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A B S T R A C T   

Two-dimensional (2D) niobium carbide, Nb4C3Tx (Tx: O, OH, and F), a representative member of the 43 MXene 
structural motif, has shown promising electrochemical performance in acidic electrolytes. The capacitive per
formance of Nb4C3Tx in neutral aqueous electrolytes has been reported as moderate, but little effort has been 
made to improve it. In this paper, we report a method to introduce nanopores (pinholes) in Nb4C3Tx MXene 
flakes by adjusting the etching time. The pinholes generated during the etching process improve ion diffusion 
pathways, which are otherwise hindered by the restacking of the 2D flakes. The “holey Nb4C3Tx” shows a 50 % 
improved rate capability at charge/discharge time scales of 1–2 s in 1 M Li2SO4, Na2SO4, and (NH4)2SO4 elec
trolytes. Our strategy of controlling the permeability of Nb4C3Tx sheets can potentially be applied to other 
MXenes, providing guidance for improving the capacitance and rate capability of 2D materials.   

1. Introduction 

Fast charging energy storage devices find use in portable electronics 
and electric vehicles. The requirements to these devices include high 
power density, low cost, easy assembly, large-scale implementation, 
long cyclic stability, and good safety [1–3]. MXenes, two-dimensional 
(2D) transition metal carbides and nitrides, have attracted great atten
tion for their use as fast-charging electrochemical energy storage elec
trodes due to their high metallic conductivity, hydrophilicity and 
tunable interlayer spacing for ion insertion/deinsertion [4–6]. The 
general formula of MXene is Mn+1XnTx, where M is a transition metal, X 
is C and/or N and Tx is surface termination(s) such as OH, O, F, etc. 
[7–8]. 

Among the numerous MXene family members, the efforts have been 
primarily devoted to improving the electrochemical performance of 
Ti3C2Tx. Increasing the interlayer space, such as introducing graphene, 
amorphous carbon, metal oxides, and even water, has been considered 
as an efficient way to improve MXene’s charge storage performance 
[9–13]. For example, the capacitance of Ti3C2Tx “clay” is 245 F/g (1 M 
H2SO4, 2 mV/s) [14], but after expanding the interlayer space by 
annealing the Ti3C2Tx under an ammonia atmosphere, the capacitance 

reached up to 570 F/g (1 M H2SO4, 2 mV/s) [15]. The interlayer spacing 
of the carbon intercalated sandwiched structure of Ti3C2Tx/C expanded 
from 1.00 to 2.83 nm, displayed reversible gravimetric capacitance of 
364 F/g (1 M H2SO4, 1 A/g) [16]. Highly flexible MnOx/Ti3C2 film 
fabricated by electrostatic interactions effectively prevented the 
restacking of Ti3C2 sheets, enlarged the interlayer spacing, and exhibited 
excellent capacitance of 259 F/g (2 mV/s, 1 M Li2SO4) [17]. Ti3C2Tx 
hydrogel electrode prepared by intercalation of water demonstrated 
high capacitance of 375 F/g (3 M H2SO4, 2 mV/s) [18]. Replacing the 
acidic and basic electrolytes with neutral aqueous electrolytes can 
improve safety and lower corrosion risk for practical application. 
However, the commonly used neutral electrolytes, such as Li2SO4, 
Na2SO4, (NH4)2SO4 and MgSO4, usually show low capacitance when 
employed with MXene-based electrodes because of their large hydrated 
ionic radius and weak redox reaction with the MXene surface [19]. For 
example, the specific capacitance of Ti3C2Tx/CNT paper in 1 M MgSO4, 
Ti3C2Tx in 1 M Li2SO4 and Ti3C2Tx/polypyrrole in 1 M Na2SO4 is 150 F/g 
(2 mV/s) [20], 100 F/g (5 mV/s) [21] and 184 F/g (2 mV/s) [22], 
respectively, which are all much lower compared to the capacitance 
values recorded in the acidic electrolyte. Thus, adding spacer is not 
sufficient to improve the capacitance in the neutral aqueous electrolyte; 
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there is still much room for improvement. 
Another way to assist the ion transport and increase the layered 

material’s capacitances is to create a porous architecture. In general, the 
introduction-removal strategy is applied to prepare porous MXene. 
Templating can introduce macropores by first mixing poly(methyl 
methacrylate) (PMMA) or polystyrene (PS) spheres with colloidal solu
tions of Ti3C2Tx and then annealing at 400–450 ◦C followed by removing 
the polymer spheres [23–24]. The macroporous Ti3C2Tx films show 
improved gravimetric capacitance and outstanding high-rate perfor
mance [18]. Further compression of the macroporous MXene can 
enhance the volumetric capacitance while maintaining a high rate 
capability [25]. Besides polymeric templates, researchers also produced 
a porous and anisotropic Ti3C2Tx by sulfur loading-removal [26]. Porous 
Ti3C2Tx was also prepared by introducing a transition metal salt (CuSO4, 
CoSO4, or FeSO4) followed by the removal of the metal oxide (TiO2) 
[27]. Typically, these methods require a second step to remove the 
template, making the process complicated and expensive. 

Nb4C3Tx, as a representative M4X3 MXene, attracted growing atten
tion because of its superior electrical and mechanical properties [28]. In 
addition, the environmental stability and the interlayer spacing avail
able for ion transport make it a promising electrode material, as shown 
by its capacitance of 276 F/g obtained in 1 M H2SO4 for a freestanding 
film [29]. However, its modest electronic conductivity compared to 
Ti3C2Tx MXene, and thick MXene lamellas impermeable to ions, limit 
the performance at high rates. Here, we used a “one-step” method to 
introduce pinholes into the MXene flakes without any templates or ad
ditives to improve the capacitance and rate performance of Nb4C3Tx 
flexible film in neutral aqueous electrolyte. In the etching process, 
pinholes are introduced into the surface of MXene by adjusting the re
action time, which not only saves the cost, but also minimizes oxidation 
of the material and results in a high yield. 

2. Materials and methods 

2.1. Preparation of Nb4C3Tx film 

Powders of niobium (99.9% metals basis, Aladdin, 325 mesh), 
aluminum (99.8% purity, Aladdin, 300 mesh), and graphite (99.95% 
purity, Aladdin, 325 mesh) were used as precursors for the synthesis of 
Nb4AlC3. The synthetic method is the same as previously reported [30]. 
During the etching step, 0.4 g Nb4AlC3 powder was added to 30 mL 
hydrofluoric acid solution (HF, 51 wt%, Sigma Aldrich) under stirring at 
room temperature (20–25 ◦C) for 6 days, 8 days and 10 days, named 6- 
Nb4C3Tx, 8-Nb4C3Tx and 10-Nb4C3Tx, respectively. These acidic mix
tures were washed by de-ionized water (DI H2O), followed by centri
fugation (3500 rpm, 2 min per cycle). After each centrifugation cycle, 
the supernatant was discarded and the sediment was dispersed in DI H2O 
until neutral pH (~7) was reached. In order to delaminate the Nb4C3Tx, 
1 mL of organic base, tetramethylammonium hydroxide (TMAOH 25% 
in H2O, Sigma Aldrich) was mixed with 9 mL DI H2O added to Nb4C3Tx 
and shook for 15 min. at room temperature. The excess TMAOH was 
separated from the product by repeated centrifugation at 9000 rpm. The 
resulting wet sediment formed clay-like paste that could be rolled be
tween water-permeable membranes to produce flexible, freestanding 
films, with a density of ~ 2.82 g cm− 3 and ~ 2.74 g cm− 3, ~3.01 g cm− 3 

for 6-Nb4C3Tx, 8-Nb4C3Tx and 10-Nb4C3Tx, respectively. Etching for 10 
days led to excessive flake damage, making the material fragile, 
affecting the stability of the structure and resulting in poor rate capa
bility. Therefore, data for this material are only provided in SI for 
comparison. 

2.2. Material characterization 

An X-ray diffractometer (XRD, Miniflex Rigaku, USA) with Cu Kα 
radiation (λ = 1.5406 Å) was used to characterize Nb4C3Tx structure at a 
step size of 0.02◦ with 0.5 s dwelling time. The electrical conductivity of 

the films was tested by a 4-point probe setup (Jandel ResTest). A 
transmission electron microscope (TEM, JEOL-2100, Japan) was used to 
image the morphology and microstructure of the samples. Brunauer- 
Emmett-Teller (BET, Beijing Builder kubo-x1000, China) was carried 
out to analyse the specific surface area and pore size distribution of 8- 
Nb4C3Tx. X-ray photoelectron spectroscopy (XPS) measurements were 
carried out on a PHI VersaProbe 5000 instrument (Physical Electronics, 
USA) using monochromatic Al-Kα X-rays (50 W, 1486.6 eV, 200 µm spot 
size). Charge neutralization was applied using a dual beam setup irra
diating low energy Ar+ ions and electrons. Survey spectra were collected 
using a pass energy of 117.4 eV and energy resolution of 0.5 eV and the 
core level region spectra were collected using a pass energy of 23.5 eV 
and energy resolution of 0.05 eV. Quantification and peak fitting were 
conducted using CasaXPS (V2.3.19). Binding energy scale correction 
was applied using the adventitious carbon C–C peak at 284.8 eV. Mixed 
Gaussian-Lorentzian models were used for oxygen containing species (e. 
g. Nb-O) and asymmetric Lorentzian models were used for metal con
taining species (e.g. Nb-C). The Shirley model [31] was used for back
ground fitting. 

2.3. Preparation of electrode and electrochemical measurements 

The electrochemical performance was investigated using three- 
electrode Swagelok cells. The delaminated Nb4C3Tx film was the 
working electrode, overcapacitive activated carbon was the counter 
electrode, a cellulose membrane was the separator, and Ag/AgCl was 
used as the reference electrode. 1 M Li2SO4, 1 M Na2SO4, and 1 M 
(NH4)2SO4 solutions were used as electrolytes. The electrochemical 
performance was investigated at room temperature using a VMP3 
electrochemical workstation (BioLogic, France), to perform cyclic vol
tammetry (CV), galvanostatic charge–discharge (GCD) and electro
chemical impedance spectroscopy (EIS) measurements. EIS was 
performed in the frequency range from 10 mHz to 200 kHz. 

2.4. Electrochemical calculations 

Gravimetric specific capacitance (Cg) was calculated through the 
following equation: 

Cg=
1

ΔVmv

∫

idV (1) 

where i is the current, V is the potential window, v is the potential 
scan rate, and m is the mass of the electrode. The volumetric capacitance 
(CV) was calculated according to the following equation: 

CV = ρCg (2)  

where ρ is the density of the film. 

3. Results and discussion 

3.1. Structural characterization 

In recent years, the typical MXene material, Ti3C2Tx, has been widely 
studied, and its preparation methods have been improved from the 
initial etching in concentrated HF [32] to a mixture of HCl and LiF 
(MILD method) [33], HCl and HF [34], or Lewis acid molten salts as 
etchants [35–36]. However, for Nb4C3Tx and other 43 MAX phases, only 
HF is used for etching because of its thicker monolayers (4 layers of 
transition metal and 3 layers of carbon). Here, HF (51 wt%) was also 
selected as the etching reagent, and TMAOH was used as the delami
nation agent. The detailed procedures for etching and delamination are 
discussed in the experimental section. Fig. 1 shows the structural aspects 
of 6-Nb4C3Tx and 8-Nb4C3Tx films. By comparing the XRD (Fig. 1a and 
Figure S1) patterns of the two samples, it can be seen that the MAX phase 
is completely etched. By looking at the amplified portion at (002) peak, 

S. Zhao et al.                                                                                                                                                                                                                                    



Electrochemistry Communications 142 (2022) 107380

3

the position of the 8-Nb4C3Tx shifted to a lower angle (from 5.16̊ to 
4.96̊), indicating an enlargement of interlayer space. According to 
Bragg’s equation, the d-spacing of 6-Nb4C3Tx and 8-Nb4C3Tx are 1.71 
nm and 1.78 nm, respectively. Transmission electron microscopy (TEM) 
results (Fig. 1b-c) showed that both samples exhibited transparent 
lamellar structures, and selective area electron diffraction (SAED) 
clearly shows the typical hexagonal structure, indicating the etching and 
delamination processes were successful. Compared to the smooth sur
face of the 6-Nb4C3Tx, there are some irregular pinholes in the 8- 
Nb4C3Tx. According to the Brunauer-Emmett-Teller (BET) method, 8- 
Nb4C3Tx showed a pore size distribution in the range from 2 to 65 nm, as 
shown in Figure S2. Moreover, the electrical conductivity of the two 
samples also showed a significant difference: the conductivity of the 8- 
Nb4C3Tx is about 3. 1 ± 0.1 × 103 S/m, which is about half of the 6- 
Nb4C3Tx (5.9 ± 0.1 × 103 S/m). 

XPS analysis was carried out further to explore the surface chemistry 
of the two samples, as shown in Fig. 2. The high-resolution XPS spectrum 
in the O 1s region (Fig. 2a) could be fit by 3 peaks at binding energies 
529.75 eV, 531 eV and 532.48 eV, which indicate different components 
and concentrations, Nb-O (39.42% of O 1s photoemission), Nb-OH 
(53.56% of O 1s photoemission) and H2O (7.02% of O 1s photoemis
sion), respectively [37–38]. Similar results appear in the spectrum of O 

1s in the sample of 8-Nb4C3Tx. But the difference is that the concen
tration of H2O (26.66% of O 1s photoemission) has increased. It could be 
attributed to a more complete etching process resulting in a larger 
interlayer space, allowing more water molecules to enter. According to 
previous literature, MXenes with larger interspaces and a greater 
amount of interlayer water can improve the capacitance, as well as the 
cyclic stability [39]. The spectrum in the C 1s region of both samples 
(Fig. 2b and Fig. 2e) could be fit by four peaks at the position about 
282.22 eV, 284.79 eV, 286.02 eV and 287.89 eV, corresponding to the 
bands of Nb-C, C–C, C–O, C––O, respectively [40]. Moreover, the Nb 
spectrum also confirms the presence of oxygen-containing functional 
groups and a small amount of F terminations. The detailed composition, 
peak position, and concentration are shown in Table S1. In addition, 
Figure S3 clearly shows a weak peak at 400.98 eV in XPS full spectrum of 
both samples, it is attributed to R-NH3

+, indicating that there is some 
TMA+ intercalated between MXene sheets. It enlarges the interlayer 
spacing and further facilitates the diffusion of electrolyte ions across 
MXene galleries, but the intercalated TMA+ cation is not expected to 
contribute to charge storage [29,38]. 

Fig. 1. (a) XRD patterns of Nb4C3Tx films. TEM images of (b) 6-Nb4C3Tx and (c) 8-Nb4C3Tx flakes. Inset shows SAED patterns of respective crystalline single- 
layer flakes. 
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3.2. Electrochemical characterization 

The electrochemical performance of the two different Nb4C3Tx 
flexible films was conducted by three-electrode system in the potential 
window of − 0.8 to 0 V vs Ag/AgCl in 1 M Li2SO4, as shown in Fig. 3. By 
comparing the cyclic voltammetry (CV) curves of the two samples at 
different scan rates, a pair of wide redox peaks appeared, with cathodic 

peak at about − 0.64 V (vs Ag/AgCl) and anodic peak around − 0.55 V (vs 
Ag/AgCl), indicating that there is contribution from pseudocapacitance 
[41–42]. In addition, the pH of 1 M Li2SO4 is about 8.1[43]; therefore, 
the redox peaks should be mainly due to the reversible intercalation/ 
deintercalation of Li-ions, instead of protons. Fig. 3c summarizes the 
gravimetric capacitance of both 6-Nb4C3Tx and 8-Nb4C3Tx films at 
different scan rates calculated according to CV curves. At the scan rate of 

Fig. 2. XPS core level spectra of (a-c) 6-Nb4C3Tx and (d-f) 8-Nb4C3Tx MXene films. (a, d) O 1s; (b, e) C 1s and (c, f) Nb 3d regions. Peak fitting was done to 
deconvolute the various components as assigned in the respective spectrum. 

Fig. 3. Electrochemical performance of Nb4C3Tx films in 1 M Li2SO4 electrolyte. Cyclic voltammograms (CVs) of (a) 6-Nb4C3Tx and (b) 8-Nb4C3Tx at scan rates from 
5 to 500 mV/s in 1 M Li2SO4. (c) Variation of specific capacitance versus scan rate. (d) EIS spectra of Nb4C3Tx MXene films; inset shows high frequency region of the 
EIS data. (e) Cycling test was performed by running continuous galvanostatic charge/discharge cycles at 2 A/g for 10,000 cycles. 
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5 mV/s, the capacitance of 6-Nb4C3Tx is about 174 F/g (490 F/cm3), and 
for 8-Nb4C3Tx is about 177 F/g (485 F/cm3). Nevertheless, when 
increasing the scan rate to 500 mV/s, the capacitance of 8-Nb4C3Tx is 
about 78 F/g (214 F/cm3), almost 2.4 times of the 6-Nb4C3Tx (32 F/g, 90 
F/cm3). The corresponding volumetric capacitance at different scan 
rates is shown in Figure S4. The EIS data in Fig. 3d is used to analyze the 
dynamic performance of ions in the electrode, which is usually 
composed of three parts, solution resistance (Rs), charge transfer resis
tance (Rct), and diffusion of ions within the electrode material [44]. 
Comparison of the Nyquist plots of two MXene films showed that the 8- 
Nb4C3Tx electrode shows capacitive behavior. Comparing Fig. 3d with 
the improved specific capacitance at different scan rates (Fig. 3c), the 
enhanced electrochemical performance may be attributed to the the 
presence of pinholes, which favor ion access to the electrode and shorten 
the ion transport path [5,45]. Moreover, the MXene 8-Nb4C3Tx with 
pinholes also possessed excellent cycling stability, as shown in Fig. 3e. 
At the current density of 2 A/g, its initial capacitance is about 90 F/g, 
and after 10,000 charges/discharges cycles, the capacitance is about 81 
F/g with capacitance retention of 90%. The corresponding char
ge–discharge curves are shown in Figure S5. Notably, the capacitance of 
6-Nb4C3Tx increased with cycling number and stabilized at about 3000 
cycles, which is similar to its performance in lithium-ion batteries in the 
previous reports [30]. The increased capacitance with cycling could be 
due to the increased interlayer spacing from the intercalation/dein
tercalation of Li-ions. 

Different from Li2SO4, when 1 M Na2SO4 was used as the electrolyte, 
the CV curve was almost rectangular with no obvious redox peaks 
(Fig. 4a-b), indicating less contribution from the pseudocapacitive 
process and highly capacitive behaviour [46]. The corresponding 
gravimetric and volumetric capacitances at different scan rates are 
shown in Fig. 4c and Figure S6, respectively. At the scan rates of 5 mV/s, 
100 mV/s, 500 mV/s, the gravimetric capacitances values of the 6- 
Nb4C3Tx are about 113 F/g (318 F/cm3), 41 F/g (115 F/cm3) and 15 F/g 
(42 F/cm3). The capacitance retention is about 13.3% (from 5 mV/s to 

500 mV/s). But for the 8-Nb4C3Tx electrode, at the same scan rate of 5 
mV/s, 100 mV/s, and 500 mV/s, the gravimetric capacitance values are 
about 111 F/g (304 F/cm3), 89 F/g (243 F/cm3) and 63 F/g (173 F/ 
cm3), respectively; and the capacitance retention is about 56.8%, which 
is almost 4.3 times that of 6-Nb4C3Tx. Since the pH of 1 M Na2SO4 is 
about 6.4, the main capacitance comes from the capacitive behavior 
rather than the intercalation of protons in the aqueous solution. The 
electrochemical impedance spectra of 6- and 8-Nb4C3Tx in 1 M Na2SO4 
are shown in Fig. 4d. At high frequencies, 8-Nb4C3Tx exhibits a lower 
resistance (intercept of semicircle on the real impedance axis). In order 
to further investigate the diffusion and transport of Na+ ions in both 
electrodes, we plotted the linear fit of Zreal versus ω-1/2 as shown in 
Fig. 4e in the low-frequency region according to the relationship: 

DNa+ =
0.5R2T2

S2n4F4C2σ2 (3)  

Zreal = Rs +Rct + σω− 1/2 (4) 

where DNa+ is diffusion coefficient of sodium ion, R is the gas con
stant, T is the absolute temperature, S is the surface area of the electrode, 
n is the number of electrons, F is the Faraday constant and σ is the 
Warburg factor [47]. In Fig. 4e, the 8-Nb4C3Tx electrode presents a 
lower slope than 6-Nb4C3Tx electrodes, demonstrating the faster ion 
diffusion/transportation kinetics. It agrees with the better rate capa
bility of 8-Nb4C3Tx compared to the 6-Nb4C3Tx electrode. Combined 
with the aforementioned analysis results, we drew a simple schematic 
about the interface of the electrode and electrolyte, as shown in Fig. 4f. 
In MXene materials without pinholes (6-Nb4C3Tx), ions in the electrolyte 
are mainly transmitted through gaps between 2D layers, and the trans
mission path is long. However, for 8-Nb4C3Tx containing pinholes, ions 
can not only move through the gaps between layers, but also reach the 
interior of the material more quickly through the pores (pinholes) in 
MXene sheets. In this way, the ion transport path is effectively shortened 
to improve the electrochemical performance, especially at a high scan 

Fig. 4. Electrochemical performance of Nb4C3Tx films in 1 M Na2SO4 electrolyte. Cyclic voltammograms (CVs) of (a) 6-Nb4C3Tx and (b) 8-Nb4C3Tx at scan rates from 
5 to 500 mV/s in 1 M Na2SO4 and (c) corresponding specific capacitance as a function of scan rate. (d) Nyquist plots of Nb4C3Tx MXene films, inset shows the high- 
frequency region of the spectra. (e) Linear fit showing the relationship between Real (Z) and ω− 1/2 in the low-frequency region. (f) Schematic illustrating transport of 
electrolyte ions through Nb4C3Tx layers and ion diffusion pathways between MXene sheets and across a Nb4C3Tx flake with a pinhole. 
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rates. 
The capacitance of the two materials in 1 M (NH4)2SO4 is not satis

factory (Figure S7), although maybe some of the contribution comes 
from protons in an aqueous solution because the pH of 1 M (NH4)2SO4 is 
about 5.5. The CV curves (Figure S7a and S7b) of both, 6-Nb4C3Tx and 8- 
Nb4C3Tx, are rectangular and do not have obvious redox peaks. 
Although 8-Nb4C3Tx showed a smaller solution resistances and better 
ion diffusion in the impedance spectra (the steepest slope of the Nyquist 
plot in the low-frequency range) (Figure S7d), there was little 
improvement in capacitance. According to previous literature, the 
capacitance of MXene in (NH4)2SO4 electrolyte is mainly from the 
electrical double layer formed by the adsorbed NH4

+ on the surface. 
Because of the larger hydration ion radius of NH4

+, more deep-adsorption 
sites are needed to improve the capacitance [48], and the same 
conclusion is supported by Figure S8. We further extended the reaction 
time of Nb4AlC3 in HF solution to 10 days and named it 10-Nb4C3Tx. The 
calculated interlayer-spacing from XRD data (Figure S8a) was 1.77 nm, 
between the values of 6-Nb4C3Tx and 8-Nb4C3Tx, which may be due to 
overetching. However, the electrical conductivity of 10-Nb4C3Txwas 
about 3. 0 ± 0.1 × 103 S/m, which is almost the same as the conductivity 
of 8-Nb4C3Tx. TEM analysis (Figure S8b) shows that, due to excessive 
etching, not only pinholes but also cracks appear on the surface of the 
material, which lead to a partial collapse of the material structure. The 
electrochemical properties of 10-Nb4C3Tx in three electrolytes were 
tested. As expected, the redox peaks of 10-Nb4C3Tx only appeared in the 
CV curve of 1 M Li2SO4, with the cathodic peak at about − 0.70 V (vs Ag/ 
AgCl) and the anodic peak around − 0.49 V (vs Ag/AgCl). The CV curves 
in 1 M Na2SO4 and 1 M (NH4)2SO4 electrolytes showed rectangular box- 
like profiles. The capacitance was calculated using CV curves and 
plotted as a function of rate in Figure S8f. At the scan rate of 5 mV/s, the 
capacitance of 10-Nb4C3Tx in 1 M Li2SO4, 1 M Na2SO4, and 1 M 
(NH4)2SO4 was 191 F/g (575 F/cm3), 144 F/g (434 F/cm3) and 136 F/g 
(410 F/cm3), respectively, which is better than 6-Nb4C3Tx and 8- 
Nb4C3Tx due to the greater amount of pinholes and cracks on the sur
face. However, the rate performance (around 23% at 500 mV/s relative 
to 5 mV/s) is poor in this case. Moreover, the resulting overetching and 
crack formation make the material fragile, affecting the stability of the 
structure and resulting in poor rate capability. 

4. Conclusions 

We report on preparation and electrochemical properties of holey 
Nb4C3Tx MXene films manufactured by adjusting etching time during 
MXene synthesis. The extended HF etching time of eight days introduces 
pinholes in the 2D MXene sheets, promoting ion diffusion by decreasing 
the transmission path. The holey MXene shows improved capacitance in 
Li+/Na+ ion aqueous capacitors. The capasitance values of 177 F/g and 
111 F/g were obtained in 1 M Li2SO4 and 1 M Na2SO4 electrolytes at 5 
mV/s, respectively. Those electrodes maintained 78 F/g and 63 F/g at 
the scan rate of 500 mV/s, which were 2.4 and 4.2 times of the pinholes- 
free Nb4C3Tx films, respectively. However, excessive etching for 10 days 
weakens the mechanical properties of the material. Although Nb4C3Tx is 
just one of many MXenes, this approach may be applicable to other 
MXenes from 21, 32 and 43 families. It is also not limited to the use of 
MXenes as electrodes in neutral aqueous electrolytes and can be effec
tive for improving transport in MXene membranes used for filtration, 
energy storage and conversion and other applications. 
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