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L
ithium-ion batteries (LIBs) with excel-
lent energy conversion efficiency and
high energy density are increasingly

being used in portable electronics and mo-
bile vehicles.1,2 Development of new high-
performance electrode materials for LIBs,
especially the anode materials, has been
under intense research during the past
decade. The design of new electrode mate-
rials to a great extent depends on how the
lithiation front propagates into the anode
material. Therefore, revealing the atomic-
scale lithiation mechanism is central to un-
folding the performance of electrode mate-
rials during the operation of LIBs. Scanning
transmission electron microscopy (STEM)
with spatial resolution better than 0.1 nm
is an indispensible tool that has been used
in the battery field for post-mortem atomic-
scale imaging of lithiated battery materials.3�7

Moreover, recent progress in aberration-
corrected STEM has made it possible to
conduct chemical analysis at the atomic
scale (resolutions better than 0.35 eV).8,9

However, the major drawbacks to these
earlier studies are the lack of real-time
observations while an electrode undergoes
structural transition during charging or
discharging.
The interest in using in situ microscopy

for studies of battery materials has seen a
dramatic increase since Huang et al.10 and
Wang et al.11 reported a prototype nano-
battery inside the transmission electron mi-
croscope (TEM) using an “open-cell” concept.
This cell consists of a single nanowire anode,
ionic electrolyte (ionic liquid or solid-state
Li2O), and lithium source (LiCoO2 or lithium
metal). With the help of the TEM, the open-
cell nanobattery allows direct observation of
morphology evolution in real time and pro-
vides structure and chemical changing in-
formation during the lithiation/delithiation.
By using this open-cell nanobattery, the
lithiation/delithiation in nanoscale materials,
including SnO2, Si, Ge, Al, ZnO, carbon nano-
tubes, graphene, and some nanocomposite
materials, were investigated.10,12�24
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ABSTRACT In the present work, taking advantage of aberration-corrected

scanning transmission electron microscopy, we show that the dynamic lithiation

process of anode materials can be revealed in an unprecedented resolution. Atomically

resolved imaging of the lithiation process in SnO2 nanowires illustrated that the

movement, reaction, and generation of b = [111] mixed dislocations leading the

lithiated stripes effectively facilitated lithium-ion insertion into the crystalline interior.

The geometric phase analysis and density functional theory simulations indicated that

lithium ions initial preference to diffuse along the [001] direction in the {200} planes

of SnO2 nanowires introduced the lattice expansion and such dislocation behaviors. At

the later stages of lithiation, the Li-induced amorphization of rutile SnO2 and the formation of crystalline Sn and LixSn particles in the Li2O matrix were

observed.
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SnO2 is an ideal anode material for lithiation studies
because of multiple lithiationmechanisms.25�28 Unlike
other metal oxide anode materials, the lithiation pro-
cess of SnO2 is a combination of intercalation, conver-
sion, and alloying mechanisms. Initially, the Liþ ion is
inserted only into the SnO2 lattice:

SnO2 þ xLiþ þ xe� T LixSnO2 (1)

Following the intercalation of the lithium ion, an irrever-
sible conversion of the tin oxide to metallic tin occurs:

4Liþ þ 4e� þ SnO2 f 2Li2Oþ Sn (2)

Further lithiation is the reversible alloying reaction:

xLiþ þ xe� þ Sn T LixSn (0exe4:4) (3)

Although the recent in situ TEM studies10,14,18,19 on the
lithiation process of the SnO2 nanowire have revealed
the morphology evolution and structure changes dur-
ing the reaction, the atomisticmechanisms of dynami-
cal lithiation, at either the early or final stages of
lithiation, in SnO2 nanowires remain unclear. For in-
stance, although the multiple-stripe mechanism19 was
reported during the lithiation of the SnO2 nanowires,
there was no experimental observation of the lithiation
stripes dynamical evolution process due to the SnO2

nanowire immersion inside the liquid electrolyte. More-
over, the author19 observed the formation of lithiation
stripes only when there was a flooding geometry be-
tween the SnO2 nanowire and the electrolyte. However,

theydidnot tell whether the contactinggeomtry or other

factor is the main determinant of the stripe formation. In

addition, there was no direct in situ observation of the

lithiaion process after the conversion of the tin oxide,

though previous in situ TEM studies10,14 indicate the tin

metal particles were formed during the lithiation of the

SnO2nanowires. The shortageof this important part has a

significant influence on the understanding of the whole

lithation process of the SnO2 nanowire. Fully addressing

these problems critically depends on further atomic level

experimental observation and theoritical analysis.
In the present work, taking advantage of in situ

electrochemistry studies inside an aberration-corrected
STEM, the atomistic nature of the dynamic lithiation
process of SnO2 nanowires was revealed using high-angle
annular dark field imaging (HAADF). In addition, density
functional theory (DFT) simulations were conducted to
better understand the experimental results. Our findings
show that the lithiation reaction front propagates by long-
range Li ion diffusion followed by short-range lithiation of
the surrounding matrix. The long-range lithiation process
is mediated by the nucleation of dislocations. At the later
stages of lithiation, the formation of crystalline Sn and
LixSn particles in the Li2O matrix was observed. The
findings of this study provide important insight into the
physical basis of microstructural evolution, morphological
changes, andmechanical degradation in SnO2 electrodes.

RESULTS AND DISCUSSION

Figure 1a is a scanning electron microscopy (SEM)
image of as-synthesized high-density SnO2 nanowires
used in our present experiments. The length of the
wires ranged from several to a hundred micrometers.
The phases of the SnO2 nanowires were characterized by
X-raydiffraction (XRD) (Figure 1b),whichwasdetermined
to be a rutile SnO2 structure (space group: P42/mnm,
lattice constants: a=4.737 Å and c= 3.186 Å, JCPDS: 41-
1445). The morphology and the structure of the in-
dividual pristine SnO2 nanowires were also character-
ized by TEM. Figure 1c is a typical TEM image of an
individual SnO2 nanowire demonstrating that the dia-
meter is uniform along the length of the NW. The
atomic resolution HAADF and the selected area elec-
tron diffraction (SAED) pattern takenwith the [010] axis
zone (Figure 1d) confirm that the nanowire is a single
rutile crystal with the [101] growth direction. The cross-
sectional TEM image of the SnO2 NW (Figure 1e) dis-
plays a rectangle cross section by exposing two (020)
and two (101) surfaces. The corresponding SAED was

taken with the [101] zone axis, which is also the SnO2

nanowires' growth direction. Based on the TEM char-

acterization, the main morphology and the orientation

of the SnO2 nanowires are illustrated in Figure 1f.
The supplementary Movie S1 shows the lithiation of

a SnO2 nanowire with an end-contact geometry. The
propagation of the lithiation reaction front along the
longitudinal direction of the SnO2 nanowire can be
clearly observed. Upon lithiation, the diameter and
length of the nanowire immediately increases. After
reaction, the nanowire became amorphous with some
embedded dark particles. The speed of reaction in the
axial direction was estimated to be about 80 nm/s.
Figure 2 shows the structure and chemistry of the

reaction front in a partially lithiated SnO2 nanowire. The
lithiated and unlithiated sections of the nanowire are
separated by a dark dotted line in Figure 2a. Interestingly,
we observedmany dark-contrast stripes emitting toward
the unlithiated part of the nanowire as the lithiation
reaction front moved forward. It seemed the crystalline-
to-amorphous phase transformation of the nanowire
started with a long-range diffusion of lithium ions across
the crystalline SnO2.
Figure 2b shows the SAED pattern taken with the

[102] zone axis from the section of the nanowire
marked as B. In the SAED pattern, weak arcs around

the {211} diffraction spots can be seen and the {020}
diffraction spots are split, which indicates the lithiation-

induced polycrystallization and lattice defects. Differ-

ent contrasts between the dark stripes and the SnO2

crystalline part are clearly visible by HAADF imaging of
area B, as shown in Figure 2c. Since the image intensity

in a HAADF image is proportional to the atomic number

(Z) (more specifically to Z1.7),29 the bright stripes in

Figure 2c shouldbedominatedby the Snatomic columns,
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while the areas with lower image intensity can be
correlated to the intercalation of lithium ions and the
associated disorder of the tin atomic columns. The lattice
inside the stripes became indiscernible, and some stripes
(marked in thecorner of Figure 2c) seemed tomergewith
one another. The corresponding bright field image
(Figure 2d) providesmore direct evidence that the lattice
in the dark stripes is almost amorphous. Analysis of
electron energy loss spectroscopy (EELS) data (Figure 2f,g)
taken from the lithiation stripes indicate that the dark
stripes and the adjacent SnO2 lattice contain lithium. The
Li�K edge closely matches that of Li2O,

10,18 indicating
that intercalated Liþ ions bond with the O atoms of the
SnO2 nanowire. Figure 2e is an atomic resolution HAADF
image taken from the area near the tip of a lithiation stripe

(area C in Figure 2a). Although, the crystal lattice of the
stripemaintains theSnO2 rutile structure, the EELS analysis
(Figure 2h) indicates the presence of Li ions in that area.
Consequently, the lithiation of the SnO2 crystalline nano-
wires should start with an intercalation mechanism. It is
interesting to note that the dark stripes are parallel to the
{020} planes (Figure 2b�e), which seems to be the
preferred lithium insertion plane.
The tips of the dark stripes that occupied the fore-

most lithiation positions were further investigated by a
series of STEM imaging. Figure 3a�c show atomic
resolution HAADF images of the tips of the lithiation
stripes in the SnO2 nanowire viewed along the [102]
direction. Interestingly, thepresenceof dislocations at the
tip of the stripes was confirmed from the corresponding

Figure 1. (a) SEM image of the SnO2 nanowires used in this study. (b) XRD spectrumof SnO2 nanowires using Cu KR radiation.
(c) Typical TEM image of an individual SnO2 nanowire. (d) Atomic resolution high-angle annular dark field (HAADF) image
from the same nanowire in (a). Inset is the corresponding SAED with the [010] zone axis. (e) Typical cross-sectional HRTEM
image of a single SnO2 nanowire and corresponding SAEDwith the [101] zone axis. (f) Schematic drawing showing the typical
morphology of an individual SnO2 nanowire.
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inverse fast-Fourier-transformed (IFFT) images. It should
be noted that only the edge component of the disloca-
tion can be determined by HRTEM. By drawing Burgers
loops, the edge components of each dislocation in
Figure 3a�c were determined to be be = 1/2[111],
1/2[111], and

1/2[111], respectively. The unit cell of rutile
SnO2 is primitive tetragonal, although one Sn atom
occupies the center position. Thus, the vectors of
1/2Æ111æ do not correspond to the translation vectors
of the rutile structure. Since there was no evidence of a
stacking fault nearby, it is expected that the dislocations
contain screw components (bs) to make them perfect
mixed dislocations. The mixed dislocation with an edge
component of be =

1/2[111] in the nanowire shown in
Figure 3b and Figure 3c seems to dissociate in the (101)
plane into two dislocations with edge components be =
1/2[111] and be = [101], respectively. The former is equal
to that of the dislocation in Figure 3a. The latter
corresponds to a translation vector of the rutile struc-
ture, indicating that one dissociated dislocation is a pure
edge dislocation with b = [101]. Based on the fact that
the energy of the dissociated dislocation is less than
the energy of the reactant dislocation, the Burgers
vector of the mixed dislocation with the 1/2[111] edge

component should be b = [111] by introducing a screw
component of 1/2[111]. The other mixed dislocation
with a 1/2[111] edge component is determined to be
b = [010] by introducing a screw component of 1/2[111].
Possible dislocation reactions and elastic stress fields of
the dislocations in rutile structures have been system-
atically investigated by anisotropic elasticity theory and
experimental observation.30�32 It was clarified earlier
that the most active slip system in the rutile-structured
crystal was Æ101æ{101},30 and the dissociation of the
Æ111æ{101}-type dislocation into Æ101æ{101} and Æ010æ-
{101} was energetically possible.31 More systematic
work is needed to investigate why the foremost lithia-
tion position preferred to form such a b = [111] mixed
dislocation. However, it is believed that the lithiation-
induced dislocation cores may act as diffusion channels
facilitating Li ion insertion into the SnO2 crystalline
interior.33

Figure 3(a0�c0) show the εxx strain field of theHAADF
image calculated for a (020) lattice fringe using a
0.8 nm�1 mask in the geometric phase analysis.34,35

The distortion of the lattice was definedwith respect to
an internal reference area far away from the lithiation
stripes and dislocations. The lattice expansion inside

Figure 2. (a) HAADF image taken from the reaction front of a partially lithiated SnO2 nanowire. (b) Corresponding [102] zone
axis SAED pattern taken from the areamarked as A. (c and d) Highermagnification HAADF and the corresponding bright field
images of the area marked as B in (a) showing the lithiation stripes along the SnO2 nanowire, respectively. (e) Atomic
resolution HAADF image taken from the area near the tip of one lithiation stripe. (f�h) EELS spectra taken from the different
areas (marked by red spots 1, 2, 3 in STEM images (c�e)) showing the Li�K edge in the SnO2 nanowire, respectively.
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the lithiation stripes can be clearly seen in the figures.
The d spacing of (020) (Sn�Sn interatomic distance
along [010]) in the lithiation stripes increased by almost
10%. The strain distribution near the cores of themixed
dislocations with b = [111] and b = [010] was clearly
illustrated. Tensile and compressive regions were dis-
tinctly separated by the dislocation cores. However,
the strain near the b = [101] edge dislocation core was
not able to be reflected by the ε[010] strain map
because the stress field of b = Æ101æ edge dislocations
has a distinct anisotropic effect.31 Through the above
analysis, we note that the initial lithiation of the SnO2

gives rise to the lattice expansion and dislocations that
may facilitate the diffusion of the Li ions into the SnO2

lattice.
Figure 4a shows a representative HAADF image of a

partially lithiated SnO2 nanowire with a side-contact
geometry. Collateral dark stripes and surface defects
were formed after the lithiation. The corresponding
SAED pattern takenwith the [010] zone axis is shown in
Figure 4b, which indicates that the lithiation stripes are
parallel to the (200) lattice plane. Next, the atomic
structural details of slightly (Figure 4c) lithiated stripes
were studied by the HAADF imaging. The EELS plot in
the inset of Figure 4c confirms the presence of the Li
ions in the lithiated stripes. According to the orienta-
tion analysis of Figure 4b and c, the Li ion diffusion
along the [001] direction in the (200) plane is favored
with respect to diffusion taking place along the other
direction. Strain mapping (Figure 4d) calculated for

the (200) lattice fringe (Figure 4c) indicates that the
intercalated Li ions can give rise to a ∼10% lattice
expansion in the SnO2 lattice.
Severely lithiated stripes are also characterized by

atomic resolution HAADF, as shown in Figure 4e. The
lattice in the upper section of the stripe was almost
invisible due to a high degree of Li ion accumulation. In
the lower section, one dislocation was identified in the
SnO2 lattice, and its edge component was determined
to be be =

1/2[111]. It is expected that this dislocation
also contains a screw component 1/2[111] or

1/2[111] to
make it a perfect dislocation with the Burgers vector of
b = [010] or [101]. Since Æ101æ{101} is the most active
slip system in rutile structures, dislocations with the
Burgers vector of b = [101](101) are less likely to stay in
the lattice near the surface. For this reason, this mixed
dislocation is determined to be of [010](101) slip
character, similar to that in Figure 3a.
The activity of the slip systems can explain the

formation of surface steps in the lithiated nanowire
(Figure 4f). These surface steps should be a result of the
cooperative slip events on two conjugate lattice planes
by dislocations escaping to the surface. Here, our
observation suggests that the lithiation-driven solid-
state amorphization of the SnO2 nanowires is preceded
by dislocation plasticity.
To gain better insight into the experimental obser-

vation of lithiation in the (200) or (020) plane, the
transition barriers along three diffusion paths (e.g.,
[001], [110], and [010]) in SnO2 were investigated by

Figure 3. (a�c) Atomic resolution HAADF images of the tips of the lithiation stripes in Figure 2(a) viewed along the [102]
direction. Top insets are the corresponding inverse fast-Fourier-transformed (IFFT) images showing dislocations with the
projected Burgers vector of (a) be =

1/2[111], (b) be =
1/2[111], and be =

1/2[111], respectively. Bottom inset in (b) is the
modeled unit cell of SnO2 viewed along the [102] direction. (a0�c0) Corresponding strain maps along the [010] direction.
Color range: (15%.
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DFT calculations, as shown in Figure 5(a�c). In general,
the oxygen-formed octahedra are potentially available
to accommodate Li ions for rutile structures.36 In SnO2,
we find that Li occupation at the off-centered octahe-
dral site (Figure 5(a), Li1) is the most energetically
stable, similar to the case in rutile TiO2.

36 Along the
[001] path, the saddle point is right at the center of the
octahedral site (Figure 5(a), Li1), and the predicted
barrier is 0.09 eV, suggesting that Li diffusion along
the [001] direction requires very little energy. Due to a
large transition barrier (2.08 eV) along the [110] direc-
tion, it is difficult for Li to diffuse along this path, as seen
in Figure 5(b). The transition barrier along the [010]
direction is predicted to be 6.60 eV due to the blocking
for Li diffusion along [010] by a strong Sn�Sn bond

(Figure5(c)). The above calculation results indicate that
Li diffusion along the [001] direction is dominant in
rutile SnO2. This is consistent with our experimental
observation in Figure 4 that the lithiation starts with
diffusion along [001] in the (200) plane.
To investigate why the lithiation also prefers to pro-

ceedalong the (020) plane, a latticeexpansionmodelwas
adopted. The energy cost for lattice expansion in differ-
ent directions by an intercalated lithium ion was calcu-
lated (Figure 5(d)), which provides insight into the most
likely direction of expansion by intercalated lithium ions.
The expansion is defined as (l � l0)/l0 � 100%, in which
l and l0 indicate the lattice constants in respective
expanded and unexpanded unit cells along each direc-
tion. It is clear that the energy required to expand the

Figure 4. (a) HAADF image of a partially lithiated SnO2 nanowire with a side-contact geometry. (b) Corresponding SAED
pattern taken with the [010] zone axis. (c) Atomic resolution HAADF image taken from a slightly lithiated area in (a). Inset is
EELS taken inside the stripe. (d) Strain map with the [100] direction in (c). (e) Atomic resolution HAADF image taken from a
relatively severe lithiated area in (a). (f) Atomic resolution HAADF image of a surface step induced by lithiation.
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SnO2 along the [010] direction is much less than that
along [001], [110], and [101], which suggests that the
lattice expansion along [010] perpendicular to the
(020) lattice plane induced by lithiation is most pre-
ferred. This explains our experimental observation in
Figures 2 and 3 of the dark lithiation stripes along the
(020) planes.
Figure 6a shows a typical TEM image of a fully

lithiated SnO2 nanowire, which is decorated by sphe-
rical particles. The particles embedded in the matrix
were determined to be Sn or LixSn according to the

corresponding SAEDpattern (inset in Figure 6a). On the
basis of the present observation, the overall lithiation
characteristics of SnO2 nanowires are schematically
presented in Figure 6b. The structural evolution of an
SnO2 nanowire during the lithiation process occurs via
the initial lithium-ion long-range diffusion inside the
pristine SnO2 lattice, followed by solid-state amorphi-
zation of the nanowire, nucleation of Sn particles, and
finally Sn particles alloying into LixSn. Multiple stripes
parallel to {200} family planes were formed in the
reaction front of the SnO2 nanowire with both end-
contact and side-contact geometry. This is different
from the observation of Zhong et al.19 that the stripes
appeared only when the nanowire was entirely im-
mersed in the electrolyte. Our result indicates that
the formation of the lithiated stripes is a common
characteristic of SnO2 nanowires due to the initial
intercalation of the lithium ions in the rutile crystal-
line structure of the SnO2 nanowire. It is more
accurate to conclude that the imaging of stripes
depends on the observation direction (the zone
axis and orientation of the SnO2 nanowire) rather
than the contact geometry. Furthermore, at the
later stages of lithiation, the Li-induced amorphiza-
tion of rutile SnO2 and the formation of crystalline
Sn and LixSn particles in the Li2O matrix were
observed.

CONCLUSION

In summary, the atomistic nature of the lithiation
mechanism in individual SnO2 nanowires was fully
investigated by in situ TEM and complementary DFT
simulation. It was found that lithium ions initially
preferred to diffuse along the [001] direction in the
{200} planes in the SnO2 crystal. This resulted in a
5�10% lattice expansion and formation of b = [111]
mixed dislocations. The movement, reaction, and gen-
eration of dislocations effectively facilitated short-
range lithium-ion insertion into the crystalline interior.

Figure 5. Schematics of lithium diffusion paths (black
dashed arrows) between two off-centered octahedral sites
in an SnO2 structure along the [001] (a), [110] (b), and [010]
(c) directions. The three energy barriers are 0.09, 2.08, and
6.60 eV, respectively. (a) Li1 and Li2 indicate the Li intercala-
tion at the off-centered and the centered octahedral sites,
respectively. The gray region in (b) shows Li intercalation at
the tetrahedral site. The dotted arcs in (b) and (c) show the
diffusion pathways along the [110] and [010] directions. The
blue stick connecting the two Sn atoms in (c) indicates a
Sn�Sn bond. (d) Energy cost as a function of lattice expan-
sion along the [010], [110], [001], and [101] crystallographic
directions.

Figure 6. (a) Typical TEM image of a lithiated SnO2 nanowire and corresponding SAED. (b) Schematic of the lithiation
characteristics of the crystalline SnO2 nanowire featuring the initial lithium-ion long-range diffusionmediated by dislocation
activities inside the pristine lattice, followed by solid-state amorphization of the crystalline nanowire, nucleation of Sn
particles, and finally the alloying of the Sn particles into LixSn.
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At later stages of lithiation, Sn and LixSn nanoparticles
formed in the Li2Omatrix. These results provide amore
complete understanding of morphological changes,

phase evolution, and mechanical degradation during
the lithiation of SnO2, which could help to develop
strategies to build high-performance LIBs.

EXPERIMENTAL DETAILS
The SnO2 nanowires were grown on Au-coated Si substrates via

a vapor�liquid�solidmechanismcatalyzed by gold nanoparticles
asdescribedelsewhere.37�39 TheSnmetal powderwasheated in a
tube furnace as a sourcewith its container partially covered by the
Au-coated Si wafer. The synthesized SnO2 nanowires were ob-
tained from an hour growth at 800 �C and 4 Torr with Ar flow.
The experiments were carried out inside an aberration-corrected

JEOL JEM-ARM200CF STEMequippedwith a 200 keV Schottky cold-
field emission gun, a HAADF detector, and a postcolumn Gatan
Enfina EELS spectrometer. Here, a 22 mrad probe convergence
angle was used for all the images and spectra. The HAADF images
were acquired using a 90 mrad inner-detector angle, and the EELS
spectra were obtained with a 45 mrad collection angle.
The details of the in situ Li ion experimental setup is already

discussed by the authors in refs 40 and 41 and also by others in
refs 13, 17, 21, 42, and 43. Here, Li metal covered with LiO2 was
used as the source of lithium. The SnO2 nanowires were placed
on the negative side of the in situ setup and were brought in
direct contact with the Li source. When the SnO2 nanowire
electrode is biased to�3 V, Li ionswere driven through the solid
electrolyte in this experiment. Two contact geometries were
investigated in this study. In the first scenario, the free end of the
SnO2 nanowire is in contact with the electrolyte (Li2O layer) and
the lithiation reaction front advances in the axial direction
(referred to as an end-contact geometry). The second scenario
is that the sides of the SnO2 nanowire are in contact with the
Li2O layer and the reaction front propagates in the transverse
direction (referred to as a side-contact geometry). The lithiation
can be stopped at various intermediate stages by retracting the
lithium source and electrolyte from the nanowire.
The atomistic calculations were conducted using the Vienna

Ab Initio Simulation Package44 with the frozen-core projector-
augmented-wave method.45 The spin-polarized Perdew, Burke,
and Ernzerhof generalized gradient approximation function46

was employed for the exchange�correlation energy. Specifi-
cally, the Sn atom was described by 14 (4d105s25p2) valence
electrons. The on-site Coulomb correction of the 5d orbital of Sn
and the value of U�J = 3.5 eV was used as in ref 47. The energy
barriers andminimum energy path of Li diffusion are computed
in a (2� 2� 3) supercell containing 24 Sn and 48 O atoms with
the climbing image nudged elastic band method.48 A cutoff
energy of 500 eV was employed for the plane-wave expansion,
and a 4 � 4 � 1 Gamma-centered k-point mesh was used to
integrate the Brillouin zone.
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