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Abstract

Si nanotubes for reversible alloying reaction withium are able to accommodate
large volume changes and offer improved cycle teterand reliable response when
incorporated into battery anodes. However, Si n#reg electrode exhibits poor rate
capability because of its inherently low electranductivity and Li ion diffusivity.
Si/Ge double-layered nanotubes electrode show gemoi improve structural stability
and electrochemical kinetics, as compared to homsmges Si nanotube arrays. The
mechanism explaining the enhancement in the rapabilities is here revealed by
means of electrochemical impedance methods. Geéeffielently provides electrons to
the active materials which increase the semicomdwecinductivity thereby assisting™Li
ion incorporation. The charge transfer resistanbé&hvaccounts for the interfacial "Li
ion intake from the electrolyte is reduced by twdews of magnitude, implying the key
role of Ge layer as electron supplier. Other re@sprocesses hindering the electrode
charge/discharge process are observed to show cabipaalues for Si and Si/Ge array
electrodes.
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Introduction

Among various alloying-type anode materials fonilim ion batteries (LIB), Si has
received considerable attention due to its higtiesiretical capacity, 4200 mAh/g at the
fully lithiated state Li,Sis, being the most promising alternative for carbnades [1, 2].
Although the fast capacity fading of Si electrodes(lting from large volume change
associated with lithium ion) has been considered asin obstacle for its practical use,
significant improvement in the cycle performance baen achieved by engineering the
geometry and dimension of Si anode materials [3E4pecially, Si nanotubes (Si NT)
array exhibited the robust cyclability due to tleeearsible morphological change [5-7].
Electrode materials for LIB should be designedulfilf both energy density and power
density requirements of critical applications sachlarge-scale storage for renewable
power sources, electric vehicles, and plug-in hd/ledectric vehicles. However, Si NT
electrode could not meet the demand on the highepaensity due to its poor rate
capability attributed to inherently low electronnduictivity and ion diffusivity. To
improve these two parameters researchers havetigates! in the last years different
strategies such as the growth of Si on nanopillaraitic structrures [8], fabrication of
core-shell composites [9], or coating of Si eled&ronvith a good electron and/or ion
conductor (polymer, graphene, etc) [10-14]. Vergerdly, Si/Ge double-layered
nanotubes (Si/Ge DLNT) array prepared by employantemplate-assisted synthesis
method based on chemical vapor deposition procassbeen reported [15]. With
optimal designs, Si/Ge DLNT exhibited significantgrovements in structural stability
and electrochemical kinetics in comparison to hoemegus Si NT. Although it is
evident that high electronic conductivity and ioditfusivity in Ge in comparison to Si
aid to explain the kinetic improvements, the examtchanism (either electronic
conduction, ionic migration, charge transfer, doyahg reaction) that lies behind such
an enhancement is still unclear [15-17].

We conclude by means of impedance spectroscopy umegasnts that the
incorporation of Li-ions from the electrolyte intlke semiconductor structures is highly
favored by the Ge shell covering inner Si nanotuliéss is principally related to the
higher electronic conductivity that Ge possessa&®mparison to Si. The analysis of the
resistive processes hindering the electrode chgugaints to a kinetic limitation in the
case of Si NT related to interfacial mechanisms #hal resistance for Si NT electrode
doubles that encountered for Si/Ge DLNT structaréhe range of the alloying reaction
potentials. The rate capability is then enhancedinaprporating the Ge shell that
reduces as a consequence of the charge transfstaneg associated to the Li-ion
intake.

1. Resultsand discussion

1.1.Electrochemical properties

Experimental details for the synthesis and evabumatif electrochemical properties of
both the Si NT and the Si/Ge DLNT anodes has belndddressed in previous reports



[7, 15]. Figure 1 (a) and (b) display low magnifioa transmission electron microscopy
(TEM) images of Si NT and Si/Ge DLNT. Both Si NTda8i/Ge DLNT show tubular
morphology and identical dimensions. The Si NT th@souter diameter of ~120 nm and
shell thicknesses 0f30 nm. In Si/Ge DLNT, a Ge shell layer with a timeks ranging
from 10 to 15 nm is uniformly coated on the surfat@a SINT with a thickness ranging
from15 to 20 nm and the inner diameter of ~600 nm.
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Figure 1. TEM images of SINT (a) and Si/Ge DLNT (b). Thesfivoltage profiles at a
rate of 0.2 C (c) and rate capabilities (d) for Bidhd Si/Ge DLNT electrodes.

The electrochemical performances of both Si NT &iiGe DLNT electrodes were
evaluated over the potential window of 0 ~ 2.0 VIifLi * at room temperature (25°C).
Figure 1 (c) shows the voltage profiles at thetfagcle for Si NT and Si/Ge DLNT
electrodes. Although Si NT electrode (~ 2650 mAhdglivered ~ 2-fold higher
gravimetric capacity than that of the Si/Ge DLNEattode (~ 1550 mAh/g), Si/Ge
DLNT electrode (~1.2 mAh/cf exhibited 2-fold higher areal capacity compared t
that of the Si NT electrode (~0.6 mAh/Snalong with improved cycle performance.
The Si NT and Si/Ge DLNT electrodes showed totdifferent voltage profiles during
charging (lithium insertion). Si NT electrode shoadong plateau near 0.1 V, which
corresponds to the alloying reaction of the cryis&@lSi with lithium. The Si/Ge DLNT
array showed two distinct voltage plateaus in tieethdirge voltage profile. The first



voltage plateau, located between 0.2 and 0.4 V,smudnd downward slope voltage
plateau, located under 0.2 V, are attributed tcatlwg/ing reactions of Ge shell layer and
Ge/Si with lithium, respectively. The rate capdpilof Si NT and Si/Ge DLNT
electrodes were carefully evaluated at various t€srgFigure 1 (d). Si/Ge DLNT
electrode exhibits significantly improved rate daipey compared to that of Si NT
electrode. While Si/Ge DLNT electrode retains theacity over 60 % at 3 C rate, Si
NT electrode delivers very low capacity (35 %). S'kignificant improvement in rate
capability observed for Si/Ge DLNT might be relatedseveral steps involved in the
lithiation/delithitiation process. To further und&and the kinetics of Li-ion intake and
subsequent alloying reaction anodes are investigdig using electrochemical
impedance spectroscopy (EIS) methods.

1.2 Impedance responses

Kinetic limitations to the charging/discharging pess have been addressed by
analyzing EIS response performed at open-circutage (no direct current flowing) at
different charge states between 0 V and 1.2 V, vaithplitude of 20 mV in the
frequency range from £0Hz down to 0.001 Hz. Kinetic limitations can besiga
inferred from resistive processes occurring duthegelectrode operation in steady-state
conditions. All the results are normalized by theight for a clearer comparison.
Representative Nyquist plots are represented in Ejgwhich consist of two well-
defined parts: the high-frequency semicircles, amdhclined low-frequency capacitive-
like line. At high frequencies, a rather constaninor arc corresponds to the parallel
connection between the interlayer capacitau@;p=2—70yFmg'1 and migration
resistanceRR; =2 - 102 mg(Fig. 2b). This resistive contribution is usuallgused by
the Li migration through external layers as thosemkd by the solid electrolyte
interface (SEI) associated with the electrolyte oegosition (see Fig. 3a). This
impedance contribution is significantly smaller nhthe additional arc observed at
intermediate-frequencies, clearly visible in theseeaof Si NT electrodes, which is
interpreted in terms of the mechanisms occurrineelectrical double-layer formed at
the nanotubes (Fig. 3a). The intermediate processodeled by means of the double-
layer capacitanc€q, and charge transfer resistamtg. This last resistance is related
to the Li-ion intake step to the nanotubes. Hudéemiince is observed in the charge
transfer resistanc&; corresponding to the intermediate arc when Si af@eSbased
electrodes are compared. While Si NT electrodesbéxhn increase inR;; when
potential is reduced below 0.5 VR{; =200Q mg), the incorporation of Ge layer
reduces the charge transfer resistance to valuesvaas Ry = 3Q2 mg as observed in
Fig. 2b. The porosity of the electrodes yields dedayer capacitance values in the
order ode|==1O,uFmg'1. A connection between the impedance patterns &aed t
corresponding circuit elements (Fig. 3a) can bevetkin Fig. 2c. This equivalent circuit
accounts for the high-frequency impedance respuiitbethe parameters , R, C; ,



and Cy;. A small series resistance accounts for the siutontribution (not shown in
Fig. 3a).
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Figure 2. Impedance spectroscopy response of Si NT (cirale) Si/Ge DLNT
(triangle) NT electrodes at different steady-stabdtages as indicated. (a) Complete
view showing low-frequency capacitive-like respand® High-frequency detail with
the interfacial behavior. Experimental data ang (dross) using the equivalent circuit
Figure 3a. (c) Impedance patterns at 0.1 V in isHatvith the equivalent circuit
elements of Figure 3a.
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Figure 3.(a) Schematic view of the relation between egegakircuit elements and
electrode layersR; andC; accounts for high-frequency processes occurringhat
outer SEI layer. Interfacial mechanisms are modeligd R.; and Cy circuit elements.
In series withR the alloying reaction subcircuit includes the elatséSand C,. (b)
Favored electron conduction through Ge shell asHigt Li-ion intake reducinéi. . (c)
Difficult conduction in Si layeryields large values R .

The high-frequency circuit elements are observethtmge at potentials approaching
alloying reactions, then signaling that mechanisoesurring at the interface are
influenced by the electrode state of charge. Mvasth noting here that the resistive
parameter that exhibits the main difference betw®eNT and Si/Ge DLNT electrodes
is the charge transfer resistari®g, which is reduced in more than two orders of
magnitude. This resistance is connected to thentake from the solution to the
semiconductor layer as schematically displayed im Bb-c. Ge shell allows for an
enhanced electron path then facilitating the Liditake at the semiconductor interface.
It has been observed for other insertion compouhdsR; is directly related to the
electronic conductivity of the host material [1Bjgh conductive hosts permit the Li ion
to overcome the potential barrier appearing atstilation/semiconductor interface. In
the case under study it is known that Ge electroar@uctivity exceeds in four orders
of magnitude that encountered for Si. This factl@xg the observed reduction R
for potentials in the alloying reaction range. Aftatively the intermediate arc resistance
might be also directly related to the electronindactivity of the semiconductor. But in
this last case it is hard to understand hew presents values in the range of 100-200
mg for both electrodes at potentials in excess®M)(see Fig. 2b). This fact leads us to
connect the limiting lithiation mechanism represenby R.; to the process of Li-ion
incorporation into the semiconductor matrix.
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Figure 4. Fitting results using the equivalent circuit ofi.F3(a) for the high-frequency
circuit elements of Si and Si/Ge NT anodes showa)gnterlayer capacitandg;; and
(b) migration resistanc& . (c)Double-layer capacitandgy, and (d) charge transfer
resistanceR

Parameter values drawn in Fig. 4a-d result frotim§tthe equivalent circuit of Fig.
3a to the experimental impedance data. It is eajpgcénteresting to note the behavior
exhibited by the charge transfer resistance (Fa). & it corresponds to the main
hindrance mechanism for Li-ion supply to the all@ycompound. For potentials below
0.5 V Si NT arrays undergo an increaseRgf of one order of magnitude (from ~ZD
mg up to ~20@2 mg). On the contrary Si/Ge DLNT exhibits the expédcvariation: as
the system reaches the alloying potentials Ge adivty is enhanced then reducing
R.t. We can conjecture that this dissimilar behavieghhbe related to the different
doping character of Si and Ge layers, although nmorestigations are needed on this



concern that lies outside the scope of this work.

The low-frequency EIS response points to the oecwe of a voltage-modulated
process which gives rise to a capacitive-like be@rawhis behavior is connected to the
so-called chemical capacitance that results froen @lectrode ability of varying the
amountc of reacted Li upon application of a differential change in theemical
potential 2 (directly assimilated to the electrode potentibm steady-state conditions
as x4 =qU , whereq is the positive elementary charge) [19]. The cloaincapacitance
can be written as

Cu=a (1)
Accompanying the chemical capacitance at low-freqgigs it is observed that a
concomitant increase in the real part of the impedaappears added to the previous
resistances acting at higher-frequencies (Fig. Ra)js noticeable that this extra
resistance at low-frequencid$, exhibits similar values for Si NT and Si/Ge DLNT
electrodes. As previously commented, resistancetha@nequivalent circuit signal the
occurrence of different rate-limiting mechanismar kntercalation compounds the
diffusion of Li" inside the host material is one of the rate-lingitiprocess [20].
Diffusion of ions gives rise to distinctive impeda&npatterns characterized by Warburg-
like responses azg [ (i aJ)_ll2 (being & the angular frequency, and ﬁ). Previous
models based on spatially-restricted ion diffusiaiere proposed relying on a
distribution of diffusion length& or electronic transport limitations [22]. HoweV&i,
NT and Si/Ge DLNT electrodes function by alloyingactions yielding a complete
chemical and structural electrode material reaarent. The fact that no Warburg-like
pattern is observed in the low-frequency resporfs€i@. 2a lead us to regard the
alloying reaction itself as the origin for the atlehal resistance at low frequencies. The
resistive processR, accompanying the chemical capacitance is seen #wsra
contribution to the alloying-related current hinalca [23].

The coupling between chemical capacitafizgand reaction resistand®, has been
addressed in previous works [24]. In terms of egjeint circuits the alloying reaction
can be modeled by means of a series connecti@),cdnd a suitable generalization of
R4 (a constant phase element CPE with impedaiga: =1/ S(iw)? ) as drawn in the
equivalent circuit of Fig. 3a. The effective allogiresistance can be calculated from
fitting parameters by means of the next expres&adh

1
Ry = (cg IS[
2)
Here s accounts for the CPE parameter amdinforms on the broadening in the
reaction rate distribution. Figure 5 summarizesfitimg results. It is observed in Fig.
5a that the chemical capacitanCg steeply increases toward low potentidls, values
are obtained in the order of 0.1 F gt low voltages for both electrodes informing
about similar alloying ability of both Si and Si/Gemiconductors. It is interesting to



point out that the chemical capacitance correlatitls the discharge curve derivative
—-dQ/dU . Recalling now Fig. 1c, a long plateau is obserfiadSi NT electrodes at
low voltages. This is in good agreement with Bg maximum at 0.1 V. On the
contrary Si/Ge DLNT discharge produces two distugcplateaus at ~0.5 V and ~0.2 V
that correspond well to the tw@,, maxima observed in Fig. 5a at 0.4 V and 0.1 V. As
inferred from TEM images and SAED patterns [15f first maximum at 0.4 V is
linked with the lithiation of the Ge shell, whilke feature at 0.1 V arises from the
alloying reaction of both Ge and Si.
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Figure 5.Fitting results using the equivalent circuit of Fafa) for the low-frequency
circuit elements of Si and Si/Ge NT anodes showa)gchemical capacitandg,, and
(b) alloying resistancdr, .

The parameter accounting for the electrochemiaagtias is the alloying resistance
of Eg. (2). One can infer from Fig. 5b thRf, exhibits similar values for both Si NT
and Si/Ge DLNT electrodes at low potentials (0.1 M) higher potentials (0.2-0.6 V) a
slightly larger resistance is extracted for Si/GEND electrodes. It is known that
specific capacity at different C-rates can be asalyzed in terms of the resistive
mechanisms accompanying the charging/dischargiogegs. As shown in Fig. 1d,
noticeable capacity decrease for the Si NT eleetrads observed at 0.5 C. This is
caused by a significant increase in the total tasce that at 0.1 V approximately
amounts 20@ mg for Si/Ge DLNT electrodes, while that value desh(400Q mg) in
the case of Si NT. For higher charging/dischargiages high-frequency resistances
R + Rt take the control of the kinetic response. In ttase the different between Si
NT (270 Q mg) and Si/Ge DLNT (5@ mg) resistive response is even larger. We
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remark again that the main contribution for incnegghe Li-ion intake hindrance is
caused by the superior charge transfer resistatgbieed by Si NT electrodes. This last
observation clarifies the origin in the differerafehe rate capability.

With the aim of further illustrating the detrimehédfect of resistive elements on the
C-rate performance, we have reproduce a simplifiesion of the discharge curve
based on the equivalent circuit in Figure 3(a)older to assess the relative importance
of the extraction current,;, and charge transfer resistarigg, on the voltage decay,
the electrode has been modeled by using the @alctircuit of Fig. 6(a). This circuit
only takes into account the largest capacitive rimumtion. For the sake of simplicity
chemical capacitance has been selected as a conslale R, follows the decreasing
behavior with voltage shown in Fig. 5(b). The tapécific charge in each simulation is
extracted for the time at which potential attaiesoz The potential drop at the resistive
elements increases with the discharging curredéaang non-extracted charge in the
capacitor. The simulation roughly reproduces thikage decay and capacity plots of
Figs. 1(c) and (d), as depicted by Figs. 6(b) ar)d The detailed procedure of these
simulations is given in Sl. As expected, higherc#pecurrent produces faster voltage
fall, while larger charge transfer resistancesrasponsible for higher decrease in the
capacity of the system. Doubling the resistanceamately reproduces the reduction
in capacity observed in Figure 1(d) at 3C rate waabn. Although the simulation is
certainly an oversimplification of a real batterlearode, it highlights the role of
resistive elements on the overall rate capabikggfgrmance.
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Figure 6.(a) Simplified equivalent circuit used to model theltage decay in the
discharge experimentgis the extraction currenf.is the charge transfer resistance,
R, is the alloying resistance ar@l, is the chemical capacitance. (b) Voltage decay for
different values of the specific currehg,, indicated in the inset panel. The charge
transfer resistance was fixed at the vétge=800Q . (c) Evolution of the capacity as a
function of the current rate for two values of ti&rge transfer resistance (indicated in
the inset panel of this figure).

Conclusions

We have identified the mechanism that causes tHerelice in rate capability
between Si NT and Si-Ge DLNT electrodes for Li-lmattery anodes. It is observed by
impedance spectroscopy that the intake of Li-iowsnfthe electrolyte into the active
materials is highly favored by the Ge shell covgrimner Si nanotubes. This is mainly
related to the higher electronic conductivity tl possesses in comparison to Si. The

total resistance for Si NT electrodes doubles teatountered for Si/Ge DLNT
structures.
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