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ARTICLE INFO ABSTRACT

Keywords:
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Hybrid micro-capacitor

In this work, we present a new cell design for miniaturized energy storage devices by realizing a hybrid micro-
capacitor, which uses for the first time a TaN/ Taz0Os thin film electrode in combination with a MnOy composite
electrode. In this proof of concept study, the electrochemical performance of the dielectric material Ta;Os was of

El:(n) 5ﬁlms main interest. Therefore, various tantalum oxide films with different thicknesses from 23 to 80 nm have been
MnO, tested in combination with a pseudocapacitive oversized MnO, composite electrode. This was done with two
Tonic liquids model electrolytes, namely the ionic liquid Emim FSI and the solid-state ionogel Emim FSI: PVAF 80:20. Surface
Tonogel capacitance values up to 1.94 yF cm™ in Emim FSI and 2.84 yF cm™ in IG Emim TFSI: PVAF 80:20 have been

reached at high scan rates (100 mV s™*) with no significant distortion of the voltammograms. When films of 47
and 80 nm thickness of Ta;Oj are used, stable cycling with scan rates of up to 5000 mV s at a cell voltage of 20
V can be achieved even in solid-state ionogel electrolyte. This performance highlights the promising charac-
teristics of these materials and cell concept for miniaturized high power energy storage application and opens the
way for further investigations to improve this needed technology.

1. Introduction

Applications like in-vivo healthcare, smart packaging or smart
wearables use miniaturized electronic devices such as sensors or micro
motors. To power these devices, likewise miniaturized energy storage
solutions are needed [1-3].

To do so, either micro-batteries (MBs) and or micro-capacitors (MCs)
can be used to deliver the needed energy. The energy storage mechanism
in these two devices differs significantly.

On the one hand, MBs exploit redox reactions of e.g. metal-ion based
(Li, Na or Zn) faradaic thin films for the energy storage/ delivery, which
provides high energy density [4-6]. MCs on the other hand are divided

in two main categories. In micro-dielectric-capacitors (MDC) an
dielectric material is polarized in the electric field between two metal
electrodes [7] (Fig. 1A). Since this polarization is an exclusively physical
process with no mass transport or present electrolyte to encounter
parasitic reactions, very high cell voltage, power and lifetime can be
achieved [7].

The capacitance (and therewith the energy density) of these devices
depends on the substrate area A, the relative permittivity of the
dielectric e; and the thickness of the dielectric [ and can be calculated via
Eq. (1)
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C =g ? (@D)]
where g is the permittivity of the vacuum (go = 8.85 x 10 2F m™) [8].

Another approach for MCs are micro-supercapacitors MSCs, which
aims to increase the capacitance by increase of the surface area [9]. This
includes electrochemical double layer capacitors (EDLCs) and pseudo-
capacitors [9].

In EDLCs, energy is stored via charge separation of ions in the elec-
trolyte and the subsequent accumulation of ions on both opposite elec-
trodes in a double layer (Fig. 1B). There, the electrolyte also works as
electronic insulator but this process involves mass transport of charge
carriers. Activated carbons are by far the most used capacitive electrode
materials for EDLCs, but other carbons like carbide derived carbon are
studied as well [10,11].

Pseudocapacitive materials, on the other hand, resemble the elec-
trochemical I-V signature of pure capacitive electrode materials via the
exertion of fast redox reactions on the surface of the electrodes over the
used voltage range [12]. Transition metal oxides like RuO3, NbyOs or
MnO; are common active materials for pseudocapacitors [13]. Typi-
cally, pseudocapacitors display higher capacitance/ energy density than
EDLCs but are inferior to them in power performance [14].

In this work, we present for the first time a new concept for MCs
where we combine a dielectric material electrode on one side of the MC
with a pseudocapacitive electrode on the other side. Based on recent
paper on electrolytic micro-capacitor published recently [15] where
dielectric electrode is combined with metal electrode in aqueous elec-
trolyte, we extend this concept towards hybrid micro-capacitor tech-
nologies combining dielectric and pseudocapacitive electrodes in
solid-state configuration. An electrolyte separates them, realizing a
micro hybrid capacitor (MHC). This novel hybrid design represents an
innovative energy storage concept since in the device, energy is stored
via charge separation in the dielectric electrode and the electrolyte,
which results in the utilization of two charge separation media present
in the cell instead of the usual one (Fig. 1C). At the same time during
charge, energy is stored at the pseudo capacitive electrode by redox
reactions and ion absorption at the electrode surface (Fig. 1C). With this
approach, we aim to fuse high cell voltage and high energy density for a
device performing in the energy and power area in between super-
capacitors and MCs (Fig. 2). Specifically, the final cell design imple-
ments a TayOs thin film as positive electrode, an ionic liquid (IL) or
ionogel (IG) as the electrolyte and MnO; as negative electrode active
material (Fig. 1D).
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Fig. 2. Ragone plot of different energy storage devices.

Tay0s is known for its high dielectric constant of 25, its good
dielectric breakdown strength of 0.5 V nm’! [16,17] and its high
chemical stability [18]. Thanks to these features, TapOs is used since
decades as dielectric barrier layer in tantalum electrolytic capacitor for
energy storage application [19].

MnO; is a commonly used pseudocapacitor material due to its
abundance and low cost [20,21]. Symmetrical systems using MnOg
report values of 25 F g'1 at a scan rate of 10 mV s [22].

Furthermore, it was investigated for thin film energy storage
[23-25]. A symmetrical 1 V micro supercapacitor using MnO, electrodes
in Emim TFSI ionogel, for example, delivered 25 mF em™? even at
elevated scan rates of 100 mV s’! [26].

Unlike metal-dielectric-metal capacitors, the here presented cell
design is in need of an electrolyte for the MnO, electrode. Specifically,
cations of the electrolyte are needed for compensation of charges during
the reduction of MnOs in the charging process as shown in Eq. (2) [23].

MnO; + C* + e — MnOOC 2)

To test the described system two electrolytes have been chosen,
namely the ionic liquid (IL) 1-ethyl-3-methylimidazolium bis(fluo-
rosulfonyl)imide (Emim FSI) and the corresponding ionogel (IG) Emim
FSI: PVdF 80:20.

Ionic liquids are salts with low lattice energies and, therewith, low
melting points below 100 °C [27]. In the case of Emim FSI, the melting
point is even found at - 14 °C [28]. This makes it usable as a room
temperature electrolyte, where it has been used successfully as

Steel current collector D
- MnO, - CE |
160 pm
20-80 nm
40 nm

Fig. 1. Simplified schematic representation of (A) a charged micro dielectric capacitor, (B) a charged electrochemical double layer capacitor, (C) our new approach
of the combination of a dielectric positive electrode and a double layer negative electrode and (D) detailed depiction of the realized micro hybrid device.
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electrolyte for SCs and batteries [27,29].

Furthermore, to realize an all-solid-state approach for the presented
MHC, we decided to confine Emim FSI in a polymer matrix of poly
vinylidene fluoride (PVdF) in the weight ratio of 80 % ionic liquid and
20 % polymer. Therewith, a quasi-solid ionogel electrolyte is created,
which retains many of the initial properties of the confined ionic liquid
like low vapor pressure, non-flammability, feasible conductivity, large
electrochemical stability window and wide thermal range [27,30,31].
Next to other applications, IGs were intensively studied for electro-
chemical storage applications [32-34]. In a recent work, our research
group proved the usability of IGs in combination with symmetrical
MnO; thin film cell designs [26]. However, to the best of our knowledge
no studies using TazOs thin films have been reported.

The electrochemical performance of the realized MHC is discussed
below in the section results and discussion.

2. Results and discussion

At first, the characterization of various thin films made by magnetron
sputtering deposition techniques has been performed. Two layers (TaN/
Tay0s5) were stacked on a Si wafer to form the dielectric electrode. Each
layer was carefully analyzed. A 100 nm thick TaN layer deposited by
magnetron sputtering deposited on a [001] oriented-Si substrate was
characterized by XRD analysis and Raman spectroscopy. The diffracto-
grams of TaN film is shown in Fig. 3A. We can notice two Bragg peaks
located at 20 = 34.50° and 41.16°. The first peak, asymmetric, can be
assigned to the (110) peak of the hexagonal TaN (JCPDS 00-039-1485)
as well as the (111) peak of the cubic TaN (JCPDS 00-049-1283). The
second peak at 20 = 41.16° can be attributed to the (200) peaks of the
cubic TaN. The XRD analysis shows that the TaN layer is actually
composed of two phases. Raman analyses were also carried out. The
spectrum is shown in Fig. 3B. Two Raman peaks located at 118 cm™ + 5
cm! and 189 cm™ + 10 em™ can be attributed respectively to Ta-N bond
first-order transversal acoustic mode and first-order longitudinal
acoustic mode [35].

The chemical composition of the tantalum oxide layer (100 nm-
thick) was analyzed by XPS. The Fig. 4 shows the Ta 4f core level
spectra and its deconvolution. After deconvolution, only one contribu-
tion allows for a correct fit of the experimental spectrum. The binding
energy of the Ta 4f;, core level is located at 27.1 eV, which corresponds
to the signature of Taz0s as reported in the literature meaning that the
obtained layer corresponds well to the desired stoichiometry (TasOs)
[36]. XRD analysis (not shown here) clearly confirm the amorphous
nature of the Tay0s film as expected for a dielectric electrode in
micro-capacitor or hybrid micro-device.

In this work the thickness effect of several sputtered Si / TaN / TayOs
electrodes were investigated. Specifically, TayOs dielectric layer
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Fig. 4. XPS analyses of a Ta;Os magnetron sputtering layer 100 nm thick
deposited on [001] oriented-Si substrate at the Ta 4f core level.

thickness was varied (~ 20, 40, and 80 nm) while the thickness of TaN
film was kept constant at ~ 40 nm. Fig. 5A shows cross-sectional SEM
images of the three tested electrodes. The thicknesses were confirmed by
SEM cross sections images. We also observe that the Ta;Os microstruc-
ture is compact in good agreement with what is sought for barrier
dielectric layers.

As the SEM resolution is too low to accurately determine the Ta3Os
thicknesses when nanometer-thick films are currently investigated, we
performed further analyses by X-Ray Reflectivity (XRR). This charac-
terization technique allows accessing to nanometer range thickness
resolution by analyzing the oscillation interferences period, which is
inversely proportional to the thickness of a layer [37]. The XRR mea-
surements and the fitting results of the ~ 40 / 20 and ~ 40 / 40 nm-thick
TaN / TayOs electrodes are depicted in Fig. 5B and C. XRR analyses
confirm two different oscillations periods range, meaning that the TaN
and the TayOs layers have different thicknesses. After fitting processes,
made with Reflex software [38], the TaN layer is refined at 43 nm-thick
and the TapOs at 23 nm-thick. For Fig. 5C the process fitting converges to
a TaN thickness of 45 nm and a Ta;Os one of 47 nm. For the TayOs layer,
the bulk density was also evaluated to 7.9 g.cm™ (theoretical bulk
density = 8.2 g.cm™) in good agreement with the observed compact
microstructure of the stacked layers observed in Fig. 5A.

Fig. 6 displays the ionic conductivity of pure Emim FSI and confined
Emim FSI in PVdF IG 80:20 in the temperature range of —20 to 80 °C.
The points of most interest are measured at 20 °C at which the elec-
trochemical performance tests have been carried out. As expected, the

JTA TaN Raman spectra |

Intensity in u.a

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100

Raman Shift in cm™

Fig. 3. Structural analyses of the 100 nm-thick sputtered TaN films. (A) XRD analyses, (B) Raman spectroscopy measurement.
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Fig. 5. Analyses of the TaN/Ta,Os electrode deposited by magnetron sputtering on [001] oriented-Si substrate. (A) SEM cross section images of the three TaN/Ta;05
electrodes. (B) XRR analyses of the TaN/Ta,Os refined to a 43/23 nm thick electrode. (C) XRR analyses of the TaN/Ta;Os 45/47 nm thick electrode.
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Fig. 6. Conductivity of pure Emim FSI and Emim FSI in PVdF Ionogel 80:20 at
—20 to 80 °C.

pure liquid Emim FSI displays a higher conductivity of 13.3 mS cm™.
However, with a value of 7.3 mS cm?, the IG is well usable as electrolyte
for the electrochemical investigations of this study and comparable with
other investigated electrolytes for high power energy storage applica-
tions [39].

Fig. 7 presents the first electrochemical measurements of the used
Tay0s thin films with thicknesses of 23, 47 and 80 nm in the above-
described full-cell setup in combination with an oversized MnO,

counter electrode. At first, cyclic voltammograms (CVs) have been car-
ried out for different cell voltages ranging from 1 to 20 V at a scan rate of
100 mV st

The left column represents the results obtained in Emim FSI (Fig. 6A,
C and E) while the right column displays the cycles in the IG Emim FSI:
PVdF for the different thicknesses (Fig. 6B, D and F).

The term cell voltage is used here, since there is no reference elec-
trode present in the described cell setup and the term potential is
therefore inaccurate. Nevertheless, since a largely oversized counter is
applied, the reported values of current and voltage correspond nearly
exclusively to the electrochemical behavior of the used TayOs thin films.

For the thicknesses of 23 nm of Ta»Os, a similar behavior is visible in
both Emim FSI as well as Emim FSI: PVAF (Fig. 7A and B). Until the cell
voltage of 10 V, the 23 nm films are cycling with a rectangular shape
with an aerial capacitance value of 1.94 puF cm? in Emim FSI and 2.84 uF
cm? in Emim FSI: PVAF, which represents the capacitive behavior of the
Tap0s dielectric. In both electrolytes at 15 and 20 V, parasitic irre-
versible currents are obtained, which marks the dielectric breakdown of
the Tay0s5 films. This means that the applied current exceeds the capa-
bility of the film to resist the applied voltage. This forces the material to
conduct current again, which is then causing degradation of the elec-
trolyte as seen. The theoretic breakdown field of Ta30s is 5 x 10°Vem™
[16,40,41]. For the used film thickness of 23 nm, this value results do a
specific breakdown voltage of

VBreak = Vth X dFilm (3)
Vireae =5x10°Vem* x23x107 cm= 115V

which explains why we observe parasitic reactions of the electrolyte
once we exceed this voltage. For the higher film thickness of 47 nm, this
breakdown does not occur (Fig. 7C and D) with the exception of a slight
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Fig. 7. Cyclic voltammograms at 100 mV st with cell voltages ranging from 1 to 20 V for (A) and (B) Ta,Os film thickness of 23 nm, (C) and (D) TaOs film thickness
of 47 nm, (E) and (F) TayOs film thickness of 80 nm in pure Emim FSI and Emim FSI in PVdF Ionogel 80:20.

diversion from the rectangular shape at high voltages around 20 V. For
both electrolytes, capacitances of 1.35 uF cm™ (Emim FSI) and 1.25 pF
cm? (Emim FSI: PVdF) are obtained.

For 80 nm of TayOs (Fig. 7E and F), a more resistive behavior is
shown in pure Emim FSI, which results to a hysteresis for all CVs. In the
IG, however, a perfect rectangular shape is measured at all cell voltages
up to 20 V with a capacitance of 0.51 uF em2. At this point, it is note-
worthy to highlight that the increase in TapOs film thickness results to a
decrease in aerial capacitance, which is in line with Eq. (1), since the
separated charges a more distant from another.

Based on these results, out of the three investigated films, the TayOs
film with a thickness of 47 nm is most promising for devices operating at
high voltage with feasible aerial capacitance.

Fig. 8 compares the rate capability performance of TayOs thin films
at scan rates from 100 to 5000 mV s with a cell voltage of 20 V in IL and
IG electrolyte.

For lower scan rates of especially 100 and 200 mV s the same
phenomenon of parasitic currents is visible at high cell voltages in
Fig. 8A and B as it was presented already in Fig. 7A and B. With the
application of higher scan rates, beginning from 1000 mV s, the in-
tensity of these parasitic currents is decreasing as scanning speeds sur-
pass the kinetics of unwanted reactions. At 5000 mV s perfect
rectangular CVs are obtained. Similar but less pronounced phenomena
are observed for 47 nm in Fig. 8C and D. While at 100 and 200 mV s the
indication of peak currents are visible at 20 V, none of the like is seen
beginning from 500 mV s}, Furthermore, at 5000 mV s’ distortion from
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Fig. 8. Cyclic voltammograms at 100 to 5000 mV s! with a cell voltage of 20 V for (A) and (B) Ta,Os film thickness of 23 nm, (C) and (D) Ta,Os film thickness of 47
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the pure capacitive shape is found for CVs in Emim FSI. The same cannot
be found in the IG.

With the 80 nm films (Fig. 8E and F) no irreversible peaks are
measured even at 100 mV s™! and very rectangular CV are found for all
scan rates.

For a better comparison of the capacitances in the rate experiments,
the absolute and relative values of the capacitances with respect to the
scan rate (each taken at cell voltage of 10 V) are displayed in Fig. 9.

Fig. 9A and B compare the evolution of absolute capacitance values
for all Tay0Os5 thicknesses in combination with IL and IG. For both elec-
trolytes, the highest capacitance value is obtained for 23 nm at 100 mV's
! with 1.93 for the IL and 2.55 puF cm for the IG, respectively. Both
curves for 23 nm decay rapidly with increasing scan rates. At 5000 mV s
1, 0.62 puF em? are measured for Emim FSI while 0.84 pF cm are ob-
tained in combination with the IG Emim FSI: PVdF. For 47 nm of TayOs,
a much more linear decay of the capacitance can be seen. For the IL, at
100 mV s 1.3 uF em2 are presented, which reduces to 0.69 uF cm™2. For
the IG, similar values are achieved; 1.2 uF em™ at 100 mV s and 0.78 pF
em™2, respectively.

The films of 80 nm display very stable capacitances in both elec-
trolytes nearly independent from the applied scan rate. The IL displays
0.52 pF cm2 at 100 mV s'!, which reduces to 0.49 pF cm™ at 5000 mV s”
!, The IG on the other hand, shows 0.51 uF cm™ at 100 mV s and 0.45
uF cm2 at 5000 mV s, In absolute values, the lowest capacitances of all
tested film thicknesses are measured here.

The described evolutions are also presented in Fig. 9C and D in
relative values where the obtained values at 100 mV s’ were set to 100
% for all combinations of film thickness and electrolytes. While at 80 nm
a capacitance retention of 94.5 % and 88.2 % were realized for the two
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electrolytes at 5000 mV s', at 23 nm, only 33 % are possible for both
electrolytes. 47 nm displays a performance between the two. For the IL,
53 % at 5000 mV s”! can be retained. For the IG, even 65 % at 5000 mV s’
! are possible.

Therewith the highest capacity retention with reasonable values of
absolute capacitance is measured for 47 nm TayOs with the IG.

The last electrochemical consideration performed in this study con-
cerns the cycling stability of the tested films in Fig. 10.

Fig. 10A and B compare the cycling stability of 23 nm films of Taz05
in Emim FSI and Emim FSI: PVdF electrolyte during 200 cycles of CVs at
500 mV s. Both graphs display a similar behavior. During the first
cycle, irreversible oxidation currents are obtained at voltages higher
than 15 V. With continuous cycling, these currents decline, as probably
less and less species to oxidize are present next to the electrode surface.
The capacitances measured at 10 V in Fig. 10A reduced from 1.33 uF cm”
2 t0 1.01 pF em™ over the course of 2000 cycles, which represents a
capacitance loss of 24 %. In Fig. 10B, 1.58 uF cm? are measured for the
first cycle, while 1.57 uF cm™ are seen at cycle 2000. Although this
marks a retention of 99 %, the unsteady cycling displayed in the graph
indicate a very unstable cycling.

As seen before, much less parasitic reactions are present for the 47
nm films. Minor peaks are seen at 20 V using the IL in Fig. 10C, while in
the IG, they are still observed during cycle 100 in Fig. 10D. In the IL, 1.3
uF cm? are measured for the first cycle, which reduces to 1.2 yF cm™
after 2000 cycles. In the IG, values of 1.2 uF cm™ for the first cycle and
1.1 yF em for the 2000th cycle are measured. With these results,
similar capacity retentions of 92.3 % and 91.7 % are calculated for the IL
and IG.

In Fig. 10E and F, most rectangular shapes for the CVs with highest
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Fig. 9. Rate capability comparison for scan rates ranging from 100 to 5000 mV st with a cell voltage of 20 V for (A) and (B) Ta,Os film thickness of 23 nm, (C) and
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capacitance retentions among the three thin film thicknesses are re-
ported. For Emim FSI in combination with 80 nm of TayOs, the capac-
itances evolve from 0.55 puF cm™ to 0.53 uF cm ™ with a retention of 96.4
%. At the same time, capacitances of 0.51 pF em? and 0.56 uF cm? are
achieved, which displays an improvement in capacitance of 10 %.

Based on these results 80 nm of TayOs in the IG display the highest
cycling stability among the tested combinations.

3. Conclusion
In this work, we successfully presented a proof of concept for a MHC

using TayOs dielectric thin film electrodes in combination with over-
sized MnOz composite electrodes and ionic liquid Emim TFSI or IG

Emim TFSI: PVAF 80:20 electrolyte. To do so, 40 nm-thick TaN current
collector was deposited by reactive sputtering deposition method on
Silicon wafer. Ta;Os thin films have been sputtered with various
thicknesses of 23, 47 and 80 nm on the current collector.

During electrochemical investigations, different behaviors with
respect to the TapOs film thicknesses have been obtained. Although
highest areal capacitance values of 1.94 pF cm? in Emim FSI and 2.84 ng
em? in IG Emim TFSL PVAF 80:20 are presented for 23 nm films,
degradation reactions are found simultaneously when cell voltages
higher than 10 V are used. This phenomenon was found to represent the
dielectric breakdown of the isolating Ta;Os. 47 and 80 nm thick films,
on the other hand, show stable CV cycling at high cell voltages up to 20
V. The same is true even at very high scan rates of 5000 mV s
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Additionally, stable cycling was found for 47 and 80 nm thin films in IL
as well as IG electrolyte for 2000 cycles at 500 mV s’ In total, the
deposition of 47 nm of Ta;Os displayed most promising results as a good
trade-off of areal capacitance, rate capability and cycling stability is
achieved. In terms of electrolyte comparison, the IG displays very
similar results to the IL, which indicates that this electrolyte can be used
to realize all-solid-state prototypes for micro energy storage devices in
future works. In order to utilize these promising results most efficiently,
improvements of the presented cell concept using 3D dielectric electrode
combining 3D silicon scaffold coated with TaN / TaOs layers made by
Atomic Layer Deposition as well as the realization of the pseudocapa-
citive electrode with MnO» thin film technique will be investigated in
the future.

4. Experimental

Sputtering Deposition of TaN and Tay0s Thin Films: In this work
TaN-based (acting as current collector) and TayOs (acting as barrier
dielectric layer) were deposited as thin films on a [001]-oriented Si
substrate using DC sputtering under vacuum method. All depositions
were carried out from a Ta target (Neyco —4" diameter -99.95 %)
installed in an Alliance Concept CT200 sputtering cluster deposition
tool.

Depositing TaN from the Ta target required working in reactive
sputtering mode. To achieve the TaN layer the reactive sputtering was
set with a mixed plasma composed of N3 and Ar. The pressure inside
deposition chamber as well as the N3 / Ar + N3 gas flo ratio were set to
ensure a TaN layer with a good conductivity of 640 S cm™ . More details
about the deposition parameters can be find in this work [15].

The Tap05 deposition required working in reactive sputtering mode.
To achieve the TapOs barrier layer the pressure as well as the Oy / (Ar +
0O,) gas flow ratio were set to obtain high dielectric barrier behaviour.
More details about the deposition can be find in this work [15].

X-ray diffraction (XRD) analyses were performed using a Rigaku
SmartLab diffractometer in Bragg-Brentano configuration equipped
with a Hypix detector, a 9-kW rotating anode, delivering Cu Ko radiation
(A = 1.5418 10\). An offset of 2° relative to the substrate was applied to
prevent detector saturation due to the high intensity of the silicon (100)
reflection.

X-Ray photoelectron spectroscopy (XPS) analyses were per-
formed with a 5600 Physical Electronics system and collected from a
monochromatic Ko X-ray source (1486.6 eV) and a spherical energy
analyzer. After the subtraction of the Shirley-type background, the core-
level spectra were decomposed into their components with mixed
Gaussian-Lorentzian shape lines using the Multipack software.

Raman spectra were collected using a LabRAM HR800 Raman
spectrometer with an excitation wavelength of 473 nm (HORIBA Sci-
entific, Jobin-Yvon).

Scanning electron microscopy (SEM) images were recorded using
a Zeiss Ultra 55 for cross section analyses

X-Ray Reflectometry (XRR) analyses were carried out using the
same diffractometer as XRD analyses but in parallel beam mode, and the
data was collected from a 6/26 scan ranging from 0 to 10°. XRR scans
were afterward with the fitting software Reflex [38]

The MnO; counter electrodes have been prepared as oversized and
self-standing. MnO; (Erachem), carbon black (Super Graphite, Superior
Graphite Co.) and PTFE (Sigma Aldrich, 60 % suspension) were com-
bined in a weight ratio of 60:30:10. This mixture was grinded in a mortar
with the addition of a few drops of EtOH for 10 min to form a viscous
paste, which was subsequently transferred to a glass plate, kneaded,
rolled out and folded repeatedly. After the final roll out, electrodes with
a diameter of 5 mm (A = 0.2 cm?) and a thickness of 0.2 mm were
punched out. These electrodes resulted to an average mass loading of 10
mg em,

The Electrolytes were stored in a glove box (LabMaster, MBRAUN
GmbH) under inert argon atmosphere with values of water and oxygen
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content below 0.1 ppm. The ionic liquid Emim FSI (Solvionic, 99,99 %)
was used neat as is. To form the ionogel, 8 wt% of PVdF (Solef 6008,
Solvay) was dissolved in Dimethylformamid (DMF, Sigma Aldrich).
Emim FSI with a mass four times higher than the one of PVdF was added
to this solution. This mixture was stirred for 15 min. The finished so-
lution was drop casted on to a glass plate and the yielded wet film was
dried under vacuum in a tubular oven at 120 °C for 2 h to evaporate the
DMF. The dried ionogel film of Emim FSI: PVdF 80:20 was stored in a
glove box (LabMaster, MBRAUN GmbH) under inert argon atmosphere
with values of water and oxygen content below 0.1 ppm. For utilization,
electrolyte circles of IG with a diameter of 6 mm have been cut out,
which resulted to a film thickness of 160 pm.

The conductivity was determined by impedance spectroscopy in the
frequency range of 10 Hz to 1 MHz using a multichannel potentiostatic-
galvanostatic workstation (BioLogic Science Instruments, VMP3 with
ECLab software) in the temperature range of —20 to 80 °C.

The conductivity ¢ was calculated from the measured electrolyte
resistance R (intersection with real axes in nyquist plot) via

G_ka
" RxA

4

where [ is the fixed distance between the electrodes in the case of liquid
Emim FSI or the thickness of the ionogel Emim FSI: PVdF 80:20. k is a
correcting cell factor determined with a standard electrolyte of 0.1 M
KCl in Hy0 and A is the area of the electrolyte between the electrodes.

The investigated electrochemical cells were assembled in a 2-elec-
trode setup, where the working electrode was the TapOs thin film
electrode and the counter electrode was the oversized self-standing
MnO; composite. In the case of Emim FSI as electrolyte, a glass fiber
separator (Whatman) was used to separate the two electrodes. A volume
of 50 ul of IL was used. In the case of IG as electrolyte, no separator was
needed.

Electrochemical tests were performed using a multichannel
potentiostatic-galvanostatic workstation (BioLogic Science Instruments,
VMP3 with ECLab software) at room temperature.

Cyclic voltammetry (CV) experiments were exerted at a scan rate
of 100 to 5000 mV s with a cell voltage of 1 to 20 V. All electrochemical
tests have been carried out subsequently for each combination of thin
film thickness and electrolyte. Areal capacitances have been calculated
by dividing the measured current by the used scan rates and the elec-
trode area of 0.28 cm™2.
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