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R, . . 1. Introduction
Indoor air purification technologies encounter inherent trade-offs

among efficiency, safety, and scalability. Conventional filter-based systems
are hindered by increasing pressure drop and frequent maintenance, whereas

Indoor air pollution, encompassing
fine particulate matter (PM), volatile
organic compounds (VOCs), and microbial

filterless electrostatic precipitators produce hazardous ozone due to corona
discharge and demand high operating voltages. Here, a compact ozone-free
air purification system is demonstrated, which utilizes water electrospray
driven by a self-pumped hygroscopic nanofiber emitter. The emitter comprises
an electrospun organic—inorganic composite membrane of poly(vinyl

alcohol), poly(acrylic acid), and montmorillonite. This hybrid structure
integrates the hygroscopic and chemically active properties of the polymers
with the mechanical reinforcement of the inorganic filler, enabling continuous
capillary-driven water transport. The hygroscopic emitter autonomously
transports water to the emission tip, enabling stable cone-jet electrospray
without external pumps. A ring-shaped extractor electrode concentrates

the local electric field, thereby sustaining water electrospray below 5 kV. In a
0.1 m? sealed chamber, the device achieves over 97% removal of PM, ; within
5 min across 30 repeated operation cycles, while maintaining ozone levels
below 20 ppb and water consumption under 0.4 mL h~! per emitter tip. These

aerosols, is a critical contributor to res-
piratory, cardiovascular, and neurological
diseases.[?] Traditional mitigation strate-
gies predominantly rely on high-efficiency
particulate air (HEPA) filters, which me-
chanically entrap airborne particulates
on fibrous media as air flows through. Al-
though effective, HEPA filters progressively
accumulate particulates, resulting in in-
creased pressure drop, diminished airflow,
and the need for frequent replacement.[>4l
As a filterless alternative, electrostatic pre-
cipitators (ESPs) charge aerosols and collect
them on plates with minimal pressure drop
and extended operational life. However,
their efficiency diminishes markedly for
submicron aerosols due to inherently

low charge-to-mass ratios, and particle
re-entrainment often occurs under high
flow or vibration conditions.>®! To over-
come these limitations, wet ESPs (WESPs)
have been developed, wherein a thin water
film on the collection plates enhances particle adhesion and sup-
presses re-entrainment.[’° Nonetheless, both ESPs and WESPs
employ high voltage (HV) corona discharge for ion generation,
inadvertently producing ozone,l'% a hazardous indoor pollutant
with well-documented health risks.!'!! Moreover, WESPs require
bulky infrastructure, continuous water supply, and substantial
power input, rendering them impractical for compact or water-
sensitive indoor environments.

Electrospray-based air purification system offers a promising
alternative to conventional air purification methods. This ap-
proach involves applying a high electric field to a liquid via a
fine nozzle, resulting in the emission of highly charged micro-
droplets, a phenomenon known as electrospray. These micro-
droplets capture airborne particles through electrostatic inter-
action and inertial impaction, enabling efficient removal with-
out intentional ozone generation.['>1*] Electrospray can operate
in various regimes, such as dripping, spindle, and cone-jet, de-
pending on the nozzle geometry, applied voltage, flow rate, and
fluid properties.[') Among these regimes, the cone-jet mode is
particularly advantageous. When electrostatic and surface ten-
sion forces are balanced, a cone-shaped liquid interface, known

results establish hygroscopic nanofiber-based electrospray emitters as a safe,
energy-efficient, and scalable platform for filterless indoor air purification.
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as a Taylor cone, forms and emits a fine, stable jet. This jet
produces highly charged and monodisperse microdroplets that
are much smaller than the nozzle diameter.['®'”] These droplets
typically evaporate during flight, enabling quasi-dry operation
with minimal liquid usage, while effectively capturing submi-
cron aerosols.l'*] Additionally, water electrospray in the cone-jet
mode has been shown to generate reactive oxygen species (ROS),
including hydroxyl radicals, which inactivate airborne bacteria
and viruses without the need for chemical additives.!'81°] Further-
more, recent studies have demonstrated that dielectric-interface
engineering, such as the introduction of polydopamine-modified
fibrous membranes, can significantly enhance charge stability
and particle adhesion under high-velocity airflow while maintain-
ing ozone-free operation, highlighting the potential of interfa-
cial polarization control in electrohydrodynamic air-purification
systems.[20]

Despite these benefits, cone-jet water electrospray remains
technically challenging due to the high surface tension and elec-
trical conductivity of water, which necessitate high onset voltages
and often trigger undesirable corona discharge.!'>2221 To address
these fluid property limitations, alcohol-water mixtures such as
ethanol and methanol have been used to lower surface tension
and facilitate stable electrospray at reduced voltages.[12-1423.24]
However, their volatility and potential health hazard constrain
their use in indoor environments. Alternatively, dielectric micro-
nozzles fabricated from ceramic,??! polymer,[?*! or silicon-based
materials.[?! have been employed to intensify the local electric
field and suppress discharge. While effective, these devices are
often costly, prone to clogging, and difficult to mass-produce.

Recently, self-pumped emitters composed of porous materials
have emerged as a promising structural solution, leveraging cap-
illary action to transport water passively to the nozzle tip without
the need for external pumps.[122728] These emitters operate with-
out external pumps by using porous materials that continuously
draw and replenish water via capillary action. This self-pumped
design simplifies the system and enhances reliability by mini-
mizing mechanical components and operating without nozzle
clogging. Nevertheless, long-term stability remains limited by in-
consistent wetting and material degradation. Most self-pumped
emitters use cellulose filter paper for its low cost and inherent
wettability, yet repeated wet-dry cycling causes swelling, warp-
ing, and delamination that erode dimensional fidelity and desta-
bilize cone-jet water electrospray.?®! The large exposed porous
area also promotes evaporation, reducing the effective supply to
the emission zone and amplifying device-to-device variability.[?]
These limitations motivate material-level designs that retain cap-
illary feed while improving durability and evaporation control.
Along similar lines, recent developments in biodegradable di-
electric fibrous membranes have highlighted that well-designed
polymer—inorganic interfaces can simultaneously ensure effi-
cient particle capture and mechanical stability under continuous
operation.[?! Inspired by these advances, this study introduces a
self-pumped hygroscopic nanofiber emitter that autonomously
supplies water while maintaining a stable cone-jet mode for
ozone-free, long-term air purification.

We developed a hybrid organic—inorganic nanofiber composite
emitter that is a crosslinked polyvinyl alcohol (PVA)-polyacrylic
acid (PAA) network reinforced with montmorillonite (MMT),
forming a hygroscopic nanofiber membrane encapsulated in a
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laminated polyimide (PI)/polyethylene terephthalate (PET) mi-
crochannel that exposes only the sharpened tip. This architec-
ture couples the hydrophilicity and chemical functionality of the
polymer matrix with the mechanical robustness and dimensional
stability of the inorganic filler, such as MMT, sustaining capil-
lary water transport while resisting swelling and delamination
under wet—dry cycling. By suppressing lateral wicking and evap-
oration, the laminated channel concentrates feed at the emis-
sion zone, enabling stable cone-jet water electrospray with mini-
mal liquid use and improved long-term reliability. Building upon
prior work on self-pumped emitters,?”28] this study presents a
compact, filterless air purification device that utilizes ozone-free
cone-jet water electrospray, facilitated by a self-pumped hygro-
scopic nanofiber emitter. As schematically illustrated in Figure
1, the system comprises a water reservoir, a nanofiber-based cap-
illary structure, a four-tip emitter, a high-voltage (HV) module,
a grounded particle collector, and an integrated air-circulating
fan, all housed in a cylindrical enclosure. Charged water micro-
droplets generated by cone-jet water electrospray at the emitter
tip are directed toward the grounded collector, enabling efficient
particle capture. The hygroscopic nanofiber membrane is fabri-
cated by electrospinning a hydrophilic polymer with MMT onto
a conductive substrate. A ring-shaped extractor concentrates the
local electric field to stabilize cone-jet water electrospray and sup-
press corona discharge during operation.

2. Results and Discussion

2.1. Self-Pumped Hygroscopic Nanofiber-Based Electrospray
Emitter

Figure 2 illustrates the fabrication process and structural char-
acterization of an organic-inorganic composite nanofiber mem-
brane designed to serve as a self-pumped water emitter. As shown
in Figure 2a, a homogeneous solution containing PVA, PAA,
and MMT was subjected to electrospinning under a high electric
field, resulting in the formation of a PVA-PAA-MMT nanofiber
membrane (PPM-NFM). During jet elongation and solidification
stages, the polymer chains and dispersed inorganic nanofillers
are directionally aligned in a co-axial nanostructure, and when
a high voltage field is applied, the MMT migrates toward the
outer layer of the nanofiber due to the hydroxyl groups on its
surface.’% This arrangement facilitates the formation of a contin-
uous porous network capable of efficient capillary-driven water
transport.3132 To improve water resistance and mechanical ro-
bustness, the as-spun membrane underwent thermal treatment
at 150 °C for 3 h. Under these conditions, an esterification re-
action occurs between the hydroxyl groups of PVA and the car-
boxylic acid groups of PAA,13334 ag illustrated in Figure 2b:

—OH (PVA) + —COOH (PAA) - —COO - +H,0 (1)

This esterification reaction resulted in the formation of cova-
lent ester bonds, establishing a chemically crosslinked polymer
network with significantly enhanced structural integrity.*>3¢]
The resulting composite exhibited markedly improved mechan-
ical strength, chemical resistance, and water repellency, all of
which are essential for the sustained operation of electrospray
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Figure 1. Design and operating mechanism of a compact air purification
PVA-PAA-MMT nanofiber membrane (PPM-NFM) emitter.

systems under ambient conditions. Beyond chemical crosslink-
ing, the incorporation of MMT further reinforced the composite
architecture. MMT is a 2:1 phyllosilicate characterized by nega-
tively charged lamellar layers and an interlayer space capable of
hosting hydrated cations and water molecules.[*”38] These fea-
tures confer a strong affinity for polar species, and when uni-
formly dispersed within the polymer matrix, MMT contributes
not only to mechanical reinforcement but also to moisture re-
tention. This effect is particularly enhanced when MMT is inter-
calated with sodium (Na*) ions, which facilitate water sorption
through cation hydration mechanisms.*!

Figure 2c presents the stepwise fabrication of a multilayer
electrospray PPM(PVA-PAA-MMT)-NFM emitter designed to in-
tegrate the previously described hygroscopic organic—inorganic
materials. To ensure scalability and precise structural control, a
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device based on cone-jet water electrospray using a self-pumped hygroscopic

flexible printed circuit board (FPCB) fabrication approach based
on sequential 2D film lamination was employed. This method
facilitates robust electrical insulation of the HV electrode and
enables straightforward construction of high-aspect-ratio mi-
crochannels. In step (i), an 18 pm-thick copper (Cu) layer was
laminated onto a 50 pm-thick PI substrate using a 10 um-thick
hot melt adhesive (omitted in the schematic), followed by hot
pressing, photolithographic patterning, and wet etching. To pre-
vent surface oxidation and maintain conductivity, a #2 um-thick
nickel (Ni) layer was deposited by electroless plating, forming a
Cu/Ni electrode. In step (ii), a 300 um-thick PI film was laser-cut
to create a rectangular groove and laminated onto the base layer,
defining the space for microchannel construction. In step (iii),
the prefabricated hygroscopic PPM-NFM and an indium tin ox-
ide (ITO)-coated film (total thickness ~130 um) were inserted into

© 2025 Wiley-VCH GmbH
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Figure 2. Fabrication and integration of the PPM-NFM into a self-pumped electrospray emitter. a) Schematic of the electrospinning setup for producing
the PPM-NFM. b) Schematic illustration of the thermal crosslinking of PVA and PAA. c) Stepwise schematic of the multilayer emitter assembly including
Cu/Ni electrode, microchannel, PPM-NFM, and sealing layers. d) Optical images of the emitter and PPM-NFM. e) SEM image of the emitter tip showing
sharp geometry. f-g) SEM images of the PPM-NFM surface: (f) as-spun nanofiber morphology and g) morphology after immersion in water followed by
drying, showing structural stability.
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the groove, serving as the core functional emitter layer. In step
(iv), a hydrophilic PET film with a pre-formed central water inlet
was laminated to seal the structure. Consequently, a lateral mi-
crochannel with an approximate cross-section of 300 x 200 um?
was formed, enabling stable water delivery to the emitter tip. The
individual components used in the multilayer assembly process,
including the Cu/Ni-plated PI film (base electrode), the PPM-
NFM (functional emitter layer), and the PET film (top sealing
layer), are shown in Figure S1 (Supporting Information). In step
(v), the fully assembled emitter is shown, with the hygroscopic
PPM-NFM exposed at the tip region. As shown in Figure 2d, the
PPM-NFM emitter tip has a half-angle of ~45°, which is close to
the theoretical Taylor cone angle of 49.3°,11] thereby providing a
favorable geometry for stable cone-jet water electrospray. An HV
connector is exposed on the emitter surface for connection to the
HV module. To evaluate the practical applicability of the mem-
brane, a custom-designed, star-shaped four-tip emitter was fabri-
cated, as illustrated in Figure 2d. Surface scanning electron mi-
croscopy (SEM) imaging confirmed the successful incorporation
of PPM-NFM as the core functional layer within the emitter archi-
tecture (Figure 2e). High-magnification SEM images (Figure 2f)
revealed a uniform fibrous morphology, with the presence of
MMT promoting surface roughness and the formation of inter-
fiber junctions. These features suggest enhanced mechanical in-
terlocking and synergistic reinforcement within the composite
nanofiber networks. Moreover, the thermal crosslinking process
contributed to preserving nanofiber integrity, particularly under
hydrated conditions. To validate the effectiveness of the crosslink-
ing strategy, the membrane was immersed in deionized (DI) wa-
ter and subsequently dried. As shown in Figure 2g, SEM images
were obtained after immersing the PPM-NFM in 1 mL of DI wa-
ter, followed by drying in a vacuum oven at 60 °C for 10 h. In
contrast, the non-crosslinked PVA/PAA-NFM rapidly dissolved
upon DI water exposure, as evidenced in Figure S2 (Support-
ing Information), underscoring the indispensable role of thermal
crosslinking in enabling long-term, water-stable operation of the
self-pumped PPM-NFM emitter.

2.2. Thermal Crosslinking and Capillary Performance of
PPM-NFM Emitters

Figure 3a displays a cryo-TEM micrograph of a single PPM-NFM
incorporating MMT nanosheets. The low-temperature imaging
clearly reveals that the layered MMT platelets are uniformly em-
bedded and well aligned along the nanofiber axis, without any
evidence of aggregation or phase separation. The inset shows
the fast Fourier transform (FFT) pattern, which exhibits a peri-
odic lattice spacing of 0.5 nm, corresponding to the (002) re-
flection of montmorillonite, consistent with a basal (001) spac-
ing of ~#1.0 nm in exfoliated MMT layers (Figure S3, Supporting
Information). This observation confirms that the nanosheets re-
tain their layered crystalline structure and are finely dispersed
within the PVA-PAA matrix. Complementary structural infor-
mation was obtained from the focused ion beam—scanning elec-
tron microscopy (FIB-SEM) analysis shown in Figure 3b, which
presents a cross-sectional view of the nanofiber mat exhibit-
ing a densely entangled and continuous fibrous network with
no apparent filler agglomeration. The accompanying energy-
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dispersive spectroscopy (EDS) elemental maps (Figure 3c—g) fur-
ther verify the homogeneous distribution of inorganic elements
(C, O, Si, Na, and Al) throughout the composite membrane. The
uniform spatial distribution of these elements across the entire
cross-section demonstrates that MMT is evenly dispersed within
the nanofibers, forming a well-interconnected nanofiller net-
work. Collectively, these structural characterizations confirm that
the MMT nanosheets are uniformly integrated within the poly-
mer matrix, thereby facilitating efficient interfacial load transfer
and enhancing the overall structural integrity of the PPM-NFM
composite (Figure S4, Supporting Information).

The thermal crosslinking behavior of the PPM-NFM was sys-
tematically investigated using Fourier Transform Infrared (FT-
IR) spectroscopy, as shown in Figure 3h. Following thermal treat-
ment at 150 °C for 3 h, distinct spectral changes were observed,
confirming the occurrence of esterification reactions between the
hydroxyl groups of PVA and the carboxylic acid groups of PAA.[*]
Notably, the broad O—H stretching band centered ~3300 cm™!
exhibited a substantial decrease in intensity, reflecting the con-
sumption of hydroxyl groups during ester bond formation. Con-
currently, an absorption peak emerged at #1720 cm™?, attributed
to the carbonyl (C=0) stretching of ester linkages.[*!l The po-
sition of this carbonyl peak, which appears at a slightly lower
wavenumber than typical ester peaks (x1735-1750 cm™!), can
be attributed to strong hydrogen bonding interactions and re-
stricted chain mobility within the polymer matrix.*?] The pres-
ence of MMT is likely to contribute to this shift by influenc-
ing local chain mobility and interfacial interactions. In addition,
an increased signal near 1040 cm™!, associated with asymmetric
C—O0—C stretching vibrations, provides additional evidence for
successful ester bond formation. No new peaks corresponding to
MMT were observed, indicating that MMT remained chemically
inert under thermal treatment conditions. Rather than participat-
ing in chemical reactions, MMT likely functioned as a physically
reinforcing phase, offering structural support and enhancing the
morphological stability of the nanofiber network.

To further elucidate the chemical evolution of the compos-
ite, high-resolution C 1s X-ray photoelectron spectroscopy (XPS)
analysis was conducted before and after thermal treatment at 150
°C (Figure 3i). The C 1s spectra were deconvoluted into three pri-
mary components located at 284.8 eV (C—C), 286.0 eV (C—O0),
and 288.8 eV (0—C=0), corresponding to the carbon backbone
and functional groups of PVA and PAA.*®! Following thermal
crosslinking, the relative areas of the C—0O and O—C=O0 species
decreased from 0.59 to 0.46 and from 0.25 to 0.21, respectively.
This reduction indicates the consumption of hydroxyl and car-
boxylic acid groups during ester bond formation. For compari-
son, a thermally treated control sample without MMT retained
higher relative intensities for C—0O (0.53) and O—C=0 (0.25)
peaks, suggesting a lower degree of crosslinking in the absence of
the inorganic component (Figure S5, Supporting Information).
These results imply that MMT not only contributes to mechanical
reinforcement but may also facilitate the crosslinking reaction.[*3]
This enhancement may be attributed to the spatial confinement
effect induced by MMT, which restricts polymer chain mobil-
ity and promotes proximity between reactive functional groups,
thereby increasing the efficiency of esterification.

Figure 3j presents the tensile test results used to evaluate
the mechanical performance of the PPM-NFM. The pristine
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Figure 3. Physicochemical and functional characterization of the PPM-NFM. a) Cryo-TEM image showing uniformly dispersed MMT nanosheets within
the nanofiber, with the inset FFT pattern confirming the layered structure of exfoliated MMT. b) FIB-SEM cross-sectional image displaying a continuous
and densely entangled fibrous network structure. c—g) EDS elemental mapping images of C, O, Si, Na, and Al, confirming the homogeneous distribution
of MMT components within the nanofiber matrix without noticeable aggregation or phase separation. h) FT-IR spectra confirming esterification between
PVA and PAA after thermal treatment. i) C 1s XPS spectra before and after crosslinking, showing reduction in hydroxyl and carboxyl groups. j) Tensile
performance of PPM-NFMs with varying MMT content (0, 1, 3, and 5 wt.%). k) Time-lapse images comparing water absorption of PPM film and PPM-
NFM. |) Time-dependent contact angle measurements of PPM film (top) and PPM-NFM (bottom), demonstrating enhanced wettability and capillary-
driven infiltration.
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PVA/PAA membrane exhibited relatively low tensile strength
(=~3.4 MPa) but achieved the highest elongation at break (x11%),
characteristic of its ductile nature. Upon incorporation of 1 wt.%
MMT, the composite demonstrated a modest enhancement in
tensile strength (~4.2 MPa), accompanied by a slight decrease
in elongation. This behavior is indicative of improved interfacial
stress transfer between the polymer matrix and the exfoliated clay
nanosheets.[*”) Notably, the composite containing 3 wt.% MMT
achieved the highest tensile strength (~7.2 MPa) with a well-
balanced elongation (x8.5%), suggesting optimal nanoparticle
dispersion and effective reinforcement through hydrogen bond-
ing and physical interlocking within the nanofibrous network.
Conversely, further increasing the MMT content to 5 wt.% re-
sulted in diminished tensile strength (=5.5 MPa) and reduced
ductility (~6%), likely due to nanoparticle agglomeration that
compromises the matrix continuity and introduces stress con-
centration sites. Taken together, these results demonstrate that
an MMT content of 3 wt.% provides an optimal balance be-
tween mechanical reinforcement and structural integrity, under-
scoring the critical role of nanoparticle dispersion and interfacial
compatibility in enhancing the mechanical properties of PPM-
NFM. This mechanical robustness, combined with the hygro-
scopic and capillary-active nature of the composite, renders the
MMT-integrated PPM-NFM highly suitable for self-pumped op-
eration in moisture-driven systems.

To investigate the water absorption performance relevant to
self-pumped water emission, PPM composites were fabricated
in both nanofiber (PPM-NFM) and film (PPM film) forms. Wa-
ter absorption dynamics were real-time monitored by applying
20 pL of DI water to one end of each emitter (3 x 0.5 cm?, with
a thickness of 48 um as determined from the FIB cross-sectional
SEM analysis (Figure S6, Supporting Information). Despite their
intrinsic hydrophilicity, PPM composite films showed negligi-
ble water spreading. This limited water spreading is attributed
to their dense and uniform morphology, which restricts lateral
diffusion, causing water to remain localized at the point of ap-
plication. In contrast, the PPM-NFM exhibited continuous water
uptake and directional diffusion along the membrane, driven by
capillary action enabled by the fibrous architecture. This behav-
ior was directly visualized by time-lapse video imaging (Movie S1,
Supporting Information), as shown in Figure 3k.

To quantitatively validate these findings, contact angle mea-
surements were conducted (Figure 31). The PPM film exhibited
a relatively stable contact angle of ~25° over a 30-s period, in-
dicative of limited wettability and constrained water spreading.
In contrast, the PPM-NFM demonstrated a pronounced reduc-
tion in contact angle, from 36° to 8°, within the same time frame,
signifying substantially enhanced wettability and dynamic water
infiltration. Notably, despite its superior wetting behavior over
time, the PPM-NFM initially presented a higher contact angle
than the dense film by ~10°, a phenomenon that can be ascribed
to the Cassie-Baxter effect.[*l According to the Cassie-Baxter
Equation (1):

cos . =f cosfy + £, cosb, (2)
where 0 is the apparent contact angle in the Cassie state, f; is

the fractional area of the solid surface in contact with the liquid,
and 6, is the intrinsic Young’s contact angle on a flat solid sur-
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face. f, represents the fractional area of trapped air beneath the
liquid droplet, and 6, is the contact angle on air, typically approx-
imated as 180°, such that cos §, = —1. This effect arises from
the presence of a porous and microstructured surface, which ini-
tially traps air pockets beneath the droplet, leading to an appar-
ent increase in hydrophobicity prior to the collapse into a fully
wet state. Over time, however, this structure enabled acceler-
ated water infiltration, confirming the dynamic wetting behavior
of the nanofiber-based emitter. These results demonstrate that
the PPM-NFM possesses spontaneous water absorption and di-
rectional transport capabilities due to its capillary-active fibrous
structure, making it a highly suitable platform for self-pumped
emitter applications in moisture-driven systems.

2.3. Characterization of Cone-Jet Water Electrospray

The performance of the hygroscopic PPM-NFM emitter was eval-
uated using a custom-built test setup, as illustrated in Figure 4a.
The PPM-NFM emitter was connected to an HV supply, while
the collector was grounded to establish a stable electric field and
facilitate the safe collection of charged water microdroplets. A
grounded ring extractor was concentrically aligned with the PPM-
NFM emitter tip to concentrate the local electric field at the tip,
thereby reducing the onset voltage for electrospray and effectively
suppressing corona discharge. DI water, exhibiting an electrical
conductivity of 0.103 mS m~!, was employed as the working fluid.
The electrospray current, which originated from the convective
transport of charge carried by the emitted droplets, was measured
using a picoammeter. A high-speed camera equipped with light-
emitting diode (LED) backlighting was also used to capture time-
resolved images of the meniscus and jet dynamics at the PPM-
NFM emitter tip.

Figure 4b presents the current—voltage (I—V) characteristics
under three experimental conditions: (i) wet PPM-NFM emitter
without ring extractor, (ii) wet PPM-NFM emitter with ring ex-
tractor, and (iii) dry PPM-NFM emitter with ring extractor. No
measurable current was observed under conditions (i) and (iii),
indicating that both a continuous water supply and appropriate
electric field distribution via the ring extractor are essential for
electrospray initiation. In contrast, under condition (ii), a distinct
transition of electrospray modes was observed with increasing
voltage. In the range of 4.1-4.2 kV, the PPM-NFM emitter oper-
ated in a dripping mode, where brief and unstable formation of
Taylor cone intermittently allowed the emission of charged water
microdroplets, which produced a small but measurable current.
Upon increasing the voltage to 4.3-4.6 kV, the PPM-NFM emit-
ter exhibited a near-constant current plateau, indicative of sta-
ble cone-jet mode operation.?? The average current within this
regime was 98.1 nA, confirming steady-state emission of charged
water microdroplets. At voltages exceeding 4.7 kV, a sharp rise
in current accompanied by visible discharge indicated the onset
of corona discharge, thereby marking the upper voltage limit for
stable cone-jet operation.

These transitions in electrospray behavior were visually con-
firmed by high-speed imaging, as shown in Figure 4c. In the drip-
ping mode (Figure 4c(i)), the tip alternated between a rounded
meniscus and a briefly emerging Taylor cone. In the cone-jet
regime, a stable Taylor cone with continuous microjet emission
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Figure 4. Experimental setup and characterization of cone-jet electrospray performance. a) Experimental setup for current measurement and high-speed
imaging of water electrospray. b) -V characteristics under three conditions showing stable cone-jet mode only with water and ring extractor; corona
discharge occurs above 4.7 kV. The data are represented as mean + SD (n = 100). c) High-speed images at representative voltages: (i) dripping (4.2 kV),

was observed at both 4.4 and 4.6 kV (Figure 4c(ii) and (iii)). How-
ever, at 4.8 kV, the emergence of corona discharge disrupted spray
stability, and only a static meniscus without droplet emission
was observed (Figure 4c(iv)). To confirm the stability of multi-
nozzle operation, simultaneous electrospraying from the four-
tip emitter was visualized using a DSLR camera equipped with
a 10x magnification lens. The tips were symmetrically arranged
at 90° intervals with an inter-tip spacing of ~3 cm, as defined
by the device geometry, which effectively prevents electric-field
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interference between adjacent nozzles. As shown in Figure S7a
(Supporting Information), the four-tip emitter integrated with
a ring extractor was operated at 4.6 kV. Figure S7b (Support-
ing Information) shows concurrent Taylor-cone formation at all
four tips, demonstrating stable and independent cone-jet water
electrospray.

To further quantify the electrospray behavior, the volumetric
flow rate was estimated using the scaling law proposed by Chen
and Pui scaling law (2),1*’] which relates the flow rate Q to the jet
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radius, r; electrical conductivity K, vacuum permittivity ¢, , and
relative permittivity «:

2 Krj3

Q= &)

12
gkl

Based on the observed jet diameter of 3—4 ym (r, = 1.5 —
2.0um), the measured electrical conductivity of distilled DI wa-
ter (K = 0.103 mS m™', the vacuum permittivity (¢, = 8.85 X
10712F m~1), and the relative permittivity of water (k = 80), the vol-
umetric flow rate was calculated to be in the range of 0.16-0.37 ml
h=!. This result confirms ultra-low flow rate operation consis-
tent with the characteristics of the cone-jet mode. These find-
ings collectively demonstrate that the proposed PPM-NFM emit-
ter achieves stable cone-jet water electrospray without corona dis-
charge at voltages below 5 kV, enabled by the synergistic effects of
capillary-driven water delivery and electric field focusing via the
ring extractor.

2.4. Evaluation of Air Purification Performance in a Sealed
Chamber

The air purification performance of the proposed electrospray-
based air purification device (Figure 1) was evaluated in a 0.1
m? sealed chamber under controlled conditions (Figure 5a). Par-
ticulate matter (PM) was generated using incense combustion
for the standard case. To evaluate the device under different par-
ticle types, salt and oil aerosols were generated using a piezo-
atomizer with 9 wt.% NaCl and 20 wt.% glycerol-water solu-
tions, respectively. Figure S8a (Supporting Information) shows
that both salt (NaCl) and oil (glycerol) aerosols were effectively
removed from initial PM, , concentrations of #1500 ug m~3 to
below 1 ug m~3 within 15 min, confirming the broad applicability
of the water electrospray process to diverse aerosol types. In the
incense combustion test, formaldehyde (HCHO) concentration
decreased from 44 to 19 pg m~> within 26 min when the device
was activated, whereas the fan-only operation required 44 min
to reach the same level (Figure S8b, Supporting Information). In
all cases, the initial PM, , concentration was adjusted to ~#1500 pg
m™3. After the particle source was turned off, the device was im-
mediately activated to initiate purification. PM, ,, PM, s, PM,,,,
ozone, temperature, and relative humidity (RH) were continu-
ously monitored at 1-min intervals using commercial sensors,
whereas PM,; was manually measured with an optical particle
counter (OPC) for 2 min in each sampling. The device was oper-
ated at applied voltages ranging from 3.8 to 4.8 kV, and the air-
flow rate of the integrated axial fan (14-88 Cubic Feet per Minute,
CFM) was systematically varied to evaluate the effect of flow ve-
locity on particle removal efficiency. For reference, a control test
was conducted with the high voltage turned off while keeping the
fan on to isolate the effect of electrospray and ensure uniform
particle dispersion inside the chamber.

As shown in Figure 5b, clear particulate deposition appeared
on the grounded collector, and SEM confirmed microscale partic-
ulates. Figure 5c shows the time-dependent decay of PM, , con-
centration at different voltages (3.6—4.6 kV) under a fixed airflow
rate of 14 CFM. The removal rate increased with applied voltage,
showing a rapid initial decline that gradually stabilized. At 4.6 kV,
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the PM, , level decreased from ~1500 pg m~ to below 1 ug m=3

within 30 min. PM, ; and PM,, concentrations were measured
simultaneously under the same conditions (Figure S9, Support-
ing Information), showing similar decay behavior to PM, ,, and
both were nearly completely removed within 30 min at 4.6 kV.
Figure 5d compares the effect of airflow rate (14-88 CFM) at
4.6 kV. Increasing airflow up to 62 CFM enhanced particle trans-
port and accelerated removal, demonstrating efficient electro-
static collection under moderate flow conditions. However, at ex-
cessively high airflow (88 CFM), the difference in removal effi-
ciency became negligible, suggesting that some particles may by-
pass the collection region without being collected, leading to a
slight decrease in performance. Based on these results, the ap-
plied voltage and airflow rate were fixed at 4.6 kV and 26 CFM,
respectively, for subsequent PM removal experiments. Figure 5e
explores the effect of humidity, where each experiment was con-
ducted under different initial RH conditions ranging from 43%
to 81%, which were set by misting DI water with a piezo atomizer.
In addition, Figure S10 (Supporting Information) compares the
effect of water electrical conductivity using deionized (0.103 mS
m™1), purified (23.0 mS m™'), and tap water (33.5 mS m™1). All
cases achieved almost complete particle removal within 20 min,
although a slight delay was observed for liquids with higher elec-
trical conductivity. This behavior likely arises from faster charge
dissipation in more conductive solutions, which destabilizes the
cone-jet formation.!%!

Figure 5f shows that ozone concentrations remained below 20
ppb atall applied voltages, confirming the ozone-free operation of
the device. In contrast, control tests using a dry PPM-NFM emit-
ter exhibited a noticeable increase in ozone concentration at 4.4
and 4.6 kV, measured over 1 h of operation (Figure S11a, Support-
ing Information). This increase is likely associated with localized
electric-field intensification at the exposed conductive ITO region
near the dry tip, which can facilitate corona discharge and subse-
quent ozone generation. Conversely, the wet tip forms a stable
Taylor-cone that increases the curvature radius and moderates
the local field, while the charged water microdroplets generated
during cone-jet water electrospray may further alleviate the field
through a space-charge effect,[*6] thereby suppressing corona dis-
charge (Figure S11b, Supporting Information).

Figure 5g shows the long-term reproducibility of the device,
where two independently fabricated modules were tested under
identical conditions for more than 30 consecutive operation cy-
cles. The removal efficiencies, calculated from 5-min averages
based on PM concentration changes between 3 and 8 min after
device activation, remained consistent throughout the repeated
experiments, confirming stable and durable performance. The
average reductions were 97.9% for PM,, ;, 85.7% for PM, ,, 94.5%
for PM, 5, and 94.7% for PM,,. The high efficiency for PM,; in-
dicates effective electrostatic capture of submicron particles by
charged water microdroplets, whereas the relatively lower effi-
ciency for PM, , may reflect the U-shaped trend reported for elec-
trostatic systems, which has been attributed to the differing dom-
inance of electrostatic attraction for smaller particles and iner-
tial impaction for larger ones, leaving intermediate-sized parti-
cles less efficiently collected.l*”! The ambient temperature was
maintained between 23.5 and 25.5 °C. While RH varied slightly
during each experiment, the average RH measured before and
after device operation across the 30 repeated tests was 45.1% and
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Figure 5. Air purification performance of the water electrospray device in a sealed chamber. a) Experimental setup. b) Particle deposition on the collector

(i) before and (ii) after. c—e) PM; 4 removal trends under different voltages (c), airflow rates (d), and relative humidities (e

). f) Ozone concentration.

g) Removal efficiency by particle size over 30 cycles; data represent mean + SD (n = 2).

49.9%, respectively, indicating a modest overall increase. This
~5% increase in humidity is attributed to a combination of nat-
ural evaporation from the device’s water reservoir and the par-
tial vaporization of water microdroplets generated during elec-
trospray. Extended experiments further confirmed the durability
of the device. As shown in Figure S12 (Supporting Information),
the PM, , removal profiles measured after 0, 12, 25, and 50 h of
continuous operation were nearly identical, demonstrating stable
performance without noticeable degradation. Collectively, these
results demonstrate that the proposed water electrospray-based
air purification device provides consistent, efficient, and ozone-
free particulate removal under realistic indoor conditions, with
minimal impact on temperature and humidity. These character-
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istics highlight its suitability for safe, sustainable operation in en-
closed environments.

3. Conclusion

In this study, we developed a compact, filterless air purifica-
tion device that employs ozone-free cone-jet water electrospray,
driven by a self-pumped hygroscopic nanofiber-based emitter.
The PPM(PVA-PAA-MMT)-NFM emitter incorporates an elec-
trospun organic—inorganic composite composed of PVA, PAA,
and MMT, which facilitates capillary-driven water transport and
maintains structural integrity through thermal crosslinking. Per-
formance evaluation was conducted in a 0.1 m? sealed chamber
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using incense combustion as the particle source and real-time
sensors for monitoring. Under an applied voltage of 4.6 kV, the
device reduced PM, , concentrations from ~1500 pg m~> to be-
low 1 pg m~ within 20 min. Notably, even for PM, , particles that
are typically difficult to remove, the device achieved over 97% re-
duction within the initial 5 min, which is highly encouraging.
These results were consistently reproduced over 30 consecutive
operation cycles and across different airflow rates and humidity
conditions, confirming the robust and long-term stability of the
passive PPM-NFM emitter design. Water consumption remained
below 0.4 mL h~! per emitter tip, and ozone levels stayed un-
der 20 ppb. This work demonstrates the potential of nanostruc-
tured hygroscopic PPM-NFM as a foundation for scalable water
electrospray-based air purification systems. By integrating mate-
rial engineering, passive fluid transport, and electric field opti-
mization, the proposed approach offers a safe, energy-efficient,
and sustainable alternative to conventional filtration or corona-
based methods. In particular, the incorporation of MMT into the
organic polymer matrix endows the PPM-NFM with enhanced
mechanical durability and structural stability, which are critical
for maintaining self-pumped functionality during long-term op-
eration. Future developments may extend their functionality to
volatile organic compound removal, antimicrobial activity, and
adaptive humidity control for various indoor environments, in-
cluding residential, industrial, and vehicular settings.

4. Experimental Section

Materials:  Poly(vinyl alcohol) (PVA, polymerization degree ~1500)
was sourced from FUJIFILM Wako Pure Chemical Corporation (Os-
aka, Japan; Cat. No. 160-03055) and used without further purification.
Poly(acrylic acid) (PAA, average molecular weight 2100 000) was obtained
from Sigma—Aldrich Korea and employed as received. Natural sodium
MMT (Nat-MMT, commercial name: Kunipia-F), with a cation exchange
capacity (CEC) of 1.15 meq g~', was supplied by Kunimine Industries,
Japan. All aqueous preparations and processing steps were carried out
using deionized (DI) water with a resistivity of 18.2 MQ-cm at ambient
temperature. A multilayer electrospray emitter was constructed using a
flexible substrate comprising copper (Cu) foil (218 um), polyimide (PI)
film (~25 um), hot melt adhesive (=10 pum), and electroless-plated nickel
(Ni, ~2 um), provided in an FPCB format by TM-Tech Co., Korea. A poly-
imide (PI) spacer film with a thickness of 300 um was laser-cut and lam-
inated to define the microchannel geometry. An indium tin oxide (ITO)-
coated polyethylene terephthalate (PET) film with a surface resistance of
150 Q-sq~', a base thickness of 125 um, was obtained from EOTech Co.,
Korea, and used as the conductive substrate for nanofiber deposition. A
hydrophilic PET film with a thickness of 100 um (Model No. 9901P) was
purchased from AS ONE, Japan, and employed as the top sealing layer. For
aerosol generation experiments, analytical-grade sodium chloride (NaCl,
99.5%, GR grade, CAS No. 7647-14-5, molecular weight = 58.45) was pur-
chased from OCI Co., Ltd., Korea. Glycerol (99.7%, |JKY Company, Korea)
was used to prepare the oil aerosol solution.

Fabrication of PPM-NFM and PPM Film: The electrospinning solution
for the PPM-NFM was prepared as follows. PVA and PAA were mixed at a
weight ratio of 7:3, and MMT was incorporated at 3 wt.% relative to the
total weight of the copolymer. To formulate a 10 wt.% spinning solution,
the components were dissolved in DI water. MMT was first dispersed in DI
water and treated with ultrasonication for 15 min to ensure uniform dis-
persion. Following this, PVA was added and stirred until fully dissolved.
PAA, in liquid form, was then introduced without additional pretreatment
and stirred thoroughly until a homogeneous and stable solution was ob-
tained. All procedures were carried out at room temperature, and the so-
lution was used immediately to avoid premature gelation. The solution
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was loaded into a syringe and electrospun at a flow rate of 3 uL min~!

under an applied voltage of 12 kV. The distance between the needle tip
and the collector was fixed at 15 cm, and the process was conducted at
ambient temperature. The electrospun nanofibers were collected directly
onto an ITO-coated PET film with dimensions of 5 x 10 cm?. To ensure
uniform fiber deposition and prevent edge distortion, the ITO substrate
was secured between rigid frames, and fibers were deposited directly onto
the conductive ITO surface. This configuration was designed to facilitate
seamless integration in the subsequent device assembly process. The final
thickness of the PPM-NFM was 48 um. For comparison, a control PPM
film was fabricated using the same solution composition. The solution
was cast onto a flat substrate by solvent casting and dried to form a film
with a target thickness of 50 um. Both the electrospun PPM-NFM and the
solvent-cast PPM film, prepared on ITO-coated PET substrates, were sub-
sequently thermally treated at 150 °C for 3 h to induce crosslinking and
improve structural stability.

Water Electrospray in the Cone-jet Mode Characterization: Cone-jet wa-
ter electrospray was characterized using a custom-built setup consisting of
an HV power supply (+15 kV, 5 mA, Korea Switching Corp.), a grounded
stainless-steel collector, and a ring extractor concentrically aligned with
the emitter. The ring extractor was fabricated by laminating a copper film
onto a Pl substrate, followed by electroless nickel plating and precision
laser cutting to define a circular aperture (inner diameter: 10 mm, outer
diameter: 18 mm). The distance between the emitter tip and the collec-
tor was fixed at 10 mm. DI water (electrical conductivity: 0.103 mS m~")
was manually injected using a 5 mL Luer-lock syringe and delivered to the
emitter tip via capillary action through the hygroscopic nanofiber mem-
brane. Electrospray current was measured using a picoammeter (Model
6485, Keithley Instruments Corp.), with 100 data points collected for each
applied voltage (4.0-5.0 kV in 0.1 kV increments) over 25 s at a sampling
rate of 4 Hz. Jet formation and spray stability were visualized using a high-
speed camera (FASTCAM NOVA S6, Photron Corp.) equipped with a 10x
magnification macro lens (x10-A, Nikon Corp.). A colinearly aligned LED
work light (NAVI161-01, 2.88 W, NAVIMRO Corp.) was used to provide
backlighting for silhouette imaging. Jet diameter was quantified from the
recorded footage using Image| software. Figure S13a (Supporting Infor-
mation) shows the experimental setup for cone-jet mode characterization
of a single-tip emitter, including the fabricated ring extractor and collector.
A high-speed camera with an LED backlight was used to capture real-time
silhouette images of cone-jet formation. Figure S13b (Supporting Infor-
mation) shows the setup for observing Taylor-cone formation from the
four-tip emitter using a DSLR camera with a 10x magnification lens.

Evaluation of Air Purification Performance in a Sealed Chamber: Air
purification experiments were conducted in a custom-fabricated acrylic
chamber with an internal volume of %0.1 m? (36.5 x 56.5 x 47 cm?). Par-
ticulate matter (PM; 4, PM, 5, PMyq), temperature, and relative humidity
were continuously monitored using an integrated air quality sensor (AQ-
SC, Kweather Corp.). Particulate matter (PMg3) concentration was mea-
sured using a portable optical particle counter (HT-9600, Hti Co.) with
a sampling duration of 2 min per measurement. Ozone concentration
was measured using an ozone sensor (HOM-6000, Himaxtech Corp.) con-
nected outside the chamber through a hose fitting, with a sampling inter-
val of 1's over a 1-h period to capture real-time fluctuations. Combustion-
derived aerosol particles were generated by burning commercially avail-
able household incense sticks. To control the airflow rate, commercial
brushless DC cooling fans with different volumetric flow rates (14, 26, 45,
62, and 88 CFM) were mounted on the device. Additional aerosol tests
were performed using a piezoelectric atomizer (JKE-20, JKC EMC Corp.)
to generate salt (NaCl) and oil (glycerol) particles. The electrical conduc-
tivity of the working fluids (DI water, purified water, and tap water) was
measured using a handheld pure-water conductivity meter (CM-31PW,
TOADKK Corp.) to evaluate the influence of conductivity on purification
performance. Surface analysis of the collector before and after purifica-
tion tests was performed using a scanning electron microscope (SU5000,
Hitachi Corp.). Figure S14a (Supporting Information) presents the inter-
nal structure of the device, featuring a four-tip emitter, airflow guide, and
high-voltage and ground connections integrated into a compact cylindrical
housing. Figure S14b (Supporting Information) shows the experimental
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setup, including the placement of the prototype inside the sealed cham-
ber, the incense stick PM source, and the positions of the air quality and
ozone sensors.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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