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Abstract MXene has given great promises to superca-

pacitor electrode material due to its high conductivity and

redox properties. However, the self-agglomeration of the

MXene lamella will reduce its contact area with the elec-

trolyte and generate a tortuous transportation pathway of

the electrolyte ions, thereby reducing its capacitive per-

formance and rate capability. In this work, we engineered

the electrolyte ion channels by adjusting the MXene

lamella size and inserting holey graphene (HG) nanosheets

into the interlayer of the MXene flakes. The developed

MXene/HG electrode can not only avoid the self-restack-

ing of MXene but also provide unimpeded ion transport

channels. As a result, the supercapacitive and rate perfor-

mances of the small MXene lamella-based MXene/HG (S-

MXene/HG) supercapacitor are prominently ameliorated.

By adjusting the content of HG, the S-MXene/HG0.05

electrode exhibits excellent gravimetric capacitance of 446

F�g-1 and a rate capability of 77.5%. The S-MXene/

HG0.05-based symmetric supercapacitor provides an

impressive energy density of 14.84 Wh�kg-1 with excellent

cyclic stability of 96% capacitance retention after 10,000

cycles. This demonstration of the engineering of the ion

channels shows great potential in two-dimensional mate-

rial-based supercapacitor electrodes.

Keywords MXene; Holey graphene; Supercapacitor; Ion

channel

1 Introduction

Among the supercapacitor electrode materials, Ti3C2Tx

MXene nanosheets have a series of advantages including

high flexibility, easy dispersion in water, high pseudo-ca-

pacitance activity originated from the fast surface redox

reactions capacitance, leading to their huge potentials in

energy storage devices [1–4]. So far, MXene-based elec-

trodes have been fabricated via various methods including

vacuum filtration [5], spray coating [6], electrophoretic

deposition (EPD) [7], spin coating [8], etc. Among these

preparation methods, the vacuum filtration method is

simpler and easier to obtain flexible MXene membranes.

However, it still remains challenging that the MXene flakes

are easy to self-agglomerate during the manufacturing

process, which causes the sluggish ion diffusion and poor

rate performances of the supercapacitor.

Inserting other conductive materials in MXene inter-

layer is an effective strategy to avoid the self-agglomera-

tion [9]. It has been demonstrated that the intercalation of

graphene sheets in the interlayer of MXene flakes can
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effectively inhibit the self-restacking of the MXene [10].

However, the graphene is an impermeable material that

cannot allow the electrolyte ions to permeate uprightly,

resulting in tortuous ion transport pathways in the MXe-

ne/graphene electrode, thereby affecting the rate perfor-

mance and capacitive properties of the MXene/graphene

electrodes. In this circumstance, Liu et al. used holey

graphene (HG) as a spacer to expand the interlayer of the

MXene and accelerate the diffusion of electrolyte ions,

improving the capacitance and rate performances of the

MXene electrodes [11]. However, the ion transmission

channels in the electrodes have not been scrupulously

steered.

In the MXene/graphene-based film electrode, desirable

electrochemical performances depend on fast access of the

electrolyte ions to the surface of the active materials. The

ion diffusion in the layer-by-layer MXene-based electrode

is contingent on the interlayer distance and intralayer dis-

tance of the MXene nanosheets, which can be engineered

by the amount of the holey graphene spacer and size of the

MXene nanosheets. Hence, the capacitive properties and

rate performances of the MXene/HG could be further

improved by gaining insight into the engineering of the

electrolyte ion transportation channels.

In this work, we precisely designed the ion channels by

engineering the size of monolayer MXene sheets and the

amount of HG nanosheets. The monolayer MXene sheets

with different sizes were achieved by different ultrasonic

methods, by which different sonication powers were

applied. Flexible and freestanding MXene/HG superca-

pacitor electrodes with different MXene sizes and HG

contents were obtained by a vacuum-assisted filtration

process. Tested as supercapacitor electrodes, the MXene/

HG with small size MXene sheets delivers the highest

gravimetric capacitance of 446 F�g-1 at 2 mV�s-1 and an

impressive rate capability with rate retention of 78%. In

addition, the symmetric MXene/HG supercapacitors

demonstrate desirable gravimetric energy density &

power density and remarkable cyclic ability, indicating its

great potential for superior capacitive energy storage

devices.

2 Experimental

2.1 Synthesis of MXene

Ti3C2Tx MXene was synthesized following the previously

reported process with some modification [12]. Briefly, 1 g

LiF powder (Macklin, 99.99%) and 1 g Ti3AlC2 powder

(Forsman Scientific, 98%,\ 38 lm) were successively

added to 20 ml 9 mol�L-1 HCl solution (Sinopharm

Chemical Reagent, 36 wt%–38 wt%) with an interval of

5 min, followed by stirring at 1000 r�min-1 for 24 h at

35 �C. Then, the mixture was centrifuged at 3500 r�min-1

for 5 min and rinsed with deionized (DI) water several

times until the pH reaches neutral. The mixture was fil-

trated to obtain the multilayer MXene powder and then

dried in air for 24 h. The yield of * 92% was obtained.

Afterward, an ultrasonic process was applied to form a

MXene dispersion with a concentration of 0.5 mg�ml-1

(25 mg multilayer MXene powder in 50 ml DI water) [13].

Monolayer MXene with an average flake size about 1.7 lm
was obtained from under bath sonication system (Scientz,

IID) at 35 kHz for 30 min, which is named as large MXene

(L-MXene). The monolayer MXene with small flakes of

about 0.4 lm was obtained with a probe sonication system

(Scientz, SB-4200 DTD) at 400 W for 30 min, which is

named as small MXene (S-MXene).

2.2 Synthesis of HG

The HG was synthesized according to our previous report

[14]. In brief, the GO aqueous dispersion, purchased from

Global Graphene Group (10 mg�ml-1), was diluted to

2 mg�ml-1. 0.1 ml H2O2 aqueous solution (Aladdin, 30%)

was added into 20 ml GO dispersion (2 mg�ml-1). After-

ward, the mixture was transferred to a 50 ml Teflon-lined

steel autoclave and reacted at 180 �C for 6 h. The above

mixture was filtrated and washed with DI-water several

times to remove the residual H2O2 and freeze-dried to

obtain the HG powder. The HG solution (1 mg�ml-1) was

obtained by dispersing 10 mg HG powder in 10 ml DI

water.

2.3 Fabrication of MXene/HG films

Firstly, 12.5 ll HG aqueous dispersion (1 mg�ml-1) was

added into a 50 ml MXene dispersion (0.5 mg�ml-1). The

volumes of the HG and MXene suspensions used for

preparing MXene/HG films with different mass ratios are

listed in Table S1. Then, the above mixtures were further

dispersed and mixed by a bath sonication system at 20 kHz

for 30 min. The MXene/HG solution was then vacuum-

filtered using a Nylon membrane filter (Whatman Ger-

many, 47 mm in diameter, 0.2 lm in pore size), followed

by a vacuum-drying treatment at 25 �C for 12 h. After

peeling from the Nylon membrane filter, a freestanding

MXene/HG film was obtained. The MXene/HG films are

denoted as L-MXene/HG and S-MXene/HG depending on

the flake size of the MXene. The MXene/HG films are

named as MXene/HG0.05 and MXene/HG0.10, respectively,

representing the HG mass ratio of 0.05 and 0.10 in the

MXene/HG film.
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2.4 Materials characterizations

Morphology of the films was observed by a scanning

electron microscope (SEM, HITACHI SU-8010). The

interlayer spacing was detected by X-ray diffraction (XRD,

X’Pert PRO MPD) with a 2h ranging from 5� to 90� and a

scanning speed of 5 (�)�min-1. Raman spectra were

recorded on a Horiba Scientific LabRAM HR Evolution

with a laser operating at 523 nm. The electrochemical

properties of the electrodes were characterized by an

electrochemical workstation (Biologic, VSP-300). The

surface area was measured by the Brunauer–Emmett–

Teller (BET) method, using nitrogen gas adsorption–des-

orption isotherms at 77 K.

2.5 Electrochemical measurements

A three-electrode system was equipped with 1 mol�L-1

H2SO4 aqueous electrolyte. The MXene-based films, an

Ag/AgCl (3 mol�L-1 KCl) electrode and a Pt plate were

used as working, reference and counter electrodes,

respectively. The operation potential was carried out from

-0.2 to 0.6 V. The symmetric supercapacitors were

assembled using two MXene/HG films with equal mass

loading and glass fiber as a separator, in which the opera-

tion potential window is applied at -0.5 to 0.5 V. The

electrochemical impedance spectroscopy (EIS) measure-

ments with a frequency range from 0.01 Hz to 100 kHz

were performed. The gravimetric specific capacitances

(Cm, F�g-1) from the galvanostatic charge/discharge

(GCD) curves were calculated by Eq. (1):

Cm ¼ It =DVm ð1Þ

where I is discharge current (A), t is discharge time (s), DV
is the potential change in discharge process (V), and m is

the mass of the working electrode (g) [15]. The gravimetric

capacitances (Cm, F�g-1) were calculated by Eq. (2):

Cm ¼ 1= 2mDVv r idV ð2Þ

where m represents the potential scan rate (mV�s-1), i is the

current (A), and $ idV is the integrated area of the enclosed

CV curves. The gravimetric energy density (Em, Wh�kg-1)

and power density (Pm, W�kg-1) of symmetric

supercapacitor were calculated based on Eqs. (3, 4):

Em ¼ CmDV
2= 2� 3:6 ð3Þ

Pm ¼ Em � 3600 =Dt ð4Þ

3 Results and discussion

The MXene was synthesized from Ti3AlC2 by selectively

etching the Al atoms by the LiF/HCl solution. After the

etching process, an obvious structure change from Ti3AlC2

to MXene can be observed in Fig. S1, in which the MXene

shows a delaminated structure. The delamination is caused

by the Al removal and the intercalation of Li? in the

interspacing. Then, the further exfoliation was realized by

sonication processes to fabricate MXene monolayers. Two

kinds of sonication systems, a probe sonication system and

a bath sonication system, were utilized to exfoliate the

MXene, in which the probe sonication system has a higher

energy output than the bath sonication system. As a result,

the monolayer MXene are obtained with small flake size

(* 0.4 lm) which is shattered by strong vibration of the

probe sonication system (Figs. 1a and S1). While large

flake size of 1.7 lm is obtained with a bath sonication

system (Figs. 1b and S1). Holes in the HG flakes are

formed by a hydrothermal treatment with H2O2 (Fig. 1c,

d). In addition, atomic force microscopy (AFM) images of

the MXene flakes in Fig. S2 exhibit a flat sheet morphol-

ogy, and the thicknesses are obtained as 1.7 nm (S-MXene)

and 1.9 nm (L-MXene), accordant with the thickness of the

monolayer MXene flakes. AFM analysis confirms the

successful synthesis of monolayer MXene with our

process.

The cross-sectional images of the MXene and MXene/

HG composite films are illustrated in Fig. 2a, b. All the

films exhibit similar layered structures with the thickness

of * 5 lm. The HG nanosheets are too small to be

observed and the addition of different ratios of HG does not

influence the stacked structure. In addition, the surfaces of

the MXene and MXene/HG films exhibit abundant wrin-

kles with no morphology change after inserting HG

nanosheets, as shown in Fig. S3. The bonding states and

crystalline structure of the MXene and MXene/HG films

were analyzed by Raman spectra and XRD patterns. As

shown in Fig. 2c, the A1g symmetry out-of-plane vibrations

of Ti and C atoms are represented by the modes at 199 and

720 cm-1, respectively. Meanwhile, the peaks at 281, 390

and 618 cm-1 represent the Eg group vibrations of Ti

atoms, C atoms and terminal group atoms, respectively.

After incorporating HG nanosheets, the two obvious broad

peaks at 1350 and 1582 cm-1 can be assigned to D and G

bands of graphitic carbon [16] indicating the existence of

holey graphene in the MXene/HG films.

Figure 2d shows XRD patterns of the MXene and the

MXene/HG films. XRD was carried out to characterize the

interlayer distance of the MXene and MXene/HG films, as

shown in Fig. 2d. The (002) diffraction peak of the pure

MXene film (L-MXene) appears at around 7.11�, indicating
the interlayer spacing of about 1.38 nm. After HG is

incorporated into the L-MXene interlayer, it is obvious that

XRD pattern of the L-MXene/HG films shows a left shift,

which proves that the interlayer spacing of the L-MXene/

HG film is expanded [17]. Meanwhile, the (002) diffraction
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Fig.1 SEM images of monolayer MXene nanoflakes with a small flake sizes and b large flake sizes; TEM images of c GO and d HG

Fig. 2 Cross-sectional SEM images of a1–a3 L-MXene and L-MXene/HG films and b1–b3 S-MXene and S-MXene/HG films;
c Raman spectra and d XRD patterns of MXene and MXene/HG films; e nitrogen adsorption and desorption isotherms of MXene and
MXene/HG; f BJH pore size distribution of MXene and MXene/HG
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peak of the pure MXene film (S-MXene) appears at around

6.76�, which refers to the interlayer spacing of 1.58 nm,

indicating a larger interlayer distance than that of

L-MXene. With the increase in the HG content, the (002)

diffraction peak also shows a left shift, referring to an

enlarged interlayer spacing and demonstrating the suc-

cessful intercalation of the HG in the MXene interlayers.

Figure S4a illustrates the densities of the pure MXene

and MXene/HG films. The density of the L-MXene is

similar to that of S-MXene, while the density of MXene/

HG films was decreased due to the involvement of the low-

density HG. However, the square electrical resistance of

the S-MXene film is higher than that of L-MXene due to

the pronounced contact resistance between the small flakes,

as shown in Fig. S4b. Moreover, the electrical resistance of

the MXene/HG films increases with the addition of HG

content derived from the high resistance of the HG [18].

Figure 2e characterizes the nitrogen adsorption and

desorption isotherms of the MXene and MXene/HG, con-

firming that S-MXene-based films provide higher specific

surface area than L-MXene-based films. Impressively,

S-MXene/HG0.05- and S-MXene/HG0.10-based films exhi-

bit representative ‘‘Type IV’’ hysteresis in the mesopore

region, indicating the existence of mesopores with a minor

fraction of micropores. This conclusion can also be

demonstrated by the pore size distribution obtained by the

Barrett-Joyner-Halenda (BJH) method in Fig. 2f. The

L-MXene-based films and S-MXene film have the similar

pore distribution, while the amount of the mesopores

increases sharply in S-MXene/HG0.05 and S-MXene/HG0.10

after the introduction of the HG in S-MXene. Therefore,

the S-MXene/HG0.05 and S-MXene/HG0.10 obtain high

BET surface area of 57.27 and 62.39 m2�g-1, respectively

(Fig. S5). BET result is consistent with XRD measurement

that the insertion of the HG flakes can avoid the lamellar

accumulation of MXene flakes and increase the interlayer

spacing so as to improve the specific surface area.

The electrochemical properties of the MXene and

MXene/HG films were tested in a three-electrode system in

a 1 mol�L-1 H2SO4 electrolyte. Firstly, the cyclic

voltammetry (CV) profiles are depicted in Fig. 3a at a scan

rate of 200 mV�s-1, where the redox peaks indicate the

pseudo-capacitive behavior of MXene in the MXene and

MXene/HG electrodes [19]. Obviously, the S-MXene/

HG0.05 exhibits the largest integration area, corresponding

to the highest gravimetric capacitance. The CV curves of

the MXene and MXene/HG films at scan rates from 2 to

500 mV�s-1 were tested to investigate their electrochemi-

cal properties (Fig. S6), and the specific capacitances are

plotted in Fig. 3b. Despite the capacitance, the S-MXene

also possesses better rate performance than the L-MXene.

The S-MXene shows high gravimetric capacitance of 357

F�g-1 at 2 mV�s-1 and 214 F�g-1 at 500 mV�s-1, with a

capacitance retention of 60%. However, the L-MXene

shows gravimetric capacitance of 228 F�g-1 at 2 mV�s-1

and 86 F�g-1 at 500 mV�s-1 with a capacitance retention of

only 38%. The small lamella has more defects, higher

specific surface area, and larger spacing between the

interlayers, thereby resulting in a higher capacitance and a

better capacitance retention. The addition of moderate HG

further enhances the gravimetric capacitance and rate

capabilities so that the L-MXene/HG0.05 demonstrates a

capacitance of 356 F�g-1 at 2 mV�s-1 with a retention of

65% at 500 mV�s-1, while the S-MXene/HG0.05 exhibits

the highest capacitance of 446 F�g-1 at the scan rate of

2 mV�s-1 as well as the highest capacitance retention of

77.5%. In addition, as shown in Table S2, the volumetric

capacitances of the electrodes are also significantly

enhanced after HG intercalation, and the S-MXene/HG0.05

electrode provides an impressive volumetric capacitance of

1274.16 F�cm-3.

In addition, the dynamic sweep voltammetry was

employed to analyze the surface control dynamics, and the

results are shown in Fig. 3c, d. The capacitive- and diffu-

sion-controlled capacitance contributions were determined

as follows:

i Vð Þ ¼ k1vþ k2v
1=2 ð5Þ

where the i (V) represents the current at a specific potential,

m is the voltage scan rate, k1m and k2m
1/2 are the capacitive

and diffusion-controlled current contributions, respectively

[20].

By calculating i (V)/v1/2 and v1/2 at different scanning

rates, the k1 values can be identified to determine the

fraction of the current originating from the capacitive-

controlled process. As shown in Fig. 3c, the capacitive

control capacitance (the shaded portion) at the scan rate of

200 mV�s-1 of the S-MXene/HG0.05 is determined by

synthetically calculating k1. Table S3 shows the capacitive-

controlled capacitances of the electrodes at the scan rate of

200 mV�s-1. It can be concluded that the capacitive-con-

trolled capacitance of the S-MXene/HG0.05 is the highest

(92.9%) and the capacitance of the MXene can be almost

fully utilized with the aid of HG by enlarging the inter-

spacing. Figure 3d illustrates the capacitive-controlled

capacitance components of the S-MXene/HG0.05 electrode

at different scan rates. The high capacitive contribution

reveals that the primary capacitance is contributed by the

capacitive control process.

To further study the electrochemical performances of

the MXene/HG-based electrodes, the symmetric superca-

pacitors were assembled based on MXene and MXene/HG

electrodes with glass fiber films as the separator in a

1 mol�L-1 H2SO4 aqueous electrolyte. The as-fabricated

device showcases a highly capacitive behavior, including a

rectangular CV shape and rapid current response upon
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voltage reversal, as shown in Fig. 4a. The CV curves of all

the MXene- and MXene/HG-based supercapacitors can

still maintain the shape even at a high scan rate up to

1000 mV�s-1 (Fig. S7). The gravimetric capacitance cal-

culated from the CV curves is plotted in Fig. 4b, showing

that the S-MXene film presents better capacitance and

capacitance retention than the L-MXene, coincident with

the result obtained from three-electrode CV analysis

(Fig. S8). Specially, the S-MXene/HG0.05-based superca-

pacitor shows the highest capacitance of 159 F�g-1 at the

scan rate of 20 mV�s-1 with a capacitance retention of

70.48% to the scan rate of 1000 mV�s-1.

Figure 4c shows GCD curves of the MXene and

MXene/HG films at the current density of 2 A�g-1. The

S-MXene/HG0.05 film shows the highest capacitance

referring from the longest discharge time in the GCD

curves, which is consistent with the CV analysis. Figure S9

shows the GCD curves of all the MXene- and MXene/HG-

based symmetric supercapacitors at different current den-

sities. The specific gravimetric capacitances of the MXene

and MXene/HG films are obtained at different current

densities (Fig. 4d), where the rate retention of the super-

capacitors are also presented in Fig. S10. The S-MXene/

HG0.05 shows the highest capacitance of 106.86 F�g-1 at

0.5 A�g-1 and 86.65 F�g-1 when the current density is up to

10 A�g-1. The rate retention of the S-MXene/HG0.05 film

increases from 62.9% to 81.1% (from 0.5 to 10.0 A�g-1)

with the addition of HG, presenting a better rate capability

than L-MXene and other MXene-based supercapacitors

[21].

The rate performances of the MXene and MXene/HG

electrodes can be explained by the schematic diagram of

the ion transportation in Fig. 4e. The electrolyte ions in the

L-MXene require a longer transportation pathway than in

the S-MXene. Inserting the HG between the MXene flakes

can effectively increase the choice of ion transport chan-

nels, in which the ions can permeate the HG through the

holes in HG, thereby enhancing the rate performances of

S-MXene/HG.

Figure 5a presents the electrochemical impedance

spectroscopy (EIS) with the Nyquist plot and equivalent

circuit of the MXene-based electrodes [22], where R1

Fig. 3 a CV profiles of pure MXene films and MXene/HG films at a scan rate of 200 mV�s-1; b gravimetric capacitance of MXene films
and MXene/HG films at different scan rates; c CV curve of S-MXene/HG0.05 at 200 mV�s–1, showing capacitive- (shaded) and
diffusion-controlled process; d capacitive- and diffusion-controlled capacitance contribution of S-MXene/HG0.05 at different scan rates
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represents the internal impedance (the first X-intercept), Rct

is the interfacial charge-transfer resistance (the diameter of

the semi-circle arc), W is the Warburg diffusional impe-

dance controlled by mass-transfer. The detailed fitting

results are presented in Table S4. The pure MXene film

shows a lower internal resistance than the MXene/HG

films, which can be attributed to the relatively high resis-

tance of HG derived from a plenty of defects (holes). The

addition of HG avoids the self-accumulation of MXene and

provides more ion penetration channels. Therefore, the

interfacial charge-transfer resistance of the MXene/HG

films is evidently lower than that of MXene films,

Fig. 4 Electrochemical characterizations of MXene and MXene/HG based symmetric supercapacitors: a CV profiles at a scan rate of
200 mV�s-1; b gravimetric capacitances at different scan rates; c GCD curves at current density of 2 A�g-1; d gravimetric
capacitances at different current densities; e schematic diagram of electrolyte ion transportation pathway in MXene and MXene/HG
films
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demonstrating faster ion transportation in the MXene/HG

electrodes after embedding the HG. The intersection point

of a line with an inclination angle of 45� on the low fre-

quency region in the Nyquist plot with the X-axis is defined

as the value of the equivalent series resistance (ESR) [23].

The S-MXene/HG0.05 electrode exhibits the lowest ESR,

which greatly boosts the supercapacitive ability and rate

performances. Figure 5b demonstrates an excellent cyclic

performance of the S-MXene/HG0.05 electrode with 96%

retention after 10,000 cycles at a specific current density of

5 A�g-1, whereas the other electrodes exhibit significant

capacitance attenuation after 10,000 cycles. SEM images

of the electrode materials surface after 10,000 cycles are

shown in Fig. S11. The surface of the MXene flakes

becomes rough, which has been revealed to be caused by

the coarsening of structures [24, 25]. However, the

S-MXene/HG0.05 electrode is relatively less passivated,

further demonstrating its desirable cyclic performances.

Figure 5c shows the gravimetric energy and power

densities of the assembled symmetric supercapacitors

based on the MXene and MXene/HG electrodes, which can

better demonstrate the practical operational potential of the

devices. The S-MXene/HG0.05-based symmetric superca-

pacitor obtains a maximum gravimetric energy density of

14.84 Wh�kg-1 at a power density of 250 W�kg-1,

retaining 12.06 Wh�kg-1 at an excellent power density of

5000 W�kg-1. Figure 5d compares the energy density and

power density of our S-MXene/HG0.05 supercapacitor with

other reported MXene-based supercapacitors, including

d-Ti3C2/NF//b-Ti3C2 [21], f-MXene-10 [26], MXene-rGO

hydrogel [27], Ti3C2Tx/MWCNT [28], MXene/rGO [10]

and three-dimensional porous Ti3C2Tx/carbon nanotubes

[29]. Our S-MXene/HG0.05-based supercapacitor exhibits

superior energy densities than other MXene-based super-

capacitors, deriving from the scrupulous design of the ion

transmission channels.

Fig. 5 a Nyquist plots of MXene and MXene/HG electrodes and (inset) high-frequency region and equivalent circuit; b capacitance
retention rate of symmetric supercapacitors based on MXene and MXene/HG electrodes after 10,000 cycles at a current density of 5
A�g-1; c gravimetric energy and power densities of assembled symmetric supercapacitors based on MXene and MXene/HG films;
d gravimetric energy and power densities of S-MXene/HG0.05 based symmetric supercapacitor in comparison with reported MXene-
based supercapacitors
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4 Conclusion

In summary, the electrolyte ion transmission channels in

the MXene/HG electrode were scrupulously designed and

engineered by controlling the MXene lamellar size and

inserting the HG. The S-MXene/HG0.05 electrode exhibits

excellent gravimetric capacitance of 446 F�g-1 at the scan

rate of 2 mV�s-1. Compared with that of pure MXene, the

rate capability of the S-MXene/HG0.05 electrode increases

from 38.0% to 77.5%. The symmetric supercapacitor

demonstrates a superior gravimetric energy density of

14.84 Wh�kg-1 with an excellent cyclic stability with 96%

of the capacitance retention after 10,000 cycles. This work

provides a concept of two-dimensional material-based

electrode design with an easy ion channel engineering

method for superior supercapacitive performances.
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