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Abstract

We report the fabrication of a supercapacitor on a plastic substrate with mass-production-compatible methods and its charac-
terisation using galvanostatic and voltammetric methods.The supercapacitor is prepared in ambient conditions usingactivated
carbon and an aqueous, non-acidic electrolyte. The obtained capacitances are 450 mF and 210 mF for device sizes of 4 cm2 and
2 cm2, respectively. Additionally, we demonstrate the utilisation of the supercapacitor in an autonomous energy harvesting and
storage system. The RF energy harvester comprises a printedloop antenna and an organic rectifying diode operating at 13.56 MHz
frequency. The harvested energy is stored in two supercapacitors connected in series to increase the maximum voltage. In order to
power a device such as a sensor or a small indicator display, voltage regulation is needed: this is provided by a voltage regulator
ASIC (application specific integrated circuit). We demonstrate the ability of the harvester storage unit to power the regulator for
hours with a constant output. The effect of supercapacitor charging time on the steady output duration is also discussed, as a slower
charging due to weaker antenna coupling is found to have a significant effect on the output from the supercapacitor.
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1. Introduction

Energy harvesting from ambient sources such as light, radio
frequency (RF) fields or kinetic energy provides an opportunity
for building wireless, autonomous systems that can be used,for
example, in ambient sensory networks or intelligent packaging
[1–3]. Incorporating such “intelligence” on large areas cost-
effectively, i.e. roll-to-roll, calls for a new way of producing
the systems needed. Printed and organic electronics offers a
promising manufacturing method, where flexible, lightweight
and even transparent electronic devices are possible [4–6].

An autonomous harvesting system needs a backup energy
storage for periods where the primary energy source is un-
available [2], such as during the night when using solar cells,
or when RF fields are not present when using RF harvesters.
Supercapacitors, also called ultracapacitors or electricdouble
layer capacitors (EDLC), are an alternative to batteries asen-
ergy storage devices, offering a higher peak power capability
and a longer cycle lifetime [7].

The operation of supercapacitors is based on the electrostatic
aggregation of electrolyte ions on a charged electrode surface,
without significant chemical reactions. Using a high surface
area electrode material, such as activated carbon, very high ca-
pacitances can be reached [7]. A limitation of supercapacitors is
their operation voltage range, which is constrained by the elec-
trochemistry of the materials. In water-based electrolytes, the
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voltage is limited to only about 1 V, whereas with organic elec-
trolytes 2–3 V is attainable [8]. However, aqueous electrolytes
offer smaller equivalent series resistance and higher specific
capacitance than organic electrolytes [8]. They are also read-
ily disposable and their production is less expensive, which is
in many applications more advantageous than higher operation
voltage. The voltage range can also be increased by connecting
supercapacitors in series.

Printed supercapacitors on a paperboard substrate have previ-
ously been demonstrated using disposable, non-toxic materials
[9]. RF harvesters, comprising an antenna and a rectifier cir-
cuit, can also be fabricated with printing methods [10]. With
the development of organic devices, complete printed circuits
will in the future be possible. Integration of printed and tra-
ditional components is a stepping stone for the research into
fully printed systems. For example, valuable insight into the
charging and discharging behaviour of the printed energy stor-
age device can be obtained.

In this study, printed, aqueous supercapacitors are connected
to a printed RF harvester [10] and a voltage control application-
specific integrated circuit (ASIC) [11].  This harvesting circuit
provides up to 10 hours of steady output when the RF field is
not present. The capacitance of the supercapacitor can easily be
tailored for the requirements of the application by selecting the
supercapacitor geometrical area appropriately.
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Figure 1: Schematics of the supercapacitor a) harvesting andb) output mea-
surement circuits. Diode D1 and capacitor C1 form the rectifier, which charges
the supercapacitor.

2. Experimental

Printed components were fabricated on poly(ethylene tereph-
thalate) (PET) substrates (Melinex ST506 from Dupont Teijin
Films). A commercial RFID reader was used to induce an AC
voltage in a printed antenna. A printed rectifier circuit com-
posed of an organic diode [12] and a printed capacitor rectifies
the input from the antenna, and charges the supercapacitor.The
charged supercapacitor provides an input for the voltage regu-
lator ASIC, which is connected to a 1 MΩ load at its output.
The measurement setup is depicted in Fig. 1.

2.1. Supercapacitor fabrication

The supercapacitors were prepared by sandwiching two elec-
trodes together with an electrolyte and separator in between.
The structure is depicted in Fig. 2. The supercapacitors were
fabricated in two sizes: 2 cm2 and 4 cm2. A 100 nm thick
copper layer was vacuum evaporated onto the PET through a
shadow mask. Two layers of conductive graphite ink (Elec-
trodag PC407C from Acheson Industries Ltd.) were blade-
coated on top of the copper and both layers were subsequently
cured at 120 °C for 5 min, yielding a 50µm thick layer. The
width of the graphite electrodes was 2.0 cm in the larger sam-
ples and 1.4 cm in the smaller samples. As the graphite layer
was needed to protect the copper layer from coming into con-
tact with the electrolyte, the copper electrode width was slightly
smaller than the graphite.

The active layer was prepared from Norit DLC Super 50
activated carbon with carboxymethyl cellulose (CMC, Sigma
Aldrich) as binder. The activated carbon and the polymer were
dispersed in deionized water with the ratio Norit/CMC/H2O
1.9/0.1/36 by weight. The activated carbon ink layer was blade-
coated on the graphite using a plastic mask for patterning. The
active layer was dried on a hotplate at 60 °C for a few min-
utes until the ink appeared dried. The mass of activated carbon
deposited on the electrodes was on average 2.2 g/cm2. The ac-
tivated carbon mass was determined by weighing the substrate
before and after deposition.

Figure 2: a) Structure of the assembled supercapacitor and b)photograph of a
4 cm2 supercapacitor sample.

Supercapacitors were assembled with a TF4050 paper sepa-
rator (Nippon Kodoshi Corporation) and 4.1 mol/l LiCl aqueous
electrolyte. The high electrolyte concentration was selected to
ensure an excess of ions such that the risk for electrolyte star-
vation and additional internal resistance is removed [13].The
electrodes and separator were sandwiched together with the
electrolyte and sealed with an adhesive film (UPM Raflatac).
The assembly was done with the electrodes at 90°angle with
respect to each other, forming a square shape supercapacitor at
the electrode overlap area.

2.2. Supercapacitor characterization

The supercapacitor properties were measured using a Zen-
nium Electrochemical Workstation (Zahner Elektrik GmbH,
Germany) in the two-electrode configuration. Cyclic voltam-
metry from 0 V to 0.9 V was used to get a qualitative measure
of the supercapacitors. The voltage sweep rate was 50 mV/s.

Galvanostatic discharging measurements were performed ac-
cording to international standard IEC 62391-1:2006, Class3
[14]. The supercapacitors were charged to 0.9 V in 1 min and
held at this potential for 5 min. The capacitance was calculated
from the voltage decrease rate with a 1.60 mA discharge cur-
rent for the larger samples and 725 A for the smaller samples.
The equivalent series resistance (ESR) was calculated fromthe
initial IR drop of the discharging with a 16.0 mA current for the
larger samples and 7.25 mA for the smaller samples.

2.3. Harvester architecture

The all-printed harvester consisted of an antenna and a half-
wave rectifier comprising an organic diode and a capacitor. The
loop antenna was inkjet printed with a conductive Ag nanopar-
ticle ink (Harima NPS-JL Silver NanoPaste) and a dielectric
(SunTronic Jettable insulator U5388) for the loop cross-over.
The Ag ink was sintered at 150 °C for 1 h. The dielectric strip
was cured by UV light and by additional curing at 150 °C for
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30 min, after which the loop cross-over was printed with the
same Ag ink as the antenna.

The organic diode was fabricated on a separate substrate,
where the Cu anode was evaporated and patterned using a
wet-etching process on a roll-to-roll basis. The semicon-
ductor poly(triarylamine) as well as the top Ag anode were
gravure printed. The process is described in more detail in
[12]. The rectifier capacitor was also printed on a similar
pre-patterned Cu-coated substrate. The dielectric was gravure
printed poly(methyl metacrylate) (20 % solution in ethyl acetate
and toluene, 1:1) cured at 80 °C for 5 min. The top electrode
was gravure printed using Ag flake ink (Acheson PM460A)
and cured at 80 °C for 5 min. The capacitance was 1.5 nF at
13.56 MHz. The diode and capacitor were integrated on the
antenna substrate using the Ag flake ink.

2.4. Measurement setup

Two similar supercapacitors were connected in series. The su-
percapacitors were charged by connecting them to the harvester,
after which they were connected to the ASIC for the output
measurement.

The harvester antenna was placed above a 13.56 MHz reader
antenna (i-scan® HF long range reader ID ISC.LR200 from
OBID) and the position of the harvester was adjusted vertically
between 5.5 cm and 6.0 cm. The input from the antenna in
these two cases was measured using an oscilloscope (Tektronix
DPO4104) with a 10X voltage probe when only the rectifier
was connected to the antenna. The output from the rectifier was
measured similarly before the supercapacitor was connected.

The series supercapacitors were charged to 1.8 V with the
harvester, and the voltage over the supercapacitors was mea-
sured with the oscilloscope through a 10X voltage probe. The
oscilloscope was controlled with a LabVIEW software (Na-
tional Instruments). The charging was stopped by removing
the reader antenna when the voltage over the supercapacitor
reached the target value.

For the discharging, the supercapacitor assembly was con-
nected to the ASIC, and the ASIC output voltage measured over
a [buffered (how do we describe this?)] 1 MΩ load. The volt-
ages were measured with the oscilloscope.

3. Results and discussion

3.1. Supercapacitor properties

Cyclic voltammograms of the supercapacitors of two sizes us-
ing a sweep rate of 50 mV/s are shown in Fig. 3a. The rectan-
gular shape indicates good capacitive behaviour [15, chap.2].
The capacitances and ESRs were determined from the galvano-
static discharge measurements (Fig. 3 b and c). The capaci-
tances were approximately 450 mF and 210 mF in the 4 cm2

and 2 cm2 supercapacitors, respectively. The specific capaci-
tance was 26 F/g, when only the total activated carbon mass in
the device was taken into account. The difference in the capac-
itances per geometrical area is most likely a result of dissimilar
thicknesses of the activated carbon.
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Figure 3: a) Cyclic voltammograms of two supercapacitors of different sizes.
The sweep rate was 50 mV/s. b) and c) Galvanostatic discharge curves of the 4
cm2 supercapacitor at constant discharge currents for a) capacitance determina-
tion and b) ESR determination. The ESR is calculated from the initial IR drop
of the discharge. The small downward spikes at the beginning of discharge are
caused by parasitic capacitances in the measurement system and not related to
supercapacitor behaviour.

As expected, the ESR was larger for the smaller supercapac-
itors, at most 10Ω, whereas for the larger samples it was less
than 4Ω. The larger ESR can be understood as both a resis-
tance in the current collector leads, which were narrower inthe
2 cm2 supercapacitors, as well as a smaller cross-sectional area
of the electrolyte and the separator, which inhibit the movement
of current-carrying ions.

3.2. Charging the supercapacitor with the harvester

At the 5.5 cm position, the input signal to the rectifier was 20V
peak-to-peak when only the rectifier and the 10X measurement
probe were connected to the antenna. At 6.0 cm, the input sig-
nal was 15 V peak-to-peak, measured similarly. These values
refer to the high and low input cases discussed in below. The
rectifier output DC mean values in these two cases were 4.5 V
and 3.2 V in the high and low input cases, respectively.

The charging behaviour of the supercapacitors is shown in
Fig. 4. In the high input case, the charging was faster; 11 min
and 22 min for the 2 cm2 and 4 cm2 supercapacitors, respec-
tively. With the low input, the charging took 1 h 4 min for the

3



0 20 40 60 80 100 120 140 160
0.0

0.5

1.0

1.5

2.0

V
ol

ta
ge

 (V
)

Time (min)

 2 cm2, high input
 2 cm2, low input
 4 cm2, high input
 4 cm2, low input

Figure 4: Charging curves to 1.8 V for the two supercapacitors connected in
series.

smaller supercapacitors and 2 h 21 min for the larger superca-
pacitors.

As expected, capacitance affects the charging time: a larger
supercapacitor accommodates more charge and thus the re-
quired time is longer with a similar input. Ideally, the charg-
ing time for a capacitor with double the area would be twice
as long; this is observed here, particularly with the high input
charging curves.

A significant difference is seen between the high and low in-
put cases, i.e. depending on the strength of the inductive cou-
pling between the reader and harvester. The rectifier output
voltages are not the same as measured without the supercapac-
itors: when the supercapacitors are connected to the harvester,
the DC voltage at the output of the rectifier is equal to the volt-
age of the supercapacitor assembly, and thus dependent on its
charge state. Instead, the output current of the diode determines
the charging rate.

3.3. Powering the regulator circuit

The voltage over the supercapacitors when they are discharged,
as well as the output voltage of the ASIC, are presented in
Fig. 5. The regulator output remains constant at 1.2 V, cor-
responding to an output current of 1.2µA and output power of
1.44µW, until the voltage over the supercapacitors reaches ap-
proximately 0.78 V. The durations of operation are summarized
in Table 1.

As expected, the larger, 4 cm2 supercapacitors can power the
chip for a longer time, from 8 h to over 10 h, whereas the 2 cm2

supercapacitors can only provide the necessary input to the
ASIC for 4 to 5 hours. The supercapacitor voltage behaviour
is very interesting in terms of the cycle duration. In the quickly
charged (“high input”) supercapacitors, the initial voltage drop
is much more pronounced. In the slowly charged supercapaci-
tors (“low input”), the overall voltage decline is more uniform
even in the beginning. The difference between the differently
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Figure 5: Voltage over the supercapacitors (above) as it powers the regulator
ASIC, and the output voltage from the ASIC (below).

charged supercapacitors after 1 hour of discharge is approxi-
mately 0.15 V with both supercapacitor sizes.

An explanation to the observed behaviour is found in an
equivalent circuit model [16], where the supercapacitor isrepre-
sented as at least three parallel branches of capacitors andseries
resistances, each with a different RC time constant, along with
another leakage resistance branch. When the supercapacitoris
charged quickly, only the small-time constant branches aretruly
charged full; as the external charging is stopped, charge redistri-
bution from the high time constant branches to the lower ones
takes place within the supercapacitor. This results in a quick
initial decrease in the observed voltage over the supercapacitor.
When the supercapacitor is charged slowly, however, the slower
branches are also charged full, resulting in a more steady volt-
age decrease as power is drawn from the supercapacitor.

In a more qualitative way, the behaviour can be understood
in terms of ion migration in the supercapacitor: parts of the
electrode surface, namely those deep inside the pores, are not
readily accessible to the ions of the electrolyte and thus can-
not initially participate in the double layer formation. However,
given enough time, the ions also migrate to these surfaces. The
migration can occur from the already-charged surfaces, near the
pore opening, after the supercapacitor is charged externally for
only a short period. This corresponds to the charge reorganiza-
tion in the branched equivalent model.

4. Conclusions

Printable supercapacitors were demonstrated as energy storage
devices in a harvester circuit using a printed RF antenna and
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Table 1: The results of the supercapacitor characterization and harvesting mea-
surements. High and low input refer to cases where the harvester antenna was
closer to and further away from the reader antenna.

device area 4 cm2 2 cm2

C (F) 0.45 0.46 0.21 0.22
C/A (0.11 F/cm2) 0.11 0.11 0.10 0.11

ESR (Ω) 2.8 3.7 6.2 10
high input charget 22 min 11 min
low input charget 2 h 21 min 1 h 4 min

high input operationt 10 h 39 min 4 h 59 min
low input operationt 7 h 51 min 3 h 57 min

diode rectifier along with a voltage regulator ASIC. The two
series-connected supercapacitors can be charged to 1.8 V ina
time ranging from 10 minutes to over two hours, depending on
the supercapacitor size and antenna distance. The output from
the voltage regulator was found to stay constant at 1.2 V for up
to 5 or 10 hours, depending on supercapacitor size. The results
are summarized in Table 1.

The charging time, controlled by the antenna distance, was
found to affect the discharge behaviour of the supercapacitor
significantly. Slowly charged supercapacitors provided a more
steady and long-lasting input for the regulator. The relatively
rapid initial drop of the voltage in quickly charged supercapac-
itors is attributed to charge reorganization within the electrode
pores. This important effect will need to be considered in fur-
ther work aiming to develop harvester structures for different
applications.
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