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Abstract

We demonstrate a novel method to manufacture non-toxic supercapacitors with aqueous

electrolyte by solution processing techniques. The supercapacitors are fabricated on flexible

substrates by applying ink layers on top of each other resulting to a monolithic structure. In this
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way the whole component including current collectors, electrodes and separator can be

implemented on one substrate without the need to align and seal two separately fabricated

electrodes. Biopolymer chitosan has an important role since it acts both as separator and activated

carbon electrode binder. This work facilitates an easier manufacturing of thin supercapacitor

structures e.g. for Internet of Things (IoT) and sensor network applications. The capacitance range

of our components is 0.26-0.43 F and equivalent series resistance 12-32 Ω.

1. Introduction

Electrochemical supercapacitors[1,2] are energy storage devices having high specific power, wide

temperature range and long lifetime. An electrochemical supercapacitor has two electrodes

separated by an ionically conductive electrolyte. In practical supercapacitors the electrodes are

porous and filled with the electrolyte. To prevent a short-circuit between the electrodes, a porous

separator is usually installed between the electrodes. The pores allow movement of ions, while the

solid structure prevents a short circuit between the two electrodes. The electrodes are typically

made of activated carbon (AC) powder with a binder material[3] that can be a fluorine containing

polymer such as PTFE or PVDF or e.g. a biopolymer like cellulose. The alternatives for

electrolytes include organic or water based solvents with dissolved ions or ionic liquids[4].

Sensor networks and Internet of Things (IoT) devices would benefit from small inexpensive energy

storage components[5] that do not contain toxic materials and can thus be recycled or incinerated

with normal household waste. The primary or secondary batteries currently used for these

applications typically contain metals such as lithium, silver or manganese and are encapsulated

inside a metal package. Battery electrodes may also be corrosive in case a leakage takes place, and
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some batteries contain harmful organic solvents. Using primary batteries often results to the need

to replace the batteries periodically. In applications where long lifetime is needed, the cycle life of

secondary batteries may not be long enough thus making the battery change necessary.

Supercapacitors, together with an energy harvesting device such as e.g. photovoltaic cell or

piezoelectric generator, can solve these shortcomings since they have long lifetime and they can

be made of inexpensive non-toxic raw materials using mass production methods such as

printing.[6,7,8,9] If the application requires high peak power, supercapacitors can be used in

parallel with a low-power energy source to meet the demands.[10]

Printed energy storage devices are typically manufactured by fabricating the electrodes separately

followed by an assembly step where a separator is placed between the electrodes, electrolyte is

added and the package is sealed. This method is called stacked assembly.[8,11] The aim of this

work is to provide a novel manufacturing process concept that makes the fabrication of

supercapacitors easier by eliminating the assembling step requiring aligning and sealing of

separate electrodes and separator. The result is a monolithic structure consisting of substrate, two

electrodes, two current collectors and separator.

It is also possible to avoid the alignment and assembly step by using interdigitated electrodes in

the substrate plane instead of arranging them vertically.[12,13] However, the interdigitated

structure leads to high equivalent series resistance (ESR) due to the long current collectors. To

achieve reasonably low ESR, we prefer the geometry of stacked assembly in which the electrodes

are face-to-face.
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The use of environmentally benign materials in energy storage devices is beneficial.[14] The

materials chosen in this work are non-toxic, facilitating the use of the supercapacitors even in

disposable applications. We present a process in which the layers of a supercapacitor are coated

on top of each other using solutions as raw materials. The separator is made of chitosan solution

and it is also used as binder in electrodes. Chitosan is prepared from chitin, the second most

abundant natural polymer in the world. It is non-toxic, biodegradable, and biocompatible.[15]

Examples of suitable applications for our supercapacitors include energy autonomous systems

together with, for example, piezoelectric or RF harvester.[16,17]

2. Experimental

The materials choice of the supercapacitor was largely defined by the requirement that the total

system should be non-toxic, recyclable and incineratable. In addition, the need to print the parts

on top of each other required compatibility of the materials with respect toadhesion and wettability.

The current collectors and active material layers were made of printing inks, avoiding the use of

fluorine-containing binders. The electrolyte was an aqueous, non-toxic salt solution.

PET foil (Melinex ST506 from DuPont Teijin Films, thickness 125 µm) and PET/aluminium

laminate (Walki, thicknesses of the layers 50 and 9 µm, respectively) were used as substrates. In

the case of PET/Al laminate, the supercapacitor structure was on the PET side and thus the

aluminium layer acted only as barrier layer. The current collectors were made of Acheson PF407C

graphite ink. The ink curing temperature was chosen to be 95 oC. The raw materials for the

electrode ink were Kuraray YP-80F activated carbon, chitosan (Sigma-Aldrich Chitosan from
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shrimp shells, 50494), acetic acid and deionized water (mass percentages 25.8, 1.4, 0.6 and 72.2,

respectively).

The cross-section and layout of the manufactured supercapacitors are shown in figures 1 a and b.

Both the width and the length of the supercapacitor are 50 mm and the total thickness 0.5-0.8 mm.

The manufacturing process of the layer-by-layer fabricated supercapacitors starts by applying the

lower graphite ink to act as current collector (red in the figure 1a, width 34 mm). On top of that

activated carbon (larger black rectangle) layer (32 mm x 10 mm) is applied. The next layer is the

separator (blue, 26 mm x 16 mm). In one of the layer-by-layer fabricated supercapacitor types (A)

we used 40 µm thick Dreamweaver Silver AR40 cellulose paper as separator to compare the

properties of chitosan and paper separators. In other types (B-E) the separator materials used were

chitosan (Sigma-Aldrich 50494) as such and with talc (Finntalc M15E) as filler material. On top

of the separator the upper electrode (black, 24 mm x 10 mm) and the upper current collector is

applied (green, width 18 mm). When these layers are ready, the electrolyte is added. The

alternatives for encapsulation (yellow) have been the same materials used as substrate or epoxy

(Loctite Power Epoxy Universal) to make the supercapacitor completely solution processable. The

foils used as top encapsulation were heat-sealed using Paramelt Aquaseal X2277 polyolefin

dispersion.

The manufacturing process of the reference supercapacitors (F) is partly similar to the one used

with layer-by-layer fabricated supercapacitors and is described in detail in the article by Keskinen

et al.[8] Two current collectors are made (graphite ink, red and green in the figure 1b) and AC ink

layers applied on them. The same Dreamweaver separator is assembled between the electrodes,
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the electrodes and separator are impregnated with electrolyte and the whole system is heat-sealed

with Paramelt Aquaseal X2277 (gray).

A B

Figure 1. Schematic cross-sections and layouts of the layer-by-layer fabricated supercapacitor (a)

and the conventional supercapacitor (b) used as reference. The vertical and horizontal dimensions

in the cross-section figures are not in the same scale.

There are several requirements for the separator layer. Obviously, it must be ionically conductive

to facilitate the electrical operation of the supercapacitor. It also needs to guarantee the electrical

insulation between the electrodes to prevent short circuits. In addition, it has to be compatible with



7

the graphite and activated carbon inks first by adhering on them and secondly allow the application

of the upper activated carbon and graphite ink layers.

A laboratory scale doctor blade coater (mtv messtechnik) was used for applying the current

collector and AC inks. The AC ink was dried at room temperature resulting in films with thickness

of 70-100 µm. Stencils were used to define the lateral dimensions of the current collectors,

electrodes and chitosan separators. The registration accuracy in the plane of the substrate is limited

in our case by the manual alignment of the stencil and is in practice of the order of 0.5 mm. The

wet thickness of the current collectors and the electrodes was 100 µm and defined by the stencil.

After drying the total mass of the two electrodes was 10-20 mg. The wet thickness of the chitosan

solution layer was 1 mm and defined by the height of the doctor blade. The screen printing of the

graphite and activated carbon inks has been demonstated earlier.[9]

The electrolyte was made by diluting pro analysis grade NaCl to deionized water in mass ratio 1:5.

The electrolyte was applied using a pipette just before encapsulating the device. The penetration

of the electrolytes inside the electrodes is clearly visible and since the bottom electrode is larger

than the separator and the upper electrodes is smaller than the separator, it is possible to observe

the wetting when electrolyte is dropped to one edge of the electrode. We let the electrolyte

penetrate inside the electrodes and separator before the encapsulation process.

Table 1 shows the structural and material differences between the manufactured supercapacitors.

Sample Substrate Separator Cap Structure
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A PET/Al 2-fold paper PET/Al Layer-by-layer

B PET Chitosan PET Layer-by-layer

C PET/Al Chitosan PET/Al Layer-by-layer

D PET/Al Chitosan+talc PET/Al Layer-by-layer

E PET/Al Chitosan Epoxy Layer-by-layer

F (reference) PET/Al Paper NA Face-to-face assembled

Table 1. Supercapacitor materials and structures.

The cross-section micrographs of the supercapacitor structures were examined with scanning

electron microscope (SEM) Zeiss Supra 55.The samples were prepared in two different ways: by

casting the supercapacitor structure inside epoxy and then grinding with SiC paper or by broad ion

beam (BIB) method using a Gatan IlionTM device.

The electrical properties of the capacitors such as capacitance, equivalent series resistance (ESR),

and leakage current were determined according to the IEC 62391-1 standard[18] using a Maccor

4300 instrument. The cyclic voltammetry (CV) measurements were performed with the same

instrument, but not used for defining numerical values, only to illustrate the behaviour of the

supercapacitors. In the measurement procedure, the component was first charged and discharged

with constant current (1, 3 and 10 mA) between 0 and 1.2 V three times, then the voltage was kept

for 30 minutes at 1.2 V, after which the capacitance was defined during the constant current

discharge step between 0.96 V and 0.48 V potential. After keeping the supercapacitor for 1 hour

at constant voltage, the current required to maintain the potential was measured to get the leakage

current value. The efficiency was defined as the ratio of the discharged and charged energy in the

voltage range of 0 -1.2 V. The ionic resistance of chitosan film was determined with impedance
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spectroscopy using a Zahner Zennium potentiostat potentiostat and the resistance of the activated

carbon electrode using four-point measurement.

3. Results and discussion

3.1. Manufacturing process development

Supercapacitors with various materials and structures are here compared with each other and the

reference. Photos of of the  supercapacitor architectures reported here are shown in Figure 2. The

external appearance of the supercapacitors of type A, C and D is similar to each other. The main

difference in the appearance in type B is that due to the transparency of the PET substrate and cap

the current collector structure is clearly visible. The epoxy cap is clearly visible in component type

E. Thus in component E all layers are fabricated using solution processing. Due to the face-to-face

configuration of the contact surfaces of the supercapacitor F, the negative and positive contacts are

located on the opposite sides.
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A, C, D B

E F

Figure 2. Appearances of the fabricated supercapacitor types.

The starting point for the research work was the supercapacitor of type F, which is here used as a

reference. In the following, the effect of the fabrication parameters of the layer-by-layer fabricated

supercapacitors on the most essential properties is reviewed.

Type A was a prototype to test the concept of layer-to-layer manufacturing method still using paper

separator. To prevent the penetration of the upper AC ink through the separator, two-fold paper

was used. In type B the structure including chitosan separator was applied on PET substrate and

the same structure was repeated in type C on PET/Al to benefit from the barrier properties of

aluminium. Due to the shrinkage of chitosan during curing, in type D talc was added to chitosan

separator solution to decrease dimensional changes during the drying. Type E is the structure

where all layers are made of solutions and thus the concept of making the whole supercapacitor

using solution processing,thus potentially by printing, was realized.
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3.2 Microstructure

Figure 3a shows the microstructure of the cross-section of a complete supercapacitor. The PET

layer of the substrate is on the left and is bright due to charging in the SEM. The thicknesses of

the layers are approximately the following: bottom graphite ink current collector 20 µm, lower AC

electrode 70 µm, chitosan with talc binder separator 20 µm, upper electrode 100 µm and top current

collector 15 µm. Although the upper electrode and current collector were intended to be identical

compared to the lower ones, thicker layers were obtained since the doctor blade method led to

larger wet thicknesses due to the warping of the supercapacitor structure.

Figure 3b is taken with higher magnification and reveals the microstructure of the electrodes more

clearly, showing activated carbon particles of up to about 10 µm in size.
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Figure 3. Cross-section of the supercapacitor (a) and microstructure of the electrodes around the

separator (b). (a) is from a grinded and (b) from a broad-ion-beam processed sample.

3.3 Electrical properties

Figure 4 shows constant current charge/discharge behaviour with two current values and the cyclic

voltammetry curves measured with three different scan rates. The ideal CV loop shape for a

capacitor is a rectangle. In practice, equivalent series resistance (ESR) flattens the rectangle.[19]

Table 2 contains the electrical values measured as described in the experimental part of this paper.



13

Figure 4. Galvanostatic (1 mA and 10 mA) and cyclic voltammetry measurements for the

supercapacitors A, D, E and F. In the CV curves the steps when changing the current direction are

due to the measurement device.
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Type Capacitance
(F)

ESR (Ω) Leakage
current
(µA)

Leakage to
capacitance
ratio (µAF-1)

Energy
efficiency
(%)

A 0.29 12 7.9 27 81

B 0.26 30 27 104 62

C 0.32 15 13 41 71

D 0.43 12 13 30 75

E 0.41 32 16 39 71

F (reference) 0.27 8.3 5.7 21 90

Table 2. Electrical properties

The capacitance values are relatively near to each other, ranging between 0.26 and 0.43 F. The

variations are largely due to the lack of repeatability of electrode thickness due to the warping of

the substrate because of chitosan separator shrinkage and its effect on the doctor blade coating.

The area of the positive and negative electrodes was not the same, in order to avoid short circuit

when applying the electrode and current collector layers and to leave the edges of electrodes bare

in order to facilitate electrolyte penetration inside the porous electrodes. Because of the smaller

upper electrode, in practice the edges of the lower electrode do not effectively participate in

charging and discharging the supercapacitor. The same activated carbon ink has demonstrated

specific capacitance of 26-29 Fg-1 (corresponds to 104-116 Fg-1 for single electrode) in earlier

experiments.[8]

The maximum energy stored in a supercapacitor is given by [20]

=  
1
2                                                                                                                                           (1)
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Where C is the capacitance and U is the maximum potential across the supercapacitor. For a 0.4 F

supercapacitor having 1.2 V potential the stored energy is thus 0.288 J. The geometrical area of

the electrode is 3.2 cm2 and the total volume and mass of two electrodes and a separator 0.064 cm3

and about 20 mg, respectively. From these figures the specific capacitance relative to the mass and

area of the electrodes are 20 F/g and 0.13 F/cm2 and specific capacitance relative to electrode and

separator volume 6.3 F/cm3. The corresponding energy density values are 44 J/g, 90 mJ/cm2  (=25

µWh/cm2) and 4.5 J/cm3 (=1.2 mWh/cm3). When compared with values given in recently

published review articles dealing with microsupercapacitors [21, 22], our energy per area values

are clearly above median.

The ESR of the supercapacitor consists of the Ohmic resistance due to the current collectors and

activated carbon layer and the ionic resistance in the electrolyte. In addition, there is also contact

resistance between the layers. As is the case of capacitance values due to electrode thickness

variations, the ESR values are also affected by different graphite ink layer thicknesses. The square

resistance of the graphite ink has been specified by the ink manufacturer specification to be below

20 Ω/sq for a 25 µm thick layer. The manufacturer also reports the square resistance for each batch

and they have been about 11-14 Ω/sq. Since the thickness of the cured current collector ink is

typically 20-30 µm, taken the geometry of the current collector into account results to total

resistance of two current collectors to be of the order of 10-30 Ω. The resistivity of the cured

activated carbon electrode ink is 0.70 Ωm. Using this value together with the dimensions of the

electrodes (area 2.4 cm2 and thickness 100 µm), the resistance of each electrode is 0.29 Ω. The

ionic resistance of the chitosan film soaked with electrolyte is 0.8 Ωm. The chitosan layer swells

when soaked which was taken into account when the ionic resistance of the chitosan layer was
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calculated. As dry thickness we used 20 µm (Figure 3A) and area 2.4 cm2. Then the contribution

of chitosan separator to the ESR would be 0.17 Ω. Thus the majority of the ESR in supercapacitors

is due to the graphite current collectors. In the figure 4, when comparing the CV and galvanostatic

curves, the tilted CV curve clearly correlates with higher IR drop. The lower ESR of the reference

sample type F partly originates from the difference in current collector width: in the layer-by-layer

fabricated type the upper current collector is narrower.

The maximum usable power of a supercapacitor can be calculated according to [20]

= 4                                                                                                                                                    (2)

Where R is the total ESR. Thus e.g. for R = 12 Ω and U = 1.2 V, the maximum power would be

30 mW. With the same dimensions and masses used above to calculate specific energy, the specific

power values are 1.5 W/g, 9.4 mW/cm2 and 0.47 W/cm3. Obviously, for the highest ESR of 32 Ω

these values should be multiplied by 0.375. When compared with the values published by other

groups for microsupercapacitors[21, 22], these are below average. To decrease ESR, it would be

possible to use thicker graphite ink current collectors or further optimize the layout to shorten the

distance from the activated carbon electrode to the contact outside the supercapacitor. The ESR

could be reduced considerably by introducing current collectors with metal foil or e.g. silver

ink.[7,8] However, using metal current collectors would increase the corrosion risk with aqueous

electrolytes[8], and is thus not preferred if the application does not require lower ESR.

Leakage current is believed to result primarily from impurities participating in Faradaic charge-

transfer reactions at the electrodes.[8] The impurities may originate from carbon materials or

chitosan. Oxygen dissolved in the electrolyte and adsorbed on the surface of the activated carbon
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also increases leakage current.[1] The supercapacitors were assembled in ambient air, and thus

oxygen is present in the electrolyte.

Since there is a correlation between the leakage current and capacitance,[8] table 2 also includes

the ratio between these. This ratio is a more functional measure to compare supercapacitors than

leakage current alone. The leakage current is lowest in the reference and sample A, which

essentially have similar materials. The supercapacitors with chitosan separator have somewhat

higher leakage current, which may be due to impurities in chitosan. The highest leakage current

was obtained for the component of type B, which in addition to chitosan separator as a potential

cause for increased leakage current, does not have an aluminium barrier. Thus also oxygen from

air penetrating to the electrolyte may contribute to the increased leakage current.[8]

Both ESR and leakage current contribute to the energy efficiency of a supercapacitor. The energy

efficiencies in Table 2 were defined for all components with 1 mA charge and discharge current.

Clearly the reference component, having the lowest ESR and leakage current, also shows the

highest energy efficiency. Of the solution processed supercapacitor structures, from the starting

point of type B, the energy efficiency was improved in types C, D and E by having lower ESR and

leakage current.

The electrical properties of the layer-by-layer fabricated supercapacitors can be considered to be

adequate for the IoT applications including the necessary communications and sensor

functions[23, 24, 25]. Using the chitosan separator is a feasible alternative to commonly used paper

separators although it increases the leakage current. Depending on the application, the higher
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leakage current can be compensated by charging the supercapacitor more often or by increasing

the capacitance. For all the manufactured component types, an output current of 1 mA is feasible.

While this current is not sufficient for high peak power radio transmission such as Bluetooth, it is

above peak power expected for energy efficient wireless sensor nodes, as described in the

references cited above.

4. Conclusions

Different layer-by-layer fabricated monolithic supercapacitor structures were prepared by solution

processing. The design was guided by the demand of non-toxic materials and easy manufacturing

method using printing methods. Chitosan acted both as activated carbon binder and ionically

conducting separator. The capacitance of the manufactured supercapacitors was 0.26 – 0.43 F. The

ESR values of the layer-by-layer fabricated supercapacitors varied from 12 to 32 Ω, and the

majority of ESR was due to using graphite ink current collectors.

Although fabricating the supercapacitors layer-by-layer caused the electrical properties such as

ESR and leakage current to be inferior to those obtained for a conventional structure, it was found

feasible to use the design when it is advantageous to be able to manufacture supercapacitors

without the need of separate assembling step to align the electrodes and simultaneously fill in the

electrolyte.
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