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a b s t r a c t

Layered lithium-nickel-manganese-cobalt oxide (NMC) cathode materials are widely used in Li-ion bat-
teries that require high energy densities, such as those used in plug-in hybrid electric vehicles (PHEVs)
and electric vehicles (EVs). Here we studied the synthesis of NMC622 particles by spray pyrolysis, which
is a simple one-step process for production of spherical particles. However, synthesising NMC powder
using spray pyrolysis has a tendency to produce hollow NMC particles. To gain insight into the mecha-
nism behind the formation of the hollow particles, one dimensional numerical simulation of the physical
and chemical phenomena taking place during spray drying were carried out. The effects of several process
parameters, including drying air temperature, drying air mass flow rate, and liquid feed mass flow rate,
on the evaporation and particle formation process were studied. The increased evaporation rate at higher
temperatures was found to result in crust formation on the droplet surface during the particle formation,
and thus, in lower solid volume fractions in the dried particles. However, by optimizing the process
parameters production of solid NMC622 sulphate particles by spray drying was achieved. The produced
NMC622 sulphate particles were then oxidised and lithiated in air at 850 �C via the conventional thermal
treatment process. Four lithium precursors, LiOH, Li2CO3, Li2SO4 and LiNO3, were tested for the lithiation
of the oxidized NMC particles. The degree of lithiation and the crystalline phase of the powders were
determined using ICP-OES and XRD, respectively.
� 2023 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

1. Introduction

Layered lithium-nickel-manganese-cobalt oxide (NMC) cathode
materials are widely used in Li-ion batteries that require high
energy densities, such as those used in plug-in hybrid electric vehi-
cles (PHEVs) and electric vehicles (EVs). Conventional synthesis
methods such as co-precipitation [1,2] and solid-state processes
[3] are currently used in industry. However, these are complex pro-
cesses, particularly in terms of their physical and chemical phe-
nomena. For co-precipitation, several single-unit processes are
sometimes required, as well as long reaction times. Additionally,
by-products are formed from the chemicals used in the co-
precipitation synthesis processes. A cost analysis of NMC syn-

thetised by co-precipitation [4] showed the importance of labour,
energy consumption, and time requirements on the overall costs
of NMC production.

To simplify the synthesis of NMC, the use of one-stage processes
such as spray pyrolysis [5,6], flame-assisted spray pyrolysis and
spray roasting [7,8] has been reported recently. The one-stage pro-
cesses such as spray pyrolysis and flame-assisted pyrolysis meth-
ods can potentially reduce around 17 % of the costs compared to
the conventional costs [9]. Typically, metal nitrates have been used
as precursors in spray pyrolysis, with few exceptions including the
studies of metal chlorides by Li et al. [10], for example. However,
metal nitrates are typically more expensive than sulphates. In
addition, most metal refining processes are sulphate-based, and
thus sulphates are more readily available.

Both spray drying and pyrolysis are a widely used process in the
pharmaceutical and food industries. However, the morphology of
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the final product is a problem in one-step spray pyrolysis and
roasting. For example, in spray pyrolysis, hollow particles are usu-
ally formed [5]. In some studies, researchers have attempted to
identify the process conditions for obtaining solid dense or hollow
particles [11]. These studies were conducted using very broad pro-
cess conditions and in different laboratories, and thus no compre-
hensive understanding of the effects on the final particle
morphology could be obtained.

In other studies, additional processing of hollow particles [12]
was carried out to obtain denser NMC particles after spray pyroly-
sis. These studies showed that by using additional processing steps
such as ball milling and then making a water solution of the milled
particles and subjecting them to spray pyrolysis a second time, one
can obtain NMC particles with quite good electrochemical proper-
ties after calcination. In [13,14], chemical additives were used in
the spray pyrolysis of NMC cathode materials. These studies
showed that chemical additives can prevent hollow particle forma-
tion and that doping with metals can improve the electrochemical
performance of the material. However, the additives add complex-
ity to the precursor solutions used for the spray drying and/or
pyrolysis, and can leave traces of impurities to the produced parti-
cles, if they are not removed completely during the solid particle
formation. In another study, [15] recovered NMC cathode active
materials were synthesised by spray pyrolysis of spent cathode
scraps using organic solvents. After leaching, the recovered metals
were converted into lithium acetate, nickel acetate, cobalt acetate,
and manganese acetate for spray pyrolysis. However, the conver-
sion process is also relatively complex and thus, expensive. In addi-
tion, due the small droplet size, i.e., nano-sized, used in this spray
pyrolysis system, the yield of the final product was very low.

In this study, spray drying of aqueous NMC 622 sulphate solu-
tion was carried out at mild temperatures for the synthesis of solid
NMC 622 particles. A systematic study on the particle formation,
morphology and composition was carried out. The process param-
eters affecting the solid particle formation in the spray drying pro-
cess were optimized with the numerical simulations. Due to the
low reaction temperatures applied to ensure solid particle forma-
tion, a post-oxidation and lithiation was carried out to obtain final
lithiated NMC 622 particles.

2. Methods

2.1. Precursors

A 2 M metal sulphate–water solution was used as the precursor
for NMC622 particle production. For lithiation, the solubility of
four solid lithium compounds in the NMC622 sulphate solution
was studied. The lithium compounds used were Li2SO4, LiOH,
LiNO3, and Li2CO3. NMC622 was mixed with Li at a 1:1 M ratio.
The solubility of the lithium compounds was studied by mixing
the required mass of the Li compound into a 10-mL NMC solution
at room temperature using a magnetic stirrer.

2.2. Numerical simulation of particle formation in spray drying

The evaporation process of the water solution droplets was
modelled in pipe geometry using a one-dimensional (1D) mod-
elling approach. The 1D simulation was chosen over the 3D
because the code is easier to implement, and the computational
cost is significantly lower than that in 3D. The obvious restriction
of the 1D simulation is that the other two dimensions were not
simulated, and thus the phenomena occurring in those dimensions
were disregarded. An important process to which this restriction
applies was the mixing of the sprayed droplets with the drying
air at the very beginning of the geometry. Mixing plays an impor-

tant role, particularly in high-temperature cases where evapora-
tion occurs rapidly. Mixing slows evaporation by restricting the
heat available for the evaporation process. In addition, the evapo-
ration process may be limited to the mixing zone by saturated
water concentration. In a real case, some of the droplets mix with
the drying air faster than other droplets. This produces heterogene-
ity in the evaporation process and dried-particle outcomes.

To capture the evaporation process, the heat transfer between
the droplets, gas phase, and walls were be considered, as well as
the mass transfer from the droplet to the gas phase (Fig. 1). The
evaporation process was modelled until crust formation occurred,
that is, until the critical concentration for crust formation was
reached. At this point, an estimation was made whether the parti-
cles were likely to form hollow or solid particles. The processes
occurring after crust formation, such as physical transformation
of the crust, were not simulated, nor was the heat transfer within
the droplet considered.

The evaporation part of the model follows the model reported
by Xion and Kodas [16] and is briefly described here. The change
in droplet size (i.e., droplet-size time derivative ddp/dt) owing to
the evaporation process is

ddp

dt
¼ 4Dvm1

qpdp
n� nsð Þ; ð1Þ

where Dv is the vapour diffusion coefficient in air, m1 is the mass of
the water molecule, dp is the droplet diameter, qp is the density of
the droplet, and n and ns are the vapour concentration in air and
droplet surface, respectively.

The evaporated water concentration is then transferred to the
gas phase. The water vapour concentration at the surface of the
droplet is defined as

ns ¼ psat

kBTS
; ð2Þ

where Ts is the temperature of the droplet surface, kB is the Boltz-
mann constant, and psat is the saturation vapour pressure at the dro-
plet surface. This equilibrium vapour pressure psat

o is lowered by the
presence of the solute, and this reduction may be expressed with
the help of water activity aa as

psat TSð Þ ¼ aapsat
o TSð Þ: ð3Þ

The droplet surface temperature Ts is affected by the latent heat
of evaporation and the heat transfer between the surrounding gas
phase and the droplet.

dTS

dt
¼ 1

Cpdp
3HL

ddp

dt
þ 6hs

qp
T � Tsð Þ

" #
; ð4Þ

where HL is the latent heat of water evaporation, hs is the heat-
transfer coefficient around the droplet, T is the gas temperature,
and Cp is the heat capacity of the droplet.

The temperature of the gas is affected by both heat transfer to
the droplets and heat transfer from the walls. This can be
expressed as

dT
dx

¼ 1
FaCpa

�p2Rt
2Dp

2N1ns T � Tsð Þ þ 2pRthw Tw � Tð Þ
h i

; ð5Þ

where Cpa is the heat capacity of wet air, hw is the heat-transfer
coefficient at the reactor wall, Tw is the wall temperature, Fa is the
air molar flow rate, Rt is the wall radius, and N1 is the droplet num-
ber concentration. A binary solution was thus considered.

Evaporation of the solvent increases the concentration of the
non-evaporating precursor material on the surface of the droplet
increases, that is, a concentration gradient is formed within the
droplet. This concentration gradient induces diffusion flux of the
precursor material toward the centre of the droplet. In this study,
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the changes in diffusion-induced concentration inside a droplet
were modelled assuming spherical symmetricity, that is, the con-
centration varied only in the radial direction. Fick’s second law
for diffusion in spherically symmetric cases can be written as

@C
@t

¼ D
r2

@

@r
r2

@C
@r

� �
; ð6Þ

where r is the radial coordinate, t is the time, D is the diffusion coef-
ficient, and C is the concentration. This equation was coupled with
the evaporation model and solved numerically for each time step.
Another process affecting the mixing and concentration gradient
within the droplet is convection; however, this process was not
considered here.

Because the evaporation process increases the concentration of
the precursor material at the surface of the droplet, the critical con-
centration triggering crust formation at the surface of the droplet is
reached. The critical concentration required for crust formation
was estimated for Ni2+, Mn2+, and Co2+ with the solubility product
Ksp [17].

S ¼
A½ � SO�2

4

h i
Ksp

ð7Þ

where S is the supersaturation ratio, and A may be Ni2+, Mn2+, or
Co2+. Any of the metal ions (Ni2+, Mn2+, or Co2+) may trigger crustal
formation. Slight supersaturation was assumed in the simulations
(S = 1.1). The processes occurring after crust formation, such as
crust shrinkage or explosion, were not modelled here. The void
inside the particles after crust formation was estimated as follows:

solidvolumepercentage ¼ Vminitial ;qcrit;S¼1

Vdriedparticle
ð8Þ

where qcrit,S=1 denotes the solute density at S = 1. The particle is pre-
sent throughout the solid if S � 1 over the entire particle as the
crust forms. The parameter Vdried particle is the volume of the particle
at the moment the crust forms and the simulation ends, and the
minor parameter minitial is the precursor mass content of the
droplet.

2.3. Spray drying

A modified Pilotech spray dryer (YC-015) was used in this
study. In this spray dryer, the droplets were first atomised from
the precursor solution in the spray nozzle with the help of pres-
surised air. The droplets were then dried by mixing them with
300–600 L/min of air at normal temperature and pressure (NTP,
20 �C, 1 atm) in the drying chamber. The dried particles were col-
lected using a cyclone downstream of the drying chamber (Fig. 2).
In these experiments, the spray dryer was modified so that the
cyclone was replaced by a virtual impactor with a D50 cut-off size
of 0.8–1.3 lm depending on the total flow rate through the virtual
impactor and filter combination for particle collection purposes.
Thus, the width of the particle-size distribution was narrower
and the gas flow rate to the filter collecting the particles was signif-
icantly decreased. The gas flow to the filter was approximately 5 L/
min at NTP.

2.4. Heat treatment of spray-dried NMC622 sulphate particles

Spray-dried NMC622 sulphate particles were heat treated in a
muffle furnace at 600, 700, 800, and 900 �C for 30 min in air. The
change in particle morphology as a function of temperature was
observed using scanning electron microscopy (SEM), and the
tapped density, colour, and NMC622 dry sulphate powder oxida-
tion were observed using thermogravimetric analysis (TGA) and
inductively coupled plasma-optical emission spectrometry (ICP-
OES).

2.5. Lithiation and oxidation

Oxidation of NMC622 powder was performed by heating the
sample in a muffle furnace at 850 �C for 3 h in an oxidising atmo-
sphere. After oxidation, lithium was mixed with the oxidised NMC
at an excess molar ratio of 5%. Four lithium compounds were used:
Li2SO4, LiOH, Li2CO3, and LiNO3. Lithiation was performed in the
muffle furnace at 850 �C for 16 h in air oxidising atmosphere. After
lithiation, excess lithium was washed from the samples with
150 mL of ion exchanged water per 5 g of lithiated NMC. The slurry
was mixed for 20 min using a magnetic stirrer and then filtered

Fig. 1. Scheme of different phenomena taking place in the droplet during the spray drying process.
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using a membrane filter (Whatman, Regenerated cellulose RC55).
Water removal was done by heating samples at 190 �C for 16 h.

2.6. Characterisation

TGA analysis (Q50, TA instruments, USA) of the initial NMC sul-
phate solution and spray-dried powder was performed in air to
obtain the weight percentage of the different components in the
samples. Before the analysis, water was evaporated to form solid
NMC sulphate but not to complete dryness. The sample was then
placed in the TGA system, equilibrated at 50 �C for 15 min, and
then heated to 1000 �C at a rate of 10 �C/min.

For the samples where lithium compounds were added to the
NMC622 dry sulphate precursor, the mixture was first equilibrated
at 30 �C. They were then heated to 400 �C at a rate of 10 �C/min,
followed by an isothermal period of 15 min. After this, the temper-
ature was rapidly increased to 850 �C with an isothermal time of
120min at this temperature. When using lithium sulphate for lithi-
ation, we used an additional jump from 850 �C to 900 �C with a 25-
min isotherm time and then a jump to 950 �C because the reactions
were not complete at the lower temperatures.

X-ray diffraction (XRD) analysis was performed on a Bruker AXS
D8 Advance system (Cu Ka source, 40 kV, 40 mA) and analysed
using Topas 3 software. The diffraction was measured between
2h angles of 10� and 80� with a step size of 0.06�. The crystal sizes,
dXRD, were calculated using the fundamental parameter approach
and the Rietveld method.

The tapped density was determined using a JZ-7 tap density
analyser, according to ISO 3953:2011 standard. A cylinder with a
volume of 25 mL and a scale readable to 1 mL was used as the sam-
ple container. The tapping height of the analyser was 3 ± 0.2 mm.
Tapping was performed in steps of approximately 1000 taps until
no reduction in volume was observed. After tapping, the samples
were weighed with an accuracy of 0.1 mg.

Morphological and structural analyses were performed using
field-emission scanning electron microscopy (FE-SEM; Zeiss Sigma
HDVP, Carl Zeiss NTS, Cambridge, UK). The sample powders were
placed on double-sided carbon tape mounted on standard half-
inch aluminium stubs. The geometric mean diameter of the pri-
mary particles and the geometric standard deviation (GSD) of the
size data was determined from a large sample population of parti-

cles (N > 300) imaged with SEM. For standard SEM analysis, the ion
beam slope-cutting technique was used to cut the particles and
reveal the interior of the dried particles. For ion milling, the pro-
duced NMC powder was embedded in a one-component
humidity-sealing cyanoacrylate fast-glue polymer and attached
to aluminium foil. The foil was then fixed to the sample stub.
The sample stub contained a tungsten mask that partially sepa-
rated the sample from the ion beam to produce a cross section of
the material to be studied. Cross sectioning was performed using
a Leica EM RES102 ion beam milling system (Leica Microsysteme
GmbH, Vienna, Austria). An argon ion beam operating at 6 kV
was used for slope cutting (a = 3�) of the sample protruding from
the tungsten mask.

Elemental analysis of the oxidised NMC622 and lithiated
NMC622 samples was performed using ICP-OES. Sodium peroxide
fusion (Method 721P), used for the sample digestion for ICP-OES
analysis, is a total digestion method for major elements in refrac-
tory ore minerals, high-grade base metals and iron ores, and con-
centrates. Thus, the prepared pulp sample (0.2 g) was fused with
sodium peroxide flux at 720 �C for 20–25 min. The cooled sample
was dissolved in 50 mL of 4 M HCl. The final solution was diluted
with 20% aqua regia prior to ICP-OES analysis.

3. Results

3.1. Thermal behaviour of sulphate solution and dry powder

We carried out laboratory-scale studies using TGA and thermo-
dynamic equilibrium calculations (see Supplemental Information).
In this study, we used an industrial-grade NMC622 sulphate solu-
tion with a total metal content of 2 M in water.

The TGA results are shown in Fig. 3. The TGA data was nor-
malised with 100 a.u., corresponding to the final mass at 900 �C.
This was performed for easy comparison of the results. The theo-
retical mass loss owing to MSO4 dissociation (MSO4 ? MO2 + SO2)
for the dry NMC622 sulphate was 49.7%. The experimentally
observed mass losses between 500 �C and 900 �C were 49.6% and
45.5% for the 2 M NMC622 sulphate solution and spray-dried sul-
phate powder, respectively, values that corresponded well with the
theoretical values. The observed mass loss before 500 �C was
attributed to water evaporation for both samples.

Fig. 2. Operating principles of the modified spray dryer.
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3.2. Spray drying

3.2.1. Simulation results of particle formation in spray drying
The evaporation of NMC622 sulphate–water solution droplets

was numerically simulated in 1D, and the results are presented
in Fig. 4. The evaporation process was carried out by varying the
system parameters of drying air temperature, drying air mass flow
rate, and liquid feed mass flow rate. The droplet-size distribution
was assumed to have a geometric mean diameter (GMD) of
50 lm and a geometric standard deviation (GSD) of 1.7. Particles
within 2.5 GSD from the GMD were considered.

According to the simulations, the evaporation rate increased
with increasing temperature as expected, resulting in lower solid
volume percentages of the dried particles, that is, more hollow par-
ticles. Thus, by decreasing the drying air temperature, particles
with higher solid volume percentages were formed.

In addition to temperature, another parameter that reduced the
evaporation rate according to the calculations was the air mass
flow-to-liquid mass flow ratio. At low ratios, the water vapour con-
tent of the air became an evaporation-limiting factor as the relative
humidity (RH) increased. This induced slower evaporation rates
and thus higher solid volume percentages of the dried particles,
that is, denser particles. However, these conditions may also lead

Fig. 3. Comparison of TGA results from spray- dried NMC622 sulphate powder and pre-dried NMC622 sulphate solution at heating rate of 10 �C/min. The data of the y-axis is
fitted providing relative changes of the masses to enable better comparison of the values.

Fig. 4. Simulated solid volume percentages (Eq. (8) of the dried particles (indicated as spheres) as a function of air mass flow-to-liquid mass flow ratio. Simulations at
different drying air temperatures between 333 K and 673 K are shown. The simulations were also carried out at the conditions of the experiments 0–5 (Table 1) and these
results are shown with ‘x’ marker.
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to formation of particles that are not dry enough to form any crust
because of water saturation in the gas phase or lack of sufficient
residence time in the dryer. In the case of high air mass flow-to-
liquid mass flow rate ratios, the solid volume percentages of the
dried particles seemed independent of the ratio itself. The value
where the solid volume percentage became independent of the
flow ratios depended on temperature because the saturation
vapour pressure depends strongly on temperature. In addition,
the particle size strongly affected the time required for evapora-
tion; however, it had only a minor effect on the solid volume per-
centage value of the dried particles.

3.2.2. Spray drying of NMC622 sulphate–water solution
The synthesis parameters were optimized based on the

obtained simulation results. The parameters that could be varied
in our spray-drying system were (1) atomiser pressure, which
directly affects the droplet size (with higher pressure, smaller dro-

plets were obtained), (2) temperature of the drying air, (3) liquid
feed rate, (4) drying air flow rate, and (5) precursor concentration.
The metal (Ni + Mn + Co) concentration in the metal sulphate
NMC622 water solution was 2 M.

Several experiments were performed to determine the optimal
parameters for spray drying to obtain solid particles. The effect of
the parameters on the particles was initially evaluated visually
from the SEM images with the help of the evaporation model.
The optimal parameters were then confirmed by observing the
interior of the ion-milled particles. The varied parameters are pre-
sented in Table 1, and the corresponding SEM images of the parti-
cles produced in various experiments are shown in Figs. 5 and 6.

Fig. 4 shows the drying simulations conducted using the same
parameters as those described in the experimental section. The
simulations showed that the particles were very likely to be hollow
because the evaporation parameters were ‘unoptimised’. As the
temperature was decreased to 90 �C and the air mass flow-to-

Table 1
Parameters of the spray drying experiments. The filter flow rate was 5 L min�1 for all experiments.

Experiment Intermediate
results

Air to liquid
mass ratio

Drying
temperature (�C)

Precursor feed
rate (ml min�1)

NMC (metal)
concentration (M)

Total gas flow
(l min�1)

Atomizer
pressure (bar)

Initial experiment Experiment 0 32 300
Temperature Experiment 3 Fig. 5 (g – i) 128 150 3.75 2.0 400 3

Experiment 4 Fig. 5 (j – l) 128 100 3.75 2.0 400 3
Precursor feed rate Experiment 2 Fig. 5 (d – f) 128 150 3.75 0.5 400 3

Experiment 1 Fig. 5 (a – c) 64 150 7.5 0.5 400 3
NMC concentration Experiment 2 Fig. 5 (d – f) 128 150 3.75 0.5 400 3

Experiment 3 Fig. 5 (g – i) 128 150 3.75 2.0 400 3
Final results Experiment 5 Fig. 6 144 90 1.5 2.0 180 5

Fig. 5. EM micrographs of particles obtained with parameters specified in Table 1 for: (a–c) Experiment 1, (d–f) Experiment 2, (g–i) Experiment 3, and (j–l) Experiment 4.
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liquid mass flow ratio increased above 100 to the ‘optimised’ set-
tings, the solid volume percentages increased close to unity. This
result is consistent with the experimental data.

3.3. SEM analysis of spray-dried particles

The initial parameters for Experiment 0 (Table 1) clearly pro-
duced hollow particles with thin walls and collapsed structures
(Fig. S8). This was because the evaporation rate was too fast,
mainly owing to the high (300 �C) evaporation temperature. The
evaporation model supports this as it gives a low solid volume per-
centage owing to the high evaporation temperature. Because of the
initial extremely hollow particles, the evaporation temperature
was reduced for the remainder of the experiments.

The drying temperature was further studied at 150 �C and 100 �C
(Table 1, Experiments 3 and 4, respectively). Lowering the drying tem-
perature allowed for slower evaporation, which was thought to
impede the formation of hollow particles. The results (Fig. 5g and
5j) showed similar particles, some of which showed a collapsed
structure (Fig. 5k), whereas other particles displayed a thicker inte-
rior wall (Fig. 5i, l). The evaporation model also showed that the solid
volume percentage should increase as the temperature decreased
from 150 �C to 100 �C. Overall, these particles did not show similar
thin-walled and fragile behaviours as the particles in Experiment 0.
This was mainly owing to the lower evaporation temperature.

Next, the precursor feed rate was doubled from 3.75 mL min�1

(Experiment 2) to 7.5 mL min�1 (Experiment 1). Fig. 5d–f show the
NMC622 particles spray dried with the 3.75 mL min�1 precursor

flow rate, and Fig. 5a–c show those with the 7.5 mL min�1 precur-
sor flow rate. The particle size was larger with a higher feed rate
(SEM, N = 300, median Dp = 4.9 lm) than with a lower feed rate
(SEM, N = 300, median Dp = 4 lm), which is likely owing to the
higher droplet size produced in the atomiser with the higher liquid
flow rate. The evaporation model showed that the low air mass-to-
liquid mass flow ratio (i.e., higher liquid feed rate) in Experiment 1
may have started to restrict the evaporation rate owing to the high
RH of the water vapour. This should increase the solid volume per-
centage but it creates a risk of incomplete evaporation.

Following this, we increased the NMC (metal) concentration in
the solution from 0.5 M (Experiment 2) to 2.0 M (Experiment 3). The
particles had similar sphericity in both cases, and agglomeration
was observed (Fig. 5g). In addition, some of these particles were
larger than those observed previously, which was mainly owing
to the increased solute concentration and agglomerate formation.
The evaporation model showed that the solid volume percentage
had only a minor dependency on the NMC metal concentration
between Experiments 2 and 3.

Experiment 4 yielded the most promising results based on the
evaporation model and SEM images. Thus, for the final parameters,
it was decided to further decrease the drying temperature, precur-
sor feed rate, and total gas flow rate (Table 1, Experiment 5). In this
case, the evaporation slowed even further while increasing the res-
idence time and maintaining a high air mass flow-to-liquid mass
flow ratio. As seen in Fig. 6, this yielded sphericity similar to that
shown in earlier experiments and non-hollow particles. The parti-
cles were mostly present as single spherical particles. The size dis-

Fig. 6. (a) and (b) Spray dried NMC622 sulphate particles using optimised parameters (Experiment 5) as presented in Table 1; (c) and (d) Cross sections of ion-milled spray
dried NMC622 particles.
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tribution (Fig. 7) of the particles was calculated from Fig. 6a, and
the geometric mean diameter was estimated to be 3.3 lm with
the geometric standard deviation of the size date set of
GSD = 1.44. To assess the interior of the particles, ion milling was
carried out, and the cross sections were imaged using SEM
(Fig. 6c, d). The spray-dried particles had a solid interior, with only
approximately 1% (counted from Fig. 6c, N = 520) of the particles
showing a hollow interior.

3.4. Heat treatment and oxidation of dry NMC622 sulphate particles

The NMC622 sulphate powder produced with optimal parame-
ters (Experiment 5) was heat treated in steps of 100 �C until 900 �C
was reached. The holding time for each step was 30 min. The tapped

density of the powders, which is affected by the cation mixing and
particle morphology, was measured after each increment. It was
found that the tapped density increased from approximately 1 to
1.6 g cm�3 at 700–800 �C (owing to oxidation). It then slightly
decreased when heated to 900 �C (owing to sintering and crystal
growth) (Fig. 8). For comparison, similar studies were carried out
by Lengyel et al. [5], and the highest tapped density obtained in that
study was 0.86 g cm�3 after heating the spray-pyrolysed sample for
2 h in air at 900 �C. Their median particle diameter was approxi-
mately 1.5 lm as measured by an electrical low-pressure impactor
(ELPI), whereas our median particle diameter was 3.2 lm as deter-
mined from the SEM images (nparticle = 360) shown in Fig. 6.

Fig. 9 shows the heat-treated NMC622 sulphate particles at 600,
700, 800, and 900 �C for 30 min in air. The particles heat treated at

Fig. 7. Size distribution of the spray- dried NMC622 particles produced using final synthesis parameters determined from the particle population (N > 300). The geometric
mean diameter and the geometric standard deviation were 3.3 lm and 1.44, respectively.

Fig. 8. Tapped density of the NMC622 powder after 30 min heat treatment. The temperature of the heat treatment is shown on x-axis.
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Fig. 9. SEM micrographs of NMC622 sulphate particles heat treated in air at: (a–b) 600 �C, (c–d) 700 �C, (e–f) 800 �C, and (g–h) 900 �C.

Fig. 10. SEM micrographs of NMC622 heat treated for 16 h in air atmosphere at 850 �C.
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600 �C (Fig. 9a) show a spherical shape and appear as single, non-
agglomerated particles. As shown in Fig. 9b the particles had a por-
ous surface owing to incomplete sintering, and the primary parti-
cles showed only point contact. At 700 �C (Fig. 9c), the particles
were still spherical and non-agglomerated. The previously
observed incomplete sintering was more complete, i.e., the grains
were more fused together, and the grain boundaries closed up,
completely removing the porous features. The grain boundaries
were difficult to distinguish, and the particles showed almost com-
plete sintering (Fig. 9d). When the particles were heat treated at
800 �C (Fig. 9e) the spherical morphology was lost, and the parti-
cles were of irregular geometry. At 900 �C the particles started to
assume cubic-like structures with sharp edges, which is likely a
result of complete sintering and the formation of large single crys-
tals. It was also noticed visually (see Supplemental Information)
that the powder did not melt but rather was sintered at 800 �C
and 900 �C, which is contradictory to individual Ni, Mn, and Co sul-
phate melting points.

The most interesting result was that when the particles were
heated from 700 �C to 800 �C, the spherical morphology was lost.
This result agrees with the TGA results (Fig. 3), tapped density
results (Fig. 8), and visual observation of the colour change from
light brown to darker brown (see Supplemental Information).
These observations support the conclusion that sintering was
owing to the simultaneous increase in temperature and sulphate
oxidation of NMC622. Also, Lengyel et al. [5] did not observe the
morphological changes owing to temperature when already oxi-
dised NMC was heat treated at 900 �C for 2 h.

Fig. 10 shows the NMC622 particles after the complete oxida-
tion of the NMC622 sulphate that was carried out at 850 �C for
3 h and16h. The morphological changes of the particles, i.e., sinter-
ing and crystallization caused by the release of sulphur, is very
similar than observed with the shorter thermal heating times.
The results were further confirmed with the ICP-OES analysis that
showed a significant decrease of the sulphur content down to

Table 2
Molar ratios of Li, Ni, Mn and Co for unwashed and washed NMC622 samples as determined by ICP-OES.

Li precursor Li:Metal * Ni:Metal * Mn:Metal * Co:Metal *

LiOH (unwashed) 1.023 0.611 0.190 0.199
(washed) 0.927 0.610 0.190 0.200

LiCO3 (unwashed) 1.077 0.609 0.191 0.200
(washed) 1.021 0.608 0.192 0.200

LiNO3 (unwashed) 1.171 0.611 0.190 0.199
(washed) 1.097 0.610 0.191 0.200

* Metal refers to the total amount of Li, Ni, Mn and Co.

Fig. 11. SEM micrographs of NMC622 after 16 h lithiation at 850 �C with: a) LiOH, b) Li2CO3, and c) LiNO3.
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1.12 wt% after 3 h and 0.656 wt% after 16 h during the NMC622
sulphate oxidation at 850 �C.

3.5. Lithiation of the oxidized NMC622 particles

3.5.1. Solubility of lithium compounds in NMC622 sulphate–water
solution

The solubility of the four solid lithium compounds in the
NMC622 sulphate solution was studied as described in Section 2.5.
The masses of the Li compounds are listed in Table S2. Li2SO4 and
LiNO3 were found to completely dissolve in a given amount of the
NMC solution. In contrast, LiOH formed a sediment. Li2CO3 is
known to have low solubility; therefore, 50 mL of IE water was
added to enable complete dissolution. However, this was not suffi-
cient, and sediment was also formed in the NMC + Li2CO3 + H2O
solution. The sediment in the NMC + LiOH solution was assumed
to be Ni(OH)2, as evidenced by its green colour (see Supplemental
Information Figure S7).

We found that it was not possible to lithiate NMC sulphate solu-
tions in a muffle furnace because the powder melted and adhered
to the surfaces of the crucibles when heated to 850 �C. The proba-
ble cause of the formation of melted, sticky powders was most
likely caused by the release of sulphur from the NMC sulphate
solution. The released sulphur formed SO2, which then reacted
with the lithium compounds present in the solution and formed
lithium sulphate, which has a melting point of 859 �C. Based on
the results, the oxidation of NMC622 sulphate and lithiation were
then carried out in two consecutive steps at 850 �C in air
atmosphere.

3.5.2. Lithiation of dry NMC622 sulphate particles
The oxidised NMC622 powder was lithiated for 16 h at 850 �C in

air atmosphere. The temperature 850 �C was chosen because the
results of the TGA studies showed that the lithiation reaction
was complete at this temperature for LiOH, LiNO3, and Li2CO3.
However, for Li2SO4, the lithiation reaction was very slow and
incomplete at this temperature, as analysed by ICP-OES and XRD
(not shown). Thus, the lithiation results of ICP-OES and XRD are
only presented for LiOH and Li2CO3.

The lithiation results can be studied by analysing the ratio of
lithium to Ni, Mn, and Co metals using ICP-OES. The lithium-to-
metal molar ratios for the washed and unwashed NMC622 samples
lithiated for 16 h at 850 �C are presented in Table 2. The results
show that lithiation is close to unity with all lithium precursors,
although it is lower when using LiOH. The table also gives the
molar fractions of the Ni, Mn and Co metals. These correspond clo-
sely to the expected values for NMC622.

From Fig. 11, we can see that lithiation in a muffle furnace
resulted in a morphological change from a spherical shape to a sin-
tered shape.

Fig. 12 shows the XRD data for the NMC622 oxide samples lithi-
ated with LiOH, LiNO3, and Li2CO3. The phases of the final precursor
NMC and lithiated NMC particles are typically studied using pow-
der XRD (see Supplemental Information Figures S1–S4).These
results show that the main peaks are in good agreement with those
of NMC622 reported in the literature [18]. Typically, unlithiated
NMC oxide has a Co3O4-type spinel phase, and a layered structure
is obtained only after lithiation [18,19]. However, some impurity
phases are evident in all samples. First, the peaks between 20�
and 25� are attributed to the superlattice ordering between
NMC-111 and Li2MnO3 [5]. Furthermore, peak splitting appears
at approximately 37� and 64�. These results indicate the existence
of a Li(Ni,Mn)2O4 spinel-type phase, as reported by [18] for tem-
peratures above 200 �C. The LiOH-lithiated sample shows slightly
higher amounts of the prior but less of the latter impurities.

4. Conclusions

Spray drying is a viable method for synthesising dry, non-
hollow NMC622 sulphate particles using aqueous metal sulphate
precursors. The physical and chemical phenomena during spray
drying were numerically simulated in 1D. The evaporation process
was inspected by varying the system parameters of drying air tem-
perature, drying air mass flow rate, and liquid feed mass flow rate.
By controlling these parameters, we were able to obtain non-
hollow particles, which was a problem in earlier spray drying/py-
rolysis studies. The evaporation rate increased with increasing
temperature, resulting in lower solid volume percentages of the
dried particles. Thus, decreasing the drying air temperature and

Fig. 12. X-ray diffractograms of NMC622 oxide lithiated with LiOH, LiNO3, and Li2CO3 for 16 h. (The identification of the main peaks is provided in the supplementary
Fig. S4.).
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the air mass flow-to-liquid mass flow ratio reduced the evapora-
tion rate and increased the solid volume percentage of the pro-
duced particles. Using the optimal values for drying air
temperature, drying air mass flow rate, and liquid feed mass flow
rate obtained from the simulations, we were able to produce
non-hollow NMC particles by spray drying. Only approximately
1% of the produced particles were hollow, as observed by SEM
analysis and using the ion milling technique to observe the interior
of the particles.

The solid NMC622 sulphate particles were then oxidised by
heat treatment in a muffle furnace at different temperatures for
30 min. The highest tap density, approximately 1.6 g cm�3, was
obtained when the particles were heat treated at 700–800 �C. In
this temperature range, the NMC622 sulphate particles began to
sinter and lose their spherical morphology. This result agrees with
the TGA, tapped density, and visual observations of powder colour.
Thus, we can conclude that the morphological change was caused
by the oxidation reaction of the sulphate NMC powder when the
temperature increased. When we mixed lithium precursors in
the NMC sulphate solution before spray drying and then heat trea-
ted the spray-dried NMC622 particles, we observed sintering of the
particles and powder sticking to the crucible walls in the box fur-
nace when the powder was lithiated at 850 �C. To produce non-
hollow solid spherical NMC622 oxide or lithiated NMC particles,
a spray pyrolysis reactor should be used after spray drying to pre-
vent contact between individual particles.

The NMC622 oxide powder lithiation was complete at 850 �C, as
observed from the lithium-to-metal ratio using ICP-OES, and a pure
Li-NMC622 phase was observed by powder XRD when lithium
hydroxide was used as the lithium compound.
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