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ABSTRACT

Electrostatic spray drying (ESD) integrates an applied electric field with conventional spray drying to control
droplet dynamics and particle charging, offering a route to conformal, polymer-based surface modification of
active battery materials at scale. Here we demonstrate ESD of silicon nanoparticles (SiNPs) using carboxymethyl
cellulose (CMC) as a model coating to mitigate Si volume-change—induced degradation. We systematically vary
voltage (0 vs -15 V), atomizing gas pressure (100 vs 300 kPa), and feed composition (CMC:Si = 1:1, 1:2, 1:5 w/w)
and evaluate coating outcomes by SEM and EDS. Sodium in CMC serves as a tracer, enabling a Si:Na atomic
ratio proxy for relative coating thickness/coverage. We find that -15 V with 300 kPa yields the most conformal,
continuous coatings, even at the 1:5 CMC:Si ratio, while higher atomizing pressure produces finer droplets that
favor uniform shells with thinner average coatings (higher Si:Na). These results indicate that ESD parameters
can be tuned to balance coating uniformity and thickness, providing a scalable pathway to interface engineered
anode powders.

Keywords: electrostatic spray drying; silicon anode; polymer coating; carboxymethyl cellulose;
battery materials processing
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1. INTRODUCTION

Spray drying has emerged as a versatile and scalable technique to produce engineered powders across a

range of energy storage applications."? In battery materials synthesis, it has been widely employed to produce
spherical secondary particles, control surface properties, and fabricate composite structures with tailored
porosity and morphology.? Its one-step nature, compatibility with aqueous or organic solvents, and tunability of
particle characteristics make spray drying especially attractive for industrial-scale processing of active materials,
conductive additives, and polymer binders. Cathode materials such as lithium nickel manganese cobalt oxides
(NMC), lithium iron phosphate (LFP), and lithium cobalt oxide (LCO) are also processed via spray drying to enhance
particle uniformity, tap density, and surface area.*® Similarly, for anode systems, spray drying has been used to
structure composites to improve mechanical integrity and electrochemical stability.

While conventional spray drying relies solely on thermal evaporation for droplet-to-particle transformation, recent
advances have integrated electrostatic fields into the process to enhance droplet dispersion, improve coating
uniformity, and reduce agglomeration. This paper showcases electrostatic spray drying (ESD), an advanced
technique thatintroduces applied voltage as an additional process input, which may influence particle morphology
and surface characteristics beyond what is typically achievable with conventional spray drying. Electrostatic
spray drying (ESD) is a scalable, single-step process that combines the principles of conventional spray drying
with electrostatic forces to enhance particle control and coating uniformity. In ESD, a solution or suspension is
atomized into fine droplets using a nozzle while an electrostatic force imparts a charge to the droplets as they are
formed, which improves the drying efficiency during the process, enabling enhanced dispersion, and finer particle
deposition. Unlike traditional spray drying, which relies solely on thermal evaporation, ESD provides several unique
advantages for nanomaterial processing such as:

* Improved coating uniformity: Electrostatic forces can guide charged droplets to form conformal coatings
around nanoparticles, even at low polymer loadings.

* Processing temperatures: ESD allows for drying at controlled temperatures, preserving the structural and
chemical integrity of heat-sensitive active materials or polymer additives.

* Tunable morphologies: By varying operational parameters such as applied voltage, feed composition,
and atomizing gas pressure, a range of morphologies can be achieved.

Figure 1. PolarDry® 0.1

This equipment was used for
electrostatic spray drying of the
materials shown and discussed
in this white paper.
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2. CONDITIONING ACTIVE BATTERY MATERIALS

The electrochemical performance of next-generation batteries depends critically on the morphological and
interfacial properties of the active materials. Conditioning these materials through surface functionalization,
morphology, or composite formation can significantly enhance cycling stability, rate performance, and interface
compatibility. In this work, the effectiveness of conditioning active materials is investigated, and its impact on the
performance metrics, including:

Active Material Property Electrochemical

Modified by Conditioning Impact

Suppressed volume expansion

Core-shell structuring (e.q.in Si. Sn, Sh)

Improved percolation network >

Conductive additive integration higher electronic conductivity

Enhanced Li* transport at

lonic conductivity modifiers electrode-electrolyte interfaces

Increased packing density

Particle dispersion and uniformity and rats capability

Enhanced active material utilization

Surface area o .
resulting in improved capacity

PolaDry’s unique ESD process can provide innovative answers to mitigating issues that are often associated

with advanced materials. In this work, the effectiveness of ESD on conditioning active materials is investigated
focusing on its ability to tailor surface morphology and particle structure resulting in improved key electrochemical
performance metrics.
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3. CASE STUDY

COATING SILICON NANOPARTICLES FOR HIGH-PERFORMANCE
SILICON ANODES IN A LITHIUM-ION BATTERY

This case study demonstrates how Electrostatic Spray Drying (ESD) was used to produce polymer-coated silicon
nanoparticles with tunable architectures designed to improve cycling stability and electrode integrity.

Silicon is a leading anode candidate for next-generation lithium-ion batteries, owing to its exceptionally high
theoretical specific capacity (~3579 mAh/g). However, its practical application is limited by its large volume
expansion (~300%) during lithiation, which leads to pulverization, unstable solid electrolyte interphase (SEI)
formation, and rapid capacity fade. Addressing this challenge requires precise engineering of particle surfaces
and interfaces.

To investigate the effectiveness of electrostatic spray drying (ESD) for conditioning silicon nanoparticles, a series
of formulations were prepared with varying polymer-to-particle mass ratios using carboxymethyl cellulose (CMC)
as the coating agent.”® CMC is a widely used binder in silicon anodes as it improves mechanical integrity and
accommodates volume expansion during lithiation.>"" Three feedstock compositions were studied corresponding
to CMC:Si weight ratios of 1:1, 1:2, and 1:5, each dispersed in deionized water. These suspensions were atomized
and dried using an electrostatic spray dryer under systematically varied parameters and the feed rate, nozzle
configuration, and drying temperature were optimized to ensure droplet stability and polymer integrity.

3.1 RESULTS

To evaluate the influence of electrostatic spray drying (ESD) conditions on coating performance, the coated
silicon nanoparticles were characterized using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). SEM imaging was used to assess particle size, surface texture, and coating morphology
across varying CMC:Si ratios and process parameters. EDS mapping enabled the identification of elemental
distributions, with sodium (Na) serving as a tracer for the CMC polymer. Further, to quantify the coating, Si:Na
atomic ratio, derived from EDS spectra, was used as a proxy for coating thickness and coverage. These
complementary techniques provided a comprehensive understanding of how applied voltage and atomizing gas
pressure impacted coating formation and uniformity. Step by step analysis is provided in the sections below.
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3.1.1 COATING CONFIRMATION VIA SEM-EDS MAPPING

Figure 2 shows a coated silicon nanoparticle obtained after electrostatic spray drying (ESD). Elemental mapping
further supports the presence of a conformal CMC shell. The silicon (Si) signal is concentrated within the core,
while signals corresponding to carbon (C), oxygen (0), and sodium (Na) components of the CMC polymer are
distributed across the particle surface. In particular, the Na serves as a distinctive marker of CMC, as sodium is
not present anywhere except the inherent polymer’s carboxymethyl functional groups.

Si Ka1 O Ka1

2.5um 2.5um

CKa1,2 Na Ka1,2

1
2.5um

2.5um 2.5um

Figure 2. SEM-EDS elemental mapping of a silicon nanoparticle coated with carboxymethyl cellulose (CMC) via
electrostatic spray drying. The SEM image (left) shows a spherical morphology with a smooth surface indicative of
uniform coating. Elemental maps (right) confirm the coating: Siis concentrated in the core, while Na, a dominant
characteristic of CMC, is uniformly distributed over the particle.
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3.1.2 COATING MORPHOLOGY ANALYSIS UNDER DIFFERENT
ESD CONDITIONS

To assess the influence of electrostatic spray drying (ESD) parameters on coating morphology, silicon
nanoparticles were processed under distinct conditions, two voltages (0 V and -15 V) with two atomizing gas
pressures (100 kPa, low and 300 kPa, high), across three CMC:Si feed ratios (1:1, 1:2, and 1:5). Representative SEM
images for each condition for 1:5 ratio are presented in Figure 3.

ESD Parameters: Voltage (V) | Atomizing Gas Pressure (kPa)

-15 | 100 -15 | 300

Figure 3. Representative SEM images of coated nanoparticles at distinct electrostatic spray drying conditions
(voltage | atomizing gas pressure) for 1:5 ratio. Coating uniformity improves significantly with application of voltage
and higher atomizing pressure, with -15V | 300 kPa condition producing the most conformal and smooth shells.

Scale bar: 2.5 ym

Particles processed without an applied voltage (0 V) and at high atomizing pressure (300 kPa) showed irregular
coatings across all ratios. These samples exhibited rough surfaces, indicating insufficient deposition and poor
coating adhesion, suggesting that high atomizing force alone is insufficient for forming conformal coatings without
electrostatic assistance. Samples processed under -15 V with low atomizing pressure (100 kPa) showed improved
coating coverage but still showed rough surfaces which is likely due to larger droplet formation and slower
evaporation kinetics at low pressure, which again led to non-uniform shell morphologies. The most conformal and
continuous coatings were observed under -15 V with 300 kPa pressure. These conditions formed finer droplets
with directed deposition, resulting in uniform, smooth shells with minimal agglomeration or surface defects. Even
at the lowest polymer loading (1:5), this condition yielded uniform surface coverage, indicating enhanced coating
efficiency driven by the synergy of electrostatic forces and high atomization energy.

These observations highlight the critical role of both electrostatic field and atomizing pressure in determining final
coating morphology, with high-voltage and high-pressure conditions offering the most effective route for producing
uniform, application-ready coated particles.
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3.1.3 QUANTITATIVE ANALYSIS OF COATING COVERAGE

To quantitatively evaluate the extent of CMC coating across electrostatic spray drying (ESD) conditions, energy-
dispersive X-ray spectroscopy (EDS) was performed on coated silicon nanoparticles. Weight percentages of key
elements (Si, 0, Na, and C) were extracted from the spectra, and the weight percentages of Si and Na were used
to evaluate coating thickness, where sodium marked CMC presence and the Si:Na ratio quantified coverage.
Since most carbon weight percentage comprises the carbon tape used to prepare the sample, it is not used for
any analysis. Additionally, EDS elemental mapping confirmed the presence of sodium on the particle surfaces in
all samples, indicating that coating was achieved even in cases with high Si:Na ratios. Therefore, the Si:Na ratio
serves as a reliable indicator of relative coating thickness.
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Figure 4. Effect of atomizing gas pressure at constant voltage (-15V) on Si:Na atomic ratios across
different CMC:Si feed ratios.

Figure 4 shows the Si:Na atomic ratios, derived from EDS spectra, as a function of CMC:Si feed ratio under two
electrostatic spray drying (ESD) conditions differing in atomizing gas pressure. Across all formulations (1:1, 1:2,
1:5), the Si:Na ratio increases with decreasing CMC content, indicating progressively thinner polymer coatings at
lower feed concentrations. Notably, the low-pressure condition consistently resulted in lower Si:Na ratios, than
the high-pressure condition. This change can be attributed to enhanced atomization at higher pressure, which
produces finer droplets that promote more homogeneous dispersion and coating coverage, even when polymer
availability is limited.
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However, due to the reduced droplet size and faster solvent evaporation, the resulting coating is thinner, as
reflected in the higher Si:Na ratios. In contrast, lower atomizing pressure leads to larger droplets and slower
drying, allowing for thicker deposition but often resulting in uneven surface coverage.
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Figure 5. Effect of applied voltage at constant pressure (300 kPa) on Si:Na atomic ratios across
different CMC:Si feed ratios.

Figure 5illustrates the effect of applied voltage on the Si:Na ratio at a constant atomizing gas pressure of 300 kPa.
Across all CMC:Si feed ratios, a moderate increase in Si:Na is observed upon applying -15 V relative to 0 V. This
trend suggests that the electrostatic field may influence the distribution and deposition of CMC, resulting in thinner
but potentially more conformal coatings. The increased Si:Na ratios under applied voltage indicate a reduction in
relative coating thickness, consistent with EDS mapping observations. At lower CMC loadings (1:5), where coating
uniformity becomes more sensitive to process parameters, the distinction between voltage conditions remains
statistically significant, further supporting the influence of electrostatic forces on coating efficiency.

Together with pressure-dependent results from Figure 4, these findings demonstrate that both atomizing gas
pressure and applied voltage systematically modulate the ESD coating process. ESD enables fine-tuning of coating
thickness and surface composition through independent adjustment of formulation and process inputs, with
reproducible results across conditions.
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4. CONCLUSION AND FUTURE WORK

This study demonstrates a stepping stone to a series of studies highlighting the benefits of ESD via PolarDry®
technology to create uniformly coated active materials for silicon. PolarDry® is an effective and scalable method
for coating silicon nanoparticles with polymer layers for battery applications. By tuning voltage, atomizing gas
pressure, and CMC:Si feed ratio, the process yielded conformal coatings with controllable thickness, confirmed
through SEM and EDS analysis. Compared to conventional spray drying or multi-step coating techniques,
PolarDry® offers key advantages by providing enhanced coating uniformity and compatibility with sensitive
materials. Importantly, the technology is scalable available in benchtop (Model 0.1), R&D (Model 001/004), pilot
(Model 004/032), and full-scale production systems (Model 032/050), allowing direct translation of lab-scale
results to manufacturing environments positioning PolarDry® as a versatile solution for advanced battery material
development. These attributes make it particularly suitable for advanced battery materials where effective
interfacial engineering is critical. While silicon was used as a model system, the approach is broadly applicable to
other anode and cathode materials.

The results support PolarDry’s potential as a high-precision, scalable platform for commercial powder coating

in energy storage. Future studies will include different battery materials with electrochemical characterization
testing using coin cells. While this work demonstrates proof of concept at the single-particle level, additional
research will be needed to assess batch-level particle size distribution and post-processing behavior, which are
critical for real-world applicability. Following this, material testing in full electrochemical cells will be required to
correlate coating quality with performance improvements.
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