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Abstract: The incorporation of Sil6 nanoclusters into the pores of pillared graphene on the base of
single-walled carbon nanotubes (SWCNTs) significantly improved its properties as anode material of
Li-ion batteries. Quantum-chemical calculation of the silicon-filled pillared graphene efficiency found
(I) the optimal mass fraction of silicon (Si)providing maximum anode capacity; (II) the optimal Li: C
and Li: Si ratios, when a smaller number of C and Si atoms captured more amount of Li ions; and (III)
the conditions of the most energetically favorable delithiation process. For 2D-pillared graphene with
a sheet spacing of 2-3 nm and SWCNTs distance of ~5 nm the best silicon concentration in pores was
~13-18 wt.%. In this case the value of achieved capacity exceeded the graphite anode one by 400%.
Increasing of silicon mass fraction to 35-44% or more leads to a decrease in the anode capacity and to
a risk of pillared graphene destruction. It is predicted that this study will provide useful information
for the design of hybrid silicon-carbon anodes for efficient next-generation Li-ion batteries.
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1. Introduction

Silicon-based materials are considered as one of the most potential anode materials for LIB because
of their high theoretical capacity of 4200 mAh-g~!, for Li4.4Si [1-10]. There are various types of Li-Si
intermetallic states. Each of the Li-Si phases has a corresponding capacity, for example, Lil.715i
(1632 mAh-g™1), Li2.33Si (2224 mAh-g~!), Li3.25Si (3100 mAh-g~!). The applicability of particular
intermetallic Li-Si states as a LIB anode is determined by the smallest volume change during the
lithiation/delithiation process [11]. The phases Lil.71Si, Li2.335i, Li3.25Si are applicable to both the
crystalline and amorphous forms of silicon (monocrystalline and polycrystalline). In amorphous form,
silicon can also form other intermetallic states, such as Li3.385i [12]. The disadvantage of the silicon
anode material is its instability caused by significant change in volume that mayincrease to 300%
during the process of lithiation/delithiation. This leads to mechanical destruction, and consequently,
to a decrease in capacity, electrical conductivity, and to the formation of SEI—solid electrolyte
interphase [13-15]. This problem can be solved by application of the so-called buffer electroconductive
frame that can ensure the stability of the anode material volume. At the same time the buffer frame must
have high mechanical strength, low resistivity, scalability, and high porosity [16-20]. As a material for
such buffer frame it can be used a pillared graphene—hybrid carbon material on the base of monolayer
graphene covalently bonded to vertically oriented SWCNTs [21-28]. A particular feature of the pillared
graphene atomic structure is high porosity. The pillared graphene has a highly developed surface
that allows to fill its pores with atoms of various chemical elements. It is already used for storing
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atomic gases and lithium ions [29] and serves as the basis for effective gas filter membranes [30,31].
The theoretical study of pillared graphene as anode material is required for the search of an effective
silicon concentration in pores.

This work is devoted to a quantum-chemical study of the lithiation/delithiation process in films of
pillared graphene filled with silicon clusters in order to evaluate the effectiveness of its application as a
buffer frame of LIB anode material.

2. Materials and Methods

To form stable, energy-efficient atomic supercells of 2D pillared graphene without and with silicon
clusters in its pores, the SCC-DFTB (the self-consistent charge density functional tight-binding) method
was applied [32]. This method allows calculating the energy and electronic characteristics of structures
with supercells consisting of several hundred and even thousands of atoms. This method has been
successfully implemented in the software packages dftb+ [33] and Kvazar-Mizar [34].

For quantum-chemical study of the lithiation process, molecular dynamics (MD) with the
reactive force-field ReaxFF [12] was implemented in the LAMMPS program [35]. Previously, this
force field was successfully applied to establish the relationship between the LIB durability and the
rate of lithiation/delithiation in the LIB with anode material on the base of silicon, silicon dioxide,
and alumina [36-38]. The modified ReaxFF force field [39] allowedto describe the mechanism of Li
ions interaction in ideal and defective carbon materials. Also, simulation of the lithiation process of
Si and Si-C materials by the modified ReaxFF force field made possible the design of the new anode
material with the capacity of 1345 mAh-g~! [40]. The application of this force field was caused by the
large number of atoms in the supercell and by the necessity in molecular dynamics. The limitation of
the SCC DFTB method and the ReaxFF force field is absent of parameterizations for wide group of
atoms, but at the present time this problem is being actively solved [41-43]. In this work, the time step
was 0.5 fs, the temperature of 300 K was maintained by a Nose-Hoover thermostat with a damping
parameter of 0.01 fs~!.

For simulation of delithiation process and for evaluation of its efficiency, the profile of the potential
barrier of lithium atom elimination from the carbon frame and silicon clusters was calculated. It also
allowed to find the binding energy. It was realized by the high-precision DFT method in the Quantum
Espresso 6.5 software package [44]. Since the DFT method is the most resource-consuming and
calculation by this method is limited by a hundred of atoms, we used only parts of the considered
supercells. In the frame of DFT, the BFGS method (Broyden-Fletcher-Goldfarb-Shanno) and the
25 x 25 x 1 Monkhorst-Pack sampling was applied.

3. Results and Discussion

3.1. Atomistic Models

The atomistic model of pillared graphene represents two sheets of monolayer graphene with
SWCNTs (9,9) of 1.2 nm in diameter between them. These tubes were chosen for two reasons: (1) The
tubes of this diameter are being synthesized most often; (2) earlier it was shown that the pillared
graphene with tubes (9,9) is the most energetically favorable [45]. Two models that differ in the height
of the tubes were built (Figure 1). Figure 1a,b shows the supercells of the model I containing 2760 atoms,
Figure 1c shows the supercell of model II with 2976 atoms. The translation vectors of the supercells
were 49.3 A in the X direction and 42.6 A in the Y direction. During the building of the pillared
grapheme supercell the nanotube with open edges was chemically bonded to the graphene sheet that
had the cut hole corresponding to the diameter of the attached CNT. The resulting structure matched
with experimental data on pillared graphene [46]. The heat of formation of the pillared grapheme
supercells was 1.2-142 kcal-mol~!-atom regardless of the CNTs length. Six pairs of penta/heptagons,
as well as three octagons, were formed in the graphene-SWCNT contact region.
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(d)

Figure 1. Pillared graphene: (a) supercell of model I—with short tube; (b) view from above; (c) supercell

of model II—with long tube; (d) supercell of model I with silicon clusters Si16 (purple color).

Further, the pores of the pillared graphene were filled with Si16 clusters. As was shown earlier,
these clusters had the highest stability among silicon ones [47,48]. Such anode samples have been
already synthesized in the world. For example in [46] real samples of carbon-silicon composite
on the base of monolayer pillared graphene were obtained by the method of single-stage chemical
vapor deposition (CVD) with the incorporation of precursor gases mixture (H2, C2H4). The layer
of amorphous silicon was added to already grown 3D-carbon nanostructure by deposition and
evaporation.The pores of pillared graphene were filled with Sil6 clusters randomly with the condition
that the distance between the clusters and pillared graphene would be at least 3.5-3.6 A. The number
of clusters varied from 5 to 59. After optimization of the supercell with silicon the distance between the
carbon framework and silicon clusters was ~3.3 A. Here, the clusters changed their position in the pores.
The clusters are located homogeneously, partially “stuck” at the area of the junction between SWCNTs
and graphene near non-hexagonal elements, while the rest was “stuck” at the walls of SWCNTs.
There are no clusters inside the tubes. Encapsulation of silicon clusters inside tubes is energetically
unfavorable; therefore, filling was observed only in the pores of pillared graphene. Figure 1d shows
the supercell with five silicon clusters.

3.2. Lithiation

Evaluation of the anode efficiency is related to its capacity and the formation of the SEI layer.
This work does not discuss the formation of the SEI layer, however, in the experimental works [46,49],
where similar topologies of carbon and carbon-silicon anodes were studied, the formation of an SEI
layer was observed in the first charge/discharge cycles. During subsequent cycling the anode capacity
is reduced by 8% (10 cycles for the carbon-silicon anode) and by 0.74% (5 cycles for the carbon anode).
We assume that the formation of the SEI layer at the interface of the studied anode will have a similar
character because of the similarity of the anode material. To evaluate the efficiency of the anode
material (excluding the SEI) we have successively performed numerical experiments on the lithiation
of the composite with various amounts of silicon clusters in the pores of the pillared graphene. To find
the optimal concentration of the silicon mass fraction in the LIB anode material, which would ensure
the maximum capacity, we considered the filling of the carbon frame with Sil6 clusters in amount
of 5 to 59. For the model I (Figure 1a), this filling corresponded to the range 6.34-44.5wt.% silicon of
the total mass, for model II (Figure 1c)—to the range of 5.9-42.6 wt.%. Each numerical experiment of
lithiation with a different mass fraction of silicon in the composite was performed according to the
following algorithm. At the first stage, the composite with a certain number of silicon clusters was
completely filled with positively charged lithium ions according to the rule—the distance between
the framework and the neighboring lithium ion should be at least 3.2A.By the LAMMPS software
package we removed one electron from lithium atoms to form lithium ions. The required number of
electrons was transferred to the carbon-silicon frame so that the total charge was zero. In the second
step the supercell was optimized by the molecular dynamics method. At the third stage, the capacity
of the composite was calculated. The capacity was calculated based on the amount of lithium ions
that interact with silicon and carbon. Further, according to the Faraday principle [50], the capacities
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of Li-Si and Li-C were calculated separately, and then their capacities were summed on the basis of
their mass fractions. This approach was applied in [12], where it was studied the intercalation of
lithium into a layer of silicon and silicon oxide “wrapped” in a carbon framework that could retain the
silicon volume.

The following electrochemical reactions in the anode were studied:

3C +xLit +xe” < LixCs 1)

Si+xLiT +xe” e LixSi (0< x >4.4) ()

Figure 2a demonstrates the first step of the algorithm at the example of model I, where there are
only five silicon clusters of Sil6 in the composite pores (purple color) and the entire free space of the
pores is filled with lithium ions (green color). The number of lithium ions incorporated into the cell
was corresponded to maximal Li-Si and Li-C bond to assess the capacity of the anode. A numerical
experiment in this case showed that lithium ions “settled” on the carbon frame and on the silicon atoms.
Here, the carbon frame demonstrated mechanical stability, while silicon clusters did not. Si16 clusters
lost their initial shape and, in some cases, lost their chemical bond with the carbon framework. When
the chemical bond is lost, there is no electronic contact either, this is due to the low concentration of
silicon clusters. Figure 2b clearly shows that a layer or several layers of lithium have been appeared
between silicon and carbon. In this case, the capacity was 1378.6 mAh-g~! that exceeds such value for
the graphite anode (372 mAh-g~!) [51].

(b)

Figure 2. Lithiation of anode material on the example of model I with five Sil6 clusters: (a) initial

configuration; (b) result of numerical simulation.

Some other cases of filling composite pores with silicon clusters are shown in Figure 3. There are
atomic structures of model I with 18 5i16 clusters (Figure 3a), 36 Sil6 clusters (Figure 3b), and 59 Si16
clusters (Figure 3c) obtained by numerical simulation of supercells lithiation. It is clearly seen that
when the filling of pores with silicon reached maximum, the carbon frame was strongly deformed,
but did not destruct. On the base of numerical simulation we can conclude that the maximum mass
fraction of silicon has been reached. At the same time, the carbon frame seemed to “compensate” the
dramatic increase in the volume of the anode material. A further increase in the mass fraction of silicon
would inevitably lead to the destruction of the carbon frame and to an uncontrolled increase in the
volume of the anode material. For the case (c) of Figure 3 the lithium ions covered only the surface
of the silicon clusters. Clusters that fill all the pores of the carbon frame prevented intercalation of
lithium ions.
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Figure 3. Lithiation of anode material on the example of model I with: (a) with 18 clusters of Sil6;
(b) with 36 clusters of Sil6; (c) with 59 clusters of Sil6.

Detailed data on all numerical experiments for model I with different mass fractions of silicon are
presented in Table 1 that shows the number of lithium ions and silicon atoms, Sil6 clusters, the mass
fraction of silicon, and such important parameters for the anode material as the ratio between lithium,
carbon, and silicon atoms, as well as the capacity of the anode. The Li:C and Li:Si ratios show how
lithium was distributed on the surfaces of the carbon frame pores and the silicon clusters. For model
1, the maximum number of lithium ions intercalated when the pores contain 5, 8, 11 silicon clusters.
The coordination ratio was 1:2, i.e., every 2 carbon atoms imbibes 1 ion of lithium on average. As the
mass fraction of silicon increases, this ratio changes for the worse. Two lithium ions can only bind
to 5 carbon atoms, and in the case of a maximum concentration of silicon, they can bind only to 9
carbon atoms. A similar situation was observed for silicon. Maximum lithium adsorption, when each
silicon atom imbibes 4 lithium ions, occurred only when amount of Si clusters was 5 and 8. In this case,
the clusters had the largest surface for contact with lithium. As the mass fraction of silicon increased,
the cluster structure was transformed and the surface in contact with lithium decreased. From Table 1
it is seen that at 13-20 wt.% each silicon atom imbibed 2 lithium ions, at 32.8 wt.%—only one lithium
ion, and then less than one. Analyzing the simultaneous changes in the Li:C and Li:Si ratios with an
increase in the mass fraction of silicon, we can already assume that composites with a silicon fraction
of ~6-20 wt.% is the most effective. Note that the rest of the lithium ions, which are not adsorbed on
either carbon or silicon, filled the free volume of pores. On the other hand, another important indicator
of performance is capacity. As mentioned above, the anode capacity was calculated according to the
Faraday principle. For example, for the case of 9.8 wt.% (1403.4 mAh-g~!, model I), the capacity of
Li-Si was ~2724.5 mAh-g~!, but we had 9.8% of that capacity, that is, 267 mAh-g~!. Pillared graphene
contributed most of the capacity (~1136.4 mAh-g1). It is known that the theoretical capacities of
graphene and CNTs are the same and equal to 1116 mAh-g ™! [52], respectively, pillared graphene of any
form and topology must have the same capacity. In our work, we obtained a pure pillared graphene
capacity of about 1136.4mAh-g~! (1.88% error with a theoretical capacity). Numerical experiments
found that for the model I the biggest capacity values were reached at 9.8-13 wt.% of silicon, and
maximum capacity equaled to 1507.7 mAh-g~! (Table 1). The smallest capacity value of 922.4 mAh-g~!
was found in the case of the maximum concentration of silicon—44.5 wt.%. Indeed, this capacity
value is even less than the capacity of pristine graphene. It can be explained by the fact that a large
amount of silicon “screens” lithium, whose ions can be intercalated only on the surface of silicon
clusters and on some free areas of pillared graphene (Figure 3c). Comparison with other types of
carbon frameworks based on graphene and CNT shows the advantages of using a pillared graphene
as an anode material due to mechanical strength and porosity of the atomic mesh. For example, [12]
specified the capacity value equal to 1147 mAh-g~! for the case of a cell with a wrapped graphene
sheet. During intercalation of lithium ions, the graphene sheet opened under the action of silicon that
increased its volume. Application of large-diameter CNT as a frame with silicon located inside the
tube resulted the capacity at the level of 1374 mAh-g~1.
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Table 1. Parameters of model I as the battery anode material.

Total Number of
Number of Silicon The Mass Capacity of
Atoms in Atoms in Number of Fraction of Li: Li: PIijllareyd Capacity of Intermetallic Capacity of
the the Lithium Silicon C Si  Graphene SiClusters, Phase of Electrode,
Supercell Supercell  Ionsin the W% ! Ratio Ratio m AI;r 1 mAh-g-1 Lix.xSi mAh-g-1
of the (Si16 Supercell : 8
Composite Cluster)
5544 80 (5) 2704 6.3 1:2 4:1 1142.1 236.5 3.94 1378.6
5583 128 (8) 2695 9.8 1:2 4:1 1136.4 267 2.86 1403.4
5581 176 (11) 2645 13.0 1:2 2:1 1140.2 367.5 2.96 1507.7
5289 288 (18) 2241 20.0 2:5 2:1 1137.7 215.5 1.13 1353.2
5387 576 (36) 2046 32.8 2:5 1:1 1131.4 201.5 0.64 1332.9
5398 672 (42) 1966 36.3 2:5 3:4 1012 204,5 0.59 1216.5
5129 944 (59) 1419 445 2:9 1:2 796.2 126.2 0.3 9224

As the Table 1, Table 2 provides detailed information for models II with different mass fraction of
silicon. Reasoning similarly to model I, we can conclude that composites with the silicon fraction of
~9-18.4 wt.% would be the most effective. In this range, the simultaneous change in the Li:C and Li:Si
ratios provides the biggest capture of lithium ions by carbon and silicon atoms. The optimal mass
fraction of silicon is ~12-18.4 wt.%, since the maximum capacity values were observed in this case.
Figure 4 shows the change in the capacity of a battery based on the composite versus the mass fraction
of silicon. The optimal mass fraction of silicon for both models of the composite was in the range of
12-18 wt.%. It can be seen from the graphs in Figure 4 that when the mass fraction of silicon reaches
30wt.% and continues to increase, the capacity begins to decrease rapidly that drops battery efficiency.
It is also confirmed by the data in the table for the Li:C and Li:Si ratios. Mass fraction of ~30 wt.% is
critical; in this case the number of imbibed lithium ions by carbon and silicon sharply decreases.

Table 2. Parameters of model II as the battery anode material.

Total Number of
Number of Silicon The Mass Capacity of
Atoms in Atoms in Nu.ml?er of  poctionof LiC LisSi Pillared Capacity of Intermetallic Capacity of
the the Lithium e . . Si Clusters, Phase of Electrode,
. Silicon, Ratio Ratio Graphene, 1 coas _
Supercell Supercell Ions in the WE Ahg-1 mAh-g LixSi mAh-g1
of the (Si16 Supercell -7 mAh-g
Composite Cluster)
6671 80 (5) 3615 59 1:2 5:1 1138.8 193.9 3.44 1332.7
6675 128 (8) 3571 9.1 2:3 4:1 1136.1 217.5 2.50 1353.6
6707 176 (11) 3555 12.1 2:3 4:1 1134.2 299.7 2.59 1433.9
6725 288 (18) 3461 18.4 2:3 3:1 1134.5 334.1 1.90 1468.6
6808 576 (36) 3256 31.2 2:3 3:2 1131.9 2254 0.76 1357.3
6833 672 (42) 3185 34.6 1:2 3:2 1052.2 238.9 0.72 12911
6884 944 (59) 2964 42.6 1:2 11 954 180.7 0.44 1134.7
16001
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Figure 4. Change of the capacity vs. the concentration of silicon in the anode.
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3.3. Delithiation

The study of the delithiation process was focused on the determination of the binding energy
between the lithium ion and the components of the anode material composite. Therefore, we calculated
the profiles of the potential barrier for the detachment of the lithium ion via high-precision DFT
method. Since the supercell of the composite contained several hundred atoms, it was built several
cells containing a single lithium ion and a fragment of the composite: graphene, nanotube (9,9), and a
silicon cluster. During the interaction between a lithium ion and a composite fragment the equilibrium
structure of such compound was revealed by optimization of the supercell atomic structure. For the
graphene-Li cell, the Monkhorst-Pack partition was 25x25x1, for the SWCNT-cell—1x1x65 and for
the Si-Li cell—10x10x10. Then the lithium ion was moved away from the composite fragment to the
distance of 10 A with a step of 0.5 A. At each step the cell energy and the binding energy between
lithium and each of the composite fragments were calculated. Figure 5 shows the graphs of binding
energy. Thee limination of the Li atom from the outer surface of the nanotube required the least amount
of energy, about 0.544 eV, while the lithium ion interacted with three atoms of the tube. These results
correspond to [53] where the binding energy between tube (9,9) and lithium ion was in the range of
0.5-0.6 eV. The binding energy of lithium and graphene was bigger and equaled to 1.09 eV, while the
lithium ion interacted with six graphene atoms. This value is equal to twice the value of the binding
energy between lithium and the SWCNT. The highest binding energy was found for the interaction of
lithium with silicon and silicon clusters: for Li-Si and Li-Sil6 compounds it was equaled to 1.78 eV and
1.92 eV, respectively. The obtained results are in good agreement with the works [54,55]. Thus, the most
energy-consuming process is the elimination of lithium from silicon structures.

2.1761

1.905- R ———

1.6321 — fé::_hLeine-Li
R -
o] 1.0881

0.8164

0.544+

0.2724

0 12 3 4 5 6 7 8 9 10
Detachment of a Li atom, A

Figure 5. Binding energy if Li atom with components of the anode material.

4. Conclusions

Quantum-chemical calculation search of the most effective anode material on the base of
silicon-filled pillared graphene was performed. The search was carried out of several positions:
(I) the optimal mass fraction of silicon (Si) providing maximum anode capacity, (II) the optimal Li:C
and Li:Si ratios, when a smaller number of C and Si atoms imbibed more amount of Li ions, and (III)
the conditions of the most energetically favorable delithiation process. It was found that for 2D-pillared
graphene with sheets distance of 2-3 nm and step between SWCNTs ~5 nm the optimal concentration
of silicon in the composite’s pores was ~13-18 wt.%. Under such conditions the achieved capacity
was ~1500 mAh-g~!. For such a small mass fraction of silicon, the amount of lithium intercalated into
silicon was ~27% of the lithium captured by the carbon cage for model I and ~45% for model II.

In general, according to our calculations, an increase in the volume of pillared grapheme pores
did not lead to an improvement in the quality of the anode material. For the first model with short
SWCNT, the maximum capacity was 10% higher in comparison to the second model with long SWCNT.
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The first model is also supported by the significantly lower mass fraction of silicon (13 wt.%) and
the small fraction of the imbibed lithium ions. This is very important for the process of delithiation,
since, as was shown Section 3.3, the most energy-consuming is the detachment of lithium from silicon,
and the most favorable is the detachment from the SWCNT. Successful elimination of the largest
number of lithium ions from the anode material will ensure the battery’s durability and a large number
of charging/discharging cycles. The advantages of the first model are explained by the fact that the
main role in lithiation process is played by the surface rather than by the volume of pillared grapheme
pores, as for any porous material.

The capacity of the considered in this paper anode material is higher by 400% in comparison to
the widely used graphite anode. This allows to predict great prospects for the application of the anode
material based on the composite of pillared graphene and silicon in modern and future batteries.
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