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This study employs the kinetics framework of Marcus-Hush-Chidsey (MHC) to investigate the charge
transfer at the interface of lithium electrode and electrolyte in lithium(ion)-batteries. The charge-
transfer rate constant is evaluated for different facets of lithium, namely (1 0 0), (1 1 0), (1 0 1), and
(1 1 1) as a function of surface charge density with the aid of density functional theory (DFT) calculations.
The results highlight and quantify the sensitivity of the rate of lithium plating and stripping to the surface
orientation, surface charge density, and charge-transfer over-potential. An intrinsic kinetics competition
among the different surface orientations is identified together with an asymmetry between the lithium
plating and stripping and showcased to influence the deposit morphology and surface protrusions and
indentations.
� 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The ever-increasing demand for batteries with higher energy
densities propels the battery research community towards the
realization of alternative solutions with superior energy and power
characteristics. The lithiummetal anode, thanks to its high theoret-
ical capacity of 3860 mAh/g, is a favored anode for the next gener-
ation batteries, such as all-solid-state lithium, lithium-ion and
lithium-sulfur batteries [1]. The lithium metal, however, is prone
to surface instabilities in contact with the electrolyte as well as
dendrite growth on account of its low surface energy [2] and high
surface diffusion barrier [3] raising the safety concerns of the
short-circuit and thermal runaway [1,4]. The physics-based model-
ing at the macroscopic [5–9] and molecular [2,10–12] scales have
provided invaluable insights into the causes and effects of the fail-
ure mechanisms for the lithium electrode, facilitating the design of
new materials [13–15] and mitigation strategies [10,16–18]. The
investigations of the thermodynamics and kinetics origins of the
surface instabilities during lithium plating form the major body
of the current modeling literature [11,19] while a recent growing
number of reports highlight and quantify the important role of
the lithium stripping step in triggering the loss of contact via hole
formation and intensifying the dendrite growth in the subsequent
plating steps [20–23]. The transition from the pseudo-epitaxial to
mossy and dendritic regimes of growth was explained in a thermo-
dynamics context by identifying a critical potential threshold
below which a negative surface tension would favor the increase
of the surface area over bulk [2,4,10–12,24]. The earlier kinetic
interpretations, on the other hand, explained the onset of plating
instability to the transition from a reaction-limited (random depo-
sition) to a transport-limited (Sand’s time) regime [25]. The
charge-discharge simulation of the lithium electrode based on
the conventional macroscopic models suggests that the distinctive
features of the lithium electrode under practical operating condi-
tions cannot be solely attributed to the transport properties of
the electrolyte, e.g., ion depletion at lithium/electrolyte interface
(Fig. S1).

Despite its significance, the modeling of the charge transfer
kinetics at the lithium/electrolyte interface has been less explored
[26] and mostly treated by the Butler-Volmer (BV) model, which is
in common use for lithium-ion batteries (LIBs) [27,28]. In contrast
to the conventional insertion-based anodes of LIBs, lithium elec-
trode deserves a more comprehensive kinetics modeling frame-
work [27,29,30] to facilitate explaining its peculiar features such
as voltage hysteresis (plating/stripping asymmetry) [11,31] and
its morphological sensitivity to the surface charge density [32]
and the composition of the electrolyte and additives [15,33,34],
among others. Marcus-Hush-Chidsey (MHC) kinetic model is a
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powerful alternative framework [29,35] that has successfully been
employed to describe the charge transfer reactions for various elec-
trochemical systems [29,30,36,37]. MHCmodel considers the occu-
pation of the electronic states in the electrode and energetics of the
solvent reorganization prior to the electron transfer. Although
these extra considerations, relative to a Butler-Volmer framework,
complicate the application of the MHC, but in the present study, its
added values are showcased for the analysis of the charge transfer
kinetics at the interface between lithium and a typical solid poly-
mer electrolyte. To do so, the density of states (DOS) is calculated
and used together with the MHC model to quantify the reactivity
of the lithium electrode and its sensitivity to the surface orienta-
tion and charge density.
2. Results and discussion

In line with the previous reports [2,11], our calculations
(Table S2) suggest that the (1 1 0) orientation of lithium has the
largest work function and the smallest surface energy, making it
a thermodynamically favorable surface to be formed during the
lithium deposition. The lower surface energy, however, renders
the surface more vulnerable to the fluctuations and hence the for-
mation of the whiskers and dendrites [32]. DFT calculations were
performed to calculate the DOS of uncharged and charged lithium
surfaces (0, 10, �10, �15, and �20 lC/cm2). DOS profiles (Fig. 1)
reflect the expected metallic behavior and the availability of the
energy states at the Fermi level with the overlap of the conduction
and valence bands [29,36]. Noteworthy is the significant sensitivity
of the DOS to the orientation and charge density of the surface and
the energy level (Fig. 1). The latter observation calls into question
the legitimacy of assuming a flat DOS in the computation of the
kinetics rate constants [36]. According to a simple jellium model,
E
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Fig. 1. DOS of (hkl) surface orientations of lithium computed at different surface ch
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in the Li bulk the DOS is constant in the direction perpendicular
to the surface, but the abrupt lattice termination near the surface
results in a non-uniform DOS which is the origin of the well-
known surface dipole or surface potential contribution (v) to the
work function (u) [38].

u ¼ �l
F
þ v ð1Þ

where l is the chemical potential of electron in Li metal and F is
Faraday constant. The charge redistribution at the surface is a
strong function of the crystallographic orientation and as such is a
non-negligible factor in determining the work function. Although
u does not explicitly appears in the conventional electrochemical
kinetics analysis, it is a more fundamental interpretation of the con-
cept of over-potential and plays an important role in the electrode
kinetics [39].

Although the uncharged (1 1 0) orientation has the most energy
states at the Fermi level (Fig. 1a), the (1 0 0) orientation offers more
electronic states for the circumstances with the positive (Fig. 1b)
and negative deviations (Fig. 1c and d) from the potential-of-
zero-charge (PZC).

Considering that the redox potential of Li+/Li is lower relative to
the PZC [32], under the practical operational conditions, the
lithium electrode is negatively charged (Table S3). This situation
suggests a kinetic preference for the participation of (1 0 0) and
(1 1 1) orientations, in view of the available electronic states at
the electrode, compared to the (1 1 0) and (1 0 1) orientations
(Fig. 1d, Table S2). The computed DOS profiles once integrated into
the MHC model (Eqs. (1) and (2), SI) provide the kinetics rate con-
stants of lithium plating and stripping at different surface orienta-
tions and charge densities (Fig. 2). The results correspond to the
lithium in contact with a typical polymer solid electrolyte with a
reorganization energy of 0.18 eV [40] and are illustrated for a wide
=

=

arge densities of (a) 0 lC/cm2, (b) 10 lC/cm2, (c) �10 lC/cm2, (d) �15 lC/cm2.
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Fig. 2. Predicted rate constant for (hkl) different surface orientations of the lithium with different surface charge densities of (a) 0 lC/cm2, (b) 10 lC/cm2, (c) �10 lC/cm2, (d)
�15 lC/cm2.
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overpotential range of gj j < 0:5: This range, although rather high
for practical applications, was selected to cover the possible local
overshoots of voltage at a Li electrode on account of the non-
uniform morphology and distribution of electrical states at the
electrode/electrolyte interface. It is, however, noteworthy that
the results should be taken as semiquantitative on account of the
errors and model limitations common to the simulations at the
molecular scales [41–45]. The rate constants vary among different
orientations and demonstrate an asymmetry between plating and
stripping. These features are more pronounced for the surfaces
with a non-negative charge density value (Fig. 2a and b). Notwith-
standing the orientation and charge, the J � g plots exhibit a visible
deviation from the BV behavior (green lines, Fig. 2) starting at over-
potential values as small as 50 mV. The more practical relevance of
the kinetics’ sensitivity to the surface charge density and orienta-
tion is better understood in the context of the recent experimental
and theoretical findings where the spatial distribution of the
potential in the solid and electrolyte phases are shown to lead to
a non-uniform distribution of the local ionic current density and
over-potential at the electrode/electrolyte interface. For instance,
in a recent experimental report by us, a significant spatial variation
of the lithium thickness and roughness over the course of cycling
was explained by the non-uniform distribution of the ionic current
and potential in-plane of the lithium electrode surface [46]. From a
more microscopic point of view, such a distribution of the potential
drop at the electrode/electrolyte interface is a manifestation of a
non-uniform distribution of the local charge density over the sur-
face of the Li electrode. In this regard, Santos and Schmickler high-
lighted the crucial role of the local surface charge density on the
formation dynamics of the dendrites [32]. Therefore, the kinetics
simulations in Fig. 2 indirectly emulate the sensitivity of the local
kinetics behavior of a Li electrode featuring a surface (2D) over
which the electrical state of the interface is non-uniformly dis-
tributed either induced by the uneven morphological details or
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the non-uniform distribution of adatoms at the interface, among
others. In this regard, one might look at the different J-g subplots
of Fig. 2 as different kinetics’ signature of a Li electrode once at
different orientations and carrying different surface charge
densities. In a more practical sense, if f describes the correlation
between J and g, i.e. J = f(g,(hlk), r), then the multiplicity of trends
observed in Fig. 2 implies that the local charge-transfer resistance
(Rct from a Nyquist impedance plot) of a Li electrode will be
dependent on both surface orientation and local charge density,

i.e. Rct ¼ @f
@V jr;ðhlkÞ
h i�1

[47].

In this regard, the higher surface charge density at the surface
indentations and protrusions will imply a locally higher over-
potential supported by the calculated potentials as a function
of surface charge density (Table S3). The results suggest an aver-
age variation of 140 mV for every 1 lC/cm2 change in the sur-
face charge density with (1 1 0) and (1 0 0) surfaces identified
as the most and the least sensitive orientations to the local
variations of charge density, respectively (Table S3). The wide
distribution of the local stripping and plating kinetics as a
function of the surface charge density and orientation is better
illustrated in Fig. 3 for different ranges of surface over-
potential (g). A lumped plating (stripping) power index (c) was
defined as the area under the J � g plots (Fig. 2), i.e. c ¼ R

Jdg,
in order to facilitate the comparison of the plating and stripping
kinetics among various orientations at different zones of g. Note-
worthy is a rather broad distribution of the participation of dif-
ferent orientations in the plating and stripping process (Fig. 3).
On average, a more uniform participation among the different
orientations is observed at higher over-potentials (Figs. 3 and
4). The presence of negative charge density on the Li surface
demonstrates a similar equalizing effect in kinetics activity of
the different orientations (Figs. 3 and 4). Particularly, the
(1 1 1) orientation is identified as the most kinetically active



Fig. 3. The distribution of the plating/stripping power (c) among (1 1 0), (1 0 0), (1 0 1), and (1 1 1) Li surface orientations at various charge densities (a1–b5) r = 0 lC/cm2,
(c1–d5) r = 10 lC/cm2, (e1–f5) r = �15 lC/cm2, in different zones of charge-transfer over-potential.

Fig. 4. Relative standard deviation of the plating/stripping power with respect to the (1 1 0), (1 0 0), (1 0 1) and (1 1 1) orientations in different zones of over-potential and at
3 different surface charge density conditions, i.e. 0, 10, and �15 lC/cm2. The data are generated based on the plating/stripping power of the individual orientations (Fig. 3).
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orientation at r = �15 lC/cm2 while being hardly active at non-
negatively charged surfaces (Fig. 3).

One might use the relative standard deviation of the c (RSD (c))
to explain the sensitivity of the texture and morphology of the
lithium electrode to the charge-transfer kinetics’ parameters,
including the surface over-potential and surface charge density
(Fig. 4). RSD (c) might be interpreted as a gauge to measure the
competition degree of the charge-transfer kinetics among different
surface orientations during lithium plating and stripping. A larger
RSD (c) represents a more preferential growth or dissolution for
a particular orientation resulting in a more anisotropic and tex-
455
tured particle morphology. Such a kinetically favored orientation
if positioned perpendicular to the electrode surface is then more
vulnerable to the dendritic growth. A less faceted morphology,
on the contrary, might be indexed to lower values of RSD (c). In this
regard, our results suggest that irrespective of the surface charge
density, the lower charge-transfer over-potential (g) promotes
the preferential plating and growth of lithium whereas this regime
of growth is disfavored at higher g (Fig. 4). The kinetics competi-
tion among different surface orientations follows a more compli-
cated pattern during lithium stripping. At r = �15 lC/cm2,
lowering the g is in favor of preferential stripping. The opposite
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trend is observed at PZC, where the preferential stripping is pro-
moted at higher g. At r = 10 lC/cm2, increasing the kinetics
over-potential in the ranges of 0 < g < 300 mV and
300 < g < 500 mV hinders and enhances, respectively, the preferen-
tial stripping of lithium (Fig. 4).

The roughening of the lithium surface over continuous plating/
stripping cycles is an important aging aspect of the lithium metal
electrodes leading to the loss of contact and formation of dead
lithium [23,48,49]. A charge-transfer-induced roughness is con-
ceivable on account of the observed asymmetry between the plat-
ing (Jp) and stripping (Js) current at a given over-potential (Fig. 5).
The asymmetry coefficient defined as a ¼ Jp=Js deviates from unity
except at very low over-potential values (g < 250 mV). The asym-
metric behavior is particularly dominant for the non-negatively
charged surfaces at higher over-potential with a � 1. At higher
g, however, the negatively charged surfaces exhibit 0.4 < a < 0.9.
Noteworthy is the different deviation behavior of the a from unity
among surface orientations which suggests a relative preferential
accumulation or recess of the particular orientations over the cycle
life of a lithium electrode. For instance, the variation trends of a
(Fig. 5) suggest that the cycling at a high overpotential for a non-
negatively charged surface tends to enrich the surface protrusions
with the (1 0 0) orientation. Moreover, the (1 1 1) surface displays
an extreme asymmetry (a � 1) at PZC and for positively charged
surfaces (Fig. 3a1–b5) over the entire range of over-potential con-
tributing to the surface protrusions while sharing the same trends
for negatively charged surfaces with other orientations. The nega-
tively charged surfaces induce less severe asymmetry effects
although both surface indentations and protrusions are equally
present at higher over-potentials (Fig. 5).

Our results suggest that cycling a Li electrode under a kinetics-
controlled regime at lower and higher overpotentials has a
smoothing and freezing effect for the surface irregularities, respec-
tively. This means that a Li anode would be more durable if cycled
at lower overpotentials in contact with an ideal electrolyte where
the concentration overpotentials are negligible. Moreover,
Fig. 5. The asymmetry between the lithium plating and stripping current with different su
of (a) (1 0 0), (b) (1 1 0), and (c) (1 0 1).
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although the Li surface with more negative charge densities is
known to be more vulnerable to the dendrite growth from a ther-
modynamics point of view, the findings of this work suggest that
from a charge-transfer kinetics standpoint a Li surface with a more
negative surface charge density on average is more protected from
the morphological non-uniformities on a longer-term cycling. In
this regard, more attention should be devoted to the lithium strip-
ping in devising the protection strategies for lithium electrode. One
possible trajectory might be the use of electrolyte additives such as
organic cations to fine-tune the electric double layer [50]. These
findings remain qualitative and to be confirmed with the future
experimental studies but they point out to the need for more
sophisticated theoretical and experimental kinetics investigations
to better understand and optimize the Li/electrolyte interface for
Li-metal-based batteries.

3. Conclusions

This research employed the DFT calculations and Marcus-Hush-
Chidsey model to shed light on the peculiar performance features
of the lithium electrode in lithium-ion and lithium metal batteries
in the context of the charge-transfer reaction at the lithium-
electrolyte interface. The DFT calculations were performed to
obtain the electronic density of states for different orientations of
lithium with neutral and charged surfaces. The sensitivity of the
rate constants and the plating/stripping asymmetry to the surface
orientation and charge density was demonstrated to be significant.
Two kinetic parameters were introduced to discuss the morphol-
ogy and roughness features of the lithium electrode originating
from its charge transfer behavior. The first parameter reflects the
degree of kinetics competition between the different orientations
and found responsible for determining the uniform or preferential
regimes of growth and stripping of the lithium particles. The sec-
ond parameter indexes the level of asymmetry between the plating
and stripping current, which impacts the accumulation of the pro-
trusions or indentations at the lithium surface over repeated
| |

=
=

=
=

rface charge densities of r = 0, 10,�10, and�15 lC/cm2 for the surface orientations
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cycling. The results demonstrate the power of the MHC framework
to bridge between the atomistic and molecular properties of the
Li/electrolyte interface and the macroscopic features of the lithium
electrode during deposition and stripping. This paves the road for a
physics-based multi-scale simulation of the morphological evolu-
tion of a lithium electrode in lithium(ion) batteries and its sensitiv-
ity to the properties of the interface and operational conditions. In
this respect, the following modeling works can target the coupling
of the MHC with a macroscopic 2D Newman battery model to sim-
ulate the uneven deposition and stripping of the Li electrode under
practical conditions. The simulations from such a model once
matched with the experimental time-series of the voltage and cur-
rent at different operating conditions and electrolyte compositions
can provide invaluable insights to facilitate the optimization of the
Li/electrolyte interface for lithium batteries.
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