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Abstract

We report ecological and low-cost carbon nanotube (CNT) supercapacitors fabricated using a scalable, one-step solution processing
method, where the use of a highly porous and electrically conductive active material eliminates the need for a current collector.
Electrodes were fabricated on a poly(ethylene terephthalate) substrate from a printable CNT ink, where the CNTs are solubilized in
water using xylan as a dispersion agent. The dispersion method facilitates a very high concentration of CNTs in the ink. Superca-
pacitors were assembled using a paper separator and an aqueous NaCl electrolyte. Devices were characterized with a galvanostatic
discharge method defined by an industrial standard. The capacitance of the 2 cm? devices was 12 mF and equivalent series resis-
tance 80 Q. Low-cost supercapacitors fabricated from safe and environmentally friendly materials have potential applications as
energy storage devices in ubiquitous and autonomous intelligence as well as in disposable low-end products.

1. Introduction

Supercapacitors, also called ultracapacitors or electric double
layer capacitors (EDLC), have attracted much attention in the
last few years due to their potential as efficient, long-life and
high-power energy storage devices [1, 2, 3, 4]. Supercapaci-
tors can be fabricated from low-cost, non-toxic and disposable
materials, making them an attractive alternative to batteries in
e.g. distributed sensor networks and other ubiquitous electron-
ics [5, 6, 7]. Harvesting energy from ambient light, RF fields or
vibrations facilitates a long-life, autonomous system, where the
supercapacitor can act as an interim energy storage when the
primary source is not available [8, 9].

The high surface area materials commonly used in superca-
pacitors such as activated carbons are poor conductors, leading
to a need for conductive additives and metallic current collec-
tors. Carbon nanotubes (CNT) have the advantage of a high
surface area in addition to high electrical conductivity [10].
This allows the fabrication of electrodes in a one-step process
without a current collector [11]. However, preparation of stable
CNT dispersions is very challenging, and the dispersibilities are
usually low [12].

Here we present CNT supercapacitors prepared from a com-
posite ink, where the multi-walled nanotubes (MWNT) are dis-
persed in high concentration (3.5 wt-%) using the polymer xy-
lan, which is a type of hemicellulose. Previously, CNT elec-
trodes have been prepared from dispersions with only 0.1-0.5
wt-% CNTs [6, 13, 14, 15]. In addition to forming a stable,
concentrated dispersion of MWNTs, the hemicellulose also im-
proves the printability of the ink by increasing its viscosity,
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which facilitates mass production. The electrolyte of the su-
percapacitor is aqueous NaCl, making the entire device easily
disposable and safe to use in any environment.

There have been efforts to standardize measurement proce-
dures in supercapacitor electrode material research [16]. Here,
an industrial standard [17] is adopted, as the objective is not
only to characterize the CNT electrode material, but also to ex-
plore the properties of the whole device. The choice of standard
device class is also examined via a simple modeling test to de-
termine its the effect on the results.

2. Experimental

Electrodes were fabricated on poly(ethylene terephthalate)
(PET) (Melinex ST506 from DuPont) with a carbon nan-
otube/xylan nanocomposite ink. The ink was manufactured by
Morphona Ltd., which is using a patent-pending method where
carbon nanotubes are suspended in aqueous solution by using
xylan in its acidic form as a dispersion agent. The MWNT
(NC7000 from Nanocyl, average diameter 9.5 nm) content of
the ink was 3.5 wt-% and the xylan content 1.75 wt-%. The
mixing was done by ultrasonication: a typical sonication time
for 100 ml was 10 min with 100 W power.

The ink was characterized with field-emission scanning elec-
tron microscope (FESEM, Zeiss ULTR Aplus) and transmission
electron microscope (TEM, Jeol JEM-2010) equipped with en-
ergy dispersive x-ray spectrometer (EDS, Noran Vantage with
Si(Li) detector, Thermo Scientific). For FESEM studies a drop
of the ink was placed on the aluminum pin stub and for TEM
studies a drop of the ink was placed on the copper grid with a
holey carbon support film. Before microscopy studies, the ink
was let to dry at least 24 hours. In addition, the cross-section
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Figure 1: (a) The structure of the assembled supercapacitor. (b) A photograph
of a supercapacitor sample.

of the electrode was studied with FESEM; the electrode was cut
and glued on the aluminum pin stub followed by carbon-coating
to avoid charging of the insulating substrate.

The MWNT ink was stirred before the coating process. A
Scotch tape mask (approximately 100 pm thick) was used to
define an electrode area of 1.4 cm by 3.2 cm. The ink was
coated manually with a metal doctor blade and 5 to 7 layers
were deposited on the same electrode, drying the layers be-
tween depositions at 50 °C. Sheet resistances of the electrodes
were measured with a Zahner Zennium Electrochemical Work-
station with a 4-probe setup [18].

Supercapacitors were assembled by placing a separator pa-
per (NKK TF4050) on the bottom electrode, dropping an ex-
cess amount of the electrolyte (1.0 M NaCl in water) on it, and
pressing another electrode on top while making sure air bubbles
did not get trapped between the layers. The supercapacitor was
sealed with an adhesive film (UPM Raflatac). The active area
of the device was defined by the electrode overlap, 2 cm?. The
structure of the sample is depicted in Fig. 1a, and a photograph
is presented in Fig. 1b.

Electrical measurements of the devices were conducted with
the Zahner Zennium. For the electrical characterization, silver
flake paste was added to the electrode ends to ensure good con-
tact with the measurement device. Cyclic voltammetry (CV)
curves were measured from 0 V to 0.9 V with voltage sweep
rates from 5 mV/s to 100 mV/s. The working voltage was se-
lected slightly below the theoretical maximum voltage in aque-
ous electrolyte in order to minimize unwanted electrochemical
reactions which can contribute to leakage.

The capacitance and equivalent series resistance (ESR) were
determined from galvanostatic discharge measurements accord-
ing to an international standard [17], Class 3 (“Power”). First,
the supercapacitor was charged from 0 V to 0.9 V with a one-
minute ramp, then held at 0.9 V for 30 minutes. After this
electrification time, the supercapacitor was discharged with a
constant current. The capacitance was calculated from the volt-
age decline rate between 80 % and 40 % of 0.9 V through
C = —I/(dV/df). The leakage current of the supercapacitor
at 0.9 V was obtained from the same measurement at the end of
the electrification phase.

Figure 2: (a) SEM image of the dried MWNT ink, scale bar 200 nm. (b) & (c)
TEM images of the dried ink with different magnifications, scale bars 50 nm
and 10 nm, respectively.

The discharge current magnitude is defined in the standard
with a linear dependence on capacitance, so a short iteration of
measurements was also needed for each sample in order to find
the right discharge current (typically two iteration steps). The
discharge currents used were approximately 50 uA or 10 mA/g.
The standard class selection determines the exact current de-
pendence on capacitance: Class 3 is a compromise between the
higher A/g values used in most supercapacitor literature and the
even lower current used in the standard Class 2 (“Energy stor-
age”). The ESR was determined from the initial IR drop at the
start of the discharge phase. The ESR measurement current was
10 times that of the current for the capacitance measurement
[17].

Overall ten supercapacitor samples were prepared and char-
acterized. The measurements were conducted directly after as-
sembling the supercapacitors. For three samples, the measure-
ments were also repeated after 3 weeks to assess the aging of
the devices.

To further investigate the effect of the class and thus dis-
charge current selection on the capacitance results, the capaci-
tances of three samples were also measured with 10 times lower
current and 10 times higher current, corresponding to standard
classes 2 and 4. Additionally, the current dependence of the re-
sults was simulated with a PSpice circuit simulation software
(Cadence OrCAD Capture) using a simple RC model as an
equivalent circuit for the supercapacitor.



Figure 3: SEM image of the electrode cross section.
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Figure 4: Normalized CV curves at different voltage sweep rates.

3. Results and discussion

SEM and TEM images of the MWNT ink are presented in
Fig. 2. The nanotubes are well dispersed and form a random
network. EDS analysis of the area marked in Fig. 2b indicates
elemental composition of under 1 wt-% impurities such as Na
and Fe. This reflects the high purity level of the CNT nanocom-
posite material [19]. In supercapacitors, a low impurity content
of the electrodes is important, as the impurities can go through
electrochemical reactions and thus contribute to leakage.

A SEM image of the electrode cross section is presented in
Fig. 3. The cross-section image reveals the roughness of the
electrode layer: the thickness varies between 13 and 16 pm.
Aggregated areas of nanotubes can be seen, as well as large
open pores (several um) leading to deeper in the electrode.
These larger pores increase the available surface area, but as
there is no separate current collector, they may also inhibit the
lateral current flow in the electrode, increasing the ESR.

CV was performed to get a qualitative view of device prop-
erties, as it is not recommended as a quantitative method [16].
The CV curves normalized to the different voltage sweep rates
are presented in Fig. 4. The box-like shape of the curves indi-
cates good capacitive behavior. Furthermore, the curve retains
its shape quite well even at the high voltage sweep rate of 100
mV/s, which indicates quick charge propagation in the double
layer capacitance formation [20].

The 5 mV/s and 10 mV/s curves have lower normalized cur-
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Figure 5: Typical galvanostatic discharge curves. The capacitance is deter-
mined from the slope of the lower current discharge (dashed line) and the ESR
from the IR drop of the voltage in the beginning of the higher current discharge
(solid line).

rents than the higher sweep rate curves; ideally, the current di-
vided with sweep rate should stay constant. This is for the most
part caused by the series resistance, but the migration time of
the electrolyte ions deep into the pores plays a role as well: with
a fast sweep rate, only the outermost surface area of the pores
is effectively available.

The capacitance and ESR of the devices were determined
from the galvanostatic discharge curves shown in Fig. 5. The
capacitance of the devices was on average 12 mF, but due to
different layer thicknesses, the capacitances varied between de-
vices, from 10 mF to 15 mF. The leakage current of the super-
capacitors was on average 7 UA.

The specific capacitance of the devices was on average 2.3
F/g, calculated from the device capacitance and total electrode
mass on the overlapping electrode areas. This corresponds [16]
to an electrode specific capacitance of 9.2 F/g. The interpreta-
tion of the specific capacitance is not straightforward in CNT
supercapacitors without a current collector, as the bottom of the
electrode may not contribute much to the double layer capac-
itance, but is still needed for sufficient conductivity. This is
important to note when comparing the specific capacitance to
that of supercapacitor materials tested in conventional cells.

The large amount of xylan in the ink forms a layer on the
nanotubes, facilitating their dispersion in water. However, it
may also lower the double layer capacitance on the surface of
the nanotubes by increasing the effective distance between the
electrolyte ions and the charged electrode. For this reason, the
capacitance is somewhat lower than in previous results of CNT
supercapacitors, such as 9.9 mF for a 1 cm? supercapacitor by
Hu et al. [14]. Here, however, the concentration of the CNT ink
was an order of magnitude larger.

As there was no current collector, the average ESR was rel-
atively large, 80 €2, which is of similar magnitude with previ-
ous studies of CNT supercapacitors without a current collector
[6, 15]. The sheet resistance of the electrodes was on average
15 ©/0, a large value compared to metallic current collectors
in commercial devices, which have sheet resistances below 0.1
Q/0 [15]. The lower conductivity of the CNT layer is there-
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Figure 6: a) The simulation circuit of the galvanostatic measurement; Veparge =
09V, C; = 1l mF, R; = 100 and R; = 130kQ. The component values
were chosen such that the obtained supercapacitor properties were similar to
measured values. The charging voltage is applied for 30 min, after which the
circuit is switched to discharge by the constant current source. b) Capacitance
results from the simulated and measured discharge curves at different discharge
currents.

fore the main cause for the large ESR, although the electrolyte
contributes to it as well. Applying a thicker layer of the MWNT
ink can therefore reduce the ESR.

The effect of the galvanostatic measurement current on the
obtained capacitance value was investigated with an RC circuit
model depicted in Fig. 6(a), where the component values were
selected to roughly fit the experimental results. The 130 kQ
leakage resistance for the model was obtained from the mea-
sured leakage current at 0.9 V. The capacitances were calculated
from the simulated discharge curves. The results are shown in
Fig. 6(b) with measured capacitances from three samples.

The capacitance decreases with decreasing discharge current,
although the variation between samples is relatively large. The
main reason for the decrease is the leakage current, which dis-
charges the capacitor at the same time as the external discharge
circuit, leading to a faster fall in voltage and thus a smaller
apparent capacitance. The effect of the leakage on the results
from a slow galvanostatic discharge measurement is important
to note when choosing the measurement current in this method.
Another factor effecting the galvanostatic discharge results is
of course the varying effective time constant of the electrodes,
originating from different ion migration times to the bottoms of
electrode pores. This can be modeled by adding parallel RC
branches to the equivalent circuit [21]. Slower RC branches
should lead to a increasing observed capacitance in a galvanos-
tatic discharge experiment with decreasing current. In this case
however, the leakage current is large enough to mask such ef-
fects.

Samples measured three weeks after assembly displayed an
increase of approximately 20 % in capacitance. The increase
may be the result of a slow wetting of the electrode. As can
be seen in Fig. 3, there are areas in the electrode where the
material is quite tightly packed, which could lead to the slow
wetting. When the measurements were performed with freshly
assembled supercapacitors, all of the available electrode surface
area may not have been in contact with the electrolyte.

4. Conclusions

Supercapacitors were prepared on a plastic substrate with a
high-viscosity, concentrated carbon nanotube ink. The ink is a
mass-production-ready material and it has already been used in
industrial scale trials of other products. Future goals for devel-
opment are to enhance printability on a wider variety of mate-
rials and to improve the conductivity of the coating in superca-
pacitor applications. There is a trade-oft between the printabil-
ity and electrode material quality, the optimization of which is
also essential.

The obtained capacitance was on average 12 mF for 2 cm?
devices. Using aqueous NaCl as the electrolyte makes the de-
vices environmentally friendly and safe, which can in some
cases be more important than the higher operating voltage ob-
tained with flammable and harmful organic electrolytes. The
scalable single-step solution-processed electrode fabrication
enables the integration of supercapacitors to a wide range of
applications in printed elecronic circuits.
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