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Abstract

The current electric vehicle market is entirely dominated by lithium-ion batteries (LIBs).
However, due to the limited and unequal distribution of LIB raw materials on earth, there is a
continuous effort to design alternate storage devices. Among the alternatives to LIBs,
sodium-ion batteries (NIBs) are at the forefront because sodium resources are ubiquitous
worldwide and virtually inexhaustible. However, one of the major drawbacks of the NIBs is their
low specific charge capacity. Since the specific charge capacity of a cell can be improved by
increasing the specific charge capacity of the anode material, there is a constant effort to find
suitable anode materials. Recent studies suggested that cobalt-boride (CoB) anti-MXene
material (a newly discovered two-dimensional material) can yield superior specific charge
capacities for LIBs than traditional graphite-based anodes. Inspired by these findings, in this
work, we considered six cobalt-based anti-MXene materials (Co-anti-MXenes), namely, CoAs,
CoB, CoP, CoS, CoSe, and CoSi, and examined their competency as anode materials for NIBs.
Our findings suggest that Co-anti-MXenes possess superior specific charge capacities (~
390-590 mAh/g) than many well-studied anode materials like MoS, (146 mAh/g), Cr,C (276
mAh/g), expanded graphite (284 mAh/g), etc. Moreover, their greater affinity (-0.55 to -1.16 eV)
to Na atoms, along with reasonably small diffusion energy barriers (0.32 to 0.59 eV) and low
average sodiation voltages (0.2 to 0.64 V), suggest that these Co-anti-MXenes can serve as
excellent anode materials for NIBs.



Introduction

The recent Russia-Ukraine war gives us a glimpse of how the world would quickly go into an
energy crisis when fossil fuels become scarce. Apart from being finite and nonrenewable, fossil
fuels also alter our climate and will lead to a 0.6 % increment in global warming from 2017 to
2050." As such, global energy consumption should shift from fossil fuels to renewable and clean
energy sources as quickly as possible. Also, since the energy supply from renewable energy
resources (like wind, solar, geothermal, etc.) depends on various factors (such as time, weather
conditions, geographical location, etc.), the energy generated from these resources needs to be
stored. One of the efficient ways to store energy is through electrochemical cells, and among
various choices, rechargeable lithium-ion batteries (LIBs) are at the forefront due to their high
energy efficiency and low maintenance cost.?® However, the major drawback of LIBs is the
unequal distribution of their raw materials over the globe and the limited availability of lithium in
the earth’s crust, leading to geopolitical tensions.

While there are several alternatives to LIBs,*'? sodium-ion batteries (NIBs) have gained
considerable attention since sodium is abundant in the earth’s crust (sixth most abundant
element). Its resources are distributed nearly equally throughout the world, and it has a lower
cost of extraction." Further, since Li and Na are located in the same group of the periodic table
and since they both possess only one electron in their valence shell, it is expected that the
nature of the electrochemical half-cell reactions would be the same. Also, the reduction potential
of sodium is just 0.33 V above the lithium (E%q.na = -2.71 V and E%,,; = -3.04 V). However, the
larger ionic radius of the Na* ion (1.02 A) than the Li* ion (0.76 A) makes it difficult to insert or
extract the sodium ions from the host material, affecting the mass transport, storage, and overall
kinetics."*'® Therefore, finding suitable electrode materials with superior electrochemical
properties is crucial for making NIBs with commercial applications. Several recent studies have
made progress on both cathode and anode materials of NIBs."®'® However, significant efforts
are still required to find new anode materials with high specific charge capacities and lower
redox potentials (closer to the Na*/Na redox couple).

In a recent study,?® Jinxing et al. discovered a new class of materials called anti-MXenes,
with promising electrochemical and catalytic applications. They studied about 79 anti-MXene
materials and found that around 24 anti-MXene materials are stable. Moreover, they found two
of these materials, CoB and FeB, suitable for LIB applications with high specific charge
capacities (1099.44 and 1135.77 mAhg™, respectively). Inspired by these findings, in this work,
we have explored six cobalt (Co) containing anti-MXene materials, namely, CoAs, CoB, CoP,
CoS, CoSe, and CoSi, and inspected their ability to serve as anode materials in sodium-ion
batteries (NIBs). Using density functional theory calculations, we computed various physical and
electrochemical properties such as specific charge capacity, open-circuit voltage, Na-atom
binding energy, Na-ion diffusion barrier, etc. Our calculations suggested that sodium has greater
binding energy (-0.55 to -1.16 eV) and reasonably low diffusion energy barriers (0.32 to 0.59 eV)
on Co-anti-MXenes. Also, Co-anti-MXenes possess low average sodiation voltages (0.2 to 0.64
V) and high specific charge capacities (~ 390-590 mAhg™"), which are desirable properties of
good anode material for NIBs. Interestingly, specific charge capacities of Co-anti-MXenes are


https://paperpile.com/c/oGUs1s/Vtyqy
https://paperpile.com/c/oGUs1s/7w5q6+KGJxz+EPsy4+0jwEt
https://paperpile.com/c/oGUs1s/01Kvf+yM4gL+kMAJ2+QG1t9+OxUYK+l2b9v+X8eUf
https://paperpile.com/c/oGUs1s/8eXxC
https://paperpile.com/c/oGUs1s/siEbx+SAzkc
https://paperpile.com/c/oGUs1s/ki0S7+yHF9w+qgklA+VjPDm
https://paperpile.com/c/oGUs1s/MPVH

superior than many well-established anode materials like graphite (<35 mAhg™),?' expanded
graphite (284 mAhg'),” MoS, (146 mAhg™),? and various M,C MXenes [M = Nb (219 mAhg™),
V (335 mAhg'), Ti (348 mAhg")],>® etc. Together, these properties suggest that the
Co-anti-MXenes fit as excellent anode materials for NIBs.

Computational Details

All electronic structure calculations were performed using the density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP).?* The projected augmented
wave (PAW) pseudopotential method was used to account for the core electrons, and valence
electrons were represented with a plane-wave basis with a cut-off of 450 eV.?® For the
exchange-correlation interaction, the generalized gradient approximation (GGA) is used within
the Perdew-Burke-Ernzerhof (PBE) scheme.?®?" Dispersion interactions were included using the
DFT-D3 method along with the Becke-Jonson damping.?® The lattice constant along the
z-direction was fixed at 40 A to avoid any spurious interactions between the periodic images.
Except for the migration energy barrier (MEB) and charge-density difference (CDDs)
calculations, all simulations were performed with a 1x1 unit cell. To sample the Brillouin zone, a
Monkhrost-Pack?® k-mesh of 12x12x1 and 25x25x1 were used for the structural relaxation and
density of states (DOS) calculations, respectively. The climbing-image nudged elastic band
(CI-NEB)* method was used to find the MEB for the diffusion of a sodium metal atom on the
Co-anti-MXenes. For these calculations, a 3x3 supercell along with a 4x4x1 k-mesh was
considered. The force and energy convergence criteria were set to 0.02 eV/A and 10° eV,
respectively. Thermal stability of these materials was examined by performing ab initio
molecular dynamics (AIMD) simulations in the NVT (canonical) ensemble for a 15 ps duration
with a 1 fs timestep. The temperature was maintained at 300 K using the Nosé—Hoover
thermostat. VASPKIT and pymatgen were used to obtain the relevant post-processing data, and
in-house python scripts were used to plot the band structure, density of states, etc.®'*? VESTA
was used to visualize the optimized structures, electron localization functions, and
charge-density difference maps.*

Results and Discussion

Stability and Structural Information

Since earlier work by Chen group® has already proved that the Co-anti-MXenes are quite
stable, here, we only discuss their structural information briefly. Figures 1a and 1b depict the
top and side views of the optimized structure of CoS anti-MXene, respectively. The optimized
geometries of all other anti-MXenes are shown in Figure S1. As shown in these figures, in
anti-MXenes, the metal atomic layer is sandwiched between two non-metal atomic layers, an
arrangement that is exactly opposite to the arrangement in MXenes, and hence the name
anti-MXenes. The calculated layer thickness and bond distances of the Co-anti-MXenes are
given in Table S1, and they are in excellent agreement with the earlier study,? validating our
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calculations. The electron localization function (ELF) plots (Figures 1d, 1e, and S2) show that
the electrons are primarily localized on the non-metal atoms, indicating an ionic-type interaction
between the elements Co and X (=As, B, P, S, Se, and Si), which stabilizes these systems.

(a)
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Figure 1. (a) Top and (b) side views of the optimized CoS structure. Each Co (S) atom is bonded to four S (Co)
atoms. (c) various Na atom adsorption sites (depicted as S1-S6, see text for more details) on a CoS anti-MXene
that we considered in this study, and (d) top and (e) side views of the electron localization function (ELF) plot of the
CoS structure. Clearly, the electrons are localized on the S atom, indicating an ionic-type interaction between the
elements Co and S. An isosurface value of 0.5 e/ A% is used for the ELF plot.

In Figure 2, we presented the band structure and projected density of states (PDOS) of
all the anti-MXenes. The presence of a finite density of states near the Fermi-level in the PDOS
plots indicates that these systems are metallic. Furthermore, as evident from the PDOS plots,
the metallic character of the anti-MXenes is primarily due to the cobalt atoms (more specifically,
due to the Co d-orbitals, Figure S3). Since electrons have to flow from the anodic compartment
to the external load during the discharging process of a battery, a metallic electrode (i. e., a
good electrical conductor) is beneficial for the electrochemical cell. As such, all the six
Co-anti-MXenes have the potential to be used as anodes. To further check their relevance as
anodes for Na-ion batteries, we have calculated a few crucial properties such as Na atom
adsorption energy, Na atom migration energy barrier, theoretical specific charge capacity,
sodiation voltage, etc. First, we will discuss the adsorption properties of Na on these six
anti-MXenes.
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Figure 2. Band structure and projected density of states (PDOS) of (a) CoAs (b) CoB (c) CoP (d) CoS (e) CoSe and
(f) CoSi. Except for CoS and CoSe, all systems possess spin-unpolarized ground states. All the anti-MXenes have
a finite DOS near the Fermi level indicating that they are metallic and have the potential to be used as electrodes.
States across the Fermi-level have a major contribution from the cobalt atoms, indicating their contribution to the
metallicity.

Preferential Adsorption of a Na Atom on CoX Surfaces

Figure 1c depicts the six different possible adsorption sites for the Na atom on the CoX
surfaces. These six sites can be identified based on the Na atom’s position with respect to the
Co (middle layer) and X atoms (top and bottom layers, see Figure 1b) of the anti-MXene; S1:
on top of the Co atom, S2: on top of the top-layer X atom, S3: on top of the bottom-layer X
atom, S4: on top of the hollow position of Co,X, square, S5: on top of the Co and bottom-layer X
atom’s bond, and S6: on top of the Co and top layer X atom’s bond. Among these six possible
sites, we find that the Na adsorption is stable (i.e., with negative adsorption energy) only at the
S1, S2, and S3 sites on any CoX surface. The adsorption energy of a single sodium atom on a
pristine CoX surface is calculated as E, s = Enascox - Ecox - Ena, Where Ep..cox is the energy of the
CoX surface along with the adsorbed Na atom, E..xis the energy of the pristine CoX surface,
and E,,is the energy of a single sodium atom in its bulk bcc lattice.

Table 1. Single Na atom adsorption onto Co-anti-MXenes at S1, S2, and S3 sites.



Ads. Energy (eV) Na - CoX surface distance (A) Charge on the Na atom

System
S1 S2 S3 S1 S2 S3 S1 S2 S3

CoAs -0.277 0.103 -0.702 2.256 2.817 1.259 0.498 0.280 0.732

CoB -0.683 -0.375 -1.101 2.023 2.475 1.528 0.553 0.396 0.674

CoP -0.470 | -0.218 | -0.939 | 2.181 2.793 1.280 0.507 0.294 0.740

CoS -0.241 -0.047 -0.570 2107 2.747 1.243 0.479 0.269 0.712

CoSe -0.210 -0.031 -0.548 2.271 2.869 1.311 0.448 0.236 0.716

CoSi -0.507 -0.109 -1.156 2.124 2.860 1.241 0.600 0.293 0.748

Interestingly, as shown in Table 1, the stability order of a Na atom on all the CoX
surfaces is S3 > S1 > S2, i.e., a Na atom adsorbs strongly at the S3 site irrespective of the CoX
surface. Moreover, this stability order is consistent with the Na atom’s height from the CoX
surface: S3 < S1 < S2, where, at lower heights, a Na atom adsorbs strongly onto a CoX surface
(due to the greater bonding between the Na atom and the surface). For example, on the CoS
surface, the optimized Na atom adsorption heights are: S3 (1.243 A) < S1 (2.107 A) < S2
(2.747 A). The greater adsorption strength at the S3 site primarily stems from the fact that at an
S3 site a Na atom can interact simultaneously with four non-metal (X) atoms. In contrast, at the
S1 and S2 sites, that number reduces to two and one, respectively (see Figure 3).

The differences in the interaction between the Na atom and non-metal atoms at the S1,
S2, and S3 sites of the CoX surfaces can be explicitly noted in the charge-density difference
plots (CDDs) and Bader charges analysis. The CDDs are calculated as Ap(NaCoX) = p(NaCoX)
- p(CoX) - p(Na), where p(NaCoX), p(CoX), and p(Na) are the total charge densities of a
3x3-CoX surface with a Na atom adsorbed onto it, a pristine 3x3-CoX surface, and a single Na
atom in the same supercell. While calculating p(CoX) and p(Na), the same coordinate space of
p(NaCoX) was used. Figure 3 depicts the CDDs of a CoS system with a single Na atom
adsorbed at S1, S2, and S3 sites. In all three cases, there is a charge transfer from the Na atom
to the top-layer sulfur atoms. However, there is an apparent difference in how the electrons are
shared between the Na atom and sulfur atoms. At the S3 site, the transferred electrons are
shared with four sulfur atoms making it the most favorable stable site for Na atom adsorption. At
the S1 and S2 sites, electrons are shared only with two and one sulfur atom, respectively.
Moreover, as shown in Table 1, the Na atom donates a greater charge (to the non-metal atoms)
at the S3 site than at the S1 and S2 sites. Indeed, our Bader-charge analysis on the CoS
system shows that the amount of charge transfer from the Na atom follows the adsorption
stability trend, i.e., S3 > S1 > S2. Similar behavior is observed in all other CoX anti-MXenes
(see Figure S4 for the CDDs of other systems), where the electrons transferred from the Na
atom are shared with four non-metal (X) atoms. Thus, the greater stability of the Na atom at the
S3 site is due to its strong ionic interaction with multiple non-metal atoms.
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Figure 3. Top and side-views of the charge-density difference maps (CDDs) of a CoS system with Na atom
adsorbed at S3 (a,d), S1 (b,e), and S2 (c,f) sites, respectively. The magenta (sky-blue) color depicts the charge
depletion (accumulation). It is apparent that the Na atom interacts with four, two, and one sulfur atoms when it is
adsorbed at the S3, S1, and S2 sites of the CoS surface, respectively. An isosurface value of 0.002 e/ A% is used in
all plots. The side views are slightly tilted to show the Na-S bonds. See Figure S4 for the CDDs of other systems.

The adsorption energy values of a single Na atom at the S3 site of all the
Co-anti-MXenes are given in Table 1. They lie in the energy range of -0.55 eV to -1.16 eV,
suggesting strong physisorption of the Na atom on Co-anti-MXenes.3* A few materials with such
strong Na atom adsorption energies (predicted using DFT) and that were experimentally used
as anode materials in NIBs include MXenes like Ti;C,0, (-0.83 eV),%3¢ V,CO, (-0.88 eV),*%
Hf,C,F, (-0.91 eV),*3® and other two-dimensional materials like rutile TiO, (-0.61 eV),***° MoS,
(-0.77 eV)*'“2 etc are comparable with the adsorption energy values of Co-anti-MXene
materials. Possessing such a strong physisorption value is beneficial for an anode (here, CoX)
since it prevents the dendrite formation while loading multiple Na atoms onto the anode
surfaces. Also, among functionalized MXene materials, superior specific charge capacities were
observed for materials with greater adsorption strengths,* hinting that some of the anti-MXenes
considered in this work could possess higher specific charge capacities. Apart from binding the
metal atoms firmly, a promising anode material should also allow them to diffuse quickly on its
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surface during the charge/discharge cycles. Below, we have presented the diffusion energy
barriers for a sodium atom on all the Co-anti-MXenes.

Migration Energy Barrier

At equilibrium, since the metal atoms are expected to sit at the most stable sites of the
Co-anti-MXene surface, the diffusion/migration energy barriers (MEBs) are calculated by moving
a sodium atom from one stable site (here, S3) to the other along different paths. Figure 4a
shows three possible paths considered in this study on a CoS surface. Here, path-1
corresponds to the Na atom movement along the ‘a’-direction of the lattice, i.e., from
S3—-S5—-81-585—-83. In paths 2 and 3, the Na atom moves at an angle to both a and
b-directions of the lattice. In path-2, the Na atom moves along S3—S6—S3, and in path-3, it
moves along S3—-S4—-S2—-S4—-S3. To find the MEBs along each of these paths, we
considered a 3X3 supercell and performed the climbing-image nudged elastic band (CI-NEB)
calculations. Among the three paths, as shown in Figure 4b, the MEB value is the least along
path-1 (0.402 eV) and highest along path-3 (0.86 eV). We could not estimate the MEB value
along path-2 from the CI-NEB calculations since the images along path-2 always converged to
path-1. As such, we chose an alternate way to estimate the MEB value along path-2; we
calculated the adsorption energy of the Na atom at the S6 site by fixing its ‘X’ and ‘y’ coordinates
(i.e., only the z-coordinate of the Na atom is allowed to relax during the optimization). Through
these calculations, we find that Na at the S6 site is ~ 0.76 eV higher in energy than at the S3
site. Thus, the MEB along path-2 is expected to be at least 0.3 eV higher in energy than the
MEB along path-1.

To understand the lower MEB along path-1, we plotted the electron localization function
(Figure 4c) along the (001) plane of the CoS surface. Since sodium tends to lose its valence
electron (i.e., it is electron-rich), it would encounter a high (low) barrier when it diffuses through
regions of high (low) electron density. As shown in the ELF plot, since a sodium atom along
path-1 (path-3) encounters regions of low (high) electron density at S1 (S2) sites, it experiences
a low (high) barrier for diffusion. This result can also be understood from the CDD plots (cf.
Figure 3). As explained earlier, a Na atom shares its electrons with four, two, and one sulfur
atoms when it is adsorbed at the S3, S1, and S2 sites, respectively, and its stability is more
when it shares its electrons with a more number of non-metal atoms. Now, when a Na atom
moves along the path-1, it first shares its electrons with four sulfur atoms (at S3), next with two
sulfur atoms (at S1), and finally again with four sulfur atoms (at the next S3). On the other hand,
when it moves along path-3, it can only share its electrons with a single sulfur atom (at S2), and
thus a higher barrier for its diffusion. As such, path-1 is the most favorable path for the Na
atom’s diffusion since a Na atom can share its electrons with a larger number of non-metal
atoms along this path (Figure 3), and also since it is an electron-deficient path (Figure 4c).
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Figure 4. (a) The three different possible paths for a Na atom diffusion on a CoS surface. (b) The migration energy
barrier (MEB) values for a Na atom diffusion on a CoS along path-1 and path-3. See text for the results on path-2.
(c) ELF plots along the (001) plane of the CoS surface. Cyan and blue (yellow and red) colors depict the regions of
low (high) electron density. A sodium atom experiences a low MEB when it moves through the regions of low
electron density (path-1). (d) MEBs for a Na atom on all the anti-MXene surfaces along path-1.

In Figure 4d, we presented the MEBs for a Na atom on all the anti-MXenes along
path-1. The corresponding MEB values for CoAs, CoB, CoP, CoS, CoSe, and CoSi surfaces are
0.46 eV, 0.32 eV, 0.38 eV, 0.4 eV, 0.43 eV, and 0.59 eV, respectively. Since the diffusion barriers
of these materials (~ 0.3-0.6 eV) are low compared to the diffusion barriers in commercial
Li-graphite batteries (0.45-1.20 eV),*** anti-MXenes are expected to provide excellent rate
performance. Also, these diffusion barriers are comparable to the barriers predicted on MXene
and various other anode materials. For example, MEB values for Na ion diffusion on M;C,0,
MXenes, the MEB values are 0.3 eV (for M = Ti),® and 0.36 eV (for M = Hf)*, etc. On B,, and
Xsz-borophenes are 0.33 and 0.34 eV,* respectively. Moreover, these barriers are low compared
to the barriers on 2H-MoS, (0.68 eV).??> Together, these results indicate that Co-anti-MXenes are
promising anode materials for sodium-ion batteries.
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Finally, we want to mention that some of the earlier studies*’ indicate that the inclusion of
quantum mechanical effects like zero-point energies and quantum tunneling would further
reduce these barriers, as observed in the case of Li-ion diffusion on group-IV
monochalcogenides.*® However, since Na is 3.3 times heavier than Li, we are expecting only
minor changes in its diffusion barrier with the inclusion of such quantum mechanical effects.
Since a careful analysis is required to understand the quantum mechanical effects on the Na-ion
diffusion behavior, we will consider it in a later study. It should be noted that if at all there is any
reduction in diffusion barrier, it is beneficial for the battery (as ions can now move freely on the
anode surface and enhance the charge/discharge kinetics).

Multi-layer Sodium Adsorption

Inspired by the encouraging results for a single Na atom adsorption and diffusion, we inspected
the performance of Co-anti-MXenes for multiple sodium atoms adsorption. First, as shown in
Figure S5, we verified that all Co-anti-MXenes would retain their metallicity even after adsorbing
one layer of Na atoms (which suggests that we could adsorb more sodium atoms on these
materials). Next, we calculated the adsorption energies for loading multiple layers of sodium
atoms on the CoX surfaces. The process of adsorbing multiple layers of sodium atoms at an
anode surface (which occurs during a cell charging) can be described using the following
equilibrium reaction

Na,,Co,X; + (n - m)Na* + (n - m)e” = Na,Co,X,

where m is the number of Na atoms that are already adsorbed on a CoX surface, (n - m) is the
number of Na atoms that are newly added to the surface, and n is the total number of Na atoms
on the CoX surface at the end of the adsorption process. Using the above reaction, we can
calculate the average adsorption energy per sodium atom for loading the L™ layer of sodium
atoms on a CoX surface with L-1 layers of sodium atoms as

AEL,,, = [E(Na,Co,X,) - E(Na,,C0.X,) - (n - m)*E(Na)]/ (n - m)

where E(Na,Co,X,) and E(Na,,Co,X,) are the energies of CoX surfaces with L and L-1 layers (or
n and m number) of sodium atoms, respectively, and E(Na) is the energy of a single Na atom in
its bcc bulk. As such, positive adsorption energy at the L™ layer (i.e., AE-,4s 2 0) indicates that
adsorbing Na atoms beyond (L-1)" layer is thermodynamically not feasible. Similarly, negative
adsorption energy indicates a thermodynamically favorable process. However, care should be
taken when the adsorption energy of the L™ layer is more negative than the (L-1)" layer, which
indicates the stronger interaction between Na atoms leading to their precipitation and eventual
formation of dendrites (Na metal),*® which are detrimental for battery applications. In all those
cases, one should not load beyond the (L-1)" layer.
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In Table 2, we provided the layer-wise average adsorption energy values for all CoX
surfaces. Here, for each layer, we adsorbed sodium atoms on both sides of the CoX surface.
Accordingly, the first-layer loading corresponds to the adsorption of two sodium atoms (one on
each side) on a 1X1 CoX surface, the second-layer loading corresponds to the adsorption of
four sodium atoms (two on each side), and so on. As shown in Table 2, the adsorption energy
for loading the 3rd layer of sodium atoms on CoAs and CoP is negative but close to zero. So, on
CoAs and CoP, we can load up to a maximum of three layers of sodium atoms. On CoB, CoSe,
and CoSi, the adsorption energies for loading four, four, and three layers of sodium atoms,
respectively, are more negative than the corresponding energies for loading a layer less. As
such, these results suggest that on CoB, CoSe, and CoSi we can load a maximum of three,
three, and two layers of sodium, respectively. On CoS, the adsorption values for both the fourth
and fifth layers are the same. So, we can load up to four layers of sodium on CoS. The
optimized geometries of all CoX surfaces along with the maximum number of sodium atoms that
can be adsorbed on them are shown in Figure S$6. At maximum adsorption, the chemical
formulas of these anti-MXenes are NagCo,As,, Nag;Co,B,, Na;Co,P,, Na;Co,S,, Na;Co,Se,, and
Na,Co,Si,. As such, except CoSi, all Co-anti-MXenes can hold up to three sodium atoms per
CoX formula unit, which is much higher than the storage capacity of an amorphous carbon
anode (5 Na atoms per 64 C atoms).*®

Table 2. Average sodiation voltage (V), maximum specific charge capacity (mAh/g), and
layer-wise average adsorption energies (eV) of Na atoms on various CoX surfaces. Here,
AEY,4 AEM, etc. correspond to the average adsorption energies for loading one, two, etc.
layers of Na atoms on both sides of the CoX surface. The entries of average adsorption energy
with the maximum number of sodium atoms adsorbed onto each CoX system (without leading to
a dendrite formation) are shown in bold.

L1 L2 L3 L4 L5 Avg. Max. Sp.

System A(i\;)ds' Afeva)"s' A(Eeva)ds' A(i\;)ds' Afeva)ds' Sodiation | Capacity
voltage (V)| (mAh/qg)

CoAs -0.730 -0.126 -0.005 -0.021 NA 0.287 396.424
CoB -1.107 -0.074 -0.006 -0.014 NA 0.396 579.649
CoP -0.906 -0.116 -0.001 -0.023 NA 0.341 506.082
CoS -0.679 -0.077 -0.022 -0.018 -0.017 0.199 585.978
CoSe -0.590 -0.060 -0.015 -0.017 NA 0.222 388.665
CoSi -1.265 -0.016 -0.115 NA NA 0.641 403.037
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Specific Charge Capacity and Sodiation Voltage

Next, we studied two key electrochemical parameters of an anode material, namely, sodiation
voltage and specific charge capacity. Here, sodiation voltage gives us the potential difference
between the anode material of our interest and the sodium-metal anode, and the specific charge
capacity gives us the amount of charge an anode material can hold per gram (given in mAh/g).
Since a sodium atom should reduce the anode material of our interest during the discharge
process, the reduction potential of the anode material should be higher than the reduction
potential of the Na*/Na pair (~ -2.71 eV). Also, since the “total cell-voltage” = “cathodic-voltage” -
“anodic-voltage”, to obtain larger cell voltages, the anodic voltage should be as small as
possible (i.e., the reduction potential of the anode material should be as close to the reduction
potential of Na*/Na pair). As such, a good anode material should have high specific charge
capacity and low sodiation voltage.

Sodiation voltage can be obtained from the Nernst equation, V = -AG/nF, where using
the second law of thermodynamics, we have AG = AE + pAV - TAS. Since the volume and
entropy changes during the sodiation process are quite small, we can neglect the volume (AV)
and entropy (AS) terms.®"%? So the sodiation voltage can be approximated as V = -AE", 4 /z|e|,
where ‘7' is the valence charge of the adsorbed metal atom (here for Na, z = 1), and ‘e’ is the
charge of an electron (-1.602x10" C). As shown in Figure 5a, with an increase in the sodium
atom concentration, sodiation voltage decreases gradually and it finally reaches close to zero.
The average sodiation voltages of CoAs, CoB, CoP, CoS, CoSe, and CoSi are 0.29, 0.40, 0.34,
0.20, 0.22, and 0.64 V, respectively. Apparently, the voltage range (0.2-0.64 V) for all the
Co-anti-MXene materials is quite small and when combined with a suitable cathode of ~ 4 V
with respect to metallic Na, we can obtain an overall cell voltage of around 3.36-3.8 V (which is
within the desirable voltage of 3-3.8 V for a commercial sodium battery).>*° It is interesting to
note that the sodiation voltage values of anti-MXenes are lower when compared to many known
MXene materials like TizN,O, (0.721 V),*® V,C (0.52 V),%” Mn,C (0.8 V),> MoC (0.8 V)%, etc.
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Figure 5. (a) Variation in sodiation voltage with an increase in the concentration of adsorbed sodium atoms on
each CoX surface (b) Maximum theoretical specific charge capacity (SCC) of all Co-anti-MXenes. CoS, CoB, and
CoP exhibited the highest SCC values, and CoS has the least average sodiation voltage.

The specific charge capacity (SCC) of a Co-anti-MXene material is estimated as C =
nzF/M(Na,CoX), where ‘n’ is the number of Na atoms adsorbed per formula unit of CoX
anti-MXene, ‘Z’ is the valence of the adsorbed metal atom (for Na, z = 1), ‘F’ is the Faraday
constant (26801.486 mAh/mol), and ‘M(Na,CoX) is the molecular weight of the active materials
that participate in the electrochemical reaction.*® Since z and F constants for all the systems in
the current study, SCC only varies with respect to the number of atoms and the molecular
weight. Moreover, for a fixed ‘n’, SCC will be the highest for systems that are lightweight, and for
systems with roughly the same weight, a system with the highest number of Na atoms would
give the highest SCC.

Among the six Co-anti-MXenes, CoAs, CoB, CoP, and CoSe have the same (three)
number of sodium atoms adsorbed per formula unit. However, their SCC values are different
due to the differences in the atomic weights of the non-metal atoms. Since Boron is the lightest
non-metal atom, CoB provides the maximum SCC (~580 mAh/g), and CoSe gives the minimum
SCC (~389 mAh/g) because Se is the heaviest atom among the four. Similarly, although CoSi
accommodates only two Na atoms per formula unit, its SCC slightly exceeds that of the CoAS
and CoSe (which hold three Na atoms per formula unit) because of the lower atomic weight of
Si than As and Se. Of all the six anti-MXenes, CoS holds the maximum number of Na atoms
(four Na atoms per formula unit) and it provides the highest SCC (586 mAh/g) among all. As
such, CoB and CoS provide the best SCC values and are superior to various other 2D materials
that are proposed as anode candidates for NIBs. Examples include, ReS, (428 mAh/g),*° FeSe
anti-MXene (473 mAh/g),®" MXenes like Ti;C,0, (536 mAh/g),*? V,;C,0, (513.5 mAh/g),®® etc.
The other CoX anti-MXenes (X = As, P, Se, and Si) also show better or similar SCC values
when compared to MoS, (146 mAh/g),?* Sc,C (362 mAh/g),%* and M,C MXenes (190-288
mAh/g) for M =Ti, V, Cr, Mn, and Mo, etc.
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Figure 6. Electron localization functions projected along the (010) planes of NasCo,As,, NasCo,B,, NagCo,P,,
Na;Co,S,, Nas;Co,Se,, and Na,Co,Si,.

To understand the stability of the CoX structures with multiple layers of Na atoms
adsorbed onto them, we analyzed the electron localization functions (ELFs) projected along the
(010) plane. As shown in Figure 6, in all cases, electron localization is more (red and yellow
color regions, 0.6 < ELF < 0.8) between the non-metal (X) atoms and the first layer of Na atoms,
indicating a stronger ionic interaction between them. The ionic interaction between the first layer
of Na atoms and X atoms can also be seen in the Bader charge analysis (c.f. Table 1), where a
positive charge (> +0.5 e) is observed on Na atoms at the S3 site. Above the first layer of Na
atoms, electrons are primarily localized between the sodium atoms (greenish-yellow color
regions, 0.4 < ELF < 0.56), which reduces both the interlayer and intralayer Na-Na repulsion and
stabilizes multiple layers of Na atoms on these Co-anti-MXenes.?52

Finallyy, we studied the deformation in maximally sodiated structures of all
Co-anti-MXenes. It is apparent that a good anode material should show minimum deformation
(i.e., it should retain its original structure) even after a large number of charge/discharge
cycles.®® To examine the cyclability of the anti-Mxenes, we measured the differences in the
anti-MXene thickness and total energy of the CoX surfaces before and after loading multiple
layers of sodium atoms. These results are summarized in Figure 87, and they clearly suggest
that all materials deform very little (< 10 % layer thickness and < 0.1 eV).%®

We have also examined the thermal stability of the maximally sodiated Co-anti-MXenes.
For these simulations, we only considered the anti-MXenes that exhibited the maximum SCC
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(CoB, CoP, and CoS). As shown in Figure 7, all the maximally sodiated Co-anti-MXenes (with
the compound formulae Na;CoB, Na;CoP, and Na,CoS) are stable at 300 K; we did not observe
any agglomeration of sodium atoms or any appreciable structural distortions in the CoX
surfaces during the 15 ps simulation period. Moreover, the energy fluctuations during the
simulation period are also very small (~ 0.5 eV) for all the systems. From these results, we can
conclude that the Co-anti-MXenes are thermally stable even after adsorbing the maximum
number of sodium atoms.

Initial optimized structure After 15 ps of simulation Free energy variation with time
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Figure 7. (a), (d), and (g) depict the optimized structures of Na;CoB, Na;CoP, and Na,CoS
systems, respectively, at the Oth ps of the simulation. (b), (e), and (h) depict the corresponding
structures after a 15 ps NVT simulation. (c), (f), and (i) show the free energy fluctuations of
Na;CoB, Na;CoP, and Na,CoS during the 15 ps AIMD simulation at 300 K.

We also studied the expansion of anti-MXenes along the z-axis (only for the CoS
system) after the sodium adsorption.®® Since the interlayer spacing in Co-anti-MXenes is not
available experimentally, we performed cell optimizations of the “CoS bilayer", and find the value
to be 3.155 A. After intercalating with a single layer of sodium atoms, the interlayer separation
only increased by 0.86%, i.e., to 3.18 A, as shown in Figure S8. This expansion is much lower
than the 40% thickness expansion observed in graphite after single layer sodium adsorption.®”
After four layers of Na adsorption, the interlayer separation in CoS anti-MXene increased to
11.556 A, corresponding to an expansion of 266% (shown in Figure S$8), which is comparable
to the ~268% expansion observed in Ti3N,O, MXene bilayers®® after five-layer Na adsorption,
and many other 2D-materials.®®"® Therefore, it can be concluded that the thickness expansion
of anti-MXenes is similar to that of the other MXene materials that are proposed for battery
applications and is negligible compared to graphite.

As such, with low sodiation voltages (which in turn give rise to high cell voltages), high
specific charge capacities, and low deformation, most of the Co-anti-MXenes are suitable anode
candidates for designing high energy-density (= specific charge capacity x cell voltage)
sodium-ion batteries.

Conclusions

In summary, we systematically examined six novel cobalt anti-MXenes, namely, CoAs, CoB,
CoP, CoS, CoSe, and CoSi, as plausible anode candidates for the sodium-ion batteries (NIBs).
To this end, we computed various physical and electrochemical properties of these materials,
such as binding energy, specific charge capacity, sodiation voltage, etc., using density functional
theory calculations. Single Na atom binding energies on these metallic materials range from
-0.55 to -1.16 eV, suggesting strong physisorption of a Na atom on Co-anti-MXenes. As
revealed by the charge density difference maps and Bader charge analysis, such strong
physisorption arises because the Na atom becomes positive after adsorption and shares its
electrons with four non-metal atoms. Moreover, both binding a Na atom firmly, and making it
positive after adsorption, are desirable properties of good anode material. Also, the reasonably
low diffusion energy barriers (range from 0.32—0.59 eV) for Na atoms on Co-anti-MXenes imply
high charge/discharge rates in battery applications.

As expected, the average adsorption energies decreased with an increase in the Na
atom concentration, but intercalation remained favorable until two to four Na atoms per formula
unit. Indeed, the specific charge capacities of the Co-anti-MXenes lie in the range of ~ 390-590
mAh/g, which is higher than many well-studied anode materials. Moreover, except CoSi, the
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average sodiation voltage of all the Co-anti-MXenes is quite low (< 0.4 V). Altogether, these
results lead us to conclude that the Co-anti-MXenes are promising anode materials for low-cost
Na-ion battery applications and further encourage us to explore other anti-MXene materials for
various battery applications.

Supporting Information

Optimized structures of all Co-anti-MXenes; structural parameters, and ELF plots of
Co-anti-MXenes; Co-PDOS in pristine Co-anti-MXenes; CDD plots of Na adsorption; PDOS of
CoX-anti-MXenes after Na atom adsorption; Maximum Na layers loaded structures on CoX; and
Structural Deformation in Co-anti-MXenes.
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