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Abstract: LiNig9Mng 1_xAlOp; (NMA) (x = 0.01, 0.03, 0.05) cathodes were synthesized via the co-
precipitation method and continued with the calcination process in a tube furnace at 750 °C under
flowing oxygen gas for 12 h. X-ray diffraction (XRD) revealed a well-formed and high-purity phase
with a hexagonal structure. LiNigoMng g7Alp 930, (NMA 973) had the best electrochemical perfor-
mance with the lowest redox peak separation, the smallest charge transfer resistance (71.58 Q cm~2),
the highest initial specific discharge capacity of 172 mAh g~! at 0.1C, and a capacity retention of
98% after 100 cycles. Under high current density at 1 C, NMA 973 had excellent specific discharge
capacity compared to the other samples. The optimal content of Mn and Al elements is a crucial
factor to obtain the best electrochemical performance of NMA. Therefore, NMA 973 is a promising
candidate as a cathode for high-energy-density lithium-ion batteries.

Keywords: nickel; cobalt-free cathode; aluminum; co-precipitation; lithium-ion batteries

1. Introduction

A global initiative has been developed that is committed to transforming electric
car-based transportation by putting forward higher requirements for lithium-ion batteries
that are more environmentally friendly, safe, and of high energy density [1]. The active
material of the cathode strongly influences the electrochemical performance of a lithium-ion
battery. The higher the free energy of the cathode material to lithium metal, the higher
the working voltage. In addition, it can combine large numbers of lithium ions with
high lithium ion diffusivity capabilities so that the battery is energy-dense and has a high
power rate [2]. These characteristics are required for lithium-ion batteries for electric
vehicle applications so that the vehicles can reach longer distances and exhibit good speed
acceleration. Commercial cathodes for high-energy-density lithium-ion batteries such as
LiNij _x—yMnxCoyO, (NMC) and LiNijy_yCoxAlyO, (NCA) are widely used in electrical
vehicle applications [3]. If the main component of NMC and NCA, namely, cobalt, is
not altered, an imbalance between the supply and demand for cobalt may occur. Cobalt
is poisonous and rare, and approximately 65% of the world’s cobalt is exploited in the
unstable political region of the Democratic Republic of the Congo. The cobalt supply chain
is threatened due to these and other factors [4,5]. Therefore, the development of high-nickel
cobalt-free materials is currently critically required.

LiNiO; has regained prominence as a cobalt-free material and a promising candidate
for NMC and NCA replacement. However, it is a significant challenge to synthesize LiNiO,,
with numerous serious drawbacks such as problems with stoichiometric ratio and cation
mixing [6], the presence of numerous unwanted phase transitions, low conductivity, poor
cycle capability, and the need for the precise control of the annealing atmosphere and
temperature. Researchers have utilized a variety of engineering modification techniques
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to address these issues, including crystal modification [7], core-shell structure [8], concen-
tration gradient design [9], doping [10], surface coating [11], and other approaches. The
doping method is one of the most efficient and straightforward approaches; the primary
substances being researched include Ti [12], Na [13], Mn [14], Al [15], Nb [16], and Mg [17].
It is feasible to introduce Mn components in the proper concentrations because Mn**,
which has poor electrochemical activity, can maintain the layered structure [18] and mini-
mize unwanted side reactions. Although Mn** has a function to maintain stability during
phase changes in high-voltage conditions, excessive Mn doping reduces the capacity, re-
sulting in more nickel having to be converted to Ni?* to maintain the balance of the system
charge [19]. Meanwhile, Al has a role in maintaining the stability of the transition metal
layer by strengthening the interaction between metal ions and oxygen, thereby reducing
the dissolution of the transition metal [20]. Al can be doped, but only to a certain extent,
because excessive Al can generate Al-based impurity and external phases [21]. Therefore, it
is believed that Mn and Al can beneficially contribute to improving the electrochemical
performance of LiNiO,-based material and replace cobalt in cathode materials.

In several previous studies, Mn and Al doping has been applied to the LiNiO, structure
to synthesize a new type of cathode for high-nickel cobalt-free material. Brow et al. prepared
LiNipoMng 05Alp 0502 (NMA) cathode materials using the co-precipitation method and
coated them with lithium phosphate using a diffusion-controlled reaction in varying
concentrations of phosphoric acid [22]. The thinly coated, ball-milled NMA cathode had
a discharge capacity of 223 mAh g~ ! at 0.1 C and a capacity fade of 27%. However, the
discharge capacity at a higher current density was not reported. Li et al. synthesized
LiNig ggzsMng g56Alg.06102 (NMA-89) using nitrate as a starting material [23]. NMA-89 had
a specific discharge capacity of 216 mAh g~! at 0.1 C with a capacity retention of 90% after
100 cycles. There was no report for the performance at the 1 C cycle. LiNip yMng 25Al 0502
(NMA?70) was synthesized by Michael Yi et al. with a discharge specific capacity of
roughly 210 mAh g1 at 0.1 C and a retention rate of 88% after 100 cycles at 0.3 C in the
2.8-4.5 V range at 25 °C; however, the cycle performance at 1 C was not recorded [24].
LiNig oMng g5Alg 0502 (NMA9055) was synthesized using the hydrothermal method with a
specific discharge capacity of 200 mAh g~ at 0.3 C; the capacity retention was 96% after
120 cycles at 0.3 C. It was reported that at the high rate of 1 C, the discharge-specific capacity
was only 105 mAh g_1 [25].

In previous work, the aluminum content in the NMA materials was in the range of
x = 0.05-0.06. There are few reports for lower Al content in the NMA. Therefore, in this
work, a cobalt-free lithium-ion battery LiNip9gMng 1_xAl O, (NMA) with x = 0.01, 0.03,
0.05 referring to the Al content was synthesized via the co-precipitation method. Next, the
effect of aluminum content on NMA was systematically studied on the electrochemical
performance of the NMA cathode.

2. Results

Figure 1 shows the XRD pattern of the NMA 991, NMA 973, and NMA 955 cathodes.
All diffraction peaks were successfully indexed as LiNiO,-phase with a hexagonal structure
(JCPDS No. 01-089-3601). No impurity was detected. It can be observed that the intensity
peak increased with the increasing content of aluminum in the NMA, as seen in Figure 1.
The intensity peak of NMA 991, NMA 973, and NMA 955 has a very noticeable difference
in peak intensity, especially at 20 of 18° with the h k 1 plane (0 0 3). It is demonstrated
that the aluminum enhanced the crystallinity degree of the NMA. It was also found that
the presence of aluminum and manganese elements did not change the structure of the
NMA cathode, indicating that the aluminum and manganese doping was successful in the
substitution of the LiNiO, structure.

Table 1 shows the calculated lattice parameters of the NMA materials. The lattice
parameter of ¢ was calculated based on the diffraction peak (003) and the lattice parameter
of a and b was calculated based on the diffraction peak (104). Table 1 shows that the a, b,
and c lattice parameters are similar and show conformity to the reference data of JCPDS
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No. 01-089-3601 [23]. It can be seen from Table 1 that there is an increase in the lattice
parameter of ¢, along with an increase in the aluminum content in the NMA. The increase
in the lattice parameter of c beneficially induced the greater separation between the metal
oxide layers, which can facilitate Li-ion diffusion between the oxide layers [26].
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Figure 1. XRD pattern of NMA 991, NMA 973, and NMA 955.

Table 1. Calculated lattice parameter of NMA 991, NMA 973, and NMA 955.

JCPDS

Lattice Parameter No. 01-089-3601 NMA 991 NMA 973 NMA 955
a=b(A) 2.88 2.88 2.87 2.87
c(A) 14.19 14.16 14.22 14.26

Table 2 shows the calculation of Li* /Ni?** mixing and the comparison of the c/a lattice
parameters. The I (003)/I(104) of NMA 991, NMA 973, and NMA 955 were 1.15, 1.36, and
1.11, respectively. It is found that the Li* /Ni** mixing of NMA 973 is the lowest compared
to NMA 991 and NMA 955. Then, the c/a ratio of the NMA 991, NMA 973, and NMA 955
cathodes is above 4.89, indicating a good layered structure.

Table 2. Cation mixing and c/a ratio of NMA 991, NMA 973, and NMA 955.

Cathodes c/a To03/I104
NMA 991 4.92 1.15
NMA 973 4.95 1.36
NMA 955 4.97 1.11

Figure 2 presents the morphology of the NMA particles observed using SEM and
their particle size distribution. The irregular shape of NMA is identified, with some
agglomerated particles being homogeneously distributed.
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Figure 2. SEM images of (a) NMA 991, (b) NMA 973, and (c) NMA 955. The distribution curve of the
particle size of (d) NMA 991, (e) NMA 973, and (f) NMA 955, respectively.

The element distribution on the particle surface of NMA 991, NMA 973, and NMA
955 was evaluated using SEM-EDS, as shown in Figure 3. It can be seen that the elemental
mapping reveals the individual content of the Ni, Mn, and Al elements in all NMA samples.
The elements of Ni, Mn, and Al were detected and homogeneously distributed on the
surface of the NMA samples.
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Figure 3. Cont.
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Figure 3. SEM/EDS elemental mapping of (a) NMA 991, (b) NMA 973, and (c) NMA 955.

Figure 4 shows the cyclic voltammetry curves of the NMA cathode samples. NMA 991,
NMA 973, and NMA 955 show three pairs of peaks, indicating the occurrence of oxidation
and reduction processes in the NMA cathode battery. In Figure 4, it can be seen that several
lower peaks were formed in addition to the dominant peaks in the oxidation and reduction
reactions. The appearance of three peaks in the cyclic voltammetry indicates a phase
transition from hexagonal to monoclinic (H1 + M), monoclinic to hexagonal (M + H2), and
hexagonal to hexagonal (H2 + H3) when the battery is charging/discharging at a potential
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window of 2.6-4.4V [27]. It can be seen that there is a phase transition from a hexagonal
layer structure (H1) to a monoclinic one (H1 + M), as seen in Equation (1) below.

LiNig oMnyAlyO, (H1) s xLi* + Lij _,NiggMnyAlyO; + xe~ (H1 +M) 1)
0.15 T ] T L}
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Figure 4. Cyclic voltammetry of NMA 991, NMA 973, and NMA 955.

Then there is a transition of hexagonal phases (H2 + H3), as seen in Equation (2) below.

LiNig gMnyAlyO, (H2) s xLi* + Lij_xNiggMnyxAl,O; + xe~ (H2 + H3) )

The H2 + H3 phase transition causes the contraction of the lattice parameter ¢, which
causes strain and worsens the cycle performance [27]. Based on the cyclic voltammetry
graph, the distance from the oxidation and reduction peaks indicates how far apart the Li*
ions are intercalated. The smaller the intercalation distance, the easier it is for the Li* ions
to intercalate between the electrodes. It is found that the smallest oxidation-reduction peak
distance value was obtained for the NMA 973 cathode.

Figure 5a shows the initial charge—-discharge curve of NMA 991, NMA 973, and NMA
955, which was tested on a coin half-cell in the potential range of 2.8-4.4 V at 0.1 C. The
initial specific discharge capacity of NMA 991, NMA 973, and NMA 955 was 163, 172, and
150 mAh g1, respectively. It was found that NMA 991 and NMA 973 only charged up to
4.3V due to the internal resistance of the electrode. Figure 5b presents the charge—discharge
profile curves of NMA 991, NMA 973, and NMA 955 at the higher rate of 1 C. It shows
that the specific discharge capacity of NMA 991, NMA 973, and NMA 955 at 1 C was 117,
127, and 106 mAh g~ !, respectively. The plateau profile of the charge-discharge curve
of all NMA cathodes slightly inclined at the 1 C rate. The high initial charge capacity of
NMA 973 is primarily attributed to the complete formation of a solid-electrolyte interphase
(SEI) layer on the surface of the NMA 973 electrodes during the initial charging process
compared to the other NMA samples [28-30]. Figure 5c depicts the capacity retention of
all NMA samples after 100 cycles. NMA 973 had the highest capacity retention of 98%,
while the capacity retention of NMA 991 and NMA 955 was 97 and 96%, respectively. The
high-rate charge-discharge performance of NMA 991, NMA 973, and NMA 955 at 0,1C,
0.5C, 1C, 2C, and 5C is presented in Figure 5d. The initial specific discharge capacity of
NMA 991, NMA 973, and NMA 955 at the highest current density (5 C) was 85, 97, and
78 mAh g~ !, respectively. It is revealed that NMA 973 had the highest discharge capacity
at high current density.
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Figure 5. (a) Charge-discharge curves of all NMA at 0.1 C, (b) charge-discharge curves at 1 C,

(c) cycle performance at 0.1 C, and (d) rate capability in different current densities.

Electrochemical Impedance Spectroscopy (EIS) was performed to evaluate the elec-
trochemical performance of NMA 991, NMA 973, and NMA 955 at 25 °C, as shown in
Figure 6a. The impedance spectra of all NMA cathodes are composed of a single semicircle
arch followed by an inclined line. The equivalent circuit model was applied to represent
the entire system from the electrochemical cell to determine how the system works on
each battery. Based on the equivalent circuit on the NMA, R; (R1) indicates the electrolyte
resistor, R¢; (R2) is the charge transfer resistance, CPE indicates the constant phase element,
and Ws indicates the Warburg impedance [31]. The dynamic properties of NMA 991, NMA
973, and NMA 955 were also measured using the lithium-ion diffusion coefficient, which
was calculated using the formula below [32,33], as seen in Figure 6b:

R2T?

T 2APFCE 07

Zyeal = Rs + Rt + (UCUiO’S)

®)

)

where D is the diffusion coefficient; R is the gas constant; T is the absolute temperature;
A is the surface area of the electrode; F is Faraday’s constant; C is the molar concentration



Batteries 2023, 9, 420

8of 12

-2"'(Q.cm?)

300

of Li* ions; and w is the angular frequency [34]. Based on the fitting result of the equivalent
circuit, the R, R, and Li diffusion coefficients in each sample are summarized in Table 3.
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Figure 6. (a) Nyquist plot with insert figure of equivalent circuit, and (b) Li-ion diffusion of NMA
991, NMA 973, and NMA 955, respectively.

Table 3. R, R, and Li diffusion parameters of NMA 991, NMA 973, and NMA 955.

NMA 991 3.89 101.39 3.74 x 1071
NMA 973 251 71.58 427 x 10710
NMA 955 443 141.02 3.12 x 1071

3. Discussion

The XRD pattern of the NMA materials demonstrated that the aluminum enhanced
the crystallinity degree of NMA. It was also found that the presence of aluminum and
manganese elements does not change the structure of the NMA cathode, indicating that
aluminum and manganese doping was successful in the substitution of the LiNiO; structure.
It can be seen from Table 1 that there is an increase in the lattice parameter of c, along with
the increase in the aluminum content in the NMA. The increase in the lattice parameter of
¢ beneficially induced the greater separation between the metal oxide layers, which can
facilitate Li-ion diffusion between the oxide layers [26]. The XRD results also revealed
that the cation mixing or Li*/Ni?* mixing of NMA decreased with the increasing content
of aluminum. Cation mixing or Li*/Ni?* mixing is a mixing phenomenon between Li*
and Ni?* that occurs because it has a similar radius in the cathode material and allows
Ni?* ions to migrate to the Li* layer [35]. The intensity diffraction peak (I) ratio of (0 0 3)
and (1 0 4) should be more than 1.2 in order to reduce the mixing cation of Li*/ Ni*.
Furthermore, the ratio of the c/a lattice parameter should be above 4.89 to obtain a good
layered structure [36]. Table 2 shows the calculation of Li*/Ni?* mixing and a comparison
of the c/a lattice parameters. The I (0 0 3)/I (1 04) of NMA 991, NMA 973, and NMA 955
were 1.15, 1.36, and 1.11, respectively. It can be concluded that Li*/ Ni2+ mixing in the
NMA 973 sample is the lowest compared to NMA 991 and NMA 955. It is demonstrated
that the presence of aluminum can reduce the level of cation mixing because aluminum can
effectively decrease the decomposition of transition metals [37]. Moreover, the c/a ratio of
all NMA cathodes is above 4.89, indicating a good layered structure.

In the SEM images, it was found that the average diameter decreased with the increas-
ing content of aluminum. The diameter size of NMA 991 ranged from 100 to 500 nm, NMA
973 had a diameter range of 75-400 nm, and the diameter size of NMA 955 ranged from
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75 to 300 nm. The smaller particle size may shorten the electron pathway and induce a
faster transfer of electrons between particles, thus enhancing the electronic conductivity.

In the charge-discharge curves, it is shown that NMA 973 had the highest specific
discharge capacity. Meanwhile, NMA 955 sequentially had a more slightly reduced specific
discharge capacity. This is attributed to the electrochemically inert AI** for its low-capacity
contribution. The excessive content of the Al element leads to aluminum residual alkali
generation that hinders Li-ion diffusion [38]. The lowest Al content in NMA 991 led to
the weakening of the layered structure and lattice distortion due to Ni?*, located at the
3b site of the lithium layer, and when charging transforms into Ni**, which has a small
radius [39]. This induces the decrease in the reversible charge-discharge capacity and cycle
ability due to the blocking mobility of the lithium-ion insertion and extraction during the
charge—discharge process. While the Al content of NMA 955 was higher than the optimal
level, it was unable to prevent phase transitions and lattice deformation. Additionally,
during the cycle process, the Al element may experience side reactions that result in the
generation of high-resistance AlIF*, degrading the cycle performance [40]. Therefore, NMA
973 had the optimal content of Mn and Al elements. In NMA 973, AI>* and Mn** increased
the lattice’s stability, prevented phase transitions, slowed down the breakdown of the
layered ordered structure, and enhance Li* kinetics. The enhanced rate performance of
NMA 973 is attributed to optimal manganese and aluminum doping ratios and low Li/Ni
mixing that enabled the layered structure to be maintained at a high rate, and enhanced
kinetics that have been identified as improving NMA 973’s rate performance. NMA 973
can maintain its initial specific discharge capacities when it is recovered to a 0.1 C rate after
5 C, but NMA 991 and NMA 955 show a slight decrease in their specific discharge capacity.
This shows that NMA 973 has good reversibility without damage at a high rate.

Based on the R; and R in Table 3, it was found that NMA 973 had the lowest resistance.
It is indicated that the conductivity of NMA 973 was higher than that of the other samples,
which led to the high mobility of Li* ions carrying out charge transfers. While NMA 991
and NMA 955 have high resistance, this is related to the structural stability in the cathode
sample, which can decrease the charge transfer ability due to blocking the mobility of
the lithium-ion [41]. Table 3 also shows that NMA 973 had the highest Li-ion diffusion
coefficient. It is clear that the optimal manganese-to-aluminum doping ratio enhances the
diffusion kinetics and raises the diffusion coefficient. With the smaller cation mixing and
improved lithium-ion conductivity, NMA 973 maintained the electrochemical performance
even at a high charging—discharging cycle rate.

4. Materials and Methods
4.1. Preparation of NMA

First, LiNip9Mng 1_xAlxOz (NMA) (x = 0.01, 0.03, 0.05) was synthesized through the
preparation of (NMA)OH; by using NiSO,-6H,O (Merck, 99%), MnSO4-H,O (Merck, 99%),
and AI(NO3)3-9H,0 (Merck, 99%) as precursor materials. The NiSO4-6H,0, MnSO4-H,0,
and Al(NO3)3-9H,0 were mixed and dissolved in 158 mL of distilled water with a purging
of nitrogen gas (Ny) aiming to eliminate the possibility of oxygen content in the synthesis
process. Next, NaOH (Merck, 99%) and NH,OH (Merck, 99%) solutions were slowly added
into the reactor on a hotplate magnetic stirrer with a temperature of 50 °C. After the stirring
process, the precursors are washed, filtered, and dried. The as-prepared (NMA)OH; was
mixed and ground with LiOH with a mortar and pestle. Then, the mixture was put into an
alumina crucible and placed into a tube furnace heated at a temperature of 750 °C for 12 h
flowing with oxygen gas. Finally, the NMA was obtained and labeled NMA 955, NMA 973,
and NMA 991 for x = 0.05, 0.03, and 0.01, respectively.

4.2. Material Characterization

The XRD pattern of the NMA sample was obtained using a PANA-analytical instru-
ment (Phillips, Eindhoven, the Netherlands) with an angle range of 26 of 10°-90° and a
CuK wavelength of 1.54056 A. The morphology and element mapping of the NMA were
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inspected using a SEM-EDS Inspect S50 machine (Phillips-Inspect S50 -FEI Technologies
Inc., Hillsboro, OR, USA) using an energy of 20 kV.

4.3. Electrochemical Measurement

The electrochemical performance of the half-cell system was tested using a CR2032
coin cell. For the cell fabrication process, a glove box containing argon gas was utilized
(Vigor Tech, Houston, TX, USA). The active material, acetylene black, and polyvinylidene
fluoride were all dissolved in N-methyl-2-pyrrolidinone (NMP) in an 80:10:10 weight
ratio for the electrode slurry. Following that, the slurry was applied onto aluminum foil
to serve as a current collector, and was then dried for 12 h at 80 degrees in a vacuum
oven. The electrode was cut into a circular form of 1.2 cm in diameter. The material
loading was approximately 20 mg for each sample. The separator was a polypropylene
microporous membrane (Celgard®, NJ, USA), while the counter electrode and reference
electrode were lithium metal. Then, 1 M LiPF; was dissolved in ethyl methyl carbonate
and ethylene carbonate solvents (7:3 volume ratio) to create the electrolyte. Using the
Neware CT-4008 (Neware Technology Limited, Shenzhen, China) instrument, galvanostatic
charge/discharge tests were conducted over a voltage range of 2.6-4.4 V with different C-
rates. The CorrTest CS310 electrochemical workstation (Wuhan CorrTest Instruments Corp.,
Ltd., Hubei, China) was used to conduct the cyclic voltammetry (CV) test with a voltage
range of 2.4-4.4 V vs. Li/Li* and a scan rate of 0.1 mV s~!. Using the CorrTest CS310
electrochemical workstation, the sample was examined using electrochemical impedance
spectroscopy (EIS) over a frequency range of 0.1 Hz-100 kHz.

5. Conclusions

The synthesis of NMA cathodes with variations of Mn and Al (NMA 991, NMA 973,
and NMA 955) were successfully prepared using the co-precipitation method and indexed
by XRD as being of high purity and a highly crystalline structure. The addition of aluminum
affected the elevation of the hexagonal layer structure on the NMA cathode. The higher the
content of aluminum, the greater the separation distance between the metal oxide layers.
This method enhanced the Li* ions’ ability to form a layer between the metal oxide layers
and improved the performance of the lithium-ion battery. The SEM image showed that
the NMA particles were well formed and did not show much agglomeration. NMA 973
had the best high-rate performance with a specific discharge capacity of 127 mAh g~ ! at
1 C due to the smallest polarization of oxidation and reduction peaks with the smallest
charge transfer resistance, leading to the Li* ions’ ability to intercalate between electrodes
becoming easier.
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