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Abstract

Carbon nanotube (CNT) layers deposited on carbon fiber cloth (CFC) materials have been
studied as electrodes of electrochemical double layer capacitors (EDLCs), in particular, the
electrochemical performance and cycle stability of symmetric EDLCs in an organic electrolyte
(tetraethyl-ammonium-fluoroborate in acetonitrile). Due to the large surface area of carbon-
fibers, the CNT mass loading can be as high as 18 mg/cm? which is magnitudes larger than that
of what can be deposited on aluminum or nickel metal sheets. The area normalized double
layer capacitance of CNT/CFC electrodes in the above organic electrolytes were found to be in
the range of 100 — 400 mF/cm?, and the specific capacitances were 18 to 48 F/g. These latter
values are below the achievable values of single-wall CNT of 80 F/g; the lower values can be
attributed to the presence of multi-walled CNTs of some quantities, having lower accessible
surface area. The energy density of CNT/CFC supercapacitors is 0.8 — 1.5 Wh/kg, while the
power density varies between 5-20 kW/kg calculated on electrode level. Excellent cycling
stability of EDLCs built with CNT-on carbon felt electrodes has been demonstrated up to 1
million cycles, which is due to the inert nature of substrate causing the absence of corrosion
process and high mass load of CNT.

Keywords: electrochemical double layer capacitors, carbon-nanotube layer, carbon fiber,
cycling stability, impedance

1. Introduction

Carbon nanotubes (CNTs) have been studied in the recent years with a view to their application in
energy storage, in particular, in electrochemical double layer capacitors, also called as supercapacitors
or colloquially supercaps [1-6]. As it was demonstrated [7], supercapacitors made of CNTs exhibit
sufficiently high power and high energy densities to bridge the gap between that of batteries (with
limited power densities) and conventional capacitors (with limited energy densities). Such devices
might be used in electric vehicles and electronic communication devices.

The superior properties of CNT electrodes are attributed to their ideally capacitive double layer, to the
extremely high surface area to volume ratio, as well as the chemical and mechanical stability of CNTs,
and to that CNTs possess regular pore structures and conductive paths [8]. The CNT layer can be
formed either by transferring CNT onto the current collectors indirectly [9,10], or by growing CNTs on
current collectors directly [11]. This latter procedure, yielding vertically aligned carbon nanotube (VA-
CNT) layers appears to be more attractive due to the high-quality carbon nanotube—metal contact and
to the single-step process.
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In our previous papers the procedure of direct growth of VA-CNT on nickel (CNT/Ni) [12] and aluminum
substrates (CNT/AI) [13] were presented, and electrochemical characteristics of double layer
capacitors built from VA-CNT electrodes were investigated. Fast and scalable deposition processes for
catalytic thin films and for the growth of CNT films were established based on wet-chemical dip-coating
and chemical vapor deposition at atmospheric pressure. An innovative route for the catalyst deposition
has been developed to replace the mostly used vacuum based sputter deposition. Fe-based catalysts
have been identified as most promising, while doping with Co or Mo lead to enhanced growth rates
and different CNT film structures. The electrochemical properties of VA-CNT double layer capacitor
electrodes have been studied in contact with organic electrolytes, which have good wetting properties
of CNTs, the external surface area of nanotubes is fully accessible. The specific capacitance of VA-CNT
electrodes derived from impedance spectra varied between 12.3 and 60.5 F/g (for CNT/Ni) and 25.6
and 61.2 F/g (for CNT/Ni) depending on the catalyst composition and concentration [12, 13]. Although
the power density proved to be extremely good, 30 kW/kg (for nickel substrate) and 80 kW/kg (for
aluminum substrate), which is two-magnitude-order higher than the same value for activated carbon
on aluminum substrate reference, the energy density remains below our expectations. The major
reason of the low energy density was the loose packing of CNTs in the active layer, resulting in a low
mass load of 0.1-1.28 mg cm? (CNT/Ni) or 0.15-0.4 mg cm? (CNT/AI). Therefore, high CNT mass load is
very important for practical application point of view. The use of carbon cloth materials as substrate
for CNT deposition, functioning also as current collector, is an option due to its large surface area.
Furthermore, using carbon cloths as substrates we also meet two important practical criteria, namely
the light weight and inert electrochemical nature of substrate.

The CNT/carbon cloth electrodes for supercapacitors have been investigated by several authors.
Carbon cloth and carbon paper substrates have also potential use to build flexible supercapacitors.
Dense CNT film directly grown on carbon cloth has been applied as supercapacitor electrode in neutral
aqueous electrolyte of Na,SO4 by Hsu et al [14]. They obtained high specific capacitance of 210 F/g,
and energy density of 27.8 Wh/kg calculated on CNT mass level, and cell voltage of 2 V. Directly grown
carbon nanotube network on carbon cloth as electrode material using HsPOu/poly(vinyl-alcohol)
electrolyte has been proposed for high-performance solid-state flexible supercapacitors [15], with a
specific capacitance of 106.1 F/g, and capacitance-per-area of 38.75 mF/cm?, which exhibited good
rating capability, and outstanding cycling lifetime exceeding 100 000 cycles. Self-supported electrode
of hollow activated carbon fiber - CNT has been prepared by direct CVD deposition and investigated in
1 mM H,SO; solution and obtained 240 F/g specific capacitance [16]. CNT on carbon fiber electrodes
also used in multicomponent composite films in order to enhance the conductivity, and
electrochemical capacitive performance of electrodes, such as electroactive layers in hybrid
supercapacitors, such as polyaniline [17-19], MnO, [19,20] or Fe;05[21], or enhanced supercapacitor
performance of double layer capacitors, such as porous hybrid graphene-carbon nanotube layer on
carbon fiber surface [22].

In this paper, presented are the electrochemical characteristics of supercapacitors built from CNT
grown directly on some selected carbon fiber cloth (CFC) substrates. Due to the woven texture of cloths
of pitch-based carbon fibers, the surface area of substrate is magnitudes larger than the geometric
surface area of flat metal foils, therefore we suppose to obtain very high CNT mass load. The electrodes
under investigation made in a scalable manufacturing process, each step of which is suitable for
continuous or roll-to-roll production. The development of electrode fabrication and electrode
preparation is being done at Fraunhofer IWS; those results have already been published [23]. In the
present communication, the electrochemical performance of double layer capacitors made of CNT/CFC
electrodes has been investigated in organic TEABF,/acetonitrile electrolyte, long-term cycle stability
was tested, and the results were compared to those of the previously investigated CNT/metal foil
electrodes.
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2. Experimental

2.1. Electrodes

The substrates of electrodes are commercially available carbon cloths of types M40)
(TORAYCA®), YSH-50A (Nippon Graphite Fiber Corp.) and Carbon 3K 450 um ECC GmbH. These
are woven cloths made of non-activated pitch based carbon fibers with 5-7 um diameter with
flat outer surface. Furthermore, a gas diffusion layer paper, GDL (Sigracet 10 AA) has been also
applied as carbonous substrate. The procedure for direct VA-CNT growth on nickel substrates
[23] — i.e. synthesis of the Al,O3 and oxidized Co, Fe and Mo alloy layers and subsequent
atmospheric CVD (AP-CVD) process for VA-CNT growth - has been adapted to these carbonous
electrodes. TEM data were acquired with a MORGAGNI 268D TEM (100 kV; W filament, top-
entry; point-resolution = 0.5 nm). For SEM investigation we used a ZEISS EVO40 microscope
operated at 20 kV.

Figure 1 present the SEM images of the surface of carbon fibers covered with CNT layers grown
by atmospheric pressure CVD, AP-CVD.

Figure 1: SEM images of CNT films grown on different carbon fiber substrates - YSH (a), M40)J
(b), 3K (c), GDL (d) - in 3 different magnifications

Attempts have also been done to form CNT on activated carbon. It was found that the catalyst particles
seal the pores of activated carbon hence the resulting amount of CNT and the CNT/amorphous carbon
ratio is very low. Consequently, only little if any increase in the overall capacitance of electrodes were
obtained, in some cases even a decrease of capacitance was found compared to the original activated
carbon substrate.

2.2. Cells

Just as in the previous studies on CNT/Ni and CNT/AI, [12, 13], the CNT/CFC samples were tested in
two different electrochemical cells, in both with two identical electrodes (area of each electrode is
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1x1cm?). For most of the measurements we used a parallel-plate test cell of Teflon body with two
stainless steel current collectors. The diameter of the current collector plates was 8 mm, designed to
be lower than the surface area of CNT-covered electrodes in order to minimize the effect of extra
metal/electrolyte interface on electrochemical measurements. In this cell we obtain accurate
impedances even at high frequencies, due to the strictly parallel arrangement of the electrodes. For
long-term stability studies CR-2032 type, permanently closed button cells were used. In both cells
ethylcellulose separators of 25 um thickness (Nippon Kodoshi Co.) were used, placed in between two
identical CNT-coated electrodes. The electrolyte was 0.65 M tetra-ethyl-ammonium-tetraflouroborate
(TEABF,4, Fluka, for electrochemical analysis, 99.0 % purity) in acetonitrile (Acros Organics, 99.9%,
Extradry, water content < 0.001%). This electrolyte was prepared by dissolving 1 g TEABF, in 10 mL
acetonitrile; its specific conductance was 30 mS/cm. The resistance of metallic cell components (cables
and connectors) was 48 mOhm - that is, comparable to that of the electrolyte of 25 um thickness
(approx. 160 mOhm for a cell of 1 cm? cross section).

Electrolyte preparation and assembling the cell, just as the electrochemical measurements in the
Teflon flat cell were carried out in a glove-box under argon atmosphere, at room temperature.

2.3. Electrochemical measurements

Three types of electrochemical measurements and their combinations were carried out: (i) cyclic
voltammetry (ii) impedance spectroscopy and (iii) galvanostatic charging-discharging tests.

For all three types of measurements we applied a Solartron 1286 potentiostat (“electrochemical
interface”); for impedance measurements in conjunction with a 1250 frequency response analyzer.
Instrument control, just as the fitting of the measured impedance spectra was performed using
CorrWare and ZPlot/Zview softwares.

Cyclic voltammograms were measured in the voltage window from -2V to 2V at different scan rates of
10, 20, 50 and 100 mV/s.

The impedance spectra were taken in the frequency range from 65 kHz to 20 mHz with 10 points per
decade using 10 mV amplitude. In some cases, for the determination of the current leakage,
impedance spectra were also recorded in a broader frequency range downto 2 mHz at0V and 2 V
bias voltages. To obtain information on the voltage dependence of capacitance, and prove symmetry
of electrodes, spectra were recorded at different bias voltages varying between -2V to 2 V (in temporal
order: 0V, 0.5V, 1V, 1.5V, 2V, 0V, -0.5V, -1V, -1.5V, -2V, 0V).

Galvanostatic charge/discharge cycling measurements were done with varied current densities
between 0.1 to 1 A/(g of CNT total mass) with a voltage limitation at 0 and 2 V. The cell stability was
evaluated by performing galvanostatic charge/discharge cycles with a constant current density of 1
A/g current density. The voltage characteristics are determined by the serial resistance, Rs, and double
layer capacitance, Cqj, according to the following equation:

U=|R5+j'—dt.

0 C:dl

The cell capacity during charging and discharging were determined by multiplying the (constant)
current by the time needed for charging or discharge. Efficiency was determined by ratio of discharging
and charging capacities.

2.4. Miscellaneous
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The capacitance of cell built of carbon felt cloth electrodes (with no CNT layer) is around 0.1 mF/cm?.
Since the CNT/CFC cell capacities are at least two orders of magnitudes larger than this, we ignore the
capacity contribution of the bare surface of the CFC.

The electrode thickness was measured after disassembling of electrochemical cell.

All the measurements have been done in symmetrical, two-electrodes cells. We present our data
always as “cell capacities” — which are half of that of the double layer capacitance of a single electrode.
Normalization by CNT mass yields that the figures, given in F/g units, for a single electrode are four
times larger than for a cell.

Note that impedance measurements always yield differential capacitances and resistances, whereas
the capacity, determined from charging curves is an integral quantity.

Since we have no data on the real surface electrode area (microscopic area) of the electrodes, we
specify currents as those normalized to CNT mass, with units of A/g. In the same vein, the specific
electrode capacitances and cell capacities are given after normalization by CNT mass. For cell
capacities, in some cases, normalization is done by the total mass of the electrodes, electrolyte, and
separator.

Since the specific conductivity of the fibers is much larger than that of the electrolyte, xcnrcr >>
Kelectrolyte, the pore volume percent can be calculated from pore resistance according to the equation:
v/v% = Rpor * I/ (A" Ketectroiyte) * 100% , where /is the thickness of the electrode (220-780 um), A

is the surface area, Kelectroiyte is the specific conductance of electrolyte (30 mS/cm). As mentioned above,
the resistance of electrode material is negligible, Rent/cre=0; the influence of pore size distribution on
the conductivity and diffusion coefficient were not taken into account.

3. Results and discussion

3.1. General impedance characteristics of CNT/CFC electrodes
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Figure 2. A typical impedance spectrum of cell with CNT/CF electrodes (a), equivalent circuit
(b), and illustration of the cell geometry: the electrolyte resistance varies along the electrode
surface (c).

A typical impedance spectrum of a supercapacitor cell consisting CNT/CFC electrodes is shown in Fig.2.
The impedance spectrum exhibits typical characteristics of porous electrodes without Faraday
processes. On the complex plane plot the most apparent feature is the pseudo-Warburg behavior
above 1 Hz and the capacitive vertical line below this “frequency-of-the-knee”. This is very similar to

5
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that observed on VA-CNT on aluminum and nickel substrates [12, 13]; the interpretation is just the
same. The element Z,or in the equivalent circuit in the inset of Fig.2 represents the impedance of the
resistive pores coupled to the capacitive pore walls. Accordingly, the slightly modified version [24]
finite-pore impedance model of de Levie [25] can be used for the numerical evaluation. That model
yields

Zyor(@) = (£2)" coth[wRy)"] &

which formula has an approximation form for the high frequency limit as

Zpor(@ > 0) = ()" @)

and for low frequencies:

1

Zpor(@ = 0) = (jw—c)zn + 2 (3)

Note that the low frequency approximation, Eq.3. is a constant phase element (CPE) serially connected
with the so-called pore resistance, R, = Ry/3 . Itis easy to show that the knee-frequency

_ L (Rw)'L 1 [Rw
fknee_g(?) = C (4)

The other elements — of less importance — of the equivalent circuit are as follows.

The R; series resistance is mainly due to the electrolyte in the inter-electrode space, i.e. mostly within
the separator; and to a lesser extent to the connections.

The parallel R;-C; circuit is the modelling of a hump frequently appearing on the complex plane plots
at the high frequency end of the spectra. This is due to that the carbon cloth has contact with the
connector plates not everywhere along its rear side. If the rear side is perfectly contacted everywhere,
e.g. it is covered by a thin sputtered gold layer, then this hump disappears and the R;-C; pair is not
needed for the modeling.

Re: The CNT/CFC surface is perfectly blocking (unless the cell voltage is too high to start the
decomposition of the electrolyte). Any decomposition would appear in the spectra as if the R were
finite (unless otherwise noted, in our measurements, it is infinite).

The parameters of the equivalent circuit have been fitted to the measured spectra. The following
values and trends are worth to be mentioned:

Cell capacitances: As seen on the typical impedance spectrum shown in Figure 2, the low frequency
part of the spectra is almost vertical on the complex plane plot, accordingly, the spectra are close to
the ideal behavior, n=0.47 - 0.493. Since this value is very close to 0.5, we ignore the difference
between the CPE coefficient and a capacitance, and the former one is considered as cell capacitances.
Its value, normalized by CNT mass, for different CFC substrates is varying between 18 - 48 F/g. It is well
below the achievable value of SWCNT of 80 F/g, which is a typical value in non-aqueous electrolytes
[1]. The difference is probably due to the formation of MWCNT in some quantities, having lower
accessible surface area.

We note that this exponent is, in general, somewhat smaller than those obtained with CNT/AIl and
CNT/Ni cells. We attribute this increased non-ideality to that the CNT-on-CFC has two, clearly
distinguishable types of pores: the macropores of the cloth and the micropores between the
nanotubes leading to broader time-constant distributions and hence lowering the exponents.
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finee is in the order of magnitude of 1 Hz, it is two-three orders of magnitude smaller that those with
CNT/Ni (~100 Hz) and CNT/AI (~1kHz). The reason is the much higher CNT mass load per geometric
surface area.

The frequency range above 1 Hz (as a characteristic frequency of the knee) is affected both by double
layer charging and ionic conductance inside the porous active layer. This range is more complex than
the porous impedance element of CNT/Ni electrodes. The porosity of CNT/CFC electrodes consists at
least two well-distinguishable parts, most probably ionic conductance between CNT tubes, and ionic
conductance between fibers. The complexity of the cell geometry is illustrated in Fig.2b.

Resistances: The series resistance of CNT/CFC electrodes was found to be 0.75-0.930 Ohmxcm?, which
is higher than the Re for CNT/Ni electrodes (0.25 — 0.45 Ohmxcm?) [12]. The reason is the non-planar
shape of woven fibers; therefore the average distance between the two electrodes is larger than the
thickness of the separator. The pore resistance varying between 2 - 4.5 Ohmxcm?, which approx. 10
times larger than the same value in CNT/Ni or CNT/Al electrodes. The difference is originating from the
larger CNT density, and longer electrolyte pathway between the electrodes.
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Figure 3.: Cell voltage dependence of the cell capacitance (a), of the double layer capacitance
(c), and of the pore resistance of CNT/CFC supercapacitors (b). CVs at 20 mV/s of
supercapacitor cells assembled from CNT/CFC electrodes (d)

Voltage dependence: Impedance spectra have been recorded at different bias voltage values (from -
2V to 2V) in order to obtain information on the voltage dependence of double layer capacitance. The
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double layer capacitance of CNT electrodes depends on the applied voltage as can be seen both on the
fitted impedance data measured at different bias voltages (Figure 3a) and on the cyclic
voltammograms (Figure 3d). The increase of capacitance with increasing voltage is a general
characteristic of carbonous materials in organic electrolytes being attributed to several reasons.
Salitra et al. [26] ascribe this observation to the potential dependence of the ion penetration into
nanopores. Widely accepted explanation is the extension of the applied voltage into the carbon
electrode causing a space charge [27-29], or the dielectric constant increases with voltage [30]. The
electrolyte resistance is independent of the applied voltage, while the pore resistance slightly
decreases at higher voltages (Figure 3b). Latter can be explained by the influence of the electric field
on migration process of ionic species. The shape of cyclic voltammetric curves (Figure 3d) shows the
typical voltage dependence of double layer capacitance of carbonous materials in organic electrolytes.
Furthermore, the absence of redox peaks on CVs indicates the electrochemical purity of CNT/CFC
electrodes.
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Figure 4. Apparent capacitance and resistance as a function of frequency. Data is obtained
from impedance spectra measured at 2V

Frequency dependence: Figure 4 shows the frequency dependence of the apparent capacitance and
resistance, where C and R values are calculated from the measured impedance data according to C = -
1/(jwZ”) and R = Z'. The capacitance — frequency curve can be divided into two well-distinguishable
ranges: (i) at low frequencies, f < 0.5 Hz for M40J, GDL, 3K, or f < 5 Hz for YSH, the capacitance is almost
constant, the slight increase of capacitance with decreasing frequency is the result of the frequency
dispersion due to macroscopic heterogeneity; (ii) at high frequencies, f > 0.5 Hz or f > 5 Hz, the
penetrability of pores of active layer is decreasing with increasing frequency, therefore the capacitance
is decreasing. The real part component of impedance is also increasing with decreasing frequency: (i)
at f > 100 Hz, the serial resistance Rs (dominantly the electrolyte resistance) is measured; (ii) in the
middle range of 0.1 — 1 Hz for GDL, 3K and M40J, or 0.5 — 5 Hz for YSH the plateau is relating to the
sum of serial (electrolyte) resistance and the pore resistance, Rs + Rpor, Where the ions are able to access
the whole electrode surface deep inside the pores, with the result of a longer pathway for the ions in
the electrolyte. (iii) At f < 100 mHz, a further increase of resistance occurs, which is a consequence of
the real part component of the non-ideal CPE behavior of supercapacitor.



Electrochimica Acta, doi: 10.1016/j.electacta.2019.135548

a r . . b s : : T
o m  CNT/YSH 10”4 m CNT/YSH 7]
10°4 o CNT/M40J g 16 H2 E e CNT/M40
v CNT/GDL v CNT/GDL
CNT/Ni 6 Hz CNT/Ni
AC/AI /1 AC/Al ref

< <

o o

< 10°+ 650 mHz - ~

= =

g ~ . . 30 mHz

o * 10" 7 b

80 mHz o 650 mHz 65 mHz
v /65 mHz /

1044 130 mHz _ 80 mHz" §v

0.1 1 10 0.1 1 10
E/Wh kg E*/ Wh kg™

Figure 5. Ragone plots calculated from impedance data. Values are given to active mass (a)
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The limit frequency (knee frequency), separating the ion transport controlled range and capacitive
range, are much lower than for CNT/Ni electrodes, therefore CNT/CFC electrode supercapacitors can
be used for lower frequency application.

Ragone plots were calculated from the measured impedance data as a function of frequency. The
results are plotted in Figure 5. For comparison, the E energy and the P power densities of CNT/Ni
electrode and a commercial activated carbon — on aluminum (AC/Al) electrodes measured in same
supercapacitor cell assembly as the CNT/CF electrodes, are also presented. The P and E values have
been calculated by normalizing to active mass in Figure 5a, and to total electrode mass in Figure 5b
(including mass of electrode, electrolyte and separator, but excluding cell housing - this latter
representation of data is more informative for practical application point of view). If we compare the
frequency dependence of capacitance and resistance with CNT/Ni and AC/Al electrodes, we can
conclude that the properties of CNT/CF electrodes are in between them, the power density is lower
than CNT/Ni cells, and only little better than AC cells.

Substrat CNT mass / CNT/ Ccell Ccell Ccell fknee

e area electrode [mF/cm?] [F/(g of [F/(g of [Hz]

[mg/cm?] mass ratio active mass)] electrode
mass)]

YSH 2.42 1:7 22 9.3 1.32 4
M40l 6.4 1:3.9 46 7.2 1.87 0.9
GDL 12 1:1.8 75 6.3 3.5 0.6
3K 18 1:25 80 4.5 1.75 0.4
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Sub- Relectrolyte  Rpore Rpore Electrode Pore Resr Resr Resr
strate [Qcm?] [Qcm? [Qcm? thickness volume [Qcm?] [MmQ(g [MQ(g
cell] electrode] [um] [v/v%] active electro
mass] de
mass)]
YSH 0.75 1.9 0.45 240 56 % 4.8 11.5 81
M40) 0.8 3.2 0.8 ND ND 3.6 23.2 90
GDL 1.05 2.75 0.69 450 46 % 3.8 58 105
3K 0.93 4.5 1.1 780 43 % 54 115 291

Table 1. Summary of capacitance and resistance values calculated from impedance spectra at
2V

Table 1 summarizes the capacitance and resistance values obtained for all the CNT/CFC samples. In
general, the increase of CNT mass load results in an increase of double layer capacitance, which is also
obvious on the obtained data. Comparing the specific capacitance of CNT on different CFC substrates,
decrease of Cs, with increasing CNT density was observed. The reason is the decrease of
SWCNT/MWCNT ratio with increasing CNT mass/area. (This trend is similar to the observation of
CNT/Ni with FeMo catalyst system [12].) The difference between specific capacitance values on
different substrates is in agreement with the difference between CNT wall thicknesses, as seen on TEM
images (Fig 6.). It seems to be also obvious, that increase of CNT mass density may be reached only at
the expense of SWCNT/MWCNT ratio; there exists an optimum, at which the best electrochemical
performance of supercapacitor can be found.

Figure 6. TEM images of CNT grown on d

— b Tl R e
ifferent substrates - YSH (a), M40J (b), 3K (c), GDL (d)
The pore resistance increases with the increase of CNT density, but the correlation is less definite than

in case of CNT/Ni samples. This is so, because the Ryore depends not only on CNT density, but also the
thickness and structure of carbon fiber electrodes influences its values.

The cell capacitance, normalized to total electrode mass (CNT+CFC) gives better comparison for
practical points of view. High cell capacitance was obtained with CNT/GDL and CNT/M40)J electrodes
approaching the cell capacitance of the reference activated carbon-on-aluminum electrode. This is the
consequence of the large CNT mass load achieved on CFC substrate, and the low weight of the CFC.
The cell resistance of CNT/CFC electrodes remains below the reference, providing higher power
application.

3.2. Galvanostatic charge/discharge cycle efficiency of CNT electrodes

10
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Figure 7. Discharge capacity (a) and discharge/charge efficiency (b) as a function of current
density obtained with supercapacitor cells assembled from CNT/CFC electrodes

The cell capacity calculated from discharge current density (Fig7a) is in accordance with the impedance
results, highest specific capacity was obtained for CNT/M40) electrodes, and lowest for CNT/3K. The
discharge capacity is decreasing with increasing current density (with increasing power operation), as
aresult of limited ion accessibility at high current operation. The galvanostatic cycle efficiency depends
on the current density, and the type of substrate, too. The efficiency of CNT/CFC electrodes are in
between 92 — 98.9 %, and has a maximum as a function of current density at 0.1 - 0.15 A/g (Fig 7b). At
| < 0.1 A/g the efficiency is decreasing due to the larger internal resistance at lower current density.
(At lower currents the charging time of capacitors are longer, and therefore the charge turning to a
parallel electrochemical reaction - or dissipating due to heterogeneity - is higher, consequently, the
energy loss is larger). This is analogous to the impedance results, where the resistance is increasing at
f < 100 mHz; the real part component of impedance is larger, due to heterogeneity (see frequency
dependent impedance data above in Figure 4b). At | > 0.15 A/g the efficiency decreasing with
increasing current density: less part of the total pore surface area is charged at higher current densities
(the capacitance is more influenced by the ionic transport inside the pores), while the resistance is
near constant (see plateau of resistance near to 200 mHz on Figdb). As a result, the efficiency is
decreasing with increasing current density. The same trend is valid for CNT/YSH, with the difference
that the maximum efficiency of 98 % can be reached at 0.2 A/g current density. This is in accordance
with the higher knee frequency of CNT/YSH, cf Tablel.

3.3. Cycle stability

Long-term galvanostatic charge-discharge cycle stability test series were performed up to 1 million
cycles with 1A/g charging/discharging rate with supercapacitors built from CNT/M40)J electrodes (mcnt
= 6.4 mg/cm?) assembled in a hermetically sealed CR-2032 type coin cell. The cycle stability tests were
paused in several times, in order to measure CV and impedance in between to obtain diagnostic data
on the supercapacitor aging properties. The results of the galvanostatic charge/discharge
measurement are summarized on Figure 8. The cell capacity is 5.8 F/g and the cycle efficiency is 0.93,
and both can be considered to be stable up to 1 million cycles, indicating that there is no any change
in the operation performance of supercapacitor. Similarly long cycle life of 100 000 cycles with
capacitance retention of 99% has already been presented by Zhou et al using CNT/CC electrodes with
H3PO4/poly(vinyl alcohol) electrolyte [15].
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Figure 8: Cell capacitance and cycle efficiency (a), internal cell resistance (b), energy and power
density over charge / discharge cycles for CNT/CFC calculated to active mass (c) and electrode
mass (d)
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Figure 9: Impedance spectra (a) and cyclic voltammograms (b) over charge/discharge cycles
during long-term stability tests at cycle numbers as indicated. Electrodes: 6.4 mg/cm? VA-CNT
on M40J

12



Electrochimica Acta, doi: 10.1016/j.electacta.2019.135548

a s ‘ 32 b 250 . . . "
= 0OV L] e 2V
° 2V 200+ o on = OV
2v L .
. b ¢®® 00000000000 s000d oo oo o 1501 a= .. - b
7 128 - ov . "
(@] b G [ ] u
1R o o X 1004 = LI 4
- L ~ mguEE | ]
E [ ] am ® \Q_ n:‘-’ (L)
© 6 24 o 407 °e L 1
- ] 4
— guuummul 30 oo ...0'0 e ©% o0 1
L 204 ° [} 4
- 2V » 2V
mu 10 e °® oo °
L]
5 ‘ ‘ ‘ ‘ 20 0 T T T T
1000 GCD cycles 1000 GCD cycles
(] 80 . d 0.50 T T T T
704 o 2V e 2V
604 .
Q504 & 1
~ 40]° ' . S0490 . 2v 1
540- ll."'..".l' |“'|' LE] 58 8 ’ 00 00000°0000 00%0 o0
o 30 4 Al LT TT T RT T S L
YL
20 A B -
104 4
0 0.48 T T T T
T T T T 0 200 400 600 800 1000
0 200 400 600 800 1000 |
1000 GCD cycles
1000 GCD cycles y
e 16 T
1.5 e 2V |
-..--'..-' . ov
l 4 " l. .. l..
N 457 [ ] [ -
I
~ - - ™
1.3+ "n PR
5 L}
. L]
124 ...'o"'..'o o o"." ° %o o]
o [ L]
1.14 2V 4
1.0 T T T T
0 200 400 600 800 1000

1000 GCD cycles

Figure 10: Change of fitted impedance parameters over galvanostatic charge / discharge
(GCD) cycles for CNT/CFC. Electrodes: 6.4 mg/cm? VA-CNT on M40)J

The fitted impedance data (Figure 10) reflects better the stability of supercapacitor test device. The n
value of the modified de Levie element, which characterizes the uniformity of the system, is constant,
suggesting that there is no sign of degradation of electrode material at all. After an initial small
decrease, the internal serial resistance, which is the sum of electrolyte and pore resistance, is also
constant, 37 mBRlg, indicating that there is no change of the pore structure and electrolyte composition
during operation. The only change in the impedance parameters during long-term charge/discharge
cycle stability test is the increase of double layer capacitance at and near 0 V. During charging and
discharging supercapacitors, cyclic expansion and shrinkage in the volume of active layer take place,
respectively, corresponding to swelling and contraction of CNT bundles. This is a reversible process in
short-term potential cycling, as it has been demonstrated with electrochemical dilatometry
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measurements by Ruch et al. [31]. During long-term operation conditions this continuous cyclic
volumetric change may result in a very slow structural transformation since both the electrode
material and CNT layer is flexible. Because the size of the anion (BF4,, 0.46 nm) and cation (TEA*, 0.68
nm) used for charging are different, the change in the structure of the positive and negative electrodes
will be also different. Thus, over time, the originally symmetrical cell with same quality of electrodes
becomes asymmetric. This assumption is supported by the change of the shape of CVs (Figure 9a),
where the cathodic part of CV became somewhat broader, than the part at anodic potentials.
Furthermore, ion intercalation into the carbon fiber is also possible.

In summary, excellent cycle stability performance was obtained for VA-CNT/CFC electrodes. The
stability measurements were performed up to 1 million galvanostatic charge/discharge cycles, and no
decrease of capacitance, no decrease of cycle efficiency and no increase of internal resistance was
observed. The major reason of such excellent stability is the inert electrochemical nature of CFC
substrate, namely no any charge transfer process of corrosion origin influences the life-time of
supercapacitor cell.

3.4. Specific values

The obtained electrochemical data allow us to estimate the two most important practical
parameters of the supercapacitor cells - the energy density £ and power density P. We gave
two estimations of these specific parameters in Table 2, one with normalized by the CNT mass,
the other with normalization of the mass of the functional elements (sum of masses of CNT,
substrate, separator and electrolyte — but excluding the housing and electrode connections).
The energy and power density of the investigated CNT/CFC electrodes (calculated to CNT
mass) vary between 3 — 7 Wh/kg and 10 — 100 kW/kg, respectively, while the E and P values,
calculated to total electrode mass are vary between 3 — 7 Wh/kg and 0.8 - 1.5 Wh/kg,
respectively.

The power density of the CNT/Ni and CNT/Al EDLCs normalized to electrode mass are
approximately 30 kW/kg and 80 kW/kg, respectively, and practically independent on the
density of CNT layer [12, 13]. This is 1-2 orders of magnitude higher than the typical power
density of supercapacitors made from activated carbon (0.5 — 10 kW/kg). This is due to the
very low internal resistance of CNT supercapacitors owing to the fast ion-transfer process in
the inter-tube channels of aligned CNT layers, high electronic conductivity of the CNTs, and
direct binder-free contact between CNT layer and aluminum substrate. On the other hand,
the energy density varies between 0.1 — 0.15 Wh/kg depending on the density of the CNT
layer. This is one magnitude lower than the energy density which can be reached with AC
electrodes 1 — 10 Wh/kg. The major reason of the lower energy density was the loose packing
of tubes in the active layer resulting low density of 0.15 — 1 mg/cm?; in contrast, the AC based
electrodes have a typical active mass loading around 10 mg/cm?. Our electrochemical results
indicate the advantage of VA-CNT supercapacitors in applications that require high power
density or used at high frequencies.

Much higher energy density is obtained for CNT/CFC supercapacitors, the 0.8 — 1.5 Wh/kg is
one magnitude higher than the energy density obtained for VA-CNT on aluminum or nickel,
and only little lower than the typical energy density of commercial supercapacitors made from
activated carbon (Table 2). The reason of it is the higher CNT density on the carbon fibers
calculated to geometric surface area. The power density is varying between 5 -20 kW/kg,
which is lower than the P of CNT/Al or CNT/Ni electrodes but still higher than the P of
commercial AC/Al electrodes; these electrodes allows high charging-discharging rate
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application with appropriate energy density. Due to the large CNT density and light weight of
substrate, the resulted CNT/substrate mass ratio is high, varying between 1:1.8 to 1:18.
Consequently, the energy and power density values, calculated to electrode level, is also high,
which is very important from practical point of view. Therefore, the largest drawback, namely
the loose packing of CNT directly grown on Al or Ni (where the CNT/substrate mass ratio was
around 1:100), could be eliminated, too, with applying carbon cloths as substrates for CNT
electrodes.

All the same, the major advantage of CNT/CFC electrodes against the commercial AC/AI
electrodes stands in the inert nature of substrate material, that is, due to the absence of
corrosion process the supercapacitors built from CNT/CFC electrodes has uniquely good cycle
stability performance.

. . CNT/carbon Commercial
parameter CNT/nickel CNT/aluminum fibre AC
Energy density ¢ \yp/k 3-8 Wh/k 3 -7 Wh/k
(CNT mass) 8 & &

Power density  ~ 1000 — 3000 ~ 2000 - 6000 10 — 100 kW/kg

(CNT mass) kW/kg kW/kg
Energy density
(electrode mass) 0.1 Wh/kg 0.1-0.15Wh/kg 0.8-1.5Wh/kg 1-10Wh/kg
Power density 05-10

30 kW/kg 80 kW/kg 5—20 kW/kg

(electrode mass) kW/kg

Table 2: Comparison of results obtained for CNT films on nickel, aluminum foil, and carbon
fibre

4. Summary and conclusions

The electrochemical characteristics of double layer capacitors built form CNT grown directly
on some selected commercially available carbon cloth substrates has been studied. The CNT
mass load was varying between 2 - 18 mg/cm?, and the resulted CNT/electrode mass ratio was
in between 1:1.8 to 1:8. MWCNT films gave specific capacity from 18 to 48 F/g. Low serial
resistance 10 — 100 mQ.cm? was observed, attributed to fast ion-transport in the inter-tube
channels, to high electronic conductivity of the tubes, and good electric contact of the tubes
with the substrate. Energy density of 0.8-1.5 Wh/kg on electrode level was calculated. Power
density was as high as 5-20 kW/kg.

Outstanding cycling stability was observed: The values for CNT/carbon fiber electrodes were
stable over 1 million cycles. This result can be attributed to the more stable surface of CNTs
as compared to active carbon, but also the inert, metal-free electrode approach helps to avoid
corrosion and other degradation effects related to the metal—carbon interface.
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