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Abstract

Reducing the cost and improving the performance of lithium-ion batteries (L1Bs) are crucial for their applications
in transportation electrification and grid energy storage. Much research effort has been devoted to develop novel
synthesis methods for LIB cathodes, since traditional methods such as coprecipitation suffer long synthesis time
and complex steps. In contrast, flame-based spray methods have great potential in manufacturing LIB cathode
materials due to their features such as continuous, fast, and scalable operation. Nevertheless, flame-based spray
methods also need improvement in controlling the morphology and improving the electrochemical performance of
LIBs. The current work demonstrated a modified flame-assisted spray pyrolysis (FASP) method that used a
preheating section for morphology control and electrochemical performance enhancement. The goal is to
investigate the effect of preheating temperature on the particle morphology and electrochemical performance of
Li(Nio.sC00.1Mno.1)O2 (NCM811) cathode materials. Results showed that the preheating temperature could
significantly alter the particle morphology by affecting the drying process. X-ray diffraction measurements
demonstrated that the cation mixing level of NCM811 samples was sensitive to the preheating temperature, where
introducing the preheating section was effective in inhibiting cation mixing and improving cation ordering at
certain temperatures. However, a preheating temperature higher than 325 °C would notably encourage cation
mixing. Moreover, the electrochemical tests showed that increasing the preheating temperature could improve the
discharge capacity and stabilize the long-time cycling performance. Overall, carefully choosing the preheating
temperature of FASP not only improved the particle uniformity by inhibiting the formation of hard-to-break
agglomerations in calcinated powders, but also enhanced the electrochemical performance by hindering cation
mixing.

Keywords: Flame-assisted spray pyrolysis; nickel-rich cathode; preheating temperature; morphology; electrochemical
performance

*Corresponding author.



1. Introduction

Lithium-ion batteries (LIBs) play an increasingly
critical role in transportation electrification and grid
energy storage of renewable energy such as wind and
solar. Unfortunately, the cost of LIB is one of the main
barriers limiting its large-scale application. Among
different cost factors, cathode materials are an
essential one because they are the main contributor
that accounts for 39% of the material cost [1,2].
Currently, commonly used cathode materials are
lithium iron phosphate (LiFePOa), lithium-nickel-
cobalt-aluminum oxide (NCA), and lithium-nickel-
cobalt-manganese oxide (NCM). NCM is promising
because of its potential in lowering cobalt and
increasing nickel content for higher capacity and
lower material cost. The most widely used methods
for synthesizing NCM cathode materials are the solid-
state and coprecipitation methods. Nevertheless, these
methods encounter challenges in balancing the
manufacturing cost and the material performance. For
example, the coprecipitation method suffers issues of
using non-continuous batch-based reactors, having
many complex operation units, and being a slow
synthesis process [3], resulting in a high
manufacturing cost that contributes to 46% of the
cathode material cost [4].

In contrast, spray-based methods are promising
candidates to reduce the manufacturing cost due to
having continuous flow conditions, a simple operation
system, and a short synthesis time. As a result, spray-
based methods have been employed for synthesizing
a wide range of materials [5,6]. Among these
methods, flame-related ones are preferred for large-
scale production due to the high-temperature working
condition that allows fast precursor decomposition
and the potential for scaling up. For instance, flame
spray pyrolysis is used for commercially producing
TiO2 and carbon black at the rate of tons per hour [6].

Different types of NCM cathode materials have
been synthesized using flame-based synthesis
methods. It was demonstrated that the flame-based
spray method could integrate with in situ coating
process. Abram et al. reported a flame aerosol
synthesis method to produce Li(Niy3Co13Mny3z)02
(NCM111) and Li(Nio.sC00.1Mno.1)O2 (NCM811) [7].
With the same method, Yan et al. demonstrated that
NCM811 doped with dysprosium could notably
improve the cycling performance and thermal-
chemical stability [8]. Moreover, Zhang et al. used
glycerol as fuel to synthesize NCM111 and
Li(Nio.sCo0.15Al0.0s)O2 (NCA) [9,10]. They found that
the high-temperature flame played an important role
in ensuring less porous particles and a shortened post-
annealing time. Therefore, flame-based methods are
capable of producing cathode material with desired
performance. Moreover, a techno-economic analysis
has confirmed the potential of using flame-assisted
spray pyrolysis to reduce the manufacturing cost of
cathode materials [11].

Although flame-based spray methods have various
advantages over other methods, especially due to their
potential in reducing the manufacturing cost, current
flame-based spray methods still face challenges in
matching the electrochemical performance to
commercial methods such as coprecipitation.
Therefore, different strategies have been applied to
investigate the operating parameters such as the
solution concentration [12], solvent type [9],
operating temperature [7,12], dopants [8], post-
calcination conditions [13], and atomization method
[3] on the performance of the synthesized cathode
materials. For flame-based methods, the droplet
drying and pyrolysis process is considered critical in
achieving desired particle morphology and
electrochemical performance.

A simple and useful strategy to control the drying
and pyrolysis process is introducing a preheating
section prior to the high-temperature flame in the
synthesis setup. This strategy can be adapted for a
flame-assisted spray pyrolysis method (FASP). The
preheating temperature was found to prompt
homogeneous precipitation prior to the flame and
produce more uniform materials [7]. Moreover,
combining the preheating section with flame
produced denser particles than the sample using only
low-temperature drying [10]. Unfortunately, there are
no comprehensive studies examining the role of
preheating in FASP in detail. Therefore, the current
work investigated the effect of preheating temperature
on the particle morphology and electrochemical
performance of nickel-rich NCM811 that is
considered as the state-of-the-art cathode material.
The provided information would be useful for paving
the way for producing high-performance NCM811
cathode materials with a low-cost route, which is
meaningful for large-scale applications.

2. Experimental
2.1 Material synthesis

The schematic of the synthesis process is
demonstrated in Figure 1. First, the precursor solution
was prepared by dissolving lithium nitrate (LiNO3),
nickel nitrate  hexahydrate  (Ni(NOsz)2-6H20),
manganese nitrate tetrahydrate (Mn(NO3)2:4H20),
and cobalt nitrate hexahydrate (Co(NOs3)2-6H20) in
deionized water with a concentration of 2 mol/L. 10%
excess lithium nitrate was added to compensate the Li
loss during the synthesis process, so the molar ratio of
Li:Ni:Mn:Co is 1.1:0.8:0.1:0.1 in the prepared
solution.

The solution was fed to a 1.7 MHz homemade
ultrasonic nebulizer to generate droplets. Air was used
as carrier gas (5 L/min) to carry droplets to a
preheating tube (1.5 m in length, 47.5 mm in inner
diameter). The preheating temperature (Tp) was
defined as the tube wall temperature, which was
changed in the range of 25 °C (room temperature) to
375 °C with a step of 50 °C. The way of defining the



preheating temperature follows the commonly used
method in different spray-based synthesis routes for
cathode material synthesis [3,12].
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Fig. 1. Schematic of NCM811 synthesis process.

Then, the droplets/particles entered a premixed co-
flow burner for further decomposition. The burner
used a methane/air mixture at a constant equivalence
ratio of 0.65 and a flow rate of 16 L/min. After passing
through the flame, solid particles were generated and
collected by a filter. The as-synthesized powder was
then calcinated in a tube furnace at 450 °C for 4 hours
and then 750 °C for 13 hours with an oxygen flow of
0.25 L/min.

2.2 Characterization methods

A PANalytical X Pert PRO X-ray diffractometer
using monochromatic, nickel filtered Cu Ka radiation
(Kol =1.540598 A and Ko2 = 1.544426 A) was used
for X-ray diffraction (XRD) tests. The XRD was
performed in the 20 range of 10 - 90° with a step size
of 0.01° s, A Zeiss Merlin high-resolution scanning
electron microscope was utilized to perform scanning
electron microscopy (SEM). FEI Tecnai (G2 Spirit
TWIN, 120 kV) was used to conduct transmission
electron microscope (TEM) imaging. Agilent ICP-
OES 5100 VDV was employed to perform inductively
coupled plasma-optical emission spectrometer (ICP-
OES) testing to measure the ratio of elements in
samples.

2.3 Electrochemical test

The calcinated sample was then tested for its
electrochemical performance by using CR2032-type
half-cells. First, the cathode electrode was prepared as
a slurry by mixing NCM811 powder as the active

material, polyvinylidene fluoride (PVDF) as the
binder, and carbon black as the conductive additive at
a weight ratio of 8:1:1. The slurry was then coated on
an aluminum film (15 pm) with an active material
loading of 2.8+0.2 mg/cm?. The aluminum film was
then vacuum dried in an oven at 100 °C for 24 hours.
Then, cathode electrode disks were cut and pressed at
a pressure of 7 MPa. Coin cells were then assembled
in an argon-filled glovebox with controlled oxygen
and moisture level (O2 < 1 ppm, H20 < 1 ppm).
Besides the prepared cathode electrode, the coin cell
used a Li metal disk as the anode, a separator (Celgard
2320), and a commercial electrolyte with 1 M LiPFs
in ethylene carbonate (EC) and diethyl carbonate
(DEC) (EC:DEC = 1:1 v/v). The galvanostatic charge-
discharge study was performed using a Land
CT3001A battery tester in the potential range of 2.7 —
4.3 V at different C-rates (1C = 200 mA/g).

3. Results and Discussion

The as-synthesized and calcinated FASP samples
were first examined for their morphology. Significant
morphology differences are noticed in Fig. 2 when the
preheating temperature changes. At the room
temperature of 25 °C without preheating, irregularly-
shaped particles are present in the as-synthesized
sample shown in Fig. 2(a). The particles are
apparently broken pieces of hollow particles with a
shell. As a result, the calcinated powder comprises
agglomerated nanoscale irregularly-shaped primary
particles. Similar phenomena are observed for
samples with preheating temperatures of Tp at 75 °C
(Fig. 2(b)) and 125 °C (Fig. 2(c)). Particularly,
particles with a hollow structure can be noticed clearly
in Fig. 2(c). Then, spherical particles start to appear in
the as-synthesized sample of Tp of 175 °C (Fig. 2(d)).
The calcinated sample of T, at 175 °C also contains
easily identified spherical particles. As Tp increases to
225 °C (Fig. 2(e)), the spherical shape is maintained.
However, a further increase of Tp to 275 °C leads to
particles with holes on the surface as indicated in Fig.
2(f). Due to the small size of the hole, the calcinated
sample in Fig. 2(f) has no apparent porous structure
because of the crystal growth. As Ty is raised to 325
°C and 375 °C, particles with a concave shell
dominate (Fig. 2(g) and (h)). As a result, the
calcinated particles also have holes on the surface.

The evolution of the particle morphology with the
change of Ty is the result of the change in the drying
process. The mechanism is discussed schematically in
Fig. 2(i). With no preheating or when the preheating
temperature is low, the droplet is still in the liquid
phase when passing the flame. Due to the high
temperature of the flame, evaporation is fast. As a
result, metal salts precipitate quickly on the droplet
surface and form a shell [14]. Nevertheless, part of the
solvent is still left inside the shell because of the fast
shell formation. As the remaining solvent evaporates
as vapor and builds up pressure inside the shell, it
eventually breaks the shell and generates the



—_
4
R=

As-synthesized

Calcinated

o)
o
~—

As-synthesized

Calcinated

()

Preheating
section

Slow evaporation

Vapor

D /" Burst

Flame —

section ‘

Broken particle Dense particle

‘ 325°C
225°C
\ ; 9 C)

Fast evaporation Fast evaporation

O o

Hollow particle

Hollow particle

Fig. 2. SEM images of as-synthesized (top in each subplot) and calcinated (bottom in each subplot) samples with the
preheating temperature of (a) 25 °C, (b) 75 °C, (c) 125 °C, (d) 175 °C, (e) 225 °C, (f) 275 °C, (@) 325 °C, (h) 375 °C, and (i)
the proposed mechanism for the effect of preheating temperature on the particle morphology indicated by TEM images.

morphology shown in Fig. 2(a-c) [15]. When the
preheating temperature is sufficiently high, early-
stage evaporation at a relatively slow rate will tend to
produce a particle with a dense structure as shown by
the TEM image in Fig. 2(i) for the sample with T, of
175 °C. Under this condition, passing through the
flame is less likely to create broken particles due to
largely removed solvent. As a result, the spherical
shape dominates in Fig. 2(d) and (e). Nevertheless, the
case at Tp of 225 °C starts to form a hollow structure
that is indicated by the TEM image in Fig. 2(i). A
further increase in the preheating temperature will
cause fast precipitation and shell formation again.
Nevertheless, as the preheating temperature (< 375
°C) is far less than the temperature near the flame (~

900 °C), the solvent evaporation is slow so particles
only have a collapsed surface but are not broken into
pieces. In summary, changing the preheating
temperature has largely changed the drying process so
it is an efficient way to alter the particle morphology,
adding an additional control parameter for designing
particles with desired morphology. Generally
speaking, samples with irregular shapes, especially
broken shells, are less preferred for cathode material
applications due to difficulties in controlling the size
uniformity for ensuring consistency.

The elemental ratios of as-synthesized and
calcinated samples are listed in Table S1. All samples
have elemental molar ratios close to the chemical
formula of NCM811 with the molar ratio of
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Fig. 3. (a) XRD patterns of calcinated samples with different preheating temperatures, (b) enlarged XRP patterns showing
the peak pair of (018)/(110), (c) the ratio of lattice parameter c/a, (d) the ratio of the intensity of peak (103) to (104), (e) the
change of lattice parameter a with T, and (f) the change of lattice parameter ¢ with T,.

Li:Ni:Co:Mn = 1:0.8:0.1:0.1, confirming the accurate
control of the material composition with the current
method. However, there is no clear trend about how
the preheating temperature affects the composition of
as-synthesized and calcinated samples.

The calcinated samples were examined further
with XRD to demonstrate the crystal structure of
samples with different preheating temperatures. XRD
patterns in Fig. 3(a) confirm all annealed samples
have clear diffraction peaks. They belong to the
hexagonal a-NaFeO: type, defining a layered
structure with an R3m space group without impurity
phases [10]. Fig. 3(a) shows the enlarged diffraction
peak pair of (018)/(110). As split (018)/(110)
indicates an ordered layered structure [16], the sample
at Tp of 375 °C has non-split peaks so it has a less
ordered layered structure than others. The structure
parameters were calculated based on the Rietveld
refinement results and are available in Table S2. One
important feature of nickel-rich cathode materials is
the cation mixing, which is a result of the similar ionic
radius of Ni2* (0.69 A) and Li* (0.76 A) [17] because
both Ni?* and Li* have a coordination number of VI
[18]. The level of cation mixing can be evaluated by
the intensity ratio of peak (003) to (104), marked as
lo3)/l104). Generally, a higher value of lo3)/l(104)

indicates a lower level of cation mixing. Moreover,
the ratio of lattice parameter ¢ to a (c/a) is an indicator
of cation ordering. A larger c/a means a better cation
ordering that is preferred for a well-defined hexagonal
layered structure [19]. The layered structure is also
confirmed by high resolution TEM images shown in
Fig. S3.

As shown in Fig. 3(c), the value of l(o3)/1(104) first
increases with increasing preheating temperature and
then drops when the temperature increases further.
Among them, the case with a Tp of 375 °C has the
highest level of cation mixing. Fig. 3(d) shows that the
value of c/a keeps almost constant up to 225 °C, then
drops slightly when Ty increases further to 375 °C,
indicating worsened cation ordering in samples with
high preheating temperatures. Moreover, the trend of
c/a evolution can be interpreted by the change of the
lattice parameter a and c¢. As shown in Fig. 3(e), the
value of a tends to increase slightly with the rising
temperature. On the other hand, the value of c
increases with the temperature first and then drops.
For Tp from room temperature to 225 °C, both a and ¢
change very mildly, so there are no obvious changes
in the value of c/a. Nevertheless, as the preheating
temperature increases above 225 °C, the lattice
parameter a keeps increasing, whereas c starts to drop,



leading to a decreasing trend of c/a. The increased
lattice parameter a and decreased lattice parameter ¢
are both indicators of the reduced occupancy of Ni ion
in 3a site [17]. These results imply that a high
preheating temperature could facilitate cation
disordering and cation mixing, so it is undesired for
synthesizing NCM811.

Next, the electrochemical performance of samples
using different preheating temperatures was
examined. The first cycle discharge capacity and
Coulombic efficiency at 0.1C are shown in Fig. 4(a)
and (b), respectively. The selected charge-discharge
curves of different samples are available in Fig. S1.
Fig. 4(a) shows that the first cycle discharge capacity
rises first from around 180 mAh/g to approximately
200 mAh/g and then decreases as the preheating
temperature increases more. However, the Coulombic
efficiency shows minor changes at around 85% until
the preheating temperature reaches 325 °C but then
drops when Tp reaches 375 °C. This could be the result
of the high level of cation mixing and worsened cation
ordering noticed for Tp at 375 °C in the XRD results.

Although the general trend of the discharge
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Fig. 4. (a) The first cycle discharge capacity and (b) the
Coulombic efficiency at 0.1C in the potential range of 2.7
—4.3V.

capacity matches the trend of the XRD, exceptions are
cases with Tp=25 °C and Tp= 75 °C. Both cases have
relatively low values of discharge capacity even
though ordered layered structure and low-level cation
mixing were detected (Fig. 3), so the quality of
crystallization is less likely to be the main reason for
the low discharge capacity of samples with low
preheating temperatures. Nevertheless, uneven films
were noticed for cases with Tp=25°C and Tp=75°C
when coating the slurry on the aluminum foil, one of
them is shown in Fig. 5(a). The low-quality film could
reduce the homogeneity of the electrical field,

worsening the electrochemical performance [20]. To
find the reason for uneven films, calcinated samples
were ball-milled and examined for powder
uniformity. Selected results are shown in Fig. 5 to
represent as-synthesized samples with broken
particles (Tp = 25 °C, Fig. 5(a)), solid spherical
particles (Tp= 175 °C, Fig. 5(b)), and hollow particles
(Tp = 375 °C, Fig. 5(c)). As the arrows in Fig. 5(a)
show, agglomerated particles are present in the case
with Tp of 25 °C, whereas cases with higher T, of 175
°C and 375 °C have no obvious agglomerations. This
confirms that the hard-to-break agglomerations
formed in low Ty cases are responsible for the uneven
film and the low discharge capacity. Moreover, this
demonstrates that introducing the preheating section
with properly controlled temperature can significantly
improve the powder uniformity by inhibiting the
formation of hard-to-break agglomerations.

Further comparisons were made in the cycling
performance at the current rate of 1C. For the
discharge capacity illustrated in Fig. 6(b), similar to
the trend of discharge capacity at 0.1C, it increases
first from 170 mAh/g (Tp= 25 °C) to a max value of
189 mAh/g (Tp = 225 °C) and then drops at higher
temperatures (Tp > 225 °C). Moreover, Fig. 6(c)
demonstrates that samples with T, < 225 °C have
lower retention ratios than those with a higher Tp.
Different from the changing trend of the discharge
capacity, the retention ratio remains high even when
the preheating temperature increases to 375 °C, in
spite of the low discharge capacity. The overall trend

Fig. 5. SEM images and photos of prepared electrodes of
milled samples after calcination (a) T, = 25 °C, (b) T, =
175 °C, and (c) T,=375 °C.

is shown by the cycling curves in Fig. 6(a), indicating



neither too low (< 125 °C) nor too high (> 325 °C)
preheating temperatures are preferred for synthesizing
NCM811 with high capacity and retention ratio.
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Fig. 6. (a) Cycling curves of different samples at 1C, (b) the
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retention ratio after 100 cycles.

The rate performance of different samples is shown
in Fig. 7. For each sample, the assembled coin cell was
cycled at different C-rates (5 times at each C-rate) in
the order of 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, and then
back to 0.1C. Overall, the specific capacity decreases
with the increasing C-rate because of the limitation of
Li* diffusivity [21]. Fig. 7(a) shows that samples at Tp
of 25 °C and Ty of 375 °C have lower capacities than
other cases. The discharge capacity of the first cycle
at different rates was then extracted and shown in Fig.
7(b). Consistent with the previous trend of the
discharge capacity at 0.1C and 1C, the discharge
capacity at lower C-rates (< 2C) increases and then
declines with increasing preheating temperature.
Nevertheless, a different trend was noticed when the
C-rate increased. The capacity curve at 5C shows a

concave shape in the temperature range of 125 °C to
325 °C, implying slightly worsened performance at
high C-rates at medium temperatures around 225 °C.
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The difference could be related to the difference in
particle morphology. It has been demonstrated in Fig.
2 that the particle is more porous at a low level of
preheating temperature (< 125 °C) that results in
broken particles and at a high level of preheating
temperature (> 275 °C) that generates large hollow
particles. Previous studies have demonstrated that the
high C-rate performance would be improved when the
particle has a more porous structure because of
improved Li-ion diffusion [22,23].

Generally speaking, when the preheating
temperature is well controlled, the morphology and
electrochemical performance can be tuned
accordingly. When the preheating temperature is too
low, irregular particles were produced and caused
hard-to-break agglomerations after heat treatment.
The agglomerations are undesired for electrode



preparation and  consequently  worsen the
electrochemical performance. In contrast, excessively
high preheating temperatures tend to produce samples
that suffer from a worsened layered structure and a
high level of cation mixing. As a result, the sample
synthesized at the high temperature of 375 °C has
declined electrochemical performance. On the other
hand, the preheating temperatures in the range of 175
°C to 325 °C can ensure well dispersed particle with
ordered layered structure and a low level of cation
mixing, which are desired for high-performance
NCM811. Our current samples are comparable to
those already reported [13,21], confirming that FASP
can be used to produce high-quality cathode materials
with simple modifications to the process.

4. Conclusion

The current work investigated the effect of the
preheating temperature on the synthesized NCM811
cathode materials using flame-assisted spray
pyrolysis. Results showed that the preheating
temperature significantly impacted the morphology
and electrochemical performance of the synthesized
NCM811 cathode materials. Increasing the preheating
temperature first eliminated the irregular particles and
produced particles with spherical shapes. The
temperature rise also improved the uniformity of
calcinated powder by eliminating hard-to-break
agglomerations. XRD results showed that the cation
mixing level and cation ordering were also affected by
the preheating temperature. The preheating
temperatures below 325 °C led to a low-level cation
mixing and ordered layered structure, whereas a high
preheating temperature of 375 °C notably worsened
the layered crystal structure. The electrochemical
performance demonstrated that the discharge capacity
at different C-rates (< 2C) increased first with the
increasing preheating temperature and reached a
stable performance in the range of 125 °C to 325 °C
but then declined rapidly when the temperature rose
to 375 °C. However, the Coulombic efficiency and
retention ratio did not follow the same trend.
Moreover, the capacity at a high rate of 5C shows that
particles with a porous structure could enhance the
performance. Therefore, different effects of the
preheating temperature on the electrochemical
performance should be balanced for practical
applications. Overall, the current work demonstrated
that the combustion-based spray method with simple
modifications has the capability to produce high-
performance nickel-rich cathode materials. Moreover,
future works are recommended on tuning flame
characteristics  together with the preheating
modification, which would further optimize the
particle morphology and electrochemical
performance.
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