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a b s t r a c t
Two dimensional (2D) materials have attracted great interest due to their unique structures and
properties. However, the loss of the exceptional properties of 2D constituents in their 3D counterparts
poses a grand challenge to the widespread use of 2D materials. How to achieve comparable superior
properties in 3D materials made of 2D constituents still remains elusive. Here we demonstrate an
effective approach to tailoring the mechanical properties of 3D materials, made of 2D constituents via
ion intercalation. We show that, by intercalating Li ions into graphite, the inter-graphene-layer friction
can be drastically increased up to 7 times of that in natural graphite. We attribute the drastic increase
of inter-graphene-layer friction to the electrostatic interaction of graphene layers with the intercalants.
The layered structure of 2D materials and the weak inter-layer interactions allow for facile intercalation
of various foreign species into the vdW gap of 2D materials. Therefore, fertile opportunities exist to
leverage ion intercalation to fine tune the interlayer interaction between 2D constituents, paving a
promising way to programmable mechanical properties of their 3D counterpart materials.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
Two dimensional (2D) materials, such as graphene [1–3],
molybdenum disulfide [4], hexagonal boron nitride [5] and MXenes [6,7] have received tremendous attention in the past two
decades due to their atomically thin planar structures as well as
their superb physical and chemical properties [8,9]. The mechanical properties of 2D materials are remarkable (e.g., graphene is
the strongest material ever measured with an intrinsic strength of
130 GPa) [10], and also can be leveraged to tailor other properties
of 2D materials (e.g., electromagnetic and optical) [10–16]. Enthusiasm for the significant potentials of 2D materials aside, how
to achieve comparable superior properties in 3D materials made
of 2D constituents still remains elusive. The loss of exceptional
properties of 2D constituents in their 3D counterparts poses a
grand challenge to the widespread use of 2D materials, and thus
calls for an effective and general solution.
The layered structure of 2D materials and the weak interlayer interactions allow for facile intercalation of foreign species
into the vdW gap of 2D materials. Intercalation can provide the
highest doping to 2D materials and enable continuous, reversible
and intrinsic modifications to the host material, suggesting an effective mechanism to tune the properties of the 2D materials [17,
∗ Corresponding authors.
E-mail addresses: jiayuwan@umd.edu (J. Wan), binghu@umd.edu (L. Hu),
lit@umd.edu (T. Li).
1 These authors contributed equally to this work.
https://doi.org/10.1016/j.eml.2019.100616
2352-4316/© 2019 Elsevier Ltd. All rights reserved.

18]. So far, intercalation method has been successfully applied to
tailor the properties of 2D materials toward optical [19–21], electrical [22–25], optoelectronic [26–28], magnetic [29,30], thermoelectric [31], energy conversion [32] and storage [33] applications.
The intercalating species can cause significant charge transport in
the host 2D materials, which in turn can change the mechanical
properties of the 2D materials. There exist fertile opportunities
to leverage intercalation to tune the mechanical properties of 2D
materials, which remain largely unexplored to date.
In this letter, we reveal the giant tunability of friction in
between graphene via intercalation of Li ions, epitomizing the
remarkable potential of ion intercalation to tailor the mechanical
properties 3D materials made of 2D constituents. Using density
functional theory (DFT) calculations, we show that, by intercalating Li ions into neighboring graphene layers, the inter-graphenelayer friction can be drastically increased up to 7 times of that
in natural graphite. The level of interlayer friction can be effectively programmed via controlling ion intercalation level, demonstrating facile tunability. Such a result is counterintuitive, given
that intercalation species increase the distance between graphene
layers, which is supposed to decrease the inter-graphene-layer
interactions and thus leads to decreasing friction. We attribute
the drastic increase of inter-graphene-layer friction to the electrostatic interaction of graphene layers with the intercalants. The
charge transfer of the intercalants to graphene layers gives rise
to the opposite electric plane of graphene and the intercalants.
The resulting electrostatic attractive force between the neighboring graphene layer (-) and the Li intercalants (+) leads to
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Fig. 1. Schematic of graphitic carbon before (a) and after (b) Li ion intercalations. Carbon is shown in gray and Li ions in blue. Schematic images illustrate friction
force between graphene layers before (c) and after (d) Li ion intercalation. The local structure is zoomed in with 3 graphitic layers shown on the right side of the
figure. The friction force increases remarkably due to Li ion intercalation induced Coulomb interaction between the graphene layers and Li ions.

the enhanced friction between the neighboring graphene layers
(Fig. 1).
A variety of intercalating species (e.g., ions, metals, organic
and inorganic molecules [17,31,34,35]) have been demonstrated
for 2D materials, which are expected to have different effects
on charge transfer in host 2D materials. Therefore, there exist promising potentials to leverage ion intercalation to finetune the interlayer friction between 2D constituents, paving a
way toward programmable mechanical properties of their 3D
counterpart materials.
2. Energy barrier and friction force during interlayer sliding
To quantitatively compare the interlayer friction of pristine
graphite and that of Li-intercalated graphite, we carry out DFT
calculations to simulate the interlayer sliding in these two cases
(Fig. 2, see Method sections for simulation details). It is shown
that at the beginning of Li intercalation process the distribution
of Li ions is heterogeneous. But as the intercalation process proceeds, the lithiated area increases linearly with time and the distribution of the Li ions converges to a uniform profile eventually
at equilibrium [26]. Thus, we implement all the DFT simulations
based on the equilibrium state of Li-intercalated graphite system
and assume a uniform distribution of Li ions. Pristine graphene
layers prefer AB stacking, while intercalated ions shift the stacking pattern of graphite to AA stacking [36]. It has also been
confirmed that the center of the hexagon ring is the most favored
intercalation site with the maximum absorption energy [37,38].
Fig. 2a shows the perspective views of the simulation models
of pristine graphite (left) and ion-intercalated graphite (right),
respectively. The arrows illustrate the two representative sliding directions of the middle graphene layer, namely, armchair
direction (AC) and zigzag direction (ZZ). Fig. 2b shows four repeating steps in the sliding process along AC direction for pristine
graphite (left, labeled as P0AC ∼ P3AC ) and ion intercalated graphite
(right, labeled as Q0AC ∼ Q3AC ), respectively. Fig. 2c shows two repeating steps in the sliding process along ZZ direction for pristine
graphite (left, labeled as P0ZZ ∼ P1ZZ ) and ion intercalated graphite
(right, labeled as Q0ZZ ∼ Q1ZZ ), respectively. P0 and Q0 positions

correspond to the thermodynamically stable structures with the
lowest energy.
Fig. 2d plots the variation of energy per atom from the lowest
energy states (i.e., P0 or Q0 ) as the function of sliding displacement, D, in AC direction, for pristine graphite (blue) and ionintercalated graphite (red), respectively. Here for comparison,
we consider the case of maximum intercalation capacity for the
Li/graphite system [39] (with a ratio of Li:C=1:6). For pristine
graphite, the highest energy variation (defined as the energy
barrier of sliding process) is 0.011 eV/atom, occurring at the
sliding displacement of 2.7 Å, which corresponds to P3AC position
(Fig. 2b, AA stacking). For ion-intercalated graphite, the graphene
interlayer distance increases from 3.4 Åto 3.7 Å(about 10%), consistent with the experimental results [40]. The energy variation as
the function of sliding displacement shows a symmetric doublepeak shape, with an energy barrier of 0.079 eV/atom, more than
7 times of that of pristine graphite. The two energy barriers occur
at the sliding displacements of 1.43 Åand 2.86 Å, corresponding
to Q1AC and Q3AC , respectively. There exists a local minimum of
energy variation (Q2AC , 0.069 eV/atom) between these two energy
barriers, corresponding to the sliding position when the Li ion is
above the center of the C–C bond in the middle graphene layer.
Fig. 2e plots the variation of energy per atom from the lowest
energy states (i.e., P0 or Q0 ) as the function of sliding displacement, D, in ZZ direction, for pristine graphite (blue) and ionintercalated graphite (red), respectively. Different from sliding
along AC direction, there exists only one peak of energy variation
(i.e., energy barrier) when sliding along ZZ direction. For example,
the energy barrier for pristine graphite sliding is 0.009 eV/atom
(occurring at P1ZZ position), while the energy barrier for ionintercalated graphite sliding is 0.069 eV/atom (occurring at Q1ZZ
position,), a more than 7-time increase. Note that the energy barrier along ZZ sliding direction is the same as the local minimum of
energy variation along AC sliding direction (0.069 eV/atom), due
to the same atomic structure (i.e., Q1ZZ is identical to Q2AC ).
Figs. 2f and 2g plot the friction force (calculated by taking
the derivative of the curves in Fig. 2d) as the function of sliding
displacement, D, in AC and ZZ directions, respectively (pristine
graphite: blue and ion-intercalated graphite: red). The friction
force in ion-intercalated graphite (0.085 eV/Å/atom) is 7 times
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Fig. 2. Derivation of energy and friction before and after Li intercalation. (a) Perspective views of the simulation models of pristine graphite (left) and ion-intercalated
graphite (right). The shade in the right panel illustrates the cross-section for which the charge density is computed in Fig. 3. (b) Atomistic structures in the sliding
process along AC direction for pristine graphite (left, labeled as P0AC ∼ P3AC ) and ion intercalated graphite (right, labeled as Q0AC ∼ Q3AC ). (c) Atomistic structures in
the sliding process along ZZ direction for pristine graphite (left, labeled as P0ZZ ∼ P1ZZ ) and ion intercalated graphite (right, labeled as Q0ZZ ∼ Q1ZZ ). Variation of energy
per atom as the function of sliding displacement, D, in AC (d) and ZZ direction (e). Corresponding friction force as the function of sliding displacement, D, in AC (f)
and ZZ (g) directions.
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higher than that in pristine graphite (0.012 eV/Å/atom) when
sliding along AC direction, and 5 times higher when sliding along
ZZ direction (0.075 eV/Å/atom vs. 0.015 eV/Å/atom).
For the sliding of large-scale graphene flakes, the shear lag
effect should be considered. A shear-lag model [41,42] predicts
the critical sliding strain εc in the graphene layer as

√
εc = −

∆E
Eg t g

coth(β L)

(1)

where ∆E is the variation of interfacial energy after sliding and
L is the original√length of the large scale graphene in its in-plane
K

direction. β = E gt is the shear lag parameter, where Kg is the
g g
interface stiffness, Eg is Young’s modulus and tg is the thickness
of graphene.
When the applied strain reaches the εc , the sliding occurs at
the edge of the graphene. As the applied strain furthers increases,
the sliding zones increase. When the whole graphene flake slides,
the maximum stress (τmax ) and strain (εmax ) can be given by

√
τmax = − 2∆EKg
√
2∆EKg L
εmax = −
Eg tg

(2)
(3)

Our DFT calculation reveals a significant increase in interfacial
energy after Li intercalation (more than 7 times increase, Fig. 2(d)
and (e)). Such a large variation of interfacial energy leads to
an increased critical strain of initial sliding (from Eq. (1)) and
an increased level of maximum stress and strain to slide the
whole graphene (from Eqs. (2) and (3)). Given the square root
dependence of τmax on ∆E, the friction force due to interlayer
sliding in ion-intercalated graphite can still be 2.65 times higher
than that in pristine graphite, by considering the shear-lag effect.
3. Charge density and projected density of states
To offer mechanistic understanding of the drastic increase
of interlayer friction in ion-intercalated graphite, we consider
the influence of ion intercalation on the electronic behavior of
graphite. Previous studies reveal that, upon Li intercalation, carbon atoms in a carbon nanotube can be negatively charged with
electrons transferred from Li [43]. Through Mulliken Population
analysis, we show that the intercalated Li ions are able to transfer
as much as 0.89 electron charge per Li ion to the graphene plane,
which is consistent with other reports [44]. Thus, we attribute the
drastic increase of interlayer friction in ion-intercalated graphite
to the Coulombic attraction between the graphene layers and Li
ion layers.
To further elaborate the Li ion induced electron transfer to
graphene layers, we calculate the evolution of charge densities in
the Li ion intercalated graphite during the sliding process along
AC direction, as shown in Fig. 3a. Here, we consider the sliding
process in two representative stages: energy increasing stage
(from Q0AC to Q1AC : D = 0 ∼ 1.43 Å) and energy decreasing
stage (from Q1AC to Q2AC : D = 1.43 Å∼ 2.1 Å). As shown in the
first panel of Fig. 3 (D = 0 Å), the Li intercalants lead to electron
transfer to both sides of each graphene layer in the graphite. This
is distinct from pristine graphite where the interlayer interaction
is essentially van der Waals type and there is no electron transfer.
In the energy increasing stage (D = 0 ∼ 1.43 Å), the distribution of charge density in the sliding graphene layer becomes
more non-uniform as the sliding proceeds. The charge density
on the carbon atom reaches the highest when it passes right
beneath the Li intercalant (i.e., Q1AC position). Such an increasing
non-uniformity of charge density corresponds to the increase
of energy as shown in Fig. 2d. In the energy decreasing stage

(D = 1.43 ∼ 2.1 Å), the distribution of charge density in the
sliding graphene layer tends to be more uniform as the sliding
proceeds. When the Li intercalant reaches the middle of the C–C
bond (i.e., Q2AC position), the charge density on the two carbon
atoms becomes identical. Such an increasing uniformity of charge
density corresponds to the decrease of energy as shown in Fig. 2d.
Furthermore, to investigate the distribution of orbital electron
to the charge transfer, the projected density of states (PDOS)
of the whole system is calculated at different graphene sliding
steps (from Q0AC Q0AC to Q2AC ) after Li intercalation, as shown in
Fig. 4a. There exists a distinct difference of PDOS (contributed
by p orbital, blue curves) near the Fermi level at different sliding
steps. In the energy increasing stage, PDOS near the Fermi level
increases significantly from 1.41 at Q0AC position to 2.51 at Q1AC
position, while in the energy decreasing stage, PDOS near the
Fermi level decreases gradually from 2.51 at Q1AC position to
2.00 at Q2AC position. The more occupied states near the Fermi
level correspond to higher electronic energy and better electrondonating capability. Therefore, the capability of electron donating
from Li intercalant to the graphitic matrix reaches the maximum at Q1AC position, corresponding to the strongest Coulombic
interaction. The above variation of PDOS near the Fermi level
is consistent with the variations of energy (Fig. 2d) and charge
density (Fig. 3) during the sliding process. It can be concluded
that the p-electron near the Fermi level dominates the variation
of energy, thus forms the energy barrier of the interlayer sliding
of graphite. To evaluate the contribution of different atoms, the
PDOS of Li and C atoms are calculated simultaneously (Fig. 4b).
It is shown that the C atoms make a dominating contribution to
the p-electron, while the influence from Li atoms is negligible.
4. Tunability of interlayer friction
The interlayer friction of graphite can be further fine tuned
by tailoring the Li intercalation level in graphite. For example,
by controlling the state of charge of a graphite/Li half cell, the
Li intercalation level can be quantitatively programmed. Fig. 5a
illustrates the electrochemical Li intercalation staging effect in
graphite, obtained by charging/discharging a graphite/Li half cell
with liquid electrolyte (1M LiPF6 : Ethylene Carbonate: Diethyl
Carbonate) at a charging rate of C/20.
From the voltage profiles shown in Fig. 5a, three intercalation levels (such as LiC36 , Li3 C36 and Li6 C36 , respectively) can be
achieved during both Li intercalation (blue curve) and deintercalation (red curve) in graphite. The highly reversible staging effect
of Li intercalation in graphite indicates the promising potential
of using electrochemical method as an effective approach to
programming the interlayer fiction of graphite. Fig. 5b shows the
programmable friction force in graphite as a function of Li intercalation level in graphite. As the Li intercalation level increases,
the interlayer friction in graphite increases.
5. Concluding remark
In summary, we reveal an effective approach to tailoring the
interlayer friction of graphite by ion intercalation. We demonstrate that using Li intercalation, the interlayer friction of graphite
can be substantially increased up to 7 times. We further show
that the interlayer friction of graphite can be programmed by
controlling the level of Li intercalation.
Our DFT calculations reveal that the enhanced interlayer friction of graphite via Li intercalation results from the increased
Coulombic interaction between the graphene layers and the intercalants. By contrast, the interaction between graphene layers
in pristine graphite is largely van der Waals type. Further analysis
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Fig. 3. Cross-sectional views of charge density during the sliding process along AC direction. Cross section is shown as shadow area in Fig. 2a. The middle graphene
layer slides and the top and bottom graphene layers are fixed. Red arrow represents the sliding direction. (Unit of the color scale: e/Bohr3 .)

Fig. 4. The projected density of states (PDOS) changes in the sliding process along AC direction: (a) total and (b) partial.

Fig. 5. Programmable interlayer friction of graphite. (a) voltage profile of Li intercalation in graphite with a Li/graphite half cell (electrolyte of 1M LiPF6 in EC/DEC
v:v=1:1) (b) interlayer friction of graphite with different Li intercalation level.

shows that there exist two stages in the interlayer sliding process of ion-intercalated graphite, giving rise to distinctive charge
transfer behaviors. In the energy increasing stage, the distribution
of charge density in the sliding graphene layer becomes more
non-uniform, while the charge density becomes more uniform
in the energy decreasing stage. PDOS calculation shows that pelectron near the Fermi level dominates the variation of energy
and forms the energy barrier of the interlayer sliding of graphite.
Research findings from the present work shed light on tuning
the charge transfer in other 2D materials and van der Waals

heterostructures, which in turn provide a fertile ground for programmable mechanical properties of 3D materials made of 2D
building blocks.
Methods
Density functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP) [45,46] is performed to determine the atomic interaction between Li and graphene. The

6

Z. Pang, J. Wan, A. Lu et al. / Extreme Mechanics Letters 35 (2020) 100616

generalized gradient approximation (GGA) of the Perdew–Burke–
Ernzerhof (PBE) [47] functional is used for exchange and correlation interaction. We have tested the validity of PBE calculations by examining its predictability for the lattice constant
of graphene [37]. The result from PBE calculation is in good
agreement with the experiments [48]. Considering
the
√ symmetry
√
of graphene with maximum Li insertion, A 3 × 3 rhombus
supercell is used to investigate the interaction of Li atoms with
pristine graphene. In order to compare with the results stretching
graphene layer without Li insertion, the VDW correction, which
is described by DFT-D2 method of Grimme [49], is considered in
all these calculations. The Brillouin zone is sampled by a 6 × 6 × 4
Monkhorst and Pack [50] grid. The cutoff energy in our calculation
is 500 eV. All the calculations are relaxed to minimize the total
energy of the system until the atomic forces are converged to
0.01 eV/Å. Periodical boundary conditions are applied in both
in-plane and interlayer directions. The assumption of uniform
distribution of Li ions and the periodic boundary condition of
our simulation model, in combination with the large bending
stiffness of the graphene layer [51] result in the relatively uniform
increase of interlayer distance of graphene after Li intercalation.
In reality, the non-uniform distribution of Li ions could result
in fluctuation of graphene morphology, for example, having a
smaller interlayer distance in domains without Li ions and a
larger interlayer distance in domains with concentrated Li ions.
Such a fluctuating morphology of graphene is expected to modestly increase the interlayer friction [52,53], as it takes additional
energy to accommodate the variation of graphene morphology as
the interlayer sliding occurs. As we focus on the friction between
the graphene layers, the upper and lower graphene layers are
fixed in their plane and the middle graphene layer slides along
AC or ZZ direction. The Li intercalants are free along the sliding
direction and then the structures are relaxed sufficiently.
Here we define the variation of energy per atom as ∆E =
(Etotal − Eorigin )/n, where Etotal is the total energy of the Li intercalated graphene layer and Eorigin is the energy of the system before
the sliding process, and n is the total number of carbon atoms.
The maximum value of ∆E is defined as the energy barrier of the
sliding process.
The friction force is computed by taking the derivative of the
energy curve F⃗ = ∇ E. The maximum of the frictional force
characterizes the threshold resistance to overcome during sliding.
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