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Herein, we demonstrate a facile, low-cost approach of using hand-drawn pencil on paper to construct a
flexible dielectric barrier discharge (DBD) plasma device. The pencil trace on the paper's surface acts as
the high voltage electrodes. The pencil-on-paper (PoP) plasma device could produce atmospheric
pressure plasma in ambient conditions and fully operate continuously for more than 30 minutes.
The flexible property of the PoP plasma allows the device to be bent without affecting the operation.
The PoP plasma shows inhibition properties towards pathogenic bacteria within 120 s of treatment. This
study showcases the potential of drawing pencil lead on paper as the basis for an affordable, flexible

rsc.li/materials-advances plasma device.

Introduction

While thermal technologies demonstrate efficiency in steriliz-
ing microorganisms, they simultaneously alter food’s sensory,
nutritional, and functional attributes.””” Several non-thermal
technologies have been investigated for microbial inactivation
while minimizing adverse impacts on food quality. Non-
thermal methodologies involve irradiation, ultrasound, pulsed
light, ultra-high-pressure, and pulsed electric fields.> These
attempts exhibit success in microbial inactivation within
food matrices. However, these methodologies have underlying
limitations, including high equipment costs, remaining sub-
stances, and concerns related to consumer opinion.

Such issues can be conquered by recent applications of
dielectric barrier discharge (DBD) cold plasma for disinfection
of medical equipment,* decontamination in the food industry,’
and healing wounds in medical therapies,® showcasing this
technology’s versatility across various fields. State-of-the-art
DBD plasma devices can generate atmospheric plasma at room
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temperature without a gas supply or the requirement of
vacuum conditions and have been widely used as a practical
approach for surface treatment and disinfection.”™** Conven-
tionally, DBD plasma devices consist of rigid components like
metal electrodes and dielectric layers arranged in various out-
lines depending on different purposes.'* Although DBD plasma
has been well-developed, several drawbacks limit its use,
including the limited flexibility for practical surface treatment.'
To counteract such challenges, flexible DBD plasma has recently
been developed to conform to intricate structures and irregular
surfaces, enabling effective plasma treatment in complex environ-
ments. The flexibility of the plasma could provide incomparable
advantages compared to rigid structure plasma sources and can be
applied in various applications such as wound healing,'® food
processing,"”'® and surface disinfection.'® The production cost of
flexible DBD plasma devices is affected by the material choice of
the dielectric and conductive electrodes.

Elastic dielectric materials such as polyimide®® and poly-
ethylene terephthalate®! are suitable for constructing flexible
DBD plasma devices. In this regard, paper is an emerging low-
cost material for flexible electronics.>* This cellulose-based
material possesses excellent dielectric properties, such as high
breakdown strength, low dielectric loss, and high dielectric
constant, while being capable of withstanding high tempera-
tures up to 250 °C.>* Various approaches, such as chemical
treatment,>* surface modification,*® and layer stacking,?® have
been explored to enhance the dielectric properties of paper.
Moreover, researchers have investigated the use of sustainable
and eco-friendly paper sources, such as recycled paper and
nitrocellulose-based paper, to improve paper-based electronics’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sustainability further.”” These properties make the paper a
promising alternative for dielectric materials in flexible DBD
plasma?®?2°

The electrode deposition process is the main difficulty of
constructing a plasma device on paper. Conventional methods
for electrode deposition of thin film flexible plasma are ink-jet
printing and screen-printing of conductive inks such as copper
or silver on the dielectric surface.'®*° However, the conductive
inks require a post-deposition thermal sintering process at high
temperatures, thus creating mild deformation on the paper
structure.>’ Recently, Mazzeo et al. used metalized paper for
DBD plasma, with the paper layer acting as the dielectric barrier
and the metal layer engraved into an electrode structure.*” The
high cost of customized metalized paper and laser engraving
systems could substantially increase the production cost of the
DBD plasma. Therefore, despite the promising potential, the
realization of a cost-effective approach for paper-based plasma
devices is still unresolved.

Carbon-based materials, including graphite, graphene, and
carbon nanotubes,*® have recently received considerable atten-
tion as potential electrode materials for paper-based electronics
devices®* due to their excellent electrical conductivity,®® ther-
mal stability,®® and cost-effectiveness.’” Inspired by the advan-
tages of paper and carbon-based conductive materials, the PoP
approach is a facile solution to overcome the complexity of
electrode construction and recycling the device. This method
can deposit a thin layer of conductive graphite on the paper
surface, which can be used as an electrode. PoP electronics is a
rapidly growing research area that has garnered significant
attention recently.*®**° This emerging field uses graphite pen-
cils to draw conductive circuits on paper, providing a low-cost,
flexible, and lightweight alternative to traditional electronics.
Using pencils as a drawing tool enables precise and scalable
fabrication of circuits on paper, making it an ideal platform for
wearable electronics and other flexible devices,*" while offering
several advantages, including its low cost, high availability, and
biodegradability.*® Advances in PoP electronics have led to the
development of various applications,** including sensors,*’
strain gauges,** displays,®® thermal electric,*> microfluidic,*®
and energy storage devices.?” Unlike conventional DBD plasma,
which relies on a metal and rigid substrate, our PoP plasma
requires only graphite and copy paper. In addition, plasma
electrodes generally work at extreme conditions of high voltage
with a high concentration of oxidative species, and thus the
lifetime of the device is a major concern. Pencil-on-paper
provides a cost-effective solution for plasma electrode construc-
tion. It can be repaired by redrawing the pencil trace or
disposed of by burning. This reduces the environmental impact
of electronic waste and provides a sustainable approach to
electronics fabrication.

Herein, we present a novel approach using pencil-drawn
graphite patterns as working electrodes and copy paper as
flexible dielectric materials. The PoP structure is mounted onto
a copper-grounded electrode. This study explores the feasibility
of using graphite pencils to fabricate electrodes for plasma
generators. Specifically, we investigate the effects of different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphite pencil grades, electrode thickness and surfaces of the
papers before and after plasma generation, and the device’s
durability. Our results show that graphite electrodes can achieve
plasma ignition performance comparable to noble metal electro-
des at a much lower cost. Remarkably, we demonstrated its
capability of antimicrobial sanitization, and it deactivated more
than 90% of bacteria within 120 s of plasma treatment. This study
provides a simple, cost-effective approach to fabricate high-
performance electrodes for plasma generators and has significant
potential for industrial applications.

Experimental
Construction of pencil on paper plasma

A graphite pencil with high carbon content (9B) was used to
hand-draw the designed pattern on one side of a piece of
printing paper (Fig. 1A). The electrode pattern was created on
a computer and printed on paper. After that, we used the 9B
pencil to draw over the printed pattern. The drawing pattern
was repeated 25 times to enhance the conductivity of the
graphite trace, which acts as the high-voltage electrode. The
other side of the paper sheet was covered by polyimide tape. A
sheet of copper tape was attached to the polyimide and acted as
the ground electrode (Fig. 1B). The PoP plasma was powered by
a customized AC power supply with a peak voltage of 2.6 kV and
frequency of 6.6 kHz (Fig. 1C). The duty ratio of the AC power
source was fixed at 11.6% with 40 ms on-time and 304 ms off-
time (Fig. 1F).

Plasma characterizations

The current-voltage waveforms of the PoP plasma were mea-
sured using an OWON SDS8102 digital oscilloscope. Specifi-
cally, a voltage probe and a current probe (Tektronix P6015 and
Tektronix 6021A, respectively) were used to measure the voltage
and discharge current, respectively. A ceramic capacitor with a
capacitance of 104 pF was connected in series to the ground
electrode. The voltage across this capacitor was measured to
calculate the number of transferred charges for plotting the
Lissajous curve. The energy dissipated in a discharge cycle is
defined by the area of the Q-V cyclogram. The dissipated power
is then calculated as follows:*®

P =D~ |0d(v)p

where fis the frequency and D is the duty ratio.

Optical emission spectroscopy

Optical emission spectroscopy was used to detect the optical
properties of the PoP plasma discharge. The OES measurement
was conducted using an optical fiber connected to an Ocean
Optics USB 4000 spectrometer. A small piece of quartz with
dimensions of 2 x 2 cm was placed above the PoP electrode to
prevent the discharge between the plasma and the optical fiber
head. The optical fiber was placed perpendicular to the quartz
surface to measure the emission of the discharge.

Mater. Adv,, 2024, 5, 5204-5212 | 5205
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Fig. 1 Flexible plasma device made from a hand-drawn PoP plasma device. (A) The designed pattern was drawn on paper to create a PoP structure. (B)
The laminated structure of the paper-based plasma device. (C) AC high voltage is applied to graphite and copper electrodes. (D) Photo of the final device.
(E) Plasma generated by the device. (F) Power supply duty cycle, (G) current—voltage waveforms and (H) Lissajous curve of the device.

Ozone emission

The PoP device was placed inside a closed plastic container
with dimensions of 30 x 40 x 40 cm for the ozone generation
measurement using a ZE25-O3 electrochemical sensor, which
was connected to a computer for data acquisition.

Scanning electron microscopic (SEM) analysis

The pencil trace morphology was measured by a JEOL-7001F
scanning electron microscope (SEM), with an acceleration
voltage of 15 kV. For the SEM measurement of the paper
sample, a small piece of paper is mounted on the SEM holder.
For the Pop device sample, firstly the device was cut into a
smaller piece to fit the SEM sample holder. The measurement
of all samples is carried out without any additional modifica-
tion to the samples. The energy dispersive spectroscopy (EDS)
elemental mapping was examined using Bruker EDS supple-
mentary components to the SEM.

Temperature

The temperature of the PoP plasma surface before and after the
operation was recorded using a Peaktech P5615 thermal ima-
ging camera.

Antibacterial test

Bacteria culture and plasma exposure. Strains of Escherichia
coli K-12 (E. coli) (KCTC-1116),*° Pseudomonas aeruginosa
(P. aeruginosa) (KCTC 1636),>>>" and Staphylococcus aureus

5206 | Mater. Adv, 2024, 5, 5204-5212

(S. aureus) (ATCC-12600)°*> were bought from the Korean Col-
lection for Type Cultures (KCTC), Republic of Korea. The
distance between the plasma discharge region and the agar
plate was approximately 10 mm.

Exposure of pathogenic bacteria to the plasma. Bacterial
cultures of E. coli, S. aureus, and P. aeruginosa were grown in
tryptic soy broth (TSB) overnight at 37 °C, 200 rpm. The cultures
were reinoculated until they reached a log phase, then diluted
to 5 x 10° cfu mL ™", and a specific volume (10 pL for E. coli and
S. aureus; 5 L for P. aeruginosa) of bacteria suspension was plated
onto tryptic soy agar (TSA) in the whole plate. The parts of the agar
plate were equally divided into control (C) and treated (T) test
groups. Control experiments without plasma treatment were also
conducted. Following this, the PoP plasma device was utilized to
expose the half section (T) of plated bacteria with a plasma plume
for 0, 30, and 120 s at 2.6 kV applied voltage along with control
groups (C) from 10 mm distance. The treated bacterial plates were
incubated overnight at 37 °C in an incubator. The colonies in each
tested bacterial culture were counted after incubation, and the
results were expressed as colony-forming units (CFUs).>* The
number of colonies of the control plate was counted because only
half of the test plate was exposed to the plasma treatment and was
further counted. More detailed experimental conditions are
defined in Fig. 5A.

Statistical analysis

Statistical analysis was performed using PRISM 10 software
with one-way ANOVA using Tukey’s multiple comparison test,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where p-values less than 0.05 were considered significant.
Experiments were conducted in triplicate, and results are
presented as mean =+ standard deviation.

Results and discussion
Plasma generation by the PoP plasma device

Generally, pencil lead consists of graphite with additives at
different ratios. Based on the graphite contents, pencils are
graded from 9H (lowest) to 9B (highest), with H and B standing
for hard and blackness, respectively. A pencil with high graphite
content can be used for drawing conductive traces on paper.
In this work, we initially tested four different types of pencils (HB,
3B, 6B, 9B) to draw the conductive electrodes of the plasma device.
We have measured the sheet resistivity of different pencil lead
types. The obtained results show that the 9B pencil lead had the
lowest sheet resistance of about 2.3 kQ [0~ (Fig. S1, ESIt). Based
on the measured value, we chose the 9B pencil lead for the
construction of the PoP plasma electrode. Fig. 1A depicts drawing
the pencil trace on the printing paper, forming the PoP structure.
We sketched a 4 x 4 square pattern with 25 repetitive cycles.
A thin adhesive layer coated one side of the paper, allowing the
PoP structure to be attached to a dielectric substrate. The assem-
bly process of the paper-based plasma device is shown in Fig. 1B.
The device configuration was based on the dielectric barrier
discharge principle between two electrodes separated by a dielec-
tric medium while applying high-voltage AC. The PoP structure
acted as the conductive electrodes. A dielectric substrate was
prepared by attaching a polyimide and paper sheets. The PoP
structure was adhered to the polyimide side of the dielectric
substrate. Finally, a piece of copper tape was attached to the
paper side of the dielectric substrate and acted as the grounded
electrode. We noted that the structure of paper consists of
cellulose fibers reinforced by kaolin power and is highly porous,
which could allow gases to permeate the bulk volume. Therefore,
there is a possibility that arc discharge could occur between the
2 electrode sides through the bulk volume of the paper layers.
Thus, for the engineering of the PoP plasma device, we use the
polyimide to completely separate the upper graphite electrode and
the lower copper electrode. The paper-based device was powered
by a high-voltage, high-frequency AC power source between two
electrodes to generate the plasma (Fig. 1C). Fig. 1D demonstrates
a photograph of the final paper-based plasma device. Under the
applied voltage, plasma can be generated all over the pencil-drawn
area (Fig. 1E and Video S1, ESIt). The current-voltage waveforms
during the on-time period of the PoP device are presented in
Fig. 1G. The peak voltage and discharge current were 2.6 kV and
60 mA, respectively. The average dissipate power of the PoP device
was calculated from the Lissajous curve to be 1.21 W (Fig. 1H).

Variety of substrate materials, flexibility, and scalability of the
PoP plasma

The PoP electrodes can be applied to various dielectric sub-
strates, enabling flexibility and scalability of the device.
To demonstrate the versatility of this approach, we adhered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The flexibility and versatility of PoP plasma: photographs of PoP
electrodes on various substrate materials, showing flexibility and bending
of the paper-based DBD plasma in operation: (A) and (B) glass, (C) and (D)
flexible polyimide, and (E—H) large-size paper for Petri dish treatment.

the PoP structure to a glass slide (Fig. 2A and B) or a single
polyimide sheet to construct flexible plasma devices (Fig. 2C
and D). The plasma-treated surface can be enlarged to the size
of a Petri dish by changing the designed pattern of the electro-
des drawn on a larger paper size (Fig. 2E-H). These results
demonstrate the flexibility and scalability of our PoP DBD
device. Due to the porous structure of the paper, we emphasize
that the PoP structure should not be adhered directly to the
copper sheet, as volume discharge between the two conductive
electrodes can be generated. An additional substrate layer is
required as a dielectric spacer to prevent this kind of discharge.
The PoP layer can be easily peeled off and replaced with a newly
drawn one. In this case, the dielectric layer and the copper
sheet can be easily recycled even after the pencil lead electrode
is significantly damaged. The cost of production for the PoP
plasma reported in our work is much lower and easier, without
the requirement of laser-engraving techniques. Moreover, our
PoP plasma device can be easily repaired by redrawing the
pencil trace over the damaged part.

Characterization of the graphite trace on paper

Scanning electron microscopy (SEM) was employed to charac-
terize the surface morphology of the graphite trace on paper.
Fig. 3A shows the surface structure of bare printed paper.
We observed that the paper structure consisted of paper fibers
with accumulated kaolin powders. After the drawing process,
the surface of the paper is covered with smooth graphite layers
(Fig. 3B). Energy-dispersive X-ray spectrometry (EDS) was
employed to determine the element composition and quantify
the major elements on the graphite surface. Our EDS analysis
(Fig. 3G and H) indicates that four elements, C, O, Al, and Si,
can be detected, with the majority element being C at almost
90%. The appearance of Al and Si can be attributed to the
kaolin powder in the paper structure. The elemental mapping
shows that these four elements are distributed evenly on the
paper’s surface, which is covered by the graphite trace (Fig. 3C-F).
The thickness of each component layer was measured by cross-
section SEM images (Fig. S2, ESIt). The graphite trace thickness
was approximately about 55 um. The thicknesses of the paper,
polyimide, and copper layer were about 150 pm, 35 um, and
90 um, respectively.
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Fig. 3 Morphology and elemental composition of the PoP device surface: SEM images of the surface morphology of the paper (A) before and (B) after
applying the graphite trace (by drawing). Trace analysis of the four main elements: (C) carbon, (D) oxygen, (E) aluminium, and (F) silicon on the graphite
surface. (G) and (H) Analysis of element composition and quantification of the major elements on the graphite surface.

Characterization and properties of the PoP DBD plasma device

In general, one of the most crucial parameters for paper-based
electronics is operational time. In this work, our paper-based
plasma device can operate continuously for more than 30 min-
utes without disrupting plasma generation. Fig. 4A shows the
temperature of the PoP plasma device surface monitored within
30 minutes of continuous operation. The surface tempera-
ture before plasma generation was recorded at 21 °C. After
plasma ignition, the temperature rose from 21 to 28 °C within
the first 15 minutes and stabilized between 26 °C and 28 °C
during the rest of the operation. The inset photos show the
detailed thermal profile images of the whole device, with the
temperature at the center being 21.4 °C at the beginning,
and 27.2 °C after 30 minutes of operation. We observed that
while the temperature gradient was relatively homogeneous
over the entire graphite electrode area, the localized tempera-
ture at the connection point between the electrode and the
power supply was significantly higher (36.9 °C). We noted that
due to the resistance and localized heating effect at the con-
nection point of the graphite electrode and flat-tip crocodile

5208 | Mater. Adv., 2024, 5, 5204-5212

clip, the temperature in this area exceeded that of the discharge
region.

We measured the morphology of the pencil trace after
operation to estimate electrode damage. Fig. 4B shows defor-
mation in the surface morphology of the graphite trace after
30 minutes of plasma generation. The pencil trace surface
exhibited small cracks and holes ranging in size from a few
to about 20 pum, exposing the structure of the paper under-
neath. Previous study suggests that the chemical reaction
between the electrode and oxidative substances like ozone is
one of the major causes of electrode degradation. The other
possible factor involves physical sputtering, where energetic
particles collide with the electrode surface, leading to gradual
damage. Nevertheless, these defects on the graphite surface did
not affect the operation of the device, as we still observed stable
plasma generation. We also emphasize that these cracks and
holes can be easily repaired by drawing over new traces of
pencil lead. This repairable property is a unique advantage over
other commonly used methods, such as printed or deposited
electrodes, where fixing broken plasma electrodes is generally

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plasma operation characterizations of the PoP device: (A) temperature of the PoP plasma device temperature monitored within 30 minutes of
operation (inset photo: thermal profile images of the whole device at the beginning and after 30 minutes). (B) Surface morphology of the graphite trace
after plasma generation. (C) Optical emission spectrum of the generated plasma. (D) Ozone production of the paper-based plasma device over time.

considered not a viable option. Moreover, a low-duty cycle
significantly contributes to the durability of the PoP device by
restricting the continuous discharge time. For instance,
Kim et al. reported that a flexible DBD plasma with silver
conductive ink printed on a PET substrate could only last
6 minutes without managing the duty cycle.>* In another work,
the surface temperature of flexible plasma made from meta-
lized paper was 60 °C after 60 s of continuous plasma
activation.>® Thus, in this work, we controlled the duty ratio
(11.6%) to regulate electrode degradation and maintained the
PoP surface temperature below 28 °C.

The optical emission spectrum was measured to understand
the plasma reactive species generated at the discharge region
(Fig. 4C). As operated in the ambient air environment, the
paper-based plasma’s OES showed dominant nitrogen species
emissions. Specifically, intensive emission bands of the nitro-
gen second positive system (N, C°TI, — B’Il,) at the band
heads of 316 nm, 338 nm, 358 nm, 381 nm, and 400 nm were
observed. Emissions lines of nitrogen’s first negative system
(N;B’E, — X°%,) were also observed at 428 and 435 nm.
Moreover, the PoP demonstrated excellent capability for ozone
production, with a concentration of 10 ppm measured after

© 2024 The Author(s). Published by the Royal Society of Chemistry

6 minutes of plasma treatment inside the closed environment
(Fig. 4D).

Disinfection effects by the PoP plasma device

In our investigation, we assessed the bactericidal impact of PoP
plasma against Gram-negative E. coli (K-12) and P. aeruginosa,
as well as Gram-positive S. aureus (Fig. 5A). An antibacterial
assay was employed to examine the growth-inhibitory response
of these pathogenic bacteria to the PoP plasma, and values were
determined through CFUs. Treatment with plasma exhibited a
dose-dependent effect on inhibiting the growth of pathogenic
bacteria. The antibacterial assay revealed a reduction in CFUs
following plasma treatment. The antibacterial assay indicated
that E. coli (K-12) growth was notably hindered at the highest
exposure time of 120 s, followed by S. aureus and P. aeruginosa.
The antibacterial assay (Fig. 5B and C) showed 4, 8, and 20 CFUs
in E. coli (K-12), S. aureus, and P. aeruginosa at 120 s of
exposure, respectively. For the treatment time of 30 s, we
noticed a significant difference in the number of formed CFUs
between the treated half (T) and the control half (T) of the Petri
dish. The treated area showed a much smaller number of CFUs,
indicating the efficiency of the direct treatment by PoP. In the

Mater. Adv,, 2024, 5, 5204-5212 | 5209
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Fig. 5 PoP (PoP) exhibits antimicrobial effects. (A) Schematic presentation for the experimental setup used to perform antibacterial studies. (B) and (C)
Exposure of pathogenic bacteria, for instance, E. coli (K-12), S. aureus, and P. aeruginosa, with PoP plasma at 30 and 120 seconds (s) and representative
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images observed in panel B. C represents the control group, while T represents the PoP-treated group. Tukey's multiple comparison test with one-way
ANOVA was used to determine the statistical significance ** p < 0.01, and *** p < 0.01.

case of 120 s treatment, the number of CFUs in the control half
was also drastically small. The decrease of CFUs in the non-
exposed area could be attributed to the inactivation of bacteria
by the plasma-generated ozone that accumulated in the con-
fined space of the Petri dish. The reactive species that are
generated in the plasma can deactivate the bacterial cells by
oxidizing lipids in the cell membranes or by diffusing through
the bacterial cell membrane and reacting with the intracellular
targets. While short-life species can contribute to the bacter-
icidal disinfection effect, long-life species should have a much
more significant role. In our experiment, the plasma was
generated in an air medium on the surface of the PoP device,

5210 | Mater. Adv., 2024, 5, 5204-5212

and hence O; should be the most abundant long-life species,
which contributes a significant role to the bactericidal effect.
The obtained results demonstrate the proof-of-concept for the
disinfection effect of the PoP plasma.

Conclusion

In this study, we present an innovative approach for the cost-
effective fabrication of a flexible plasma device based on hand-
writing pencil traces on paper. The PoP device can generate
atmospheric pressure plasma in ambient air for more than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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30 minutes without disruption. The PoP device can be bent due
to the flexibility of the paper substrate. Notably, it can be easily
repaired, recycled, or disposed of. We also examined the
operation conditions of the pencil-on-paper plasma devices
and presented valuable information, such as electrode degra-
dation, electrode operation time, and ozone generation cap-
ability. The presented method is versatile for plasma device
construction and can be used for various dielectric materials.
The PoP plasma shows highly effective disinfection properties
for E. coli, S. aureus, and P. aeruginosa after 120 s of treatment.
We strongly believe that the pencil-on-paper for flexible plasma
electrodes could be highly useful for several contingencies,
for instance in emergencies, prototyping, or for education
purposes.
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