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Introduction

Electrochemical double-layer capacitors (EDLCs) are high-
power energy-storage devices offering long cycle life. Numer-

ous unique applications already exist for EDLCs, and their use
in the expanding ecosystem of renewable energy is growing

steadily as more and more effort is put into fighting climate
change. Their energy-storage mechanism is based on the fast

and reversible adsorption of ions from an electrolyte onto a

porous high-surface-area material. Commonly, commercial
EDLCs include activated carbon (AC) electrodes and organic

electrolytes, which reach approximately 3 V operating volt-
age.[1]

Production of these devices involves coating large sheets of
metal (Al) current collectors by using fast, low-cost, roll-to-roll
processes. Coatings are applied as slurries consisting of the

active material, conductive additive(s) (carbon black, CB), and
polymeric binder(s). This latter must fulfill several require-
ments,[1–4] such as:

1) gives uniform coatings on the Al current collector ;

2) endures drying at high temperature in air without degrad-
ing;

3) provides mechanical stability (the resulting coatings have
to survive mechanical stresses such as bending and rolling

against steel rolls, pressing in a calender and, finally, tight
winding in cylindrical cells) ;

4) grants an optimal microscopic structure of the electrodes,

with well dispersed conductive additives to reduce resist-
ance;

5) is electrochemically inert to not jeopardize the operation of
the EDLC;

6) requires an environmentally friendly solvent (such as water)
for slurry processing or, ideally, no solvent at all.

Despite some alternatives having been recently proposed,
the state of the art in aqueous, non-fluorinated binders for

EDLC is carboxymethyl cellulose (CMC).[2, 5, 6] Although this ma-
terial conforms to the requirements outlined above, it has one

major drawback, which is that the maximum thickness (or
mass loading) possible for coatings is relatively low. The reason

for this lies in the shrinking of the CMC coatings upon drying,
which can result in cracking of the coating. Additionally, the
low flexibility of the coating at high mass loadings causes

cracking upon, for example, rolling after drying. Also, electro-
des based on alternative water-soluble polymers, such as poly-

(acrylic acid) (PAA) or sodium alginate, have been only report-
ed with relatively low mass loadings (<5 mg cm@2),[7] suggest-

ing that such binders may suffer from the same issues as CMC.

Achieving higher mass loadings is extremely important be-
cause it would allow higher active material/current collector

mass ratios, consequently improving the specific energy of
EDLCs.[1] In this work, new binders based on water-soluble nat-

ural polymers were comprehensively studied. The study al-
lowed the identification of a promising new binder mixture ful-

The state-of-the-art aqueous binder for supercapacitors is car-
boxymethyl cellulose (CMC). However, it limits the mass load-

ing of the coatings owing to shrinkage upon drying. In this

work, natural polymers, that is, guar gum (GG), wheat starch
(WS), and potato starch (PS), were studied as alternatives. The

flexibility and adhesion of the resulting coatings and electro-
chemical performance was tested. The combination of 75:25

(w/w) ratio PS/GG showed a promising performance. Electro-
des were characterized by SEM, thermal, adhesion, and bend-

ing tests. Their electrochemical properties were determined by
cyclic voltammetry, electrochemical impedance spectroscopy,

and cycling experiments. The PS/GG mixture conformed well

to criteria for industrial production, enabling mass loadings
higher than CMC (7.0 mg cm@2) while granting the same specif-

ic capacitance (26 F g@1) and power performance (20 F g@1 at
10 A g@1). Including the mass of the current collector, this rep-
resents a + 45 % increase in specific energy at the electrode
level.
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filling the above-mentioned criteria and substantially outper-
forming CMC in terms of flexibility and maximum mass load-

ings of the resulting electrodes.

Results and Discussion

Coating tests

A few binder candidates [cold-water-soluble wheat starch (WS),

potato starch (PS), and guar gum (GG)] were investigated for
the preliminary coating tests. This served to check the basic
suitability of the materials as possible binders. Starch is a natu-
ral polymer consisting of two types of polysaccharides, that is,
amylose and amylopectin. The first is constituted by a(1–4)

glycosidic-bonded a-d-glucose units forming a linear chain.
Amylopectin is similar, but with many additional side chains
connected by a(1–6) glycosidic bonds. Their mass ratios, chain
lengths, branching, and other factors depend on the botanical
source. These polysaccharides are produced by plants in the
form of so-called “granules”, that is, particles of 2–100 mm in

size. They also contain varying small amounts of protein and
minerals.[8] In the case of cold-water-soluble starch, these gran-
ules are shredded or predissolved to increase their solubility in

water without need for elevated temperatures.[8, 9] GG is also a
polysaccharide produced from guar beans. It differs from

starches in that the backbone is made from b(1–4)-bonded d-
mannopyranose units carrying short side chains on every

second unit. These side chains are single (1–6)-bonded a-d-gal-

actopyranose units. GG is known to strongly increase the vis-
cosity of aqueous solutions even at low concentration, for

which it is used in a wide range of applications from food ad-
ditives to fracking.[10]

Each binder candidate was mixed with water, active material,
and conductive additive to yield 5 wt % binder content with re-

spect to all solids in the slurry. Three qualitative criteria were

applied for the initial screening:

1) Processability of the slurry: the slurry should not show
signs of sedimentation within the timescales needed for

the coating process (1–3 h).
2) Uniformity of the coating: the slurries needed to produce

homogeneous coatings without bubbles, pinholes, stripes,
or similar defects; the coating quality could typically be

modified by the addition or removal of water.
3) Solid content of the slurry: binders not enabling sufficiently

high solid content (>25 wt %) but fulfilling the previous
two points were excluded.

These criteria result from the needs of cell production. In
fact, homogeneous coatings are indispensable to ensure tight

wrapping of the electrode and separator rolls, which in turn

ensures precise balancing and low performance variation be-
tween cells. High solid contents are desirable because any

excess solvent needs to be evaporated before further process-
ing. The more water is in the slurry, the longer (slower) the

drying line has to be (run), which results in higher costs and re-
duced productivity, respectively.[1] Settling of solids in the

slurry can cause density gradients in the slurry container. This
would cause the properties of the slurry to change during
coating and therefore cause inhomogeneous coatings.[7]

The results of the binder screening are summarized in

Table 1, including those of the bending test discussed in the

next section. Additional photographs can be found in Fig-
ure S1 in the Supporting Information. It should be noted that

none of the binders are found to be entirely suitable on their

own. The typical high viscosity induced by GG reduces the
maximum possible solid content for coatable slurries to only

20 wt % (Figure S1 A in the Supporting Information). WS-based
coatings are brittle and show poor adhesion at all mass load-

ings (Figure S1 B in the Supporting Information). Homogene-
ous WS and PS slurries typically have low solid contents and

therefore result in low mass loadings even when applied with

large doctor blade slit heights. Using higher solid contents is
not possible because mixing does not result in homogeneous

slurries (Figure S1 C in the Supporting Information).
However, mixtures of both starches (WS and PS) with GG

allow up to 31.6 wt % solid contents, suggesting synergistic ef-
fects of the two binders. GG serves to enable slurries with

higher solid contents, acting as an emulsifier and stabilizer, al-

lowing for a much easier slurry mixing. In fact, the advanta-
geous interaction of GG with starches is well known in the

food industry, in which it is used, among other things, to
reduce the starchy texture of soups and avoid syneresis (the

expulsion of water from the polymer network).[11–13] This inter-
action is also evidenced by the tendency of slurries to gel re-

versibly when left standing. However, the perturbation owing
to stirring and pumping in industrial coating lines would easily
disrupt the slurry gelation because simple stirring before coat-

ing was always sufficient to re-homogenize the slurries. The
two most promising mixing ratios, also with respect to the

coating flexibility (see below), were 1:1 for WS/GG and 3:1 for
PS/GG. They are denoted as WS50/GG50 and PS75/GG25.

Bending tests

Besides the rheological properties of the slurry, which were
here only qualitatively monitored, the most important criterion

for the binder selection is the morphological and mechanical
quality of the resulting coating. In the industrial environment,

Table 1. Screened binders and criteria of evaluation. Underlined entries
mark the reason for exclusion.

Binder Maximum
solid content
[wt %]

Coating
defects

Adhesion Mass loading
passing bending test
[mg cm@2]

GG 20 pinholes good >5
WS 25 stripes insufficient ,2
PS 25 stripes good >4
WS/GG
(1:1, w/w)

28.6 none insufficient <6

PS/GG
(3:1, w/w)

31.6 none good <7.5
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after drying, the coated current collector foils are, in fact, han-
dled via transport rolls and finally rolled up for intermediate

storage. This means that the coating must not crack during
bending and must be able to endure without too much abra-

sion, which is particularly critical for high mass electrode load-
ings. Achieving high bending flexibility is the key here because

thick coatings easily break at small curvature radii.[1, 14]

To test the flexibility of the high-mass-loading coatings
based on the new binders, the electrodes were cut into ap-

proximately 2 cm wide strips and wrapped around 12 mm di-
ameter steel pins. It should be noted that the flexibility test
used here was quite conservative, considering that rolls in in-
dustrial coating lines are typically several cm in diameter. How-
ever, this allowed us to compare the relative bendability of the
electrodes featuring different binders.[15] For the sake of com-

parison with the state of the art, CMC-based electrodes were

also subjected to the same procedure. As noticeable in Fig-
ure 1 A, high-mass-loading CMC-based electrodes show large

cracks. In fact, small-to-medium-size cracks are already notice-
able at loadings of approximately 3.5–4.0 mg cm@2. However,

Figure 1 B shows that the WS50/GG50 mixture also
tends to crack and delaminate at approximately

6 mg cm@2, precluding its use as a binder. In contrast,

PS75/GG25 only shows minor cracks even up to
7 mg cm@2 mass loading, demonstrating much better

flexibility. This is a strong indication that PS75/GG25
represents a significant improvement over the state

of the art, enabling the high mass loadings request-
ed at the industrial scale. Thus, the following investi-

gations were focused on the PS75/GG25 mixture.

Further details about the coating thicknesses and
mass loadings of this mixture can be found in Fig-

ure S2 in the Supporting Information.
As a next step, the adhesion strength for both

PS75/GG25 and CMC electrodes was determined. For
PS75/GG25-based electrodes the value is 400 kPa,

but the limiting factor is the inner electrode cohe-

sion rather than adhesion to the current collector. For CMC, in
contrast, the mechanical stability of the CMC-based electrodes

is 1100 kPa, limited by the adhesion of the layer to the current
collector. Nonetheless, the coating stability of the PS75/GG25

electrodes is deemed sufficient.

Micro-morphology

The morphology of the coated electrodes was investigated by

SEM. These electrodes were not subjected to any mechanical
stress but simply taken after drying. Figure 2 shows a series of
SEM images comparing CMC- (Figure 2 A) and PS75/GG25-
based electrodes (Figure 2 B) with increasing mass loadings. It
is clear that the number and size of cracks in the CMC-based
electrodes are larger than in those employing the PS75/GG25

binder, especially at high mass loadings. Indeed, the first
cracks in PS75/GG25-based electrodes only appear at very high

mass loadings (9.7 mg cm@2).

It is well known that CMC tends to contract strongly during
drying. This is clearly the reason for the greater extent of mi-

croscopic cracks compared with PS75/GG25.[3] Micro-

scopic cracking may promote accelerated disintegra-
tion of the electrode because parts of the active ma-

terial layer can lose contact with the bulk of the elec-
trode and the current collector. In fact, CMC-based

layers at higher mass loadings (&7 mg cm@2) con-
tract so strongly that macroscopic cracks appear
when the layers are not allowed to relax and roll up

under the tension. In the absence of constraints, as
during the drying in industrial processes in which

the foil is only supported by a hot air stream, the foil
would strongly deform. However, this limitation does

not seem to occur when using the mixture of PS and

GG as binder.
Another important aspect in the electrode mor-

phology is the microscopic homogeneity. A well-dis-
persed conductive additive is essential to achieve

low electrode resistance.[7] If the interaction of the
binder with either the active material or the conduc-

Figure 1. Photographs of bending tests. (A) Coating based on CMC. Severe cracks ap-
peared already at medium to low mass loadings, showing that the flexibility is insuffi-
cient. (B) Coating based on WS50/GG50. The coating was not flexible enough and also
delaminated at medium mass loadings. (C) Coatings based on PS75/GG25 with increasing
mass loading. The first small cracks only appeared at approximately 7 mg cm@2.

Figure 2. SEM images of coatings with different binders and mass loadings. (A) Cracks of
increasingly larger size in CMC-based coatings with increasing mass loadings. (B) PS75/
GG25-based coatings exhibited no cracks even at relatively high mass loadings and
smaller cracks at very high mass loadings.
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tive additive is too strong there is a risk of agglomeration. The
surface of PS75/GG25-based electrodes at high magnification

shows well-dispersed electrode components (see Figure S3 in
the Supporting Information). These electrodes also show a

rather good homogeneity along their thickness as demonstrat-
ed in Figure S4 in the Supporting Information, depicting the

cross-section of the electrode made by focused ion beam (FIB)
milling.

Thermal stability

High temperatures are necessary for cost-effective electrode

production in short and fast drying lines, ensuring high pro-

ductivity.[1] However, if the binder degrades during the drying
process, the integrity of the coating is compromised. There-

fore, the thermal stability of the binder components is rather
important and needs to be evaluated. For this purpose, ther-
mogravimetric analysis (TGA) experiments were performed on
the GG and PS separately, as well as CMC as a control. Because
the binders adsorb significant amounts of water at room tem-

perature,[16] which might hide the weight loss associated with
their decomposition, all samples were first subjected to a 3 h

heating step at 100 8C to ensure the complete removal of
water. To reliably determine the thermal stability, isothermal

steps were used during TGA rather than a constant heating
rate. The temperature was increased stepwise and held at each

value for 2 h. As can be seen in Figure 3 A, even at 180 8C the

mass loss for both PS and GG is only 0.7 % h@1. In an industrial
production line, the electrodes would typically pass the drying

stage within a few minutes.[15] It follows that PS and GG are
sufficiently stable in air at high temperatures to enable elec-

trode production. Actually, these binders release most of the
water already in the isothermal step at 100 8C, whereas CMC

does not, meaning that they are much easier to dry than CMC.

Electrochemical stability

With the production-related hurdles for the PS75/GG25-based

electrodes having been passed, the electrochemical properties
were investigated. First, the electrochemical inertness of the

binder mixture itself at the relevant potentials employed in
EDLCs had to be demonstrated. In fact, the binder(s) must not

limit the usable operating voltage of the device owing to side
reactions. Furthermore, side reactions might compromise the
binding ability of the binder(s) and result in pulverization or
delamination of the electrode, which in turn would cause ca-
pacity loss.[17, 18]

Two common state-of-the-art electrolytes, tetraethylammoni-
um tetrafluoroborate (TEA BF4) in acetonitrile (MeCN) or pro-
pylene carbonate (PC), were selected along with three novel
ones developed by Balducci and co-workers.[19–21] These latter
electrolytes were developed to improve conductivities and
electrochemical stability windows beyond the state of the art,
together with reduced toxicity, cost, and flammability. For ex-
ample, N-methyl-N-butylpyrrolidinium tetrafluoroborate (Pyr14

BF4) and 3-cyanopropionic acid methyl ester (CPAME) com-
bined with conventional salts and solvents are promising new

electrolyte components.

The intrinsic stability of the binder was evaluated by cyclic
voltammetry. The binder was first coated on the current collec-

tors (mass loading &0.15 mg cm@2, see Figure S5 A in the Sup-
porting Information) without any carbonaceous material to

assess the faradaic currents originating from the binder de-
composition, which would be hidden by the large capacitive

current from a full carbon electrode.[22, 23] The “binder” electro-

des were used as working electrodes in three-electrode cells
by using a leakless reference Ag/AgCl 3.5 m KCl electrode for

accurate determination of the onset potential of significant far-
adaic currents.[24] Separate cells were assembled for cathodic

and anodic sweeps. The sweeps started at @0.250 V versus Ag/
AgCl 3.5 m KCl, which roughly corresponds to the initial poten-

tial of carbon,[25] to ensure equal scope of probing of the elec-

trochemical window in both the cathodic and anodic direc-
tions. Because a typical EDLC will go to the extreme potentials

in its operating life many times, it is not reasonable to con-
clude limits from the first cycle current onset, in which only

minor reactions associated with transient phenomena are typi-
cally observed. Hence, the sweeps were repeated ten times to

show the development of reactivity at the edges of the poten-

tial window.
The top curve in Figure 4 shows the current response for a

completely blank Al current collector. In this exemplary mea-
surement, the anodic sweep exhibits an irreversible oxidation

peak, resulting from Al dissolution, which decreases upon cy-
cling as the result of passivation phenomena. This

anodic dissolution peak is also found in the anodic
sweeps of binder-coated Al electrodes; however, the
onset occurs at much higher potentials. Moreover,
the anodic current recorded during the following
cycles is lower, indicating a passivation occurs even

with the coated binder covering the Al surface. Final-
ly, the binder does not react to any appreciable

extent with any of the employed electrolytes. Even
at the highest probed potentials, the current re-
sponse decays to a few tens of mA cm@2 after ten

cycles, whereas the binder shows no sign of decom-
position or delamination (see Figure S5 A–C in the

Supporting Information).
Figure 3. TGA of binder components. After initial water loss at 100 8C, PS and GG only
showed insignificant mass loss at increased temperatures and for extended heating dura-
tions in air.
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These results demonstrate that the PS75/GG25 binder does

not limit the electrochemical stability of the electrodes. Indeed,
by using conventional binders and full carbon electrodes, Bal-

ducci and co-workers found smaller potential windows, and
smaller values are also reported for TEA BF4 in PC and MeCN in
the literature.[19, 21, 26]

Electrochemical impedance spectroscopy

To characterize PS75/GG25-based AC electrodes, in particular,
the influence of the binder on the electrochemical behavior,
electrochemical impedance spectroscopy (EIS) measurements
were performed on symmetrical cells. Different cells were in-

vestigated employing CMC- and PS75/GG25-based electrodes
with 3.5 mg cm@2 active material loading (designated as “stan-

dard loading”) and 7.0 mg cm@2 (designated as “high loading”;
these electrodes were achieved only with PS75/GG25). The cor-

responding EIS results are shown in Figure 5. Although the
standard loading electrodes employing the two binders show

different total impedance (Figure 5 A, B), their impedance spec-

tra could be described with the same equivalent circuit (see
Figure 5 C). Besides the expected electrolyte resistance at high

frequencies, modeled by R1, and the diffusion-limited/capaci-
tive response described by the open Warburg element Wo1 (at

low frequencies), the semicircle at medium frequencies is indi-
cative of charge-transfer processes at an interface. This was

modeled by a parallel RQ element comprising a re-
sistance (R2) and constant phase element (CPE2). In

the case of CMC, the value for R2 is approximately
1 W, whereas R2 equals 3 W for PS75/GG25-based

electrodes. Interestingly, in high-loading-type cells
(see Figure 5 D), two distinguishable semicircles

could be resolved in the same frequency range.
Therefore, two separate RQ elements were em-

ployed to fit this spectrum (see model EC in Fig-

ure 5 E). Here, the values are 2 W for R2 and 5 W for
R3. These semicircles are attributed to the transfer of

electrons between the active material particles and
the electrode coating and the current collector.[27, 28]

In the case of CMC, the interfacial resistances are rel-
atively low, but PS75/GG25 exhibits slightly higher

resistance contributions from both sources. Because

the interfacial resistance at the current collector
should be independent from the mass loading, it is

reasonable to attribute the second RQ element (R3 j
CPE3, resolved only for high loading at lower fre-

quencies) to the particle–particle interfaces.
In summary, the EIS results indicate a slight draw-

back of PS75/GG25 versus CMC in terms of electrode

resistance, well matching the FIB cross-section ob-
servation (see Figure S4 in the Supporting Informa-

tion), indicating that the electrode layer/current col-
lector contact still needs to be improved.

Long-term cycling

Although the three-electrode measurements exclud-
ed evident detrimental reactions of the binder with any of the

tested electrolytes, it is also important to assess the per-
formance of full electrodes in two-electrode cells over longer

timescales. This helps to rule out other possible issues such as

swelling of the binder or slow degradation.[5] In addition, as
the EIS measurements illustrated, the binder has a major

impact on the electrode resistance, which could be detrimental
for cycling or rate performance.[7]

Very often in the literature, EDLCs are tested with cycling
protocols that charge and discharge the cell repeatedly, usually
more than 10 000 times, but without any constant voltage step
at full charge. Even with slow charging rates, this results in the

EDLC spending only a small fraction of time at high voltages.[29]

Consequently, the long-term stability is often overestimated. In
industry, however, testing protocols typically involve long

steps at high voltage. The protocol used here was directly
adapted from a European manufacturer of EDLCs and based

on IEC standard 6239/1.[30] Further details can be found in the
Supporting Information.

Here, symmetric coin cells with 1 m TEA BF4 in PC were as-

sembled with electrodes based on CMC or PS75/GG25. Once
more, cells employing different binders (CMC and PS75/GG25)

and different electrode loadings (3.5 and 7.0 mg cm@2, “stan-
dard” and “high loading”, respectively) were tested. The results

of the voltage hold test can be seen in Figure 6 A. It is evident
that the PS75/GG25 enables a performance equivalent to CMC

Figure 4. CV of the binder in several electrolytes. Cathodic and anodic CV sweeps at
5 mV s@1 of pristine and binder-covered aluminum electrodes in the various electrolytes.
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in terms of capacitance retention. This is even true for the

high-loading electrodes, which only show a slightly increased
equivalent series resistance (ESR). Therefore, such high-loading
electrodes can significantly increase the active material/current

collector ratio without penalizing the performance. If one in-
cludes the current collector mass into the calculation
(5.18 mg cm@2 at the thickness of 20 mm employed here), this
represents a specific energy gain of approximately + 45 % at

the electrode level.
The cycling performance of the electrodes was also tested

by using the same type of coin cells but employing fast con-
stant current charge/discharge cycles (i.e. , without voltage
hold steps). The results, illustrated in Figure 5 B, show that the

rate performance of PS75/GG25-based electrodes is mostly
equivalent to CMC-based ones. The capacitance for all cells is

only moderately affected, and only at very high currents. Over-
all, the cycling data strongly suggests that PS75/GG25 is basi-

cally identical to CMC but allows doubling the mass loading.

Conclusions

Three natural binder materials for electrochemical double-layer

capacitors (EDLCs), guar gum (GG), potato starch (PS), and
wheat starch were investigated and compared against the

widely used aqueous binder carboxymethyl cellulose (CMC).

The 3:1 mixture of PS and GG resulted in the most favorable
rheology for coating, enabling high solid contents and flexible
high-mass-loading electrodes. PS75/GG25 could survive bend-

ing tests at up to 7 mg cm@2, twice as much as CMC. SEM mi-
croscopy showed good dispersion of the active material and
conductive additive, as well as reduced crack formation during
drying. Both PS and GG were shown to be stable at the typical

drying temperatures in air, enabling fast drying. Binder-covered
current collectors were used as working electrodes in cyclic

voltammetry experiments to determine their electrochemical
stability in both state-of-the-art and novel electrolytes. They
showed excellent stability windows that were larger than that

of activated carbon electrodes, proving that they would not
limit the devices’ operating voltage. Electrochemical impe-

dance spectroscopy was employed to further characterize the
PS75/GG25 electrodes, and a slightly increased contact resist-

ance compared with CMC was observed. Symmetric full cells

were subjected to long-term voltage-hold experiments. PS75/
GG25- and CMC-based electrodes showed identical and excel-

lent capacitance retention with only minor equivalent series re-
sistance increase. Doubling the mass loading for PS75/GG25

had only a small impact on performance but represents a large
increase in specific capacitance on the full electrode level,

Figure 5. EIS of symmetric cells with electrodes based on CMC and PS75/GG25 in 1 m TEA BF4 in PC, UDC = 0 V, UAC = 5 mV. (A) Spectrum of CMC-based electro-
des with standard loading. (B) Spectrum of PS75/GG25-based electrodes with standard loading. (C) Equivalent circuit model used to fit spectra in (A) and (B).
The semicircles are related to interfacial resistance processes modeled by the RQ element (R2, CPE2). They are attributed to contact resistance between the
carbon particles and the current collector. PS75/GG25 exhibits higher R2 values. (D) Spectrum of PS75/GG25-based electrodes with high loading. (E) Equivalent
circuit model used to fit spectrum in (D).
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owing to the lower share of current collector weight. The rate
capability for PS75/GG25 was also very similar to CMC-based

electrodes. PS/GG-based binders thus are a promising alterna-
tive to CMC.

Experimental Section

Electrode preparation and characterization

Potato starch (PS) was purchased from Sigma–Aldrich. Wheat
starch (WS) and guar gum (GG) were kindly supplied by Krçner

St-rke GmbH and Lamberti S.p.a, respectively. CMC was purchased
from Dow Wolff Cellulosics (CMC Walocell 2000 PA). Activated
carbon (AC, YP50 from Kuraray) and etched aluminum foil (20 mm,
5.18 mg cm@2) were kindly supplied by Skeleton Technologies
GmbH. Carbon black (CB) was purchased from Imerys Graphite &
Carbon (C-ENERGY Super C45). All slurries were prepared with
weight ratios of AC/CB/binder of 90:5:5. The solid content was ad-
justed as needed to achieve homogeneous coatings. The binder
was stirred in ultrapure water (milli-Q) until fully dispersed and, in
the case of PS, heated for 30 min at 70 8C. CB was added next, and
the slurry was stirred for at least 1 h. Water lost during stirring was
added again. AC was mixed in by manual mixing and kneaded
until the slurry was well homogenized.
The slurries were coated onto Al foils with an adjustable doctor
blade at 50 mm s@1. Coatings were allowed to dry at room temper-
ature for approximately 30 min and then dried overnight at 80 8C.
Bending tests were done with 12 mm diameter steel pins and 2 cm
wide strips cut from dried electrodes. Mass loadings were deter-
mined by cutting 12 mm disks from the strips and weighing them.
Counter electrodes were made with weight ratios of AC/CB/poly-
tetrafluoroethylene (PTFE) of 80:10:10. Using the 60 wt % PTFE so-
lution in water (Sigma–Aldrich), CB and AC were dispersed by stir-
ring until the water evaporated and a dough-like slurry was
formed. The slurry was rolled out to obtain a thick layer (about
0.5 mm), which was cut into 12 mm diameter disks.
TGA was done in synthetic air (20 % O2, 80 % N2) by using the Dis-
covery TGA by TA Instruments. SEM images were taken with a
Zeiss LEO 1550 microscope at 3 kV, using combined backscattered
electron and secondary electron imaging.

Electrochemical characterization

Tetraethylammonium tetrafluoroborate (TEA BF4), acetonitrile
(MeCN), and propylene carbonate (PC) were purchased from
Sigma–Aldrich. N-Methyl-N-butylpyrrolidinium tetrafluoroborate
(Pyr14 BF4) and 3-cyanopropionic acid methyl ester (CPAME) based
electrolytes were kindly supplied by the group of Prof. Andrea Bal-
ducci (Friedrich-Schiller-University Jena). Electrodes were cut into
12 mm disks and dried at 110 8C under vacuum overnight and
transferred to an argon-filled glovebox (LabMaster, Mbraun GmbH)
with <0.1 ppm O2 and <0.1 ppm H2O for all cell assembly. Swage-
lok-type three-electrode cells were used for the CV experiments.
AC-overloaded (in terms of capacitance) counter electrodes were
employed. As reference electrodes, Ag/AgCl 3.5 m KCl leakless mini-
electrodes (edaq) were used. Approximately 300 mL of electrolyte
was impregnated into glass fiber disks (GF/D, thickness: 670 mm,
diameter: 13 mm diameter; Whatman). A potentiostat/galvanostat
(VMP3, Biologic Science Instruments) was employed to record the
CVs. Two-electrode EDLCs were assembled in coin cells with sym-
metric mass loadings of either 3.5 mg cm@2 (standard loading) or
7.0 mg cm@2 (high loading), by using 150 mL of electrolyte impreg-
nated in the glass fiber separator. These were cycled in a Maccor
Battery Tester 4300. EIS experiments were performed in symmetric
two-electrode Swagelok cells with an Impedance/Gain-Phase Ana-
lyzer 1260 (Solartron Analytical). All electrochemical tests were per-
formed in climatic chambers at T = (20:2) 8C (KB115, Binder
GmbH).
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