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In Situ Atomic-Scale Observation of Reversible Potassium
Storage in Sb,S; @ Carbon Nanowire Anodes

Yong Cheng, Zhenpeng Yao, Qiaobao Zhang,* Jiamin Chen, Weibin Ye, Shiyuan Zhou,

Haodong Liu, and Ming-Sheng Wang*

Antimony trisulfide-based materials have drawn growing attention as prom-
ising anode candidates for potassium-ion batteries (PIBs) because of their
high capacity and good working potential. Despite the extensive investiga-
tions on their electrochemical properties, the fundamental reaction mecha-
nisms of Sb,S; anodes, especially the reaction kinetics, structural changes,
and phase evolutions, remain controversial or even largely unknown. Here,
using in situ transmission electron microscopy, the entire potassiation—
depotassiation cycles of carbon-coated Sb,S; single-crystal nanowires are
tracked in real time at the atomic scale. The potassiation of Sb,S; involves
multistep reactions including intercalation, conversion, and two-step alloying,
and the final products are identified as cubic K,S and hexagonal K;Sb. These
findings are confirmed by density functional theory calculations. Interest-
ingly, a rocket-launching-like nanoparticle growth behavior is observed
during alloying reactions, which is driven by the K* concentration gradient
and release of stress. More impressively, the potassiated products (i.e., K3Sb
and K;S) can transform into the original Sb,S; phase during depotassiation,
indicating a reversible phase transformation process, as distinct from other
metal chalcogenide based electrodes. This work reveals the detailed potassia-
tion/depotassiation mechanisms of Sb,S;-based anodes and can facilitate the
analysis of the mechanisms of other metal chalcogenide anodes in PIBs.

elements (e.g., sodium, potassium, mag-
nesium, etc.) have attracted notable atten-
tion from the electrochemical energy
storage field.'>>) Among them, the potas-
sium-ion batteries (PIBs) are one of the
most competitive alternatives to LIBs.[16-18]
Besides the abundant reserves and low
cost, potassium possesses the second-
lowest redox potential (K*/K: —2.93 V, only
slightly higher than Li (Li*/Li: —-3.03 V))
amonyg all alkali and alkaline earth metals
(Ca?*/Ca: —2.87 V; Na*/Na: —2.71 V; Mg?'/
Mg: -2.27 V), thus enabling PIBs to
realize high working voltages. Despite
these advantages, state-of-the-art PIBs cur-
rently suffer from several drawbacks, such
as the inferior rate capability and unsatis-
fied cycling life. These problems can be
attributed to the much larger ionic radius
of K* (1.38 A) compared with that of Li*
(0.76 A), which cause the drastic volume
change in electrode materials and sluggish
reaction kinetics through crystals.*2% To
address these issues and design PIBs with

1. Introduction

The rapidly growing markets of renewable energy grid storage
and electric vehicles have created a strong demand for high-
energy/power-density rechargeable batteries, such as lithium-
ion batteries (LIBs).™! Considering the increasing cost of
lithium and the geographically uneven distribution of lithium
resources, rechargeable batteries with cheap and abundant

enhanced electrochemical performances,

searching for advanced electrode mate-

rials, which can accommodate the huge
volume expansion and facilitate the K* diffusion, is highly
required.

Antimony (Sb)-based materials, such as metallic Sb, alloys,
oxides, chalcogenides, and their composites, have been inten-
sively studied as the promising anodes for PIBs because of
their large K* storage capacity, suitable working potential,
and relatively low prices.?l Among them, antimony tri-
sulfide (Sb,S;) is of particular interest, as it delivers a higher
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theoretical capacity than that of Sb anodes and exhibits
enhanced electronic conductivity, mechanical stability, and
better reaction reversibility compared with that of Sb-based
oxides.[?223] Recently, tremendous efforts have been devoted
to the rational structure engineering and composite electrode
design of Sb,S;-based anodes with improved K* storage.[**%"]
However, the underlying mechanism of the enhanced per-
formance of Sb,S; electrodes has yet to be fully investigated.
Although in situ/operando X-ray diffraction (XRD) has been
conducted to observe the reaction processes of Sb,S; during
charging/discharging,?>?%1 the detailed potassiation and
depotassiation mechanisms remain controversial or largely
unknown. In particular, the mechanisms on reaction kinetics,
structural change and phase evolution need to be explored,
which is critical for the development of novel Sb,S;-based
anodes with a superior performance. To shed light on these
issues, other in situ characterization techniques, such as
in situ transmission electron microscopy (TEM),?%-3% are
required to gain more detailed information.

In this work, the carbon-coated Sb,S; single-crystal
nanowires (Sb,S;@C) are adopted to systematically inves-
tigate their detailed electrochemical mechanisms during
potassiation—depotassiation processes at the atomic scale by in
situ TEM complemented with density functional theory (DFT)
calculations. Three different types of reactions during potassi-
ation are revealed, including intercalation (Sb,S; — K,Sb,S3),
conversion (K,Sb,S; — K,S + Sb), and alloying (K,S + Sb —
KSb + K, S — K;3Sb + K,S). The fully potassiated products, that
is, K3Sb and K;S, are identified, and the latter phase has never
been reported in previous researches.?>?¢l Interestingly, a
novel nanoparticle growth behavior resembling the launching
of a rocket is observed during the alloying reaction, which
can be ascribed to the K* concentration gradient and release
of stress. Remarkably, unlike other metal chalcogenide based
electrodes (e.g., SnS,, FeS,),3%%] a reversible and symmetric
phase transformation between the potassiated products and
original Sb,S; phase is revealed during depotassiation. To
gain a more detailed understanding of the structural evolution
during potassiation, DFT calculations are performed to pre-
dict the potassiated phases, which confirms our experimental
observations. For the first time, these findings elucidate the
full reaction nature of Sb,S;@C during potassiation/depotas-
siation and facilitate the mechanistic understanding of the
electrochemical characteristics of other metal sulfides as elec-
trode materials for PIBs.

2. Results and Discussion

2.1. Structural Characterization and Electrochemical
Performance

Sb,S;@C nanowires were prepared via a facile hydrothermal
method followed by carbonization (See Experimental Section
for details, Supporting Information). The typical morpho-
logical and structural characteristics of Sb,S;@C nanowires
are illustrated in Figure la—g. The XRD pattern of Sb,S;@C
nanowires in Figure la shows sharp diffraction peaks that
match well with the standard pattern of the orthorhombic
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Sb,S; with a space group of Pbnm (PDF# 42-1393, a = 11.239 A,
b =11.313 A, ¢ = 3.841 A), indicating the high crystallinity and
purity of Sb,S;. The scanning electron microscopy (SEM)
image (Figure 1b) reveals that the Sb,S;@C nanowires have a
diameter of 50-100 nm and a length of several micrometers. As
revealed by the low-magnified TEM image in Figure 1c, a single
Sb,S;@C nanowire typically consists of a Sb,S; nanowire core
fully coated with the 12 nm-thick amorphous carbon shell.
According to the thermogravimetric analysis (TGA) results
(Figure S1, Supporting Information), the carbon content of
Sb,S;@C nanowires was calculated to be =13%. The selected
area electron diffraction (SAED) pattern along the [100] zone
axis (Figure 1d) confirms the single crystalline nature of the as-
prepared Sb,S; nanowires that grow preferentially along the
[001] direction, consistent with previous reports.*®l Figure le
shows the corresponding high-resolution TEM (HRTEM)
image of the nanowire in Figure 1c, and the lattice fringe spac-
ings of 5.67, 3.17, and 3.89 A are indexed as (020), (021), and
(001) planes of Sb,S;, respectively. The corresponding atomistic
structure model is given in Figure 1f, where Sb,S; consists of
infinite chains of zigzag sheets of (Sb,S¢) moieties along the
c-axis.’% EDS elemental mapping further visualizes the homo-
geneous distribution of S and Sb within the nanowire and C in
the coating layer (Figure 1g).

The electrochemical performance of the Sb,S;@C anodes
for PIBs were evaluated with the standard coin-type cell con-
figuration. In galvanostatic discharge-charge profiles within
0.01-2.5 V at 0.05 A g (Figure 1h), the first discharge and
charge curves featured three and two potential plateaus,
respectively, revealing the complicated multistep potassiation—
depotassiation processes.?l The corresponding first discharge
and charge capacities were 1121 and 655 mAh g7, respectively,
giving the first-cycle Coulombic efficiency (CE) of 58.4%. This
low initial CE can be possibly attributed to irreversible reac-
tions, electrolyte decomposition and inevitable formation of
a solid electrolyte interface (SEI),” which can be mitigated
by pre-potassiation treatment or optimization of the electro-
lyte.#91 The rate cycling performance of the Sb,S;@C elec-
trode was better than that of the bare Sb,S; electrode; that is,
a reversible capacity of 163 mAh g! was delivered at 1 A g7/,
and the capacity of 548 mAh g was still attained even as the
current density was returned to 0.05 A g™! (Figure 1i). In addi-
tion, as shown in Figure 1j, the Sb,S;@C electrode can main-
tain a reversible capacity of 293 mAh g after 50 cycles, and
this capacity was higher than that of the bare Sb,S; electrode
(72 mAh g after 50 cycles). The dramatically improved perfor-
mance of the Sb,S;@C electrode can be reasonably associated
with the beneficial effect of the carbon coating because of its
high electronic conductivity, high ionic conductivity, and good
mechanical strength, which was thereafter verified by in situ
TEM results.

2.2. Morphological Evolution during
Potassiation—Depotassiation
To clarify the underlying reaction mechanisms of Sb,S;@C

nanowires during potassiation—depotassiation process, a func-
tioning solid-state K-Sb,S;@C nanobattery was constructed

© 2020 Wiley-VCH GmbH
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Figure 1. Structural characterization and electrochemical performance of Sb,S;@C nanowires. a) XRD pattern of Sb,S;@C nanowires and the standard
diffraction pattern of Sb,Ss3. b) SEM image of Sb,S;@C nanowires. c) Low-magnified TEM image of a typical Sb,S;@C nanowire growing along the [001]
direction. d—e) Corresponding SAED pattern and HRTEM image along [100] zone axis in (c). f) Atomic arrangement of the orthorhombic Sb,S; crystal
along [100] zone axis. g) EDS mapping images of a single Sb,S;@C nanowire. h) Galvanostatic charge/discharge curves of Sb,S;@C anodes cycled at
0.05 A g7. i) Rate performance of Sb,S;@C anodes at different current densities. e) Cycling performance and Coulombic efficiency of Sb,S;@C and

bare Sb,S; anodes at 0.05 A g™

inside the TEM for in situ electrochemical tests. As schematically
illustrated in Figure 2a, the nanobattery consists of a Sb,S;@C
nanowire working electrode, a naturally grown K,O solid elec-
trolyte and a small piece of K metal as the counter electrode.
The K,0/K electrode mounted on the movable STM tungsten

probe was driven to approach a nanowire. Once the contact
between them was established, a bias of -3 V was applied on the
nanowire to trigger the potassiation process. For depotassiation,
instead, we switched the polarity of the applied bias with the
voltage increased to +6 V. The real-time morphological evolution
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Figure 2. In situ observation of the morphological evolution of a single Sb,S;@C nanowire during potassiation-depotassiation cycling. a) Schematic
illustration of the experimental setup for in situ electrochemical potassiation/depotassiation. b) Time-resolved in situ TEM images showing the volume
expansion and contraction of nanowire during potassiation—depotassiation cycling. c) Diameter variation of three Sb,S;@C nanowires during potas-
siation—depotassiation cycling. d) Potassiation length plotted as a function of time for Sb,S; and Sb,S;@C nanowires.

of a single Sb,S;@C nanowire during the first potassiation—
depotassiation cycle is presented in Figure 2b (also see Movie S1
and S2, Supporting Information).

During potassiation, K* diffused from the contact side of the
nanowire with the K,0/K electrode and gradually propagated
toward the other side, accompanied with the volume expan-
sion and variation in contrast. A wedge-shaped reaction front
(RF) was observed at the boundary between the potassiated
and unpotassiated regions (marked with yellow dotted lines in
Figure 2b). Similar to other in situ TEM experiments of lithia-
tion/sodiation, the distinct wedge-shaped RF should be a result
of the faster diffusion of K* along the surface of the nanowire
than in the bulk.*?l The RF migration speed was calculated to
be =9.8 nm s7!, which can be comparable to that of some Na-ion
battery systems, including Na-FeS, (6-11 nm s™!) and Na-MoS,
(=3-7 nm 7). This indicates that the potassiation kinetics
of Sb,S;@C is relatively efficient, in spite of larger K* radius
and mass than those of Na*. After full potassiation, no apparent
cracking or fracturing was observed although the diameter
of the Sb,S;@C nanowire increased from 83 nm to 120 nm
(=45% expansion), suggesting the reliable mechanical stability
of Sb,S;@C nanowires. This observation is in stark contrast to
the bare Sb,S; nanowire that had a larger diameter expansion
(=62%) and easily broke during potassiation (Figure S2, Sup-
porting Information). Meanwhile, the Sb,S;@C nanowire did
not undergo bending deformation during potassiation,*! indi-
cating an anisotropic expansion that was remarkable along the
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[010] direction but negligibly in the axial [001] direction. This
finding is attributed to the relatively large interfacial spacing
(5.67 A) in the [010] direction that is more favorable for K* inter-
calation. Furthermore, we also selected a Sb,S;@C nanowire
with its full length in the view of field to accurately estimate
its volume expansion during potassiation (Figure S3, Sup-
porting Information), and its diameter and length increased by
~42% and =5% after potassiation, respectively. Thus, the cor-
responding overall volume expansion of Sb,S;:@C is =111%,
which is lower than that of other types of potassiation, such
as the Sn-K alloying reaction (=197%).1°] The relatively small
volume expansion of Sb,S;@C may be caused by two possible
factors. First, the K,S matrix yielded by the additional conver-
sion reaction can efficiently disperse and spatially confine
the converted metal nanoparticles and offer a buffer to relax
the stress induced by the subsequent alloying;*’! as such, the
degree of the volume expansion of metal sulfide electrodes is
usually smaller than that of the corresponding pure metal elec-
trodes. Second, the carbon coating layer on the surface of Sb,S;
helps restrain radial expansion to further reduce the volume
expansion. Obviously, the small volume expansion can effi-
ciently prevent the pulverization of electrodes and the loss of
electrical contact, thereby enhancing the cyclic and rate perfor-
mance of the Sb,S;@C electrode (as seen in Figure 1i-j).
During depotassiation, the electrode gradually shrank and
still maintained its structural integrity upon the extraction
of K* (Figure 2b), demonstrating the good reversibility and

© 2020 Wiley-VCH GmbH
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mechanical stability of Sb,S;@C. It should be noted that the
final diameter of Sb,S;@C (103 nm, at 528 s) was still larger
than that of the initial state (83 nm), which indicates that K*
cannot completely return to the K,0/K electrode, leading to the
irreversible capacity loss in the first cycle (Figure 1h).

To minimize the beam effect, the above in situ experiments
were also repeated under STEM-HAADF (i.e., scanning TEM-
high angle annular dark field) imaging mode (Figure S4, Sup-
porting Information). It further confirms the TEM imaging
observation: the diameter of Sb,S;@C increases first and
then decreases during the insertion and extraction of K*, and
no cracking or fracturing occurs. To exclude the influence of
beam effect on the potassiation—depotassiation process of a
Sb,S;@C nanowire, the beam-blank experiment was further
conducted. As shown in Figure S5 (Supporting Information),
similar results on morphology changes and phase evolution (as
discussed below) can be observed. This confirms that the beam
effect on the potassiation/depotassiation behaviors of Sb,S;@C
is minor and can be neglected.

Through the repeated experiments, the average radial expan-
sion and shrinkage ratio upon potassiation/depotassiation
were found to be =45% and =27%, respectively (Figure 2c).
By plotting the relationship between the propagating dis-
tance of the RF (L) and diffusion time (), the K* transport
kinetics in Sb,S;@C electrodes was also identified. As shown
in Figure 2d, all the curves approximately follow a linear rela-
tionship (L o< t), indicating that the potassiation of Sb,S;@C
proceeds uniformly with a relatively fast RF migration speed of
9-10 nm s~L. Notably, L o< ¢ relationship indicates that K* diffu-
sion in Sb,S;@C should be governed by a short-range interface
reaction instead of a diffusion constrained long-range reac-
tion, which follows L o t/? relationship.*] Additionally, carbon
coating can significantly speed up the RF propagation by about
2.5 times because of the enhanced electronic conductivity.

2.3. Phase Evolution during Potassiation—Depotassiation

Next, the phase evolution of Sb,S;@C electrode during potas-
siation was investigated by using in situ SAED, and the main
results are given in Figure 3a—d (Movie S3, Supporting Infor-
mation). To reveal the whole phase evolution during potas-
siation more efficiently, a bunch of Sb,S;@C nanowires were
selected to enhance the intensity of the obtained diffraction
pattern when performing the in situ SAED experiment. There-
fore, the time-resolved SAED patterns and the corresponding
radially integrated intensity profiles (Figure 3a,c) show a poly-
crystalline-like structure of this bunch of Sb,S;@C nanowires
at the initial state (0 s). After K* insertion (45 s), most of the
diffraction spots of the pristine Sb,S;@C disappeared, and the
(012) diffraction rings associated with Sb (PDF# 35-0732) and
the diffuse intensity of amorphous phase emerge. These results
suggest that a conversion reaction occurs immediately after K*
intercalation into Sb,S;@C, consistent with the previous in
situ XRD studies on Sb,S; potassiation.*’l As the potassiation
continued (185 s), the diffraction rings from Sb vanished, while
four new diffraction rings appeared. They can be indexed as
the (114), (211), (122), and (212) planes of KSb (PDF# 42-0791)
as the intermediate phase due to the alloying between Sb and
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K. After full potassiation (376 s), KSb eventually transformed
into the K3Sb phase (PDF# 04-0643), as confirmed by the for-
mation of the corresponding (201) and (112) diffraction rings.
Apart from the diffraction rings of K;Sb, five sharp diffraction
rings, indexed as (200), (210), (211), (220), and (310) planes of
K,S (PDF# 23-0496), were detected in the final pattern. As a
result, the fully potassiated products of Sb,S;@C are K;Sb and
K,S, which is significantly different from the previous results
(i.e., K3Sb and K,S3; K;3Sb and K,S,).2>% Theoretically, the
K,S has the lowest formation energy in the K-S binary phase
diagram.¥! But in some cases, K may react with S to form a
thermodynamically unstable phase, namely, K,S,, and then, the
K,S, will transform into the K,S; and K,S phases via a dispro-
portionation reaction (2K,S, — K;S; +K,S).1¥ This is probably
why K,S; was reported in previous literatures.”’ However, in
our case, owning to the small size of nanowires, Sb,S; could
be completely potassiated, resulting in the formation of the
most stable K,S phase. This phase can be further confirmed
by the SAED pattern of a Sb,S;@C nanowire after prolonged
potassiation, in which all diffraction rings can be assigned to
K,S and K;Sb, not K,S; (Figure S6, Supporting Information).
These results also agree well with our theoretical calculation
part. Besides, the K;Sb in our case is a hexagonal phase,?’!
rather than a cubic one.*>?°] Hence, the theoretical K* capacity
of Sb,S; can reach 946 mA h g!, which is about 3.4 times that
of a graphite anode (279 mA h g).>%

It should also be pointed out that the diffraction patterns
of K3Sb and K,S in Figure 3a were relatively diffuse with low
intensities. This could be attributed to the incomplete K-Sb
and K-S alloying reactions, which results in the formation of
numerous amorphous phases, that is, K,S and K,Sb, as evi-
denced by the in situ HRTEM analyses below. Therefore, only
a small amount of crystalline phases were detected, which can
account for the low intensities of crystalline phases during
depotassiation (as discussed below). To further confirm the
final potassiated products, a Sb,S;@C nanowire was potassi-
ated for a prolonged time. Figure S6 (Supporting Information)
shows the corresponding diffraction pattern of the fully potas-
siated phases, where the diffraction rings were clear with high
intensities, and can be reliably assigned to be crystalline K;Sb
and K;,S.

To better visualize the overall phase transformation of
Sb,S;@C during potassiation, the radially integrated intensity
profile (represented with false colors) as a function of time is
further plotted (Figure 3b), which allows for quantitive analysis
of the intensity evolutions of the (221)Sb,Ss, (012)Sb, (114)KSb,
(210)K,S, and (112)K;Sb diffractions (Figure 3d). According to
Figure 3b,d, the potassiation of Sb,S;@C can be divided into
three stages: intercalation and conversion (0-75 s, Stage 1),
alloying-I (75-210 s, Stage 2), and alloying-II (210 s to final,
Stage 3). First, at Stage 1, the diffraction intensity associated
with Sb,S; gradually weakened, and the (012) diffraction of
Sb emerged simultaneously. These results indicate that the
subsequent conversion reaction occurs quickly, leading to the
coexistence with the intercalation reaction. The corresponding
reactions follow Sb,S; + xK* + xe~ — K, Sb,S; — 2Sb + 3K,S.
The fast conversion should be due to the large radius of K* that
easily destroy the lattice of Sb,S; in a very short time. Second,
at Stage 2, all the diffraction intensity of pristine Sb,S; and Sb

© 2020 Wiley-VCH GmbH
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Figure 3. In situ SAED analysis of phase evolution for Sb,S;@C nanowires during potassiation—depotassiation cycling. a—d) Time-resolved SAED
patterns, electron diffraction intensity profile as a function of reaction time, corresponding radial intensity profiles for time-resolved SAED patterns,

intensity profiles for Sb,S; (221), Sb (012), KSb (114), K3Sb (112), K,S (210) during potassiation. e—h) Time-resolved SAED patterns, electron diffraction
intensity profile as a function of reaction time, corresponding radial intensity profiles for time-resolved SAED patterns, intensity profiles for Sb,S; (221),

Sb (104), KSb (211), K5Sb (112), K,S (210) during depotassiation.

disappeared because the excess K* intercalation triggered the
K-Sb alloying reaction. The converted Sb reacted with K, ini-
tially forming KSb as an intermediate phase (i.e., Sb + K* +
e~ — KSb). Finally, at Stage 3, the intermediate KSb continued
to alloy with K to form K;Sb, companied with the emergence of
K;S (i.e., K,S + KSb + (4-%)K* + (4x)e” — K,S + K3Sb). In short,
the above results demonstrate that our Sb,S;@C underwent an
intercalation and a conversion followed by a two-step alloying
reactions during potassiation.

Another fully potassiated Sb,S;@C electrode was further
selected, and a reversed bias was applied to initiate depotassia-
tion and investigated the electrochemical phase transformations
via in situ SAED. Figure 3e,g shows the representative time-
resolved SAED patterns from Movie S4, Supporting Infor-
mation, and the corresponding radially integrated intensity
profiles, respectively. It is seen that the diffraction rings of
K3Sb gradually disappeared with depotassiation time, and
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the distinct diffraction rings from KSb (120 s) and Sb (272 s)
appeared successively. Consistent with the in situ XRD results,
our SAED findings reveal the reversible dealloying reaction
(i.e., K3Sb — KSb — Sb).?*) We also found that the diffraction
ring of K,S, another potassiated product, still existed although
it was mostly decomposed. This indicates that K,S is difficult to
be completely converted during depotassiation, which accounts
for the irreversible volume expansion in the morphological evo-
lution as observed in Figure 2b. It is worth noting that the Sb
formed after dealloying can further react with S (decomposed
from K,S) to regenerate Sb,S; polycrystals, as evidenced by
the reappearance of the diffraction rings of Sb,S; in the final
SAED pattern (388 s, Figure 3e,g). Figure 3fh demonstrates
that the depotassiation of Sb,S;@C also involves three stages:
dealloying-II (0-275 s, stage 1), dealloying-I (275-300 s, stage
2), and deconversion (300-388 s, stage 3), the exact reversed
process of its potassiation. The total depotassiation reaction of

© 2020 Wiley-VCH GmbH
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the three stages can be expressed as follows: 2K3Sb + 3K,S —
Sb,S; + 12K* + e™. This result shows that the phase transfor-
mations in the entire conversion and alloying reaction between
Sb,S; and K are reversible. Additionally, no deintercalation
occurs in Sb,S;@C nanowires because of the irreversible lattice
destruction caused by K* insertion. Importantly, our observa-
tion on Sb,S; regeneration offers solid evidence for the revers-
ible deconversion process, which has never been reported in
previous in situ XRD studies and other delithiation/desodia-
tion of other metal chalcogenide based electrodes (e.g., SnS,,
Fes,).36.37)

2.4. Local Structure and Phase Evolution during
Potassiation—Depotassiation

In addition to the in situ SAED investigation of the phase evolu-
tion, in situ HRTEM observation was also performed to clearly

identify the local structural changes and corresponding phase
evolution during potassiation—depotassiation cycling. As shown
in Figure 4a,, the pristine Sb,S; nanowire core was highly crys-
talline, as evidenced by the magnified HRTEM image and the
corresponding fast Fourier transform (FFT) pattern (Figure 4a;).
During K* insertion (Movie S5, Supporting Information), an
interface with dark contrast emerged between the reacted and
unreacted regions (Figure 4b;). The magnified HRTEM image
further indicates that the interface was associated with the for-
mation of the potassium-intercalated K,Sb,S; domain (=5 nm,
marked II in Figure 4b,). This K,Sb,S; domain is highlighted
by two yellow borderlines (marked 1 and 2 in Figure 4b,) that
separate it from the pristine Sb,S; (marked I in Figure 4b,) and
the conversion domain (marked III in Figure 4b,), respectively.
In the FFT pattern (inset in Figure 4b,), the reflections became
diffusive with slight splitting, indicating that a small amount
of K* has been the inserted into the Sb,S; lattice (forming
K,Sb,S;) but not obviously changed its crystal structure. The

Figure 4. In situ HRTEM analysis of local structure and phase evolution for Sb,S;@C nanowires during potassiation—depotassiation cycling. a;—ds)
Time-resolved HRTEM images and a,—d,) corresponding magnified regions with FFT patterns during potassiation. Insets in (c;) and (d;) show the
variation of average nanoparticle size (APS). e;—h;) Time-resolved HRTEM images and e,—h,) corresponding magnified regions with FFT patterns
during depotassiation.

Adv. Funct. Mater. 2020, 2005417 2005417 (7 of 1) © 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Figure 5. K,Sb,S; domain in another Sb,S;@C nanowire during potassiation. a) The K,Sb,S; domain separates the Sb,S; and K,S+Sb domains with two
obvious borderlines. b,c) Corresponding FFT patterns in (a). The split of reflections is due to the insertion of K*, indicating an increase of lattice spacing.

limited insertion of K* can be ascribed to the large K* radius,
thus leading to the formation of a narrow K,Sb,S; domain.
Figure 5a shows another case where the K,Sb,S; domain is
more distinct from the pristine and converted regions during
potassiation. From the corresponding FFT patterns of the two
boxed regions in the HRTEM image (Figure 5b,c), one can see
clearly that the reflections of (330) and (121) split into two spots,
indicating that the pristine Sb,S; phase has been partly trans-
formed into K,Sb,S; due to the K* insertion.

In domain III (Figure 4b,), the disappearance of the lattice
fringes indicates the decomposition of K,Sb,S; phase (also
see Figure S7, Supporting Information). Meanwhile, a large
number of tiny nanoparticles with dark contrast appeared in
the amorphous matrix, similar to those observed in the in situ
TEM studies on other conversion-type anodes.’'>3 Thus, it can
be naturally deduced that these tiny nanoparticles were the con-
verted Sb metal nanoparticles from the K,Sb,S; phase. Due to
the extremely small size, no reflection of Sb was detected in the
FFT pattern (inset in Figure 4b,). As potassiation continued,
the interface moved forward, whereas the as-generated small
nanoparticles moved in the opposite directions and enlarged
in size up to =5 nm with darker contrast (see the particle size
distributions in Figure 4c;,d;). This process visually resembles
the launching of a rocket: its main body (K,Sb,S; domain) is
flying upward with the downward flame jetting (nanoparticles)
(also see Figure S7 and Movie S6, Supporting Information). To
the best of our knowledge, this phenomenon has never been
observed before. Unlike the previous reports where the nano-
particles grow at stationary sites,[*>% the nanoparticles in our
case can move along for dozens of nanometers during their
growth. This rocket-launching-like growth of nanoparticles can
be associated with the formation of the K-Sb alloying phase,
that is, the K-Sb nanoparticles during alloying need a sufficient
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K source to grow, which drives them to migrate toward the
region with high K* concentration. In addition, the release of
stress from intercalation may provide an extra driving force for
the particles to move out of the highly stressed region.

Eventually, the crystalline Sb,S;@C nanowire evolved into
a 1D skeleton embedded with a large number of nanoparticles
(Figure 4d;). The HRTEM image and the corresponding FFT
pattern in Figure 4d, shows the nanocrystals with the lattice
spacing of 3.08 A, indicating the formation of K;Sb. In addi-
tion, the HRTEM image in Figure 4e,e, illustrates the forma-
tion of K,S domains in the amorphous K, S matrix. Thus, the
final potassiated products of Sb,S;@C were K3Sb and K,S,
consistent with our in situ SAED results. These results are also
confirmed by other in situ HRTEM experiments (see more
examples in Figure S8, Supporting Information). Addition-
ally, it is worth noting that we can only observe amorphous
K,Sb nanoparticles (with darker contrast), but lattice-resolved
imaging of the intermediate KSb crystals was not available,
which could be attributed to their small size and fast K-Sb reac-
tion speed (see Movie S5, Supporting Information). However,
based on the analysis of our in situ SAED results and the pre-
vious in situ XRD reports,[>>?% we believe the KSb should actu-
ally exist during the formation of K;Sb.

During depotassiation, the size of the alloyed K,Sb nano-
particles decreased, and some of them vanished, due to the
dealloying reaction (Figure 4f;,f); Movie S7, Supporting Infor-
mation). Meanwhile, it should be noted that Sb atoms from
dealloying reactions can gather to form a single larger crystal
(Figure 4g;,g,), which matches the in situ SAED results. Strik-
ingly, upon further depotassiation, the single Sb crystal also
dissolved (Figure 4hjh,), which could be attributed to the
reversible conversion reaction to form Sb,S;. No strong reflec-
tion from Sb,S; was found during our observation, suggesting
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that the deconversion process occurs locally without forming
large crystals.3¢>7]

2.5. Potassiation Mechanisms and DFT Calculations

On the basis of in situ SAED and HRTEM analysis, the potassi-
ation mechanism of Sb,S; is proposed to occur in the following
way (Figure 6a): K* is first inserted into the lattice of Sb,S; to
form a very narrow K,Sb,S; domain. Due to the large ionic
radius of K*, K,Sb,S; is rapidly decomposed by the excess K¥,
and then transformed into ultrafine Sb nanoparticles within the
K,S matrix via the subsequent conversion reaction. The dark
contrasts near the RF in the TEM image (Figure 6b) confirm
the formation of the K,Sb,S; domain and Sb nanoparticles.
No diffraction rings of K,Sb,S; and Sb are visible in the cor-
responding SAED pattern because of the small size (Figure 6¢).
As potassiation goes on, the newly formed ultrafine Sb reacts
with K to form K-Sb alloying nanoparticles, which exhibits a
rocket-launching-like growth behavior. This process involves
the formation of an intermediate KSb phase and the final
potassiated K;Sb phase. The nanopariticles in the TEM image
(Figure 6b) with contrast being darker from left to right also
clearly demonstrates their different growth stages, and the dif-
fraction rings shown in the SAED pattern (Figure 6e) reveal the
formation of K3Sb as the final K-Sb alloying products.

In order to gain more insight into the electrochemical potas-
siation process of Sb,Ss3, especially the intercalation process,
the DFT calculations were further conducted on exploring
both equilibrium and nonequilibrium potassiation pathways.
Phase diagrams, which represent the thermodynamic phase
equilibria of multicomponent systems, have been widely used

a f
e .
carbz;n coating Rf

to predict phase reactions.”® We thus constructed the K-Sb-S
phase diagram (T = 0 K) (Figure 6f; Figure S9a, Supporting
Information) by calculating the lowest energy structure of all
known compositions from the Inorganic Crystal Structure
Database (ICSD)P?! and determining the corresponding ele-
mental reference state.[®” The equilibrium reaction of K-Sb,S;
can then be inferred via exploring all the possible phase com-
binations along the tie-line between Sb,S; and K. As shown in
Figure 6f and Figure S9 (Supporting Information), the equi-
librium potassiation of Sb,S; potentially underwent a series
of three-phase regions with the determined multistep reaction
route (Figure S9a,b, Supporting Information). The equilibrium
potassiation voltage profile was computed accordingly, which
aligns with the experimental curve in the alloying periods
(x > 3, K,Sb,S;; Figure S9¢c, Supporting Information). How-
ever, a voltage gap (=0.8 V) was observed at the early potassia-
tion stage, implying the possible existence of nonequilibrium
phases with a small amount of K* inserted. Meanwhile, consid-
ering the large number of intermediate phases involved in the
alloying step, which also exhibit remarkable structural differ-
ences, it is probable that several of these phases are skipped in
real-life reactions because of the vast mass transport required.
Therefore, we investigated the non-equilibrium potassiation
process around the early stages using an in-house code (see
Experimental Section, Supporting Information).®"%2l For the
alloying stage, the exact phases were determined by comparing
the TEM image patterns between predicted phases and experi-
mental observations. The intercalation chemistry of Sb,S; was
first studied through locating all the interstitials of its structure
using the Materials Interface (Mint).[®* Then, with these located
insertion sites, the non-equilibrium intermediate phase can
be searched by exploring the geometrically distinct K/vacancy
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Figure 6. Reaction mechanism of the potassiation of Sb,S; nanowire. a) Schematic drawing showing the rocket-launching-like nanoparticle growth

along with phase evolution during potassiation process. b) TEM image showing the rocket-launching-like nanoparticle growth during potassiation pro-
cess. c—e) Corresponding SAED in (b). f) K-Sb-S phase diagram from DFT calculations. g) Identified intermediate phases during potassiation process.
h) Computed voltage profile using the intermediate phases versus the experimental voltage curve.
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configurations on the as-identified stable insertion sites. Our
results confirmed one nonequilibrium intermediate phase at
x =1 of K,Sb,Ss;, as shown in Figure S10 (Supporting Infor-
mation). With the determined non-equilibrium and equilib-
rium phases during potassiation, the voltage profile was recal-
culated, which is in agreement with the experimental voltage
curve (Figure 6h). Then the whole potassiation process is found
to proceed as follows (see Figure 6g): i) Intercalation stage
(0 < x < 1). K* occupies the interstitial sites, and considering the
large ionic size of K*, this period is speculated to be short, with
huge lattice changes brought to the structure. ii) Conversion
stage (2 < x < 3). Sb metal atoms start to be excluded from the
structure, leading to the amorphization and loss of stability of
the intercalated phase. iii) Two-step alloying stage (3 < x < 12).
K,S/KSb phases and K,S/K;Sb phases emerge successively. The
evolution of the atomic structures revealed from DFT calcula-
tions verifies the HRTEM observations, as discussed in pre-
vious sections.

3. Conclusions

In summary, we apply in situ TEM combined with DFT cal-
culations to comprehensively study the detailed morpho-
logical characteristics, phase evolutions, and the associated
dynamic behavior of carbon-coated Sb,S; nanowires in real-
time potassiation—depotassiation processes. In situ low-
magnified TEM observations show that the RF is governed
by a short-range interface reaction during the insertion of
K* into Sb,S;@C, and the average speed of RF migration is
9-10 nm s, which is faster than that of bare Sb,S; nanowires.
Although the nanowires undergo volume expansion and con-
traction, they can maintain their structural integrity without
pulverization and cracking, proving the good mechanical sta-
bility of Sb,S;@C electrodes. In situ SAED results demonstrate
that Sb,S;@C experiences multistep reactions during potas-
siation, namely, intercalation, conversion and two-step alloying
(Sb,S; — K,Sb,S; — K,S + Sb — K,S + KSb — K,S +K;Sb).
The fully potassiated products are determined to be cubic K,S
and hexagonal K;Sb, which are different from previous results
of in situ/operando XRD. In particular, a reversible phase trans-
formation from K,S and K3Sb to the original Sb,S; phase is
observed during depotassiation, distinct from other reports om
metal chalcogenide based electrodes. In situ HRTEM results
also demonstrate the reversible phase transformation at the
atomic scale. Intriguingly, due to the K* concentration gradient
and release of stress, the K-Sb alloying nanoparticles grow in
a manner similar to the launching of a rocket. DFT calcula-
tions further validate our experimental results, and elucidate
the detailed atomic structural evolutions during potassiation.
These findings shed light on the fundamental understanding of
the potassium ion storage mechanism of Sb,S3, and would be
helpful to the development of high-performance PIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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