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Abstract: Developing electrode materials with high voltage and high specific capacity has always 

been an important strategy for increasing the energy density of lithium-ion capacitors (LICs). How-

ever, organic-based electrolytes with lithium salts limit their potential for application in LICs to 

voltages below 3.8 V in terms of polarization reactions. In this work, we introduce Li[N(C2F5SO2)2] 

(lithium Bis (pentafluoroethanesulfonyl)imide or LiBETI), an electrolyte with high conductivity and 

superior electrochemical and mechanical stability, to construct a three-electrode LIC system. After 

graphite anode pre-lithiation, the anode potential was stabilized in the three-electrode LIC system, 

and a stable solid electrolyte interface (SEI) film formed on the anode surface as expected. Mean-

while, the LIC device using LiBETI as the electrolyte, and a self-synthesized graphene/single-walled 

carbon nanotube (SWCNT) composite as the cathode, showed a high voltage window, allowing the 

LIC to achieve an operating voltage of 4.5 V. As a result, the LIC device has a high energy density 

of up to 182 Wh kg−1 and a 2678 W kg−1 power density at 4.5 V. At a current density of 2 A g−1, the 

capacity retention rate is 72.7% after 10,000 cycles.  
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1. Introduction 

Electrochemical energy storage devices, such as lithium-ion batteries (LIBs) and elec-

tric double-layer capacitors (EDLCs), have made great strides in the past decade [1–3]. 

Commercial LIBs can store energy densities of 150–200 Wh kg−1 [4,5]. However, their 

power output (<1 kW kg 1) and lifetime (<10−3 times) are not as satisfactory as expected 

[6,7]. Conversely, EDLCs can achieve power densities and lifetimes of >5000 W kg−1 and 

>100 000 cycles, respectively [8,9]. However, the energy densities in EDLC with organic 

electrolytes are less than 10 Wh kg−1 [10–12]. Therefore, combining the high energy density 

of batteries and the high power density and cycle life of EDLCs, hybrid lithium-ion capac-

itors (LIC) have received great attention in recent years [13–15].  

In recent years, many efforts have been made to obtain higher energy-density LIC 

devices for fabrication, cathode and anode electrode material synthesis and electrolyte 

synthesis. Capacitor-type cathode materials are mainly composed of carbon-based mate-

rials such as activated carbon [16], template carbon [17], graphene [18], and their compo-

sites. Graphene-based carbon materials are widely used in LIC cathodes due to their 

unique two-dimensional structure, porous structure, superior electrical conductivity, and 
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much larger specific capacitance. However, Graphene sheets can severely aggregate and 

reaccumulate, decreasing capacity after several charge/discharge cycles. There have been 

many efforts to solve this issue, and one effective method is to form 3D nanostructures by 

using carbon nanotubes as spacers in the graphene sheet layers. This structure can provide 

enough space for charge storage and numerous paths for ion transport [19,20]. For exam-

ple, Xiao and co-workers prepared graphene/CNT 3D composite structural materials us-

ing microwave irradiation. When used as the cathode and anode of LIC, graphene/CNT 

showed a high energy density of 232.6 Wh kg−1 at 226.0 W kg−1 [21].  

The other factor that affects energy density and power density is the mismatch in 

kinetics between the cathode and anode. Generally, the anode kinetics based on Li-ion 

intercalation/ deintercalation is much slower than the cathode based on the EDLC model, 

leading to lower energy densities at relatively high power densities [22]. This means that 

when the power density is high, the energy density is low. Therefore, finding an electro-

lyte that matches the kinetics of the cathode and anode is vital to address the high energy 

and power density demands of LICs. Li[N(C2F5SO2)2] (LiBETI) has superior ionic conduc-

tivity and capacity retention compared to conventional LiPF6 used in lithium-ion batteries 

[23]. In an LIC, superior ionic conductivity provides the reaction kinetics, and LiBETI can 

also maintain the stability of the anode after pre-lithiation. So far, few reports have inves-

tigated using LiBETI as an electrolyte for lithium-ion capacitors. 

In this work, a 3D porous structure is achieved using SWCNTs as spacers inserted into 

the graphene sheets. It can effectively prevent the stacking of graphene sheets. The synthe-

sized graphene/SWCNT composite is used as the LIC cathode, and the pre-lithiated graphite 

is used as the anode to assemble a three-electrode system LIC device. The results show that 

using LiBETI as the electrolyte, the LIC devices have better conductivity and higher specific 

capacity than the general lithium salt electrolyte, such as lithium hexafluorophosphate 

(LiPF6) and lithium difluorosulfimide (F2LiNO4S2 or LiFSI). Analyzing the anode potential 

in the three-electrode system shows that the anode potential remains almost constant at all 

charge and discharge voltages (at 3.8–4.5 V). It indicates that LiBETI can make the anode 

form a stable SEI film. As will be described in detail in this report, the hybrid LIC device has 

a high energy density of up to 182 Wh kg−1 and a 2678 W kg−1 power density at 4.5 V. At a 

current density of 2A g−1, the capacity retention rate is 72.7% after 10,000 cycles.  

2. Materials and Methods 

2.1. Materials 

2.1.1. Reagents 

Graphite flakes with a size of about 10 μm were purchased from NSC, Japan. Hydra-

zine hydrate was purchased from Wako Pure Chemical Industries, Tokyo, Japan. The sin-

gle-walled carbon nanotube was purchased from Nippon Zeon Co., Ltd. (Tokyo, Japan). 

The anode electrode material P5B was purchased from Nippon Carbon Co., Ltd. (Tokyo, 

Japan) The electrode film conductive agent, Ketjen Black, was purchased from Nippon 

Ketjen Co., Ltd. (Tokyo, Japan) The electrode film binders polyvinylidene difluoride 

(PVDF) and the electrolytes lithium salt used lithium hexafluorophosphate (LiPF6), lith-

ium difluorosulfimide (LiFSI), and LiBETI from Tokyo Chemical Industry Co., Ltd. (To-

kyo, Japan) The solvent ethylene carbonate (EC) and diethyl carbonate (DEC) were from 

Tokyo Chemical Industry Co., Ltd.  

2.1.2. Synthesis of the Graphene/CNT Composite 

Graphene oxide (GO) was synthesized from graphite flakes using a modified Hum-

mers method. Details of the method have been reported in our previous publications [24]. 

5 g of natural graphite, 3.75 g of NaNO3, and 310.5 g of H2SO4 were placed in a beaker and 

stirred in an ice bath at 0 °C for 30 min. Under stirring, 22.5 g of KMnO4 was slowly added 

to the above solution, and the temperature was kept below 10 °C. The resulting mixture 

was then stirred at room temperature for 2 days, after which 1 L of concentrated H2SO4 
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was added dropwise over a 1 h period. The mixture was stirred until it cooled down. After 

that, 150 g of H2O2 (30%, Aldrich, Tokyo, Japan) was added to the mixture to change the 

color of the suspension from reddish brown to yellow. Specifically, after obtaining the GO 

solution, the GO suspension was diluted with 0.1 mol L−1 HCl, centrifuged five times, di-

luted with deionized water, and continuously centrifuged (30,000 rpm/min) until the pH 

of the supernatant reached 7 to remove impurities. Graphene/SWCNT composites were 

prepared by mixing SWCNT and GO in the ultrasonic rod. The SWCNT was well dis-

persed in GO suspension and reduced by adding hydrazine hydrate for 24 h. The mixture 

was then filtered to obtain graphene/SWCNT slurry. The mixture suspension was then 

filtered to obtain an SG slurry. Subsequently, the slurry was washed with distilled water 

and vacuum-dried to obtain the SG composite as dry powder. Pure graphene without 

adding carbon tubes was also produced using the same method. 

2.2. Material Characterization 

The morphology and structure of the synthesized graphene/SWCNT were character-

ized using scanning electron microscopy (SEM, JSM-7001F, JEOL, Tokyo, Japan) and 

transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan). In addition, the 

structure was investigated with powder X-ray diffraction (XRD, Rigaku SmartLab (Kyoto, 

Japan), Cu-Kα radiation, λ = 1.5418 Å). The functional groups on GO and graphene were 

characterized by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Quantera SXM, 

Kanagawa, Japan) and Fourier transform infrared spectroscopy (FTIR, Shimadzu, 

IRTracer-100, Kyoto, Japan). Raman spectroscopy (RAMAN-11 with a 532 nm laser 

source, Nanophoton) was used to analyze the D-band and G-band peaks associated with 

the graphite structure in the composites. Nitrogen adsorption–desorption data 

(Quantachrome Autosorb iQ) were collected to calculate the specific surface area using the 

Brunauer–Emmett–Taylor (BET) method and density Functional Theory (DFT) calcula-

tions to obtain the pore size distribution. 

2.3. Electrochemical Measurement 

The three-electrode system’s working electrode (cathode) is graphene/SWCNT, the coun-

ter electrode (anode) is graphite, and the reference electrode is lithium foil. All the electrodes 

were prepared using the traditional slurry electrode fabrication route and dried in a vacuum. 

The cathode and anode were made with 85 wt% active materials, 10 wt% of PVDF, and 5% 

Ketjen Black. The anode electrode material was coated on a porous copper foil and the cathode 

electrode material was coated on an aluminum foil. The lithium foil was fixed to the copper 

foil as a reference electrode by pressing it with a roller. Next, 1 mol/L electrolyte was prepared 

with LiPF6/LiFSI/LiBETI as lithium salt solute and EC and DEC (EC/DEC 1:1, v/v) mixed so-

lution as solvent. To explore the cathode capacity, a symmetrical EDLC pouch cell was assem-

bled using the above electrolyte and a 25-micron cellulose separator. Pre-lithiated graphite 

anode: the graphite electrode was connected to the lithium electrode to form a half cell, which 

was discharged to 0.08 V at 20 mA g−1 and then kept at the potential for 30 h to reach the 

lithiated state. To prevent over-discharge of the anode, the LIC was tested at a potential of 

2.2~4.5 V. Electrochemical impedance spectroscopy (EIS) measurement was also performed 

over a frequency range from 20 kHz to 0.2 Hz. All electrochemical tests were performed using 

an electrochemical workstation (Biologic VSP-300). 

The specific capacitance, energy density, and power density of the material were cal-

culated from the constant current charge/discharge curve at different current densities. 

Electrode mass calculates the total mass of the cathode and anode. The calculation formula 

is as follows: 

∁=
𝐼 × 𝑡

𝑚 × ∆𝑉
 (1) 

where I is the discharge current, m is the cathode’s and anode’s total active mass, t is the 

discharge time, and ΔV is the voltage difference between charge and discharge. 
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The formula for calculating energy density (E Wh kg−1) and power density (W kg−1) 

is as follows: 

𝐸 = ∫ 𝐼𝑉𝑑𝑡
𝑡2

𝑡1

=
1

2
𝐶(𝑉𝑚𝑎𝑥＋𝑉𝑚𝑖𝑛)(𝑉𝑚𝑎𝑥−𝑉𝑚𝑖𝑛) (2) 

𝑃 =
𝐸

𝑡
 (3) 

where 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 are the values of voltage at the end and the start of the discharge 

process. 

3. Results and Discussion 

To investigate the morphology of the synthesized graphene/SWCNT and whether the 

SWCNTs were efficiently inserted into the graphene sheets, TEM and SEM of graphene ox-

ide, graphene, and graphene/SWCNT was carried out, respectively. Figure 1a shows that 

the graphene oxide microstructure is relatively flat. After chemical reduction, graphene (Fig-

ure 1b) exhibits multiple wrinkles and stacking, making it disadvantageous for ion transport 

in electrochemical reactions. With the addition of single-walled carbon tubes (Figure 1c), it 

is observed that the graphene state is re-flattened. Moreover, the single-walled carbon tubes, 

which are very difficult to disperse as nanostructures, are also uniformly distributed among 

the graphene sheets (Figure 1 c,d). This phenomenon occurs because the three-dimensional 

(3D) network-structured graphene/SWCNT composites reduce the re-stacking. 

 

Figure 1. TEM image of (a) graphene oxide, (b) graphene, (c) graphene/SWCNT, and SEM image of 

(d) graphene/SWCNT. 

To further explore the microstructure of graphene/SWCNT composites, the XRD re-

sults are shown in Figure 2a. Graphene oxide (GO) has the smallest diffraction angle and 

the smallest half-peak width, and is inferred to have the largest layer spacing. This is due 

to the preparation of GO using the oxidation method, which has functional groups such 

as hydroxyl and carboxyl on the surface of graphene oxide. The (002) diffraction peak of 

graphene/SWCNT is centered at 2θ = 24.2°, which is slightly shifted to a lower angle com-

pared to graphene (2θ = 23.9°), suggesting that the addition of SWCNT slightly increases 

the layer spacing of graphene. FT-IR spectra (Figure 2b) show that graphene oxide has 

more functional groups than graphene, such as C-O, C=O, and -OH, on the surface, which 

is consistent with the XRD results. After co-reduction, there are almost no functional 
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groups on graphene/SWCNT composites, indicating that graphene is sufficiently reduced. 

In Raman spectroscopy, the G peak at ~1580 cm−1 represents the material’s carbonization 

degree, and the D peak at ~1350 cm−1 represents the defects and disordered structure in 

the hexagonal lattice of graphene. The D and G peaks’ intensity ratio (ID/IG) can usually 

be used to assess the degree of defects in carbon materials [25]. Figure 2c shows the Raman 

spectra of GO and graphene/SWCNT. Due to the removal of oxygen-containing functional 

groups, graphene restores the structure of the hexagonal lattice [26]. Thus, the G peak 

moves from 1592 cm−1 for GO to 1573 cm−1 for graphene/SWCNT. Compared to the ID/IG 

value of 1.03 for GO, the ID/IG ratio of reduced graphene/SWCNT increases to 1.31, indi-

cating that more lattice defects are introduced during the reduction process. Although the 

reduced graphene restores the conjugated sp2 carbon structure, some vacancies are left at 

the positions bound to the carbon atoms with the removal of oxygen-containing functional 

groups. These defects eventually lead to an increase in the ID/IG value [27].  

 

Figure 2. (a) XRD patterns of GO, graphene, and graphene/SWCNT; (b) FT-IR spectra of GO and 

graphene/SWCNT; (c) Raman spectra of GO and graphene/SWCNT showing the D-band and G-

band; (d) XPS spectra of graphene/SWCNT. (e) analysis of C1s XPS of graphene/SWCNT. (f) Nitro-

gen adsorption/desorption isotherms of graphene and graphene/SWCNT. 

XPS (Figure 2d) experiments were carried out to verify the functional group content 

of the graphene/SWCNT surface. The C1s peak was split, and the fitted curve is shown in 

Figure 2e. At 284.4 eV, significantly firm peaks were attributed to the graphite carbon (C-

C/C=C bond). The weak peaks at 285.2 eV and 288.0 eV, 290.7 eV are due to C-O and C=O, 

π-π satellite bonds, respectively [28–30]. The π-π satellite bonds were caused by the 

shake-up process of the pi electrons of graphene and CNTs. The specific relative contents 

of each chemical bond are shown in Figure S1. The relative content of C-C/C=C bonds is 

as high as 94.01%. The other carbon–oxygen bonding contents were calculated to be 4.43% 

C-O and 1.56% C=O. The high content of carbon-carbon bonds implies that hydrazine ef-

fectively reduces GO to graphene. To characterize the variation in the specific surface area 

after SWCNT incorporation, nitrogen adsorption/desorption isotherms were obtained, 

and the results are shown in Figure 2f. According to the IUPAC classification, all the 

curves showed typical type IV isotherms [31], indicating the presence of micropores and 

mesopores. The surface areas of graphene/CNT and graphene were 512 m2 g−1 and 467 m2 



Nanomaterials 2024, 14, 45 6 of 13 
 

 

g−1, respectively. It is evident from the shape of the hysteresis loop that under high pres-

sure, graphene/SWCNT has a more mesoporous structure compared to graphene, indicat-

ing that the carbon nanotubes are effectively incorporated between the graphene sheets, 

preventing the graphene sheets from re-stacking. The graphene/SWCNT composite ex-

hibits a larger specific surface area, which is more beneficial for absorbing electrolytes and 

obtaining high-capacity cathode materials. 

LICs, as asymmetric electrochemical devices, have different charging and discharg-

ing mechanisms for the cathode and anode. LICs’ full cell capacity is related to cathode 

and anode capacity by the following equation, where C is the capacity. 

1

𝐶𝑐𝑒𝑙𝑙
=

1

𝐶cathode
＋

1

𝐶𝑎𝑛𝑜𝑑𝑒
 (4) 

Since the anode is pre-lithiated and has a capacity much larger than the cathode, the 

capacity of the LIC full cell depends on the cathode [32]. Therefore, we first investigated 

the non-Faradaic process of the cathode, which works similarly to EDLC. 

To evaluate the electrochemical behavior of graphene/SWCNT composites as cath-

odes with the LiBETI, LiFSI, and LiPF6 electrolyte, symmetric capacitor cells were assem-

bled (Figure S2). The cyclic voltammograms (CV) of the LiBETI capacitor within the po-

tential window of 0 to 2.0, 2.5, 3.0, 3.2, and 3.5 V are shown in Figure 3a. The CV curves 

are nearly rectangular. The galvanostatic current charge/discharge curve is shown in Fig-

ure 3b, and the specific capacitance at each voltage is calculated from the discharge curve, 

as shown in Figure 3c. With increasing voltage, the specific capacitance of gra-

phene/SWCNT can reach 123 F/g at 3.5 V. At a high voltage of 3.5 V, the charge/discharge 

curves remain parallel to those at low potentials, indicating that the electrolyte exhibits 

stable electrochemical performance at high voltages. In addition, the EIS (Figure 3d) was 

tested after charging and discharging at various voltages. The series resistance (Rs), de-

fined as the internal resistance of the electrode in the electrolyte, is typically taken from 

the high-frequency region of the Nyquist plot. The charge transfer resistance (Rct), meas-

ured between the electrode and electrolyte, is taken from the diameter in the Nyquist plot 
[33,34] with the voltage increasing from 2.0 V to 3.5 V, The Rs is 6.6 Ω, 6.6 Ω, 6.7 Ω, 6.8 Ω, 

7.3 Ω. To explore the difference in electrochemical behavior between LiBETI and the com-

monly used LIC electrolyte LiPF6, LiFSI, the CV curves with scan rate 10 mV/s at 3.5 V are 

shown in Figure 3e. At a high voltage of 3.5 V, the CV curves of both LiPF6 and LiFSI 

cannot maintain a parallelogram, attributed to the polarization reaction of the electrolyte 

[35]. Therefore, LiBETI electrolytes can be used at higher voltages compared to LiPF6 and 

LiFSI. Compared to the rate performance of the three electrolytes shown in Figure 3f, it is 

proven that LiBETI has a larger specific capacitance and better rate performance. 
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Figure 3. Cathode electrochemical EDLC performance of graphene/SWCNT materials in different elec-

trolytes: (a) cyclic voltammograms (CV) curves in LiBETI with scanning rate 10 mV/s, (b) galvanostatic 

charge–discharge curves under different voltages in LiBETI, with 0.1 A/g (c) specific capacitance of 

graphene/SWCNT in LiBETI with different voltage, (d) EIS performance of the Nyquist plot under 

different voltage in LiBETI, (e) CV curves, and (f) rate performance in LiPF6, LiBETI, and LiFSI at 3.5 

V. 

In addition, the outstanding capacity (compared with the commercial active carbon ca-

pacity of 100 F/g at 3.0 V) of graphene/SWCNT composites in EDLC is attributed to their 

unique three-dimensional network structure. The main advantages of the composites are as 

follows: (1) the graphene/SWCNT composites have a large specific surface area and a rich 

mesoporous structure that can effectively absorb the electrolyte; (2) the use of single-walled 

carbon nanotubes as spacers prevents graphene from re-stacking; and (3) the integration of 

carbon tubes enhances the electrical and thermal conductivity of the composites. As discussed 

by Yuan et al., the electrical conductivity of SWCNT in its axial direction is very high, which 

makes SWCNT an excellent conductive binder in composites [19,36,37]. 

A three-electrode LIC full cell was assembled to characterize the electrochemical per-

formance. The cell structure was shown in Figure 4a. The mass ratio between the cathode 

and anode is 7:3. Lithium foil was used as the reference electrode, graphene/SWCNT as 

the cathode, and graphite (type P5B, pitch coated graphite) as the anode. The discharge 

curves for anode pre-lithiation are shown in Figure 4b. The graphite anode exhibits a 

higher capacity in LiBETI at the same pre-lithiation current and voltage (LiPF6: 452 mAh/g, 

LiFSI: 668 mAh/g, LiBETI: 700 mAh/g). In the LiBETI electrolyte, the electrode color 

change before and after pre-lithiation is shown in the illustration, and the electrode 

changes from black to brownish-yellow, which indicates that after pre-lithiation, the solid 

electrolyte interface (SEI) film is generated, and the Li ions are intercalated in the graphite 

[38,39]. To prevent anode over-discharge [40], the LIC has a discharge cutoff potential of 

2.2 V. We also set up experiments at different measurement potential with 2.2~3.8 V (com-

mercial LICs potential 2.2~3.8 V), 2.2~4.2 V, 2.2~4.5 V. First, in LiBETI, the shape of the CV 

curves (Figure 4c) is well maintained at different voltages for the LIC full cell, indicating 

the superior reversible property. As shown by the charge and discharge curves in Figure 

4d, the specific capacitance of LIC full cell with 3.8 V, 4.2 V, and 4.5 V at 0.1 A g−1 current 

density is calculated to 58 F g−1, 61 F g−1, and 85 F g−1, respectively. The cathode-specific 
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capacitance was calculated using the full cell, (Equation (4)), and it was found that the 

cathode-specific capacitance was 83 F/g, 88 F/g, 121 F/g, at 4.5 V in LiPF6, LiFSI, and 

LiBETI, respectively. This is consistent with its EDLC specific capacitance at 3.5 V. The 

rate performance is shown in Figure 4e. The specific values are shown in Table S1. It was 

found that in LIC full-cell devices, LiBETI electrolytes show the highest specific capaci-

tance and better rate performance. 

 

Figure 4. (a) Schematic diagram of LIC full cell structure. (b) Anode pre-lithiation discharge curves 

in different electrolytes to 0.08 V at 20 mA g−1. The inset shows the anode comparison before and 

after pre-lithiation in LiBETI electrolyte. The LIC full cell electrochemical performance: (c) CV 

curves in LiBETI with scanning rate 10 mV/s, (d) galvanostatic charge–discharge curves under dif-

ferent voltage in LiBETI, with 0.1 A/g. (e) Rate performance in LiPF6, LiBETI, and LiFSI at 2.2~4.5 V. 

(f) EIS performance of Nyquist curves in LiPF6, LiBETI, and LiFSI, and the inset shows the fitted 

circuit in LiBETI. 

To investigate the resistance of LIC full cells in LiPF6, LiFSI, and LiBETI, Figure 4f 

compares Nyquist curves. The slope LiBETI > LiPF6 > LiFSI in the low-frequency region 

indicates that LiBETI has the fastest ion diffusion rate and more optimal capacitive behav-

ior. In the high-frequency part, the arc radius in high-frequency area LiBETI < LiPF6 < 

LiFSI, indicating that the electrode has lower charge transfer resistance and a faster ion 

transfer rate in the LiBETI electrolyte. The equivalent circuit was fitted using EC-Lab; the 

included circuit is shown in the inset of Figure 4f, and the fitting result is shown in Figure 

S3. 

To investigate the electrochemical behavior of the cathode and anode further, a three-

electrode system was used to explore the potential changes in the cathode and anode. As 

shown in Figure 5, the potential of the anode remained constant as the charging voltage in-

creased during the charging and discharging process. When the voltage was increased to 4.5 

V, the anode potential was close to that achieved when charging to 3.8 V, with a drop of only 

0.01 V. From this phenomenon, it can be inferred that the generation of an anode SEI film was 

sufficiently stable. 
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Figure 5. Three-electrode LIC charge/discharge curve with lithium as a reference electrode. Cath-

ode, anode, and LIC full-cell potential at a current density of 0.1 A g−1 with different voltages (a) 3.8 

V; (b) 4.0 V; (c) 4.2 V; and (d) 4.5 V. 

To confirm whether the anode SEI film was stable, after 50 charging and discharging 

cycles at 2.2–4.5 V voltage, we performed an SEM test on the anode electrode film to con-

firm the surface morphology of the electrode film. The anode in the LiPF6 electrolyte (Fig-

ure 6a) was arranged evenly and the graphite block with the size about 3–6 μm. However, 

compared with the graphite anode in LiPF6, in LiFSI, the surface of the anode graphite 

material was not flat, and cracks were observed in Figure 6b) [41]; the size of the block did 

not change significantly, indicating that the anode deteriorated in the LiFSI electrolyte as 

a result of high voltage cycling. Significantly, a dense SEI film was generated on the anode 

surface in the LiBETI electrolyte, which can be observed in Figure 6c. It was also verified 

that the LiBETI electrolyte can help to form a stable SEI film during the anode prelithiation 

process. As shown in Figure 6d, the LIC full cell presents a typical hybrid charging and 

discharging mechanism that combines battery and capacitor energy storage. During 

charging, anions (BETI-) in the electrolyte are adsorbed to the cathode due to electrostatic 

interaction, and Li+ intercalates into the anode. When the cell is discharged from the max-

imum voltage, the BETI- ions desorb from the cathode and the Li+ ions de-intercalate from 

the anode into the electrolyte. In LIC, lithium storage in graphite is achieved through in-

tercalation between graphite layers, and the LiCx structure is shown in Figure 6e.  
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Figure 6. SEM images of graphite anode film after 50 cycles (a) with LiPF6, (b) with LiFSI, (c) with 

LiBETI, (d) charge and discharge mechanism schematic in LIC, and (e) schematic diagram of graph-

ite anode structure after pre-lithiation. 

The power density and energy density of the graphene/SWCNT LIC are shown in 

Figure 7a in comparison with the previously reported LICs. With the potential of 2.2–4.5 

V, it can be revealed that the graphene/SWCNT LIC achieves a high energy density of 

182.6 Wh kg−1 at a power density of 2678.0 W kg−1. Even at a high-power density of 23,437.1 

W kg−1, the graphene/SWCNT LIC maintains a high energy density of 102.7 Wh kg−1, 

which exhibits excellent rate performance. Compared with others’ work, for example, the 

previous work Graphene ‖ Graphene/SnO2 LIC shows a density of 186.0 Wh kg−1 at a 

power density of 146.3 W kg−1. It offers a similar energy density to us, but the power den-

sity is much lower. The specific energy density and power density values of other works 

are in Table S2 [42–45]. Moreover, the cycling performance of the assembled gra-

phene/SWCNT LIC was also investigated (Figure 7b). It showed excellent cycling stability 

at high voltage from 2.2 to 4.5 V with a current density of 2 A g−1 and exhibited a high-

capacity ratio of 72.7% after 10,000 cycles, which was attributed to the stabilized anode 

SEI film that kept the anode potential constant and stabilized the LIC voltage window at 

high potential. The assembled high-voltage, high-energy-density LICs show broad pro-

spects for practical applications. 

 

Figure 7. (a) Ragone plot of graphene/SWCNT LIC with LiBETI in comparison with previously re-

ported LICs, (b) cycle performance of graphene/SWCNT LIC with LiBETI in 2.2~4.5 V. 
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4. Conclusions 

In conclusion, we synthesized graphene/SWCNT 3D structure nanocomposites, in 

which SWCNT effectively prevents graphene re-stacking and provides a large specific 

surface area, which offers additional active sites for ion adsorption. The three-electrode 

system was explored to investigate LiBETI as an electrolyte with high conductivity and 

excellent electrochemical and mechanical stability. As a result, the asymmetric LIC device 

assembled using graphene/SWCNT as the cathode and pre-lithiated graphite as the anode 

has a specific capacitance of up to 85 F g−1 and maintains a capacity retention of up to 72% 

after 10,000 cycles. In addition, it exhibits a maximum energy density of 182.6 Wh kg−1 at 

a power density of 2678.0 W kg−1. Significantly, this work opens up a new avenue for the 

practical application of low-cost, advanced carbon materials for next-generation energy-

storage technologies. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/nano14010045/s1, Figure S1: The specific relative contents of 

each chemical bond of graphene/SWCNT. Figure S2: Schematic diagram of symmetrical capacitor 

structure. Table S1: Specific capacitance of LIC in different electrolytes with different current densi-

ties. Figure S3: LIC fitting equivalent circuit in LiBETI electrolyte. Table S2: The performance of the 

previously reported LICs comparison to Graphene/SWCNT LIC. 

Author Contributions: H.Y.: conceptualization, investigation, formal analysis, visualization, writing—

original draft. J.T.: conceptualization, formal analysis, writing—review and editing, supervision, pro-

ject administration, funding acquisition. K.Z.: visualization, validation, writing—review and editing. 

S.L.: formal analysis, visualization. G.X.: visualization. L.-C.Q.: formal analysis, visualization, writ-

ing—review and editing. All authors have read and agreed to the published version of the manuscript. 

Funding: A part of this work was supported by the NIMS Electron Microscopy Analysis Station, the 

Nanostructural Characterization Group, and by the NIMS Microstructural Characterization Plat-

form as a program of the “Nanotechnology Platform” of the Ministry of Education, Culture, Sports, 

Science and Technology (MEXT), Japan 

Data Availability Statement: Data are contained within the article or Supplementary Materials. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Choi, N.S.; Chen, Z.; Freunberger, S.A.; Ji, X.; Sun, Y.K.; Amine, K.; Yushin, G.; Nazar, L.F.; Cho, J.; Bruce, P.G. Challenges facing 

lithium batteries and electrical double-layer capacitors. Angew. Chem. Int. Ed. 2012, 51, 9994–10024. 

2. Wang, Y.; Song, Y.; Xia, Y. Electrochemical capacitors: Mechanism, materials, systems, characterization and applications. Chem. 

Soc. Rev. 2016, 45, 5925–5950. 

3. Zhou, L.; Zhang, K.; Hu, Z.; Tao, Z.; Mai, L.; Kang, Y.M.; Chou, S.L.; Chen, J. Recent developments on and prospects for electrode 

materials with hierarchical structures for lithium-ion batteries. Adv. Energy Mater. 2018, 8, 1701415. 

4. Manthiram, A. An outlook on lithium ion battery technology. ACS Cent. Sci. 2017, 3, 1063–1069. 

5. Xin, S.; You, Y.; Wang, S.; Gao, H.-C.; Yin, Y.-X.; Guo, Y.-G. Solid-state lithium metal batteries promoted by nanotechnology: 

Progress and prospects. ACS Energy Lett. 2017, 2, 1385–1394. 

6. Choi, J.W.; Aurbach, D. Promise and reality of post-lithium-ion batteries with high energy densities. Nat. Rev. Mater. 2016, 1, 16013. 

7. Ruiz, V.; Pfrang, A.; Kriston, A.; Omar, N.; Van den Bossche, P.; Boon-Brett, L. A review of international abuse testing standards 

and regulations for lithium ion batteries in electric and hybrid electric vehicles. Renew. Sustain. Energy Rev. 2018, 81, 1427–1452. 

8. Han, P.; Xu, G.; Han, X.; Zhao, J.; Zhou, X.; Cui, G. Lithium ion capacitors in organic electrolyte system: Scientific problems, 

material development, and key technologies. Adv. Energy Mater. 2018, 8, 1801243. 

9. Muzaffar, A.; Ahamed, M.B.; Deshmukh, K.; Thirumalai, J. A review on recent advances in hybrid supercapacitors: Design, 

fabrication and applications. Renew. Sustain. Energy Rev. 2019, 101, 123–145. 

10. Zhai, Y.; Dou, Y.; Zhao, D.; Fulvio, P.F.; Mayes, R.T.; Dai, S. Carbon materials for chemical capacitive energy storage. Adv. Mater. 

2011, 23, 4828–4850. 

11. Salunkhe, R.R.; Lee, Y.H.; Chang, K.H.; Li, J.M.; Simon, P.; Tang, J.; Torad, N.L.; Hu, C.C.; Yamauchi, Y. Nanoarchitectured 

graphene-based supercapacitors for next-generation energy-storage applications. Chem.—A Eur. J. 2014, 20, 13838–13852. 

12. Liu, W.; Zhang, X.; Xu, Y.; Wang, L.; Li, Z.; Li, C.; Wang, K.; Sun, X.; An, Y.; Wu, Z.S. 2D Graphene/MnO Heterostructure with Strongly 

Stable Interface Enabling High-Performance Flexible Solid-State Lithium-Ion Capacitors. Adv. Funct. Mater. 2022, 32, 2202342. 

13. Sun, Y.; Tang, J.; Qin, F.; Yuan, J.; Zhang, K.; Li, J.; Zhu, D.-M.; Qin, L.-C. Hybrid lithium-ion capacitors with asymmetric 

graphene electrodes. J. Mater. Chem. A 2017, 5, 13601–13609. 



Nanomaterials 2024, 14, 45 12 of 13 
 

 

14. Li, X.; Sun, M.; Xu, C.; Zhang, X.; Wang, G.; Tian, Y.; Zhu, G. Fast Kinetic Carbon Anode Inherited and Developed from Architectural 

Designed Porous Aromatic Framework for Flexible Lithium Ion Micro Capacitors. Adv. Funct. Mater. 2023, 33, 2300460. 

15. Wang, J.; Meng, Q.; Zhou, X.; Li, X.; Yang, J.; Tang, J.; Zhang, Y. Bamboo-derived flake-layer hierarchically porous carbon 

coupling nano-Si@ porous carbon for advanced high-performance Li-ion capacitor. J. Energy Storage 2023, 63, 107044. 

16. Wang, Q.; Liu, F.; Jin, Z.; Qiao, X.; Huang, H.; Chu, X.; Xiong, D.; Zhang, H.; Liu, Y.; Yang, W. Hierarchically divacancy defect 

building dual-activated porous carbon fibers for high-performance energy-storage devices. Adv. Funct. Mater. 2020, 30, 2002580. 

17. Banerjee, A.; Upadhyay, K.K.; Puthusseri, D.; Aravindan, V.; Madhavi, S.; Ogale, S. MOF-derived crumpled-sheet-assembled 

perforated carbon cuboids as highly effective cathode active materials for ultra-high energy density Li-ion hybrid 

electrochemical capacitors (Li-HECs). Nanoscale 2014, 6, 4387–4394. 

18. Lee, J.H.; Shin, W.H.; Lim, S.Y.; Kim, B.G.; Choi, J.W. Modified graphite and graphene electrodes for high-performance lithium 

ion hybrid capacitors. Mater. Renew. Sustain. Energy 2014, 3, 22. 

19. Yuan, W.; Zhang, Y.; Cheng, L.; Wu, H.; Zheng, L.; Zhao, D. The applications of carbon nanotubes and graphene in advanced 

rechargeable lithium batteries. J. Mater. Chem. A 2016, 4, 8932–8951. 

20. Kim, Y.; Woo, S.C.; Lee, C.S.; Park, J.S.; Seo, H.; Kim, J.-H.; Song, J.H. Electrochemical investigation on high-rate properties of 

graphene nanoplatelet-carbon nanotube hybrids for Li-ion capacitors. J. Electroanal. Chem. 2020, 863, 114060. 

21. Xiao, Y.; Liu, J.; He, D.; Chen, S.; Peng, W.; Hu, X.; Liu, T.; Zhu, Z.; Bai, Y. Facile synthesis of graphene with fast ion/electron 

channels for high-performance symmetric lithium-ion capacitors. ACS Appl. Mater. Interfaces 2021, 13, 38266–38277. 

22. Li, C.; Wu, W.; Zhang, S.; He, L.; Zhu, Y.; Wang, J.; Fu, L.; Chen, Y.; Wu, Y.; Huang, W. A high-voltage aqueous lithium ion 

capacitor with high energy density from an alkaline–neutral electrolyte. J. Mater. Chem. A 2019, 7, 4110–4118. 

23. Péter, L.; Arai, J. Anodic dissolution of aluminium in organic electrolytes containing perfluoroalkylsulfonyl imides. J. Appl. 

Electrochem. 1999, 29, 1053–1061. 

24. Zhang, F.; Tang, J.; Shinya, N.; Qin, L.-C. Hybrid graphene electrodes for supercapacitors of high energy density. Chem. Phys. 

Lett. 2013, 584, 124–129. 

25. Li, W.; Yang, X.; Chen, Z.; Lv, T.; Wang, X.; Qiu, J. Synthesis and structure regulation of armor-wearing biomass-based porous 

carbon: Suppression the leakage current and self-discharge of supercapacitors. Carbon 2022, 196, 136–145. 

26. Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-based ultracapacitors. Nano Lett. 2008, 8, 3498–3502. 

27. Lin, S.; Tang, J.; Zhang, K.; Chen, Y.; Gao, R.; Yin, H.; Qin, L.-C. Tuning oxygen-containing functional groups of graphene for 

supercapacitors with high stability. Nanoscale Adv. 2023, 5, 1163–1171. 

28. Kuang, B.; Song, W.; Ning, M.; Li, J.; Zhao, Z.; Guo, D.; Cao, M.; Jin, H. Chemical reduction dependent dielectric properties and 

dielectric loss mechanism of reduced graphene oxide. Carbon 2018, 127, 209–217. 

29. Chen, S.; Gao, W.; Chao, Y.; Ma, Y.; Zhang, Y.; Ren, N.; Chen, H.; Jin, L.; Li, J.; Bai, Y. Low temperature preparation of pore 

structure controllable graphene for high volumetric performance supercapacitors. Electrochim. Acta 2018, 273, 181–190. 

30. Al-Gaashani, R.; Najjar, A.; Zakaria, Y.; Mansour, S.; Atieh, M. XPS and structural studies of high quality graphene oxide and 

reduced graphene oxide prepared by different chemical oxidation methods. Ceram. Int. 2019, 45, 14439–14448. 

31. Guan, T.; Zhao, J.; Zhang, G.; Wang, J.; Zhang, D.; Li, K. Template-free synthesis of honeycomblike porous carbon rich in specific 

2–5 nm mesopores from a pitch-based polymer for a high-performance supercapacitor. ACS Sustain. Chem. Eng. 2018, 7, 2116–2126. 

32. Naderi, R.; Shellikeri, A.; Hagen, M.; Cao, W.; Zheng, J. The influence of anode/cathode capacity ratio on cycle life and potential 

variations of lithium-ion capacitors. J. Electrochem. Soc. 2019, 166, A2610. 

33. Guo, N.; Luo, W.; Guo, R.; Qiu, D.; Zhao, Z.; Wang, L.; Jia, D.; Guo, J. Interconnected and hierarchical porous carbon derived 

from soybean root for ultrahigh rate supercapacitors. J. Alloys Compd. 2020, 834, 155115. 

34. Li, Y.; Liu, Y.; Wang, M.; Xu, X.; Lu, T.; Sun, C.Q.; Pan, L. Phosphorus-doped 3D carbon nanofiber aerogels derived from 

bacterial-cellulose for highly-efficient capacitive deionization. Carbon 2018, 130, 377–383. 

35. Aida, T.; Murayama, I.; Yamada, K.; Morita, M. Analyses of capacity loss and improvement of cycle performance for a high-

voltage hybrid electrochemical capacitor. J. Electrochem. Soc. 2007, 154, A798. 

36. Paulson, S.; Helser, A.; Nardelli, M.B.; Taylor, R.; Falvo, M.; Superfine, R.; Washburn, S. Tunable resistance of a carbon nanotube-

graphite interface. Science 2000, 290, 1742–1744. 

37. Yu, D.; Dai, L. Self-assembled graphene/carbon nanotube hybrid films for supercapacitors. J. Phys. Chem. Lett. 2010, 1, 467–470. 

38. Forney, M.W.; Ganter, M.J.; Staub, J.W.; Ridgley, R.D.; Landi, B.J. Prelithiation of silicon–carbon nanotube anodes for lithium 

ion batteries by stabilized lithium metal powder (SLMP). Nano Lett. 2013, 13, 4158–4163. 

39. Gourdin, G.; Smith, P.H.; Jiang, T.; Tran, T.N.; Qu, D. Lithiation of amorphous carbon negative electrode for Li ion capacitor. J. 

Electroanal. Chem. 2013, 688, 103–112. 

40. Ouyang, D.; Chen, M.; Liu, J.; Wei, R.; Weng, J.; Wang, J. Investigation of a commercial lithium-ion battery under 

overcharge/over-discharge failure conditions. RSC Adv. 2018, 8, 33414–33424. 

41. Scandurra, A.; Ruffino, F.; Censabella, M.; Terrasi, A.; Grimaldi, M.G. Dewetted gold nanostructures onto exfoliated graphene 

paper as high efficient glucose sensor. Nanomaterials 2019, 9, 1794. 

42. Lee, J.H.; Shin, W.H.; Ryou, M.-H.; Jin, J.K.; Kim, J.; Choi, J.W. Functionalized Graphene for High Performance Lithium Ion 

Capacitors. ChemSusChem 2012, 5, 2328–2333. 

43. Yang, Y.; Lin, Q.; Ding, B.; Wang, J.; Malgras, V.; Jiang, J.; Li, Z.; Chen, S.; Dou, H.; Alshehri, S.M. Lithium-ion capacitor based 

on nanoarchitectured polydopamine/graphene composite anode and porous graphene cathode. Carbon 2020, 167, 627–633. 



Nanomaterials 2024, 14, 45 13 of 13 
 

 

44. Xiao, Z.; Zhao, L.; Yu, Z.; Zhang, M.; Li, S.; Zhang, R.; Ayub, M.; Ma, X.; Ning, G.; Xu, C. Multilayered graphene endowing 

superior dispersibility for excellent low temperature performance in lithium-ion capacitor as both anode and cathode. Chem. 

Eng. J. 2022, 429, 132358. 

45. Ajuria, J.; Arnaiz, M.; Botas, C.; Carriazo, D.; Mysyk, R.; Rojo, T.; Talyzin, A.V.; Goikolea, E. Graphene-based lithium ion 

capacitor with high gravimetric energy and power densities. J. Power Sources 2017, 363, 422–427. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 

to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


