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ABSTRACT: The crystallographic orientation of battery electrode materials can signiﬁcantly impact electrochemical performance, such as rate
capability and cycling stability. Among the layered transition metal dichalcogenides, rhenium disulﬁde (ReS2) has the largest anisotropic ratio between
the two main axes in addition to exceptionally weak interlayer coupling, which
serves as an ideal system to observe and analyze anisotropy of electrochemical
phenomena. Here, we report anisotropic lithiation and sodiation of
exfoliated ReS2 at atomic resolution using in situ transmission electron
microscopy. These results reveal the role of crystallographic orientation
and anisotropy on battery electrode electrochemistry. Complemented with
density functional theory calculations, the lithiation of ReS2 is found to
begin with intercalation of Li-ions, followed by a conversion reaction that
results in Re nanoparticles and Li2S nanocrystals. The reaction speed is
highly anisotropic, occurring faster along the in-plane ReS2 layer than
along the out-of-plane direction. Sodiation of ReS2 is found to proceed similarly to lithiation, although the intercalation
step is relatively quicker. Furthermore, the microstructure and morphology of the reaction products after lithiation/
sodiation show clear anisotropy along the in-plane and out-of-plane directions. These results suggest that crystallographic
orientation in highly anisotropic electrode materials can be exploited as a design parameter to improve battery
electrochemical performance.
KEYWORDS: reaction mechanism of lithium/sodium-ion battery, 2D transition metal dichalcogenides,
anisotropic lithiation and sodiation, ReS2, in situ transmission electron microscopy
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surprisingly no direct observations or any quantitative assessment
of anisotropy of lithiation/sodiation in lithium/sodium electrochemical charge storage systems.
Layered transition metal dichalcogenides (TMDs) have been
applied in energy storage due to their high theoretical capacity
and layered structure.4−8 Especially when used as anode materials
in rechargeable batteries, TMDs exhibit improved electrochemical
performance in comparison to commercial graphite materials
(372 mAh g−1).5,6 In these anisotropic materials, crystallographic

he development of lithium- and sodium-ion batteries
with high power density and rate capability is essential
for many large-scale applications, such as electric vehicles and grid-level storage for renewable energy. The crystalline
structure and composition of electrode materials play a critical
role in determining the electrochemical performance of lithiumand sodium-ion batteries. In many cases, it has also been observed
that electrochemical performance is inﬂuenced by the crystallographic orientation of the electrode materials. For instance,
anatase TiO2 crystals that present (001) surface facets possess
an enhanced lithiation performance compared to randomly
oriented crystals, which can be attributed to more favorable Li
insertion and facile Li diﬀusion along the [001] direction.1−3
While it may come across as intuitively obvious, there are
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orientation has been found to aﬀect electrochemical performance, such as vertically oriented rhenium disulﬁde (ReS2),
showing enhanced cycling stability compared to orthogonal
orientations.9,10
ReS2 (with a space group of P1̅ and unit cell parameters of
a = 6.352 Å, b = 6.446 Å, c = 12.779 Å, α = 91.51°, β = 105.17°,
and γ = 118.97°) has many characteristics including the following: (1) ReS2 shows an unusual distorted 1T structure with
random stacking and thus an in-plane anisotropy in physical
properties;11 (2) ReS2 is characterized to be direct bandgap in
both bulk materials and monolayers;12,13 (3) ReS2 exhibits the
greatest anisotropic ratio along the two in-plane axes among
the experimentally investigated 2D layered materials;14 (4) ReS2
has an exceptionally weak van der Waals interlayer coupling of
∼18 meV per unit cell (for comparison, the interlayer coupling
is 460 meV for MoS2).15 This combination of attributes provides opportunities for Li+ and Na+ to eﬃciently diﬀuse inside
of the ReS2 structure, with great potential application in
high current density rechargeable batteries. ReS2 has a theoretical capacity of 430 mA h g−1 with 4 mol of Li+ ion insertion
per formula. The storage capacity can be improved to over
1000 mA h g−1 by coupling with graphene9−16 or carbon
nanotubes.17 The relatively large interlayer spacing in ReS2 also
allows lithium-ion diﬀusion without signiﬁcant volume expansion.9 However, relatively little work has explored the atomicscale reaction mechanism and microstructural evolution of
ReS2 during lithiation and sodiation, suggesting the need for a
combined in situ transmission electron microscopy (TEM) and
density functional theory (DFT) approach, which has been
previously employed to explore intercalation and conversion
reaction processes in other battery electrode materials.8,18−20
In this work, we have employed in situ TEM combined with
DFT calculations to uncover the structure and dynamics of
ReS2 lithiation and sodiation in real time, thus elucidating
anisotropic eﬀects (such as volumetric expansion and reaction
speed) and reaction products. We ﬁnd that the direction with
the largest expansion is along the out-of-plane [001] axis upon
the lithiation and sodiation of ReS2. Meanwhile, the reaction
speed is observed to be the fastest along the in-plane direction.
This study thus suggests strategies for exploiting crystallographic orientation to optimize the electrochemical performance of ReS2 in rechargeable battery applications.

Figure 1. Anisotropic lithiation of ReS2. (a) The pristine ReS2
crystals with two crystallographic orientations: the area marked c
is close to the [001] direction with diﬀraction pattern and HREM
images as insets, while the area marked d is oriented such that the
ReS2 layer and the (001) planes are edge-on. (b) Lithiated ReS2
showing changes in morphology and structure (as shown by
electron diﬀraction) with signiﬁcant volume expansion. (c) Timelabeled high-resolution TEM images of the [001] oriented ReS2 in
lithiation and the FFT spectrum of the images taken at 390 s.
(d) Time-labeled high-resolution TEM images of the (001) plane
edge-on ReS2 in lithiation and the FFT spectrum of the images
taken at 390 s. After full lithiation, a faint peak with ∼0.67 nm can
be found in the FFT spectrum obtained from area d. In comparison, there is no such spot seen from area c.

rotated ∼6° counterclockwise, as marked in Figure 1(b). In comparison, the expansion along the [001] axis (perpendicular
to the ReS2 layers) after full lithiation is about ∼167%, as
shown in Figure S1(a,b). Evidently, the large diﬀerence in
expansion along the out-of-plane direction compared to the inplane direction conﬁrms the anisotropy of lithiation. Meanwhile, the reaction dynamics also show large diﬀerences along
the two directions. The direction of lithium-ion diﬀusion is shown
in Figure 1(a). For the in-plane lithium-ion diﬀusion that is shown
in Figure 1(c), the reaction is faster than that the out-of-plane
diﬀusion that is shown in Figure 1(d). In particular, a uniform
mixture of Re and Li2S is formed in ∼155 s (Figure 1(c)) for
in-plane diﬀusion, whereas the reaction products form only
after ∼390 s (Figure 1(d)) for out-of-plane diﬀusion.
After lithiation, the reaction products (i.e., Re metal clusters
and Li2S nanocrystals) have diﬀerent structural characteristics
along the two crystallographic orientations. When the lithiated
products are observed along the out-of-plane direction, the
Li2S nanocrystals have uniform size and random orientations,
as identiﬁed by the {111} diﬀraction ring in the diﬀraction
pattern in the inset of Figure S1(c). However, when the
lithiated products are observed along the in-plane direction
(Figure S1(d)), the Li2S nanocrystals are observed to possess a
larger size with preferred orientations, as shown by the strong
arcs marked by the red arrowheads in the diﬀraction pattern.
In addition, the Re clusters generate a diﬀuse and wide ring in
the diﬀraction pattern for both crystallographic directions,
implying that the Re clusters have random orientations in both
cases. However, by carefully investigating the spatial distribution of the Re clusters along the out-of-plane direction, the Re
clusters are found to align in straight lines (as shown by the
arrowheads in Figure S1(c)), which resembles the distribution

RESULTS AND DISCUSSION
In-situ TEM allows the observation of lithiation and sodiation
of ReS2 along diﬀerent crystallographic orientations. Figure 1
and Figures S1−S3 show the directional lithiation of ReS2 along
diﬀerent crystallographic orientations. In Figure 1(a), while the
ReS2 crystal marked by letter “c” is oriented along the [001]
axis, the other ReS2 crystal marked by letter “d” is oriented
such that the ReS2 layer and the (001) planes are edge-on. The
crystalline orientations are identiﬁed and conﬁrmed by electron diﬀraction and Fourier transformation of the image as shown
in the insets of Figure 1(a). The corresponding morphology and
structure of the ReS2 crystals following lithiation are shown in
Figure 1(b). The ﬁnal product is a mixture of ﬁne Re clusters
embedded in Li2S nanocrystals (as identiﬁed by electron
diﬀraction and high resolution electron microscopy (HREM)
imaging as shown in the insets). After full lithiation, the elongation of the crystal along the [100] axis is about ∼2.3%
(expanded from ∼129 nm to ∼132 nm), while that along the
[110] axis is about ∼11% (expanded from ∼54 nm to ∼60 nm).
Due to the stress induced during lithiation, the sample has also
B
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A similar modulated structure appears in sodiated ReS2, as
evidenced by the spots with a d-spacing of ∼0.7 nm marked by an
arrowhead in the diﬀraction pattern in the inset of Figure 2(b).
There are also many lines with faint contrast, as marked by the
red arrowheads in Figure 2(b), which may be caused by the
alignment of the Re clusters in the fully sodiated sample. The
modulated structure is thus likely originated from the intergrowth of Na2S thin crystals and Re clusters. Meanwhile, the
Na2S crystal formed after sodiation shows diﬀerent character
along the out-of-plane direction and the in-plane direction. When
the sodiated ReS2 is investigated in the in-plane direction by
electron diﬀraction, several diﬀraction spots for Na2S are
observed, implying that the Na2S crystals are large and have
preferred orientation. Similar to lithiated ReS2, sodiated ReS2
has small crystal size and random orientation when viewed
along the out-of-plane direction (as shown by the uniform ring
of Na2S in the diﬀraction pattern).
The anisotropic structure of ReS2 has led to a preference in
the direction of lithiation/sodiation, which leads to an anisotropic
structure after lithiation/sodiation. Figure 3 illustrates the 3D

of the ReS2 layers in the pristine ReS2 crystal (shown by
arrowheads in the inset in Figure S1(a)). This relatively longrange and weak ordering in lithiated ReS2 has clear signatures
at the lithiation time of 390 s (Figure 1(d)). The Fourier
transform spectrum of the HREM image taken along the outof-plane direction after 390 s also shows faint and blurred spots
corresponding to a d-spacing of 0.67 nm, as marked in the
spectrum. In contrast, these spots are not observed along the
in-plane direction (Figure 1(c)).
The directional sodiation of ReS2 has also been studied.
As shown in Figure 2(a,b) and Figure S2(a−d), the expansion

Figure 2. Anisotropic sodiation of ReS2. (a) Pristine ReS2 crystal in
the out-of-plane direction. The orientation is identiﬁed by the electron diﬀraction as an inset. An illustration of ReS2 structure and
layers is also shown. (b) Lithiated ReS2 in the out-of-plane
direction, showing changes in morphology and structure (by the
inset electron diﬀraction pattern). There is large expansion along
the [001] direction and diﬀraction spots with a d-spacing of
∼0.7 nm, resulting from the modulated structure of Re clusters
and Na2S lamellas. (c) Pristine ReS2 crystal in the in-plane direction. The orientation is identiﬁed by the electron diﬀraction as an
inset. An illustration of ReS2 structure and layers is also shown.
(d) Lithiated ReS2 in the in-plane direction, showing changes in
morphology and structure (by the inset electron diﬀraction
pattern). There are several bright diﬀraction spots corresponding
to Na2S, which implies that Na2S has a preferred orientation along
the in-plane direction.

Figure 3. Illustration of the lithiated/sodiated ReS 2 with
modulated structure with Re clusters and Li2S/Na2S lamellas.
(a) In-plane direction (along the [001] direction) and (b) out-ofplane direction. Along the in-plane direction, the product is
covered by Li2S/Na2S layers, which hinders transport of both
electron and ions. In the out-of-plane direction (b), Re cluster
chains form a highly conductive pathway for electrons. The gap
along this direction is also large and thus provides a fast diﬀusion
pathway for ions.

structure of lithiated/sodiated ReS2. A layered structure has
been maintained with spatial modulation of the Re clusters and
Li2S/Na2S layers along the out-of-plane direction. For lithiated/
sodiated ReS2, electrical conductivity along the in-plane direction
is higher due to the chains formed by the Re metal clusters. Along
the in-plane direction, the chains formed by conductive Re
clusters facilitate charge transport. On the other hand, along
the out-of-plane direction, the continuous Li2S/Na2S layer
with low electrical conductivity will impede charge transport.
Further insight into the reaction mechanism of ReS2
lithiation and sodiation is provided by DFT calculations that
are correlated with the in situ TEM observations. The reaction
begins with intercalation of lithium/sodium ions and is followed by a conversion reaction leading to phase separation and

of a ReS2 crystal oriented close to the [100] axis after sodiation
(Figure 2b) is measured and compared to that before sodiation
(Figure 2a). The crystal expanded signiﬁcantly along the [001]
axis, which is the normal to the ReS2 layers, namely, from
∼77 nm to ∼161 nm with ∼109% elongation in the crystallographic orientation perpendicular to the ReS2 layers. In comparison, there is only ∼19% elongation along the [010] axis.
From an in-plane oriented ReS2 crystal (Figure 2c), the elongation along the [100] axis is ∼10% (expanded from ∼73 nm
to ∼80 nm). With a ReS2 layer (i.e., the (001) lattice plane)
as the reference plane, the out-of-plane expansion is almost
10 times larger than that of in-plane expansion, thus conﬁrming
strong anisotropy in sodiation.
C
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Figure 4. Evolution of the structure of ReS2 in lithiation studied by HREM images. (a−d) Time-resolved HREM images of the ReS2 with
lithiation times of 0 to 772 s marked in the picture. The lattice expansion and distortion are seen with the lithiation process and extrusion of
Re clusters (dark contrast dots in the images as marked by light yellow arrowheads). (e) Calculated lithiation process by DFT. In lithiation,
four intermediate and intercalated phases are identiﬁed by DFT. When the number of lithium ions is larger than 2 per unit formula, phase
separation due to a conversion reaction occurs.

formation of ﬁne Re metal nanoparticles and Li2S/Na2S
nanocrystals. As shown in Figure S4, the time-resolved electron
diﬀraction patterns during lithiation provide evidence of the
phase evolution. Since pristine ReS2 has a 1T-type structure,
we do not observe the 2H-to-1T phase transformation that is
well-known for MoS2. Instead, as shown in Figure S5, the
d-spacing of the lithiated ReS2 structures became large when
the amount of intercalated Li-ions increases, in agreement with
DFT simulations.
The microstructure evolution during ReS2 lithiation has also
been characterized by the in situ high-resolution TEM image in
Figure 4 and Figures S6 and S7. The upper inset in Figure 4(a)
shows the initial atomic structure of a crystalline ReS2 nanosheet along the [221] zone axis. One brighter spot represents a
cluster of one Re in the center of the octahedron formed by six
S. Planes of (−110), (0−12), and (−102) can be characterized
and are labeled with blue, yellow, and pink arrowheads, respectively. The lower inset is the corresponding fast Fourier transform (FFT) image. While lattice expansion is observed following
lithiation, planar distortion and collapse of the original ReS2 lattice
are also observed along with the extrusion of Re atoms and
formation of metal Re clusters and Li2S crystals. The correlation between the Re cluster extrusion and ReS2 lattice distortion as well as the occurrence of planar defects is shown in
Figure S7. With the insertion of Li-ions, the location where a
Re cluster forms (as indicated by the arrowheads in Figure 4c)
corresponds to the ReS2 (−110) lattice plane distortion, as
shown in a Fourier ﬁltered image (Figure S7d−1) showing
only the (−110) lattice plane. With the further insertion of

lithium ions, more Re clusters are extruded from the ReS2
lattice, which causes the generation of lattice distortion as
shown in Figure S7(e−h). The observation conﬁrms that the
extrusion of the metal clusters from the ReS2 parent lattice
causes local stress/strain that is released by generation of local
lattice defects. The accumulation of this strain upon further
insertion of Li-ions prompts phase transformation and separation from ReS2 to Re and Li2S. There must be a critical size
of the metal cluster, above which the lamella structure becomes
unstable. In our DFT calculation, such a critical size remains
diﬃcult to predict since a prohibitively long computing time is
needed when the size of the clusters become large, i.e., ∼tens of
nanometers.
Diﬀerences are observed in the microstructural evolutions
between lithiation and sodiation. In lithiation (Figures S4−S7),
the transition from intercalated to conversion reaction is smoother
with many intermediate phases compared to sodiation (Figures S8
and S9). According to the volume predictions from DFT calculations, the volume expansions in sodiation are signiﬁcantly
larger than that in lithiation (Figure S10), especially at the last
stage of sodiation/lithiation. Larger volume expansion causes
increased strain and therefore higher crack density for sodiated
particles, leading to a less stable sodiation behavior. Meanwhile,
the crystallinity of Li2S is better than Na2S in the ﬁnal reaction
products. Speciﬁcally, while Li2S signal can be detected in electron diﬀraction after lithiation, the diﬀraction ring of Na2S is
more blurred and diﬀuse after sodiation.
By DFT calculations (Figures S11 and S12), several intermediate lithium-ion intercalated phases are predicted and
D
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chemical exfoliation24 approaches. Although micromechanical exfoliation yields high-quality materials, it is not suitable for scalable applications due to exceptionally low yields and throughput. As a scalable
approach, chemical exfoliation can produce larger quantities of 2D
materials. However, this process results in a phase transition during
the exfoliation process that requires post processing (e.g., high-temperature
annealing) to attempt to recover the original crystal structure. Alternatively, liquid-phase exfoliation via ultrasonication is a well-established
approach for scalable exfoliation of 2D nanomaterials without chemical modiﬁcation.25−27 In our synthesis method, 30 mg of ReS2
powder (American Elements) was placed in a 50 mL conical tube
with 10 mL of ethanol and 5 mL of deionized water. The mixture was
ultrasonicated (Fisher Scientiﬁc model 500 sonic dismembrator) with
a 0.125 in. diameter tip for 2 h at a power level of ∼50 W in an ice
bath (pulsed 2 s on and 1 s oﬀ to avoid solvent evaporation). As-prepared
ReS2 dispersions were then centrifuged at 1000 rpm for 10 min to
remove unexfoliated ReS2 powder (Avanti J-26 XP, Beckman Coulter).
Following the centrifugation, the supernatant was carefully decanted for
the experiments.
Characterization. TEM observation was performed by a ﬁeldemission JEOL JEM-2100F and JEM-ARM300F TEM.
In Situ TEM. A Nanofactory in situ holder was used to build an
open half-cell inside the TEM column. There is a dual-probe design in
the holder. One probe uses a Au rod to load sample (with ReS2
attached to its tip). Another, tungsten (W) probe is moveable inside
the TEM column. It is driven by a piezo-motor capable of 3D positioning with a step-size of 1 nm. Inside an Ar-ﬁlled glovebox, we took
the W probe tip and scratched it on a Li metal strip and then aﬃxed it
on the TEM holder. With an airtight cover, the TEM holder was
transferred and inserted into the TEM column with limited exposure
to air (estimated about ∼10 s). A layer of lithium oxide was grown on
the surface of Li metal during transportation and acted as a solid
electrolyte. We applied a −2.5 V potential on the Nanofactory holder
to initialize lithiation and sodiation. We performed in situ TEM on
many ReS2 particles to ensure the observation of anisotropy is a
common phenomenon that can be repeatedly observed. One of the
results is shown in Figure S14 and Video S5. As for the in situ TEM
experiments, the probe current measured by a Faraday holder is
∼3600 pA. There are thus about ∼2.25 × 1010 electrons per second
(e− s−1) in the probe. The illumination area is half of the screen
(125 cm2) at a magniﬁcation of 500 000, which is 5 × 106 Å−2 as the
area on the specimen. Thus, the dose rate in the in situ experiments is
about ∼4500 e− Å−2 s−1. Control experiments on ReS2 crystals were
performed by applying an electron beam at a similar dose rate without
connecting to the W probe (with Li2O/Li) and no external potential.
As shown in Figure S15, the ReS2 is stable when exposed only to the
electron beam.
First-Principles Calculations. First-principles DFT calculations
were performed via the Vienna Ab-initio Simulation Package
(VASP)28−30 with projector-augmented wave (PAW) potentials.31
For the exchange−correlation functional, we used the generalized
gradient approximation (GGA) of Perdew−Becke−Ernzerhof (PBE).32
We used two diﬀerent sets of parameters: one for lower energy conﬁguration sampling and the other for accurate total energy determination. For the coarse energy sampling calculations, a plane-wave
basis set with a cutoﬀ energy of 300 eV and Γ-centered k-meshes with
a density of 2000 k-points per reciprocal atom were used. The
accurate total energy calculations were performed with 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.
To search for the intermediate phases through the Li(Na)−ReS2
reaction, the nonequilibrium phase search method (NEPS)33−35 was
applied by exploring geometrically distinct Li(Na)/vacancy conﬁgurations on possible insertion sites of the ReS2 structure (Figure S10)
at diﬀerent compositions (Li/vacancy ratios). First, we made an
assumption that Li/Na diﬀusion in transition metal sulﬁdes is significantly faster than transition metal and sulfur ions during the lithiation/
sodiation reactions, as observed in previous studies.36 As a result, the
Li(Na) ion(s) can take any energetically favored unoccupied site(s)
while the migrations of transition metal and sulfur ions are constrained,

shown in Figure 4(e). The calculated voltage proﬁle (Figure 4(e))
is compared to the experimental voltage curve measured by
Zhang et al.9 Similar results are obtained for the sodiation of
ReS2 as shown in Figure S13. During the lithiation of ReS2,
lithium-ions intercalated into the ReS2 lattice form an intercalated structure when the number of lithium-ions is less than
2 per unit structure formula. The threshold of Li content above
which the conversion reaction will occur is 2 per unit formula
(i.e., Li2ReS2), while the corresponding voltage is about ∼0.2 V.
During sodiation of ReS2, the intercalation reaction lasts only until
the number of intercalated Na-ions is less than 1 per unit structure formula. Meanwhile, the threshold of Na content is 1 per
unit formula (i.e., NaReS2) at a voltage of ∼0.58 V. Above the
thresholds, Re ions start to be reduced to their metal states and
the conversion reaction occurs. As phase separation in a conversion reaction will introduce large volumetric expansion and lattice
distortion, reversibility of the reaction is greatly reduced. After
exceeding this intercalation threshold, conversion reaction dominates the phase transformation for both lithiation and sodiation.
Although the phase transformation from ReS2 to Re and Li2S/
Na2S caused large volumetric expansion and lattice distortion,
the intercalated intermediate phases make it a smooth transition, generating anisotropic products similar to the original
anisotropic structure of ReS2. As anisotropy in the lithiated/
sodiated ReS2 has been faithfully inherited from the original
anisotropic ReS2, its impact on battery properties (especially
rate capability and cycling stability) lasts many cycles. It is thus
tempting to suggest to align the anisotropic crystals with their
high electrical and ionic conductivity along the direction of
lithiation/sodiation to improve the electrochemical performance of rechargeable batteries. This anisotropy or tailoring of
the crystallography and morphological texture is likely to be an
important design parameter for the high performance in future
generation batteries. Although it is still in progress, there are
several methods for fabricating 2D materials with vertical
orientation onto a substrate. For example, with 3D graphene
foam as a template, chemical vapor deposition can be used to
synthesize vertical ReS2 nanowalls.9 The vertical alignment of
two-dimensional Mxene has also been achieved by mechanical
shearing of a discotic lamellar liquid-crystal phase.21 In addition, vertically aligned reduced graphene oxide electrodes have
been prepared using simple hand-rolling and cutting processes.22

CONCLUSIONS
The reaction mechanisms of ReS2 during lithiation and sodiation have been studied by in situ TEM and correlated DFT
calculations. The anisotropic structure of ReS2 leads to anisotropic lithiation and sodiation along the out-of-plane and in-plane
directions. In the in-plane direction, modulated metal Re clusters
and Li2S/Na2S form a lamellar structure that enables faster
interfacial Li/Na insertion/extraction kinetics. In the out-ofplane direction, the Li2S/Na2S layers block the transport of
electrons and ions, resulting in slow kinetics. We also observe
that Re metal clusters cause local ReS2 lattice distortions that
prompt phase transformation and separation. Overall, we believe
this study provides insight into the application and design of
anisotropic layered crystals as electrodes in high-performance
rechargeable batteries.
METHODS/EXPERIMENTAL
ReS2 Dispersion Preparation. To fully exploit and understand
the properties of 2D ReS2, a scalable production method is required.
Previous work has been done via micromechanical11,14,15,23 and
E
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therefore enabling the nonequilibrium lithiation process. The method
proceeds as follows: (i) identify all possible insertion sites in the
original ReS2 structure using MINT.37,38 ReS2 adopts a triclinic structure with unoccupied octahedral (Oh) and tetrahedral (Td) sites, as
shown in Figure S10. A supercell containing 2 Re4+ and 4 S2− ions was
built that has 12 total empty sites in which Li(Na) ions can insert.
(ii) Generate all symmetrically distinct conﬁgurations with Enum.39,40
for a series of compositions Li(Na)x□3−xReS2 (0 < x < 2, □ denoting
vacancy). (iii) Sample total energies of all conﬁgurations with coarse
settings described in the previous section. (iv) For the speciﬁc composition, corresponding structures were ranked by their total energies,
and the three lowest energy structures were further relaxed in DFT
with more strict settings. Formation energies of selected structures
were then calculated according to following reaction: ReS2 + xLi(Na)
→ Li(Na)xReS2. (v) Build the lithiation/sodiation convex hull using
the formation energies, and the composition points on the hull were
determined to be the nonequilibrium intermediate phases.
Voltage Calculations. The average lithiation/sodiation voltage
(relative to Li/Li+ and Na/Na+) was computed using the negative of
the reaction free energy per A = Li/Na added, as shown in eq 1:41
V=

ΔGf
F ΔNA
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(1)

where F is the Faraday constant, ΔNA is the amount of Li/Na added/
removed, and ΔGf is the (molar) change in free energy of the reaction. Considering a two-phase reaction between AxReS2 and AyReS2:
AxReS2 + (y − x)A → AyReS2, ΔGf can be approximated by the total
internal energies from DFT calculations neglecting the entropic contributions (0 K),
ΔE = E(A yReS2 ) − E(A xReS2 ) − (y − x)E(A metal)

(2)

where E(AxReS2) and E(AyReS2) are the DFT energies at the
respective compositions. The neglect of entropic contributions means
that the lithiation voltage proﬁles will follow the T = 0 K ground-state
convex hull and consist of a series of constant voltage steps along the
two-phase regions of the convex hull, separated by discontinuities that
indicate the single-phase compounds on the hull. It is worth mentioning
here that, in practice, lithiation/delithiation does not necessarily proceed
through two-phase reactions. Thus, the calculated T = 0 K voltage
proﬁles should be viewed as an approximation to the actual voltage
proﬁles.42 At ﬁnite temperatures (e.g., room temperature), the voltage
drops in the proﬁle become more rounded, due to entropic eﬀects.
For simplicity, the voltages were calculated at a temperature of 0 K,
and thus the voltage drops in the simulated voltage proﬁles exhibit
abrupt steps. This behavior is smoother when ﬁnite temperature
eﬀects are included.43
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