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Using density functional theory, Li, Na and Mg adsorption and diffusion on a SnO monolayer were
investigated. The energetically favored adsorption sites and diffusion paths for Li, Na and Mg were
determined. The adsorption energies were in the range of -1.25 ~-0.94 eV, -0.99 ~ -0.78 eV, and -1.11
~ -0.66 eV for Li, Na and Mg adsorption with concentrations between x=0.03125-1.0 in MxSnO
(M=Li, Na, or Mg). The volume evolutions were within -4% ~ 8% after Li, Na and Mg adsorption.
The smallest energy barriers were 0.31, 0.24 and 0.21 eV for Li, Na and Mg, respectively, diffusing on
the SnO monolayer. The SnO monolayer showed strong adsorption stability and low Li, Na and Mg
diffusion energy barriers with small volume deformations. Therefore, the SnO monolayer is a
promising anode material for rechargeable ion batteries.

Keywords: Monolayer SnO, LIBs, NIBs, MIBs, adsorption energy, diffusion energy

1. INTRODUCTION

Rechargeable ion batteries, such as lithium ion batteries (LIBs), have been widely used as
energy conversation and storage devices for portable electronic devices; however, they cannot satisfy
the demand of high energy capacity for large-scale energy storage and electric vehicles. Developing a
new type of electrode material that can provide a higher power capacity, higher-rate
charging/discharging, larger open-circuit voltage and better reversibility of cycling than current
commercial battery systems is a main challenge in developing new types of rechargeable ion batteries.
Although Si, Ge and Sn anode materials for LIBs possess large capacities of 3579 [1], 1384 [2] and
992 [3] mA-h-g™, respectively, the huge volume expansion and contraction upon lithium insertion and
extraction results in pulverization and degradation of the electrical connection between the electrodes
[4], which is a major obstacle for their practical applications in LIBs.
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Two-dimensional (2D) materials possess unique physical and chemical properties compared to
their bulk counterparts. Their large surface-to-volume ratios can provide many adsorption sites for
transporting metal atoms. 2D materials have obtained increasing interest in the fields of energy storage
and conversation devices due to their numerous adsorption sites and short diffusion paths. Graphene, a
monolayer of graphite, shows a larger energy capacity compared to that of graphite [5, 6]. Transition
metal dichalcogenide (TMD) monolayers [7-9], phosphorene [10] and MXenes have been proposed as
anode electrode materials for LIBs. A MoS, monolayer has a specific density of 1121 mA-h-g™ [11],
which is much higher than that of graphene. Phosphorene as an anode material for LIBs has a specific
density of 433 mA-h-g™* [12]. Other 2D materials, such as V-Os [13], C3B [14] and TisC, [15], have
also been studied as potential electrode materials for LIBs.

The limited resources of lithium in nature hinder the further application of LIBs for large-scale
energy storage. The development of new battery systems with earth abundant elements is essential to
satisfy the increasing demands of energy storage. Sodium shows many similar chemical properties as
lithium since it is located below lithium in the periodic table. Magnesium also has chemical similarity
to lithium and possesses a similar atomic radius as lithium. The natural abundance of sodium and
magnesium make sodium ion batteries (SIBs) and magnesium ion batteries (MIBs) alternatives to LIBs
with high energy storage and capacity [16, 17]. It is very urgent to find suitable anode materials for
SIBs and MIBs. 2D materials have been investigated for use as anode materials for SIBs and MIBs.
Defective graphene can prevent the formation of sodium atom clusters and thus inhibit sodium
dendrite growth [18]. TisCs MXene has a specific capacity of 351.8 mA-h-g™ and low diffusion barrier
of 0.096 eV for SIBs [19]. Phosphorene, a monolayer of black phosphorus, has a theoretical specific
capacity of 865 mA-h-g™ and low energy barrier of 0.04 eV for NIBs [20]. The sodium diffusion
energy barrier on silicene was found to be 0.12 eV [21]. Mg ions showed anisotropic diffusion
behavior on phosphorene with a low diffusion energy barrier of 0.08 eV [22].

Tin-based compounds are promising anode materials for LIBs [23, 24]. Tin monooxide (SnO)
has a layered structure with weak interlayer interactions [25]. Thus, 2D monolayer SnO can be feasibly
synthesized. Nanostructured SnO and composites of carbon nanofibers and SnO have been
experimentally synthesized, which exhibited good electrochemical properties [26, 27]. An ideal anode
material for rechargeable ion batteries should have a strong ion-binding energy, low-energy ion-
diffusion barrier, and low average electrode potential to avoid clustering and achieve fast
charging/discharging rates [28]. In this work, we investigated the potential usage of monolayer SnO as
anode materials for LIBs, SIBs and MIBs by calculating the Li, Na and Mg adsorption and diffusion
energies and the crystal deformations caused by Li, Na and Mg atom adsorption on monolayer SnO
using density functional theory (DFT).

2. SIMULATION METHODS

We used the SIEASTA package [29] based on density functional theory for all the calculations.
Electronic structure and atomistic geometry calculations were performed using DFT with the
generalized gradient approximation (GGA) as parameterized by Perdew, Burke, and Ernzerhof (PBE)
[30]. Spin polarization was considered for all the simulations. All the atom positions were optimized
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until the magnitudes of forces on them were less than 0.02 eV/A. The core electrons were represented
by norm-conversing Troullier-Martins pseudopotentials. The valence electron wave functions were
expanded using a double-( basis set plus polarization functional. A real space mesh cut-off of 200 Ry
was used for the calculation of the self-consistent Hamiltonian matrix. The directions of the x- and y-
axis were parallel, and the z-axis was perpendicular to the SnO monolayer. To avoid the coupling
between periodical layers, a vacuum of 30 A was set along the z-axis.

3. RESULTS AND DISCUSSION

3.1 Atomistic structure and band structure of SnO monolayer
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Figure 1. (a) Top and side views of a SnO monolayer. (b) Band structure and DOS of a SnO

monolayer.

Bulk SnO possesses a tetragonal structure in the space group P4/nmm. Along the [001]
direction, SnO is displays layered stacking of Sn-O-Sn slabs; the Sn-O-Sn slab consists of an oxygen
layer sandwiched between two tin layers. Both O and Sn are four coordinated. The oxygen atoms are
the base of a square pyramid with the tin atom located at the apex. The atomistic structure of bulk SnO
was first optimized. The calculated lattice constants are: a= 3.80 A and b= 3.80 A, c= 4.84 A, which
agree well with the experimental values of a= 3.80 A, b= 3.80 A and c= 4.836 A [31, 32] and agrees
with previous simulation values of a= 3.90 A, b= 3.90 A and c= 4.95 A [33]. The lattice constants of a
SnO monolayer are a= 3.81 A and b= 3.81 A, which is slightly larger than the corresponding values of
the bulk material due to absence of the interactions between layers. As shown in Fig. 1a, a buckled
tetragonal structure is formed by each atom bonded to four neighboring atoms. The SnO monolayer is
buckled into a zigzag-like line along the x and y directions. The band structure and density of states
(DOS) of the SnO monolayer are shown in Fig. 1b. The SnO monolayer is a semiconductor with a
band gap of 2.74 eV.

3.2 Adsorption of Li/Na/Mg on the SnO monolayer

There are three adsorption sites for Li, Na and Mg atoms on the SnO monolayer, which are the
H site (the hollow site above the O atom), T1 site (the top site above the bottom Sn atom) and T2 site
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(the top site above the upper Sn atom), as shown in Fig. 1a. The adsorption energies of Li, Na and Mg
atoms on the SnO monolayer were calculation using equation (1):

E.is (LI/Na/MQ) = (Eg 0.1 Limamg — Esno =N Eimamg) /N 1)
where Ego,.namy @Nd Eg,o are the total energies of the supercell with and without adsorption of n
number of lithium/sodium/magnesium atoms, respectively. E ., 1S the energy of an isolated

Li/Na/Mg atom. A negative adsorption energy represents an exothermic reaction, and a more negative
value indicates a more energetically stable adsorption configuration. The energy-favorable adsorption
sites for Li, Na and Mg atoms on the SnO monolayer were first studied. The adsorption energies are -
0.66, -0.97 and -0.33 eV for Li adsorbed at the H, T1 and T2 sites, respectively. They are -0.55, -0.79
and -0.26 eV for Na adsorbed at the H, T1 and T2 sites, respectively. In addition, they are -0.36, -0.66
and -0.14 eV for Mg adsorbed at adsorbed at the H, T1 and T2 sites, respectively. Li, Na and Mg
atoms are all energy favorable to be adsorbed at the T1 site.
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Figure 2. Formation energies as a function of Li/Na/Mg concentrations.

High Li, Na and Mg adsorption concentrations on the SnO monolayer were further studied, and
the adsorption energies are shown in Fig. 2, along with the cross-sectional views of the atomic
configurations after relaxation. It can be seen from the figure that the adsorption energies decrease
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with increasing Li, Na and Mg concentrations. The adsorption energy decreases from -0.94 eV to -1.25
eV as the Li concentration increases from 0.03125 to 1.0 in Li,SnO.
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Figure 3. Volume evolution as a function of Li/Na/Mg concentrations.
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A good anode material for rechargeable ion batteries should be one with small volume
evolution after intercalating ions. The volume changes of the SnO monolayer after Li, Na and Mg
adsorption were evaluated by the area changes. The volume evolution is a function of the Li/Na/Mg
concentration, as shown in Fig. 3. The volume evolutions by Li/Na/Mg atom adsorption are within the
range between -4% and 8%. A small volume change indicates that the SnO monolayer may be used as
a safe anode material for rechargeable ion batteries.

3.3 Diffusion energy of Li/Na/Mg on the SnO monolayer

Li/Na/Mg mobility plays a vital role in determining the charging/discharging rate of
rechargeable ion batteries, and thus, we further investigated Li/Na/Mg atom diffusion on the SnO
monolayer. The diffusion of Li/Na/Mg atoms from one stable T1 site to the nearest one was
investigated by considering three possible diffusion pathways in a 4x4 supercell, as shown in Fig. 4a.
Diffusion path 1 is from the T1 site to the nearest T1 site by passing the H site, path 2 is from the T1
site to a near T1 site by passing the T2 site, and path 3 is the diffusion from the H site to a near H site
by passing the T2 site. The energy profiles for Li, Na and Mg diffusion along the three paths are shown
in Fig. 4b, 4c and 4d, respectively. The Li diffusion energy barriers are 0.31, 0.64 and 0.33 eV for Li
along path 1, path 2 and path 3, respectively. Li can diffuse on the entire SnO monolayer almost
homogeneously through path 1 and path 3. The Na diffusion energy barriers are 0.24, 0.53 and 0.29 eV
along path 1, path 2 and path 3, respectively. In addition, the Mg diffusion energy barriers are 0.30,
0.52 and 0.21 eV along path 1, path 2 and path 3, respectively. Na diffuses easily along path 1,
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whereas Mg diffuses easily along path 3. Na and Mg show anisotropic diffusion behavior on the SnO
monolayer.
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Figure 4. (a) Three diffusion paths and the energy barrier profiles of (b) Li, (c) Na, (d)Mg diffusion on
the SnO monolayer.

Li/Mg/Na atoms have relatively low diffusion energy barriers on the SnO monolayer, which
are comparable to other two-dimensional materials. For example, the low Li diffusion barrier (0.31 eV)
is comparable to those on graphene (0.26 eV) [34], a MoS; monolayer (0.21 eV) [7], a MoS; bilayer
(0.32 eV) [35] and a BP monolayer (0.36 eV) [36], which indicates that the SnO monolayer can exhibit
high charging/discharging rates as an anode for LIBs. Similarly, although the low Na diffusion barrier
(0.21 eV) is larger than that on a MoS; monolayer (0.11 eV) [37], the Na diffusion barrier is
comparable to those on graphene (0.19 eV) [18] and a BP monolayer (0.22) [36], which demonstrates
that the SnO monolayer may be used as an anode material for NIBs. In addition, for Mg ion batteries,
the low diffusion energy barrier (0.21 eV) is larger than that on monolayer Nb,C (0.10 eV) [38] and
smaller than those on layered Naggs[Lio22Tlo78]O2 (0.4 eV) [39] and monolayer Cr,CO, (0.50 eV)
[40], which corresponds to a reasonable value for using the SnO monolayer as an anode materials for
MIBs.

4. CONCLUSION

In conclusion, Li, Na and Mg adsorption and diffusion on a SnO monolayer were investigated
using first principles calculations. The energetically favored adsorption sites and diffusion paths for Li,
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Na and Mg were studied. The adsorption energies were in the range of -1.25 ~ -0.94 eV, -0.99 ~ -0.78
eV, and -1.11 ~ -0.66 eV for Li, Na and Mg adsorption with concentrations between x=0.03125-1.0 in
MxSnO (M=Li, Na, or Mg). The volume evolution was within -4% ~ 8% after Li, Na and Mg
adsorption, which indicates that SnO can be used as a safe anode material for rechargeable ion
batteries. The smallest diffusion energy barriers were 0.31, 0.24 and 0.21 eV for Li, Na and Mg,
respectively, diffusing on the SnO monolayer. The SnO monolayer had strong adsorption stability and
low diffusion energy barriers for Li, Na and Mg with small volume deformations. Therefore, the SnO
monolayer is a promising anode material for rechargeable ion batteries.
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