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A B S T R A C T   

Sustainable electrical energy storage is one of the most important scientific endeavors of this century. Battery and 
supercapacitor technologies are here crucial, but typically the current state of the art suffers from either lack of 
large-scale production possibilities, sustainability or insufficient performance and hence cannot match growing 
demands in society. Paper and cellulosic materials are mature scalable templates for industrial roll-to-roll pro-
duction. Organic materials, such as conducting polymers, and carbon derivatives are materials that can be 
synthesized or derived from abundant sources. Here, we report the combination of cellulose, PEDOT:PSS and 
carbon derivatives for bulk supercapacitor electrodes adapted for printed electronics. Cellulose provides a 
mesoscopic mesh for the organization of the active ingredients. Furthermore, the PEDOT:PSS in combination 
with carbon provides superior device characteristics when comparing to the previously standard combination of 
activated carbon and carbon black. PEDOT:PSS acts as a mixed ion-electron conducting glue, which physically 
binds activated carbon particles together, while at the same time facilitating swift transport of both electrons and 
ions. A surprisingly small amount (10%) of PEDOT:PSS is needed to achieve an optimal performance. This work 
shows that cellulose added to PEDOT:PSS-carbon enables high-performing, mechanically stable, printed super-
capacitor electrodes using a combination of printing methods.   

1. Introduction 

Electrical energy is at the heart of our modern society and the de-
mands for electricity is only expected to rise in the future [1]. Therefore, 
sustainable avenues to store large amounts of energy, and to provide 
proper power components, to meet society’s needs are thus required. 
Fabricating energy storage devices is generally a time-consuming pro-
cess, requiring expensive equipment and often hazardous processing. 
Adapting energy storage technology for the field of printed electronics 
presents a cost-effective and high throughput option in order to meet the 
energy demands of society [2]. Unfortunately, inorganic energy mate-
rials are either unable to be adapted to printed electronic processes, are 
too expensive, too hazardous or are simply not available in large enough 
volumes to be manufacturing in this manner. 

In terms of producing large volumes of energy storage systems, 

utilizing established methods in printed electronics is a viable solution. 
Ink development for printing techniques such as screen or stencil 
printing, requires that the ink is printable (having desired viscosity and 
rheological properties), adheres to the substrate, and does not crack or 
delaminate during manufacturing or during operation. In order to reach 
these necessary criteria, inks usually contain binders or additives. 
However, the binders, which commonly are based on PTFE, PVDF or 
Nafion, typically have limitations such as low hydrophilicity and/or are 
very expensive [3,4]. In addition, these fluorinated binder materials are 
not easily biodegradable, and can produce toxic fumes if ignited. 

Cellulose, the most abundant biopolymer on earth, has long been 
used as a binder in different products such as pharmaceuticals, cos-
metics, and food. Cellulose does not have the limitations of the binders 
listed above and in recent years it has drawn a growing interest in the 
electronics sector, including printed electronics, due to its excellent 
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mechanical properties and sustainability. Cellulosic materials provide 
several of the critically needed mechanical and rheological properties of 
a binder and are therefore now being explored in eco-friendly elec-
trodes, in particular for electrical energy applications [5–7]. 

For the active materials to be used in energy storage systems, organic 
compounds offer an exciting alternative to inorganic solutions due to 
their high availability, safety and sustainability [8]. These organic ma-
terials have been well adapted to printed electronics and have been 
deposited in many printing technologies. One class of organic molecules 
gaining more attention in recent years is conductive polymers. 

Conducting polymers are conjugated polymers with a bandgap, 
separating the highest occupied orbitals from the unoccupied ones, 
ranging from 1 to a few eV. In their doped state, negatively charged ions 
compensate the positive electronic charges residing along the conju-
gated backbone, which makes the polymer conducting, with conduc-
tivities occasionally reaching more than 1000 S/cm [9]. The coupling 
between, and the mixed transport of, ions and electronic charges in 
conjugated polymers makes them attractive as polarizable bulk elec-
trodes in electrical energy storage applications. Common conductive 
polymers that have been investigated for either energy harvesting or 
energy storage include polythiophene (PTh), polyaniline (PANI) and 
poly(3,4-ethylenedioxythiophene) (PEDOT) [10–13]. PEDOT, arguably 
the most promising candidate due to its conductivity and stability in 
ambient conditions, has extensively been incorporated in fuel cells, 
batteries and supercapacitors [14–20]. 

However, these promising organic substitutes, such as PEDOT, often 
suffer from drawbacks such as low specific capacitance, high costs and 
poor electrochemical stability compared to their inorganic counterparts. 
Much research has therefore been devoted to improving the character-
istics of organic electro-active materials for electrical energy applica-
tions, however the success has been rather limited. For example, the 
specific capacitance for PEDOT has been reported to reach values as high 
as 134 F/g [21,22]. Though, during large bias voltages and upon elec-
trochemical cycling PEDOT is not stable and its performance degrades 
swiftly [23,24]. 

One route to improve the stability of conductive polymers is to add 
other conductive elements such as carbon derivatives [19]. Previous 
reports have demonstrated the use of single-walled carbon nanotubes in 
combination with PEDOT to achieve a specific capacitance of 104 F/g 
with only minimal degradation while operating for 1000 cycles [25]. 
Another study composited PEDOT with carbon fibers to achieve a spe-
cific capacitance of 203 F/g of the active material. The stability of these 
composites was impressive with a capacitance retention of 86% after 12, 
000 cycles [26]. 

Commercial supercapacitors typically use thin films of carbon black 
(CB) and activated carbon (AC). Activated carbon can be obtained from 
pyrolysis of biomass such as from coconut husk and bananas to obtain a 
microscopically porous material with large specific surface area, giving 
it a high double-layer capacitance when operated in electrolytes [27]. 
However, AC is a rather poor electrical conductor, so conductive CB 
particles are typically added to provide efficient electron transport. CB, 
on the other hand, has low specific capacitance, so the addition of this 
conductive filler will thus lower the overall specific capacitance in 
resulting devices [28–30]. 

PEDOT:PSS/Cellulose composites without carbon have been devel-
oped previously with reports highlighting the interesting properties of 
the composites [31–33]. The composite of PEDOT:PSS and cellulose 
nanofibrils were coined ‘power paper’ and are mechanically robust, 
porous and provide a network for electrical conduction and ion mobility. 
The power paper composite has been versified into supercapacitor inks 
[34,35], which have shown success in printing, adhesion to substrates 
and also excellent mechanical properties along with an overall great 
robustness. The full role of the cellulose in these composites is not yet 
understood, however, the fibrils have been shown to contribute to the 
organization of the PEDOT:PSS, the mechanical properties of the film, 
paper and coating layer and the adhesion to substrates [36]. 

Interestingly, both carboxymethylated micron-sized cellulose fibers and 
carboxymethylated nano-sized cellulose nanofibrils have shown to be 
beneficial, especially to the structural integrity of the composites [37]. 
However, when a carboxymethylated cellulose polymer was used, a 
decrease in electrical properties was found, when comparing to the 
cellulose nanofibril [36]. Although cellulose nanofibrils have many 
interesting properties, they must be manufactured at low concentration 
aqueous suspensions which leads to long drying times during 
manufacturing due to the large water content. For this reason, we chose 
to work with cellulose fibers in this study. Furthermore, in this work, the 
concept is explored of using cellulose fibers as a “long-range” binder 
while PEDOT:PSS serves as a “short-range” conducting binder. Func-
tional groups were grafted to the cellulose by carboxymethylation to aid 
its water-dispersibility. 

Within this report we have taken an experimental approach to 
develop and optimize composites of cellulose, PEDOT:PSS, CB and AC as 
the electrode material in printed supercapacitors with high areal 
capacitance. In addition to providing good electronic and ionic charge 
transport, PEDOT:PSS also serves as the binder for the composite. We 
investigate whether PEDOT:PSS can be used as a replacement for CB as 
the conductive filler to AC and the performance of the resulting com-
posites were evaluated with regards to costs, electrode mass and the 
mass of electroactive materials in the electrode. The cellulose makes the 
inks suitable for stencil printing and the printed supercapacitors were 
fabricated using optimized composites showing good performance in 
terms of capacitance values, charge retention over time and coulombic 
efficiency. Furthermore, the mechanical stability conferred by the 
addition of cellulose and PEDOT:PSS makes the production of thick 
supercapacitors possible. 

2. Experimental 

2.1. Materials 

Orgacon DRY poly(3,4-ethylenedioxythiophene):poly(styrenesuflo 
nate) (PEDOT:PSS), Glycerol, Ethylene glycol, 1-ethyl-3-methylimidazo-
lium ethyl sulfate >95% (EMIM-ES), and Hydroxyethyl cellulose (HEC) 
were purchased from Sigma-Aldrich. Activated carbon was purchased 
from Eurocarb which provides coconut shell activated carbon. Carbon 
black was purchased from Imerys Graphene and Carbon. 

A carboxymethylation according to [42] was performed on a soft-
wood sulphite dissolving pulp (Domsjö Dissolving plus) from Domsjö 
Fabriker AB, Sweden. The resulting degree of substitution of the car-
boxymethylated cellulose fibers was 0.1 at a concentration of 12.1 wt% 
[42]. 

Patterned aluminum current collectors on PET foil were provided by 
Dry Phase Patterning AB. Carbon microcircuit materials 7102 conduc-
tive paste ink was purchased from Dupont and was used as received 
without any further modification. A 500 µm stencil frame and screen 
frames were purchased from HPetch and Coated Screens, respectively. 

2.2. Ink formulation for 3-electrode characterization 

Orgacon DRY, activated carbon and carbon black were mixed in 30 
different ratios with DI water to make 30 ink variations (see supporting 
information Table SI1 for details). Ethylene glycol was added to the mix 
in the ratio 5.7:1 of ethylene glycol:Orgacon DRY. Glycerol was added to 
the mix in the ratio 2:3 of glycerol:dry weight of materials. 

2.3. 3-electrode electrochemical measurements 

Cyclic voltammetry and galvanostatic charge-discharge measure-
ments were performed in a standard 3-electrode design by BioLogic SP- 
200 potentiostat. The setup consisted of Ag/AgCl reference electrode, a 
stainless-steel counter electrode and 1 M NaCl electrolyte. For the 
working electrode the PEDOT:PSS:carbon inks mixed in the various 
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ratios were dry casted in an oven forming 5 mm size electrodes which 
were pasted on conducting carbon felt electrode. 

2.4. Electrolyte formulation for device investigations 

The electrolyte was formulated similar to those reported previously 
[34]. The ionic liquid, EMIM-ES (21.2 wt%) was gelled with HEC (6.2 wt 
%) and DI water (72.5 wt%). The EMIM-ES and DI water were mixed 
together using magnetic stirring and then placed on a hot plate at 
100◦Celsius with the HEC slowly added. The mixture was allowed to 
thicken at 100◦Celsius for 1 h. The final printed and dried ionic gel is a 
sticky solid composed of only EMIM-ES (77.4 wt%) and HEC (22.6 wt%). 

2.5. Ink formulation for device investigations 

The PEDOT:PSS:Cellulose:Carbon inks are based on previous PEDOT: 
PSS:Cellulose formulations [34] with various ratios of AC/PEDOT/CB 
and can be found in Table SI2 in the supporting information. In general, 
the Orgacon DRY PEDOT:PSS and pulp cellulose fibers were mixed first 
before the ethylene glycol and glycerol were added followed by the 
water. The AC and CB were weighed in a separate container and then 
added to the PEDOT:PSS mixture. The inks were mixed at 8000 rpm for 
8 min in a DAC 600.1 – CM 50 SpeedMixer to aid in breaking up the 
carbon aggregates and to ensure a homogenous mixture. 

2.6. Fabrication of supercapacitors 

Using an E2 EKRA screen-printing machine, two layers of carbon 
conductive ink (Dupont) were screen printed onto the dry phase 
patterned (4 × 4 cm2) aluminum electrodes to protect the Al from 
corrosion. Each printed layer was dried in an oven set at 80◦ centigrade 
for 5 min. Then a layer of PEDOT:PSS:Cellulose:Carbon was stencil 
printed and dried in an oven set at 80◦ centigrade for 20 min to fabricate 
the electrodes. Double sided tape (3 M) was used as an adhesive layer (in 
addition to aiding in avoiding electrical shorts) to seal the super-
capacitors after the electrolyte was soaked into a tissue separator. 
Finally, the printed layers were manually laminated together. 

2.7. Supercapacitor characterization 

Cyclability, galvanostatic charge/discharge, cyclic voltammetry, and 
columbic efficiency studies were all performed using a potentiostat 
(Ivium OctoStat200) and the IviumSoft software. Using the galvano-
static charge/discharge measurements, coulombic efficiency of the 
supercapacitor devices was calculated with limit voltages set at 0.6, 1.0 
and 1.4 V and was calculated using Eq. (1): 

Coluombic efficiency =
Discharge time (s)

Charge time (s)
(1) 

Galvanostatic charge-discharge measurements were performed using 
gravimetric current density (with respect to the active mass i.e. mass of 
PEDOT and mass of charge storing carbon) values between 0.2 and 0.4 
A/g with voltage limits (Vmax) from 0.6 V up to 1.6 V. The capacitance 
and equivalent series resistance (ESR) were calculated from the 
discharge curves using Eq. (2) and Eq. (3), respectively. 

C =
Δt × I

V
(2)  

ESR =
Vd

2 × I
(3)  

Where Δt is the discharge time, I is the current, Vd is the voltage drop at 
the start of the discharge cycle and V is the voltage window excluding 
the voltage drop (V = Vmax – Vd). Specific capacitance was calculated 
with respect of the mass of one electrode and were corrected by a factor 
of two for literature comparison with 3 electrode systems. The energy 

was calculated using Eq. (4): 

E =
1
2

CV2 (4)  

Where C is the capacitance, V is the voltage, E is the specific energy. 
Cyclability studies were performed by galvanostatic charge/ 

discharge measurements on single cell supercapacitors to monitor 
degradation over time and cycles. These studies were carried out at 
0.2–0.4 A/g current density for 1000 cycles with a limit voltage of 
0.8–1.4 V. 

Impedance spectroscopy (EIS) was carried out on two samples. The 
measurements were performed in the frequency range 100 kHz to 0.1 Hz 
using a 10 mV AC signal. The data was further fitted to an equivalent 
circuit, namely a modified Randles circuit, which is a commonly used 
model for electrochemical cells. The circuit was modified by replacing 
the double layer capacitance with a constant phase element. This is often 
done when investigating porous systems, since the double layer capac-
itance with its single time constant does not properly replicate the 
dispersion of time constants in a porous electrode. 

3. Results and discussion 

PEDOT:PSS (P:P) is well known for its excellent mixed ionic and 
electronic charge transport, where the electronic transport resides in the 
PEDOT phase and the ionic transport runs through the PSS phase. 
PEDOT:PSS has also been shown to easily interface and composite with 
other organic and inorganic materials [15,25,38]. Composites of cellu-
lose and PEDOT:PSS combine the mechanical strength and large specific 
surface area of cellulose with the electronic and electrochemical prop-
erties of PEDOT:PSS. Previous work on P:P-cellulose electrode com-
posites have resulted in impressive capacitance values and discharge 
performances, and have successfully been incorporated into printing 
process protocols [34]. However, PEDOT:PSS remains, by far, the most 
expensive component in any such composite. Therefore, using small 
quantities of PEDOT:PSS as an electronic and mechanical adhesive 
within other active low-cost materials is an interesting strategy to reach 
superior electrode properties while keeping final cost low. To this end, 
activated carbon (AC) and carbon black (CB) were composited with 
PEDOT:PSS along with cellulose as the binder to bring the overall price 
tag per Farad down while maintaining a high operational performance. 

Several composites with various contents of PEDOT:PSS, CB and AC 
were developed (Supplementary Table SI1) targeting to optimize 
different properties of electrode material, namely: electrode mass, active 
material mass and price. Ideally, the electrode material should have the 
highest capacity per unit mass, both with respect to the total mass and 
the mass of the electroactive materials (i.e. PEDOT and AC) in addition 
keeping production costs low. However, it is not feasible to reach the 
best values of each parameter simultaneously. For example, adding a 
large ratio of PEDOT:PSS and CB, with respect to the AC content of the 
composite, results in increased conductivity and capacitance values per 
mass of active materials. Nevertheless, not only does the capacity per 
total electrode mass increases also the costs of the resulting electrode 
increase dramatically. Here, in this effort, the electrode optimization is 
conducted in a manner such as each of the above-mentioned properties 
are considered separately. First, different combinations of the elec-
tronically active materials were investigated in a three-electrode elec-
trochemical setup without the use of any binders. Later on, we 
constructed printed supercapacitor devices using four selected ratios of 
AC, CB and PEDOT:PSS (in addition to a cellulosic binder) and compared 
the results with the single electrode measurements. 

3.1. Specific capacitance 

One of the most important parameters in a supercapacitor is the 
gravimetric specific capacitance, measured in Farads per gram (F/g). As 
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a consequence, to optimize this parameter, any components of the 
composite that do not actively contribute to the capacitance of the 
electrode should be minimized or excluded. Fig. 1A shows a ternary plot 
showing the specific capacitance normalized to the total mass vs. the 
three main ingredients of the electrode composite (i.e. PEDOT:PSS, AC 
and CB). The best composite recipe with respect to electrode mass is the 
point marked with a circle in the bottom left corner of the plot composed 
of a 95:5 weight-ratio between AC and P:P, thus not including any CB. 
The specific capacitance of the composites, without CB, shows an 
increasing trend as the AC:PEDOT:PSS ratio increases. However, since 
PEDOT:PSS serves as the binder material and is also the only conductive 
material in this recipe, it cannot be completely eliminated. CB contrib-
utes to the conductivity of the composite but only contributes to the 
capacitance at a very limited extent. However, the dry weight of the 
electrode increases with the addition of CB while PEDOT:PSS provides 
more or less the same resulting conductivity while included at a lower 
dry mass. Therefore, from a gravimetric capacitance point of view, an 
optimum composite recipe includes the least amount of CB. PEDOT:PSS 
and AC both contribute significantly to the capacitance, however, the 
specific capacity per unit mass of AC is higher as compared to that of 
PEDOT:PSS. The specific capacitance of AC is in fact 2–3 times higher 
than that of PEODT:PSS [18,39,40]. The ratio of PEDOT:PSS versus AC, 
in the composite, should thus be minimized but PEDOT:PSS is still 
needed to provide desired conductivity levels of the electrode. Thus, a 
tradeoff must be established. 

3.2. Cost per capacitance 

Another important aspect in the production and final use of energy 
storage devices is their performance normalized to the price of included 
materials and manufacturing. To a first approximation, the end user is 
naturally willing to invest in the highest performance-to-price ratio. 
Current market prices for the components are in the rage of €20, €0.2, 
€0.02 per gram of dry PEDOT:PSS, AC and CB, respectively. The most 
expensive component in the composite, used in this work, is the PEDOT: 
PSS, therefore the price escalates quickly as the amount of PEDOT:PSS of 
the electrode increases. A ternary plot of the specific capacitance 
normalized with respect to the total electrode price versus the three 
main ingredients of the electrode material (i.e. PEDOT:PSS, AC and CB) 
is shown in Fig. 1B). Interestingly, the optimum composite recipe is 
again found at the same point in the left bottom corner since it contains 
the least amount of PEDOT:PSS. The cost gradient characteristics upon 
changing the included components, however, is relatively steep, since 
the price of PEDOT:PSS is about 100 times higher as compared to the 
second most expensive component which here is AC, and 1000 times 
higher as compared to CB. 

3.3. Microscopic structure 

The effect of morphology on the performance for different compos-
ites was investigated using SEM. The SEM scans show the size distri-
bution of the components and how they are organized with respect to 
each other. Fig. 2 shows the SEM imagery of 6 different composites with 
various relative contents of AC, CB and PEDOT:PSS. On the left side 
images, Fig. 2A and B, we find that the PEDOT:PSS exhibits a 
morphology phase with particle sizes smaller than the resolution of the 
microscope. CB are represented by intermediate-sized particles in the 
range of 1 µm and are dominating the image in Fig. 2D and F, while AC 
particles are relatively much larger with a size distribution from a few 
microns up to approximately 10 µm, see Fig. 2C and E. The vastly 
different sizes and organizations of the three different components 
suggest a profound effect on the performance of the composite inks 
while operating as electrodes in supercapacitors. 

As the PEDOT:PSS component and structure is not visible using SEM 
imaging, EDX measurements were performed to ascertain the distribu-
tion of PEDOT:PSS in dried films made from the ink composites. Fig. 3 
shows K-alpha x-ray photon counts from carbon (in blue) and sulfur (in 
yellow) atoms in a samples containing activated carbon and PEDOT:PSS 
at the ratio of 9:1. Fig. 3A shows the overlapping counts whereas in 
Fig. 3B and C either of the component has been masked for better visi-
bility of the distribution of each type of atom. PEDOT:PSS is the only 
sulfur containing component in the ink and from Fig. 3C we find an 
almost complete coverage of sulfur atoms in the investigated sample 
area. Therefore, it can be concluded that the PEDOT:PSS makes a close 
to uniform distribution and almost complete coverage of the activated 
carbon particles. Even though it cannot be resolved with EDX, it is 
reasonable to expect that the PEDOT:PSS phase will also infiltrate the 
porous structure of the larger sized activated carbon particles. Similar 
observations where the PEDOT:PSS is uniformly distributed in the 
sample were made for inks with other ratios (Fig. SI2). In addition, a 
sample of pure PEDOT:PSS is included in Fig. SI3 and all data tabulated 
in Table SI3 for comparison. 

Combining the information recorded from the SEM and EDX mea-
surements, we here propose an organization of the different components 
of the resulting composites, see Fig. 4. In these illustrations, we try to 
emphasize that AC requires at least one conductor, that forms conformal 
connections between the large aggregates to establish long-range path-
ways for electron transport. In addition to this, the structure must retain 
enough porosity for efficient ion transport to be made possible. Our 
hypothesis is that the smaller aggregates of CB do not provide good 
enough connectivity for the AC particles in comparison to PEDOT:PSS, 
which could be due to few and small contact points that finally result in a 
high contact resistance in between AC aggregates. From the results 

Fig. 1. Ternary plots of the specific capacitance normalized to the (A) total mass vs. the three main ingredients of the electrode material (i.e. P:P, AC and CB) and (B) 
the total electrode cost vs. the three main ingredients of the electrode material (i.e. P:P, AC and CB). 
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achieved from the 3-electrode measurements, we can conclude that a 
small amount of PEDOT:PSS is sufficient to provide efficient transport of 
electronic and ionic charges between AC particles in the composite, 
which leads to the good capacitance performance. 

3.4. Paper supercapacitor characteristics 

The 3-electrode measurements reported above give an insight into 
the microscopic structure of the mixture between AC, CB and PEDOT: 

Fig. 2. SEM imagery of the P:P, AC and CB composites. The top left inset describes the percentage of each component in the composite imaged. SEM imagery of a 
pure P:P with no carbon derivatives can be found in the supporting information (Fig. SI1). 

Fig. 3. EDX spectra of a sample containing AC and PEDOT:PSS in the ratio 9:1. (a) Total count of carbon and sulfur K-alpha x-ray photons (b) count of only carbon K- 
alpha photons by masking sulfur counts (c) count of only sulfur K-alpha photons by masking carbon counts. 

Fig. 4. Schematic representation of AC by itself and with the addition of CB not allowing complete connectivity and PEDOT:PSS forming conductive pathways 
between activated carbon aggregates to increase the conductive and capacitance of the composite material. 
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PSS. In addition, the electrical measurements give an indication of 
which combination ratios to use to achieve highest performance and 
least price. However, the ink formulations investigated in the 3-electode 
tests do not contain a long-range binder that would enable them to make 
printable films for large-scale applications. Cellulose, as discussed in the 
introduction, provides the long-range connectivity in printed inks. 
Therefore, carboxymethylated cellulose fibers were added into the ink 
formulations, and 2-electrode functional supercapacitors were explored 
with 4 different ink compositions to verify whether the 3-electrode re-
sults and trends translates into the 2-electrode devices. The 4 different 
composite recipes were chosen in order to give us a wide spectrum 
within the ternary plots. The inks were also chosen with respect to the 
ratios of AC/CB/PEDOT:PSS in order to investigate the effect on the 
resulting energy storage device from each component. The percentage 
composition of the key components is summarized in Table 1. The 
detailed ink formulations can be found in Table SI2. One formulation 
contains only PEDOT:PSS, another contains AC and PEDOT:PSS but no 
CB as the active components, and the third ink formulation contains all 
three components (AC/CB/PEDOT:PSS). Finally, as a reference a fourth 
ink composite includes only CB and AC. 

Supercapacitor electrodes were made by depositing the four inks on 
pairs of identical 4 × 4 cm2 Al/Carbon electrodes via stencil printing. 
Although PEDOT:PSS can successfully hold the composite together in 
small scale devices, which is the case in the 3-electrode setup, an addi-
tional binder is needed to ensure the integrity of the large-scale elec-
trodes during the device fabrication process and operation (Fig. SI4 A). 
Carboxymethylated cellulose fibers, which has been previously used in a 
similar PEDOT:PSS active ink-based devices, was applied as the binder 
[34]. The ink and devices not containing PEDOT:PSS (only AC/CB) was 
found to be the most difficult to deposit and manufacture, proving that 
the PEDOT:PSS also aids as an additional binder (Fig. SI4 B) 

Printing of the developed inks were performed using a stencil 
printing setup, in which the supercapacitor electrodes were organized in 
a 4 by 4 array of connected devices (see Fig. SI5). The supercapacitor 
electrodes were then individually cut out from the foils [34]. Finally, the 
completed supercapacitors were then formed by laminating two elec-
trodes with the electrolyte in between (see experimental section for 
further details) and their characteristics were measured. 

Galvanostatic charge/discharge measurements, at increasing cell 
voltages, were conducted along with self-discharge measurements in an 
attempt to obtain the columbic efficiency, capacitance and maximum 
working voltage of the composite supercapacitor electrodes. In addition, 
measurements were conducted to investigate for how long the cells can 
hold their charge at low and high cell voltages. The charge/discharge 
curves for supercapacitors containing the four different ink composites 
are given in Fig. 5. 

Fig. 5A gives the charge/discharge characteristics of a super-
capacitor containing AC composited with PEDOT:PSS as the active 
material. This ink, along with the ink in Fig. 5C (PEDOT:PSS(66%)-AC 
(5%)-CB(29%)), exhibits good supercapacitor curves with high capaci-
tance values. On the other hand, the ink containing only AC/CB (Fig. 5B) 
and no PEDOT:PSS exhibits a high capacitance at an extended (dis) 
charge time but appears to have a large voltage drop corresponding to a 
large internal resistance of the electrodes (see Fig. SI6 in Supporting 
Information). The higher ESR is likely due to the absence of the PEDOT: 

PSS and its ability to act as a conductive glue distributed between the 
active carbon materials. The supercapacitor device containing only 
PEDOT:PSS (Fig. 5D) shows an abnormal behavior with a sharp increase 
in the (dis)charge characteristics at voltages above 1.2 V, which corre-
sponds to a low capacitance value in this regime. This behavior is 
explained by the electrochemical overoxidation that occurs in PEDOT: 
PSS at such large biases [23,24]. 

The total cell capacitance of the 4 different material combinations, as 
well as their corresponding specific capacitance are given in Fig. 6(A) 
and (B), respectively. The capacitance per active material mass (gravi-
metric specific capacitance) gives a better comparison of the resulting 
performance of the different ink composites, as the weight deposited 
during stencil printing may vary from device to device. The devices AC/ 
CB/P:P-Cellulose and AC/P:P-Cellulose show impressive specific 
capacitance values throughout the entire voltage range while the P:P- 
Cellulose and AC/CB-Cellulose devices reach values only below 80 F/ 
g. These results show that the specific capacitance of a hybrid composite 
including both carbon and PEDOT:PSS components outperforms devices 
without any PEDOT:PSS. 

Interestingly, we observe a general increase in the capacitance value 
with an increase in the voltage applied to the supercapacitors. Similar 
observations have been reported for carbon-based supercapacitors in the 
past [41]. Carbon based supercapacitors store charge via two mecha-
nisms: electric double-layer capacitance (EDLC) or pseudocapacitance. 
The pure carbon surface is responsible for the former mechanism while 
remnant oxygenated functionalities present on the carbon surface are 
responsible for the latter. Since the rate of oxidation/reduction of the 
oxygenated functionalities sharply varies with voltage, the pseudoca-
pacitance characteristics is not constant with increasing or decreasing 
voltages. In general, the proportion of oxygenated functionalities, and 
hence the pseudocapacitive component, is relatively limited but never-
theless it leads to a slight variation of the overall capacitance values of 
the system. The exact nature of these functionalities within the samples, 
here explored, is currently unknown and is under current investigation. 

The ESR for each device, at the various voltages, was also measured 
(see supporting information, Fig. SI6). The values are found to be 
slightly higher than other supercapacitors, most likely due to the current 
manufacturing route where devices are assembled in ambient atmo-
sphere [34]. The ESR increases as the voltage increases in addition to the 
number of operation cycles. After 1000 cycles at 1.4 V the ESR was 
found to increase from a minimum increase of 8% for the AC/CB/P: 
P-Cellulose device to a maximum of 29% for the PEDOT:PSS device. 
The large spike in the ESR for the PEDOT:PSS-only device is believed to 
be due to that overoxidation of PEDOT. Interestingly, even though 
PEDOT:PSS acts as the main electronic conductor in the AC/P: 
P-Cellulose devices, the increase in ESR at elevated voltage was 
considerably smaller compared to the P:P-Cellulose sample, and overall 
lower than the device with no PEDOT:PSS. This suggests that the carbon 
acts to protect PEDOT:PSS from the stress that leads to overoxidation. 

To ascertain if the ESR of the devices is directly related with the 
electrical conductivity of the inks, a 4-point probe setup was used to 
measure the sheet resistance the printed films giving the result shown in 
Fig. SI7. Films made from the AC/CB ink (without PEDOT:PSS) cracked 
easily and it was hence not possible to conduct reliable conductivity 
tests. The tests show that the P:P-Cellulose film has a conductivity of 
around 11 S/cm which is more than one order of magnitude as 
compared with the AC/P:P-Cellulose and the AC/CB/P:P-Cellulose 
films. This difference is caused by the much higher content of PEDOT: 
PSS in the PEDOT:PSS ink as can be seen in the ink composition in 
Table 1. However, despite this large difference in lateral electrical 
conductivity, the ESR of the supercapacitors of the different inks are 
quite comparable. This is mainly due to two reasons: one is the fact that 
electrical conductivity in the supercapacitors happens primarily in the 
vertical direction. The second reason is that the ESR includes the ionic 
conductivity of the electrolyte which evidently soaks the electrodes to a 
similar degree irrespective of the ink composition. 

Table 1 
Percentage composition of the components involved in charge transport and 
storage in the inks used to make symmetrical supercapacitors (activated carbon, 
carbon black and PEDOT:PSS).   

Activated carbon Carbon black PEDOT:PSS 

AC/P:P-Cellulose 90 0 10 
AC/CB-Cellulose 97 3 0 
AC/CB/P:P-Cellulose 5 29 66 
P:P-Cellulose 0 0 100  
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For the voltage ranges here investigated, all devices show excellent 
columbic efficiency with the PEDOT:PSS-only device being the only one 
to drop to an efficiency of 90% after 1000 cycles. The graphs for the 

columbic efficiency of the different devices can be found in the sup-
porting information (Fig. SI8). 

The capacitance values were monitored for over 1000 operation 

Fig. 5. Charge discharge curves of supercapacitors composed of inks containing (A) AC/P:P-Cellulose, (B) AC/CB-Cellulose (C) AC/CB/P:P-Cellulose, and (D) P: 
P-Cellulose. 

Fig. 6. (A) Capacitance of the devices measured at increasing maximum charging voltages and then for decreasing maximum charging voltages. Each device was 
cycled 1000 times at 1.4 V and 3 times for the other voltages. (B) Specific capacitance values shown only for the decreasing maximum charging voltage after the 1000 
cycles for simplicity. 
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cycles in an attempt to investigate whether any degradation is occurring. 
Fig. SI9 shows the evolution of the capacitance value of the AC/P:P- 
Cellulose device during 1000 cycles. The capacitance value calculated 
for the entire cycling experiment resulted in a modest fall of < 5% in the 
capacitance. Thus, only a minimal degradation of the performance takes 
place indicating that the stability of the devices is excellent. 

The devices were also investigated with respect to their self- 
discharge characteristics. For devices which are not charged and dis-
charged frequently, the charge retention is a critical parameter as de-
vices which hold their charge for an extended period of time become 
more and more desirable for applications such as temporary energy 
storage for the power-grid. Here, our aim was to achieve devices that can 
hold their charge (at least 80%) for a minimum of 12 h in order to show 
their potential in charge storage modules for solar energy storage ap-
plications (where the energy produced in daytime can be stored and 
used in the nighttime). Remarkably, as shown in Fig. 7A, the devices 
(with the exception of the PEDOT:PSS-only device) lose only a minimal 
amount of charge (6.25%, 11.25% and 16.25% for the AC/P:P-Cellulose, 
AC/CB-Cellulose and AC/CB/P:P-Cellulose devices, respectively) over 
24 h. Here, again, the AC/P:P-Cellulose sample demonstrates the highest 
performance i.e. it has the highest charge retention. Fig. 7B shows the 
normalized energy retention which further amplifies the superior per-
formance of the AC/P:P-Cellulose sample. 

Furthermore, it was noted that a post-annealing step where the de-
vices were baked after the supercapacitors assembly, is important in 
achieving the best charge retention characteristics. Fig. SI10 shows 
supercapacitors fabricated with the 3 inks containing PEDOT:PSS and 
carbon materials where the self-discharge was measured without any 
baking at all, and then baking performed at 70 ◦C and 80 ◦C, respec-
tively. For all the ink compositions baking of the laminated super-
capacitors was found to increase the self-discharge time. We hypothesize 
that this is due to the gel electrolyte becoming less viscous at elevated 
temperatures which allows it to more efficiently soak into the active 
electrode materials. 

The capacitance values of the explored carbon/P:P-Cellulose hybrid 
supercapacitors, which was measured from the 16 cm2-sized devices, are 
more cost effective due to the reduction of the PEDOT:PSS content and 
are thus encouraging for commercialization where performance-to-cost 
is a major consideration. 

Impedance spectroscopy was also performed on the developed inks. 
Fig. SI11 shows the Bode plots (impedance and phase angle) of the two 
supercapacitors together with the simulated data, while Fig. SI2 shows 
the equivalent circuit model and fitted parameters. The model, while 
simple, could reproduce the behavior of the deices to a good degree with 

chi-square parameters in the same order. It is clear that the model 
cannot replicate the capacitance of the devices (given by the constant 
phase element), as these values are in the in the range 0.4–170 mF, as 
compared to the device values which have a capacitance >1F. The 
reason for this large difference in capacitance can be seen in the phase 
angles of Fig. SI1. For a double layer capacitor, the phase angle will vary 
between 0̊ and -90 ̊ over the frequency range, with the angle typically 
decreasing towards -90̊ at low frequencies, which corresponds to the 
formation of the double layer. However, at the lowest investigated fre-
quencies, even though the phase angle is degreasing, it is still far off from 
-90 ̊. This means that at these time-scales (~10#x00A0;s), the ions have 
not formed a double layer throughout the thick electrodes, and instead 
ion transport is the dominating process. To properly measure the 
capacitance, very low frequency values would be required. Since more 
noise is also introduced at lower frequencies, such measurements were 
beyond the capabilities of the equipment. However, the high frequency 
region provide us information about the electrolyte resistance, given by 
the circuit component R1. For the AC-PEDOT device this value was 15 Ω 
while for the CB-AC-PEDOT device the value was 5.6 Ω. A rough esti-
mate of the resistance can also be seen as the intersection with the real- 
part impedance axis in Fig. SI3. While the AC values of resistance does 
not always match the DC values, both values are in the same order of 
magnitude as the ESR values derived from chronopotentiometric 
measurements. 

3.5. Mechanical stability 

In view of flexible printable applications, it is also necessary to un-
derstand how the bending state of the device affects critical device pa-
rameters such as capacitance and ESR. To this effect we measured these 
parameters at intermediary and extreme bending states to see how the 
device performs. The results are summarized in Fig. 8 and Table 2. 

The charge discharge cycles of the AC/P:P-Cellulose device show 
that the device is minimally affected upon bending to 32 mm bending 
diameter. More notably, bending to a very small bending diameter of 5 
mm also does not alter the device charging cycle significantly. A bending 
diameter of 5 mm is an extreme bending that is not expected to be 
reached in most applications envisioned in flexible electronics such as 
electronic wearables, so the fact that the device passes such demanding 
tests demonstrate that the device is highly robust. Furthermore, the 
capacitance and ESR of the device are extracted and summarized in 
Table 2. The device capacitance is roughly unchanged where device 
variation does not exceed far from 5%. On the other hand, it is observed 
that bending the device to an extreme increases the resistance of the 

Fig. 7. Self-discharge experiments showing the (A) drop in voltage and (B) drop in normalized energy after 24 h of the supercapacitors containing the four different 
inks. The results are tabulated in Table SI4. 
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device considerably (around 60% increase in ESR). This should be ex-
pected as the interconnectivity of the film is significantly affected at 
such extreme bending states resulting in lower conductivity. Nonethe-
less, it should be noted that the device is still in working condition with 
its charge storing capacity unaffected. 

Overall, the sample AC/P:P-Cellulose which contains a large amount 
of activated carbon and a very small amount of PEDOT:PSS is superior to 
the rest of the devices in several aspects. Table SI5 presents the ranking 
of the four devices when comparing their price, capacitance, ESR and 
charge retention. In this summarizing table it becomes clear that the AC/ 
P:P-Cellulose device performs the best with scoring the highest for ESR 
and charge retention and second for the price, capacitance and specific 
capacitance. It is also apparent that the device containing only PEDOT: 
PSS performs the worst, highlighting the need for carbon materials to be 
included in the electroactive ink for improving the performance. Future 
work concerning these devices will include all-printed, large-scale 
supercapacitors in a roll-to-roll process showing the potential of large- 
scale production of sustainable energy storage solutions. 

4. Conclusion 

Within this report we have shown that printed supercapacitors based 
on cellulosic templates provide the possibility of large-scale roll-to-roll 
production. Cellulose imparts the necessary mechanical robustness in 
order to produce thick-electrode supercapacitors through a stencil 
printing process. In addition, it was shown that PEDOT:PSS is also 
necessary for the mechanical integrity of these devices because it func-
tions as a nanoscopic glue in the composite system. Furthermore, 
PEDOT:PSS in combination with carbon is superior in many respects to 
the standard combination of activated carbon and carbon black often 
used in literature and in commercial supercapacitors. This is attributed 
to the ability of PEDOT:PSS to act as an electronic adhesive which me-
chanically binds the activated carbon and carbon black particles while at 
the same time facilitating transport of both electrons and ions. A 

surprisingly small amount of PEDOT:PSS was needed to achieve the best 
combination of optimum device performance and minimum cost. 

CRediT authorship contribution statement 

Dagmawi Belaineh: Conceptualization, Investigation, Writing – 
original draft, Writing – review & editing. Robert Brooke: Conceptu-
alization, Visualization, Writing – original draft, Investigation, Writing – 
review & editing. Negar Sani: Conceptualization, Writing – original 
draft, Investigation. Mehmet Girayhan Say: Investigation, Writing – 
review & editing. Karl M.O. Håkansson: Investigation, Writing – re-
view & editing. Isak Engquist: Supervision, Project administration, 
Writing – review & editing. Magnus Berggren: Supervision, Funding 
acquisition, Writing – review & editing. Jesper Edberg: Conceptuali-
zation, Supervision, Project administration, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was financially supported by the Swedish Foundation for 
Strategic Research (GMT14-0058). The work was also supported by 
Treesearch (treesearch.se). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.est.2022.104224. 

References 

[1] M. Asif, T. Muneer, Energy supply, its demand and security issues for developed 
and emerging economies, Renew. Sustain. Energy Rev. 11 (7) (2007) 1388–1413, 
https://doi.org/10.1016/j.rser.2005.12.004. /09/01/2007. 

[2] F. Bu, W. Zhou, Y. Xu, Y. Du, C. Guan, W. Huang, Recent developments of advanced 
micro-supercapacitors: design, fabrication and applications, npj Flex. Electron. 4 
(1) (2020) 31, https://doi.org/10.1038/s41528-020-00093-6, 2020/11/16. 

[3] Z. Zhu, et al., Effects of various binders on supercapacitor performances, Int. J. 
Electrochem. Sci. 11 (2016) 8270–8279. 

[4] D. Li, et al., Role of polymeric binders on mechanical behavior and cracking 
resistance of silicon composite electrodes during electrochemical cycling, J. Power 

Fig. 8. Charge discharge properties of AC/P:P-Cellulose supercapacitor while bending.  

Table 2 
Capacitance and ESR of the AC/PEDOT-Cellulose device upon bending.  

Bend diameter [mm] Capacitance [F] ESR [Ω] 

No bend 5.4 1.95 
32 5.23 1.7 
5 5.5 2.7  

D. Belaineh et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.est.2022.104224
https://doi.org/10.1016/j.rser.2005.12.004
https://doi.org/10.1038/s41528-020-00093-6
http://refhub.elsevier.com/S2352-152X(22)00255-9/sbref0003
http://refhub.elsevier.com/S2352-152X(22)00255-9/sbref0003


Journal of Energy Storage 50 (2022) 104224

10

Sources 387 (2018) 9–15, https://doi.org/10.1016/j.jpowsour.2018.03.048. /05/ 
31/2018. 
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