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Cellulose Nanopaper with Monolithically Integrated

Conductive Micropatterns
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This work presents a route to fabricate micropatterned conductive structures
where the conductors are monolithically integrated with nanocellulose-based
paper. To fabricate conductive features, microstructures are patterned on
filter papers using wax-printing, followed by vacuum filtration of carbon
nanotubes (CNTSs) or silver nanowires (AgNWs) dispersed in aqueous
cellulose nanofibrils (CNFs). These patterns are then laminated onto a pure
CNF substrate (both in gel-state) and dried to form cellulose nanopapers with
integrated conductive micropatterns. Resolutions of the conductive features
are shown down to 400 pm wide, 250 nm thick, and with conductivity

values of 115 £ 5 S cm™" for the CNF-CNT and 3770 £+ 230 S cm™ for the
CNF-AgNW micropatterns. The nanopaper and the conductive patterns both
constitute random fibrous networks, and they display similar ductility and
swelling behavior in water. Thus, the integrated conductive micropatterns

More specifically in paper-based elec-
tronics, usually, thin films of conductive
materials are patterned by direct printing
on paper'Zl Paper as a substrate con-
tains a random network of cellulose
fibers. Due to the macroporous network
of fibers in the paper, it is challenging to
print thin films of polymers and metals
on unmodified paper. Furthermore, paper
is not optically transparent compared to
most polymeric sheets,®!3l which limits
its application in electronic devices that
require transparency.

An alternative to cellulose paper is a
cellulose nanopaper. A nanopaper con-
sists of a nanostructured random network

can withstand folding, as well as wetting cycles. This stability of the
micropatterns makes them useful in various devices based on nanocellulose
substrates. As an example, an electroanalytical nanopaper device that

operates in wet conditions is demonstrated.

1. Introduction

In printed electronics, conductive patterns are printed on an
insulating substrate, e.g., polymers or paper.!l The main fabrica-
tion methods for printed electronics are based on direct printing,
spray deposition, sputtering, or stamping on a premade sub-
strate (synthetic polymers, glass, or paper).?””! These methods
are mainly suitable for making thin films with thicknesses of
around 100 nm, and thicker conductive patterns are harder to
fabricate.®'!] Furthermore, the conductive patterns and the sub-
strates usually constitute two different classes of materials (e.g.,
metal or carbon particles deposited on polymers or papers), and
the incompatibility between the substrate and the pattern in
terms of mechanical or physical properties (e.g., swelling ratio
in contact with a solvent) is a challenge.
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of cellulose nanofibrils (CNFs). Nano-
paper has four interesting properties: i) It
has a nanoscale porosity, ii) It has a high
optical transparency, in both the visible
and ultraviolet spectra. iii) It has a low
(nanoscale) surface roughness. iv) It has
a higher Young's modulus and a higher
strength value than most plastic substrates.'*18] Cellulose
nanopaper has, therefore, also been considered as a substrate
in printed electronics!'®24 where mostly metallic nanoparticles
(Ag or Au) have been printed on a prefabricated nanopaper, for
example using sputtering to form thin films (below 100 nm)
with lateral resolutions in the micrometer dimensions.!?>20
Metallic patterns have the advantage of providing a high con-
ductivity, however, sputtering can be a time-consuming and
expensive process, and poor adhesion between the metallic par-
ticles with paper or plastics can be an issue that deteriorates
the performance of the conductive pattern during handling and
deformation.l?l Metallic nanoparticles, furthermore, need to be
sintered through heating to obtain a high conductivity.?”28 A
major obstacle for printing on cellulose nanopaper, however, is
the hygroexpansion of nanopaper (CNF nanopaper swells up to
50 times in water?”)). For this reason, previous work has relied
on nonwater based inks for inkjet printing on nanopaper.?’!
Additionally, the difference between the swelling behavior of
nanopaper and the coated layer can lead to cracks or detach-
ment of the coating. Folding of patterned nanopaper can also
lead to cracks or detachment of the coated layer.["!

In this work, we have developed a process that monolithically
integrates printed micropatterned electronic structures and
cellulose nanopaper. This process relies on the ability of CNFs
to disperse functional nanomaterials in water, such as metal
nanowires,?3?l  nanosheets®3] and unmodified CNTs 33
or conducting polymers.?®3”] The codispersions of CNF and
functional nanomaterials enable fabrication of composites
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Figure 1. Schematic diagrams and photographs show the procedure for fabricating micropatterned conductive nanopaper composites: A) Wax (orange
color) is printed onto a filter paper. B) Vacuum filtration of dispersions of CNFs that contain either CNTs or AgNWSs through the wax printed filter paper.
In parallel, pure CNF dispersions are filtered through a neat filter paper to form the nanopaper substrate. These filtered dispersions form hydrogels on
the filter paper as seen from the two photographs in the middle. C) The hydrogels on the filter paper are laminated, vacuum pressed and dried. The
nanopaper is finally removed from the filter paper to form a freestanding patterned structure (photograph on the bottom right).

with various functionalities. Conductive nanopapers can be
fabricated directly from codispersions of CNF and functional
nanomaterials, using the identical process to that used for
making the CNF nanopapers (i.e., vacuum filtration followed
by drying),®¥ and result in a film with a random fibrous
network.3?) We show that this fabrication process allows the
micropatterning of complex conductive shapes with different
thicknesses (250 nm to 5 um), and results in structures with
similar ductility and swelling behavior as that of pure cellulose
nanopaper.

2. Results and Discussion

We prepared negatively charged (1200 pequiv g™') CNFs0
(see the Experimental Section) and used the ability of CNFs
to disperse other nanoparticles (as previously described by us
and others) to prepare dispersions of as-prepared multiwalled
carbon nanotubes (CNTs) with 60 wt% CNTs, or silver nano-
wires (AgNWs) with 60 wt% Ag, in water (see the Experimental
Section).}13+35 We chose multiwalled CNTs because their pro-
duction price is an order of magnitude lower than single-walled
CNTs,*U and they can be used as inert electrodes in various
applications (AgNWs can be oxidized under air and ultravi-
olet exposurell). We chose AgNWs because they have much
higher conductivity than CNTs which makes them suitable for
electrical wires (e.g., in printed circuit boards).*>~#4

Particles dispersed in water can be micro-patterned by
passing them through a wax-printed filter. In a previous report,
a wax-patterned paper was used to co-fabricate microfluidics
and electronics on paper by forming a hydrophobic coating
inside paper microchannels.*’! Wax printing and vacuum
filtration of an aqueous AgNW dispersion have also been
used to form a conductive pattern onto a polymer substrate. ¢!
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Drop-casting or vacuum filtration of aqueous AgNWs or CNTs
has been used to fabricate uniform conductive coating on cel-
lulose nanopaper.?'#’l Here, we used a wax printer to form
micropatterns on filter papers. Figure 1 shows the patterning
process: when the aqueous dispersion of nanoparticles is
vacuum-filtered through the wax-printed filters, the dispersion
passes through the unwaxed parts (due to the hydrophobicity of
wax) and forms a stable gel. This composite hydrogel contains
around 20 wt% solid content. In parallel, we prepared a pure
CNF gel by vacuum filtration of the CNF dispersion using a
neat filter paper (Figure 1B). After filtration, we laminated and
press-dried the pure CNF hydrogel and the patterned hydrogel
of CNF-CNTs or CNF-AgNWs. We removed the waxed filter
paper leaving a semidried micropattern of CNF-CNTs/AgNWs
that was adsorbed to the CNF gel, and the wet patterned
structure was completely dried using a sheet forming machine
(see Figure 1C and the Experimental Section). This technique
caused the conductive patterns to penetrate into the bulk of
the nanopaper and form monolithically integrated micropat-
terns (see Figure S14 in the Supporting Information).

The resolution of the conductive features depends on the
resolution of the printer, which was 400 pm in this study.
Figure 2A shows the transparency of the CNF substrate in
which the dark micropatterned CNF-CNTs are visible (against
a colorful background). In Figure 2B,G, top-view scanning elec-
tron microscopy (SEM) image from the edge of the patterned
features shows a distinct edge (between CNFs and CNF-CNTs,
or CNF-AgNWs). The patterned parts that contain 60 wt%
CNTs, or AgNWs display mostly larger CNT, or AgNW particles
network, while the CNF side contains only nanocellulose
particles that form a densely packed network (SEM images in
Figure 2B,G). We could control the thickness by decreasing
the amount of the dispersion (or by diluting the dispersions in
water) to be filtered, and demonstrated the lowest thickness of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

CNF-CNT

MATERIALS

www.advelectronicmat.de

!

CNF-AgNW

Figure 2. A) An optical image of a micropatterned nanopaper against a colorful background shows the transparency of the nanopaper and the reso-
lution of CNF-CNT structures down to 400 im. B) Top-view SEM image from the edge of the patterned CNT line shows distinguishable CNF and
CNF-CNT parts (the inset shows a higher magnification). C,D) SEM images from the parallel lines and the spiral feature. E) Cross-sectional SEM image
of a CNF-CNT pattern embedded into the CNF substrate with a thickness of 250 nm. F) Photographs of nanopapers with various integrated CNF-CNT
micropatterns. G) Top-view SEM image from the edge of a CNF-AgNW line (inset shows a higher magnification). H) Cross-sectional SEM image of a
CNF-AgNW pattern embedded into the CNF substrate with a thickness of 1 um. E) A photograph of a nanopaper with micropatterned CNF-AgNWs.

250 + 25 nm for CNF-CNTs and 1 um for CNF-AgNWs, and
the highest thickness of more than 1 and 5 um, respectively (see
Figure 2E,H, and Figures S2 and S12 in the Supporting Infor-
mation). This fabrication method can achieve a greater range
of thickness in a single processing route compared to printing
conductive patterns (e.g., AgNWs on polydimethylsiloxane,“l
graphene on glassine paper/® or sputtering on cellulose
nanopaper).*’l The micropatterned features are not limited to
straight lines and various complex shapes with bent and sharp
edges can be made (Figure 2F,I and Figure S1, Supporting
Information). The patterned features were embedded in the
bulk of the substrate which resulted in an overall flat surface as
measured by atomic force microscopy (AFM) (see Figure S6 in
the Supporting Information).

We measured the conductivity of the CNF-CNT patterns to
115+ 5 S cm™! and CNF-AgNW patterns to 3772 £ 232 S cm ™.
The conductivity of CNF-AgNW patterns is comparable to pre-
viously reported AgNWs coated on CNF nanopaper, considering
that the composite patterns in this work contain only 60 wt%
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AgNWs.31#8 The conductivity of the CNF-CNT patterns is in
a higher range than most previously reported carbon-based
printed electronics.®?14%°% This high conductivity can be attrib-
uted to the efficiency of CNFs to disperse unmodified CNTs in
water.®>l This method preserves the pristine structure of the
CNTs, avoids chemical functionalization which can damage
the electronic structure of the CNTs, and also avoids the use of
surfactants which can perturb the CNT-CNT contacts.

The change of the CNF-CNT or CNF-AgNW thickness did
not alter the conductivity of the patterns which suggests that the
homogeneity of the pattern is independent of the initial concen-
tration of the dispersion (different particle concentration but the
same CNT or AgNW wt%) and also independent of the pat-
tern thickness (Figure 3A). The resistivity of the micropatterned
structures increased linearly with an increasing length of the
patterns, (Figure 3B). This linear relation is also indicative of a
homogeneous CNTs/AgNWs network in the conductive features.

To test the folding tolerance of the conductive patterns, we
performed folding—unfolding test and measured conductivity
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Figure 3. A) Conductivity versus thickness for micropatterned CNF-AgNWs (top) and CNF-CNT lines (bottom) with different thicknesses. B) Resistivity
of the micropatterned CNF-CNT features with 250 nm thickness and CNF-AgNWs with 5 im thickness both showing a linear increase with increasing
length of the line. C) The conductivity of the CNF-CNT (cross symbols) or CNF-AgNW (square symbols) micropatterned lines versus folding—
unfolding cycles, where three folded lines were tested along each line and folded from —180° to 180°. Each color represents data for an individual line.
D,E) Photographs of folded micropatterned lines (contain CNTs or AgNWs) that are connected to a 9 V battery and deliver power to LEDs.

after each 100 folding—unfolding cycles (see the Experimental
Section). The results based on 3-point folding in Figure 3C
(that includes folding in both 180° and -180°) show that
there is no change in the conductivity of the patterns after
1000 folding-unfolding cycles (previous reports on folding
tolerance with metallic or carbon-based nanoparticles as the
conductive coating showed a reduction in conductivity).®>1>2
We connected two CNF-CNT conductive lines, with 250 nm in
thickness and 600 um in width, a resistance of 10 + 0.4 kQ, to
a light emitting diode (LED). The LED could emit light (when
connected to a battery), even during folding—unfolding cycles
(Figure 3D). We could lower down the resistance of the lines in
Figure 3E to 22 £ 5 Q with fabricating 5 um thick CNF-AgNW
patterns (Figure 3B and Figure S12, Supporting Information).
The AgNW patterns were also resilient toward folding similar
to the CNF—CNT patterns.

To better understand the folding resilience of the micropat-
terned structures, we analyzed the mechanical and electrical
properties of the nanopapers as bulk composites to find
similarities in the mechanical performance of the substrate
(CNF nanopaper) and the conductive pattern (CNF—multiwalled
CNT composite nanopapers). We fabricated nanopapers
with different ratios between CNFs and CNTs, and with an
average thickness of 20 um (see the Experimental Section
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and Figure 4A). The electrical conductivity of the composite
nanopapers follows a power law model with low regression
in logarithmic scale which suggests that the formation of
aggregates can be neglected (Figure 4B). Moreover, dynamic
light scattering data comparing CNF and CNF-60 wt% CNTs
dispersions in water, qualitatively display the same homoge-
neity in the distribution of the particles (Figure S7, Supporting
Information).

An increase in the CNT content above 20 wt% caused an
increase in the porosity of the composite nanopaper, while
the apparent density was almost unaltered in all compositions
(1.5 g cm™3 on average; Table S1, Supporting Information). In
a random fibrous network of straight rods, the total number of
fiber crossings (N,) in a 2D area (A) can be computed asl>’]

2 2
N, =L M
TA

where L is the average fiber length and Ny is the number of
fibers. If we assume the same length for CNTs and CNFs (2 um),
then fewer CNT particles (with an average diameter of 7.5 nm)
are present in a unit area of the network than the thinner CNFs
(3 nm in diameter). Therefore, the number of fiber crossings
in the CNF-CNT nanopaper with high CNT content becomes
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Figure 4. A) A photograph of the nanopapers (CNF on the right, CNF-60 wt% AgNWs in the middle and CNF-60 wt% CNTs on the left). B) The
electrical conductivity of the composite nanopapers with different CNT volume fraction fitted with a power law model. The inset shows logarithmic
scale fitting which shows a linear relation. C) Typical tensile stress—strain graphs of the composite nanopapers with different CNT wt% and with
60 wt% AgNWs. The gray regions around 1% and 6-7% show the typical yield strain and strain at break, respectively. D) Young’s modulus and strength
of the composite nanopapers versus CNT wt% (empty black symbols) or 60 wt% AgNWs (filled red symbols).

less than the pure CNF nanopaper. The fiber-fiber bonding is
also stronger among the CNFs compared to the unmodified
CNTs.534 In a nonentangled random fiber network, weak
points commonly arise from the junctions (fiber crossings),
where load transfer among the fibrils occurs. Therefore, we can
assume CNT-CNT contacts as soft domains and CNF-CNF
contacts as hard domains. In the composites with 5 or 10 wt%
CNTs, most of the fiber junctions are CNF-CNF contacts com-
bined with strong fiber bonding between the CNTs and the
CNFs (because of the presence of charged groups on CNF
surface as discussed elsewherel®)). This can explain increased
Young’'s modulus and strength for low CNT content nanopa-
pers (below 20 wt% CNTs), considering the negligible porosity
of 3-4% and similar density of around 1.5 g cm™. The electrical
conductivity values of the composite nanopapers with different
CNT volume fractions (Figure 4B) show that—above 30 wt%
CNTs—a spanning cluster of the CNTs network form (start of
plateau region in the graph) where most of the fiber crossings
in the composite network are governed by CNT-CNT contacts.
The plateau region shows reaching the maximum conductivity
that can be obtained in a composite. Thus, above 30 wt% CNTs,
the strain energy is predominantly stored in the soft regions
(according to mechanics of random fiber networks).>® One
explanation for the reduction in modulus and strength in
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Figure 4D can be the reduced number of fiber crossings and
the forces that govern at these crossings.l>># The yield strain
and strain at break, however, are similar for different compo-
sitions, and their stress—strain graphs show similar elastic
behavior to a CNF random fibrous network (Figure 4C). For
example, a comparison between CNF and the composite nano-
paper containing 60 wt% CNTs or AgNWs, shows yield strain
values of around 1% and strain at break values below 6.5% (see
gray areas in Figure 4C). The lower Young’s modulus (E) for
the 60 wt% AgNWs composite (filled red circle in Figure 4D)
can be explained by higher porosity of the AgNW composites
(Table S1, Supporting Information). We used AgNWs with an
average length of 35 um, and an average diameter of 135 nm
(see the Experimental Section). Larger AgNWs will, therefore,
have less number of fibers in a unit area and less number of
fiber contacts compared to the CNTs. The higher mass density
of the AgNWs, however, seems to compensate for this fewer
number of contact points, and the composite nanopapers with
60 wt% AgNWs, therefore, show similar strength (filled red
triangle in Figure 4D) with only 1.5 GPa lower Young's mod-
ulus compared to those with 60 wt% CNTs.

All these factors combined with the similar tensile property
data and relative homogenous particles distribution in the dis-
persions (see Figures S7 and S9 in the Supporting Information)
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Figure 5. A) Photographs of micropatterned lines of CNF-CNTs and CNF-AgNWs after immersion in water. B) Photographs show the thickness of the
nanopaper in both dry state and in fully swollen (wet) state. C) The conductivity of the patterns after each wetting—drying cycle shows stable conduc-
tivity after 5 cycles. D) A photograph of interdigitated symmetrical CNF-CNT electrodes, where CNF is the insulating substrate and as the separator
for CNF-CNTs as conductors. E) Schematic diagram of the structure in (D) used as an electroanalytical device. F) Cyclic voltammograms measured
using the patterned structure in (D) at three different scan rates of 100 X 107 m potassium ferrocyanide in 1x PBS as the analyte.

suggest that CNF-CNT or CNF-AgNW nanopapers have
similar elastic behavior and ductility to pure CNF nanopaper.
This similarity in mechanical properties prevents damage to
the conductive patterns during folding.

Probably the most important feature of the micropatterned
nanopapers is its resilience against hygroexpansion. To test the
stability of the micropatterns against hygroexpansion, we per-
formed cyclic wet-stability tests (by immersing the structure in
water for 10 h then drying using the sheet former). Figure 5A
shows the stability of the patterns after cyclic immersion in
water. Due to the hydrophilic surface and similar swelling
of the CNF and CNF-CNT/AgNW composites, both struc-
tures swell in water without any damage to the patterns. This
swelling, however, is negligible in the in-plane direction and
primarily occurs out-of-plane of the nanopaper, because of
the 2D fibrous structure of the nanopapers (Figure 5A,B and
Figure S10, Supporting Information). Wetting of the micropat-
terned nanopaper resulted in 15-fold increase in weight and
thickness. Drying the wet-patterned nanopapers resulted in the
same initial structure, with retained dimensions and conduc-
tivities (Figure 5C). This stability cannot be achieved by using,
for example, metallic particles coated on CNF nanopaper due
to the different swelling ratios between the substrate and the
coating.?>?% Nevertheless, in this work, due to the attach-
ment of the CNF network to the surface of AgNWs (inset in
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Figure 2G and Figure S13 of the Supporting Information), and
the embedding of the AgNWs in the bulk of CNF network, the
structures were resilient to swelling in water and to drying
(Figure 5A,B). The dry AgNW micropatterns had a conduc-
tivity of 3500 + 130 S cm™!, even after 5 wetting—drying cycles
(red symbols in Figure 5C).

To test the electrical performance of the conductive
micropatterns in wet conditions, we fabricated an electroan-
alytical device. This device as shown in Figure 5D contains
patterns of symmetrical interdigitated CNF-CNT electrodes.
The interdigitated arrays have a width of 500 um and a
length of 1 cm, and a separation distance between the lines
of 500 um. Using these electrodes, we analyzed the reversible
redox system of [Fe!(CN)¢]>~/[Fe(CN)¢]* (potassium ferri/
ferrocyanide in 1x phosphate-buffered saline, PBS) coupled
with cyclic voltammetry (CV) at different scan rates. We
dropped 1-2 droplets of the analyte solution on the interdigi-
tated lines that were connected to the electrodes (see Figure 5E
and the Experimental Section). CV graphs at different
scan rates of 1, 2, and 5 mV s! in Figure 5F show pairs of
redox peaks as a result of the redox reactions occur between
[Fel'(CN)g]>~/[Fe'}(CN)¢]*~. At the scan rate of 5 mV s7}, we
calculated the formal reduction potential (E° = (E, + E)/2,
where E, is the anodic peak potential and E, is the cathodic
peak potential) as 2.64 mV versus CNF-CNT quasi-reference.
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The separation of the peak potentials (AE, = E, — E) is 214 mV
which corresponds to the number of electrons involved
(n = 59 mV/AE,) in this redox reaction of 0.28. AE, increases
along with scan rate: 176 mV at 1 mV s7}, 185 mV at 2 mV s7},
and 214 mV at 5 mV s71.5% The ratios of cathodic and anodic
peak currents (1.08 at 1 mV s7}, 1.05 at 2 mV s7!, and 1.01
at 5 mV s7!) are close to unity. These ratios indicate that the
redox processes are almost reversible with no other redox reac-
tions except the [Fe!''(CN)]*~/[Fe'/(CN)¢]*~ couple between the
electrodes. It should be noted that the reversibility of the redox
reaction, as a performance indicator of the sensor built with
CNF-CNT composite, varies when evaluated according to the
potentials or the currents.[”] We attribute this difference to the
fact that the potential values in here are recorded with a quasi-
reference (CNF-CNT). Most importantly, these results show
that micropatterned electrodes can operate in wet state even
considering the large swelling ratio showed earlier, which
opens up possibilities for using cellulose nanopaper devices
for aqueous electrochemical sensing.

3. Conclusions

We have demonstrated a fabrication method for co-fabricating
micropatterned  conductive features of CNF-CNT, or
CNF-AgNW and nanopaper using combined wax printing
and filtration technique. These micropatterned conductors are
monolithically integrated into the cellulose nanopaper, and
have six advantages: i) The thickness of the conductive features
can be adjusted by varying the CNF-CNTs/AgNWs concen-
tration (we could fabricate patterns with thicknesses between
250 nm, up to 5 pm. ii) The CNF-CNT/AgNW micropatterns
are embedded in the bulk of the nanopaper, resulting in a flat
surface. iii) Many shapes can be fabricated simply by using
wax printing. The resolution of the micropatterns is defined
by the printer (the lowest resolution was 400 um in this study).
iv) The integrated conductors do not alter the strength of the
nanopaper, which showed an average strength of 253 MPa
and a modulus of 13.7 GPa). v) The conductive features can
reach high conductivity values, because the CNF is an efficient
dispersing agent for such nanoparticles (115 S cm™ for CNTs
and 3700 S cm™! for AgNWs). vi) The monolithic integra-
tion and the mechanical compatibility between the micropat-
terned CNF-CNT/AgNW and the pure CNF substrates lead to
conductive micropatterns that are highly resilient to folding,
and more importantly resilient to hygroexpansion (nanopaper
expands 15 times when wetted). To demonstrate the usability
of resilience to hygroexpansion, we fabricated an electroana-
lytical device with micropatterned CNF-CNT interdigitated
electrodes.

This work shows a step towards a fast and simple route to
fabricate conductive micropatterns integrated with nanocel-
lulose substrates. These patterns can be used for different
printed electronic devices and they can also operate in wet
conditions. This technique should not be limited to CNTs or
AgNWs, and should be applicable to other functional nano-
particles and materials that can be dispersed or mixed with
CNFs.333750 Nanopaper-based microelectronics could find
uses in analytical devices in vivo or in vitro,P7*8 cellulose
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(62,63

microfluidics,>°! cellulose-based optical devices,®*% and

printed microbatteries.[®

4. Experimental Section

Preparation of Dispersions: Negatively charged CNFs were prepared
using TEMPO (2,2,6,6-tetramethylpiperidine-T-oxyl radical)-mediated
(Sigma Aldrich) oxidization of softwood sulfite dissolving pulp, as
described in a previous report.l“) CNF-CNT dispersions were prepared
by adding as-prepared multiwalled CNTs powder (Sigma-Aldrich,
Production code: 724769) to a 1 g L™! CNF aqueous dispersion followed
by sonication at 750 W and 50% amplitude in ice bath with a probe
tip diameter of 12 mm for 20 min using Vibra-Cell CV33 (Sonics &
Materials Inc., Newton, USA), and centrifugation at 20 000 x g using
Beckman Coulter J2 for 90 min. After centrifugation, 80% of the resultant
supernatant was taken out and CNT wt% was calculated based on Beer—
Lambert law and according to previous reports.1343%

Fabrication of Nanopapers: The 1 g L™' CNF and hybrid dispersions
were vacuum filtered using hydrophobic polyvinyl difluoride (PVDF)
Millipore membrane filters with a 0.65 um pore size (Durapore, Merck
Millipore, Darmstadt, Germany) followed by sheet forming using Rapid
Kéthen, RK3A-KWT PTI at a vacuum pressure of =1 bar at 90 °C for
15 min.

Patterning on CNF Nanopapers: The patterns using a wax printer were
designed, where a layer of wax was printed on a PVDF filter paper with
a Xerox ColorQube wax printer, and these wax-patterned filter papers
were used to vacuum filter the conductive ink (aqueous CNF-CNTs
dispersion) until a wet-gel is formed on top. Due to wax hydrophobicity,
the aqueous dispersion did not adhere to the wax and passed through
the unwaxed parts and the wet gel was formed on those areas. At the
same time, the earlier-prepared CNF dispersion was vacuum filtered on
a bare PVDF filter paper until a wet-gel was formed. Depending on the
desired pattern thickness, CNF-CNT dispersions were vacuum filtered
with a concentration between 0.05 and 0.5 g L' and with a volume of
5-15 mL. The filtration diameter was 40 mm and the basis dry weight of
the nanopaper was around 30 mg. Next, the two gels were placed on top
of each other followed by sheet forming using Rapid Kéthen, RK3A-KWT
PTI at a vacuum pressure of —1 bar at 90 °C in 2 steps: i) for 3 min until
the CNF-CNT gel was adsorbed/penetrated into the CNF nanopaper
but not completely dried. Next, the waxed filter paper was removed.
This short-step drying prevents melting of the wax and contamination.
ii) 10 min drying until it was completely dried.

Tensile Testing: Tensile testing of nanopapers was performed using
Universal Material Testing Machine Instron 5944 (Norwood, MA,
USA) equipped with 500 N load cell with a strain rate of 10% min~".
5 specimens were cut from each composition (with an average thickness
of 20 um) into rectangles having the length of 2 cm and width of 2 mm
and tested. The test was done under controlled conditions of 23 °C and
50% RH and average values for Young's modulus, tensile strength, and
strain-at-break are reported using data collection from the 5 specimens.

Conductivity Measurements: The electrical conductivity of the
nanopapers using a 2-point probe technique was measured. The
films were cut into defined rectangular strips with known dimensions
(2 mm wide and 2 cm long) and the two edges of the samples were
silver-painted to provide good contact between a metal probe and the
film, and the electrical resistance of each film was measured using
SourceMeter 2401 (KEITHLEY, Beaverton, USA). The cyclic folding test
was done by folding a structure with 3 parallel lines. The nanopaper was
folded from 3 points of +180° and —180° and then again unfolded to
ensure folding from each direction did not damage the CNT network in
the patterns, and the conductivity was measured after each 100 folding—
unfolding cycles.

SEM Imaging: Scanning electron microscopy (SEM) images were
captured using the high-vacuum field-emission SEM (Hitachi S-4800,
Hitachi Corp., Japan). The samples were fixed on a metal stub and
coated with 4 nm layer of gold—palladium coating using Cressington
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208HR (Watford, UK) sputter and imaging was performed with the
working distance of 4-5 mm, secondary electron detector, 1 kV in
acceleration voltage, and the probe current of 5 pA.

AFM Imaging: Images were captured using a Multimode 8 atomic
force microscope (AFM) from Bruker Corp., USA. The scanning was
performed using RTESP cantilevers having a nominal tip radius of 8 nm
and a spring constant of 5 N m™" (Bruker CORP., USA). The edge of
the pattern of the nanopaper was spotted using an in situ optical
microscope and then the tip of the cantilever was put on the edge and
surface roughness was measured as the root mean square (RMS) value
of the whole scanned area 5 x 5 um?.

Cyclic Voltammetry: Copper wires were contacted to the symmetrical
electrodes as the current collectors, using silver paint as conductive glue.
The contact points were protected with epoxy resin and the interdigitated
part was left uncovered, aqueous electrolyte of 100 x 1073 m K;[Fe(CN)]
was dropped in 1x PBS onto the surface of the area with interdigitated
electrodes, and the device was covered with a petri dish in order to
minimize the evaporation of water. CV of the device was performed
at different scan rates with a VSP potentiostat/galvanostat (Bio-Logic
Science Instruments, France) using a two-electrode setup.

Dispersion of CNF-AgNWs: AgNWs were purchased from Sigma-
Aldrich as suspensions in isopropyl alcohol. The AgNWs were decanted
for 3 days and the alcohol was removed from the top and then the earlier-
prepared aqueous CNF dispersion was added in a given composition
(60 wt% AgNWs) followed by sonication at 750 W and 30% amplitude
in ice bath with a probe tip diameter of 4 mm for 2 min using Vibra-Cell
CV33 (Sonics & Materials Inc., Newton, USA).
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