As shown in Fig. 6(h), the Co 2p3» and Co 2pie
peaks at 779.98 and 794.88 eV are in agreement
with the Co®" species. The binding energies of
Mn 2ps3;, and Mn 2pi; are at 642.08 and 653.78 eV,
respectively (Fig. 6(i)), which fits well with the
Mn*". Minor peaks at around 641.0 and 653 eV are
ascribed to Mn?" in the Mn 2p spectrum [31,32].
The SEM images and EDS mappings of
the NCM-Na samples with different Na® doping
amounts are shown in Fig. 7. The particle size
increases from 100 to 500 nm with the increase
of Na* content, and the size distributions of all
samples exhibit different uniformities. The sample
with x=0.01 shows a moderate particle size and
better consistency, which is more conducive
to the (de)intercalation of Li". Moreover, even
distributions of Ni, Co, Mn, and Na are observed in
elemental mapping. Accordingly, Na'-doped NCM

cathodes with optimized content are prepared
successfully.

Long-cycle and rate capability performances
of NCM-Na cathode are shown in Fig. 8. The
initial discharge capacity of all samples (x=0, 0.005,
0.01, 0.02, 0.03, and 0.04) at 1C (1C=160 mA-h-g™")
are 143.8, 1429, 1529, 149.6, 146, and
145.5 mA-h-g”!, respectively. After 100 cycles, the
capacity retention rates are approximately 76.84%,
90.34%, 89.21%, 86.7%, 90.40%, and 85.15%,
respectively (Fig. 8(a)).

The cycle performance at a higher rate (5C) is
depicted in Fig. 8(b). The pristine NCM cathode
shows an initial capacity of 126.8 mA-h-g™!, which
is lower than that of doped samples with different
doping contents (129.1, 133.6, 139.8, 123.1, and
125.6 mA-h-g”!, respectively). In particular, the
cathode material with x=0.01 achieves the highest
capacity retention (87.42%) even after 200 cycles,
which can mainly be attributed to doped Na®
occupying the position of Li*, resulting in the
enlargement of Li plane layers and facilitation of
(de)intercalation kinetics of Li* in the bulk [33,34].
Therefore, the reversible capacity and cycling
stability are improved. The rate capability of all
samples is shown in Fig. 8(c). The NCM-Na
electrode with x=0.01 has better rate capability in
terms of capacity recovery rate and stability; the
corresponding charge—discharge curves at different

Fig. 7 SEM images of NCM-Na with different Na* doped amounts (a—f)

; SEM image (g), EDS pattern (h) and

corresponding element distribution mappings (i—1) of x=0.01 sample (g, h): (a) x=0; (b) x=0.005; (c) x=0.01; (d) x=0.02;

(e) x=0.03; (f) x=0.04



Meng-chen LIAN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3100—3112

rates are shown in Fig. S8 of SI. Moreover, even at
higher current density (5C or 10C), it still achieves
1243 and 109.2mA-h-g' reversible capacity,
while the pristine one only maintains at 112.2 and
93.5 mA-h-g!. Figures 8(d—f) show the charge and
discharge voltage curves of NCM-Na samples at 1C
during the 1st, 50th, and 100th cycles. The NCM
cathode exhibits the highest charging plateau and
lowest discharge plateau, suggesting more serious
electrode polarization [35,36]. In contrast, the
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lowest charging platform and highest discharge
platform show the lowest polarization of x=0.01
sample during the cycle. The -electrochemical
performance of the NCM-Na cathode with x=0.01
in comparison with previous works is given in
Table 1.

3.3 Kinetics analysis
Cyclic voltammetry (CV) tests were carried
out to study the redox reaction mechanism of the
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Fig. 8 Cycle performance at 1C (a) and 5C (b), rate capability (c), and charge—discharge curves at 1C of NCM-Na

electrode (d—f)

Table 1 Comparison with previously-reported NCM cathodes with different dopant elements

. Current Potential ~ Initial capacity/ Cycle Capacity
Material density range/V (mA-h-gh number  retention/% Source
LiNii3Co13Mni1/3-0.00Mg0.0202 0.2C 2.5-4.3 ~164 50 89.40 Ref. [37]
LiNi0,33C00,33Mn0‘31Nb0,0202 1C 2.7-43 170.6 100 &9 Ref. [13]
LiNi1/37xCO1/3Mn1/3Cux02 0.2C 2.5-4.5 178 100 80.30 Ref. [38]
LiNi1/3C01/3Mn1/3Fex02 1C 3.0-4.3 ~145 100 86.60 Ref. [39]
Ti-doped LiNii3Co13Mn;30, 0.2C 2.6-4.4 130.4 - - Ref. [25]
NaNi;sMny3C0130: 0.1C 2.0-4.0 ~139 50 85 Ref. [40]
B»0s-modified LiNi;3Co13Mn;30: 2C 3.0-4.5 ~105 100 86 Ref. [41]
W—doped LiNi1/3C01/3M1’11/302 1C 2.7-43 ~160 50 91 Ref. [42]
LiNi;5Co153Mn;30, derived spent
1C 2.7-4.3 145.2 200 85.90 Ref. [43]
lithium-ion batteries

1C 152.9 100 86.70
Na—doped LiNi1/3C01/3Mn1/302 2.6—4.5 This work

5C 133.6 200 87.40
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NCM and NCM-Na cathodes at a scan rate of
0.1 mV/s. As shown in Fig. 9, all materials contain
a pair of redox peaks, which is ascribed to the
redox reaction of Ni*"/Ni*" during the charge and
discharge process [44]. During the first three cycles,
the oxidation peak potential of the NCM cathode
shifts from 3.83 to 3.79 V due to the activation of
the cathode material surface in the initial charge—
discharge process. The NCM-Na cathode with
x=0.01 dopant content keeps excellent coincidence,
suggesting an increase in the electrochemical
reversibility and structural stability. Besides, the
potential differences of redox peaks for different
materials are 0.14, 0.08, 0.09, 0.03, 0.09 and 0.12 V,
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respectively. Generally, the smaller the potential
difference is, the lower the polarization degree of
cathodes is, indicating that the polarization degree
of the Na-doped material has been significantly
reduced [41,45].

CV measurements at different scanning rates
were performed for the NCM-Na and NCM
samples to compare the diffusion kinetics of
Li*. The results are illustrated in Fig. 10. As the
scanning rate increases, the oxidation peak moves
to a higher potential, and the reduction peak
shifts to a lower potential, which means that
the degree of electrode polarization increases.
Moreover, the NCM-Na cathode displays a sharper
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peak shape than pristine NCM, suggesting faster Li"
(de)intercalation kinetics in the NCM-Na cathode,
which is consistent with the results of rate
performance tests.

The relationship between the scan rate and
peak current is shown in Fig. 11(a). The linear
relationship suggests that the electrochemical
reaction is a typical diffusion-controlled process.
Accordingly, the Li* diffusion coefficient (D1;)
can be calculated based on the Randles—Sevcik
formula [46]:

1,=2.6x10°n"?4D/V"*C, . (1)

where I, is the peak current, n is the number of
electrons involved in the redox reaction (n=1), 4 is
the electrode surface area, D1; is the lithium-ion
diffusion rate, v is the scan rate, and C1; is the
molar concentration of electrode lithium ions
(6.02x10> mol/mL). The D1; values of the NCM
material in the oxidation and reduction processes
are 2.67x107"!" and 6.73x107!2 cm?/s, respectively,
which are lower than those of the NCM-Na
(2.8x107'" and 1.2x107"! ¢cm?/s), indicating that the
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Fig. 11 Relationship plots between scan rate and peak
current (a) and EIS profiles of all samples (b)

Na*-doped sample with x=0.01 can promote the
diffusion kinetics of electrode reactions.

The EIS spectra of the NCM and NCM-Na
materials before cycling are shown in Fig. 11(b).
The curves of all materials are characterized by
two depressed semicircles and a long slope. The
semicircular in the middle-frequency region is
assigned to the solid -electrolyte mesophase
resistance (R.) and charge transfer resistance
(R.), and the slope in the low-frequency region
corresponds to the Warburg impedance (W) [41].
The results obtained by fitting the equivalent circuit
are shown in Table S4 of SI. The R« of doped
materials is lower than that of pristine NCM. The
minimum charge transfer resistance of the x=0.01
sample is 59.82 Q-cm?, which is much lower than
that of pristine materials. Those findings reveal that
NCM-Na materials have higher reactivity, implying
that Na* doping can enhance the reaction kinetics,
improving rate performance and cycling stability.

4 Conclusions

(1) Nickel extracted from low nickel matte
is a feasible resource for the preparation of
NCM cathode materials, which promotes the
comprehensive utilization of nickel ore secondary
resources. However, the obtained cathode shows
inferior rate capability at a high current density
(50).

(2) NCM-Na cathodes with NiSO4 7H,O as
the nickel source were synthesized by the
conventional co-precipitation method. NCM-Na
cathode with 1 wt.% Na® doped amount has the
best performance. The initial discharge capacity is
as high as 152.9 mA-h-g’! and capacity retention
approaches 89.21% after 100 cycles at 1C.

(3) The intercalation of Na" with optimized
content can enlarge the Li slab distance and
stabilize the layered structure of the NCM-Na
cathode, resulting in improved cycling stability and
rate capability. These findings provide a promising
way to enhance structural stability and lower the
synthetic cost of NCM-type cathode materials.
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