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Abstract

Silica based materials are important candidates as anodes for lithium ion batteries
due to their high specific capacity, low production and material cost and abundance
in the earth crust. Silica lithiation leads to reversible and irreversible reactions to
produce silicon, lithium oxide and lithium silicates. The final composition of these
products confers a variety of electrochemical performances, particularly concerning
their specific capacity and stability/cyclability of the electrodes. Knowledge on the
thermochemistry of these reactions is relevant to analyze the thermodynamic
stability and potential occurrence of the different phases. In this work, the free

energy of reaction for the lithiation of silica is calculated for different products. The



present first principles studies indicate that the formation of products is a highly
exothermic and endergonic process in all cases. In the case of SiO; lithiation, the
free energy shows that the reaction to form Li,;Si»Os is highly exothermic, having
the greatest probability of formation. The lithiation potentials and stability of
different products are analyzed in the context of experimental results from the

literature.
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1. Introduction

Most commercialized lithium ion batteries (LIB) use graphite as anode material and
this type of anodes is also being used in batteries that employ sulphur cathodes.
[1-4]. A wide range of materials have been studied to replace graphite and to
increase the capacity of the anodes [5]. The most promising materials are based
on silicon, due to its high theoretical specific capacity, of 3579 mAh g[6]. The
main problem arises from the huge volume expansion of ~300% during silicon
lithiation that produces a pulverization of the electrode and consequently the loss
of electric contact [7]. Also, the prime silicon source in earth’s crust is crystalline
silica SiO, (quartz), and to obtain pure grade silicon, a thermal or chemical
reduction is necessary. The latter is an activated and expensive process.
Industrially, silicon is usually obtained by reaction of silica and coal at 1500-2000
T in arc electrode furnace. The enthalpy of the re action between quartz-SiO, and

C to form Si and CO, is +4.49 eV [8], indicating that the process is very



endothermic. Other similar strategy is the reaction with iron at 2000 € to form
silicon and iron oxide. This reaction has an enthalpy of +5.50 eV [8], showing to be
also a high endothermic process. Moreover, the most promising strategy to
mitigate the huge volumetric change of the electrode in the lithiation/delithiation
process is to use nano-structurated silicon [5,9,10] or silicon compounds, which

makes the manufacturing process even more expensive.

As a more economical and environmentally friendly alternative, Chang et al. [11]
proposed the use of quartz-SiO, as anode for LIB. To this end, the authors milled
quartz-SiO, per 24 h to obtain amorphous SiO,, reaching a stable specific capacity
of 800 mAh g* over 200 cycles. The authors proposed that the milling process
provides the formation of vacancies in SiO, species, thus increasing the reactivity
towards lithiation. The authors determined the formation of Li;SiO4 and Li,Si,Os as
products of lithiation in the first cycles, being irreversible and reversible processes
respectively. Previously, Kim et al. employed Nuclear Magnetic Resonance (NMR)
to study the formed species in the lithiation of SiO electrodes and determined the
formation of Li,O, LisSiO4 and others lithium silicates[12]. Guo et al. studied the
electrochemical reduction of a nano-SiO,-hard carbon composite prepared by
hydrothermal reaction [13]. The authors showed a high specific reversible capacity
of 630 mAh g* and a good cyclability. Using the NMR technique they also
determined the presence of Li;O, Li;SiO4 and others forms of lithium silicates.
Likewise, Sun et al., studied the reversible formation of Li,Si,Os in the lithiation of
SiO thin film electrodes using the electron diffraction technique[14]. Maghrabi et al.

presented a combinatorial studies of Six.1Ox as a negative electrode for LIB [15].



The authors indicated that the amount of oxide phases should be optimized in
order to obtain electrodes with desired specific reversible capacity and appropriate
irreversible capacity. The formation of Li,O and LisSiO4 inactive phases helps to
buffer volume expansion. Also, Nguyen et al. studied the role of oxygen
composition in SiOy electrodes preparing several materials with different
stoichiometries [16]. The authors determined that higher oxygen contents increase
the cyclability and the formation of Li,O. On the other hand, it was shown that
lithium silicates (LisSiOy, Li,SiO3 and Li;Si,Os) protect the electrode surface from
the attack of the electrolyte. Moreover, the presence of siloxane groups on the SiOy
surface plays a crucial role in the immunity of the electrode surface, allowing the

formation of a stable solid electrolyte interphase (SEI) [16] .

Beside of the previously described research, there are many investigations about
the lithiation of SiOyx anodes in LIB, supporting the idea that the formation of
products from reversible/irreversible reactions such as Li;O, LisSiOq4, Li,SiO3 and
Li,Si,Os is crucial. This is important to mitigate the volume expansion in the
lithiation/delithiation process and to form a stable SEI layer, which avoids the
attack of the electrolyte to the electrode [12,15-18]. Moreover, even silicon
nanoparticles are surrounded with a thin shell of SiOy, so that in the lithiation
process the irreversible formation of Li,O and lithium silicates also would occur

[19].

The aim of the present work is to investigate the thermodynamics of SiO; lithiation
and the stability of the formed products through different alternative reactions, such

as Li,O and lithium silicates, in the context of experimental results from the



literature. This was carried out by means of Density Functional Theory calculations
(DFT) in the pseudopotential framework. To make an accurate description of the
free energy of the system we take into account the electronic energy, calculated by
DFT, and include the vibrational energy using perturbation theory, to include
phonons contributions. Free energies, vibrational energies, density of states and
lithiation potentials are analyzed in comparison with experimental data from

bibliography.

2. Theory and calculation details

Density Functional Theory (DFT) calculations where performed using the Quantum
Espresso package [20] with Vanderbilt ultrasoft pseudopotentials and the PBE
exchange-correlation functional [21]. The Kohn-Sham orbitals and charge density
were expanded in plane-waves basis set up to 750 and 6800 eV, respectively. The
Brillouin zone was sampled with a Methfessel-Paxton [22] first-order method in a
8x8x8 irreducible Monkhorst-Pach k-point grid [23] and a 0.4 eV spreading. The
convergence threshold for the total energy at each electronic calculation was set to
1.10° eV. The optimization of the cell parameters and the atomic positions were
done using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. The
crystallographic structures to start the minimization procedure were taken from
materials project repositories [8]. The crystallographic parameters of the relaxed
structures are summarized in Table I. The free energy of reaction was obtained

from electronic and phonon calculations as described below.



The change of Gibbs free energy for a given reaction is:

AG = AH — TAS @),

Where T is the absolute temperature, AS the entropy variation and AH the enthalpy

variation according to:
AH = AU + pAV + vAP 2),

In the reactions studied in this work, the term correspondent to pAV is of the order
of 107 eV, and will be neglected here. For the case of a system at constant
pressure AP = 0) , so that in the present calculations we approximate the enthalpy

change by the internal energy change (AH = AU). So we have:

AG = AU—TAS = AF  (3),

Where AF is the Helmholtz free energy change of the reaction, which has two

contributions:
AF = AEDFT + AFvib (4)

Where AEppr is the internal electronic energy (including electron-electron and
electron-ion interactions) and AF,;, is the total vibrational free energy change.

The latter can be calculated by the sum of the zero point internal energy changes



and the integration of the phonon density of states as function of the frequency of

vibration according to:
h hwi
AF,;p = _EZi(‘)i +kpT Y ln (KB—T) (5)
where the sum runs over products and reactants.

Also, since the solids do not have translational and rotational movement, AS can be

obtained directly from the \vibrational energy as AS = —0AF,;/0T.
The lithiation potentials V where calculated as V = —%, were G is the free energy

and n=1 is the amount of electrons involved in the lithiation reaction [24,25]. Since
experimental V values are reported in the Li/Li* scale, bcc metallic lithium was

used as standard state for the present free energy calculations.

3. Result and Discussion

As mentioned above, several investigations using SiO, as negative electrode for
LIB suggest the formation of silicon by electrochemical reduction of silica and the
formation of Li,O and different lithium silicates as co-products [9,11,13-15,26-28].
Moreover, the oxygen content in SiOx must be optimized to favor irreversible
reactions and the formation of products that mitigate the volume
expansion/contraction in the lithiation/delithiation process [12,19,29]. Furthermore,
it has been found in the literature [30—32] that oxygen content on the surface of the

active material is also important for fabrication of electrodes due to its interaction



with the binder material [30,31], either due to the formation of esther like covalent

bonds or hydrogen bonds [32]

According to the literature discussed in Section 1, the electrochemical reactions

that may take place during the lithiation of SiO, can be summarized as:

R1-) 4Li* + 4e™ + Si0, » 2Li,0 + Si

R2-) ALi* + 4e™ + 25i0, » Li,Si0, + Si

R3—) 4Li* + 4e™ + 5Si0, & 2Li,Si,0s + Si

R4-) 4Li* + 4e™ + 3Si0, » 2Li,Si0; + 2Si

Considering that in reactions 1, 2 and 4 only the formed silicon will reversibly store
lithium, and taking into account the specific theoretical capacity of Li;sSis, the
theoretical specific capacities for the different reactions were calculated and are
listed in Table II. For reaction 3, it must be considered that Li,Si»Os has been
proposed to present reversible lithium storage, at a higher potential than that of Si.
The coexistence of both reactions has been experimentally observed [14,33-35].
In this case, the theoretical specific capacity was calculated taking into account the
reversible reaction to get Li,Si,Os and the reversible formation of Li;sSis alloy. In
the general case, where all the reactions written above may occur, the capacity will

depend on the amounts and types of inactive phases formed in the reaction. Thus,



the measured capacity will be a function of the relative contributions of the different
reactions, whose relative weight may present thermodynamic or kinetic control. In
all cases the specific capacities are relatively high as compared with that of

graphite (table I1).

In thermochemical terms, the calculated AH values for reactions 1-4 (Table II)
indicate that all reactions are highly exothermic. These results are in good
agreement with previously reported theoretical and experimental values[8].
Although the reactions are highly exothermic, their spontaneity could be dependent
of the entropy term. Therefore, the calculation of this term is important to obtain a
complete analysis of the reactions. We obtain the vibrational contribution using
phonon calculations as described above. The vibrational free energy contributions

are shown in Figure 1.

Figure 1la shows the change in the vibrational free energy for the lithiation of SiO,
as a function of temperature for the different reactions. All AF,;, are positive,
indicating that the reactions are not favored by the vibrational contributions.
Reaction 1 is the one that has the lowest AF,;;,. Figure 1-b indicates that in all
cases the vibrational entropy changes are negative and that the differences
between the reactions are in the order of mili-eVs. Therefore, the spontaneity of the

reactions will be dominated by the electronic internal energy difference (AEpgr).

The different free energies of reaction as a function of temperature are shown in
Figure 2-a. At room temperature, the free energy change of reactions 1-4 are -

2.75, -4.78, -5.22, -5.03 eV respectively (Table Il). These values denote high



exergonic reactions and the fact that the lithiation of SiO, to get Li»Si,Os is the
thermodynamically most probable reaction at room temperature. This reaction was
reported as reversible by Sun et al.[14]. The formation of LisSiO4, observed in

almost all experiments, is also favored thermodynamically.

The theoretical potentials of formation of different products are shown in Figure 2-b
as a function of temperature. At room temperature, it is found that the formation of
Li,Si»Os is the species favored at the higher potentials, above 1.3 V, while the
occurrence of Li,O becomes only be possible below 0.68 V. A wide range of values
of formation potentials for the products of reactions 1-4 is reported in the literature
(Table 111) [12—-14,33-37]. It is well known that the experimental formation potential
depends on various factors, being mainly affected by the kinetics of lithium
insertion [5]. This could make the experimental potentials to be lower than the
values predicted by thermodynamics. In fact, Table Il shows experimental lithiation
potential values (column 2) for the formation of products (column 1) obtained upon
SiO;, lithiation. Different values are reported for the same product, depending on
the different synthesis method used for silica. These results show that the nature of
lithiation, the diffusional process and kinetics of the reaction depend on the nature
of the SiO, employed. In fact, Ostadhossein et al. [38], using atomistic calculations,
demonstrated the anisotropic transport of lithium into crystalline SiO, and the fact
that the activation energy varies with the Li/O ratio in the pathway of diffusion.
Thus, the present predictions of the lithiation potential of crystalline SiO, have to be
used as a superior quote of the experimental value. It is remarkable that Li et al.

show a cyclic voltammogram with peaks at 1.29 and 0.71 V, attributed to the



decomposition of solvent and formation of SEI layer [35] that are coincident with
the present calculated lithiation potentials that could lead to Li»SiOs, Li;Si»Os and
Li,O, respectively. Moreover, several of the references listed in Table I1ll show
peaks around of 0.7 V, which is coincident with the lithiation potential
corresponding to the formation Li,O calculated here. It is also remarkable the
occurrence of peaks close to 1.28 and 1.32 V, which would correspond to the

formation of Li,SiO3 and Li,Si»Os, see Figure 2b.

In the work of Jiao et al. [8], an anodic peak at 1.2 V was attributed to the
reversible delithiation of Li,Si,Os, but in the lithiation process the potential assigned
to the formation of Li,Si,Os was 0.28 V. The difference between the cathodic and
anodic peaks for the same process would indicate that the reaction is controlled by
kinetics. Thus, the lower potentials measured experimentally could be attributed to
kinetic limitations. Also, the initial amorphous structure of SiO, could cause all
silicates to be formed at lower potentials than those predicted, yielding a wide

voltammetric peak.

As mentioned above, the stability of the different products it also of practical
importance, because they contribute to SEI formation, and will buffer the volume
expansion of silicon during the lithiation/delithiation process. Figure 3-a shows the
phonon density of states of the different products formed in the lithiation of SiO,. It
can be seen that the silicates present states at frequencies in the region between
800 and 1100 cm™. On the opposite, Li,O does not present vibrational states in this
region . Figure 3-b shows the electronic density of states of the different products

formed in the lithiation of SiO,. It can be seen that the silicates have electronics



states at more negatives values (with respect to the Fermi level) than Li,O. The
projected density of states indicates lower electronic occupations on the lithium
atom for the case of silicates than in the case of the lithium oxide. Lithium silicates
present more energetic electronic states than Li,O due to the SiO4* covalent and
electronegative groups. A Mulliken population analysis [39], listed in Table I,
indicates that in Li,O the Li-O bond electrons are more localized on the Li atoms
than in silicates, whereby Li,O could result more reactive towards further reactions
and could change the structure of the SEI. Thus, electronic analysis suggest that
lithium silicates are more stable products than Li,O. The present results bear also
consequences for Li storage in Si nanostructures. In these cases, the surface of
the nanostructures may be covered by an oxidized layer, where the present
reactions could take place upon formation of the SEI. Thus, it can be stated that
the lithium silicates may provide an additional stability to the SEI formed under
these conditions, improving electrode cycling performance. On the other hand,
special care should be taken in the present systems to prevent the occurrence of
HF in LiPFs containing electrolytes (which could appear in the presence of small

traces of water), since SiO; is known to be unstable in the presence of HF[40].



4. Conclusions

The energetics of the reactions taking place in the lithiation of silica to get silicon
and different co-products was analyzed using first-principles calculations, yielding

the related thermodynamics properties.

The results indicate that the reactions are all exothermic and exergonic, being the
formation of Li,Si,Os and Li,SiO3 the most probable at higher potentials. The
potential of lithiation calculated provides a way to understand the presence of
different products found in experiment. The calculated values provide an upper
bound which could be shifted experimentally towards lower potentials during the
charge, depending on the kinetics of lithiation. Electronic structure analysis of the
formed products suggest a major stability of lithium silicates with respect to lithium
oxide. These products could provide an additional stability to the solid electrolyte

interphase formed on silicon nanostructures.

Thus, knowledge of the thermodynamic properties as function of temperature may
provide an important tool to optimize the experimental parameters to get desired
active/inactive phases. This will result in the improvement of the cyclability and
stability of the cell for different applications, using a low cost and abundant material

as anode for lithium-ion batteries.
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7. Figures and Tables captions notes

Figure 1. Internal vibrational energies (a) and vibrational entropy (b) vs. temperature for
the different reactions involved in the electrochemical reduction of SiO,.



Figure 2. Free Helmholtz energy (a) and potential of lithiation (b) vs. temperature for the
different products formed in the electrochemical reduction of SiO..

Figure 3. Phonon density of states (a) and electronic density of states (b) of the different
products formed in the lithiation of SiO,

Table I. Crystallographic parameters of the optimized CG calculation for the reactants and
products of reactions 1-4.

Table Il. Theoretical capacities, enthalpy and free energies change of reactions 1-4. Last
column present Mulliken population analysis of lithium in different products formed in SiO,
lithiation.

Table Ill. List of lithiation potentials reported in the literature for the formation of different
products, stemming from SiO, lithiation. Each of the potential values reported on the
second column. correspond to each of the nroducts renorted on the first column.



Structure Space Group [Cell parameters (nm,°)

Li Im-3m a=0.321

SiO, I-42d a=0.516 ; a=88.3, B=y=120.8

Si Fd-3m a=0.548

Li,O Fm-3m a=0.462

Li;SiO4 P-1 a=0.506, b=0.471, c=0.719; 0=82.7, =71, y=68.4
Li>Si>Os Ccc2 a=0.486, b=0.589, c=0.742; 0=111.6

Li,SiO3 Cmc21 a=0.474, b=0.542, c=0.472; a=119.8




Reaction Theoretical AH/eV AG/eV (300 K) Li Mulliken electronic
Capacity/mAh g* occupation in the
products
1 1109 -2.83 -2.75 0.47
2 676 -4.78 -4.58 0.22
3 693 -5.70 -5.22 0.21
4 483 -5.62 -5.03 0.24




Structure V lithiation/formation (V) Ref

Li,SiO, + Li,O 0.25 cath 12

SEl; 0.79 cath 13

Li,SiO, + Li,O 0.25 cath

Li,Si,0s; 1.0; 0.77 cath 14
1.57; 1.75 anod

SEl; 0.7 cath 33

LiSiO4+Li,Si,0s; 0.28 cath

discharge of Li,Si,05 1.2 anod

SEl + Li,0; 0.72 cath; 34

Li,O +Li,Si0, Below 0.4 35

Li,Si,05 0.4V-0.6

SEl; 0.69 cath 36

Li,SiO, + Li,O 0.15 cath

SEl; 0.72 cath 37

Li,SiO,4 0.32 cath

Table Ill. List of lithiation potentials reported in the literature for the formation of different
products, stemming from SiO, lithiation. Each of the potential values reported on the
second column, correspond to each of the products reported on the first column. “cath”
denote cathodic and “anod” denotes anodic peaks
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