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ABSTRACT: Improvement in electrical conductivity and lithium (Li) mobility for Li ion
batteries is of particular importance for their high-power applications. Electron energy loss
spectroscopy mapping shows that electroehmical reaction front region is under an electron-rich
condition during lithiation. In this paper, electron-rich effect on diffusion behaviors of Li in
pristine and phosphorus-doped group IVA elements, e.g., silicon, germanium and tin, were
investigated using first principles density functional theory (DFT) calculations in combination
with climbing-image nudged elastic band and ab initio DFT molecular dynamics. Phosphorus
doping was found not a critical factor for enhanced Li diffusion into Si. Instead, results showed
that the diffusion barriers and diffusivity of Li are mainly affected by electron-rich effect, i.e.,
the energy barriers decrease and diffusivity increases in an electron-rich environment. The
decreases in diffusion barriers were attributed to the relaxation of the Si-Si bonds with extra

electrons, which can also apply to the case of Ge, but not for the case of metallic Sn. Our new
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findings provide a theoretical and experimental basis for design and fabrication of next
generation batteries with a high power density.

KEYWORDS: Electron-rich, Li diffusion, anode materials, density functional calculations

1. INTRODCTION

Among various electrochemical energy storage systems, lithium-ion batteries (LIBs) are
increasingly attractive for stationary renewable energy resources and have been one of the
leading power sources for electric vehicles. However, the current LIBs technology cannot meet
the rapidly-increasing power demand, therefore to further improve the overall battery
performance, various types of materials have been employed to design and fabricate the state-of-
art LIBs'”. These materials are required to have high volumetric energy and power density,
limited environmental impact and long cycling life.* Group IVA (Si, Ge, and Sn) elements are
potential anode materials for the LIBs'>, due to their large gravimetric capacity'® ''. One major
drawback of anodes made of the Group IVA elements is the large volume change during
lithiation, for example, volume change can be up to 400% after Li" ion insertion and formation
of Li,Si alloys for Si anode'?. As the Li" ions are extracted during operation, the drastic volume
shrinkage could lead to cracking and pulverizaion of the anodes. Tremendous efforts have been
made to overcome this problem and improve cycling performance by decreasing the size of the
anode materials, coating the anode with nano-structured Si based materials (Si nanowires and Si-
C nano-composites)”, or alloying with active/inactive elements'. It is well documented that the
electrochemically driven insertion of lithium ions into the semiconductor will lead to
amorphization of the anode' '°. Recently, Wang et al. " investigated the mechanisms of

amorphization of Li-Si alloys formed during the electrochemical lithiation of crystalline Si using
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both theoretical simulations and in-situ transmission electron microscopy (TEM). They
concluded that electron-rich effect plays an important role in the electrochemical solid-state
arnorphiza‘[ion.17 In Ref [17], the lithiation process of Si nanowires were analyzed using Z-
contrast imaging and in-situ mapping from electron energy loss spectroscopy (EELS) mapping,
the distribution maps of Li and Si were identified with the EELS using an aberration corrected
STEM. As shown in Fig. 1 (a), Si core showed higher Z-contrast compared to the outer Li,Si
shell. The distribution maps of Li, Si, and overlaid Li and Si composite showed an enhanced Li"
concentration maximum at the interface between Li,Si and Si. In order to remain the charge
balance of the system, the enrichment of Li" concentration at the interface between Li,Si and Si
leads to the portion of the Si core to have a higher electron density as illustrated by a schematic
model in Fig. 1 (b). Therefore, the reaction front region is under an electron-rich condition
during lithiation. Study of electron-rich effect on the diffusion of Li is important for development
of high power density LIBs.

To improve the electron conductivity and ion diffusivity of the Si anodes, carbon coating and
doping are commonly used. Chen et al.'"® found that phosphorus-doped Si film exhibit an
improved rate performance. Using in-situ TEM, Liu et al."”” showed that carbon coating and
phosphorus doping resulted in an increase of 2~3 orders of magnitude in electrical conductivity

1. 2° showed that the rate

of the Si, and an order of magnitude increase in its charging rate. Yi et a
capability of Si-C composite can be enhanced by facile boron doping. However, the mechanism
of the doping effect on the charging rate is not well understood. In order to make new generation
batteries using Si, Ge, and Sn as anode materials, understanding the diffusion of Li within these
materials is of fundamental importance. First principle computational studies have been carried

22,23

out to study the diffusion of Li ions in bulk crystalline Si,2 ' Si thin films, and Si nanowires,24’
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2 as well as the orientation dependent lithiation of Si.2® However, these studies did not provide
detailed insights into the mechanisms of enhanced mobility of Li and doping effect on the
charging rate. In this paper, for the first time, we present in-depth analysis of electron-rich and
doping effects on the diffusion of Li in Si, Ge and Sn based on density functional theory (DFT).
We concluded that the energy barriers of Li diffusion are significantly reduced with the addition
of extra electrons into the system, which leads to a fast charging of Li into the anode material.
Our results could provide a theoretical basis for the design and fabrication of next generation

batteries with a high power density.

2. CALCULATION METHODS

Migration of Li in the Si, Ge and Sn materials were investigated using density functional
theory calculations as implemented in the Vienna ab initio package (VASP)*. The projector
augmented wave (PAW) method®”® was used to describe electron-ion interaction, and the
generalized gradient approximation based on the Perdew-Burke-Ernzerhof (PBE) function was
used to describe the electron exchange-correlation. A plane wave basis was set up to an energy
cutoff of 400 eV. Si and Ge have a diamond-type crystal structure, while Sn has a body centered
tetragonal structure (B-Sn) at ambient temperature and pressure. Computations were based on a
2x2x2 supercell (consisting of 64 atoms) with a 2x2x2 Monkhorst-Pack® mesh for the k-point
sampling for Si and Ge. A 4x4x4 k-mesh caused the total energy of the system to converge
within 0.02 eV, which indicates that a 2x2x2 k-mesh should provide a well converged result. As
phosphorus (P) doping can result in the increase of charging rate, the effect of P-doping on the
diffusion of Li atoms was also investigated using the same 2x2x2 supercell with one Si atom

substituted by one atom of P. A 3x3x3 supercell (consisting of 108 atoms) was used to study the
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diffusion of Li in Sn. Each saddle point structure and its associated minimum energy pathway
were computed using a climbing-image nudged elastic band (CI-NEB) method™. Following the
optimization of all degrees of freedom in each structure, the search of transition state began with
a nudged elastic band (NEB) calculation, which involved a chain of images (seven in the present
calculations) determined through a linear interpolation from the fixed initial and final
configurations. The electron-rich effects on the diffusion of Li in the Si, Ge and Sn were studied,
and extra numbers of electrons (N.) were added into the Si/Ge/Sn lattices to characterize the
modified electron density. For the Si and Ge, the model contained 64 Si atoms contributing 256
electrons, and value of Ne=1/64 was used to denote the modified electron density when four
electrons were added to the system. We set Ne=1/64, 1/32, and 3/64 to investigate the effect of
extra electrons on the diffusion of Li and Na. For the metallic Sn, we studied effect of electron
density of Ne=1/108, 1/54, and 1/36 on the diffusion of Li.

The lithiation of Si under electron rich condition was also investigated using ab initio
molecular dynamics calculations within the framework of DFT as in the SIESTA code’', which
adopts a linear combination of numerical localized atomic orbital basis sets for the description of
valence electrons and norm-conserving nonlocal pseudopotentials for the atomic core®”. The
valence electron wave functions were expanded using a double-{ basis set. The charge density
was projected on a real space grid with a cutoff of 150 Ry to calculate the self-consistent
Hamiltonian matrix elements, and /" point was used in the Brillouin zone sampling. The
evolution of the system was derived using the molecular dynamics (MD) method with a verlet
algorithm for all the atoms after adding extra electrons, and a time-step of 1.0 fs. Fermi
distribution was used for the added electronic charges to be placed into the empty states. The

. .. .. .33 . .
same scheme was used to simulate mixing process of Li with Si’”: as the volume of Si-anode in
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the LIBs was expanded after lithiation with an expansion ratio of ~60% at 0 K*°, a 3x3x2
supercell (consisting of 144 Si atoms) of crystalline Si was selected with increasing the supercell
in z-direction by 60%. The space above the silicon was initially filled with 144 amorphous Li
atoms. Starting from the initial configuration, the atom positions were relaxed at a given
temperature with 15000 MD steps. The time of 15 ps was proved sufficient for mixing of the Li
and Si atoms. To accelerate the lithiation process, high temperatures of 1100, 1200, 1300, 1400
and 1500 K with Ne=0, 3/64 and 5/64 were applied. Mean square displacements (MSD) for the
Li and Si atoms as a function of time were calculated to compute diffusivities of Li and Si at
different temperatures, which were then extrapolated to obtain diffusivities of the Li and Si at
room temperature. The ab initio MD calculations took almost half a year to finish with twenty

central processing units in parallel computation.

3. RESULTS AND DISCUSSION

To study the diffusion pathway of Li in Si/Ge/Sn, the stable configurations of the Li atoms
inside the Si/Ge/Sn lattices are to be determined. Different nonequivalent positions (tetrahedral
site, hexagonal site, anti-bonding site and bond-center) of the Li in the lattice of the Si/Ge/Sn
have been examined®*. The tetrahedral interstitial site (Tq symmetry) is the most stable form of
interstitial Li in both the Si and Ge, as shown by the red balls in Fig. 2 (a). It has four nearest-
neighboring Si/Ge atoms and six second-nearest-neighboring Si/Ge atoms with Li-Si and Li-Ge
distances of 2.445 A and 2.585 A, respectively. The most stable position for an interstitial Li in
B-Sn is shown by the red ball in Fig. 2 (b), which is enclosed by five Sn atoms with a bond
length between 2.00 and 2.73 A. The diffusion process consists of moving away of the Li atoms

from one stable position to a neighboring position by passing through a hexagonal or a rhombus
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interstitial site in Si/Ge or B-Sn, respectively, as shown by the blue balls in Figs. 2 (a) and (b). At
the hexagonal interstitial (Hex) site, the Li has six nearest neighboring Si/Ge atoms, and their
configurations can be viewed as two parallel triangles, both of which are perpendicular to the
diffusion pathway. At the rhombus interstitial site in the B-Sn, Li has two nearest-neighboring Sn
atoms and two second-nearest-neighboring Sn atoms, with Li-Sn distances of 2.577 and 2.728 A,
respectively.

Fig. 3 shows the diffusion barrier of Li atoms in the Si, Ge, Sn and P-doped Si through the
as-mentioned migration pathway (two adjacent Ty sites). For the neutral state with Ne=0, the
calculated energy barriers for Li diffusion in Si and Ge are about 0.57 eV and 0.39 eV,
respectively, which are in agreement with the previous theoretical calculations.”>>’ The energy
barrier for Li diffusion in Sn is about 0.39 eV, and 0.53 eV in P-doped Si. However, recent
experiments showed that the lithiation speed of Li diffusion inside the highly phosphorous-doped
Si-NWs was about ~200 times that of the intrinsic Si-NWs'’. The similar diffusion barriers of the
Li atoms in intrinsic and P-doped Si from our analysis suggest that the phosphorus atoms may
not play a key role in the increased lithiation speed, but P doping will enhance the conductivity
of electron, thus making electron rich environment between the interface Si and Li.

Fig. 3(a) shows the energy profiles of Li migrations along the T4-Hex-T4 pathway with extra
electrons in the pristine Si. In the presence of additional electrons, the diffusion barriers of Li in
the pristine Si are reduced. For example, the energy barrier of Li atom decreases by ~0.2 eV as
electrons of Ne=3/64 are added into the system. The diffusion coefficient varies exponentially
with the diffusion barrier following an Arrhenius-like formula 8. Doce 5T where E4 is the
diffusion energy barrier, kg the Boltzmann constant and 7' the temperature. Therefore, the

reduction of energy barrier (0.2 eV) could change the Li mobility by a factor of ~3000 at room
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temperature. Therefore, it is clear that the diffusion of Li can be enhanced by adding extra
electrons into the system. The reduction of the diffusion barrier can also be achieved in Ge and
Sn with added extra electrons, as shown in Figs. 3 (b) and (c), respectively. However, the
reduction of the diffusion barrier in Sn is not as significant as those in the Si and Ge, e.g., the
reductions are found to be 0.2, 0.1 and 0.05 eV for Li in the Si, Ge and Sn, respectively, using a

value of Ne~1/32. Fig. 3 (c) also shows the saddle point of Ne=1/36 is higher than that of 1/54.

The differences can be explained from the electron conduction mechanisms of these materials,
1.e., Si and Ge are semiconductors whereas Sn is metallic. In the Si and Ge, the bonds are
covalent, whereas the bond in p-Sn is metallic. The electrons filling up the anti-bonding sp® of
the covalent bond soften the Si-Si/Ge-Ge bonds. In addition, the diffusion barriers of the Li can
be further reduced if the same amount of extra electrons are added to the P-doped Si, as shown in
Fig. 3 (d), i.e. the energy barrier of Li atom decreases by 0.27 eV when electrons of Ne=3/64 are
added into the P-doped Si system. These results clearly indicate that the acceleration of electron
accumulation at the interface of Si/Li, which forms an electron-rich environment, plays a
dominant role in the lithiation process. Moreover, P-doping enhances transportation of electrons
and improves electron conductivity of the Si, resulting in accumulation of more electrons at the
Si/Li interface, and increase of the lithiation of Si.

We also studied the changes of bond lengths when the Li is located at the saddle point of Si.
The bond lengths of Si-Si and Li-Si of the puckered hexagon increase with increasing the value
of Ne. Tablel lists the calculated bond lengths of Si-Si, Li-Si, Ge-Ge and Li-Ge, respectively.
The expansion of lattice can promote Li diffusion in the lattices. The charge redistribution
caused by the Li insertion in the saddle point can be studied from the differences in charge

densities on the plane containing the Li and neighbor Si atoms via the equation (1),
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Ap(r)= pufsl‘(r) — P (N = pg(r) (1)
where p;; (r) is the charge density of the Li at the Hex site of the Si system, pg(r) and

p,,;(r)are the electron charge densities of the bulk Si and an isolated Li at the same position as in

the systems, respectively. The charge density differences for Ne=0, 1/64, 1/32, and 3/64 are
shown in Fig. 4. The yellow surfaces correspond to charge gains and the cyan surfaces
correspond to loss of an equivalent charge. The electronic charge across the neighboring Si-Si
bond decreases, resulting in a net loss of electronic charge of Li as well as an increase of the
electronic charge in the Li-Si bond. The decrease of electronic charge across the neighboring Si-
Si bond is caused by the increase of the length of the Si-Si bond, which results in the decrease in
the Li-Si interaction. It is also noticed that the blue surface surrounding Li decreases with
increasing additional electrons and the net loss of electronic charge of Li decreases. Therefore,
the interactions between Li and the surrounding Si atoms will be weakened, facilitating the
diffusion of Li through the Hex site.

The diffusion properties were also determined by ab initio MD calculations. During mixing of
Li with Si, the positions r,(¢) of all the atoms at a time ¢ were recorded. The corresponding mean

square displacements (MSDs) per atom were calculated using the equation (2):
2 1 & 2
MSD= <) =r,O)f > =3 [r(0) =1 (0) 2)
i=1

where N is the total atomic number and ‘<-->’ denotes the average value over all the atoms. The
diffusion coefficient (D) at a given temperature was determined using the Einstein relation:

D=1lim P _jim L« () - rO) > (3)
t—0 qit t—0 qit
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where ¢; is a numerical constant which depends on the dimensionality; and ¢; = 2, 4, or 6
describes one-, two- or three-dimensional diffusions, respectively. The relationship between the
diffusion energy barrier (E, ) and D is based on the Arrhenius equation **:

D =D,exp(-E,/k;T). 4)
The values of £, and D were obtained by fitting the diffusion coefficient to the data obtained
using equation (4) at different temperatures.

Starting from the initial configurations at t = 0 ps as shown in Fig. 5, the atom positions were
relaxed at a given temperature for 15000 MD time steps (15 ps). In Fig. 5, several snapshots of
the structural evolution are shown as a function of time for the Li-Si system at 1200 K with N.=0,
3/64, and 5/64. The crystalline Si was found to transform into amorphous phase upon the
electrochemical insertion of Li atoms. The Li atoms were observed to insert gradually into the
Si-Si lattice by breaking or expanding the Si-Si bonds. The lithiation speed increased with
increasing the numbers of electrons into the system, i.e., the dotted rectangles for simulation time
of 1.2 ps. At a simulation time of 10 ps, the Li and Si atoms were fully mixed, which indicates
that 15 ps is sufficient enough for substantial mixing of both the Li and Si atoms.

The calculated average values of the MSDs for the Li and Si atoms as a function of simulation
time at different temperatures are shown in Fig. 6. As expected, the values of the MSDs increase
linearly with the simulation time. However, the slope increases with the temperature, indicating a
faster Li and Si atoms process at a higher temperature. The increase of the MSDs for Si is slower
than that of the Li. The diffusivities at room temperature (i.e., 300 K) are shown in Fig. 7, which
was obtained by extrapolating the data of diffusivities of Li and Si at different temperatures. The
diffusion barrier (E4) and diffusion coefficients (D) at 300 K obtained using Equation (4) are

listed in Table 2.

10
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The energy barrier for Li diffusion in Si calculated from Equation (4) is 0.75 eV, which is
larger than the value of 0.57 eV calculated by the NEB method as shown in Fig. 2 (a). This could
be explained by the fact that during the mixing of Li and Si, transition from crystalline to
amorphous phases occurs (see Fig. 5). Therefore the calculated energy barrier of 0.75 eV is
actually the value of Li diffusion into amorphous Si or a mixture of crystalline and amorphous
phases, but not the exactly value of Li diffusion in the crystalline ones. The NEB results showed
that the energy barrier of Li in the amorphous Si is in the range between 0.1 eV and 2.4 eV, and
the most pathways in the amorphous Si have energy barriers higher than those for Li diffusion in
the crystalline Si. This suggested that the diffusivity of Li in the amorphous Si should be smaller
than that in crystalline Si*’. The diffusivity of Li in the crystalline Si was calculated to be
4.92x10™ ecm?® s as shown in Table 2 with Ne=0. Experimental data of the diffusivity of Li in
Si are in the range between 10'* and 10® cm?® s ***®. Our result is close to the reported
minimum diffusivity, which is mainly attributed to the electron rich effect. Our result also
reveals that the diffusivity of Si is four orders of magnitude smaller than that of the Li, which
suggests that the Si atoms are relatively stationary during the lithiation process. From Table 2,
the energy barriers decrease and the diffusivity increases with adding more electrons into the
system. The diffusivity of Li increases to 1.05x10™"" cm? s™ with Ne=5/64, which is in a good
agreement with the results of 2x10™'! cm” s reported by Yoshimura et al., who used bipolar cells
of Li in a single crystal Si plate **.

Results from both the DFT and ab initio DFT molecular dynamics showed that the electron-
rich effect is a key mechanism controlling the diffusivity of Li and Si upon lithiation. In order to

investigate the distribution of the added electrons in the lattice, we calculated the charge density

difference using Ap(r) = p°(r)— p°(r), where p¢ and p° are the charge density of Li-Si

11
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systems with and without extra electrons, respectively. Results are shown in the inset of Fig. 6.
The extra electrons are predominantly distributed at the Si part for both Ne=3/64 and Ne=5/64.
Electron-rich effect enhances the diffusivities of Li in Si and Ge due to the relaxation of Si-
Si/Ge-Ge bonds filled up the anti-bonding sp’ states of Si/Ge with excessive electrons. The Si/Ge

network is, therefore, destabilized by lithiation, which makes the diffusion of Li much easier.

4. CONCLUSION

In summary, the diffusion behaviors of the Li in the pristine and P-doped Si, Ge and Sn were
investigated using first principles density functional theory (DFT) calculations in combination
with climbing-image nudged elastic band and ab initio DFT molecular dynamics. Results
showed that the diffusion barriers of Li are 0.57 eV and 0.53 eV in pristine and P-doped silicon,
suggesting that the diffusion is not apparently affected by the P-doping, but due to the electron
rich effect. The energy barriers for the Li diffusing into lattices decrease with adding additional
electrons into the system. The diffusivity of Li in Si is in the range between 4.92x10™* and
1.05x10™"" cm? s, which agrees well with the reported experiment data. Electron-rich effect also
induces the decrease of diffusion barberries of Li in Ge and Sn. Results confirmed that an
electron-rich effect plays a dominant role in the lithiation process, especially in semiconductors.
This new finding provides a theoretical and experimental basis on the enhancement of charging

rate by increasing the electron mobility in electrode materials.
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Table 1 Bond lengths (in A) of Si-Si, Li-Si, Ge-Ge and Li-Ge when the Li is located at the saddle

point of Si and Ge.

Si-Si Li-Si Ge-Ge Li-Ge
Ne=0 2.4671 2.3695 2.6003 2.5004
Ne=1/64 4.4676 23698  2.6009  2.5021
Ne=2/32 2.4689 23721 2.6016  2.5100
Ne=3/64 24700 23737 2.6030  2.5197

Table 2 Computed diffusion coefficients (in cm” s') and diffusion energy barriers (in eV) at 300

K.

Dy Ea(Li) Dg EA(Si)
Ne=0 4.92x10" 075  1.42x10"%  1.06
Ne=3/64 2.64x10"% 059  3.80x10™ 0.72
Ne=5/64 1.05x10™ 053  1.17x10° 0.68
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Figure Captions:

Figure 1. (a) STEM Z-contrast image, Li maps, Si maps, and Li/Si composite maps showing the
distribution of Li and Si in different lithiation stages”. (b) Schematic drawing illustrating the
distribution of Li and electrons during lithiation based on interface-controlled lithiation theory. Due
to the interface-controlled lithiation process, Li accumulates at the interface and forms a Li" rich

interface, while electrons are rich in the silicon core.

Figure 2. Atomic structures of diamond (a) Si and Ge, and (b) body centered tetragonal Sn. The
green ball represents Si and Ge atoms. Cyan ball represents Sn. Red and blue balls represent the

stale and transition state of Li atoms, respectively.

Figure 3. Energy profiles of Li diffuse in (a) pristine Si, (b) pristine Ge, (c¢) pristine Sn, and (d)

P-doped Si with and without adding additional electron on the systems.

Figure 4. Isosurface of the charge density difference for Li located at saddle (Hex) site (0.0008
e/A’) with adding additional electron of Ne=(a) 0, (b) 1/64, (c) 1/32, and (d) 3/64. Yellow

surfaces correspond to charge gains and cyan surfaces correspond to an equivalent charge lost.

Figure 5. Structural snapshots of Li and Si mixing at 1200 K with Ne=0, 3/64, and 5/64 at

different simulation times.

Figure 6. MSD of Li and Si as a function of time at temperatures 1100 K-1500 K. Inset shows

the isosurface of the charge density difference for Li-Si systems with and without extra electrons.

Figure 7. Diffusivity of (a) Li and (b) Si with respect to the inverse of temperature. The value of

diffusivity is extrapolated to low temperatures using an exponential fit.
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Figure 1. (a) STEM Z-contrast image, Li maps, Si maps, and Li/Si composite maps showing the
distribution of Li and Si in different lithiation stages”. (b) Schematic drawing illustrating the
distribution of Li and electrons during lithiation based on interface-controlled lithiation theory. Due
to the interface-controlled lithiation process, Li accumulates at the interface and forms a Li" rich

interface, while electrons are rich in the silicon core.
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Figure 2. Atomic structures of diamond (a) Si and Ge, and (b) body centered tetragonal Sn. The

green ball represents Si and Ge atoms. Cyan ball represents Sn. Red and blue balls represent the

stale and transition state of Li atoms, respectively.
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Figure 3
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Figure 3. Energy profiles of Li diffuse in (a) pristine Si, (b) pristine Ge, (c¢) pristine Sn, and (d)

P-doped Si with and without adding additional electron on the systems.
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Figure 4

Figure 4. Isosurface of the charge density difference for Li located at saddle (Hex) site (0.0008
e/A’) with adding additional electron of Ne=(a) 0, (b) 1/64, (c) 1/32, and (d) 3/64. Yellow

surfaces correspond to charge gains and cyan surfaces correspond to an equivalent charge lost.
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Figure 5. Structural snapshots of Li and Si mixing at 1200 K with Ne=0, 3/64, and 5/64 at

different simulation times.
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Figure 6. MSD of Li and Si as a function of time at temperatures 1100 K-1500 K. Inset shows

the isosurface of the charge density difference for Li-Si systems with and without extra electrons.
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Figure 7
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Figure 7. Diffusivity of (a) Li and (b) Si with respect to the inverse of temperature. The value of

diffusivity is extrapolated to low temperatures using an exponential fit.
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Enhancement of Lithium Diffusion by Electron-Rich Effect in Group IVA Elements for Lithium
Ion Batteries.



