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Interlayer Electron Redistribution Engineering for Ultralow

Friction in 2D Electrides

Jingcheng Qi, Giuliana Materzanini, Gian-Marco Rignanese, Maria Clelia Righi,

and Junjie Wang*

Friction accounts for up to 30% of global energy consumption, underscoring
the urgent need for superlubricity in advanced materials. 2D electrides feature
cationic layers separated by 2D confined anionic electrons. Ab initio
calculations reveal that interlayer friction correlates with cationic charge and
sliding-induced charge redistribution. Remarkably, the 2D electride Ba,N
exhibits lower interlayer friction than graphene despite stronger interlayer
adhesion, contradicting conventional tribological understanding. This
anomaly stems from electron redistribution serving as the dominant energy
dissipation pathway. Deep potential molecular dynamics (DPMD) simulations
show that incommensurate twisted interfaces (2° < 0 < 58°) in Ba,N achieve
structural superlubricity by suppressing out-of-plane buckling and energy
corrugation. Notably, a critical normal load of 2.3 GPa enables barrier-free
sliding in commensurate Ba,N (6 = 0°), with an ultralow shear-to-load ratio of
0.001, suggesting superlubricity potential. Furthermore, electron doping
effectively reduces interlayer friction by controllably modulating stacking
energies. These findings establish 2D electrides as a transformative platform
for energy-efficient tribology, enabling scalable superlubricity through twist
engineering, load adaptation, or electrostatic gating. This work advances the
fundamental understanding of electron-mediated friction, with Ba,N serving a

loss across industries, with research
suggesting that up to 30% of energy
consumption can be attributed to it.['?!
Consequently, significant efforts have been
directed toward minimizing friction and
achieving “superlubricity”, characterized
by extremely low friction values. In 2004,
Frenken et al. experimentally demon-
strated superlubricity in graphite.}] They
observed that frictional forces between a
graphite sheet and a highly oriented py-
rolytic graphite (HOPG) crystal surface are
significant only when the graphite sheet
has a commensurate orientation relative to
the HOPG substrate. In contrast, friction is
significantly reduced for incommensurate
orientations, a phenomenon referred to
as “structural lubricity”.*] Superlubricity
was also achieved in commensurate con-
tacts by applying specific external loads
and strains.>”7] Researchers continue to
explore new materials and approaches
that offer increased stability and reduced

model for cost-effective, high-performance material design.

1. Introduction

Friction, a widespread physical phenomenon, frequently results
in undesirable consequences such as wear failures and energy
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cost for achieving superlubricity.®1!

In atomic force microscopy (AFM) mea-

surements, friction primarily originates

from the out-of-plane motion, which stems from the ultralow in-
terlayer adhesion in van der Waals (vdW) interface.l'®'’] Hence,
enhancing substrate adhesion is key to reducing friction by sup-
pressing out-of-plane wrinkling.['#1%] It is essential to find ma-
terials that simultaneously possess high interlayer adhesion and
low shear strength. 2D electrides, characterized by cationic layers
hosting interlayer electrons (Figure 1a), have garnered interest
for their potential applications in various fields.?-22] The alter-
nating cationic layers and interlayer electrons allow for a high in-
terlayer binding energy than graphene (e.g., 1.11 ] m~2 for Ca,N
and 0.31 ] m~2 for graphite),?*! but a considerable separation
(e.g., 3.85 A in Ca,N),[?!l comparable to typical vdW distances.!?*!
Moreover, the high-density interlayer electrons exhibit remark-
able activity, making it convenient to control their distribution.
Previous studies on both Ca,N bilayers and bulk materials have
demonstrated that their electronic structure remains insensitive
to stacking arrangements.[?’! This phenomenon was simply at-
tributed to the effective screening of cationic layers by interlayer
electrons, which minimizes interlayer charge variations during
sliding. However, it remains unclear whether a superlubricity
state can be induced in 2D electrides. While previous studies
have focused on charge screening effects, the fundamental re-
lationship between electron redistribution, energy barriers, and

© 2025 Wiley-VCH GmbH
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Figure 1. Investigation of intrinsic frictional properties and friction-reduction strategies in 2D electrides. a) Interlayer structure of 2D electrides charac-
terized by localized 2D electrons distributed between two cationic layers. b) Sliding PES and interlayer charge redistribution are employed to describe the
influence of sliding processes on interlayer interactions. c) Twisting-induced incommensurate contact of superlattice leads to structural superlubricity.
d) Out-of-plane pressure causes collapse of the sliding energy barrier, resulting in ultralow friction. e) Electron-doping-induced interlayer restacking

reduces the interlayer friction.

friction dynamics remains unexplored. This knowledge gap mo-
tivates our systematic investigation of the friction behavior in 2D
electrides.

In this study, we conduct ab initio calculations to thoroughly
investigate the frictional properties of 2D electrides by analyzing
their sliding potential energy surfaces (PES). We identify the cru-
cial role of structural parameters and charge redistribution in de-
termining the interlayer friction of layered electrides (Figure 1b).
Surprisingly, the Ba,N bilayer exhibits significantly lower intrin-
sic friction than graphite. Our deep potential molecular dynamics
(DPMD) simulations demonstrate that suitable twist angles (2° <
0 < 58°) can effectively suppresses the out-of-plane deformation
in Ba,N bilayer, enabling structural superlubricity (Figure 1c).
Moreover, the commensurate (§ = 0°) Ba,N exhibits ultralow in-
terlayer friction under an extra normal load, with the ratio be-
tween the shear strength and normal load reaching 0.001, high-
lighting its potential for superlubricity (Figure 1d). Additionally,
electron doping effectively lowers the interlayer friction in 2D
electrides by modulating the energy differences between various
stacking configurations (Figure le).

2. Structural and Frictional Properties of 2D
Electrides

We investigate a series of M,X compounds with the anti-CdCl,
structure (space group R-3m, #166), using alkaline-earth cations
(M = Ca, St, and Ba) and nonmetal V-A elements (X =N, P, and
As) as anions. Electrides like Ca,N?!l and Ba, N[?°l have been con-
firmed experimentally, while others, such as Sr,N, Sr,P, Ba,P,
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and Ba,As have been predicted as stable 2D electrides through
ab initio calculations.[?”?8] Although Ca,P, Ca,As, and Sr,As are
thermodynamically metastable,!?’”] they are included for compar-
ison. We fully optimize the conventional bulk unit cells of these
compounds (Figure 2a), obtaining relaxed geometries and bind-
ing energies in agreement with previous reports (see Table S1,
Supporting Information). The crystal structures feature three dis-
tinct layers, each composed of two atomic planes of M cations
and one atomic plane of X anions. These layers are denoted
as A, B, and C. The electron localization function (ELF) is cal-
culated to visualize the electron distribution in the layers, with
that of Ca,N shown in Figure 2a. The interlayer electron sheets,
spaced ~6.33 A apart, show negligible interaction, thus a bi-
layer model—consisting of a single electron sheet flanked by two
cationic layers and vacuum—adequately represents their bond-
ing and frictional properties. Figure S1 (Supporting Information)
illustrates bilayer configurations with AB and AC stackings, re-
lated to one another by sliding the layers in the x-y plane, as de-
tailed in the Supporting Information. For a general M,X com-
pound, the bilayer configurations are constructed as follows: the
atomic (x, y, ) coordinates of the lower layer are fixed, while in
the upper layer, the z-coordinates are held at the values corre-
sponding to the minimume-energy stacking configuration. The (x,
y) coordinates of the upper layer are then rigidly displaced by a
vector (x*, y*) relative to the minimume-energy configuration.

We calculate the sliding PES per area, AE|,. ., defined as:

A vy = (B, vy = Epo, ) /A 1)
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Figure 2. a) Side view of the bulk unit cell of Ca, N electride with the calculated ELF. b) Calculated 2D PESs for the sliding of nine M, X electrides in bilayer
form. c) Linear correlation between the sliding energy barrier AE,,, of M,X bilayers and the Coulombic repulsion difference AF of nearest cations between
the minimum- and maximum-energy configurations. d) Linear correlation between AE, ., and the interlayer average charge redistribution (Ap,egist)-

where E . . and Ej  are the total energies of the (x*, y*)-
displaced configuration and the minimum-energy stacking con-
figuration, respectively, and A is the xy unit cell area. Contour
plots of AE,. . for the nine M,X bilayer models are shown
in Figure 2b. These PESs exhibit periodicity in the 2D (x*, y*)
displacement during sliding. Additionally, the PES for bilayer
graphene is calculated for comparison (Figure S2, Supporting
Information). The arrangement of these PESs in Figure 2b re-
flects a trend in which the electronegativity of the cations and an-
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ions decreases horizontally from left to right and vertically from
bottom to top, respectively. In tribology, an important metric is
the maximum energy barrier during sliding, AE, .., defined as
the difference between the maximum and minimum energy per
unit area along the sliding trajectory, i.e., the maximum value
of AE . . As we move toward the lower right corner (Ba,N
bilayer), the PES becomes smoother, with a corrugation ampli-
tude (AE,,) as low as 0.95 meV A2, significantly lower than the
value of 3.36 meV A2 for the graphene bilayer. Moreover, the
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calculated AE,,, shows a notable dependence on the ionic size
ratio (Ry;\) between the anion X and the cation M. M,X bilay-
ers with smaller Ry, values exhibit smaller AE, . (Figure S3
and Table S1, Supporting Information). Notably, when the ionic
size ratio drops below 1.3 (e.g., for Ba,N), the calculated AE, . is
lower than that of the graphene bilayer.

We examine the correlation between AE, . and AF, where
AF represents the difference in Coulombic repulsion between
the two cationic layers in their minimum- and maximum-energy
configurations. This repulsion is expressed as F = kQ?/d?, where
k is the Coulomb’s constant, d denotes the shortest distance be-
tween two cations in adjacent layers, and Q is the net charge of
the cations, determined through Bader charge analysis (see Table
S2, Supporting Information).(2%30]

The Bader method considers the zero-flux surface of the
charge density to divide the molecular space into atomic vol-
umes known as Bader basins. In electrides, the volume of the
Bader basin around the interlayer anionic electrons where the
electron density is maximum, known as a non-nuclear attrac-
tor, is estimated to be an empty sphere (pseudo atom). We per-
form Bader charge analysis on the pre-converged total charge
density, referencing the projected charge density and employ-
ing a pseudo atom to account for interlayer anionic electrons.
Additional computational details are provided in the Support-
ing Information. Using this approach, we identify the minimum-
and maximum-energy configurations across various M,X bilay-
ers, and the Coulombic repulsion difference AF can be derived
from the geometric relationship between adjacent cations:

AF = kQ? (i—;> @)

zy2  a?/3+z?

We observe a strong linear correlation (Pearson correlation co-
efficient 0.97) between AF and AE, ,, for the nine M,X bilayers,
as depicted in Figure 2c. This straightforward model provides a
convenient method for predicting the frictional properties of anti-
CdCl, 2D electrides based on the net charge of the cations (Q) and
intrinsic structural factors (a, z,).

Ultralow friction energy barriers in layered materials typically
arise from weak interlayer interactions.?!*2] However, in Ba,N
electride, the adhesion energy between consecutive layers signif-
icantly exceeds that of graphite (48.06 compared to 16.96 meV
A2, see Table S1, Supporting Information), suggesting a crucial
role for interlayer electrons in 2D electride sliding. It has been
proposed that energy corrugation in friction originates from the
non-uniform distribution of charge density in the interface re-
gion or from the evolution of charge density in dynamic stacking
configurations.**’1 Consequently, we conduct a detailed anal-
ysis of the relationship between the redistribution of interlayer
electrons and the sliding energy barrier. To quantify the accumu-
lation of interlayer electrons, we compute the difference between
the total charge density p,, of the M,X bilayer and the sum of
the charge densities p,,, and p,,, of the isolated upper and lower
layers: puir = Prot = (Pupp + Plow)- Contour plots of py for the Ca,N
bilayer are shown in Figure S4 (Supporting Information). Charge
density profiles along z, calculated by integrating pys over the
surface area of the simulation cell A, reveal significant charge
transfer from the cationic layers to the interlayer region upon bi-
layer formation. We evaluate the amount of interlayer charge re-
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distribution p,g;,,,/*!! by integrating pyig, (2) over the interlayer
region (z,, Figure S1, Supporting Information) and normalizing
Dby the interlayer volume:

20

2

1
Predist = A_ZO i Pdiff xy (Z)| dz 3)
2

We investigate the impact of the different stacking configu-
rations on py,,(2) by computing the interlayer charge evolu-
tion upon sliding Ap, .4, i-e., the difference between p, 4, in
the minimum- and maximum-energy stacking configurations.
Figure 2d shows AE, . as a function of Ap, 4, for the nine M,X
electrides, along with a linear fit showing a high Pearson corre-
lation coefficient of 0.99. This indicates a strong correlation be-
tween the interlayer charge evolution and energy barriers upon
sliding. Notably, all values of Ap,.4 are positive, indicating an
increase in interlayer charge redistribution as the bilayer transi-
tions from the minimum- to the maximume-energy stacking con-
figuration. The higher the increase in the interlayer charge redis-
tribution, the larger the energy barrier generated during sliding,
and vice versa. Consequently, Ba,N, with the smallest sliding en-
ergy barrier, exhibits the lowest increase in interlayer charge re-
distribution. The observed correlation between Ap, 4, and AE, .,
suggests that electron redistribution acts as the primary energy
dissipation pathway during sliding. These findings offer valuable
insights into leveraging the interlayer electrons of 2D electrides
to tune their frictional properties.

3. Inducing Superlubricity in 2D Electrides through
Incommensurate Contact

Previous research indicates that interlayer friction in rigid crys-
tal interfaces can be influenced by lattice mismatch.[1%1338] Mis-
aligned lattices persist during sliding, leading to reduced energy
corrugation. Although lattice mismatch can be quantified using
geometric descriptors, other significant effects accompanying lat-
tice twisting, such as in-plane/out-of-plane elastic deformations
and thermal corrugation, are often overlooked. Although ab ini-
tio simulations can capture these phenomena, they are computa-
tionally prohibitive for large systems. To address the challenge of
simulating moiré superlattices containing over 10 000 atoms, we
adopted the DeePMD-kit framework,***% utilizing interatomic
forces generated by neural networks trained on ab initio data.
This approach achieves the density functional theory (DFT) level
accuracy and has been validated in large systems containing
~11 000 atoms per moiré unit cell.*!*2] Our machine learning
force field (MLFF) demonstrates high accuracy with force and en-
ergy errors below 58 meV A~2 and 3 meV per atom, respectively
(Figure S5, Supporting Information), enabling direct simulation
of twisted bilayer Ba,N’s dynamic behavior.

We construct 194 distinct Ba,N bilayer models with twist an-
gles ranging from 0° to 60° using coprime integer pairs (m,
n) to define twisted superlattices through rotational stacking
of monolayers (Figure S6, Supporting Information). Figure S7
(Supporting Information) displays the interlayer 2D ELF pro-
files of twisted bilayer Ba,N at twist angles of 0°, 13.17°, 21.79°,
and 27.80°, viewed along the [001] direction. Structural twisting
causes a rearrangement of Ba atoms, resulting in a pronounced
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Figure 3. a) Schematic representation of the typical stacking configurations of bilayer Ba,N with twist angles of 0° and 60°. The green and cyan balls
represent Ba and N atoms, respectively. b) Energy variation of typical stacking configurations during sliding of the bilayer. The sliding direction is along
the parallel (P) or antiparallel (AP) orientations of the initial bilayers. c) Moiré patterns (left) and color maps of the z-coordinate of the atoms (right) in
one cationic layer of relaxed Ba, N superlattices with twist angles of 1.08° and d) 58.92°. The color scheme for the maps of z-coordinate ranges from red

(0.1Ain (c) or 0.05 Ain (d)) to blue (0.1 A (c) or —0.05 A (d)).

enhancement in the distribution of interlayer localized electrons
(red regions with ELF, ,, > 0.7). To quantitatively assess the uni-
formity of this localization, the areal density of interlayer local-
ized electrons is defined as the number of in-plane ELF maxima
(ELF,,,, > 0.7) per unit area. As shown in Figure S7e (Support-
ing Information), this areal density increases substantially upon
twisting, indicating a more homogeneous distribution of local-
ized electrons. Such uniformity contributes to a flatter potential
energy surface, thereby reducing the interlayer sliding barriers.
These results demonstrate that the characteristic interlayer elec-
tron localization in 2D electrides is not only preserved but further
enhanced by structural twisting.

At a twist angle of 60° (antiparallel-stacked, AP), the align-
ment of the two atomic layers in the bilayer model is opposite to
that of the initial structure at 0° (parallel-stacked, P). The stack-
ing configurations during interlayer sliding for both stacking ori-
entations are illustrated in Figure 3a. Each configuration is la-
beled according to the pair of atoms facing each other across the
interface, with the initial configuration denoted as XX’(P). The
interlayer sliding energy profiles for both P (0°) and AP (60°)
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stacking orientations are calculated using first-principles meth-
ods. As shown in Figure 3b, the energy barriers differ signifi-
cantly: 15 meV for P and only 4 meV for AP. This reduction in
the AP case is attributed to the unique alignment of cationic sub-
layers, where opposing lattice vectors effectively cancel out peri-
odic potential mismatches, leading to a flatter sliding PES. The
AP stacking orientation also minimizes the Coulombic repulsion
between the cationic layers. Notably, the P stacking orientation
features two high-energy configurations (MM’(P) and XM’(P)),
while the AP stacking orientation exhibits two nearly degener-
ate low-energy configurations (MX’(AP)) and (XM’(AP)). These
stacking-dependent energy variations are critical for understand-
ing the energetics and structural stability of twisted superlattices.

The relaxed structures of Ba, N bilayers with small twist angles
(0° < 6 < 2° and 58° < 6 < 60°) reveal prominent bright domains
characterized by dislocation networks (Figure 3c,d). In the bilayer
with P orientation and a small twist angle (0 = 1.08°, left panel of
Figure 3c), the lattice reconstructs into a hexagonal array of stack-
ing domains (XX'(P)), which are separated by dislocation net-
works alternating between high-energy configurations (MM’(P)

© 2025 Wiley-VCH GmbH
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Figure 4. a) Top view of the bilayer Ba,N model for a twist angle of § = 21.79°; b) Schematic illustration of the simulation setup: Basal Ba atoms in the
substrate layer are fixed by springs with elastic constant k to maintain their initial positions. A virtual atom (black sphere) connects to the sliding layer
through a spring (elastic constant k), moving with a constant velocity vy parallel to the sliding direction. Ba and N atoms are represented by green
and blue spheres, respectively. c) Sliding energy barrier AE,, ., (red dots) and shear strength (blue dots) of bilayer Ba,N as a function of the twist angle

in the range 0° < @ < 60°. d) Sliding energy barrier AE,,,, (red circles) and out-of-plane buckling B (blue circles) of bilayer Ba,N for small twist angles

in the range 0° < 6 < 2°.

and XM’(P)). Conversely, in the bilayer with AP orientation and a
small twist angle (6 = 58.92°, left panel of Figure 3d), each moiré
supercell contains two triangular domains corresponding to low-
energy configurations (MX’(AP) and XM’(AP)), while the dislo-
cation networks adopt the high-energy configuration (MM’(AP)).
This overall tendency toward low-energy states drives the expan-
sion of bright domains outwards from low-energy centers. Fur-
thermore, at small twist angles, the mismatch between adjacent
low-energy domains leads to the accumulation of dislocations in
intermediate high-energy regions, forming dislocation walls that
separate the domains.

Moreover, the enlargement of low-energy areas causes atomic
layers to buckle out of plane uniformly across all layers in bi-
layer structures, regardless of the twist angle. The distribution
of these buckles is influenced by perfect domains and disloca-
tion networks. In the P orientation bilayer structure (9 = 1.08°,
right side of Figure 3c), a hexagonal domain is divided into six
separate triangular buckles, distributed alternately near the do-
main walls. Conversely, in the AP orientation bilayer structure
(0 = 58.92°, right side of Figure 3d), two equally sized triangular
domains in low-energy configurations MX'(AP) and XM’(AP) ex-
hibit opposite out-of-plane buckling. No buckling is observed in
the atomic layers atop the dislocation network in either scenario.
These buckling patterns, which are influenced by low-energy per-
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fect domains and high-energy dislocation networks, significantly
affect the frictional properties of the bilayers.

For dynamic friction analysis, we perform molecular dynamic
simulations on 36 selected representative models (Figure S8,
Supporting Information). The twist angles and lattice constants
of these 36 models are listed in Table S3 (Supporting Informa-
tion). Figure 4a shows the characteristic lattice structure at § =
21.79°. Figure 4b shows the simulation setup: spring-based con-
straints are applied to the basal layer atoms of the substrate. The
sliding layer is connected to a virtual atom moving at v, = 10
m s7! along the lattice diagonal (Figure 4a). A uniform normal
load is applied to each top Ba atom of the sliding layer. For all
systems, constant-temperature molecular-dynamics simulations
are performed for 1 ns at 300 K using a Nose-Hoover thermo-
stat. The frictional performance is evaluated through the calcula-
tion of the lateral shear strength (r = F,/A), where F, represents
the time-averaged kinetic friction force and A denotes the contact
area. The calculated shear strengths 7 of the 36 models are listed
in Table S3 (Supporting Information).

Figure 4c presents the dependence of the maximum energy
barriers (AE,,,) and lateral shear strengths (r) on the twist an-
gles under zero normal load conditions. Commensurate lattices
at @ = 0° and 60° exhibit energy barriers of 1.06 and 0.28 meV
A2, respectively. These barriers undergo a dramatic reduction
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within two narrow range of twist angles (0° < 6 < 2° and 58° <
6 < 60°), collapsing to ultralow values (< 0.25 meV A~2) across
incommensurate angles (2° < # < 58°), which strongly sug-
gests the presence of structural superlubricity. This behavior mir-
rors the observed shear strength reduction approaching 0° and
60°, demonstrating an angular correlation between energy land-
scape features and kinetic friction. The observed ultralow fric-
tion regime is consistent with previous reports on other vdW het-
erostructures, including twisted graphene,**! MoS,,[1% and het-
erogeneous structures,['*l where complete lattice mismatch leads
to an ultra-flat PES through destructive interference of atomic
corrugations.

Notably, the residual energy barriers at small twist angles (6
< 2°% 6 > 58°) originate from structural buckling in Ba,N bilay-
ers. Our analysis identifies two competing mechanisms: 1) out-
of-plane buckling amplitudes (B), quantified as the maximum
z-axis displacement difference within atomic layers, and 2) the
in-plane perfect domain size (L;), determined by the lateral dis-
tance between two adjacent lowest-energy stacking configura-
tions (Figure 3c,d). Figure 4d depicts the relationships between
the twist angle (0), sliding energy barrier (AE,,,,), in-plane per-
fect domain size (Lp), and out-of-plane buckling amplitude (B)
for small twist angles (1° < 6 < 2°). For 6 < 2°, both AE, , and
B display monotonic decreases with increasing L, and 8. The ob-
served inverse correlation demonstrates that contraction of the
in-plane perfect domain imposes geometric constraints on the
out-of-plane deformations, suppressing out-of-plane atomic dis-
placements during friction and thereby reducing PES corruga-
tion. When the twist angle exceeds 2°, the out-of-plane buckling
amplitudes diminish below 0.05 A, inducing a rigid incommen-
surate lattice behavior in bilayer systems. This transition drives
the PES to its global minimum, marking the onset of struc-
tural superlubricity. For practical applications, stringent angu-
lar control (0 > 2° misalignment) is required to preserve incom-
mensurate interfaces while avoiding spontaneous reconstruction
into commensurate domains. Notably, the identified twist angles
(2° < 6 < 58°) are experimentally accessible. Recent advances
in twisted vdW heterostructure fabrication, such as mechani-
cal transfer method,[*** and chemical vapor deposition (CVD)
method,[**] enable precise control of twisted angles and sup-
port the practical relevance of our predictions.

4. Inducing Superlubricity in 2D Electrides through
Commensurate Contact

Moreover, the exceptional frictional dynamics of pristine Ba, N bi-
layers (6 = 0°) attracted our interest, exhibiting an ultralow shear
strength of 4 MPa (Figure 4c), which is substantially lower than
the intrinsic shear strength of AB-stacked graphite of 62 MPa.l*¢!
These properties endow Ba, N with significant potential for appli-
cations in nanomechanical systems and superlubricity-enabled
materials. The ultralow friction behavior originates from the syn-
ergistic effect of a zigzag-type sliding pathway. As illustrated in
Figure 5a, the periodic evolution of the centroid of the sliding
layer along the x-direction (normalized to the lattice constant a)
exhibits quantized transitions in increments of 0.54, indicating
movement along energy-minimized paths. By consistently fol-
lowing these minimum-energy trajectories, the system effectively
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avoids large-scale energy dissipation, thereby enabling ultralow
friction during sliding.

Given the prevalence of high-load conditions in practical tri-
bological interfaces, we further investigated the frictional behav-
ior of Ba,N under applied normal loads. To monitor the energy
variations at the origin of friction, we performed first-principles
calculations to track the load-dependent energy difference (AE)
between AB and AA stacking configurations, corresponding to
the maximum and minimum of the sliding PES, respectively.
Figure 5b,c shows the tribological behavior of commensurate
Ba, N bilayers (6 = 0°) under varying normal loads, revealing two
distinct friction regimes.

Regime I (0 - 2.3 GPa): The shear strength demon-
strates a counterintuitive reduction with increasing normal load
(Figure 5b), while DFT calculations reveal that the energy bar-
rier AEF initially increases weakly (Figure 5c). This contradiction
can be attributed to the evolution of the PES. Under load-free
conditions, the bilayer tends to bypass AB stacking and slide
along the zigzag-type minimum energy path (Figure 5a). The
system actually have to overcome the transition-state energy bar-
rier between two AA stackings. With increasing normal load,
the PES undergoes dynamic evolution (manifested as a reduc-
tion in saddle-point energy), consequently resulting in a reduc-
tion of the shear strength. At a critical load of 2.1 GPa (defined
as the pressure where the energies of AA and AB stacking con-
figurations are equal), AE vanishes completely, marking the sys-
tem’s transition to a metastable state with barrier-free sliding
potential. Meanwhile, the ratio between the shear strength and
the normal load reaches 0.001, which is <0.01, which is usually
referred to as the superlubricity threshold.[*! Regime IT (> 2.3
GPa): Beyond the critical load, AE resurges with inverted polar-
ity (Figure 5c¢), indicating a fundamental inversion of the stack-
ing stability hierarchy—the formerly high-energy AB configura-
tion becomes energetically favorable. This inversion drives the
restored positive correlation between the shear strength and load
(Figure 5b), accompanied by a linear growth of |AE|.

First-principles charge density difference analysis (Figure 5d)
unveils topological reconstruction of interlayer electron clouds
under high loads. At ambient pressure (0 GPa), both AA and
AB stacking configurations exhibit moderate charge redistribu-
tion. The AA stacking configuration exhibits significantly en-
hanced interlayer electron accumulation (Preaise = 0-333 € A
compared to AB stacking (p,.4ic = 0.329 e~ A~3), as evidenced
by the spatially extended red isosurfaces in the interlayer re-
gion. This electronic enrichment enhances interlayer Coulomb
repulsion through charge compensation effects, resulting in an
energetically favorable state with 0.95 meV A~2 lower total en-
ergy than AB stacking. Under 2.3 GPa compression, dramatic
electronic reconstruction emerges: For AA stacking, intensified
charge accumulation develops at interfacial coordination zone,
forming an anisotropic electron sphere that spans interlayer gap.
For AB stacking, pressure induces asymmetric charge polariza-
tion, with alternating accumulation/depletion domains aligning
along the shear direction. This distinct behavior can be attributed
to the different nitrogen alignments: in AA stacking, the verti-
cally aligned N atoms create symmetric interfacial electric fields
that reinforce directional charge confinement, whereas in AB
stacking, the staggered N positions induce competing dipole in-
teractions that drive directional charge redistribution. Notably,
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Figure 5. a) Evolution of the centroid’s x and y coordinates of sliding layer (normalized by the lattice parameters a and \/ga, respectively) under load-
free conditions (initial position set to (0,0)). The curve shows a zigzag-type sliding path mapping on the PES (meV A=2). b) Lateral shear strength as a
function of the normal load. c) The Energy difference (AE) between AB and AA stacking configurations as a function of the normal load. d) The Difference
charge density map on the (110) crystallographic plane of Ba,N bilayer for AA and AB stacking configurations under 0 and 2.3 GPa. The isosurfaces
range from —0.002 (blue, charge depletion) to 0.002 (red, charge accumulation) (units: e~ A=3). The green and gray spheres represent Ba and N atomic

positions, respectively.

interfacial charge forms novel charge-compensation channels
(red filaments between layers), geometrically matching the slid-
ing pathway observed in barrier-free sliding regime, which effec-
tively screens the interlayer Coulomb repulsion. The difference
in the charge density quantitatively demonstrates a pressure-
induced inversion of the charge transfer hierarchy, with the AA
stacking configuration exhibiting lower interlayer electron accu-
mulation (p,.4; = 0.353 e~ A~%) compared to the AB stacking
(Pregisc = 0.397 = A~?). This electronic inversion correlates di-
rectly with the metastable stacking state transition observed in
Figure 5c, confirming that pressure-tuned charge redistribution
governs the interlayer interaction potential landscape. This fric-
tional collapse behavior is also observed in rare gas/metals and
MoS, vdW friction systems.!®>0]

Unlike incommensurate systems (2° < 6 < 58°) where friction
reduction originates from disordered moiré patterns, the Ba,N
commensurate bilayer maintains long-range crystallographic or-
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der while achieving complete energy corrugation elimination.
The robustness of this state is further enhanced by the strong
interlayer adhesion of electrides, which prevents exfoliation un-
der shear stress, a common failure mode in weakly bonded vdW
materials. By preserving crystallographic alignment, this mech-
anism enables precise control over interfacial properties with-
out sacrificing mechanical stability. The observed metastable bar-
rier elimination at critical loading demonstrates a unique path-
way for achieving load-adaptive superlubricity in electrides, dis-
tinct from conventional structural lubricity mechanisms. No-
tably, extremely high pressures (of 2.3 GPa) can be present
at nano-asperity contacts.®!] Therefore, even in ordinary tri-
bological experiments carried out at lower nominal Hertzian
pressure, the local pressure at asperity contact can reach the
estimated values for observing the non-Amontonian behavior
predicted by our calculations. These findings establish elec-
trides as a promising platform for designing pressure-responsive
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Figure 6. a) Variation of the sliding energy barrier (AE,,,,) for bilayer Ba,N as a function of the number of doping electrons (n.). b) Energies of the
stacking configurations AB, AA, and AC for bilayer Ba,N as a function of n,. The inset in (b) highlights that the energy of the AC stacking configuration
becomes lower than that of the most stable AA configuration at n, ~ 0.45 e~ (f.u.)~".

smart tribological systems with ultralow friction under extreme
loading conditions.

5. Tuning the Friction of 2D Electrides through
Electron Doping

Figures 2d and 5d suggest that reducing the interlayer charge
redistribution can mitigate the energy barrier associated with
the stacking configuration displacement. To explore this phe-
nomenon further, we examine the impact of electron doping on
the frictional properties of 2D electrides by varying the electron
concentration in the bilayer Ba,N model. The sliding energy bar-
rier (AE,,,) of bilayer Ba,N, calculated for electron doping levels
ranging from 0 to 0.5 e~ (f.u.)~!, is presented in Figure 6a. It can
be observed that, as n, increases, AE, ,, initially decreases signif-
icantly, indicating a pronounced sensitivity to electron doping.
However, AE__ reaches a minimum of 0.58 meV A2 at n, »
0.45 e~ (f.u.)7!, after which it begins to increase as n, continues
to increase.

We further investigated the impact of electron doping on the
stacking configurations of bilayer Ba,N. Figure 6b shows the en-
ergies of different stacking configurations—AB, AA, and AC—
as a function of the doping electron concentration (n,), where
E(AB), E(AA), and E(AC) correspond to the energies of the AB,
AA, and AC stacking configurations, respectively. The initial slid-
ing energy barrier is defined by the energy difference between AA
and AB. As n, increases from 0t0 0.5 e~ (f.u.) 7!, the stacking ener-
gies of all three configurations increase monotonically. Notably,
the energy difference between AA and AB decreases, while the
energy difference between AC and AB increases. Interestingly,
when n, reaches ~0.43 e~ (f.u.)”}, the energy curves of AA and
AC intersect, causing the sliding energy barrier to shift to the
energy difference between AC and AB, which continues to rise
with further electron doping. The intersection in Figure 6b im-
plies an exchange in the energy ordering between stacking con-
figurations, analogous to frictional collapse behaviors observed
in gas/metal and MoS, vdW systems.[%>] Notably, the influence
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of electron doping on the frictional properties of Ba, N can also be
observed using a bulk model (Figures S9 and S10, Supporting In-
formation), providing further evidence for the modulation of fric-
tion in 2D electrides. Our findings offer a deeper understanding
of the factors that influence stacking configurations in 2D elec-
trides, suggesting that fine-tuning the electron doping concentra-
tion could enable control over the preferred stacking motifs and,
consequently, the frictional properties of materials. To introduce
additional electrons into the Ba, N lattice, one could either apply
an external electrostatic field to modulate the Fermi level,’?) or
substitute heteroatoms for nitrogen atoms in the Ba, N lattice.l>*]
The doping-induced friction reduction suggests potential appli-
cations in adaptive lubrication systems where friction coefficients
can be dynamically tuned through electrostatic gating,[®?! creat-
ing smart interfaces responsive to operational conditions.

6. Conclusion

In summary, we have investigated the tribological properties of
2D electrides using ab initio and DPMD calculations. We un-
covered the mechanism of atomic-scale friction within these 2D
electride systems, considering both structural and electronic fac-
tors. The sliding energy barriers of 2D electrides correlate with
the Coulombic repulsion difference between the maximum and
minimum energy stacking configurations. Contrary to the pre-
vailing belief that systems with high interlayer binding energy
exhibit poor lubrication properties, the sliding energy barrier for
Ba,N is about three times smaller than that of graphite, though
the adhesion energy is significantly higher.

DPMD simulations reveal that incommensurate contact con-
figurations in Ba,N bilayers demonstrate significantly reduced
shear strength (<0.5 MPa). Remarkably, commensurate contact
systems under an extra critical pressure (2.3 GPa) exhibit super-
lubricity, with the ratio between the shear strength and the nor-
mal load reaching 0.001. Finally, by leveraging the pivotal role of
interlayer electrons, friction in 2D electrides can be significantly
reduced through electron doping. These findings highlight the
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interplay between the tribological, structural, and electronic prop-
erties of 2D electrides. They highlight incommensurate contact,
commensurate contact, and electron doping as effective strate-
gies for reducing friction in these materials, offering significant
potential for cost-efficient fabrication and practical engineering
applications.

7. Experimental Section

Ab initio Calculations:  The ab initio calculations were performed based
on density functional theory (DFT)[>*] using the projector-augmented
wave method as implemented in the Vienna Ab-initio Simulation Pack-
age (VASP).[355¢] The exchange-correlation energy was modeled using the
generalized gradient approximation (GGA) of Perdew, Burke, and Ernzer-
hof (PBE).I’7] Long-range vdW interactions were added using Grimme’s
DFT-D3 approach.[>8] The wavefunctions were expanded on a plane-wave
basis set with a cutoff energy of 520 eV. The Brillouin zone was sampled
using an 11 x 11 x 11 k-point mesh. Before calculating the static poten-
tial energy surface (PES), all atoms were completely relaxed until the forces
were <10 meV A=, The initial data set was generated from ab initio molec-
ular dynamics (AIMD) simulations, which were performed in the canonical
(NVT), where the number of particles (N), volume (V), and temperature
(T) are kept constant ensembles, with Nosé~Hoover thermostats.[>%60]

Bader Charge Analysis:  The Bader method considers the zero-flux sur-
face of the charge density to divide the molecular space into atomic vol-
umes known as Bader basins.[2930] |n electrides, the volume of the Bader
basin around the interlayer anionic electrons where the electron density is
maximum, known as a non-nuclear attractor, is estimated to be an empty
sphere (pseudo atom). The central coordinates of the interlayer anionic
electrons are all (0, 0, 0.5), which are determined semi-empirically in the
unit cell by examining the electron localization function (ELF) regions sep-
arated from the atoms (Figure S1, Supporting Information). Here, the
Bader charge analysis was carried out using the pre-converged total charge
density with reference to the projected charge density, which employs a
substitution of pseudo atom for interlayer anionic electrons.

MLFF Model Training: DeePMD-kit softwarel3%4] was used to fit the
neural network for atomic interactions within a deep learning framework.
The embedding network employed had three hidden layers with 25, 50, and
100 nodes, respectively, while the fitting network used three hidden layers,
each with 240 nodes. A cutoff radius of 7.0 A was applied. The learning rate
decayed exponentially from 0.001 every 2000 steps, eventually reaching
3.51 x 1078 after 1 000 000 training steps, with start and limit scaling
factors of energy and force set at 0.02, 1, 1000, and 1, respectively.

Deep Potential Molecular Dynamics:  All DPMD simulations based on
MLFF were performed using Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS)[®1] in the NVT ensemble. Periodic boundary
conditions were applied in the x and y directions, whereas non-periodic
and fixed boundary conditions were applied in the z direction. The time
step was set to 1 fs. The conjugate gradient (CG) energy minimiza-
tion method with a force criterion of 10772 eV A~' was used to pre-
equilibrate the initial models. Trajectory analyses were performed with
OVITO software.[6?]
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