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ABSTRACT: The worldwide proliferation of COVID-19 poses the urgent need
for sterilizable and transparent air filters to inhibit virus transmission while
retaining ease of communication. Here, we introduce copper nanowires to
fabricate transparent and self-sterilizable air filters. Copper nanowire air filter
(CNAF) allowed visible light penetration, thereby can exhibit facial expressions,
helpful for better communication. CNAF effectively captured particulate matter
(PM) by mechanical and electrostatic filtration mechanisms. The temperature of
CNAF could be controlled by Joule-heating up to 100 °C with thermal stability.
CNAF successfully inhibited the growth of E. coli because of the oligodynamic
effect of copper. With heat sterilization, the antibacterial efficiency against G.
anodireducens was greatly improved up to 99.3% within 10 min. CNAF showed
high reusability with stable filtration efficiency and thermal antibacterial efficacy after five repeated uses. Our result suggests an
alternative form of active antimicrobial air filter in preparation for the current and future pandemic situations.
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The outbreak of COVID-19 caused by SARS-CoV-2 has
extensively impacted the world and devastated every aspect of
our life such as health, social relations, economies, and
industries.1−4 Reportedly, COVID-19 spreads through virus-
containing particles that are generated when infected people
cough, sneeze, talk, and even breathe.5,6 Those particles exist in
the forms of respiratory droplets (>5 μm) or aerosols (≤5 μm)
and could be inhaled into the respiratory system of people
nearby.7,8 Consequently, air purification has been recognized
as a first step to secure public health from contagious diseases.
So far, substantial amounts of air filters have been consumed
globally as a key part of air purifying equipment with their
remarkable performances in preventing virus transmission and
lowering virus infection rate.9,10

Still, there remain potential risks about proliferation and
secondary transmission of microbes because typical air filters
have little antimicrobial ability.11 Therefore, disinfection of air
filters is an emerging topic in the current situation. For this
purpose, heat treatment has been widely accepted due to its
effective and rapid sterilizing abilities to various microbes while
maintaining original filter properties in contrast with organic
solvent washing. Additionally, recent studies reported that
SARS-CoV and MERS-CoV were rapidly inactivated by
heating at 65 °C within 10 min.12,13 Despite the effectiveness
in disinfecting bioaerosols, typical heat treatment necessarily
requires separate heating devices, which limits its accessibility
in daily life and hinders fast response to real-time sanitization
needs. Therefore, efforts have been dedicated to integrating
heating functions into air filters mainly by employing

photothermal materials.14,15 However, the light-dependent
heating mechanism restricts their usage to the ideal circum-
stance with sufficient sunlight, not covering other situations
such as indoor room, cloudy weather, and nighttime.
Poor transparency is another important issue in the current

air filters. This acts as a significant problem especially for
current face masks, as they disturb precise communication
between people by screening facial expression.16,17 Consider-
ing mandatory wearing of face masks, it might be a huge
obstacle to people with hearing loss, who largely depend on
such visual information including movements of lips and
tongue.18 Though some researchers have developed trans-
parent nanofiber membranes utilizing novel fabrication
methods such as electrospinning and blow spinning, their
results did not contain antimicrobial tests.19−21 Meanwhile,
current studies for antimicrobial air filters have paid little
attention to optical transparency.22−24 For these reasons, there
exists a demand for a transparent and self-sterilizable air filter.
In this context, copper nanowires (CuNWs) have attractive

properties making them a promising solution for realizing these
objectives. First, CuNWs could form weblike structures
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suitable for capturing bioaerosols. In addition, Cu is an
excellent antimicrobial material with its proven sterilization
performance, even for SARS-CoV-2.25−27 Furthermore,
CuNW network could be Joule-heated to actively sterilize its
surface at various circumstances. Lastly, CuNW network has a
high degree of optical transmittance due to the extremely thin
nature of CuNWs.
Herein, we prepared copper nanowire air filter (CNAF) and

evaluated its bioaerosol protection performances. CNAF can
pass visible light with a transmittance up to 70%, enough to
exhibit facial expression. For the antimicrobial test, to reduce
safety concerns about the lethal virus, two species of bacteria
(Escherichia coli and Geobacter anodireducens) were selected
instead as test microbes. CNAF could effectively capture both
particulate matter (PM) and aerosolized bacteria. The
temperature of CNAF can be elevated up to 100 °C with
high thermal stability. By chemical disinfection mechanism,
CNAF effectively deactivated captured E. coli, which could not
be achieved by a commercial mask. Furthermore, antibacterial
efficacy for metal-resistant G. anodireducens was considerably
enhanced to 99.3% under heat treatment. CNAF showed
negligible degradation of antibacterial and filtration perform-

ances after five times of repeated tests. We further
demonstrated its potential application as a transparent and
self-sterilizable face mask.

■ RESULTS AND DISCUSSION

Figure 1a schematically illustrates as-fabricated CNAF with its
featured functionalities; (i) light transparency through CuNW
network, (ii) particle capturing by mechanical and electrostatic
filtration, and (iii) heat sterilization combined with the
antibacterial ability of Cu. To fabricate CNAF, CuNWs with
a length of ∼100 μm (Figure S1) were synthesized by the
hydrothermal method as previously reported.28 After purified
by successive centrifugation and cleaning, CuNWs were
deposited onto nylon mesh through the vacuum filtration
process. Because the length of CuNWs is longer than an
opening of nylon mesh (48 μm), CuNWs could form a weblike
structure without penetrating through mesh pores. The CuNW
network on the opening region of the nylon mesh, resembling
fibrous structures of nonwoven membranes, was verified by
scanning electron microscope (SEM) (Figure 1b). Numerous
CuNWs are heavily intertwined and construct narrow pores
with a size of ∼2 μm, capable of mechanically and electrically

Figure 1. (a) Schematic images of CNAF and its three major capabilities. (b) SEM images of CNAF and CuNW networks on CNAF. The scale
bars are 20 and 2 μm, respectively. (c) UV−vis transmittance of CNAF with different amounts of CuNW solution. The insets are corresponding
optic images of CNAF. (d) Optic images of a face mask integrated with CNAF. (e) Contact angles of CNAF and N95 mask. Figure 1d courtesy of
S. Han.
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capturing PM. Smaller pore and denser networks were
observed with increasing amounts of CuNW solution (Figure
S2).
As their typical applications to transparent electronics,

CuNWs could impart transparency to the air filter.28,29 Figure
1c presents transmittances of CNAFs, measured by ultra-
violet−visible (UV−vis) spectroscopy. Varying the amounts of
CuNW solutions, moderate transmittances up to 70% were
achieved within the visible wavelength region. To further
demonstrate their application as a transparent face mask,
CNAF was integrated with the commercial face mask
(Supporting Information and Materials and Methods). While
wearing the mask, facial expressions were clearly seen through
the CNAF (Figure 1d), which is expected to enhance the
accuracy of communications.30,31

One important aspect of air filter to be considered is surface
protection from hazardous biomaterials.32,33 Because many
respiratory diseases, including COVID-19, spread through
droplets carrying infectious microbes, the hydrophobic surface
is beneficial to maintaining a clean surface by repelling the
droplets.7 Contact angles of the water droplet on CNAF and
the N95 mask were measured to evaluate their nonwetting
abilities (Figure 1e). CNAF showed enhanced hydrophobicity
with a contact angle of 148.3° compared to the N95 mask
(130.5°). Seemingly, it could be attributed to hydrophobic
Cu2O layer formed on CuNWs during post thermal annealing
process.34

Overall filtration performances of CNAF were evaluated by a
custom-built test setup (Figure S3). Basically, CNAF operates
in mechanical filtration mode (M-mode), which is dependent
on mechanical capturing mechanisms such as Brownian
diffusion, interception, and impaction.35,36 CNAF also
functions in electrostatic filtration mode (E-mode) with the
additional engagement of Coulomb force between its surface

and aerosols.36 For this purpose, the negative carbon fiber
ionizer was installed in front of electrically grounded CNAF.
Because CuNWs were electrically conductive, an electric field
was induced on CNAF, and thereby it was able to
electrostatically collect the negatively charged aerosols.
Figure 2a presents filtration efficiencies of CNAF for

particles with sizes of 0.3, 0.5, 1.0, 3.0, 5.0, and 10.0 μm.
Operated at M-mode, CNAF showed filtration efficiencies of
68.4%, 76.8%, 81.6%, 86.1%, 89.0%, and 87.4% for particles
from PM0.3 to PM10.0. Considering typical droplet trans-
mission (>5 μm), M-mode CNAF is expected to be effective in
inhibiting penetration of those infectious particles. With E-
mode operation, filtration efficiencies were greatly enhanced to
93.4%, 95.1%, 97.1%, 98.6%, 99.0%, and 98.2% for the same
particle distribution. The enhancement was greater for
submicrometer particles owing to electrostatic attraction,
stronger and broader than van der Waals force.35 To compare
the filtering characteristics of both modes, PM capturing tests
were conducted for severely polluted air generated from
burning incense. E-mode CNAF captured more PM than M-
mode CNAF at the same time with additional involvement of
the mesh region electrostatically attracting PM (Figure S4).
Figure 2b illustrates the pressure drop of CNAF and N95 mask
according to airflows. For both cases, pressure drop linearly
increased with air velocity from 4 to 20 cm/s. Notably, CNAF
exhibited lower pressure drop within the overall airflow range,
indicating better breathability than commercialized air filters.
CNAF was further tested with an automated filter tester, which
showed consistent filtration performance (Table S1).
Although there is controversy about an aerosol-mediated

virus infection, some researchers have shown evidence for
aerosol transmissions.7,37 Accordingly, filtration efficiencies of
CNAF on ultrafine particles (UFPs) were evaluated. Figure 2c
shows nanoparticle distributions before and after filtration,

Figure 2. (a) PM capturing efficiency of M-mode and E-mode CNAF for different particle sizes. (b) Pressure drop of CNAF and N95 mask under
different air velocities. (c) Particle concentration at nanoranges before and after filtration with M-mode and E mode operated, respectively. Dash
lines are trend lines of each. (d) Filtration efficiencies of CNAF under M-mode and E-mode, respectively, for nanosized particles.
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measured by a scanning mobility particle sizer. Polluted air had
substantial amounts of nanoparticles peaked at ∼30 nm with
over 105/cm3 concentration. After M-mode, the maximum
nanoparticle distribution decreased to 15 900/cm3. With E-
mode, extremely low concentration was observed throughout
all size ranges. Compared to M-mode, showing low filtration
efficiency around ∼100 nm, E-mode had remarkably high
efficiency for all particle sizes (Figure 2d).
Additional experiments were conducted to verify whether

nanowires are released from CNAF during its operation
(Figure S5). First, the amount of CuNWs detached from
CNAF was directly evaluated by a particle sizer (TSI 3910)
referring to the previous study.24 Second, CNAF and nylon
membrane stacked in series were suctioned by vacuum pump
so that all of the particles released from the former one could
be collected by the latter one, and then the chemical
composition of nylon membrane was analyzed through energy
dispersive spectroscopy (EDS). Lastly, we measured the
electrical resistance of CNAF under airflows in real-time to
verify whether it increased due to the delamination of CuNWs.
For all experiments, we could not observe noticeable evidence
of released CuNWs (Figure S5).
Contrary to the conventional air filter made of non-

conducting polymeric fibers, CNAF could be thermally
sterilized through Joule-heating by allowing electric current.
Under airflows, the temperature of CNAF could be controlled
by adjusting input power, enabling simultaneous air filtration
and sterilization. Figure 3a shows the relation between electric
power and the temperature of CNAF for airspeeds from 0 to

15 cm/s. For all conditions, the temperature linearly increased
with power consumption. Under the ambient circumstance,
CNAF could be heated up to 100 °C with a power density of
0.34 W/cm2. For higher airspeed, more power was needed to
compensate for heat dissipation by air convection. CNAF
showed a nearly constant temperature coefficient of resistance
under different air flows and could thereby monitor and adjust
the temperature itself (Figure S6).
Structural deformation due to heat should be also

considered because air permeability is highly dependent on
filter geometry. Some materials with a negative coefficient of
thermal expansion (CTE) could increase the pressure drop
across air filters under elevated temperatures.38,39 Oppositely,
materials with positive CTE might deteriorate filtration
efficiency by broadening pore size. To examine the air
permeability variance of CNAF under heat treatment, we
plotted the relationship between pressure drop and airspeed at
elevated surface temperature (Figure 3b). CNAF barely
exhibited changes in flow characteristics, indicating it could
maintain its original filtration performance cooperating with
Joule-heating. Figure 3c presents infrared (IR) images of
CNAF, showing that the surface area was evenly heated at
different temperatures.
To further confirm the thermal stability of CNAF, 500 cycles

of heating and cooling were conducted with the target
temperature of 100 °C. The maximum temperature was
maintained during the whole cycle, demonstrating stable
heating behavior for long-term usage (Figure 3d). Further,
CNAF was rapidly heated and cooled within 5 s, attributed to

Figure 3. (a) Power consumption of Joule-heating CNAF at different temperatures with regard to different airflows. (b) Pressure drop across
CNAF for different airflows at each heating temperature. (c) IR images of CNAF at each heating temperature. (d) Highest temperature under
cyclic on−off Joule-heating at the target temperature of 100 °C of CNAF. The inset graph is the temperature of CNAF at the first 5 cycles.
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CuNW networks having low heat capacity and large surface
area. This rapid temperature response can help to save energy
consumption under Joule-heating operation.
As an example of a self-sterilizable air-purifying application,

CNAF was integrated into a face mask with a support frame.
Keeping appropriate gaps from the face by the support frame,
the mask could be effectively heated up to 80 °C without skin
damage (Figure S7). Further, considering safety concerns
about skin burn by instant contact with CNAF, we modeled
the heat transfer process between CNAF and the human skin
for the accidental touch (Supporting Information Note
1).40−42 Additionally, the surface temperature of CNAF
attached to the hand was monitored. As a result, short-term
touch with heated CNAF did not cause abrupt elevation of
skin temperature over 43 °C, where thermal damage is
observed,43 and therefore resulting skin burn might not be
expected (Figure S9).
CNAF can function as an antimicrobial filter with two

unique characteristics: the oligodynamic effect of Cu and the
Joule-heating of CuNW network. The oligodynamic effect is an
antibacterial behavior of metal ions, absorbed by bacteria in
contact and damaging its cell membrane.44,45 Heat could
induce various antimicrobial effects, including ribonucleic acid
(RNA) breakdown and protein denaturation.46,47 To examine
the oligodynamic and Joule-heating effects of CNAF, E. coli
and G. anodireducens were selected, respectively. E. coli have

been broadly utilized for demonstrating the sterilizing effect
and are known to be inactivated by Cu.48,49 On the contrary,
G. anodireducens can act as an electron transport medium for
microbial fuel cells and are verified to form biofilms on copper,
demonstrating the growth of G. anodireducens are undisturbed
by the oligodynamic effect of Cu, thus the sole antibacterial
effect of Joule-heating can be verified.50−52

Antibacterial behaviors were analyzed using a bacterial test
setup, and a detailed description of the test is shown in Figure
S10. Aerosolized bacteria were first filtered by test filters
(CNAF and N95 mask), and then all the remaining bacteria
were collected by PTFE membranes behind test filters. After
each filter was cultured as described in Supporting Information
Materials and Methods, optical density at 600 nm (OD600) was
measured. Bacterial growth for all PTFE filters was hardly
observed, indicating CNAF and N95 mask sufficiently filtered
out bacteria (Figure 4a). It has to be noted that E. coil on
CNAF barely grew, whereas those on the N95 mask showed
prominent growth, ascribed to the outstanding antibacterial
effect of Cu. Meanwhile, G. anodireducens on CNAF were
cultured up to a similar level to those on N95 mask, indicating
they are oligodynamic effect-resistant as expected. Figure 4b
shows SEM images of bacteria seized on CNAF and N95 mask,
which reconfirmed the capturing performance of CNAF.
To scrutinize the antibacterial effect of thermal treatment,

CNAF capturing G. anodireducens was Joule-heated at 60, 80,

Figure 4. (a) Growth of E. coli and G. anodireducens on CNAF, N95 mask, and corresponding backing PTFE membrane filter. (b) SEM images of
CNAF and N95 mask capturing E. coli and G. anodireducens. The scale bars are 5 μm. (c) Bacterial growth and corresponding thermal antimicrobial
efficiencies of CNAF at different temperatures for different heating times. (d) SEM and epifluorescence images of thermally treated (at 100 °C for 5
min) and untreated G. anodireducens on CNAF.
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and 100 °C for 1, 5, and 10 min, respectively, and then CNAF
samples were incubated at 37 °C for 48 h. Heat treatment at
60 °C for 10 min showed an only slight antibacterial effect
(10.5%), whereas heat treatment at 80 and 100 °C for 10 min
achieved outstanding antimicrobial efficiency of 97.9% and
99.3%, respectively, proving fully sterilized CNAF can be
assured via Joule-heating (Figure 4c). Notably, 1 min thermal
impact at 80 and 100 °C demonstrated a highly enhanced
bacterial killing effect of 36.4% and 62.9%, respectively,
compared to heat treatment at 60 °C. Considering this short
time scale of Joule-heating, active sterilization can be
implemented along with the urgent demand for disinfection,
where potential health risks such as pathogens and viruses are
likely to exist.
Figure 4d displays SEM and epifluorescence microscopy

images of thermally untreated and treated G. anodireducens
collected on CNAF. The morphology of heat-treated bacteria
was flattened, showing inactivation effects of Joule-heating.
Likewise, live/dead cell staining displays that dead cells (in
red) are dominant, whereas live cells (in green) are almost
invisible with heat treatment at 100 °C for 5 min, indicating
most G. anodireducens were inactivated by thermal treatment.15

Furthermore, PBS solutions that are containing E. coli from
pristine CNAF and G. anodireducens from heat-treated CNAF,
respectively, were inoculated on the agar plates. Both samples
showed a low number of colony-forming units (CFU),

reconfirming the high antibacterial activity of CNAF (Figure
S11).
Since heedless use of disposable air filters can cause severe

environmental issues, reusability is a highly required property
for air filters.53 To prove the high renewability, CNAF was
severely polluted on purpose and washed by ethanol and
ethylene glycol (EG)/ethanol solutions, respectively. For EG/
ethanol solution cleaning, most of PM was washed out due to
the high dipole moment of EG while a pristine morphology of
CNAF was retained. On the other hand, considerable PM
remained on CNAF cleaned by ethanol (Figure S12).54 EDS
spectrum of cleaned CNAF indicates that C peak (0.28 keV)
and O peak (0.53 keV) were greatly lowered, compared to
those of polluted CNAF, demonstrating the removal of PM
(Figure 5a).55 Figure 5b represents FT-IR measurement of as-
prepared, polluted, and cleaned CNAF. It is noted that peaks
of C−H bond bending (∼1460 cm−1) and N−O bond
stretching (∼1510 cm−1) were reduced after the cleaning
process.56,57 Furthermore, UV−vis transmittance of cleaned
CNAF was similar to that of pristine one, consistent with
previous characterizations (Figure S13).54

We performed a cyclic filtration test for CNAF and N95
mask with a cleaning process conducted after each cycle.
Figure 5c reveals that E-mode CNAF preserved high filtration
efficiency of 95.9% at the fifth cycle, compared to the N95
mask showing a rapid decrease of filtration efficiency along

Figure 5. (a) EDS spectrum of CNAF polluted with PM and cleaned by EG/ethanol solutions, respectively. The insets are their SEM images. The
scale bars in the insets are 400 nm. (b) FT-IR transmittance of as-prepared, polluted, and cleaned CNAF. The inset is FT-IR transmittance of a
shorter wavenumber range. (c) Filtration cycle test with cleaning processes for CNAF and N95 mask for PM with 0.3−10 μm size. (d) Thermal
antimicrobial cycle test for G. anodireducens of CNAF with heat treatment at 100 °C for 5 min.
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with washing cycles. Further, we conducted a cyclic Joule-heat
sterilization test, where aerosolized G. anodireducens were
filtered for 30 min and heat-treated at 100 °C for 5 min for
each cycle. Despite the accumulation of bacteria on CNAF as
cycles were repeated, it demonstrated high thermal-killing
efficiency of 95.8% at the fifth cycles (Figure 5d). Therefore,
CNAF can enhance long-term usability with high filtration
efficiency and thermal sterilization ability.

■ CONCLUSION

In this study, we introduced a transparent copper nanowire air
filter, capable of airborne particle capturing and bacterial
sterilizing, meriting from the percolated conductive nanowire
network and antibacterial copper. Particulate matter and
bacteria can be effectively filtered by narrow-sized pores of
CNAF. Filtration performance for submicrometer particles was
greatly enhanced up to 93.4% by an electrostatic filtration
mechanism with a lower pressure drop than a commercial N95
mask. The oligodynamic effect of CuNWs effectively sup-
pressed the growth of E. coli on CNAF, compared to that on
the N95 mask. Moreover, antibacterial efficiency for G.
anodireducens was greatly enhanced up to 99.3% within 10
min at 100 °C with the assistance of Joule-heating. CNAF can
be reutilized by a facile cleaning process retaining a high
filtration efficiency of 95.9% at the fifth cycle. CNAF also
maintained high thermal antibacterial performance for five
cycles, proving active sterilization can be steadily carried out.
We demonstrated CNAF integrated face mask with high
transparency and stable Joule-heating operation. Besides, we
expect that the fabrication of CNAF could be more scalable
through similar kinds of solution-based processes such as roll-
to-roll (R2R) and slot-die coating. We trust that this
multifunctional CNAF could be a powerful tool for a
worldwide peril provoked by PM and contagious microbial,
maintaining social connectedness.
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