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a b s t r a c t 

Two-dimensional (2D) heterostructured electrodes built from vertical stacking of different 2D materials are among 
the most promising electrode architectures for electrochemical energy storage devices. These materials offer in- 
teresting opportunities for energy storage applications such as versatility in the structural design of electrode, 
and the possibility to integrate individual 2D building blocks with different properties into heterostructures. 
These features can potentially enable new materials with improved or new electrochemical features. Here, we 
report on large-scale liquid phase self-assembly of 2D heterostructures built from two different 2D transition 
metal carbides (MXenes), Ti 3 C 2 T x and V 2 CT x . A cation-driven self-assembly process was used to assemble the 
negatively-charged flakes of the two MXenes into heterolayered flakes. The freestanding and binder-free MXene 
heterostructure films could deliver a high volumetric capacitance of ~1473 F cm 

− 3 and showed no capacitance 
loss after 50,000 charge-discharge cycles in 3 M H 2 SO 4 electrolyte. Due to coupling of redox reactions of Ti 3 C 2 T x 
and V 2 CT x , the heterostructure electrodes showed a nearly constant current over their entire potential window, 
which is reminiscent of traditional pseudocapacitive materials. This electrochemical behavior differs from indi- 
vidual MXene electrodes or most other emerging pseudocapacitive materials whose maximum performance is 
usually achieved in a narrow potential range. 
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. Introduction 

Two-dimensional (2D) materials offer interesting properties such as
igh surface areas, accessible redox-active sites, exceptional ion and
harge transport properties, and excellent mechanical robustness, all
f which make these materials promising for electrochemical energy
torage applications [1] . However, these properties are largely depen-
ent on the specific type and composition of 2D materials, and only a
ew 2D material may offer all of these properties combined [1–3] . Ad-
itionally, inherent properties, such as low electrical conductivity and
ighly exposed surfaces of many 2D materials used for energy storage
pplications, can result in slow charge transfer properties or unwanted
ide reactions with electrolyte and other cell components, resulting in
heir poor cyclic stability (i.e., many 2D metal oxides suffer from these
ssues) [1] . Sequential stacking of different 2D materials to produce het-
rostructures is considered as an effective approach to synthesize ma-
erials with superior physical and (electro)chemical properties [ 1 , 2 , 4–
 ]. Such 2D heterostructures can not only potentially eliminate major
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hortcomings of individual 2D materials, but also enable the realiza-
ion of numerous new electrode compositions with diverse properties
or batteries and supercapacitors [1] . 

2D transition metal carbides and nitrides, MXenes, have received
onsiderable attention in a wide range of applications from electro-
agnetic interference shielding to biomolecule sensing [7–12] ., and

n particular, as promising electrode materials for energy storage de-
ices because of their high electrical conductivities, cation interca-
ation capability, and high-rate pseudocapacitive properties [13–17] .
Xenes distinguish themselves from other 2D materials by their di-

erse compositions and structures. With a general formula of M n + 1 X n T x 

M is a transition metal, X is carbon/nitrogen, n can be 1 to 4,
nd T x represents different surface functional groups) [ 14 , 18 ], to
ate, more than 30 different MXenes are experimentally synthesized
nd many more have been theoretically predicted [ 13 , 19 ]. Therefore,
his large family of 2D materials provide an excellent model system
o explore the properties of 2D heterostructures and heterolayered
lectrodes. 
ience and Engineering, Drexel University, Philadelphia, PA 19104, USA. 
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Recently, a few examples of heterostructures of Ti 3 C 2 T x MXene with
ther 2D materials have been reported [20–26] . While these early stud-
es have suggested enhanced properties for the final hetero (or hybrid)
aterials, the stacking order in these 2D assemblies is often random. In

ddition, these early reports have only focused on the combination of
D Ti 3 C 2 T x with graphene or 2D transition metal oxides and dichalco-
enides, leaving behind other promising pseudocapacitive MXene com-
ositions such as Ti 2 CT x and V 2 CT x , as well as the possibility of synthe-
izing all-MXene heterostructures by stacking of different MXene com-
ositions. In most cases, this is due to the lack of established methods for
he controlled synthesis and delamination of other MXenes and the low
hemical stability of some MXene compositions. Recently, we reported
n highly stable 2D vanadium carbide (V 2 CT x ) pillared films and their
xceptional performance as supercapacitor electrode materials [16] . The
utstanding performance of 2D V 2 CT x showed that the pseudocapaci-
ive performance of MXene is not limited to Ti 3 C 2 T x . In fact, a recent
omputational study has predicted superior pseudocapacitive properties
or many other MXenes [27] . Nevertheless, these MXenes still need to
e assembled into structures with high ionic and electronic transport
roperties to be used as electrode materials for pseudocapacitive en-
rgy storage. We argue that controlled stacking of different 2D MXene
heets might enable the realization of heterostructure MXene materials
hat address shortcomings of individual MXenes and result in superior
hemical, electrochemical, and physical properties. 

Here we report on the large-scale self-assembly of 2D heterostruc-
ures from liquid dispersions of two different MXenes, namely, three
tomic-layer-thick V 2 CT x and five atomic-layer-thick Ti 3 C 2 T x as model
ompositions. The assembled structures display a high order in their
tacking sequence. The freestanding binder-free films fabricated from
ssembled MXene heterolayers show new electrochemical features and
mproved performances with a high volumetric capacitance of ~1473
 cm 

− 3 and exceptional cycle life with a ~8% capacitance increase af-
er 50,000 cycles in 3 M H 2 SO 4 electrolyte. These metrics surpass the
erformances of both individual Ti 3 C 2 T x and V 2 CT x MXene electrodes.

. Experimental section 

.1. Synthesis and delamination of MXenes 

Ti 3 C 2 T x and V 2 CT x MXenes were synthesized by selective etching
f their respective MAX phases, Ti 3 AlC 2 and V 2 AlC in acidic solutions
 12 , 47–49 ]. Ti 3 AlC 2 was prepared by mixing TiC (99.5%, ~ 2 μm, Alfa
esar, Al (99.5%, 325 mesh, Alfa Aesar), and C powders (99%, 325
esh, Alfa Aesar) in a 2:1:1 ratio. The powders were ball milled us-

ng zirconia balls for 18 h and then sintered at 1400 °C for 2 h under
owing argon atmosphere. V 2 AlC MAX phase was synthesized accord-

ng to previous reports [ 16 , 48 ]. To synthesize delaminated Ti 3 C 2 T x ( d -
i 3 C 2 T x ) MXene, typically 2 g of Ti 3 AlC 2 powder was slowly added to
 mild etchant consisting of 2 g LiF (98.5%, Alfa Aesar) in 40 mL 6 M
Cl (ACS grade, BDH) [ 49 , 50 ]. The etching reaction was carried out

or 24 h at 35 °C and then the etched powders were washed several
imes until the pH of the solution was ~ 6. Then the powders were
ollected and redispersed in 150 mL DI water and probe sonicated for
 h. The final d -Ti 3 C 2 T x solution was obtained by centrifuging the dark
onicated solution for 1 h at 3500 rpm and collecting the supernatant.
elaminated V 2 CT x ( d -V 2 CT x ) solutions were prepared according to our
revious work [16] . Since d -V 2 CT x is very unstable in aqueous solution,
he processing and fabrication of heterostructures were performed im-
ediately after d -V 2 CT x dispersions were obtained. 

.2. Assembly of MXene heterostructures from the liquid phase 

To assemble heterolayered MXenes and their corresponding het-
rostructure films, d -Ti 3 C 2 T x and d -V 2 CT x solutions were mixed in dif-
erent ratios. This resulted in stable mixture solutions since both MXene
ave similar negative zeta potentials in water [ 9 , 29 ]. Then a solution of
555 
aturated NaCl (based on our previous work [16] , this can be done with
ther alkali solutions as well) was added to the mixture solution while
eing stirred slowly. This resulted in rapid self-assembly of MXenes and
heir precipitation at the bottom of the container. The supernatant was
oured out, and the precipitates were washed several times to remove
he excess salt. In order to fabricate the freestanding films, dispersions
f heterolayered flakes were gently shaken to obtain a uniform disper-
ion and then vacuum filtered on top of a piece of Celgard membrane.
he fabricated MXene heterostructure films were labeled as Na-(Wt.%
f Ti 3 C 2 T x -Wt.% of V 2 CT x ). For example, a heterostructure film with
 Ti 3 C 2 T x to V 2 CT x weight ratio of 60:40 was labelled as Na-(60–40).
hrough this simple and rapid assembly, up to 0.5 g of heterolayered
Xene flakes could be produced in one batch. 

.3. Characterization techniques 

XRD analyses were carried out at a scan speed of 0.2 s per 2 𝜃 step
sing Bruker X-ray diffractometer (D8 Discover) with 40 kV and 40 mA
u-k 𝛼 radiation. SEM/EDS analyses of the samples were done using a
EOL JSM-7000F scanning electron microscope. To prepare samples for
/TEM analyses, initially, a FEI Scios dual beam system with gallium
on beam source was used to prepare lamellae from a cross-section of 2D
Xene heterostructure films. Then, lamellas were thinned to a thickness

f less than 100 nm and placed on a TEM grid. Imaging of lamellas was
erformed with a probe-corrected FEI Titan Thermis 300 S/TEM with
hemisSTEM technology in both HR-TEM and STEM imaging modes.
EM based EDS mapping was performed at 300 kV using a SuperX EDS
ystem. 

.4. Electrochemical measurements 

Plastic Swagelok cells were used in all the electrochemical measure-
ents. Glassy carbon electrodes were used as current collectors for both

he working and counter electrodes. In all three-electrode experiments,
g/AgCl wire immersed in 3.5 M KCl was the reference electrode. Work-

ng electrodes (WE) were prepared by directly punching the freestanding
Xene heterostructure films. An over-capacitive activated carbon film

YP-50), prepared according to previous reports [ 15 , 16 ], was used as
he counter electrode (CE) in the cells. A 3 M H 2 SO 4 solution was used
s the electrolyte in all cells. After their assembly and before electro-
hemical measurements, cells were rested for 1 h and then cycled for
t least 50 times at a scan rate of 20 mV s − 1 to stabilize their perfor-
ance. Cyclic Voltammetry (CV) experiments were carried out at scan

ates ranging from 2 mV s − 1 to 10 Vs − 1 . Cycle life of the electrodes
as examined by galvanostatic charge/discharge experiments at a cur-

ent density of 10 A g − 1 for 10 000 cycles. Electrochemical impedance
pectroscopy (EIS) data were collected in the 100 mHz to 1000 kHz fre-
uency range. The applied potential amplitude was 10 mV. Symmetric
upercapacitors (full cells) were assembled by using two similar MXene
eterostructure electrodes (similar weights and thickness) as working
nd counter electrodes. The specific capacitance of the full cells was
alculated considering the total weight (or volume) of both electrodes. 

The capacitance of the electrodes was calculated from the reduction
ortion of the CV profiles at different scan rates by using the following
quation:[28] 

 = 

1 
Δ𝑉 ∫

𝑗 𝑑𝑉 

𝑠 
(1)

here C is the normalized capacitance (F cm 

− 3 or F g − 1 ), ΔV is the
oltage window (V), j is the current density (mA cm 

− 3 or mA g − 1 ), V is
oltage (V), and s is the scan rate (mV s − 1 ). Also, the specific energy (E)
nd power (P) densities of the symmetric cells were calculated from CV
raphs at different scan rates using the following equations: [15] 

 = 

(1 
2 
× 𝐶 × 𝑉 2 

)
∕3600 

[
Whc m 

−3 ] (2)

 = 𝐸 × 𝑠 × 3600 
[
Wc m 

−3 ] (3)

𝑉 
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here C is the normalized capacitance of the device (F cm 

− 3 ), V is the
perating potential window (V), and s is the scan rate (V s − 1 ). 

The contributions of different charge storage mechanisms in the elec-
rodes were explained by considering a power-law relationship between
he current, i, and scan rate, v ( i = a v b ). b = 0.5 indicates a diffusion-
ontrolled process and b = ~1 corresponds to a surface-controlled
harge storage mechanism [45] . Contribution of each mechanism in the
otal stored charge was calculated through considering a combination
f capacitive controlled and diffusion controlled mechanisms at the cor-
esponding current value of each potential point, according to the fol-
owing equation: [28] 

 ( 𝑉 ) = 𝑘 1 𝑣 + 𝑘 2 𝑣 
0 . 5 (4)

In the above equation, V is the potential and k 1 and k 2 are vari-
bles. k 1 v indicates a capacitive contribution and k 2 v 0.5 determines the
iffusion-controlled contribution. 

. Results and discussion 

The Ti 3 C 2 T x -V 2 CT x MXene heterostructures were prepared by
harge-induced self-assembly [ 16 , 26 ] of negatively charged [ 9 , 28 , 29 ]
Xenes’ mixture dispersions and through addition of saturated alkali

alt solutions. This approach is different than the method widely used
n the liquid-phase assembly of 2D heterostructures which rely on
he electrostatic self-assembly of two oppositely charged 2D materi-
ls [ 6 , 25 , 30 , 31 ]. Despite the promise of the electrostatic self-assembly
pproach, it is not applicable to assemble different MXenes into het-
rostructures since the selective etching process used in the synthesis
f MXenes results in their functionalized surfaces that are negatively
harged in water dispersions [14] . Therefore, because of their similarly
harged surfaces, the colloidal mixture of various MXenes is also sta-
le. In addition, although having two oppositely charged 2D materials
eems to be favorable for assembly of unilamellar 2D heterostructures
 32 , 33 ], the large organic polycations (i.e., polydiallyldimethylammo-
ium chloride, PDDA or aminosilane coupling agent in case of MXene
34] ) that are usually used to prepare the positively charged 2D mate-
ials, result in large insulating gaps (and not an intimate contact) be-
ween assembled flakes, decreasing the electrical conductivity of the
abricated electrodes [25] . Also, using large organic polycations limits
he precise assembly of ordered multilayers with single-layer precision
35] . In contrary, as we have recently demonstrated [35] , using small
olecules with high charge densities can enable fabrication of pillared
ultilayer structures with precise stacking. In the present work, nega-

ively charged Ti 3 C 2 T x and V 2 CT x flakes were assembled into hetero-
ayered structures using Na + cations to induce self-assembly. Fig. 1 a
chematically shows the assembly process. In short, aqueous disper-
ions of Ti 3 C 2 T x and V 2 CT x MXenes were separately prepared and mixed
n different weight ratios. Then, saturated solution of sodium chloride
as added to these colloidal mixtures to self-assemble the MXene flakes

16] (see details in the Experimental Section). We chose to perform the
ssembly process using Na + because in our previous work on the as-
embly of V 2 CT x , the multilayered flakes assembled with Na + showed
he best electrochemical performance [16] . However, in principal the
ssembly process can be performed using other cations [ 16 , 36 , 37 ]. For
omparison, the same assembly process was used to prepare multilay-
red flakes of Ti 3 C 2 T x and V 2 CT x . The assembled multilayered or het-
rolayered flakes were redispersed in water and used in the fabrication
f freestanding films by vacuum assisted filtration. Fig. 1 b shows dig-
tal photographs of the freestanding films fabricated using assembled
ultilayered MXenes (a.k.a. Na-Ti 3 C 2 T x and Na-V 2 CT x ) and the het-

rostructure Ti 3 C 2 T x -V 2 CT x film with a weight ratio of 60:40 (referred
o as Na-(60–40)). The Ti 3 C 2 T x film has a dark gray color, and V 2 CT x 

lm shows a light gold brownish color, while the Na-(60–40) MXene het-
rostructure film shows a uniform and dark grayish brown color. No vi-
ual color variation/separation along the film could be seen, suggesting
niform assembly of 2D layers without apparent agglomeration of in-
556 
ividual MXenes in the macroscale. A cross-sectional scanning electron
icroscopy (SEM) image of the heterostructure film (shown in Fig. 1 c )

howed layered stacking of 2D nanosheets that are typical of vacuum
ltered films. 

X-ray diffraction (XRD) analyses was carried out to understand the
tructure and stacking order of the fabricated all-MXene heterostruc-
ure films at different weight ratios. Fig. 2 a shows the XRD patterns
f the pristine MXene films fabricated by vacuum filtration of the de-
aminated V 2 CT x ( d -V 2 CT x ) and d-Ti 3 C 2 T x MXene solutions, as well
s films fabricated using Na-Ti 3 C 2 T x and Na-V 2 CT x multilayer flakes.
ue to the intercalation of large TBA 

+ cations in the delamination pro-
ess, the d-V 2 CT x shows a very large interlayer spacing of 15.41 Å. In
greement with our previous results [16] , assembly of d-V 2 CT x with
a + cations resulted in a large upshift in the position of the peak
orresponding to (0002) basal planes of V 2 CT x (from 5.73° to 8.47°,

d(0002) = 4.98 Å), suggesting the exchange of larger TBA 

+ ions with
maller high charge density Na + ions where the sodium cations pull the
egatively charged MXene sheets together. In contrast, the Na-Ti 3 C 2 T x 

lm showed a slightly larger d-spacing of 12.7 Å (compared to 12.49 Å
or d-Ti 3 C 2 T x ), probably, as the result of the (partial) substitution of
i cations remained from etching and delamination process of Ti 3 C 2 T x 

ith larger Na + cations [38] . 
Fig. 2 b shows the evolution of the (0002) basal plane peaks of het-

rostructure MXene films assembled using various Ti 3 C 2 T x to V 2 CT x 

atios. These ratios were selected using a previously proposed method
ased on a hypothetical surface area-matching model for 2D mate-
ials [ 30 , 33 ] to calculate an initial composition for mixing Ti 3 C 2 T x 

nd V 2 CT x flakes (see SI for calculations). Accordingly, to match their
urface areas in the dispersion the required weight ratios of Ti 3 C 2 T x 

o V 2 CT x was calculated to be ~1.5 (60:40). Then, other assemblies
ith other compositions were prepared by changing the V 2 CT x :Ti 3 C 2 T x 

eight ratio. The XRD spectra of heterostructure films showed a pair
f peaks corresponding to (0002) basal planes of the Na-Ti 3 C 2 T x 

nd Na-V 2 CT x with very marginal shifts from their original position
 𝛿d(0002) = + 0.4 Å and − 0.4 Å, respectively). The intensity of the (0002)
eak corresponding to Na-V 2 CT x increased gradually by increasing the
eight ratio of V 2 CT x in the assembled heterostructure films while the

ntensity of the (0002) basal plane peak for Na-Ti 3 C 2 T x decreased. These
bservations suggest a change in the stacking number of individual MX-
ne sheets in the fabricated heterolayered films, similar to the one-
imensional two-phase model proposed by Onada et al. [39] with no
hase-separation (suggested structures are schematically shown in Fig.

1 ). To further support our hypothesis, we performed XRD analysis on
he heterolayered flakes in their powder forms (the precipitated pow-
ers after assembly and not the films prepared by vacuum filtration)
hich showed only a single peak in the low angle region and lacked the

ndividual peaks corresponding to Na-Ti 3 C 2 T x or Na-V 2 CT x ( Fig. S2 ).
hese results suggest that our observation of two separate peaks in the
eterostructure films is not due to phase separation and is related to the
irectional ordering of the assembled heterolayered flakes in the vac-
um filtered films. Importantly, co-existence of the (0002) basal plane
eaks was not observed in a control sample prepared by only mixing
he two MXene solutions and vacuum filtration ( Fig. S3 ). This can be
ttributed to a completely random mixture of the two MXene composi-
ions, which further signifies the role of cations in the assembly process
 39 , 40 ]. The decreased intensity and broad nature of the (0002) peaks
or the 2D MXene heterostructure films, however, indicate imperfections
n the stacking number and sequence of the Ti 3 C 2 T x and V 2 CT x MXene
heets, and potentially misorientation of (0002) planes with respect to
ach other [ 6 , 30 ]. 

Atomic force microscopy (AFM) images and the corresponding
eight profiles of the single-layer Ti 3 C 2 T x , V 2 CT x , and their Na-(60–
0) heterolayer flakes are shown in Fig. 2 c-e (also Fig. S4 ), respectively.
he larger measured thicknesses of single-layer flakes compared to their
heoretical values are in agreement with previous reports and originate
rom trapped water molecules and intermolecular interactions between
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Fig. 1. Self-assembly process for MXene heterostructures. 
(a) Schematic illustration depicting the cation-induced self- 
assembly of MXenes. (b) Digital photographs of the free- 
standing binder-free films of Ti 3 C 2 T x , MXene heterostruc- 
ture (Ti 3 C 2 T x :V 2 CT x of 60:40), and V 2 CT x assembled with Na 
cations. These films were prepared by vacuum-assisted filtra- 
tion. (c) A cross-sectional SEM image of a Na-(60–40) MXene 
heterostructure film, demonstrating its layered structure. 

Fig. 2. Structural characterization of the MX- 
ene heterostructure films. ( a) XRD patterns of 
Ti 3 C 2 T x and V 2 CT x , and their Na-assembled 
films, showing the change in d (0002) upon self- 
assembly for different MXenes. (b) XRD pat- 
terns of the different MXene heterostructure 
films showing the change in the intensity and 
position of the (0002) peak for Ti 3 C 2 T x and 
V 2 CT x MXenes by changing the composition of 
films. The left graph in panel b shows enlarged 
portion of the right XRD patterns between 7 
and 12°. AFM images and the corresponding 
height profiles of the (c) Ti 3 C 2 T x , (d) V 2 CT x , 
and (e) heterolayered MXene flakes assembled 
with Na cations with a Ti 3 C 2 T x to V 2 CT x ratio 
of 60:40. 

557 
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Fig. 3. Transmission electron microscopy 
(TEM) analysis of the MXene heterostructure 
films. (a) A high-resolution TEM image of 
Na-assembled MXene heterostructure films 
with a Ti 3 C 2 T x to V 2 CT x weight ratio of 
60:40, referred to as Na-(60–40), showing 
the alternating sequence of the two MXene 
compositions along the cross-section of the 
film. (b, c) STEM atomic-resolution images of 
the Na-(60–40) films and the measured aver- 
age spacings between individual Ti 3 C 2 T x and 
V 2 CT x stackings as well as the spacing between 
face-to-face Ti 3 C 2 T x and V 2 CT x sheets. (d) 
High-resolution TEM and (e-f) STEM atomic- 
resolution images of a Na-(45–55) MXene 
heterostructure film, showing the difference in 
the sequencing and the stacking number of the 
Ti 3 C 2 T x and V 2 CT x MXene sheets compared 
to the Na-(60–40) composition. High-angle 
annular dark-field (HAADF) TEM images 
and EDS maps of the (g) Na-(60–40) and (h) 
Na-(45–55) heterostructure films. 
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Xenes’ surface groups and the silicon substrate [ 9 , 41 ]. Nevertheless,
tacking of MXene nanosheets and the significantly higher thickness of
he heterolayered MXene flakes is evident in Fig. 2 e . High-resolution
nd scanning transmission electron microscopy (HR-TEM / STEM) was
sed for a more detailed study of the stacking sequence and the structure
f the fabricated heterolayers. Since V 2 CT x is three-atomic-layer thick
ut Ti 3 C 2 T x is five-atomic-layer thick, these two MXenes are easily dis-
inguishable in HR/S-TEM images. 

A HR-TEM image and scanning transmission electron microscopy
STEM) images of a sample prepared from a Na-(60–40) heterostruc-
ure film are shown in Fig. 3 a-c . These images demonstrate face-to-face
equential stacking of Ti 3 C 2 T x and V 2 CT x sheets in the heterostruc-
ure films. TEM images showed larger stacks of Ti 3 C 2 T x compared to
 2 CT x stacks, in good agreement with the XRD results of Na-(60–40)
ample where the peak corresponding to Ti 3 C 2 T x has a higher inten-
ity ( Fig. 2 b ). The average interlayer spacings for stacks of Ti 3 C 2 T x 

~1.27 nm) and V 2 CT x (~1 nm) measured from STEM images are in
ood agreement with the values calculated from the XRD analyses. Fur-
hermore, from the STEM images, the average inter-flake distance be-
ween the neighboring Ti 3 C 2 T x and V 2 CT x layers was measured to be

1.1 nm. A similar value (~ 1.15 nm) can be roughly calculated from
he XRD results considering the center of the broad (0002) peaks of the
eterostructure films as the average representing distance for the as-
embled flakes (assuming perfect stacking where the two peaks merge
nto one broad peak). Fig. 3 d shows the HR-TEM image of a Na-(45–55)
eterostructure film, and Fig. 3 e, f show the corresponding STEM im-
ges. For this composition, similar flake stacking can be seen while, and
n agreement with the XRD results, here the number of V 2 CT x stacks
re larger than the Ti 3 C 2 T x stacks. Fig. 3 g, h show TEM/EDS elemental
aps of a Na-(45–55) heterostructure film, confirming successive as-
558 
embly of few-layer stacks of Ti 3 C 2 T x and V 2 CT x . Fig. 3 h also shows
he presence of Na atoms. It is noteworthy that TEM images of Ti 3 C 2 T x 

nd V 2 CT x (60–40) mixture films (fabricated without self-assembly pro-
ess, shown in Fig. S5 ) showed a random stacking of the two MXenes
ith no obvious pattern, in good agreement with the XRD results shown

n Fig. S3 . 
Previous studies of the electrochemical properties of electrodes fab-

icated using multilayered Ti 3 C 2 T x [36] or V 2 CT x [16] assembled with
lkali cations have shown outstanding pseudocapacitive performances
particularly in the acidic H 2 SO 4 electrolyte) of these electrodes. In case
f V 2 CT x , assembled multilayered flakes showed superior chemical and
lectrochemical stability compared to their single-layer flakes and dis-
ersions. Therefore, we investigated the electrochemical properties of
he freestanding MXene heterostructure films in three-electrode setups
similar to our previous work in [42] ) using 3 M H 2 SO 4 as the elec-
rolyte. As shown in Fig. 4 a, a cyclic voltammogram (CV) of a het-
rostructure Na-(50–50) film shows the electrochemical features ob-
erved in the CVs of multilayered Ti 3 C 2 T x and V 2 CT x with an overall
mproved electrochemical performance in terms of specific capacitance.
n H 2 SO 4 electrolytes, both Ti 3 C 2 T x and V 2 CT x , show distinct redox
eaks located at around 0.3 V and 0 V (V vs Ag/AgCl), respectively.
he heterostructure electrode shows the redox peaks corresponding to
oth MXenes. Interestingly, the heterostructure film, shows an almost
onstant capacitance (current response) in the tested potential window.
ith few exceptions, intercalation pseudocapacitive materials, includ-

ng MXenes, have potential dependent capacitance and the maximum
apacitance is delivered at a narrow potential range corresponding to
he redox reactions. This is evident in CV profile of Ti 3 C 2 T x , which de-
ivers a large portion of its capacitance between − 0.45 V and − 0.2 V (vs.
g/AgCl), highlighted in blue, and the Na-V CT which delivers most of
2 x 
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Fig. 4. Electrochemical characterization of MXene heterostructure electrodes in 3 M H 2 SO 4 . (a) Comparison between cyclic voltammograms (CVs) of Ti 3 C 2 T x , Na- 
V 2 CT x , and Na-(50–50) MXene heterostructure at a scan rate of 5 mV s − 1 . (b) Highlighted CVs of Ti 3 C 2 T x , Na-V 2 CT x , and Na-(50–50) at the potential ranges in which 
these electrodes show their highest electrochemical activity. (c) Potential-limited capacitance to the total capacitance of Ti 3 C 2 T x , Na-V 2 CT x , and Na-(50–50) at two 
potential ranges of (P-I), − 0.45 V to − 0.2 V and (P-II), − 0.2 V to + 0.25 V (V vs. Ag/AgCl) showing constant electrochemical response of the MXene heterostructure 
compared to Ti 3 C 2 T x MXene which delivers most of its capacitance only in P-I and Na-V 2 CT x , which is mostly active only in P-II. (d) CVs of Na-(50–50) at scan 
rates from 2 mV s − 1 to 1000 mV s − 1 . (e) CVs of MXene heterostructure film electrodes with different compositions at 5 mV s − 1 . (f) Comparison between CVs of 
Na-assembled (60–40) MXene heterostructure and a film electrode prepared by simply mixing Ti 3 C 2 T x and V 2 CT x in 60:40 wt. ratio. (g) Volumetric capacitances of 
different electrodes tested in this study. The larger differences observed in capacitance values at higher rates might be due to the variations in electrode thicknesses. 
“TM ” is Ti 3 C 2 T x MXene and “VM ” is V 2 CT x MXene. (h) Cyclic performance of the Na-(50–50) electrode at a current density of 100 A g − 1 .μ. 
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ts capacitance from − 0.2 V and + 0.25 V (vs. Ag/AgCl), highlighted in
ed (shown in Fig. 4 b) . In the CV of the assembled heterostructure elec-
rode, these two potential ranges have merged to deliver a constant cur-
ent response (corresponding to a constant capacitance value) over the
hole potential window (from − 0.45 V to + 025 V). To better demon-

trate this property, a potential-limited capacitance (C, obtained from
edox-dominant portions of CVs of individual MXenes) per total capaci-
ance (C total , obtained considering the whole potential window) for each
f the three electrodes was calculated from CVs at various scan rates
shown in Fig. 4 c ) in the potential ranges of − 0.45 V to − 0.2 V (referred
o as P-I) and − 0.2 V to + 0.25 V (referred to as P-II). Ideally it is preferred
hat pseudocapacitive electrodes deliver a capacitance independent of
he potential range for a uniform power output at all voltages [ 43 , 44 ].
n the plot shown in Fig. 4 c, such behavior can be translated to a 50%
/C Total ratio, meaning that the electrode is delivering relatively similar
apacitance (current output) at different points in its operating potential
indow. In the P-I range, the capacitance of Na-V 2 CT x is much smaller

han the capacitance of Ti 3 C 2 T x , while in P-II range Na-V 2 CT x delivers
 higher capacitance. The Na-(50–50) MXene heterostructure electrode,
owever, shows a C/C Total value of close to 50% in both potential ranges.
herefore, an important potential application of heterostructure MXene
559 
lectrodes is designing better pseudocapacitive materials with uniform
apacitance and possibly enlarged working potential window. 

Fig. 4 d shows CV profiles of a Na-(50–50) electrode at scan rates
anging from 2 mV s − 1 to 1000 mV s − 1 demonstrating the high-rate
apability of the fabricated heterostructure electrodes. Fig. 4 e shows the
volution of the CV profiles of heterostructure electrodes with various
ompositions. The intensity of redox peaks corresponding to V 2 CT x [16]
nd Ti 3 C 2 T x [17] depends on the composition. The contributions from
 2 CT x redox couples increases with increasing its weight ratio in the
eterostructure electrodes. We chose samples with a 50:50 ratio for our
lectrochemical studies as they showed the best overall electrochemical
erformance. Nevertheless, all other compositions showed the new CV
eatures as well, with small variations ( Fig. S7 shows the CVs of dif-
erent compositions at different scan rates). The pronounced presence
f redox couples of both MXenes, however, was not present in the CV
hen Ti 3 C 2 T x and V 2 CT x MXenes were simply mixed without cation-
ediated assembly. Fig. 4 f compares the CVs of a simply mixed (without

ations) and a Na assembled heterostructure film with a Ti 3 C 2 T x :V 2 CT x 

eight ratio of 60:40. While the electrode prepared by simple colloidal
ixing of the two MXenes still showed an improved pseudocapacitive

ehavior compared to the individual MXene electrodes, the redox peaks
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Fig. 5. Charge storage analyses and performance of the MXene heterostructure film electrodes in symmetric supercapacitors. Surface-controlled (capacitive) charge 
storage contributions to the overall charge stored at two scan rates of (a) 2 mV s − 1 and (b) 20 mV s − 1 . (c) Comparison between capacitive contributions in the overall 
charge storage performance of Ti 3 C 2 T x , Na-V 2 CT x , and Na-(50–50) electrodes at scan rates of 2, 5, 10, and 20 mV s − 1 , showing the improved capacitive response of 
the MXene heterostructure electrodes. (d) CVs of a symmetric supercapacitor cell with Na-(50–50) electrode in 3 M H 2 SO 4 electrolyte. (e) Ragone plot comparing 
the power and energy densities of a symmetric cell fabricated using Na-(50–50) MXene heterostructure electrode to that of the previously reported state-of-the-art 
Na-V 2 CT x symmetric cell. (f) Cycle life of Na-(50–50) symmetric supercapacitor of heterostructure MXene electrodes at a current density of 1 A g − 1 with capacitance 
retention of ~89.3% after 100,000 cycles. 
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elated to V 2 CT x at more positive potentials was less pronounced com-
ared to those in the heterolayered electrodes, probably because of the
ower stability of pristine vanadium carbide MXene in the absence of
ations [16] . Also, the ultra-large interlayer spacing of the mixed film
 Fig. S3 ), possibly caused by the presence of remaining TBA 

+ cations
rom the V 2 CT x solution, resulted in its poor volumetric capacitance.
ig. 4 g compares the volumetric capacitance of the various heterostruc-
ure electrodes with pristine MXene electrodes. The highest volumetric
apacitance of ~1473 F cm 

− 3 and the gravimetric capacitance of ~ 410
 g − 1 was achieved for Na-(50–50) heterostructure electrode (thickness
f ~6 μm) at a scan rate of 2 mV s − 1 . This electrode retained ~70%
~1020 F cm 

− 3 ) and ~30% (~436 F cm 

− 3 ) of its initial capacitance
t scan rates of 100 mV s − 1 and 1000 mV s − 1 , respectively. Similar to
ther freestanding MXene film electrodes, the capacitance of the het-
rostructure electrodes showed a thickness-dependent behavior, how-
ver, because of the increased ion accessibility in these electrodes and
he synergistic effects of two MXene layers, they could still deliver high
apacitances at relatively high thicknesses. For example, a heterostruc-
ure film with a composition of Na-(40–60) and a thickness of ~15 μm
ould deliver a specific capacitance of ~1273 F cm 

− 3 and ~402 F g − 1 

t a scan rate of 2 mV s − 1 . These numbers are comparable to the capac-
tance of much thinner MXene electrodes, such as a 7 μm-thick pristine
i 3 C 2 T x (~1319 F cm 

− 3 , ~390 F g − 1 ) and a ~5.5 μm-thick Na-V 2 CT x 

~1437 F cm 

− 3 , ~423 F g − 1 ) at the same scan rate. In addition to their
mproved capacitances and rate-capability, the heterostructure MXene
lectrodes showed exceptional cycle life performances in highly acidic
 M H 2 SO 4 electrolyte. For example, a Na-(50–50) electrode showed
o capacitance decay, and in fact, ‘8% capacitance increase (capaci-
ance retention of ~108%) after 50,000 charge-discharge cycles at a
urrent density of 100 A g − 1 (Ti 3 C 2 T x and Na-V 2 CT x electrodes ( Fig.

8 ) showed capacitance retentions of ~91% and 92%, respectively). 
The contributions of the surface-controlled (capacitive) and

iffusion-limited charge storage in a Na-(50–50) heterostructure elec-
rode was evaluated and compared to those of Ti 3 C 2 T x and Na-V 2 CT x 
560 
lectrodes with similar thicknesses. Considering a power-law relation-
hip between the current (i) and scan rate (v), i = av b (see the details
n the Experimental Section) [ 45 , 46 ], a b-value of ~0.5 would indicate
 mechanism controlled by diffusion while a b-value of ~1 is indica-
ive of a surface-controlled charge storage mechanism [46] . As shown
n Fig. 5 a, b the capacitive contributions (hatched portions of the CVs)
o the total charge stored in a Na-(50–50) heterostructure electrode at
can rates of 2 and 20 mV s − 1 are ~86% and ~95%, respectively, which
riginate from fast surface-controlled reactions. These analyses show
n improved capacitive response and ion transport properties for the
eterostructure electrode compared to the pristine Ti 3 C 2 T x or V 2 CT x 

lectrodes. For example, at a scan rate of 2 mV s − 1 only ~69% and
80% of the capacitances of Ti 3 C 2 T x and V 2 CT x come from fast sur-

ace reactions, respectively (charge analyses are shown in Fig. S9–11 ).
ig. 5 c shows surface-controlled contributions for the three different
lectrodes at scan rates of 2, 5, 10, and 20 mV s − 1 . It is evident that
t all scan rates the heterostructure electrode shows a better capacitive
erformance. This improvement stems from the sequential assembly of
i 3 C 2 T x and V 2 CT x in the heterolayered electrode architecture which
ampers self-restacking of the individual MXene sheets and therefore,
ncreases the accessible redox-active surface of the electrode [ 25 , 26 , 30 ],
lectrochemical impedance spectroscopy results ( Fig. S12 ) further con-
rmed the improved ion and charge transport properties of the het-
rostructure electrodes. 

To investigate the real-device performance of the MXene heterostruc-
ure electrodes, symmetric supercapacitor cells were fabricated using
a-(50–50) electrodes and 3 M H 2 SO 4 electrolyte. Fig. 5 d shows the
V profiles of the symmetrical supercapacitor in a 0.8 V voltage win-
ow at scan rates from 2 to 500 mV s − 1 . The calculated energy and
ower densities of a Na-(50–50) symmetric cell are shown in Fig. 5 e ,
ndicating an improved performance over symmetric cells made from
a-V 2 CT x in the same electrolyte [16] . The cells fabricated using het-
rostructure electrodes could deliver a power density of 0.03 W cm 

− 3 

t an energy density of ~0.22 Wh cm 

− 3 and showed a maximum



A. VahidMohammadi, W. Liang, M. Mojtabavi et al. Energy Storage Materials 41 (2021) 554–562 

e  

I  

e  

1  

c  

t  

a

4

 

c  

t  

d  

e  

t  

c  

(  

c  

i  

b  

fi  

w  

t  

p  

t  

p  

m  

a  

T  

c  

p

D

 

i  

t

C

 

v  

d  

s  

W  

W  

i  

v

A

 

U  

w  

a  

t  

(  

a  

1  

a  

s

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

 

[  

 

nergy density of ~12.3 Wh cm 

− 3 at a power density of ~0.007 W cm 

− 3 .
mportantly, the symmetric supercapacitors of heterostructure MXene
lectrodes showed exceptional capacitance retention of ~89.3% after
00,000 charge-discharge cycles at a rate of 1 A g − 1 . This outstanding
yclic performance renders MXene heterostructures as promising elec-
rodes for practical energy storage devices that require consistent oper-
tion for a long time. 

. Conclusion 

In summary, we have demonstrated self-assembly of two negatively
harged MXene nanosheets: Ti 3 C 2 T x and V 2 CT x , into 2D heterostruc-
ures through a simple liquid phase assembly process capable of pro-
ucing large amounts of material in a short time. The assembled MX-
nes showed a sequential stacking of few-layer Ti 3 C 2 T x and V 2 CT x in
heir structure confirmed by XRD and S/TEM analyses. Importantly, the
hange in the width and position of the XRD peaks corresponding to
0002) basal planes of the heterostructure MXene films showed that
hanging the Ti 3 C 2 T x :V 2 CT x weight ratio plays a vital role in the stack-
ng sequence and number of MXene layers in each stack of the assem-
ly. The fabricated freestanding and binder-free MXene heterostructure
lms showed the characteristic redox peaks of both Ti 3 C 2 T x and V 2 CT x ,
hich resulted in a more uniform capacitance in the entire tested po-

ential window. The assembled heterostructure electrodes showed im-
roved electrochemical behavior in 3 M H 2 SO 4 electrolyte compared to
heir individual MXene building blocks with an exceptional cycle life
erformance with no capacity decay after 50,000 cycles, a high volu-
etric capacitance of ~1473 F cm 

− 3 , and maximum volumetric power
nd energy densities of 0.03 W cm 

− 3 and ~12.3 Wh cm 

− 3 , respectively.
his work demonstrates the promise of assembly of different MXene
ompositions into hetero-layered structures for the fabrication of high-
erformance energy storage devices. 
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