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Abstract
Printed electronic (PE) devices that sense and communicate data will become ubiquitous as the
Internet of things continues to grow. Devices that are low cost and disposable will revolutionize
areas such as smart packaging, but a major challenge in this field is the reliance on plastic
substrates such as polyethylene terephthalate. Plastics discarded in landfills degrade to form micro-
and nanoplastics that are hazardous to humans, animals, and aquatic systems. Replacing plastics
with paper substrates is a greener approach due to the biodegradability, recyclability, low cost, and
compatibility with roll-to-roll printing. However, the porous microstructure of paper promotes the
wicking of functional inks, which adversely affects printability and electrical performance.
Furthermore, truly sustainable PE must support the separation of electronic materials, particularly
metallic inks, from the paper substrate at the end of life. This important step is necessary to
avoid contamination of recycled paper and/or waste streams and enable the recovery of
electronic materials. Here, we describe the use of shellac—a green and sustainable material—as a
multifunctional component of green, paper-based PE. Shellac is a cost-effective biopolymer widely
used as a protective coating due to its beneficial properties (hardness, UV resistance, and high
moisture- and gas-barrier properties); nonetheless, shellac has not been significantly explored in
PE. We show that shellac has great potential in green PE by using it to coat paper substrates to
create planarized, printable surfaces. At the end of life, shellac acts as a sacrificial layer. Immersing
the printed device in methanol dissolves the shellac layer, enabling the separation of PE materials
from the paper substrate.

1. Introduction

Printed electronics (PE) facilitates the fabrication
of next-generation electronics through conventional
printing methods, providing a simple and scalable
strategy for fabricating low-cost, thin, lightweight,
and flexible devices. Printing methods have success-
fully been used to fabricate devices such as intelli-
gent labels, smart packaging, printed sensor systems,
batteries, solar cells, antennas, and light-emitting
devices [1–7]. These printed devices are driving the
growth of the Internet of things, a system of ubi-
quitous, connected devices everywhere in the world.
PE is forecast to be a 74-billion-dollar industry by

2030, with a steady annual growth [8]. This massive
growth, however, will be environmentally devast-
ating if current substrate materials continue to be
used. Plastic substrates used in PE, such as poly-
ethylene terephthalate (PET), polyimide (PI) and
polyethylene naphthalate, are produced from non-
renewable petrochemicals, which contribute to the
climate change crisis. At the end of life, most plastics
end up in landfills, with less than a third of plastic
waste generated globally being recycled [9]. Plastics
decompose in the environment into micro- and
nanoplastics, which pollute ecosystems and impose
hazards to the health of living things [10, 11]. It is
thus essential to replace commonly used plastics with
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green alternatives that are robust, scalable, and cost-
effective, as well as compatible with printing func-
tional materials for PE. Paper is a compelling choice:
it is sustainable, biodegradable, highly recycled, and
more cost effective (∼0.1 cent dm−2) compared to
commonly used plastics such as PET (≈2 cent dm−2)
and PI (∼30 cent dm−2) [12]. Nonetheless, paper
substrates have not yet replaced plastics because the
porousmicrostructure of paper causes the imbibition
and wicking of functional inks, which compromises
printability and resolution [12–18]. Furthermore, an
ideal green process for end-of-life recycling should
separate and reuse electronicmaterials and recycle the
substrate. Although paper is recycled more than PET,
the absorption of functional inks into paper makes it
more difficult to separate electronic materials from
paper than from PET [19–23]. Here, we report the
use of shellac as an environmentally friendly planar-
ization layer and sacrificial layer to overcome these
challenges.

Paper is typicallymade by pressing cellulose fibers
from wood or plant pulp into sheets, with a micro-
structure consisting of a mesh of hydrophilic cellu-
lose fibers with porous voids [24]. Graphics printing
of pigmented inks on paper is a well-established tech-
nology with a widespread existing infrastructure that
includes large-scale roll-to-roll manufacturing with
high output speed exceeding 100 km h−1 [12]. Des-
pite the ubiquity and sophistication of printing pig-
mented inks on paper, challenges persist with using
paper substrates in PE. PE requires an ultra-smooth
and non-absorbing paper substrate to achieve the
uniformity and printed film quality necessary for
high performance of functional inks [25–27]. These
attributes are innate to plastic substrates. In contrast,
the poor water resistance of paper, originating from
the hydroxyl groups of cellulosic fibers, promotes the
absorption and wicking of printed functional inks
into the paper [28–30]. The resulting inconsistent
and disperse coverage of functional inks leads to poor
performance, such as low conductivity for conduct-
ing inks. The wicking of functional inks also limits
the printing resolution [31–33]. Formulating func-
tional inks to control the wettability, surface ten-
sion, and viscosity is one approach to minimize these
issues; however, this optimization process must be
done individually for each functional ink [34, 35].
A more general approach focuses on the paper sub-
strate itself. Planarizing the paper surface by bury-
ing its rough surface profile under a layer of hydro-
phobic coating material minimizes the absorption of
inks and improves the resolution of printed features.
Polymer layers such as PET, epoxy, silanes, polyureth-
ane, parylene, latex, and fluorinated acrylate depos-
ited on the paper surface fill in the pores of the paper
surface to improve printability [13, 21, 31, 36–45].
The resulting planarized substrates have been used for
the fabrication of paper-based thermochromic and

electrochromic displays, disposable radio frequency
identification tags, batteries, transistors, capacitors,
light emitting devices and photovoltaic cells [46–53].
Multilayers of materials have also been explored to
planarize the paper surface, increase moisture bar-
rier properties, and increase the surface free energy
(SFE) to improve printing resolution [12, 54]. Other
research has focused on chemical modification of
the paper surface to increase its hydrophobicity and
thus minimize wicking and improve the resolution
of printed functional inks. For example, modifying
paper with alkyl- or perfluoroalkyl silanes improved
both the resolution and electrical resistance of prin-
ted silver inks compared to printing on unmodified
paper [55]. Although effective for printability, some
surface coatings and modifications may comprom-
ise the safety, recyclability, and biodegradability of
the paper substrate. For example, fluorinated mater-
ials have safety and environmental concerns due to
the leaching of fluorinated materials during recyc-
ling. Polymer or wax coatings such as polyethylene,
polypropylene, latexes of styrene-butadiene copoly-
mer, or paraffin wax can compromise the composta-
bility and/or recyclability of the paper [56].

Bio-based, biodegradable polymer coatings are a
promising replacement for synthetic polymers to pre-
pare paper that is both printable and compostable.
Despite the commonuse of biopolymers such as poly-
saccharides, proteins, lipids, and starches as coatings
for paper-based food packaging to improve moisture
resistance and extend food shelf life, the use of these
greenmaterials in PE is underdeveloped [57–64].One
example of this approach used cellulose nanocrys-
tals to coat cardboard substrates, reducing the surface
roughness from 66 nm to 3.6 nm and impeding the
diffusion of functional inks to improve printability
[65]. Layering other green materials like lignin, pro-
teins, and starches on paper also provide planar-
ization. For example, blends of clay, calcium car-
bonate, latex, and mineral pigment have been used
to planarize paper substrates for gravure printing
of transistors [66], and coatings of chitosan with
hydroxypropyl methylcellulose on paper enabled the
fabrication of silver nanowire electrodes [67]. How-
ever, most of these coatings are water soluble, which
limits the applicability of aqueous functional inks.
Furthermore, even with ‘green’ coating materials
these approaches have not been designed for end-
of-life separation of electronicmaterials from the sub-
strate for clean recycling. Conventional recycling is
not equipped to separate electronic materials from
paper. For example, metallic ink particles are too
heavy to separate by flotation and too small to remove
by screening, leading to contamination of both the
recycled paper and waste sludges [68, 69]. The paper
substrate may be green, but the electronic mater-
ials will still present a problem with recycling or
composting.
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Scheme 1. (a) Photograph of raw seedlac. (b) Chemical structures of the hydroxycarboxylic acids comprising shellac resin.
(c) Photograph of dip-coating a paper substrate in shellac solution. (d) Photograph of uncoated paper (top) and SPC-2 (bottom).

Here, we describe the use of shellac as an envir-
onmentally friendly,multifunctional coatingmaterial
to fabricate shellac-paper composite (SPC) substrates
for PE. Shellac is a natural bio-polyester thermo-
plastic resin secreted by a parasitic insect in the family
Kerriidae (e.g. Kerria lacca) on various host trees in
India and Thailand [70, 71]. The material obtained
directly from the host trees is seedlac (scheme 1(a)),
which is a mixture of mixture of shellac resin
(70%–80%), wax (6%–7%), and colorant molecules
(4%–8%). Seedlac is soluble in green solvents like
alcohols and aqueous basic solutions, enabling the
separation of the shellac resin from the other com-
ponents. Shellac resin is a complex mixture of long
chain inter/intra-esters of hydroxycarboxylic acids,
primarily aleuritic acid, shellolic acid, and jalaric
acid (scheme 1(b)) [72]. Shellac resin is a cost-
effective bio-adhesive commonly used as a coating
material to provide smooth and glossy surfaces with
good hardness, UV resistance, and high moisture-
and gas-barrier properties. Shellac is widely used in
abrasives, sealing wax, hair sprays, edible glazes, and
pharmaceutical coatings [73, 74]. Despite its useful
properties, shellac has not been significantly explored
in PE. Thin films of shellac have previously been
used as a dielectric layer and substrate for prin-
ted organic field-effect transistors and as a matrix
for electrically conductive inks for the fabrication of

disposable graphite-based supercapacitors [75, 76].
In this paper, we use shellac to advance PE by
fabricating a new SPC that provides a smooth,
uniform surface while imparting high moisture
resistance, physical strength, and a SFE well-suited
to printability. Subsequent dissolution of the shellac
layer in methanol releases the printed layers from the
paper substrate for an effective and simple end-of-life
process.

2. Results and discussion

We fabricated SPCs by first preparing a shellac solu-
tion by dissolving 10 g of Kusmi seedlac in 50 ml
anhydrous ethanol and agitating the mixture for
90 min at 150 rpm on an orbital shaker. Leaving
the mixture for 24 h allows the debris and insoluble
wax particles from the seedlac to settle. Decanting
the lacquer followed by filtration produces a clear
solution that passes through a 0.20 µm filter (figure
S1). This process yields an ethanolic shellac lacquer
with a concentration of 200 mg ml−1 and a viscosity
of ∼2.5 cP. We fabricated the SPCs by dip-coating a
paper substrate into the shellac lacquer (scheme 1(c),
supplementary video V1). The paper substrate is
a calendared uncoated paper with a grammage of
∼67 g m−2 and a thickness of ∼30 µm. After dip-
coating, we allowed the solvent to evaporate at room
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Table 1. Thicknesses, basis weight, bulk densities, and dry coat
weights uncoated paper, SPC-1, and SPC-2 (n= 15).

Substrate

Coating
thickness
(µm)

Basis weight
(g m−2)

Dry coat
weight
(g m−2)

Uncoated paper 0 67.2± 0.3 0
SPC-1 <10 70.8± 0.3 3.6± 0.1
SPC-2 10.2± 1.2 74.6± 0.4 7.2± 0.2

temperature. We studied composites made with a
single
dip-coated layer of shellac (SPC-1), and composites
made with two dip-coated layers of shellac (SPC-2).
Both SPC-1 and SPC-2 composites appear uniform
and glossy, with a smooth texture (scheme 1(d)).
After dip-coating, the bulk density of SPC-1 and
SPC-2 increased compared to the uncoated paper
(table 1). The dry coat weight of SPC-2 is double
that of SPC-1, indicating that shellac can be layered
onto paper through consecutive dip/dry cycles. Using
thicker coatings of shellac by increasing the num-
ber of dip coats or concentration of the lacquer is
not beneficial. Thicker layers not only add weight—
an important consideration in smart packaging—
but also impart the inherent brittleness of shellac to
the composites, which visibly crack when handled
(figure S2).

SEM images of the uncoated paper and SPCs
show that the shellac coating covers the texture of
the paper substrate. Images of the paper substrate
alone reveal the grainy texture in which the grains
have distinct edges (figure 1(a)). The SEM image
(figure 1(b)) of SPC-1 shows that a single coating of
shellac does not appreciably change the appearance
of the grains. The second coating of shellac of SPC-2,
however, softens the edges of the grains and provides
a more homogeneous-looking surface (figure 1(c)).
We determined the shellac coating thickness of SPC-
2 using cross-sectional SEM (figure 1(d)). The image
shows the shellac coating, which appears as the lighter
color fully coating both sides of the paper substrate.
The contrast between the shellac layers sandwiched
around the paper substrate indicates that the shellac
mainly coats the paper surface. The thickness of the
shellac coating is ∼10 µm, while the coating thick-
ness of SPC-1 was too thin to assess using cross-
sectional SEM. Both SPC-1 and SPC-2 are robust to
scratching and exhibit strong adhesion between the
shellac layer and paper, likely due to adhesive forces
and mechanical interlock between the shellac layer
and rough paper surface. The tape peel test tears the
paper substrate without delamination of the shellac
coating.

We used atomic force microscopy (AFM) to
quantify the planarization provided by the shel-
lac coatings in SPC-1 and SPC-2 (figure 2). AFM
images of the uncoated paper substrate show a rough

Figure 1. SEM micrographs of (a) uncoated paper
substrate, (b) SPC-1, (c) SPC-2. (d) Cross-sectional
SEM image of SPC-2.

substrate with deep voids consistent with the grainy
texture in the SEM images. Uncoated paper has a
root-mean-square (RMS) roughness value of
420 ± 30 nm and a peak-to-valley distance of
∼1.6 µm. AFM images of SPC-1 and SPC-2 show
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Figure 2. AFM height images and profiles of (a) uncoated paper substrate, (b) SPC-1, (c) SPC-2. The blue lines on the height
images show the profile location.

that the shellac coating fills in the void spaces on
the surface of the paper substrate to reduce the
roughness. One coating of shellac in SPC-1 reduces
the peak-to-valley distance to∼400 nm, with an RMS
roughness value of 170 ± 30 nm. Two coats of shel-
lac in SPC-2 further reduce the RMS roughness to
78 ± 7 nm with maximum peak-to-valley distances
of∼250 nm.

Adding shellac layers to paper in SPC-1 and SPC-
2 increases both the stiffness and strength of the sub-
strate while maintaining mechanical flexibility. In the
paper making process, the cellulose fibers orient in
the direction of the flow of the pulp leading to an
anisotropic structure with long fibers aligned in the
machine direction (MD) and shorter fibers aligned
perpendicular to the MD (the cross direction (CD))
[77, 78]. We quantified the mechanical properties of
uncoated paper, SPC-1, and SPC-2 by tensile test
in both the MD and CD (figure S3). The Young’s
moduli increase in both directions as shellac layers
are added to the paper substrate (figure 3(a)). For
all three substrates, the Young’s moduli are higher
in the MD compared to the CD. This anisotropy is
inherent to the paper substrate; however, the dispar-
ity between the Young’s moduli in the MD and CD
diminishes with the addition of shellac coatings. The
well-adhered shellac layer acts as a reinforcement to
the paper substrate to minimize the anisotropy in the
mechanical properties. This effect is also evident in
the tensile index (TI), the maximum tensile force per
unit width and unit grammage. TI is a common way
to express the strength of a paper substrate during
tensile loading. Even with the increased grammage,
shellac coatings in SPC-1 and SPC-2 increase the TI
in both the MD and CD (figure 3(b)). SPC-2 exhibits
a TI ∼2 times greater than that of uncoated paper.
The disparity in TI in the MD and CD decreases
from a 35% difference for uncoated paper to only 4%
for SPC-2.

Figure 3. (a) Modulus values and (b) tensile index of
uncoated paper, SPC-1, and SPC-2 in the machine
direction (gray) and in the cross direction (black).

Mechanical flexibility is a requirement for paper
substrates used in PE, as these substrates will ulti-
mately need to tolerate repeated bending during

5



Flex. Print. Electron. 7 (2022) 045007 R N Hussein et al

Figure 4. SEM images of SPC-2 after creasing at (a) low and
(b) high magnification.

feeding through roll-to-roll printing equipment.
Although shellac is an inherently brittle material, the
combination of shellac with paper to form the com-
posite providesmechanical flexibility.We assessed the
mechanical flexibility of SPC-2 by repeated bending
to radii of curvature of 8 mm, 6 mm, 3 mm, and
1.5 mm (supplementary video V2), corresponding to
bending strains (ε) of 0.18, 0.25, 0.5, 1 respectively
(equation (1), where ε is the bending strain, d is the
thickness of the substrate, and r is the radius of the
curvature) [79]

ε = d/2r. (1)

We assessed the bending of the composite in both
the MD and CD and examined the effect of mech-
anical strain on the shellac coating using SEM. After
1000 bending cycles at each radius of curvature, the
composite did not exhibit cracking. Visible damage
only resulted from folding SPC-2 to create a crease,
which caused micro-tearing of the underlying paper
surface, protrusion of cellulose fibers through the
shellac coating, and the propagation of microcracks
in the shellac coating parallel to the folding line
(figures 4(a) and (b)).

The shellac coatings of SPC-1 and SPC-2 are not
only smooth and strengthen the paper substrate, but

also reduce ink absorption into the paper. Limiting
the absorption of functional inks into paper is essen-
tial for printability in PE to achieve the uniformity
and printed film quality necessary for high perform-
ance. We studied the interaction between a drop of
water and the surfaces of uncoated paper, SPC-1, and
SPC-2 by measuring contact angles over 60 s at the
same temperature and relative humidity (figure 5(a)).
The contact angle decreases dramatically for water on
uncoated paper, reaching a value of 0◦ within 60 s.
The rapid decrease in contact angle can be attributed
to the absorption of water into the porous, hydro-
philic paper structure. In contrast, the shellac layers in
SPC-1 and SPC-2 resist the absorption of water and
show only a small decrease in contact angle beginning
at∼50 s, consistentwith the superiormoisture barrier
properties of the shellac-coated surfaces compared to
uncoated paper. The time it takes for the contact angle
to reach 0◦ is 8 min and 15min for SPC-1 and SPC-2,
respectively. On these substrates, the decrease in con-
tact angle is due to a combination of absorption and
evaporation of the water drop. Two coats of shellac
in SPC-2 provide better barrier properties compared
to those of SPC-1, consistent with the more uniform
coating of shellac in SPC-2 observed in SEM images.
The time it takes for the contact angle of water on
SPC-2 to reach 0◦ is comparable to the time it takes
for evaporation of the same volume ofwater on a glass
surface (∼20 min).

We further characterized the absorption of inks
into uncoated paper, SPC-1, and SPC-2 using a trace
color test, in which an aliquot of a dye solution is
placed on the front side of the substrate and left to
dry. The diameter of the dried ink drop on the front
side of the substrate and the area of the ink spot
on the back side are indicators of the wicking and
absorption of the ink solution. We investigated the
absorption of different solvents commonly used in
PE using Sudan Red III, a water-insoluble dye, dis-
solved in dichloromethane, tetrahydrofuran (THF),
toluene, and chloroform, and Evans Blue, a water-
soluble dye, dissolved in water, acetone, and meth-
anol. Figure 5(b) shows optical images of the front
and back sides of uncoated paper, SPC-1, and SPC-
2 subjected to the trace color test using Sudan Red
III dye dissolved in THF. On the front side, the pig-
mented ink spreads further on the uncoated paper
than on SPC-1 and SPC-2 (figure 5(c)). The back side
of the substrates shows a dramatic difference in ink
penetration through the substrates. We analyzed the
images of the back side of the substrate to determine
the % area of ink. This value was lowest on SPC-2 for
all solvents tested (figure 5(d)). Methanol penetrated
through SPC-2 the most, consistent with the solubil-
ity of shellac in methanol.

Printing of functional materials onto substrates
requires detailed knowledge of the ink-substrate
interactions, wettability, and adhesion between the
ink and substrate. The SFE of a substrate is an

6



Flex. Print. Electron. 7 (2022) 045007 R N Hussein et al

Figure 5. (a) Water contact angles measured over 60 s on uncoated paper (blue), SPC-1 (orange), and SPC-2 (gray). (b) Optical
microscope images of front side (top row) and back side (bottom row) of uncoated paper, SPC-1, and SPC-2 after the trace color
test with Sudan III dye in THF (scale bar= 1.5 mm). (c) Spreading diameter of the pigment in different solvents on uncoated
paper (blue), SPC-1 (orange), and SPC-2 (gray). (d) % Area of trace color that has penetrated through uncoated paper (blue),
SPC-1 (orange), and SPC-2 (gray).

important factor controlling the wetting of functional
inks on the surface [80]. Wetting requires a close
match between the SFE of the printed substrate and
the surface tension of the functional ink. Matching
these values optimizes the quality of the printed pat-
tern, the printing resolution, and the adhesion of
the ink to the substrate. The surface tension of most
solvents used in formulating functional inks used in
PE ranges between 22 and 37 mN m−1. We determ-
ined the applicability of SPC-1 and SPC-2 as sub-
strates in PE using contact angle measurements to
calculate SFE values according to the Owens, Wendt,
Rabel and Kaelble model [81, 82]. This model is a
commonly used SFE theory, in which the interfacial
interactions are divided into two parts: polar (γp) and
dispersive (γd). Calculation of the SFE requires the
measurement of the contact angle of one polar and
one dispersive liquid. We measured contact angles
of water as the polar component and diiodometh-
ane as the dispersive component on SPC-1 and SPC-2
(table 2). The SFE values for SPC-1 and SPC-2 of
45.5± 0.5 mNm−1 and 39.0± 0.2 mNm−1 are both
suitable for PE, with the SFE value for SPC-2 closely
matching typical surface tension values for functional
inks.

We demonstrated the printability of SPC-1 and
SPC-2 by screen printing a water-based silver paint

and comparing the properties of the printed films
to films printed on uncoated paper and PET. We
applied a water-based NO-VOC Silver Paint with a
particle size of <20 µm and a 40% loading through
a vinyl stencil applied to the surface of the sub-
strate. We patterned silver lines 20 mm in length and
0.2 mm, 0.5 mm, 0.75 mm, 1.5 mm, and 2.0 mm
in width (figure 6(a)). We analyzed the printed lines
on each substrate using optical microscopy to com-
pare the fidelity of the printed pattern to the vinyl
mask (figure 6(b)). The line widths of patterned silver
ink on SPC-1, SPC-2, and PET were all close to the
nominal line widths, showing that the barrier prop-
erties of the shellac coating create a printable surface
similar to PET. In contrast, the absorptive, porous
nature of uncoated paper results in wicking of the ink,
which leads to a loss of fidelity, particularly for nar-
row lines (0.2, 0.5, and 0.75 mm). Figures 6(c)–(f)
shows the differences in quality of 0.2 mmwide prin-
ted lines on the four substrates. The shellac coatings
on SPC-1 and SPC-2 prevent wicking, and the prin-
ted lines are indistinguishable from those on PET.We
quantified the blurring of the line edges by determ-
ining line edge roughness (LER) values of the silver
lines on each substrate. LER values for printed lines
on SPC-1, SPC-2, and PET were <0.05 µm, while
the LER values of printed lines on uncoated paper
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Table 2. Contact angle values and SFEs of SPC-1 and SPC-2 (n= 10).

Contact angle (◦) Surface free energy (mN m−1)

Water Diiodomethane γp γd γtotal

SPC-1 63.5± 0.4 53.4± 0.6 13.0± 0.1 32.6± 0.4 45.5± 0.5
SPC-2 57.8± 0.4 90.1± 0.6 29.3± 0.1 9.8± 0.1 39.0± 0.2

Figure 6. (a) Optical microscope images of printed silver inks on SPC-2. (b) Fidelity of the printed lines on uncoated paper
(blue), SPC-1 (orange), SPC-2 (gray), and PET (yellow). Optical microscope images of 0.20 mm wide printed silver lines on
(c) PET, (d) SPC-2, (e) SPC-1, (f) uncoated paper. (g) Thickness of printed silver lines on uncoated paper (blue), SPC-1 (orange),
SPC-2 (gray), and PET (yellow). (h) Resistance values of silver printed lines of different widths on uncoated paper (blue), SPC-1
(orange), SPC-2 (gray), and PET (yellow).

were notably higher (∼0.2 µm) (figure S4). Optical
profilometry shows that printed silver ink on PET is
slightly thicker (∼26%) than printed lines on SPC-
1 and SPC-2, which are all thicker than printed lines
on uncoated paper (figure 6(g)). This trend is consist-
ent with the absorption of the silver ink into uncoated
paper and indicates a minor amount of absorption
may occur on SPC-1 and SPC-2. This trend is also
reflected in the electrical performance of the printed

silver lines on each substrate (figure 6(h)). In gen-
eral, the resistance of the silver lines on each sub-
strate increased as the linewidth decreased. Since res-
istance is inversely proportional to the cross-sectional
area of the conductor, decreasing the linewidth also
decreases the cross-sectional area and increases the
resistance. At the same linewidth, however, the resist-
ance values of silver lines printed on uncoated paper
were notably higher than that of silver lines printed on
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Figure 7. (a) Schematic of the process for removing printed silver ink on SPC-2. Optical images of (b) printed silver SPC-2,
(c) after sonication for 2 min in methanol, (d) after sonication for 5 min in methanol.

SPC-1, SPC-2, and PET, consistent with the wicking
of the silver ink into the paper. More importantly, the
resistance values of silver lines on SPC-1 and SPC-2
were indistinguishable from those on PET, with the
PET substrate giving a slight advantage only at the
smallest (0.2 mm) linewidths.

For truly green PE, the recyclability of prin-
ted devices is essential at the end of life. Printed
silver ink is a material of choice due to its high
conductivity, which is necessary for devices like prin-
ted antennas. However, silver inks entering the recyc-
ling process may lead to contamination of recycled
paper and/or waste streams. In addition, silver is an
expensive metal, making reclamation an important
part of sustainable PE. Separating printed silver ink
from uncoated paper highlights the challenge: soak-
ing and sonicating silver inks printed on uncoated
paper inmethanol and filtering the solidmaterial yiel-
ded only ∼10% of the mass of printed silver. In con-
trast, the shellac coating of SPC-2 acts as a sacrificial
lift-off layer to efficiently release printed silver inks
(figure 7(a)). The shellac coating dissolves in meth-
anol with soaking and sonication, fully lifting the sil-
ver ink from the substrate after 5 min. This process
recovered ∼95% of the mass of silver from the SPC-
2 substrate. Optical micrographs show the lift-off of
printed silver ink on SPC-2 (figures 7(b)–(d)).

3. Conclusions

The development of environmentally conscious
materials and methods for PE is critically import-
ant to protect the planet from the detrimental effects
of discarded PE devices.

The shellac coatings on paper demonstrated in
this work use a sustainable, green natural product to
produce printable paper substrates that are not only
eco-friendly, but also facilitate the separation of elec-
tronic materials at the end of life. The dip-coating

method to apply shellac coatings to paper is scal-
able; furthermore, other scalable applicationmethods
like spray-coating and roll printing are promising for
the large-scale, economical preparation of SPCs. The
use of SPCs in PE manufacturing will mature with
demonstrations of an expanded range of functional
printing inks and printing methods.

4. Methods

Kusmi seedlac was obtained from Wood Finish
Supply (Napa). Biaxially oriented PET (Goodfel-
low, 0.05 mm thickness). All other chemicals were
obtained from Sigma-Aldrich and were used as
received.

4.1. Formulation of shellac solution
A 200 mg ml−1 shellac solution was prepared by
dissolving 10 g of Kusmi seedlac in 50 ml anhyd-
rous ethanol and agitating the mixture for 90 min at
150 rpm using an orbital shaker (IKA KS 130). The
mixture was then left for 24 h to allow the waxes and
debris to settle. The lacquer was then decanted and
filtered through a series of filter papers with success-
ively smaller pore sizes to removewax and debris from
the solution. A final filtration through a 220 nmPTFE
syringe filter yields an ethanolic shellac lacquer with
a concentration of 200 mg ml−1 and a viscosity of
∼2.5 cP.

4.2. Fabrication of shellac/paper composites
Paper substrates were cleaned in anhydrous ethanol
for 5 min with sonication and then left to dry. A
homemade robotic arm was used for dip coating
(supplementary video V1). The cleaned paper sub-
strates were dipped in a reservoir of 200 mg ml−1 of
shellac at a speed of 0.60 cm s−1 and a dwell time of
10 s in the reservoir. The samples were then lifted out
of shellac solution at 0.60 cm s−1 and left to dry in
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air for 15 min. This process was then repeated for a
double-layer shellac coating.

4.3. Printing of silver ink
Printing of silver ink was sonicated in water for 5 min
and left to dry. Adhesive vinyl stencils were fabric-
ated using a vinyl cutter, and then laminated on the
surface of uncoated paper, SPC-1, and SPC-2 sub-
strates. About 0.70 g of SPI Supplies NO-VOC Silver
Paint was deposited on the stencil, and the excess was
removed with a silicone rubber squeegee. The prin-
ted substrate was then left to air dry for 10 min, then
the vinyl mask was peeled off and the substrate was
sintered on a hotplate for 10 min at 60 ◦C.

4.4. Removal of silver ink
Printed substrates were placed in methanol and son-
icated in Branson sonicator (Model 3510) for 5 min.
The silver precipitate was then collected by vacuum
filtration.

5. Characterization

SEM images are collected using a Quanta 200 FEG
Environmental SEM. SPC-1 and SPC-2 samples were
cut with a microtome for cross-sectional imaging.
AFM images were collected using a Digital Instru-
ments Multimode AFM in tapping mode. A FESP
cantilever with a tip of 8 nm radius and force con-
stant of 2.8 N m−1 was used. AFM images were
collected over a 40 µm × 40 µm scan area using
a scan rate of 0.5 Hz and a scanning resolution of
512 samples/line. RMS roughness values from three
different areas of a sample were averaged. Rough-
nessmeasurements were determined usingWSxM5.0
Develop 10.2 software [83]. The reported roughness
is an average of at least three values. Contact angles
were measured using the sessile drop method on a
Rame-Hart contact angle goniometer at 23 ◦C and
17% relative humidity. Stress/strain properties were
tested using an MTS Criterion Model 43 tensile tester
and the procedure ASTM D828; reported values are
the median of six measurements. Repetitive bending
tests were done using a home-made auto-stretching
stage (supporting video V2). For trace color analysis,
quantification of the amount of trace color on the
back side of the substrates determined by ImageJ ana-
lysis of optical images. Resistance measurements of
printed silver inks were taken using a Keithley 2601A
SourceMeter. LER of printed silver ink was obtained
by analyzing optical images using the Analyze Stripes
macro (Bickford, 2013) for ImageJ. The reported
LER is an average of RMS LER values from six
images.
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