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In this manuscript, the effect of potassium hydroxide (KOH) electrolyte concentrations (0.1 M, 1.0 M,
and 6.0 M) to the specific gravimetric capacitance of vertically aligned single-walled carbon nanotube
(VA-SWCNT) based supercapacitor will be reported. VA-SWCNT electrode was prepared using direct
growth technique of alcohol catalytic chemical vapor deposition. It was found that specific gravimetric
capacitance of the VA-SWCNT supercapacitors increased with increasing KOH electrolyte
concentration. Besides, lower concentration (or viscosity) of the KOH electrolyte may give better
stability in charge storage performance; suggesting difference of ion movement inside the VA-
SWCNT double-layer system. The capacitance slope (as a function of cyclic voltammetry scan rate)
can be improved by lower concentration of the electrolyte.
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1. INTRODUCTION

Carbon nanotubes (CNTSs) are known to possess remarkable properties for use as electrodes in
electrochemical capacitors (ECs) or electric double — layer capacitors (EDLCs) [1, 2]. In particular,
single-walled CNTs (SWCNTSs) were experimentally proved to have a very high specific area value,
and are well suited to the requirements of energy storage devices [3]. Well-organized or aligned CNT
arrays on substrates offer advantages for a wide variety of important applications, compared to those
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with random and/or entangled form of CNTs. One of the popular methods to grow vertically-aligned
CNTs (VA-CNTSs) is the alcohol catalytic chemical vapor deposition (ACCVD) [4, 5], which is well-
known for its economical merit, wide selectivity of substrates, and for yielding higher volume of
CNTs. In optimizing performance of ECs (or supercapacitors), it is desirable to directly grow the
aligned CNTs onto conducting substrates to prepare the electrodes. For example, metal alloy
substrate/foil can act as a current collector in a capacitor; this simplifies the conventional electrode
assembly process [6]. The direct growth technique can reduce the number of process steps in device
fabrication, and also might avoid binder material incorporation which could increase the internal
resistance of the device, thus negatively affecting charge storage performance [7].

ECs are structurally different from conventional capacitors. The EC electrode materials should
be designed with an appropriate physical structure to have larger surface area for electrolyte wetting
and ion accessibilities. In the case of carbon material electrode, although the pore size is good enough
for electrolyte wetting and rapid ionic motion [8], consideration on other factors is also extremely
critical. Another important factor in obtaining better electrochemical performance is the electrolyte or
solvent [9 — 11]. The dynamic of electrolyte ions may affect the charge storage capacitance. For
example, CNTs and exfoliated carbon fibers (EXCFs) were found to give higher capacitance in
concentrated sulfuric acid (H,SOg4) [12, 13]. In previous work, ionic liquid which is known for their
high concentration and high viscosity was used as electrolyte and resulting a remarkably high
capacitance performance. However, the specific capacitance rate of VA-SWCNT electrode was found
drastically decreased as the CV scan rates increased [14]. A more stable capacitance rate performance
is required in approaching practical application.

In this article, ACCVD technique was used to directly grow vertically aligned single-walled
CNT (VA-SWCNT) forests on metal alloy, SUS 310S for EC electrode fabrication. Cyclic
voltammetric (CV) measurement was performed to study the capacitance performance of the VA-
SWCNT electrode in aqueous solution, the potassium hydroxide (KOH). By using similar VA-
SWCNT electrode, different KOH electrolyte concentrations were employed in order to investigate the
capacitance rate stability based on calculated specific gravimetric capacitances (Csp).

2. EXPERIMENTAL

2.1. Preparation of VA-SWCNT electrode

The electron beam (EB-) deposited Al films (20 nm) were thermally-oxidized (400 °C, 10 min,
static air), and Co (0.5 nm) used as the catalyst [5, 15]. For the formation of Al-O, deposited Al was
first naturally-oxidized at room temperature for 2 hours. The substrate was subsequently transferred to
an ultra-high-vacuum CVD furnace (MILA-3000), and baked at 400 °C in static air for 10 min just
before the CVD. Ethanol (99.99 %) was used as carbon feedstock during ACCVD [5, 16]. The furnace
was then evacuated to around 0.1 Pa. Ar/H; (3% H,) as the pretreatment gas was injected at a pressure
of 400 Pa concurrently with 4 min rapid heating of the CVD furnace. For CNT growth, the CVD
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parameter was fixed at 700 ° C, ethanol flow rates of 100 - 130 sccm, 3 kPa pressure, and 10 min
processing time.

For conducting substrate to be used as current collector, SUS 310S foil with 0.2 mm thickness
were cut into 15 mm diameter round substrates. The weight of one SUS 310S foil was approximately
0.285 g. After the CVD, the average weight increase of a foil with as-grown CNTs was 0.25 mg. We
used Mettler Toledo balance with 0.01 mg accuracy to weigh the samples. Through similar heat-
treatment without ethanol (CVD without ethanol), the foil's weight increased 0.05 mg. Therefore, the
net mass loading of CNT (0.20 mg) was obtained by subtraction of the weight increase of the foil with
Co/Al-O films only, from that with CNTs.

2.2. Electrochemical measurements

Without electrode drying process, ECs were fabricated from Takumi Giken two-electrode cells
using 25-um polypropylene (PP; Celgard) as separator, and potassium hydroxide (KOH) aqueous
solution as electrolyte. KOH electrolyte was diluted from 8 M KOH into 3 different concentrations;
0.1, 1.0, and 6.0 M. Cyclic voltammetry (CV) measurements were conducted by potentiostat that
attached to (a part of) the electrochemical quartz crystal microbalances (model 420A; ALS/CH
Instruments). Based on the KOH solution applied potential window, CV measurements were
conducted from 0.0 to 0.7 V.

3. RESULTS AND DISCUSSION

First, Fig. 1 shows VA-SWCNT forests were directly-grown on SUS 310S foils. From various
analytical testing, CNTs on SUS 310S indicated the presence of single-walled type CNTs [5, 7], and
the existence was confirmed by the radial breathing mode (RBM) region in Raman analysis (reported
elsewhere) [17, 18]. In this article, the advantages of direct growth technigue using ACCVD will be
introduced. Various techniques including ACCVD have been developed for VA-SWCNT growth, in
order to have ideal morphology for the effective use of the CNT surface. ACCVD technique has
become one of the most popular methods used for low-cost, high-purity SWCNT production due to
lack of amorphous carbon was attributed to the OH" radical present in ethanol, which preferentially
reacts with carbon molecules that have dangling bonds [4, 18]. This effectively etches away those
carbon atoms that are most likely to produce amorphous carbon. Growth condition and potential of
SWCNTSs for device application have also been reported elsewhere [14, 18].

In energy storage devices, direct growth of aligned CNTs on conducting foils is preferable for
acquiring good electrical contact between electrode material and current collector. Direct growth of
SWCNTs on commercially available pure metal, however, results in inevitable degradation of the foils,
such as melting at the growth temperature during the CVD [19]. Metal alloy foils like stainless steel is
good because of their durability under CVD conditions and their corrosion resistivity [20]. From
ACCVD direct growth technique, high-quality VA-SWCNTs were grown, fabrication process was
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simplified, and avoided the incorporation of binder material. Importantly, the limitations such as the
cost to purchase pure SWCNTSs and the electrode fabrication complexities have been minimized.

(b), g S

“. ¥l &
PP, 25 pm .

SUS 310S foil

- e (Celgard)

VA-SWCNT from Co/Al-O/SUS 310S

(C) Electrode —, Electrode
ECcell ECcell
cover cover

PPseparator

Figure 1. VA-SWCNT electrode preparation and electrochemical capacitor fabrication. (a) Images of
blank SUS 310S foil and with VA-SWCNTSs, (b) Digital image of EC fabrication using two-
electrode cell, polypropylene separator, VA-SWCNT electrodes, and KOH electrolyte. (c)
Cross-sectional schematic model of fabricated EC. All ECs were assembled in ambient
environment.

Electrochemical performance of VA-SWCNT electrode in KOH electrolyte is shown in Fig. 2.
Csps in this work were calculated accurately based on the linear dependence of capacitance on cell
potential [21]. To quantitatively evaluate the charge storage capacity, capacitance of the ECs is
determined by the voltammetric charges, cell potential window, and SWCNT loading [14, 21, 22].
Considering that the shape of CV curves is not ideal mirror-symmetry, integral area of CV curve
divided by CV scan rate was used to represent the sum of anodic voltammetric charges (g.) and
cathodic voltammetric charges (qc). Sensitivity of CV measurement was 0.001 V per point. The Cs,
was calculated accurately on the basis of the following equation:

Ep
Cop = (| i(E)AE) + 2(E; — Ey)mv
Eq
1)
where E;, E, are the cutoff potentials in CV. i(E) is the current. is the total
voltammetric charges obtained by integration of positive (charge) and negative (discharge) sweeps in
CV. (E; — Ey) is the cell potential window width. m is the SWCNT mass per electrode (0.20 mg for this

work), and v is the CV scan rate.
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Fig. 2 shows the result of CV measurements for ECs made of VA-SWCNT grown on the SUS
310S. The electrodes were measured from 5 to 500 mV s scan rates within the potential range from
0.0 to 0.7 V. Regardless of the scan rates, the CV curves confirmed the double-layer capacitance
behavior of VA-SWCNTs when used as electrode material in the EC. All electrolyte concentrations
results in similar CV profile. This significant result proved that the VA-SWCNTSs had good electrical
contact with the substrates. This can be mainly attributed to the fact that the CNTs are well-anchored
to the substrates, and also indicates that the (insulating) Al-O support layer did not influence the
contact between the CNTs and the substrate [23]. On the other hand, storing energy on and/or inside
the SWCNT enables the device to have high rate capability, of up to 500 mV s™.
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Figure 2. Relative relation CV curves of VA-SWCNT based electrochemical capacitor at the range of
5~ 500 mV s scan rates in (a) 0.1 M, (b) 1 M, and (c) 6 M KOH electrolyte.
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Furthermore, for easier understanding, Fig. 3 shows the CV curves with normalized current
density values. In all CVs, current density adjusted from -20 to 20 A g™ to show the CV shape size
difference which directly correlated to the difference in capacitance performance. The Cs, values are
summarized in Table 1. It shows that the higher the electrolyte solution concentration the higher the
ion concentration, resulting in enhanced ion accessibilities onto the double-layer surfaces. Therefore,
greater charge is stored on the electrode. Complete results of the specific capacitance for the electrolyte
concentrations are summarized in Table 1.

Table 1. Specific gravimetric capacitance (Csp) of VA-SWCNT supercapacitor at different KOH
electrolyte concentrations.

Csp Vvalue of ECs with different KOH
concentrations (unit: F g™)

CV Scan rate
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Figure 3. Normalized current density of CV curves of VA-SWCNT based electrochemical capacitor at
the range of 5 ~ 500 mV s scan rates in (a) 0.1 M, (b) 1 M, and (c) 6 M KOH electrolyte.
Current density was normalized in the range of -20 to 20 A g™'to show the pattern size
difference.

The maximum Cgs Were 7, 22, and 52 F g™ with KOH electrolyte concentrations of 0.1, 1.0,
and 6.0 M, respectively (at 5 mV s™ scan rate). The capacitance of the VA-SWCNTs employed in 0.1
M KOH was estimated approximately one-seventh the value of the one cycled in 6.0 M KOH. The
higher KOH electrolyte concentration, the higher specific capacitance was obtained. This indicates the
enhanced charge-storage mechanism in more concentrated electrolytes [13].

Further, Fig. 4 (a) depicts the plots of current density as a function of CV scan rates for all
capacitors. The current density at ~ 0.35 V cell potential was found to increase linearly with the CV
scan rates; a linear dependence of the current density to the CV scan rates for all KOH electrolytes.
This again indicates good double-layer capacitance behavior between KOH electrolyte ions and VA-
SWCNTs. Consistent with calculated Cg,s, VA-SWCNT electrode assembled with 6.0 M KOH showed
remarkably higher current density values than the others.

The stability of different KOH concentrations is discussed in Fig. 4 (b); the plot of Cg, as a
function of CV scan rate. The difference of the capacitance rate performance was summarized in Table
2, showing the difference at slowest (5 mV s™) and fastest (500 mV s™) CV scan rates. At all KOH
concentrations (0.1, 1.0, and 6.0 M), it was found that the capacitances decreased to about 71 %, 73 %,
and 77 %, respectively. It is interesting that although VA-SWCNTs in 6 M KOH has the highest Cp,
however this capacitor has the worst rate stability; a decrease from 52 to 12 F g™. And, in contra, the
VA-SWCNT electrode with lower concentrations showed smaller Cs, decrease, confirming the
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Figure 3. (a) The linear dependence of the current density (at 0.35 V) to the CV scan rates for all KOH

electrolytes. (b) The plot of specific gravimetric capacitance, Cs, as a function of CV scan rate
for all KOH electrolytes.

Table 2. Specific gravimetric capacitance decreasing rate at different KOH electrolyte concentration.

KOH Csp value at different scan rate  Cgp
electrolyte  (unit: Fg™) decreasing
concentration rate
0.1M 7 2 71%
1.0M 22 6 73 %
6.0M 52 12 7%

difference in capacitance rate performance. This significant result gives an idea about the capacitance
stability for all types of electrolyte being used in different electrochemical capacitors (including
pseudocapacitor and hybrid). Lower concentration (or viscosity) of electrolyte specifically aqueous
solution may give better stability in charge storage performance; suggesting difference of ion
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movement inside a double-layer system. The capacitance slope (as a function of cyclic voltammetry
scan rate) can be improved by lower concentration of the electrolyte.

4. CONCLUSIONS

Successful fabrication of supercapacitors using vertically aligned single-walled carbon
nanotube (VA-SWCNT) electrodes and KOH aqueous solution with different concentration as
electrolyte was demonstrated. Based on the CV analyses, a fair performance of double-layer
capacitance was obtained in 0.1, 1.0 and 6.0 M KOH. VA-SWCNT electrode fabricated using ACCVD
direct growth technique results in specific gravimetric capacitance of up to 52 F g™ and high rate
capability of up to 500 mV s™. Specific gravimetric capacitance of the VA-SWCNT capacitors
increased with increasing KOH electrolyte concentration. This indicates the enhanced charge-storage
mechanism in more concentrated electrolytes. The capacitance rate stability of capacitor with different
KOH electrolytes was also investigated. The lower concentration of KOH electrolyte gives better
stability in charge storage performance. It is suggested that the difference was caused by ion
movement inside the double-layer system. This research work may provide another scientific finding
on enhancing the total performance of nanostructured carbon material based energy storage devices.
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