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Theoretical study of [111]-germanium nanowires as anode materials
in rechargeable batteries: a density functional theory approach
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In this work, we present a density functional theory study of hydrogen-passivated germanium nanowires grown along the [111] crystallo-
graphic direction. The study is performed within the local density approximation and the supercell technique. Four different diameters of
nanowires were considered and the surface hydrogen atoms were replaced by Li ones using a sequential process. The results indicate that t
nanowires have a semiconductor behaviour and the energy band gap diminishes when the number of Li atoms per unit cell increases. Thi
formation energy results reveal that the Li atoms increase the stability of the Ge nanowires, and there is a charge transfer from the Li atoms
to the surface Ge atoms. The open-circuit voltage values are almost independent of the concentration of Li atoms. Moreover the lithium
storage capacity results reveal that the Ge nanowires could be good candidates to be incorporated as anodic materials in the new generatit
of rechargeable batteries.
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1. Introduction These results indicate that silicon or germanium nanowires
could be used as anode materials. In particular, germanium

. . . has a working potential of 0.5 V respect to LifLiand its

The understanding Qf the electrpmc p_ropertle_s_ of nanostrucs-ma” gap makes it more electrically conductive in compari-

tures_ allows the des_|gn of mgterl_als with specific fegtures 4C%0on with other semiconductor materials [18-20]. In addition,

cording t(.) the requwgd applications. The synthesis and th e nanowires are more stable and have larger Li storage ca-

computational modeling of nanostructures are fundament

¢ derstand. i d irol thei i h acities in comparison with Si nanowires [19]. Moreover,
0 understand, improve, and control their properties. 1t xperimental reports indicate that the charge/discharge pro-
guantum confinement and the large surface of nanomateria

b dt irol their electroni ties [11. N ss in Ge-nanowire arrays results in a porous nanostructure
can be used o control their electronic properties [ ]'. anOyiith a high performance and a Coulomb efficiency around
materials can have an important impact in diverse fields o

dici icati . toelectronic devi 00 % after 100 cycles [21]. Likewise, the growth of Ge
medicine, communications, Sensing, OPIOEIECIIONIC QeVICES,, , 4\yjires using substrates of stainless steel, leads to capac-
pollution control, and energy storage devices including th

bl 1111 1 icular. th l:?ties of 894 mAh/g after 250 charge/discharge cycles [22].
renewable energy sources [1-11]. In particular, they can Rlso, it has been reported that carbonaceous germanium (C-

used to fabricate supercapacitors and rechargeable batteri@e) nanowires. with diameters between 11 and 19 nm. still
such as the Li-ion batteries, which have large gravimetric car ve specific energy capacities larger than 1200 mAh/g after

pacities and low discharge ratios when the battery is not be‘SOO cycles [23]. On the other hand, the current computa-

ing used. Currently, the anodes in Li-ion batteries are mad.ﬁonal power has reduced the gap between the experimental

qudy of nanostructures and the corresponding theoretical re-
sults. Likewise, the computational modeling allows to con-
trol the physical and chemical environment of a given nanos-
ttucture. In particular, the chemical reactivity at the surface
. . of pristine nanowires (dangling bonds) can be easily con-
1200 mAh/g, respgctlvely [14,15]. However, these mat?”’trol?ed through the hyd(roge?l pgssivatio)n process whigh also
a}ls have.not beep incorporated as anodes becausg the InSr?tréserve the crystalline structure of the nanowire and main-
tion of Li atom_s in the crystal fractures the_ material aft.ertain its semiconducting behaviour [24]. This procedure has
a few cha_rge-dlscharge cyf:les, due to the intemal tensionz o, successfully implemented at the experimental level in
that the Li atoms produce in thgm. .lt has_ been shown tha‘,tSi and Ge nanowires [25, 26]. In this work, we study the ef-
the free space between nanowires in a given array may .d'r’ect of the surface Li atoms on the electronic properties of Ge

minish those |nt¢rnal stresses [.16’ 17]. Also, the NaNOWITg, 2 nowires, formerly passivated with hydrogen atoms, grown
structure constrains the electronic transport to one dimension.

close to 380 mAh/g [12] and a power arour@f W/kg [13],
which is still far from the10° W/kg obtained from fossil fu-
els. Some semiconducting materials offer higher capacitie
to store Li, like crystalline Si and Ge with 4200 mAh/g and



2 R. JIMENEZ-SANCHEZ et al.,

along the [111] crystallographic direction and with hexago-the Monkhorst-Pack scheme [32]. The Hellmann-Feynman
nal cross sections with four different diameters. In particularforces between the atoms at the equilibrium geometry were
we studied their energy band gaps, formation energies, aridwer than 2 meVA. The Ge pseudopotential was generated
the maximum theoretical Li storage capacities to address theith the atomic valence-electron configuratiom? and with
possibility to use them as anode materials. pseudopotential core radii(1.89), p(1.89) andd(1.89) (in
atomic units). The suitability of the pseudopotential was ver-
ified by calculating the bond length and lattice constant of
crystalline Ge, whose obtained values had an error lower than

Infinitely long Ge nanowires (GeNWSs) grown along the [111]0-8% with respect to the corresponding experimental val-
crystallographic direction and with four different diameters, ues [30], The radius of the nanowire was obtained following
between 1nm and 2 nm, were considered. The nanowire unifie procedure given in Ref. [31]. Figure 1 shows the non re-
cells have a vacuum space of at least five nanowire |attic!:'aXEd structures of the unit cells of the GeNWs labeled as M1,
constants along the direction perpendicular to the nanowir®2, M3, and M4. The model considers the replacement of
axis to avoid the interaction between the nanowire image&! atoms by Li ones in a sequential process, indicated by the
produced by the periodic boundary conditions. The densitjtumbers besides the Li atoms, in order to simulate a charging
functional calculations were performed within the local den-Process. GeNWs with morphologies M1, M2, and M3 were
S|ty approximation (LDA) as imp'emented in the SIESTA reported in Ref [33] and Studied in th|S WOI’k to Compare |tS
code [29] Norm_conserving pseudopotentia's [27], in theirproperties with those obtained in this work for the m0rph0|-
fully nonlocal form [28] and doublé-s, p basis with a single 09y M4. The diameters of the optimized H-GeNWs are 7.4
d orbital, were used. Also, the real-space grid for numericat (M1), 12.0A (M2), 16.6A (M3), and 20.4A (M4).

integration was defined by an energy cutoff of 150 Ry . The

Brillouin zones were sampled withx 1 x 4 k-points for the

geometrical optimizations antx 1 x 24 for the electronic 3. Results and discussion

band structure and density of states calculations, both within

Figure 2 shows the electronic band structure of the M4
GeNW with three different concentrations of Li atoms per
unit cell, () 2 Li, (b) 10 Li, and (c) 18 Li. At the right
side of each electronic band structure, the densities of elec-
tronic states (DOS) per atomic species and the total density
of states are depicted. The main contribution of the Li atoms
occurs at the conduction bands, for the case of 2 Li atoms,
see Fig. 2a). Likewise, the hydrogen atoms contribute with
more states at the valence and conduction bands in compari-
son with the contribution of the Li ones. In contrast, for 10 Li
atoms per unit cell, their contribution at the conduction bands
is higher than that of the H ones (see Fig. 2b)) and for 18 Li
atoms per unit cell, their contribution is noticeably larger than
the H ones. For all the studied concentrations of Li atoms in

2. Model and calculation scheme

DOS [a.u] DOS [a.u] DOS [a.u]

0.0

Energy [eV]

FIGURE 1. Cross sections and lateral views of the non relaxed
morphologies of the four studied GeNWs labeled as M1, M2, M3,
and M4. The numbers besides the Li atoms (violet spheres) indi-FIGURE 2. Electronic band structure, total density of electronic
cate the sequence of substitution of H atoms (white spheres) by Listates (black lines), and densities of electronic states per species,
ones. The morphologies M1, M2, and M3 were taken from refer- Ge (orange), H (green), Li (violet), and total (black line), for the
ence [33]. The green spheres represent Ge atoms. M4 Ge nanowire.
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FIGURE 3. Energy band gaME) as a function Of the number Of function of the concentration of Lnﬁ_|) atoms for the M4 GeNW.

Li atoms per unit cell»; ) for the morphology M4 (pink diamonds) ) ] ) _ o
in comparison with the morphologies M1, M2, and M3 reported in (OP€n pink circles) increases, while that of the Ge diminishes,
Ref. [33]. indicating that the Li atoms transfer electronic charge to the

surface Ge ones. It is worth to say that this behaviour was

the morphology M4, the nanowire maintains a semiconductalso observed for the morphologies M1, M2, and M3.
ing behaviour. The energetic stability of the GeNWs was analyzed by

A general result is that all studied Ge nanowires with Li calculating the formation energy which is given by
at the surface maintain a semiconducting behaviour, and the
size of the band gapXFE) decreases when the diameter and Ef(nu)
the number of Li atoms per unit celh{;) increases. The
guantum confinement effect is more noticeable for the fully
hydrogen-passivated GeNWs. Furthermore, the effect of the
Li atoms is stronger than the quantum confinement effect for
concentrations larger than 2 Li atoms per unit cell, as showi/hereM is the number of atoms in the unit celf GeNW+
in Fig. 3, whereA E for M1 is lower than that of M2 and M3, ™wi) is the energy of the nanowire with ; Li atoms,nge and
and has a similar value to that of M4 witly; = 6. The M4 7w are the number of Ge and H atoms per unit c&{iGeyui),
GeNW has the lower values & E in comparison with the E(Li) andE(Hz) are the energy of a single Ge atom in the
other morphologies. According to previous theoretical studPulk structure, the energy of one isolated Li atom,
ies which consider interstitial Li atoms in GeNWs, the nature

1
= —[B(GeNW+ nyy)

— ngeE (Geuk) — %HHE(H2) —nuE(LD)], (2)

of the semiconducting band gap has a strong dependence o |£| T T T T T
the position of the Li atoms leading to both semiconducting 27 F g —0O-M1 1
. . N N,

or metallic behaviour [1], then the relevance of these results is 0.0 _:‘ M2 |
that the GeNW considered in this work maintains a semicon- ”% :sz
ducting behaviour for all the studied concentrations of sur- =l T \g\ T
face Li atoms. = 0\.

A Hirshfeld population analysis [34] for the M4 GeNW  ®©, 34 - ~e J
was performed. In particular, we calculated S "'A\A\

pe=D_ 0, (1) 38 1 A 1

where p, is the Hirshfeld electronic charge excess associ- \‘\N\N\
ated to the aton, andn,, is the number of atoms of species -39 -. . . . . . , f\f\f

x = Ge, H or Li, per unit cell. Figure 4 shows the Hirshfeld 1 8 4 & 8
electronic charge excesses, Eqg. (1), on the different types of
atoms as a function of the concentration of Li atoms. Observe
that the Ge atoms lose electronic charge to form bonds witlFicure 5. Formation energy of the GeNW with morphology M4

the H atoms at the surface of the nanowire, and the sum afyreen diamonds) as a function of the number of Li atoms per unit

both charge excesses is zero. kor > 0 the charge excess cell (nii). The formation energies of GeNWs with geometries M1,
on Li atoms M2, and M3 were taken from Ref. [33].
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FIGURE 6. Charge density difference for a M4 GeNW a) fully-hydrogen passivated and b) with one Li atom per unit cell. The red arrow
indicates the change of the charge density around the Ge atom when the H atom is replaced by a Li one.

and the energy of the H molecule, respectively. Observe thakhe results reveal that the voltage is almost independent of
a negative value indicates a more energetically stable syshe concentration Li atoms for all studied GeNWs. This
tem. Figure 5 shows the formation energy as a function ofndicates that battery anodes based on GeNWs would offer
the concentration of Li atoms per unit cell for the morphol-a constant voltage, which is a very favourable situation for
ogy M4 (green diamonds) in comparison with morphologiesrechargeable batteries.

M1 (open black squares), M2 (red circles), and M3 (blue tri-  Ljkewise, the maximum lithium storage capadity; was
angles) taken from Ref. [33]. Notice that the M4 GeNW is obtained for the four morphologies of the studied GeNWs by

the more stable one. using the following equation
To confirm the previous results of Figs. 4, and 5, we cal-
culated the charge density difference given by o zni F ©)
M = )
p(r) = p(7) = patom(), 3) Maenw

wherepaom(7) is the charge density of the isolated atoms inwhere: is the valence of the ionized atom & 1), F is the

the nanowire, ang(+) is the charge density of the GeNW. Faraday constan2¢801 mAh/mol), andMgenw is the rela-
Figure 6 depictsip() for the morphology M4 of the H- tive molecular mass of the Ge atoms in the unit cell.

GeNW a) and the same region of the GeNW where one Li  Figure 8 shows”,, as a function of the concentration of
atom replaces a H atom b) for the isovalue 0.0881%, were | j atoms for all studied GeNWs. If we considerLions,

it is possible to observe a spherical distribution of the charggajues between 50 and 160 mAh/g were obtained. It is im-

density between the H and Ge atoms indicated with the reglortant to remember that the studied nanowires still have hy-
arrow. In contrast, the redistribution of the charge around the

Li and Ge atoms in Fig. 6 b), indicated with the red arrow,
confirms the Hirshfeld population analysis of Fig. 4.

The performance of GeNWSs as electrodes can be esti-
mated by calculating the open circuit voltage(1’). Con- 30

sidering that the entropy and volume effects are negligible at
25} WZW\H‘O 1

3 Sr——F——7———7T"—T1T+T1T"—T"T"T

0 K[35], OCV is given by

A = —
ooV = 2 4) = A
e[ > U'U\n
whereA, is the binding energy,e., the necessary energy to 8 o =M
extractn; Li atoms per unit cell from the nanowire, and it is 20r —0—M2 T
given by ! —A—M3
: —O—M4
Ab(nLi) = E(H — GENVV) =+ nyj [E(LI) 15F E
1 i 1 i L i 1 A 1 i L i 1 " 1 " 1 A 1
_ iE(H2)] — E(GeNW—|- nu)) (5) 0 2 4 6 8 10 12 14 16 18

whereE(H-GeNW) is the energy of the fully-hydrogen pas-
sivated GeNW. Figure 7 show#C'V" as a function of the con-  Figure 7. Open circuit voltage QC'V) of GeNWs with mor-

centration of Li atoms for M1 (black squares), M2 (red cir- phologies M1, M2, M3, and M4 as a function of the number of
cles), M3 (blue triangles), and M4 (green diamonds) GeNWsLi atoms per unit cell#y).

Rev. Mex. Fis69031604
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160 ———— T T T T T T T drogen atoms that can be replaced by Li ones, then we ex-
—E— M1 pect higher values for these GeNWs. However, the Li atoms
—o—M2 | modify the nanowire structure as shown in Fig. 9, where the
120 L —A—-M3 | relaxed nanowires with the maximum concentration of Li
/’ ——Md atoms are depicted. It is worth to mention that the Li atoms
= . 1 at the surface of the nanowire barely modify the structure in
< gl comparison with nanowires with interstitial Li atoms [1].
<
£ / P .
= / e 4. Summary
O 4!} / /4 . _* - ) ) ]
/ /A P e In this work, we presented a density functional study of
1 hydrogen-passivated GeNWs grown along the [111] crystal-
/2 / S o .
:‘ lographic direction with different diameters and concentra-
L i T tions of substitutional Li atoms. The results indicate that elec-
c 2 4 6 8 10 12 14 16 18 tronic charge is tranferred from the Li atoms to the Ge ones
Ly at the surface of the nanowires. Likewise, the open circuit

voltage values are almost constant for all studied GeNWs.
FIGURE 8. Maximum lithium storage capacityys) of the studied  Moreover, their lithium storage capacity is suitable for their
GeNWs as a function of the concentration of Li atoms per unit cell ;se a5 anodic materials. These results allow to understand
(). the effects of the Li atoms at the surface of Ge nanowires on
their electronic and structural properties and open the possi-
bility of tuning their properties in order to be used as energy
storage devices.
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