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In this study, density functional theory (DFT) was used to research the adsorption and diffusion features of Li
and Na on Ge nanowires on top of a Ge substrate. The adsorption energies at different positions are 0.71—
1.28 eV for Na and —2.96--2.13 eV for Li. The adsorption energies can be further reduced by surface
modification with one or two P atoms. In particular, the sidewall of the Ge nanowire modified by two P
atoms is most favorable to adsorb Li/Na. In addition, we used the nudged elastic band (NEB) method to
study the diffusion pathways of Li/Na on the sidewall of Ge NW and the Ge substrate and computed
their energy barriers. When Li or Na diffuses across the Ge NW, the energy barrier is 0.65 or 0.79 eV,
indicating that the Ge NW can be applied to anodes in lithium and sodium ion batteries. Finally, the

insertion of more lithium and sodium atoms into the Ge NW would cause volume expansion and the
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Accepted 17th March 2022 average length of Ge-Ge bonds to increase. This work will contribute to studying the adsorption and

diffusion of Li and Na on nanowires with a substrate and the volume expansion caused by the insertion

DOI: 10.1039/d2ra00444e of Li/Na into the nanowires. Additionally, it provides guidance for designing Ge anodes for sodium ion
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Introduction

Lithium ion batteries (LIBs) have been widely used in daily life,
such as in electric vehicles (EVs), hybrid electric vehicles
(HEVSs), plug-in hybrid electric vehicles (PHEVs) and energy
storage systems (ESSs).'* However, the dramatically increasing
market demand makes the availability of natural lithium
resources, limited by regionality, a severe problem.** In recent
years, because of the low toxicity, the natural abundance and
low cost of sodium, sodium ion batteries (SIBs) have attracted
researchers’ interest as substitutes for LIBs.*” One of the main
challenges to develop SIBs is to design an anode material with
good electrochemical performances.?® In this regard, Ge has
a relatively high reversible capacity around 350 mA h g¢~* and
retention rate that makes it a candidate for anode of SIBs.'**¢
Various theoretical and experimental works have been carried
out to study the adsorption and diffusion of sodium in bulk
germanium,”, Ge thin film,', nanocolumnar Ge,", Ge nano-
wire'* and phosphorus germanium alloy.** In particular, Ge
nanowire can effectively alleviate the volume expansion caused
by the metal intercalation, improve the conductivity and
promote the diffusion of sodium.>® As Ge nanowire is usually
fabricated on the Ge substrate in experimental works, the
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effects of the substrate should not be ignored in the theoretical
work.”*

In this work, different from the previous pure Ge nanowire
model, we considered the influence of the substrate on the
nanowire and constructed the model including both Ge
substrate and Ge NW. Next, we analyzed the behaviors of Li and
Na on the Ge nanowire on top of Ge substrate. It was demon-
strated that lithium and sodium tend to be adsorbed on the
sidewall of Ge NW modified by two P atoms. Meanwhile, the
diffusion path and energy barriers of Li/Na through Ge NW or
on Ge substrate were also calculated. After more Li/Na atoms
were inserted into the Ge NW, the average length of the Ge-Ge
bonds increased. In this work, Ge nanowire on top of Ge
substrate as anode in LIBs and SIBs is studied theoretically,
which provides guidance to design anodes for SIBs.

Methods

The Ge nanowire on top of Ge substrate was investigated by
generalized gradient approximation (GGA) calculations incor-
porated with Quantumwise Atomistix Toolkit (ATK) and the
exchange-correlation function we used was Perdew-Burke-
Ernzerhof (PBE).>** There are 442 Ge atoms in the model and
the lattice constants are a = b = 32 A and ¢ = 55 A. The thick-
ness of the vacuum layer of this model is about 36 A. We used a 4
x 4 x 1 k-point mesh in the calculations. The structural relax-
ation was performed to make sure that the force on every atom
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was less than 0.05 eV A~'. Furthermore, partial charge was
calculated by Mulliken population analysis. Finally, in the NEB
calculation, the force tolerance was 0.05 eV A~* and the energy
convergence was less than 0.002 eV.

Results and discussion

As shown in Fig. 1(a) and (b), this model is composed of Ge
substrate (blue balls) and Ge NW (purple balls). We calculated
the phonon density of states (DOS) for the structure-optimized
Ge nanowires on top of Ge substrates. In the negative frequency
region, the DOS is zero, that is, the calculation result has no
negative frequency, indicating that the system is in the state
with the lowest energy, as shown in Fig. 1(c). The height and the
side length of Ge NW is ~12 A and 8 A respectively, and the
thickness of Ge substrate is ~7 A. Considering the amount of
calculation, the length of the nanowire would be extended in
a follow-up research work. During the charging process of
lithium/sodium ion battery, Li/Na would be adsorbed on the
surface of Ge nanowire on top of Ge substrate. In order to
quantitatively depict the adsorption process, the adsorption
energy of Li/Na could be calculated by the following equation:

1)

EamiGe = Emic — Em — Ege, M = Li or Na
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where Eyy/c. is the total energy of a Li/Na atom on the Ge model,
E\ and Eg. represent the energy of the alkali ion metal atom
and Ge model, respectively. The adsorption energies of sodium
and lithium on Ge nanowires on top of Ge substrates are pre-
sented in Fig. 2. As shown in the Fig. 2(a), the adsorption energy
of Na varies from 0.71 eV to 1.28 eV. Particularly, the adsorption
energies on the side wall of the NW are less than those on the
top of the NW and the substrate, indicating that the special
configuration would ameliorate the characteristics of Ge anode
effectively.**** Compared with ordinary planar Ge model, the Ge
NW model in this work has a larger specific surface area.
Kohandehghan et al.* experimentally demonstrated that Ge
NW had higher capacity than planar germanium. Our theoret-
ical calculation is in agreement with the experimental results.
To further reduce the adsorption energy, the special Ge anode is
modified by one P atom and two P atoms individually as shown
in Fig. 3, which is a kind of active material. In Fig. 2, the blue bar
chart shows lithium/sodium adsorption energies after modifi-
cation by one P atom, and the pink bar chart shows the
adsorption energies after modification by two P atoms. After Ge
model is modified by two P atoms, the adsorption energies of
Na on Ge nanowires change from positive to negative as shown
in Fig. 2(a), indicating that the adsorption of Na on Ge model
becomes stronger. Similarly, the adsorption energies of Li on Ge

Phonon DOS (meV-1)
-
i

E (meV)

(a) Top-view and (b) side-view of the atomic configuration of the Ge NW on top of substrate; (c) phonon DOS of Ge NW with substrate

after structural optimization. The Ge substrate is denoted by blue balls and the Ge NW is denoted by purple balls to distinguish the two parts.
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(a) The adsorption energies of the sodium on the points A-E; (b) the adsorption energies of the lithium on the points A—E.
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Fig. 3 Li/Na adsorbs on Ge nanowires on top of Ge substrates modified by one P atom (a—d) and two P atoms (e—h). The green ball represents P
atom.

model become more negative after P decoration as seen in Naadsorption. It can be suggested that P modification would be

Fig. 2(b). According to the adsorption energies, the sidewalls of beneficial for Ge anode in both Li and Na ion batteries.**

the NW modified by two P atoms are most favorable for Li and In order to understand the adsorption nature of Li and Na on
the Ge nanowires on top of Ge substrates, the three-
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dimensional charge density is shown in Fig. 4 and 5, and the
partial charge was calculated by Mulliken population analysis.
It can be visualized that there is electron density between Na
and Ge at position B, evidencing the existence of Na-Ge bond.
During adsorption process, Na loses 0.58¢ and two adjacent Ge
atoms get 0.18¢ and 0.17e, as shown in Fig. 4a. After P modifi-
cation, Na loses more electron to 0.62e while P gets 0.29¢, as
seen in Fig. 4c. Similarly, Fig. 4b and d show that in the process
of bonding between Na and Ge at position D, Na loses 0.56e and
Ge gets 0.19e. With P decoration, Na loses 0.62¢ while P gets
0.31e. In combination with the adsorption energy of points B
and D in Fig. 2a, it can be found that Na loses more electron
after the addition of P, resulting in a lower adsorption energy.
For comparison, Fig. 5a-d shows the bonding and electron
transfer of Li adsorbed on the Ge NW with substrate at corre-
sponding positions. In Fig. 5a and c, Li loses 0.34e and Ge atoms
obtain 0.16e and 0.17e respectively; after adding a P atom, Li
loses more electron to 0.39¢, and P gets 0.26e. Moreover, it can
be found in Fig. 5b and d that Li loses 0.32e and Ge atoms
obtain 0.12¢; while after P modification Li loses 0.35¢ and P gets
0.31e. Similarly, after decoration by a P atom, the electron lost
by lithium increases and the adsorption energy decreases, as
shown in Fig. 2b. It can be concluded that the interaction
between Na/Li and Ge nanowires becomes stronger after P
modification which is in accordance with the variation of
adsorption energy. Properly increasing the number of P atoms

P

Fig.4 Charge density of (a) Na at position B and (b) Na at position D on
the Ge NW with substrate with an isovalue of 0.06 e A=%; (c) and (d) are
the charge-density of Na adsorbed on Ge NW with substrate after
adding a P atom. Light green, purple and yellow atoms represent Ge,
Na and P, respectively.
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Fig. 5 Charge density of (a) Li at position B and (b) Li at position D on
the Ge NW with substrate; (c) and (d) are the charge-density of Li
adsorbed on Ge NW with substrate after adding a P atom. Light green,
purple and yellow atoms represent Ge, Li and P, respectively.

will enhance the interaction between Li/Na and Ge nanowire on
top of Ge substrate.

Furthermore, the nudged elastic band (NEB) method was
used to study the diffusion pathway and the diffusion energy
barriers of lithium/sodium atom on Ge model.***® First, the
migration of Li/Na on Ge substrate was studied. From point A to
point B, the energy curve of Li/Na atom is shown in Fig. 6a and
the trajectories of diffusion are visualized in Fig. 6b and c.
When Li/Na migrates on the Ge substrate from A to B, the whole
energy barrier is smaller than 0.44 eV/0.29 eV. Additionally, this
work also investigated the diffusion of Li and Na across the Ge
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Fig. 6 (a) The energy curves for Li/Na diffusion from A to B; the side-
view of the trajectories of (b) Li and (c) Na diffusion on the Ge substrate.
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Fig. 7 (a) The energy curves along D-E pathway for the Li/Na diffu-
sion; the side-view of the trajectories of (b) Li and (c) Na diffusion
across the Ge NW. The bar chart shows the average length of Ge-M
bonds on the points Ly—Lz and N;—Nsz (M represents Li or Na).

NW as shown in Fig. 7. In Fig. 7a, the energy barrier of Li and Na
is 0.65 eV and 0.79 eV respectively, which is similar to the
activation energy of the crystalline Ge (0.78 eV)."” The diffusion
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coefficient (D) can be calculated by D = D, exp(—Ey/kT), where
D, is the pre-exponential factor, E}, is the activation energy, & is
the Boltzmann constant and T is the absolute temperature (T =
300 K here). In a certain temperature range, the diffusion
coefficient increases with the improvement of the tempera-
ture.’”?® In the migration process in Ge, the D, is ~8.5 x 10~ *
em?® s for Na and ~9.1 x 10~ ° ecm® s~ for Li.**** Thus the
calculated diffusion coefficient is ~4.6 x 10~ cm? s~ for Na,
which is completely within the scope of experimental values
from 107" to 10°® cm?® s~ '.** The corresponding diffusion
coefficient of Li is ~1.1 x 10" em?® s~ *, which is comparable to
the experimental result (~10~'* cm?® s !).#2 The variations of the
average length of the Ge-M bonds (M stands for Li or Na) in the
diffusion process are exhibited by the bar chart. Obviously, the
average size of the Ge-Na bonds is about 0.19 A longer than
those of the Ge-Li bonds because the radius of the sodium is
larger than that of the lithium. Expectedly, both the average
lengths of Ge-Li and Ge-Na bonds are inversely proportional to
the energies of the system. Fig. 7b and ¢ shows the relevant

Fig. 8 The atomic configurations of the points L;—Ls and N;—Ns.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) The relaxed structure of the Ge NW with five inserted Li
atoms; (b) the relaxed structure of Ge NW with nine inserted Li atoms.

Fig. 10 (a) The relaxed structure of the Ge NW with five inserted Na
atoms; (b) the relaxed structure of Ge NW with nine inserted Na atoms.

trajectories and the detailed atomic structures are shown in
Fig. 8.

Besides, the Li or Na atoms inserted into the Ge nanowires
on top of Ge substrates was modeled to investigate the config-
uration variation in the process of lithiation or sodiation
process as visualized in Fig. 9 and 10. After five Li atoms are
inserted into the Ge nanowires as shown in Fig. 9a, the height of
the Ge nanowire decreases from 12.16 A to 11.39 A, while the
side length of Ge NW is still around 8.68 A without any obvious
change. Meanwhile, the average length of Ge-Ge bonds changes
from 2.53 A to 2.54 A. When nine Li atoms are inserted into Ge
NW, the relaxed structure is shown in Fig. 9b. The height of Ge
NW further decreases to 10.83 A while the side length of Ge NW
is almost unchanged, indicating that the Ge nanowires on top of
Ge substrates would keep stable during the lithiation process
without obvious volume expansion. The average length of Ge-
Ge bonds is 2.56 A.

Fig. 10a shows the relaxed atomic structure after five Na
atoms are inserted into the Ge NW. The height of Ge NW reduces
to 11.39 A, while the side length increases to 9.20 A. After five Na
atoms are inserted into the Ge nanowire, some Ge-Ge bonds
break and the average length of the Ge-Ge bond increases to 2.55
A. It can be inferred that certain volume expansion of Ge NW
occurs, which is consistent with the theoretical and experimental
results.'®* After nine Na atoms are inserted in the Ge NW and
relaxed as shown in Fig. 10b, two independent sodium atoms can
be found. The height of Ge NW further reduces to 8.61 A while
the side length increases to 10.56 A. Meanwhile the average
length of Ge-Ge bonds increases to 2.58 A.

Conclusions

In summary, through DFT calculations, the adsorption, diffu-
sion and insertion of lithium and sodium on the Ge nanowires
on top of Ge substrates have been theoretically studied. The
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results show that lithium and sodium tend to adsorb on the
sidewall of Ge NW modified by two P atoms. Then, partial
charge was calculated by Mulliken population analysis. We find
that after P modification, Li and Na will lose more electron,
resulting in a lower adsorption energy. The NEB method is used
to calculate the diffusion paths and corresponding energy
barriers of Li and Na on the Ge nanowires on top of Ge
substrates. In addition, the insertion of sodium atoms into Ge
NW would lead to certain volume expansion of the Ge NW while
the Ge NW would keep stable during lithiation process. This
study will contribute to research the adsorption and diffusion of
lithium and sodium on nanowires with substrate and the
volume expansion caused by the insertion of lithium/sodium
into the nanowires. At the same time, it supplies direction for
designing Ge anode in sodium ion batteries.
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