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Air filtration technology for mitigating pollution due to harmful mixtures of particulate matter (PMs) and yellow
dust has been continuously improved. However, significantly small-sized airborne contaminants, such as PMy s,
and toxic gases, including volatile organic compounds (VOCs), remain in the atmosphere and critically affect the
human health. Therefore, the development of an integrated filtration system with fast detection and high
removal efficiency toward various airborne pollutants without significant interference from airflow is required.
Herein, we designed a hybrid air filtration system comprising a colorimetric multi-scale nanofiber (NF)/nanonet
(NN) membrane and a metal-organic framework (MOF)-decorated mesh substrate to remove PM; 5 and toxic
gases in the air. The electrospinning of a halochromic dye (bromocresol purple; BCP) with a polyacrylonitrile
solution spontaneously forms spider-web-like NN networks between NFs, which significantly improves the
filtration efficiency, particularly for sub-120 nm aerosol particles with a high quality factor of 0.0387 Pa™'. The
BCP components in the NF/NN membrane demonstrated ultrafast and reversible colorimetric sensing properties
within 5 s when exposed to 20 ppm ammonia gas. Furthermore, the adsorptive UiO-66-NHy MOF-grown mac-
roporous mesh contributes to the removal of acetaldehyde as well as provides an efficient membrane support
with negligible increase in the pressure drop.

1. Introduction

Owing to the accelerated industrial development, global air pollution
has emerged as a critical issue, adversely affecting public and human
health.[1,2] Air pollution mainly arises from burning fossil fuels (e.g.,
coal, oil, and gasoline) for electrical power generation, home heating,
and vehicle transport, resulting in significantly increased emissions of
global warming gases, such as ozone, nitrogen oxides (NOy), sulfur di-
oxide and carbon mono/dioxides.[3-6] Furthermore, primary and sec-
ondary particulate matters (PMs), derived from industrial emissions,
have been considered significant factors.[7,8] As majority of people
spend approximately 87% of their time indoors,[9] the issue of air
pollution has been extended to indoor environments.[10,11] Indoor-
generated volatile organic compounds (VOCs) originating from

furniture polish, smoke, pesticides, and electronic products adversely
affect human health, even in very small amounts.[12,13] Therefore, it is
necessary to develop advanced filtration technologies, which can
simultaneously remove PMs and toxic VOCs, for effective indoor air
quality control.

Recently, nonwoven fibrous filters with diameters less than a few
dozen micrometers have been developed as filtration membranes for PM
removal. As a fibrous platform, melt-blown (MB) fibrous filters have
been widely adopted for manufacturing face masks and household and
industrial filters because they are composed of several micron-scale fi-
bers and can be produced in a high yield.[14,15] MB filters store
abundant charges during the production process and generate a quasi-
permanent electric field around the microfibers via electret attraction,
which significantly improves the filtration efficiency toward PMs.
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However, because this mechanism relies heavily on electrostatic depo-
sition, the static electricity formed on the fiber surface is dissipated by
the environmental humidity over time; thereby significantly reducing
the filtration efficiency.[16] In contrast, electrospinning is a versatile
method suitable for the large-scale fabrication of nanometer-scale
nonwoven fibers with relatively constant diameters. Electrospun nano-
fibers (NFs) can filter via non-electrostatic attractions; therefore, they
are not susceptible to humidity. The electrospun NFs contain extremely
small and uniform pores originating from the sub-micron-level fiber
diameters, which can yield high filtration efficiency although they have
a thin filter medium.

Porous adsorbent materials are beneficial for capturing gaseous
pollutants.[17-19] In particular, metal-organic frameworks (MOFs)
offer very large specific surface areas and highly tunable adsorptive
properties through a diverse structural combination of various central
metal ions and organic ligands. To simultaneously filter PMs and
gaseous pollutants, a hybrid membrane combining an adsorptive MOF
and non-electrostatic filtration media has been previously demon-
strated.[11,20,21] For instance, Wang et al. reported a strategy to
fabricate an air filter by manufacturing electrospun NFs with dispersed
MOF powders (ZIF-8, Mg-MOF-74, UiO-66-NH,, and MOF-199) to
effectively remove PM3 5 and SO5.[22] However, the presence of MOF
particles between NF layers leads to a significant reduction in the pore
size of the filter, causing a large pressure drop and a decrease in airflow.
[21] Therefore, a tailored design of filtration media that comprise both
MOF particles and NFs is important to gain the unique advantages of the
two components without mutual interference, which determines the
quality of air filtration.

Herein, we propose an ideal configuration of MOF and electrospun
NF hybrids for filtering both PMs 5 and toxic gases with significantly
improved performance. We used an adsorptive Zr-based MOF (UiO-66-
NH;) grown on a poly(ethylene terephthalate) (PET) mesh (MOF@-
mesh) as a macroporous substrate to support the electrospun NF mem-
brane. We added bromocresol purple (BCP) into a solution of
polyacrylonitrile (PAN) in N,N-dimethylformamide (DMF). The result-
ing mixture was subsequently electrospun, resulting in a unique spider-
web-like NF/nanonet (NN) hybrid structure. The unique hierarchical
fibrous structure exhibited a high filtration efficiency and quality factor
(Qp of 86.2% and 0.0387 pPal, respectively, owing to the enhancement
of the physical sieving of sub-100 nm particles by locally distributed NN
regions. The NF/NN membrane also exhibited an outstanding colori-
metric response to BCP components when exposed to 20 ppm ammonia
(NHj3). Furthermore, a hybrid NF/NN integrated with the MOF@mesh
filter showed excellent adsorptive properties toward acetaldehyde
(CH3CHO) while maintaining high air permeability (17.8 cm® cm™2s71).
We demonstrated the feasibility of using the developed filter as a
window-type air filtration platform for effective indoor air quality
control. We expect that a novel strategy for combining adsorptive MOFs
and electrospun NFs can be widely used for various industrial air
filtration applications that require the simultaneous control of various
PMs and toxic gases.

2. Experimental section
2.1. Oxygen plasma treatment of macro-porous PET mesh

To improve the adhesion of the microporous PET mesh surface, the
mesh was plasma-treated in a plasma chamber. The plasma treatment
conditions were as follows: oxygen atmosphere, oxygen flow rate of 160
sccm, operating power of 200 W, generation time of 10 min, and gen-
eration frequency of 50 kHz.

2.2. Preparation of MOF powder

The UiO-66-NH, powder for evaluation was fabricated using the
following synthetic method: 0.2 g of ZrCly (> 99.9%, Sigma-Aldrich)
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was dissolved in 37.5 mL of DMF (>99.8%, Sigma-Aldrich, 37.5 mL)
and vigorously stirred to obtain a transparent solution. Thereafter,
1.425 mL of acetic acid (> 99%, Sigma-Aldrich) as a modulating agent
was added to the transparent solution and stirred. Next, 0.155 g of 2-
aminoterephthalic acid (NH3-HoBDC, 99%, Sigma-Aldrich) powder
was dissolved in 12.5 mL of DMF (12.5 mL) to prepare an organic linker
solution. The ZrCl, solution and NH,-H,BDC solution were poured into
an autoclave, which was placed in oven at 130 °C overnight. After
cooling, the mixture was centrifuged, washed, and fully dried at 60 °C to
obtain the UiO-66-NH; crystals.

2.3. Preparation of MOF@mesh

First, 0.6 g ZrCl, was loaded into a glass vial and dissolved in 112.5
mL of DMF via 10 min of sonication. Thereafter, 4.275 mL of acetic acid
was added to the solution, followed by stirring for 1 h. Next, 0.465 g
NH,-H,BDC was loaded into a glass vial and dissolved in DMF (37.5 mL)
to produce the organic linker solution. The ZrCly solution, NH,-H;BDC
solution, oxygen-treated mesh, and 187.5 pL of deionized (DI) water
were poured into an Erlenmeyer glass flask, which was placed on a hot
plate at 130 °C and stirred for 24 h. After cooling to room temperature,
the stirred mesh was purified by washing it with DMF and ethanol.
Finally, it was dried overnight in a vacuum oven at a reduced pressure
and 60 °C.

2.4. Fabrication of the NF/NN on MOF@mesh filter

A BCP (Alfa Aesar)-added PAN (MW = 150,000 g mol’l, Sigma-
Aldrich)-based NF/NN membrane was prepared on the MOF@mesh
using electrospinning. First, the PAN solution was prepared by adding 1
g PAN to 10 g DMF. To prepare samples with various BCP concentrations
(0.0, 0.5, 1.0, 1.5, and 2.0 wt%), an appropriate amount of BCP powder
was dissolved in the PAN solution under continuous vigorous stirring at
70 °C for 12 h. The stirred solution was transferred into a 12 mL syringe,
and a 25 gauge needle was capped on the syringe tip. A feeding rate of
0.9 mLh ! and high voltage of 12.9 kV were applied between the needle
and drum collector wrapped in the MOF@mesh, which were separated
by a distance of 15 cm.

2.5. Material characterizations

The microstructures of the fabricated filters were observed using
field-emission SEM (FE-SEM; SU8010, Hitachi Co., Tokyo, Japan), and
the surface bonding configurations were investigated via FT-IR spec-
troscopy (Spectrum Two, PerkinElmer Inc., MA, USA). The crystalline
structure of the MOF particles was analyzed via XRD. The porous
structure and BET surface area of the MOF crystals were evaluated using
a surface area analyzer (ASAP 2010, Micromeritics, GA, USA). A capil-
lary flow porometer (CFP-1500AEX, Porous Materials Inc., NY, USA)
was used to estimate the pore diameter of the NF and NF/NN mem-
branes. TGA (Q500, TA Instruments, DE, USA) was performed to esti-
mate the thermal stability of membranes at a heating rate 20 °C min ™! in
a nitrogen atmosphere in the temperature range of 40-800 °C. The
visible light transmittance of the samples was measured using an
ultraviolet-visible spectrophotometer and was calculated using the
following equation:

Transmittance(%) = T/ T, @

where Ty is transmittance of BCP_0.0, and T is the transmittance of
BCP_0.5, BCP_1.0, BCP_1.5, or BCP_2.0.

2.6. Filtration performance tests

Air permeability data were collected using an air permeability tester
(FX 3300) at a test pressure of 125 Pa. The samples were clamped over
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the air inlet using test heads, after which the air was sucked through the
pump. The preset test pressure was automatically maintained, and the
air permeability of the filters was calculated in cm® cm ™2 s~ The par-
ticulate respiration filter performances of filtration efficiency, and
pressure drop were measured using an automated air filtration tester
(TSI 8130; TSI Inc., MN, USA). The flow rate was set to 32 L. min ! with
sodium chloride (NaCl) aerosol particles of 50-260 nm diameters. When
the NaCl particle passed through filter media, the upstream and down-
stream aerosol concentrations were measured simultaneously using a
photometer system consisting of a laser and optics. The filtration effi-
ciency (1) was calculated using the equation 7 = (Cyp — Cdown)/Cups
where Cyp and Cgown are the NaCl concentrations upstream and down-
stream, respectively.

2.7. NHjs gas-sensing test of the colorimetric NF/NN on MOF@mesh

The gas-sensing test system was designed to measure the color
change of each filter in real time while being exposed to NHj3 gas. After
exposure to NHj gas, the active color change of the sample was esti-
mated using a color-eye 7000A spectrophotometer (X-rite, Grand
Rapids, ML, USA). The color differences (AE) and surface color strength
(K/S) were calculated using the following equations:

AE = \J(AL'Y + (")’ + (8b)’ @

where L* is the lightness; a* represents the red/green component, and b*
represents the yellow/blue component-NH3 gas was used at a concen-
tration of 20 ppm, and the AE was measured for 300 s at 5 s-intervals.

2.8. Gas adsorption test

Gas adsorption characteristics were investigated using CH3CHO, a
VOC. Each sample was placed in a 2 L Tedlar® gas bag that was sealed,
evacuated, and injected with 100 ppm CH3CHO/N; gas. The concen-
tration of injected CH3CHO decreased over time due to adsorption onto
the samples, which was measured at 10 min intervals for 60 min and at
120 min using a gas detector with detection tubes. The decrease in the
amount of CH3CHO gas was measured every 10 min for 2 h.

3. Results and discussion

The fabrication procedure for the hybrid NF/NN on MOF@mesh
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filter is schematically illustrated in Fig. 1. First, we directly synthesized
UiO-66-NH; as an adsorptive MOF on a porous substrate, that is, a PET
mesh with an air permeability of 645.4 cm® em~2s™! (Fig. S1 and $2). To
improve the affinity between the MOF and surface of PET mesh, O»
plasma treatment was performed on the PET mesh for 10 min.[23] The
O, plasma-treated PET mesh was then immersed in a precursor solution
containing ZrCly and NH,-H,BDC, and thereafter, solvothermal reaction
was conducted at 130 °C under stirring for 24 h. After washing and
subsequent drying, octahedral UiO-66-NH; MOF particles were uni-
formly grown on the surface of the PET mesh to obtain MOF@mesh,
without a severe aggregation or blocking of pores. Next, the electro-
spinning of the PAN-based solution containing BCP at various concen-
trations (0.0-2.0 wt%) was performed on the MOF@mesh substrate.
During electrospinning, a spider web-like NN structure was partially
formed, covering the porous MOF@mesh substrate. Microstructural and
chemical characterizations were performed using hybrid NF/NN on
MOF@mesh filters and their filtration performance toward both PMs
and VOCs was demonstrated.

The presence of BCP in the NF/NN membranes was confirmed by
thermogravimetric analysis (TGA). The addition of BCP gradually in-
creases the remaining weight of the membranes after the decomposition
of NF/NN (Fig. S3). This result implies that residual BCP molecules in-
side the polymeric chains affect their thermal stability. SEM images of
NF/NN membranes with various BCP contents are shown in Fig. 2a-i.
The pristine PAN NFs (BCP_0.0) (Fig. 2a) exhibit a randomly entangled
fiber network with uniform fiber diameters in the range of 250-290 nm.
In contrast, the addition of BCP (BCP_0.5, 1.0, 1.5, and 2.0) induces the
partial formation of spider-web-like NNs between the entangled NFs
(Fig. 2b-2i). These NNs have a small diameter in the range of 30-60 nm
and are locally distributed over the entire NF network. As the BCP
concentration increases from 0.5 to 2.0 wt%, the density of NNs in-
creases, whereas the overall pore sizes decrease. These distinctive
morphologies are attributed to the BCP-induced phase separation of
charged droplets during electrospinning caused by the instability of
ejected fibers,[24-27] which results in the microstructural evolution of
electrospun NFs with partially formed NNs between NFs.[28,29] The
presence of such NF/NNs structures is advantageous for particulate
filtration via physical sieving of small particles, such as fine dust or
PMays.

The surface chemical compositions of the membranes were investi-
gated using FT-IR spectroscopy (Fig. 2j). For all samples, the absorption
bands of C = O and C = N peaks at 1736 and 1667 cm ™! and aliphatic CH

UiO-66-NH, MOF

E J/Cﬁ’ % /
VA fst oy
PAN and BCP ey
MOF@mesh dissolved in DMF NF/NN on
MOF@mesh

Fig. 1. Schematic of the fabrication procedure for the NF/NN on MOF@mesh filter.
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Fig. 2. Scanning electron microscopy (SEM) images of electrospun NF/NN membranes fabricated using BCP-added PAN solution with different BCP concentrations of
(a) 0.0, (b, ¢) 0.5, (d, e) 1.0, (f, g 1.5, and (h, i) 2.0 wt% at different magnifications. (j) Fourier transform infrared (FT-IR) absorption spectra, (k) mean pore di-
ameters, and (1) air permeability of NF/NN membranes with different BCP concentrations.

peaks at 1454 and 1364 cm ™! are observed, corresponding to the PAN
backbone.[30] The presence of SO, and C-Br peaks at 1259 and 800
em ™! is attributed to the BCP component in the BCP-added samples.[31]
The mean pore diameters of the samples (BCP_0.0, 0.5, 1.0, 1.5, and 2.0)
were analyzed using capillary flow porosimetry. As shown in Fig. 2Kk,
BCP-added membranes show sequentially reducing mean pore di-
ameters of 2.58, 1.84, 1.73, and 1.71 pm for BCP_0.5, 1.0, 1.5, and 2.0,
respectively, compared to the pristine PAN NF (30.7 pm). This trend is
closely related to the formation of NN networks induced by BCP addi-
tion, as observed in the SEM images (Fig. 2a—2i).

Air permeability is a critical factor for determining the performance
of air filters and is significantly affected by the microstructural evolution
and thickness of fibrous membranes.[32] Air permeability significantly
reduces with increasing electrospinning time (Fig. S4). For example, the
air permeability is slightly reduced when BCP is added with an elec-
trospinning time of 60 min (Fig. 21), with negligible differences before
and after BCP addition (less than 1 cm® cm™2 s71). Although the partial
formation of NNs reduces the average pore diameter, a relatively similar
air permeability is obtained because of the three-dimensional pores in
the membrane. Considering that a high air permeability is closely
related to the small pressure drop of filters, the formation of NNs is
expected to be beneficial for improving the overall filtration efficiency

by capturing small dust particles while maintaining a low pressure drop.
[33-35].

Various NF/NN-based membranes with different BCP concentrations
and electrospinning durations (from 10 to 60 min) were prepared to
evaluate the air filtration performance. As shown in Fig. 3a, each
membrane exhibits distinct colors, depending on the controlled pa-
rameters. As the electrospinning time increases, the number of accu-
mulated nanofibrous layers increases, leading to a decrease in the
transparency of the membranes. Meanwhile, a distinct color change
from white to deep yellow is observed with an increase in the BCP
content. Accordingly, the relative transmittance declines proportionally
with increasing BCP concentration in the visible wavelength range
(Fig. S5).

The filtration efficiencies and pressure drops of the NF/NN mem-
branes were assessed using the standard TSI 8130 equipment (Fig. S6).
Filtration efficiency is expressed as the rate of aerosol particles of a
certain size that can be clogged using a filtration system, and the pres-
sure drop is the total pressure drop between two points in the fluid
transport network. The filtration efficiency of all samples shows an
almost linear increasing trend as the electrospinning time increases from
10 (28.1, 28.5, 31.1, 31.9, and 32.2% for BCP_0.0, 0.5, 1.0, 1.5, and 2.0,
respectively) to 60 min (85.5, 90.6, 91.4, 93.1, and 93.6% for BCP_0.0,
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Fig. 3. (a) Photographs of various NF/NN on MOF@mesh filters with different electrospinning times and added BCP concentrations. (b) Filtration efficiency, (c)
pressure drop, and (d) corresponding Qs values of NF/NN on MOF@mesh filters with different electrospinning durations. (e) Filtration efficiency, pressure drop, and
(f) corresponding Qs values of NF/NN on MOF@mesh with different BCP concentrations (electrospinning time of these samples was set to be 50 min). SEM images of
pristine (g) NF and (h) NF/NN membranes after filtration tests. (i) Size distributions of collected NaCl aerosol particles on NF and NF/NN membranes.

0.5, 1.0, 1.5, and 2.0, respectively) (Fig. 3b). Additionally, the pressure
drop gradually decreases with increasing electrospinning time from 10
(5.6, 6.9, 7.5, 8.2, and 8.2 Pa for BCP_0.0, 0.5, 1.0, 1.5, and 2.0,
respectively) to 60 min (47.7, 49.3, 51.0, 51.3, and 51.4 Pa for BCP_0.0,
0.5, 1.0, 1.5, and 2.0, respectively) (Fig. 3c).

Considering the filtration performance, the filtration efficiency
generally exhibits a trade-off relationship with the pressure drop based
on the physical sieving mechanism of fibrous membranes.[21] To ach-
ieve an optimal filtration performance, finding optimal values for the
filtration efficiency and pressure drop is important. Generally, the
quality of a filter is quantitatively determined using the Qs, which can be
calculated using the following equation:

0 = —In(1—1)/AP @)
where 7 is the removal efficiency, and AP is the pressure drop.[34,36]
The Qf values of the prepared membranes are summarized in Table S1.
The average Qs values of the NF/NN membranes obtained after 50 min of
electrospinning are relatively higher than those obtained under other
conditions. Although the NF/NN membranes obtained after 10 min of
electrospinning exhibit the highest average Qs values, their filtration
efficiencies are very low (~30%) and are not adequate for achieving
effective PM removal.

Fig. 3e presents the filtration efficiency and pressure drop charac-
teristics of the 50 min-electrospun NF/NN membranes with different

BCP contents. The filtration efficiencies of the BCP-added samples are
82.1%, 85.2%, 86.1%, and 86.2% for BCP_0.5, 1.0, 1.5, and 2.0,
respectively, which is evidently higher than that of pristine NF (BCP_0.0:
80.4%). Similarly, BCP-added samples demonstrate higher pressure
drops in comparison with pristine NF (47.7 Pa) although the pressure
drop is saturated to ~ 51.4 Pa after a 1.0% addition of BCP. This can be
ascribed to the distribution of local NNs throughout the membrane
regardless of BCP addition. In this regard, the Qs values of the NF/NN
membranes exhibit a gradual increase,[37] and the 2.0 wt% BCP-added
NF/NN membrane yields the highest Qs value of 0.0387 Pa~! (Fig. 3f).
To evaluate the stability and reusability of the membrane after the
filtration performance test, we repeated three cycles of PM loading,
washing with DI water for 1 min, and drying. When the BCP concen-
tration further increased to 5 wt%, formation of NN was reduced, and
the filtration efficiency and pressure decreased to 81.1% and 49.7 Pa,
respectively (Fig. S7). Therefore, we selected BCP_2.0 as an optimized
sample for further experiments. As depicted in Fig. S8a, the pressure
gradually increased during PM loading for each cycle. Interestingly, the
pressure at the ends of the first and second tests (55.9 and 51.9 Pa,
respectively) were reduced further to 49.0 and 46.1 Pa after the first and
second washing/drying steps. Furthermore, the initial filtration effi-
ciency (86.2%) was considerably maintained at 85.4 and 81.9% after the
first and second washing/drying steps, respectively. The SEM images of
the membrane after cycle tests also confirmed that the unique NF/NN
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structure of the pristine membrane was well preserved after PM loading
and washing cycles (Fig. S8b and S8c). The slight reduction of filtration
performance was mainly attributed to physical damage of the membrane
sample during the sample loading and washing steps.

We further characterized the microstructure via the ex-situ observa-
tion of the membranes after the filtration tests. Fig. 3g and 3 h show the
NaCl aerosol particles captured on the pristine NF (BCP_0.0) and NF/NN
(BCP_2.0) membranes. Notably, a large number of aerosol particles are
captured by the NN regions. Considering the physical sieving mecha-
nism of fibrous filter media, the narrow voids between the in-plane fi-
bers are more effective for capturing smaller particles. The size
distribution and number of captured particles are summarized in Fig. 3i.
The average diameters of captured particles are 121.3 and 123.4 nm for
NN and NF/NN, respectively, and a significant increase in the number of
particles with diameters less than 120 nm is observed for NF/NN.
Furthermore, the overall number of particles collected in the NF/NN
membrane is approximately 1.8-fold higher than that in the NN mem-
brane. These results demonstrate that the as-formed NN exhibits high
potential for removing ultrafine contaminants with sizes less than 100
nm (PMo 1).

MOFs possess very large specific surface areas and tunable adsorp-
tion properties, which render them suitable for air purification appli-
cations via the selective adsorption of toxic gases. Zr-based UiO-66-NHy
exhibits high adsorption capacity toward aldehyde gases, such as acet-
aldehyde, formaldehyde, propionaldehyde, and butyraldehyde, in
addition to high thermal/chemical stability.[38] The gas adsorption
capability is attributed to the formation of strong covalent bonds be-
tween the amine functional groups (-NHy) in the organic linker of the
MOFs and the carbonyl group of the aldehyde molecules.[39-41]
Physicochemical properties were investigated for powder-type UiO-66-
NH; MOF via SEM, XRD, and Ng adsorption/desorption analyses for
integrating it with the PET mesh substrate under optimized synthesis
conditions. The fabricated UiO-66-NH- has an octahedral structure with
a relatively uniform size of ~130 nm, which is similar to that reported
previously in the literature (Fig. 4a).[42] The high degree of UiO-66-
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NH,, dispersion is also beneficial for capturing gas phases.[43] In the
XRD pattern of UiO-66-NHy, the intense crystalline peaks at 7.3°, 8.5°,
17.0°, 25.6°, and 30.6° match well with the (111), (200), (400), (600),
and (711) planes of UiO-66-NHj, respectively (Fig. 4b).[42,44] The
isotherm of Ui0-66-NHj; exhibits a type I shape (less than 2 nm in pore
size) in the low-relative-pressure regions (P Pbl < 0.85), whereas certain
type IV characteristics (2-50 nm pore size) are also observed in the high-
relative-pressure regions (P Pbl > 0.9) (Fig. 4¢).[45] This curve indicates
a mixed-type I/IV isotherm, suggesting the coexistence of both micro-
and mesoporous structures in the ordered organic and inorganic
frameworks. Moreover, the Brunauer—-Emmett-Teller (BET) surface area
of the Ui0-66-NH, powder is calculated to be 1310.3 m? g1, which is
significantly higher than that of well-known porous adsorbents, such as
activated carbon or zeolites (less than 1000 m? g~1).[46,47] The large
surface area provides numerous accessible sites for accommodating
gaseous species, and the functionalization of MOFs with NHj can typi-
cally enhance the selective adsorption property toward CH3CHO gas.

The low-magnification SEM image shows that the MOF@mesh had a
similar morphology to the pristine mesh, with a slight color change to
bright yellow (Fig. 4e and S1c). The surface of the MOF@mesh is uni-
formly covered by MOF particles (inset of Fig. 4d), while their original
octahedral shape and size are maintained, as shown in Fig. 4a. This in-
dicates that the direct growth method on the mesh does not affect the
formation of nanocrystals. Additionally, relatively dense MOF crystals
are distributed on the mesh, suggesting that the MOF particles strongly
adhere to the O,-treated PET mesh substrate.

To further demonstrate the effectiveness of the MOF@mesh struc-
ture, we prepared five different types of filter membranes; i) pristine
mesh (mesh), ii) MOF-decorated mesh (MOF@mesh), iii) electrospun NF
on the pristine mesh (NF on mesh), iv) electrospun NF on the MOF@-
mesh (NF on MOF@mesh), and iv) electro-sprayed MOFs on NF layers
with a pristine mesh support (NF@MOF on mesh). The NF@MOF on
mesh was prepared by electrospraying MOFs during the electrospinning
of NF layers as described in a previous publication,[21] and its micro-
structure is shown in Fig. S9. The MOF@mesh shows a sufficiently high
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air permeability of 627.7 cm® cm 2 s™! compared to that of the pristine
mesh (645.4 cm® em—? s_l) (Fig. 4f). Conversely, the introduction of the
NF layer significantly reduces the air permeability, with NF on mesh and
NF on MOF@mesh exhibiting air permeability values of 20.4 and 20.1
em® ecm™2 571, respectively. Notably, the air permeability of NF@MOF
on mesh (9.7 cm® em ™2 s71) is approximately 2-fold lower than that of
NF on MOF@mesh (20.1 ¢cm® em™2 s™1). This implies that the intro-
duction of additives in the NF layers significantly reduces the air
permeability because of the pore-clogging of the fine pores between the
NFs. Therefore, the design of stacked filter layers is crucial for achieving
appropriate filtration performance when functional materials are
introduced and our novel method for the direct MOF growth on a wide
supporting mesh can be an ideal approach for constructing a multi-
functional filter platform.

To evaluate the gas adsorption properties of UiO-66-NHy on the
mesh, we monitored the concentration of CH3CHO in a Tedlar® gas bag
with a gas detector (Fig. S10) before and after inserting various samples
(pristine mesh, MOF@mesh, and NF on MOF@mesh). The concentration
decrease rate (CDR) of the exposed gas (CH3CHO) with respect to the
elapsed time was monitored for the pristine mesh, MOF@mesh, and NF
on MOF@mesh (Fig. 4f). The pristine mesh exhibits only a 5.3%
reduction in the CH3CHO content, whereas MOF@mesh shows high
CDRs, achieving a 63.2% reduction within 60 min. This indicates that
the UiO-66-NH; MOF has strong interactions with CH3CHO, including
both physisorption, via van der Waals force,[22,39,48] and
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chemisorption, via hydrogen bonding between the oxygen species in
CH3CHO and amine group (NH»).[49,50] The NF on MOF@mesh shows
high CDRs at the beginning, and the curve saturates at 52.9% after 50
min, indicating the strong interactions between CH3CHO and MOF,
although the adsorption sites of MOF@mesh are partially covered by the
NF layers. These results demonstrate that the MOF@mesh serves as a
robust NF support layer with sufficient air permeability and provides
additional CH3CHO gas removal capability. We further verified whether
other control factors or functions (e.g., moisture, captured PM aerosol,
and NHj3 gas detection) interfered with the filter original adsorption
property. As shown in Fig. S11a, the CDR was 70.6% at 20% relative
humidity (20% RH) and 26% and 31.6% after 60 and 120 min, respec-
tively, at 50% RH. In addition, there was a slight decrease in CDR from
50.0% to 44.4% at 120 min after PM loading (Fig. S11b). As shown in
Fig. S11c, slightly lower CDR values (less than 5%) were observed at the
early stage of adsorption, but the normal level CDR was achieved at the
final stage. In conclusion, it was experimentally demonstrated that the
developed NF/NN on MOF@mesh exhibits independent performance for
PM aerosol capture, NH3 gas detection, and CH3CHO adsorption without
interference between the functions, although CH3CHO adsorption per-
formance was degraded by high humidity. [51,52] To investigate the
regenerative feature of CH3CHO adsorption, we dried the sample at
50 °C (similar to the temperature of a hair dryer) and repeated the
adsorption tests. After three cycles of treatment and testing, the
adsorption properties of MOF@mesh were regenerated (Fig. S12).
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depending on various BCP concentrations and NH3 gas exposure durations.
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NHj gas-sensing tests were performed with NF/NN on MOF@mesh
filters with various BCP contents. Fig. 5a-e present the time-dependent
reflectance of the five filters containing various BCP concentrations (0.0,
0.5, 1.0, 1.5, and 2.0 wt%). Individual reflectance data were collected at
5 s-intervals for 300 s under exposure to 20 ppm NHj gas. The reflec-
tance of all samples, except BCP_0.0, decreases sharply at approximately
600 nm and apparently decrease as the exposure time and BCP content
increase. The reflectance changes can be explained by the deprotonation
of BCP by amines, with protons migrating from the hydroxyl group of
the BCP molecule to the nitrogen on the amine molecule. This reversible
color change is consistent with the halochromic properties upon a
change in the external stimulus.[53].

To confirm the immediate and reversible color change, photographic
images of the filters were captured before and after exposure to NH3 gas
of 20 ppm (Fig. 5f). The color change from light yellow to purple or from
purple to light yellow is observed within 5 s upon the exposure or
removal of NH3 (Supporting Video 1). The color change is more evident
in samples with a higher BCP content, whereas no response is observed
for BCP_0.0 toward NH3 exposure and removal. The time dependence of
the quantitative color differences (AE) was compared for filters with
different BCP concentrations (Fig. 5g); details of the quantitative
assessment are included in the experimental section. In general, AE >
3.3 is the standard for determining whether the difference between two
colors can be visually perceived by the naked eye.[54] The BCP_0.0 filter
showed negligible AE change, while the BCP-added specimens showed a
rapid increase in AE, exceeding 3.3 within 5 s, with values of 4.14, 6.11,
6.59, and 8.84 for BCP_0.5, 1.0, 1.5, and 2.0, respectively. As shown in
Fig. S13, these behaviors were observed even in the presence of aerosols
on NF/NN membranes. Moreover, the overall time-dependent AE
increased with increasing BCP content, mainly due to the increase in
reactive components and active surface area. However, AE decreases
with continuous exposure to gas compared to the initial increasing
trend, which is ascribed to the reversible reaction of NH3 and BCP or the
rapid diffusion and transport of the low-concentration gas into the at-
mosphere.[55-57] The results confirm that the as-fabricated NF/NN on
MOF@mesh filter can immediately react with harmful NH3 gas even at
20 ppm with high reversibility.[58] In addition, we carried out addi-
tional colorimetric sensing tests at an extremely low concentration of
NHj3 gas (1 ppm) to evaluate the detection limit of our sample. As shown
in Fig. S14a, there were obvious changes in reflectance of BCP_2.0 after

WEENFINN on
MOF@mesh
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exposure to 1 ppm NHs. The AE of BCP_2.0 as a function of NH3 expo-
sure time exceeds 3.31 at around 60 s even at 1 ppm NHjz (Fig. S14b).
This means that the difference between two colors induced by exposure
to 1 ppm of NH3 can be visually perceived within 1 min by the naked
eye.

The NF/NN on MOF@mesh filter has a high potential for application
as a window filter for simultaneously removing particulates and
detecting gaseous contaminants. Fig. 6a shows the real samples attached
to a glass window, and the outdoor landscape can be observed through
the filters. A schematic illustrating the functions of the NF/NN on
MOF@mesh filter when applied as a window filter to maintain indoor air
quality is presented in Fig. 6b. The incoming PMs (PMys and even
PM; ) and fine dust particles can be effectively sieved using the NF/NN
membrane. Additionally, toxic gases, such as aldehydes, from both the
outside and inside of the building can be filtered using finely coated
adsorptive MOFs on the mesh. Furthermore, the filter can be used as a
colorimetric sensor for the detection of small amounts of toxic gases. The
detailed functions of the NF/NN on MOF@mesh filter are summarized in
Fig. 6¢c. The NF/NN on MOF@mesh with hybrid nanomaterials,
including NFs and MOFs, can be utilized in various indoor environ-
ments, such as households and office buildings, as well as in various
industrial fields, where PM and VOC concentrations should be simul-
taneously controlled.

4. Conclusions

We successfully demonstrated a NF/NN on MOF@mesh filter as a
novel hybrid air filtration platform, which was achieved via a combi-
nation of BCP-added NF/NN and an adsorptive MOF-grown mesh sub-
strate. By simply adding BCP to the electrospinning solution, a hybrid
NN structure was spontaneously formed between the randomly entan-
gled NFs, leading to a significant improvement in ultrafine dust filtration
performance and filtration efficiency. The NF/NN membrane was sup-
ported on a UiO-66-NH; coated PET mesh, and the MOFs provide the
additional function of CH3CHO adsorption. Furthermore, the developed
filter effectively detected a small amount of NH3 (20 ppm) through a
sensitive color change of the BCP components in NF/NN. This multi-
functional filter can be applied as a window filter for maintaining a high-
quality indoor atmosphere in households or offices. Furthermore, the
novel strategy for combining adsorptive MOFs and electrospun NFs
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Fig. 6. (a) Photographic images of pristine mesh, MOF@mesh, and NF/NN on MOF@mesh filters attached on a glass window. (b) Schematic and (c) specific

functions of NF/NN on MOF@mesh filters as a hybrid window filter.
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suggested herein can be widely employed for various industrial air
filtration applications requiring the simultaneous control of various PMs
and toxic gases.
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