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ABSTRACT:

The 2019 coronavirus outbreak (COVID-19) is affecting over 210 countries and territories,
and it is spreading mainly by respiratory droplets. The use of disposable surgical masks is
common for patients, doctors and even the general public in highly risky areas. However, the
current surgical masks cannot self-sterilize in order to re-use or be recycled for other
applications. The resulted high economic and environmental costs are further damaging
societies worldwide. Herein, we reported a unique method for functionalizing commercially
available surgical masks with outstanding self-cleaning and photothermal properties. A dual-
mode laser induced forward transfer method was developed for depositing few-layer
graphene onto the low-melting temperature non-woven masks. Superhydrophobic states were

observed on the treated masks surfaces, which can cause the incoming aqueous droplets to
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bounce off. Under sunlight illumination, the surface temperature of the functional mask can
quickly increase over 80 °C, making the masks reusable after sunlight sterilization. In
addition, this graphene-coated mask can be recycled directly for use in solar-driven
desalination with outstanding salt-rejection performance for long-term use. These roll-to-roll
production-line-compatible masks can provide us with better protections against this severe
virus. The environment can also benefit from the directly recycling of these masks which can

be used for desalinating seawater.
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The recent COVID-19 outbreak had endangered over 210 countries and territories by middle
April 2020, especially for those areas with high population densities.! Disposable surgical
masks can prevent respiration droplets to enter the lungs, which can help to reduce the risk of
getting infected, alongside with the proper hygiene hand cleaning method.>”” However, there
are some limitations for the existing masks. First, although the surfaces of the surgical masks
are hydrophobic, water droplets containing the dangerous viruses can remain on them.%°
Secondly, the mask has a low melting point, usually lower than 130 °C,'° so it is challenging
to reuse them even with the steam sterilization method. Thirdly, the used masks are
challenging to recycle, because the captured viruses might stay on their surfaces. Considering
the daily worldwide production rates of surgical masks are at 40 million pieces, the resulted
wastes are over 15,000 tons every day. In order to process these used masks, most countries

can only use incineration to treat such medical wastes. The resulting toxic gases and high

carbon emission greatly harms the environment.'!

Surfaces in a superhydrophobic state possess self-cleaning features which can significantly

benefit the medical application.'? Hydrophobic surfaces with appropriate nanostructures can



be superhydrophobic.!® The pristine surfaces of masks with polymer fibres are smooth at the
nanoscale, without superhydrophobic properties. During the last few decades, emerging
superhydrophobic coatings with nanostructured surfaces have developed rapidly.'*
Fluorinated polymer,'> metal nanowires, ' and graphene'” have been developed as
superhydrophobic coatings. However, to our best knowledge, there is no known report for

using these superhydrophobic materials on surgical masks.

Laser induced graphene is a scalable method for producing functional graphene at low cost
using commercially available precursors, such as polyimide, SPEEK, bakelite, etc.'®
Superhydrophobic states can be obtained by controlling the laser processing environment. '’
By precisely controlling the focus of a near infrared laser beam, the superhydrophobic and
superhydrophilic surfaces can be simultaneously generated on opposite sides of the
polyimide. The resulting membrane possessed outstanding solar steam generation rates, and
could produce 1.3 kg/m? fresh water per hour under solar illumination.?’ The
superhydrophilic patterns were also patterned on the superhydrophobic surfaces, and could be
used to capture sweat droplets on the human body.?! The additively deposited laser induced
graphene via continuous wave (CW) laser induced forward transfer (LIFT) showed a
superhydrophobic state with highly selective permeability for oil, and can work as an oil
recycling device, fully automatic with robots.?? Due to its photothermal properties, laser
induced forward transferred graphene can also be used as anti-bacterial coatings. Owing to its
excellent superhydrophobic and photothermal performance, the graphene coating showed

99.9% higher bactericidal performance toward drug-resistant E. coli compared to the control

sample as glass substrates.??

Although the laser scribing graphene is compatible with roll-to-roll production in which
modern surgical masks are using. Due to the high processing temperatures of CW-LIFT and

the low melting point of the polymer fibers, directly applying this laser induced forward



transfer approach to non-woven masks is challenging.?* Herein, a dual-mode laser induced
forward transfer process has been developed for additively depositing the laser induced
graphene onto commercial surgical masks as superhydrophobic and photothermal porous
coatings. The self-cleaning capability is enhanced with the use of nanostructure graphene
coatings, with the static contact angle of over 140° achieved. With such strong
superhydrophobic properties, the water droplets can freely roll without attaching on the mask
surface. The surface temperature of the surgical mask can quickly elevate to over 80 °C under
solar illumination, which can effectively sterilize the virus. In addition, this mask can also be
leveraged for solar desalination after anti-virus use. The resulting solar steam generation rates
were higher than 1.13 kg/m? per hour under one sun intensity. Due to the micropores within
the mask,? the mask is also proven to have a better salt rejection performance as compared to

polyimide generated membranes, which extends its long-term desalination capabilities.
RESULTS and DISCUSSION

The physical properties of the pristine surgical masks were experimentally studied. The
COVID-19 virus is illustrated in Figure 1a and this virus can be spread by touching a polluted
surface or by respiration droplets. Since hand hygiene can prevent from direct infection by
the polluted surfaces, the masks are primarily used for lowering the infection through
respiration droplets generated by sneeze, cough and even talking, to reduce the risk of
breathing in these respiration droplets containing viruses into the lungs, as shown in Figure
1b. These commercial surgical masks are mostly fabricated by melt-blown with a non-woven
polymer. As a result, the hydrophobic polymer can block most of the respiration droplets
from the outside. The microstructures of the pristine masks were characterized using
scanning electron microscopy (SEM) as shown in Figure 1c. The melt-blown fibers, with
diameters around 20 pm, were randomly distributed. However, it was noted that the surface

of these fibers were smooth and lack of superhydrophobic properties, due to the absence of



nanostructures. The surface wetting status of the pristine masks were studied using the static
contact angle, as shown in Figure 1d. The measured contact angle of a 5 pLL water droplet
was approximately 110°, which is identified to be hydrophobic. However, the droplets were
frequently found to attach to the surface of the mask. The droplets containing viruses would
have similar possibility of attaching to the surfaces of commercial surgical masks. So there is
plenty of room for improving the protection performance of pristine surgical masks with
superhydrophobic surfaces.

Superhydrophobic surfaces for surgical masks can be realized in the present study by using
the laser induced forward transfer of laser synthesized graphene. The non-woven polymer
within the pristine surgical masks are made of thermoplastics such as polypropylene.?® Due to
their low melting points, the direct laser transferred graphene using the previously reported
methods would result in damaged structures on the masks.?* The first-generation laser
induced graphene via directly scribing on polyimide cannot be used to create graphene on the
mask, due to the remained polyimide after CO» laser scribing as shown in Figure 2a.?’
Although the second-generation laser scribe graphene using 1064 nm can create the Janus
wetting status on the opposite sides of the polyimide, it is impossible to transfer the
synthesized graphene to the mask, as shown in Figure 2b.2° The third-generation CW LIFT
graphene can be deposited additively onto other substrates, as shown in Figure 2¢.?*
However, the high temperature on the targeted acceptors had significant influence on their
final morphology and damage the surgical masks. After the CW-LIFT was applied on the
masks, the surface layers of the masks tend to melt due to the high temperatures, as shown in
Figure S1. The melting temperature of the non-woven mask was measured to be lower than
130 °C, as shown in Figure S2 and S3. To overcome this challenge, an additional pulse laser
induced forward transfer (pulse-LIFT) following the CW LIFT is adopted,?® ?° as shown in

Figure 2d. The polyimide film is firstly simultaneously synthesized and laser forward



transferred from the bottom to the upper polyimide film using a CW mode laser. Hence, the
transferred graphene is moved to the second laser using pulse mode, which further transfers
the synthesized graphene onto the mask surfaces. With a pulse width of 10 ns, the momentum
of the photons is utilized as kinetic energy to transfer the graphene.*® At sufficiently low
temperature, the graphene can be coated onto the surgical mask without damaging its
surfaces. This fourth-generation laser deposition method is also compatible with roll-to-roll
system, which can be easily integrated within the existing automatic mask manufacturing
production lines, as shown in Figure 2e.

The microstructural and physical properties of the laser transferred graphene are
systematically characterized. An optical image of the graphene coated masks is shown in
Figure 3a. The black colour on the pristine white mask indicates the transferred carbon on its
surface. The microstructures of the coated materials were examined using a scanning electron
microscope, as shown in Figure 3b. Differing from the smooth surfaces of the microfibers, as
compared in Figure 1c, the nanostructured flakes were observed all over the fiber surfaces,
with sizes randomly distributed from 100 nm to a few micrometres. To identify the chemical
composition of these nanoflakes, their phonon vibration modes were studied using Raman
spectra analysis, as shown in Figure 3¢. The dominant D, G and 2D peaks at 1330, 1570 and
2665 cm’!, and weak D+G peaks at 2898 cm™! clearly indicate the presence of graphene.
According to the position of the 2D peak and the relative intensity ratio of the 2D peak over
the D peak, the coatings can be identified as few-layer graphene.’! To study the non-wetting
enhancement of the mask, the static contact angle of the graphene coated mask was measured
to be 141°, as shown in Figure 3d. It was also found that the water droplets had great
difficulty to stay on the surface due to the strong superhydrophobic effect, like that of a lotus
leaf.*? As a result, the dynamic wetting properties were also studied, as shown in the

supplementary video M 1. It was observed that the water droplet moved freely on the surfaces



of the graphene coated mask, without leaving any observed droplets behind. So the
outstanding superhydrophobic properties of graphene coating can significantly improve the
self-cleaning performance for the respiratory droplets, as shown in Figure 3e.

To sterilize the potentially remaining viruses on the surface of the graphene coated mask,
their photothermal performances were experimentally studied. The optical absorption of the
surgical masks is depicted in Figure 4a. The pristine masks had low absorption toward solar
spectra, especially in the visible and near infrared regions. In contrast, the graphene coating
marks showed over 95% absorption across the whole solar spectrum from 300 nm to 2500
nm. The COVID-19 use the spike virus for infection through the Angiotensin-converting
enzyme 2 (ACE2).%? Since the spike protein on COVID-19 virus is sensitive to temperature,
which enables the photothermal graphene coated mask a promising feature for self-
sterilization.** The photothermal properties were studied by measuring the surface
temperatures of the coated and control samples under 1 sun intensity using a solar simulator.
As shown in Figure 4b, the temperature of the pristine mask increased and stayed lower than
45 °C after 5 min of solar illumination. In comparison, the surface temperatures of the
graphene coated masks were quickly elevated over 70 °C after 40 seconds of solar
illumination, and they stayed over 80 °C after 100 seconds of solar illumination, which is
consistent with the photothermal performance of literature.*®> According to the virus
sterilization information, a temperature over 70 °C is sufficiently high for inactivating most
types of viruses.>® 37 The overall temperature distribution of the graphene coated mask and
the pristine mask were also characterized using an infrared camera under 5 minutes solar
illumination, with uniform heating across the coated regions and the pristine mask surface, as
shown in Figure 4c and 4d, respectively. However, the surface temperature of the pristine
surgical mask did not exceed 50 °C even after 5 min solar illumination as shown in the Figure

S7, so it lacked the photothermal sterilization capabilities. As a result, this graphene coated



mask significantly contributes to self-sterilize for those potentially remaining viruses via
solar illumination.?

After the virus is erased from the earth hopefully in the near future, these graphene coated
masks also have high potential to be recycled for other applications. Due to the outstanding
photothermal performance and the porous structures, the masks can be directly used as solar
steam generators, as illustrated in Figure 5a. After 30 min of solar illumination, the
temperature of the graphene coated mask was stabilized at 36 °C, while the temperature of the
bulk water was increased from 21 °C to 24 °C, as shown in Figure S9. So it can be indicated
that the interfacial solar desalination was mainly located at the graphene coated mask,
without significantly heating up the bulk water. The graphene coated masks achieved a 1.13
kg/m? per hour solar steam generation rate as shown in Figure 5b, which is sufficiently high
for small scale desalination using solar energy. Although the evaporation rates were lower
than that reported in state-of-art research, it was still higher than the pristine mask with the
solar evaporation rate at only 0.3 kg/m?h, as shown in Figure S8. The low evaporation rates
are due to the lack of hydrophilic absorption layers on the masks and the water transportation
medium within the mask tri-layer structures. The evaporating performances can be further
enhanced in future work by incorporating these functional materials, such as PVA 3% 37
Meanwhile, the graphene coated masks showed outstanding long-term stability and salt-
rejection functions for desalination. For evaporating 10 wt% salt water, the graphene coated
masks showed significantly better performance toward salt rejection, as shown in Figure Sc,
compared to reported solar steam generators using laser scribed polyimide.?’ The micropores
within the microscale fiber can contribute to better salt dissolving channels. There was no
noticeable salt accumulation on the surfaces of the graphene coated masks, with stable steam
generation rate over 1 kg/m?h for 100 hours continuous evaporating. This demonstrates that it

is technically feasible for the long-term solar desalination.



This graphene coated mask fabricated by dual-mode laser scribing showed outstanding
superhydrophobic and photothermal performance, with great reusable and recyclable
potentials. The dual mode LIFT overcomes the challenges of the temperature sensitivity of
the masks, which is significantly advanced compared to the reported laser induced graphene.
The roll-to-roll compatible laser manufacturing process can also be integrated to current roll-
to-roll surgical mask production lines. The superhydrophobic surfaces provide better
protection toward outsides viruses containing droplets through the self-cleaning coating.
Even though there might be some viruses attached to the surfaces of the mask, they can be
quickly sterilized by the high surface temperature over 80 °C under sunlight. The reusability
of this graphene mask should satisfy 3 condition: the maintain of the mask structure,
superhydrophobic and photothermal properties. The SEM images (Figure S4) of masks after
24, 48 and 72 hours of sun illumination indicated that the graphene coating did not suffer any
noticeable influence after long term solar illumination as sterilization. The results of the
contact angle test (Figure S5) and the surface temperature measurement (Figure S6) indicated
the feasibilities of applications from the recycled masks, with no declining performances in
the superhydrophobic and photothermal features. Therefore, the recycled mask can also be
used in solar steam generation, with usable solar steam generation rates and outstanding salt-
rejection performance. The price for polyimide films as raw materials is also low, estimated
to 0.05 USD for fabricating each graphene mask, which is practical for mass production. So
these reusable and recyclable masks can provide economic, environmentally friendly
solutions and better protection for fighting the raging COVID-19 virus pandemic.

However, there are some limitations in the current research using the reported laser scribed
methods. Although the graphene showed a relatively high optical absorption, its adsorption is
not as high as 100%. The addition of plasmonic nanoparticles as composite coatings can help

to improve the solar energy absorption.*’ The hydrophobic nature of the non-woven fibers



hinders water absorption from bulk seawater and transportation within the device, resulting in
a low evaporation rate. This can be improved by the addition of superhydrophilic structures
and sol-gel polymers for enhancing the water absorption and transportation.*!* ** Further
enhancement of the thermal transfer within the masks can also help improve the desalination
rates.*>> * There are also some defects observed at the edge of the folded region, and this can
be overcome in real production conditions by having the laser deposition processes prior the
folding processes of the non-woven fibers. At the same time, the virus filtration properties of
these graphene coated masks are highly dependent on the pristine surgical masks. Although
we have already proved the photothermal and superhydrophobic anti-bacterial performances
of CW-LIFT graphene against E.coli,?* the actual virus protection performance of these
masks coated with pulse-LIFT graphene still needs to be confirmed. Meanwhile, some more
advanced methods with superhydrophobic and photothermal properties are foreseen to appear
for integrating into surgical masks. Significant efforts will be devoted to overcoming these
challenges for fabricating superhydrophobic coating masks, such as using hydrothermal
synthesis methods for temperature sensitive masks, the growth of nanowires on electrical
insulating masks, and spray coating on hydrophobic pristine masks. It is believed that there
will be more advanced masks with enhanced performance in the near future to defeat the
virus outbreak.

CONCLUSIONS

On the whole, a dual-mode laser fabrication method for additively depositing few-layer
graphene on temperature sensitive surgical masks is presented. The superhydrophobic
surfaces provide better protection toward incoming respiration droplets. The high surface
temperatures of the masks under solar illumination can sterilize the surface viruses. Recycled
graphene coated masks can also work as solar steam generation devices with salt-rejection

performance for long-term usage. It is foreseen that better performance will be achieved from



the future research which can be inspired by this work, with masks fabricated by more

advanced materials.
METHODS
FABRICATION of the FUNCTIONAL MASK

The surgical masks and polyimide films were used directly after purchase without any
treatment. A DMG Lasertec 40 laser machining system was used for both the CW and pulse
mode scribing, with 1064 nm wavelength, 3 W power, 400 mm/s scan speed and 20 pm spot
size. The laser beam was focused on the donor polyimide film. During the scanning of laser
beam using the CW mode, the graphene flakes can be synthesized and forward deposited to
the acceptor polyimide, with a 1 mm spacer between the donor and acceptor. Then, the
transferred coated graphene in the upper polyimide (Figure 2d) was further deposited onto the
surgical mask at low temperature performed by pulsed-LIFT with a 1 mm spacer, using 1064

nm wavelength with 0.7 W power, 10 ns pulse width and 400 mm/s speed.
CHARACTERIZATION of the MASK

A Newport 91160 solar simulator (Air Mass 1.5 sunlight) was used for the evaporation tests
with intensity calibrated to 1,000 W/m?. The microstructures of the masks were characterized
by a Tescan VEGA3 SEM. The static contact angle was measured by a Sindatek 100SB
optical contact angle meter using the sessile drop method. The Raman spectra was
characterized with a LabRAM HR 800 Raman Spectrometer using a 532 nm laser source.
The thermal conductivity was measured by an Anter Flashline 2000 Thermal Conductivity
Analyzer. The surface temperatures of the samples were measured by a Fluke Ti200 infrared
camera. The optical absorption spectrum was measured by a Hitachi UH4150

spectrophotometer equipped with integrating sphere.
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The Supporting Information is available free of charge on the ACS Publication website at
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Experimental additional characterization data: Optical image of the mask after 3™ generation
CW-LIFT graphene; the optical image of the melted mask; the experimental setup for
measuring the melting point of the pristine mask; SEM images for masks under aging test;
water contact angles of masks; infrared images of the masks after 72 h solar sterilization; the
measured temperature of graphene coated mask and the pristine masks against time;

desalination efficient of original mask; solar steam generator (PDF)
Video M1: Superhydrophobic property of the graphene coated mask (avi)
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Figure 1. (a) [lustration schematics of the COVID-19 viruses. (b) Illustration of respiration
droplet containing a COVID-19 virus. (¢) SEM image of the non-woven fibers from the
pristine surgical mask, the scale bar is 100 um. (d) The water contact angle measurement of

the pristine surgical mask.
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Figure 2. Comparison of different laser induced graphene methods. (a) 1% generation direct
laser induced graphene on polyimide surface using CO; laser.?” (b) 2" generation Janus
superhydrophobic/superhydrophilic by 1064 nm laser scribing on polyimide.° (c) 3
generation CW-LIFT of graphene from polyimide to acceptor polyimide.?* (d) 4" generation
dual-mode LIFT, with CW-LIFT transfer graphene onto second polyimide, and then pulse-

LIFT transfer graphene onto temperature sensitive mask. (e) Illustration of the compatibility



of the dual-mode LIFT for roll-to-roll production of graphene coated mask. The roll

movement direction is shown as the black arrow and the laser movement direction is

indicated by the white arrows.
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Figure 3. (a) Optical image of the laser fabricated graphene mask. (b) SEM of the graphene

coated non-woven fiber within the surgical mask, scale bar 10 pm. The inset is the zoom-out



image, with the scale bar at 100 um. (c) Raman spectra of the graphene coated mask. (d)
Water contact angle on the graphene coated mask. (e) Illustration of the self-cleaning

properties of the black graphene coated mask (right), compared to the pristine blue

mask(left).
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Figure 4. Photothermal performance of the masks. (a) Optical absorption of pristine and
graphene coated masks. (b) Surfaces temperature measured by infrared camera against time,
for graphene coated masks and pristine masks. The infrared camera images of (c)graphene

coated mask (d) pristine surgical mask after 5 minutes solar illumination.
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Figure 5. Solar steam generation performance of the graphene coated masks. (a) Illustration
of the floating graphene coated mask for solar desalination. (b) The weight loss of 10%wt
saltwater with the graphene coated mask under 1 sun intensity. (c) Upper: Salt rejection
performance capture photos of the polyimide after laser scribing after 4 hours
desalination(left), graphene coated mask after 100 hours desalination(right); Bottom: The

evaporation rates of the graphene coated mask under 1 sun intensity.
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The graphene masks with excellent photothermal and superhydrophobic features provide
better protection against COVID-19.





