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Two-dimensional (2D) materials have shown great promise to advance next-generation

all

lithium ion~battery (LIB) technology. Specifically, tin-based chalcogenides have attracted

widesprea ion because lithium insertion can introduce phase transformations via

WA

three types of reactions—intercalation, conversion, and alloying—but the corresponding

structural s throughout these processes, and whether they are reversible, are not

ar

fully und Here, we report the first real-time and atomic-scale observation of

n

reversiblegphasegtransformations during the lithiation and delithiation of SnSe, single

{

crystals, using Wn situ high-resolution transmission electron microscopy (HRTEM)

Y

A
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complemented by first-principles calculations. Lithiation proceeds sequentially through

interca ersion and alloying reactions (SnSe, — Li,SnSe, — Li,Se + Sn — Li,Se +

t

Li;zSng) i r that maintains structural and crystallographic integrity, whereas

13

]
delithiati forms numerous well-aligned SnSe, nano-domains via a homogeneous

deconversjon ess, but gradually loses the coherent orientation in subsequent cycling.

Furtherm alloying and dealloying reactions cause dramatic structural reorganization

SC

and thereby copSequently reduce structural stability and electrochemical cyclability, which

119

implies that deep discharge for Sn chalcogenide electrodes should be avoided. Overall,

our findings idate atomistic lithiation and delithiation mechanisms in SnSe, with

d

potenti jcations for the broader class of 2D metal chalcogenides.

Lithium i eries (LIBs) have been used extensively as essential energy storage

Qr

technolo consumer electronic devices and electric vehicles. However, their

N

perfor ains inadequate to meet some of the rapidly growing user needs,

{

especially for IdFge-scale, high power and energy density applications.!  This has

Cl

A
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prompted continuous development of new electrode materials with novel structures and

batteryMs.W] Recently, much effort has been devoted to two-dimensional (2D)

materials@des for LIBs, because they can provide layered ionic diffusion

H
channels €Qat are typically larger than the interspacing distance of traditional graphitic

1

materials, o endble fast transport of lithium and other alkaline ions.*® A wide variety of

*

transitionw dichalcogenides (TMDs) have been explored for the purpose of
promisinq batt; electrodes, among which many studies on metal sulfides (MoS,, WS,,
etc) haveNgxperimentally demonstrated excellent Li-storage capacities that are related to
the commction mechanisms consisting of both intercalation and conversion
reactions: Noticeably, it is intriguing that tin-based 2D chalcogenides can achieve
additio y by the Li-Sn alloying process, but this process also makes the phase
transitionhnore complicated.!??*) On the other hand, the lithiation via different
pathways@d to different intermediate and/or final products, which in turn would

strong the reaction reversibility and battery cyclability.?*31  Therefore,

<his article is protected by copyright. All rights reserved.
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understanding the phase transformation mechanisms and reaction pathways during

IithiatioMss is a crucial prerequisite for improving battery performance.
—

L

Based onc us previous studies, it is generally believed that the lithiation of 2D

ungLo
metal sumould start from the intercalation of Li ions into the S-S interlayers
bonded tj/eak van der Waals force. When such intercalation reaches a certain
lithium coﬁt may trigger phase transformations in various forms, such as 2H to 1T

phase tran MoS; B two-phase or solid-solution-like phase transition in SnS,,1®!

rocksalt phase disordering in SnS," and metal extrusion in copper sulfides.?¢2”! It turns
out thEtion of 2D materials may have diverse reaction modalities from one to
another, ir even within a same material. For this reason, elucidating the lithiation

mechanis@ach specific type of promising materials is necessary and would be

helpful in ing knowledge about the potentially common nature of the underlying

electroWaracteristics of similar TMDs.

<his article is protected by copyright. All rights reserved.
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SnSe, has been reported as an outstanding anode material with a high theoretical

capacitM‘nAh/g, attributed to its full lithium storage from all the intercalation,

conversio@ing reactions.'2!  Compared to SnS,, SnSe; has a relatively larger

N
interlayergacing of 0.6141 nm, which may lower the diffusion barrier and increase the

reversible§transport of Li ions.'¥ To date, only a few studies have shown the

C

electroch@mifal Sreactivity of SnSe, with Li/Na ions, suggesting possible reaction

S

mechanisms bagéd on ex situ X-ray diffraction (XRD) data.!¥??  Although these results

q

have provWded a general guide of phase evolution during the electrochemical cycling of

SnSe;, th ic microstructural changes caused by ionic migration and atomic

d

reorganiZatigg, which are essential for battery performance and stability, remain elusive.
To ad ssue, we aim to dynamically unveil the atomically-resolved structural

evolution& the entire electrochemical lithiation and delithiation cycles of SnSe;

O

using the

compl@ the density functional theory (DFT) calculations. The combination of

<his article is protected by copyright. All rights reserved.
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these tools have proven wuseful for detecting exact electrochemical reaction

process aiFO 1727 '»35]

L

I
Herein, w@ the real-time observations of the electrochemical phase transformation
of single—mne SnSe; nanoflakes using /n situ high resolution transmission electron
microsco;jM) and /n situ electron diffraction (ED) techniques. We have directly
observed tages of the electrochemical lithiation processes: (i) first, the initial
intercalatiﬁion occurs to form the Li,SnSe, (0 < x < 2) phase with expansion of the
original 2D crystal lattices and an increase of interlayer spacing in cdirection; (ii)
secondEwersion reaction proceeds via the nucleation and growth of Li,Se and Sn
nanopartiiles that remain coherent to the original structure; (iii) finally, when deep
lithiation @ge to voltage <0.1V) is performed, Sn further reacts with Li to form
Li17Sn4I0ying reaction. It is worth noting that the electrochemically lithiated

producw to reversibly transform to the original SnSe, phase with the highly

ordered (001 nes during the delithiation process. With help of DFT calculations, we

<his article is protected by copyright. All rights reserved.
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demonstrate the atomic structures correlated to the reversible phase transformations in

SnSe; Mduring the electrochemical reactions and elucidate the lithiation and
deIithiatio@xms of SnSe, electrode.
-
O
Single-crymSnSez nanoflakes which have the Cdl,-type hexagonal 1T structure were
used as aj material for LIBs. The nanoflakes were prepared using the mechanical
exfoliatiotd,[36'37] as shown in Figure la (details described in the Experimental
Section). T chanically crushed SnSe, microparticles were sequentially changed to

d

nanoflakes by a Scotch-tape exfoliation process. The exfoliated nanoflakes were mounted

onto a Id (for plan-view observation) or a metal wire (for cross-section view

Vi

observatign) to act as an active electrode, and the Li metal was used as a counter

[

electrode ith the natively coated Li,O as solid electrolyte for /in situ experiments

¢

(Figure 1 electron diffraction patterns and HRTEM image of the transferred

N

nanofi i that the hexagonal-structured SnSe, single-crystal is oriented along

{

the [001]-directi®n, as shown in Figure lc-e. First, we conducted /n situ lithiation

J

A
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experiments on a vertically mounted nanoflake to visualize the parallel arranged (001)
basal pMnSez because this cross-section orientation allows for a directly visible

structural on the intercalation of Li-ion at the beginning of lithiation. Figure 1f

P

N
shows a ®EM image of a pristine SnSe, nanoflake contacted to the Li,O coated Li metal

g

*

electrodeQLi io@s move into the layered structure of SnSe, under the potentiostatic

S

dischargi tions. The interlayer spacing of (001) planes in the pristine nanoflake is

0.618 nm_(Fi 1g), and it is expanded by the inserted Li ions along with gradual

9

transform@tion into amorphous, as shown in Figure 1h and Movie S1 (Supporting

)

Informatid@n). recise measurement of the interlayer spacing as a function of lithiation

d

time fr e time-lapse HRTEM images (Figure 1li and Figure S1, Supporting

M

Inform . ind a continuous change of the interlayer distance with respect to the

[

increasin t of intercalated Li-ions (xin Li,SnSe;). We also note a dramatic increase

O

in the int istance (~6 — 8 s, Figure 1j), corresponding to the scenario where the

top fe peeled off from the edge of the flake, making the distance increase by

th

839% o e (can be 0.708 nm at largest, equivalent to 14.6% expansion in

AU
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maximum) before amorphization. Later, the electrochemically formed Li,SnSe, changes to

an amWase when the Li* intercalation exceeds the critical uptake content (at

~10 s), i@hat the lithiation starts to change from the intercalation to the

N
conversiofy The subsequent conversion phase transformations, associated with the typical

g

nucleatiofyand growth of Li,;Se and Sn phases from an amorphous phase, were also

¥

confirme S2, Supporting Information).

To clearly
process, especially for those transformations that occur after intercalation, we performed
n 5/'z‘u§;servation during the lithiation of SnSe, nanoflakes. It is obvious to

observe tie distinct structure change from the overall contrast difference (TEM images of

y the full picture of all phase transformations during the lithiation

insets in Fj and e) before and after lithiation, while the HRTEM images (Figure 2a-

e) further the formation of a large number of small nanoparticles with a darker
contraWd in the 2D skeleton upon lithiation. A series of TEM images and the

correspondin; fSt—Fourier transform (FFT) patterns obtained at each lithiation time show

<his article is protected by copyright. All rights reserved.
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that the lattice spacing of the (100) planes gradually increases before changing to an

amorp e. At an intermediate state where both the structurally expanded

{

Li,SnSe, the pristine SnSe, phase coexist (Figure 2b), the (1010) reflection in

the FFT p@ttern splits into two spots (Figure 2b inset), indicating that the Li,SnSe, phase

€

expands 58% but still remains in the same crystal orientation coherently with the

pristine S

o

se. In addition, the formation and propagation of the phase boundary

between SnSe d Li,SnSe, were also clearly observed in real time, which is confirmed

U

to follow §he two-phase reaction pathway during the intercalation (Figure S3, Supporting

A

Informatid@n). mbined with the previous observation of the vertically aligned (001)

d

planes , we obtained a panoramic view of the first lithiation step—Li ions are

M

inserte interlayer opening positions to cause a slight lattice expansion but

[

maintain grity of the original 2D framework. Compared to other 2D layered

O

materials, nd that the initial intercalation process of SnSe, is similar to the two-

h

phase in SnS,,1% but different from the 2H-1T transition that occurs in MoS,.%1%

{

This is b he original 1T structure is preserved during the intercalation process,

Au
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which suggests a superior structural stability to tolerate the strain induced by Li-

interca

ript

With furt imgertion of Li ions, the structure of Li,SnSe, changes to the amorphous

SG

phase (Figagr

~—

, while the newly formed Li,Se shows the same orientation as the

pristine S oflake, indicating that the nucleation and growth of Li,Se are coherent

U

to the origi Se, structure (Figure 2d). The electrochemically reduced Sn atoms start

N

to agglo after insertion of a large amount of Li ions into the matrix and

a

precipitate as Sn nanoparticles (Figure 2e). The Sn precipitation process was found to

proceed geneously, following a solid-solution-like reaction pathway (Figure S4,

M

Supporting Information). It is worth noting that these Sn nanoparticles would further

[

react wit form LissSn (or LiyzSny) alloy (not shown here but appeared in another

O

lithiation in Figure 4b), if a deeper discharge with lower cutoff voltage is

n

perfor verall lithiation process can store up to 825 Li ions per unit cell

§

following the elgétrochemical reactions shown in Equations (1)—(3):

Cl

A
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SnSe, + x Li* + xe~ — Li,SnSe, (1)
thgez + (4-x) Li* + (4—x) e — 2 Li,Se + Sn (2)
BN Li* + 4.25 e — LissSn (3)

-
O
To confirmnase transformations identified by /n sitt HRTEM and FFT analyses, we
also perfmn situ electron diffraction (ED) to monitor real-time phase evolution
during Iit?gtion ;)rocess. The /n situ ED patterns sequentially captured from a larger area
of a feweters collect structural information contributed from more material
sampling us offer phase identification with higher precision and better statistical
validation. Figure 3 shows ED intensity profile as a function of reaction time during /n
situ IithiahnSez, which is derived from radially integrated ED and represented by
the false OWe can clearly observe three stages as Li ions insert into the SnSe,

Iattice,&wation of Li,SnSe, phase with lattice expanded (indicated by dashed

arrows in ja); i) crystal-to-amorphous transition of Li,SnSe, phase with excess Li*

<his article is protected by copyright. All rights reserved.
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intercalation; iii) conversion reaction to form a composite of Li,Se and Sn. Representative
ED patMred at each stage (Figure 3b-f) illustrate the coherent crystallography

relationsh

P

t pristine SnSe;, lithiated Li,SnSe;, and converted Li,Se phases, which

N
is consist@t with the FFT analyses shown in Figure 2a-e. Combining both /n sitv ED and

E

in situ HREEM g@sults, we now confirm the identical phase transformations during the

C

same lith

precise phase iswtiﬁcation.

We also inves;l ated the electrochemical phase transformations during the delithiation
proces§ these transformations are critically related to the reversibility and

stability o! SnSe; electrode. We selected another SnSe, nanoflake oriented along [001]

actions, and also validate the reliability of HRTEM and FFT analyses for

direction ®4a) and completely lithiated it to the state shown in Figure 4b, in which

the FFT p imdicates the lithiation product is a mixture phase of Li,Se, Sn, and Li;7Sny,
represeMep discharge condition after both conversion and alloying reactions.

Similar to the Sevious lithiation, the lithiated phases maintain a well-defined crystal

<his article is protected by copyright. All rights reserved.
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lattice and orientation same to the original host structure. Due to the thermodynamic

uphill Meharging process, the delithiation is not a spontaneous reaction and

requires r@r time (3600 s) for the /n situ experiments. To minimize the effect of

H
electron rﬁiation, the electron beam was switched to the blank mode during the most

deIithiatio@i except for the time to capture images. From the time-lapse HRTEM

images a egorresponding FFT patterns shown in Figure 4c-g, we found that most of

S

the lithiated mixfure has transformed back to SnSe, after the delithiation, which appears

3

as the nuperous nanosized domains homogeneously distributed within the original 2D

1

matrix. The € ged HRTEM image clearly indicates the highly ordered (001) planes of

él

SnSe; attice spacing of 0.619 nm after the delithiation for 3600 s, as shown in
Figure “4R-1. g the first delithiation cycle, the entire nanoflake remains in a good

integrity, huically and crystallographically, as evidenced by the well-kept sixfold

O

symmetry FFT patterns during the /n situ HRTEM imaging. We also conducted

contro@nts to eliminate the possible effect of electron radiation on SnSe;

recombinﬁonfirming that the electron beam exposure at the level in our

<his article is protected by copyright. All rights reserved.
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experiments did not affect the electrochemical reactions (Figure S5-S7, Supporting

InformaM observation of SnSe, recombination provides solid evidence for the

reversible@rsion process, which suggests a delithiation mechanism

H
complem&qtary to the previous report® It is also noted that a certain amount of

g

C

amorpho h still exists after the delithiation due to the dramatic volume change

caused b;@oying and dealloying of the Li;;Sn, phase, which is helpful to maintain

the flakes in whole piece by minimizing the volume change along anisotropic
directions®?  Additionally, the dealloying of Li;;Sn, takes a long time and overlaps with

the decoin the timescale during the entire delithiation process. This could leave
behingw and Li due to insufficient time for continued delithiation, and
conse ard the deconversion reaction and/or induce the isolated unusable
"dead” Li,“nay strongly affect the reversibility of electrochemical cycling. Therefore,

we Would@t utilizing only the contributions from the intercalation and conversion

reactio@:iding the alloying reaction, which can largely improve the reversibility

and stabil'ﬁ as it compromises the overall capacity.
<his article is protected by copyright. All rights reserved.
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We COI’]!IIUG T0 monitor the structural evolution of the same nanoflake during the
subseque hemical cycling. Figure 5 shows the HRTEM images indicating the
N

overall ch& the second lithiation and delithiation processes. The speckle features in

the bIacchontrast are associated with the SnSe, nano-domains composed of

S

highly or d%001)-plane stacks, which gradually disappear throughout the lithiation, as

U

shown in e-lapse HRTEM images in Figure 5a. We managed to control a shallow

lithiation triggering the alloying process, and thus only Sn and Li,Se resulting

dll

from the &@n on reaction were found after the second lithiation, as demonstrated by

HRTEM and in Figure 5b-e. Since the second lithiation starts from a polycrystalline

|

nanoflake rather than a single-crystal at the pristine state, a large number of SnSe, nano-

[

domains m otate to more random orientations when Li ions are inserted, and the

generated L1;S€ phase does not show the well-defined orientation relationship to the

h

pristin 2 Mramework, as evidenced by the more diffusive FFT pattern. After the

{

second delithia§on for 3600 s, the majority phase returns back to SnSe, while some

U

A
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residual mixture of Li,Se and Sn still exists without being fully reacted via deconversion

(Figurewracing the same region of SnSe, nanoflake, we plot the in-plane area

change t@ the first two lithiation/delithiation (discharge/charge) cycles, as

H
shown in®igure 5j. We found that the first cycle was subject to the largest expansion

(15.3%) a S kage (14%), while the second cycle showed smaller changes (13.9%

SE

expansio .2% shrinkage), which may be due to a two-fold effect: i) the first cycle

involves the extgd alloying process not shown in the second cycle; ii) the numerous small

el

SnSe, doMains in conjunction with the surrounding amorphous phase can buffer more

)

volume cfia a per Li insertion than a single-crystal flake. Nevertheless, these results

clearly | the electrochemically reversible behavior of SnSe, in a LIB.

M

We cond T calculations to investigate the phase transformation of SnSe, through

ar

both equilijomi nd nonequilibrium lithiation pathways. For the equilibrium pathway, we

g

constr i— Sn— Se ternary phase diagram at 0 K by calculating the formation

{

Ll

energies of all lthe known compounds of the Li—Sn—Se chemical space from the

his article is protected by copyright. All rights reserved.
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Inorganic Crystal Structure Database (ICSD)B® under the framework of the Open

QuantuMls Database (OQMD).B%4% The thermodynamic ground-state Li-SnSe,

P

reactions to follow conversion (SnSe, + 2Li — SnSe + Li,Se; SnSe, + 4Li — Sn

N I
+ 2Li,Se)@nd alloying (Sn — LiSn — Li;3Sns — Li;Sn, — Li;;Sn,) procedures (Figure S9,

C

Supporting, Info#ation), but these T=0K energetics do not show the intercalation step
that has WServed in our present study and previous reports on Li-SnS, and Na-
SnSe; systems.[ls7] This suggests that the realistic SnSe, lithiation experiments proceed
in a manRer that deviates from ground-state thermodynamic equilibrium. To elucidate
the nonéqu @ m lithiation pathways, we implemented our recently developed
nonequiifoni phase search (NEPS) method (see Experimental Section)®234 to identify

the st intermediate phases from a large number of geometrically distinct

Li/vacanchjrations on possible Li-insertion sites of the SnSe; structure at different
compositi@/acancy ratios). Considering the formation energies in the calculated

noneq@—SnSez convex hull (Figure S11, Supporting Information), we find that

the Li-intﬁj Li,SnSe; (0 < x < 2) phases are energetically favorable. The pristine

<his article is protected by copyright. All rights reserved.
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SnSe, has two types of interstitials, namely octahedral and tetrahedral sites (Figure S10,

Supporwation). Upon lithiation, the Li ions first energetically prefer to occupy

the octah until they are completely filled up (x = 1); further Li-ion insertion
N

would ocs% the tetrahedral sites and also repel the octahedral Li ions to the nearby

tetrahedralsite 26 lower the energy, until all tetrahedral openings are fulfilled (x = 2); for

€

further in ony Li ions would have to be inserted to the octahedral sites again and

S

form a disorde Li-Se compound where all interstitials are occupied (x = 3), as shown

in Figure$. It is worth noting that these results are consistent with the experimental

)

observati@ns: e, undergoes a Li-intercalation process for 0 < x < 2 (the first voltage

d

plateau further Li-insertion induces an amorphization process when 2 < x < 3 (the

secon

M

lateau), which corresponds to the beginning of the conversion reaction;
but the

D layered structure maintains high structural integrity for the whole

range of 3, and beyond this point, the original layered crystal lattices collapse

Of

and in tion of Li;Se and Sn. This latter step is out of the regime of NEPS

th

method. less, the thermodynamic equilibrium calculation can provide key insight

AU
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into the composition range of 3 < x < 8.25. Therefore, we combine the NEPS and

groun ulations and plot the discharge voltage profile overlaid with the

t

P

experime ement (Figure 6), which shows good agreement.

SCI

In summagy, have demonstrated atomic-scale imaging of the reversible phase

transform during the lithiation and delithiation of single-crystalline SnSe;

u

nanoflake eal time. The entire lithiation process involves multiple phase

n.

transform three stages: 1) the Li intercalation reaction to form the Li,SnSe; (0 < x

]

< 2) phase with average 8.39% interlayer expansion and <15% planar expansion; 2) the

conversi ction (2 < x < 4) to form structurally coherent Li,Se and Sn via the

M

nucleation-and-growth pathway; 3) the alloying reaction (4 < x < 8.25) to form Li;7Sn,

§

under the ithiation condition. During the delithiation process, the Li,Se and Sn can

¢

reversibly ine into numerous well-aligned SnSe, nano-domain stacks via a

n

homog conversion process, but would gradually become crystallographically

{

randomly orientdd in the subsequent lithiation/delithiation cycles. We also found that the

J

A

his article is protected by copyright. All rights reserved.

21



WILEY-VCH

alloying and dealloying reactions may cause dramatic structural reorganization and

conseq uce the structural stability and electrochemical cyclability; and thus it

{

would be&avoid deep discharge for Sn based 2D chalcogenides. Combining /n

N
situ TEMQQbservation and DFT calculation, the intermediate phases during dynamic

[

C

lithiation Yand lithiation cycles have been confirmed and their atomic structure
evolutionWmultiple phase transformations has also been elucidated. Our findings
lead to mechanistic understanding of nanoscale (de)lithiation behavior of SnSe,, and may

provide gluable implications to other 2D metal selenides as well as Sn-based

chalcogerm

Experime!tal Section

Preparati Se, flakes. The [001]-oriented single-crystalline SnSe, nanoflakes were
prepared:mechanical exfoliation method.%31  The glass tube sealed single-
crystallWSez flakes were broken down into relatively small and thin flakes in an

Ar-filled ;Iove s@x using a mortar. The fragmented plate with wide dimension was

<his article is protected by copyright. All rights reserved.
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transferred onto a sticky Scotch tape to obtain few-layer SnSe, nanoflakes. After
repeatthtachment and detachment, the selected SnSe, nanoflakes were

transferre thermal released tape using the same Scotch tape method. These

P

H
nanoflake§iattached to the thermal released tape were bonded with an ultra-thin carbon

]

C

film supp@ted FEM grid. The Scotch tape was removed during heat treatment without

S

applying icall force to prevent the damage of carbon films. TEM grid was cut with a

sharp blade w confirming the location of nanoflakes with an optical microscope. The

3

TEM halfigrid was connected to the metal wire by conductive glue and then mounted

4

onto the EM holder. The vertically aligned SnSe, nanoflakes were picked up from

S

mechan xfoliated flakes using Cu metal wire, and directly mounted onto the TEM

holder experiments.

[

In situ TEM characterization. The Nanofactory TEM-STM holder was used to perform the

in situ (de) ion in the windowless settings.**#4 The nanoflakes loaded on the TEM

half-gr etal wire were connected to one electrode, and Li metal coated with

th

Li,O solid electrglyte was connected to the other counter-electrode, which was mounted

U

A
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onto the tip of piezo-driven metal probe in an Ar-filled glovebox. During the /n situ

electro cling, a constant negative (discharge) or positive (charge) potential was

L

biased o @ e SnSe, nanoflakes against the Li anode. The /n situ HRTEM imaging

Ip

[
was perfofmed on JEOL ARM300CF TEM operated at 300kV, and HRTEM images were

recorded

C

Gatan OneView-IS camera with full frame size of 4096x4096 pixels. The

pixel size al HRTEM images is ~0.02 nm, which is sufficient to resolve atomic

S

structures;_and _the measurement precision of corresponding FFT patterns is limited by

3

the pixel Wgterval of ~0.01 nm™ in reciprocal space, which ensures the accuracy of phase

A

identificatifon constant environment, ultra-stable sample stage, and reliable protocol

d

of focu justment ensure the high stability of HRTEM imaging, where any possible
artifac n due to sample drifting and defous has been eliminated as much as

possible.h experiments have been done at pristine, lithiated, and delithiated

O

condition monstrate no obvious radiation damage or electron-beam induced

reactio ctron dose-rate of 100 e’/(A s) (Figure S5-S7). In situ experiments were

th

performe lectron dose-rate below this value. We have reproduced /n situ lithiation

Au
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and delithiation experiments at various locations of multiple samples to ensure the

observ

E/ecz‘roch%surement To investigate the electrochemical behavior, we fabricated

ansformations statistically meaningful.

L

the electrhry by homogeneously mixing with 60 wt% of SnSe; active materials, 20

wt% of SQ (Alfa Aesar), and 20 wt% of polyvinylidene fluoride binder (Sigma

S

Aldrich) disSsol in N-methyl-2-pyrrolidone (NMP) solution (Sigma Aldrich), which was

U

cast on C s a current collector. For the complete evaporation of NMP, the coated

slurry wa overnight at 80 °C in vacuum and then pressed uniformly. After

afl

punching Yat ircular shape, 2032 coin-type half cells were assembled with a Celgard

2325 separa Li foil as a counter electrode, and 1.0 M LiPFs in ethylene

VI

carbonate/diethyl carbonate (50/50 vol.%), Sigma Aldrich) as an electrolyte in an Ar-filled

[

glove box. vanostatic charge/discharge measurements were carried out with the

voltage ran rom 0.0 to 2.5 V vs. Li/Li* at a constant specific current of 50 mA g*

h

using ry test equipment.

{

First-principles Mcalculations. The first-principles density functional theory (DFT)

J

A
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calculations reported in this study were conducted wa the Vienna Ab-initio Simulation

Packagw] with the projector augmented wave (PAW) potentialsi*? and the

exchange@y functional of generalized gradient approximation (GGA) of Perdew-

N
Burke-ErnZerhof (PBE).*” We applied two sets of parameters: one for the energy

sampling Yof loWer energy configurations and the other for accurate total energy

determin

SC

selected structures. For the coarse energy sampling calculations, a

plane-wave basi§ set with a cutoff energy of 300 eV and l-centered k-meshes with the

3

density of2000 k-points per reciprocal atom were used. For the accurate total energy

)

calculatiofis, ne-wave basis set cutoff energy of 520 eV and I-centered k-meshes

d

with th ity of 8000 k-points per reciprocal atom. We search the intermediate
phases he Li-SnSe;, reaction, using the Non-Equilibrium Phase Search method

(NEPS)[33’3prIoring geometrically distinct Li/vacancy configurations on possible

O

insertion the SnSe, structure (Figure S10) at different compositions (Li/vacancy

ratios). od proceeded as follows: i) identify all possible insertion sites in the

th

original structure using MINT;#8 i) generate all symmetrically distinct

Au
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configurations with Enum®! for a series of compositions Li,[15-,SnSe; (0 < x < 3, O

denoti ; iii) sample total energies of all configurations with coarse settings; iv)

rank the @)y the total energies for each specific stoichiomemetry, and calculate

H
the formafion energies by relaxing three lowest energy structures with accurate settings

{

1

according§o thg/reaction SnSe, + xLi — Li,SnSe,; v) construct the lithiation convex hull

using the on energies and determine the composition points on the hull as the

SE

nonequilibrium dihtermediate phases. The average lithiation voltage (relative to Li/Li*)

a

was complited using the negative of the reaction free energy per Li added following the

ground stateficofivex hull (T = OK) to form a series of constant voltage steps along the

a

two-ph ions of the convex hull, which should be viewed as an approximation to

the ac

M

e profiles.®® At elevated temperatures (e.g, room temperature), the

[

abrupt v rops become more rounded, due to entropic effects, which would be

O

smoother nite temperature effects are included.!!

th

Supporting Infgfmation

2

A
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Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) Schematic illustration of a single crystalline SnSe, nanoflakes using the

mechanical exfoliation method. The /n situ TEM samples are mounted onto a half TEM

L

grid an al wire to observe phase transformation of SnSe; along the planar and

Cross-sec ctions, respectively. b) Schematics of /n situ TEM experiment setup

showing -cell battery operated at potentiostatic mode (details see Experimental
N

Section). @ TEM image, d) electron diffraction pattern, and e) enlarged HRTEM images of

the pristinggSn8e, nanoflake. f) TEM image showing the electrochemical contact between

Gl

the vertic nted SnSe, nanoflakes and the Li electrode. g) The interlayer spacing of

(001) pla the pristine state. h) Time-lapse HRTEM images showing phase

S

transform SnSe, throughout the lithiation process. i) Plot of the interlayer spacing

change, and | e-lapse HRTEM images upon Li intercalation but before amorphization

U

(Movie S1). red lines and blue circles indicate the bending of SnSe, (001) planes and

the migragion of Li-ions, respectively.

A
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Figure pse structural evolution taken at a) 80s, b) 100s, c) 125s, d) 160s, and e)

440s, presentative TEM images (top), FFT patterns (middle), and HRTEM

V]

images (bottom) of SnSe, nanoflakes during the first lithiation process (Movie S2). The

3

inset of show TEM images of the entire nanoflake obtained from the pristine

state and iated state, respectively (scale bar: 50 nm). The lattice spacing increases

O

due to t ion of Li ions, leading to the split of diffraction spot of (1010) plane

shown in t of b).
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Figure 3.Shase evolution identified by /n situ electron diffraction (ED). a) ED intensity
profile as ion of time during /n situ lithiation of SnSe,. b—f) Representative ED
patterns at various time (Movie S3).
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Figure 4.@1 images of [001]-oriented single crystalline SnSe, nanoflake at the

pristine st TEM images and FFT pattern (scale bar: 2 nm™) after the first lithiation

showinmure of reaction products consisting of Li,Se, Sn, and Li;7Sns. c-g) Time-
lapse ges and the corresponding FFT patterns (scale bar: 2 nm™) obtained
from tmtangular region in b). The beam was blanked except for capturing the
images to@t the radiation damage. h-j) HRTEM images after the first delithiation
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process showing the formation of numerous small-domain SnSe, nanoflakes with k)

interlayer spacing of (001) planes returned to 0.619 nm. I) Atomic structure model of

SnSe, am direction.
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Figure 5. Time-lapse TEM images during the second lithiation (a to b, Movie S4) and

delithiation (b to f) cycles. The dark regions in contact with the bright area indicates the

i

highly Se; phase. ¢, e) Enlarged HRTEM images, and d) FFT patterns (scale bar:
2 nm?) 3 @ second lithiation process. g, i) Enlarged HRTEM images, and h) FFT

patterns ( par. 2 nm™) after the second delithiation process. j) In-plane area change

| 7

of the SmSe, nanoflake as a function of time throughout the first and second

electroche wycles
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Figure 6.8Experimentally measured (black) and DFT calculated (red) discharge voltage
profileWh atomic models corresponding to the predicted intermediate phases
during th uilibrium (0 < x < 3) and equilibrium (3 < x < 8.25) lithiation processes

in SnSez kes. The voltage profile corresponding to the intercalation step is
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predicted using DFT calculation is based on NEPS method (red solid line) and the

voltage profiles corresponding to the conversion and alloying steps are calculated using

DFT ba

[

rmodynamic equilibrium phase diagram (red dashed line).

crip

Atomic-Scal servation of Electrochemically Reversible Phase Transformations in

SnSe, Sin tals

us

Sungkyu . npeng Yao, Jin-Myoung Lim, Mark C. Hersam, Chris Wolverton, Vinayak
P. Dravid®

f

The ta ents entry:

r Ma

The elect ically reversible phase transformations during lithiation and

$

delithiatio e, single crystals are visualized atomically and in real-time using /n situ

HRTEM. ined with DFT calculation, the atomic structures of intermediate phases are

N

identifi reversible (de)lithiation mechanism is confirmed, which provides

|

valuableifplications to other 2D metal chalcogenides as electrodes for lithium ion

batteries.
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