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Abstract

In this paper, additive layer-by-layer fabrication of a fully screen printed monolithic supercapacitor exhibiting performance
comparable with supercapacitors prepared using lamination is reported. A novel separator material improves the perfor-
mance of the monolithic supercapacitor, is easily applicable using scalable processes such as screen and stencil printing,
and is based on sustainable biomaterials. The additive monolithic manufacturing offers advantages for system integration
and avoids the need of an additional alignment step as needed in the fabrication of laminated supercapacitors. Previously,
the monolithically fabricated supercapacitors showed higher equivalent series resistance (ESR) and leakage current than
the laminated ones. By using microfibrillated cellulose (MFC) and chitosan as separator materials ESR and leakage current
were decreased. These disposable and non-toxic aqueous electrolyte supercapacitors are optimized for autonomous sensor
systems, for example in Internet-of-Things (IoT) applications, with capacitance of 200—-300 mF and ESR of about 10 Q. The
new composite separator material consisting of MFC and chitosan has good adhesion on the electrodes and the substrate, is
easy to apply using printing and coating processes, and does not diffuse into the porous electrode.
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1 Introduction

In the near future, it is expected that there will be billions [1]
of devices which should all integrate and connect smoothly
with the “Internet of Things” (IoT) in different services, for
example smart homes, healthcare and industry automation.
IoT devices and sensor networks need non-toxic and inex-
pensive ways to store energy [1, 2]. Supercapacitors [3-5]
are in many cases a better choice than batteries for manag-
ing the energy storage due to their safety, disposability and
higher cycle life [6].

Supercapacitors store energy into the electrochemical
double-layer at a highly porous electrode surface. The key
elements of a supercapacitor are current collectors, elec-
trodes, separator and electrolyte. Printed supercapacitors
are usually manufactured by applying two electrodes on the
current collectors separately, laminating the electrodes face-
to-face while sandwiching the separator between them and
applying the electrolyte before encapsulation [7-10].

We report here the monolithic fabrication of superca-
pacitors, by applying the films layer by layer on top of each
other on the substrate. Monolithic fabrication can have
advantages over the conventional lamination approach,
both for system integration and for fabrication of series
connected modules when higher voltage is needed. Pre-
viously reported monolithically fabricated aqueous
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supercapacitors showed higher equivalent series resistance
(ESR) and higher leakage current to capacitance ratio than
laminated ones [11]. We have improved the performance
by using a novel, bio-derived composite material as a sepa-
rator, consisting of microfibrillated cellulose (MFC), also
known as nanocellulose, and the polysaccharide chitosan.

The use of MFC in supercapacitors has been reported
previously. However, most of these reports are concerned
with the use of MFC-based conductive materials for elec-
trodes and current collectors [12—15]. Other reports on
MFC materials do not describe their application in super-
capacitors but instead report the chemical properties of
the material [16]. MFC-based cellulose papers have also
been used as separators in supercapacitors [17], but these
devices were assembled using lamination. A monolithi-
cally fabricated supercapacitor has also been reported
previously [18], although the size and the materials of the
supercapacitors were different from the ones reported here.

The separator of the supercapacitors must be thin and
electrochemically stable. It must have high ionic conduc-
tivity [19]. On the other hand, the separator must prevent
short circuit between the electrodes [4, 20]. The use of
MEC as a separator material was previously reported by
Tuukkanen et al. [21]. This work is motivated by the pre-
vious work and extends it to easier and more consistent
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manufacturing and performance by forming a composite
with the biopolymer chitosan.

2 Experimental methodology
2.1 Materials

Devices were prepared on both 1 mm thick Corning ® 2947
glass, and on polyethylene terephthalate (PET film, Melinex
ST506 from DuPont Teijin Films, thickness 125 um). The
reason to use both rigid glass and flexible PET was to test
whether flexibility causes any differences in the supercapaci-
tor properties and to investigate the effect of different surface
energies on adhesion of the formulations.

Graphite ink Acheson PF407C was used as current collec-
tor. The printed current collector layer was cured at 95 °C for
1 h. The electrodes were made from activated carbon (AC)
Kuraray YP-80F, using chitosan (Sigma-Aldrich, 50494) as
a binder using the formulation reported previously [7].

Chitosan, MFC and combinations of chitosan and MFC
were compared as the separator materials, using cellulose
paper (Dreamweaver Silver AR40 thickness 40 um) as a
control. The chitosan solution was made by mixing 2.7 g
chitosan powder (Sigma-Aldrich, 50494), 67 g water and
0.7 g acetic acid. For dispersing of chitosan, acidic solution
is required [22].

For preparation of MFC, Nordic bleached hardwood
kraft pulp was refined in a low consistency (LC) refiner. The
refined cellulose pulp was then fractionated. The fine frac-
tion (accept fraction) was dewatered and stored in refrigera-
tor at 25% consistency, whereas the reject fraction was not
used in this study. The fine fraction containing 40% of fines
(Bauer McNett Fiber Classifier-200) [23] was used as raw
material for microfibrillation without any biocides added.

The fibrillation was performed with an in-house built
mechanical laboratory scale fibrillator. The construction is
a disc refiner type containing rotor and stator plates. Both
plates have 110 mm outer diameter with fibrillation surfaces
overall roughness in micrometer scale. The cellulose fiber
slurry brought into the gap between the plates is exposed
to mechanical shear and centrifugal forces which result in
opening the fibril structures.

For the fibrillation stages, the pulp was diluted to 2.9%
consistency. The rotation speed of the rotor was 4149 rpm,
and the axial closing force of the plate gap was adjusted
to keep the feeding pressure at 4 bar. The plate gap was
gradually reduced at each stage by lowering the feeding
rate. The three first stages were kept partly as homogeniza-
tion of the cellulose slurry, because mixing in the feeding
tank remained incomplete and relatively little energy was
applied to the fibrillating process. The succeeding three
stages changed the pulp from the slurry to an opaque

gel-like substance. The last fibrillation stage was run with
150 ml/min feeding rate, which serves as a measure of
fibrillation state.

All manufactured supercapacitors are environmentally
friendly as the current collectors are made from graphite
and the activated carbon used for the electrodes is made
from coconut shell (information from the manufacturer).
The separators are of paper, MFC or chitosan, which is
made from shrimp shells. The electrolyte was diluted NaCl
(Fluka 38979) to deionized water to obtain 1 M solution.
Adhesive tape (468MP-200MP from 3 M) was used for
sealing the supercapacitors.

2.2 Manufacturing

Screen printing was used to make the supercapacitor elec-
trodes, due to its suitability as a low-cost, high-through-
put process for depositing uniform thick films [24-27].
The only film that was not screen printed is the separa-
tor, which was deposited by stencil printing (doctor blade
applicator using mtv Messtechnik Film Applicator) due to
the low solid loading of the formulation, which is a typi-
cal property of nanostructur cellulosic materials. Alter-
natively, current collectors were also fabricated by stencil
printing, which gave comparable results.

The cross section and layout of the supercapacitors are
shown in Fig. 1. The cross section of a monolithic super-
capacitor is shown schematically in the Fig. 1a, while the
Fig. 1b presents the schematic cross section of a face-
to-face laminated supercapacitor. Figure 1c presents the
layout of the monolithic and laminated supercapacitors,
which are the same.

The width and the length of the supercapacitors’ sub-
strates are 50 mm. The laminated supercapacitors are
fabricated by applying the first 34 mm wide layer of the
graphite ink as a current collector on the substrate. The
next layer is 31 mm wide activated carbon as electrode.
This sequence of electrodes is deposited onto two sub-
strates. A paper separator is deposited onto one of the
substrates, the two substrates are laminated together, and
the device is filled with electrolyte before sealing with
adhesive tape.

For the monolithic devices, the current collector and
activated carbon electrode are deposited in the same way
as the first two layers of the laminated device. The next
layer is a 26 mm by 16 mm separator that can be of paper
(physical placement) or from solution (blade coating). The
upper layer of activated carbon (22 mm wide) and graph-
ite ink (18 mm wide) are printed on top of the separator,
and the device is sealed (the curved line in Fig. 1a) after
electrolyte filling.
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Fig. 1 Schematic cross section and layout of the monolithic super-
capacitor (a) and the laminated supercapacitor (b) and the layout of
both the monolithic supercapacitor and the laminated supercapacitor

(c)

2.3 Characterization

The ionic conductivity across the separator layer was
assessed with impedance spectroscopy [3, 28]. Measure-
ments were done with a Zahner Zennium potentiostat in
upper limit sweep mode: the measurement was initiated at
1 Hz with a frequency sweep up to 1 MHz and back down to
50 mHz. Voltage amplitude was 10 mV. Nyquist plots were
obtained for each separator type and the ionic resistance R
was estimated from the intersection of the curve and the
X-axis, i.e. the real part Z’ of the complex impedance. Ionic
conductivity ¢ was then calculated using Eq. 1:

o= (1)

where [ is the separation between the electrodes and A is the
surface area of one electrode. Each of the studied materi-
als was prepared first as a dry sheet on a carrier substrate
(Dreamweaver separator was used as is), from which they
were peeled off, cut to the sample size of 9 cm? and soaked
through with 1 M aqueous sodium chloride solution. The
sample was then placed between two polished stainless steel
electrodes and the thickness of the sample was obtained with
a micrometer by measuring the thickness of the electrode
plates with and without the separator in between.

The capacitance, ESR and leakage current were measured
using a Maccor 4300 Electrochemical Test System, accord-
ing to the IEC 62391-1 standard [29]. During the measure-
ment procedure, the supercapacitors were charged and dis-
charged with constant current (1, 3 and 10 mA) between
0 and 1.2 V three times. Then for 30 min, the voltage was
held at 1.2 V. Subsequently, the capacitance was defined
during the constant current discharge step between 0.96 and
0.48 V. The supercapacitors were then kept at constant volt-
age of 1.2 V [30]; the leakage current reported is the current
required to maintain the voltage after 1 h. The process has
been done for all discharge currents of 1, 3 and 10 mA; ESR
is calculated from the IR drop in the measurement of 10 mA
discharge current.

Scanning electron microscopy (SEM) using Zeiss Ultra-
Plus FE-SEM with a 5 kV acceleration voltage was used for
characterization of electrode and separator materials.

3 Results and discussion
3.1 Quality of the films

The MFC, chitosan, and combinations of these two mate-
rials in different ratios were used to make the separa-
tor film on activated carbon electrodes, PET and glass.
Due to the layout of the monolithic supercapacitor, the
separator should adhere well to all these materials to pre-
vent a short circuit. Figure 2 shows the results. As we

Fig.2 a MFC, b Chitosan, ¢ 80% MFC solution+20% chitosan solution, d 80% Chitosan solution+20%MFC solution, e 50% Chitosan solu-

tion+50% MFC solution film on glass substrate
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can see in Fig. 2a, during the drying step the pure MFC
film is peeled off from the glass substrate, as there is
poor adhesion between the underlying materials and the
applied film. Chitosan (Fig. 2b) can cover the substrate
and form the film but bubbles are easily formed when
applying the chitosan solution with stencil printing. This
is believed to be due to penetration of chitosan inside
the activated carbon film, thus forcing air to come out
from the pores of the activated carbon layer. These bub-
bles may cause a short circuit when the film is used as a
separator. Figure 2c shows a film containing 80% MFC
solution and 20% chitosan solution, which did not com-
pletely cover the substrate properly, leaving holes in the
films. Figure 2d shows a film containing 80% chitosan
solution and 20% MFC solution that still shows a bub-
bles, although a reduced. Figure 2e shows a film made
of 50 wt% chitosan solution and 50 wt% MFC solution
(CM5050). There are almost no bubbles and it covers the
substrate uniformly. The chitosan in the formulation with
weight ratio 20% MFC + 80% chitosan penetrates into the
activated carbon, resulting in bubble generation when the
air in the electrode is replaced with the solution, as was
also observed with the pure chitosan film. A film with
many bubbles is not a suitable separator; when the upper
electrode is applied onto the separator, there exists con-
siderable risk of short-circuit between the electrodes. The
solution with weight ratio of 80% MFC solution +20%
chitosan does not form a closed film, thus does not cover
the lower electrode well enough; this also increases the
risk of short circuit. Thus these formulations were clearly
not suitable and therefore not analysed further. Applica-
tion of the CM5050 formulation was a simple one-step
process and produced films of good quality and with good
adhesion. Chitosan appears to act as both a binder and an
adhesion promoter for MFC, which eliminates the peeling
seen with pure MFC. Use of chitosan as both in electrode
binder and composite separator may help improve adhe-
sion and increase the film quality, enhancing the forma-
tion of homogeneous films.

3.2 lonicresistance of the separators

The ionic resistances of the Dreamweaver paper, MFC,
chitosan and CM5050 impregnated with 1 M NaCl are
presented in Table 1.

The MFC separator shows the highest ionic conductiv-
ity, whereas paper and chitosan showed relatively lower
values. The CM5050 separators shows almost as high
conductivity as pure MFC, which makes it potentially a
good choice for separator of supercapacitors, due to the
easier film deposition.

693
Table 1 Thickness and ionic resistance values of the separators
Material Thickness (um)  Ionic resist- Ionic
ance (Qm)  conductivity

(S/m)
Dreamweaver paper 95 34 0.3
MEFC 150 1.0 1.0
Chitosan 159 2.6 0.38
CM5050 106 1.1 0.9

3.3 Microstructure

Figure 3 shows SEM images of the activated carbon, Dream-
weaver paper, MFC, chitosan and CM5050. The AC sur-
face is porous as expected. The fiber structure in MFC and
CM5050 is obvious.

SEM images show particle size of about 1-10 pm and
irregular shape of the activated carbon powder. The pores
typical for activated carbon microstructure are not visible
with this low magnification. In the supplementary material,
micrographs with higher magnification are presented in Fig.
S2. The Dreamweaver paper consists of fibers having differ-
ent diameters, from about 100 nm to 1 um. The images show
the diameter of the fibers in MFC and CMS5050 are 100 nm
to 0.5 um. When compared with Dreamweaver, MFC has
a larger amount of smaller fibers. The bubbles on chitosan
surface are obvious in the SEM image, while CM5050 shows
almost no bubbles.

3.4 Electrical performance of the supercapacitors

The supercapacitor types fabricated in this study are listed
in Table 2. Figure 4 shows the supercapacitors on glass and
PET. Figure 4b shows an example of a supercapacitor on
glass substrate connected for measurement. The results are
reported in Table 2. The supercapacitors made using a pure
MFC sheet did not work due to poor adhesion of the MFC
film.

Supercapacitors A and B are face-to-face assembled refer-
ences that were manufactured using the lamination method
with Dreamweaver as a separator. The substrate of A is PET
and the substrate of B is glass. The material and geometry of
the supercapacitor C and D are the same as used in A and B,
respectively, but C and D have the monolithic structure, in
which the paper separator was manually deposited and the
final layers were printed on top of it. C and D have higher
ESR and higher specific leakage current than A and B. The
increased ESR in the monolithic devices appears to be due
to the formation of a high resistance edge upon printing the
top layer or graphite as a current collector over the separator.

Supercapacitors E, F, G and H with chitosan or CM5050
separators show lower ESR and slightly higher leakage
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Fig. 3 SEM imaging of a Activated carbon, b Dreamweaver paper, ¢ MFC, d Chitosan, e CM5050 (50 wt%Chitosan + 50 wt% MFC)

current relative to capacitance. Due to the comparative ease
in depositing the CM5050 separator, it was used for further
experiments, where the current collectors and electrodes are
screen printed (type I in Table 2). The result is compara-
ble with the supercapacitor G that is made by combined
screen-printing (lower electrode) and stencil coating (upper
electrode and current collectors). The numerical values
presented in Table 2 for supercapacitors F, G and I are the
averages of several devices. Detailed values are available in
Supplementary material, Table S1.

@ Springer

Figure 5 shows the leakage current of the monolithic
supercapacitors as a function of capacitance. Although the
geometrical areas of the electrodes are the same, there is
some variation in the thickness of the electrodes due to slight
variations in the screen and stencil printing runs. In prin-
ciple, the thicker the electrode is, the larger capacitance is
obtained. The data agree with previous measurements [7]
and show an increase in leakage current with capacitance.
In supercapacitors, as leakage current is largely caused by
Faradaic charge-transfer reactions at the electrodes. Thus
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Table 2 Electrical properties of the supercapacitors

Supercapacitor, architectural structure, substrate, separator Capacitance ~ ESR (Q2) Leakage current Specific leakage

(mF) (uA) current (UAF ™)
A Reference, laminated, PET, paper 297 10.1 6.5 21
B Reference, laminated, glass, paper 243 13.5 6.1 25
C Monolithic, PET, paper 186 20.6 6.5 34
D Monolithic, glass, paper 209 29 6.7 32
E Monolithic, PET, chitosan 259 15.8 73 28
F Monolithic, glass, chitosan 281 19.6 72 25
G Monolithic, PET, CM5050 269 14.9 6.9 26
H Monolithic, glass, CM5050 278 12.2 7.9 28
1 Monolithic, PET, CM5050 315 12.7 8.1 26

Current collectors and electrodes screen printed

Fig.4 a The monolithic supercapacitors on glass (left) and PET (right). b Monolithic supercapacitor connected with crocodile clips during

measurement
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Fig.5 Leakage current of the monolithic supercapacitors (C, D, E, F,
G, H and ]) as a function of capacitance

increasing the electrode surface area results in larger leak-
age current [7].

Figure 6 shows the galvanostatic charge and discharge
of supercapacitor I at constant current 1 mA (Fig. 6a) and
10 mA (Fig. 6b).The IR drop is clearly observable. The

galvanostatic charge—discharge curves of the other super-
capacitors are provided in the Supplementary material,
Fig. S1.

Compared to the other reported monolithic supercapaci-
tors, both with aqueous [11] and ionic liquid electrolyte
[18], our supercapacitors show considerably lower leakage
current at comparable capacitance for the voltage of 1.2 V.
The supercapacitor mentioned in reference [18] had ionic
liquid electrolyte in gel-polymer and a polymer containing
fluorine was used to bind the electrodes.

Tuukkanen et al. have reported the use of MFC in a
laminated device [21]. Nanocellulose gel is applied by
pipetting on to both electrodes and laminating. In our
case, the supercapacitor is prepared monolithically and
the separator is deposited by bar coating, which enables
a fully printable monolithic supercapacitor. In the present
work, we take the advantage of making a mixture of MFC
and chitosan, to obtain better printability of separator layer
and improve the mechanical and adhesion properties.

@ Springer
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Fig.6 Galvanostatic charge—discharge cycle with a 1 mA and b 10 mA for supercapacitor I

4 Conclusion

Monolithic supercapacitors have potential advantages for
manufacturing and system integration, but have previously
showed higher ESR and leakage current per capacitance
[11] than laminated devices. A novel bio-derived compos-
ite materialmade from chitosan and MFC was used as a
printable separator in monolithic aqueous supercapacitors
and was found to improve the electrical performance of
the devices to a level comparable with laminated super-
capacitors. The ESR s is the same as measured for lami-
nated components and the leakage current per capacitance
is improved. The new material, CM5050, is easier to apply
than chitosan and is thus advantageous from a manufactur-
ing point of view. The correlation between leakage current
and capacitance of the monolithic supercapacitors follows
trends generally observed in supercapacitors. We also
fabricated a supercapacitor in which both electrodes and
current collectors were manufactured by screen printing
to further enhance the possibility of potential industrial
fabrication.
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