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Li-diffusion pathways in Zr2CO2 and Zr2CS2 MXenes using the Bond Valence Sum 
Model 
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Two-dimensional materials such as MXenes are being actively considered by the community for 
energy storage applications. Here, we employ Density Functional Theory (DFT) to model O and S 
terminated Zr2C MXenes. We find that the most energetically favourable positions for the termina-
tion atoms to sit are on top of the second-layer Zr atoms, in agreement with previous studies. Finally, 
arbitrarily placing a Li-ion on the surface of the MXenes, we apply the Bond Valence Sum (BVS) 
model to calculate Bond Valence Site Energies (BVSE). We show that BVS is a good substitute for 
DFT particularly for diffusion pathways, as it yields much faster results and with good accuracy, 
with the added advantage of not needing exact positions for the atoms. BVS can, therefore, be 
used as a quick filter when searching for low migration barriers in MXenes and two-dimensional 
materials. 

Keywords: Bond Valence Sum, Conductive Pathways, Li diffusion, Energy Barrier, MXenes 

I. INTRODUCTION 

In recent years, there is interest on two-dimensional
materials such as silicene and boron nitride and car-
bide MXenes for energy storage1–3. The most commonly
used method for predicting properties of newly synthe-
sized or simulated materials is the DFT4, which uses 
pseudopotentials5 generated on the fly to describe the 
electron-ion interactions6. 

DFT’s advantage is that it provides higher accuracy
than methods using empirical potentials7. However, 
when it comes to computational time, DFT is highly ex-
pensive, even more so when one needs to analyse high 
numbers of complex battery materials and ion trans-
port therein. Classical atomistic simulation methods 
employing pair-potentials can efficiently describe the de-
fect processes of ionic materials but not covalent/metallic 
systems8,9. 

To bypass this problem, a method was discovered, 
called the BVS model, which utilizes a two-body Morse-
type force field10,11 to computationally predict the prop-
erties of inorganic crystals. 

BVS, where an atom is thought to have a fixed charge
regardless of its position in a structure12, is based on 
Pauling’s electrostatic valence principle13 which leads to 
the fact that the sum of bond valences, sij , around a 
given ion i, is equal to its total ionic valence, Vi, i.e., its 
charge: 

∑ 
Vi = sij (1) 

j 

For a cation, the valence is equal to the number of
electrons used in bonding, namely its formal oxidation 
state12,14. For an anion, however, the valence corre-

sponds to the negative of the number of holes left behind
by the electrons that bonded. 

Initially, the BVS model was mainly used to predict
or validate new crystal structures15,16. Its main advan-
tage is that it does not use the coordinates of the ions,
therefore it can be used to examine theoretical structures 
that cannot be mapped into three-dimensional space12. 
In recent years, the BVS method has been extended to 
predict conductive pathways and migration energy bar-
riers of diffusing ions17–19. 

Possible sites for a moving ion to sit are calculated by 
using an empirical relationship that connects the bond
valence with the bond length, R, where the bond length is 
used as a measure of the bond’s strength20. For a cation 
A connected to an anion X, this relationship is7,21: 

SA−X = exp[(R0 − R)/b] (2) 

where S refers to the experimental bond valence. R0 

and b are fitted parameters related to the sizes of the ions
and the softness of their interaction respectively. In prac-
tice, the ion is moved between arbitrary positions and the
BVS is calculated at each position. If the latter is equal 
to the oxidation number of the moving ion, then that po-
sition is acceptable for the ion to exist. However, the ion 
may be displaced by a value called valence mismatch21, 
|∆V |, which is in the range of [0.05, 0.2] valence units12. 
|∆V | has constraints applied regarding the coordination
number, i.e., the number of nearest neighbours, and the 
minimum distance between the bonding ions.

The pathways for the mobile ion are usually drawn 
as contour maps inside the crystal structures. Isosur-
faces with fixed |∆V | will then denote regions inside the 
material where a certain activation energy Eact may be 
reached. The BV SE for the mobile cation A is given 
by16,22: 
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NX∑ (sA−Xj − smin)

2 

BV SE = D0  − N + Erepulsion 2sminj=1 

(3) 
where D0 is the bond dissociation energy, N is the 

number of anions X the cation bonds with, Erepulsion is 
a penalty term due to Coulomb repulsions23 and smin 

is the valence corresponding to the equilibrium distance 
between A and X23. 

It is suggested by Chen et al.7 that BVS can substitute 
DFT, providing reasonable accuracy and less computa-
tional time when it comes to ion migration pathways and
energy barriers so that DFT calculations, which will be 
more detailed and expensive, can be focused only on the
most promising materials. 

It is the scope of this paper to examine whether the 
above statement is valid, especially regarding the accu-
racy of the results when compared to DFT calculations. 
For this reason, we chose to apply the BVS method to
study the Li-ion mobility in two materials that have al-
ready been analysed with DFT24, namely Zr2CO2 and 
Zr2CS2. These two materials belong to the MXenes fam-
ily. 

MXenes are two-dimensional ceramic materials first 
produced via wet chemical etching of MAX phases25. The 
latter have the general formula Mn+1AXn, (n = 1, 2, 3), 
where M stands for an early transition metal (here Zr), 
A is an element belonging in the A-group of the periodic
table, and X is either carbon (C) or nitrogen (N)26–28. 
By destroying the bonds between M and A the result
was 2D flakes, the MXenes, with the general formula 
Mn+1XnTx, (n = 1, 2, 3), where T is a surface termina-
tion atom, in this case O and S. 

Studies on the MXenes have revealed their great poten-
tial in energy storage applications29–35, especially their 
use as anodes for lithium-ion batteries36,37. The com-
bination of materials like MXenes with computational 
methods such as BVS could potentially provide the field
of energy storage with swift advancements. 

II. COMPUTATIONAL METHODS 

We derived O and S-terminated Zr2C MXene monolay-
ers by performing DFT as implemented in the CASTEP 
package38,39. The exchange-correlation interactions be-
tween electrons were described by the generalized gradi-
ent approximation (GGA) method40. 

We introduced a vacuum space of 15Åbetween adjacent
layers to minimize the mirror interactions of the upper 
layer with the periodic image of the bottom layer. A 
plane wave cut-off energy Ecut = 500eV and a k-point 
spacing of 6 × 6 × 1 was used which was sufficient to 
converge the overall energy per formula unit to 10−6eV . 

The structures were fully optimized using Broyden -
Fletcher - Goldfarb - Shanno (BFGS) geometry opti-

Zr(1)

Zr(2)

FIG. 1: The 2 × 2 × 1 supercell for the O and S terminated 
MXene monolayer after geometry optimization. Blue spheres: 
Zr atoms. Black spheres: C atoms. Red spheres: Termination 
atoms (either O or S). Top panel: 3D view. Bottom panel: 
front view. 

mization method41,42. All structures were relaxed un-
til the residual forces on the atoms declined to less than 
0.01eV × Å−1. 

All the aforementioned values were the same as in the 
study of Zhu et al.24 for easier and more accurate com-
parison of the results. 

For the calculation of the bond valence sums, we used 
the softBV software7 in the command line form and the 
BVS parameters available therein11. 

In practice, we created 2 × 2 × 1 supercells of Zr2CO2 
and Zr2CS2 and placed a single Li-ion on top of the cen-
tral C atom, at an arbitrary distance from the surface,
but smaller than the bond length between Li-O and Li-S 
so as to take advantage of the fact that the BVS method
does not need to know the exact structure of the crystal. 
The Li-ion on top of the C atom was also the position
suggested by Zhu et al.24]. 

Valid sites for the Li-ion to sit were considered to be 
locations where the valence mismatch was less than 0.2 
valence units12, i.e., the total valence sum at the site 
was within ±0.2 valence units of the natural oxidation 
number of Li which is equal to +1. 

III. RESULTS 

A. Zr2CO2 

DFT showed that the most energetically favourable po-
sition for the O atom to sit was above the Zr(2) atoms,
equidistantly from two Zr(1) atoms, where Zr(1) and
Zr(2) are top and lower level Zr atoms respectively. The 
structure alongside the Zr(1) and Zr(2) levels in the MX-
ene layer are shown in Fig. 1. 

The application of the BVS method showed that the 
energetically most favourable pathway for the Li-ion to
migrate on the surface of the MXene was the C-Zr(1)-C, 
i.e, starting on top of a C atom and crossing over a Zr(1)
atom to reach the top of another C atom. 
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FIG. 2: The 2 × 2 × 1 supercell for the O terminated Zr2C 
and the Li-ion conductive pathways (orange surfaces) calcu-
lated from the BVS method. Blue spheres: Zr atoms. Black 
spheres: C atoms. Red spheres: O atoms. For easier view, 
the Zr(2) atoms are painted in lighter blue colour. Top panel: 
Skewed Top view so as the saddles in the pathways are drawn 
on top of the corresponding atoms. Bottom panel: 3D view. 
The latter clearly shows that the saddle points are on top the 
C and Zr(1) atoms. 

FIG. 3: The BVSE for a Li-ion moving on the surface of 
Zr2CO2. The BVS method has calculated four energetically 
equivalent pathways. 

In Figure 2 we see the pathways calculated with the 
BVS method. The calculation of the BVSE as it is drawn 
in Fig. 3 suggests that all the calculated pathways are 
equivalent energy-wise. The energy barrier for migration
in this case is 0.28eV . 

FIG. 4: The 2 × 2 × 1 supercell for the S terminated Zr2C 
and the Li-ion conductive pathways (orange surfaces) calcu-
lated from the BVS method. Blue spheres: Zr atoms. Black 
spheres: C atoms. Yellow spheres: S atoms. For easier view, 
the Zr(2) atoms are painted in lighter blue colour. Top panel: 
Skewed Top view so as the saddles in the pathways are drawn 
on top of the corresponding atoms. Bottom panel: 3D view. 
The latter clearly shows that the saddle points are on top the 
C and Zr(1) atoms. 

B. Zr2CS2 

DFT showed that the most energetically favourable po-
sition for the S atom to sit was also above the Zr(2)
atoms. The structure is the same as in Fig. 1. 

The application of the BVS method showed that the 
energetically most favourable pathway for the Li-ion to
migrate on the surface of the MXene was the C-Zr(1)-C, 
i.e, starting on top of a C atom and crossing over a Zr(1)
atom to reach the top of another C atom. This was also 
the case for Zr2CO2. 

In Figure 4 we see the pathways calculated with the 
BVS method. The BVSE is drawn in Fig. 5. The energy
barrier for migration in this case is 0.22eV . 

IV. DISCUSSION 

The application of DFT yielded for both the Zr2CO2 
and Zr2CS2 structures that the most energetically
favourable positions for the termination atoms to sit are 
on top of the Zr(2) atoms, as it is evident in the bottom
panel of Fig. 1. This is confirmed by previously published 
DFT studies (refer to Fig. 1 in Ref. [24]). Any differences
in the coordinates of the atoms are negligible and can be 
attributed to the software used for DFT, i.e, CASTEP in 
the present paper versus the Vienna Ab-initio Simulation 
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FIG. 5: The BVSE for a Li-ion moving on the surface of 
Zr2CS2. 

Package (VASP)43 in the referenced study. 
Regarding the most conductive pathways for Li-ion dif-

fusion on the surface of the Zr2CO2 and Zr2CS2 MX-
enes, Zhu et al.24] applied nudged elastic band (NEB) 
calculations44,45. They found that, in both cases, the 
minimum energy path is the C-Zr(1)-C one. Importantly,
the BVS method applied here yielded the same result, 
even though the Li-ion was placed arbitrarily on the sur-
face of the MXene without geometry optimization. 

Finally, the energy barriers for diffusion calculated
from BVSE are 0.28eV for Zr2CO2 and 0.22eV for 
Zr2CS2. However, in Ref. [24], the barriers were cal-
culated (using NEB) at 0.5eV and 0.25eV respectively.
There is, therefore, an underestimation of the diffusion 
barrier in the case of the BVS method, reaching up to 
44% in the case of Zr2CO2. There can be energy differ-
ence errors in DFT as it has been discussed in previous
studies that can be of the order of 0.2eV 46,47. If we take 
under consideration this fact, there is a good agreement
between the BVS and DFT results. 

The most interesting part to note is that the BVS
method preserved the trend that Zr2CS2 has a lower mi-
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