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Modulation of Ionic Current Limitations by Doping Graphite
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Density functional theory calculations were performed to study the impact of carbon site doping on akali metal intercalation behavior
into graphite compounds. Substitutional boron doping was shown to effectively increase the intercalation potential of graphite versus
both lithium and sodium metal anodes. The reduced graphite Fermi level of boron doped graphite was shifted away from the π∗
antibonding domain toward the more stable π bonds, hence lowering the reduction potential and improving the formation energy
for the intercalated graphite. It was further discussed how such methods could be used to improve the intrinsic rate capability of
graphite anodes in lithium ion batteries and also enable the use of graphite anodes in sodium ion batteries. We derive an expression
representing the transition between thermodynamically favorable intercalation and kinetically favorable metal plating in terms of
the applied current. For currents below this transition level, plating should be minimal. This transition point is shown to grow with
intercalation voltage, hence higher current capability in acceptor doped systems.
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Graphite plays a critical role in the field of energy storage as the
dominant anode material for commercial lithium ion batteries. Such
strong commercial success is due principally to its high theoretical
lithium capacity (372 m AH g−1 at LiC6), high coulombic efficiency,
cheap cost, and low intercalation potential.1–4

During the lithium intercalation process, graphite is known to un-
dergo multistage phase transitions with the final transition being from
the stage 2 configuration LiC12 (lithium in every other graphite layer)
to the stage 1 configuration LiC6 (lithium in every layer).1–3,5–8 The
average voltage, Vint, vs lithium metal at which the intercalation oc-
curs is given by Equation 1, where e is the charge of an electron, μ(y)
is the chemical potential of species y, and x is the amount of lithium
per C6 unit cell.

−eVint (x f inal , xinitial ) = μ(Lix f inal C6) − [μ(Lixinitial C6)

+ (x f inal − xintial )μ(Li)] [1]

If during electrochemical cycling this intercalation potential be-
comes negative, it will be lower in energy for the lithium ions to
plate the graphite rather than intercalate into it. This lithium plating is
known to both damage the active material/solid electrolyte interface
(SEI) and enable the dendrite formation that can cause significant
safety concerns.2,9–11 Such plating can occur as a result of charging
graphite beyond LiC6,2 operating at low temperatures,12 or charging
at excessively fast rates.5,11 Adoption of higher voltage anode materi-
als, such as LTO, have enabled batteries with faster charging, but they
are inherently accompanied by significant decreases in the full cell
energy density.

Analogous definitions to Equation 1 can be taken for all the alkali
metals. The ability to intercalate sodium is of particular interest as
the development of sodium ion batteries needs a commercially real-
izable anode material. Interestingly, potassium, as well as the heavier
alkali metals (rubidium and cesium), are all known to intercalate into
graphite at a stage 1 theoretical capacity of up to 279 m Ahg−1 or
MC8 (M = K , Rb, Cs).1,13 However, sodium is not known to stably
form either of the stage 1 intercalation structures, NaC6 or NaC8, at
room temperature and ambient pressure.1,2,14

Ab-initio studies correctly predict this behavior, as the computa-
tionally determined values for stage 1 intercalation potentials of both
lithium and potassium are positive, whereas sodium is negative.6,15–17

Hence sodium plating, rather than intercalation, is expected. Liu
et al.17 showed that the exclusion of sodium from the alkali metals
that can intercalate graphite is a quantitative effect resulting from a
balance of ionization energy, which favors the heavier metals, and the
metal-graphite interaction, which favors lithium. The net result is that
sodium is the only alkali metal with a negative intercalation potential.
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In this paper, we demonstrate by density functional theory (DFT)
simulation that acceptor doping can increase the intercalation voltages
of lithium as well as sodium into the graphite, which is further con-
nected quantitatively with higher rate capability of graphite in lithium
ion batteries as well as sodium graphite anodes that can reach stage 1
intercalations. Specifically, we derive the formalism needed to under-
stand how the maximum charging current that a battery can sustain
without experiencing lithium plating is directly related to the lithium
potential of the anode. We further suggest that by using carbon-site
doping to change the intercalation potential of graphite, the maximum
charging current can be controlled. This requires a trade-off between
power and energy density. Adopting a high-voltage (e.g., acceptor
doped) graphite improves the maximum current, and hence power,
but reduces voltage contrast with the high-voltage cathode (energy).
Conversely, donor doping should lower the voltage of the anode, which
increases the voltage contrast and decreases the maximum charging
rate.

Boron and nitrogen are computationally studied here as substitu-
tional acceptor and donor dopant examples, respectively. There is a
particular interest in boron doped graphite, as previous experimen-
tal results suggest that boron can be doped into graphite at a wide
range of concentrations and that such doping leads to an increase in
lithium intercalation voltage, in agreement with our calculation and
theory.18–29 For example, experiments have shown that boron can be
doped into graphite from low concentrations around 0–3 at%18,23,28

to very high concentration of 25–50 at% without loss of the graphite
structure.19,21,29 In the case of very high concentrations, Stadie et al.21

showed that the boron concentration in direct synthesis can be con-
tinuously varied up until 25 at% without the formation of carbide
and that boron doping is accompanied by increased capacity/voltage.
50 at% boron doped graphite requires the presence of lithium, which
cannot be completely deintercalated.29

Theory

Thermodynamic causes for lithium plating are well understood
considering Equation 1. That is if the change in the Gibbs free energy
during the transformation of graphite and lithium metal into interca-
lated graphite is positive (hence a negative intercalation potential), the
reaction will not occur, and the system will instead plate. In the case
of lithium, this only happens thermodynamically once the concentra-
tion of lithium in the graphite exceeds LiC6 as seen experimentally.2

However, kinetic effects associated with high current rates can lead
to plating even at lower lithium concentrations than LiC6, where
intercalation is thermodynamically favorable, as shown by previous
experiments.5,11
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Here we construct a formalism to derive an expression for the on-
set of lithium plating in terms of both thermodynamics (voltage) and
kinetics (current). In other words, for a given state-of-charge, repre-
sented by voltage, determine what is the maximum current that can be
applied such that plating of the anode is negligible. This expression
will determine the current rate at which the system transitions from
thermodynamically to kinetically dominated.

This non-equilibrium process is modeled here as a competition
between two alternative reaction mechanisms at the graphite anode.
The first, Equation 2, is the desired intercalation of a lithium ion in
graphite. Equation 3 is the unintended lithium metal plating reaction.

Li+ + e− + C6 ↔ LiC6 [2]

Li+ + e− + C6 ↔ Li (m) + C6 [3]

To understand the impact of charge rate on Equations 2 and 3,
the electrochemical kinetics are considered. The current with which
Equations 2 and 3 proceed are defined in terms of the over potential
eη ≡ μR − (μO + μe) where μR,O,e is the chemical potential of
the reduced species, oxidized species, and electron, respectively.30–32

Following the methods of Refs. 33–35, the Butler-Volmer equation
can then be used to express the current density of both the intercalation
and platting reactions in terms of equilibrium currents (i0), symmetry
factors (α), and thermal energy (kB T ):

i (i) = i (i)
0

(
exp

(
−α(i)eη(i)

kB T

)
− exp

((
1 − α(i)

)
eη(i)

kB T

))

eη(i) = μ (LiC6) − μ (C6) − μ
(
Li+) − μ

(
e−)

[4]

i (p) = i (p)
0

(
exp

(
−α(p)eη(p)

kB T

)
− exp

((
1 − α(p)

)
eη(p)

kB T

))

eη(p) = μ (Li) − μ
(
Li+) − μ

(
e−)

[5]

where superscripts i, p denote the intercalation and plating reactions,
respectively.

In the fast charging realm, the full Butler-Volmer reduces to
the Tafel equation as η � 0. Combining this with the approx-
imation that both reaction mechanisms are relatively symmetric
(ie. α(i) ≈ α(2) ≈ 1/2), the ratio of plating to intercalation cur-
rent is given by Equation 6 in terms of the intercalation potential
(Equation 1). Combing Equations 1, 4, and 5 gives −Vint =
η(i) − η(p) = [ μ(LiC6) − μ(C6) − μ(Li)]/e, which allows the
ratio of the plating to intercalation currents to be presented as
Equation 6.

i (p)

i (i)
= i (p)

0

i (i)
0

exp

(
e
(
η(i) − η(p)

)
2kB T

)
= i (p)

0

i (i)
0

exp

(
− eVint

2kB T

)
[6]

In contrast to Equation 1, which is a strictly thermodynamic rela-
tion indicating which of the two reactions is energetically favorable,
Equation 6 shows that the kinetic effects of charging can lead to the si-
multaneous existence of these two reactions – particularly in the range
of Vint ≈ 0. The limiting cases of Equation 6 recover thermodynamic
expectations for plating in terms of the intercalation potential. At
Vint � 0 the plating current is near zero, whereas plating dominates
at V � 0.

Accounting for resistance.—The ohmic losses of this system oc-
cur in three ways: (i) the lithium ion moving through electrolyte, (ii)
the electron moving through the electrode solid matrix, and (iii) the
lithium cation moving through the graphite particle (denoted Li+C6 to
distinguish it from lithium cations moving in the electrolyte - Li+). As-
suming that the third is the dominant form of ohmic losses, the chem-
ical potential becomes μ(Li+C6)sur f ace = μ(Li+C6)core + e(iρLi l)
where i, ρLi , l are the current density through the graphite parti-
cle, the resistivity experienced by lithium cations travelling through

the graphite prior to reaching the final LiC6 configuration, and char-
acteristic length of the graphite particles, respectively. In this case,
Equation 6 becomes:

i (p)

i (i)
= i (p)

0

i (i)
0

exp

(
−e

Vint − iρLi l

2kB T

)
[7]

The limit of i (p) → 0 occurs in the case of Vint − iρl � 0. In
other words, to minimize plating, the current must be kept below the
characteristic current of the particle.

i � icharacteristic ≡ Vint

ρLi l
[8]

Finally, the ionic resistivity of the graphite can be expressed in
terms of a migration barrier (Eb) and pre-exponential factor (ρ0

Li ) as
ρLi = ρ0

Li exp(Eb/kB T ) leading to an expression for the characteristic
current in terms of the computationally determinable variables Vint and
Eb.

i � icharacteristic = Vint

ρ0
Li l

exp

(
− Eb

kB T

)
[9]

The lithiation limits of Equation 9 reduce to intuitive behaviors.
When the voltage is high (e.g., low lithium concentration), plating is
dominated by the migration barrier. In this case, if the migration barrier
is too large, then the ions cannot pass into the particle and instead must
plate the surface. Conversely, in the limit that the particle approaches
the theoretical maximum capacity, where Vint → 0, the voltage be-
comes the current limiting factor. Given that there are no sites for the
new ions at this low voltage within the graphite, plating must occur.
Equation 9 describes, quantitatively, the competition relationship be-
tween intercalation voltage and the lithium/sodium migration barrier
in determining the maximum current rate without plating.

Calculations.—It appears that the most straight-forward process
for modifying the graphite intercalation potential is to use carbon site
acceptor/donor doping to vary the graphite π band occupation and
hence control the reduction potential of the graphite. Donor [acceptor]
doping is expected to raise [lower] the Fermi energy and hence raise
[lower] the reduction potential. To illustrate this, we used density
function theory (DFT) to simulate the intercalation of both lithium
and sodium into highly doped graphite. Boron and nitrogen were
chosen to allow a very high doping concentration without destroying
the graphite lattice due to comparable size with carbon. The carbon site
doping concentration had a stoichiometry of X yC6−y (X = BC , N C )
with y = 0, 0.5, 1. To confirm extrapolations to the low doping
region, ByC6−y with y = 0.083 was also calculated in the case of
lithium.

Methods.—All density function theory (DFT) calculations were
performed using the Vienna ab initial simulation package (VASP)
with the van der Waals functional vdW-optPBE.6,36–39 All calcula-
tions were performed using the projector augmented wave (PAW)
method40 with C_h, B, N, and Li_sv VASP pseudopotentials. Relax-
ations and self-consistent field calculations were performed at 1,000
k-points per atom and density of states calculations were performed at
15,000 k-points per atom. A kinetic energy cutoff of 910 eV was used.
Electronic occupancy was smeared using a second order Methfessel-
Paxton scheme with σ = 0.01 eV . Intrinsic graphite and high dopant
concentration (y = 0, 0.5, 1 in ByC6−y) calculations were performed
on a 2 × 2 × 2 formula unit supercell. The dopant ordering was found
by comparing the DFT ground state energies of all non-equivalent
orderings possible on the supercell size given the restriction that each
graphite plane had the same concentration of dopant, and the lowest
energy ordering (Figures 1b and 1c) was used. For the low concen-
tration boron doping (y = 0.083 in ByC6−y) a 3 × 4 × 2 formula
unit supercell was used with the boron atoms in neighboring planes
sufficiently far apart as to simulate a solid solution. Nudged elastic
band (NEB) calculations for the lithium vacancy migration barriers in
LiC6 and Li BC5 were performed using the known minimum barrier
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Figure 1. (a) Average intercalation potential for lithium (left) and sodium (right) into boron/nitrogen doped graphite between the states of X yC6−y to AM X yC6−y .
(b) and (c) The in-plane dopant ordering for XC5 and X0.5C5.5, respectively.

trajectory.7,41–44 For all images along the band, the ions were relaxed
with fixed lattice parameters until the Hellman-Feynman forces were
less than 0.05 eV Å−1.

Results.—The average intercalation potential of lithium and
sodium from X yC6−y to AM X yC6−y (AM = Li, Na and
X = B, C, N ) are shown in Figure 1a. These calculations show
that the intercalation potential of both lithium and sodium can be
substantially varied upon the introduction of boron or nitrogen dop-
ing at these high concentrations. Donor (nitrogen) doping weakened
the binding energy whereas acceptor (boron) doping enhanced the
binding energy. The positive intercalation potentials for sodium in
boron doped graphite suggest the compatibility with Na intercalation.
Figure 2 shows the interplanar spacing of non-intercalated, lithium
intercalated, and sodium intercalated doped graphite. The uniformity
of these spacing suggest that the variance in intercalation potential is
tied to electronic, rather than structural effects.

The density of states (DOS) for BC5, C6, NC5 in both non-
intercalated and lithium-intercalated configurations are shown in
Figure 3. It is shown that the effects of doping at the above con-
centrations are controlled by the delocalized carbon-pz bands (π, π∗).
Similarly, lithium intercalation leads to increased pz occupation. In the
case of Li BC5, the boron attributed electron hole and the lithium elec-
tron cancel out leading to a Fermi level directly between the bonding
(π) and antibonding (π∗) pz bands. Conversely, in the case of Li NC5,
the lithium and nitrogen both add to the occupation of π∗ band.

The impact of boron doping on the lithium vacancy diffusion bar-
rier is demonstrated in Figure 4. For intrinsic graphite, the dom-
inant pathway for such diffusion is a curved trajectory through
a non-superlattice hexagonal site (illustrated by the red arrow in
Figure 4).7,41–44 The intermittent hexagonal site is identical in terms of
nearest neighbor carbon sites, but the deviation from the ideal lithium
ordering results in an increased energy of approximately 200 meV.
The diffusion barrier in this case is experienced as the lithium passed
over the two C-C ‘bridge’ bonds with a magnitude of 438 meV.

Contrasting with lithium migration in the maximum boron doped
case considered (BC5), we see that the most significant difference
is that one of the C-C bridges becomes a B-C bridge. In this case,
the energy of the intermediate migration states is monotonically de-
creasing throughout the bond. The net result is that the migration path
slips into next unoccupied hexagonal site, resulting in a two site/three
C-C bridge migration. In the worst case, when the boron atoms are
stacked directly on top of each other, the barrier for this pathway is
only slightly increased from the intrinsic graphite case at 486 meV,
while the barrier is even lower at 466 meV when the boron atoms
are not stacked vertically. Moreover, this change in barrier is local to
the boron. When extrapolated back to the low boron concentration
regime, the lower barrier graphite C-C bonds will form a percolated
network within each plane, insuring that the ionic conductivity re-
mains comparable to intrinsic graphite.

Discussion

Our calculations suggest a broad approach to engineering doped-
graphite battery anodes. The general trend is that hole doping in-
creases alkali metal intercalation potentials whereas electron doping
decreases the potential. With minimal structural changes, this variance
in the intercalation potential is determined principally by the total oc-
cupation of the graphite antibonding π∗ in the intercalated state. In
intrinsic graphite, the only antibonding electron is what accompanies
the lithium ion. In the case of boron doping, the hole partially cancels
this electron and, for nitrogen doping, the doped electron adds to it.
This suggests that by designing the occupation of the π∗ in the inter-
calated state, energy density in form of voltage contrast between the
anode and cathode can be sacrificed to obtain a high maximum charge
current/power density.

Equation 6 indicates that increasing the intercalation voltage
of graphite via boron doping can have significant impact on plat-
ing current. Here we consider the example of designing graphite
to intercalate at 0.36 V vs lithium metal to double the intrinsic
intercalation potential of 0.18V as seen in Figure 1a. By doing
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Figure 2. Interplanar spacing of various doped graphite in fully intercalated (AM X yC6−y ) and non-intercalated configurations.

so, we expect the plating to intercalation current ratio to square
(i (p)/i (i) → (i (p)/i (i))2 ), making the plating more difficult to happen.
Since the calculated intercalation potential for lithium intercalation
in the boron doped systems are very close to linear in boron concen-
tration (ie. V (Li)

B0.5C5.5
≈ (V (Li)

BC5
+ V (Li)

C6
)/2), we can interpolate that a

concentration of approximately 1.5 at% (B0.087C5.913) would be suffi-
cient to reach the desired 0.36 V intercalation potential for lithium. To

compare, 1.38 at% (B0.083C5.917) was calculated and showed an inter-
calation potential of 0.54V, implying that the impact of doping is in
fact super-linear at low concentrations. Accordingly, we just need less
than 1.5 at% boron doping to square the current ratio and significantly
increase the power density.

Similar to lithium intercalation potential’s dependence on boron
concentration, the sodium concentration is also nearly linear

Figure 3. Projected density of states for non-intercalated and Li-intercalated BC5 (top), C6 (middle), NC5 (bottom).
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Figure 4. (Top) Migration energies vs reaction coordinates for intrinsic and boron doped graphite. (Bottom) Diffusion pathways for lithium in intrinsic (red) and
boron doped graphite (blue) – element coloring: Lithium (green), carbon (brown), boron (blue).

(V (Na)
B0.5C5.5

≈ (V (Na)
BC5

+ V (Na)
C6

)/2). Following the linear interpolation
detailed above, we predict that 7 at% of boron (B0.41C5.59) would be
sufficient to lead to a similar sodium intercalation potential as that of
lithium into pristine graphite (0.18 V).

Conclusions

Graphite remains the most prolific anode material in commer-
cial lithium ion batteries, but its performance in both fast charging
lithium ion batteries and in sodium ion batteries leaves much room
for improvement. We have computationally determined that carbon
site acceptor doping shows promise as a mechanism to improve both
of these performance limitations. The outlined kinetic picture ties to-
gether how the charging-rate limit of lithium and the charging ability of
sodium are related, in both cases experiencing exponential improve-
ments upon increases in the intercalation potential. Such increased
intercalation potential was shown to be achievable using boron dop-
ing, which had negligible impact on graphite inter-layer spacing or
diffusivity.
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M. V. Kovalenko, “Direct Synthesis of Bulk Boron-Doped Graphitic Carbon,” Chem.
Mater., 29(7), 3211 (2017).

22. B. M. Way and J. R. Dahn, “The Effect of Boron Substitution in Carbon on the
Intercalation of Lithium in Lix(zC1-z)6,” J. Electrochem. Soc., 141(4), 907 (1994).

23. J. R. Dahn, A. K. Sleigh, H. Shi, J. N. Reimers, Q. Zhong, and B. M. Way, “De-
pendence of the electrochemical intercalation of lithium in carbons on the crystal
structure of the carbon,” Electrochim. Acta, 38(9), 1179 (1993).

24. M. Endo et al., “Anode performance of a Li ion battery based on graphitized and
B-doped milled mesophase pitch-based carbon fibers,” Carbon N. Y., 37(4), 561
(1999).

25. C. Kim, T. Fujino, T. Hayashi, M. Endo, and M. S. Dresselhaus, “Structural and
Electrochemical Properties of Pristine and B-Doped Materials for the Anode of
Li-Ion Secondary Batteries,” J. Electrochem. Soc., 147(4), 1265 (2000).

26. M. Endo, C. Kim, K. Nishimura, T. Fujino, and K. Miyashita, “Recent development
of carbon materials for Li ion batteries,” 38, 183 (2000).

27. U. Tanaka, T. Sogabe, H. Sakagoshi, M. Ito, and T. Tojo, “Anode property of
boron-doped graphite materials for rechargeable lithium-ion batteries,” 39, 931
(2001).

28. H. Fujimoto, A. Mabuchi, C. Natarajan, and T. Kasuh, “Properties of graphite pre-
pared from boron-doped pitch as an anode for a rechargeable Li ion battery,” Carbon
N. Y., 40(4), 567 (2002).

29. L. Zhao, P. Klavins, and K. Liu, “Synthesis and properties of hole-doped Li1−xBC,”
J. Appl. Phys., 93(10), 8653 (2003).

30. J. S. Newman and C. W. Tobias, “Theoretical Analysis of Current Distribution in
Porous Electrodes,” J. Electrochem. Soc., 109(12), 1183 (1962).

31. M. Landstorfer and T. Jacob, “Mathematical modeling of intercalation batteries at
the cell level and beyond,” Chem. Soc. Rev., 42(8), 3234 (2013).

32. R. B. Smith and M. Z. Bazant, “Multiphase Porous Electrode Theory,” pp. 1, 2017.
33. J. Cannarella and C. B. Arnold, “The Effects of Defects on Localized Plating in

Lithium-Ion Batteries,” J. Electrochem. Soc., 162(7), A1365 (2015).
34. P. Arora, M. Doyle, and R. White, “Mathematical Modeling of the Lithium Depo-

sition Overcharge Reaction in Lithium-Ion Batteries Using Carbon-Based Negative
Electrodes,” J. Electrochem. Soc., 146(10), 3543 (1999).

35. R. D. Perkins, A. V. Randall, X. Zhang, and G. L. Plett, “Controls oriented reduced
order modeling of lithium deposition on overcharge,” J. Power Sources, 209, 318
(2012).
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