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A B S T R A C T   

MXenes are promising pseudocapacitive materials with ultrahigh specific capacitance. Currently, more than 30 
stoichiometric MXene compositions and about 20 solid solutions have been experimentally synthesized. How
ever, most studies focus on Ti3C2Tx or a few other single-M MXenes, and little is known about the electrochemical 
properties of solid-solution MXenes. Herein, two sets of niobium-based solid-solution MXenes (Ti2−yNbyTx and 
V2−yNbyTx; 0 ≤ y ≤ 2) were synthesized and the dependence of their electrochemical properties on the ratio of M 
elements in the structure was investigated. Relationships between the chemistry and charge storage ability, 
including capacitive properties and cycling stability in aqueous protic electrolyte, were determined. There is an 
inverse relationship between the prominence of the redox peaks and cycling stability; the latter increases with 
the niobium content. For instance, the capacitance retention after 20,000 cycles is less than 1% for Ti2CTx, but 
78% for Ti0.4Nb1.6CTx. This study shows that electrochemical properties of MXenes can be controlled by tuning 
the ratio of transition metals in the MXene structure.   

1. Introduction 

The rapid development of portable electronics and electrical vehicles 
has led to accelerating demand for battery alternatives that have fast 
charging rates and long-life spans. Supercapacitors, typically electro
chemical double layer capacitors (EDLCs), can be fully charged and 
discharged in minutes with excellent cyclability [1–4]. In contrast to 
batteries, which store energy through Faradaic reactions, EDLCs stores 
charge through physisorption of ions on the surface of porous carbo
naceous electrode materials. Their energy density is limited by the 
accessible surface area, and is lower than batteries. Pseudocapacitive 
materials store energy through fast and reversible surface redox re
actions, providing increased energy storage capability compared to 
EDLCs. RuO2 [5–7], MnO2 [8], Nb2O5 [9,10], transition metal nitrides 
[11–14], and conductive polymers have shown intrinsic pseudocapaci
tive behavior with fast surface redox reactions [15–17]. However, 
except for RuO2 and some of the transition metal nitrides, most pseu
docapacitive materials have low electrical conductivities, limiting their 
power density and cycling performance [18]. High conductivity is of 
critical importance for fast charging, when high current must flow 
through the device, and it allows to minimize energy losses related to 

Joule heating. 
MXenes are a class of two-dimensional (2D) transition metal car

bides, nitrides, and carbonitrides, which are typically synthesized by 
selectively etching the A element from Mn+1AXn phases, where M rep
resents early transition metal (Ti, Nb, Mo, V, Cr, Ta, etc.), A is a group 
13–15 element (Al, Si, Ga, In, etc.), X is carbon and/or nitrogen, and n is 
1–4 [17,19–21]. After etching, MXenes have the general formula 
Mn+1XnTx, where Tx represents the surface functional groups (-F, =O, 
-Cl, -OH, etc.) [17,20]. The compositional variety, variable transition 
metal redox chemistry, scalability, and 2D morphology render MXenes 
particularly attractive for energy storage applications [17,22–24]. 
MXenes can contain a single early transition metal or multiple metals in 
its M layers [25,26]. Furthermore, based on the distribution of the metal 
atoms, double-metal MXenes include solid-solution MXenes, where the 
two metal atoms are randomly distributed in M-site, as well as in- and 
out-of-plane ordered MXenes [27–29]. 

Ti3C2Tx is the first discovered and the most studied MXene, showing 
the highest reported electrical conductivity (>15,000 S/cm), redox 
active surface for protonation and good packing density (up to 4 g/cm3 

in stacked films), resulting in volumetric capacitance of 1500 F/cm3 and 
high-rate performance in thin films [30,31]. Other MXenes have also 
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been reported to have high volumetric capacitances, such as Nb4C3Tx at 
1075 F/cm3 and V2CTx at 1315 F/cm3 [32]. Nb2CTx films have been 
employed to fabricate polarity reversible lithium ion capacitors, with a 
volumetric energy density of 50–70 Wh/L [33,34], and lithium ion 
battery anodes [35]. V2CTx has been investigated as an electrode for 
supercapacitors [32,36], lithium-ion [35,37], zinc-ion [38], and 
aluminum-ion [39] batteries. Ti2CTx has also been studied in electrodes 
for lithium and sodium ion batteries and supercapacitors [32,40,41]. 
M2XTx MXenes, compared with M3X2Tx, M4X3Tx, or M5X4Tx, have fewer 
atomic layers, but similar surface chemistry; thus they are expected to 
have a higher specific surface area and capacitance normalized by 
weight or volume. However, they have been less explored than Ti3C2Tx, 
partly because they are less chemically and electrochemically stable in 
aqueous environments, especially Ti2CTx and V2CTx [32,42,43]. More
over, the electrochemical properties of solid-solution MXenes are less 
known, with M2XTx not reported thus far [26]. 

Herein, two series of niobium-containing solid-solution MXenes, 
Ti2−yNbyCTx and V2−yNbyCTx (y = 0.4, 0.8, 1.2, and 1.6), were syn
thesized, their electrochemical properties investigated and compared to 
corresponding single-metal MXenes (Ti2CTx, Nb2CTx, and V2CTx) 
(Fig. 1a). It is shown that their capacitive behavior and cycling stability 
can be tuned by modification of the M-site chemistry. As the niobium 
content is increased, the redox peak prominence decreases, while the 
cycling stability is enhanced. Moreover, niobium content is correlated 
with capacitance retention of Ti2−yNbyCTx: from less than 1% (y = 0, i. 
e., Ti2CTx) to 78% (y = 1.6, i.e., Ti0.4Nb1.6CTx) after 20,000 cycles at 
200 mV/s. Considering there are more than 100 predicted stoichio
metric MXene compositions and a limitless number of solid solutions 
[29,44,45], this illustrates the viability of adjusting MXene electro
chemical properties by tuning the M-site chemistry. 

Fig. 1. (a) Schematic diagram of niobium-containing solid-solution MXenes (Ti2−yNbyCTx and V2−yNbyCTx) with different discrete compositions. (b) Transmission 
electron microscopy (TEM) image of a Ti1.6Nb0.4CTx flake. (c) Scanning electron microscopy (SEM) image of the Ti1.6Nb0.4CTx film cross-section. X-ray diffraction 
(XRD) patterns (d) and Raman spectra (e) of Ti2−yNbyCTx, XRD patterns (f), and Raman spectra (g) of V2−yNbyCTx with different Nb contents. 
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2. Results and discussion 

Niobium-containing solid-solution MAX phases, Ti2−yNbyAlC, 
V2−yNbyAlC (y = 0.4, 0.8, 1.2, and 1.6), and corresponding single-metal 
MAX phases, Ti2AlC, V2AlC, and Nb2AlC, were synthesized using the 
previously described protocols [25]. XRD patterns of all MAX phases are 
shown in Fig. S1. It is important to note that only one MAX phase is 
present in each precursor mixture, indicating that these powders can be 
used to study each specific MXene chemistry [28]. After selective 
removal of Al from the MAX precursors and subsequent delamination, 
the corresponding MXenes were obtained. The elemental ratios are 
based on the initial MAX phase synthesis, assuming no transition metal 
ratio changes during the calcination or subsequent etching processes, as 
confirmed in other studies [29]. The Nb and Ti/V atoms in the MAX 
phases and MXenes are randomly distributed in M-layers. X-ray 
diffraction (XRD) patterns of Ti2−yNbyCTx and V2−yNbyCTx are shown in 
Fig. 1. The disappearance of higher order peaks with only (00 l) peaks 
remaining confirms that the Al layers were completely removed, 
delamination was successful, and no impurity phases remained in the 
films. The (002) peak positions and d-spacings of Ti2−yNbyCTx and 
V2−yNbyCTx are shown in Table 1. The d-spacings of V2CTx, V2−yNbyCTx 
(y = 0.4, 0.8, 1.2, and 1.6), and Nb2CTx are larger than Ti2CTx and 
Ti2−yNbyCTx (y = 0.4, 0.8, 1.2, and 1.6), which is due to the use of 
tetramethylammonium hydroxide intercalants during delamination, in 
contrast to Li ion intercalation for Ti2CTx and Ti2−yNbyCTx. 

Fig. 1e shows the Raman spectra of Ti2−yNbyCTx. The collaborative 
vibration modes of Ti2CTx at around 287 cm−1, 419 cm−1, and 
585 cm−1 should be attributed to Ti2CO2 [46], which are still apparent 
for Ti1.6Nb0.4CTx although their peak strength diminishes. However, for 
Ti1.2Nb0.8CTx and Ti0.8Nb1.2CTx, these peaks are almost negligible 
probably due to the decreasing content of titanium in the MXenes. 
Similarly the strength of Eg modes of V2CTx at 181 cm−1 and 427 cm−1 

decreases for V1.6Nb0.4CTx (Fig. 1g) [47]. For both, Ti0.4Nb1.6CTx and 
V0.4Nb1.6CTx, the A1g mode of Nb2CTx around 263 cm−1 becomes 
apparent when the niobium content increases to 80% [48]. 

To investigate the electrochemical properties of Ti2−yNbyCTx, their 
cyclic voltammetry (CV) curves were recorded at scan rates from 5 mV/s 
to 1000 mV/s, as shown in Fig. 2. A pair of redox peaks at −0.23 V/ 
−0.22 V are observed on the CV curve of Ti2CTx at 5 mV/s scan rate. For 
Ti3C2Tx, the pseudocapacitance mainly originates from the following 
reversible surface redox reaction, which produces a prominent redox 
peak in its CV curve [49,50]:  

Ti3C2O2 + xH+ +xe- ⇌ Ti3C2O2−x(OH)x                                           (1) 

The redox peaks of Ti2CTx may originate from a similar redox reac
tion, due to presence of Ti2CO2, which is supported by the Raman 
spectrum [46]:  

Ti2CO2 + xH+ +xe- ⇌ Ti2CO2−x(OH)x                                              (2) 

At higher voltages, there is an additional pair of redox peaks at 
−0.08 V/−0.05 V, which is more prominent than the main redox peak. 
However, their magnitude decreases more rapidly with the increase of 
scan rate. Ti2CTx is prone to oxidation even in the preparation process 
[43,51]. To understand the influence of oxidation on its electrochemical 
behavior, anodic oxidation of Ti2CTx was performed through 

voltammetric cycling at a scan rate of 100 mV/s to 0.2 V vs Ag/AgCl 
[52], as shown in Fig. S2. During the first cycles of oxidation at 0.2 V, 
the right peak enlarges while the left side peak diminishes. Conse
quently, the redox peak pair on the right side is attributed to the elec
trochemically unstable species produced by the partial oxidation of 
Ti2CTx. 

For all the samples containing titanium, from Ti2CTx to 
Ti0.4Nb1.6CTx, a redox peak around 0.2 V is apparent at 5 mV/s, 
although the peak strength becomes less prominent as the Ti content 
decreases. There is no prominent redox peak for Nb2CTx in the CV curves 
(Fig. 2f), even at the lowest scan rate, which is similar to the electro
chemical behavior of Nb4C3Tx [53]. This is probably due to weaker ionic 
intercalation-deintercalation during the charge-discharge processes for 
Nb2CTx than Ti2CTx [18,54], which leads to a lower specific capacitance 
of Nb2CTx than Ti2CTx. With the increase of Nb content, the ionic 
intercalation-deintercalation might be inhibited, causing a trend of 
decrease in capacitance. This implies that the electrochemical behavior 
of solid-solution MXenes is tunable through the M-site chemistry. 

From the CV curves, the specific capacitance values of Ti2CTx, 
Ti1.6Nb0.4CTx, Ti1.2Nb0.8CTx, Ti0.8Nb1.2CTx, Ti0.4Nb1.6CTx, and Nb2CTx 
at 5 mV/s are 490, 466, 404, 421, 363, and 245 F/g, respectively 
(Fig. 3a). When the scan rate is elevated to 1000 mV/s, the specific 
capacitance values decrease to 172, 240, 237, 175, 175, and 36 F/g, 
respectively, representing 35%, 52%, 59%, 42%, 48%, and 15% 
capacitance retention, respectively. The capacitance values of Ti2CTx, 
Ti1.6Nb0.4CTx, Ti1.2Nb0.8CTx, and Ti0.8Nb1.2CTx at 5 mV/s are all higher 
than Ti3C2Tx hydrogel electrodes (380 F/g, with a rather similar mass 
loading of 1.2 mg/cm2) [49]. This outstanding capacitance could be 
ascribed to thinner flakes of 2D Ti2−yNbyCTx, which have 3 atomic 
layers compared with 5 atomic layers of Ti3C2Tx, excluding the surface 
functional groups, with similar redox active titanium species on their 
surfaces. Our previous X-ray absorption studies showed similar oxida
tion state of Ti in both MXenes [55]. 

The CV curves of Ti2−yNbyCTx compositions after every 2000 cycles 
at 200 mV/s are shown in Fig. S3 and their capacitance retentions are 
summarized in Fig. 3b. The capacitance of Ti2CTx diminishes quickly 
during cycling, dropping to negligible values after less than 3000 cycles. 
MXenes are prone to hydrolysis in water dispersion, the rate of which 
depends on the pH value and electrolyte composition, etc. [43,51,56] 
Hydrolysis can be minimized by adjusting the pH value or by the 
addition of antioxidants. Hydrolysis, leading to electrode degradation, 
may influence the cycling stability of the device. In the cycling test, the 
specific capacitance of Ti2CTx decreased to 23.68% and 11.2% of its 
initial value after 300 and 600 cycles, which corresponds to just 30 min 
and 60 min of CV cycling, respectively. Since colloidal Ti2CTx can be 
fully hydrolyzed within one day in oxygenated water, the fast decay of 
Ti2CTx capacitance should be attributed to its poor chemical stability in 
aqueous systems. Interestingly, by replacing only 20% of the Ti with Nb, 
the capacitance retention of Ti1.6Nb0.4CTx after 10,000 and 20,000 cy
cles is improved to 22% and 19%, respectively. As the Nb content in
creases to Ti1.2Nb0.8CTx, Ti0.8Nb1.2CTx, Ti0.4Nb1.6CTx, the capacitance 
retention after 20,000 cycles increase to 30%, 60%, and 78%, respec
tively. The capacitance of the Nb2CTx electrode is increased to 118% of 
its initial value after 20,000 cycles due to the material “activation” and 
increase of accessible surface area in the interlayer space during the 
cycling process [57]. Overall, the capacitive behavior and cycling sta
bility of Ti2−yNbyCTx is directly related to the M-site chemistry. 

Fig. S4 shows the electrochemical impedance spectroscopy (EIS) 
spectra of Ti2CTx, Ti0.8Nb1.2CTx, and Nb2CTx before and after cycling. 
Before cycling, the charge transfer resistances of Ti2CTx, Ti0.8Nb1.2CTx, 
and Nb2CTx, reflected by the radius of the semicircle on the Nyquist plot, 
are 0.3 Ω, 0.6 Ω, and 1.5 Ω, respectively. After cycling, they became 
449.4 Ω, 4.0 Ω, and 0.65 Ω, respectively. The obvious increase of the 
charge transfer resistance of Ti2CTx suggests oxidation during cycling 
[58]. With the addition of Nb, the charge transfer resistance of the 
materials is stabilized during cycling. The low frequency slope also 

Table 1 
The (002) peak positions and d-spacings of Ti2−yNbyCTx and V2−yNbyCTx.   

Ti2−yNbyCTx 

y 0 0.4 0.8 1.2 1.6 2 
(002) Peak (◦) 9.66 9.26 9.24 9.12 8.67 6.96 
d-spacing (Å) 9.1 9.5 9.6 9.7 10.2 12.7  

V2−yNbyCTx 

y 0 0.4 0.8 1.2 1.6 / 
(002) Peak (◦) 7.23 6.84 6.99 5.85 6.51 / 
d-spacing (Å) 12.2 12.9 12.6 15.1 13.6 /  
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Fig. 2. Cyclic voltammetry (CV) curves of Ti2−yNbyCTx (from (a) to (f): y = 0, 0.4, 0.8, 1.2, 1.6, and 2, respectively) obtained in 3 M H2SO4 electrolyte at scan rates 
from 5 mV/s to 1000 mV/s. 

Fig. 3. (a) Specific capacitance of Ti2−yNbyCTx as a function of scan rate. (b) Cycling stability of Ti2−yNbyCTx at 200 mV/s.  

Fig. 4. CV curves of V2−yNbyCTx obtained at different scan rates (from (a) to (e): y = 0, 0.4, 0.8, 1.2, and 1.6, respectively).  
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decreases, indicating higher Warburg impedance and a lower rate of ion 
diffusion after cycling [59]. The increase in charge transfer resistance for 
Ti0.8Nb1.2CTx is less than Ti2CTx, suggesting that its cycling stability is 
enhanced relative to Ti2CTx. The decrease of charge transfer resistance 
may explain the capacitance increase of Nb2CTx after cycling. The 
equivalent series resistance values of Ti2CTx and Ti0.8Nb1.2CTx are 
smaller than Nb2CTx, and do not change significantly after cycling. 

The CV data of V2−yNbyCTx were measured within the potential 
range of 0.2 V to −0.6 V versus Ag/AgCl, as shown in Fig. 4. There are 
two prominent redox peaks at around 0 V and −0.45 V in the CV curve 
of V2CTx. The position of the first peak coincides with earlier reports, 
although the second peak is absent since the potential range in that 
study was limited to 0.2 V to −0.4 V [32]. Similar to Ti2−yNbyCTx, the 
redox peak magnitude of V2−yNbyCTx decreases as the Nb content in
creases. Anodic oxidation of V1.6Nb0.4CTx was conducted to understand 
the multiple redox peaks, as shown in Fig. S5. During cycling at a scan 
rate of 100 mV/s to 0.3 V vs Ag/AgCl [52], both peaks decrease 
simultaneously, in clear contrast with the behavior of Ti2CTx. Therefore, 
the appearance of two peaks is likely due to the multiple oxidation states 
of vanadium that can be achieved during the charge and discharge 
processes [60]. 

The capacitances of V2−yNbyCTx at different scan rates are summa
rized in Fig. 5a. The capacitance of V2CTx at 10 mV/s is 240 F/g, not 
higher than Nb2CTx. No clear trend of capacitance change is observed in 
V2−yNbyCTx. The highest capacitance (410 F/g) is observed for 
V1.2Nb0.8CTx at 10 mV/s. The cycling stability of V2−yNbyCTx was 
studied by cycling at 200 mV/s, and the CV curves after every 2000 
cycles are shown in Fig. S6, with the capacitance retention plotted in 
Fig. 5b. After 20,000 cycles, V2CTx retains 26% of its initial capacitance. 
For V1.6Nb0.4CTx, V1.2Nb0.8CTx, V0.8Nb1.2CTx, and V0.4Nb1.6CTx, the 
capacitance retentions after 20,000 cycles were 27%, 33%, 61%, and 
62%, respectively. Similar to Ti2−yNbyCTx, the cycling stability of ma
terials in the V2−yNbyCTx system increases with Nb content. Fig. S7 
shows the Nyquist plots of V2CTx and V0.8Nb1.2CTx before and after 
cycling. Before cycling, the charge transfer resistance values of V2CTx 
and V0.8Nb1.2CTx were 0.85 Ω and 0.6 Ω, respectively. After cycling, 
they increased to 182 Ω and 21 Ω, respectively, suggesting oxide for
mation and lower stability of V2CTx compared to V0.8Nb1.2CTx. 

Both the redox peak area and the cycling stability of Ti2−yNbyCTx 
and V2−yNbyCTx show clear dependence on their composition. With low 
niobium contents, both Ti2−yNbyCTx and V2−yNbyCTx display prominent 
redox peaks in their CV curves. However, during cycling, the charge 
transfer resistances increase and the capacitances correspondingly 
decrease. Even though there were differences between the voltage 
windows used for different MXene compositions, that were needed to 
avoid oxidation during testing, one can confidently claim that the in
crease in Nb content leads to a decrease in the redox peak intensity and 
increase in cycling stability of M2C MXenes. In-situ study of surface 
chemistry changes during charge and discharge should be conducted in 
the future to completely understand the mechanism of the charge 

storage processes in multi-element MXenes. A change in the local 
environment of transition metal atoms can affect their electrochemical 
potential and their redox and electrocatalytic ability. While limited to 
electrochemistry alone, this first study shows very significant variations 
of electrochemistry properties of solid-solution MXenes with changing 
amounts of M elements in the outer layers. This clearly shows a potential 
of designing MXene compositions to meet requirements of numerous 
electrochemical applications. With a dozen of early transition metals to 
choose from, 4 types of structures (not counting in- and out-of-plane 
ordered MXenes), plus a variety of surface terminations, guidance 
from computational studies will be needed to achieve efficient design of 
MXenes for future electrochemical applications. This is especially true, if 
more than 2 metals are mixed in M layers. However, the prospectives are 
truly exciting as an enormous compositional and structural space with a 
continuous change in parameters is now open to exploration. 

3. Conclusions 

In summary, two series of double-metal solid-solution MXenes, 
Ti2−yNbyCTx and V2−yNbyCTx (y = 0.4, 0.8, 1.2, and 1.6), were syn
thesized. It was shown that the capacitive properties and cycling sta
bility of solid-solution MXenes directly depend on their composition. 
Moreover, for Nb-based M2XTx solid solutions, the redox peak intensity 
decreases while the cycling stability increases with the Nb content. The 
capacitance retention of Ti2−yNbyCTx after 20,000 cycles increases from 
less than 1% for Ti2CTx to 78% for Ti0.4Nb1.6CTx. The same trend is 
observed for V2−yNbyCTx. Since the number of MXene solid solutions is 
virtually limitless, the approach to controlling and optimizing the 
electrochemical properties of MXenes by combining transition metals in 
different proportions is certainly promising. 

4. Material and methods 

4.1. Material 

Ti (99.5%, −325 mesh), V (99.5%, −325 mesh), Al (99.5%, −325 
mesh), C (graphite, 99%, −325 mesh), and TiC (99.5%, typically 2 µm) 
powders were from Alfa Aesar, and Nb (99.99%, −325 mesh) was from 
Beantown Chemical for MAX phase synthesis. Lithium chloride (LiCl, 
99%), hydrofluoric acid (HF, 48.5 −51%) and tetramethylammonium 
hydroxide (TMAOH, 25 wt%) were from Acros Organics, lithium fluo
ride (LiF, 98.5%) was from Alfa Aesar and hydrochloric acid (HCl, 
36.5−38%) was from Fisher Chemical for the synthesis of MXene. All the 
chemicals were used as received without further purification. 

4.2. Synthesis of MAX phases 

For preparation of double-metal solid solution MAX phases, Ti, V, 
Nb, Al, and C powders (atomic ratio of Ti:Nb:Al:C and V:Nb:Al:C is 2-y: 
y:1.1:0.9, both for Ti2−yNbyAlC and V2−yNbyAlC, y = 0, 0.4, 0.8, 1.2, 

Fig. 5. (a) Specific capacitance of V2−yNbyCTx as a function of scan rate. (b) Cycling stability of V2−yNbyCTx at 200 mV/s.  
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1.6, and 2) were mixed with 10 mm zirconia balls in a 2:1 ball/powder 
ratio, placed in plastic jars and ball-milled at 50 rpm for 18 h. Subse
quently, the precursor powder mixture was put in an alumina crucible 
and transferred into a high-temperature tube furnace (Carbolite Gero). 
Ar bubbling was used to purge the tube for 1 h before heating and kept 
throughout the whole synthesis process. The furnace was heated to 
1550 ℃ at a rate of 3 ℃/min, held for 2 h and then cooled to room 
temperature at a rate of 3 ℃/min. Afterwards, they were milled with a 
TiN-coated milling bit and sieved to less than 75 µm. 

4.3. Synthesis of MXenes 

Synthesis of Ti2CTx. Ti2CTx was synthesized by the selective etching of 
Ti2AlC with HF and HCl. First, 1 g of Ti2AlC powder was added to a 
solution prepared by mixing 12 mL HCl, 2 mL HF, and 6 mL deionized 
(DI; 15 mΩ) water. Subsequently, the mixture was stirred for 24 h at 
room temperature, and then centrifuged at 3500 rpm for 2 min to 
remove the supernatant etching solution, followed by addition of DI 
water to redisperse the etched powders. This process was repeated until 
pH > 6. An aqueous LiCl solution with a concentration of 20 mg/mL was 
prepared and the centrifuge sediment was added into it. After being 
stirred for 4 h at room temperature, the mixture was centrifuged at 
3500 rpm for 10 min and redispersed with DI water. The centrifugation/ 
redispersion process was repeated until the supernatant became black 
after centrifugation. Afterwards, the black solution was centrifuged at 
7500 rpm for 3 min and the final supernatant (colloidal solution of 
delaminated MXene flakes) was collected for the preparation of MXene 
films. 

Synthesis of Ti2−yNbyCTx. The MILD method (LiF/HCl) was used to 
etch Ti2−yNbyAlC powders to produce Ti2−yNbyCTx (y = 0.4, 0.8, 1.2, 
and 1.6). Typically, an etchant solution was prepared by dissolving LiF 
in a mixture of 5 mL DI water and 15 mL HCl. Subsequently, 1 g 
Ti2−yNbyAlC powder was put in the etchant solution slowly, followed by 
stirring at 35 ◦C for 48 h. After etching, the mixture was centrifuged at 
3500 rpm for 2 min and then redispersed in DI water. The centrifuge/ 
redispersion procedure was repeated several times until pH > 6. After 
redispersion of the sediment in DI water, the colloidal solution of 
delaminated Ti2−yNbyCTx was obtained by centrifuging at 7500 rpm for 
3 min. 

Synthesis of V2−yNbyCTx. V2−yNbyCTx (y = 0, 0.4, 0.8, 1.2, 1.6, and 2) 
was synthesized by selective etching of the precursor V2−yNbyAlC 
powders with HF. Typically, 1 g of MAX phase powder was introduced 
into 20 mL of 50 wt% HF and was stirred at 35 ◦C. After 48 h of etching, 
the etching solution was washed with DI water by centrifugation 
(3500 rpm, 2 min) several times until the pH of the solution exceeded 6, 
the sediment was collected and transferred into a solution with 0.5 g 
TMAOH dissolved in 20 mL DI water, followed by 12 h of stirring at 
room temperature. The mixture solution was washed through repeated 
centrifugation at 9000 rpm for 10 min, then redispered; this process was 
repeated until the pH dropped below 8. Finally, after the solution was 
centrifuged at 3500 rpm for 10 min, the black supernatant was collected 
as delaminated MXene aqueous dispersion (colloidal solution). 

4.4. Characterization 

Freestanding MXene films were obtained by vacuum-assisted filtra
tion of the as-prepared MXene dispersion on a microporous membrane 
(3501 Coated PP, 25 µm, Celgard LLC), followed by drying in a vacuum 
oven. The concentration of the MXene dispersion was derived from the 
weight of the film and the filtered volume of the dispersion. The 
morphology and structure of MXene were observed with scanning 
electron microscopy (SEM; Zeiss Supra 50VP), and transmission electron 
microscopy (TEM; F-30, FEI-Tecnai). Raman spectra were recorded with 
a Renishaw (UK) Raman InVia confocal microscope, with a laser exci
tation of 633 nm, grating 1200 gr/mm and 5% laser power. XRD pat
terns were measured with Ni-filtered Cu Kα radiation (λ = 1.54 Å; 

Miniflex, Rigaku, Japan) operated at 40 kV and 15 mA with a step scan 
of 0.03◦ and holding time of 0.5 s. 

4.5. Electrochemical measurements 

Freestanding MXene films of 4 cm in diameter were prepared though 
vacuum-assisted filtration of MXene colloidal solution with concentra
tion around 1 mg/mL to make samples with average weight of ~13 mg. 
A 3 mm-diameter MXene disk was cut out and employed as the working 
electrode, a 3 mm-diameter overcapacitive activated carbon film (95% 
YP50, Kuraray, Japan; 5% polytetrafluoroethylene, Sigma-Aldrich) and 
Ag/AgCl in 3.5 M KCl were used as the counter electrode and reference 
electrode, respectively. 3 M H2SO4 was used as electrolyte. Electro
chemical measurements were performed in a Swagelok cell using a 3- 
electrode configuration. The detailed mass loading for each sample is 
shown in the Supplementary Data. Cyclic voltammetry (CV), galvano
static cycling, and electrochemical impedance spectroscopy (EIS) ex
periments were performed at room temperature on a Bio-Logic (France) 
VMP3 electrochemical workstation. 
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