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ABSTRACT: The adsorption and diffusion of Na, K, and Ca atoms on MXene/
graphene heterostructures of MXene systems Sc2C(OH)2, Ti2CO2, and V2CO2 are
systematically investigated by using first-principles methods. We found that alkali
metal intercalation is energetically favorable and thermally stable for Ti2CO2/
graphene and V2CO2/graphene heterostructures but not for Sc2C(OH)2. Diffusion
kinetics calculations showed the advantage of MXene/graphene heterostructures over
sole MXene systems as the energy barriers are halved for the considered alkali metals.
Low energy barriers are found for Na and K ions, which are promising for fast charge/
discharge rates. Calculated voltage profiles reveal that estimated high capacities can be
fully achieved for Na ion in V2CO2/graphene and Ti2CO2/graphene heterostructures.
Our results indicate that Ti2CO2/graphene and V2CO2/graphene electrode materials
are very promising for Na ion battery applications. The former could be exploited for
low voltage applications while the latter will be more appropriate for higher voltages.

In the past decade, Li-ion batteries (LIBs) have been widely
used for electrochemical energy storage in portable

electronic devices and electric vehicles (EVs). However, the
rarity of Li resources are expected to prevent the extensive
usage of large scale EVs powered by LIBs due to high cost.1

Therefore, it is critical to develop battery technologies based
on alternative earth abundant elements. Such candidates may
be abundant metal elements positioned around the Li element
in the periodic table, which share similar alkali metal chemistry.
One such example is the development of Na ion batteries
(NIBs) for which significant progress has been already made
by using the knowledge on LIBs.2−4

Still to date, the energy density and rate capability of LIBs
and NIBs are insufficient to satisfy customers’ needs and the
demand for metal based new generation batteries that have
good cycling stability, long life span, and large reversible
energy/power capacity is growing. Thus, rechargeable batteries
based on 2D materials have started to receive great attention as
promising anode materials since their enhanced gravimetric
and volumetric capacities due to high surface area and
capability of higher charging rates as metal ions do not need
to diffuse in a 3D lattice. For example, Mo2C was shown to
exhibit superior electrochemical properties in lithium-ion
battery applications.5 Other 2D layered materials have been
also widely investigated and high energy storage density and
high rate capacity were theoretically predicted for transition
metal dichalcogenides,6,7 black phosphorus,8,9 and
MXenes.10−17

Up to now most of the theoretical and experimental works
have been focused on single 2D materials, which has the
disadvantage of fading device performance over time due to
restacking during the cycling process. Heterostructures of 2D
materials are an alternative to remedy this shortcoming with an
increased the device performance that benefits from a synergy
between different materials.18−20 For example, a lithium-ion
capacity in excess of 750 mAh/g has been demonstrated for
batteries with MXene electrodes optimized with CNTs.21

Furthermore, heterostructures with adjustable interlayer
distance may accommodate much larger (i.e., Na+, K+) and
multivalent ions (i.e., Ca2+) and therefore are a promising
alternative for the replacement of the Li in current ion
batteries. In addition, stacking different materials together can
be a promising way to increase the conductivity of individual
layers, which was recently experimentally confirmed for
graphene/MXene heterostructures.22

Recent advances in assembly techniques for 2D materials
made fabrication of MXene/graphene heterostructures possi-
ble with high electrochemical performance.23−28 However,
despite previous theoretical studies,18,29,30 more insight into
the MXene/graphene interface and its interaction with the
alkali metal ions is needed for the rational design of superior
devices.
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In this study, by combining superior properties of MXenes
with outstanding electrical conductivity of graphene, we
explored its potential in battery applications alternative to
LIBs. Following our previous study,18 we considered OH
terminated Sc2C and O terminated Ti2C and V2C MXene
systems and we systematically investigated the intercalation of

alkali metals (Na, K, and Ca) in van der Waals heterostructures
of MXenes and graphene by ab initio methods. O terminated
systems are primarily selected due to their superior perform-
ance over other termination groups such as F and OH;29

however, O termination is found not to be stable for the Sc2C
system.18

Figure 1. Locations (black spheres) of alkali atoms intercalated in MXene/graphene heterostructures and their corresponding binding energy
values. Green, gray, and red spheres stand for metal (Sc, Ti, or V), carbon, and oxygen atoms, respectively.
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All the total energy calculations are performed by using
density functional theory (DFT) within the Vienna ab initio
simulation package (VASP).31,32 The generalized gradient
approximation (GGA) is used in the Perdew−Burke−
Ernzerhof (PBE)33 formulation scheme. The projector
augmented wave (PAW)34,35 method is used to describe the
core states and the valence states are represented by a plane
wave basis with a 500 eV cutoff. Heterostructures were
separated by over 15 Å in the stacking direction to avoid
spurious periodic interactions while the van der Waals
correction of Grimme (D3)36 with Becke−Jonson damping37

is adopted to model the interaction at the interface. The
Gamma-centered 3 × 3 × 1 reciprocal space k-point sampling
is used for all supercells. The convergence criterion for
electronic and ionic relaxations are set as 10−6 eV and 10−2 eV/
Å, respectively. Diffusion energy barriers are calculated by
climbing nudged elastic band (cNEB)38,39 method by using a
seven-image pathway. The isothermal−isobaric (NPT)40,41

ensemble has been selected for ab initio molecular dynam-
ics42,43 (MD) simulations. We only applied the constant
pressure algorithm to the two lattice vectors parallel to the 2D
plane, leaving the third vector unchanged during the
simulation. External pressure is kept at 0 Pa. Each ab initio
MD simulation lasted 17 ps with a time step of 1 fs, and the
temperature is kept constant at 300 K. The friction coefficients
of atomic and lattice degrees of freedom is set to 5 ps−1.
MXene structures (Mn+1CnTx) consist of a metal carbide

(Mn+1Cn) core together with termination groups (Tx) such as
O and OH in a hexagonal lattice. To minimize the lattice
mismatch with graphene, 3 × 3 supercell of Sc2C(OH)2 with a
4 × 4 supercell of graphene, a 4 × 4 supercell of Ti2CO2 or
Ti2C(OH)2 with a 5 × 5 supercell of graphene, and a 5 × 5
supercell of V2CO2 or V2C(OH)2 with a 6 × 6 supercell of
graphene heterostructures were constructed according to the
ground state stacking types found in our previous work.18 As
depicted in Figure 1, alkali atoms are placed on the more
favorable fcc sites37 with respect to the MXene structure
between the heterostructure layers since the MXene−alkali
atom interactions are relatively stronger.
Although it is expected that the fcc position with respect to

the MXene structure is the most favorable binding site for a
single intercalating alkali atom, there are 25, 16, and 9
nonequivalent sites in V2CO2/graphene, Ti2CO2/graphene,
and Sc2COH2/graphene, respectively, due to the lattice
mismatch. For all these positions the binding energy per alkali
atom are obtained from

= [ +

− − ]

E
N

E

E E
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where E(M2CX2/graphene + alkali) and E(M2CX2/graphene)
are the total energies of MXene/graphene heterostructures
with and without alkali atoms and E(alkali) is the total energy
per atom of the corresponding ground state bulk structure of
alkali element. N is the total number of atoms in the supercell.
Note that a strong binding between alkali atom and the
MXene/graphene bilayer is necessary to avoid the bulk
formation of alkali atoms. Figure 1 shows the binding energies
for three different alkali atoms for the three considered
MXene/graphene heterostructures.
In Sc2C(OH)2/graphene the binding energies for different

nonequivalent fcc sites range between −0.05 and −0.11 eV/

atom for Na, +0.81 and +0.71 eV/atom for K, and −0.05 and
−0.11 eV/atom for Ca. Positive binding energies for K implies
intercalation of K atoms is not favorable, while very small
values are found also for Na and Ca unlike for the smaller Li
atom (−0.94 eV/atom).18 This implies that the Sc2C(OH)2/
graphene heterostructure is not promising for battery
applications and is therefore discarded from further calcu-
lations.
In V2CO2/graphene the binding energies range between

−1.87 and −2.05 eV/atom for Na, − 1.10 and −1.30 eV/atom
for K, and −3.79 and −4.01 eV/atom for Ca, while in Ti2CO2/
graphene they range between −0.98 and −1.11 eV/atom for
Na, − 0.28 and −0.39 eV/atom for K, and −2.31 and −2.51
eV/atom for Ca. Accordingly, V2CO2/graphene heterostruc-
tures have higher binding energies than Ti2CO2/graphene and
the binding energies are on the order of Ca > (Li)18 > Na > K
for alkali atoms. When we compare the energies for the
different nonequivalent sites in supercell, the binding energies
for these sites only differ by maximum 0.2 eV/atom.
Next, we investigated the effect of higher concentrations of

alkali ions. Here, the concentration is defined as the ratio of the
number of alkali atoms and the number of formula units of
M2CX2 in the heterostructures (e.g., 100% corresponds to one
alkali ion for each formula unit). In general, it is expected that,
as the concentration increases, the average binding energy
decreases gradually as in the case of Na intercalation in
V2CO2/graphene heterostructure (see Figure 2). This is due to
the weaker electrostatic attraction between the MXene/
graphene host and the alkali cations and the stronger alkali−
alkali repulsion at higher concentrations due to the reduction

Figure 2. Average binding energy versus alkali atom concentration for
Ti2CO2/graphene and V2CO2/graphene heterostructures. The
concentration is defined as the ratio of the number of alkali atoms
and the number of formula units of M2CX2 in the heterostructures.
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of interatomic distances between positively charged ions. The
reduction of charge transfer from K or Ca atom to MXene/
graphene heterostructures at high concentrations correlates
well with these interactions (see Figure 3). Notice that, for Na

atom, there is no change in charge transfer with increasing
concentration and the Na−Na repulsion effect is lower due to
its smaller size. Thus, the slope of the decrease in average
binding energy is smaller than the others for Na in both
MXene/graphene heterostructures.
For K intercalation it can be seen from Figure 2 that average

binding energy first increases at lower concentrations. This is
because of the larger size of K, it distorts the graphene sheet
and the interlayer distance between Mxene and graphene layers
increases more as compared to Na and Ca atoms; see Table 1.
The sharpness of this effect is maximum for Ti2CO2/graphene
heterostructure consistent with the largest increase in
interlayer spacing by 0.81 Å for larger K atom. The change
in interlayer space for Ti2CO2/graphene is 2 times more than
that of V2CO2/graphene; however, it is probably largely due to
the smaller supercell of the former due to the periodic
boundary conditions, as at full coverage concentrations,
interlayer distances become very similar and it is even larger
by around 0.05 Å for V2CO2/graphene.
For comparison, we also calculated alkali atom intercalation

between MXene bilayers. The single atom binding energy
values are found to be higher for Na and Ca while they are
smaller for K as compared to previous cases with
heterostructures. However, for 100% concentration the
binding energies are all larger; see Table 1. The higher binding
energy values are expected due to the stronger interaction

between alkali metals and the MXene layers than to the
graphene. However, for a single K atom, the binding energy is
significantly lower than to the corresponding heterostructure.
The reason is that for a single K atom, the interlayer distance
between MXene layers increases by 1.5 Å and thus the total
energy decreases due to the loss of bilayer interaction. When
we compare the theoretical gravimetric capacities, MXene/
graphene heterostructures possess larger capacity values than
for MXene bilayer systems; see Table 1. The largest capacity
values are found for Ca atoms on both heterostructures with
values in excess of 400 mAh/g.
Nonetheless, average binding energy values are always found

negative for all considered systems, which means that Na, Ca,
and K intercalation in these heterostructures are stable, and no
phase separation into individual monolayers, or the formation
of bulk alkali metals, are expected. Another important point is
how the structural stability of MXene/graphene heterostruc-
tures are affected by the increase of alkali ion concentration. At
100% of K concentration, the interlayer spacing between
MXene and graphene layers increase by almost 1.5 Å, which
may lead to a volume expansion problem44 for rechargeable
ion batteries. However, the change in interlayer spacing values
are much lower for Na (∼0.7 Å) and K (∼0.8 Å) and
comparable with Li atom (0.5 Å)18 in the same hetero-
structures. This amount of interlayer distance separation
results in approximately around 8−12% volumetric expansion
in the z-direction, which is comparable with the 10% of
traditional graphite anodes.45

To assess the stabilities of the considered heterostructures
upon alkali metal intercalation, ab initio molecular dynamics
(MD) simulations within an isothermal−isobaric (NPT)

Figure 3. Graphs for the amount of charge transferred from alkali ion
to MXene/graphene with respect to alkali atom concentration for
Ti2CO2/graphene and V2CO2/graphene heterostructures. The
concentration is defined as the ratio of the number of alkali atoms
and the number of formula units of M2CX2 in the heterostructures.

Table 1. Comparison of Different MXene Bilayer and
Heterostructure Systems As Investigated in the Present
Worka

single alkali
atom

full
concentration

system d (Å)
Eb
(eV) d (Å)

Eb
(eV)

capacity
(mAh/g)

Ti2CO2

Ti2CO2 bilayer + Na 2.75 −1.72 3.07 −2.14 164.67
Ti2CO2/graphene +
Na

3.27 −1.11 3.75 −0.76 240.07

Ti2CO2 bilayer + K 3.95 −0.37 3.88 −1.56 149.84
Ti2CO2/graphene + K 3.88 −0.39 4.51 −0.28 209.80
Ti2CO2 bilayer + Ca 3.07 −3.56 2.97 −2.84 298.04
Ti2CO2/graphene +
Ca

3.37 −2.55 3.88 −0.73 416.39

V2CO2

V2CO2 bilayer + Na 2.70 −2.78 3.08 −2.61 158.70
V2CO2/graphene +
Na

3.12 −2.05 3.76 −0.90 236.69

V2CO2 bilayer + K 3.85 −0.61 3.89 −1.77 144.88
V2CO2/graphene + K 3.40 −1.30 4.51 −0.23 207.22
V2CO2 bilayer + Ca 2.79 −4.01 2.98 −3.02 288.23
V2CO2/graphene +
Ca

3.19 −5.75 3.91 −0.68 411.31

ad is the interlayer distance between layers. Eb is the binding energy of
intercalating alkali atom. Only the largest binding energy value is
reported here for single alkali atom intercalation in heterostructures.
Theoretical gravimetric capacities are calculated from the models
corresponding to an infinite multilayer structure, where the ratio of
MXene and alkali layers is 1:1 for bilayer and where the graphene/
MXene/alkali ratio is 1:1:2 for heterostructures.
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ensemble were also conducted for 100% alkali atom
concentration at room temperature (300 K) in order to see
whether small perturbations will induce any structural
deformation and/or alkali atom release. Figure 4 shows an
example of the evolution of the total energy and temperature of
Na intercalation in Ti2CO2/graphene heterostructure system.
Our simulations revealed no structural transformation for any
of the considered systems during 17 ps. However, for Ca
intercalation more significant fluctuations of the graphene
sheet was observed for both heterostructures. Nevertheless, the
total energy and temperature profiles shown in SI as Figure S1
suggests that MXene/graphene heterostructures are thermally
stable upon intercalation.
The open-circuit-voltage value gives a measure of the

performance of a battery, and it can be approximated by
calculating the average voltage over a range of metal ion
concentrations. The charge/discharge processes of MXene
follow the common half-cell reaction vs M/M+:

− + − + +

↔ +

+ −x x x x x

x

( )M ( )e (heterostructure M)

(heterostructure M)
2 1 2 1 1

1

The open-circuit-voltage values are thus obtained by
calculating the averaged half-cell voltage over a range of alkali
metal ion (M+) concentrations x by using

≈
− + −

−
+ +

V
E E x x E

x x e

( )

( )
x xheterostructure M heterostructure M 2 1 bulk(M)

2 1

1 2

where Eheterostructure+x1M and Eheterostructure+x2M are the total
energies of the MXene/graphene heterostructure with x1 and
x2 alkali atom intercalated, respectively. Ebulk(M) is the total
energy of the corresponding bulk phase of the alkali atom. This

simple formula estimates the voltage difference between two
different alkali atom concentrations. Figure 5 shows the
calculated voltage profiles of the two considered systems. Our
calculations reveal that the voltage decreases gradually with
increasing alkali ion concentration, except for K at low
concentration due to its lower binding energy. The calculated
average voltage corresponding to K ion are negative for
concentrations x larger than 50% for both heterostructures.
Therefore, a phase transition should be expected for
concentrations larger than this critical value. Similarly, for Ca
intercalation in Ti2CO2/graphene, the voltage becomes 0 V
after 50% concentration while it drops below 0 V after 75%
concentration. However, for Na in both heterostructures the
voltage is found positive for all concentrations, meaning that
these systems can be almost fully intercalated.
The calculated voltage values correlate well with the binding

energy values. The highest voltage is found for Ca on V2CO2/
graphene as this system has the largest binding energy. Though
voltage profiles are similar for Na and Ca at higher
concentrations. The calculated average voltage profile is 2.47
V (1.55 V) for Ca and 1.44 V (1.00 V) for Na in V2CO2/
graphene (Ti2CO2/graphene). These values are larger than the
values for the same alkali ions on Mo2C.

46 When we compare
these values with Li, Na has smaller and Ca has higher average
voltage profiles in the corresponding heterostructure systems.18

For Ca ions, approximately 50% of the capacity of V2CO2/
graphene (Ti2CO2/graphene) is intercalated above 3 V (2 V),
with the rest intercalating at lower voltages. Our results
indicate that Na intercalation in Ti2CO2/graphene hetero-
structure can be exploited in low voltage applications while Ca
intercalation of V2CO2/graphene would be suitable for high
charging voltage applications.
For an efficient electrode material, low diffusion barriers and

thus high mobility of alkali ions are a necessity, which is a key

Figure 4. Temperature and total energy evaluation profiles in MD simulations for Na ion intercalation in Ti2CO2/graphene heterostructure.
Corresponding crystal structures are given at 0, 3, 6, 9, 12, 15, and 17 ps.
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factor determining the rate performance during charging and
discharging of a battery. Thus, we investigate the diffusion
kinetics of Na, K, and Ca atoms in both MXene/graphene and
bilayer MXene systems, by calculating the lowest migration
path connecting two adjacent binding sites, with one of them
being the lowest energy site. Figure 6 shows the diffusion
energy barriers for the considered systems. At first glance, one
can clearly see that the diffusion energy barriers are lower for
MXene/graphene heterostructures than bilayer MXenes by at
least a factor of 2, which indicates higher mobility and hence
improved battery performance for heterostructures. In the case
of heterostructures, diffusion energy profiles are less symmetric
due to the nonsymmetrical matching of MXene and graphene
topologies in the supercell. Even in the case of Ti2CO2/
graphene, local minima can be seen corresponding to
metastable sites occurring due to this effect. Lower diffusion
energy barriers are found for Na and K ions than Ca due to the
much stronger binding of Ca intercalation as in the case of
bilayer MXene systems. Too strong binding energies are
expected to pin the atoms on the surface while lower binding
energies effectively smooth the potential on the surface.
The diffusion energy barriers are very similar for the

Ti2CO2/graphene and V2CO2/graphene systems. The low
diffusion energy barrier for K and Na ions (0.26 and 0.34 eV,
respectively) on both heterostructure system are comparable
with, or even lower than for Li ion on the same heterostructure
systems (0.22−0.60 eV),18 on graphite (0.5 eV),47 and on

commercially used anode materials based on TiO2 (0.35−
0.55),48−50 even though they are heavier and larger than Li ion.
In summary, we systematically investigated intercalation

properties of alkali metals (Na, K, and Ca) in MXene/
graphene heterostructures with OH terminated Sc2C, and O
terminated Ti2C and V2C MXene systems for possible ion
battery applications. Single atom binding energies showed that
the Sc2C(OH)2/graphene system is not favorable for battery
applications. However, both Ti2CO2/graphene and V2CO2/
graphene systems showed favorable intercalation properties for
all the considered alkali atoms, with Ca having the strongest
binding energies while K has the smallest. As expected,
increasing the alkali ion concentration showed a decreasing
trend in average binding energies, but intercalation remained
still favorable until 100% ion concentration. Ab initio MD
simulations confirmed thermal stabilities of these systems at
100% ion concentration. Thus, our study confirms that the
high theoretical gravimetric capacity values computed for
MXene/graphene heterostructures are achievable.
Charge transfer calculations found that intercalated alkali

atoms become positively charged by giving an electron to the
MXene/graphene host, which is necessary for battery
applications. While the charge transfer decreases for Ca and
K atoms as the concentration increases, for Na atom almost 1e
is transferred for all concentrations. The calculated average
voltage values become negative after 50% K ion concentration,
while they remain positive for Na until 100%. Diffusion energy
barriers confirm the advantage of heterostructures over MXene
bilayer systems by decreasing the barriers with more than a
factor of 2. Low diffusion energy barriers are found for Na and
K systems, which implies their high charge/discharge rate in
battery applications. Although the barriers are lowest for K
ions, the interlayer spacing is increased significantly due to the
larger size of the K atom. This may lead to volumetric
expansion problems in battery applications.

Figure 5. Voltage profiles of Na, Ca, and K intercalation in Ti2CO2/
graphene and V2CO2/graphene heterostructures as a function of alkali
atom concentration. The concentration is defined as the ratio of the
number of alkali atoms and the number of formula units of M2CX2 in
the heterostructures.

Figure 6. Calculated diffusion energy profiles for Na, Ca, and K atom
for bilayer Ti2CO2 and V2CO2 and their graphene heterostructures.
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Altogether, these results lead us to conclude that the low-
cost Na element is very promising for MXene/graphene
battery applications. We found that Ti2CO2/graphene would
be more suitable for low voltage applications, while V2CO2/
graphene is advantage for higher charging voltage applications.
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