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Abstract: In order to minimize unintentional discharge, supercapacitors are interfaced with a
membrane that separates the anode from the cathode—this membrane is called the separator.
We focus here on separators, which are structured as electronic diode-like. We call an electrically
structured separator “the gate”. Through experiments, it was demonstrated that ionic liquid-filled
supercapacitors, which were interfaced with gated separators exhibited a substantial capacitance
(C) increase and reduction in the equivalent series resistance (ESR) compared to cells with ordinary
separators. These two attributes help to increase the energy, which is stored in a cell, since for a given
cell’s voltage, the dissipated energy on the cell, Ug = V/4(ESR) and the stored energy, Uc = CV?/2,
would increase. These were indeed ionic diodes since the order of the diode layout mattered—the
diode-like structures exhibited maximum capacitance when their p-side faced the auxiliary electrode.
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1. Introduction

Increasingly, supercapacitors find more and more applications in short-term energy storage [1-6],
namely, energy elements that can quickly handle substantial amount of current. A supercapacitor is
made of two electrodes: The anode and the cathode. Both electrodes are immersed in an electrolyte.
A separator membrane between the electrodes (Figure 1a) was introduced to minimize unintentional
electrical discharge. Thus far, research on increasing cells capacitance with carbon materials has been
focused on increasing the surface area of the electrodes, decreasing the effective charge separation at the
electrode-electrolyte interface, and, in some cases, on increasing the efficiency of charge transfer [7-15].
We have opted to study the less researched, yet equally important separator layer. We modified the
otherwise electrically insulating or unbiased membrane [16-20] into a capacitive, diode-like, or even
transistor-like porous structure [21-25].

The general idea was to place a permeable potential barrier between the anode and the cathode.
The diode-like element was an ion porous structure. It was formed by layering doped films, in our
case p-type and n-type layers of functionalized single-walled carbon nanotubes (SWCNTs). We call
this electronically structured element “the gate”.

When an ordinary supercapacitor is charged, the potential distribution is constant throughout
most of its regions, with the exception of the electrolyte-electrode interfaces. This is due to a screening
effect by the ions, in response to excess electronic charge on the electrodes. In our case, the electrolyte
filled the space within and outside the SWCNTs. Due to the lack of charge transfer between the
electrolyte and SWCNTS5, the ions in the liquid screened the local electronic charges at the diode-like
gate. The result was ion charge separation. Ion charge separation led to polarity increase in the mid-cell
region (Figure 1b,c) and might be viewed as a capacitor (the gate) within another (the supercapacitor).

ChemEngineering 2019, 3, 39; doi:10.3390/chemengineering3020039 www.mdpi.com/journal/chemengineering


http://www.mdpi.com/journal/chemengineering
http://www.mdpi.com
https://orcid.org/0000-0001-9367-8117
http://www.mdpi.com/2305-7084/3/2/39?type=check_update&version=1
http://dx.doi.org/10.3390/chemengineering3020039
http://www.mdpi.com/journal/chemengineering

ChemEngineering 2019, 3, 39 20f9

A capacitor-within-capacitor (CWC) has been shown to increase the overall capacitance of capacitors [26].
The concept is general and may be easily incorporated into existing supercapacitor structures.
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Figure 1. (a) Schematics of super-capacitors, (b) diode-like mid-cell gate structure, blue: electronic
charges; red: ionic charges, green/blue layers: p-type/n-type layers. The counterions screened the
doped structured gate, thus forming a capacitor within the supercapacitor, (c) qualitative distribution
of electrical potential (dash curve) within the various supercapacitor regions.

Specifically, our diode-like separators were made of two layers, each composed of functionalized
SWCNT film. One layer was composed of electronically p-type tubes, and the other layer was
composed of electronically n-type tubes. The SWCNTs may be viewed as nano-cylinders that form a
nano-contact [27,28]. An interface (for example, when one layer is deposited on top of another or when
two such layers are pressed together) is composed of numerous such nano-contacts. The interface
behaved as an effective diode (Figure 3). The diode-like structure was permeable to ions and exhibited
resistance and capacitance, as evidenced by the various electrochemical techniques described below.

2. Experiment and Methods

Single wall carbon nanotubes (SWCNTs) were obtained from Nano Integris, Canada, with certified
purity of better than 95%. The average tube diameter was 1.4 nm, with an average length of 1 micron.
The SWCNTs may be purchased with little metallic catalyst content (<1%). The remaining ca. 4%
was inert carbonaceous material. The SWCNTs were functionalized with polymers—doping of either
the p-type, or the n-type tubes was achieved by wrapping them with polyvinyl pyrrolidone (PVP)
and polyethylenimine (PEI), respectively [29,30]. The surface area of the functionalized tubes may
be estimated as follows: the total thickness of a wrapped tube is considered as a bundle of 20 tubes.
Taking into account the larger molecular weight of the wrapping polymer, we estimated that the surface
area of PVP and PEI wrapped tubes was 15 and 7.5 m?/g, respectively. After that, the p-type and n-type
nanotubes were suspended in deionized (DI) water using a horn probe sonicator for 8 hours. Using
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vacuum, each layer was then drop-casted on a hydrophilic filter (TS80, TriSep). The thickness of each
SWCNT-type layer was estimated at less than 10 pm, microns by weight and covered area. In this study
and previous experiments, we found that the polymer wrapping process and sonication substantially
reduced the undesired material content (non-semiconducting tubes and other carbonaceous material)
in the sample, thus eliminating the need for refluxing. Due to the relatively small bandgap at the p-n
interface [27] and the relatively light doping of the tubes, the depletion region extended throughout
the entire gate’s cross-section. As shown in Figure 2, some of the SWCNT form bundles, which did
not affect the electrical properties under dry conditions (Figure 3a,b). The quality of the diode-like
structure was also ascertained by a current-voltage trace, as shown in Figure 3. We comment on the
performance of the diode-like gate under wet conditions in the Conclusion Section.
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Figure 2. SEM picture of SWCNT film on top of a TS80 separator membrane.
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Figure 3. Electronic behavior. (a) Current-voltage (I-V) curve for a dry, single-type SWCNT film on
TS80: p-type (red) and n-type (blue). The lines present a linear fit. The difference between the p-type
and n-type film’s conductivity (the curve’s slope) is due to the effective doping of the carbon tubes;
(b) I-V curve for pressed p-n junction(s). In obtaining this curve, one contact was placed on the p-type
side and the other contact was placed on the n-type side.

In the following, we show that the gate was composed of p-type and n-type films. Current-voltage
(I-V) measurements were conducted on each SWCNT-type film (Figure 3a) under dry conditions.
A single-type film behaved as a resistor, exhibiting a linear curve. The resistance of each layer was
dictated by the SWCNT doping, and Figure 3a alludes to the larger conductivity of the p-type layer.
Since the SWCNTs are naturally p-type even without the wrapping by PVP, wrapping by PEI to turn
them into n-type is not optimal. Hence, the n-type film would be expected to exhibit higher resistance.
Linearity and symmetry in the -1, +1 V window also alludes to the ohmic contact to the samples.
The I-V curve for a diode-like structure behaves nonlinearly with an accelerated behavior in a forward
direction (namely, when the positive lead is on the p-type film and the negative lead on the n-type side).
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In Figure 4 we show the Raman spectra for each doped film. Both films exhibited a similar G*
line at 1616 cm™~!. The broadened G~ line’s position was affected by the tube’s doping: the n-type film
exhibited a downshift of ca. 10 cm™! due to its negative doping with respect to the p-type film. A 3 mW
HeNe laser at 633 nm was used in conjunction with a 75 cm spectrometer and a charge coupled device

(CCD) array, which was cooled to —35 °C. The spectral resolution was 1 cm~ L.
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Figure 4. Raman spectrum for single-type SWCNT films: n-type (blue) and p-type (red).

Thermoelectric data are provided in Table 1 for each single-type film. The potential difference
when the sample is resting between a heated end (maintained at a given temperature of a hot plate) and
a cold end (maintained at room temperature) is shown. The positive lead of the multimeter was placed
on the hot end. The data corroborated the doping type of the SWCNT, namely, negative values for a
p-type film and positive values for an n-type film. The data also alluded to the larger p-type doping.

Table 1. Thermoelectric measurements for single-type SWCNT films.

Type AV at 57 °C AV at 68 °C
n-type +0.8 mV +1.2mV
p-type -1.8 mV -2.5mV

Ionic liquid, 1-n-Butyl-3-methyl-imidazolium hexafluorophosphate, was used as an electrolyte.
It has been previously used in related experiments [26]. It does not react with carbon species, has
little reaction with the copper electrodes, and has a relatively large potential window. It filled the
space between two 25-micron-thick flat copper (Cu) electrodes, of size 5 X 3 cm? each. The ionic liquid
soaked 0.1 mm thick lens tissues (Bausch & Lomb), which are used here as spacers. The configurations
for the cell with and without the gate (namely, using bare insulating TS80 membranes to achieve the
same separator thickness) are shown in Figure 5a,b. The assembled sample rested overnight to let
the ion-liquid soak in. In order to increase the cell capacitance, modified Cu electrodes (Figure 5c)
were prepared by placing a double-sided carbon tape (typically used for SEM samples) on the copper
films and spreading 1-micron carbon powder (Alpha) on the tape. Loose powder was shaken off.
The thickness of the carbon tape was 100 microns and the thickness of the powder on the tape was
estimated at 1 micron by sample weight and surface coverage. The cell was pressed between two
1 mm-thick glass plates to ensure electrode flatness. An example of a measurement procedure was as
follows: The cell was first tested with a bare separator. Then, the cell was opened up, interfaced with a
structured gate, and tested again. The order of testing (e.g., bare separator second and structured gate
first) did not affect the final outcome.



ChemEngineering 2019, 3, 39 50f9

flat Cu electrode
I carbon powder
spacer
I p-type on TS8O
I n-type on TS8O
[ bare TS80
(b)

(a) (©)

Figure 5. Cell configuration with modified Cu electrodes: (a) interfaced with a bare separator and

(b,c) interfaced with a structured separator (gate), either p-n or n-p structure. The thickness of the
layered bare separator was exactly the same as the thickness of the structured gate.

3. Results and Discussion

The 2-electrode Cyclic-Voltammetry (CV) traces and their corresponding capacitance values are
shown in Figure 6. While ionic liquid may sustain a relatively large bias, the voltage window was
chosen as 0-0.5 V to compare it with an aqueous cell, which is described elsewhere. Since the layout of
the structured separator (the gate) is asymmetric upon interchanging it with respect to the position
of the auxiliary electrode, one might expect a respective change in the cell’s capacitance, as well.
In Figure 6a,b we show the CV traces for two cases: one, where the n-side of the gate faced the auxiliary
electrode and the other, where the p-side of the gate faced the auxiliary electrode. The blue trace for the
bare separator is barely open, implying a very small cell capacitance. As observed from Figure 6c, the
cell’s specific capacitance substantially increased upon replacing the bare separator with the diode-like
gate. Maximum capacitance was achieved when the p-side faced the auxiliary electrode.

Stability tests shown in Figure 7 are for 100 CV cycles. The scan rate was relatively small (0.01 V/s),
therefore, the obtained capacitance values were enhanced compared to Figure 6¢. Stability was reached
after the ca. 10th cycle. We postulate that diffusion processes required a few cycles before reaching
stability due to the high resistance of the ionic liquid. Thereafter, both configurations appear stable and
varied within 2% and 4%, respectively, when either the p-side or the n-side was facing the auxiliary
electrode. Diffusion and drift currents also played a role in energy losses: preliminary data (not shown)
indicated that cells interfaced with bare membranes exhibited shorter time constants (of ca. 10 sec)
than those interfaced with the diode-like gate (of ca. 20 sec).

Electrochemical impedance spectroscopy (EIS) were performed for a frequency range of 50 kHz
to 50 MHz with a 10 mV AC perturbation signal. In Figure 8 we compare two cases of gate layout
with respect to the auxiliary electrode. The knee frequency was 19 Hz (red) and 14 Hz (green) when
the auxiliary electrode faced the n-side and the p-side, respectively. The equivalent series resistance
(ESR) for ionic liquid-based cells was quite high and was of the order of tens of k(). The smaller ESR
value was noted when the p-side was facing the auxiliary electrode. The smaller ESR value for the p-n
layout was correlated with the largest overall cell’s capacitance. The results point to the difference in
cell impedance between the two gate layouts. This is further proof that the mid-cell gate indeed acts as
a diode-like and also points to ionic mid-cell charge separation that leads to an increase in the overall
cell capacitance.
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Figure 6. Cyclic Voltammetry (CV) with two modified copper electrodes and a diode-like gate. Blue
curve: Bare separator; red curve: p-n structured gate where the n-side was facing the auxiliary electrode;
green curve p-n structured gate where the p-side faced the auxiliary electrode. (a) At scan rate of 0.5 V/s
and (b) at scan rate of 0.1 V/s. The blue trace for the bare separator is barely open, implying a very
small cell capacitance. (c) Specific cell capacitance as a function of scan rate. Colors, as in (b).
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Figure 7. Stability measurements with modified Cu electrodes. In (a) the p-side was facing the auxiliary

electrode, whereas in (b) the n-side was facing the auxiliary electrode. The scan rate was 0.01 V/s for
both cases.
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Figure 8. (a) Nyquist and (b) Bode plots for modified Cu electrodes. Red curve: n-side is facing the
auxiliary electrode. Green curve: The p-side faces the auxiliary electrode.

4. Conclusions

One can increase the capacitance of supercapacitors by incorporating a diode-like structure (gate)
within them. The layout of the diode-like structure is asymmetric with respect to the auxiliary electrode,
and, as a result, the measured cell’s capacitance is affected, as well. Such a concept of gate within
supercapacitors (the inner gate concept), or in its outer gate form [26] is general and can be incorporated
into many current cells’” design [31-33]. One can coat the gate films on top of each other [25,27,28]; one
can also press them together to achieve a diode-like behavior. Pressing the films together retain the
diode-like I-V curve even within a wet cell [34] (Figure 10). Further optimization of the gate materials,
e.g., reduced graphene oxide, asymmetric cells with two types of conductive polymers and transitional
metals oxides, are some of the many exciting possibilities.
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