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ABSTRACT: There are economic and environmental
advantages by replacing Li with Na in energy storage.
However, sluggishness in the charge/discharge reaction and
low capacity are among the major obstacles to development
of high-power sodium-ion batteries. Among the electrode
materials recently developed for sodium-ion batteries,
selenium shows considerable promise because of its high
capacity and good cycling ability. Herein, we have
investigated the mechanism and kinetics of both sodiation
and lithiation reactions with selenium nanotubes, using in
situ transmission electron microscopy. Sodiation of a selenium nanotube exhibits a three-step reaction mechanism: (1) the
selenium single crystal transforms into an amorphous phase Na0.5Se; (2) the Na0.5Se amorphous phase crystallizes to form a
polycrystalline Na2Se2 phase; and (3) Na2Se2 transforms into the Na2Se phase. Under similar conditions, the lithiation of Se
exhibits a one-step reaction mechanism, with phase transformation from single-crystalline Se to a Li2Se. Intriguingly,
sodiation kinetics is generally about 4−5 times faster than that of lithiation, and the kinetics during the diﬀerent stages of
sodiation is diﬀerent. Na-based intermediate phases are found to have improved electronic and ionic conductivity
compared to those of Li compounds by ﬁrst-principles density functional theory calculations.
KEYWORDS: in situ transmission electron microscopy, sodium-ion battery, selenium cathodes, lithium-ion battery, alloying reaction,
in situ electron diﬀraction, DFT calculation
batteries.8,9 This research was quickly dropped due to the
sluggish reaction with Na and the low capacity of most
intercalated electrode materials that worked eﬃciently with
lithium-ion electrochemistry. The diameter of a sodium ion
(0.95 Å) is much larger than that of lithium ion (0.68 Å), which
prevents Na ions from intercalating into most intercalating
electrodes. Recently, several types of high-capacity anode
materials with either conversion or alloy reaction with Na
have been discovered, such as black phosphorus,10 SnP3.11
Based on alloying reactions, selenium shows promising
electrochemical performance as a cathode with both Li and Na,
capable of room temperature cycling (up to 4.6 V) without
failure.12 Selenium has an electrical conductivity (1 × 10−3 S
m−1) much higher than that of sulfur (5 × 10−28 S m−1), and its
volumetric capacity is as high as that of sulfur cathode
material.12,13 Combining Se with carbon, in particular, may

S

odium-ion batteries have recently attracted worldwide
attention for renewable energy grid storage and electric
vehicles due to the intrinsic advantages of sodium: it is
environmentally benign, has lower cost, and has relative
abundance.1,2 If sodium-ion batteries can be a commercial
substitute for lithium-ion batteries in daily life, cost could be
reduced by nearly 30%, while ensuring greater sustainability.3
Historically, high-temperature Na−S batteries have been
developed as one of several promising technologies for largescale renewable energy storage because of its high theoretical
speciﬁc energy, high-energy eﬃciency, and good cycle life.4−6
Although the technology has already been produced
commercially and tested for grid storage, its high operation
temperature (e.g., 300−350 °C)7 is the major disadvantage. It
signiﬁcantly increases the cost of battery manufacturing and
maintenance and causes safety concerns. Indeed, sodium-ion
batteries operated at room temperature would be promising if
appropriate electrode materials can be discovered.
Work to develop useful electrodes for sodium-ion batteries
can be traced back to the ﬁrst discovery of lithium-ion
© 2016 American Chemical Society
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Figure 1. Basic microstructure characterization of the selenium nanotube by SEM, STEM, and TEM. (a) Typical SEM image shows the
trigonal structure, and the inset image is the schematic image of the selenium nanotube. (b) STEM image of one single selenium nanotube.
(c) EDS map was taken from the region of (b). (d) TEM image shows the tube microstructure with a wall thickness of ∼80 nm and the
diameter of tube part of ∼150 nm. (e) High-resolution TEM image shows that the growth direction of this nanotube is along the [001]. (f)
Electron diﬀraction pattern indicates one single selenium has an excellent single-crystalline microstructure.

Figure 2. Evolution of morphology and microstructure of a selenium nanotube in the lithiation process. A nanobattery was built inside the
TEM with selenium as the cathode, lithium metal as the anode, and Li2O grown on the surface of lithium metal as the solid electrolyte. When
a bias of −3 V is applied, a lithiation process is triggered. (a−d) Top row shows the morphological evolution of the Se nanotube in the
lithiation. Bottom row shows the dynamic electron diﬀraction patterns. The diﬀraction rings of Li2O in (b) may due to fast surface diﬀusion of
Li2O. The diﬀraction rings of the Li2Se phase are labeled by blue half circles. The simulated powder diﬀraction pattern shown in the line
proﬁle is inset in (d).

detailed mechanism of the alloying reactions with selenium
during cycling remains unclear. It is especially unclear why the
electrochemical properties of Se in sodium-ion batteries are as
good as those in lithium-ion batteries. Here, we report real-time
observations of the alloying reactions of selenium with sodium

signiﬁcantly improve the cycle performance and Coulombic
eﬃciency of the selenium cathode due to the increasing
electronic and ionic conductivities.14−16
However, diﬀerent reaction pathways have been observed
when the cells are run with diﬀerent electrolytes.13,15,17 A
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Figure 3. Reaction mechanism and phase transformation of the Se nanotube during the sodiation process. (a−f) Morphological evolution of
the individual selenium nanotube in the sodiation process. The diameter of this nanotube expands from 135 to 170 nm with volume
expansion of 58% in the ﬁrst step and further expands to 232 nm with overall volume expansion of 336%. (g−j) Evolution of electron
diﬀraction patterns in the sodiation process. The phase transformations from Se single crystal to amorphous NaxSe to polycrystalline Na2Se2
and Na2Se are identiﬁed. The green half circles show the simulated rings of the Na2Se2 phase. The pink and dashed circles are the simulation
electron diﬀraction rings of the Na2Se phase, and the yellow curve exhibits their intensities. (k) Illustration of the atomic structures of Se,
amorphous NaxSe, crystalline Na2Se2, and Na2Se phases appearing in the sodiation process.

and lithium in similar experimental settings using in situ
transmission electron microscopy (TEM). The reactions of Se
with Na and Li are mutually compared at high spatial resolution
during the dynamical sodiation and lithiation processes. In
addition to the reaction mechanism of selenium in sodium- and
lithium-ion batteries, the reaction kinetics is also investigated by
directly measuring the reaction speed at the nanoscale. The
underlying mechanisms are then further explored by density
functional theory (DFT) calculations with consideration of the
crystalline structure, reaction thermodynamic energies, band
gaps, and ion diﬀusivities.

the nanotube, as shown in Figure 1c. A typical TEM image in
Figure 1d shows clearly the hollow structure of the nanotube
with brighter contrast in the middle. The diameter of the
nanotube region is about 310 nm, and the wall of the nanotube
is about 80 nm thick. The tube axis is along the [001] direction,
as shown in Figure 1e, which is the high-resolution TEM image
of the selenium tube. The selected area electron diﬀraction
(SAED) pattern of the selenium nanotube along the [120]
zone axis in Figure 1f reveals that an individual selenium
nanotube has desirable single-crystalline structure.
The electrochemical reaction of Se and Li under bias was
investigated by in situ TEM, and a single-step lithiation, Se +
2Li = Li2Se, was observed. Figure 2a−d shows morphological
evolutions of the Se nanotube during the lithiation process
(Movie S1). The original 350 nm diameter of the nanotube is
gradually expanded to 480 nm with a volume expansion of
∼88%. Meanwhile, the reaction front interface moves 1300 nm
forward in 5350 s, corresponding to a reaction speed of ∼0.25
nm s−1 (volume speed of 3 × 104 nm3 s−1). The contrast
changes in the unreacted Se area shown in Movie S1 may be
caused by stress/strain due to surface reaction, volume
expansion from the reacted area, and the electron beam
illumination. The crystalline phase transformation during
lithiation is also monitored by electron diﬀraction (Movie
S2). It is found that the single-crystal selenium (Figure 2a)
gradually transforms into polycrystalline Li2Se phase (Figure
2b−d), marked by the blue half circles (Figure 2c). The

RESULTS AND DISCUSSION
Selenium nanotubes have been successfully synthesized by a
simple hydrothermal method. The crystallographic structure
and phase purity of the as-prepared selenium nanotubes were
analyzed by X-ray diﬀraction (XRD). As shown in Figure S1, all
characteristic diﬀraction peaks in the XRD pattern can be
indexed as a single selenium phase (JCPDS 06-0362), with
trigonal lattice a = 4.366 Å, b = 4.366 Å, c = 4.956, α = 90°, β =
90°, γ = 120°, and a space group of P3121 with spiral chain
structure. The typical morphology of a selenium nanotube with
clear facets is revealed by the scanning electron microscope
(SEM) image in Figure 1a. Figure 1b is a scanning transmission
electron microscopy (STEM) image with Z-contrast of a
selenium nanotube. A Se map collected by energy-dispersive Xray spectroscopy (EDS) veriﬁes the chemical composition of
8790
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Figure 4. Identiﬁcation of chemical composition of the amorphous phase. (a) STEM image of the partially sodiated selenium nanotube
overlaid with the EDS map, where Na is represented as green and Se as red. (b−d) Electron diﬀraction patterns collected from diﬀerent phase
regions, conﬁrming that they are single-crystalline Se, amorphous NaxSe, and polycrystalline Na2Se2. In (d), the green dashed circles are the
simulated rings of the Na2Se2 phase, and the intensity of the rings is shown by the yellow curve.

as the {011}, {015}, and {030} reﬂections of Na2Se2, a phase
with a 1:1 Se to Na ratio. In the third stage, a phase
transformation from Na2Se2 to Na2Se has been identiﬁed. After
full sodiation, all of the Na-based intermediate phases
completely transit to the Na2Se phase, indicated by the EDP
simulation results marked by the pink dashed half circles in the
last diﬀraction pattern in Figure 3j. Here, one Se can host 2 Na
atoms in the structure, and the theoretical capacity of the Na2Se
phase is 679 mAh/g. As revealed by electron diﬀraction, a
three-step process consisting of amorphization, recrystallization,
and solid-state phase transformation were observed in the Se
sodiation. The recrystallization is accompanied by collapse of
the Se nanotube with formation of nanocrystals of the Na−Se
compounds. The following summarizes the three-step reaction:

electron diﬀraction pattern (EDP) simulation results of the
Li2Se phase (blue dashed half circles) match very well with our
experimental data shown in Figure 2d. The intensity of the
corresponding crystal plane is shown by the yellow curve in
Figure 2d and Figure S5. In our experiments, we did not
observe another intermediate phase in the lithiation process.
The Li2O phase identiﬁed from the electron diﬀraction pattern
in Figure 2b likely originates from surface diﬀusion of Li2O
used as a solid electrolyte.
In contrast to a single-step reaction between Se and Li, a
three-step reaction mechanism appears to prevail in the
electrochemical reaction between Se and Na, as observed by
in situ TEM. Figure 3a−f shows the evolution of an individual
selenium nanotube’s morphology and microstructure during
the ﬁrst sodiation process (also in Movie S3). The selenium
nanotube with an initial diameter of ∼135 nm expands to ∼170
nm, with corresponding volume expansion by ∼58%. The
reaction front moves forward at an average speed of ∼4.3 nm
s−1 (volumetric speed of 8 × 104 nm3 s−1) in this stage (as
marked by purple arrows in Figure 3a−d). It moves much
quicker than that in the lithiation process. In the following
sodiation process, many grain boundaries appear, indicating the
formation of small crystalline nanoparticles. Meanwhile, the
diameter of the nanotube expands to ∼282 nm, corresponding
to a volume expansion of ∼336% (Figure 3d−f). While there is
a large radial expansion, the length of the selenium nanotube
remains almost unchanged.
Phase transformations in the sodiation process have been
studied by analyzing the dynamic SAED patterns (Movie S4). A
pristine Se nanotube is identiﬁed to be oriented close to the
[010] zone axis, as shown in Figure 3g, where the spots of
(001) and (010) are labeled. Upon sodiation, the diﬀraction
spots of selenium slowly disappeared (Figure 3h), while a
blurry diﬀraction halo starts to appear (Figure 3h), indicating
that pristine Se gradually transforms into an amorphous phase,
termed NaxSe. With further sodiation and increase of sodium
content in the amorphous NaxSe, a recrystallization process is
observed in the second stage of sodiation. As shown in Figure
3i, diﬀraction spots and rings appear, and they can be indexed

Se + x Na + + xe− → NaxSe

(1)

2NaxSe + 2(1 − x)Na + + 2(1 − x)e− → Na 2Se2

(2)

Na 2Se2 + 2Na + + 2e− → 2Na 2Se

(3)

We then applied EDS in STEM to determine the
composition of the amorphous NaxSe phase. In a partially
sodiated selenium nanotube, as shown Figure 4a, three kinds of
phases, including single-crystalline Se, amorphous NaxSe, and
polycrystalline Na2Se2 phase, can be identiﬁed by their
corresponding SAED patterns. The interfaces between diﬀerent
phases are clear due to their diﬀerent diﬀraction contrasts. A
straight nanotube is also bent, due to sodium insertion, and the
expansions in their diameters are diﬀerent at diﬀerent regions,
as shown in Figure 4a. The electron diﬀraction pattern in the
single-crystalline Se region can be indexed along the [1−2−1]
zone axis (Figure 4b). The surface of the amorphous NaxSe
phase, indicated by the corresponding SAED pattern (Figure
4c), becomes smooth, although it maintains a tubular
morphology. Meanwhile, the Na2Se2 phase can be identiﬁed
by the diﬀraction ring patterns shown in the corresponding
SAED pattern of Figure 4d, in which the {011}, {012}, {013},
and {110} rings are labeled by the green dashed half circles and
arrows, which are the simulation of EDP of the Na2Se2 phase,
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Figure 5. Reaction kinetics of a selenium nanotube in both sodiation and lithiation processes. (a) Sodiation of the selenium nanotube in 510 s.
In the ﬁrst stage of sodiation (solid-state amorphization), the reaction interface propagates at a mean speed of ∼2.83 nm s−1. The overall
propagation speed in the whole sodiation process is ∼1.9 nm s−1. (b) Lithiation of the Se nanotube in 2722 s, with the mean lithiation speed is
∼0.5 nm s−1. (c) Plot of the reaction speed versus diameters of several selenium nanotubes in both sodiation and lithiation processes. (d,e)
Schematic illustration of sodiation and lithiation of selenium nanotubes. Three diﬀerent phases appeared in sodiation due to the alloying
reaction. In lithiation, selenium transforms to polycrystalline Li2Se phase. (f−i) Arrhenius plot of the overall diﬀusion coeﬃcient of the Na ion
in the Na−Se phases and the Li ion in the Li2Se phase through a vacancy mechanism.

diﬀerent phases, the kinetics of the electrochemical reactions is
monitored by measuring the moving speed of the phase
interface through real-time TEM imaging. Figure 5a shows the
ﬁrst sodiation of a selenium nanotube with a length of 1000
nm. As the ﬁrst stage of sodiation, a solid-state amorphization
process on this nanotube takes about 348 s, with the
propagation speed of the reaction front region of ∼2.83 nm
s−1 (with volumetric speed of 2 × 104 nm3 s−1). The
recrystallization process takes about 510 s. Thus, the mean
sodiation speed observed is about 1.9 nm s−1 (with volumetric
speed of 6 × 104 nm3 s−1). We have tested several nanotubes
with diﬀerent diameters. The overall sodiation speed against the
nanotube diameters is shown by yellow bars in Figure 5c. In all
of the measurements, the solid-state amorphization process as
the ﬁrst step of sodiation is fastest with an average speed of
∼2.6 nm s−1, as shown by green bars in Figure 5c. The mean
speed of the overall sodiation in these Se tubes is ∼1.5 nm s−1.
In comparison, the lithiation process takes almost 2722 s in the
Se nanotube with a length of 1470 nm, indicating that the
average lithiation speed is ∼0.5 nm s−1 (in Figure 5b). The
lithiation has also been measured with other Se nanotubes, and

and the crystal plane intensity of the experimental data matches
well with the theoretical simulation shown in Figure S6. EDS
maps of the three phases and the corresponding Na/Se ratios
are shown in Figure 4a. We use the Na2Se2 phase as a
calibration to calculate the composition of the amorphous
phase NaxSe. The x is found to be about 0.5 ± 0.1, and the
stoichiometry of the amorphous phase is then identiﬁed as
Na0.5Se, with the atomic ratio of Na to Se being 1:2. With DFT
simulation, one of the stable intermediate Se−Na phases is
found to be Na0.5Se phase (in Figure S2), which matches the
measured value of x. A structural model of the amorphous
Na0.5Se is then generated from the crystalline NaSe2 phase and
is shown in Figure 4a, along with Na2Se2 and Na2Se phases.
The atomic structural model of the amorphous Na0.5Se
structure is generated by relaxing its corresponding crystalline
structure, as demonstrated in Figure S3a, and its corresponding
radius distribution function is shown in Figure S3b.
The reaction kinetics of the selenium nanotube with sodium
and lithium were then studied under similar experimental
settings. We have found that the sodiation is almost 4−5 times
faster than lithiation. Due to clear contrast interfaces among
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CONCLUSIONS
In summary, the reaction mechanism and kinetics of lithium/
sodium with selenium, as the cathode material for both sodiumand lithium-ion batteries, are investigated at nanoscale in real
time by in situ TEM. Selenium has alloying reactions with both
Na and Li. Selenium is reduced to amorphous Na0.5Se,
polycrystsalline Na2Se2, and Na2Se sequentially in sodiation.
The solid-state amorphization with the formation of Na0.5Se
accompanies a volume expansion of 58%, while the
recrystallization with formation of Na2Se2 and Na2Se has a
volume expansion about 336%. In lithiation, Se is directly
reduced into the Li2Se phase. Kinetics of the electrochemical
reaction of Na/Se and Li/Se has been systematically
investigated by monitoring the mobility of the reaction front
interfaces. In general, Se nanotube sodiation is 4−5 times faster
than lithiation, while the solid-state amorphization process is 10
times higher than lithiation, due to high electronic conductivity
and ionic diﬀusivity of the intermediate Na−Se alloy phases
produced in sodiation. DFT calculation shows that the Na−Se
compounds that appeared in sodiation have narrow band gaps,
thus high electronic conductivity and fast diﬀusion channels for
sodium ions. Our ﬁnding shows that selenium is a promising
high rate capability cathodic material for sodium-ion batteries.
The investigation provides the insights to understand the
sodiation and lithiation kinetics, which is helpful to design
advanced-type sodium-ion batteries in the future.

the results are shown by a red bar in Figure 5c, where the
average speed is ∼0.23 nm s−1 (with volumetric speed of 7 ×
103 nm3 s−1) with the nanotube diameter ranging from 130 to
250 nm. In general, the overall sodiation of Se nanotubes is
nearly 4−5 times faster than lithiation, while the solid-state
amorphization as the ﬁrst step of sodiation is even faster.
Ab initio molecular dynamics (MD) simulations and kinetic
Monte Carlo simulations with nudged elastic band (NEB)
method implemented are applied to understand the underlying
mechanism of the electrochemical reaction of Se with Na and
Li and their reaction kinetics. Using the DFT energies of
known compounds available in the Open Quantum Materials
Database18,19 for the Na(Li)−Se system,20 the ground-state
phase diagrams are constructed, as shown in Figure S2. The
stable compounds in the binary phase diagram refer to those
which have lower energy than any linear combination of other
compounds. According to the DFT calculations, Li2Se is the
only ground-state phase in the Li−Se binary systems, while in
Na−Se systems, three phases (NaSe2, Na2Se2, and Na2Se) are
found to be the ground-state phases. This explains why a threestep reaction mechanism has been observed in the sodiation,
while only a single-step reaction has been observed for
lithiation. Accordingly, in the calculated discharge proﬁle,
there is only one plateau in the lithiation, while three plateaus
appear upon sodiation, as shown in Figure S4a. The calculated
discharge proﬁle also matches the measured one,12 except there
is a large overpotential for the Na-ion battery, which could be
due to cell resistance.
To further explore the kinetics of reactions with sodium and
lithium, reaction thermodynamics and electronic and ionic
diﬀusivities are calculated by DFT. As shown in Figure S4b, the
reaction energy between sodium and selenium (−3.441 eV) is
slightly lower than that between lithium and selenium (−3.795
eV). This implies that although the diameter of the sodium ion
(0.95 Å) is much larger than that of lithium ion (0.68 Å), the
chemical activity of sodium is actually very close to that of
lithium. This suggests that the diﬀerence in lithiation and
sodiation speed should be mainly due to the kinetics of these
reactions. The band gaps and ionic diﬀusivities in the Na−Se
and Li−Se alloy phases have been calculated using ﬁrstprinciples calculations, with the results being listed in Table S1
and Figure 5f−i. Band gaps of all Na−Se intermediate phases
are lower than that of the Li2Se, suggesting that electrical
conductivities of all the Na−Se intermediate phases are much
better than that of the Li−Se intermediate phases. Meanwhile,
the ionic diﬀusivity of sodium ions in all Na−Se alloying phases
has also been calculated, and the results are shown in Figure
5f−i. The ionic conductivity of the amorphous Na0.5Se phase
(3.3 × 10−7 cm2 s−1) for Na ions is almost 2 orders higher than
that of Li2Se phase (2.2 × 10−9 cm2 s−1) for Li ions. Therefore,
the higher kinetics in the sodiation reaction is caused by the
better electric conductivity and higher Na+ mobility in the Na−
Se alloying phases, compared to that of Li2Se phase. Figure 5c
schematically describes the phase transformations in both
sodiation and lithiation processes. The sodiation was initialized
with a solid-state amorphization process with formation of an
amorphous Na0.5Se phase, and the amorphous phase is
gradually reduced to polycrystalline Na2Se2 and Na2Se
crystalline phases. It is intriguing that selenium is reduced to
an amorphous sodium polyselenide Na0.5Se phase, instead of
forming the crystalline NaSe2 phase. This could be due to fast
insertion of sodium ions, leaving no time for the amorphous
phase to relax to its ground-state phase.

METHODS
Synthesis of Selenium Nanotubes. All chemicals were
purchased from Sigma-Aldrich and used as received without any
further puriﬁcation. Selenium nanostructures were successfully
synthesized by the aqueous solution method in recent years.21−23 In
our work, a selenium nanotube was prepared by a standard
hydrothermal method based on some similar solution reaction
methods. In this convenient approach of synthesizing selenium
nanotubes, 0.52 g of Na2SeO3 and 2 g of glucose were dissolved in
50 mL of distilled water in a beaker. After being magnetically stirred
for 30 min, the solution was transferred into two 25 mL Teﬂon-lined
stainless steel autoclaves and sealed at room temperature. We placed
the autoclaves into an oven and heated them to 90 °C for 2 h, then we
took the autoclaves out and cooled them quickly to room temperature
in water. The product was collected by ﬁltration and repeated washing
with acetone and distilled water and then dried in an oven at 90 °C.
The chemical reaction involved in our method is Na2SeO3 + 2C6H8O6
→ Se + 2NaC4H4O6 + 3H2O, and then high-quality selenium
nanotubes were obtained in a high yield with eco-friendly chemicals
and simple equipment.
Nanobattery Setup. The sodiation and lithiation reaction were
conducted inside TEM by the nanobattery setup on the Nanofactory
holder, as designed in previous reports.24−29 Selenium nanotubes were
pasted on one end of the Au rod with conductive epoxy and used as
cathode materials. Lithium and sodium metals were sketched by a
tungsten probe and acted as the counter electrode in the lithium- and
sodium-ion batteries, respectively. The solid electrolytes used in the in
situ TEM experiments consist mainly of Li2O and Na2O, respectively,
for Li and Na lithiation. The compact Li2O ﬁlm has a thickness of
about 72−115 nm and high Li-ion conductivity with Li-ion diﬀusion
activation energy of about 0.21−0.31 eV (Figure S8a,c). The porous
Na2O/NaOH ﬁlm has a thickness of about 173−216 nm and high Naion conductivity with Na-ion diﬀusion activation energy of about 0.15
eV (Figure S8b,d). We accurately controlled the counter electrode to
touch the selenium working electrode, then sodiation and desodiation
experiments could be conducted by applying diﬀerent potentiostatic
holds of the working electrode with respect to the counter electrode.
The morphology and microstructure evolutions were studied by the in
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ions at time t and D was obtained by a linear ﬁtting to the dependence
of average mean square displacement over 2t.

situ TEM image mode and in situ electron diﬀraction patterns in real
time.
First-Principles Simulation of Sodiation and Lithiation of
Selenium. The ﬁrst-principles DFT calculations were conducted
through the Vienna ab initio simulation package (VASP).30−33 With
the projector-augmented wave potentials,34 generalized gradient
approximation of Perdew−Becke−Ernzerhof35 was used for the
exchange-correlation function by considering spin-polarization. A
plane-wave basis set cutoﬀ energy of 520 eV and Γ-centered k-meshes
with a density of 8000 k-points per reciprocal atom were used in all
calculations.
To create a supercell of amorphous Na0.5Se suitable for DFT
calculations, a cell containing 96 atoms was melted at 2900 K in ab
initio molecular dynamics. The liquid-state conﬁguration was
equilibrated over 2ps under an NVT ensemble,36 followed by a
rapid quench from the equilibration temperature to 300 K at a rate of
1 K fs−1. Then the atomic coordinates and cell parameters of the
conﬁguration were relaxed in DFT until the average forces fall below
10−2 eV Å−1.37
In order to simulate the Na (Li)-ion diﬀusions in selenium during
the sodiation (lithiation), diﬀerent ﬁrst-principles methods were
applied to evaluate the ion transport through diﬀerent kinetic
mechanisms. For ion self-diﬀusions by vacancies, kinetic Monte
Carlo simulation was conducted based on transition-state theory. The
rate of jumps from site i to site j was obtained by
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where νij is the attempt frequency for the jump and ΔHmig
is the
ij
enthalpy diﬀerence of the system between ground and transition states
at T = 0 K. Theoretically, the attempt frequency can be evaluated with
harmonic vibrational modes of the defected system in both ground and
transition states. Nevertheless, we have not conducted such
calculations in the current work, and we chose constant νij = 1013
s−1. Since νij is independent of temperature in the classical limit, this
choice will have a negligible eﬀect on activation energy calculations. In
each simulation, displacement vector, d, was calculated by the
diﬀerence between the initial and ﬁnal positions of the defect. The
diagonal elements of the diﬀusivity tensor were then evaluated by
Dγγ =

⟨dγ2⟩
2⟨Δt ⟩

where dγ is the component of the displacement vector in the γ
direction (γ = x, y, or z) and Δt is the duration of a single simulation.
Averages of dγ and Δt were taken over all simulations at a certain
temperature; these simulations were performed until the standard
error was within 1% of the mean diﬀusivity at that temperature. Then
diﬀusivity was calculated with 10 K intervals using isolated defects in
an inﬁnite crystal to simulate diﬀusion in the bulk. NEB calculations
were performed to obtain each diﬀusion path, and climbing image
NEB calculations were performed to ﬁnd the barriers needed for the
kinetic Monte Carlo simulations. NEB calculations were performed
using VTST tools.38,39 For ion diﬀusions through interstitial
mechanisms, ab initio MD simulations were performed in VASP
using supercells consisting of 96 (96, 81, and 81) atoms for NaSe2
(Na2Se2, Na2Se, and Li2Se). We simulated the canonical (NVT)
ensemble through a Nose thermostat with a minimal Γ-centered 1 × 1
× 1 k-point grid.40,41 In each run, velocity−Verlet was used for a time
integration scheme with a step of 2 fs. Considering thermal expansion,
we conducted a series of volume-varying picosecond runs at each
target temperature. Therefore, the volume of the supercell was
determined, where the average pressure was approximately zero. When
the MD simulations started, the Na(Li)−Se systems were assigned an
initial temperature of 100 K, and it was heated to target temperatures
(600−1800 K) in 2 ps and equilibrated for 5 ps. We performed MD
simulations to conduct the diﬀusion for 40 ps.
In addition, Na (Li)-ion diﬀusivities at each target temperature were
calculated by ﬁtting the mean square displacement over time using the
1
following equation: D = 2t [rc(t )]2 . Here, r(t) is the displacement of
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