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Models of intercalated Li and its diffusion in Si-Graphene interfaces are investigated using density

functional theory. Results suggest that the presence of interfaces alters the energetics of Li binding

and diffusion significantly compared to bare Si or Graphene surfaces. Our results show that cavities

along reconstructed Si surface provide diffusion paths for Li. Diffusion barriers calculated along

these cavities are significantly lower than penetration barriers to bulk Si. Interaction with Si surface

results in graphene defects, creating Li diffusion paths that are confined along the cavities but have

still lower barrier than in bulk Si.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892829]

The high Li absorption capacity of Si and the prominent

place of Si in modern solid state technology make Si the

focus of intense study for improved anode materials for Li

ion batteries.1,2 Very high volume expansion during lithia-

tion, a cause for subsequent electrochemical degradation dur-

ing repeated cycles, is the major limitation of Si in battery

technology. It has been shown both theoretically and experi-

mentally that this mechanical degradation can be avoided by

using Si particles with sizes on the nanometer scale, mostly

as a porous material formed by embedding in carbon bind-

ers.3–6 However, scalability issues and a large surface area

for unwanted reactions in nano engineered Si particle anode

material have been identified as major stumbling blocks to

mass produced battery technology.7,8 On the other hand, it

has been known for some time that Si micron-sized particles

(hereafter referred to as microparticles) present the possibil-

ity of more affordable yet electro-mechanically sound anode

materials.9,10 Crystalline Si microparticles become amor-

phous and are pulverized into smaller sizes after the first few

cycles. Surrounded by a porous carbon matrix, this combina-

tion retains both Li absorption capacity and good electrical

conductivity for many cycles. A similar strategy has been

reported to result in long cycle life by combining Si micro-

particles with a self healing polymer binder.11 Recently, an

electrode composed of Si microparticles in a matrix made of

graphitic nanoparticles of varying sizes (carbon nano-com-

posite) has been demonstrated to maintain very high specific

capacity for more than 200 cycles.12 The carbon nano-

composite matrix was derived from bio-lignin presenting a

further possibility of reducing the overall price of this

material.

The use of Si microparticles relative to nanoparticles has

an advantage over nano-engineered structures since they are

easier and thus less expensive to manufacture.10 Furthermore,

composite materials that contain Si microparticles have the

potential for higher volumes for Li uptake compared to Si

nanoparticles however the larger format Si centers are fre-

quently reported to degrade within the first few cycles.9

Anode materials based on nano- or micro-composite struc-

tures that combine high specific capacity of Si with a porous

carbon matrix, have been reported to show good capacity

retention and promising electrochemical performance.13 The

disparity in experimental based reports clearly indicates that

electrochemical performance of Si-C composite anodes is

critically linked to the interactions between carbon and sili-

con at the interfaces. A theoretical understanding of Li inter-

calation in these complex materials could provide significant

insight and assist in the development and optimization of the

next generation battery technologies. There is an extensive

list of computational studies on lithiation of Si and graphite,

but most of them focus on Si and graphitic carbons sepa-

rately.14–20 The role of Si-C interfaces in the lithiation

process has been investigated very little except for cases of

Si-Carbide nanotubes.21,22 Si-graphene composites contain

large internal surface areas in many different configurations;

these internal surfaces inevitably play a role in the overall

lithiation and delithiation process. In a recent report, Chou

and Hwang investigated the role of single graphene sheets in

Si-graphene composites and predicted that Li diffusivity near

the graphene sheet to be five times larger than in bulk Li-Si

alloy.23 In this work, we show that Li diffusion paths could

be confined by interface cavities and Graphene defects, but

still offer lower diffusion barriers than that of bulk Si.

In this work, we present a Density Functional Theory

(DFT) based investigation of Li diffusion at Si-graphene

interfaces. Si-graphene composite has a large number of

interface configurations which would require extensive com-

binatorial search to find the configurations that play domi-

nant role in Li diffusion at the interface. However, we

present here energetics of Li intercalation and diffusion for
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carefully chosen few configurations to elucidate their role in

lithiation of Si-graphene composites materials. We focus the

discussion here on the more relevant chemisorption at the

interfaces rather than physisorption featuring larger separa-

tion distances between Si and graphene since physisorption

interfaces have little effect on Li diffusion on Si surfaces or

on graphene.

The ab-initio calculations reported herein were

performed using the DFT method within local density

approximations (LDAs) as implemented in the QUANTUM-

ESPRESSO code.24 The pseudopotential method with a

plane-wave basis set was used to describe the interaction of

electrons with the ionic background. Electronic wave func-

tions were expanded in plane waves up to an energy cutoff

of 400 eV, for which energies of the configurations con-

verged to a less than 0.1% of difference. Predicting ground

states of reconstructed Si surfaces using higher order correc-

tions such as GGA and unrestricted DFT methods have been

discussed extensively in the literature.25,26 These second

order approximations yield ground states that differ from one

another by �0.06 eV (Ref. 26) per dimer, which is an order

of magnitude smaller than the diffusion barriers we present

in this work. In addition, presence of graphene on top affects

the reconstructed Si surface, rendering the much discussed

buckled or symmetric ground states of pristine Si(001) sur-

face unidentifiable. Therefore, we have limited our investiga-

tions to LDA level. Also, effects of van der Waals forces

from graphene on Li diffusion near Si surface are found to

have very little effect (less than 0.1% on energies) when we

added them through van der Waals enabled potentials.

Therefore, our report does not discuss calculations with van

der Waals forces.

First, we reconstructed Si(111) (2� 2) and Si(001)

(2� 4) surfaces using a supercell that contains six atomic

layers. Dangling bonds at bottom layer terminations were

passivated by hydrogen atoms fixed in space. The top layer

is separated by a large distance from the periodic image of

the supercell to minimize finite size effects. The surface

reconstructions we obtained are in agreement with previous

DFT25,27 studies. The Si(001)(2� 4) surface relaxed into

parallel chains of buckled dimers, while we added ad-atoms

for Si(111) (2� 2) surface reconstruction (see Fig. 1). To

model the Si-graphene chemisorption interface, we relaxed a

single layer of graphene parallel to Si surface and then added

two more layers on top of the newly optimized structure, cre-

ating a Si-graphene interface. Size mismatch between the

graphene sheet and lateral size of Si surfaces is corrected by

adjusting the graphene bond lengths by not more than 3%.

Optimizations with these initial conditions result in ripples

or tears in the first layer of graphene after relaxation. The

various relaxed configurations were used to explore the mul-

titude of different structures present in this composite mate-

rial (see Fig. 2). For example, a row of C-C bonds are broken

in graphene and are bound to Si atoms from the surface

dimers on Si(001) surface (see Fig. 2(b)). Other resulting

configurations in the vicinity of this defect could represent

interfaces formed when graphene meets a Si surface at a par-

ticular angle. The interface on Si(111) (2� 2) surface shows

no significant change in graphene, but does cause minor

changes in bond lengths for both C and Si atoms on the sur-

face (see Fig. 2(c)). A common feature in these interfaces is

the formation of long parallel cavities etched to the Si surfa-

ces and topped by graphene. In the case of Si(001) surface,

cavities form in between dimer chains (see Figs. 2(a) and

2(b)). For Si(111) surfaces, rows of ad-atoms provide a foot-

print for the corridors. As mentioned before, physisorption

type interfaces that feature large separation distances

between Si and graphene have little effect on Li diffusion on

Si surfaces or on graphene in our examinations, thus will not

be discussed in this report.

After screening adsorption sites of hydrogen28,29 and

lithium16,30 on Si surfaces as starting configurations, we

identified 5 configurations for Li intercalation in Si-Gr inter-

faces for further optimizations. Some of the adsorption sites

(ad-atom site on Si(111) surface) have been eliminated due

to the addition of graphene layer on top. For Si(001) (2� 4)-

Graphene interfaces that have no tears in the graphene layer,

we identified two Li intercalation sites: one is in the cavity

formed in-between two Si surface dimers (Fig. 2(1)), and the

second one in-between the first two layers of graphene

(Fig. 2(2)). For the Si(001) (2� 4)-Graphene interface that

has tears in graphene, we identified two sites for Li intercala-

tion: one is again in the Si surface cavity right at the inter-

face (Fig. 2(3)) and the second one in the cavity formed by a

graphene defect on top of the Si surface dimers (Fig. 2(4)).

For Si(111) (2� 2)-Graphene interface, we identified only

one Li intercalation site (Fig. 2(5)), which has its origin in

the hydrogen adsorption site on rest-atom of Si(111) surface.

Binding energies of Li at these sites (Table I) have been

calculated by the formula EB¼ ESiGrLi � ESiGr � ELi, where

ESiGrLi is the total energy of the Si-Gr interface with Li inter-

calated, ESiGr is the total energy of Si-Gr interface before Li

is inserted, and ELi is the energy of one Li atom in the same

supercell as the entire system.

Nudged elastic band (NEB) method implemented in the

QUANTUM-ESPRESSO code24 is used to calculate diffu-

sion barriers between equivalent Li intercalation sites.

Climbing image scheme, which maximizes energy of an

image along tangent of the reaction path, is used to ensure

that the transition states are found correctly.

The binding energies and diffusion barriers in this report

are calculated at T ¼ 0 �C. The normal operating tempera-

ture of battery is near room temperature. There are numerous

reports on the effects of temperature on binding energies and
FIG. 1. Reconstructed surfaces of Si(001) (a) and Si(111) (b). Bond lengths

are shown in units of Angstrom.
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diffusion of hydrogen on Si surfaces.31,32 Critical tempera-

ture of disordering for adsorbed hydrogen atom is about

1130K on Si(111) surface,29 while H hopping between

adsorption sites starts at 280 �C.33 So we believe, the binding

energies calculated at room temperature will not differ

significantly from those at room temperature.

Later in the discussion, we will report that highest diffu-

sion barrier for Li in this system is �0.4 eV, which is much

higher than thermal excitations at the operating temperature

(�0.025 eV near room temperature) of batteries, therefore,

only a small fraction (� expð0:4=0:025Þ ¼ 10�7) of attempts

would be successful in surmounting this barrier. However,

the attempt frequency (roughly Debye frequency �1013s�1)

and the density of diffusion sites on the surface result in still

significant transport.

Our calculations model low coverage of Li in the sys-

tem. Binding energies and diffusion barriers are somewhat

reduced when the ion concentration increases.34,35 However,

this low coverage study has very important implications in

battery manufacturing and operation, in particular for initial

formation cycling, of determining the range of operating

voltage for rechargeable batteries.35,36

In the next section, we will discuss energetics and diffu-

sion characteristics of the 5 sites of Li intercalation. We

would like to note again that these configurations are indeed

a small representation of many possible intercalations in the

Si-Graphene interface.

At the interface with the Si(001) surface, configurations

1 and 3 are known as cave sites for Li adsorption on the

reconstructed Si(001) surface in the absence of graphene

overlayers. These are reported to be the preferred sites for

surface penetration into the bulk Si.30 Binding energies of Li

at sites 1 and 3 are �2.76 eV and �2.84 (Table I), respec-

tively, much lower than previously reported binding energies

for these sites at the bare Si(001) surface.30 In the case of

site (1), the topmost Si atoms that are part of the buckled

dimer chains on the Si(001) surface form a bonds to gra-

phene, confining the Li atom intercalated in-between the

dimer chains.

At the interface with Si(001), the starting position of Li

atom on top of a Si rest-atom has resulted in configuration 5,

with binding energy of �3.27 eV (Table I), much lower than

the stable binding site on bare Si(111) surface.30

Binding energies at sites 1, 3, and 5 are significantly

higher in magnitude than the reported binding energies of Li

in bulk Si,19 which is about 1.1 eV depending on Li concen-

tration and the nature of the amorphous Si environment. Site

5 has a binding energy 3.27 eV, higher in magnitude than

even the Si-Si covalent bond energy of 2.72 eV.38

At the intercalation sites between the first and second

layers of graphene, binding energies are �2.5 eV and

�3.77 eV, respectively, for sites 2 and 4 (Table I). Site 4, situ-

ated in the valley formed by the tear in graphene, has a higher

binding energy than in both bulk Si38 and graphite.37,39,40

Diffusion barriers between equivalent Li intercalation sites,

which represent diffusion along the valleys formed at Si-

graphene interfaces, are shown in Table I. Our calculations

show that diffusion barriers along these paths are comparable

to barriers on Si surfaces with similar binding sites: 0.21 eV

for Si(001) and 0.5 eV for Si(111) surfaces. The presence of

graphene also alters diffusion paths slightly, resulting in non-

symmetric reaction transition curves (see Fig. 3). However,

the calculated diffusion barriers are significantly lower than

the barriers to diffusion into both bulk silicon and graphite.

A small number of representative configurations repre-

senting Si-Graphene interfaces have been investigated for

FIG. 2. Si-graphene interfaces with

ripples in graphene on Si(001) surface

(a), tears in graphene on Si(001) sur-

face (b), and graphene on Si(111) sur-

face with ad-atoms (c).

TABLE I. Absorption energy and diffusion barrier for Li intercalation sites

in Si-Graphene interface. See Fig. 2 for site labels.

Site Energy (eV) Barrier (eV) Site
0

1 �2.76 0.41 1
0

2 �2.50 0.10 2
0

3 �2.84 0.21 3
0

4 �3.77 0.15 4
0

5 �3.27 0.41 5
0

Bulk Si19 ��1.1 �0.58

Graphite37 ��2.75 �0.5

Si(001) penetration19 �1.13

Si(111) penetration19 �0.56–1.26 FIG. 3. Diffusion barriers at Si-Graphene interface. The two dashed lines

are for Li diffusion on Si surfaces.
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intercalation of Li. Results suggest that the presence of

chemisorption type interfaces between Si and Graphite alter

energetics of Li binding significantly compared to bare Si or

Graphene surfaces. Some of the sites are energetically more

favorable than sites in bulk Si or graphite. On the other hand,

diffusion barriers calculated along the interface cavities are

lower than the bare Si or graphene surfaces. However, the

calculated diffusion barriers and penetration barriers into the

bulk Si may be lower in high concentration lithiation proc-

esses as pointed out by Kaghazschi.41 Higher binding energy

combined with lower diffusion barriers suggest that binary

interfaces formed in the Si-graphene composite materials

may be playing a role in lithiation/delithiation or relithiation

processes, and 3D structures at nanometer scales such as car-

bon nanotubes may not be the only structure for high per-

forming Li-ion battery technology. Our results broadly agree

with findings of Chou and Hwang,23 which predicted that Li

diffusivity near the graphene sheet to be two dimensional

and five times larger than in bulk Li-Si alloy. In addition, our

results show that interface cavities and Graphene defects

provide additional confinements to Li diffusion paths, but

still offer lower diffusion barriers than in the bulk Si. The

rate performance and intercalation related stresses are

directly related to the diffusion and distribution of Li-ions

within the active material and interfaces. A typical engineer-

ing solution is to circumvent the issues associated with poor

transport dynamics by incorporating nano-materials in lieu

of micron scale particles thereby minimize the solid state

diffusion length. We have shown that defect sites within

Si/graphene interfaces result in energetics that are more

favorable for high performance Li-ion battery technology.

Therefore, we expect that the manufacturing of Si-carbon

composites with abundant “special” interfaces will enhance

the electrochemical performance and cyclic stability of the

high capacity Si-C anode. This study reveals an alternative

to nano-silicon architectures and indicates that micro-

structural optimization of nano-crystalline carbon on pristine

crystalline Si will maximize the occurrence of these special

sites and is a prospective route to bulk composite anodes

with nano-material enabled performance.
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