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ABSTRACT

Sodium-ion batteries (SIBs) have huge application potential in large-scale energy storage systems due to high
abundance and low cost of sodium resource. Metal chalcogenides, which store Na ions by multiple reactions of
intercalation, conversion, and alloying, are considered promising anode materials with high theoretical capacity
but often suffer from fast capacity fading and underlying reason remains elusive due to the lack of a precise
understanding of microscopic behaviors. Here, combined with in situ high-resolution transmission electron mi-
croscopy and consecutive electron diffraction, we tracked phase transformations during (de)sodiation of SbySes
nanowires in real time and revealed multi-step reaction mechanisms. During sodiation, SbySez NWs firstly un-
derwent the intercalation of Na ions and forming Na,SbySes phase, following by the conversion reaction into
NaySe and Sb phases; afterwards, metallic Sb could further alloy with Na to form NagSb phase via sequential
intermediate Na,Sb phases. While during desodiation, despite the reversible dealloying of Na3Sb phase, the
following deconversion of NasSe and Sb phases back to SbaSes phase was incomplete, which is deemed to be the
key factor causing rapid capacity decay. Furthermore, we reveal that contact interfaces between NWs greatly
affected the degree of deconversion reaction due to possibly changed electrode reaction kinetics. This work not
only reports the first experimental visualization proof showing the effect of contact interfaces on phase trans-
formations of electrode materials, but also affords new insights into capacity decay mechanisms and rational
design of high-capacity SIBs.

1. Introduction

lithium, sodium has similar physicochemical properties to lithium and
thus SIBs practically share the same operating principle as LIBs [3-10].

Although lithium-ion batteries (LIBs) have been widely used as
power sources for electronic devices and renewable power stations in
decades [1,2], great concerns about the scarcity of lithium resources
have accelerated the search for a viable and reliable alternative to LIBs.
Recently, sodium-ion batteries (SIBs) have aroused extensive research
interests from scientific and industrial communities due to high natural
abundance and low cost of sodium resources. As a cognate element to
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At present, the severe capacity fading is one of the dilemmas suffered by
SIBs, as the larger ionic radius of Na* results in slower diffusion kinetics
and worse structural degradation of the electrodes [11,12]. Therefore,
one of the main challenges to realize the practical application of SIBs is
to deeply understand sodium storage mechanisms in such electrode
materials, and thus to find and design suitable electrode materials with
long-term cycling stability and high capacity.
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By combining multiple mechanisms of intercalation, conversion, and
alloying reactions to store energy, metal chalcogenides are considered
the promising SIB anode materials with relatively high theoretical ca-
pacity [13,14]. For instance, antimony selenide (Sb,Ses), as one member
of the chalcogenides, has demonstrated its superior electrochemical
performance in SIBs. Owing to higher electrical conductivity of selenium
(1 x 1073 S m™1) than that of sulfur (5 x 10°26 S m~1) [15], Se-based
compounds is expected to provide good electrode conductivity, result-
ing in a better rate capability [16]. Moreover, as-formed antimony can
undergo further alloying reactions upon subsequent sodiation, which is
very attractive due to its intrinsically higher energy capacity compared
to traditional carbonaceous materials [17]. Theoretically, 1 mol of
SbySes in a SIB system can generally react with 12 mol Na ions to form
NaySe and NagSb for a high capacity of 670 mA h g~! [18]. Although the
multistep reaction mechanisms can provide promising high energy
density in SIBs [19,20], fast capacity decay in SbsSes anodes limits
further practical utilization. Depressingly, underlying reasons of ca-
pacity fading have not been fully understood due to the lack of a precise
understanding of microscopic behaviors.

In situ transmission electron microscopy (TEM) technique has been
recognized as a powerful tool to track electrochemical reactions of
electrode materials on the nanometer scale in real time [21-27]. Herein,
we construct an all-solid nano-battery based on individual SbySes
nanowires (NWs) inside a TEM to enable direct visualization of the
morphological and structural evolutions during (de)sodiation cycles.
Upon initial sodiation, the reaction fronts (RFs) propagated along the
longitudinal direction in the form of V-shape. Meanwhile,
high-resolution imaging discerned two distinct reaction interfaces along
the longitudinal and lateral directions, respectively. Consecutive elec-
tron diffraction (ED) sampling reveals that SbySes NWs underwent a
three-step phase transformation during the first sodiation stage. Sodium
ions were firstly intercalated into SboSes NWs, forming Na,SboSes
phase; afterwards, further Na intercalation initiated the conversion re-
action, resulting in the formation of NaySe and Sb phases; further, Sb
could alloy with Na to form NasSb phase via sequential intermediate
Na,Sb phases. While during desodiation, although the dealloying of
NasSb was reversible, the incomplete conversion of NasSe and Sb phases
back to SbySe; was deemed to be key factor causing rapid capacity
decay. The different degree of desodiaiton was found to originate from
unstable contact interfaces of NWs that cause changed electrode reac-
tion kinetics. This new finding underlies the significance of interface
engineering in a real battery, particularly with multistep reaction
mechanisms, in which electronic and ionic conduction depends greatly
on steady contact interfaces of electrode nanostructures. Our work not
only reports the first experimental visualization proof of the effect of
contact interfaces on phase evolutions of electrode materials, but also
affords valuable insights into capacity decay mechanisms and rational
design of high-capacity SIBs with long cycling life.

2. Experimental section
2.1. Materials preparation

SbySe; NWs were prepared through a facile hydrothermal process
with slight modification [28,29]. In brief, 0.2 mM of Sb(CH3COO)3 and
0.3 mM of NaySeO3 were dissolved in 75 mL of distilled water under
stirring. Then 1.92 mM of hydrazine hydrate (80 wt%) was added
drop-wise under constant stirring. Subsequently, the mixed solution was
transferred into a 100 mL-capacity Teflon-lined autoclave that was
sealed, heated, and maintained at 120 °C for 36 h. After the hydro-
thermal reaction, the as-obtained product was filtered and washed with
distilled water and alcohol several times, and ultimately dried in vac-
uum at 70 °C for 12 h.
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2.2. In situ electrochemical sodiation/desodiation experiments

The aberration-corrected transmission electron microscope (TEM,
FEI Titan 80-300 kV) with a fast responding charge-coupled device
(CCD) camera was used for in situ observation of the electrochemical
reactions of SboSe3 NWs, including real-time imaging, consecutive
electron diffraction (ED) sampling, and energy dispersive X-ray spec-
troscopy (EDS) mapping. The TEM is equipped with a Gatan high angle
annular dark field (HAADF) detector for incoherent Z-contrast imaging.
To construct the nanosized SIBs, SboSes NWs were attached to an Au rod
by Ga-In liquid metal (with a liquidus temperature of 15 °C) as working
electrode, and bulk metal Na scraped onto tungsten (W) probe was used
as the counter electrode and Na source. The naturally oxidized Na,O
layer during transferring the sample holder into TEM acted as the solid
electrolyte. The W probe was driven by a piezo-positioner in a Nano-
factory TEM-scanning tunneling microscopy (STM) holder to make the
NayO/Na and NWs contact. Once the contact was made, the electric
biasing would be applied to intercalate/de-intercalate Na ions into/from
the NWs and thus enable electrochemical sodiation/desodiation re-
actions that could be recorded for subsequent analysis.

2.3. Electrochemical measurements

The electrochemical performance was evaluated by the assembly of
2016-type coin cells in a glove box filled with pure argon gas. The
comparison conventional electrodes were prepared by a mixed slurry
with a weight ratio of 70% SbaSes nanowire active material, 20% ketjen
black and 10% carboxy methyl cellulose (CMC aqueous solution). The
mixed slurry was pasted on copper foil and dried in an oven at 70 °C for
12 h. Then, the metallic sodium foils were used as both the reference and
counter electrodes. Whatman glass microfiber filter membrane as the
separator, and the solution of 1 M trifluomethanesulfonate (NaCF3SO3)
in diethyleneglycol dimethylether (DEGDME) as the electrolyte. Gal-
vanostatic charge-discharge tests were performed at a potential range of
0.01-2 V vs. Na/Na" using a multichannel battery testing system (LAND
CT2001A). Cyclic voltammetry (CV) was tested with an electrochemical
workstation (Autolab PGSTAT).

3. Results and discussion

Crystal structure and morphology of as-prepared SbySes NWs are
firstly checked carefully by TEM. Fig. 1a presents a low-magnification
TEM image of SboSe3 NWs with diameters ranging from 20 to 80 nm.
The one-dimensional SboSes NW with a smooth surface is identified to
grow along the [001] direction as shown in Fig. 1b. Further high-
resolution TEM (HRTEM) image in the inset in Fig. 1b shows ordered
lattice fringes with spacing distances of 2.87 A, corresponding to (221)
and (-2-21) planes of orthorhombic SbsSe; (JCPDS: 15-0861, space
group: Pbnm), respectively. The ED pattern in Fig. 1c can also be indexed
as the orthorhombic SbySes. All these reveal the single-crystalline
feature of as-prepared SbySes NWs. Fig. 1d illustrates the atomic struc-
ture model of SbySes. Each layer of orthorhombic SbySes has numerous
packing structures, resulting in either trigonal prismatic or octahedral
coordination of the Sb within the layered matrix of the Se [30-32]. The
distance between chains is 3.29 A [33,34], which is spacious enough to
host most single-atom cations. Obviously, the 2D zigzag layered struc-
ture of SbySes allows Na ions (ionic radius: 1.02 A [35]) to facilely
diffuse. The energy dispersive X-ray spectroscopy (EDS) mapping in
Fig. 1e not only demonstrates the uniform distribution of Sb and Se el-
ements, but also indicates high purity of as-synthesized samples.

The nanosized SIBs that enable the real-time observation of the in situ
electrochemical (de)sodiation process of individual SbySes NWs were
constructed inside a TEM, as schematically shown in Fig. 2a. By applying
a potential of —1.0 V to the NW with respect to the Na counter electrode,
the sodiation of the NWs would be triggered from the point of contact
with the Na resource. Fig. 2b—e show chronological TEM images of three
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Fig. 1. (a) Low-magnification TEM image of
as-synthesized Sb,Se; NWs. (b) The magni-
fied TEM images of the SboSe; NW with an
inset of the high-resolution TEM image and
FFT. (c) ED pattern of a pristine Sb,Ses NW,
indicating good crystallinity and single
crystal nature. (d) Crystal structure model of
the orthorhombic Sb,Ses, showing that the
minimum distance of two neighboring
Sb,Ses chains is 3.29 A. (e) The HAADF
image of pristine SbySe; NWs and corre-
sponding EDS element mappings.
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Fig. 2. (a) Schematic illustration of the experiment setup for in situ electrochemical sodiation and desodiation. (b—e) Chronological TEM images show morphological
evolution of three Sb,Se; NWs during the first sodiation process. Obvious volume expansion is visible. (f) Statistical results of radial expansion rate from six groups of
in situ sodiation experiments. (g) Schematic illustration of morphological evolution during the first sodiation process of SbySes3 NW. (h) HAADF image of a sodiated
SbySez NW and the corresponding EDS mappings of Na, Sb, and Se elements.
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sodiating SboSe3 NWs (see also Movie S1 in Supporting Information), in
which only the right and left NWs directly contacts the Na source. Upon
sodiation, reaction fronts (RFs) marked with yellow dashed lines began
to appear and gradually propagated along the NW axial direction in the
form of V-shape, Fig. 2¢. This indicates that Na ions diffused faster on the
surface of the NWs. Note that although the middle NW did not directly
contact Na source, it was also sodiated by the right and left NWs.
Additional in situ experiments were carried out to further corroborate
the unhindered lateral ionic transport pathway, as shown in Fig. S1 (see
also Movie S2 in Supporting Information). The observed scenarios of
facile, lateral transfer of Na ions between NWs in localized contact re-
gions also indicated a-b plane diffusion within the NWs, as expected
structurally. For the region of the NWs behind the RFs, distinct changes
in the interior contrast were observed as well as substantial cross-
sectional expansion, as shown in Fig. 2d.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

After full sodiation at 113 s in Fig. 2e, numerous tiny nanoparticles
appeared in NWs, characterized by a darker contrast. In particular,
although the initial Na source was different, the resulting radial
expansion rate (around 45%) of three NWs was essentially the same
(from left to right: 20.8 nm - 29.8 nm, 21.7 nm — 31.6 nm, and 21.3 nm
— 31 nm, respectively), indicating their similar degrees of sodiation.
This value is convincing, as proved by the statistical results of another
six groups of in situ experiments in Fig. 2f. Undoubtedly, such
morphological changes resulted from electrochemical sodiation rather
than beam-induced phase decomposition, as evidenced by repeated
careful in situ experiments in Figs. S2 and S3 (see also Movie S3 and S4 in
Supporting Information). Moreover, the elongation of a NW during
sodiation can be estimated quantitatively from Fig. S1, in which one
pristine NW was elongated from 627 nm to 714 nm within 38 s, corre-
sponding to a ~13.8% elongation. Given that there is a Na-
concentration gradient along the NW, the actual value may be higher
than that. Schematic illustration in Fig. 2g vividly highlights afore-
mentioned morphological evolutions during the whole sodiation process
of a SbySes NW. Fig. 2h further shows the HAADF image of a NW after
full sodiation and the corresponding EDS mappings, in which the evenly
distributed Sb, Se, and Na elements were detected, implying that the
entire NW underwent the same sodiation level.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

To understand underlying sodiation mechanisms of SboSes NWs, we
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used the in situ HRTEM imaging to track localized phase structure in the
vicinity of the RFs in real time. Fig. 3a—c show a moving sharp RF
interface (marked with blue dashed lines) that divided the NW into two
distinct regions along the axial direction. The region ahead of such an
interface still remained clear lattice fringes, implying an intercalated
region with Na,SbySes phase; while for the region behind the interface,
the lattice fringes entirely disappeared, indicating a higher degree of
sodiation far than the intercalation reaction. Fig. 3d, enlarged TEM
image and corresponding FFT pattern further identified the formation of
NaySe (JCPDS: 23-0527) crystals with clear (311) plane, indicating that
conversion reaction had taken place in the highly sodiated region. A
possible conversion reaction can be suggested as: Na,SbaSes + (6 — x)
Nat + (6 — x) e’ ! - 2Sb + 3NaySe. As observed in another NW in
Fig. 3e—i (see also Movie S5, Supporting Information), the newly formed
NaySe phase is always found near the RF interface, irrespective of the RF
shape. In addition, time-sequenced HRTEM images in Fig. 3e—i disclose
that the formation of V-shaped RF should be attributed to faster con-
version reaction along the radial (or [101]) direction of the NW than
that along the axial direction.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

Following the conversion reaction stage, the HRTEM was used to
probe further sodiation reaction. As shown in Fig. 4, time-lapsed HRTEM
images of localized regions and corresponding FFT patterns are arrayed
in the ascending order of Na™ content. After the conversion reaction, the
intercalated Na ions displaced Sb in SbySes, forming NaySe and Sb
phases. Both HRTEM images and corresponding FFT patterns indicate
the formation of Sb nanocrystals with the lattice fringe and diffraction
spots that can be indexed to be (012) and (004) plane of Sb (JCPDS:
71-1173), Fig. 4c. With sodiation reaction going on, tiny NaSb (JCPDS:
74-0801) crystallites with (110) and (—102) planes were detected,
Fig. 4d. Note that the NaSb phase existed only for a relatively short time
and thus was missed easily. Obviously, the formation of NaSb phase
indicates the alloying reaction between metal Sb and Na ions took place.
Further alloying reaction produced the NasSb phase (JCPDS: 74-1162)
as the final sodiated product that could exist stably, Fig. 4e.

Consecutive in situ ED patterns that were not interrupted by HRTEM
imaging were recorded as movie to better visualize the sequential
structural evolutions during sodiation of the NW, as shown in Fig. 5a—e
(see also Movie S6, Supporting Information). Upon initial sodiation (i.e.,
the intercalation stage) in Fig. 5b, the ED pattern shows noticeable
changes with diffraction spots starting to become blurred, in contrast to

Fig. 3. (a—c) Snapshots of the SbySes NW during the sodiation process. (d) Filtered image and corresponding FFT patterns collected from the marked regions in (c).
(e—h) Time-sequenced HRTEM images of the sodiation process of another Sb,Se; NW. The inset filtered image in (g) is the enlargement of the region marked by
orange box. (i) Filtered image and corresponding FFT patterns collected from the marked region in (h).
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Fig. 4. HRTEM images and corresponding FFT patterns, demonstrating the sequential formation of NaySe, Sb, NaSb, and Na3Sb phases during the whole sodiation

process, respectively.
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Fig. 5. (a—e) Consecutive ED patterns for identifying phase evolutions of SbySe; NW during the whole sodiation process. (f) Atomic structure models of different
sodiation stages corresponding to the phases formed during the first sodiation process.

bright and clear diffraction spots of pristine structure in Fig. 5a. The
lattice spacing of (220) plane increased from 4.14 nm to 4.22 nm at 15,
confirming the insertion of sodium ions. Meanwhile, some diffraction
halos superimposed on diffraction spots developed, although they were
quite diffuse, indicating the beginning of conversion reaction. These fine
structural changes are difficult to be discerned by HRTEM imaging. Once
the conversion reaction was completed, Fig. 5c, all the diffraction dots
disappeared, and the diffraction halos, indexed as the (200) plane of
NaySe and (104) plane of Sb, became brighter. As the sodiation stepped
into the alloying reaction, the NaSb phase with the (023) plane appeared
as well as more diffraction rings and spots indexed as NaySe and Sb
(Fig. 5d), indicating the coexistence of three phases at this stage. As the
as-formed Sb in the conversion reaction is completely alloyed with Na
after 133 s (Fig. 5e), the ED patterns corresponding to NasSe and Na3Sb
phases never changed, indicating full sodiation of the NW. The final
sodiated product is the mixture of NasSe and NagSb phases, agreeing

well with HRTEM observations.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

Therefore, by combining in situ HRTEM imaging and consecutive ED
patterns, the stepwise sodiation mechanism involving intercalation,
conversion, and alloying reactions can be expressed by Equations (1)—
(3). Atomic structure models for different phase evolution stages in the
first sodiation process are also illustrated in Fig. 5f. It must be noted that
the intermediate NaSb phase is indispensable in the alloying reaction,
despite its transient presence.

Intercalation reaction: SbySes + xNat + xe ! > Na,Sb;,Se; (@D)]

Conversion reaction: Na,Sb,Ses + (6 — x)Na™ + (6 — x) e 5 2Sb+ 3Na,Se
2

Alloying reaction: Sb + WNat + xe ™! = Na,Sb (x =1 — 3) 3)
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After understanding fully multiple sodiation reaction pathways in
SbaSes NWs, it is urgently desired to reveal whether such NWs were
none the less able to desodiate easily, and particularly, whether the
desodiation could be transferred among the neighboring NWs, as the
sodiation did. With these questions in mind, we intentionally designed a
desodiation configuration, in which two presodiated NWs (NW1 and
NW2) were laterally contacted, as shown in Fig. 6a. After a constant
positive potential of 2.0 V was applied to initiate the desodiation, a
distinct desodiation reaction front (DRF, marked by red arrows)
immediately appeared, especially characterized by substantial cross-
section contraction, and propagated longitudinally along NWI,
Fig. 6b. After 28 s, the DRF from NW1 reached NW2 where a second
desodiation pathway was bridged between them, Fig. 6¢. Then, the DRF
crossed the contact interface laterally, and continued to propagate
longitudinally along NW2 until its terminal, Fig. 6d and e. The whole
desodiation process was recorded in Movie S7, Supporting Information.
By contrasting Fig. 6a and e, the extraction of Na ions directly led to
obvious radial contraction of two NWs. However, their resulting
contraction rates were relatively different (32% for NW2 from 53 nm to
36 nm and 18% for NW1 from 62 nm to 51 nm, respectively) and a lower
desodiation degree was found for NW1.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

Therefore, the ED was used to further distinguish phase evolutions of
these two desodiating NWs. Upon desodiation, the ED patterns of NW2
attributed to NasSb phase gradually disappeared and the Sb phase was
detected again (Fig. 6g), implying that the dealloying reaction of NazSb
had begun. Such a Sb phase existed as tiny nanoparticles with clear

o
Na*

Sb Sez Na,Sb

Na,Se
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lattice fringes, as observed by HRTEM in Fig. S4 (Supporting Informa-
tion). As the desodiation progressed, the NasSb alloy vanished thor-
oughly and was not detected by ED in the end, Fig. 6h, proving the full
reversibility of dealloying reaction. For subsequent deconversion reac-
tion, although the ED patterns and local HRTEM images identified the
recovery of SboSes phase, the residual NasSe and Sb phases still existed
in the finally desodiated product, implying an incomplete deconversion
reaction, Fig. 6h and i.

Such a desodiation process can be exhibited vividly by schematic
diagram in Fig. 6j. Ideally, the Sb metal and NasSe should be fully
converted back to SboSes via the deconversion reaction. However, the
dealloying of NasSb took a long time and overlapped with the decon-
version in the timescale during the entire desodiation process, which
could result in residual Sb and isolated unusable “dead” Na owing to no
sufficient time for subsequent desodiation [36]. Additionally, the
driving force from the internal stress of recrystallization possibly caused
the coarsening of Sb nanoparticles in the mixed Sb and NaySe phases,
which further decreased the interface of deconversion reaction between
these two phases and limited the Na diffusion, thus resulting in an
incomplete conversion of Sb and NasSe to the original SbySes [37-42].
This point of view was also used to elucidate the example of SnSy-based
SIBs, in which only a part of Sn and NayS formed in the conversion re-
action could be converted back to SnS, in the deconversion reaction
[43]. Considering the deficiencies, previous reports have suggested that
the operation of SIBs should be limited to only the intercalation and
conversion reactions and avoid the alloying reaction at the expense of
battery capacity [36].

By comparison, no SbySes phase was detected in ED patterns after

Sb,Se,

Fig. 6. (a—e) Microstructural evolutions of the Sb,Se; NWs during the first desodiation process. (f—h) ED patterns used for identifying phase evolutions upon the first
desodiation process of NW2. (i) HRTEM images of the fully desodiated NW2. (j) Schematic illustration of the desodiation stages corresponding to various phases upon

an incomplete desodiation.
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desodiation of NW1, Fig. S5 (Supporting Information), indicating that
the deconversion of NaySe and Sb phases back to SbaSes did not take
place. This result agrees well with the preliminary judgment of the radial
contraction rate observed in Fig. 6. In addition, during desodiation
process of NW1, the phase transformation generated Sb and Se phases
consistent with the previous report [44]. The indexed material phases
are from the free Crystallography Open Database, and the detailed in-
formation about the crystal plane distances of each phase is clearly listed
in Tables S1-6. The abnormal difference in desodiation degrees between
these two lapped NWs enlightens us to think whether their contact
interface played a role in the Na ions migration. Therefore, similar in situ
experiments with laterally lapped NWs were repeated and further
corroborated our conjecture, i.e., the existence of contact interface
indeed hindered the deconversion reaction of the lapped NWs. This is
because the NWs extracted and twisted all the time during desodiation,
which inevitably resulted in unstable contact interface where electro-
nic/ionic conductions were greatly impacted, resulting in sluggish
electrode reaction kinetics. Contrast experiments only with a single NW
undergoing desodiation were also conducted to verify the interface ef-
fect. Fig. 7a—k (see also Movie S8, Supporting Information) shows that
even if a single NW was subjected to huge volume change and violent
twisting upon multiple-cycle sodiation and desodiation processes, the
partial deconversion reaction could still happen during desodiation, as
judged by morphological observation and ED patterns (Fig. 7m-q).
Fig. 71 further displays the specific expansion and contraction rates for
each electrochemical sodiation-desodiation cycle. To the best of our
knowledge, this is the first experimental visualization proof showing the
effect of contact interface in nanostructured electrodes on phase trans-
formations during desodiation. This new finding reminds us that special
attention should be paid to interface engineering in a real battery,
particularly with multistep reaction kinetics mechanisms, in which
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electronic/ionic conduction depends greatly on steady contact in-
terfaces of electrode nanostructures.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105299.

To correlate the macroscopic electrochemical properties of SbySes
NWs with the microcosmic in situ TEM observations, electrochemical
testing was performed on SbySe; NW-based coin-type half cells. In
Fig. S6a (Supporting Information), the cyclic voltammograms (CV)
profiles show that the pair of reduction/oxidation peaks at 1.05/1.51 V
is related to the (de)conversion reaction of SboSes, i.e., Na,SbySez +
(6—x)Na™ + (6—x)e*1 < 2Sb + 3NaySe, while the pair of reduction/
oxidation peaks at 0.45/0.71 V is ascribed to the (de)alloying reaction of
Sb, i.e., Sb + xNa™* + xe lo Na,Sb (x = 1-3). The alloying reaction of
Sb to NasSb results in two peaks: a dominant peak around ~0.45 V and a
broad shoulder at ~0.68 V, suggesting a two-step alloying process from
Sb to Na3Sb: Sb — Na,Sb — NasSb. These results are consistent with the
in situ TEM observations, in which the conversion reaction is charac-
terized by the appearance of NajSe and Sb phases and the alloying re-
action of Sb and Na formed Na3Sb phase via intermediate phases such as
NaSb during sodiation process.

The charge-discharge voltage profiles of SbySes for the initial five
cycles in a voltage window of 0.01-2.0 V (vs. Na/Na') at a current
density of 100 mA g~!, as shown in Fig. S6b. For the first discharge
curve, a flat plateau at ~0.5 V and an inclined plateau at 0.5-1.0 V are
visible. For the subsequent discharge processes, two plateaus at 0.5 and
1.1 V are observed, which is consistent with the CV results. While in the
charge processes, a distinctive plateau at 0.6 V and a less obvious
plateau at ~1.55 V can be observed. Further, Fig. S6b clearly shows the
huge capacity loss during the first cycle and the gradual capacity decay
during the subsequent cycles. This is also consistent with the in situ TEM
observations for the first five sodiation/desodiation cycles, in which the
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Fig. 7. (a—k) Microstructure evolutions of Sb,Se; NW during the first five sodiation/desodiation processes. The NW exhibits multi-cycle reversible volume expansion
and contraction with the insertion and extraction of sodium ions. (1) The measured diameters versus electrochemical cycling times of the Sb,Ses. The numeric
percentages are for the diameter expansion/contraction during each event. (m—q) ED patterns show structural evolutions during the first two cycles of sodiation/

desodiation processes of a SboSez NW.
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largest volume change occurred in the first cycle. The cycling perfor-
mance testing for 30 cycles at a current density of 100 mA g~ ! is shown
in Fig. S6c. The first discharge and charge capacities are 591 and 454
mA h g7}, respectively, corresponding to a Coulombic efficiency of
76.8%. Capacity decay is observed in the cycling process and the
discharge capacity fades to 312 mA h g~ after 30 cycles. It should be
noted, SboSes first accommodates the Na* intercalation, then undergoes
a conversion reaction with Na, followed by an alloying process. Thus,
one formula SbySe; can accommodate 12 Na ions during the first
discharge, delivering a high theoretical capacity of 670 mA h g~1. While
upon practical testing, the reaction (2) and (3) are assumed to be not
totally reversible and hardly be distinguished. Therefore, the decreased
specific capacity is a result of this two-step reaction coordination.
Obviously, besides the possible formation of solid electrolyte interface
(SED film [19,20], the partial irreversible phase transformation should
be responsible for the irreversible capacity loss in the initial cycles, as
proved by structural evolutions observed by the in situ TEM.

4. Conclusions

In conclusion, we have carefully investigated the whole (de)sodia-
tion process of SbySe3 NW by combining in situ TEM imaging and
consecutive ED sampling and proposed a new mechanism to delineate
rapid capacity decay usually occurred in SboSe3 anodes. Consecutive ED
patterns reveal that SbySes NWs underwent a three-step phase trans-
formation during sodiation. Na ions were firstly intercalated into SboSes
NWs, forming Na,SbsSes phase; afterwards, continued Na intercalation
initiated the conversion reaction, accompanied by the occurrence of
NaySe and Sb phases; further, Sb could alloy with Na to form NagSb
phase via sequential intermediate Na,Sb phases. While during des-
odiation, in spite of reversible dealloying of NasSb, the incomplete
conversion of NasSe and Sb phases back to Sb,Ses was considered to
cause rapid capacity decay. The in situ experiment revealed that the
unsteady contact interface of NWs greatly affects the degree of des-
odiaiton due to changed electrode reaction kinetics. This new finding
reminds us that special attention should be paid to interface engineering
in a real battery, particularly with multistep energy-storage mecha-
nisms. More in-depth works regarding interface engineering, such as
precise coating strategy during synthesis and preparation of electrode
materials, will be essentially necessary. Our work not only reports the
first experimental evidence of the effect of contact interfaces on phase
evolutions of electrode materials, but also provides new insights into
capacity decay mechanisms that will be beneficial for rational design of
high-capacity SIBs with long cycling life.
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