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a b s t r a c t   

We study Li and, for the first time, K, Mg and Zn ion intercalation on the surface of the Zr2CS2 MXene 
monolayer, taking advantage of the fact that the S terminations lower the diffusion barrier of the ions. We 
find that the Zr2CS2-Li, Zr2CS2-K and Zr2CS2-Mg structures are identical, with only Zr2CS2-Zn differing as to 
the position of the ion and Zn detaching from the MXene’s surface during migration. Regarding the use of 
Zr2CS2 as anode material in ion batteries, we examine as criteria the adsorption energy, diffusion barrier 
energy and open-circuit voltage for each of the ions considered. We show that the K ion has higher mobility, 
as well as lower open-circuit voltage. These results lead to the fact that KIB have fastest charge/discharge 
rates and higher energy density than LIB, MIB, and ZIB when it comes to the use of S-terminated, Zr-based 
materials as negative (anode) electrodes. KIB, therefore, seem the best alternative to LIB, especially after 
taking under consideration K’s low cost and abundance of resources. 

© 2022 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Two-dimensional (2D) materials have attracted great attention in 
the past decade regarding their use in energy storage devices due to 
their unique electronic structures and the ability to easily tune their 
properties [1–4–7,8]. MXenes are a new type of ceramic materials 
belonging to the 2D class, having the general formula Mn 

+1XnTx, (n = 1, 2, 3), where T stands for a surface termination atom [6] 
while M is an early transition metal and X is carbon (C) or nitrogen 
(N) [9–11,8,12]. 

Titanium-based MXenes were the first discovered in 2011 after 
chemically etching the titanium-aluminum carbide MAX phase 
Ti3AlC2 [8,13]. However, MXenes in the cases where MAX phases 
containing Al are not established took a few years to be experi-
mentally developed. It was not until 2016 when Zhou et al. [4] re-
ported the first successful attempt at preparing a Zr-carbide after 
etching Al3C3 units from layered Zr3Al3C5. The latter belongs to a 
family of layered ternary transition metal carbides whose structure 
consists of an hexagonal Zr-C layer sharing one carbon layer with the 
Al-C layer [14]. Zr-based MXenes, therefore, are not synthesized from 
MAX phase precursors. 

It has been experimentally validated that MXenes with heavier M 
atoms need longer times to synthesize through etching, which re-
lates to their large number of valence electrons [15,16]. As a con-
sequence, Zr-based MXenes can potentially have as high 
synthesizability as the Ti-based ones, since they both belong to 
group 4 of the periodic table, in contrast to Mo and W-based ones 
(group 6). However, while the titanium carbides have been thor-
oughly studied theoretically and experimentally [17–20–23,5, 
24–27–30,31,32,12], studies on how the various termination atoms 
affect the electronic properties of the Zr2C MXene have been few and 
limited to O, OH, F and S termination atoms. In addition, regarding 
the use of Zr2CTx as anode electrode in ion batteries, only Li- and NA- 
ion batteries have been considered. 

In particular, Wang at al. [33] calculated the density of states 
(DOS) and showed that the bare Zr2C MXene is metallic, with large 
contribution to the DOS from the top Zr layer. However, when the 
MXene is terminated with O, OH or F atoms, the DOS at the Fermi 
level is reduced. In addition, they found that the most stable site for 
the termination atoms to sit is the hollow site, i.e., with no Zr or C 
atoms underneath it, while the most stable configuration is the one 
including O terminations. 

Khazaei et al. [34,35] also showed that Zr2C is metallic with 0 eV 
band gap, while Zr2CF2 and Zr2C(OH)2 retain the metallic character. 
Zr2CO2, however, becomes semiconducting with a band gap equal to 
0.88 eV [3,34,35]. Furthermore, Zhu et al. [36] found that Zr2CS2 is 
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also metallic and that the S terminations lower the diffusion barrier 
for a Li ion on the surface of the MXene when compared to the O and 
F terminated ones. This fact was validated by Papadopoulou et al.  
[37] using the Bond Valence Sum method. 

An important property of MXenes is the fact that they can not 
only adsorb ions on their surface, but the mobility of the ions is 
affected by the MXenes’ termination atoms. For that reason, MXenes 
started being examined for their use as anode electrodes in ion 
batteries ever since they were firstly discovered [38]. Anodes, which 
are the negative electrodes, are the ones that gather the ions during 
the charging of an ion battery cell, therefore storing the energy 
which is later released during discharging. Therefore, the mobility of 
the ions is a characteristic that will affect the functioning of the 
battery. 

The adsorption energy, as shown in Ref. [12], depends on the 
electronegativity of the termination atoms, as well as the distance 
between the terminations, the ions and the atoms of the top layer of 
the MXene. In fact, the greater the ionic character of the bond be-
tween the termination atoms and the ions, the stronger the bond is. 
That could potentially ensure higher capacitance for the battery, 
even if slower charge/discharge rates, depending on the size of 
the ion. 

The most common ion batteries are the Li-ion ones (LIB) [39]. 
However, there are two major disadvantages to the use of LIB, 
namely the limitation in Li reserves [39] and the formation of Li 
dendrites that cause safety concerns [40]. 

In an attempt to move past the LIB, K-ion batteries (KIB) have also 
been examined. Potassium is a low cost alternative to lithium, while 
having the advantage of an abundance of natural sources [41–43]. In 
addition, K is also an alkali metal, belonging to the same group as Li 
and having comparable energy density [44]. However, the develop-
ment of KIB faces challenges mainly due to their poor cycling sta-
bility [45] and potassium’s low melting point [44]. 

Another alternative to LIB is batteries with multivalent charge 
carriers. Mg-ion batteries (MIB), for example, have the advantage of 
being dendrite-free, have higher energy density [46,47], and Mg is 
also in abundance [40]. Furthermore, Zn-ion batteries (ZIB) also 
present promise when it comes to rechargeable batteries since they 
are environmentally friendly and there is a copious amount of zinc in 
nature [48]. In addition, they are lower cost than LIB [49]. However, 
MIB and ZIB are not without their own challenges regarding their 
feasibility, especially when it comes to the discovery of efficient 
electrolytes and cathode electrodes for MIB. Furthermore, aqueous 
ZIBs, a type of ZIBs that have recently drawn the attention of the 
community [50], suffer from dendrite formation and Zn corrosion  
[51]. Solid-state ZIBs, on the other hand, have yet to be thoroughly 
examined [51]. 

In the present paper, we study the adsorption and mobility of a 
series of ions on the surface of the Zr2CS2 MXene. Apart from Li, we 

will concentrate on K, Mg and Zn ions, with the goal to identify the 
better-performing ion battery when it comes to the use of Zr-based 
materials as anode electrodes, taking advantage of the fact that the S 
termination atoms lower the diffusion barrier for the moving ion. 

2. Computational methods 

The bare Zr2C MXene was obtained after eliminating the Al layers 
from the theoretical structure of the parent Zr2AlC MAX phase. In 
order to derive the structure for the Zr2CS2 MXene, we applied 
Density Functional Theory (DFT) as implemented in CASTEP [52,53]. 
The electrons’ exchange-correlation interactions were described 
using the Generalized Gradient Approximation (GGA) method [54]. 

To minimize the mirror interactions between the upper and 
lower Zr layers, we introduced a vacuum space of 15Å [37]. We used 
a plane wave cut-off energy Ecut = 500 eV and a k-point spacing of 
6 × 6 × 1 to converge the overall energy per formula unit to 5 × 10−6 

eV. The structures were fully optimized using the BFGS geometry 
optimization method [55,56] and relaxed until the residual forces on 
the atoms fell to less than 0.01 eV × Å−1. 

For the structures including the Li, K, Mg and Zn ions, we applied 
DFT for a second time, after inserting a single ion on the surface of 
the Zr2CS2 MXene and at a distance from the S atom smaller than the 
bond length R0 [57] between the S and each ion. 

The adsorption energies, Eads, for each ion were calculated using 
the following equation: 

=E E E Eads ReferenceZr CS ion Zr CS2 2 2 2 (1) 

where EReference is the total energy of a single Li, K, Mg or Zn atom in 
their metal phase, E_Zr2CS2-ion is the total energy of the structure 
including the respective ion, and EZr CS2 2 is the total energy of the 
Zr2CS2 MXene without the added ion. 

For the calculation of the energy barrier for diffusion, Ebar, for 
each ion on the MXene surface, we first created a 2 × 1 × 1 supercell 
of each structure. The reactant (initial) position of each ion was given 
by the results of the DFT as described above, while the product 
(final) position was the same position in the adjacent cell. An LST/ 
QST transition state (TS) search algorithm in CASTEP [58] was then 
applied, and the migration barrier height was calculated as the 
barrier from the reactant position. 

Finally, we approximated the open-circuit voltage (VOC) of a 
battery cell with a single intercalated ion using the following 
equation [59]: 

= +VOC E E EReferenceZr CS Zr CS ion2 2 2 2 (2) 

To translate the above VOC values into voltage V, one should divide 
them with the Faraday constant F [60] (26.8 A.h.mol−1 [59]). We 
should also note that the open-circuit voltage, which is the max-
imum voltage from a battery, occurs when no current flows through 
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the battery, thus there are no reactions, i.e., VOC is the battery vol-
tage in equilibrium conditions. 

3. Results & discussion 

The structure of the Zr2CS2 MXene layer is shown in Figs. 1a,c. 
DFT showed that the S termination atoms will sit on the surface of 
the MXene, on top of a C atom. This result builds on and improves 
previously published ones, since we have now used different toler-
ance criteria for energy convergence during geometry optimization 

in DFT, as well as utilized the latest version of CASTEP which uses 
updated pseudopotentials to describe the ion-electron interactions. 

In Fig. 1b, we can see the electron density of the MXene slab in 
the 011 hkl plane, while in Fig. 1d we see the total DOS. We confirm 
that the Zr2CS2 is metallic, with 0 eV band gap. 

In Figs. 2a,c we can see the structure of the Zr2CS2 MXene layer 
with the added Li. It is evident that the most energetically favourable 
site for Li is on top of a bottom-layer Zr atom (Zr(2) in Fig. 2a). The 
addition of Li has created new hybrid states in the DOS as we can see 
in Fig. 2d. Finally, the electron density in this case for the 011 hkl 
plane is shown in Fig. 2b. 

Fig. 1. a)The front view of the 3 × 3 × 1 supercell for the Zr2CS2 MXene layer after geometry optimization, b) The electron density of the 011 hkl plane, c) The top view of the 
3 × 3 × 1 supercell for the Zr2CS2 MXene layer after geometry optimization d) the DOS, where the Fermi level is shifted at 0 eV. Black spheres: Zr atoms. Brown spheres: C atoms. 
Yellow spheres: S atoms. 
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In Figs. 3a,c, we see the structure of the Zr2CS2-K MXene layer 
which is the same as in the Li case, i.e., the K ions will sit on top of 
the Zr(2) atoms. Accordingly, in Fig. 3b we have the electron density 
of the 011 slab, and in Fig. 3d the total density of states. The addition 
of a K ion instead of Li has added more hybrid states when compared 
to the Li case. While Li and K have the same oxidation number (+ 1), 
K is much larger than Li (2.75Å Van der Waals atomic radius vs 1.82Å 
respectively), thus has lower electronegativity. We observe, there-
fore, an increasing hybridization between the S and ion states, as the 
size of the ion increases. 

For the Mg ion case, the structure is shown in Figs. 4a,c. Once 
again, the ion favours the site above the Zr(2) atom. In Fig. 4b and d 
we have the electron density of the 011 slab and the total DOS re-
spectively. 

Finally, in Figs. 5a,c, we can see the Zr2CS2-Zn structure which 
differs from the previous three. In particular, the Zn ion will sit on 
top of a C atom, therefore directly atop the termination S. The co-
ordination number is also different. While Li, K and Mg bonded with 
three termination atoms, Zn bonds with only one. This fact could 
potentially indicate lower adsorption energy. 

Fig. 2. a)The front view of the 3 × 3 × 1 supercell for the Zr2CS2-Li MXene layer after geometry optimization, b) The electron density of the 011 hkl plane, c) The top view of the 
3 × 3 × 1 supercell for the Zr2CS2-Li MXene layer after geometry optimization d) the DOS, where the Fermi level is shifted at 0 eV. Black spheres: Zr atoms. Brown spheres: C atoms. 
Yellow spheres: S atoms. Green spheres: Li ions. 
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In Fig. 5b and d we have the electron density of the 011 slab and 
the total DOS respectively. Zn and Mg have the same oxidation 
number (+ 2). However, the addition of Mg instead of Zn adds more 
hybrid states to the total DOS (see Figs. 4d and 5d). Considering that 
Mg is larger than Zn (1.73Å Van der Waals atomic radius vs 1.39Å 
respectively), the trend that larger ions result to larger hybridization 
is once again observed here. 

Furthermore, if we wanted to compare all four cases instead of 
grouping them according to the oxidation number, the Zn case 

exhibits the closest behaviour to the Zr2CS2 case, both regarding the 
electron density (see Figs. 1b and 5b) and the total DOS (see Figs. 1d 
and 5d). For easiest comparison, we have plotted in Fig. 6 the dif-
ference in DOS between the Zr2CS2 and all the ion cases. It is evident 
that less variation exists in the Zn case (green line), i.e., the smallest 
ion, and larger variation in the K case, i.e., the biggest ion. 

The adsorption energies for each ion are shown in Table 1. While 
Li, K and Mg exhibit strong adsorption, that is not the case for the Zn 
ion. This fact means that the different structure we derived for the 

Fig. 3. a)The front view of the 3 × 3 × 1 supercell for the Zr2CS2-K MXene layer after geometry optimization, b) The electron density of the 011 hkl plane, c) The top view of the 
3 × 3 × 1 supercell for the Zr2CS2-K MXene layer after geometry optimization d) the DOS, where the Fermi level is shifted at 0 eV. Black spheres: Zr atoms. Brown spheres: C atoms. 
Yellow spheres: S atoms. Purple spheres: K ions. 
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Zr2CS2-Zn MXene from the DFT calculations when compared to the 
rest of the cases (i.e., the Zn ion sits directly above the S terminations 
instead on top of a Zr(2) atom) is less favourable. 

The energy barriers for diffusion for each ion are also shown in  
Table 1. For the Li ion, Ebar agrees with the one reported in literature  
[36] for the same material. In all other cases, the mobility of the ions 
is larger as they exhibit lower diffusion barriers. 

In particular, for the Zn ion, the diffusion barrier is comparable to 
that of Li in other common 2D materials (for example VS2 with Ebar 

= 0.22 eV [61]), but also of a NA ion on the extensively studied 
Ti3C2O2 MXene (Ebar = 0.20 eV [62]). 

For the Mg ion case, the barrier is slightly lower, yet still ap-
proximating that of Li-intercalated graphite (Ebar = 0.17 eV [63]). 
Graphite is the material currently used as anode electrode in LIB. 
However, the diffusion barrier we calculated here is much lower 
than the one for an Mg ion in MoS2 monolayer alternatively over-
lapped with graphene (Ebar = 0.40 eV [64]), a heterostructure which 
is considered promising for Mg storage and having great rate 

Fig. 4. a)The front view of the 3 × 3 × 1 supercell for the Zr2CS2-Mg MXene layer after geometry optimization, b) The electron density of the 011 hkl plane, c) The top view of the 
3 × 3 × 1 supercell for the Zr2CS2-Mg MXene layer after geometry optimization d) the DOS, where the Fermi level is shifted at 0 eV. Black spheres: Zr atoms. Brown spheres: C 
atoms. Yellow spheres: S atoms. Orange spheres: Mg ions. 
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Fig. 5. a)The front view of the 3 × 3 × 1 supercell for the Zr2CS2-Zn MXene layer after geometry optimization, b) The electron density of the 011 hkl plane, c) The top view of the 
3 × 3 × 1 supercell for the Zr2CS2-Zn MXene layer after geometry optimization d) the DOS, where the Fermi level is shifted at 0 eV. Black spheres: Zr atoms. Brown spheres: C 
atoms. Yellow spheres: S atoms. Grey spheres: Zn ions. 

Fig. 6. The DOS differences between the Zr2CS2 MXene and the structures including the Li, K, Mg, Zn ions.  
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performance [64]. In addition, the calculated barrier is considerably 
smaller than the one for Mg diffusion in Ti2CS2, another common S- 
terminated MXene (Ebar = 0.33 eV [65]), as well as Ti2CS2-GO 
(0.27 eV) and Ti2CS2-GOH (0.25 eV) [66], where GO is O-terminated 
graphene and GOH is OH-terminated graphene. 

The lowest diffusion barrier is observed for the K-ion, despite it 
exhibiting strong adsorption (stronger than Zn) and being larger and 
heavier than Li and Mg (39.0983 amu atomic mass vs 6.941 amu and 
24.305 amu respectively). However, this result was expected, since 
the average bond length between K and S is larger than all other 
cases, a fact that means that K has a bigger chance to break its bond 

with the termination atom and start migrating, thus needing less 
energy. This relationship between bond-length and Ebar is drawn 
in Fig. 7. 

Regarding the TS of each ion, we draw in Fig. 8 the migration 
paths for each case. In all cases, the TS position for the ions con-
sidered is a hollow site, i.e., a position on the MXene’s surface where 
there are no other atoms underneath. For the Li, K and Mg cases, 
therefore, the migration pathway is Zr(2)-hollow-Zr(2), i.e., the ions 
will have an initial position above a bottom layer Zr atom, they will 
move to their transition state above empty space, and end up above 
a bottom layer Zr atom in the adjacent cell. In the Zn ion case, 
however, where the ion starts on top of a termination atom, in the 
transition state the ion detaches from the surface and sits in the 
vacuum, not bonding with any of the surface termination S atoms. 
This fact can be contributed to Zn’s very low, almost 0, adsorption 
energy (see Table 1). The relatively high, second only to the Li ion 
case, Ebar (see Fig. 7 and Table 1) corresponds to the Zn ion’s jump to 
the vacuum, and not its actual migration on the surface of the Zr2CS2 

MXene. 
Another criterion for selecting the anode material is the VOC 

values. A negative VOC value means that the ions do not adsorb on 

Table 1 
The ion adsorption energies Eads and the migration barrier energies Ebar on the Zr2CS2 

MXene surface.     

ion type Eads (eV) Ebar (eV)  

Li − 1.83  0.25 
K − 0.80  0.10 
Mg − 1.94  0.15 
Zn − 0.02  0.19    

Fig. 7. Bond length vs Ebar for all ions considered.  
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Fig. 8. The migration pathways for the a)Li ion, b)K ion, c)Mg ion and d)Zn ion. The arrows show the direction of the migration. For easier view, we have faded the colours of the 
farthest atoms. Black spheres: Zr atoms. Brown spheres: C atoms. Yellow spheres: S atoms. 
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the MXene’s surface but form clusters. This fact means that when 
the VOC drops to 0 the material has attained its maximum ion ca-
pacity. On the other hand, for fast charge/discharge rates, VOC should 
not be too high [67]. In general, we need a VOC less than 1 eV to 
avoid dendrite formation [60]. We plot, therefore, in Fig. 9 the VOC 
for each considered ion. 

Only the K and Zn ion cases appear to have VOC less than 1 eV 
(see red area in Fig. 9). We should also note that since our DFT cal-
culations were performed in a 1 × 1 × 1 supercell, we have actually 
calculated the VOC at the high ion concentration limit. The fact that 
the open-circuit voltage for the K ion is lower than that for the Li and 
Mg ions is highly advantageous when it comes to the negative 
electrodes (anodes), as a low operating voltage translates to high 
energy density. 

4. Summary & concluding remarks 

We have studied the surface intercalation of Li, K, Mg and Zn ions 
on the Zr2CS2 MXene monolayer. Using DFT, we have found that the 
termination atoms S favour the site on top of a C-layer atom of the 
bare Zr2C MXene, while the Li, K and Mg ions will sit on top of a Zr 
atom belonging to the bottom MXene layer. The only exception is the 
Zn ion which favours the site directly on top of the termination S. 

A study of the density of states for each structure revealed the 
trend that larger ions result to larger hybridization when compared 
to the Zr2CS2 MXene structure. In addition, the DOS analysis showed 
that Zr2CS2 retains its metallic behaviour after the ions’ adsorption. 
These metallic characteristics favour the material’s application in ion 
batteries. 

Furthermore, calculation of the adsorption energies showed that 
while the Li, K and Mg ions are strongly bonded on the MXene’s 
surface, that does not seem to be the case for the Zn ion which has an 
adsorption energy close to 0 eV. This fact later resulted to the de-
tachment of Zn from the Zr2CS2 surface after we found the migration 
path for each ion. 

The calculation of the energy barrier for diffusion of each ion on 
the Zr2CS2 surface resulted to a higher mobility for the K ion when 
compared to all other cases, apart from the Zn case, whose detach-
ment, however, as described above renders it unsuitable for further 
consideration. Moreover, there is a dependence between the energy 
barrier and the bond length between the S termination atoms and 
the ions, with larger bond lengths leading to lower energy barriers. 

Finally, the open-circuit voltage of a battery cell was examined as 
another criterion when searching for suitable anode materials in ion 

batteries. Zr2CS2-K exhibited a lower VOC than the Zr2CS2-Li and 
Zr2CS2-Mg materials. 

The combination of the migration barrier and pathways, as well 
as the open-circuit voltage study, points to the K ion as being the 
most favourable one when it comes to the use of Zr2CS2 as the basic 
material for the anode. KIB, therefore, could have fastest charge/ 
discharge rates than LIB, MIB, and ZIB, as well as higher energy 
density. KIB, therefore, seem the most promising to substitute LIB, 
especially after taking into consideration K’s low cost, abundant 
resources and comparable energy density to Li. 
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