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MXene for supercapacitor application 
which shows outstanding proton-induced 
pseudocapacitance in acidic aqueous 
electrolytes.[14,15] High electronic conduc-
tivity (up to 15 000 S cm−1), high packing  
density (up to 4  g cm−3), along with high 
pseudocapacitance endow Ti3C2Tx ultra-
high volumetric capacitance (≈1500 F cm−3),  
which gives Ti3C2Tx incomparable advan-
tages over other electrode materials for 
supercapacitors.[16] However, Ti3C2Tx 
electrodes suffer from long ion transport 
pathways due to the stacking nature of 2D 
materials, leading to ultra-low rate perfor-
mance in a thick electrode. When used 
as a power supply for electronic devices 
where high areal energy densities at high 
rates are required, MXene electrodes 
need to be thick enough to ensure high 
charge storage capability. In this context, 
the ion transport issue becomes more 
critical because the low rate performance 
will deteriorate with the increase of film 
thickness.[17]

Numerous efforts have been made to alleviate the restacking 
issue of Ti3C2Tx film electrodes. Typical strategies include inter-
layer insertion of graphene, carbon nanotube or other nano-
materials, pillared structure design, template sacrifice method, 
vertical alignment, and etching holes.[17–27] However, by most of 
the reported approaches, the rate performances are increased 
at the expense of volumetric capacitance because of the intro-
duction of inactive materials, excess spacing, or active materials 
with lower volumetric capacitance. For example, ≈15% decrease 

The lengthened ion pathway in restacked 2D materials greatly limits the elec-
trochemical performance of practically dense film electrodes (mass loading 
>10 mg cm−2). Typical strategies such as the insertion of nanomaterials and 
3D-structure design is expected to reduce the volumetric capacitance of 
Ti3C2Tx electrodes, diminishing the dominating advantage of Ti3C2Tx over 
other electrode materials. Here, a novel, facile, and controllable H2SO4 oxida-
tion method is developed for alleviating the restacking issue of Ti3C2Tx film 
with few electrochemically inactive side-products such as TiO2. A hierarchical 
ion path “highway” in Ti3C2Tx film is fabricated with porous structure, atomic-
level increased interlayer spacing, and reduced flake size (through probe-
sonication). As a result, ultra-high rate performance is obtained with high 
volumetric capacitance. For a ≈1.1 µm thick Ti3C2Tx film, capacitance retention 
of 64% is obtained (208 F g−1/756 F cm−3) when the scan rate is increased 
from 5 to 10,000 mV s−1. Even at higher mass loadings exceeding 12 mg cm−2 
(48 µm thickness), the rate capability is still comparable to unoptimized 
Ti3C2Tx electrodes with low mass loading (1 mg cm−2). Consequently, a high 
areal capacitance of ≈3.2 F cm−2 is achieved for pathway-optimized thick 
Ti3C2Tx film, which is of great significance for practical applications.
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1. Introduction

Transition metal carbide, nitrides, and carbonitrides (MXenes) 
are a rapidly growing class of 2D materials that have been inten-
sively studied for diverse applications, such as energy storage, 
electromagnetic interference shielding, transparent conductive 
electrodes, environmental and water treatment, catalysis, sen-
sors, and biochemical applications.[1–13] Ti3C2Tx (Tx refers to 
Cl, F, OH, and O) is the first reported and most studied 
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in volumetric capacitance was caused by the incorporation 
of only 5 wt.% graphene in Ti3C2Tx film at a low scan rate of  
2 mV s−1.[21] The introduction of pillaring materials such as ionic 
liquid or organic molecules will cause more severe gravimetric 
capacitance fading because the pillared species are almost 
inactive for charge storage. Both the template sacrifice and  
vertical alignment methods can greatly improve the rate perfor-
mance due to the introduction of excess spacings. However, this 
will result in low packing densities of Ti3C2Tx films and accord-
ingly, lead to a decrease in volumetric capacitances. For example, 
a low packing density of only ≈0.35  g cm−3 was obtained by 
mesoporous Ti3C2Tx film synthesized by sacrificing the poly-
methyl methacrylate (PMMA) microspheres template and the 
resulted volumetric capacitance is as low as ≈110 F cm−3.[18]  
By vertical alignment method, the electrolyte ion transport 
resistance inside Ti3C2Tx film has been greatly reduced, 
which, however, results in a volumetric capacitance lower 
than 200 F cm−3.[23] Holes were generated in MXene to alle-
viate the restacking issue in our previous work using an in situ 
anodic oxidation method, by which the introduction of inac-
tive materials can be avoided and improved rate performance 
was achieved (for Ti3C2Tx electrodes with partial oxidation).[28] 
However, this in situ electrochemical method is not suitable 
for large-scale fabrication and the side-products may affect the 
properties of the electrolyte in a real application where mas-
sive electrode material and ultra-low amount of electrolyte are 
used. Based on the possible universality of oxidation effect on 
performance improvement, it is considered that the chemical 
oxidation process may be more effective and applicable for 
large-scale fabrication of Ti3C2Tx with porous structure.

Here, a novel, facile, and scalable chemical approach was 
reported to construct an “ultimate” structure for ion transport 
in Ti3C2Tx film. For the first time, we showed that Ti3C2Tx 
nanosheets could be partially etched by concentrated H2SO4 
oxidation without affecting or destroying the crystal structure 
of the unetched part, which meanwhile resulted in an atomic 
increase of interlayer spacing. Finally, an “ultimate” structure 

was constructed by introducing probe sonication before the 
concentrated H2SO4 etching process, where Ti3C2Tx films with 
increased interlayer spacing were assembled by porous Ti3C2Tx 
nanosheets with small flake size as shown in Figure  1. As a 
result, the ion transport can be greatly facilitated in this unique 
hierarchical ion “highway” and ultrahigh rate performance 
was achieved. Moreover, owing to the atomic level (≈0.1  nm) 
of the increase in interlayer spacing, the packing density of the 
Ti3C2Tx films were not significantly reduced by this etching 
approach, and accordingly, high volumetric capacitances were 
retained at high rates even in ultra-thick films, showing prom-
ising potential towards practical application of Ti3C2Tx based 
supercapacitors. This method may be also applicable to other 
kinds of MXenes and may, thereby, become a universal tech-
nique for modifying and optimizing the structure of 2D MXene 
nanosheets for various applications.

2. Results and Discussions

Ti3C2Tx are typically synthesized by selective etching of Al 
atoms from the ternary layered Ti3AlC2 phases followed by the 
delamination process. Freestanding films can be fabricated by 
vacuum-assisted filtration that utilizes the self-woven effect of 
the 2D nanosheets (bottom row in Figure  1a). This stacking 
structure greatly limited the transport of electrolyte ions inside 
the Ti3C2Tx film especially in the vertical direction where the 
overall ion transport is hindered or lengthened by at least 1000 
times (assuming that the flake size of single-layer Ti3C2Tx is 
≈1  µm and the thickness is ≈1  nm). Therefore, etching holes 
on the Ti3C2Tx sheets seems to be an effective way to solve the 
ion transport problem by providing shortcuts in restacked film.

A facile strategy for etching holes on the Ti3C2Tx nanosheets 
is shown in Figure  1a (top row) by simply concentrating (by 
vacuum evaporation at 60 °C) the mixture of Ti3C2Tx-H2SO4 dis-
persion. As-synthesized large-size Ti3C2Tx and probe-sonicated 
Ti3C2Tx nanosheets with smaller flake sizes were both etched 

Figure 1.  Schematic illustrations of the etching process of Ti3C2Tx nanosheets and the obtained hierarchical nanoporous structure. a) Processes for 
fabricating pristine and etched Ti3C2Tx films. The bottom synthesis flow shows a regular Ti3C2Tx film fabrication process by vacuum filtration of Ti3C2Tx 
nanosheets from their colloid dispersion. The upper flow shows the etching process in which the Ti3C2Tx nanosheets mixed with diluted H2SO4 were 
concentrated by vacuum evaporation in a vacuum oven at ≈60 °C overnight. The etching process took place in this step. The washed and redispersed 
Ti3C2Tx nanosheets were finally vacuum filtrated into films. b) The schematic illustration of the ion pathway optimization in S-etched Ti3C2Tx film 
comparing with the L-pristine film.
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for comparison. For convenience, the free-standing films 
assembled with large pristine, large etched, small pristine, 
and small etched Ti3C2Tx nanosheets are named L-pristine, 
L-etched, S-pristine, and S-etched, respectively. An optimized 
structure is expected in S-etched Ti3C2Tx electrodes and the dif-
ference between pathways of electrolyte ions in the L-pristine 
and S-etched films is displayed in Figure 1b. It is hypothetically 
that the ions transport can be greatly facilitated by the unique 
hierarchical nanoporous structure in the S-etched film due to 
the shortened ion pathway and enlarged interlayer spacing. 
Accordingly, high rate performance can be expected.

It is worth noting that the 2D structure of Ti3C2Tx nanosheets 
is well kept after etching (Figure 2a–d), for both large and small 
size Ti3C2Tx nanosheets (with an average flake sizes of 1.28 µm 
and 150  nm as shown in Figure  2e and  f, respectively, which 
were counted from the scanning electron microscope (SEM) 
images, Figure S3, Supporting Information). The surface and 
cross-sectional morphology of the Ti3C2Tx films (with similar 
mass loading) were not significantly changed after etching 
(Figures S1 and S2, Supporting Information), indicating a pos-
sibility of retaining the high packing density (≈3.0  mg cm−3). 
Interestingly, after etching in concentrated H2SO4, an atomic 
level increase in interlayer spacing (≈0.1  nm) was observed 
for both L-etched and S-etched Ti3C2Tx films (Figure  2g). The 
increased interlayer spacing can be ascribed to the residual 
sulfur compound(s) and carbon species on the surface of etched 

Ti3C2Tx nanosheets (Figure  2h,i). The sulfur compound(s) 
(observed by energy dispersive X-Ray spectroscopy (EDS), as 
shown in Figure 2i) may be physically or chemically adsorbed 
on the Ti3C2Tx surface which were not washed away and the 
carbon (reflected by Raman results as shown in Figure 2h) may 
be in situ formed during the etching process where the surface 
Ti atoms are partially oxidized and etched away. The existing 
sulfur compound(s) and carbon can then prop up the interlayer 
spacing when the etched Ti3C2Tx nanosheets were assembled 
into freestanding films and thus, larger interlayer spacing 
can be obtained by comparing to the pristine ones. Since the 
increase in interlayer spacing is in the atomic level (one ang-
strom), high packing density can be retained after etching 
and thus high volumetric capacitance retains. Moreover, no 
titanium oxides were observed in the etched Ti3C2Tx films (as 
shown in X-ray photoelectron spectroscopy (XPS), Figure  2j), 
indicating the removal of titanium oxides during the etching 
process, which is further verified by the quantitate EDS results 
(Figure S4, Supporting Information), showing a significant 
reduction in the Ti/C atomic ratio. Washing away titanium 
oxides is very important for achieving high capacitance and 
high rate performance because of their inactivity and limited 
contribution to the electrochemical performance.

Numerous holes were observed after etching (Figure  3a,c) 
by comparing the transmission electronic microscope (TEM) 
images of small Ti3C2Tx nanosheets before and after etching. 

Figure 2.  Morphology and structure changes of Ti3C2Tx nanosheets induced by concentrated H2SO4 etching. SEM top-view images of free-standing 
films assembled with a) L-pristine, b) L-etched, c) S-pristine, and d) S-etched Ti3C2Tx nanosheets. The size distribution of e) L-pristine and f) S-pristine 
nanosheets. g) XRD patterns and h) Raman spectra of the Ti3C2Tx films before and after etching. i) EDS and j) XPS of S-pristine and S-etched Ti3C2Tx 
nanosheets. No titanium oxides were observed after etching from XPS results, indicating successful removal of titanium oxides during the etching or 
washing process.
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Figure 3b,d shows the high-resolution TEM (HRTEM) images 
of Ti3C2Tx nanosheets before and after etching. Both S-pris-
tine and S-etched nanosheets show a lattice fringe spacing of 
0.26  nm, corresponding to the (101) interplanar spacing. This 
result indicates that the crystal structure of unetched Ti3C2Tx 
around the holes was not changed during the etching process, 
which guaranteed the high electron conductivity and high pseu-
docapacitance of Ti3C2Tx.

A pair of redox peaks were observed in the cyclic voltammetry 
(CV) profiles of different Ti3C2Tx films (Figure 4a–d), indicating 
the pseudocapacitive nature of Ti3C2Tx films. Since the crystal 
structure of unetched Ti3C2Tx was not changed, the local electron 
conductivity can be retained, which ensures fast electron trans-
port at high rates. Therefore, at high rates, the electrochemical 
performance of Ti3C2Tx films will be decided by the ion diffusion 
and thus the rate performance can be effectively improved by the 
optimized structure design. To compare the rate performance, 
the capacitances at different scan rates were calculated from CV 
results and displayed in Figure  4e. The capacitances of etched 
Ti3C2Tx (both small and large size flake) were slightly increased 
at a low scan rate of 5 mV s−1, achieving a high capacitance of 
324 F g−1, which may be ascribed to the full use of active sites 
because of the holes generated by etching. At higher scan rates, 
the etched Ti3C2Tx films showed much higher capacitance reten-
tions than the pristine ones. Figure  4e also shows that higher 
rate performance was achieved by Ti3C2Tx films with smaller 

flake sizes. Briefly, generating holes (increasing the interlayer 
spacing at meanwhile) and reducing flake size are both effective 
ways for improving the rate performance of restacked Ti3C2Tx 
films. Specifically, compared to the capacitance at 5 mV s−1, the 
capacitance retention at 10 000 mV s−1 can be increased to 39.0% 
from 5.9% by this ion pathway optimization in Ti3C2Tx films, 
namely, S-etched films (Figure  4f). The best rate performance 
was also obtained for S-etched Ti3C2Tx films with different mass 
loadings, which shows the validity and repeatability of the struc-
ture optimization strategy for improving the electrochemical 
performance of Ti3C2Tx (Figure S5, Supporting Information). 
To compare the charge storage kinetics of pristine and etched 
Ti3C2Tx films, the relationship of peak current and the scan rate 
is displayed in Figure 4g. Given the relationship of

i a b
p ν= 	 (1)

where ν is the scan rate and ip is the peak current at different 
scan rates, a and b are variables.

The kinetics performance can be compared conveniently as 
the b-value which is reflected in the charge storage kinetics.[28] 
The capacitive-type storage gives the value b  = 1, while the dif-
fusion-limited process gives b  = 0.5.[29] Herein, the L-pristine 
Ti3C2Tx film exhibits a highly diffusion-limited process since the 
b value approaches to b = 0.5 line with the increase of scan rate. 
By etching holes or reducing the flake size, the kinetic properties 

Figure 3.  Morphology and structure changes of Ti3C2Tx nanosheets after etching. TEM images of a,b) S-pristine and c,d) S-etched Ti3C2Tx nanosheets. 
The holes are several nanometers in diameter. The crystal structure of Ti3C2Tx around the holes was well retained after etching.
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of Ti3C2Tx can be significantly improved since the distance for 
ion diffusion has been greatly reduced in both ways. By com-
bining both methods, S-etched Ti3C2Tx shows a b value close to 
b  = 1 line even at high scan rates. The electrochemical imped-
ance spectra (EIS) of pristine and etched Ti3C2Tx are shown in 
Figure 4h, which is highly consistent with the rate performance. 
By etching holes or reducing flake size, the impedance of Ti3C2Tx 
can be effectively decreased in both low and medium frequency, 
corresponding to the increased rate performance. The decreased 
impedance in this frequency range corresponds to the lowering 
of charge transfer and mass transfer resistances, indicating 
higher kinetic performance can be obtained for the S-etched 
Ti3C2Tx, which contributes to the final rate performance.[28]

To evaluate the rate performance of thick S-etched Ti3C2Tx, 
freestanding films with different areal mass loadings were 
studied. Figure  5a–g shows the cross-sectional SEM images 
of the S-etched Ti3C2Tx films with different thicknesses. The 
relationship between the thickness and mass loading is plotted 
and displayed in Figure 5h. Obviously, the thickness increases 
linearly with the increase of mass loading and each film 
shows a packing density around 3  mg cm−3, which is compa-
rable to the packing density of pristine Ti3C2Tx film reported 
by others.[21,30,31] The high packing density ensured high volu-
metric capacitance of S-etched Ti3C2Tx.

As shown in Figure  6a,b, a high gravimetric/volumetric 
capacitance of 327 F g−1/≈1200 F cm−3 was obtained for the 
thin S-etched Ti3C2Tx film with a thickness of 1.1  µm (mass 
loading, 0.4 mg cm−2). This thin film showed an ultra-high rate 
performance with a high capacitance of 208 F g−1/756 F cm−3 
achieved when the scan rate increases to 10 000 mV s−1 (≈64% 
of the capacitance at a low scan rate of 5 mV s−1). The rate per-
formance decreases with the increase of film thickness. How-
ever, even with a high thickness of 48  µm (12  mg cm−2), the 
rate performance of S-etched Ti3C2Tx film is still comparable to 
the L-pristine one with a low mass loading of 1 mg cm−2 (dash 
line, Figure 6a). As a result, ultrahigh-energy densities can be 
obtained at high power densities (Figure S7, Supporting Infor-
mation). For example, S-etched Ti3C2Tx (1.0  mg cm−2) shows 
almost 20 times higher energy density than L-pristine Ti3C2Tx 
at a power density of 100 000 W kg−1. This high mass loading 
meets the needs of energy storage devices for practical applica-
tions and a high volumetric capacitance of 659 F cm−3 can be 
retained in this dense Ti3C2Tx film, which can be attributed to 
the optimized ion pathway structure in the restacked film. Gen-
erally, the areal capacitance will increase with the film thick-
ness. However, the increased rate in areal capacitance becomes 
very slow when the film gets thick enough because it is much 
difficult for the vertical transport of electrons and ions through 

Figure 4.  Comparison of electrochemical performance of Ti3C2Tx films before and after etching. CV curves of a) L-pristine, b) L-etched, c) S-pristine, 
and d) S-etched Ti3C2Tx films at different scan rates. e) Capacitance versus scan rate, f) capacitance retentions at a high scan rate of 10 000 mV s−1 
(compared with the values at 5 mV s−1), g) plots of b values, and h) EIS of L-pristine, L-etched, S-pristine, and S-etched Ti3C2Tx films.
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the thick film. Here in this work, attributed to the unique hier-
archical structure of S-etched Ti3C2Tx film, the areal capacitance 
increased significantly with the increase of film thickness, 
and finally, an ultra-high areal capacitance of 3.2 F cm−2  
was achieved at a film thickness of 48  µm (12  mg cm−2) as 
shown in Figure 6c, which is of great significance for practical 
applications. The S-etched Ti3C2Tx film with a medium thick-
ness of 12  µm (4.4  mg cm−2) was selected for evaluating the 
cycling stability (Figure 6d). It is shown that 99.3% of the initial 
capacitance can be retained after 10  000 cycles at a scan rate 
of 100  mV s−1. By comparing the CV curves before and after 

the cycle, a negligible change was observed, indicating an ultra-
stable cycling performance of S-etched Ti3C2Tx film. Accord-
ingly, high rate performance was also retained after the cycle 
(Figure S11, Supporting Information).

3. Conclusion

For the first time, we report that the Ti3C2Tx nanosheets can 
be partially etched by controlled H2SO4 oxidation with few elec-
trochemically inactive side-products. The structure optimized 

Figure 6.  Electrochemical performance of S-etched Ti3C2Tx  films with different thicknesses. a) Gravimetric, b) Volumetric, and c) Areal rate perfor-
mance of S-etched Ti3C2Tx films. d) Cycling stability of S-etched Ti3C2Tx film with a thickness of 12 µm. Inset: comparison of the CV curve before and 
after 10 000 cycles.

Figure 5.  Relationship between areal mass loading and film thickness. Cross-sectional SEM images of S-etched Ti3C2Tx films with different areal mass 
loadings. a) 0.4 mg cm−2, b) 0.7 mg cm−2, c) 1.0 mg cm−2, d) 2.3 mg cm−2, e) 4.4 mg cm−2, f) 9.1 mg cm−2, and g) 12 mg cm−2. h) A plot showing the 
relationship of film thickness and packing density with areal mass loading.
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Ti3C2Tx film by concentrated H2SO4 etching combined with 
probe-sonication achieved ultrahigh electrochemical perfor-
mance at practical high mass-loadings, demonstrating that 
reduced flake size, holes on the nanosheets, and increased 
interlayer spacing (in atomic level) are three key factors for 
MXenes to alleviate the restacking issue and achieve high elec-
trochemical performances at high rates without sacrificing 
the volumetric capacitance. It is reasonable to expect that this 
method can be applied to other MXene family members for 
structure modification and performance improvement.

4. Experimental Section
Synthesis of Pristine Ti3C2Tx: Ti3C2Tx MXene was synthesized by 

selective etching of Al atoms from Ti3AlC2 (procured from Carbon-Ukraine 
ltd) using HF/HCl etchant as previously reported.[28] Briefly, 12  mL of 
hydrochloric acid (HCl, Fisher Scientific, technical grade, 35–38%), 2 mL 
hydroflouric acid (Sigma Aldrich, 49%), and 6  mL of deionized (DI) 
water were mixed by stirring. Then 1 g of Ti3AlC2 was slowly added to the 
solution at 35 °C followed by stirring at 400 rpm for 24 h. The as-obtained 
suspension (multi-layered MXene) was washed with water via 
centrifugation at 3500 rpm (5 min per cycle) until pH ≥ 6. The sediment 
was collected and redispersed into 20 mL of water, and then added to the 
delamination solution containing 1 g LiCl and 40 mL DI water, followed 
by stirring for 4 h at 400  rpm. The delaminated dispersion was washed 
using DI water via centrifugation at 7000 rpm until pH ≥ 6. Further, the 
sediments were redispersed in a small amount of DI water and the high 
concentration supernatant containing delaminated single- and few-layer 
Ti3C2Tx MXene flakes were collected via centrifugation at 3500 rpm. The 
concentration of Ti3C2Tx dispersion was measured by filtering a specific 
amount of colloidal solution through a polypropylene filter (3501 Coated 
PP, Celgard LLC, Charlotte, NC), followed by drying under vacuum 
at 70  °C overnight and measuring the weight of the solid residue. 
The high concentration solution was finally diluted into 2.5  mg mL−1  
for next-step use. To prepare the Ti3C2Tx solution with small flakes size, 
the high concentration solution was probe sonicated in a cold bath 
(−10 °C) for 20 min (power: 250 W, and 50% amplitude). The as-obtained 
solution was then diluted into 2.5 mg mL−1 for next-step use.

Synthesis of Etched Ti3C2Tx: 2.5 mg mL−1 Ti3C2Tx dispersion (with large 
or small flake size) was mixed with 3m H2SO4 with a volume ratio of 1:1 
in a bake and then transferred to the vacuum oven and kept at ≈40 °C 
for 48 h to remove the water. The as-obtained Ti3C2Tx-H2SO4 paste was 
collected and washed via centrifugation at 7000  rpm until pH ≥ 6. The 
solution was finally diluted into 2.5 mg mL−1.

Preparation of Freestanding Ti3C2Tx Films: The freestanding pristine or 
etched MXene films were prepared by vacuum filtration. The films (with 
a diameter of ≈4 cm) were dried in a desiccator overnight. The average 
mass loading of the films was determined by the total amount of Ti3C2Tx 
divided by the area of the film.

Material Characterization: X-ray diffraction (XRD) was performed on 
a Bruke D8 advance powder X-ray diffractometer equipped with Copper 
Kα radiation (λ  = 1.540598 Å). Raman spectra were recorded using a 
Renishaw Raman microscope with LEICA CTR6000 setup with 633  nm 
laser, 1200 lines mm−1 grating at 10% laser power, and a 50X objective. 
Spectra were acquired with a dwell time of 90 s with 2 accumulations. The 
morphology and microstructure of the samples were characterized by an 
SEM (Zeiss Supra 50VP, Germany) equipped with EDS. TEM images were 
obtained from FEI Tecnai F30 (300  kV). XPS was conducted using PHI 
VersaProbe 5000 instrument (Physical Electronics) with a 100 µm and 25 W 
monochromatic Al-Kα (1486.6 eV) X-ray source. Charge neutralization was 
accomplished through a dual-beam setup using low energy Ar+ ions and 
low-energy electrons at 1 eV, 200 µA. Samples were sputtered for 3 min at 
the weakest setting available using 250 V, 1 µA for 2 mm × 2 mm area. The 
data were analyzed with commercially available software, CasaXPS.

Electrochemical Measurements: The Swagelok cell was used for 
the electrochemical test, with two glass carbon electrodes as current 

collectors and a Hg/Hg2SO4 reference electrode. Ti3C2Tx free-standing 
disc electrodes with a diameter of 3 mm were employed as the working 
electrodes with over-capacitive activated carbon as the counter electrode. 
The areal mass loadings of the electrodes were determined by the mass 
of the electrodes divided by the area of the 3 mm disc. The 3-electrode 
measurements were performed in 3 m H2SO4 electrolytes. The 
electrochemical tests (CV, galvanostatic charge–discharge (GCD), and 
EIS) were conducted at room temperature using a VMP3 electrochemical 
workstation (BioLogic, France). EIS measurements were performed in 
the frequency range from 100 kHz to 0.1 Hz at open circuit potential by 
applying a small sinusoidal signal with an amplitude of 10 mV.

Electrochemical Calculations: Gravimetric specific capacitance Cm 
(F g−1) of electrode materials was calculated from the CV curves by 
integrating the discharge portion using the following equation:

C
Vmv

idV1
m ∫=

	
(2)

where i is the current (mA), V is the potential (V), v is the scan rate (mV s−1),  
and m is the mass of the electrode (mg).

Specific energy density:

E
m

iVdt1
m ∫=

	
(3)

Specific power density:

P
E

tm
m= ∆ 	

(4)

where m is the mass of the electrode and Δt is the discharge time.
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