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Full capacitance potential of SWCNT electrode in 

ionic liquids at 4V 

Yuntao Yu, Chaojie Cui, Weizhong Qian*, Fei Wei 

We studied the full capacitance potential of single walled carbon nanotube ( SWCNT, 1250 

m2/g) in EMIBF4 at 4V by a new charge mode with certain dwelling time at 4 V. This 

allowed the accessible surface area of SWCNT, in monodispersed state and with macropores 

in large amount, was fully explored to exhibit capacitance of 16 µF/cm2 in wide range of 

current density, higher than that (9.1 µF/cm2) of a graphene (5µm in size and 2200 m2/g). In 

situ Raman characterization upon charge and discharge validated the enhanced doping of 

ions of EMIBF4 on SWCNT wall with the increased potential. The energy density is 107 

Wh/kg at power density of 20 kW/kg, far exceeding that (64 Wh/kg) in conventional 

galvanostatic charge and discharge mode.

Introduction 

Supercapacitor (SC) received much attention recently, owing to 

the increasing importance of clean electrochemical energy 

storage for sustainable development of human society.1a,1b The 

development of high voltage SC with high energy density, 

mainly depending on the carbon-based electrode, is crucial to 

the commercial application in electrical vehicles and other 

heavy apparatus calling for high power density.1c-1f,2a Capacities 

of energy storage and energy release of these electrodes, 

including carbon nanotube(CNT) and graphene, directly 

depends on their accessible specific surface area (SSA) and 

structural configuration to provide electrode/electrolyte 

interface upon charge and relatively short diffusion distance of 

ions of electrolyte.2 Specifically, single walled CNT (SWCNT) 

or single layer graphene, as in the monodispersed state, had 

high surface area and dominated exohedral surface and would 

be the ideal platform for the deposition of ions of electrolyte 

upon charge.1c,2c,2d,2f But the practical capacitance of SWCNT 

electrode is only 13-15 µF/cm2 in 4V electrolytes such as 

organic electrolyte or ionic liquids (ILs),1a,2a lower than that 

(about 21 µF/cm2) of theoretical value of graphene.2b And the  

capacitance or energy density of electrode decreased drastically 

with the increase of the power density. It remained unknown 

that it is electrode structural limited or charge mode limited to 

this date. Understanding the full potential of SWCNT electrode 

in storing energy, as well as elevating its energy density in high 

power density is not only highly desirable in practical 

application, but also very useful for the development of other 

high performance electrodes in the future. 

In order to address this issue, we used a charge mode with 

dwelling time at certain voltage to study the full capacitance 

potential of SWCNT electrode, rather than the use of 

galvanostatic charge and discharge mode. Although the former 

charge mode was already used in SC industry, but is firstly used 

in the system of using ILs electrolyte and operated at 4V. In 

general, SWCNT with SSA of 1250 m2/g and purity of 99% 

was grinded with ILs electrolyte (EMIBF4) to achieve a nearly 

mono-dispersed state. Controlling the weight ratio of SWCNT 

to 7% in ILs produced a very sticky gel, which was pasted on 

the current collector of Ni-foam. In this case, all external 

surface of SWCNT was completely exposed to ion of ILs. In 

addition, the Debye ionic screening length of ILs is nearly zero, 

which was most favourable for the measurement, compared to 

the solvated ions in organic electrolytes.2b For the first time, the 

dischargeable capacitance of SWCNT approached to 16 µF/cm2 

and was independently of power density from 1 to 20 kW/kg. In 

comparison, a graphene (size: 5 µm, SSA: 2200 m2/g, Fig.1b, 

1d) was unable to be charged successfully to achieve such high 

value and only had a capacitance of 9.4 µF/cm2, due to the 

limitation of long ion diffusion distance and the lack of 

macropores in large amount. In situ Raman characterization 

validated the enhanced doping of ions of electrolyte on tube 

with the increase of the applied potential.4 The dischargeable 

energy density is 107 Wh/kg at the power density of 20 kW/kg, 

67% higher than that (64 Wh/kg) in conventional galvanostatic 

charge and discharge mode. The result highlighted SWCNT as 

a promising electrode for SCs in the special application calling 

for high energy density under high power density. 

 

Experimental 

Preparation of SWCNT or graphene electrode material 

Electrode of SWCNT used here is prepared by a chemical 

vapor deposition method,3a where methane was decomposed 

over Fe/Mo/MgO catalyst. The product (mixture of SWCNT 

and catalyst) was washed by HCl (1 mol/L, 25oC) to remove 

MgO support and Fe impurities. The wet SWCNT sample was 

freeze dried at -25 oC and 10-2 Pa to become a loosely packed 

architecture with high porosity up to 97%. Further SWCNT was 

calcinated by CO2 etching at, followed with HCl washing and 
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drying.3b Brunauer–Emmett–Teller (BET) surface area of 

SWCNTs was recorded in a Quantachrome automated surface 

area and porosity analyzer with N2 as the adsorption gas, which 

was 1250 m2/g (Fig.1c) and purity of 99% characterized by 

thermo-gravimetric analysis (TGA, TA2000, elevating heat rate 

of 15 oC/min, SI-1 Fig.S1). 

 
Fig.1 TEM image of (a) SWCNT and (b) graphene sample; pore size 

distribution of (c) SWCNT and (d) graphene sample. 

 

Graphene sample with size of 5µm (Fig.1b) was prepared by 

a modified chemical exfoliation method.3c It was further treated 

by KOH, following the method in ref.3d, to give a product with 

BET surface area of 2200 m2/g (SI-1, Fig.S1). The TGA purity 

is about 99.5%. Oxygen of graphene is tried to be removed by 

H2 etching at 900 oC for 2 hrs. The oxygen content determined 

by XPS is about 5%. 

Fabrication of SC and capacitance performance test 

SWCNT or graphene above was mixed with ionic liquids of 

EMIBF4 with the weight ratio of 7:93 to make a gel in glove 

box with oxygen concentration of 0.3 ppm and H2O 

concentration of 0.3 ppm. The sticky gel was putted on the Ni-

foam current collector. The mass of activated material is 3.5 mg 

on each electrode sheet. Whatman membrane with thickness of 

680 µm, made of glass microfiber (type: GF/D1823-047), was 

placed between two sheets. Finally, electrode sheets and 

membrane were compressed together and sealed in a coin cell 

with diameter of 13 mm. It is a two-electrode SC cell. 

The electrochemical performance was tested by conventional 

galvanostatic charge and discharge mode or by a new charge 

mode. In latter mode, the SC cell was firstly charged at constant 

current from 0V to 2V or 3V or 4V. When the potential 

approached to the desired value (2, 3 or 4V), the cell was 

continuously charged and dwelled for certain times, waiting the 

current decreased to nearly zero. Finally the cell was discharged 

from 2V (or 3V, 4V) to 0V. Electrochemical impedance 

spectroscopy (EIS) of CNT-based SC was characterized by 

using a Solartron 1470E electrochemical station equipped with 

a 1455AFRA module. The specific capacitance under different 

scan rate of 0.5-10A/g between 0-4 V was calculated based on 

the mass of activated material. 

In situ Raman characterization 

Raman spectra were characterized by a JY Horiba Raman 

(Aramis) under 633 nm laser for the accumulation intensity of 3 

times scan. SC cell with transparent shell (Fig.2a, 3 mm in 

thickness) was placed under the laser. The wires were 

connected with electrochemical station (Fig. 2c), allowing the 

record of Raman signal and electrical signal simultaneously 

(Fig.2b). In detail, when the new charge mode was used to 

charge the cell, we recorded the Raman spectrum of electrode 

waiting the current at constant voltage decreased to nearly zero. 

We found it is easy to achieve a stable charge state under 0 V to 

2.5 V for positively charge on BF4
-, and under 0 V to -2.5 V for 

negatively charge on EMI+. But it is difficult to achieve a stable 

charge state at 4 V, since Raman response is quite slower than 

the charge response. 

 

Fig.2 Photos of (a) visible SC cell components; (b) The Raman 

signal and electrical signal recorded simultaneously; (c) In situ 

Raman apparatus. 

Results and discussion 

The EIS curve of SWCNT-based SC showed in Fig.3a 

indicated that the tail is nearly vertical, suggesting the SC 

performed as a pure double layer capacitance (DBLC). The 

electrolyte resistance is only 1.1 Ω, and the real impedance at 

1k frequency is 1.6 Ω, confirming the excellent electrical 

conductivity of SWCNT and well ionic conductivity of 

EMIBF4. CV curve was recorded at 50 mV/s or 500 mV/s to 

give a regular trapezoid shape (Fig.3b). Redox reaction 

contributed to the faradic capacitances is insignificant, except a 

very small peak at 1.8 V, probably due to the presence of some 

Fe residue in SWCNTs (520 mg/kg Fe in sample by ICP 

analysis).1g,3b,3e These are the basis for the study of the full 

potential of DBLC in the present work. As follows, we 

presented the charge and discharge curves in different modes. 

In galvanostatic charge and discharge mode, SC cell was 

discharged soon after the voltage approached to the desirable 

value (e.g. 2V in Fig.3c, 3V in Fig.3e, or 4V in Fig.3g, 

respectively), widely used in fundmental study to evaluate the 

performance of electrode. In contrast, the charge mode with 

dwelling time at certain voltage was widely adopted in industry 

and called here as new charge mode for comparison 

convencience. The difference from the galvanostatic charge and 

discharge curve lies in that there had a platform between charge 

(a) (b) 
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and discharge line, e.g. showed in  Fig.3d, 3f and 3h at 2,3,4V, 

respectively. Charge time from 0V to desired value in different 

charge modes varied with the current density (Fig.3). And the 

dwelling time at 2V, 3V or 4V, till the current to nearly zero, is 

also different in new charge mode, because of the different 

charge resistances(Fig.3d,3f, and 3h). Quantitatively, it took 

442 s when charging from 0V to 4V at 0.5A/g. And 180 s was 

dwelled at 4V to achieve the adsorption-desorption equilibrium 

(Fig.3h). After that, the discharge time is 388 s at 0.5A/g. The 

current decay quickly in dwelling period, suggesting no much 

heat was produced in the new charge mode (SI-2, Fig.S2). 

 
Fig.3 (a) EIS curve of SWCNT electrode; (b) CV curve of 

SWCNT electrode at different scanning rates; Different charge 

mode of SWCNT SCs: Galvanostatic charge and discharge 

curve at 2V(c), 3V(e), 4V(g); New charge mode with dwelling 

time, where SCs was firstly charged at constant current to 

2V(d), 3V(f), 4V(h), then charged at constant voltage until the 

current is very closing to zero. 

Quantitatively, the capacitance at 2V and 3V (Fig.4a), 

calcualted by the discharge line in new charge mode,  is about 

100 F/g and 130 F/g, respectively. These values did not 

decrease with the current density (Fig.4a). Strikingly, the 

capacitance is 200 F/g at 4V or 16 µF/cm2 based on its SSA 

(Fig.4a). We proposed that the ion doped on outer wall of tube 

contributed dominantly to the capacitance, since the ions 

encapsulated inside the channel of tube exhibited high melting 

point5 and had low mobility unfavorable for the charge and 

discharge. In addition, the capacitance in new charge mode, is 

always equal to that in conventional charge mode at low current 

density (< 4A/g) and larger than the latter at high current 

density (4-10A/g). Moreover, with the increase of applied 

potential, the gap between the capacitances in different charge 

modes was enlarged to some degree (Fig.4a).The dischargeable 

capacitance in new charge mode at 4V is 203 F/g, far higher 

than that (130 F/g) in conventional charge mode and that in 

organic electrolyte (160 F/g, with an optimized electrode 

structure)1h at 10 kW/kg (SI-3, Fig.S4). Note that the energy 

density of SWCNT electrode increased with the cube of voltage 

in previous work1h, due to enhanced doping effect of ions in 

higher density on the tube surface (SI-3, Fig.S4). However, 

such effect is SWCNT structure depedent, not always correct 

for other carbon electrodes such as activated carbon.1a 

Quantitatively, the energy density is 107 Wh/kg in power 

density of 20 kW/kg in new mode at 4V (Fig.4b), 67% higher 

than that (64Wh/kg) in conventional charge mode. As 

mentioned above, the current, after the potential was constant at 

4V, decayed quickly with time (SI-2, Fig.S2). Thus, the new 

charge mode is repeatable (Fig.3h) and offered a special 

application case calling for high energy density in high power 

density. Moreover, when the charge and discharge mode of SC 

was recovered to the galvanostatic one  after working under 

new charge mode for certain times, it still exhibited long 

cycling stability. 

 
Fig.4 (a)Capacitances at different current densities (2V,3V, 

4V) ; (b) Range Plot of energy density and power density. 

 

On the other hand, we found the dwelling times were similar 

under different current densities to maintain the 4V platform 

(Fig.3h). It suggested that energy, which is unable to be 

charged in conventional charge mode, due to the ion-diffusion 

limited in high current density, can be charged in the new 

charge mode. As a result, the new charge mode offered SCs a 

new working mode independently of the current density or 

power density. For comparison, the capacitance performance of 

graphene (Fig.1b) was tested by the use of two charge 

modes(Fig.6a, 6b). The capaicatnce based on its SSA value is 

only 9.1 µF/cm2 at 4V (SI-2, Fig.S3). The easy stacking of 

graphene with large size,2a,8 and the lack of macropores for the 

diffusion of ions (Fig.1d) resulted in the low surface efficiency. 

The comparison confirmed that the high capacitance 

performance is electrode structure dependent.2e SWCNT 

advantaged over graphene in small diameter, dominant 

exohedral surface and macropores in large amount (Fig.1c), 

offering the average short diffusion distance and allowing the 

quick access of ions to its external surface when it is in the 

monodispersed state. In addition, we also compared the 

electrolyte effect on the performance of tube on high voltage. 

Previous work reported the similar enhanced interaction of ions 

in organic electrolyte with the increased potential.1h,2e,4a 
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However, the capacitance of SWCNT is only 160 F/g at 4V in 

organic electroltye, far lower than that in present work. 

Although many work suggested the de-solvation effect of ions 

in organic electrolyte whether in pores of activation carbon or 

SWCNT,7,2e which, however, influenced the reorganization rate 

of ions on the electrode surface upon high potential in high 

current density. In addition, the large size of solvated ions, 

having larger diffusion resistance at 4V maybe also contributed 

to the lower capacitance in organic electrolyte,1h compared to 

that of ions of pure ILs in the present work (SI-3, Fig.S4). 
 

 
Fig.5 In situ Raman characterization of SWCNT in SC cell 

under different voltages (Raman laser is 633 nm). (a) RBM 

response (positive charge from 0-2.5V made the BF4
- ion move); 

(b) RBM response (negative charge made the EMI+ ion move); 

(c) D band and G band change (positive charge from 0-2.5V 

made the BF4
- ion move); (d) D band and G band 

change(negative charge made the EMI+ ion move); (e) 2D band 

change (positive charge from 0-2.5V made the BF4
- ion move); 

(f)2D band change (negative charge made the EMI+ ion move). 

Further, in situ Raman characterization was used to 

characterize the interaction of ILs with SWCNT or graphene, 

considering Raman is sensitive to the diameter change or defect 

band change of SWCNT or graphene as deposited on other 

media.4 SWCNT electrode in SC cell with a transparent quartz 

shell was detected by Raman spectroscopy upon charging 

(Fig.2). Note here that Raman response is rather slower than the 

electrical charge, therefore, it is very difficult to obtain the 

stable Raman information charged at 4V. Even though, we tried 

to elevate the potential to 2.5V, rather than 1.5 V in previous 

work,4a to obtain information much close to that in 4V. 

Generally, the cell was charged positively to ensure the doping 

of BF4
- on tube wall (Fig.5a,5c, 5e), or negatively charged to 

make the doping of EMI+ on tube wall (Fig.5b,5d, 5f). Radial 

breathing mode (RBM) of SWCNT had intensive response at 

100-300 cm-1 and the tubes were classified into metallic tube 

and semiconducting tube.4c The peak intensity of two metallic 

tubes (centered at 198 cm-1, 219 cm-1) decreased drastically 

with the increased potential. However, the peak intensity of 

semiconducting tubes (centered at 255 cm-1, 283 cm-1) is nearly 

unchanged. Similar, the peak positions of semiconducting tubes 

above are less influenced rather than those of metallic tubes 

above. Apparently, charge under high voltage enhanced the 

doping of ion on metallic SWCNT significantly. Since Raman 

response is sensitive to the tube diameter, the results above 

indicated the strong interaction of ions with tube and the 

reorganization of ions on tube wall to form a co-axial cylinder 

structure with large diameter.2e,2f, 4a Similar, the signal of 

semiconducting tube with larger diameter (centered at 148 cm -1) 

disappeared, since the diameter of tube became larger after 

doping of ions of ILs in higher voltage, which is beyond the 

Raman response. 

Meanwhile, the position of D band (1312-1323 cm-1) 

downshifted after doping with EMI+ (Fig.3d, 0- -2.5V), while it 

upshifted after doping with BF4
-(Fig.3c, 0-2.5V). However, the 

position of G band (1590~1604 cm-1) both upshifted by doping 

with EMI+ and BF4
-. Apparent, defective carbon of tube 

(associated to D band) had dangling negative bonds, which was 

saturated by interaction with EMI+, but not for BF4
-. For G band, 

associated to the perfect graphitic carbon structure, was 

introduced into defects whether interacting with BF4
- or EMI+. 

The position of 2D band (2611~2637 cm-1) is also upshifted 

with the increase of applied potential (Fig.5e, 5f). Note that 

Raman shift of D band at 1.5 V in pure ILs is 5 cm-1, far 

smaller than that (16 cm-1) at 1.5 V in organic electrolyte with 

solvent of ACN.4a Probably, the larger size of solvated ions in 

organic electrolyte contributed to the strong response of 

Raman.7 The result confirmed the change of Raman shift is 

electrolyte dependent and revealed the different capacitance 

effect on different electrolytes discussed above.  

In addition, the doping of EMI+ or BF4
- ions also affected the 

intensity ratio of D band to G band (ID/IG) and the intensity 

ratio of 2D band to G band (I2D/IG).  ID/IG value is increased 

drastically from 0.132 to 0.246 by doping BF4
- (Fig.5c) or 

increased from 0.132 to 0.33 by doping of EMI+ (Fig.5d) with 

the increased potential. I2D/IG values decreased drastically with 

the increase of applied potential, which enhanced the doping of 

EMI+ and BF4
-(Fig.5e, 5f). The results clearly suggested the 

enhanced interaction of EMI+ or BF4
- with tube wall at high 

potential. As to the state at 4V, theoretically, ions in larger 

amount will deposit on tube wall. It will further increase the 

diameter of co-axial tube-ILs structure, which had no RBM 

signal at 100-300 cm-1.4c Similar, the change trends of RBM 

peak, D band, G band and 2D band at 3-4 V to those at 1-2.5V 

could be expected. Note that, Raman signal recovered to that of 

pristine after the discharge, validating the stability of such 

charge mode. Otherwise, the decomposition of electrolyte 

produced amorphous carbon, resulting in the irreversible 

increase of ID/IG value.4a 

As follow, we studied the Raman response after the doping 

of EMI+ or BF4
- on the graphene (Fig.6). Similar trends were 

observed on the decreased peak intensity for D band, G band, 

2D band after doping. But the peak position of them is less 

influenced with the increase of potential, compared to those of 

SWCNT. In addition, the change of ID/IG value is also 

insignificant compared to those of SWCNT, due to the pristine 

high defective degree of graphene (with higher pristine 

ID/IGvalue of 1.3), prepared by the chemical exfoliation method. 
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Such comparison validated the special electronic state of 

SWCNT (rolled up graphitic layer) play an important role in 

enhancing the interaction of ions,1h,2c and, consequently, 

exhibited a better capacitance effect in new charge mode to 

achieve high energy density in high power density. Our study 

revealed the already-existed electrode had unexpected large 

potential in capacitance. New method or standard should be 

established to evaluate and understand their potential, 

depending not only on SSA, accessible SSA, but also on the 

configuration strcture of electrode. It is very useful for the 

further fabrication of new electrode structure. 

 
Fig.6 Different charge mode of graphene SCs at 4V: 

(a)Galvanostatic charge mode and (b) new charge mode; In situ 

Raman information of graphene in SC cell: D band and G band 

change of (c) BF4
- doping and (d) EMI+ doping; 2D band change 

of (e) BF4
- doping and (f) EMI+ doping. 

 

Conclusions 

We evidenced that the capacitance of SWCNT can approach to 

16 µF/cm2 in wide range of current density. In situ Raman 

characterization validated that the enhanced doping of ions on 

tube wall with the increase of voltage. The comparison with a 

large size graphene highlights the advantage of configuration of 

SWCNT, which had small diameter and macropores in large 

amount accessible to ions easily. The charge mode used in the 

present work allowed 67 % increase of energy release at power 

density of 20 kW/kg. It provided a special application calling 

for high energy density under high power density, where the 

energy efficiency is not the first priority. 
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