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Lithium Intercalation Edge Effects and Doping Implications for
Graphite Anodes

Chao Peng,®%* Michael P. Mercer,>%* Chris-Kriton Skylaris® and Denis Kramer*ade

The interface between the electrolyte and graphite anodes plays an important role for lithium (Li) intercalation and has
significant impact on the charging/discharging performance of Lithium-lon Batteries (LIBs). However, atomistic under-
standing of interface effects that would allow the interface to be rationally optimized for application needs is largely missing.
Here we comprehensively study the energetics of Li intercalation near the main non-basal surfaces of graphite, namely the
armchair and zigzag edges. We find that edge sites at both surfaces bind Li more strongly than in the bulk of graphite.
Therefore, lithiation of these sites is expected to proceed at higher voltages than in the bulk. Furthermore, this effect is
significantly more pronounced at the zigzag edge compared to the armchair edge due to its unique electronic structure. The
“peculiar” topologically stabilized electronic surface state found at zigzag edges strongly interacts with Li; thereby changing
Li diffusion behavior at the surface as well. Finally, we investigate boron (B)/nitrogen (N) doping as a promising strategy to
tune the Li intercalation behavior at both edge systems, which could lead to enhanced intercalation kinetics in B/N doped

graphite anodes.

Introduction

Due to the significant progress of lithium-ion batteries (LIBs)
over the past decades, commercial LIBs are widely applied in
electric devices and stand to revolutionise the automotive
industry.1®* However, while research has produced a variety of
viable positive electrode materials, graphite remains the most
often employed negative electrode material, because of high
capacity, long cycle life, low operating voltage and improved
safety.

The use of graphite as negative electrode for rechargeable
electrochemical power sources was already suggested by
Rudorff and Hofmann in 19387 and first commercially
introduced by Sony in 1991.8 The lithiation of graphite leads to
the formation of a series of graphite intercalation compounds
(GICs), of lithium
containing and unoccupied layers in the basal plane of the
hexagonal graphite lattice. The “stage” index n (i.e., the number
of graphite layers between adjacent intercalated layers such as
stage | (LiCg) and Il (LiC4,))*10 is usually used to denote different
GICs. Furthermore, different stages show different kinds of
carbon stacking. Prior to lithiation, graphite shows an AB
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hexagonal stacking, while fully lithiated graphite (LiCs) shows an
AA stacking where Li occupies sites in between the carbon
planes above the center of hexagons (see Figure 51).21112 The
Li migration behaviour plays a significant role in the staged
(de)lithiation of graphite and is a key factor determining the
rate capabilities of LIBs and thus has been widely studied.12-15

Lithium diffusion in LIBs is important for battery
performance. Using a Devanathan-Stachurski cell and First
Principles calculations, Persson et al. quantified the Li diffusion
coefficient in highly oriented pyrolytic graphite (HOPG). They
found that Li prefers to diffuse in between graphene layers
rather than along the grain boundaries or in the direction
perpendicular to the graphene sheets.2® This trend is valid for
all Li concentrations: a much higher diffusion barrier (around 8
eV) exists for Li across the graphene layers than along the (001)
graphene plane (below 0.5 eV).'” However, the Li diffusion
coefficient was found to be sensitive to the interlayer spacing at
dilute Li concentrations, while at high Li content the in-plane Li-
Li interactions appear dominant.18

Interestingly, theoretical calculations suggest that Li
diffusion is very fast in bulk graphite and only moderately
decreases with increasing Li concentration.18-20 However, this is
inconsistent with the reported wide range of effective Li
diffusivities (107 ~10"1* cm?/s) obtained experimentally.21-23
While the wide range of experimentally reported effective
diffusion coefficients is likely to be related to the high
anisotropy of the layered material,?2 a deeper understanding of
the intercalation behaviour is nonetheless desirable in order to
rationally optimize graphite electrodes for high rate
applications, especially at low temperatures where the
necessary large overpotentials increase the risk of Li plating.242>
Besides, understanding of the Li diffusion behaviour, not only in
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Figure 1. Geometrical structures of graphite edges for zigzag-edged graphite (a) and armchair-edged graphite (b). Periodic boundary conditions
were applied in all three directions. (c) is the profile of Li adsorption energies as a function of distance from the edge towards the bulk of

graphite. (d) illustrates the spin densities in
the bulk but also across the interface between electrolyte and
electrode, is fundamental to rationally enhance
charge/discharge rates and mitigate the risk of Li plating.
However, the field has so far focused on bulk mobility,16:19.20,26
and the interfaces have attracted relatively little attention,
especially at the atomistic level.

Here we investigate the energetics of Li intercalation close
to the non-basal edges of graphite, which is markedly different
from the bulk due to geometric as well as subtle electronic
effects. As Li has to diffuse through these edges due to the
prohibitive diffusion barrier across the graphene layers, the Li
intercalation behaviour is likely to be influenced by these edge
effects.?”28¢ Nonetheless, the consideration of edge effects is
largely missing in the literature to the best of our knowledge,
with rather more work focusing on Li adsorption at the basal
plane,?>31 which is of less relevance for intercalation into
graphite than the edge sites. Furthermore, there are currently
no widely accepted guidelines for designing carbon-based
electrode architectures for lithium ion batteries, especially for
high-power applications. In contrast, well-controlled structure
and performance-oriented design of cathode materials has
recently been explored.3?33 Therefore, in a first step towards an
atomistic understanding of Li intercalation into graphite beyond
the bulk, we quantify here the effect of graphite edges on Li
diffusion properties and outline possible materials design
strategies to increase the rate performance of graphite.

2. Computational details

Theoretical Method. We performed spin-polarized Density-
Functional-Theory (DFT) calculations using the Vienna Ab-Initio
Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation has
been used throughout.343¢ The projector-augmented wave
method was used to represent the core electrons.37:38 The
valence electronic states were expanded in plane-wave basis
sets with cutoff energies of 450 eV. The climbing-image nudged
elastic band (NEB) method was employed to search for the
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zigzag-edged  graphite.

The iso-surface value is 0.0002 e/A3.

transition states of the migration processes, with five images
considered between the initial and final state. 3240 In all cases,
the saddle point is characterised by Li located on the border
between two hexagons. The force convergence criterion in
structural optimization was set to be 0.03 eV/A. We used a k-
mesh of (8x8x8) to optimize the geometry of bulk graphite. For
the armchair-edged system, a k-mesh of (2x3x1) was used to
sample in Brillouin zone, while a k-mesh of (1x2x1) was used in
the zigzag-edged system. For density of states calculations, a
(4x6x1) k-point mesh was used. The DFT-D3 method was
employed to describe Van der Waals interactions,*>4? which
yields relaxed geometries consistent with experimental lattice
constants of pristine graphite (see Table S1).77

Structural Model. Slabs were cut from fully relaxed bulk
graphite with an AA stacking to construct periodic models of the
armchair and zigzag edges (see Figure 1, a and b). Specifically, a
p(2x4) hydrogen-terminated armchair-edged graphite (a= 13.76
A,b=853A, c=27.25A; a= = y= 90°) and a p(4x4) hydrogen-
terminated zigzag-edged graphite (a= 13.76 A, b =9.86 A, c =
46.98 A; a= B= y= 90°) with four graphene layers per unitcell
were constructed, respectively. A vacuum layer of 10 A was
used to minimise interactions between periodic images as
shown in Figure S2. Periodic boundary conditions were applied
in all 3 directions. All atoms were relaxed during geometrical
optimization, while the simulation cell was kept at a geometry
commensurate with the fully relaxed bulk.

Adsorption Energies. The adsorption energy of Li is defined
as

Eaas = E(LI|G) —{E(G) + E(LD)} (1)

where E(Li|G), E(G) and E(Li) represent the total energy of
graphite slab containing one Li atom, the equivalent pristine
graphite slab with AA stacking and bulk bcc metallic lithium,
respectively. We also constructed different sizes of supercells to
calculate the adsorption energies of Li in the center of the slabs,
as defined in equation (1), to confirm that the Li adsorption
energies are consistent with bulk graphite in AA stacking (see
Supporting Information).

This journal is © The Royal Society of Chemistry 20xx
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3. Results and discussion
3.1 Li adsorption in edged graphite

When Li intercalates in graphite, there are three possible sites
for Li adsorption in-between graphene layers, namely the top,
bridge and hollow sites (see Figure S3). The hollow site is the
most stable site for Li adsorption with a bulk adsorption energy
of -0.26 eV relative to metallic Li, consistent with other
reports.17#3 It is much lower than Li adsorption at the bridge site
(0.20 eV) and the top site (0.19 eV). Therefore, we focus on the
hollow sites as the adsorption site for Li.

Figure 1c shows Li adsorption energies from the edge to the
bulk in both armchair-edged and zigzag-edged graphite. In the
armchair system, the adsorption energy of Li is the largest (i.e.,
most negative site energy) at the edge site (-0.38 eV) and then
decreases rapidly to -0.24 eV in the first sub-surface site,
effectively approaching the bulk value of -0.26 eV. The armchair
edge, therefore, provides a beneficial Li adsorption site directly
at the edge with an 0.14 eV larger adsorption energy relative to
bulk graphite.

The Li adsorption energetics near the zigzag edge are
markedly different. Li is strongly stabilized near the zigzag edge:
the adsorption energy in the edge site is -0.66 eV, almost 0.3 eV
larger in magnitude than that calculated for the armchair edge
and 0.4 eV larger than in the bulk. Interestingly, surface effects
at the zigzag edge are not only stronger, they also penetrate
much deeper into the bulk than the edge effects at the armchair
edge. Li adsorption energies decease in magnitude from the
edge to the bulk more gradually than for the armchair edge,
with bulk-like properties reached only in the fifth or sixth sub-
surface site.

(a) Ammchair edge (c) Zigzag edge 5 c2p,

Before Li adserption

(@) : '-l-.z:

v i

After Li adsorption

Figure 2. Local density of states (LDOSs) and charge difference of Li
adsorption at armchair and zigzag edges. (a) and (b) are LDOSs of
edge carbons at armchair edges before and after Li adsorption. LDOSs
are projected on the first carbon hexagons at the armchair and zigzag
edges. (e) ~ (g) and (h) ~ (j) are charge differences of Li adsorption at
the edge site, sub-surface site and the bulk site relative to pristine
graphite in armchair-edged and zigzag-edged systems, respectively.
The iso-surface value is 0.001 e/A3.

This journal is © The Royal Society of Chemistry 20xx
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Comparing the spin densities of these two systems provides
further insights. The zigzag edge shows a completely different
spin density distribution compared to the armchair edge (see
Figure 1 a and b). Unpaired electrons accumulate on the carbon
atoms of the zigzag edge. The character of these states is
dominated by p, orbitals perpendicular to the carbon basal
plane. The amplitude of this topological surface state gradually
diminishes over a few bond distances beneath the surface (see
Figure 1d), which is in agreement with other reports.***> It is
this surface state that interacts with Li at the zigzag edge.

Figure 2 shows the local density of states (LDOSs) projected
on the first layer of carbon hexagons near the armchair edge
and zigzag edge, respectively. The armchair edge has the same
semi-metallic character that characterizes the bulk: the DOS
nearly decreases to zero at the Fermi energy while it shows
significant contribution from the valence and conduction bands
dominated by C 2p orbitals. The excess electron due to Li
adsorption induces a slight shift of Fermi energy to higher
energies, but not a qualitative change of the DOS character.
Furthermore, the main peak of the Li 2s orbital occurs at a very
high energy level (about 6 eV above the Fermi level as shown in
Figure S4), although there is also a weaker broad feature with Li
2s character below the Fermi level. In addition, Bader charge
analysis shows Li possessing a charge of +1]|e|. This indicates a
largely ionic character of the bonding between Li and adjacent
carbons with some limited covalency.

The charge differences of Li adsorption on the edge sites and
sites near the edge are shown at the bottom of Figure 2. In the
armchair system, electron-transfer to the adjacent carbon
atoms is similarly localised at the edge and sub-surface sites.
But relative to the sub-surface sites, Li adsorption at the edge
site results in a slightly larger charge transfer to the surrounding
carbon atoms. This might explain the slightly increasing
adsorption energy at the edge site, while the sub-surface sites
effectively show bulk behaviour.

In the zigzag-edged system, the valence band and
conduction band are also dominated by C 2p orbitals at the
zigzag edge (see Figure 2 c and d). However, an additional state
with p, orbital character crosses the Fermi level according to the
LDOSs in Figure 2c. This “peculiar” C surface state is a
consequence of the zigzag topology as has been shown
theoretically before for unsaturated graphite sheets.?”%¢ That
the same electronic state is observed here already indicates
that it is relatively insensitive to the nature of the surface
termination (as we have used a H terminated model). Hydrogen
termination is attractive for theoretical studies because the
formed c-bond does not interact with the C p, manifold,?84447
but other surface terminations are likely to exist on the solid
side of the solid electrolyte interphase (SEI).*34° It has been
found that removing all oxygen functionality from the surface
leads to unstable SEI formation.*® Practical graphitic electrodes,
therefore, likely show some functionalisation with oxygenated
surface groups. Therefore, we also briefly explored other
terminations such as hydroxyl groups (OH) and fluorine (F) to
verify the relevance of conclusions from of our simple H-
terminated model for battery applications. The topological
surface state is also observed across the Fermi level with OH and

J. Name., 2013, 00, 1-3 | 3
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F terminated zigzag-edged graphite (see Figure S5). The
concrete chemical nature of the o-bonded, terminating groups,
therefore, does not qualitatively change the phenomena.

Li adsorption also leads to a shift of the Fermi level to higher
energies in the zigzag edged system. However, in contrast to the
Fermi level shift after Li adsorption in the armchair system (0.14
eV), here the Fermi level only shifts by 0.06 eV because of the
significant density of states due to the surface state around the
Fermi level. The Li 2s projected DOS is very similar to that seen
near the armchair edge with the main peak again appearing
above the Fermi level, showing a similar ionic bonding character
(see Figure S4b).

However, the character of the surface state changes
markedly at the zigzag edge as can be seen by comparing the p,-
projected LDOSs in Figure 2c and d, respectively. The peak at
0.6 eV becomes sharper, while the band at -0.5 eV broadens.
This suggests some electronic interactions between the surface
state and Li (and/or its electron), which can be verified by
charge difference analysis. Figure 2h shows the charge
difference after Li adsorption at the zigzag edge. Charge transfer
clearly occurs from Li to the surface state of edge carbons after
Li adsorption on the edge site. But the charge transfer is less
localised compared to the armchair edge with a significant
transfer to the edge C atoms not surrounding the adsorption
site. This electron transfer to surface C sites has not been
observed near the armchair edge (see Figure 2e-g). Li donates
the electron to the zigzag edge and, therefore, fills the C surface
state, which acts as an electron-acceptor.

A similar behaviour is found when Li adsorbs at a sub-
surface site (see Figure 2i). Li also contributes electron density
to the edge carbons, but the additional electron density at the
edge becomes smaller with increasing distance from the edge.
Simultaneously, the magnitude of the Li adsorption energy
decreases gradually from -0.66 eV. When Li adsorbs sufficiently
far away from the edge (about 4.3 A) no visible electron density
transfer between Li and the C surface state occurs (see Figure
2j), and the adsorption energy decreases to -0.38 eV. An
analogous trend of decreasing Li adsorption energy from edge
to bulk was found in OH and F terminated zigzag-edged graphite
(as shown in Table S4 and Figure S5), indicating that this trend
is not specific to H terminations. This reduced charge transfer
to the surface with increasing distance of Li from the surface
agrees well with the exponential decay of the spin density (cf.
Figure 1),3146:5051 gnd the gradual decrease of the Li adsorption
energy, going from the edge to the bulk.

In summary, this peculiar electron-transfer mechanism near
the zigzag edge strongly stabilizes Li adsorption near that edge.
In other words, the topological C surface state at the zigzag edge
can pin Li near the edges with a potentially detrimental impact
on intercalation rates.

3.2 Li diffusion in edged graphite

Li diffusion near graphite edges and in the bulk is explored to
quantify the edge effect on Li diffusion. Li diffusion possesses
much lower energy barriers along the basal plane than through
the hexagonal hollow of the carbon sheets in bulk graphite.17.26
Therefore, we only consider Li diffusion along the basal plane.

4| J. Name., 2012, 00, 1-3
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Figure 3. Li diffusion at (a) armchair-edged and (b) zigzag-edged
graphite. Colored hexagons indicate site occupancy relative to bulk
and the width of the lines connecting sites indicates jump frequency;
(c) probability for Li to occupy a site approximately 20 A below the
surface relative to the steady-state value after being introduced at time
Zero at the edge.

Figure 3 shows the energetics of Li diffusion from the edge
towards the bulk for both systems. The diffusion process
complies with a hopping mechanism, in which Li hops from one
hollow site to the adjacent hollow site by going across the
carbon-carbon bridges, where the transition state is located. In
armchair-edged graphite, two possible paths were identified for
Li diffusion: (1) a “stepwise” mechanism (shown in black in
Figure 3), where Li diffuses from site 1 to site 2 and then moves
to site 3 before progressing towards the bulk, and (2) a “direct”
pathway where Li jumps from site 1 to site 3 without hopping
first to site 2 (shown in red in Figure 3) and then diffuses to the
bulk. The energy profile shows that Li diffusion has lower
individual jump barriers via the “stepwise” mechanism with
barriers of 0.43 eV (site 1 to site 2) and 0.42 eV (site 2 to site 3).
In contrast, a direct jump from site 1 to 3 must overcome an
energy barrier of 0.58 eV. Away from the edge, the “direct” and
“stepwise” mechanisms become competitive with similar
energy barriers (e.g. 0.41 eV from site 3 to site 5; 0.40 and 0.39
eV from site 3 to site 5 via site 4) as symmetry would suggest.
As the energy profile shows, the activation energies are not very
sensitive towards the distance from the edge; they all are within
+0.05 eV of 0.2 eV with the transition from site 1 to 2 being the
notable exception.

It is tempting to conclude that the stepwise mechanism is
preferred on the grounds of lower individual activation
energies. This, however, would ignore that two steps are
needed to reach site 3 and that fluxes also depend on
concentration as well as activation energies. In the dilute limit,
Li jumps are uncorrelated, and a simplified Markov chain model
can be used to estimate jump frequencies:

pttl=pyut )
where P is the matrix of transition probabilities and { is the

This journal is © The Royal Society of Chemistry 20xx
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occupation probability for Li to occupy sites. The flux of Li from
site i to site j is then given by fij = w;Py.

The right-hand side of Figure 3a visualises the results of this
simplified Markov process near the armchair edge at room
temperature, which is also described in more detail in the
Supporting Information. Occupation probabilities are visualized
by different shades of red (darker red equals higher probability)
of the hexagons and steady-state fluxes are visualized by the
thickness of lines connecting sites. Naturally, the lower site
energy of site 1 leads to a higher occupancy of this site relative
to other sites by a factor of approximately 2.7x102. This higher
site occupancy has two consequences: (1) it over-compensates
the higher activation energy to jump from site 1 to 2 (relative to
the bulk) resulting in an increase of flux between these two
surface sites of about 4x10? relative to bulk sites, and (2) it
counterbalances the very substantial increase in activation
energy to jump from site 1 to site 3 yielding similar fluxes as for
jumps from site 2 to 3 (and between bulk sites). The energy
landscape near the armchair edge, therefore, suggests that Li is
more mobile within the edge sites, but it jumps with equal
frequency into sites further away from the edge from either of
the edge sites despite the differences in occupation probability
between site 1 and 2.

In zigzag-edged graphite, there are also two possible paths
for Li diffusion as shown in Figure 3b. In path 1, Li diffuses at the
zigzag edge along the (010) direction (e.g. from site 1 to site 2 —
black in Figure 3), whereas in path 2 Li moves perpendicular to
the edge to reach bulk sites (e.g. diffusing from site 1 to site 3
and so on — red in Figure 3). The energy barrier of Li diffusion
from the edge site 1 to the sub-surface site 3 is 0.48 eV, similar
to perpendicular diffusion barriers further away from the edge
and comparable to energy barriers seen for the armchair edge.
However, Li diffusion along the edge sites only has to overcome
an energy barrier as low as 0.21 eV at the surface. Li is,
therefore, extremely mobile within these edge sites at the first
layer below the surface. Even for the first sub-surface sites Li
still prefers to diffuse along the (010) direction, because the
activation barrier between site 3and 4is 0.41 eV and lower than
for jumping further inside (0.49 eV) by 0.08 eV. Generally, the
energy barriers for Li to diffuse along the (010) direction
increase gradually and eventually reach bulk-like values. The
stronger lines connecting sites in Figure 3b visualize the higher
mobility near the edge. The logarithmic scale is worthwhile
noting. The combination of higher average occupancy and lower
activation barriers both contribute to the substantial increase
of mobility.

Finally, Figure 3c shows the relative probability for Li to
occupy a site approximately 20 A beneath the armchair and
zigzag surface after being introduced at the edge site at time
zero as given by the recursion M[H U= P#[t] assuming an
attempt frequency of 103 Hz.'® Despite broadly similar
activation energies for jumps towards the bulk, Li exchange
between the zigzag edge and bulk is much slower than the
dynamics near the armchair edge. The time constant for Li to
reach a steady-state distribution 20 A below the zigzag edge is
of the order of 1pus at room temperature, while the same
process below the armchair edge is at least one order of

This journal is © The Royal Society of Chemistry 20xx
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magnitude faster. This is a consequence of the strong
stabilization of Li near the zigzag edge. Li has not only to
overcome the individual activation barriers, it also has to
“climb” out of the potential energy well that is a consequence
of the interaction between Li and the topological surface state
near the edge, which is a process involving several sites.

In summary, this detailed analysis of the dynamics near the
armchair and the zigzag edges has shown that Li dynamics near
the armchair edge are broadly similar to the bulk (except the
topmost surface layer), but near the zigzag edge Li is more
mobile within the surface plane, but also pinned there reducing
the transfer rate to the bulk by at least one order of magnitude.
This effect is much longer ranged and persists over
approximately five to six atomic layers into the bulk. We,
therefore, expect the (de)intercalation kinetics to be much
more sluggish at the zigzag edge than the armchair edge.

3.3 Doping implication on Li intercalation

As Li pinning at the zigzag edge can be traced back to the
electronic structure near the Fermi level, it is interesting to
consider the impact of doping on Li energetics/dynamics near
the edges. In graphene-related materials, chemical doping was
widely investigated by both modelling and experiments,
reporting advantages for enhancing charging or discharging of
LIBs.525° However, intentional doping of the surface, and
particularly the distinction between armchair and zig-zag sites
doped in this way, has hardly been explored.

Boron (B) and nitrogen (N) doping at graphite edges is
attractive to modify the local electronic structure and tune the
Li intercalation behaviour as both types of doped carbons are
common, readily available experimentally, and relatively
inexpensive.52:53,55,56,58 \We considered B (p-type) and N (n-type)
doping at both graphite edges by replacing one of the edge
carbons (see Figure 4).

Table 1. Li adsorption at the edges of pristine, N and B doped
graphite. Eg.,; is the Fermi level relative to vacuum; AEg,,;
is the difference of Fermi levels between the pristine and
doped graphite. E,4 is the Li adsorption energy as defined in
equation (1).

Edges E.qs/eV Erermi/€V AEgermi/eV

N dope -0.17 2.28 0.11
Armchair Pristine  -0.38 2.17 0.00

B dope -0.89 1.94 -0.23

N dope -0.55 3.14 0.07
Zigzag Pristine -0.66 3.07 0.00

B dope -0.75 2.99 -0.08

J. Name., 2013, 00, 1-3 | 5
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Table 1 summarises the adsorption energies of Li under
different types of doping. The Li adsorption energy reduces
significantly to -0.17 eV in the N doped armchair system
compared to pristine graphite (-0.38 eV). The B doped system,
on the other hand, shows the opposite trend with the Li
adsorption energy rising to -0.89 eV.

DOSs calculations of pristine, B- and N-doped armchair
systems (see Figure S6) show markable differences in the
electronic structure. First, the Fermi level shifts in the N- and B-
doped systems: B-doped graphite shows a shift from 2.17 eV for
pristine graphite to 1.94 eV. N doping on the graphite edge has
the opposite effect: the Fermi level shifts from 2.17 to 2.28 eV.

To first approximation, these shifts in Fermi energy (relative
to vacuum) can be understood in a band filling picture (although
changes to surface dipoles might contribute as well). In
comparison with pristine graphite, B doping provides one less
electron while N doping will contribute one more electron to
the system. Therefore, N-doped graphite becomes electron
rich, occupying additional electronic states above the Fermi
level of pristine graphite, while the B doped system is electron
deficient, and therefore frees electronic states below the Fermi
level of pristine graphite. The donated electron (hole), however,
does not fully delocalize. There is a net positive additional
charge density around the B doped site, whereas considerable
additional negative charge density builds around the N doping
site (cf. Figure 4a and b, respectively).

Since Li has weak covalent binding and shows mostly ionic
bonding with surrounding carbon atomes, it can be considered
as an electron donor. Accordingly, when Li adsorbs in the B-
doped system, the electron from Li can “benefit” from the
additional unoccupied states and reduced coulombic repulsion,
thereby increasing the Li adsorption energy. In the N-doped
system, the opposite is the case: the Fermi level accepting
electrons has shifted to higher energies and the additional
electron density near the adsorption site will lead to additional
Coulomb repulsion, which decreases the Li adsorption energy.

A similar trend is seen for zigzag-edged graphite, but less
pronounced. In terms of Li adsorption, the adsorption energy
increases in magnitude to -0.75 eV in the B-doped system, while
it reduces in magnitude to -0.55 eV in the N-doped system.
Hence, both dopants seem less effective with respect to
changing the adsorption energy than is observed for armchair-
edged graphite. Doping N only reduces the adsorption energy

Figure 4. The charge difference of B/N doped graphite which is
difference between the charge densities of doped graphite and pristine
graphite. (a) and (b) are the charge differences of N and B doped
system in armchair and zigzag edged systems, respectively. The
inserted figures are corresponding geometries. The iso-surface value
is 0.012 e/A3.
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by 0.11 eV which is smaller than the decrease in the armchair
system of 0.21 eV; B doping only promotes the adsorption
energy of Li by 0.09 eV, which is much smaller than the 0.51 eV
increase seen in the armchair system.

Similarly, the Fermi energy is less sensitive in the zigzag
edged system. It only increases by 0.08 eV in the N-doped zigzag
system and decreases by 0.08 eV in the B-doped system (see
Figure S7). Finally, the charge transfer between the doping sites
and graphite edges also becomes smaller than in the armchair
system (see Figure 4b).

The DOS near the Fermi level is dominated by the additional
topological surface state in the zigzag edged system, providing
significant additional density of states near the Fermi energy.
Hence, changes to the Fermi level due to doping are less
pronounced and, in consequence, B and N doping have a
smaller effect on Li adsorption energies in the zigzag system.

Whilst interpretation in a simple band filling picture is
attractive and can explain trends, the localised changes to the
charge density shown in Figure 4 suggest that doping creates a
relatively localized effect. Hence, B and N doping further away
from the edges (see Figure S8) of both systems was also
considered to estimate effects on Li adsorption from dopants
that are not directly adjacent to the adsorption site. In the
armchair-edged system, the adsorption energies of Li at the
edge site change to -0.58 and -0.34 eV, respectively, when B and
N are doped at bulk-like sites with a distance between doping
site and Li adsorption site of 7.79 A. Both adsorption energies
are closer to the value in pristine graphite (-0.38 eV) in contrast
to the adsorption energies with doping at the edge (B doping: -
0.89 and N doping: -0.17 eV). To be more specific, the
adsorption energy approaches that of pristine graphite in the N-
doped armchair system, implying a quite local effect of N
doping. When doping B at a bulk-like site rather than the edged
site, the Li adsorption energy decreases from -0.89 to -0.58 eV,
but it is still more negative than that of pristine graphite by -
0.20 eV. The effect of B doping on Li adsorption energies is,
therefore, somewhat longer-ranged than N doping. In the zigzag
system, Li adsorption energies also strongly depend on the
distance between dopant and adsorption site. Li adsorption
energies become -0.67 and -0.62 eV with B and N doping at a
bulk-like site around 12.78 A away from the adsorption site,
which is close to the adsorption energy of Li at the edge site in
pristine graphite (-0.67 eV).

It’s worth noting that the change of Li adsorption energies is
proportional to the Fermi energy shift. Figure 5 shows the
relative Li adsorption energies (AEqaqs) as a function of Fermi
energy shift (AEFermi)~ AE;zds and AEFermi is defined as:

AE 445 = AE oqs(Li|pristine graphite) — AE,45(Li|doped graphite) (3)
AEpermi = Epermi(doped graphite) — Epermi(pristine graphite) — (4)

A good linear relationship between AEqas and AErermi is
observed. The correlation holds for bulk and edged graphite
with B and N doping and can be rationalized with the simple
band filling argument made earlier: B doping lowers the Fermi
energy and hence increases the Li adsorption energy by
providing lower energy acceptor states in the C p, manifold. N
doping has the opposite effect. Interestingly, the slope of the
relation equals two for the armchair edge and bulk graphite

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. The linear relationship between the relative Li adsorption
energy changes (AE a45) and Fermi energy shift (AE permi) in edged and
bulk graphite with B and N doping. k; and k; are the slopes of red and
blue linear relations, respectively.

systems, meaning that an increase in Fermi energy leads to
twice the decreasing in adsorption energy. This is attributed to
the diamagnetic character of the system. Spin up and spin down
states contribute equally to the density of states near the Fermi
level. Hence, a shift of the Fermi energy affects the filling of both
spin channels equally leading to twice the energy shift of the
adsorption energy. The admittedly limited data for the zigzag
edge, however, suggests a slope closer to one for the zigzag
edge system, implying that an increase in Fermi energy leads to
an equivalent decrease in adsorption energy. This is attributed
to the ferromagnetic magnetization property of the zigzag edge
with only one spin channel contributing at the Fermi level at an
edge.***> Therefore, only one free spin channel can be filled by
the electron, which gives a theoretical slope of one.

3.4 Implications for experimental validation

A possible strategy to experimentally study these edge effects
would be to preferentially grow either edge through advanced
synthesis followed by physical and electrochemical
characterisation. For instance, Bernado et al. systematically
controlled the proportion of these edges through preferential
etching of graphite particles in oxygen or water vapour
environments.® The focus of their study was on SEI formation
intercalation dynamics. But they demonstrated
different reactivity towards the electrolyte for these edges, and
a similar experimental strategy can easily be envisioned to
enable edge-resolved, kinetic intercalation studies as well.

The same synthesis methodologies could also be applied to
materials for bespoke experiments to probe the difference in
adsorption energy dependent on the proportion of different
types of edge sites. For example, Velicty et al. recently
examined the local electron transfer rate, double layer
capacitance and the density of states of the edge versus the
basal plane in a microdroplet electrochemical cell.6* The double
layer capacitance is interpreted to be correlated with the
density of states at the Fermi level,52 and so, based on the

and not

This journal is © The Royal Society of Chemistry 20xx
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present work, would also be expected to be related to the edge
structure.

Direct experimental evidence of the topological surface state
were found by Kluskek et al. and Koyashi et al. through scanning
tunneling spectroscopy of hydrogen etched highly oriented
pyrolytic graphite (HOPG) surfaces in non-electrochemical
environments.®364 A surface state was identified between 90—
250 meV and tentatively ascribed to the zigzag edge.®* This
prediction was validated by tight binding calculations of bilayer
graphene.®® Through a similar experimental approach, edges
could be prepared with a different proportion of
zigzag/armchair sites through control of the experimental
conditions and through the use of different etchant gases and
surface groups and then subjected to advanced characterisation
techniques such as electrochemical STM or ambient pressure
XPS to directly interrogate the electronic structure near the
surfaces in electrochemical environments.

Theoretical trends identified here for surface boron and
nitrogen doping agree with systematically controlled
experimental bulk boron and nitrogen doping in graphite. Dahn
et al. identified an increase (decrease) in lithium intercalation
voltage in graphite with systematically increasing boron
(nitrogen) doping, respectively.?>66 This is in qualitative
agreement with the role of boron (nitrogen) as an electron
acceptor (donor), respectively. While doping of the basal plane
has been explored, for example by Dresselhaus and co-workers,
edge doping of bulk graphite in particular has not.%” The
controlled synthesis routes utilising HOPG outlined above
followed by heat treatment with boron or nitrogen precursors
could lead to well-defined, doped non-basal plane surfaces that
can be experimentally studied.

Alternatively, bottom-up synthesis approaches could be
utilised to systematically modify graphite particles of controlled
size. In particular, nitrogen hetero-atom doping of carbon
nanostructures has been explored to rationally tune the
interface;%® more recently the use of other dopants such as
boron has been explored.>? Synthesis approaches explored so
far include post treatment of carbon structures with reactive
nitrogen,® pyrolysis or chemical vapour deposition with carbon
and nitrogen/boron  precursors,®®®” or  hydrothermal
carbonisation.®® So far, nitrogen doping work has focussed on
evaluating structure-property relationships in
electrocatalysis.®®%° Similar methodologies could be applied to
systematically investigate the intercalation behaviour as a
function of boron or nitrogen surface concentration.

Finally, on the basis of the calculations performed here, the
two types of edges could be distinguished by their differing
magnetic properties. The principle has been demonstrated
through the energy spectrum and dispersion in a magnetic field
of zigzag nanoribbons.”® Through careful study of the Pauli
paramagnetic susceptibility, this approach could likewise be
applied as a means to characterise the zigzag/armchair ratio in
graphite particles with controlled basal to edge plane surface
areas.’%72
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4, Conclusions

The energetics and dynamics of Li intercalation near the non-
basal edges of graphite have been investigated from First
Principles. The unique electronic structure near the edges,
particularly near the zigzag edge (i.e., a peculiar topological
surface state), induces the following different Li adsorption and
diffusion mechanisms at graphite edges compared to bulk at the
dilute limit:

i) adsorption energies near the zigzag edge are much larger
than in the bulk or near the armchair edge due to the surface
state crossing the Fermi energy, which is energetically beneficial
for Li to donate electrons to the host near the edge;

ii) Li mobility is direction-dependent at the zigzag edge and
to a lesser degree at the armchair edge. Li jumping frequencies
are higher parallel to the edges;

iii) activation energies for jumps between sites and towards
the bulk are broadly similar for both edges and comparable to
bulk (~0.5 eV at edge sites vs ~0.43 eV at bulk sites), but Li
nonetheless intercalates much more readily into graphite
through armchair edges than zigzag edges at dilute
concentrations because of the “pinning” effect of the
topological surface state;

iv) both B and N doping have considerable influences on the
energetics of Li adsorption at the armchair edge and to a lesser
degree at the zigzag edge, which can be rationalized to first
approximation in a band filling picture.

We conclude that edge effects have considerable bearings
on Li intercalation into graphite but have not attracted enough
attention so far. The differences between the zigzag and
armchair edge might provide opportunities to tailor carbons for
higher rate (especially at low temperatures) by promoting
armchair edges over zigzag edges. Further, the strong
stabilization of Li near the zigzag edge could be a precursor for
dendrites. Hence, reducing the prominence and/or changing
the electronic structure of zigzag edges could also have
implications on durability. Similarly, doping with N or B could be
a promising avenue to tailor interface properties with a view to
enhancing rate and durability. Finally, a better understanding of
these edge effects might provide new rational design
approaches for tailored, artificial Solid-Electrolyte-Interphases
(SEls). For instance, the large in-plane mobility near the zigzag
edge could allow for SEls with less permeable parts by relying
on the large in plane mobility to effectively distribute Li on the
solid side of the interface and promote homogeneous
intercalation.
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Figure S1. Geometrical and electronic structures of AB and AA stackings of
graphite. (a) and (b) are the unit-cells of AB and AA stacking of graphite. (c) and
(d) are the projected density of states (pDOSs) of structural (a) and (b),

respectively.
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Table S1. Optimized and experimental lattice parameters and distances of carbon
interlayers in graphite.

Lattice parameters/ A

Graphite d /A " b .
AB 3.386 2.466 2.466 6.707
AA 3.441 2.464 2.464 3.441

Exp(AB)" 3.386 2.464 2.464 6.771

dr: the distance of interlayer.
?The experimental lattice parameters from Ref. 1.

1. Model construction

Two graphite edges were constructed perpendicular to the basal plane, namely the
armchair edge and zigzag edge. The usual slab approach has been used with two
equivalent surfaces per unit cell and sufficient vacuum to quench spurious interactions
between periodic images. To accurately investigate the influence of the edges on Li
adsorption, minimizing the effect of the edge on the opposite side of the cell, we built
large supercells where the adsorption energy of Li in the center of a slab is similar to
that in bulk graphite as summarized in Table S2. Sufficiently thick slabs were chosen
such that the Li site energy difference between edge and slab interior became
independent on slab thickness. Accordingly, we selected the armchair-edged supercells
with z direction at 27.25 A and zigzag-edged supercell with z direction at 46.98 A.

Table S2. Adsorption of Li at different z directions of armchair-edged and zigzag-
edged graphite supercells. Ey,x and Egqee represent Li adsorption at edge and bulk sites,
respectively. AEwuik-Edee) 1S the energy difference between Eyyi and Eegge.

Edges E.qs (Li)/ eV

Supercells (z/A) 2725 32.17 37.10 42.03  46.96

Epuk -0.24 -0.33 -0.33 -0.31 -0.26
Armchair

Ecage -0.38 -0.46 -0.48 -0.46 -0.40

AE (pulk-Edge) -0.14 -0.14 -0.15 -0.15 -0.14

Superecells (z /A) 29.91 34.18 38.45 46.98 60.52

Epuk -0.36 -0.36 -0.37 -0.26 -0.26

Zigzag

Ecage -0.70 -0.74 -0.75 -0.66 -0.66

AE (puik-Edge) -0.34 -0.39 -0.38 -0.41 -0.40
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Figure S2. Periodic systems of armchair-edged and zigzag-edged graphite; (a) structure
of hydrogen-terminated armchair-edged graphite (a= 13.76 A, b=28.53 A, c =27.25 A;
o= B= y= 90°); (b) hydrogen-terminated zigzag-edged graphite (a= 13.76 A, b = 9.86
A, c=146.98 A; o= B=y=90°).

2. Dipole effect

Asymmetric slab configurations have been used. (i.e., only one side of a slab is lithiated
even there are two equivalent edges in the slabs). Whilst computationally more
convenient, this approach bears the risk of spurious dipole interactions between slab
images. However, the dipole effect was found to be insignificant in this case as AE is
quite small (see Table S3).

Table S3. Li adsorption energies at armchair-edged and zigzag-edged graphite. 1Li is
one Li adsorption at the edge site of graphite while 2L.i means two Li adsorption on two
equivalent edges of graphite, respectively. Er; a4 1s the adsorption energy per Li atom
in graphite. AE is the difference of Li adsorption energy between the 1Li and 2Li
systems.

Adsorption sites Armchair Zigzag
ELi aas/ €V AE/ eV ELi aas/ €V AE/ eV
1Li 2Li 1Li 2Li
1 -0.13 -0.15 -0.02 -0.66 -0.66 0.00
2 -0.24 -0.26 -0.02 -0.49 -0.48 -0.01
3 -0.38 -0.40 -0.02 -0.26 -- --
4 -0.38 -0.40 -0.02 -0.66 -0.66 0.00
5 -0.23 -0.24 -0.01 -0.49 -0.48 -0.01
6 -0.25 -0.24 0.01 -0.38 -0.38 0.00
7 -0.24 - - -0.33 -- --
8 -0.24 -0.20 0.04 -0.26 -- --
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Figure S3. The structure of graphite bulk. The blue circles are carbon atoms and the
dashed line is the carbon six-member-ring hexagon in the carbon basal plane. The
yellow circles are three possible adsorption sites of Li, namely the top, bridge and
hollow sites.
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Figure S4. The projected DOS of Li after Li adsorption in (a) armchair-edged and (b)
zigzag-edged graphite.

Table S4. Li adsorption energies from the edge site to the bulk in zigzag-edged graphite
with different terminations on edged carbons. The unit is eV.

Adsorption sites -H -OH -F

Edged site -0.66 -0.30 -0.41
-0.49 -0.35 -0.38

-0.38 -0.33 -0.34

-0.32 -0.30 -0.29

-0.28 -0.26 -0.27

-0.26 -0.26 -0.27

-0.26 -0.27 -0.27

-0.26 -0.27 -0.27

Bulk site -0.26 -0.26 -0.27
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Figure S5. (a) shows the spin density accumulation on the edged carbon in OH-
terminated zigzag-edged graphite. The inserted graph shows the top view of the basal
plane of the graphite edge. The iso-surface value is 0.003 eV/A3. (b) depicts the charge
density difference of Li adsorption at the edge site in zigzag-edged graphite. (c) shows
the spin density in F-terminated zigzag-edged graphite. The inserted graph shows the
top view of the basal plane of graphite edge. The iso-surface value is 0.0015 eV/A3. (d)
is the charge density difference of Li adsorption at the edged site in F-terminated
graphite. The iso-surface value is 0.001 eV/A3. (e) shows Li adsorption energy change
from the edged site to the bulk site in zigzag-edged graphite with different terminations
on edged carbons. (f) and (g) are the local density of states (LDOSs) of edged carbons
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Figure S6. The LDOSs of Li adsorption at the armchair-edged graphite. (a) is the
LDOS of edge carbons in boron(B)-doped armchair system. (c¢) and (d) are LDOSs of
edged carbons in nitrogen(N)-doped and pristine armchair system. (b), (d) and (e) are

LDOS:s of corresponding system with Li adsorption.
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Figure S7. The LDOSs of Li adsorption at the zigzag-edged graphite. (a) and (c) are
LDOSs of edged carbons in boron and nitrogen-doped zigzag system. (e) is the LDOS
of edge carbons in pristine zigzag system. (b), (d) and (f) are LDOSs of corresponding
system with Li adsorption.

Table S5. Li adsorption at the edge of pristine, N and B doped in armchair and zigzag-
edged graphite. The N and B were doped in the bulk site of graphite. E,q 1s Li
adsorption energy.

Edges E.4/eV
N dope -0.34
armchair Pristine -0.38
B dope -0.58
N dope -0.62
zigzag Pristine -0.66
B dope -0.67
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2 Li adsorption site

O B/N doped site

Figure S8. B and N doping at the bulk sites of armchair and zigzag edged systems. (a)
shows the bulk-doping site of armchair-edged system, and (b) illustrates the bulk-
doping site in zigzag-edged system.

(a) (b)

Figure S9. Structures of two graphite bulk with four graphene layers. (a) Bulk 1
(a=b=9.86 A, c=13.76 A) has 128 C atoms. (b) bulk 2 (a=b=14.78 A, c= 13.76 A)
contains 288 C atoms.

3. Markov chain
A simplified Markov chain model was used to investigate the Li dynamics near the
edges. The transition matrix P was constructed according to

Pj=exp{— 7 (1)

Activation energies for jumps from site i to j (AE{;) were obtained from nudged-elastic-
band calculations, but the transition states showed mostly a constant offset of
approximately 450 meV above the averaged site energies, allowing to express

7
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activation energies as:

E;

. +E
AEY = (<5 + 450 meV) — E, @)

with the exception of a jump from the surface site to the first sub-surface site near the
zigzag edge, where an offset of 210 meV was used.

Simulations were performed at room temperature (i.e., kT = 25 meV) over a domain
consisting of 20 sub-surface sites. Probability distributions were initialized as

1 i=0
,40]:{0 i#0 ©)

with i =0 designating the surface site and propagated in time (t) according to
ple+ 1 = pylt (4)

References:

1 P. Trucano; R. Chen. Nature 1975, 258, 136-137.
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Geometrical structures of graphite edges for zigzag-edged graphite (a) and armchair-edged graphite (b). (c)
is the profile of Li adsorption energies as a function of distance from the edge towards the bulk of graphite.
(d) illustrates the spin densities in zigzag-edged graphite. The iso-surface value is 0.0002 e/A3.
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(a) Armchair edge

Before Li adsorption

After Li adsorption
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Local density of states (LDOSs) and charge difference of Li adsorption at armchair and zigzag edges. (a) and

(b) are LDOSs of edge carbons at armchair edges before and after Li adsorption. LDOSs are projected on the

first carbon hexagons at the armchair and zigzag edges. (e) ~ (g) and (h) ~ (j) are charge differences of Li

adsorption at the edge site, sub-surface site and the bulk site relative to pristine graphite in armchair-edged
and zigzag-edged systems, respectively. The iso-surface value is 0.001 e/A3.
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The charge difference of B/N doped graphite which is difference between the charge densities of doped
graphite and pristine graphite. (a) and (b) are the charge differences of N and B doped system in armchair
and zigzag edged systems, respectively. The inserted figures are corresponding geometries. The iso-surface

value is 0.012 e/A3.
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The linear relationship between the relative Li adsorption energy changes ( [AE] _ads”’) and Fermi energy
shift (AE_Fermi) in edged and bulk graphite with B and N doping. k1 and k2 are the slopes of red and blue

linear relations, respectively.
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