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Abstract

Lithium-ion battery (LIB) cathodes such as LiNi;Mn,Co4,,0, (NMC) and LiFePO, (LFP) dominate the market, yet conventional
synthesis relies on water and energy intensive aqueous processes. All-dry manufacturing eliminates these issues, with jet
milling (fluid-energy milling) enabling effective deagglomeration of sintered single-crystal NMC particles into discrete ~3 pm
primaries with minimalcontamination or damage. This study provides a detailed guide to laboratory-scale jet milling, covering
equipment design, basic principles, and operation protocols (with supplementary instructional video). Using all-dry
synthesized LiNiysMng 3C0,,0, (NMC532) as a case study, we demonstrate that optimal grinding pressure (120 psi) and feed
rate (0.1-1.5g min™) produce uniform, and narrow particle size distributions even after reheating step. We also provide an
outlook on additional potential applications of jet milling in battery material processing. These advancements support the
sustainable energy transition amid surging global battery demand.

routes frequently involve wet precipitation of iron
phosphate precursors, followed by aqueous ball or sand
milling with lithium and carbon sources, spray drying of the
resulting slurry, and high-temperature sintering under inert
atmosphere. This leads to substantial water consumption
during precursor synthesis and mixing stages, along with

Introduction
Lithium-ion batteries (LIBs) are essential for global

electrification, powering critical applications such as
artificial intelligence (Al) data centers, drones, and
electrical grids™ Consequently, the manufacturing
demand forLIBs is projected to increase dramatically in the

coming years. Cathode manufacturing is one of the most
critical and resource-intensive stagesin LIB production, as
cathode materials largely govern battery energy density,
voltage, safety, and cost®.

LiNixMn,C014,0, (NMC) and lithium iron phosphate
(LiFePO,, LFP) represent the two mainstream cathode
chemistries dominating the current market. However,
conventional manufacturing routes for these materials are
highly water and energy intensive*®. NMC cathodes are
typically synthesized by high-temperature sintering of a
lithium source with transition metal (TM) hydroxide
precursors®,

The aqueous co-precipitation process used to produce
these TM hydroxide precursors consumesvastquantities of
water, often thousands of cubic meters per day atindustrial
scale for reaction, washing, and filtration, followed by
energy-intensive drying steps prior to lithiation and
sintering. Traditional LFP production primarily relies on
solid-state or carbothermal reduction methods®® These
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high energy demands for drying and thermal processing.

All-dry manufacturing methods for cathode materials
have emerged as a highly promising strategy to overcome
these sustainability challenges by eliminating aqueous
processing entirely. Recent demonstrations of all-dry
processing for single-crystal NMC materials, yielding
primary particles of approximately 3 pm with excellent
mechanical properties and compatibility with elemental
doping, have proventhe technical feasibility and scalability
of this approach*”2,

A pivotal enabler of this success is the jet-milling
technique (also known as fluid-energy milling). This dry
comminution method employs high-pressure gas jets
(typically compressed air or nitrogen) to accelerate
particles within a grinding chamber, generating high-
velocity particle—particle and particle-wall collisions that
achieve precise size reduction and de-agglomeration with
minimal contamination or heat generation. Jet milling is
widely used across industries, including pharmaceuticals
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(for active-ingredient micronization), food, chemicals, and
advanced materials®'?>

In LIB cathode manufacturing, jet milling is particularly
effective for de-agglomerating sintered single crystal NMC
particles, deliveringdiscrete, well-separated primary single
crystals without compromising crystalintegrity*'®. Despite
its central importance, this straightforward yet powerful
tool has only been mentioned cursorily in previous studies
on all-dry cathode processing®'3, with little detail provided
on equipment construction, working mechanisms,
calibration, or operational protocols for the broader
research community.

To address this gap, the present work utilizes a
laboratory-scale jet mill to provide a comprehensive
introduction to this technology. We describe the
instrument’s construction, fundamental  working
mechanisms, and detailed operation protocols,
accompanied by a supplementary instructional video.
Using the processing of single-crystal LiNiysMng3C04,0,
(NMC532) as a representative case study, we
systematically investigated the influence of two key
operational parameters, grinding gas pressure and feed
rate, on the final particle-size distribution of the product.
We also discuss the broader potential applications of jet
milling in LFP cathode manufacturing, surface coating and
beyond lithium materials processing.

Experimental

Material Synthesis. NMC532 was synthesized by an all-
dry solid-state route. Nickel(ll) carbonate anhydrous
(NiCO3; Thermo Scientific, 98%), manganese(lV) oxide
(MnO,; Thermo Scientific, 99.9%), and cobalt(ll,lll) oxide
(Cos04 Thermo Scientific, 99.7%) were used as TM
precursors, and lithium carbonate (Li,CO; Thermo
Scientific, >99%) served as the lithium source. All reagents
were used as received.

An initial 0.5 g batch of NMC532 was prepared using
stoichiometric quantities corresponding to a Ni:Mn:Co
molar ratio of 5:3:2. Lithium carbonate was added to
provide a Li/TM molar ratio of 1.20 to compensate for
lithium volatilization during high-temperature calcination.
The precursor powders were manually homogenized in an
agate mortar and pestle for approximately 30 min to
promote uniform solid-solid mixing. The blended powder
was transferred to an alumina crucible and calcined in air
in a muffle furnace (KSL-1100X, MTI Corporation) using a
heating ramp of 5 °C min™ to 950 °C, held for 10 h, and
allowed to cool naturally inside the furnace.

These conditions yielded single-phase layered NMC532
and were adopted for subsequent larger-scale synthesis
used in the jet milling studies. After jet milling (described
below), selected sampleswere reheated at 750 °C for 3 hin
the air.
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Powder X-ray diffraction (XRD). Powder XRD was
performed usinga Rigaku SmartLab diffractometer (Japan).
Diffraction data were collected using Cu Ka radiation over
an appropriate 20 range. Scanning electron microscopy
(SEM). Particle morphology was examined using a Hitachi
S-4700 cold cathode field emission SEM (Japan) operating
in secondary electron mode. Powderswere dispersed onto
conductive carbontape to minimize charging. Micrographs
were collected at 20.0 kV accelerating voltage with a
working distance of approximately 11.7 mm. Energy-
dispersive X-ray spectroscopy (EDS). Elemental
composition and spatial distribution were analyzed using
an Oxford Instruments INCA PentaFET-x3 system integrated
with the SEM. Measurements were conducted at 20.0 kV to
ensure excitation of transition-metal characteristic X-ray
lines. Particle size distribution (PSD). Particle size
analysis was performed from SEM micrographs using
Imagel software. Representative images acquired atx1,000
and x3,000 magnifications were used for measurement.
Individual particles were manually measured using the line
measurementtool, and diameters were determined based
on projected particle size. A statistically meaningful
number of particles were analyzed for each sample to
ensure representative distributions. The collected
measurements were exported and processed in Origin
software to generate particle size distribution curves.

Jet Milling Procedure. Jet milling was performed using
a laboratory-scale fluid-energy mill (Glen Mills, Model “00”
JET-O-MIZER, USA). A photograph of the complete milling
assembly is shown in Figure S1, and labeled internal
components are provided. Nitrogen gas supplied from a
compressed cylinder was regulated prior to entering the
system in this study. Internal operating pressures were
controlled using the instrument regulators including supply
gas valve, pusher nozzle, and grinding nozzles (Figure S1).
Prior to systematic experiments, the vibratory feeder
(Syntron) was calibrated to establish reproducible powder
delivery. A baseline feed rate of 1.5 g min™ was achieved by
distributing powder uniformly along approximately 26 cm of
the V-shaped trough and operating the vibrator at a setting
of 3. Integrated operation delivered 1 g of powder in
approximately 45s. Lower and higher feed rates (0.1 and 50
g min™) were obtained by adjusting vibrator intensity while
maintaining consistent powder distribution length.
Operational procedures for start-up, steady-state milling,
shutdown, and cleaning followed manufacturer guidelines.
Particular attention was given to airtight connections,
confirmation of suction at the feed inlet, and coordinated
control of pusher and grinding nozzles to prevent backflow
or hopper kickback. The mill was cleaned between
experiments to avoid cross-contamination. A detailed
visual demonstration of assembly, calibration, operation,
and troubleshooting procedures is provided in the
supplementary instructional video accompanying this
work.
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Results and Discussion

The core component of the jet milling system is the
milling chamber (Figure 1a-b). In the jet mill employed in
this study, the chamberis vertically oriented, with multiple
tangential grinding nozzles positioned atthe base as shown
by the purple arrow in Figure 1b. High-pressure gas is
introduced through these nozzles, creating high-velocity
jets that enter tangentially and generate a strong upward-
spiraling vortex and circulating flow within the chamber as
shown by the orange arrow in Figure 1b. Particles follow a
helical trajectory in this vortex, undergoing repeated cycles.
Particle size reductionoccurs primarily through high-energy
interparticle collisions in the high-velocity spiral flow path.

The millingchamberfeaturesatapered (conical) design,
which concentrates particles near the nozzle region to
promoteintense collisions and enhance grindingefficiency.
Finer particles are entrained by the ascending gas flow and
exit centrally through the top (Figure 1b), while coarser
particles remain in the circulating loop for further size
reduction.

Raw powder or granules are fed into the milling chamber
via an inlet located on the top right side of the chamber
(indicated by the red arrow in Figure 1b). This feed inlet
connects to a hopper (Figure 1b) containing the raw
material. The powder/granules are entrained by a smallflow
of high-pressure gas supplied through a dedicated "feed
gas"line (controlled by the pusher nozzle), sourced from the
same compressed gas system as the grinding nozzles. This
feed gas accelerates through a narrowing (Venturi-type)
nozzle, creating suction that draws material from the
hopper and injects it directly into the intense grinding
vortex.

The suction mechanism relies on the Venturi effect,
governed by Bernoulli's principle:

v? D
— + gz +— = constant
2 p

where:

vis the fluid flow speed ata point,

gis the acceleration due to gravity,

z is the elevation of the point above a reference plane,
p is the static pressure at the chosen point, and

p is the density of the fluid atall points in the fluid.

As the high-pressure feed gas is forced through the
constricted nozzle, its velocity increases dramatically,
resulting in a corresponding decrease in static pressure in
the mixing zone (below atmospheric pressure). This low-
pressure region generates sufficient suction to draw
atmospheric air and entrain the powder/granules from the
hopper into the high-velocity gas stream. Once entrained,
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particles are rapidly accelerated by the main grinding jets
and undergo high-speed interparticle collisions.

Figure 1. A laboratory-scale fluid-energy (jet) mill used in
this study. (a) Full view of the equipment, with the red
square highlighting the millingchamber. (b) Detailed view of
the milling chamber. The blue square indicates the hopper
containing the raw powder/granules. The yellow square
marksthe connection to the pusher nozzle pressure gauge
(no visible inlet hole in this view), which monitors the feed
gas pressure driving material injection. The red arrow
denotes the direction of material entrainment from the
pusher nozzle into the milling chamber (via the inlet hole).
The purple arrows indicate the tangential entry directions of
high-pressure gas from the grinding nozzles (two small
orifices visible), which generate the high-velocity jets for
particle-on-particle collisions in the vortex as shown by the
orange arrow.

The system offers flexibility in gas type (e.g., air,
nitrogen) and is readily scalable for larger throughput. Key
operating parameters include grinding pressure (which
controls jet velocity and collision energy) and feed rate
(which influences particle concentration and residence
time in the grinding zone). In the following case study, we
demonstrate the influence of these parameters during the
processing of NMC532 cathode material.

NMC532 cathode material was synthesized via a one-
pot all-dry method by sintering a stoichiometric mixture of
precursors at 950 °C for 10 h in air. XRD confirmed the
formation of a single-phase layered structure (Figure 2a).
EDS mappingrevealed homogeneousdistribution of Ni, Mn,
and Co throughout the particles (Figure 2b-c). However,
the as-sintered material  exhibited  significant
agglomeration, with clusters composed of primary single
crystal particles formed during high-temperature sintering
(Figure 2d). Deagglomeration via jet milling is essential in
this all-dry synthesis route. It disperses the clusters into
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discrete single crystal primary particles (typically ~3 pm in
size), enabling true single crystalmorphology by minimizing
grain boundaries. This reduces intergranular cracking,
enhances structural stability during electrochemical
cycling, and promotes uniform particle size distribution”.
Deagglomerated particles also pack more densely,
improving tap density and volumetric energy density in
fabricated electrodes.

askp — LiNig gMng 3C0, 50, {10h at 950 °C)

(108

Intensity, cps

Figure 2. Characterization of NMC532 cathode material
synthesized via one-pot all-dry method by sintering at 950
°C for 10 hin air. (a) Powder XRD pattern confirming single-
phase layered structure. (b) SEM image of agglomerated
particle region. (c) Corresponding EDS elemental maps
showing homogeneous distribution of Ni, Mn, and Co. (d)
Additional SEM image of the as-synthesized material
morphology.

The effect of grinding nozzle pressure on particle
characteristics was investigated first (Figure 3, Table S1).
Three pressures were evaluated: 10 psi, 60 psi, and 120 psi.
The starting material was the agglomerated NMC532
sintered at 950°C for 10 h (as shown in Figure 2). Increasing
grinding pressure progressively reduced particle size and
narrowed the particle size distribution, indicatingimproved
homogeneity (Figure 3a-d, 3i-k). At 120 psi, well-dispersed
single-crystal particles were clearly observed via SEM.
Following jet milling, all samples were re-heated at 750 °C
for 3 h in air to reduce surface impurities and heal any
defectsintroduced during milling, as re-heatingis a critical
step in all-dry synthesis for restoring pristine surface
chemistry*', Jet milling is a dry comminution process that
relies on high velocity particle-particle collisions and
therefore does not chemically introduce external
contaminants. However, increasing the specific surface
area and generating fresh fractured facets can temporarily
enhance the reactivity of layered NMC toward atmospheric
H,O and CO,. Numerous reports have shown that Ni-rich
and mid-Ni NMC compositions readily form LiOH, Li,COs3,
and metal hydroxide/carboxylate phases upon ambient
exposure™'. Such surface layers can therefore
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accumulate more readily after jet milling due to the creation
of reactive surface terminations.

The subsequent reheating step serves to remove these
adventitious species. Recent all-dry processing work
demonstrated that jet milling increases surface residual
lithium content and that reheating at 750°C for 3 h
effectively reduces Li,CO; and related lithium containing
species to levels comparable to commercial materials,
while preserving single crystal morphology and without
inducing additional cation mixing“.Thus, although jet
milling could temporarily promote adsorption of
atmospheric species, reheating efficiently eliminatesthese
surface impurities and restores a clean, stable surface
structure in the final product.

Post-re-heating, morphology and particle size
distribution remained largely unchanged for the 60 psi and
120 psi samples, while the 10 psi sample exhibited a
broader particle size distribution (Figure 3e-h, 3l-n),
suggesting insufficient deagglomeration at lower pressure.
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Flgure 3. Part|cle S|ze dlstrlbut|ons of NM0532 cathode
material determined from statistical SEM image analysis,
showing the effect of grinding pressure in jet milling. (a—d)
As-sintered NMC532 (one-potall-dry synthesis at 950 °C for
10 h in air): histograms of particle counts vs. diameter at
grinding pressures of (a) 10 psi, (b) 60 psi, and (c) 120 psi;
(d) corresponding cumulative distribution curves
(percentage vs. diameter). (e-h) Jet-milled and post-
reheated samples (reheated at 750 °C for 3 h in air after
milling): histograms of particle counts vs. diameter at
grinding pressures of (e) 10 psi, (f) 60 psi, and (g) 120 psi; (h)
corresponding cumulative distribution curves (percentage
vs.diameter). Representative SEMimages of the processed
samples are provided in (i-n): (i) corresponding to (a), (j)
corresponding to (b), (k) corresponding to (c), ()
corresponding to (e), (m) corresponding to (f), (n)
correspondingto (g).
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The influence of feed rate was then examined (Figure4,
Table S2). Three rates were tested: 0.1 g min”, 1.5 g min”,
and 50 g min”, using the same 950 °C sintered NMC532
feedstock. At low to moderate feed rates (0.1g min"and 1.5
g min™), jet milling produced uniform single-crystal
particles with narrow particle size distribution and minimal
agglomeration (Figure 4a-b, 4i-j). However, at 50 g min™,
the particle size distribution broadened significantly, and
residual agglomeration persisted (Figure 4c-d, 4k),
indicating overload of the milling chamber and insufficient
residence time for effective particle-on-particle collisions.
An optimized feed rate is therefore required to balance
processingefficiency, throughput, and productquality. SEM
analysis of the re-heated samples (750 °C for 3 h) confirmed
similar trends (Figure 4e-h, 4l-n): uniform, concentrated
single crystal particles with narrow particle size distribution
at 0.1 gmin”' and 1.5g min™, but persistent agglomeration
and broad particle size distribution at 50 g min”,
highlighting the need for controlled restoring feed
conditions to achieve sufficient deagglomeration.
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Figure 4. Particle size distributions of NMC532 cathode
material determined from statistical SEM image analysis,
showing the effect of feed rate in jet milling. (a-d) As-
sintered NMC532 (one-potall-dry synthesis at 950 °C for 10
h in air): histograms of particle counts vs. diameter at feed
rate of (a) 0.1 g min™, (b) 1.5 g min™, and (c) 50 g min™'; (d)
corresponding cumulative distribution curves (percentage
vs. diameter). (e-h) Jet-milled and post-reheated samples
(reheated at 750 °C for 3 hin air after milling): histograms of
particle counts vs. diameter atfeed rate of (e) 0.1 g min™, (f)
1.5g min™, and (g) 50 g min™; (h) corresponding cumulative
distribution curves (percentage vs. diameter).
Representative SEM images of the processed samples are
provided in (i-n): (i) correspondingto (a), (j) corresponding
to (b), (k) correspondingto (c), (1) correspondingto (e), (m)
correspondingto (f), (n) corresponding to (g).
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Although detailed electrochemicaltesting is beyond the
scope of the present study, several expected implications
of jet-milled particle morphology can be inferred from prior
work on NMC cathodes. Processed homogeneous single
crystal NMC is anticipated to exhibit excellent cycling
performance by avoidingmechanical microcracking during
cycling. For instance, single crystal NMC532 has
demonstrated exceptional longevity, achieving more than
2500 cycles (>700 days of cycling) at C/3 and 55 °C when
paired with an appropriate electrolyte™. In contrast, one-
pot sintered NMC without proper de-agglomeration tends
to display inferior rate capability and capacity retention.
This inferior performance arises from the agglomeration of
secondary particles, which lacks shortened lithium
diffusion pathways™.

Conclusions and Outlook

In conclusion, this study highlights jet milling as a
powerful, enabling technology for all-dry LIB cathode
materials manufacturing. By detailing the design, operating
principles, and optimized protocols of a laboratory-scale
fluid-energy mill, we address a key gap in the literature and
provide practical guidance for the research community. In
the case study, parametric investigations on all-dry
synthesized single-crystal NMC532 demonstrate that
grinding pressure (120 psi) and controlled feed rates (0.1-
1.5 g min™) effectively deagglomerate sintered clusters into
discrete, uniform primary particles (~3 pm) with narrow size
distributions, preserved crystallinity, and improved
morphological quality even after re-heating step.

Jet milling, as described by manufacturers and
demonstrated in various applications, can achieve particle
sizes down to approximately 100 nm (or even sub-100 nm),
enabling the possibility of processing of LFP cathodes. Due
to sluggish lithium-ion diffusion kinetics in olivine-
structured LFP, nanoscale primary particles are critical to
ensure good electrochemical performance and high rate
capability, unlike NMC-based cathodes, which benefitfrom
larger micron-sized (~3 pm) single crystals to optimize
mechanical stability and minimize cracking during cycling.
Furthermore, jet milling offers potential for dry surface
coating of cathode materials. For instance, solid carbon
precursors such as lignin can be mechanically mixed and
coated onto cathode particles via high-velocity collisions in
the jet mill, followed by inert-atmosphere heat treatment to
form a uniform carbon layer that enhances electronic
conductivity. Jet milling may also prove valuable for
emerging materials, such as deagglomerating single crystal
sodium layered oxide cathodesto achieve discrete primary
particles.

All-dry battery materials production enabled by jet
milling  significantly reduces water and energy
consumption, waste generation, and production costs
compared with conventional aqueous routes. As global
demand for rechargeable batteries surges to support
electrification, scaling jet-milling systems, integrating real-
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time monitoring, and validating full-cell performance will
be critical next steps. These advancements promise more

sustainable,

scalable, and cost-effective battery

manufacturing essential for the clean energy transition.
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