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HIGHLIGHTS

o Introducing novel materials into industrial demonstrators.
o Demonstrator with nominal capacitance of 5000 F and energy density of 12.2 Wh L1,
o Capacitance retention of 77% after 1400 h of float at 2.85 V and 65 °C.

ARTICLE INFO ABSTRACT

Keywords: The introduction of novel materials into industrial demonstrators is an essential step in developing unique
D?mOHStrator commercial energy storage devices. However, this step is rarely considered in literature. In this study, we report
High energy on the introduction of innovative materials for high energy density electrical double-layer capacitors (EDLCs),
;_:g:s:;z; citance narlnely the carbidge—derived carbon (CDC) “Curved Graphene” with a specific and an aerial capacitance of 114 F
Prototype g " and 82 F cm™, polysaccharide binders, and electrolyte based on acetonitrile (ACN) and pyrrolidinium-based
Supercapacitor salt, into a demonstrator. We show that by utilizing this innovative cell chemistry it is possible to realize an

industrial demonstrator exhibiting a nominal capacitance of 5000 F, with a specific energy and energy density of
up to 8.4 Wh kg_1 and 12.2 Wh L™! as well as a remarkable lifetime with a capacitance retention of 77% after
floating for almost 1400 h at 2.85 V and 65 °C. These results prove that the novel materials considered in this
work can indeed be utilized for the realization of commercially available devices with improved cell performance
with respect to the state-of-the-art.

The most popular and only commercially available types of super-
capacitors are the electrical double-layer capacitors (EDLCs) [5]. These
devices are relying on a physical charge storage process, in which the

1. Introduction

Digitalization and the connected demand for electrical energy in

stationary and mobile applications require smart solutions in the field of
electrical energy storage. Among modern energy storage technologies,
lithium-ion batteries (LIBs) are most widely spread due to their high
energy density as well as their relatively high stability and lifetime [1].
However, the power density of LIBs is limited and for some applications
not sufficient while their safety is still a major concern. As an alternative
energy storage technology, supercapacitors or ultracapacitors offer a
superior power density with an extremely long lifetime [2-4].
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ions of the electrolyte form a capacitive double-layer on the surface of
the electrodes upon the application of a voltage to the device. This
process is extremely efficient, enabling an outstanding lifetime — in the
order of several million cycles — and especially outstanding when
considering short power pulses in which batteries are limited by reaction
kinetics enabling the possibility to charge these devices in very short
time frames [6-8]. The major drawback of EDLCs is their limited energy
density (~ 5-8 Wh kg™!) which is preventing their use in applications

Received 3 November 2022; Received in revised form 16 March 2023; Accepted 27 March 2023
0378-7753/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:andrea.balducci@uni-jena.de
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2023.233016
https://doi.org/10.1016/j.jpowsour.2023.233016
https://doi.org/10.1016/j.jpowsour.2023.233016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2023.233016&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Kops et al.

where also a relatively high amount of energy is required [9-14].
Generally, the energy density of EDLCs depends on the capacitance (C)
of the electrode material and the operative voltage (V) of the device,
which is determined by the used electrolyte (E = 1/2CV?) [15-171].
Therefore, in recent years, research focused on increasing the capaci-
tance as well as the operative voltage by developing novel electrode and
electrolyte materials.

State-of-the-art EDLCs consist of composite electrodes containing
classically activated carbon (AC) with a relatively broad pore size dis-
tribution as active material, carbon black as conductive additive, and a
binder, such as sodium carboxymethyl cellulose (NaCMC) [18,19]. As
the electrolyte, solutions containing tertiary ammonium salts, e.g.,
ammonium tetrafluoroborate, dissolved in acetonitrile (ACN) or pro-
pylene carbonate (PC) are used [20,21]. This electrode-electrolyte
combination allows the realization of devices with maximum oper-
ating voltages in a range between 2.7 and 3.0 V.

In the last 10 years, a large number of alternative electrode and
electrolyte components have been proposed [21-28]. Although yielding
promising results on material-level performance, these alternative ma-
terials have been mainly tested in lab scale cells. For this reason, it is
often not clear how their properties are translating into “real” devices.
This is, of course, a limitation, while considering the realization of
innovative EDLCs with superior performance with respect to
state-of-the-art devices [29].

With the aim to supply information on the impact of novel materials
on EDLCs performance, in this work, we are reporting about the reali-
zation and testing of an industrial EDLC demonstrator with a capaci-
tance of 5000 F containing innovative electrode and electrolyte
components. These developments pave the way for a breakthrough in
energy density.

2. Material and methods
2.1. Active material investigations

The elemental composition (C, H, and N) was determined with the
Elemental Analyzer vario MACRO cube according to the International
Standard EVS-ISO 29541:2015 while the oxygen content was deter-
mined with the Elemental Analyzer ECS4010 based on the Elementar
Rapid OXY cube instruction. For this purpose, a sample of 5-10 mg was
heated to 1400 °C in a helium atmosphere to convert the oxygen in the
sample to CO, which was then detected quantitatively by an infrared
detector.

The pore size distributions of the carbon materials were determined
by Nj sorption measurements at 77 K using a 3 Flex gas sorption
analyzer (Micromeritics). The samples were degassed at 350 °C under
vacuum for 12 h before analysis. The pore size distributions were
calculated by Non-Localized Density Functional Theory (NLDFT) at 77 K
on slit pore models.

2.2. Binder investigations

Potato starch (PS) was purchased from Sigma Aldrich. CMC was
purchased from Dow Wolff Cellulosics (CMC Walocell 2000 PA). Acti-
vated carbon (AC, namely YP50 from Kuraray), rubberizing agent (RA),
and etched aluminum foil (20 pm, 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 93 : 2.8: 4.2. A com-
mercial rubberizing additive (RA) was included in the various investi-
gated binders in the amount of 2.33 wt% (included in the binder
weight). This means that, in case of a single binder such as CMC100, the
binder was indeed 1.87 wt% CMC and 2.33 wt% RA. In case of a double
binder mixture such as XG50/CMC50, the binder composition was: 0.94
wt% XG, 0.94 wt% CMC and 2.33 wt% RA. The solid content of the
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slurries was adjusted to achieve homogenous coatings, but as close as
possible to 33% as required for industrial scale-up. The binder was
stirred in ultrapure water (milli Q) until fully dispersed. CB, AC, and RA
were added successively while mixing with an overhead lab mixer until
homogenous.

The slurries were coated onto Al foils with a doctor blade at 50 mm
s~! at 250-350 pm wet coating thickness. Coatings were allowed to dry
at room temperature for about 30 min and then dried overnight at 80 °C.
Bending tests were done with 2.5 cm wide strips cut from dried and
calendered electrodes on 6 mm diameter steel rods.

For the electrolyte preparation in the binder-related investigations,
tetraethylammonium tetrafluoroborate (TEABF4), and acetonitrile
(ACN) were purchased from Sigma Aldrich. Electrodes were cut into 12
mm disks and dried at 110 °C in vacuum overnight and transferred to an
argon-filled glove box (LabMaster, Mbraun GmbH) with <0.1 ppm O,
and <0.1 ppm Hy0 for cell assembly. Stainless steel Swagelok-type
three-electrode cells were used for voltage hold and EIS experiments
using Mylar foil as insulator between the cell parts and the outer casing.
About 150 pL of electrolyte were impregnated into glass fiber disks (GF/
D, thickness: 670 pm, diameter: 13 mm diameter; Whatman). EIS ex-
periments were performed on symmetric cells with 9 mg cm™2 mass
loadings using an Impedance/Gain-Phase Analyzer 1260 (Solartron
Analytical). EIS fits were computed with ZView 2 (Scribner Associates).
For voltage hold experiments, two-electrode balanced EDLCs were
assembled employing electrodes with a mass loading ranging from ca.
4.1 mg em2t010.0 mg cm2anda Mpos/Myqq ratio of 0.7. In such tests,
electrodes compressed by a factor of 0.4 were used (limited by the
maximum possible compression of CMC electrodes). Furthermore, the
overall mass of the CMC-based electrodes was reduced but kept at the
same Mpos/Myor ratio of 0.7. This was done because high-loading CMC-
based electrodes form cracks and could not be otherwise tested. The cells
were cycled using a battery tester (Maccor 4300), using a protocol of 25
h voltage hold steps with five short evaluation cycles in between the
steps to determine the capacitance by integration [19]. All electro-
chemical tests were performed in climatic chambers at T =20 °C + 2 °C
(KB115, Binder GmbH).

2.3. Electrolyte investigations

The investigated solvent ACN was purchased from Sigma Aldrich
with a purity of 99.8% and dried over molecular sieve with a pore size of
3 A until the water content was reduced to <20 ppm. The electrolyte
salts, namely TEABF,4, N,N-butylmethylpyrrolidinium tetrafluoroborate
(Pyr14BFy), and  N,N-dimethylpyrrolidinium  tetrafluoroborate
(Pyr11BF,4) were provided by IoLiTec (Germany) and additionally dried
before use in a vacuum glass oven at 120 °C and 1 x 10~2 mbar for 24 h
to reduce the initial water content to <20 ppm. The electrolyte solution
and electrochemical cells were prepared in an argon-filled Labmaster
pro glove box from MBRAUN with Hy0 and O contents of the argon
atmosphere <1 ppm. For assembling the cells, stainless steel Swagelok-
type cells were used in a two-electrode setup with industrial composite
electrodes with a mass loading of 68 g m~2 provided by Skeleton
Technologies GmbH. In order to match the experimental setup, one side
of the double-sided AC coating was removed. Afterward, circular disks
with an area of 1.13 cm? were punched out. The symmetrical electrodes
were separated by a 520 pm Whatman glass fiber disk which was soaked
with 120 pL of the investigated electrolyte solutions.

Ionic conductivity measurements were performed with a Solartron
Modulab XM ECS, while the conductivity cell was placed in a climatic
chamber to adjust the temperature between -30 and 80 °C. The mea-
surements were carried out identically to reference [30]. Viscosity
measurements were conducted with an Anton-Paar MCR 102 rotational
viscometer and 500 pL of the electrolyte solution in a temperature range
between -30 — 50 °C at a shear rate of 1000 s ! as described in reference
[30].

To investigate the stability of the electrolytes, the electrochemical
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measurements were carried out using an Arbin LBT21084 potentiostat/
galvanostat by applying constant voltage for 20 h and five galvanostatic
charge-discharge cycles with a current rate of 1 A g~* in between to
determine the capacitance retention.

2.4. Demonstrator assembly

The electrode paste, the so-called slurry, for the preparation of the
electrode for the industrial 5000 F EDLC was produced according to
Skeleton’s standard recipe applying “Curved Graphene” as the active
material. After coating the etched aluminum foil, the resulting double-
side coated electrode was calendered and slit according to the
required specifications for the cell assembly. The following assembly
process steps were performed according to industrial standards and were
similar to Skeleton’s standard product series of the classical SCA3200
cell [31]. The training program of the demonstrator consisted of two
galvanostatic cycles at 10 A between 0 and 2 V and 15 min voltage hold
at 2 V followed by two cycles at 10 A between 1 and 2.5 V and a sub-
sequent voltage hold for 15 min at 2.5 V. After discharging the
demonstrator to 0 V, it was charged to 2.7 V and further to 2.85 V with 5
min of voltage hold at both indicated voltages before it was discharged
to 0 V and cooled down. The stability of the demonstrator was investi-
gated by floating tests for 1500 h where five galvanostatic cycles with 50
A were performed in between the voltage holding phases to determine
values for capacitance and ESR.

3. Results & discussion
3.1. Active material and electrode

The current state-of-the-art technology for EDLCs uses activated
carbon (AC) as the electrode material, in most cases derived from the
pyrolysis of coconut shells [32,33]. Skeleton’s patented “Curved Gra-
phene” Technology represents a significant leap toward an affordable,
proven, and scalable increase in energy for high-power energy storage
devices while keeping the power in those devices at a similar level as
before. “Curved Graphene” provides the possibility to tailor the ratio of
micro-to mesopores to the respective application needs. As the capaci-
tive energy storage process in EDLCs is localized predominantly in mi-
cropores (d < 2 nm), a large amount of micropore volume is required.
Optimized ACs generally provide a micropore ratio of 0.5-0.6 [34-37].
Higher values cannot be reached due to the amorphous structure of the
respective precursor materials, such as coconut shells, which gives rise
to highly disordered carbon structures. The porosity of carbon materials
is a result of the interplay of the precursor chemistry and the process
parameters in the thermal conversion process of the precursor material
to the final carbon material. The porosity of ACs derived from amor-
phous organic precursors can only be optimized by changing process

a
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cumulative porevolume

pore size innm
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parameters empirically as the structure of the precursor is mainly
amorphous. Therefore, Skeleton Technologies has chosen a fundamen-
tally different approach: Starting from a crystalline precursor with a
known structure and conversion of the crystalline precursor by a known
reaction mechanism. Due to these changes, a completely novel class of
active carbon, namely “Curved Graphene”, can be produced in a highly
controlled manner. “Curved Graphene” can provide a micropore ratio of
up to 0.95, maximizing capacitive energy storage as can be seen in
Fig. 1a. The local structural information is further depicted in scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
images in the Supplementary Information (Fig. S1 & Fig. S2). In order to
increase the operating voltage of an energy storage device, the appli-
cation of novel electrolyte solvents, conductive salts, and additives is
needed [38,39]. In conclusion, this results in new demands for the
optimization of pore sizes within the active material. Thus far, only
“Curved Graphene” offers the possibility to tune the majority of the
pores to fit within a narrow size band.

Due to the known precursor structure and the high control over the
chemistry and process parameters, “Curved Graphene” exhibits a
significantly higher purity than ACs derived from organic precursors
(Fig. 1b and Table 1) which in turn leads to fewer side reactions and
increases the lifetime of the cell, especially at higher operating voltages
and temperatures.

The electrode was coated according to Skeleton’s standard (aqueous)
slurry recipe applying “Curved Graphene” as the activated carbon
together with a conductive additive and binders for flexibility of the
electrode and adhesion of the particles between each other and towards
the foil. The resulting double-side coated electrode was calendered to
reach both lower equivalent series resistance (ESR) and higher capaci-
tance in the final demonstrator cell. Due to the significantly increased
electrode density, a much larger amount of active material could be
accommodated in Skeleton’s standard SCA3200 cell. Both the highly
porous structure and the higher carbon content/cell resulted in the
fabrication of a 5000 F cell applying the same D60 standard form factor,
which today yields between 3000 and 3400 F [29]. This is an overall
energy density increase of 56%.

3.2. Binder investigations
Carboxymethyl cellulose (CMC) is the current industry standard

Table 1
Elemental composition of commercial activated carbon and “Curved Graphene”.
The given elemental fractions are related to their mass.

Carbon Type Carbon Nitrogen Hydrogen Oxygen
Activated carbon, commercial 95% 0.6% 0.2% 4.2%
Curved Graphene 98.5% 0.5% 0.2% 0.8%

(on

o

N w I
L L L

percentage by massin %

Hydrogen

Oxygen
Commercial AC Curved Graphene

Nitrogen

Fig. 1. a) Cumulative pore volume of “Curved Graphene” compared to commercial activated carbon (AC), b) content of heteroatoms in “Curved Graphene”

compared to commercial AC.
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binder. However, even when a rubberizing agent (RA) is added to the
slurry, like styrene-butadiene rubber (SBR), CMC tends to crack upon
drying due to shrinkage of the coating if the mass loadings are too high
[40]. Several other natural polymers (potato starch, wheat starch, guar
gum) proved impressive flexibility at high loading, even without the
addition of a RA. However, electrodes based on such polysaccharides are
difficult to densify, as they easily delaminate upon calendering [19].
Presumably, this is due to the lower cohesion between the coating
particles, which on one hand prevents cracking, but on the other hand,
causes disintegration of the coating when exposed to the high shear
stresses of calendering. This compression step is however crucial to
maximize the energy density (Wh cm™3), which for most applications is
more relevant than the specific energy (Wh kg™!). In fact,
non-calendered electrodes typically have 20% lower density than
calendered ones. Additionally, calendering helps to improve the
handling of the electrode rolls in an industrial setup since the electrode
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To improve the mechanical properties of the electrode without
penalizing the electrochemical response, mixtures of polysaccharides
(potato starch (PS), xanthan gum (XG)) and CMC (with a RA) are
developed to both reduce the shrinking and cracking issues typical of
CMC, yet allowing for densification by calendering. Binders formula-
tions are dubbed by their content of binder, e.g., PS50/CMC50 for a 1:1
wt ratio of PS and CMC, or CMC100 for electrodes with CMC as the only
binder (besides the RA).

Calendering was done with successively higher compression up to a
minimum slit width of 30% of the original electrode thickness (0.3
compression). Fig. 2a shows the resulting thicknesses and densities
achieved. As shown in the right-hand photograph, the standard formu-
lation CMC100 could not be compressed to more than 0.61 g cm™>
(compression rate 0.4) without delaminating (denoted by the empty
circle in the compression plot). PS50/CMC50 could also not be com-
pressed beyond this density, but no delamination occurred upon higher

surface becomes much more abrasion-resistant. compression (see Fig. 2b). So, these two binder formulations can be
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Fig. 2. Effect of calendering on electrode densification and successive bending tests on a 6 mm rod with a) CMC100, b) PS50/CMC50, and ¢) XG50/CMC50 as binder
formulations.
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considered comparable. As opposed to this, higher-density electrodes
could be achieved with the XG50/CMC50 mixture, yielding a density of
0.62 g cm 2 (see Fig. 2c¢). Also, both mixed binder formulations
demonstrated improved flexibility compared to CMC100 during the 6
mm radius bending test without delaminating and reached a higher
areal loading of ca 9 mg cm™2. Consequently, in terms of the properties
of the obtained coating, the XG50/CMC50 can be considered the best
binder combination among all other investigated materials, including
the industrial standard CMC100 [19].

As previously mentioned, binders do not only determine the me-
chanical properties of EDLC electrodes but also their microscopic
morphology, i.e., the distribution of conductive additive between the
active material particles. This influences the electrode resistance, which
is affected by particle-particle as well as particle-current collector con-
tact resistances [41]. Both can be strongly reduced by calendering
which, in turn, is influenced by the binder again, as shown above.
Therefore, to elucidate the effect of the binder mixtures on the resistance
of the electrodes after calendering, EIS was employed. In order to avoid
artifacts, symmetric cells were used [42].

Fig. 3 shows the Nyquist plots resulting from the EIS analysis,
including the experimental and simulated spectra (Fig. 3a), and the two
equivalent circuits used for the fitting (Fig. 3b and c). All spectra display
one or more semicircles at high frequencies. According to previous
studies, these can arise from poor contact at the particle-particle and/or
particle-current collector interfaces, with the semicircle at higher fre-
quencies generally attributed to the current collector interface [19]. In
the case of CMC100 and XG50/CMC50, the spectra can be modeled with
an equivalent circuit consisting of a resistor R for the electrolyte (and
an inductance in series due to the cell connections, not shown for
simplicity), an R|CPE element with a resistance Ry, and a constant phase
element CPE,, connected in parallel for the particle-particle interface. A
finite-space Warburg, commonly known as “open” Warburg (W,) is used
to model the low-frequency part of the spectra. This element is partic-
ularly suitable to model a capacitor electrode, since it tends towards a
capacitive-like behavior due to the blocking character of the porous
carbon (see the equivalent circuit in Fig. 3b). For PS50/CMC50 another
R|CPE element had to be included to account for the additional semi-
circle centered at 222 kHz, as clearly the two different interfaces can be
resolved (probably particle-current collector, Rc|CPE.; and
particle-particle, Rpp|CPEpp) (see Fig. 3c). The resistance values ob-
tained from the fits (see Table 2) indicate that PS50/CMC50

a ® CMC100
125

@® PS50/CMCS0
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Table 2
Comparison of resistance values obtained from EIS spectra fits for different
binder formulations.

Resistance Type CMC100 PS50/CMC50 XG50/CMC50
Rpp ~0.55Q 0.4Q ~0.39Q

Rec - 0.56 Q -

Riot 0.55 Q 0.96 Q 0.39 Q

significantly increases the current collector interface resistance. In fact,
Rec for PS50/CMC50 is larger than the combined interface resistances
for particles and current collector (i.e., Ry) of CMC100 and
XG50/CMC50. For PS50/CMC50 the values are Ree = 0.56 Q vs. Ryt =
0.55 Q and 0.39 Q for CMC100 and XG50/CMC50, respectively.
Contrarily, in CMC100 and XG50/CMC50 the resistance at the current
collector interface is clearly too small to be individually resolved and the
frequency of the semicircle indicates most of the resistance results from
the particle-particle interfaces. XG50/CMC50 exhibits even lower
overall resistance (—29%) than the standard CMC100. This is most likely
a direct result of the higher density attainable with XG50/CMC50.
XG50/CMC50 must also have lower particle-particle resistance Ry, than
PS50/CMC50, as the overall resistance value Ry is lower than the lower
frequency component of PS50/CMC50 (R¢or = 0.39 Q vs. Rpp = 0.40 Q).

Lastly, in order to exclude issues of electrochemical degradation that
may lead to loss of integrity of the electrode, long-term float voltage tests
were performed. Electrodes were taken from electrode sheets which
were calendered up to 0.4 compression, which all samples allowed for
(see previously discussed calendering tests). The corresponding den-
sities were therefore 0.61 g cm 3 (CMC100), 0.61 g cm 3 (PS50/
CMC50), and 0.62 g cm 2 (XG50/CMC50). To achieve results as
representative for industrial application as possible, balanced cells were
employed, with a mass ratio mpositive/Motal Of 0.7, based on stability
potential limits of +0.9 V and —1.9 V vs. AC immersion potential
[43-45]. These cells were subjected to repeated 25 h voltage hold pe-
riods at 2.8 V cell voltage with short periods of slow cycling in between
to measure the capacitance retention [19]. As shown in Fig. 4, the
performance of both selected binder mixtures is virtually identical to
that of CMC100. The specific capacitance was around 22 F g%, All cells
showed comparable performance decay, probably limited by the
decomposition of the ACN-based standard electrolyte. This final test,
therefore, shows that PS50/CMC50 and XG50/CMC50 can improve the
energy density of supercapacitors without any additional downside in
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Fig. 3. a) Experimental and simulated EIS spectra of symmetric cells including electrodes with the two most promising binder formulations, and CMC100 as a control
sample. b) Equivalent circuit used to fit the spectra of CMC100 and XG50/CMC50 and (c) PS50/CMC50 respectively.
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Fig. 4. Capacitance retention of balanced activated carbon (AC) full cells upon
voltage hold tests at 2.8 V.

terms of performance and, potentially, at a lower cost.

3.3. Electrolyte investigations

Fig. 5a-b depicts and compares the impact of the temperature on the
viscosity and conductivity of the conventional electrolyte 1 M TEABF, in
ACN and on the alternative electrolytes 1 M Pyri4BF4 in ACN and 2 M
Pyry1BF4 in ACN. Due to the utilization of ACN as solvent in all inves-
tigated electrolytes, the ionic conductivity (Fig. 5a) is generally high
compared to carbonate-based electrolytes. However, there is a clear
influence of the conductive salt visible. While the state-of-the-art elec-
trolyte based on TEABF, displays a conductivity of 38.8 mS cm™! at
20 °C, the pyrrolidinium-based electrolytes show higher ionic conduc-
tivity at this temperature reaching 42.9 mS cm™! for the Pyr;4BF, based
and 56 mS cm ! for the Pyr,1BF4 based electrolyte. When increasing the
temperature, the conductivity of the reference electrolyte increases
more than the conductivity of the Pyr;4BF4-based electrolyte. Still,
Pyr;1BF4 shows the highest conductivity over the whole temperature
range which is partially affected by the higher amount of charge carriers
due to the higher salt concentration. However, the higher salt concen-
tration means significantly higher cost for an industrial application and
therefore does not necessarily justify the increased performance [12].
While the pyrrolidinium-based electrolytes tend to provide higher ionic
conductivities than the reference electrolyte, the viscosity depicted in
Fig. 5b shows a different trend. With 0.5 mPa s at 20 °C, the
state-of-the-art electrolyte displays the lowest viscosity. In contrast to
that, the pyrrolidinium-based electrolytes show viscosities of 0.8 mPa s
for the Pyr;4BF4 based and 0.9 mPa s for the Pyr;1BF4-based electrolytes.

With the aim to investigate the impact of these electrolytes on the
stability of EDLCs, floating measurements at a constant voltage of 3.0 V
at 20 °C were performed with a symmetrical cell setup. This operative
voltage was selected as it is achievable by some of the most advanced
EDLCS released on the market. Therefore, it can be considered as a
representative value to evaluate the potential of the investigated elec-
trolytes in the application of the demonstrator or commercial use. Fig. 5¢
shows the floating stability of the investigated EDLCs by depicting their
capacitance retention over 500 h. Remarkably, all investigated systems
display capacitance retentions of >80% — which is commonly defined on
lab scale as end-of-life criteria — after 500 h of constant voltage. Ac-
cording to previous studies, 500 h of floating is roughly comparable to
1,500,000 cycles of charge and discharge at 1 A g™, meaning, that the
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use of these electrolytes allows for several million charge-discharge
cycles [46]. Among these electrolytes, 2 M Pyr;1BF4 in ACN displays
remarkable stability with a capacitance retention of 86% while the
TEABF,4 and Pyri4BF4-based electrolytes show lower stability and a
capacitance retention of 82% and 85%, respectively. These results
highlight the promising properties of pyrrolidinium salts which can
provide higher electrochemical stability than the conventional tetraal-
kylammonium salts and are, therefore, suitable to exploit in commercial
applications. However, it has to be kept in mind that industrial lifetime
testing is conducted at 65 °C which will shorten the lifetime compared to
20 °C measurements significantly.

3.4. Electrode preparation and demonstrator assembly

The general demonstrator assembly process is divided into three
steps: 1.) electrode production, including slurry mixing, double-side
electrode coating, calendering, and slitting; 2.) jelly-roll winding and
cell assembly (incl. Electrolyte filling), and 3.) cell testing.

The aqueous slurry was produced according to Skeleton’s pro-
prietary industrial electrode recipe applying “Curved Graphene“ as
active material in a planetary mixer (Fig. 6a). Following, the resulting
slurry (solid content of 30-35 wt%) was double-side coated on a pilot
line (Fig. 6b, line speed below 2 m min~!, 5 m of drying oven) and
calendered in Skeleton’s industrial calendar (Fig. 6¢) to decrease the
resistance in terms of ESR and to increase the electrode density (>20%
compression rate), consequently, increasing the overall amount of car-
bon inside the cell. After slitting the material to the desired electrode
width (125 mm total width) (Fig. 6d), two electrode and separator rolls
were joined and wound to an electrode/separator assembly (jelly-roll,
Fig. 6e-f). Finally, the current collector tabs were laser welded to the
positive and negative terminal (uncoated area), and the resulting jelly-
roll-to-tab configuration was transferred into the can. After drying the
cell at an elevated temperature of >120 °C under vacuum (<10 mbar)
for >12 h, cells were filled under an inert atmosphere with a commer-
cially available electrolyte and, finally, closed with an aluminum pin.
The final cell is shown in Fig. 6g and a comparable commercially
available application in the same industrial cell format is showcased in
Fig. 6f.

Skeleton’s standard SCA3200 cell format has to pass the same pro-
duction steps. The only difference between standard production and the
demonstrator is the used active material, namely “Curved Graphene”,
which increases the overall capacitance of the cell to >5000 F within the
same cell format.
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o
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o
n
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3.5. Demonstrator testing

The finally assembled industrial demonstrator consists of “Curved
Graphene”-based electrodes, and a high molarity pyrrolidinium-based
electrolyte, and was characterized by commonly used electrochemical
test procedures for EDLCs, namely constant current, constant voltage or
float, constant power, and self-discharge test. The constant current
measurement depicted in Fig. 7a shows the high rate capability of the
demonstrator, showcasing the ability to still provide high power with
increased energy density. In a current range between 50 and 300 A, the
capacitance of the device remains stable around 5000 F. However, the
amount of stored charges slightly decreases from 7578 C to 7110 C due
to the cell resistance, which causes an increasing ohmic drop with
increasing current. This phenomenon underlines the important role of
cell resistance when handling these high currents since it directly re-
duces the amount of energy that can be stored at increasing current
rates. The Ragone plot shown in Fig. 7b highlights the high-power
capability of the demonstrator indicating only minor losses in specific
energy with increasing power.

Nowadays, supercapacitors are applied in a variety of different ap-
plications which are requiring different energy release/uptake. Since
EDLCs store charges physically on the electrode surface, the self-
discharge of this type of system is naturally relatively high compared
to other energy storage technologies. This self-discharge can be char-
acterized by applying a constant voltage to the cell and analyzing the
current required to keep the cell at the defined voltage. Fig. 7c shows the
current, the so-called leakage current, required to maintain the charged
state at different voltages. It is visible that the self-discharging current
decreases fast after reaching the voltage limit which can be attributed to
the rearrangement of charges inside the electrical double-layer [47].
After holding the voltage constant for about 3 h, the self-discharge be-
comes diffusion controlled and the current decreases slightly until
reaching a nearly constant value. Additionally, no major differences in
the behavior of the leakage current between the different voltage limits
can be observed. This highlights the stability of the electrolyte under the
test conditions since the decomposition of the cell components by
parasitic reactions would consume electrons, and, thus would lead to an
increase in the base current [45].

In order to investigate the stability of the materials in an industrial
cell format within a comparable industrial environment, a floating test
at 65 °C in a time frame of 1500 h with a constant voltage of 2.85 V was
performed. The result is shown in Fig. 8. The demonstrator cell features
a capacitance retention of 78% after 1368 h of floating (Fig. 8a). During

Fig. 6. Fabrication of CDC-based electrodes and industrial cell format demonstrator: a) Slurry mixing, b) coating, c) calendaring, d) slitting, e-f) jelly-rolls before cell
assembly, g) final demonstrator cell with the dimensions @ = 60 mm and height = 138 mm, and h) final industrial application in the same cell format.
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Fig. 8. Profile of a) capacitance retention, b) relative equivalent series resis-
tance, and c) elongation and relative elongation of the industrial demonstrator
cell during floating at 2.85 V for nearly 1500 h.

the complete floating test, the equivalent series resistance (Fig. 8b) in-
creases to 236% when evaluated after 10 ms and by 202% when
calculated after 1 s. Since floating tests at the maximum operative
voltage are extremely demanding for the device, these tests lead to
strong cell degradation. The elongation of the whole EDLC can also be a
severe issue for the final application. During 1368 h of the floating test,
the cell elongates by 2.1 mm which equals a relative increase of roughly
1.5% (Fig. 8c). This is caused by the evolution of gaseous decomposition
products that occur during the aging of the device. Based on the utilized
materials, different degradation products can be formed. While the
electrolyte can dissolve various decomposition products, the formation
of gases in the electrode-electrolyte interphase can lead to pore blocking
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and an overall increase in the internal pressure of the cell resulting in the
elongation of the cell body [48]. Considering the mechanical properties
of the cell design, >2 mm of elongation is already the maximum the cell
can elongate during aging due to gas evolution. Afterward, the cell
classically vents via the safety valve.

The demonstration of “Curved Graphene” as active material in
combination with other new materials (binder, electrolyte) in a large
standard industrial cylindrical supercapacitor cell format shows prom-
ising results in terms of energy, power, and lifetime. These results are the
first step for the commercialization of this new class of active material in
Skeleton’s supercapacitors. Considering that the production process was
not optimized in terms of slurry recipe, welding steps, and electrode
balancing — all highly relevant impactors on cell performance and life-
time behavior — the results are highly promising and showcase the po-
tential for next-generation EDLC technology. Given that “Curved
Graphene” was supplied out of industrial pilot reactors, it is reasonable
to assume further improvements during the industrialization and scale-
up processes, reaching an even higher purity of the material and mini-
mizing side reactions and gas evolution during aging.

4. Conclusion

Transferring academic research to industrial applications is of high
importance in order to solve the problems of our modern society. In this
manuscript, we describe the realization of an industrial format EDLC
demonstrator based on novel materials and their electrochemical per-
formance evaluation.

The application of “Curved Graphene” instead of standard activated
carbons derived from biomass, such as coconut shells, offers superior
pore size distribution, as well as a lower content of heteroatoms.
Alternative and green binder formulations based on polysaccharides and
CMC offer improved film flexibility as well as higher achievable elec-
trode and energy densities than commonly used binders. The improved
electrolyte is based on pyrrolidinium-based salts in ACN which show
increased stability compared to the industrial state-of-the-art. The final
demonstrator cell displayed a nominal capacitance of 5000 F with a
specific energy and energy density of up to 8.4 Wh kg™! and 12.2 Wh
L respectively, as well as a remarkable lifetime with a capacitance
retention of 77% after floating for 1400 h at 2.85 V and 65 °C. These
impressive cell properties achieved by the combination of novel mate-
rials tested in a non-optimized industrial format demonstrator cell show
the pathway to increase the performance of EDLCs substantially.
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