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Abstract. In this article, we report and compare the synthesis method of the active cathode

materials based on nickel - cobalt - manganese (NCM) for lithium-ion battery application. We
evaluate the hydrothermal and solid-state reaction method in NCM-622 synthesis, the material
characterizations, and the battery performance. Based on the analytical results using X-ray
diffraction (XRD), particles synthesized using hydrothermal and solid-state methods exhibit a highly
crystalline NCM phase. NCM particles synthesized using solid-state reaction exhibit high-rate
performance up to 10 C. The electrochemical impedance spectroscopy analysis shows that the
charge transfer resistance (Rct) of NCM synthesized by the solid-state reaction (SSR) method was
25.9% lower than hydrothermal. Meanwhile, the ionic diffusivity of the SSR sample was 38.5%
higher than the hydrothermal sample. These two factors lead to better performance when tested
in a lithium-ion battery.
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INTRODUCTION

Since the past decade, electric vehicle
demand has been increasing worldwide,
which is dominated by battery electric
vehicles (BEVs) (Andre et al, 2015). The
evolution of applications of BEVs vehicle
began with hybrid vehicles (HVs) to plug-in
hybrids (PHEVs) and became fully electric
vehicles (EVs). In BEVs, Lithium-lon Batteries
(LIBs) are the most battery used for energy
storage due to their large capacity, high
energy density, high specific power, and long
life cycle. LIBs have three main parts in their
system: cathode, anode, and electrolyte,
which can affect the electrochemical
properties of LIBs. However, the major
obstacle of LIBs on BEVs is the field of
cathode materials because it has a lower
capacity than anode materials. To achieve
better performances, efficiency, and energy
conversion of LIBs, cathode materials play a
crucial role (Andre et al,, 2015, Geldasa et al,,
2022, Julien et al,, 2014, Or et al,, 2020, Park
et al., 2011).

The first cathode material to be
commercialized was Lithium Cobalt Oxide
(LCO) in 1991 by Sony. However, these
materials still have a problem with high
toxicity levels and high costs. The theoretical
capacity of the LCO is 270 mAh/g at a
potential of 4.2 V vs. Li/Li* (Andre et al., 2015).
Nevertheless, the practical capacity is only
about 140 mAh/g, and only 0.5 mol Li* is
utilized to prevent the transition metal
dissolution and electrolyte oxidation during
the cycle (Andre et al,, 2015, Or et al., 2020).
To overcome this issue, several cathode
materials have been developed, such as
Lithium Iron Phosphate (LiFePOs4, LFP),
Lithium Manganese Oxide (LiMn20s4, LMO),
Lithium Nickel Cobalt Aluminium Oxides

(LiINICoAlO2, NCA), and Lithium Nickel
Manganese Cobalt Oxide (LiNiCoMnOg,
NCM) (Geldasa et al., 2022, Julien et al., 2014,
Park et al., 2011).

The NCM has been widely used as a
cathode in lithium-ion batteries in the full cell
arrangement. The specific capacity value of
these materials when applied as full cells of
LIB is 150-220 mAh/g at 0.1 C (Li et al., 2020,
Seungbum et al, 2022, Wu et al, 2019).
Nickel-rich cathode material is one of the
alternatives cathodes of LIBs based on NCM
to be applied for EVs because of the high
energy density, strong charge-discharge
capacity, and thermal stability in a typical
layered structure (Liu et al., 2014, Myung et
al., 2017).

In NCM, high nickel content contributes
to higher capacity performance. Meanwhile,
cobalt and manganese content contributes to
an increased lifetime and stability in cycle
performance (Bak et al., 2014, Kim, 2012,
Konishi et al,, 2013, 2011, Wu et al., 2011).
Therefore, NCM with nickel-rich content can
be used as an alternative promising cathode
material.

The metal compositions of NCM
configuration that have been developed are
111, 523, 622, and 811, where each
configuration has various electrochemical
characteristics (Deng et al, 2010, Jan et al,
2014, Konishi et al., 2013, Liu et al., 2014,
Myung et al., 2017, Wang et al,, 2016, Zheng
et al, 2015). Based on electrochemical
performances (capacity, lifetime, and
stability), efficiency, and energy conversion,
previous research indicates that NCM-622 is
one of the best compositions in the field of
EV application than others compositions
(Kim, 2012, Wu et al,, 2011). Several methods
have been used in previous studies to
synthesize NCM 622, such as sol-gel (Cao et




286 A comparative study on the electrochemical properties of hydrothermal and solid-state
methods in the NCM synthesis for Lithium lon Battery application

al., 2016), coprecipitation (Yang et al., 2014,
Zheng et al,, 2015), hydrothermal (Huang et
al., 2022, Wang et al., 2016, Widiyandari et al.,
2019), and solid-state method (Rahmawati et
al, 2020). Among them, solid-state and
hydrothermal methods are more applicable
in large-scale industries.

Solid-state has the advantage of
synthesizing cathode materials on a large
scale because it is very simple regarding
equipment requirements and the
manufacturing process (Pan et al, 2013,
Toprakci et al, 2010). Moreover, the
hydrothermal process has the advantage of
getting high single-crystalline of cathode
materials (Huang et al., 2022).

In this work, a modified solid-state
method for the preparation of NCM 622
cathode materials has been proposed and
compared with the hydrothermal process.
The structure, morphology, and
electrochemical  properties have been
compared with the NCM cathode materials

synthesized by the hydrothermal method.
EXPERIMENTAL

Materials and Methods

Nickel (1 sulfate hexahydrate
(NiSO4.6H20, Merck 99%), cobalt (ll) sulfate
heptahydrate (CoSO4.7H20, Merck 99%), and
manganese  (ll) sulfate  monohydrate
(MnSO4.H20, Merck 99%) were used as the
initial precursors. Each precursor was
dissolved in water obtaining a concentration
of 0.3 M and mixed with 0.3 M sodium
carbonate (Na2COs) to ion exchange of SO4*
to CO3® to get metal carbonate and remove
sulfur from the material, which can be
impurity on NCM 622. Furthermore, this
metal carbonate material is used in the NCM-
622 synthesis process using various methods
described below.

Hydrothermal

The metal carbonate material (Ni: Co: Mn
= 0.6: 0.2: 0.2) was added to the oxalic acid
solution as a chelating agent and LiOH with
5% excess as Li source with a mole ratio of
metal carbonate: oxalic acid: LiOH is 1: 1: 1.05,
then stirred at 400 rpm for 4 hours. After that,
the solution was put into the autoclave and
heated at 180°C for 20 h. Next, the solution
was dried using an oven at 80°C for 12 h. The
obtained powder was sintered under an air
atmosphere initially at 450°C for 5 hours,
followed by increasing the temperature to
850°C and kept for 16 hours.

Solid-State Reaction (SSR)

The metal carbonate material (Ni: Co: Mn
= 0.6: 0.2: 0.2) was mixed with oxalic acid with
a mole ratio of 1: 1 and then put into a
planetary ball mill, wetted with ethanol to
ensure the contact of powder materials for
6 hours with 1200 rpm. Then, LiOH with an
excess of 5% was added to the mixed
materials into a planetary ball mill and
continued milled for 4 hours. After finishing
the milling process, the mixture was
transferred into the oven for drying at 80°C
for 12 h. The obtained powder of the solid-
state reaction then follows a similar sintering
process as mentioned in the hydrothermal
reaction.

Characterization and Electrochemical Test

The phase and crystal structure were
identified using X-ray diffraction (XRD) with
Cu-ka radiation (A = 0.15406 nm). XRD data
are obtained in the 26 range from 10° to 80°
using Rigaku Smartlab. Electrochemical
testing was carried out using a coin-type cell
(CR2025). Cyclic
charge/discharge, and

voltammetry (CV),
Electrochemistry
Impedance Spectroscopy (EIS) was carried
out using WBCS 3000 Battery cycler and Hioki
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3522. Cyclic voltammetry (CV) is measured
from 2.5 to 4.3 V at a scan rate of 0.12 mV/s.
The charge-discharge test was conducted
using the constant current and constant
voltage (CC-CV) mode with a voltage range
of 20-43Vat0.25C.

RESULTS AND DISCUSSION

Figure 1 shows XRD patterns for each
sample synthesized using different methods.
It is clearly shown that the XRD peaks of
(006/012) and (108/110) at 26 of 38° and 26
of 65° indicate well-defined layered structural
characteristics for all samples (Chen et al,
2013, Luo et al,, 2019). The results of the XRD
data for all samples suggest that no impurity
phase and additional peaks were formed
after the synthesis process. The XRD peak of
the solid-state reaction method is lower than
hydrothermal, indicating the average grain
size is reduced (Chao and Shuang-Yuan,
2020).
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Fig. 1: The powder XRD pattern of
synthesized NCM-622 by hydrothermal and
solid-state (SSR) reaction method.

Table 1 shows the full width at half
maximum (FWHM) of the samples. From the
calculation of FWHM, solid-state reaction

exhibits a higher FHWM value, leading to
smaller crystallite size. The smaller crystallite
size positively impacts lithium diffusion,
electrolyte dispersion, and electrochemical
performance (Bishnoi et al.,, 2017, Domi et al.,
2019).

The other parameter is the intensity ratio
(003) and (104) (loo3) / l(104), which can be
used to estimate the cation mixing in the
NCM materials (Peng et al., 2015, Yang et al.,
2014, Zheng et al,, 2015). The cation mixing
phenomenon occurs because the Li* ions
swap places with Ni?* due to the ionic radius
similarity between Li* (0.76 A) and Ni**
(0.69 A). This mixing is undesirable because it
can interfere with the electrochemical
performance (Liu et al., 2014, Shim et al,
2014). Based on XRD data calculation, the
crystallinity of NCM synthesized using
hydrothermal, and solid-state reaction shows
a comparable value on the degree of
crystallinity, where hydrothermal and solid-
state NCM crystallinity is at 91.8% and 86.7%,
respectively. Furthermore, the 1(003) / 1(104)
ratio (Table 1) of both samples exceeds 1.2,
suggesting that low cation mixing can lead to
better electrochemical performance (Peng et
al., 2015, Yang et al., 2014, Zheng et al., 2015).
Based on the two samples, peaks (006) / (012)
and (018) / (110) have been formed, which
indicates an increase in the layered crystal
structure at NCM (Deng et al., 2010, Jan et al,,
2014, Shi et al., 2013).

Several researchers use the c/a ratio as a
parameter to indicate the layer structure of
NCM (Wu et al.,, 2011, Zhu et al,, 2014). The ¢
/a ratio corresponds to the antisite disorder
level of Ni?* and Li*. From Table 1, the solid-
state reaction method shows a higher c/a
ratio, incorporating better crystal ordering
and lower antisite disordering of Ni?* and Li*.
In their result, Zhu, et al explained that higher
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¢/a in NCM synthesized using molten salt
synthesis is beneficial for a better
intercalation process (Zhu et al., 2014).

Table 1. Parameter derived from XRD patterns

Sample FWHM l@o3s)/ c/a  Crystallinity
(003) o) (%)
Hydro- 0.1158 149 494 91.8
thermal
SSR 0.1448 121 496 86.7

Fig. 2: SEM image of NCM-622 synthesized
by a) Hydrothermal and b) Solid-state
reaction methods

SEM was analyzed to understand the
influence of the synthesis method on the
surface morphology of both samples.
Figure 2 shows SEM images captured from
both samples have different morphology. The
sample prepared using the hydrothermal
method exhibits a bigger particle size and
smooth surface. Meanwhile, the sample
prepared using solid-state reaction shows
smaller agglomeration of particles. This

morphology agrees well with the XRD result
where the grain size of solid-state NCM has a
smaller size than hydrothermal one. The
agglomeration of the smaller particle may
increase the active surface area. Large surface
area facilitates lithium movement during
battery operation and enhances
electrochemical performance (Ma and Tan,
2020, Trevisanello et al., 2021).

Figure 3 shows the cyclic voltammetry
(CV) curve for each sample in the voltage
range of 2.5-4.3 V at a scan rate of 0.12 mV/s.
The redox peaks formed in all samples were
between 3.6-4.0 V, corresponding to the
Ni*/Ni** redox reaction in the NCM
structure. In the voltage range of 3.2 V, the
oxidation curve of Mn*/Mn* is not
observed, indicating the absence of
Mn3*/Mn** redox reaction (Chong et al,
2016). Due to the inactive oxidation state of
Mn**, it can be expected that the metal oxide

lattice is quite stable.

—— Hydrothermal
——SSR

Current (mA)

_2 1 1 1 1 1
25 3.0 3.5 4.0 45
Voltage (V vs Li/Li")

Fig. 3: Cyclic voltammetry profiles of
samples synthesized by hydrothermal and
solid-state reaction (SSR) method at scan

rate 0.12 mV/s.

In the CV curve, the anodic and cathodic
peak potential intervals indicate the diffusion
of lithium ions and the transfer of electrons
between the electrodes, respectively. The
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solid-state reaction approach has a lower AE
than the hydrothermal one for both NCM
samples, as shown in Table 2. Lower AE
indicates a greater reversibility rate owing to
the ease of lithium-ion intercalation and
deintercalation, which is essential for BEV
applications (Habibi et al,, 2018).

Table 2. Initial charge/discharge capacity
values for different samples.

Sample  Eoxidation  Ereduction AE
(\) V)
Hydro- 3.95 3.59 0.36
thermal
SSR 3.93 3.68 0.25
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Fig. 4: Charge discharge performance of a)
Hydrothermal and b) Solid-state reaction
NCM-622 at 1st and 2nd cycle at 0.25 C.

Figure 4 shows the charge-discharge
curve of both samples at the first and second

cycles. Each sample shows a smooth and
regular shape curve that indicates the
structure stability of prepared layered NCM.
Both samples show decreasing capacity from
the first to the second cycle. The initial charge
and discharge capacity of both samples are
122.32 and 106.98 mAh/g (87.44% coulombic
efficiency) and 159.12 and 139.74 mAh/g
(87.55%
hydrothermal and solid-state reaction,

coulombic efficiency) for
respectively. The initial discharge capacity of
hydrothermal is lower than solid-state NCM.
Lowering capacity on the 2" cycle is caused
by irreversible electrolyte oxidation for Solid
Electrolyte Interphase (SEl) (Kasnatscheew et
al,, 2016, Tan et al., 2015).
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Fig. 5: Rate performance of NCM-622
synthesized by Hydrothermal and solid-state
reaction (SSR) at 0.25 C to 10 C at the
voltage range 3 — 4.3 volt.

Figure 5 illustrates the rate performance
of the two samples at 3.0-4.3 Volt. The
specific capacity of all samples decreases at
an increasing rate. The NCM synthesized
using hydrothermal methods shows lower
rate performance than solid-state reaction.
The performance enhancement of solid-state
reaction may be due to better ionic
conductivity, leading to better Li-ion diffusion
between the electrode and the electrolyte
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interface (Wang et al, 2019). After several
cycles at different C rates, the specific
capacity difference between the first and final
cycles is slightly reduced in the two samples.
These phenomena indicate that these two
samples have good cycle ability and less
irreversible reaction during the charge and
discharge process.

Figure 6 represents the Electrochemical
Impedance Spectroscopy (EIS) test results in
which all samples provide a Nyquist plot
graph after the battery conduct charge and
discharge at different scan rate conditions.
Nyquist plots consist of semi-circles from
low-to-high  frequency and additional
straight lines. The semi-circles at medium to
the high-frequency region are addressed to
the charge transfer resistance (Rct). On the
other hand, a straight line with a gradient of
+45° corresponds to the Warburg impedance
(Subhan et al, 2019). The Warburg
impedance is a parameter associated with the
lithium diffusion (Du) behavior of the
electrode. The resistance and the lithium
diffusion act as important roles in analyzing
the battery performance.

The values of charge-transfer resistance
(Rct), conductivity, and lithium-ion diffusivity
(DLi) parameters were obtained based on the
two sample fittings. Each impedance
spectrum is fitted well with the suggested
equivalent circuit model. Based on the fitted
EIS data, the Ret for hydrothermal and the
solid-state reaction NCM is 307.747 and
228.019 Q, respectively. The smaller the R,
the higher the conductivity so that the
material is easier to conduct electric current
(Subhan et al., 2019). Solid—state reaction
NCM shows lower Ret than hydrothermal
NCM, indicating that the charge transfer at
the electrode and electrolyte on the battery
system greatly improved electrochemical
performance. Regarding the calculation

related to the lithium-ion diffusivity (Du),
Hydrothermal and solid-state reaction NCM
have 2.548 x 1078 (cm?/s) and 3.528 x 1078
(cm?/s), respectively. A lower c/a ratio of the
solid-state reaction NCM could maintain the
lithium-ion diffusivity (Du) through the NCM
electrode.
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Fig. 6: Electrochemical Impedance
Spectroscopy profiles of the as-synthesized
NCM-622 samples by different synthesis
methods.

CONCLUSIONS

NCM-622 has been synthesized using a
hydrothermal and solid-state reaction. The
hydrothermal method is a promising
candidate for preparing cathode materials
with high crystallinity and uniform structure.
On the other side, large-scale cathode
production demands a consistent and simple
process. This paper observed that the
preparation result using hydrothermal and
solid-state reactions has a similar result.
Regarding the electrochemical performance,
NCM derived from the solid-state reaction
method performs better than hydrothermal
NCM due to its low charge transfer resistance
followed by a higher ion diffusion rate. When
tested in a lithium-ion battery, the 25.9%
lower Rct and 38.5% higher diffusivity
improve performance. Such performance is
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likely related to the smaller particle of the as-
synthesized NCM by the solid-state reaction
method.
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