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particular, substantial efforts have been 
devoted to design flexible, lightweight, 
and ultra-stable supercapacitors to meet 
the fast growing demand of diverse wear-
able and portable electronic devices.[4–7] 
According to the charge storage mecha-
nism, supercapacitors can be classi-
fied into electric double layer capacitors 
(EDLCs) based on the fast ion adsorp-
tion at the electrode/electrolyte interfaces 
and the pseudocapacitors via surface 
Faraday redox reactions.[8,9] The specific 
capacitances of EDLC electrodes such as 
graphene,[10] carbon nanotubes,[11] and 
biomass-derived carbon materials[12,13] 
are usually around 200 F g−1 due to their 
limited specific surface area. In contrast, 
the pseudocapacitive materials such as 
MnO2,[14] Fe2O3,[15] and NiCo LDH[16] 
exhibit significantly high specific capaci-
tance. However, because of their poor 
electrical conductivity and unsatisfying 
electrochemical stability, they are usu-
ally hybridized with other highly con-

ductive substrates such as carbon materials[17] and metal 
foil substrates[18] to enhance the conductivity. These conduc-
tive substrates with large weight but contributes negligible 
capacitance.

MXenes, 2D transition metal carbides, nitrides, or carboni-
trides, have been intensively studied and show competitive 
performances in various fields including energy storage,[19–21] 
catalysis,[22,23] environmental and water treatment,[24,25] sen-
sors,[26,27] and biomedical applications.[28,29] MXenes have gen-
eral formula of Mn+1XnTx (n  =  1–4), where M represents the 
transition metal including Ti, V, Nb, Mo, and Cr, X stands for 
carbon and/or nitrogen, and Tx means the surface functional 
terminals (such as OH, O, Cl, and F).[30,31] Among 
them, the first reported Ti3C2Tx[32] is most studied for super-
capacitor application because of its intriguing physiochemical 
properties including high electrical conductivity, rich surface 
functional groups, high aspect ratio, and large proton-induced 
pseudocapacitance in acidic aqueous electrolytes.[33–35] Besides, 
another important nature of Ti3C2Tx is that it can be easily 
fabricated to a free-standing film by vacuum-assisted filtration 
technique. Although such film electrode does not involve the 
use of binders and conductive additives, those Ti3C2Tx sheets 
tend to restack due to the strong van der Waals forces between 
interlayers during the film fabrication process, leading to long 
ion transport pathway and less access of the electrolyte ions to 

The Ti3C2Tx film with metallic conductivity and high pseudo-capacitance 
holds profound promise in flexible high-rate supercapacitors. However, 
the restacking of Ti3C2Tx sheets hinders ion access to thick film electrodes. 
Herein, a mild yet green route has been developed to partially oxidize Ti3C2Tx 
to TiO2/Ti3C2Tx by introducing O2 molecules during refluxing the Ti3C2Tx 
suspension. The subsequent etching away of these TiO2 nanoparticles by HF 
leaves behind numerous in-plane nanopores on the Ti3C2Tx sheets. Electro-
chemical impedance spectroscopy shows that longer oxidation time of 40 min 
yields holey Ti3C2Tx (H-Ti3C2Tx) with a much shorter relax time constant of 
0.85 s at electrode thickness of 25 µm, which is 89 times smaller than that of 
the pristineTi3C2Tx film (75.58 s). Meanwhile, H-Ti3C2Tx film with 25 min oxida-
tion exhibits less-dependent capacitive performance in film thickness range 
of 10–84 µm (1.63–6.41 mg cm−2) and maintains around 60% capacitance as 
the current density increases from 1 to 50 A g−1. The findings clearly demon-
strate that in-plane nanopores not only provide more electrochemically active 
sites, but also offer numerous pathways for rapid ion impregnation across the 
thick Ti3C2Tx film. The method reported herein would pave way for fabricating 
porous MXene materials toward high-rate flexible supercapacitor applications.
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1. Introduction

Supercapacitors are regarded as promising energy storage 
devices with unique features including rapid charge-dis-
charge rate, high power density, and ultralong cycle life.[1–3] In 
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the active sites. This issue becomes more prominent with the 
increase of the film thickness.[36] Typical methods to alleviate 
the restacking of Ti3C2Tx sheets include the design of MXene to 
porous network structure through self-assembly strategy,[37,38] or 
introducing spacers between MXene sheets.[39,40] For example, 
Xu et al.[41] demonstrated the successful incorporation of CNTs 
to Ti3C2Tx film to increase the porosity and amount of inter-
layer water. A specific capacitance of 375 and 251.2 F g−1 for the 
hybrid electrode can be obtained at 5 and 1000 mV s−1, respec-
tively. Liu et  al.[42] prepared a flexible MXene/holey graphene 
film electrode with fast ion transport speed and short trans-
port path. A symmetric supercapacitor built with this electrode 
delivered a fantastic volumetric energy density (38.6  Wh  L−1). 
Most recently, Gogotsi and his coworkers reported a Ti3C2/
PEDOT:PSS hybrid electrode prepared by spray-coating 
method. The hybrid electrode is still capable of retaining 10.8% 
capacitance as the scan rate increased from 0.1  to 1000  V  s−1, 
which proves such candidate to be a promising electrode for 
flexible AC-filtering electrochemical capacitor.[43] While inser-
tion of nanomaterials and 3D-structure design enable easy 
access of electrolyte ions, the highly porous network would 
reduce the volumetric capacitance of the Ti3C2Tx electrodes due 
to the large number of macropores.

The creation of in-plane nanopores on Ti3C2Tx nanosheets 
allows fast ion penetration across the stacked holey film, which 
is beneficial to the volumetric capacitance. On the basis of 
the fact that Ti3C2Tx nanosheets are vulnerable to oxidation 
under humidity with high oxygen atmosphere, the in-plane 
nanopores can be facilely generated by catalytic oxidization 
of Ti3C2Tx nanosheets with Cu2+ or through an in  situ anodic 
oxidation strategy.[44,45] Despite that the improved rate perfor-
mance can be achieved, such in situ electrochemical method is 
not applicable for large-scale fabrication. On the other hand, a 
controllable H2SO4 oxidation method has also been developed 
to alleviate the restacking of Ti3C2Tx sheets, though the use 
of corrosive H2SO4  may lead to other problems.[46] Therefore, 
the exploration of an effective solution to controllably fabricate 
holey Ti3C2Tx is of utmost importance for MXene-based energy 
storage materials.

Herein,  we  report a mild yet effective route to prepare 
holey Ti3C2Tx sheets (H-Ti3C2Tx) by introducing O2 during the 
refluxing of Ti3C2Tx  suspensions. The structure of H-Ti3C2Tx 
can be facilely adjusted by controlling the reaction time. Longer 
oxidation duration yields Ti3C2Tx sheets with more in-plane 
nanopores. The electrochemical properties of the H-Ti3C2Tx 
films prepared at different oxidation durations (H-Ti3C2Tx-x 
with x representing the oxidation time in minutes)  were  sys-
tematically investigated. Moreover, the dependence of the elec-
trode thickness and the electrochemical performance has also 
been investigated through electrochemical impedance spec-
troscopy (EIS). It is noticed that these in-plane nanopores can 
not only provide more electroactive sites for efficient charge 
storage, but can also significantly boost the ion impregnation 
across the dense Ti3C2Tx film. Correspondingly, higher specific 
capacitance, fast ion transport, and excellent rate capability can 
be achieved for the holey H-Ti3C2Tx film electrode. This control-
lable oxidation strategy is expected to offer a new avenue for the 
design of advanced MXene-based energy storage materials with 
different structures.

2. Results and Discussions

The H-Ti3C2Tx is derived from the selective removal of Ti 
atoms from pristine Ti3C2Tx nanosheets. First of all, the few-
layer Ti3C2Tx nanosheets (Figure 1a) with clean surface and 
the lateral size of several micrometers  were  synthesized from 
Ti3AlC2 precursor using the LiF/HCl mixture as the etchant.[47] 
The lateral size of the as synthesized Ti3C2Tx nanosheets is 
confirmed to be 1–3 µm (Figure  1a) with the thickness of  
around 2  nm based on the results from atomic force micro
scopy analysis (Figure S1a, Supporting Information). The elec-
trical conductivity of the Ti3C2Tx film with the thickness of 
25 µm can reach up to 4700 S cm−1, which is comparable to pre-
vious reported results.[48] After partial oxidation of the Ti3C2Tx 
nanosheets in a high-purity oxygen environment at 100 °C, the 
oxidized Ti3C2Tx nanosheets (O-Ti3C2Tx) with clearly observed 
spherical and fusion particles are confirmed through trans-
mission electron microscope (TEM) (Figure  1b). In addition, 
the size of these nanoparticles increases with the extending of 
oxidation time (Figure S2, Supporting Information). The line 
profile analysis along the yellow line in Figure S3, Supporting 
Information, presents two clear lattice fringes with the distance 
of 0.35 and 0.19 nm, corresponding to the (101) and (200) planes 
of anatase TiO2, respectively (JCPDS no. 21-1272, Figure 1c,d).[49] 
The subsequent etching away of these TiO2  nanoparticles 
with HF leaves behind a large number of holes which  
are uniformly distributed on Ti3C2Tx sheets (Figure 1e–g). Obvi-
ously, the number of pores increases distinctly with the oxida-
tion time, suggesting that the facile control of the pore density 
can be achieved by simply adjusting the oxidation time. In 
addition, a statistical analysis on over 200 pores reveals that the 
diameter of these in-plane nanopores varies from 2  to 10  nm 
with an average value of 4.5 nm (Figure 1i–k). The pore size is 
also confirmed to be less dependent on the oxidization time. 
Through the HRTEM image shown in Figure  1h, obvious 
amorphization can be found around the edge of pores, which 
is speculated as the leftover of carbon after the removal of Ti 
atoms by HF etching. It is worth mentioning that the 2D sheet-
like structure and clean surface of Ti3C2Tx nanosheets are well 
maintained after etching away TiO2  particles from O-Ti3C2Tx 
nanosheets (Figure S4, Supporting Information).

To further illustrate the detailed structure around the holes 
on H-Ti3C2Tx nanosheets, the Cs-corrected scanning transmis-
sion electron microscopy (STEM) images have been collected, 
as shown in Figure 2a. It is noticed that H-Ti3C2Tx nanosheets 
exhibit excellent crystalline status under the observation direc-
tion along [0001] zone axis. Since the bright spots in the figure 
represent Ti atoms, the missing of some bright spots in the lat-
tice can be considered as the vacancies left by the disappear-
ance of Ti atoms after HF etching. Such phenomenon has 
also been confirmed in previous reports.[50] By constructing 
the fast Fourier transform (FFT) image, the typical diffrac-
tion spots of Ti3C2  under [0001] zone axis can be indexed, as 
shown in Figure 2b,c. Moreover, the inverse fast Fourier trans-
form (IFFT) image is also constructed to further illustrate the 
detailed structure at the edge of holes, as shown in Figure 2d. 
The lattice planes with the d-spacings of 0.15 and 0.27 nm have 
been marked in the figure, which correspond to (1100) and 
(2110) of Ti3C2,  respectively. Seeing from the edge of the two 
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holes in the figure, there is a transition region with the thick-
ness of 0.5–2  nm at the edge, in which the crystal periodicity 
has been partially or completely destroyed. The displayed con-
trast may correspond to the remaining of carbon atoms after 
the etching away of Ti atoms. Similar phenomenon can also 
be seen for the hole edge in the integrated differential phase 
contrast (IDPC) STEM-BF image, which can display both light 
and heavy atoms at the same time, as illustrated in Figure 2e. 
As seen from the figure, the missing of some Ti atoms at the 
surface of H-Ti3C2Tx nanosheets is clearly visible, which is con-
sidered to generate after HF etching. The crystal model covered 
on the figure schematically illustrates the missing of specific 
atom columns. For the monolayer Ti3C2, when HF etches the 
Ti atoms on the surface of nanosheets, the remaining carbon 
atoms will accumulate due to the breakage of the TiC bond. 
Meanwhile, the highly active edge of the holes, which left after 
the etching away of TiO2 nanoparticles, becomes an ideal loca-
tion for the accumulation of the above carbon atoms. This is 
the reason why carbon enrichment can be found around the 
etched holes at the surface of Ti3C2Tx nanosheets. Figure  2f 
schematically illustrate the as described formation process of 
the holes. The vacancies caused by HF etching will accumulate 

together with the leftover C atoms (marked with red circles) at 
the edge until the final formation of holes.

The phase structures of Ti3C2Tx before and after the above 
oxidation process have also been characterized by XRD 
(Figure 3a). Compared with the (002) diffraction peaks of the 
pristine Ti3C2Tx film (6.26°), the peaks of all the O-Ti3C2Tx 
films slightly shift toward lower angle direction to 2θ  =  6.17°, 
suggesting the increased interlayer spacing of O-Ti3C2Tx 
nanosheets, which is considered to be the reason of the forma-
tion of TiO2 particles produced during the oxidization process 
(Figure  3b). Meanwhile, the intensity of the (002) diffraction 
peak for all O-Ti3C2Tx products also decreases gradually with 
the increase of oxidation time, suggesting the partial structure 
destruction of the Ti3C2Tx nanosheets after long time oxida-
tion process. However, upon etching away the TiO2  particles 
between Ti3C2Tx layers by HF, the (002) peak of the H-Ti3C2Tx 
almost returns to the original position. It is worth to mention 
that the diffraction peaks of TiO2  were not observed in the 
O-Ti3C2Tx sample, which is presumably due to its low contents 
and poor crystalline process. Figure S5, Supporting Informa-
tion,  provides the X-ray photoelectron spectroscopy (XPS) 
survey spectra of pristine Ti3C2Tx, O-Ti3C2Tx, and H-Ti3C2Tx 
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Figure 1.  TEM images of the Ti3C2Tx-based nanosheets: a) pristine Ti3C2Tx, b–d) O-Ti3C2Tx-40, e) H-Ti3C2Tx-10, f) H-Ti3C2Tx-25, and g,h) H-Ti3C2Tx-40. 
i–k) Pore size statistical analysis of holey Ti3C2Tx.
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Figure 3.  XRD, XPS, and Raman spectra characterization results of the pristine Ti3C2Tx and H-Ti3C2Tx films: a,b) XRD patterns of pristine Ti3C2Tx, 
O-Ti3C2Tx, and H-Ti3C2Tx films, c) Ti 2p XPS spectra of pristine Ti3C2Tx and H-Ti3C2Tx films, and d,e) Raman spectra of pristine Ti3C2Tx, O-Ti3C2Tx, and 
H-Ti3C2Tx films.

Figure 2.  Cs-corrected STEM characterization results of H-Ti3C2Tx-40 nanosheets: a) STEM-HAADF image, b) corresponding FFT figure, c) index of the 
FFT figure, d) enlarged IFFT image, e) IDPC STEM-BF image, and f) schematic formation process of the holes on Ti3C2 nanosheets.
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films, where the characteristic peaks of Ti, C, O, F, and Cl can 
be seen clearly. The Ti 2p XPS spectra of O-Ti3C2Tx with dif-
ferent oxidization time are presented in Figure S6, Supporting 
Information. According to the quantitative analysis on Ti 2p  
core level spectra, a short time of 10 min oxidation leads to the 
formation of 7.26 at% TiO2 in the whole peaks, which accounts for 
1.43 at% in the resultant TiO2/O-Ti3C2Tx composites (Table S1,  
Supporting Information). As the oxidation time prolongs to 
40 min, the above value increase to 10.72 and 2.29 at%, respec-
tively. This suggests that the surface oxidation of Ti3C2Tx 
sheets can be easily controlled by changing the oxidation dura-
tion, which is consistent with previous reports.[49] After the 
removal of TiO2, the Ti 2p spectra (Ti 2p3/2  and Ti 2p1/2) can 
be fitted to several pairs of asymmetric peaks, corresponding 
to the interactions between Ti and C as well as other terminal 
atoms in Ti3C2Tx (Figure  3c). With the increase of the oxida-
tion time, CTiO and CTiOH ratio gradually increases 
from 9.92 at% in pristine Ti3C2Tx to 15.01 at% in H-Ti3C2Tx-40 
(Table S2, Supporting Information).

The Raman spectra further show the structure and composi-
tion changes of Ti3C2Tx at different oxidation time and etching 
process (Figure 3d). The vibration bands at 195 and 717 cm−1 cor-
respond to the typical A1g symmetry out-plane vibrations of Ti 
and C atoms. The bands at 288, 390, and 623 cm−1 are ascribed 
to be the in-plane vibration of the Eg group of Ti, C, and surface 
functional groups.[51–53] For the O-Ti3C2Tx films, the additional 
characteristic vibration band for anatase TiO2  at 150  cm−1  can 
be observed clearly.[54] The intensity of the band increases with 
the increment of the oxidization time, further confirms the 
formation of TiO2  on Ti3C2Tx sheets. After etching with HF 
solution, they disappear completely in the H-Ti3C2Tx films. 
Besides these characteristic bands of Ti3C2Tx in the range of 
100–800 cm−1, two additional bands at 1347 and 1570  cm−1  are 
observed for O-Ti3C2Tx and H-Ti3C2Tx products, which can be 
attributed to the carbon species (Figure 3e), and further proves 
the formation of carbon after the selective oxidation process.[44] 
The above results clearly demonstrate that both the chemical 
components and the surface chemistry of Ti3C2Tx nanosheets 
can be precisely manipulated by the controllable oxidation and 
etching process.

By vacuum filtration of the pristine Ti3C2Tx and H-Ti3C2Tx 
dispersion, it is ready to assemble these H-Ti3C2Tx nanosheets 
to self-standing films (Figure 4a). From the top-view SEM 
images, considerable wrinkles can be found on the surface of 
both pristine Ti3C2Tx and H-Ti3C2Tx film (Figure 4b,c). Besides, 
the surface of H-Ti3C2Tx films becomes rougher with the pro-
longation of oxidation time from 10  to 40  min (Figure  4c–e). 
Such phenomenon is probably caused by the overlapping frag-
ments arising from the reduced lateral size of the nanosheets, 
which is considered to be caused by the oxidation process. 
Under the same film thickness of 25 µm, four-probe meas-
urement reveals that electrical conductivities of H-Ti3C2Tx-10, 
H-Ti3C2Tx-25,  and H-Ti3C2Tx-40  film are 1388, 889,  and 
201  S  cm−1, respectively, which is consistent with the higher 
defect and hole density on Ti3C2Tx sheets after long time hydro-
thermal oxidation.[49] Figure S7, Supporting Information,  pro-
vides the side-view SEM images of the pristine Ti3C2Tx and 
H-Ti3C2Tx-40 film. The H-Ti3C2Tx-40 film exhibits more messy 
and fluffy film structure, which is considered to promote the 

ion transport by providing more shortcuts perpendicular to the 
restacked film.[46]

The electrochemical performances of the H-Ti3C2Tx 
films were evaluated in a three-electrode system by using 3 m 
H2SO4 aqueous solution as the electrolyte and activated carbon 
as the counter electrode. The CV curves at 3 mV s−1 of the pris-
tine Ti3C2Tx and the H-Ti3C2Tx films with the same thickness 
of 25 µm are compared in Figure 5a. For each electrode, a pair 
of redox peaks on a rectangle shaped curve can be observed for 
the Ti3C2Tx-based electrodes, suggesting the combination of 
pseudocapacitive nature and the double-layer capacitance.[55,56] 
Moreover, the H-Ti3C2Tx electrodes show much enhanced 
current response and significantly increased integrated area 
than the pristine Ti3C2Tx electrode. This observation suggests 
that those in-plane nanopores in H-Ti3C2Tx sheets contribute 
more exposed electroactive sites. The specific capacitances of 
H-Ti3C2Tx electrodes with the thickness of 25 µm at the current 
densities ranging from 0.5 to 50 A g−1 are plotted in Figure 5b. 
It is noticed that the gravimetric capacitance enhances gradually 
with the oxidation time and the maximal value of 339 F g−1  is 
achieved for H-Ti3C2Tx-40  at 0.5  A  g−1. Such value can retain 
as high as 196  F  g−1  even at high current density of 50  A  g−1. 
Obviously, the performance of H-Ti3C2Tx-40  is much superior 
to that of pristine Ti3C2Tx which only has the specific capacity 
of 258 F g−1 at 0.5 A g−1 and rapidly drops to 20 F g−1 at 50 A g−1. 
Such comparison clearly reveals that those in-plane nanopores 
not only enhance the specific capacitance but also remark-
ably facilitate the ion transport in the film electrodes. The ion 
transport properties within the electrodes are also evaluated 
by electrochemical impedance spectroscopy (EIS) (Figure  5c). 
Compared to the pristine Ti3C2Tx electrode, the Nyquist plots of 
H-Ti3C2Tx electrodes are almost perpendicular to the real axis 
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Figure 4.  Optical photographs and SEM characterization results: a) 
optical photos of pristine Ti3C2Tx and H-Ti3C2Tx films, b) top-view SEM 
images of pristine Ti3C2Tx film, c) H-Ti3C2Tx-10 film, d) H-Ti3C2Tx-25 film, 
and e) H-Ti3C2Tx-40 film.
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in the whole-frequency range, confirming an ideal capacitive 
behavior and fast ion transport kinetics.[46,57] Furthermore, the 
relaxation time constant (τ0), which refers to the minimum time 
required to discharge all the energy with an efficiency of >50%, 
can be derived from the dependence of the imaginary (C″) part 
on the frequency.[58] As shown in Figure S8, Supporting Infor-
mation, the τ0 of pristine Ti3C2Tx film is 0.46, 2.0, and 73.58 s 
when film thickness is 5, 10, and 25 µm, respectively. The sig-
nificantly large τ0 at thicker film of 25 µm is obviously ascribed 
to the serious sheets stacking which hinders the ion access to 
the film interior. In contrast, the τ0  of Ti3C2Tx-10  dramatically 
decreases to 5.41  s and it continuously decreases to 2.15  and 
0.85 for Ti3C2Tx-25 and Ti3C2Tx-40 film, respectively (Figure 5d). 
It is noted that the current response of H-Ti3C2Tx-40 is almost 
89 times faster than that of pristine Ti3C2Tx electrode under the 
same film thickness of 25 µm. These results are in good agree-
ment with the rate capability shown in Figure 5b, which dem-
onstrates the significantly enhanced ion transport kinetics for 
H-Ti3C2Tx electrodes.

According to the SEM images in Figure  4, the oxidation of 
Ti3C2Tx sheets leads to the decrease of lateral size of Ti3C2Tx 
nanosheets. In order to elucidate the size effects of Ti3C2Tx 
sheets on their ion transport kinetics, the pristine Ti3C2Tx has 
been sonicated at 230  W for 2  and 3  h, which yields Ti3C2Tx 
with average hydrodynamic size of around 280 and 240  nm, 
respectively (Figure S9, Supporting Information). Their capaci-
tive performance has been tested and compared with the 
H-Ti3C2Tx-25  electrode at the same film thickness of 10 µm. 
Figure 6a shows the CV curves of pristine Ti3C2Tx, sonicated 
Ti3C2Tx and the H-Ti3C2Tx-25 film. All the films present similar 

shape, while the sonicated Ti3C2Tx films show slightly larger 
integrated area when compared with that of pristine Ti3C2Tx, 
which agrees well with previous reported results.[59] The spe-
cific capacitance of these samples under the scan rate range of 
10–3000 mV s-1 is illustrated in Figure 6b. The Ti3C2Tx film son-
icated for 2  h remains roughly similar property with the pris-
tine film. Although the Ti3C2Tx film sonicated for 3 h displays 
enhanced property, its performance is still much lower than 
that of the H-Ti3C2Tx-25 electrode. The comparison of the relax-
ation time constant in Figure 6c also clearly demonstrates that 
the smallest τ0  of 1.00  s is achieved for H-Ti3C2Tx-25  sample, 
which is much smaller than those of the sonicated or the pris-
tine Ti3C2Tx samples. Considering that the average hydrody-
namic diameter of the sonicated Ti3C2Tx is comparable to the 
lateral size of the H-Ti3C2Tx-25 and H-Ti3C2Tx-40 (Figure 1f,g), 
the above results demonstrate that the dramatically enhanced 
ion kinetics of H-Ti3C2Tx-25  is mainly originated from the in-
plane nanopores instead of the reduced size effect.

Taking H-Ti3C2Tx-25  as an example,  we  further study the 
dependence of specific capacitance on the electrode thick-
ness. In this case, the H-Ti3C2Tx-25  films with thicknesses 
varying from 10  to 84 µm have been investigated accord-
ingly. The thickness changes correspond to a mass loading 
increase from 1.63  to 6.41  mg  cm−2 (Figure  6d). Figure S10, 
Supporting Information,  shows the typical GCD curves of 
H-Ti3C2Tx-25  electrode with different film thicknesses under 
the current density range from 1 to 10 A g−1. Regardless of the 
film thickness, all the GCD curves keep nearly symmetric fea-
tures with conspicuous voltage plateaus ranging from −0.35 to 
−0.45  V, confirming the highly reversible electrochemical 

Small 2022, 2205947

Figure 5.  Electrochemical properties of H-Ti3C2Tx electrodes with film thickness of 25 µm in 3 m H2SO4 electrolyte: a) CV curves at 3 mV s−1, b) specific 
capacitances and retentions in 0.5–50 A g−1, c) Nyquist plots, and d) relaxation time constants derived from the normalized imaginary part capacitance.
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reactions proceeding between the electrodes and electrolyte. 
An interesting result is that even though the electrode thick-
ness increases from 10 to 25, 50, and 84 µm, the specific capaci-
tances of H-Ti3C2Tx-25 electrodes remain at 274, 288, 286, and 
280 F g−1 at 1.0 A g−1, respectively (Figure 6d and Figure S10e, 
Supporting Information). Considering the corresponding mass 
loadings, their volumetric capacitances are calculated to be 446, 
419, 291, and 214 F cm−3 at 10, 25, 50, and 84 µm, respectively. 
When the current density increases to 5 and 20 A g−1, the spe-
cific capacitance of H-Ti3C2Tx-25 electrode also presents thick-
ness-independent performances (Figure 6d and Figure S10a–d, 
Supporting Information). Moreover, the H-Ti3C2Tx-25 electrode 
is capable of maintaining around 60% capacitance as the cur-
rent density increases by 50  times (1–50 A g−1) (Figure 6a and 
Figure S11, Supporting Information). It is noted that H-Ti3C2Tx 
prepared in this work is comparable or even better than the 
previous reported holey Ti3C2Tx in term of specific capacitance 
and rate capability. Moreover, the performance of the reported 
holey Ti3C2Tx in the references is usually achieved under very 
thin film thickness or low mass loading (Table S4, Supporting 
Information). The thickness-independent electrochemical prop-
erties achieved by the H-Ti3C2Tx-25 electrode verify the crucial 
role of in-plane nanopores in boosting the ion penetration. The 
fast ion transport kinetics in H-Ti3C2Tx-25  electrodes are also 
reflected in their Nyquist plots. In Figure 6e, the solution resist-
ance and charge transfer resistance keep nearly unchanged for 
the same H-Ti3C2Tx-25 electrodes because they have almost the 
same electrical conductivity and are tested in the same electro-
lyte. In this way, the change of the ion diffusion resistance can 
be evaluated by the difference in Warburg resistance (inset in 

Figure 6e). Despite the notable increase of the electrode thick-
ness from 10  to 84 µm, the Warburg resistance only increases 
from 1.91 to 2.84 ohm (Table S3, Supporting Information), sug-
gesting a fast ion transport in this thicker film. The relaxation 
time constants of the H-Ti3C2Tx-25  electrodes with different 
film thicknesses also support this conclusion. As shown in 
Figure 6f, the τ0  is determined to be 1.00, 2.15, 2.56, and 3.41s 
with electrode thickness of 10, 25, 50, and 84 µm, respectively. 
Our findings show that τ0  does not change significantly with 
the electrode thickness, implying that the ion diffusion kinetics 
are hardly affected by the thicker electrode. It is also noted that 
small τ0 achieved by the H-Ti3C2Tx-25 film is much superior to 
those of pure Ti3C2Tx film (4.4 s),[58] dry Ti3C2Tx Film (1.49 s),[60] 
Ti3C2 film (6.8 s), diethanolamine-Ti3C2Tx (4.6 s),[61] and MXene-
rGO films (1.75 s).[62]

To further elucidate the fast ion transport kinetics in thick 
H-Ti3C2Tx-25 film, the capacitive performance of the film with 
the thickness increased up to 84 µm has been investigated. The 
CV profiles of this film at low scan rate of 3–500 mV s−1 is pro-
vided in Figure S12, Supporting Information,  and Figure 7a. 
From these figures, the linear increase of the current under 
different scan rate reveals the excellent rate capability and 
reversibility of the electrodes. Even increasing the high scan 
rate up to 20  V  s−1, the shape of CV curves does not deform 
significantly (Figure 7b). In order to further elucidate this high-
rate capability, log(current/mA) versus log(scan rate/mV  s−1) 
following the equation i  = avb have been plotted in Figure  7c. 
In this equation, v is the scan rate, i is the peak current at dif-
ferent scan rates, and a and b are adjustable values.[63,64] In gen-
eral, b  =  0.5  suggests the diffusion-controlled electrochemical 

Small 2022, 2205947

Figure 6.  a–c) Performance comparison of H-Ti3C2Tx-25 film with pristine Ti3C2Tx and sonicated Ti3C2Tx for 2 and 3 h: a) CV curves at 10 mV s−1, b) rate 
capability in 10–3000 mV s−1, and c) relaxation time constant. d,e) Electrochemical performance of H-Ti3C2Tx-25 films of different thicknesses: d) spe-
cific capacitances at 0.5, 5.0, and 20 A g−1 and capacitance retention in the range of 0.5–50 A g−1 and e) Nyquist plots with inset showing the Warburg 
resistance. f) Relaxation time constants derived from the normalized imaginary part capacitance.
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process, while b  =  1  indicates a capacitive-controlled process. 
By linear fitting of the plots under the scan rate range of 
3‒500  mV  s−1, the b values are 0.98  and 0.99  for anodic and 
cathodic peaks, respectively. The results in Figure 7c reveal that 
H-Ti3C2Tx-25  film exhibits the fast capacitive energy storage 
behavior, where the electrolyte ions can rapidly penetrate the 
dense film through these in-plane pores even with the film 
thickness of 84 µm.

To distinguish quantitatively the capacitive contribu-
tion, we applied the Dunn’s method to analyze the current:

1 2
1/2( ) = +i V k v k v � (1)

/ 1/2
1

1/2
2( ) = +i V v k v k � (2)

where k1v and k2v1/2  correspond to the current contributions 
from the surface capacitive and the diffusion-controlled process, 
respectively.[65,66] The CV curve for the H-Ti3C2Tx-25 electrode is 
presented in Figure 7d, in which the shaded area corresponds 
to the current contribution from the capacitive controlled pro-
cess. It is noticed that about 70% current is contributed from 
the capacitive process at low scan rate of 3 mV s−1. This capaci-
tive contribution increases gradually with the scan rate and 
reaches 78% at 20 mV s−1 (Figure 7e). The above observations 
confirm that the storage of H+ in H-Ti3C2Tx-25 is achieved by a 
fast capacitive process. In addition, the GCD profiles at different 
current densities also show good symmetry (Figure 7f), which 
means the reversible H+ storage in this thick film electrode. 
The long-term cycling performance of the H-Ti3C2Tx-25  elec-
trode  was  also investigated at the current density of 15  A  g−1. 

Small 2022, 2205947

Figure 7.  Electrochemical performance of the H-Ti3C2Tx-25 electrode with 84 µm thickness. a,b) CV curves at low and high scan rates, c) plots of log(i) 
versus log(v) in the scan rates range from 3 to 500 mV s−1, d) CV response at a scan rate of 5 mV s−1 with the yellow shaded area corresponding to 
the capacitive contribution, e) percentage of capacitive contribution in the total capacitance at diverse scan rates, f) GCD curves at different current 
densities, and g) cycling performance at 15 A g−1 with inset showing the CV and GCD curves recorded at different cycling stages.
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The H-Ti3C2Tx-25  film retains 96% of its initial capacitance 
and exhibits an excellent Coulombic efficiency of ≈100% after 
20  000  galvanostatic charge–discharge cycles (Figure  7g). The 
CV and GCD profiles before and after cycles display negligible 
change (inset in Figure  7g), confirming an ultra-stable cycling 
performance of H-Ti3C2Tx electrodes.

3. Conclusions

In summary,  we  have developed a mild oxidation route to 
prepare holey Ti3C2Tx nanosheets by introducing O2  during 
refluxing of the pristine MXene suspension at 100  °C. The 
H-Ti3C2Tx obtained at longer oxidation time exhibits larger 
specific capacitance together with higher rate capability and 
rapid current response, which can be attributed to the rich 
defect states and pore structures at the surface. Electrochem-
ical characterizations reveal that these H-Ti3C2Tx films demon-
strate nearly thickness-independence capacitive properties with 
specific capacitance of 320  F  g−1 (476  F  cm−3) at thickness of 
10 µm (1.63 mg cm−2), which maintains 323 F g−1 (246 F cm−3) 
as the film thickness increase to 84 µm (6.41 mg cm−2). The EIS 
reveals that the relaxation time constants of H-Ti3C2Tx-25 elec-
trode are also less dependent on the film thickness. Such 
extraordinary properties demonstrate that these in-plane nano-
pores not only contribute to a high specific capacitance but also 
offer numerous pathways for rapid penetration of electrolyte 
ions across the dense film electrode. Our findings may offer 
a new avenue to circumvent the sheet restacking that would 
impede ion transport within the dense MXene film.

4. Experimental Section
Materials Preparation: The Ti3C2Tx  was  prepared by etching 

Ti3AlC2  with a mixture of LiF and HCl to selectively remove Al layers 
following a method reported previously.[47] Specifically, 3.2  g of 
LiF was slowly added into 60 mL of 9 m HCl under stirring. Then, 2 g 
Ti3AlC2  powder (purchased from 11  Technology Co. Ltd.)  were  slowly 
added to the above solution and continuously stirred at 35 °C for 24 h. 
The acquired resultant was repeatedly centrifuged with ultrapure water at 
4 °C until the pH of the supernatant reached 7.0. Afterward, the swollen 
Ti3C2Tx slurry  was  separated from the mixture by centrifugation at 
3500 rpm for 2 min. Finally, the delaminated Ti3C2Tx colloidal dispersion 
could be obtained after ultrasonication for 1  h under the protection of 
bubbling Ar gas.

The oxidation of the Ti3C2Tx nanosheets  was  performed by adding 
20 mL of Ti3C2Tx colloidal dispersion (1.9 mg mL−1) in a 100 mL three-
necked flask equipped with a high purity oxygen inlet/outlet and 
spherical condenser tube for condensate reflux. As the temperature of 
the dispersion raised at 100 °C, high purity oxygen was injected at a rate 
of 200 SCCM to allow it to bubble below the surface of the dispersion 
for 10, 25, and 40 min. The oxidized Ti3C2Tx was denoted as O-Ti3C2Tx-x 
with x representing the oxidation duration in minutes. Finally, the 
O-Ti3C2Tx-x was dispersed in 20 mL of 10% v/v HF acid solution at room 
temperature for 6  h to etch away the obtained TiO2, leaving behind 
in-plane nanopores in Ti3C2Tx sheets which referred to holey Ti3C2Tx 
(H-Ti3C2Tx). The O-Ti3C2Tx and H-Ti3C2Tx film were obtained by filtering 
corresponding dispersion on a PVDF filter membrane (100  nm pore 
size) using vacuum-assisted filtration and the film thickness could be 
facilely tuned using various amounts of dispersions.

Materials Characterization: The morphology of the 
samples  was  characterized by a field-emission scanning electron 

microscope (SU8020) and a TEM (JEM-2800). The phase structure 
of the products  was  identified on a DX-2700  X-ray diffractometer with 
Cu Kα radiation (λ = 0.154 nm, 40 kV). The XPS spectra were collected 
on an ESCALAB Xi+ X-ray photoelectron spectrometer (Thermo Fisher 
Scientific) using a monochromatized Al Kα X-ray source (1486.8  eV). 
The binding energy  was  corrected by the C 1s line at 284.8  eV. Raman 
spectra were collected on a Renishaw inVia Raman microscope with an 
excitation wavelength of 532 nm.

Electrochemical Measurements: All electrochemical 
experiments  were  carried out on Gamary electrochemical workstation 
within the operation potential between −0.6 and 0.3 V (vs Ag/AgCl) in 
a plastic three-electrode Swagelok setup, where the Ti3C2Tx film served 
as working electrodes, activated carbon as the counter electrode, and 
Ag/AgCl as the reference electrode. The counter electrode was prepared 
by mechanically mixing YP-50, carbon black, and PTFE binder in a mass 
ratio of 87:10:3 in ethanol. After evaporation of solvent in the slurry, the 
mixture was rolled into a thick sheet and punched into a circular disk with 
diameter of 5 mm. The Celgard 3501 membrane was used as separators 
and 3 m aqueous H2SO4 was used as electrolytes. EIS was  tested at a 
frequency range varying from 0.001  to 100  kHz with an amplitude of 
5 mV. The gravimetric specific capacitance was calculated based on the 
GCD curves according to the following formulas:[67,68]

= ∫2
|2

i

f
C I Vdt

mV V
V � (3)

where I  was  the discharge current (A), m  was  the mass of the Ti3C2Tx 
electrode (g), ∫ Vdt was the integral current area of the discharge curve, 
and V was the potential window varying from initial Vi to final value Vf. 
The real C′(ω) and imaginary part C″(ω) capacitances were derived from 
the following formulas:[69]

ω
ω

ω ω
( ) ( )

( )
′ =

− ′′
2C

Z

Z
� (4)

ω
ω

ω ω
( ) ( )

( )
″ =

′
2

C
Z

Z
� (5)

where ω  was  the angular frequency (ω  =  2πf), f  was  frequency (Hz), 
Z′(ω) and Z″(ω) were real and imaginary parts of Z(ω), respectively.

Statistical Analysis: Pore size of H-Ti3C2Tx sheets  was  statistically 
analyzed using Nano Measure software based on the TEM images. 
About 70  pores for H-Ti3C2Tx-10, 220  pores for H-Ti3C2Tx-25,  and 
440 pores for H-Ti3C2Tx-40 were counted for size analysis.
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