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Reversible Conductive Inkjet Printing of Healable
and Recyclable Electrodes on Cardboard and Paper

Dong Jin Kang, Yvonne Jiittke, Lola Gonzdlez-Garcia, Alberto Escudero,

Marcel Haft, and Tobias Kraus*

Conductive inkjet printing with metal nanoparticles is irreversible because
the particles are sintered into a continuous metal film. The resulting struc-
tures are difficult to remove or repair and prone to cracking. Here, a hybrid
ink is used to obviate the sintering step and print interconnected particle net-
works that become highly conductive immediately after drying. It is shown
that reversible conductive printing is possible on low-cost cardboard samples
after applying standard paper industry coats that are adapted in terms of
surface energy and porosity. The conductivity of the printed films approaches
that of sintered standard inks on the same substrate, but the mobility of the
hybrid particle film makes them less sensitive to cracks during bending and
folding of the substrate. Damages that occur can be partially repaired by
wetting the film such that particle mobility is increased and particles move
to bridge insulating gaps in the film. It is demonstrated that the conductive

materials and replace molded parts in
vehicle construction®® with lightweight
structures that can be recycled.

The integration of electrical circuits
directly in such parts would further
increase their value. Printing on paper is
a highly available, efficient process to add
functionality in paper-based products.”-1°!
Graphical printing on cardboard is widely
applied in packaging; it retains the recycla-
bility and properties of the base material.
Functional printing can introduce elec-
trical conductivity and other functions-14,
but the resulting products are not foldable
and hard to recycle. Commercially available
inks contain metal nanoparticles (MNPs)—
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material can be recovered from the cardboard at the end of its life time and
be redispersed to recycle the particles and reuse them in conductive inks.

Paper and cardboard are lightweight, renewable materials with
a large recycling rate (85% in Europell, 64.7% in the USA[)
that constitute an interesting alternative to artificial polymers.
Cardboard dominates the packaging industry today and is
likely to increase its share in the future.ll The use of cardboard
as part of long-lived customer goods has been increasing in
the last two decades; today, products include cardboard furni-
ture and wallpaper with temperature, climate, and humidity
regulating functions.M It is possible to deep-draw paper-based
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in most cases based on silver.>]
MNPs provide high electrical conductivity,
versatility, and reproducibility compared
to carbon materials and conducting poly-
mers, whose electrical conductivity (nor-
mally 10 to 10> S cm™) is two to four orders of magnitude lower
than that of metals.'®2% The particles need to be sintered, how-
ever, which limits the choice of substrate since it must sustain
the temperatures necessary for thermal sintering®'-2 (typically
>250 °C) or enable chemical sintering, which requires chemical
agents or specialty papers with polymer layers.?*2% The irrevers-
ible sintering step immobilizes the metal and makes it difficult
to recover it during recycling.”’! The resulting metal film is
prone to cracking when the substrate is folded.[?82%]

In this contribution, we demonstrate the reversible functional
inkjet printing of conductive structures using hybrid inks on
cardboard substrates. Our material retains the integrity of
the individual metal particles such that they can be recovered
during recycling. We investigate how to lend the particles suf-
ficient mobility such that they can reconfigure and thus repair
cracks in the conductive structure. We study how to ensure suf-
ficient adhesion and density of the printed structures to create
stable conductive features.

Three key aspects are studied in the following. First, hybrid
particles with a metal core and a conductive polymer shell
are introduced to inkjet printing on paper for the first time.
These particles can form conductive layers without a sintering
step and form reversible conductive films simply by drying.
Second, conventional paper is modified using systematic vari-
ants of traditional paper coats based on CaCOj; and CaSiO;
in order to obtain dense, conductive, adherent films of the
hybrid inks. The coats modify the porosity and surface energy
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of the cardboard?®*3? and no further surface treatment is
required for their use. Third, the reversibility is tested in
order to repair conductive leads after bending and to recover
the ink from irreparably damaged structures as illustrated in
Scheme 1.

Our results show that hybrid inks can be combined with
coated cardboard substrates to rapidly print conductive
structures without any sintering. The adapted coat provides
a combination of imbuing and drying that leads to a contin-
uous, adhesive conductive film. It reduces the amount of ink
required to print sufficiently conductive structures. Finally, we
demonstrate the recovery of the metal particles from the paper
through delamination and sonication.

We previously reported on sinter-free electronic inks that
combine a gold nanoparticle core with a conductive polymer
shell. A new ink was developed based on the same concept
and adapted to printing on paper and cardboard.l First, gold
nanoparticles (AuNPs) were synthetized using cetyl trimeth-
ylammonium bromide (CTAB) as surfactant and stabilizer. A
route based on well-established protocols developed for the syn-
thesis of gold rods provided quasi-spherical AuNPs with core
diameters of 55 + 21 nm (mean * standard deviation). The core
was then coated with a conjugated polymer, poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) following
a previously described ligand exchange protocol.*¥! (The resis-
tivity of pristine PEDOT:PSS is 3 + 1 Q cm for a 30-50 nm
thick layer at room temperature.) The resulting hybrid particles
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were isolated, purified, and formulated as stable ink (Figure 1a
and Figure S1, Supporting Information). Transmission elec-
tron microscopy (TEM) indicated a 1 nm layer of PEDOT:PSS
around the gold core. This shell has a high electron density, and
the 77 stacking of the polythiophene chains enables electron
transfer between AuNPs when they touch upon drying.

The hybrid inkjet inks were water-based without additives
and had a surface tension of y= 47 + 5 mN m™, a viscosity
n =7 mPa s, a density of p =133 £ 0.23 g cm™, and a solid
content of 200 mg mL™. The inkjet printer ejected drop-
lets from nozzles with diameters of d = 21 pm at a speed of
v=6.8 £ 0.3 m s~! that we optimized as shown in Figure le and
Figure S2 in the Supporting Information. A useful indication
of printability is the inverse of the Ohnesorge number Oh = 1/
(vpd)!/2, often denoted Z, defined as the ratio of the Reynolds
number (Re) = vpd/n and the square root of the Weber number
(We) =12pd/ 714 Our ink, which had Z = 7, formed stable and
separated droplets without satellites as shown in Figure 1g. We
prepared samples by direct-inkjet printing on a commercial
photo paper (HP Glossy, 160 pm thick) and found resistivities
in the range of 2.4-4.3 x 1073 Q cm immediately after drying
(see Figure S3 and Video S1, Supporting Information).

The porosity and surface energy of the substrate are known
to affect the spreading of the ink and the conductivity of the
resulting layers as reported by Hsieh et al.l’® and others.3%3]
Printing on uncoated, highly porous cardboard did lead to rel-
atively high resistivity of =8.3 x 10! Q ¢m at 1 um thickness

Conductive film

Wetting and Drying

L7 1, t2, sonication
BT €8 O
’ ¢
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Water
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Recovering

Scheme 1. Reversible inkjet printing of conductive structures on cardboard. i) Hybrid ink dries and forms a conductive film of densely packed particles
that retain their identity. i) The particles can be mobilized by wetting them, e.g., to repair cracks. iii) Recovery is possible for recycling by ultrasonic

agitation; the particles can be reused for making ink.
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Figure 1. Inkjet printing of sinter-free Au ink on coated cardboards. a) Schematic illustration of PEDOT:PSS-coated AuNPs and TEM images before
and after the ligand exchange. The scale bar is 20 and 2 nm (inset). b) Scanning electron micrographs of four different coating types on cardboard.
The scale bar is 5 um. c) Average pore radius (left) and porosity (right) of coated cardboards. d) Surface energy of coated cardboards. e) Schematic
illustration of drop-on-demand piezoelectric inkjet printer for printing of sinter-free Au ink and a parameter map of the Re and We numbers for hybrid
ink. Note that all formulations were in the range that is suitable for printing. f) Absorption velocity of reference ink and sinter-free Au ink on different
coated cardboards and optical photographs of absorption behaviors of hybrid ink on coat CN-3. g) i) Photograph, ii) optical micrograph, and iii) scan-
ning electron micrograph of an inkjet-printed conductive structure. The scale bars are 4 mm, 500 pm, and 500 nm.

of the printed electrode (Figure S4, Supporting Information).
The standard way to reduce surface porosity in paper industry
is coats based on aqueous dispersions of CaCO; and CaSiO;.
We used a mixture of natural and precipitated CaCO; pigment
modified calcium carbonate (MCC), a CaSiO; pigment, and
polyvinyl alcohol as binder, at a coating weight of 30 g m™.
Four mixtures of these additives with different mass ratios
of CaCOj;: CaSiO; (CN-1: 100:0, CN-2: 90:10, CN-3: 60:40,
and CN-4: 30:70) were prepared and used to coat a commer-
cial raw cardboard that is widely used as a packaging material
(see Table S1 in the Supporting Information and experimental
details below). Figure 1b shows scanning electron microscopy
(SEM) images of the surface morphology of the four different
coats. Increasing the fraction of flake-like CaCOj; particles
over the rod-shaped CaSiO; reduced the average pore radius,
while the overall porosity hardly changed (Figure 1c). The sur-
face energy gradually dropped with CaSiO; content due to the
hydrophobic groups on the surface as shown in Figure 1d.1*®
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Figure 1f shows the absorption rate of our hybrid NP ink as
compared to a particle-free reference ink that only contained
PEDOT:PSS. Reducing pore size and surface energy slightly
increased the absorption rate of the reference ink but consider-
ably decreased it for the hybrid NP ink. SEM images (Figure 2b
and Figure S5, Supporting Information) suggested that this dif-
ference is due to the hybrid particles’ accumulation on top of
small pores. Hybrid inks formed a relatively dense particle layer
on top of the substrate that strongly adhered due to its exten-
sion into the pores, similar to results obtained for standard
metal inks previously.’”) Porous substrates are known to absorb
the liquid rapidly, thus reducing the impact of evaporation
and the accumulation of particles at the three-phase boundary
line that leads to the so-called “coffee rings.”(3¢!

Figure 2a shows the mean resistivity of structures printed on
cardboard samples with different coats. We inkjet-printed strips
of 2 cm % 0.3 cm using drop densities of 1000 to 2500 dpi and cal-
culated specific resistivity (p) as resistance (R) X cross-sectional

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrical conductivity of inkjet-printed structures on coated cardboard. a) Specific resistivity as function of droplet density. b) Cross-sectional
morphology of printed sinter-free Au ink on coating layer. The scale bar is 500 nm, c) Cross-sectional morphology of the printed particle film on coated
cardboard (scale is 100 um). d) Normalized resistivity after bending to angles from —90° to 180°. e) Scanning electron micrographs of the damages
caused bending to —90° and f) 180° (scale bars are 500 um) and g) detail of crack formed at 180° (scale bar is 2 um). h) Mobilization of the particles
by wetting to bridge the gap (scale bars are 10 and 1 um). i) Normalized resistivity of the bent sample before and after treatment with water and ink.

area (A)/length of structure (/). Uncoated cardboard led to
high resistivity on the order of =8.3 X 107! Q cm even at 4000
dpi (thickness of layer = =1 um). Microstructure analysis con-
firmed that the electrical conductivity was severely limited by
the disconnected structure that the hybrid ink particles formed
on the highly porous fiber structure of the uncoated cardboard
(Figure S4, Supporting Information). The initial resistivity of
coated cardboard was much lower and increased following the
order CN-1> CN-2 > CN-4 > CN-3. Apparently, the low-porosity
coatings and low surface energy of CN-3 and CN-4 decreased
specific resistivity even at low drop densities.

Slow absorption and low surface energies led to smaller
sessile droplets and increased the thickness, and possible
the packing density, of the conductive film. This decreased

Small 2020, 16, 2000928 2000928 (4 of 7)

resistivity. We found that the diameter of the printed dots
(dried droplets) was larger on CN-1 (39.2 £ 2.8 pum) and
CN-2 (36.1 + 2.1 um) than on CN-3 (35.7 + 1.8 um) and CN-4
(35.5 £ 1.3 pm) such that the areal density of particles was
greatest for CN-3 (Figure S6, Supporting Information). A con-
ceivable alternative mechanism that could lead to increased
electrical performance when printing on small pores is the
decrease of particles that are “lost” inside the bulk and do not
contribute to electrical conduction (the extreme case of particle
loss is the uncoated cardboard in Figure S4 in the Supporting
Information). We did not find evidence for this mechanism for
any of our coats, however. Cross-sectional electron micrographs
of all printed films on coated cardboards indicate for all cases
that, although the average pore size is larger than the particle

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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average diameter, only few particles migrated into the porous
structure. Figure 2b and Figure S6 in the Supporting Informa-
tion illustrate that the hybrid particles on all coats formed a
continuous dense film on top.

The resistivity of the resulting films (p= 5.2+ 0.4 x 107 Q cm)
was slightly above that of sintered metal films printed with
commercial inkjet inks on the same coated cardboards
(0 =78+ 1.3 x10*Q cm) at 2000 dpi, but it is formed of indi-
vidual particles that can be redispersed in liquid. In the fol-
lowing, we test two potential benefits of this reversibility: the
repair of damages that occur when paper is bent and folded,
and the recovery of the particles from the printed film at the
end of device life time.

Folding is a versatile and common process in the produc-
tion of packaging and other 3D structures from paper and card-
board. It would be highly desirable to fold conductive structures
without reducing their performance. This is known to be dif-
ficult, however: folding of coated paper and cardboard leads
to microscopic cracks that interrupt the conductive film.3%40
In our study, conductive structures (2 cm long x 0.3 cm wide)
were printed at 1500 dpi and bent to angles from —90° to +180°.
Figure 2d shows the normalized resistivity (p/p,) for the dif-
ferent coats and bending angles. The resistivity of all samples
increased abruptly when bending to angles of 60° or above
due to crack formation that was visible in SEM (Figure 2e,f).
The analysis revealed a larger damaged area of the conduc-
tive film when bending to —90° than to 180°. This is consistent
with previous reports of greater damage in printed conductive
structures for compression than tension.! The drop in con-
ductivity was always caused by the formation of cracks in the
coats that propagated through the conductive layer and dis-
connected the particles in the hybrid particle layer. Some of
the particles migrated into the crack (Figure 2g and Figure S8,
Supporting Information), but their density was insufficient to
electrically bridge the gap. It is interesting to note that CN-1
and CN-2 coats led to a greater bending stability than CN-3 and

www.small-journal.com

CN-4 although the latter two had a positive effect on the ini-
tial resistivity of the film (vide supra). Careful analyses of the
micrographs and elastic moduli suggest that the larger fraction
of CaSiOj; in the coat makes them more brittle (Table S1, Sup-
porting Information). We repeated the experiments with com-
mercial silver nanoparticle (AgNP) inks (PV nanocell, Sicrys
I50T-13) on the same substrates, sintered them (150 °C for 1 h),
and analyzed the cracking of the sintered films on five sam-
ples each. Figure S7 in the Supporting Information indicates
the formation of similar cracks at lower bending angles than
for the unsintered hybrid ink samples above. The sintering pro-
cess is likely to change the properties of coats, thus increasing
their propensity for brittle cracking. The abrasion resistance of
printed hybrid ink on cardboard substrates was evaluated using
standard abrasion testing (ASTM D3884) that indicated good
adhesion and sufficient yield strength to withstand removal.
Conductivity was retained even after 500 strokes (Figure S9,
Supporting Information).

We tested whether it is possible to increase the mobility of
the hybrid particles in order to heal the cracks in the bent sam-
ples. A volume of 10 uL of deionized (DI) water was drop-coated
over the entire damaged areas as shown in Figure 2h. The resis-
tivity of the damaged electrodes recovered to up to 58% of their
initial resistivity in 10 min after drying. A part of the particles
was redispersed and filled the crack, thus re-establishing elec-
trical contact. More effective than simple wetting was to repair
the cracks with 10 pL of sinter-free Au ink, which leads to a
recovery of 98% of its initial resistivity (Figure 2i).

We exploited the reversibility of the process in order to
recover the hybrid particles from a printed structure.*”! The
coat with the conductive structure can be mechanically peeled
off the cardboard that is then suitable for standard paper
recycling routest®*l and the recovery of the hybrid particles
(Figure 3a,b). An ultrasonic bath (Elmasonic X-tra 50 H, fre-
quency: 35 kHz) was used to agitate the peeled top layer in
water for 5 min at room temperature (Figure 3c). Agglomerates
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Figure 3. Recovery of hybrid nanoparticles from damaged electrodes. a) Schematic sample structure and separation of the coated layer from the
cardboard base. b) Damaged top layer in water. c) Redispersion of hybrid particles by ultrasonication. d) Electron micrographs of recovered particle
agglomerates (scale bar is 5 um) before and e) after purification (scale bar is 500 nm). f) Optical transmission spectra of the original hybrid ink and

recovered hybrid ink.
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of the coating material mixed with sinter-free AuNPs were dis-
persed in DI water, further sonicated, and possible larger parti-
cles were removed using 0.2 and 0.45 um membrane filters. The
final dispersion was again ultrasonicated for 20 min at room
temperature. A combination of SEM and UV-vis spectrometry
shown in Figure 3d-f indicated that individual hybrid particles
were successfully recollected at a recovery rate of =30% (see the
Experimental Section for the detailed evaluation). We believe
that this yield can be considerably increased using improved
separation processes, e.g., the combination of mechanical and
chemical treatment with ultrasonication processes.*!

In summary, the reversible printing of sinter-free hybrid inks
on cardboard yielded highly conductive, bendable electrodes
that can be repaired and recycled. Tailored cardboard coats led
to excellent conductivity of =5.2 + 0.4 x 103 Q c¢m without sin-
tering that are comparable to those of sintered commercial Ag
ink (=78 £ 1.3 x 107* Q cm). The particles in the films retained
their individual structure and could be mobilized on demand
in order to repair cracks from bending or folding or to recover
them from the devices, e.g., at the end of the life cycle. The
hybrid ink concept is not limited to the gold particles used here
and can be extended to metal cores of Ag, Cu, and other metals
and semiconductors. We believe that it provides useful alterna-
tive routes to printed flexible electronic devices, RFID tags, and
biosensors on paper and cardboard.

Experimental Section

Synthesis of AuNP@PEDOT:PSS Ink: A modification of the published
synthesis of gold nanorod-based hybrid inks described in ref. [46]
was employed for the synthesis of spherical AuNPs capped by CTAB
(for synthesis, Sigma Aldrich). The gold content of the solution was
increased in order to increase the yield per batch and the dispersion
was ensured by vigorous stirring. In a second step, the ligand exchange
procedure described in the previous workP3l was used to obtain hybrid
AuNP@PEDOT:PSS nanoparticles dispersed in water. The concentration
was adapted to 200 mg mL™" solid content to prepare an ink with a
surface tension of 47 £ 5 mN m™, a viscosity of 7 mPa s, and a density
of 1.33 £0.23 g cm~>. All reagents were used without further purification.

Preparation of Coated Cardboards: Pigments, binders, and additives
were formulated to obtain applicable dispersions and applied on the
raw commercial cardboard (Storaenso Tambrite with a basis weight
of 250 g m™2) to obtain a dried weight of 30 g m™2. The dispersion
contained a mixture of natural and precipitated CaCO; pigments MCC,
a CaSiO; pigment, and polyvinyl alcohol (Mowiol 4-98) as binder;
it showed no foam formation or settling. The mass ratio of MCC and
CaSiO; pigments was varied. It was sometimes necessary to add a
thickener in order to reach the necessary viscosity of 800 mPa s. All
cardboard substrates were used without heat treatments.

Inkjet Printing of Hybrid Inks: Hybrid ink (200 mg mL™ in water)
was printed using a PIXDRO LP50 printer equipped with a piezo-type
printhead comprising 21 um diameter nozzles at room temperature
(25 £ 3 °C). The jetting wave form was optimized as shown in Figure S3
in the Supporting Information. Specimens for electrical characterization
were prepared on different cardboard pieces with 3 cm X 1 cm size.

Inkjet Printing of Conventional Inks: Commercial inks based on Ag
(Sicrys 150T-13, PV nanocell, Israel) were printed on cardboards using a
PiXDRO LP50 printer equipped with a 21 um diameter inkjet nozzle at
room temperature (25 £ 3 °C). Silver electrodes (thickness =3.3 um) were
sintered at 150 °C for 1 h after printing, as advised by the ink manufacturer.

Characterization of Printed Structures: An Infinite Focus IFM G3
microscope (Alicona GmbH, Germany) was used to quantify the
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surface roughness. It acquired an image stack by changing the
focal plane on an area of 1.02 mm X 0.82 mm and calculated the
roughness via image analysis. The Pore Master 60 GT mercury
porosimeter from Quantachrome (now 3P instruments) was used
to quantify pore radius and porosity. A capillary with the sample
was evacuated in the device and filled with elemental mercury.
The volume of mercury that entered the sample was measured
continuously and the porosity of the substrate was subtracted. Surface
energy was calculated using the standard characterization method
developed by PTS (PTS-PP:103/85)l based on the geometric-mean
equation.[®! Surface characteristics were obtained with a camera-
based OCA 20 (Dataphysics, Germany) contact angle setup using
5 pL droplets of water and formamide, respectively. The viscosity of the
hybrid ink was measured on a Discovery Hybrid Rheometer (HR-3, TA
Instruments). Optical microscopy images were performed on a Zeiss
Polscope Observer; SEM was performed with a Quanta 400 SEM at 10 kV
acceleration voltage with a secondary electron detector (FEI, Germany).
Transmission electron micrographs were recorded using a JEM 2010
at 200 kV accelerating voltage (JEOL, Germany). An abrasion test was
performed following ASTM D3884 on ten CN-3 and CN-4 substrates
with printed conductive lines of 5 x 1 cm using a force of 5N and the
same coated papers as counter pieces. A Keithley 2450 electrometer
was employed for the electrical resistivity using current density—
voltage characterizations with the four-probe method. All samples
were flatted after bending and before the resistivity measurements and
all the measurements were repeated five times with different samples
for each experiment. Optical transmission spectra were obtained with
a Cary 5000 UV-Vis—NIR Spectrophotometer. The recovery yield of the
hybrid particles was estimated after recollection from 20 samples with
dimensions of 2 cm (I) X 0.3 cm (w) X 400 nm (thickness) assuming an
original mass fraction of hybrid particles of 0.28 w/w.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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